
_| : '..'[.Q.',' ' ..' ' ~ .. v. .- ' ' . ~ . -- .* ,- , . . _ . - .;,,. r . .
ry

.. , ,-
' . , - N'......'. _. .c.,...'-

-

..' ' . -,, ' A '' . . - - -;' . , * . '' * : ,.

, $. y; ';' r. . ' ,-
- . ; ,,7

- , g .. g .. ,.,.c.,,-, .. ... .. _ . .c. '. .; : ., . , ' - ~
;,'. . , . , '- =- .| , ; .v,

,,

2 ; . , . , . ; j: . y. ~ ; '.' - . .:. .
z . ' , 9.. : , ' . i a : -

,...,7__

., ;-. * .''.c*. , , ' . . . *7 , .
;t_ _

._ .- * ',
.'.','.-||:''_. . :' ,. .

.

, f. , '. ,. p+ - .s :. r..
..*

_ , . - .. - n

, c,,- .:.. . . . . . , .. , . *,.a..~.- \*. '. s...'.- .. ' ' , - .
*r

.;. -r -

. . .:: ..,,5; . . e- 3. ,

;
- .

',
' , ' , 3 ,, i:. k,.(.,',,'..

*

. . . . ' . , ; ,|',
f :. S. .,1+.'..g* ., i:,s

-

,',;,'[.,.A'.,h....,,',.g.
; ., , . . . . . . , - ..* (,

-

'

p 1, . , _;T . , p '.'. . .! 'g'
' g,'~

.. . . . . ,,* . Q:-" - ' . . ' . , * &;l..'.. . , ' - ,. . . ' . ,
*3

.
* j,a.,s..,- .. ; '. , _:.

. . , ' . ,.,,.*,....',:..a:t

,. ,:. ..1
, , ~.,,,... - .<.,.;.... : p -

:e .

k.,,~ . ' . - 9., .

:i

-
- '|''.* .* u. ..,.:.. ,

. . , . , .:f *.
-

'

.

. . . .
._:',."._..t,'.c.. ,;:.''.|',*., y_ .

.,c'
- ' :.'. , '. ;. , s, ....; . *. =sv:..

-

.

1.,: . ^.-%. . -y '. c - .,
.

s-.. *.,. *.. n.
' .. ' ,;;: V - ;. :; , . *,' ' . ' * * 'c,

*-
...'^:.*:..., ,. ;

.: : ;* . ..' : e..-;m'n".',..,
:|'$' . ;c.^

; .'~.. - , '., - . .'.'?,,'.:-. , . . g.
. .- *,-' 'If*-

, . ' . ...
:.'* ,. e.'s' , %. \ ;.

*

p '* $;;;{;7 : : :''.;f |,h S. *.,W O|--|..'

f,y *} . w., ; ' |q K.. e , . n '*1 ' , ' .. *t, ;: ' ,s ' ; .;_. Q . J . j ', R.' ' ,' ' ,. .
m - . ..,e .-,

,

-
, ,

;
..

.z. t , . . .
s, *.

* .. ., Y. L. n: *|W! s ' . '. k (* (1 , ?
.

'".?' : *.;
.y . .p.- .- ,.v.. . . . , .

. "."', ,.| Q ; , ;y .): ; , . . },' ,|,,' (%,. } '
'

C ,,& J . s ' .Q L i }<;:
'

' . - ' . , . ' 2: : ^ *| ', ' - . L. t ! '~ % r '
1.*> ,;): .;- :

,

'.:.. L .. 3
, ._ , ,

'r^ '

' ~ , , , - .

..
,

. 3;;, ;r .'- .. .s ~ : -' ; - [. s . , '|''' , - + .,,, -.r.,.' _: { y: , | .h. ' f.:; . _}:_ f.., : ' ' , ' ' b, ., g ;., ; , f ', , .,,.;, , -
,|: '

". ;. ,. ,

.y. , ;*.. , . . .

: -_, .,,g . , e .L , *- . . . . , ; - . ~.3...;..
. . - - - - '| 6

. u , '

r . - g .3 .. ., . ;:, . - .. ., , . * ,''
. *:.. ,*'..,).y,

..:

; , .. ,.
.

f'. V:
... .- . _ . . ,o

...'.:...+.."
a,.; .;- . . . . . , . . ' c:.' ,, ,+.c, - ; . .; . . . O:, :' ' |n 51 \. . . . . - y m :. - - .-e. . . . ' . : .,. L . ;. .. . .;.

_

"- ::'

$ h.. :. . i .a, ;h. 'O,N,$.h.h. ; !..h . . * '.. .. ,II, N. r:% L ..,.r.
,.h. ,.':$. fe'.h'? { ... | '. '. , Y..,? . .N.,:|:?. .|. b'.. ' .| . ,fjk. '. ' ,.

a m ..< . ;.

N..?,h',s . , . ..: d.. ' ?.|:::: .;, i. . .o ;r,?.,.._.. ..,< . ,

y'';
A.. ' e. ..s. ;n. .m. .h. . 0.c.*. ' ' . .- : ;

.

.;. c.s, . ;
.

! n 2::. ....._.,Mc.*+M.'., '

y'?' - . ?g. . . < . . -; .: ' y, :
,, -

..

,..e.

.Y ~.',.y[,".'.;c . % .![ q' E '' , ':(. ' y '..~, }
'-

[;.". N [n;;' . ; ' .*', M. . ,a'f. ~ , n ~. :: y . ~9 ti,-y 9..v ,7|O. ,[. .[3. y ,',$, ..[&' I'.Y. , ,' ,. ' g,! [. k.
. . . ? ,;. . ~.,s.a,. .. ,y. . ;,;< ; 1.. qx , - .+ a.

.

*
.

[?),[.i , ., .

t . -y . . y, . * +$.M. . . '.,,; '[ . 5... . :. . y .j ,[ :.; 4, '

, " , , . ' , .. .: .
.: . . . .

,, , -.j
. - , W,,,,.-.. > . . . _ '* t w- : ; 4

^g.. :;. . ' ,. ... .-i. . . . . . . .
.

._,.7..- . ,.
.,

. ..., ' ' . . - . . . .n.' ' * ,. ,, . , ,

. . , ' ... .. . . . . . -
J; ;,

.1, 3: r .e.,.,..c.. ..M.: . :i . .; , * ,. ,y , . n :. . fj .. ", .
*

' ' . .. w,
.

::

. . . . , ,. . . . . :,e,'.;e . ,. ~. s.,;
. y:. ..s ...m..~,.,

'. g. $
..n.*;< , p.. , . . .:..

.,
, .: ,.,. . . , _, . .' :. . . . . - -

e ....ca p.i:y p. . ,
. . . . . ~..m . . . . . . .

.

.

.: : ! . . ' . . . ,; ., ' . '. n ,.., p.. :-q...;..,...........: m.
>. -

5;.,~,,..s........%,.....;:s'.....~'.
, . .

; ;;3.1...

'.' q. ,,; , .. , . h

c.., o p ; . .. .'. j.;- :e: g. . ~ f. .e: .: ~ 's
'

. ; a. ,~--;4 . : ._
.

. .. .

', . - ;s~.- . 4,...:.,,. ...3 ~m ... . . .~ :. . *... ... ,: ', . . . . . - - ....t.,..a -

.

,k. .af'g'u ~ ~ r 4, .t .- . .
..- ,..

.vs..
.

. , , . .a-

rf.]''_ .) Q.5h. |,h '&h;f.{/: g)h;y ..,&.,..$.,,n.$Q,f ||| ? Q'.,| $ ,-|,& ' .( *.,' :: c.'s , |' jd . [ _ y.[' ~' ", ', 's' ;

. . -

.. ' , . -j:.. i, y
i . ? 1.;

-

..
'

|') |4_ : ;., :.. . : . 7 .,
- .~j. :..} |._ | ':::'{;. .. |

.

. . . . ,_. _ _ . 4 , ; _ .. .:p;c . s ;; .; p , :tp g , ,; , p;, 3 , , . .:, y ,,y ; _ . - :. . ... q. ; ,, .. , ., - : ,;... .;, ., ,

, ..[ f., . , Y.
'Q.....,~...c. $. .. . .

|
* ' ~ '

_||, . . } . i :. , . .
. '. . .

. :[ q' . :'

- .
t. . .. :

., -

a.
.

.,: .. e . e .
. ..*;. . . , ... o ;: . - . . -..e -

; .4
.. ... - i s .. . .

7 ;.'.- ~, . : . '. : .,p. :. ., ., . . ._ ', . . y ::,; s.,., _. . | h . V. . . .<.- . . . .
.

. ,, s . .

t .
f.fi. .y ;.;; , s 1, ", ,' s ; , g p;, !g g. . ., ' . 3~ .:. . , . . .n.

'. , ..
.. g . ..y

,,
,. , . ,.

. s., . 7 : p. .,
,~...;,.., s.: , . .

.

t:.
., .:. .~, . . .

; .,. , e. q ; . . .. . : : s.......,.,.1M.-
: ; .~..,.vv .a...p; .e, .. ;, . u . ;,.

...ao. .sc , . . . ,4.,., ~.
p . . , .

. p..
< . . , - . .: 6

c.....,.,.4.,..y..I...,.~.,.z'.
.g .,, . . :

.. .n .. q : .v,: ,< . ;. e
.

.
y . . . . ., . . . ,.. ,

. . . . . . ,
1 4 ,, ;.. : . . . v

. . . . .. :,'

7. ^e .;.., . .; s
m:

;.q:5 ,e 4.:.
r:. . . . ,. -. 1

.

' - -

. '4 y : :.....:'.-
:, '.,?

. ... :n,o' ;, . % p '. . . %.t :. . :. ;. ;i .- , . .n'.
-

t .. u e , , . .

, , -,; , , . .;). .
, w. . w

.m,. ,. .

..t

g . , r, r .v .)j .,7; .g.. : i.?..
s, - . .i e

:. 2,
a .... : . ;

.,. . . .< , p, . ,v :. , q X. . .,.b5, .:. ,.
. . , , .

. .- a
_

c-

'..c-. .. - ;, d .-, , . . ..; - .vo t, s+. :
. ,

. .- . ,t
. ':,

. 7 ;..' ,, 3 j ,. .p a
.,

* . , N . ; . '[ .I f_ . ./ . ; *. ,;g y{|b,'[. |y, A.-

'

}I ;A*I',. ^* ' ',: ') ''

* ' .
- r

_ .: *: | <~ -' "4
-

.

..or. '. _ ' 3. h. ., . L : . : . : & , M - ' -6 - 4 n

. . ' .".4'l.'.i.S.'~'.<"..r' ,5
:. . . ~ ...e :

.. .

,.*,'v'.*. / .d. s.. e.' 4' E' M C.h.. 's:
.

. , l .;.J '8 ,'r.'9
; -

-

.2.- - .>. . .: ' , g ,, :y r... .:
..

, . ,
.e. .it..',,,y .y ., ', ' \; _ .u s,\.. .- . , , , . . . . **{'- . . .,:

..'t,.,.,t,sy;, ;, .y,. , + : _., .,, ja.
- *.

. , . , g. g .; . . jo < _ , . . . .r.. 3 ,4. : .. _ ' , , ,,:
. :,, ..:,,,,..o..,p , p:. , .;;,q.

. #,; s.
,g,,,..- _,s

. ' ' '...'.v..'.".,:n.- ;T .c',..'.',...o..(.m.R,..,k'.g.s:,..,% . ,4:.:'. - . *: .--
.; e- .:.

.. - , .

. t,..,.- .v, ., : 1 , ;;:s. e s,.. ,.,
~.v, z:! 4 3

's . -A-. . . . n .... + . v ; . 4 Q' I .L
.

u+ s . L .i.
t..* . . . . -' . . . . ' e. G...~..p....:..'.

; , ; .:,,.f . ;. ; ; , * y; . . b ", *;, j. ,j 'u; , > . ..~ '4 n . .,, +
*

' . ':,.....:
. .

,
.f .

o.2' .y,%:h..! ,v:s N c. ,,A , .- ,.. . . . . .. ; .. ,,., . ., 9. :..'. i ,'.%f, w ' ' .:.. e , , .V." ,;.c r . , '; n.. M . .,44.
. .y .

.

.j eg. v,,w . ..: i .j

3,,.,..,,,c.:,..,,.,.,.,...,,p.,n.. i
.

.- pet,; :
.. - 4 o...,,...-w, . .y . . , . , . ,y..;;.

: s (. .:. r; , f,,:<),.. ';:?. vi .. :.Y ,a Q)'g..n,p%
.. . . . . , . . , , , ,o-

.

-y -

., _ . ,
* .; ; ." |. g. i , ' !- ;.. :'.'6-s\.

- . :. . a.8 +
,

. .. s. ; . e n . , %a ~: ,;n.; W 1,::.. y. ,: :.. . _ . ' .~ . s ;.,.~ ;v ,.; . . , , . . . ::
n.-

'

:,v..[.', . ; , , :' ;; '*; . '
. ~. .. , . . . . ..,,

:
..ta_,, >; .- , . . ..

' ? , * ' ; , . :Q.. g i'. )\.j.;;.p| 2..v.;n .. ,. . .... a
.

.
-

. N. .g f.E. .-
-

h. ; 'f,,(, ,

*
-. /,,-,e, ,..

N k.. . ng. 'h ,
.- :.::. .

: . . , . . , . N ',, (:.[.h. t. , .syr{.' [ . [* :' ,; .-
~

h/OQ'':}V.[.j.g;,y.fg.h.g'%.th,g'hj:k;p%. S, d;.,; .n,p. d[:[' y M .
,, .b / .: .i..I '.;[.I

. , w_.
, .; , .

..:y.g. -

f.,'

.. n. * O. -w., .k, . s./,,''.,

..

.q, s. v 7 . . . , s, ;p.v. s .
Ek9w .

.

.3 w.,,.. .~. . v

$.*[.e , ? ,; }% ,, X ' *, %'A:: .v.',4 ,, ,,{g.m' g ) y p',i,.g :|r;bp w:,p:.s.,, .p.4
:

,

4:%:.*; .4 . , . 1. .:
. .s . ? 6. .* - .v.-_ ;

.f. .y. .g: ,t .y, .,:. : . :..' ', - '' .,.;* , .. s .w. ,.
.

3 .. , . .
.q'.,,' ... , .,

L,. .J , ,-, ..v
.

,

. . - ~-'- n..,..,..g'.*9...;s. 4.. n -. Qy
, e,@v., t; .w...

.

g, p .. ,y,<, ,p, m. q qp, . , g ., .. y';,. j y . m;? .,"g. ..
s; . . j - ,; : s ..- 4, ,,,.g'.e ' -. .. g. . a :s ; .,g c <<-c

. ,\.y ,
, Z:': %, .s.,.,y(k' ~'f,VQ: j.%g' :'y 'hf. ph,, :;4':-+R''')? [.tfj |}' f .;* y,(A. .

,e. ,: . :,. ,,...,-|,f.
$

9. : ,; ., s , y '.M p
. . . . . < , e:$. t: .. .. - , .; j :- * ,4

x ,,1
-

.; o.
., 4 y .fg.

- .

.; . . . ,
' ' " ' ' ' i

. h. ; ., , ' * , , <..
._n.. , :.- w c.. o. ., .s .,-

- w ..v

. ' '..L : ' :... ::X., , . n '' ":,i ; ,: .r
'

, . p.,_._, u-'- Y<, . , ', ;,:'; -

%| '.; .
. ,, ; g f', ;',d , . *:,, ' fe,N * . .g.", q ,..;f.. t>. $, Q|,N , ". e ;,; ;h. . .; ,'.; W '. .,

'.:.'
.

. . : y!,',' g ,' .. ' q ' nt;d ' 9 : ,-| vp' 5,,%. . .[ ;;_.n.?. 4 , |a*; ,; -
g : *. - :- *p: .|_',,':",'..'.A......'.:, , ' : ,. y,-...;,.

.,

: 7.J: 1. '' .: .
,|7.,.,n..".,...'...,..

;
_

-..
,..'',',s. , . - - , "

. . .. , ,.; st
~ . ' v.

..,

, . . " t t. ms. .. . ~ . , . ,.n; , /. ;.,.3,.,.......j..,,,1 .,e.-, .,. .,

, ,7. ~. ,;e ;, s . .,g dt n..v.- . . .y ..h. m, u : . ' . = . ... . ... . _ - . . , ,. -;
-

. . . ,.
' ....

,e .> ; h , .. : , .-;.,.,,; -, . . .,;,...,p i,.,. > .- ., .L .(;;-. > .n. w.,. . h. '. 5, .' .; ;?.,,
, :

.- .. ' '
.

, .
e:. .+.- - ..,..:

;;r< . \, ., . ., , . . , , . .s.r. :. s s.,.*...
-

.

-
y ,. ,....e.s,.-3..

n
.c. e,.4,.

.

e
u. , ,;~....,

,c-.

, , . . . . ,. ..: ~.r-. .,.: e. ..- . > . . - * -
..,s -u.o a.. . .:.,o.-,.s.,.,,,,,.,..,... ,- . .w , , o,,, ,s. , e . % j :.a.......s,\:."..,,f

,
.. ; -.9 ., :: .

, , .. , ' . , -
,..s.,~..,,.,..;...'o~.:, , . ' , v.%,1 .~ ,p ,m, x. .~. . ,,g . . , . s o: 3'-

, ;.
.n.

..,s,,,... .. , , q , ; n,^ ..,. . . . - .- ag: ,. . q!... - ., . ,,. . , . . . -, ,..s.'.%. ,.e.. .. ., .. . . . a...

.

.4>
'

.

*

- y . .i
.

e' . . .;., . , . , . . -
..; ,<3..,, i ; .. ,, , . , . . , <.. ..o . . . , , .j., ,

,.9.,....'.,;,,.,'.;,... , ?

i....',..,.]'.,,.,,',..;,:....
: , .<

: , . . . .-
=

~.. v. '; < , . ,: .e . ,; ; . . .

.. . . . _.. . . Lu
-

'.i.,,*\',.' . ..
, ,

. . . , . . . ' 1' ' : c, y . - * ,_;-[* :.....'%s y , f, ;A.., :s '..;; - :.,'*', , ;
:*~

. . . , . . , . . - e
..y..q..i.

. _;- :
-

R ? , . . L -

,:.q''..,. c. . ,g . j , v. .. '.. - ''* ,. - , . . .-

. ,,.. . : -.

; y ,, tyo - - ;

. . , .. , 9, | J ... .-.
,.3..

-,w- 5..- ..s,..% -,,
a

. , ,. . < , . , -.. ., . .,
.

,, ,

e- . .i.
,

,

,. _ . .

, . . . .
, . . , y.~. ., . .,- .. . . . , .,

;
- -

3 ; , .
...,c - , , . ... - .,.o.

-.'.a'
..- .- i. . , , ,. . .- . , . . , ' . ,

.,, ,
n. . . : .: . . . . . . , . ., .. - . s..

. -.
,..

. . . -. 7: ... - .h.... '

, ' , ,,;4.g,,.,".,..V...,.. ' - . . . . .. .,,i .. . . , ,. . . ,
.-, e.

.

. .. 4

: :
s.

, . . . , . . . .
; - t , ;...,:.,. , . + . ' < ,".: . . . . . ,,e,.....v . , " ,s-< ,

...s.
. , .; . ,. . , . , , . . ..,,

,,, .

, , , 3
-,., i'r i, ,f,

. ,

* ; . . ; f. .; ;
T , ,y _. '- J

. y, . ,, - -..
r.. . , , , , - . . ,

..',g;,3,,f.'..'..-
. '

. , i ,. . , ,, . . ' <;**- ,. ,: 'y--'j
. .p_^', ....,.>:;.: . . '.f,,..

, ,,
'

. ' .

y , . . . 8

.
. * - ~ ,,, .,n...|,..,7..',;

j.. t. .- ,. .c
. - . ;,,: * v>. . . . ,

d.,.....,I,. .,,',,.,'"..Y, ', b f.N.
.,.'',0.,u; i,,s.,,',

< . . ,

'~^.,.,...d.ab- ....._;.:.,._,o.',- ,,.
%. . :

,

.,, __ , , _

-., . . y, 'Q.
,*- '' ,

.?, . g b ; f; . .. f..: - * ': . | . . *
*c . .'- . .; L: .:.

,'7 .

, ,,';'. .s'- :e , , < , .r ...,.,- c , 3, ,. .. , . . . - - . -
.

..
,

y , , j,

,
'

.
-

'b'''',.'' . * '.I I .*. . . * , ;[; . ' */ a* - ' . ' [' - ,5,6
,,

...a _ ... . . . ,..
*/ ' [ ' ' . ,

* '
-

f.,*-[.*.,.[,.,.*.| s . . - , _ , _. .., . . . -
'. .. T 1,- .,

.

4

- .. ; . .- . c , . . : ; 9, *

......e,, , .;. , . . .s , . , : n.?g ,,4..
-

, . ., :, . ., v: . . . ,- .;- 4- , ..
.c,..: ..., , ., v

f.
-

,!.. g :
,a

, .,-. - ,: - i-
.

: e . . . , *. . . _ . , , ,.
.

e,

.- ., - %:, . . . . .
,,. , . ' , ~ , - -a

, q. . .- . . . , , - - . ,
, . ,

, . . ,i
.. -.,

, ;, . , r..: . .. *, , , , . . . . . . '' ? : : ,. .b_ ; . . .'' . s - - : . ,*

.; s- o'.. .- , ,i, '', Y,9 ' . '
1

, a ,,.,-.*-. . ,'. :.'_ ,. . , .. ;. 7. .: . . i . . -: ',.'.'Am s r' ,h. . t., :'a =.A .. . c: : s ..:.'- * , ' us - . . . ...; ;..g S''. . '

j .= ;
. e ;- . a ,' <

: . 't
: ..

-

.

, ,
a. . *'.3

. . - .. ,,_ -

_

.
:

'. .'..;..'''. , -| p, . )....
'

. < - , ' ' '- ,.- .
'

' ' ; Q,' g
,e

, ~ . Q , . - . . . . , ,a < ,. ,,. _ . , . ,
.p f..

- s, ,.* . . c.
,

'. Y=; -' ' ' , ' . ,.
,,e.

. , . . . ,<- ,-'..','|'|' +. . . "

."s.'-'., - , , , . '. . ..<-; . -, ," ,

, .
-.,. ,,

, 4 ..
"

'.;.
,,e....%..

'', s- '.- ~ * . s'
" '..*; ;,,, * ,'<,s,., -

.;k
f

.'*: ' ^' ' *
Y' .; c,.}4 .js a ,

i ;r.p ;h J . . .* *1'
. , ' . .,,,

* .;'

- . [ , ,. . ' . ' ,., - - . -
..

- . * .. . :' .
.

' ' *, U.,.-. 1"

,*'..J','..,a , . y, . c , ,;, .y.. , . .. - . ., .. . . . - , ,.g- . ,.
,.

, * .'
, ''. .,

g..'| , h'([ d' p. . , y. ,# '..; . . . ' , , , ., ,;s-
. . . . . . . -

'' ; a , . . y;p ,t s.
2

. , . ' .- . s.
g, '.',2 .~ '

,, .
..,..,,.J.'{,..- - , ' , . .,. :; ,

. ,',.,,.u.',,
. ;

-

.. .

., ,p.,,,., ,jpu,
,

yn . , - .g, .

, =.. . e g . ,. A , f. . w . 'v....f . . > ' , . - ,.. 3; , . . . ' , . ., . i,.. , . . . , . . ,, . , = . . , -
.94, , .

1
.,

.g - .
- , , ,, , .- * . .

.
<

..*,.. j . .,. ...J.-, w. i . c. f b. . q. . j - . .- - ,

. ;, . .,
.

'. < . . s': . . -. ., a
..

...,.n,
.f

.s

c.4..... f

- _ . . , ;- 'f,,:_.;,.,,'.**'..,sor,,,.;.i.;,s_
.. .,

, : . . . .
.: J , * ,-

. . ,- - . ; ,., ; s.:4,.,. .r-_5'''..,.. ,.
. . . . y ; ,; w

. . . . ;; , [ ,
:p ;,,: .

n,g.,".
w

. .

e
.- . . ,,.;. ., :c,"'+

. -
,. ,

,
,

.:- .

_,;,.,',4.,,0 ; . g z ,. . . .
,. >- . . . ....',,.,'..,S

<

gi,:..'L.,:,f...',v.i..>.......,'n.*,
. - a .- ,* .. ..

,. ..

...- - .,.6- -

,) . . . ,; ,

.L . , . . - ' . . , .
,'| f'g ,, *

'

. . " . <
e

, g : ,- ,. , 3 ,N.. s , ,; . ... ..L..,...q g. , , . . , , 3
. ~ . , . . . . , =s .r

.

a - .. .,ia. 3-
'

'

. , t.;
,..a - .3 . .: . . . . , ,

. . .., p[ . v ' ' U' ' ' ' '' ,.:''i',' . .
t,., c c .; , . , ;-

'

e ;., g

' ''.<i *[ '

,

r,- - - ''
. ,, -.- ' ''|

.

. ' . ' . .[ ' ," i , } f'. ) [f,,.,ff. ,'' e'.., ' M VN b |'-[' (k . 'n. , . ' * Y '' * ''.',5 ;, ;,; j t 9h., .

'

.#'

' . , y .. . . : .7..
-k, . . " . . S' |,,/,'.'.- ;.)* g ..'4,.fg,. '* . ' ', ' .

f.;.'4
'''I.,, ,,$

* ,t *
t

'

p
,

,1 '' .., 7. ,,, j ,g ; ; |,5,
,

,3,

" . :':'T' ,+:^ -. . ... ..- -
: . j. . . l'; .t -

; , . . - ;..,

:. | t|' ,:C|L %.::::..C.
g,.

:
- - - '''', , ,

:'<'v :: . -
.J )

~~:..., . ',::. .u ':. t. :o
. . ..',f,,.i - J. y,L : i ' :V. ,,'. 6,.:? .,;|f..?.n,::r ^-:. . .s . 5 ' L.2,.u*.a 't '. . ' . ...

'.1

*- .':'.",'i :. 1 ; ; ..*"-,. :'<
,':..u,,* cc :-: s. . . -

; - : r.m.,

;' ::. ' : 's. -. .

.r,v'.',s
* ''

p . .,'i " } - . ;.<'
,

-.r'- . . ,
' -.

- * :.- -; . ' ,
..:

,,) . . ' . . '' ,*: .*s '.',.:.m.
4,,.._m.,.L- ' '-., .- ?-e g' ,. :;s.y.,<.*t, ..,,i,.. , - _ .-, -. v t ,, 4

.

- .t m'. ; v4
w v-

5. ;. ''|,4 h]' |9 g?W.gf.., . ,%' '.%. ,. . .. . ', '| ". .p |'%q A:$ j..< | .,' . :
':?.

,.,e- * ' , , f ' - Wn ',.s ~ . e..,y -
-

'|' . t w)!.'. p , .y' . ' :, ' t .pf :'l ', ? ? , M'. ':
' .

% b.;;$.'!*J3.{r'f. ?'.c r-?,,a.; W| :,1,*. '' .g | s'i::''K < ;W c;6:,..: ;~ a>

3 ..s ; '=- .-|'m - ,
M,-

.

- ; s'* '- ' [' ,:*.** f' ' .- : .y. T
- :, '.~4.

', - rr-

)
.

' i. '. '.. " e 2: - | } i., .. ,T V:''JQ :: s - .. ,. :v e ~ . . . . . . .p.,. p z .gc.a
'

.; .. . . : .
. . -. .. . -

i
.

.+:, o . . .
.

4. . mn ,.. :,-.e...v. i,..., .,..s s . . i. n:
. 5 '

- '' ; .- . [/ /

9....,..
. .. . .p, .. . .

.' re... ;
. . .

. . .
.n

, . '',[ ', . , ;. . : '."'? 5 V [- *i '.
, ',_s * ' - .. . - .|,,.,' '[ '' ',' .q' A ,.e,

,

h. . . .? ' ' , ' -" [ 'e y, . . - . 'i f.f ' . '. , '$ l',, ; .i ; 's, ..;,''d f, ?-
* ''\-

i, ', .f.''I'.. . . ,,c,, ;* ' .. h ,',-' I. '.
'

.;

' '' ' * . -

. : ' ' ~ .

| ?ef '._t, " * ' :,'# ._ -| , .: ,.; ''Q ' . ,;'. .*' j f 'f:|.1 ' . . " '., ' i) _ f,, ,( } ,' a 's J . y.;U
|.-* , ' ' , .,,._f,.y',.t'... ' .. , * , g

'

' - ,.' ' . . .-.
,'.s,' ,; .| ,' e * n j ; |., s f'.; . .|;% - ~'. . . t

.t . ., t
., a- '':, , ' . .

|,,,',_~...;^|

.. . .;,
: '?.

. . - - , .,.,, . . .-). . .r ...r.- -

w .. L ,.-.g g.
. - ?- , ' _

|,,;- [,j .; , _,_',j*';, QL 'y $4 ;,, * ;,'.,,,..J.',k,,',..|._
*

# 1 , ' . '. . - _.!.
;,; . . . . . M7:'. c. , y.,' ' ., . ; :. .,'.,; , ; e'.'1' $ . ., p , .3

' ' . * ,'M,,... . ,a , .*, ,'|.,.. ' 8 } , ' T.,C,b ,Q *. ,.

- , ti,. . . ,s. . . ; . '' [ .' t...':: . ' .:' '.f
, ;

- .
. v : ~ '. ,.: . .. ~ - , ',,

',
, ,

'

*6,.,9...,|, . ;,, l /-

..w; |[ w ..p , .,w..
,

.,e;,

L < ; . ;- - :
.to.

. . e :.
, . $ :::4,, ..A,. , . . .

, c .; .

. . , ..
.

.
.

. .J. .g..v. . . , , - e .n.,., , , . . . _ . _ vf.*\.,.,,,.,*..4. , . . , . , , , . < . . *[[ ; .
5,,

.q,-.-
. ...:,'y, .n,

.

.4= . . . , , , .*'.eA*. ..) '. ' . .... <.. .

;. ' . . , . . - . . .
,,3.- ,;,1..,.

.,
.n . , - n .. a . . <:, , r; .1

f.). . > p 1P I.,, k. .,: ..'(,' , f ;4. f.,, ,b[.,p . .$ . !
...c'.,,.';.

. .f re .

.- ,
- g

.- , , . , y ^.'
..*|- .s*. .s | - .s-

.
g -

*L
,c .. , ., ,i -

*' ..: .-||',],.'; .h ,[3, j. . . , .
.o, ',u.* ..

s
.

. ' * ...
.

s
.'..I'$..'.4....,,. ,

" , ''i . [ f . is), .It'< ' . j ," f , ; } 3
.

, < . -
,

f,.. O f ,''. 'g h |~ '{,, '. t'

-

. '. 3 ' (, . N ,. ' .
-#

;, .,;

.'L*W.Q. '14
,. . . . <. . - .**'|,I, * '(| .

4. di''~t
%. :|%.,'.; L 'a (-; ,,' ,., . ',m' ''g'4., . ,. | , ! '*%*

.. 6m ,,oa
# , . - ' ; v''.9,*.w ...a i%.,. ..,s..

'

Y' q s -b|f rA . . . . -.
* 4 'y .

? ! ,. t D.Q *-
~.s.

y .'.n , {';

. t * v4 '., ." ''_ ,, Q, w h' ,.v; % T ''''; a ...;
b

3;. ' . t'0' |t.
' . - .: e

1 ^: M '' I. . Y' , Y , - -
.

, g. . . ', , -

is|, ;''.)Q.g. .x_. ,'q ;. . .'. ' &,,9 e ,k.'.|, g '|~
- G;Q'' " } Q 'M' .q'* a ' ;;r|[' {?

b,- .U; *Y .

. _f; , :. . - |; , .. ~ . , , '.s..- . , ' , '
;4 ,

o
, * 3 % ,_ N , ' ' \ '. . * ':''.h .t"'',e . .-

'

's , tr .

?*a. e.- Q :
*e

a .. ;( . f. ; . . .. '*:.<%'v
o : . . y y. 3, : . , a 7 .;,e....'_,s. ..

.: ' . . .. g 'b. . A; ..f.
..:"..;.Q , * s . 3; Q. : , ,. .. . .,d;ig * . ;'f,_ *,, p ~ , .,, , . ,.'

',y' e.c ,r. ,. y8. ? |i ,f .*{'.,6<o:)f n{sG....
.. .

., ,- .. . , :,j i[ |; , o '.xo ;,;". ,?

,

r'
. .'..,'.'.| 1 ' ' .>< - : ..,ne .: . n . ..

'?. . ; y , ' ;$.9 ' ,. .
.

*
.

.*a' -;',., . h , ;.
. , 1 .- .q.

.

' , . ..u' /c - '. ,. ?* * 'e , ; . 9..
" -

..
_ g' *:'' . . . '

.'.N 0 .....-:s.-s -w -s,
,.: . : c-

- . .
,

..'y.','....c..'. :.W s ,., r

v; -., ry . g ' - c .#. N. h.. ;. . f .'c . . q' ., c
.

- t
.t .

'.
.: .

'

. .,o*
, ; . E'* . ' . . ' < . ' '. . , .

*
; j

.4,- ,.

'
m ., ,.,s

s;
- . ;* 4 .: ;;; ,

/ f . v #. .:y,&, :, f.; , . .,y..

/ 4.c r
:+.. -

, ,: 4 :-

. - n ,- '.,;.<..e. ., * -
.

*7..f"..._.u.- , . . 9, ;
'

20.5p>..',*f.'...'''_ 'y :* -o..,t,,...:V. . 1.p. ., . .,. .- - ,['~ . - '- . _ . , , ' . ' ' . . . .; _ ... .
.,4 '. ', ' r8./, - . ' ' ::

..

,. ' ~;
.+

,,,-,.a..,-. F
- ;

..

8: t' . ,. "c :. ....
. .. .. .. ;y, ' .y G:. .y O s. * u. M..

t;. ,'s:3.
*: :.'*,-

-. . , . & .,s. piz, .

J.Q' n a r .y . ; ..;q' ,:p . ''d y;. ?': .;".',3 ~,x . b. ; _'; f, . '.2 . q' q. . . . . . _'r-
,.. ,

- . .
; . -<

' ;,;n.i'; .mb
,

'a .

-

en .'. n n,,
* n- .

,
'

, 7,';; .;. %,.b.' ~;. .e *. . '.. . , ,; .:. .gy.:: ;, '.3 . '' t g :
, -

_

t.

1'';
. .t-

n. c, . *. , , . . . . . .:.',A_,
e

~ . - ' .- ~.
..

:y . .;,.y , ; : ,

| ". '|!,1 . 'b ' ' 'I? .* ' b: .,, , &. '|.|.f. _ ' .; . |* ' . ~ . ~', ,. h '' } . , , , ,. .

. . c . .: . . -

., j i -
,_

i ... ,,b., ,: .g3 . , ..'t1,,; ;.? ,. . , ,- ,,
,,,..

. , ..

* . f. . _ , ' .k,q", ,., ,.'| ;|* , f,'fk .

,
=, . ,, . . . . ,

| f _.m'
,

. [? ;'f R .',. . .f;~
..

,f. . . ^
'

. . . ,
, , _ :| \ , _ . . I. j'' _ '. .' L : ... , .

'

f* ,

*

3 ,, ,q
,, , -

'.n %, . ..4,; .h S.b* %. -'
,, g . . M.J . -

, ,

1#@ .g .3̂ S a_
;' . : . p

?,,.D. .L.v;;W.i .f.. 9. .O ,.W . d.:. t./':?... .:T1.9 . ?.7. . ,2.O. . ' .i 5. . . %.. j ^, , :. .. : ..m . " 'L'
. M '! ' ' - 4:A9508170004 950605

PDR ADOCK 05200003 eJ ,,, .

. o.
'

..

. . . . . . .-. .. ...g. ' : s . . , m... . i, ., s '- . . .... -.a .. c..3.... *

,.

_--_.A.-.____-_ _ - _ - - - . P__D_ . R .

.c ' - ,.* n: .,
*o

.



x ,g,g !W*MWWT"?RW~'N'"'y< ''"V?NWT"WW}"""?'W%" ' M'7*T *W*," PM'C'WfKW n t' Qf% M. -j; 'm. o n'' ';p gg, ,. cy* , , _, p '
,

,
-

a v,. ,

gy: g3'' '

; , ,, ,
, , ,

'+ r; c , , <
..

.1 + .s

.

, 9)
.u , ,

.

,n, . : ,7 ,

,,s~v.- , . o _
1<

a
'&y:,,# QO 4 -

*
" u

_ , wj,, |:5
.

h~&..kiMisx *d,,,%.;|. *
i.

-m
V h Y

r.; wo n e.

my}ry}Qg y
,

{ ;'+.-. a b
_

s; ..
, ^,

.

.

y g-j *g g }
. .

# 2,

$f * ' |%' W

<
%ggvemm ww , J,

,
s a n- >,

,

- t .

% I
|| Q

'* .; ,

a
~'

. f.t _4._'. i ._
, . . . .

,

4

m,.+ . +' ,+ ,
i h ;. , |:

, '
s , 1

> :..)-, > n - ,; ;
,

O ''_$'' Y ''.,
g

,
T- !

u~e' h _ p . 9j ' .'

. fcb .. u L. a ca u - * wo m .J w L 46 a_

h ,.<- r
..aa 1.c i

;g |, - o e + ,,
,

s + ;q a n
9 _.

-

;

's y|<a * " lp .f-
.

|

W Hs'c* p, ,
s e

,]. .i9. ,+

D . A,
y

J, t. <' l'K

i . FJ ; F, *+ i i 3 g

f.: <

\ ,d

.

i 5 i '
< y- s.. {' d._3-_,

r a.,!

;+W 4 mj . b. 1,y 3,<
,

m
',f

' 4

, i c r #

.(
.

I 25
;,

,

-) i1 ' '.
!,- . < ' ,,'4

1' < x
? ru

+.{n 1

'

vp - -.- Q. a - wwm m + - ~ y4> >
, ,~c >

s,q. 'j'

u4.,y% c y,

4
W"'k ,

~
s. ,

Y +.,)',_.

ri >c
, , *'" j# *

, _ -.e
$.

4'I
<

,,3:
+ * s

~'

% -
<3

- , o

.'. )y,;
i r' *

,y''
'A ' ' , . .m,}

.. .4. .
9 1 ,

c - : ,
., ?m. 'r y 4'

- r - ,.

.a-
, y 4-

'

A k.)
' # p

5

* i |:'3 .
-

a.w
. ~. .

* , , ,

,

# l n g ^ 5k
s isv.: ,-

? l '1 * $i ..', A
(

i '
r, ' ;4
, , i gi ; ' , , , ,

- (; .' y
'

, ,. .
,

. o
. 9 .T,

. ..

*QN 3 .

y

i *,,?~ 'ir s ,

; Q
, . a:; .

,

i :';
, ,

,

*Q ~

Lp1

, ,.

>

-

, , . .
,

I
,l . + . .

4
,, _- . . , , , , < . ~ ,

-

-,3'. .
,

: ff'g ' . . .
, - .gy

4
'

"''S-,* p 5. I,5

a ,

/ ,i ,
E

j' ^' f~
* 'V: ,x

, ..

w|r'-* j., di: . -

.

'-}-
.Y,-

-'

_

;3,_]k
?

, ,

'f%%t E f.4 +Lp ; fa: . ;&yg-&y
d|%;q. '"j )'.J O I . b9s3r j;c al ;it % [ JN Lgj;qj g t q+._ l . m..a .. s . , , s

,.
- wy - . . . .,,- .

"

']'

n 3, ,

f' '
.e

. ' ', , ,'

_ y,
, A

,

(

q,

, ., . . , a..r
- ,

''

3 ,
~ *

1 ,
s . '

> +'

' .p

Q' -j
._

r s*V v,

r s y .{iL ]ff *
.tj@,N +

, ,
+

. ,

[ 'M
",-.i.

, |, 5
-('',-' 4 /
*

#qi
~ ;4

. .J
W.'6Al, ik. a. sn ~ Gi u- Mi , G. ..a nm , a.J :t ~ t L'

'h .
.

. k~. ' s .9 M1H 17 tD i(14 ", E .; C '

rDR ^ n tn. - m.. . m.r_ - b. . ,
,

t- -

1;9' <-

, ,
,. y . 3m

[ .. - '

s y9 . - - a.-3 pp.
s. q' q .R- a. n '

W9't+vymer newe-q?cr-th y yw w em- r .g mpmarv.3 w.ww ,gwe Me e p pyy*'d '

,

-___ _ _ _ _ _ , . _ _ _ , , , _ _ _ _ . _ - _ _m , _ _ , _ _ _ _ __ ,_ _ ,.

, , . ,,
, . ,

_
, ,

--- " - - - .2 -- __ m __.mmm. 2
_



WESTINCHOLEE NONPROPRIETARY CLASS 3

WCAP-14255

1

AP600 SPES-2

TEST ANALYSIS REPORT

i

|

|

May 1995

by

J. P. Cunningham
M. T. Friend

L. E. Hochreiter
R. Hundal
V. Merritt

M. Ogrinsh
R. F. Wright

|

|

1

WESTINGHOUSE ELECTRIC CORPORATION
Energy Systems Business Unit
Nuclear Technology Division

P.O. Box 355
Pittsburgh, Pennsylvania 15230 0355

01995 Westinghouse Electric Corporation
All Rights Reserved

n:Ws92.monu s92.tnoo:15061695



TABLE OF CONTENTS

Section Title h

SUMMARY I

ACKNOWLEDGMENTS 2

1.0 INTRODUCTION 1-1

1.1 Background 1-1

1.2 Important Small-Break Loss-of-Coolant Accident Phenomena 1-3

1.3 Important Phenomena for Steam Generator Tube Ruptwe and

Steam Line Break Transients 1-5
'1.4 Test Objectives 1-6

1.5 Test Matrix 1-6

1.5.1 Small-Break Loss-of-Coolant Accident Transients 1-6

1.5.2 Steam Generator Tube Rupture Transients 1-7
'

1.5.3 Steam Line Break 1-8

1.6 SPES-2 Atypicalities Relative to the AP600 Plant 1-9

2.0 SPES-2 ANALYSIS METHODOLOGY-COMPONENT ANALYSIS 2-1

2.1 Core Makeup Tank (CMT) 2-1

2.1.1 CMT Mass Balance and Liquid Level Calculations 2-1

2.1.2 CMT Energy Balance Calculations 2-7
2.2 Passive Residual Heat Removal System 2-19

2.2.1 In-Containment Refueling Water Storage Tank (IRWST)

Mass Inventory 2-19

2.2.2 Energy Balance on the PRHR/IRWST 2-23

2.3 Accumulator 2-30
2.3.1 Accumulator Mass Inventory 2-30

2.3.2 Energy Balance on the Accumulators 2-33
2.4 Steam Generator 2-37

2.4.1 Steam Generator Mass Inventory 2-37
2.4.2 Energy Balance on the Steam Generators 2-43

2.5 Pressurizer 2-48

2.5.1 Pressurizer and Surge Line Mass Inventory 2-48

2.5.2 Energy Balance on the Pressurizer 2-54
2.6 Power Channel and Downcomer 2-55

2.6.1 Power Channel Mass Inventory 2-55
2.6.2 Energy Balance on the Power Channel 2-73

2.7 Hot- and Cold-Leg Piping 2-77
2.7.1 Hot-Leg Mass Inventory 2-77

2.7.2 Cold-Leg / Pump Suction Mass Inventory 2-80
2.7.3 Energy Balance on the Primary System Piping 2-84

a:V/XA1892-non\l 892- 1.non:1 h461295 lii



TABLE OF CONTENTS (Cont.)

Sectk,n Title fage

2.8 Fluid Exiting Through ADS and Breaks 2-87
2.8.1 Rate of Mass Loss to ADS and Break Catch Tanks 2-87
2.8.2 Energy Released Through the ADS and Break 2-87

2.9 System Analysis 2-91

2.9.1 Total System Mass Inventory 2-91

2.9.2 Overall System Energy Balance 2-93
2.9.3 System Event Timings 2-96

2.10 Nomenclature 2-97 |
!

l

3.0 ANALYSIS OF SPES-2 TEST DATA 3.1-1 )
3.1 Introduction 3.1-1
3.2 Analysis of the Two-Inch Cold-Leg Break without i

Nonsafety Systems (S00303) 3.2-1
3.2.1 Summary of Test Observations 3.2-1

3.2.2 Analysis of the S00303 Test Data 3.2-3
3.3 Analysis of the Two-Inch Cold-Leg Break without

Nonsafety Systems (S01703) - Repeat of S00303 3.3-1
3.3.1 Summary of Test Observations 3.3-1
3.3.2 Analysis of the S01703 Test Data 3.3-2

3.4 Analysis of the Two-Inch Cold-Leg Break with
Nonsafety Systems (S005N) 3.4-1
3.4.1 Summary of Test Observations 3.4-1 !

3.4.2 Analysis of the S00504 Test Data 3.4-2
3.5 Analysis of the One-Inch Cold-Leg Break without

Nonsafety Systems (SOM01) 3.5-1
3.5.1 Summary of Test Observations 3.5-1
3.5.2 Analysis of the SOM01 Test Data 3.5-3

3.6 Analysis of the One-Inch Cold-Leg Break without
Nonsafety Systems (S01613) 3.6-1
3.6.1 Summary of Test Observations 3.6-1
3.6.2 Analysis of the S01613 Test Data 3.6-3

3.7 Analysis of the Two-Inch Direct Vessel Injection Line Break (S00605) 3.7-1
3.7.1 Summary of Test Observations 3.7-1
3.7.2 Analysis of the S00605 Test Data 3.7-3

3.8 Analysis of the Double-Ended Guillotine Direct VesselInjection
Line Break (S00706) 3.8-1
3.8.1 Summary of Test Observations 3.8-1
3.8.2 Analysis of the S00706 Test Data 3.8-4

3.9 Analysis of the Two-Inch Cold-Leg / Core Makeup Tank Balance
Break without Nonsafety Systems (S01007) 3.9-1

n :\np60Chl 892-non\1892- 1.non :1 b-061295 iv



!
|

TABLE OF CONTENTS (Cont.)
,

l
i

Section Title P_ agea

3.9.1 Summary of Test Observations 3.9-1

3.9.2 Analysis of the S01007 Test Data 3.9-3

3.10 Analysis of the Steam Generator Tube Rupture with Nonsafety Systems

Operational and Operator Action for Mitigation (S01309) 3.10-1

3.10.1 Summary of Test Observations 3.10-1

3.10.2 Analysis of the S01309 Test Data 3.10-3

3.11 Analysis of the Steam Generator Tube Rupture without

Nonsafety Systems (S01110) 3.11-1

3.11.1 Summary of Test Observations 3.11-1

3.11.2 Analysis of the S01110 Test Data 3.11-3

3.12 Analysis of the Steam Generator hbe Rupture without Nonsafety Systems,

with Inadvertent ADS (S01211) 3.12-1

3.13 Analysis of the Large Steam Line Break at Hot Standby Conditions

without Nonsafety Systems (S01512) 3.13-1

i4.0 PHENOMENOLOGICAL MODELING RESULTS 4.1-1

4.1 Introduction 4.1-1

4.2 Behavior of CMTs 4.2-1

4.2.1 AP600 Core Makeup Tank 4.2-1

4.2.2 SPES-2 Representation of the Core Makeup Tanks 4.2-3

4.2.3 CMT Performance for Selected Tests 4.2-3

4.2.4 Flashing, Swell, and Steam-Water Mixing 4.2-7

4.3 Passive Residual Heat Removal Heat Exchanger 4.3-1

4.3.1 Primary-Side Heat Balance 4.3-1

4.3.2 Energy Transfer from the hbes to the IRWST 4.3-2

4.3.3 Increase in the IRWST Internal Energy 4.3-4

4.3.4 Calculation of the PRHR/lRWST Heat Transfer for Other Tests 4.3-4

4.3.5 Effect of Multiple PRHR hbes on PRHR Performance 4.3-6 !

4.4 Accumulator Air Injection and Migration in SPES-2 4.4-1

4.5 Behavior of Other Components 4.5-1

4.5.1 Core Behavior - Oscillations After Reactor Coolant Pump Trip 4.5-1

4.5.2 Timing of Events During Accident Sequences 4.5-3

4.6 Overall Mass Balance 4.6-1
,

]4.6.1 Component Masses: A Test-by-Test Comparison 4.6-2

4.7 Overall Energy Balance 4.7-1 l
'

4.7.1 1.oss-of-Coolant Accident (LOCA) Tests 4.7-3

4.7.2 Steam Generator Tube Rupture (SGTR) Tests 4.7-3

I

n:\apf0A1892-noeU B92 1.non:lb-061295 y



TABLE OF CONTENTS (Cont.)

Section . Title g

5.b CONCLUSIONS 5-1

'

6.0 REFERENCES 6-1-

,

u:W1892-non\l 892-1.non:Ib-061295 vi



_ .___ _ - _ - _ _ - _ _ _ - _ _ _ _ _ _ _ -

LIST OF TABLES

Table Title Pagg

1-1 Phenomena Identification Ranking Table for AP600 Small-Break LOCA 1-11

1-2 Phenomena Identification Ranking for AP600 Non-LOCA and Steam Generator 1-13

| Tube Rupture Design Bases Analyses

1-3 SPES-2, Test Matrix 1-15
14 Test Runs at SPES-2 1-17j.

i

2.1.1 -1 Instruments for Calculating CMT Mass 2-6
2.1.1-2 Instruments for Calculating CMT Mass Inlet Flow 2-6

I 2.1.1 -3 Instruments for Calculating CMT Collapsed Liquid Level 2-6
2.1.2-1 Temperatures for Calculating CMT Energy Balance 2-15
2.1.2-2 CMT Wall Masses Associated with 7hermocouples 2-16
2.1.2-3 Guard Vessel Masses Associated with Thermocouples 2-16
2.1.2-4 'Ihermocouples Used to Calculate Internal Energy for CMT-A 2-17
2.1.2-5 Thermocouples Used to Calculate Internal Energy for CMT-B 2-18
2.1.2-6 Thermocouples Used to Calculate Overall CMT Energy Balance 2-18
2.2.1-1 IRWST Instrumentation for Calculating IRWST Mass Inventory 2-22

| 2.2.1-2 Flow Measuring Instruments for Discharge from IRWST to the DVI Lines 2-22
'

2.2.2-1 Instrumentation for Calculating the PRHR/IRWST Heat Balance 2-29
2.3.1 -1 Instrumentation for Calculating Accumulator Mass Inventory 2-32

|
2.3.1-2 Flow Measuring Instruments for Discharge from Accumulators to the DVI Lines 2-32

| 2.3.2-1 Instrumentation for Calculating Accumulator Energy Balance 2-36
| 2.4.1-1 Instrumentation for Calculating Steam Generator Primary-Side

Mass Inventories 2-41
2.4.1-2 Instrumentation for Calculating Steam Generator Secondary-Side

Mass Inventories 2-42
2.4.2-1 Instrumentation for Calculating Steam Generator Energy Balance 2-47 !
2.5.1-1 Instrumentation for Calculating Pressurizer Mass Inventory 2-53
2.5.1-2 Instrumentation for Calculating Surge Line Mass Inventory 2-53
2.6.1-1 Instmmentation for Calculating Annular Downcomer Mass Inventory 2-70
2.6.1-2 instrumentation for Calculating Tubular Downcomer Mass Inventory 2-70
2.6.1-3 Instntmentation for Calculating Lower-Plenum Mass Inventory 2-71
2.6.1-4 Instrumentation for Calculating Core Mass Inventory 2-71
2.6.1-5 Instrumentation for Calculating Upper-Plenum Mass Inventory 2-72

;

2.6.1-6 Insuumentation for Calculating Upper-Head Mass Inventory 2-72
2.6.2 I instrumentation for Calculating the Power Channel Heat Balance 2-76
2.6.2-2 Quantities Needed to Calculate the Power Channel Heat Balance 2-76
2.7.1-1 Instrumentation for Calculating Hot-Leg Mass Inventory 2-79
2.7.2 1 Instrumentation for Calculating Cold-Leg Mass Inventories 2-83
2.7.3-1 Instrumentation for Calculating the Piping Energy Balance 2-86

u AapWA1892-non\1892-1.non:1 b-061295 vii



.. .. _ __ . . _ _ _ _.

_

LIST OF TABLES (Cont.)
i

Table . Title _Page |
'

i

f2.7.3-2 Metal Mass and Specific Heat for Determining Piping Metal Energy 2-86

2.8.2-1 Instrumentation for Calculating the ADS and Break Energy Balance 2-90 1

2.9.3-1 Instrumentation for Determining the Timing of Transient Events 2-96 j
3.2-1 Component Mass Variations in Test S00303 3.2-11 !

3.3-1 Component Mass Variations in Test S01703 3.3-5 !

3.4-1 Component Mass Variations in Test S005(M 3.4-10 |

3.5-1 Component Mass Variations in Test S00401 3.5-10

3.6-1 Component Mass Variations in Test S01613 3.6-10 j
3.7-1 Component Mass Variations in Test S00605 3.7-10 {
3.8-1 Component Mass Variations in Test 500706 3.8-10 '

3.9-1 Component Mass Variations in Test S01007 3.9-10

3.10-1 Component Mass Variations in Test S01309 3.10-8

3.11-1 Component Mass Variations in Test S01110 3.11-8

|4.5-1 Event Timings and System Pressures For 2-inch LOCAs 4.5-7

4.5-2 Event Timings and System Pressures for 1-inch and DEG LOCAs 4.5-8

4.5-3 Event Timings and System Pressures for SGRTs 4.5-9

4.5-4 Accumulator Injection Start and End Timings 4.5-10 ,

4.6-1 Ms. Omitted from the Mass Balance Model 4.6-4.

4.6-2 Component Mass Comparison at Start of Transient in LOCA Tests 4.6-5 |

4.6-3 Component Mass Comparison at Start of Transient in Non-LOCA Tests 4.6-6

4.6-4 Component Mass Comparison at End of Blowdown in LOCA Tests 4.6-7

4.6-5 Component Mass Comparison at End of Blowdown in Non-LOCA Tests 4.6-8

4.6-6 Component Mass Comparison at Start of CMT Draindown in LOCA Tests 4.6-9

4.6-7 Component Mass Comparison at Time of ADS-1 Initiation in LOCA Tests 4.6-10
,

4.6-8 Component Mass Comparison at Time First Accumulator Empties in LOCA Tests 4.6-11 |

4.6-9 Component Mass Comparison at Time of ADS-4 Initiation in LOCA Tests 4.6-12 |,

4.6-10 Component Mass Comparison at Start of IRWST Injection in LOCA Tests 4.6-13 |
4.6-11 Component Mass Comparison at End of Transient in LOCA Tests 4.6-14 |
4.6-12 Component Mass Comparison at End of Transient in Non-LOCA Tests 4.6-15 j

'

4.6-13 Minimum Heated Rod Bundle Mass Inventories 4.6-16

uAsp60(A1892-nom \1892-1.non:1b-061295 viii

_ = _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ ._ _ _ . , _ _ - ~ _ . _ . ,



LIST OF FIGURES

Figure Title P_ age

1-1 Comparison of AP600 to SPES-2 System Pressure 1-19

1-2 Compadson of AP600 and SPES-2 CMT Injection Flows 1-20

1-3 Comparison of AP600 and SPES-2 CMT Level 1-21

1-4 Comparison of Pressurizer Level for AP600 and SPES-2 1-22

1-5 Comparison of AP600 and SPES-2 Accumulator Flows 1-23

1-6 Comparison of AP600 and SPES-2 ADS-1 Discharge Flow 1-24

1-7 Comparison of AP600 and SPES-2 ADS-2 Discharge Flow 1-25

1-8 Comparison of AP600 and SPES-2 ADS-3 Discharge Flow 1-26

1-9 Comparison of AP600 and SPES-2 Total Primary System Mass 1-27

1-10 Comparison of Ideally Scaled SPES-2 Primary- and Secondary-Side Pressures 1-28

to SPES-2 with Power Compensation

1-11 Comparison of Ideally Scaled SPES-2 Break Flows to SPES-2 Response with 1-29

Power Compensation

1-12 Comparison of Ideally Scaled SPES-2 Response for the CMT Level to the SPES-2 1-30

Response with Power Compensation

1-13 Comparison of the CMT Injection Flows Between the Ideally Scaled SPES-2 1-31

Response to the SPES-2 Response with Power Compensation

1-14 Comparison of the Pressurizer Collapsed Level with the Ideally Scaled Pressurizer 1-32

and the Existing Pressurizer for a 2-Inch Cold-Leg Break |

1-15 Comparison of the ADS-1 Flows for the Ideally Scaled SPES-2 Pressurizer to the 1-33

Existing Pressurizer for a 2-Inch Cold-Leg Break
1-16 Comparison of the ADS-2 Flow for the Ideally Scaled SPES-2 Pressurizer for the 1-34

Existing Pressurizer for a 2-Inch Cold-Leg Break
1-17 Comparison of the ADS-3 Flow for the Ideally Scaled SPES-2 Pressurizer for the 1-34

Existing Pressurizer for a 2-Inch Cold-Leg Break
1-18 Comparison of the SPES-2 Primary System Mass with the Ideally Scaled Pressurizer 1-35

and the Existing SPES Pressurizer for a 2-Inch Cold-Leg Break

3.2-1 - 3.2-83

Test Analysis Standard Plot Package Figures 3.2-1 Through 3.2-83 3.2-12

3.3-1 - 3.3-83

Test Analysis Standard Plot Package Figures 3.3 * h . 3.3-83 3.3-6

3.4-1 - 3.4-83

Test Analysis Standard Plot Package Figures 3.4-1 'shrough 3.4-83 3.4-11

3.5-1 - 3.5-83

Test Analysis Standard Plot Package Figures 3.5-1 Through 3.5-83 3.5-11

3.6-1 - 3.6-83

Test Analysis Standard Plot Package Figures 3.6-1 Through 3.6-83 3.6-11

3.7-1 - 3.7-83

Test Analysis Standard Plot Package Figures 3.7-1 Through 3.7-83 3.7-11

u:\ap600\1892-non\1892 1.non:l t>-061295 ix



.. . . . .. - - - . .- -. -. _ . .

-.
,

.

LIST OF FIGURES

' Figure Title _Pue

3.8-1 - 3.8-84

Test Analysis Standard Plot Package Figures 3.8-1 Through 3.8-84 3.8-11

. 3.9-1 - 3.9-83

Test Analysis Standard Plot Package Figures 3.9-1 Through 3.9-83 3.9-11

~ 3.10-1 - 3.10-83

Test Analysis Standard Plot Package Figures 3.10-1 'Ihrough 3.10-83 3.10-9

3.11-1 - 3.11-83

Test Analysis Standard Plot Package Figures 3.11-1 Through 3.11-83 3.11-9
i

!

!

|

!

i

!

i

u nnp6(XA1892-non\1892-1.non:l t41295 x

..- |



SUMMARY

The SPES-2 facility is a full-height, full-pressure, and 1/395th power and volume scale simulation of
the AP600 nuclear steam supply system and the AP600 passive safety features. A series of twelve
design basis events were simulated at SPES-2 to obtain data for verification and validation of the

computer models used for the safety analysis of the AP600. 'Ihe results of these tests were presented
in the SPES-2 Final Data Repor/D that was issued in March 1995.

The purpose of this report is to describe the analysis of the test data which was performed to provide

additional information, and to demonstrate, through mass and energy balances, the applicability of the
SPES-2 tests for computer model verification and validation.

The SPES-2 test program was performed as part of the Advanced Light Water Reactor (ALWR)

program sponsored by the U.S. Depanment of Energy (DOE) and the Electric Power Research Institute

(EPRI). Westinghouse conducted this test program in cooperation with SIET (Societh Informazioni

Esperienze Termoidrauliche), ENEL (Ente Nazionale per l'Energia Elettrica), ENEA (Ente per Le
Nuove Technologic, l'Energia e l'ambiente), and Sopren-Ansaldo. |

|

I

|
|
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1.0 INTRODUCTION

I

This report describes the analysis of the SPES-2 test data that will be used to validate the AP600 I

safety analysis computer codes. The test data report for the SPES-2 test is given in WCAP-14309, I

Final Data Report,m which describes the test facility, the valid instrumentation, and the test facility |
performance for the different experiments. This report will examine, in additional detail, the thermal-

hydraulic behavior of the test facility and the phenomenon observed in the experiments, and as

identified in the PIRT. This analysis will aid the computer code validation activities.

SPES-2 is a full-height, full-pressure integral systems simulation of the Westinghouse AP600 reactor

design. The SPES-2 test was performed as part of the Advanced Light Water Reactor (ALWR)

program sponsored by the U.S. Department of Energy (DOE) and the Electric Power Research Institute

(EPRI). Westinghouse, in cooperation with SIET (Societh Informazioni Esperienze Termoldrauliche),

ENEL (Ente Naziona;e per l'Energia Elettrica), ENEA (Ente per le Nuove Technologie, l'Energia e
l'ambiente), and Sopren-Ansaldo, performed the SPES-2 tests to obtain data on the integrated behavior

and performance of the AP600 passive safety systems to support validation of the computer codes used

to perform the licensing safety analyses for the AP600.

1.1 Ilackground

AP600 is a 600 MWe Westinghouse Advanced Reactor designed to enhance plant safety with accident

mitigation features that, once actuated, depend only on natural forces, such as gravity and natural

circulation, to perform all required safety functions.

The AP600 primary system is a two-loop design. Each loop contains one hot leg, two cold legs, and

one steam generator with two canned reactor coolant pumps (RCPs) attached directly to the steam

generator outlet channel head. 'Ihe passive safe'y systems comprise the following:

Two full-pressure core makeup tanks (CMTs) that provide borated makeup water to the*

primary system at any pressure.

Two accumulators that provide borated water to the reactor vessel when/if primary pressure i
*

s 700 psia.

A passive residual heat removal (PRHR) heat exchanger (HX), comprised of a C-shaped tube*

bundle submerged inside the in-containment refueling water storage tank (IRWST), that can

remove heat from the primary system at any pressure.

The automatic depressurization system (ADS), which is comprised of a set of valves connected+

to the pressurizer steam space and the two hot legs. These valves are opened sequentially to

provide a controlled depressurization of the primary system.

An IRWST that provides a large source of core cooling water, which drains by gravity after*

the ADS has actuated.

uhp60m1892-oon\l892-1 non:ltW1295 1-1
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i
A passive containment cooling system (PCS) that utilizes the AP600 steel containment shell to*

transfer heat to the environment (ultimate heat sink). The PCS was not included in the j
'

SPES-2 experiments.

In reviews of the AP600, the U.S. Nuclear Regulatory Commission (NRC) identified several concerns

regarding the performance of the AP600 passive safety systems. Those concerns include the

following:

Possible high-pressure passive safety system interactions which could retard cooling to thea

core.

Possible active system / passive system interaction which could retard cooling to the core.+

1

The dependence on small temperature differences resulting in small density differences, which-

then are responsible for driving heads for recirculating flows.
|
!

The effects of code accuracy in predicting long transients in which the driving heads for the*

flows in the systems are small.

The SPES-2 test facility was specifically designed to simulate the AP600 transients such that the

NRC concerns could be addressed.

'

The SPES-2 facility was designed to simulate the AP600 plant at full-scale elevation and full pressure,

while simulating the full AP600 plant range of power with a volume scaling factor of 1/395. SPES-2
makes use of some major components of the previous facility, SPES-1,* such as rod bundle,

pressurizer, steam generators and reactor coolant pumps (RCPs). However, the reactor-vessel

downcomer, lower plenum, upper plenum, and upper head were all replaced to simulate the AP600
,

plant components. Also, the SPES RCPs were re-oriented in order to eliminate the cold-leg loop seal j
that exists in standard Westinghouse pressurized water reactors (PWRs). All of the main coolant loop !
piping and passive safety systems have been expressly designed and constructed for SPES-2 in order ;

to model the AP600 plant. A complete description of the SPES-2 facility is provided in I

WCAP-14073, SPES-2 Facility Description.m

I

A series of cold, low-pressure and hot, high-pressure pre-operational tests were performed to j
characterize the SPES-2 facility, to demonstrate proper operation of the facility, to ensure that

piping / component parameters properly matched the AP600 plant prior to the performance of matrix

tests, and to provide benchmark data on the facility behavior for the computer code analysis. The

matrix tests discussed in Section 1.4 were developed to examine the AP600 passive safety system

perfonnance in mitigating the effects of design basis events (DBEs). Events that were simulated

include loss-of-coolant accidents (LOCAs) ranging from 1-in. diameter equivalent to the double-ended
'

guillotine (DEG) break of an 8-in, direct vessel injection (DVI) line, steam generator tube ruptures
(SGTRs), and a large main steam line break (SLB).

,

i
'
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1.2 Important Small Break Loss-of-Coolant Accident Phenomena

The small-break LOCA (SBLOCA) transient can be subdivided into four different periods that
characterize thermal-hydraulic phenomena. Those periods include the following:

Blowdown - De initial depressurization from the plant operating pressure to the steam*

generator secondary-side pressure, after which the pressure stabilizes.

Natural Circulation - The time period from the stabilization of the primary pressure with the.

secondary-side pressure until ADS-1 is activated. The primary reactor system is cooled by

different modes of natural circulation; that is, single-phase natural circulation, two-phase
natural circulation, and reilux condensation. Each cooling mode is dependent on the system

mass inventory. As the mass is lost from the break, the cooling proceeds from single-phase, to
two-phase, to reflux condensation cooling.

ADS Stages 1, 2, and 3 Blowdown - Once the CMTs drain to their setpoint, the ADS stage 1.

valve opens and the reactor system is depressurized through the ADS flow path in addition to

the break. As the CMT continues to drain into the reactor vessel, additional valves are opened
on the pressurizer to enhance the blowdown of the system.

IRWST Injection - Stable injection from the IRWST indicates the complete depressurization of.

the primary system down to containment pressure. Also, injection from the IRWST indicates

the end of the small-break transient and the beginning of the long-term cooling transient.

Using these different time periods, the important thermal-hydraulic phenomena have been identified

and ranked in a Phenomena Identification and Ranking Table (PIRT), as given in Table 1-1. This

PIRT table has been updated and made more complete as compared to that which was given in the

NOTRUMP Code Applicability Document.* The individual phenomena were emphasized for the ADS

system and other components have been added to the PIRT. The phenomena for each identified phase

of the small-break transient relative to the AP600 small break performance is discussed in the
following paragraphs.

For the blowdown phase, the reactor is assumed to be operating at normal full-power, steady-state

conditions at the start of the blowdown. The break opens at time zero, and the pressurizer pressure

begins to fall as mass is lost out the break. This depressurization is largely defined by critical flow
through the break. With the break located at the bottom of the cold leg, a mixture flow exits the
break for the majority of the transient, since the mixture level stays high in the reactor vessel. The

pressurizer pressure falls below the safety signal setpoint, causing the reactor to trip. The safety
systems actuation (S) signal follows and results in opening the CMT isolation valves. Once the

residual fissions decrease, core power is defined by the decay heat model. The RCPs trip after a short

delay. Pump performance both before and after the trip is modeled according to the pump
)

characteristic for curves. After the pumps coast down, the primary reactor coolant system (RCS) is {
cooled by natural circulation, with energy removed from the primary system by the steam generators
via their safety valves and the break. Stored energy from the thick and thin metal in the reactor vessel

unap60(A1892-non\1892 1.non:1 t41295 1-3
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and pressurizer is transferred to the coolant. Note that all of these phenomena are essentially the same

for AP600 as for conventional PWRs. De liquid in the upper plenum and upper head (depending on
the temperature) will flash. and the upper head core start to drain.

Blowdown phase phenomena unique to the AP600 are those associated with the CMT delivery. Once

the CMT isolation valves open on an S actuation signal, the CMT injects borated water due to gravity-

driven recirculation into the RCS through the DVI lines. The CMT volume injected is replaced with
hot liquid from the cold-leg, leaving the CMT which circulates through the cold-leg balance line

(CLBL); this hot liquid collects at the top of the CMT. De downcomer fluid stages subcooled
through the initial decomposition.

For the natural circulation phase of the transient, the primary system exists in a quasi-steady-state

condition with the secondary side, with the decay energy being removed by the steam generator

secondary side, as the primary system drains. He steam generator in AP600 plays a more limited role

in the natural circulation cooling phase than for conventional plants because the generators drain

relatively early in the transient. Since the PRHR is activated on an S signal during an SBLOCA, the

IRWST becomes the primary heat sink for the RCS carly in the transient; the PRHR will remove

energy from the primary system, causing it to depressurize. The steam generator secondary side

becomes a heat source once the PRHR reduces the primary pressure to that of the secondary side. The

PRHR is ranked high in the PIRT since it becomes a significant heat removal path particularly after

the primary pressure is less than the steam generator pressure. Therefore, any condensation in the

steam generator tubes during AP600 small-break LOCA transients ceases early. The requirement for

detailed models for condensation heat transfer in the steam generator tubes are not as significant for

AP600 as for a conventional plant. The importance shifts to the PRHR performance and the IRWST

heat sink behavior he reverse heat transfer path due to the secondary heating of the RCS primary,
continues until the generators drain. De CMT continues to deliver in the recirculation mode for a

while, but eventually a vapor region forms at the top of the CMT volume and CMT draindown begins.

As the CMT drains while injecting, its level falls to the ADS actuation setpoint, which initiates the

third phase of the AP600 SBLOCA transient, the ADS blowdown phase. De downcomer and lower
plenum are marked medium importance since they provide the driving head for natural circulation.

The ADS blowdown phase continues through ADS-1, ADS-2, ADS-3 and ADS-4 as the primary

system completely depressurizes approximately the containment pressure. Table 1-1 relates AP600-

specific components, events, and phenomena that occur during the automatic depressurization of the

RCS to achieve water injection by gravity from the IRWST. Since ADS-1 creates an opening at the
top of the pressurizer, the pressurizer two-phase fluid level increases markedly. Pressurizer tank level

and sunge line phenomena are significant factors in the depressurization behavior following ADS

actuation. Flashing of fluid in the RCS occurs again due to the depressurization caused by the ADS.

Following actuation of ADS-1, ADS-2 and ADS-3 activate via timers. Accumulator injection begins
once the pressure drops below 700 psia which reduces the flow delivered from the CMT, and CMT !

flow may even be stopped temporarily due to pressurization of the DVI line by the accumulator. He
CMT drain rate, DVI line, and CLBL behaviors are significant because the ADS-4 actuation is based

upon the CMT liquid level decreasing below a low-low setpoint value. Of somewhat less importance

i
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is the condensation of vapor on the CMT walls, since the recirculation has resulted in heating of the

C M T.

.

Critical flow through the ADS stages is the major factor in determining when the RCS has

depressurized to the extent that the gravity injection of wner from the IRWST can begin. Fourth-
stage ADS performance will be particularly affected by the natae of flow in the hot legs. Successful

operation of the ADS leads into the IRWST injection cooling phase of the AP600 SBLOCA event.

De final stage of the SBLOCA is IRV/ST injection. At this point, the primary system is completely
depressurized and the transient continues into the long-term cooling phase of the accident. By the

time of IRWST injection, the CMT is either completely empty or very nearly empty; therefore, CMT
phenomena have become relatively unimportant, whereas ttr IRWST gravity drain rate through the

DVI is important. The hot-leg flow phenome ia, togetrer with the ADS-4 flow, is also important.
Moreover, the break critical flove behavior is now less important than before because all the ADS flow

paths are open, providing a large area through which to vent steam. Maintaining the core covered

with liquid or a two-phase mixture becomes a function of the decay heat Icvel and the IRWST flow.

De impact of noncondensible gas released when the accumulators empty of liquid during AP600

SHLOCAs is shown to be of low importance in the SBLOCA PIRT because of the large number of

vent paths for the ras.

1.3 Important Phenomena for Steam Generator Tube Rupture and Steam Line Break
Transients

The SPES-2 test program also examined SGTR accidents and a SLB transient for LOFTRAN and

LOFTR-2 computer code validation. A sepamte PIRT has been developed for the non-LOCA
transients; it is included in the LOFTRAN Code Applicability Documenf and is given in Table 1-2.

The key thennal-hydraulic phenomena for the non-LOCA transients are identifled in Table 1-2.
Columns 3 and 14 identify the phenomena of importance for the SLB and the SGTR transients.

Not all of the phenomena identified for the SLB in Table 1-2 will be addressed in the SPES-2 tests,

since neither the neutronic feedbxk nor boron mixing in the power channel are modeled for the steam

line break. Ilowever, the thermal-hydraulic systems' effects (such as the fluid flashing in the reactor

head and the forced and natural circulation flow in the primary system) are simulated. The steam

generator heat transfer, CMT recirculation and the pressure drop and temperature distribution in the

balance lines are simulated also. All these items are indicated as high priority in the PIRT table and
were simulated in the SPES-2 facility.

De high ranking thermal-hydraulic phenomena identified for the SGTR transients can also be

simulated in the SPES-2 test facility. De critical flow through the faulted steam generator tube is

simulated. Also simulated are the steam generator econdary-side conditions, the core decay power,

and the PRIN shich also acts to depressmhe th primary system). The recirculation behavior of the
CMTs and the primary system natural circulation behavior are simulated.

i
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Herefore, the thermal-hydraulic phenomena, which has been ranked high in the non-LOCA PIRT,
,

have been Simulated successfully in the SPES-2 test facility such that AP600 safety analysis computer
codes can be validated.

i

1.4 Test Objectives
.

There are two primary objectives of the AP600, SPES-2 Integral Systems Test:

To simulate the AP600 thermal-hydraulic phenomena and behavior of the passive safety.

system identified in the PIRT tables for specific SBLOCAs, SGTRs, and an SLB. ;

To obtain detailed experimental results for validation of safety analysis computer codes.*

i
1.5 Test Matrix

The SPES-2 test matrix was developed to provide data for the important thermal-hydraulic phenomena

identified in the SBLOCA PIRT and the non-LOCA PIRT for the AP600 passive safety systems, for

computer code validation. 'Ihe individual test initial and boundary conditions were selected to range
the thermal-hydraulic phenomena, to challenge the passive safety systems, to provide direct

comparisons between selected tests, and/or to match the limiting assumptions used in safety analysis '
computer codes. The resulting test matrix is shown in Table 1-3 and is discussed below.

There were seventeen tests performed at the SPES-2 facility--tnitteen of which were successful and

are reported as valid tests. Four runs were considered either unsuccessful or inappropriate to report.
Table 1-4 lists all seventeen runs from WCAP-14309, Final Data Report,m he test date, a brief testt

description, and a comment on the test acceptance.

Three of the SPES-2 matrix tests were designated as " blind" tests. The data for these three tests were

reviewed only by the Westinghouse Test Engineering group. However, the initial and boundary !
conditions were provided to other Westinghouse personnel to allow "blirsd" computer code predictions
of the facility responses to be performed.

1.5.1 Small Break Loss-of-Coolant Accident Transients
i

De passive safety systems are designed to provide sufficient water for LOCA mitigation over a long

period of time; thus CMT draindown, ADS actuation, accumulator delivery, and primary system
depressurization to IRWST delivery all must occur. Eight different LOCA simulations with a wide !

selection of break sizes and locations were tested to observe the integrated operation of the passive

system over a wide range of tneimal-hydraulic conditions. All LOCA tests, with one exception, were
performed without operation of the active, nonsafety pumped injection / heat removal. All tests were

initiated from full-power operating conditions and used the minimum pressure setpoints for reactor trip
and safety system actuations, as defined in the AP600 Standard Safety Analysis Report (SSAR)*.

,
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Tcst No.1 A 1-in. diameter break simulation was selected as the smallest LOCA to be

simulated. This was based on analyses that showed that complete heatup of

the CMT water occurred prior to ADS actuation, so that any effect of CMT
water flashing during depressurization could be observed.

Note that matrix test no. 2 in Table 1-1 was not performed because the AP600 actuation logic for the

PRHR HX was revised to initiate PRHR operation whenever the S signal occurs. This test was

intended to simulate a LOCA recovery with steam generator startup feedwater (SFW) operating. This

would have delayed PRHR HX operation until ADS was actuated, with the prior AP600 actuation
logic.

Test No. 3 A 2-inch break simulation in the bottom of a cold-leg loop pipe (which

contains a CMT balance line) was perfonned as the base case LOCA to

which other LOCAs would be compared. Analysis showed that this break
| resulted in the minimum primary system water inventory during passive

system mitigation of higher probability, small cold-leg breaks.

This 2-inch diameter, base case break simulation was repeated at the end of

the test program to demonstrate the repeatability of the SPES-2 facility

operation and passive safety system performance.

Test No. 4 The 2-inch LOCA simulation with operation of the active, nonsafety systems

was performed in order to observe passive safety system versus nonsafety

system interactions as compared with the base case 2-inch LOCA (test no. 3).

Test Nos. 5 and 7 A 2-inch break simulation in the DVI line and in the cold-leg to CMT
balance line were each performed to observe the effect of break location on

the passive safety system mitigation capability as compared to the base case

2-inch LOCA (test no. 3).

Test No. 6 A DEG break simulation of one of two DVI lines was performed to
minimize the amount of safety injection flow delivered to the reactor vessel

(only one of two CMTs, accumulators, and IRWST injection lines deliver).

Test No. 8 A DEG break simulation of one 8-inch cold-leg to CMT balance line was

performed to observe the effect on the faulted CMT and to provide a
comparison LOCA with the DEG DVI LOCA.

l

Test No.13 The 1-inch diameter break simulation (test no.1) was repeated with the

( number of PRHR HX tubes increased from one tube to three tubes to
I maximize the primary system cooling and to better simulate two PRHR HXs

in operation in the AP600 plant.

|
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1.5.2 Steam Generator Tube Rupture Transients I

|

Three SGTRs simulations were performed at SPES-2. All these tests modeled a full rupture of a

single steam generator tube, and all were initiated from full-power operating conditions and used low- |

low pressurizer level to initiate reactor trip and safety system actuations.

Test No. 9 An SGTR with operator action and nonsafety systems operating in

conjunction with the passive safety systems was performed to observe the

combined effect of manual SGTR recovery actions and passive system

operation.

1

Test No.10 An SGTR without operator actions and without operation of active, |
nonsafety, pumped injection / heat removal was simulated to observe the )
capability of the passive systems to terminate the event without intervention

and to identify if any different thermal-hydraulic behavior was observed.

Test No.11 An SGTR without operator actions or nonsafety system operation but with

the inadvertent actuation of the ADS was performed to observe the thermal-

hydraulic effect of backflow from the faulted steam generator on ADS

depressurization capability.

1.5.3 Steam Line Break

This test was a simulation of a large single-ended SLB. It was performed to examine the thermal-

hydraulic behavior of a rapid intact primary system cooldown transient and to observe the ability of

the CMT to provide primary system mass addition without requiring ADS actuation.

Test No.12 This test was performed at AP600 hot, zero power conditions, and no core

decay heat was used. Also, this test was performed with three PRHR HX

tubes to maximize primary system cooling and to better simulate two PRHR

HXs in operation in the AP600. The break size was scaled to simulate a

[ ]* AP600 break area (full steam generator outlet area) and was

performed with no operator actions or active, nonsafety system operation.

1.6 SPES-2 Atypicalities Relative to the AP600 Plant

The SPES-2 test facility was scaled on a power-to-volume basis with full height being maintained for
all components except for the pressurizer vessel.m Using this scaling method, there is a distortion of

the test facility surface area-to-fluid volume that causes heat loss, which is surface-area dependent, to

become significant relative to the full AP600 plant. Similar scaling was used on the semi-scale test

facility SBLOCA experiments * and the same scaling distortion problem existed. For the semi-scale

tests, strip heaters also added additional thermal mass to pipes and vessels. This was not a significant

problem for semi-scale tests, since the test facility was not fully depressurized therefore, the excess
energy from the heaters did not effect fluid conditions. For the AP600, a different situation exists.

u:\ap600\1892- non\1892- 1. con:1 b-061295 1-8
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The AP600 fully depressurizes during an SBLOCA transient, so that the pipes, which are initially at
high temperatures, transfer heat back to the fluid as the system depressurizes. Since the surface area j

for the piping is larger per unit fluid volume, metal heat transfer to the coolant will be larger in the |
SPES-2 facility compared to the AP600 plant. |

The approach used to compensate for the larger than nominal heat losses, at full system pressure and

temperature, was to increase to the rod bundle power to compensate for the heat losses from the piping

and components. Calculations using the RELAP 5 MOD 3 V80 code established the power I
'

compensation level that best matched the AP600 transient. Calculations for the AP600 plant transient

established a baseline transient that the SPES-2 test facility should simulate. Increasing the power in

the tod bundle by 150 kW until ADS-1 occurred compensated for the heat losses. After ADS-1, the
,

compensating power was eliminated and the power curve for the facility became the ANS 1979 decay !
curve. Pre-test calculations were performed for all the tests simulated in the SPES-2 facility in which

the facility response was compared to the expected response for the AP600. The power used for heat

loss compensation was verified over the full test matrix. Figures 1-1 to 1-9 show the comparison of
the SPES-2 transient results with the calculated results for the AP600. As the figures indicate, using

the power compensation results in a similar response as the expected AP600 plant response. In

addition, calculations were also performed assuming that the SPES facility was perfectly insulated so

that heat losses were zero. For these calculations, the compensating power was not used. Figures 1-

10 to 1-13 compare the two calculations and indicate that there is good agreement between the two

cases which also supports the use of the compensating power for the experiments. Therefore, the i

power compensation was used on all SBLOCA experiments.

Scaling distonions result when using the power compensation method, before ADS activation, to

account for heat losses in the SPES-2 facility. By increasing rod bundle power to values greater than
the scaled amount, the void fraction in the simulated core is larger and additional steam is generated. I

IThe additional steam will be condensed in the generators and in the PRHR. As a result, the heat

removal rate from the PRHR will be larger before ADS since it will condense more steam. In the
original scaling report for the SPES-2 facility,* scaling indicated that 1.7 PRHR tubes should be used

as scaled to the AP600 PRHR. Two PRHR tubes were planned to be used in the SPES experiments

since this would have been closest to the scaled value; however, when pre-test analysis was performed

using RELAP 5 MOD 3 V80,it was found that using two PRHR tubes over estimated the PRHR heat

exchange by a factor of two. Greater heat exchange was due to the power compensation used in the

test bundle which increased the bundle steaming rate. Therefore, the number of PRHR tubes were

reduced to a single tube, which gave better agreement with the estimated AP600 PRHR heat exchange.

The original SPES facility used the Wilson * bubble rise model fet scaling the pressurizer behavior.

This resulted in a shoner, larger diameter pressurizer then tie ideally scaled pressurizer Concerns

were raised on pressurizer behavior for SBLOCAs when the ADS activates. Additional calculations

were performed using the RELAP 5 MOD 3 V80 code to access the difference in the ideally scaled

pressurizer and the existing pressurizer in the facility. Figures 1-14 to 1-18 show that there is no j
significant effect of the shorter pressurizer in the SPES-2 facility so the existing pressurizer is

sufficient for the AP600 SBLOCA tests.
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The SPES-2 facility did not simulate the containment back pressure, therefore the IRWST was at

atmospheric pressure. For the SPES-2 transient to reach IRWST injection the primary system it would

have to depressurize to nearly atmospheric pressure. It was anticipated that the SPES-2 facility would

have excessive metal heat release to the fluid as the transient would depressurize and the metal would

transfer heat to the fluid. De higher metal heat release results in the system pressure being held-up
above the IRWST cut-in pressure so that IRWST injection would be delayed relative to the
corresponding injection for the AP600. Herefore, the ADS-4 lines and valve sizes were increased to

values greater than the scaled values to compensate for the excessive metal heat release from the SPES

piping. Sensitivity calculations were performed using the RELAP 5 MOD 3 V 80 code to help
determine the sizing cf the fourth stage piping and valve areas to insure IRWST injection at about the
same time as that estimated for the AP600 plant.

The SPES-2 test facility simulates only two reactor coolant pumps (RCPs). The single pipe from the

steam generator exit is connected to a single pump. There is a common portion of pipe downstream

of the pump which then splits into two separate cold legs. These cold legs are then connected to the

annular downcomer. In the AP600 plant, there are four separate reactor pumps which are individually

connected to the cold legs. Every attempt was made to preserve flow resistance and the elevation

where the split in the single cold leg occurred relative to the AP600 plant. A divider plate was used

in the commca portion of the cold leg downstream of the pump to fmther separate the two cold legs.
Changes made to the cold leg in SPES result in a more protypical resistance from the flow from one

cold leg to the adjacent cold leg, so that any potential bypass between the two cold legs is minimized.
The specific geometry of the SPES-2 conflguration was modeled in the NOTRUMP and

WCOBRAfrRAC codes to more accurately re' resent the facility.

The SPES-2 scaling compromises that result from using power-to-volume scaling were effectively

dealt with by using pre-test analysis to evaluate options and methods of operating the facility. The use

of higher bundle power to mitigate the excessive heat loss, while creating other scaling issues, proved

the best method of preserving the overall transient response of the facility to that predicted for the

AP600 plant. The enlargement of the ADS-4 valves and piping, also acted to mitigate the steaming
from the excessive surface area of the metal components. With the larger ADS-4 and associated
piping, stable IRWST injection was achieved for all the SBLOCAs in a time frame which was

consistent with the anticipated AP600 plant response. There are geometry differences between the

SPES-2 test facility and the AP600, however, these differences can be accommodated in the noding
and modeling of the facility.

The SPES-2 tests atypicalities have been minimized so that the resulting tiata from the experiments is

valid for computer assessment and validation for passive safety systems such as those for the AP600
plant.

-
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TABLE 1-1
g PIIENOMENA IDENTIFICATION RANKING TABLE FOR AP600 SMALL-BREAK LOCA
vj Component Natural ADS IRWST injection
$ Phenomenon Blowdown Circulation Blowdown Cooling3
& Break
[ Critical Flow H H 11 M
@ Subsonic Flow N/A N/A N/A M8
g ADS Stages I to 3 11* (inadvertent ADS) H* (inadvertent ADS) H M

Critical Flowm

Two-Phase Pressure Drop N/A* N/A* H M
Valve Loss Coefficients N/A* N/A* H M
Single-Phase Pressure Drop N/A N/A N/A L

VesscL' Core
Decay Heat H H H H
Forced Convection M N/A N/A N/A

y Flashing M N/A M L
Wall Stored Energy M N/A M M
Natural Circulation Flow and Heat Transfer M M M M
Mixt'ne Level Mass Inventory H H H H

RCP
RCP Performance M N/A N/A N/A

Pressurizer
Pressurizer Fluid Level M M M L
Wall Stored Heat M M M L

Pressurizer Surge Line
Pressure Dn>p/ Flow Regiine L L M L

Downcomer/ Lower Plenum L M M M
Upper Head / Upper Plenum L M M M
Cold Legs L M M M

The ADS is not normally opened during these phases unless the transient is an inadvertent ADS: for ht care, the ADS ghenomena would be ranked as high OI).
*
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g TABLE 1 1 (Cont.);;
PHENOMENA IDENTIFICATION RANKING TABLE FOR AP600 SMALL-BREAK LOCA;S

g IRWST
g Component Natural ADS Injectionp Phenomenon Blowdown Circulation Blowdown Cooling
g Steam Generator
c. 26 - Natural Circulation L M L L
h SG lleat Transfer L M L L
3 Secondary Conditions L M L L

Hot Leg
Flow Pattern Transition L H H H

ADS 1-4
Critical Flow N/A N/A II H
Subsonic Flow N/A N/A L H

CMT

7 Recirculation Injection M M L L
C Gravity Draining injection N/A M H L

Vapor Condensation Rate N/A M M L
CMT Balance Lines

Pressure Drop M H H L
Flow Composition M H 11 L

Accumulators
Injection Flow Rate N/A M H N/A
Noncondensible Gas Entrainment N/A N/A L L

IRWST
Gravity Draining Injection N/A N/A N/A H
Vapor Condensation Rate N/A N/A M L

DVI Line
Pressure Drop M M M M

PRHR
Natural Circulation Flow and Heat Transfer L H M L

_ _ _ . _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ - _ - _ _ .
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TABLE 1-2
g PflENOMENA IDENTIFICATION RANKING TABLE FOR AP600 NON LOCA AND
e STEAM GENERATOR TURE RUlrl'URE DESIGN BASIS ANALYSFS
8
=
**

(12)
f (t) Imad-
h (4) (6) LOSS (9) wwtent
8 (t) Inad- tma se of LR Ofr (t3)y FW (2) (3) vertent (5) & (7) RC5 & (10) (11) er RG (14)g Campenent & System 1%enommon Malf ELI SLB PRIIR LOL LONF M.B How BS SUIL RWAP CVS Dep. SG11t4

Critical Flow N/A N/A 11 N/A N/A N/A 11 N/A N/A N/A N/A N/A M II

vessel 11 L II 11 L M M L L II L M L M
Mixing

; Flashing in Upper IIcad N/A N/A M L N/A L L N/A N/A N/A N/A L L L

Core II M 11 II M L M M M 11 M L L L
Reactivity Feedback

Reactor Trip II L 11 II 11 11 11 11 Il 11 11 11 II 11

* Decay lleet L L L 11 L 11 11 L L L L II L 11

Forced Convection 11 II II 11 11 11 11 11 II II 11 M 11 L

Natural Circulation Flow and M L 11 11 L 11 II L L L L H L M
liest Transfer

RCP Coastdown Performance L N/A L L L L L 11 11 N/A N/A L L L

Pressurizer L L M M L M L L L L L M L M
hessurizer Fluid Level

Surge Line Pressure Drop L L L L II L L M 11 L L L L L

Steam Genasta (SG) IIcat Transfer 11 11 11 L 11 11 11 L L L M L L M

Secondary Conditions M L II L L M M L L L L L L II

-

,

T
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TABLE 1-2 (Cont.)
j PIIENOMENA IDENTIFICATION RANKING TABLE FOR AP600 NON-LOCA AND
g STEAM GENERATOR TUBE RUPTURE DESIGN RASIS ANALYSES
d
'J (12)
[ (S) Inad-
is (4) (6) IAISS (9) vertent3 (1) Inad- Less ac of LR Gir (13)y FW (2) 0) wrtent (5) & (7) RCS & (10) (II) er RCS (14)
Q Component & System Phenomenon Matt ELI SLB PRIIR IA)L LONF FLB Flow BS SE11L RWAP CVS Dep. SGTR
U
3 RCS Wall Stored 11 eat L L L L N/A L L N/A N/A L N/A L L M

CMT N/A N/A II 11 N/A 11 M N/A N/A N/A N/A 11 N/A L
Recirculation Injection

Gravity Draining Injection N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Vapor Condensation Rate N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

Baiana Line Pressure Drop N/A N/A 11 II N/A 11 M N/A N/A N/A N/A 11 N/A L

Balana Line Initial Temperatwe N/A N/A 11 II N/A 11 M N/A N/A N/A N/A II N/A L* Dist.

Accumulators N/A N/A M N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Injection Flow Rate

PRIIR N/A N/A L II N/A 11 11 N/A N/A N/A N/A 11 N/A 11
Flow Rate and IIcat Transfer

(1) FW Malf - Feedwater malfunction that results in a decrease in feedwater temperature or an increase in feedwater flow
(2) ELI - Excessive increase in secondary steam flow
(3) SLB - Steam line break
(4) Inadvertent PRIIR - Inadvertent operation of the PRIIR
(5) LOL - Loss of secondary-side load events
(6) Loss ac & LONF - Loss of ac power and loss of normal feedwater
(7) FLB - Feed line break
(8) Loss of RG Flow - Loss of forced RCS flow
(9) LR & BS - Locked RCP rotw and troken RCP shaft
(10) SUIL - Startup of ar. inactive reactw coolant pump at an incorrect temperature
(11) kWAP - RCCA withdrawal at power
l12) Inadvertent CMT w CVS - Inadvertent operation of the CMT or chemical and volume control system
(13) RG Dep. - Inadvertent RCS depressurization
(14) S(HR - Steam generator tube rupture

liigh Importance MII = Moderate Importance L Low Importance N/A Not A plicable= = t=

- _ _ _ _ _ _ _ _ _ - - - - - - - _ - _ _ _ _ _ _ - _ . -
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TABLE 1-3

h SI'ES-2, TEST MATRIX

k Test Description
g Test (AI%00 Transient Status Nonsafety Al%00 Single Failure
p No. Test Type Simulated) Systems Simulated Comment
8
p 1 Small Break 1-inch cold-leg break CVCS, NRHR, and One of two 4th-stage Maximize CMT heatup prior to
g LOCA (Note 2), bottom of SFWS Off. No valves on loop B ADS actuation.
g loop B (Note 1) operator actions (OAs).

2 Small Break 1-inch cold-leg break, CVCS, NRHR Off; One of two 4th-stage This test deleted due to AP600
LOCA bottom of loop B SFWS On (Note 3). valves on loop B design changes.

No OAs.

3 Small Break 2-inch cold-leg break, CVCS, NRHR, and One of two 4th-stage Reference cold-leg break.
(Note 4) LOCA lxxtom of loop B SFWS Off. No OAs. valves on loop B

4 Small Break 2-inch cold-leg break, CVCS, NRHR, arxl One of two 4th-stage Nonsafety/ passive system
g LOCA bottom of loop B SFWS On (Note 3). valves on loop B interactions.

5 Small Break 2-inch DVI break CVCS, NRHR and One of two 4th-stage Asymmetric CMT performance.
LOCA SFWS Off. No OAs. valves on loop B

6 Small Break DEG break of DVI CVCS, NRIIR, and One of two stage 1 Complete loss of one-of-two
LOCA SFWS Off. No OAs. and stage 3 valves injection flow paths.

7 Small Break 2-inch break in CVCS, NRHR, and One of two 4th-stage Examine effect on CMT drain
LOCA CUCMT-B inlance line SFWS Off valves on loop B down.

8 Small Break DEG break of a CVCS, NRHR, and One of two stage i No delivery from faulted CMT.
LOCA CUCMT-B balance line SFWS Off. No OAs. and stage 3 ADS

valves

9 SGTR Design basis SGTR CVCS, SFWS On; None Recovery with operator action;
(1 tube) Operator action to show recovery margin.

isolate SG, subcool,
depressurize.

._ - - ______ ___________.- _- - ___- - - - ___ -.._ ___ - -_- --__ _ - _ - _
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a TABLE 13
g SPES-2, TEST MATRIX (Cont.)

h Test Description
g Test (AP600 Transient
p No. Test Type Simulated) Status Nonsafety Systems Single Failure Comment
O

E 10 SGTR Design basis SGTR No CVCS or SFWS. No. None. SGTR recovery with nof (I tube) OAs. operator action.
'8 -

*
11 SGTR Design basis SGTR No CVCS or SRVS. No OAs. One of two ADS actuated to cause

(1 tube) with inadvertent 4th-stage valves on steam generator to
ADS actuation. loop B. primary flow. Observe

dilution rate and effect on
ADS performance.

12 SLB (with three SL break at zero power. No CVCS, NRHR, SFWS. None. Show CMTs do not drain
PRHR HX tubea A 1.388 ft.2 single-ended and no ADS actuation
inservice). SLB on SG-A discharge. occurs.

13 Small Break 1-inch cold-leg break on CVCS, NRHR, and SFWS off. One of two Show effect of
LOCA (with bottom of kop B. No OAs. 4th-stage valves on three PRHR tubes,
three PRHR loop B. compare with matrix
HX tubes in test 1.
service).

Notes:

1. Loop B is the CMT side of plant; loop A is pressurizer and PRHR side of plant.
2. Break sizes are "a broken pipe of the indicated diameter," c.g.,2-inch break is 3.146 in.2
3. SG main feedwater isolated on S signal and SFWS initiated, SFWS on until isolated on HI SG level er LO-Tcold. '

4. Selected as repeat test to show facility repeatability.

;
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TABLE 1-4
j TEST RUNS AT SPfsS-2

Test Run Test Date
g Number Test Description Commentsa
'j S00103 2/564 Successful, but not included in final report since AP600
p SBLOCA - 2-inch cold-leg break at bottom of loop B ADS valve sizes and setpoints were changed.
8
g S00203 4SS4 Successful, but not included in I' mal report since
"

pressurizer to CMT balance line was subsequently
SBLOCA - 2-inch cold-leg break at bottom of loop B deleted.

500303 4/3064 SBLOCA - 2-inch cold-leg break at bottom of loop B Successful.

SON 01 5/664 SBLOCA - 1-inch cold-leg break at bottom of loop B Successful.

S005N 5/18 S 4 SBLOCA - 2-inch cold-leg break at bottom of loop B
with nonsafety systems Successful._

b S00605 5/2764 SBLOCA - 2-inch DVI break Successful.

S00706 6/1064 SBLOCA - DEG break of DVI Successful.

S00807 6/1264 Unsuccessful - due to valve misalignment in break
SBLOCA - 2-inch break in CUCMT balance line piping to condenser.

S00908 6/23S4
(blind) SBLOCA - DEG break of CUCMT balance line Successful.

S01007 7D64 SBLOCA - 2-inch break in CL/CMT balance line Successful.

S01110 7/14S4 SG1R - I tube; passive safety systems only Successful.

S01211 90/94
(blind) SGTR - I tube; inadvertent ADS actuation Successful.

. _ - _

__ _ _ _ - . _ _ _ _ _ _ _ - _ - _ - _ _ _
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TABLE 1-4 (Cont.)
j TEST RUNS AT SPES-2

Test Run

@ Number Test Date Test Description Comments
.:

I S01309 9/22 S 4 SGTR - I tube; nonsafety systems operational with

"k
operator action for mitigation Successful.

g S01412 10/764 Unsuccessful - Leak in sevemi power channel heated
SLB at hot, zero power conditions rods caused unisolable water loss from facility.

*

S01512 1(V1164
(blind) SLB at hot, zero power conditions Successful.

501613 10/1564 SBLOCA - 1-inch cold-leg break at bottom of loop 3 Successful.

S01703 11/1164 SBLOCA - 2-inch cold-leg break at bottom of loop B Successful.

Y
G

l
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2.0 SPES-2 ANALYSIS METHODOLOGY - COMPONENT ANALYSIS

Re SPES-2 facility is a full-pressure, full-height representation of the AP600 design, which has been

used to simulate loss-of-coolant accident (LOCA) and non-LOCA accident scenarios. De primary

purpose of this facility is to investigate the behavior of the passive core cooling systems over a range
of faulted conditions. He SPES-2 facility represents the following components of the AP600:

De primary circuit including the core, pressure vessel, loop pipework, and pressurizer..

ne steam generators.=

ne passive safety systems (core makeup tanks [CMTs], in-containment refueling water storage=

tank [lRWST], passive residual heat remova! [PRHR] and automatic depressurization system

[ ADS]) and the accumulators.

Nonsafety systems (chemical volume and control system [CVCS], normal residual heat*

removal [NRHR], and startup feedwater system [SFWS]).

A computer code has been developed to perform test analysis of the SPES-2 tests.

In analyzing the results this code performs a mass and energy balance has been undertaken for all the

main system components, and an overall mass and energy balance assessment has been undertaken.

The models and data used in SPESAN to undertake this analysis are described in this section. All

dimension data used for this analysis were taken from WCAP-14073, SPES-2 Facility Description.*

2.1 Core Makeup Tank (CMT)

De core makeup tank is a pssive safety feature unique to the AP600. De CMTs consist of two

tanks of cold, borated water maintained at system pressure, each connected at the top to a cold leg and

connected at the bottom, through check valves and normally-closed isolation valves, to a direct vessel

injection line. De CMTs are designed to passively inject water into the core in the event of a LOCA.

In the SPES-2 facility, the CMT is surrounded by a steel guard vessel.m he guard vessel is included
in the energy balance calculations.

2.1.1 CMT Mass Balance and Liquid Level Calculations

he mass inventory in each CMT is found directly from the vertical pressure difference across the
tank. The pressure difference is interpreted as an elevation heat. since the frictional and acceleration

pressure drop terms are negligible due to the low flow rate in the CMT. De collapsed liquid level is
found from this same pressure difference using measured fluid temperatures and pressure to determine

fluid density distribution. He contribution of the CMT to the primary system mass balance is the
fluid mass inventory. Other calculations include the injection flow from the bottom of the CMT

u :\ap600\l 892-oon\l B 92 w-2.noo:1 b-061395 2-1



toward the direct vessel injection (DVI) line (which is measured directly) and the flow through the
i

cold-leg balance line (CLBL) from a cold leg to the top the CMT (which is found by a mass balance |
in the CMT). 'Ihese terms provide bases for comparison to computer models.

1
CMT Mass Inventory

;

The mass of fluid in each CMT is calculated as the sum of four vertical differential pressure
measurements, multiplied by the effective average cross-sectional area of the tank as shown in

Table 2.1.1-1. This area was found by dividing the measured total tank volume by the total height
betweets the top and bouom differential pressure taps.

e ,

hicur " A APcur L-cur-i

71 ,8
)

where:

|

mass of water and steam in the CMT Obm) |Mcur =

Acur horizontal inner cross-sectional area of the CMT; [ ]*=

APaur.i one of four adjacent vertical differential pressures measured in the CMT Ob/ft.2)=

gravity (ft/sec.2) |g =

gravitational constant Obm-ft.)/0bf-sec.2)g, =

CMT Flow Rates I

'Ihe CMT drain flow rate is directly measured in the drain line and is expected to always show
positive flow because of the check valve in the line.

The flow rate between the cold leg and the top of the CMT is equal to the sum of the drain flow rate
and the rate of change of the CMT fluid mass.

th, = d14 + (Meur, j cur.3-i) / (t - t,.3) (2.1-2)-M j

where:

Ihm
mass flow rate into the top of the CMT (Ibm /sec.)=

th *. i

measured drain flow rate from the CMT Obm/sec.)
'=

Mcur.) CMT fluid mass at time t, Obm)=

I

o Amp 60thl B92-noo\l B92 w-2.non:1 b-061395 22
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Mcur.g CMT fluid mass at time tg (Ibm)=

'Ihe CMT drain instrumentation are given in Table 2.1.1-2.

CMT Collapsed Liquid Level

'Ihe collapsed liquid level is calculated based on the sum of four vertical differential pressure

measurements. 'Ihe liquid level is that level for which the integral of fluid density times incremental
height is equal to the total vertical pressure drop. 'Ihe density of liquid is calculated based on the

temperature at each fluid thermocouple, or saturation temperature if that is lower. *Ihe liquid density
for the span between each adjacent pair of fluid thermocouples is assumed to be the average of the -

densities at those two thermocouple locations. Above the top thermocouple and below the bottom

thermocouple, the density is assumed to be the same as that at the nearest thermocouple. Saturated

steam is assumed above the collapsed liquid level. Pressure at the top of the CMT is used to find all

fluid densities. 'Ihe liquid level is limited to be between the bottom and top differential pressure taps.

1. 4
8

p(z) dz + (z re.: - L)p, (P ,) = AP.. cura 1 (2.1-3)r i
8

Except that

zo 5 L 5 z ,c.o

1

where: '

|

P, pressure in the top of the CMT(psla)=T

L elevation of the liquid level in the CMT (ft.)=

z=0 elevation of the bottom CMT differential pressure instrument tap (ft.)=o

elevation of the bottom CMT fluid thermocouple (ft.)zi =

clevation of the second CMT fluid thermocouple (ft.)z2 =

...

elevation of the top CMT fluid thermocouple (ft.)z,w =

elevation of the top CMT differential pressure instrument tap (ft.)z,x. =

p,(Pr,) density of saturated steam at P , (IbnVft')=
T

p(z) (pgPr,,T(z,)) + pgP,,,T(z,.i)))/2 (Ibm /ft') for z s z < z,.i, j = 1, 2, ... nTC= j

t

and where:

pgP,T) = density of liquid water at pressure P, temperature = min (T, T.,, (P)) (Ibm /ft.')

{
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i

i

1

-|
T(z,) = temperature indicated by the CMT fluid thermocouple at z, or by the nearest jj

fluid thermocouple forj = 0 or j = nTC+1 ('F)
T. (P) = saturation temperature at pressure P (*F)

'Ihe instrumentation used to calculate the collapsed liquid level is given in Table 2.1.1-3.

CMT Mixture Level

I
'

To determine whether significant steam is stored with the liquid region in the CMTs, an attempt is ]
made to calculate a mixture level (that is, the lower limit of the region containing essentially no

{
liquid). '

;

A local liquid level is first calculated within each of the four ranges of elevation in the CMT for
which elevation pressure drop is measured. Exactly the same logic is used within each range as is

'

used to find collapsed water level using the sum of the four pressure drops. !

i

4 ,

p(z) dz + (z - L)p, (PQ = AP (2.1-4)
u m

|

i
where:

'

I, = local elevation of the liquid level based on APwur4 (ft.)
Zw = elevation of bottom tap of APuur-i(ft.)

|

Z, = elevation of top tap of APuura (ft.)

Normally this analysis is expected to show that, in the range which contains the collapsed level, the I

steam / water interface level is the same as the collapsed level. Ranges below this interface are full of-

liquid, and ranges above this interface are full of steam only. |

I
i

When significant flashing occcrs in a range below the steam / water interface, a void fraction will be )
found in that range. Also, in the range containing the collapsed level the local liquid level will be j

higher by a corresponding amount. In such a case, the void fraction in the range containing a level,

below the interface, is assumed equal to the void fraction in the range below it. To avoid large
misinterpretations resulting from small errors in data, we exclude ranges where tie calculated local

level is below 2 percent of the range (that is, essentially empty range)is excluded. Thus a mixture
level is defined as follows:

i
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-Z,3){ . (2.1-5) fL. = max [L /(z,,3 - L ,3) /(Z,,3 33 3
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i
for L > z + 0.02 (Zu - ZJ j3 w

i

!
I

' where:
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I
L., mixture level (ft.) . j=
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|

TABLE 2.1.1 1
LNSTRUMENTS FOR CALCULATING GIT MASS

Description Instrumentation Tag Variable

Elevadon pressure difference, DP-A41E, DP-A42E, DP-A43E, APaa
CMT-A DP-A44E )

Elevadon pressure difference, DP-B41E, DP-B42E, DP-B43E, APw4
CMT-B DP-B44E

TABLE 2.1.1-2
INSTRUMENTS FOR CALCULATING CMT MASS INLET FLOW

Description Instrumentation Tag Variable

Drain flow, CMT-A F_A40E m.,

Drain flow CMT-B F_B40E m,

1

TABLE 2.1.1-3
INSTRUMENTS FOR CALCULATING G1T COLLAPSED LIQUID LEVEL

Description Instrumentation Tag Variable j

Elevadon pressure difference, CMT-A DP-A41E, DP-A42E, DP-A42E, DP-A44E APaa
Elevadon pressure difference, CMT-B DP-B41E, DP-B42E, DP-B42E, DP-B44E APm .

l
Top pressure, git-A P-A40E Pr ,

Top pressure, CMT-A P-B40E P,1

Fluid temperatures, CMT-A T-A401E, T-A402E, T-A403E, T-A404E, T (z,)
T-A405E, T-A406E, T-A407E, T-A408E,
T-A409E, T-A410E, T-A41IE, T-A412E,
T-A413E, T-A414E, T-A415E, T-A416E,
T-A417E, T-A418E, T-A419E, T-A420E

Fluid temperatures, CMT-B T-B401E, T-B403E, T-B405E, T-B407E, T (z,) l
T-B409E, T-B411E, T-B413E, T-B415E, )
T-B417E, T-B420E

I

|
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2.1.2 CMT Energy Balance Calculations
]

Several components of energy transfer must be determined to establish an overall energy balance for

the CMT. These include the energy flow into the CMT from the CLBL, the energy flow out of the
CMT through the drain line, energy storage in the CMT fluid, heat storage in the CMT vessel and

;

guard vessel, and metal and heat loss to the surroundings. Each component is calculated from the |
instrumentation available in the tests. The overall CMT energy balance is used to determine the I

relative magnitudes of each component and to provide a basis for comparison to computer models.
|

|

The total of the fluid energy storage metal euergy stored and energy loss is used in the overall energy
balance.

Energy Storage in the CMT Fluid

The rate of change of internal energy in the CMT fluid is determined by calculating the internal

energy at each time step and differentiating with respect to time. The internal energy is found as the

integral of the product of fluid density times specific enthalpy in the CMT, minus the product of
pressure and volume of the CMT. The specific enthalpy and density of fluid below the calculated !

liquid level are assumed to be the averages of the properties of the liquid at the temperatures at the

two nearest fluid thermocouples, or at the nearest thermocouple for the regions below the bottom |

thermocouple or above the top thermocouple, or at saturation temperature if that is lower. The fluid

above the liquid level is assumed to be saturated steam. The pressure measured in the top of the CMT
is usco for all properties.

l

.
.

U,, = A p(z) h(z) dz + (z , ,- L) p,h, (P ) - P , (z ,.i - z)J (2.1-6)c g r 7 y

1

I

where:

U,, total fluid internal energy in the CMT (Btu)=

h,(Pry enthalpy of saturated steam at P,op (Btu /lbm>=

h(z) (hfP ,,T(z,)) + hgProp,T(z,.i)))/2 for z, s z < z,.3, j = 1, 2, ... nTC !
= 7

Joules constant |J =

|

and where- '

1

l
hfP,T) specific enthalpy of liquid water at pressure P, temperature T (Btu /lbm) )

=

l

Other terms are defined under collapsed liquid level calculation in Section 2.1.1.

|
1
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Thermocouples used in the fluid energy calculations are listed in Tables 2.12-4 and 2.1.2-5.

He fluid thermocouples along with the elevation and associated volume are shown in Table 2.1.2-4
for CMT-A, and Table 2.1.2-5 for CMT-B.

He rate of energy storage in the CMT fluid is given by the following equation:

0a.6... = dU,/dt = ( U,4 - U a_ ) / ( t, - tyi ) (1.1-7)m

where:

Qam,,,, rate of change of energy storage in CMT (Btu /sec.)=

Ua total energy of fluid at time t, (Btu)=m

U total energy of fluid at time t,a (Btu)=

present time (sec.)t, =

previous time (sec.)tg' =

Heat Loss to the Surroundings

De heat transfer from the CMT fluid to the surroundings consists of the heat stored in the guard
;

vessel wall, and the heat loss from guard vessel to the ambient. The thermocouples used to deternune

these heat losses are summarized in Table 2.1.2-1.

Heat Storane in the CMT Wall I

The heat storage rate in the CMT wall is given by the following equation: ,

I

c, (2.1-8)Qcur- = Mcwr e

where:

Qcur heat storage rate in the CMT wall (Btu /sec.)=

Mcur., mass of the CMT tank (Ibm)=

specific heat of the CMT tank (0.123 Btu /lbm *F for stainless steel) (Btu /lbm *F)c, =

dT/dt time rate of change of the CMT wall temperature (*F/sec.)=

The CMT wall temperature is measured at several axial segments; with eight thermocouples for
CMT-A, and four thermocouples for CMT-B.

u:\np600u 892-nonM 892w-2.non:1 b-061395 2-8



e

Bus the total heat storage ra'.e is

Ocur. = c, EM, [ T,(t,) - T,(t ) ] /( t, - tg) (2.1-9)g

where:

M, masses of the CMT wall associated with each thermocouple (Ibm)=

present time (sec)t, =

g previous time (sec)t =

T measured temperatures M times t, and tg (*F)=i

The CMT wall mass associated with each thermocouple is summaized in Table 2.1.2-2.

Heat Transfer from the CMT Wall to the Gunrd Vessel
|

Re heat transfer from the CMT wall to the guard vessel is given by the following equation: ;

Qcutov = Osc + Qad (2.1-10)

where: i

Qcur.ov heat transfer from the CMT wall to the guard vessel (Btu /sec.)=
;

Qa, heat transfer due to convection and conduction through the air gap (Bru/sec.) ;=

Q,, heat transfer via radiation (Btu /sec.) j=

|
The heat transfer through the air gap depends strongly on the fraction of the CMT wall that is heated. )
Free convection cells, caused by the temperature diffemnce between the hot CMT wall and the cold

;

guard vessel wall, can significantly enhance the heat transfer across the air gap. Holman* defines an |
|equivalent thermal conductivity for the air in the gap, as enhanced by free convection:

I
k = k 0.197 (Gr Pr)"(UST* (2.1-11)y

where:
|
1

1% the equivalent thermal conductivity across the gap (Bru/sec.-ft. *F) !=

k thermal conductivity of the air in the gap (Btu /sec.-ft. *F)=

L heated length of the CMT wall (ft.)=

6 distance between the walls (ft.)=

Pr Prandtl number of the air in the gap=

Gr Grashof number=

|
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. The Grashof number is given by the following: I
!

Gr = g (Tcwr - Tova ) SS /v (2.1-12) |
2

'l
where: |,

i

kinematic viscosity of the air (ft.2/sec.) ~!v =

coefficient of volumetric expansion,1/r(R)(*R-) |=
i

Tcur average CMT wall temperature (*F) :
=

average guard vessel temperature at the inside diameter (*F) IToys- =

f

Thus, the heat transfer via condu-tion / convection through the enclosed air space is {
i,

!' Qoc = Acur 4 ( Tcur Ihvw )/S (2.1-13) _i

!
where: |

i

surface area of the CMT (ft.2)Acur =

:
!

Radiation heat transfer from the CMT wall to the guard vessel is given by the following equation: '

i

4.a = 0 4, Acur ( Tcur - Tovg' ) (2.1-14) ;
d

i
!

where:

radiation heat transfer from the CMT wall to the guard vessel (Btu /sec.) {. Q,, =

2
Stefan-Boltzmann constant (Bru/sec.-ft *R')o =

average surface emissivity |c,,, =

~i
o

The average surface emissivity is given by the following equation- "

!
!

4, = 1/( 1/ccur +1/Ecvw - 1) (2.1-15) i

I

where: !

|

cur emissivity of the CMT wall
'

c =

emissivity of the guard vessel (assumed to be 0.5) ;Eova =

!

'
.

i

s

!

a:\np60ml 892-noe\1892w-2.non:I b-061395 2-10
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|

Heat Storaee in the Guard Vessel *
.

1he heat storage rate in the guard vessel wall is given by the following equation: |

.I

dT * :
' Qov = May C, (2.1-16) ,{

l
. -|

where: :j

;

Qov heat storage rate in the guard vessel wall (Btu /sec.) !
=

Mov a mass of the guard vessel (Ibm) :
=

specific heat of the guard vessel (0.1 Btu /lbm*F for steel)
f

c, =

time rate of change of the guard vessel temperature, which is calculated by averaging {dT =
oy

dt the inside and outside wall temperatures (*F/sec.) i
-

i

The guard vessel temperature is measured at two axial segments for both CMTs.- 1

i

Thus, the total heat storage rate is !
i

Qav = C, EM, [ T,(t,) - T,(t,.i) ] /( t, - t,.i ) (2.1 17). .

i
-

where: !

M, masses associated with each thermocouple (Ibm)
|

=

?

The guard vessel mass associated with each thermocouple is shown in Table 2.1.2-3.
*

'

Heat Transfer from the Guard Vessel to the Surronadinom

The heat transfer from the guard vessel to the surroundings is comprised of free convection and

radiation from the outer surface of the guard vessel. The free convection component is given by the
following equation:

Qw = Aav b ( Toy - T 3 ) (2.1-18) ,

where:

Qw free convection component (Btu /sec.)=

guard vessel surface area (ft.8)Aov =

. Tovw . guard vessel temperature ('F)=

T.- ambient temperature ('F) .=
.

( free convection heat transfer coefficient (Btu /sec.-ft.2,.py=

_.

n:%40m1892-moe\1892w.2. mas:1b.061395 2.Ii
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The free convection heat transfer coefficient is given by the following equation:
,

b = k,/H [0.13 (Gr Pr)"5 ) (2.1-19)
,

where:

k, air thermal conductivity (Btu /sec.-ft. 'F)=

H height of the guard vessel (ft.)=

Pr Prandtl number of the air=

The Grashof number is given by the following equation:

8 2Gr = g (Toya - T,.. ) H / v (2.1-20)

Radiation heat transfer from the guard vessel to the ambient is given by the following equation:

dQ, cy = a e Aava ( Tav - T .' ) (2.1-21)
'

where:

Q, av = radiation heat transfer from the guard vessel to the ambient (Btu /sec.)

Stefan-Boltzmann constant (Btu /sec.-ft.2 .R')o =

guard vessel surface emissivity (assumed 0.5)e =

,

The steam equation is applied to the steam region, and the water equation is applied to the liquid

region of the tank. 'Ihe measured water level is used to determine which thermocouples are measuring

water or steam. 'Ihe elevations of the thermocouples are compared to the level and the steam

equations are applied to the thermocouples above the interface, and the liquid equations are applied to
the thermocouples below the interface.

Overall Energy Balance for the CMT

The overall energy balance for the CMT is given by the following equation:

Q, = Q.i + Qnou.. + Q,, (2.1-22)

where:

Q, heat carried into the CMT from the CLBL (Btu /sec.)=

Q,, heat carried out of the CMT through the discharge line (Bru/sec.)=

Q,, heat transferred from the fluid to the CMT wall (Btu /sec.)=

u:\np60(Al892-mon \l892w 2.non:1b-061395 2-12



De heat transferred from the fluid to the CMT wall is given by the following equation:

Q n = Ocure. + Ocv + Qe + Q uw (2.1-23)

The heat carried out of the CMT is given by the following equation: '

Q , = h ,rh , (2.1-24)

where: '

Q, heat carried out of the CMT (Btu /sec.)=

h, enthalpy of the liquid in the discharge line (Btu /lbm)=

flow rate in the discharge line Obm/sec.) Irh , =

Alternatively, the heat carried into the CMT by the fluid from the balance line is given by the
following equation:

Q,, = h, rh, (2.1-25)

where:

h, enthalpy of the liquid or steam entering the CMT (Btu /lbm)=

flow mte into the CMT from the CLBL Obm/sec.)111 , =

The mass flow rate into the CMT is calculated from the mass flow out the discharge line and the
change in mass inside the CMT.

|
|
I

rii,, = rh, + { M ,, (t ) - M ,g (t .,) } / (t - t .3) (2.1-26) l

j a j j j

where
l

Mao, fluid mass in the CMT at times j and j-1 (Ibm)=

l

,

u:\ap600\l 892-non\1892w-2.non:l t41395 2-13
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- !

i

'

.

t' -

: Thus, an estimate of the validity of the energy balaa. can be determined by comparing the calculated
|
1

value of Q, from Equation (2.1-21) with hjh, as follows:
,. .

a
i

!

Q = Q, - h, m. (2.1-27) . [
.i

where:
!

t

Q_ difference in the CMT energy balance (Btu /sec.)=

.

. i
'Ihe instruments used to perfonn the overall energy balance are summarized in Table 2.1.2-6. j

.

An alternate estimate of error is found by comparing different methods of determining the heat transfer
;

- to the guard vessel. '

e

Q.n.a = Qcurov - ( Qav.= + Qe ov + Q,4cv ) - (2.1-28) I

!

where: :-

I

error in heat balance resulting from teat transfer to guard vessel (Btu /sec.) |' Q_g =

Qe av free convection heat loss from guard vessel (Btu /sec.) j=

Q,4cy radiation heat loss from guard vessel (Btu /sec.) ;=

.i
!
t

;

!
|

|
,

[

!
!

i

I

!

!
+

i

.i
:

f
i

|
;

' !.
I

|
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TABLE 2.1.21 *

TEMPERATURES FOR CALCULATING CMT ENERGY BALANCE i

Description Instrumentation Tag

iOuter CMT wall, lower half - A TW-A45E, 'IW-A46E, TW-A47E, TW-A48E
i

Outer CMT wall, lower half - B TW-B46E, TW-B48E '

Air space, lower half - A T-A42A
'

Air space, lower half - B T-B42A !
Guard vessel inner diameter, lower half - A TW-A42AI

~

Guard vessel inner diameter, lower half - B TW-B42AI

Guard vessel outer diameter, lower half - A TW-A42AE

Guard vessel outer diameter, lower half - B TW-B42AE '

.

!

Outer CMT wall, upper half - A TW-A41E, TW-A42E, TW-A43E, TW-A44E
i

Outer CMT wall, upper half - B TW-B41E, TW-B44E

Air space, upper half- A T-A41A |

Air space, upper half - B T-B41A

Guard vessel inner diameter, upper half - A TW A41A1

Guard vessel inner diameter, upper half - B TW-B41AI

Guard vessel outer diameter, upper half - A TW-A41AE

Guard vessel outer diameter, upper half - B TW-B41AE |

Ambient temperature TPLANT

c:\ap600\l892-oon\lS92w-2.noo:Ib 061395 2-15



TABLE 2.1.2-2
CMT WALL MASSES ASSOCIATED WITH THERMOCOUPLES

Thermocouple - Thermocouple -
CMT-A CMT Wall Mass A CMTB CMT Wall Mass B

TW-A41E [ ]'6" TW-B41E [ ]'''
TW-A42E [ ]'''
TW-A43E [ ]'''
TW-A44E [ ]''' TW-B44E [ ]''' )

:

TW-A45E [ ]'6"

TW-A46E [ ]'6" TW-B46E [ ]'''
i

TW-A47E [ ]''' '

TW-A48E [ ]'6" TW-B48E [ ]'''
_

TABLE 2.1.2-3
GUARD VESSEL MASSES ASSOCIATED WITII THERMOCOUPLES

Thermocouple - Thermocouple -Guam Val Man A Guard Vessel Mass BCMT-A CMTB

TW-A41AI [ ]''' TW-B41AI [ ]'6'

TW-A42Al [ l''' TW-B42AI [ ]'6"

u:\ap600\l892-non\l892w 2.non;1t>M1395 2-16
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TABLE 2.1.2-4
THERMOCOUPLES USED TO

CALCULATE INTERNAL ENERGY FOR CMT-A

Number Instrument Tag Elevation (ft.)

1 T-A401E
- -

2 T-A402E

3 T-A403E

4 T-A408E

5 T-A405E

6 T-A406E

7 T-A407E

8 T-A408E

9 T-A409E

10 T-A410E

11 T-A411E

12 T-A412E

13 T-A413E

14 T-A414E

15 T-A415E

16 T-A416E

: 17 T-A417E

18 T-A418E

19 T-A419E

20 T-A420E
, _ _

i

|

|

|
l
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TABLE 2.1.2-5
THERMOCOUPLES USED TO

CALCULATE INTERNAL ENERGY FOR CMT-B

Number Instrument Tag Elevation (ft.)
.

~ ~
1 T-B401E

2 T-B403E

3 T-B405E

4 T-B407E

5 T-B409E

6 T-B411E

7 T-B413E

8 T-B415E

9 T-B417E

10 T-B420E
__

-

TABLE 2.1.2 6
THERMOCOUPLES USED TO

CALCULATE OVERALL CMT ENERGY BALANCE

Description Instrument Tag

Inlet temperature, CMT-A T-A29P

Inlet temperature, CMT-B T-B29P

Outlet temperature, CMT-A T-A421E

Outlet temperature, CMT-B T-B421E

Level, CMT-A L_A40E

Level, CMT-B L_B40E

Discharge flow, CMT-A F_A40E

Dihge flow, CMT-B F_B40E

Pressure, CMT-A P-A40E

Pressure, CMT-B P-B40E

a:\np600\1892-pon\1892 w-2.non:l t41395 2-18
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2.2 Passive Residual Heat Removal System

The PRHR passively removes the primary system heat via natural circulation flow from the hot leg to

a heat exchanger (HX) located in the IRWST. For SPES-2, this HX consists of either single or

multiple tubes that enter the IRWST near the top of the tank, traverse horizontally for a short distance

([ ]'6'), turn 90 degrees downward to include a venical section ([ ]'6#), turn 90 degrees

into a second horizontal section ([ J'6'), and then exit the IRWST near the bottom of the tank.

2.2.1 In-Containment Refueling Water Storage Tank (IRWST) Mass Inventory

'Ihe mass of water in the IRWST has been determined from the water level (differential pressure) and

temperature instruments listed in Table 2.2.1-1, assuming the water is always at atmospheric pressure.

The mass inventory is calculated using the following equation:

M,,n = ( bnwn.o Pawsu + 144 AP ) A,,,,, G.2-0u,,n

where:

{ M,wn mass of water in the IRWST (Ibm)=
.

| APumwn differential pressure across the IRWST (Ib/ft.')=

Lawn.o length of the IRWST below the bottom of the level measuring=

instruments; [ ]'6#
cross-sectional area of the IRWST; [ ]'6#Amwn =

density of water at the bottom of the IRWST (Ibm /ft.')pawna =

The collapsed water level is calculated using the following equation:

= C AP ,,,, 8' (2.2-2)Lawn 2 g
E

where:

Lawn measured IRWST water level (ft.)
~=

144 pawn'(ft/ psi); a conversion from differential pressure to level allowing for theC =
2

j current density

|
| The density of water has been calculated, at each time point, from water table properties as follows:

Assuming the water in the IRWST is at atmospheric pressure (14.7 psi), the saturation*
;

temperature is calculated.

u:\np6(XA1892-mon \l 892 =-2.non:l b-061395 2-19
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If the measured water temperature is at or exceeds the saturation temperature, tb det.sity is=

determined from tables for saturated liquid using the current water temperature. f

If the measured water temperature is below the saturation temperature, the density is calculated*

from tables for subcooled liquid using the current temperature and an assumed pressure
of 14.7 psi.

For the calculation of the water density in the entire IRWST, the volume-weighted mean temperature

of the measurements listed in Table 2.2.1-1 has been used. For the mass calculation, the water density
at the bottom of the IRWST has been calculated using the temperature reading of tfe lowest
thermocouple.

IRWST Mass Halance

The IRWST discharges to the power channel through direct vessel injection (DVI) lines A and B. De

flow to each of the DVIs has been monitored via two venturi differential pressure devices, as listed in
Table 2.2.1-2.

He IRWST flow devices provided valid measurements in all tests except S00303 when alternatives

from F_A61E and F_B61E were used.

He mass discharged through each DVI line, in each time step, is calculated by multiplying the current
discharge flow rate by the time step length, provided that the flow rate exceeds 0.05 lbm/sec. which is

the minimum detectible signal relative to the noise in the measurement. A running total of the

integrated mass discharged through each DVI line is determined by adding the mass discharged during

the time step to the integrated mass from the end of the previous time step.

He PRIIR HX deposits heat into the IRWST, so it is possible for water to boil off as well as to be
injected to the DVIs. Ilowever, it is expected that the boil-off will recondense within the tank, thus

there is no need to make allowance for this.

He calculated mass inventory in the IRWST for two successive time points has been used to

determine a rate of change of mass using the following equation:

E M,,,,7(t,) - M,,,yt,_,)inwsT ,

dt t, - t,.,
r )
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,

where:

Ma.wsr = - mass of water in the IRWST Obm)
t, = current time (sec.)
t = previous time (sec.) ;g

,

The mass of water in the IRWST has previously been calculated as given in Equation 2.2-1. For the

first time point processed, a zero rate of mass change is assigned. '

,

i
i

-;
,

i

!

!

!

,

|

.

h

!

t

;

i

!

,

_ . _
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TABLE 2.2.1-1
IRWST INSTRUMENTATION FOR

CALCULATING IRWST MASS INVENTORY

Description Instrument Variable

Level of water in IRWST (differential pressure) L-060E APuawn

Temperature of water in IRWST Oowest thermocouple) T-061E T nwsui

Temperature of water in IRWST (second lowest thennocouple) T-062E T nwsui

Temperature of water in IRWST (midpoint thermocouple) T-063E T awsui

Temperature of water in IRWST (second highest thermocouple) T-064E Tnwn,i

Temperature of water in IRWST (uppermost thennocouple) T-065E T awsui

TABLE 2.2.12
FLOW MEASURING INSTRUMENTS FOR

DISCHARGE FROM IRWST TO THE DVI LINES

Description Instrument Variable

Flow out of IRWST to DVI-A F._A60E m
IRWSTA

Flow out of IRWST to DVI-B F_B60E rh
IRWSTB

u:\aptaA1892-mon \1892 w.2.non :l tME1395 2-22
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2.2.2 Energy Balance on the PRHR/IRWST !
t

6

To determine the effectiveness of the PRHR during an accident sequence, an energy balance is
performed to determine the integrated heat transfer from the PRHR tube (s) to the IRWST water. This

{
quantity can be calculated in a variety of ways: j

i
1. Determine the calorimetric heat balance on the primary (tube) side. ;

;

. . |
2. Determine the heat transfer via natural convection and boiling from the tubes to the IRWST ?

water.
.

!

3. Determine the time rate of change of the IRWST internal energy. !

j. .

Each method is used to calculate and compare the PRHR/IRWST heat transfer as e function of time. j
The instruments used to determine these quantities are summarized in Table 2.2.2-1.

;

Calorimetric Heat Balance on the Primary Side

:

The heat balance on the primary side is given by the following equation: "

y

Qu = th (b, - h ) (2.2-4) |
|
|

where. -

Qw heat transfer determined by the primary (tube side) conditions (Btu /sec.)=

mass flow rate through the PRHR tube (s) Obm/sec.)111 , =

h, PRHR inlet enthalpy (Btu /lbm)=

PRHR discharge enthalpy evaluated at T. (Btu /lbm) Ih, =

During the tests, it is posible for the PRHR inlet flow to be two-phase. For the PRHR inlet, a
U-tube is provided, and two differential pressure cells are used to estimate the inlet void fraction. 'Ihc

1
signals from the two differential pressure cells are added together to cancel the friction component of '

the pressure drop. 'Ihe void fraction is estimated by the following equation:
I

a = 1 - (AP, - AP ) / (2AP,i) (2.2-5)3

where: I

PRHR inlet void fractiona =

AP differential pressure measurement of the riser portion of the U-tube Ob/ft.)=4

|
|
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:
.

AP, = differential pressure measurement of the downward portion of the U-tube (Ib/ft.)_.
"

elevation hydrostatic pressure due to the water in each side'of the U-tube' AP, . =
i

l
i

lhe elevation hydrostatic pressure due to the water in each side of the U-tube is given by the

following equation: ,

AP, ' = H * p, g/g,
(2.2-6)

!

where:

'i
'

H'= height of the U-tube (ft.)
p, = liquid density (Ibm /ft.5)

.

!

: The quality of the inlet flow is then estimated from the void fraction to determine the inlet enthalpy. '

Assuming a two-phase homogeneous flow (no slip), the quality can be calculated from the void

fraction by the following equation:

"E'x= (2.2-7)
(1-a) p, + ap,

The quality is then used to calculate the inlet enthalpy:

h, = hr + 201: - h,) (2.2-8)

where:

Ih, = inlet enthalpy (Btu /lbm)
h, = saturated liquid enthalpy evaluated at T (Bru/lbm) i

h, = saturate vapor enthalpy evaluated at T (Bru/lbm)3

Thus the total integrated energy transfer is given by the following equation:

= [Q, dt = Qu, At, (2.2-9)
*

Uw

where: I

U,a = integrated heat transfer (Btu) .

Q ,, heat transfer across the PRHR tube at time step, At, (Btu /sec.) !=
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Heat Transfer Between the PRHR Tubes and the IRWST

The heat transfer between the PRHR tubes and the IRWST is characterized by subcooled boiling at the

PRHR inlet and free convection along the vertical and lower horizontal sections of the tubes. Boiling

occurs due to the combination of high PRHR inlet temperature, and the lower saturation temperature J
associated with the lower hydrostatic pressure at the top of the IRWST. l

The temperature of the tube wall and the bulk temperature in the tank are used to determine the heat

transfer coefficient. If the wall temperature is greater than the bulk temperature in the tank, subcooled
boiling occurs, greatly increasing the local heat transfer relative to free convection. Due to the lack of

detailed wall temperature measurements, it is necessary to interpolate and extrapolate to provide the
detail needed to perform the heat balance.

!

Heat Transfer from the inlet Horizontal Tube

The inlet tube contains a two-phase mixture that readily condenses. The high heat fluxes associated

with condensation on the inside of the tubes are matched on the outside, creating the potential for

subcooled boiling. Subcooled boiling is assumed to occur when the external wall temperature of the

tube exceeds the saturation temperature in the tank in the vicinity of the tube. The subcooled boiling
mcorrelation, from Lahey and Moody 3

A = C ( T. - T. )" / ( T, - Tw. ) (2.2-10)2

where:

A the boiling heat transfer coefficient (Btu /sec.-ft.2,.p)=

T, tube wall temperature (*F)=

T. saturation temperature in the tank (*F)=

Tw. bulk temperature in the tank in the vicinity of the tubes ('F) ;
=

!
C and n are constants given by the following equations: l2

C = 15.6 P""2

n=2.3/P "
1

where P is the pressure in the tank in the vicinity of the tubes (Ib/ft.2).

For the case where the tube wall temperature is less than the saturation temperature, the heat transfer
coefficient is calculated using the free convection correlation for horizontal tubes from Holman* as
follows:

A = k/d 0.53 ( GrPr )* (2.2-11)
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where:

A the free convection heat transfer coefficient (Btu /sec.-ft.2,.p)=

k liquid thermal conductivity in the tank (Btu /sec.-ft. *F)=

d tube outer diameter (ft.)=

Pr = liquid Prandtl number
Gr = liquid Grashof number

De liquid Grashof number is given by the following equation:

Gr = g (T. - Tw ) d'/ v (2.2-12)
2

where:
1

gravitational constant (ft/sec.2)g =
,

| v = liquid kinematic viscosity (ft.2/sec.)

volumetric expansion coefficient (1/*R)=

He volumetric expansion coefficient is given by the following equation:

= ( pm, - p ) / [ p,( T - Tw ) J (2.2-13)

where:

liquid density evaluated at the bulk tank temperature Obm/f:.')pu, =

liquid density evaluated at the wall tempemture Obm/ft.8)p, =

The energy transfer in this section of the PRHR tubes is given by the following equation:

Quom_i = N,, Anoa_,1 6, - T,,,) @@

where:

|
Quoa. energy transferred from the tube weJ1 to the IRWST fluid for the horizontal inlet tube=

section (Btu /sec.)
N number of PRHR tubes in operation=%

surface area of the inlet tube (ft.2) |Anom. =

A eihier the subcooled boiling or free convection heat transfer coefficient (Bru/sec.-ft.2,.py=

I

I

.
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i

Heat Transfer from the Vertical Seement i
l

The heat transfer rate in the vertical segment was evaluated in the same way except that the free |

convection correlation for vertical cylinders was used. The free convection heat transfer coefficient is
given by Holman* as follows:

A = k 0.13 [ g ( T - Tu ) Pr / v ]" (2.2-15)
2

Subcooled boiling may occur near the top of the vertical segment, but the combination of cooler fluid

inside the tubes and increased saturation temperature as the tube descends makes boiling unlikely

anywhere else. The energy transfer in this section is given by the following equation:

Omr = N,, A A (T, - T ) (2.2-16)my

where:

Qvm energy transferred from the tube wall to the IRWST fluid for the vertical section (Btu /sec.)=

surface area of the vertical tubes (ft.2)Avm =

Heat Transfer from the Outlet Horizontal Section

The heat transfer from the outlet horizontal section is due to free convection and is calculated as given
in Equation (2.2-14) as follows:

Quoa-2 = N,, A,0,_z A U. - T,,,) W-Q

Because the heat transfer coefficient is dependent on the local wall temperature, the calculations on the
inlet horizontal and vertical tube segments are divided into ten sections, each using the local value of
the wall temperature. The tube wall temperature is measured at the center of the horizontal inlet
section, the center of the vertical section, and the center of the horizontal outlet section. It is

necessary, therefore, to linearly interpolate between the measured temperature and to extrapolate
between t ineasured temperature at the cen'er of the horizontal inlet section and the point where the
tute first enters the tank. It is proposed that the wall temperature is greater than the value measured ;

in the center of the section by AT.. To determine the value of the offset, the calorimetric heat
{

balance is evaluated at some time in the transient. The value is chosen to match the calorimetric heat
transfer rate. 'Ihe offset value is then held constant over the entire test. This correction was found to
be necessary due to underprediction of the heat transfer rate relative to the calorimetric rate. The
effects of this assumption are discussed in Section 4.0.

Thus the total energy transfer from the PRHR tube walls to the IRWST water is

Q.w ,, = Quoa- + Qvs.ar + Quoa-2 @@
j
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Change in the Internal Energy of the IRWST

A final measure of the heat transfer rate can be approximated from the change in the internal energy
of the IRWST. 'Ihe tank is measured at five elevations, each is assumed to represent some fraction of
the tank volume. The design of the PRHR insures that the tank will remain highly stratified with
warm water on top, and cold water on the bottom. The internal energy at a point in time is given by
the following equation:

U = b ( h - P/pJ), V,p, (2.2-19)

where:

U IRWST fluid internal energy (Btu)=

h liquid enthalpy (Btu /lbm)=

pressure (lb/ft.2)P =

density (Ibm /ft.8)p =

volume associated with the thermocouple (ft.8)V =
J Joules constant=

The fluid internal energy is used in the overall energy balance.

The five thermocouples that measure the tank water temperature are located near the PRHR tubes.

When the PRHR is operating, the measured temperatures are approximately 2.5*F higher than the

temperature of the water volume represented by the thermocouple. 'Ihus, the model assumes a 2.5*F

reduction in the measured thermocouple temperatures when the PRHR is operational. The effects of
this assumption are discussed in Section 4.0.

'Ihe total increase in the tank internal energy is calculated by subtracting the calculated internal energy
from the initial value. In addition, the energy of the discharge flow is added to this difference to
determine the integrated energy increase at the end of the transient. There are three methods of

determining the PRHR/IRWST energy transfer: the tube-side heat balance, the external tube heat
.

transfer, and the change in the IRWST fluid energy provide independent calculations of the
IRWST/PRHR performance during PRHR operatior.

|
,

i

i
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TABLE 2.2.21
INSTRUMENTATION FOR !

CALCULATING THE PRHR/IRWST HEAT BALANCE

Description Instrumentation Tag

PRHR inlet temperature T-A82E

PRHR outlet temperature T-A83E

PRHR fluid temp - upper piping T-A181E

PRHR fluid temp - lower piping T-A182E

PRHR tube wall temperatures TW-A81E, TW-A181E, TW-A182E, TW-A183E

IRWST tank temperatures T-061E, T-062E, T-063E, T-064E, T-065E

PRHR flow F_A80E

Differential pressure cells to DP-A81 AE, DP-B81BE
determine void fraction

IRWST liquid level L_060E

PRHR pressure P-017P

i

|

1

l
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!

2.3 Accumulator j

l
IThe accumulators provide a source of cold, borated water to the core after the primary system pressure

reaches the accumulator pressure (~700 psia). 'Ihe desired pressure is maintained by pressurizing a

gas space at the top of the accumulators. As the system pressure falls below the accumulator pressure, I

a valve in the accumulator discharge line opens, and the gas i:1 the accumulators expands, forcing

liquid into the primary system. After the accumulators have completely discharged, the gas is injected
into the reactor coolant system (RCS). The presence of noncondensible gas may have an effect on the

performance of the passive heat removal systems, especially the PRHR.

!

2.3.1 Accumulator Mass Inventory j
l

The mass of water in the two accumihors ias been determined from the predetermined water level
temperature, and pressure instruments listed in Table 2.3.1-1.

While the measured water level is greater than zero, the mass inventory is calculated using the
following equation: |

M = (V,, + L, Arec) Pe (2.3-1)y

where:

M ce mass of water in the accumulator (Ibm) |=i

density of water in the accumulator (Ibm /ft.8)pace =

V volume of the accumulator below the bottom of the level measuring=4cco

instruments; [ ]""
cross-sectional area of the accumulator over the length of the level instruments;A ce =4

[ ]**
L ce measured accumulator water level (ft.)=i

The density of water has been calculated, at each time point, from water table properties as follows:

Given the current measured pressure, the saturation temperature is calculated.*

If the current water temperature is at or exceeds the saturation temperature, the density is*

determined from tables for saturated liquid using the cuuent water temperature.

If the current water temperature is below the saturation temperature, the density is calculated*

from tables for subcooled liquid using the current temperature and pressure.

When the measured water level falls to zero (that is, to the lower pressure tap), the mass in the

accumulator is calculated by subtracting the mass discharged during that time step from the mass

present at the start of the time step. The mass discharged is determined from the flow measurements
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listed in Table 2.3.1-2. The mass of water is not allowed to fall below zero, and only flows greater i

than 0.05 lbm/s (which is necessary to neglect noise in the measurement) are included. i

l
'

Accumulator Mass Balance

The two accumulators discharge to the power channel through DVI lines A and B. The flow to the
,

'

DVIs has been monitored via two venturi differential pressure devices as listed in Table 2.3.1-2.

The accumulator flow devices provided reliable measurements in all tests except S00706. The mass
,

discharged by each accumulator, in each time step, is calculated by multiplying the current discharge '

flow rate by the time step length, provided the flow rate exceeds 0.05 lbms''. A running total of the

integrated mass discharged by each accumulator is determined by adding the mass discharged during

the time step to the integrated mass from the end of the previous time step.

Since the downcomer injection represents the only flow to or from the accumulators, the change of

mass inventory over any time step should balance with the mass flow rate determined by the
respective disenarge line. The calculated mass inventories in each of the two accumulators for two

successive time points, have been used to determine a rate of change of mass using the following
equation:

dM,cc ,, M dt,) - M,gt,.,)
,

i

dt t, - t, ,

I

where: ;

M cc mass of fluid in the accumulator (Ibm)=4

current time (sec.)t, =

g pevious time (sec.)
i

t =

,

The mass of fluid in each accumulator has previously been calculated as described above. For the first

time point processed, a zero rate of mass change is assigned. ;

I
!

i
j

I
I
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TABLE 2.3.1 1
INSTRUMENTATION FOR

CALCULATING ACCUMULATOR MASS INVENTORY
====c

Description Instrument Variable

Level of water in accumulator-A L_A20E L cc4A

Pressure at top of accumulator-A P-A20E P IACCA

!
Temperature of water in accumulator-A T-A22E TACCA

Level of water in accumulator-B L B20E L ce,i

Pressure at top of accumulator-B P-B20E P cc,i

Temperature of water in accumulator-B T-B22E T ce.i

!

!

TABLE 2.3.1-2
FLOW MEASURING INSTRUMENTS FOR

DISCHARGE FROM ACCUMULATORS TO THE DVI LINES

Description Instrument Variable

Flow out of accumulator-A to DVI-A F_A20E m
ACTA

Flow out of accumulator-B to DVl-B F_B20E m
ACCB

|
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2.3.2 Energy Balance on the Accumulators

To determine the performance of the accumulators during accident sequences, an energy balance is

performed widch consists of determining the internal energy in the accumulator water as a function of

time. In addition, the energy leaving the accumulator, which consists of the measured flow multiplied

by the liquid enthalpy, is compared to the change in the accumulator internal energy with respect to
time.

A second calculation is performed to determine the expansion characteristics of the gas in the

accumulators during the injection phase and the total mass of gas injected into the RCS.

The instruments used to determine these quantities are summarized in Table 2.3.2-1.

Internal Energy of the Accumulator Fluid

The internal energy of the water in the tank is given by the following equation:
i

U = ( h - P/pJ) Yp (2.3-3)
where:

h liquid enthalpy (Btu /lbm)=

pressure (Ib/ft.2)P =

density (lbm/ft.')p =

volume (ft.') )V =
J Joule's constant

'

=

i

The liquid enthalpy and density are evaluated at the liquid temperature.
1

The fluid internal energy relative to the start of the test is used to determine an overall energy balance.

Behavior of the Noncondensible Gas in the Accumulators

The noncondensible gas expands as the pressure decreases and the tank empties. The relationship

governing the expansion of an ideal gas is given by the following equation:

P V" = const. (2.3-4)

where: I

I
gas pressure (Ib/ft.2)P =

gas volume (ft.')V =

igas expansion exponentx =
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For adiabatic expansion, which occurs rapidly,

,

x = 1.4
!
i

|
For isothermal expansion, which occurs slowly,

K = 1.0 ]
1

|
The expansion exponent is determined from the test data by using the measured pressure and the '

volume at the start of accumulator discharge, and at the end of accumulator discharge. The exponent is
|

derived from the ideal Gas Law which is applied at the gas temperature. '

i

x = (P - P )(V + V )/{ (P + P )(V - V ) } (2.3-5)2 3 2 3 2 3 2 3

Finally, the mass of gas discharged from the accumulators into the RCS is given by the following
equation:

1

M., = M,,(t ) - M,,(t) (2.3-6)o

|

where: |

|

M., mass of gas discharged Obm)=

M,,(t,) mass of the gas at time zero Obm)=

M,,(t) mass of the gas at some point in time (lbm)=

The mass of the gas is calculated using the Ideal Gas Law:

M,, = PV/RT (2.3-7)

where:

M,, mass of gas in the accumulator Obm)=

gas pressure Ob/ft.2)P =

R = ideal gas constant

T absolute temperature of the gas ('R)=

The mass of the gas is constant until the accumulators are completely drained.

u Anp6(XA1892-aco\l B92 w-2.non:1 b-061395 2-34



- _ _ _ _ _ _ _ _

,

-

.

.

c

- Chaaae in the Fnerry of the Ace'imi_ilatar Tank Metal -

The change of metal temperature over the course of the test must be accounted to provide an accurate'

estimate of the overall energy balance. The energy in the metal as a function of time is given by the
following equation:

.,

U (t) = M c, T(0 ' (2.3-8)

where:

U (t) = . quantity of heat ccntained in the metal (Bru)
'

M mass of metal in the accumulator (Ibm)=

specific heat of the metal (Btu /lbm *F)c, =

T(t) absolute temperature of the metal as a function of time (*F)=

The change in the energy contained in the metal is given by the following equation:

| ' AU = (U (0 - U (t )} '(2.3-9)
) where:
!

AU,.i change in the metal energy relative to time zero=

U ft) energy content of the metal at time t=

U,.i(t) energy content of the metal at time t,,=

The mass metal in the accumulator is [ ]'b'* per loop, and the specific heat is 0.108 Btu /lbm *F.
,

L

|
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TABLE 2.3.2-1 ;

INSTRUMENTATION FOR
CALCULATING ACCUMULATOR ENERGY BALANCE

Description Instrumentation Tag -

Pressure - accumulator-A P-A20E ;

Pressure - accumulator-B P-B20E

Gas temperature - A T-A21E
,

Gas temperature - B T-B21E

Liquid temperature - A T-A22E

Liquid temperature - B T-B22E

Discharge flow - A F_A20E I

Discharge flow - B F B20E

Liquid level - A As calculated for mass balance I

|
Liquid level - B As calculated for mass balance ;

,

|
,

1

i

,

!

1
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2.4 Steam Generator

The SPES-2 facility represents two steam generators with both primary and secondary sides. The

primary side is composed of the U-tubes and an inlet and an outlet plenum. The secondary side
consists of a riser region, a separator, and a steam dome with an outlet to the main steam lines. Water

is supplied to the secondary side by feedwater and start-up feedwater pipe work.
|

During normal operation and the initial stages of a fault, the steam generators remove heat from the |

prirary circuit via the steam generator U-tubes. During all but the steam line break simulations, the

seem Jary-side steam lines are isolated and heat transfer from the primary ceases rapidly.

Subsequently, there may be a small reverse flow of heat (secondary to primary); however, this is very
difficult to measure.

2.4.1 Steam Generator Mass Inventory '

Both primary and secondary sides of the steam generator have been considered for both loops of the

SPES-2 system. The hot and cold halves of the primary side have been treated separately. Only the !

riser region of the secondary has been considered; that is, up to the top of the level measuring
differential pressure tap (DP-A10S and DP-BIOS).

1

Steam Generator Primary-Side Mass Inventory I

I

The steam generator primary side consists of an inlet and an outlet volume plus the U-tubes. The

U-tubes themselves can be considered as a region within the tube plate, a straight active length and a
bent length. This defines the following volumes:

-
_

a,b,c

_
_

The mass of water in the steam generator primary side has been determined from the differential

pressure, temperature, and pressure instruments listed in Table 2.4.1-1. 1

The level of water in the hot and cold halves of the two steam generator primary sides have been

determined from the relevant summed differential pressure measurements using the following equation:
;

i

L,a, = C AP,c, b (2.4-1) l2
& \

!

u AmpeaA1892.non\1892w-2.non:l tr o61395 2-37

__ _



where:

Lsop calculated water level (ft.). The maximum allowed level is the span of the differential=

pressure measurements, which is [ J'A'
differential pressure across the hot or cold side of the steam generator primary (psi)APsap =

144 psop-' (ft/ psi) conversion from differential pressure to level allowing for theC =
2

current density

ne calculated water level is used to determine the volume of the steam generator primary side filled

by the collapsed liquid using linear interpolation in a tabulation of volume versus level defined by the

dimensions listed above. Since the above dimensions are for the entire primary side and each

calculation considers the separate halves, half the indicated volume is used. He mass inventory is

then calculated using the following equation:

hi =VSGP SSGP * ~sap

where:

M ap3 mass of water in the segment of the primary side Obm)=

density of water in the segment of the primary side Obm/ft.')psop =

volume of the primary side filled with water (ft.') as determined from the collapsedV cp =
3

liquid level

The density of water has been calculated, at each time point, from water table properties as follows:

Given the current measured pressure, the saturation temperature is calculated.-

If the current water temperature is at or exceeds the saturation temperature, the density is=

determined from tables for saturated liquid using the current water temperature. )
I

If the current water temperature is below the saturation temperature, the density is calculated=

from tables for subcooled liquid using the current temperature and pressure. 1

i
i

ne current temperature for the hot side is the steam generator inlet temperature, while the steam !
1

generator outlet temperature is used for the cold side. !
:
,

Steam Generator Primary-Side Mass Balance

he calculated mass inventory, for each half of the steam generator primary side, for two successive !

time points, has been used to determine a rate of change of mass using the following equation:

l

f 3 I
E M30py - M 4,-i) |sop sop

(2.4-3) ;=

dt t, - tg

|
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where:

mass of fluid in the steam generator primary side (Ibm)M cp =
3

current time (sec.)t, =

g previous time (sec.)t =

<

ne mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

,

Steam Generator Secondary-Side Mass Inventory

he steam generator secondary consists of a riser, downcomers, a separator, and a steam dome. To

calculate ble secondary-side mass inventory, the region covered by the level measurement (up to an

elevation of 17.807 m) has been considered. All other regions, including the tubular downcomer, have

been neglected since no DP-cells are available. De region modeled includes the following volumes:

'"
Riser Volume:

Lower Separator Volume:

_

The mass of water in the secondary side has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.4.1-2.

<

l

Two values for the level of water in each of the steam generator secondary sides have been determined j

by using both the single level measurement and the summed individual differential pressure !
measurements in the following: |

!

L,a, = C, AP,a, .8.i (2.4-4)
8 |

where: )

Lsas calculated water level (ft.); the maximum allowed level is the span of the differential=

pressure measurements, which is [ ]'*
APsos differential pressure across the steam generator secondary side (psi)=

144 psos-2 (ft/ psi); conversion from differential pressure to level allowing for theC =

current density i

i
1

ne calculated water level is used to determine the volume of the steam generator secondary side filled ;

by the collapsed liquid using linear interpolation in a tabulation of volume versus level defined by the !

dimensions listed above. De mass inventory is then calculated using:

M,c, = V,c, p,c, (2.4-5)

_ _ _ _ _
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|

where:
|

!
1

Msas mass of water in the secondary side Obm) '=

density of water in the secondary side Obm/ft.')psos =

Vsas volume of the secondary side filled with water (ft.') as determined from the collapsed=

liquid level

i

ne density of water has been calculated, at each time point, from water table properties as follows: |
|

Given the current measured pressure, the saturation temperature is calculated.*
;

!

If the current water temperature is at or exceeds the saturation temperature, the density is.

determined from tables for saturated liquid using the current water temperature.

|

If the current water temperature is below the saturation temperature, the density is calculated=

from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the steam generator secondary side is calculated as the arithmetic mean of
{

the temperature measurements listed in Table 2.4.1-2, for the relevant steam generator. !

Steam Generator Secondary-Side Mass Balance

The calculated mass inventory, for each steam generator secondary side, for two successive time

points, has been used to determine a rate of change of mass using the following equation:

1

dM,o, , Msas(t)-M,a,(g)
dt t-tj g

< >

where:

Msas mass of fluid in the lower plenum Obm)=

current time (sec.)t, =

g previous time (sec.)t =

he mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.
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TABLE 2.4.1 1
.

'

INSTRUhiENTATION FOR CALCULATING
STEAM GENERATOR PRIMARY-SIDE MASS INVENTORIES

Description Instrument Variable

Differential pressure lower hot side - steam generator-A DP-A05P AP,c,u

Differential pressure upper hot side - steam generator-A DP-A06P APsceu

Differential pressure upper cold side - steam generator-A DP-A07P APSGPA3

Differcutial pressure lower cold side - steam generator-A DP-A08P AP,cru

Pressure at steam generator-A inlet P-A04P PsGPA

Temperature at steam generator-A inlet T-A04P T ,A.i30

Temperature at steam generator-A outlet T-A10P TSGPA.2

Differential pressure lower hot side - steam generator-B DP-B05P APsapa.i

Differential pressure upper bot side - steam generator B DP-B06P APsars.2

Differential pressure upper cold side - steam generator-B DP-B07P APsorsa

Differential pressure lower cold side - steam generator-B DP-B08P AP,cru

Pressure at steam generator B inlet P-BG4P Psors

Temperature at steam generator-A inlet T-B04P Tsapa.,

Temperature at steam generator-A outlet T-BIOP Tsces.2
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TABLE 2.4.12
INSTRUMENTATION FOR CALCULATING

STEAM GENERATOR SECONDARY-SIDE MASS INVENTORIES

Description Instrument Variable

Level (differential pressure) measurement - steam generator-A L-A10S Lscs,

Differential pressure lower riser region - steam generator-A DP-A0lS APsc3u

Differential pressure upper riser region - steam generator-A DP-A02S APscsu

Differential pressure lower separator - steam generator-A DP-A03S APscsc

Pressure at steam generator-A outlet (steam dome) P-A(MS Pscs,

Temperature in riser region - steam generator-A (4357 m bot) T-A05S Tsosu

Temperature in riser region - steam generator-A (8.357 m hot) T-A06S Tscsu

Temperature in nser region - steam generator-A (12357 m hot) T-A07S Tscsu

Temperature in riser region - steam generator-A (8357 m bot) T-A08S Tsosu

Temperature in riser region - steam generator-A (4357 m bot) T-A09S T c3c3

Level (differential pressure) measurement - steam generator-B L-BIOS L cs,3

Differential pressure lower riser region - steam generator-B DP-B0IS APsasa.:

Differential pressure upper riser region - steam generator-B DP-B02S APscs.,

Differential pressure lower separator - steam generator-B DP-B03S APsasa.3

Pressure at steam generator-B outlet (steam dome) P-B04S Pscs.

Temperature in riser region - steam generator-B (4357 m bot) T-BOSS Tros..i

Temperature in riser region - steam generator-B (8357 m bot) T-B06S Tscs ,

Temperature in riser region - steam generator-B (12357 m bot) T-B07S Tscs. 3

Temperature in riser region - steam generator-B (8357 m bot) T-B08S Tsasse

Temperature in riser region - steam generator-B (4357 m bot) T-B09S Tscss.s
,

!
,

I
J

l

|

|

1

___

;
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2.4.2 Energy Balance on the Steam Generators

At the initiation of an accident, the steam generators are isolated from the secondary side by actuating

the main steam isolation valves (MSIVs). The exception to this is the affected steam generator during

a steam line break event. Rus, for nearly all the events, heat transfer between the primary and

secondary sides quickly drops as the flow through the tubes stops. His causes the entire steam

generator to reach equilibrium temperature, which slowly decays as heat is lost to the environment.

For LOCA events, the primary pressure decreases rapidly, while the secondary pressure drops very

slowly. De temperature on the primary side drops until the primary side pressure reaches a value

slightly larger than the secondary-side pressure. At this time, both sides are at saturated conditions at

their representative pressures, and the generators are heat sinks. As the primary pressure continues to

fall, the vapor in the tubes superheats due to reverse heat transfer from the secondary side, which

vapor-locks the steam generator, effectively preventing flow of colder fluid into the primary side from
the hot leg.

The energy balance on the steam generators consists of determining the heat transfer rate between the

primary and secondary sides. For most accident scenarios, thermal equilibrium occurs at the point

where the primary and secondary pressures are nearly equal and the energy transfer from the primary

to secondary is small after this time. For LOCA events, thermal equilibrium occurs relatively quickly;
whereas for the steam line break, heat transfer in the affected steam generator continues until later in

the event.

in the region of the tubes, three temperature measurements are available; the primary fluid temperature

inside the tubes, the external tube wall temperature, and the fluid temperature on the secondary side.

For the LOCA events, the fluid conditions on the primary side are expected to vary from single-phase

liquid at the start of the event, to two-phase liquid as the primary pressure falls and the flow stops, to

superheated steam when the primary pressure falls to below the secondary pressure. By contrast,

single-phase liquid at or near the saturation temperature is expected on the secondary side for the
duration of the transient. Rus,it is easier to determine the heat transfer from the external tube walls

to the secondary fluid.

A second measure of the heat transfer can be determined by calculating the change in the internal

energy for the secondary side.

He instruments used to determine these quantities are summarized in Table 2.4.2-1.

Heat Transfer Between the Tube Walls and the Secondary Fluid

he primary-to-secondary energy transfer rate at operating conditions is determined from the steady-

state hot-preoperational tests * and the difference between the measured input power and the heat loss

to the surroundings.
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|,

T

Osa ..= Q. - Q,,, (2.4-7) -),

4

where:

Q3a . heat transfer from the primary system to the secondary system in the steam generators |=

(Btu /sec.) |
Qg power output from the core (Btu /sec.) )=

Q, = - heat loss to the surroundings (Btu /sec.) |
!

'
For full-power operation, the total energy transfer for both steam generators is approximately

-!
Osa - 5000 kW (2.4-8) i

.

I- The overall heat transfer coefficient, b u between the primary and secondary sides is defined as '

i

Q''1
= 2 A, (T, - T,) ' (2.4-9) '|8

]

.!

i,

where: i

total heat transfer area of the U tube (ft.2) .A. =

< T, average tube-side-temperature during normal opemtion (*F) !=

Y, average shell-side-temperature during normal operation (*F)
i

=

For normal operating conditions,

A = 1324 Btu /sec.-ft.2 *F (2.4-10)m

This value is used to evaluate the primary-to-secondary heat transfer until the primary pressure falls

below the secondary pressure. At this point, the small amount of reverse heat transfer is governed by
free convection on the secondary side to the primary side.

i

"Ihe heat transfer between the tube walls and the secondary fluid is determined by calculating the free
-

- convection heat transfer coefficient:

( = 0.13 k [g $ abs (T, - T,) Pr/v ] (2.4-11)
|

j
i

l

!
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where:

k fluid thermal conductivity (Btu /sec.-ft. *F)=

T. = wall temperature, defined as the average between the primary and secondary temperatures

(*F)
T, = secondary fluid temperature near the wall (*F)

,

- Pr = fluid Prandtl number

volumetric expansion coefficient (1/'R)=

'Ihe volumetric expansion coefficient is given by the following equation:

= ( p, - p. ) / [ p,( T. - T, ) ] (2.4-12)
.

where:

p, = liquid density evaluated at the bulk tank temperature Obm/ft.8)
p, = liquid density evaluated at the wall temperature Obm/ft.')

Internal Energy of the Primary Side
.

The internal energy of the water in the primary side is given by the following equation:

U = ( h - P/pJ) M (2.4-13)

where:

h liquid enthalpy (Btu /lbm)=

pressure Ob/ft.')P =

density Obm/ft.8)p =

M primary fluid mass (Ibm)=

J Joule's constant=

' The liquid enthalpy and density are evaluated at the liquid temperature. -

,

|Change in the Energy of the Steam Generator Tube Metal '

Since the overall heat balance is to be performed over the pdmary system, only the metal mass of the

steam generator tubes is considered. The change of metal temperature over the course of the test must

be accounted to provide an accurate estimate of the overall energy balance. The energy in the metal
as a function of time is given by the following equation:

U (t) = M c, T (t) (2.4-14)
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where:
i

|

Umi(t) quantity of heat contained in the metal (Btu)=

M mass of metal in the steam generator tubes (Ibm)=

specific heat of the metal (Btu /lbm *F)c =p

T(t) absolute temperature of the metal as a function of time ('F)=

The change in the energy contained in the metal is given by the following:

AU = [U, (0 - U (t )] (2.4-15)w

where:

AU change in the metal energy relative to time zero=mi

U,.i(t) energy content of the metal at time t=

U,.(t ) energy content of the metal at time t=
o o

The metal mass of the steam generator tubes is [ ]** per loop, and the specific heat is
0.123 Btu /lbm *F.

t

|

,

!

i
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TABLE 2.4.21
INSTRUMENTATION FOR

CALCULATING STEAM GENERATOR ENERGY B ALANCE |

Description Instrunrentation Tag

Pressure - prunary - A P-A04P

Pmssure - pnmary - B P-B04P
|

Pressure - secondary - A P-A04S

Pressure - secondary - B P-B04S ;

Differential pressure cells - secondary -A DP-A0IS, DP-A025, DP-A03S,
DP-A04S, DP-A05S, DP-AMS

j

Differential pressure cells - secondary - B DP-B0IS, DP-B02S, DP-B03S,
DP-BGtS, DP-BOSS, DP-B06S

Pnmary fluid temperatures - A T-A05P. TA06P, T-A07P, T-A08P, TA09P

Primary fluid temperatures - B T-B05P, T-B06P, T-B07P, T-B08P, T-B09P

Secondary fluid temperatures - A T-A05S, T-A06S, T-A07S,
T-A08S, T-A09S

Secondary fluid temperatures - B T-BOSS, T-B06S, T-B07S,
T-B08S, T-B09S

I

Secondary level As calculated for mass balance !

!
1
I
i

|

|

|
<
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2.5 Pressuriser

De pressurizer provides control over the primary system pressure and temperature. During normal
operation, the pressurizer is partly full of water and partly full of steam. During an accident sequence,

the pressurizer is part of the depressurization system as the first , second , and third-stage automatic

depressurization system (ADS) lines are located at the top of the pressurizer.

2.5.1 Pressuriser and Surge Line Mass Inventory
..

Pressurizer Mass Inventory

De mass of water in the pressurizer has been determined from the individual differential pressure

measurements. De level of water in the pressurizer is also determined from the single differential

pressure reading included for this purpose. During some transients the water level may exceed the

upper tap of this measurement. De level, differential pressure, pressure, and temperature instruments

used are listed in Table 2.5.1-1.

Using the measured differential pressures, the water level is determined in two ways. First, it is

calculated using the following equation:

8 (2.5-1)m g;L =C APa 2

where:

Lm calculate pressurizer water level (ft.)=

APm total pressure change across the pressurizer (psi), as determined from the sum of the=

ludividual pressure drop readings listed in Table 2.5.1-1

Dat is, the sum of the individual pressure drop readings is

AP (2.5-2)
~

AP =m %
..i

144 Pm'' (ft/ si); conversion from differential pressure to level allowing for the currentC P=
2

density
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The mass of water in the pressurizer is then calculated using the following equation: |
|

t

M = L ,' Am pm (2.5-3) - -

i

where: )
i

Mm mass of water in the pressurizer Obm)
|

=

density of water in the pressurizer Obm/ft.') - !pm =

cross-sectional area of the pressurizer; [ ]** ' |A- =

calculated collapsed water level (ft.) {La =

i

'Ihe density of water has been calculated, at each time point, from water table properties as follows:

i
'Ihe saturation temperature is calculated from the pressure at the bottom of the pressurizer. |

*

The pressure at the bottom of the pressurizer is deternuned using the following equation:

|7

Pm_, = P + { AP (2.5 4) |m
i,

i
,

If the current average water temperature in the pressurizer is at or exceeds the saturation j.

temperature, the density is determined from tables for saturated liquid using the current |
average water temperature. !

!

. ' If the current average water temperature in the pressurizer is below the saturation temperature, |
the density is calculated from tables for subcooled liquid using the current average temperature [
and the pressure at the bottom of the pressurizer. |

The second method of calculating the collapsed water level from the individual differential pressure f
readings determines the level of water indicated for each individual differential pressure measurement . |
cell. 'Ihe total water level is calculated using the following equation: i

;

. :

7
EL={C AP f, (2.5 5)u %

sal -g i

!

!
where: !

|

I
differential pressure across the cell (psi)APm; =

;

Cu local conversion factor allowing for the density in the cell (ftlpsi) j=

!
:

|

u:W1892-non\l 892 w-2a.non:I b-061395 2 49 i

- ,

, -- . .-,y < - --- . , . . r- . . . . . - . - , ,v.-,,- . m..,- -r- .-



1

la this case, the total mass of water in the pressurizer is calculated from the following equation:

M = 144 A AP,3 h (2.5-6)y m
n=1 g

The density in the cell is calculated using the pressure at the bottom of the cell and the temperature at

the cell midpoint. The temperature at the cell midpoint is calculated by linear interpolation in the
measured temperature data.

An allemative collapsed water level can be calculated from the level measuring differential pressure
reading using the following equation:

8=L = C AP _m (2.5-7)a 2 g
,g ;

|
1

where C is the same conversion factor used for calculating the water level from the summed2

individual differential pressure measurements. While the level remains below the upper tap of the
single differential pressure cell, this level should be very similar to that determined from the summed

!
readings.

Pressurizer Mass Balance

The pressurizer is connected to hot leg-A via the surge line. The pressurizer can also discharge via the
first three stages of the ADS. Flow through the surge line and the ADS trains should have been

monitored by turbine flow meters (F-015P and F-030P, respectively). Unfortunately, these meters did

not operate properly throughout the experiments. The calculated mass inventory in the pressurizer for

two successive time points have been used to determine a rate of change of mass using:

f T

dM
, Mm(t,) - Mm(t, ,) (2.5-8)

dt t - t _,j j
A >

where:

Mm mass of water in the pressurizer (Ibm)=

t, current time (sec.)=

g previous time (sec.)t =
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The mass of water in the pressurizer has previously been calculated as described above. The rate of

change of mass has been calculated for both methods of determining the mass. The automatic

depressurization system (ADS) flow is estimated by differentiating the mass of water in the ADS catch

tanks over successive time steps. In all cases, for the first time point processed, a zero rate of change
of mass is assigned.

Surge Line Mass Inventory

The mass of water in the pressurizer surge line has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.5.1-2.

The fraction of the surge line that is filled with water is calculsted for each differential pressure cell
using the following equation:

u #su 8
Psu " (3 9),

L 8su

where:

P fractional length of water in the portion of the surge line covered by the differential=sy

pressure cell

APsu differential pressure across the portion of the surge line (psi)=

144 psy" (ft/ psi) is a conversion factor from differential pressure to collapsed liquidCu =

level allowing for the current local water density
L = span of surge line differential pressure measurements (which are [ ]*#forou

DP-020P, [ .]*# for DP-019P, and [ ]*# for DP-018P)

The total surge line mass inventory is calculated using the following equation:

hist = F,y psy V (2.5-10)3y

where:

hist mass in the surge line (Ibm)=

local density in the surge line (lbm/ft.')Psu =

V volume of the portion of the surge line covered by the differential pressure=su

measurement (which are [ ]*# for DP-020P, [ ]*# for DP-019P, and
[ ]** for DP-018P)
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The density of water has been calculated, at each time point, from water table properties as follows:

Given the current measured pressure, the saturation temperature is calculated. The measured.

pressure is calculated at the bottom of each differential pressure measurement cell using the

pressure at the bottom of the pressurizer and the pressure change down the surge line to that
point.

If the current water temperature is at, or exceeds the saturation temperature, the density is*

determined from tables for saturated liquid using the current water temperature. |

l

If the current water temperature is below the saturation temperature, the density is calculated |
.

from tables for subcooled liquid using the current temperature and pressure. |

|
The current water temperature in each of the surge line differential pressure cells is that given by the I
appropriate local thermocouple listed in Table 2.5.1-2. I

Surge Line Mass Balance

The SPES-2 facility included a turbine flow measuring device in the pressurizer surge line (F-015P).

'Ihis meter did not operate properly in any of the tests. 'Ihe calculated mass inventories in the surge

line, for two successive time points, have been used to determine a rate of change of mass using:

dM M (t,) - M (t (2.5-11)st st 3t,

dt t, - 1,33

where:

M3t mass of fluid in the surge line (Ibm)=

current time (sec.)t, =

previous time (sec.)t,_: =

'Ibe mass of fluid in the surge line has previously been calculated as described above. For the first

time point processed, a zero rate of change of mass is assigned,
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ii TARC 2.5.1-1
. INSTRUMENTATION FOR CALCULATING PRESSURIZER MASS INVENTORY -

_

Description Instrument Varialde

Level of water in pressurizer (differential pressure) L-010P APum

Pressure at top of pressurizer P-027P Pm
Differential pressure (5.871 m to 7.314 m) DP-021P APm,i

,

Differential pressure (7.314 m to 8.758 m) DP-022P APm,,

Differential pressure (8.758 m to 10.202 m)' DP-023P APm
Differential pressure (10.202 m to 11.164 m) - DP-024P APm, '|

)
Differential pressure (11.164 m to 12.076 m) DP-025P APm 3

Differential pressure (12.076 m to 12.3% m) DP-026P APm,

Differential pressure (12.3% m to 12.631 m) DP-027P APm, . ;

1
Temperature of water in pressurizer (6.106 m) T-021P Tm.,

,,

Temperature of water in pressurizer (7.364 m) T-022P Tm,

Temperature of water in pressurizer (8.622 m) T-023P Tm., j

Temperature of water in pressurizer (9.880 m) T-024P Tm, |

Temperature of water in pressurizer (11.138 m) T-025P Tm.s

Temperature of water in pressurizer (12.369 m) T-026P Tm, ;
,

)
,

|

|TABLE 2.5.12
INSTRUMENTATION FOR CALCULATING SURGE LINE MASS INVENTORY a

'fDescription Instrument Variable

Differential pressure upper length of surge line DP-020P APsu
.;.

Differential pressure middle length of surge line DP-019P APsu !

Differential pressure lower length of surge line DP-018P APsu ;

Temperature of surge line upper thermocouple (5.371 m) T-020P Tsu
i

Temperature of surge line middle thermocouple (2.255 m) T-019PL Tsu i

Temperature of surge line lower thermocouple (1.002 m) T-018P Tsu
-

i,

i
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2.5.2 Energy Balance on the Pressurizer

To determine the performance of the pressurizer during accident sequences, an ene,igy balance is

performed which consists of determining the internal energy in the accumulator water as a function of

time. De energy leaving the pressurizer via ADS-1, ADS-2, ADS-3 is discussed in Section 2.7.4.

Internal Energy of the Pressurizer Muid

De internal energy of the water in the tank is calculated for six volumes where temperature

measurements are available. De total internal energy is given by the follcwing equation:

U= (h - P, / p,)) Vg p g + (h,y - p,/p,yJ)V,y p,y (2.5-12)g

where:

U= total pressurizer fluid energy (Bru)

h,a = liquid enthalpy in volume 1 (Blu/lbm)
pressure in volume i (Ib/ft.2)P, =

pr., = liquid density in volume i Obm/ft.8)
V,.i = liquid volume in volume i (ft.8)
h,., = vapor enthalpy in volume i (Bru/lbm)
p,4 = vapor density in volume i Obm/ft.8)
V,a = vapor volume in volume 1 (ft.8)
J = Joule's constant

De fluid internal energy relative to the start of the test is used to determine an overall energy balance.

Change in the Energy of the Pressurizer Metal

he change of metal temperature over the course of the test must be accounted to provide an accurate

estimate of the overall energy balance. De energy in the metal as a function of time is given by the
following equation:

U, (t) = M c, T(t) (2.5-13)

l
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|

|
where: |

U..i(t) quantity of heat contained in the metal as a function of time (Btu)=

M mass of metal in the pressurizer (Ibm) |
'=

specific heat of the metal (Bru/lbm *F) :c, =

T(t) absolute temperature of the metal as a function of time (*R) ;=

The change in the energy contained in the metal is given by the following equation:
,

AU, = [U i(t) - U,(t,)] (2.5-14) - {
i

where- -

|
t

!

AU,.i change in the metal energy relative to time t=
o

energy content of the metal at time t, ,IU ft.) =

'Ihe metal mass of the pressurizer is [ ]*#, and the specific heat is 0.123 Btu /lbm *F. .

;

I
2.6 Power Channel and Downcomer j

For the SPES-2 tests, the AP600 core is represented by the power channel. The power channel

consists of a core region; a downcomer, which collects flow from the cold legs and delivers it to the

lower plenum; and an upper plenum-head assembly, which distributes flow to the hot legs. The active
fuel region of the core contains [ ]* full length, electrically heated, simulated fuel rods.

2.6.1 Power Channel Mass Inventory

The SPES-2 power channel is divided into the following regions in order to determine the total mass
inventory:

'Ihe annular downcomer*

'Ihe tubular downcomer*

The lower plenum - the region below the tubular downcomer outlet*

'Ihe core (the heated rod bundle)*

i

The upper plenum consisting of three pans: the fuel exit cell, a region below the hot-leg*

elevation, and one above the hot-leg elevation

'Ihe upper head*

i
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The total mass inventory (Mecaxx) at any time is given by the some of the inventories for the

aforementioned regions. The calculated mass inventory for two successive time points has been used

to determine a rate of change of mass using the following equation:

< >

dM Mecn4sej) - M j-1} (2.6-l)3aixy PCHAN,

dt t, - t .,3

where:

M total mass of fluid in the power channel (1bm)=emru

current time (sec.)t, =

g previous time (sec.)t =

Except for the annular and tubular downcomers, the power channel divisions given above do not

entirely correspond to those given in the SPES-2 Facility Description * (Table 5 and Figure B1). They

have instead been defmed relative to the spans of the differential pressure cells (see Figure 3 of the

SPES-2 Facility Description *) that have been used to determine the collapsed liquid levels and, hence,
the mass inventories as follows:

Lower Plenum DP-004P

Core DP-000P (DP-Ca5P, DP-Ol }P, DP012P and DP-013P)

Upper Plenum DP-014P (the fuel exit cell) DP-015 and DP-016
Upper Head DP-017P

Further details on the assumptions regarding the extent of each region are given below. '}he upper

head bypass and the core bypass have been neglected in calculating the total power channel mass
inventory.

Annular Downcomer Mass Inventory

The annular downcomer is considered as extending from the outlet of the upper-head bypass to the top
of the tubular downcomer. The total volume of this region is [ ]**([ ]"#; Table 5
of the SPES-2 Facility Description *). The four cold legs and the two DVI lines deliver their mass
inventory to the core via this annular downcomer.

The mass of water in the annular downcomer has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.6.1-1.
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he fraction of the annular downcomer filled with water is calculated using the following equation:

M
2 ADC Sc (2.6-2)F =

ADC L "g"""ap

where:

Fxac fractional water level in the annular downcomer. If this is greater than unity, then unity=

is assumed. Such a situation may arise during forced flow when there is a dynamic

contribution to the measured differential pressure. However, during such periods the

annular downcomer will be water solid.

AProc arithmetic mean differential pressure from the cold legs to the tubular=

downcomer Obf/ft.')
C 144 PADd (fllpsi) Conversion factor from differential pressure to Collapsed liquid ICVel=

2

allowing for the current water density in the hot leg
span of annular downcomer differential pressure measurements (which is [ jd")L nc =i

ne mass inventory is calculated using the following equation:

l,

M =FADc P ADc V (2.6-3)ioc ADc

i
where: |

i
i

M oc mass in the annular downcomer Obm)=i

density in the annular downcomer (Ibm /ft.')proc =

total volume of the annular downcomer ([ ]""). Dat is, the fractional level isV nc =i

taken to include the volume above the top of the differential pressure cells.

1

The density of water has been calculated, at each time point, from water table properties as follows:
)

i
Given the current measured pressure, the saturation temperature is calculated.

'
*

I

If the current water temperature is at or exceeds the saturation temperature, the density is*

!determined from tables for saturated liquid using the current water temperature.

If the current water temperature is below the saturation temperature the density is caletdated*

from *. ables for subcooled liquid using the current temperature and pressure.

|
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De current temperature for the annular downcomer is taken as the average temperature between the
cold legs and the tubular downcomer as calculated from the arithmetic mean of the instruments listed

in Table 2.6.1-1.

Annular Downcomer Mass Balance

The calculated mass inventory for the annular downcomer for two successive time points has been

used to determine a rate of change of mass using the following equation:

dM Mdt) - Myt,.3) (2.6-1)y
,

dt t -t,j p
L J

t

where:

My mass of fluid in the annular downcomer (Ibm)=

current time (sec.)t, =

g previous time (sec.)t =

He mass of fluid has been calculated previously as described above. For the first time point
processed, a zero rate of mass change is assigned.

Tubular Downcomer Mass Ir4ventory

The tubular downcomer extends from the annular downcomer to the bottom of the core region. He

total volume of the tubular downcomer is [ ]*#([ ]"#; see Table 5 of the SPES-2
Facility Description *).

The mass of water in the tubular downcomer has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.6.1-2.

The fraction of the tubular downcomer filled with water is calculated using the following equation:

2 * EFy= i (2.6-5)
L, g

r

(

where:

F.mc fractional water level in the tubular downcomer. If this is greater than unity, then=

unity is assumed. Such a situation may arise during forced flow when there is a
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dynamic contribution to the measured differential pressure. However, during such

periods the tubular downcomer will be water solid. To ensure this, a value of

unity is assumed when the measured flow in the tubular downcomer (rhy) is
greater than [ ]* The initial flow is of order [ ]*

APy total differential pressure from the annular downcomer to the bottom of the tubular=

downcomer (Ibf/ft.')
I44 Pa'' (ft/ psi); conversion factor from differential pressure to collapsed liquidC =

2

level allowing for the current water density in the hot leg

span of tubular downcomer differential pressure measurements; [ ]*L,p =

Re mass inventory is calculated using the following equation:

M =Fypy V. roc (2.6-6)roc

where:

Mroc mass in the tubular downcomer Obm)=

density in the tubular downcomer Obm/ft.')proc =

total volume of the tubular downcomer ([ ]*)V. roc =

he density of water has been calculated, at each time point, from water table properties as follows:

Given the current measured pressure, the saturation temperature is calculated.*

.

If the current water temperature is at or exceeds the saturation temperature, the density is !*

determined from tables for saturated liquid using the current water temperature.
I

|

If the current water temperature is below the saturation temperature the density is calculated*

from tables for subcooled liquid using the current temperature and pressure.

i
!

The current temperature for the tubular downcomer is taken as the average temperature between the

inlet and outlet as calculated from the arithmetic mean of the instruments listed in Table 2.6.1-2.

Tubular Downcomer Mass Balance

he calculated mass inventory for the tubular downcomer for two successive time points, has been

used to determine a rate of change of mass using the following equation:
,

< 8

dM My(t,) - M73c(tg) (2.6-7)y,
dt t-tj g
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where:

mass of fluid in the tubular downcomer (Ibm)Mroc =

current time (sec.)t, =

previous time (sec.)t =g

The mass of fluid has previously been calculated as described above. For the first time point

processed, a zero rate of mass change is assigned.

Lower Plenum Mass Inventory

The lower plenum is below the outlet of the tubular downcomer. For the purpose of mass inventory

calculations, the lower plenum has been defined as the region encompassed by the differential pressure

cell DP-004 plus the volume below the bottom tap of this cell. This covers three separate volumes as

listed below (with respect to a zero elevation at the lower differential pressure tap):
a,b.c

_ _

_ _

|

|

' Die mass of water in the lower plenum has been determined from the differential pressure, j
temperature, and pressure instruments listed in Table 2.6.1-3.

'

The level of water in the lower plenum is calculated using the following equation:

8'L e C AP (2.6-8)wwp 2 wwp
8

where:

calculated water level (ft.). The maximum allowed level is [ ]'6#Lwwp =

differential pressure across the lower plenum (Ibf/ft.2)APwwp =

144 pwwp-' (ft/ psi); conversion from differential pressure to level allowing for theC =
2

current density
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De calculated water level is used to determine the volume of the lower plenum filled by the collapsed |,

liquid using linear interpolation in a tabulation of volume versus level def' ed by the dimensions listed -!m
!above. De zero level volume is set to allow for the region of the lower plenum below the differential .

pressure lower tap. De mass inventory is then calculated using the following equation: |
.

7

2.6-9)-(M ,, = V ,, p g,,w w
I.

!

where: i

mass of water in the lower plenum Obm)Mw,p =
:

density of water in the lower plenum Obm/ft.')pw,p =

volume of the lower plenum filled with water (ft.8), as determined from the collapsedVw,p =
,

liquid level ]
!'

De density of water has been calculated, at each time point, from water table properties as follows: f
Given the current measured pressure, the saturation temperature is calculated.*

l
If the current water temperature is at or exceeds the saturation temperature, the density is ~j*

.

determined from tables for saturated liquid using the current water temperature.
'|

If the current water temperature is below the saturation temperature the density is calculated f*

from tables for subcooled liquid using the current temperatwe and pressure.' i

ne current temperature for the lower plenum is calculated as the arithmetic mean of the

measurements listed in Table 2.6.1-3.
t

i.

Lower-Plenum Mass Balance

i
De calculated mass inventory for the lower plenum for two successive time points has been used to

'

determine a rate of change of mass using the following equation:

i

< >

M ,p(t ) - M ,,(t _,) (2.6-10)dM ,, , w j w 3w
dt t - 1;_,j

i
;
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where:

Mwwp mass of fluid in the lower plenum (Ibm)=

current time (sec.)t, =

g previous time (sec.)t =

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

Core Mass Inventory

|
The core region encompasses the volume at the level of the tubular downcomer outlet and the fuel to I

near the top of the heated lengths, as defined by the differential pressure cell DP-000P. This includes

five separate volumes as listed below (with zero elevation at the lower tap of DP-000P):
a.b.c

__ _

|

__.

The mass of water in the core has been determined from the differential pressure, temperature, and
pressure instruments listed in Table 2.6.1-4.

The collapsed level of water in the core is calculated in two ways: using either the measured total

differential pressure or the sum of the individual differential pressure measurements.

L = C AP 81 (2.6-11)cms 2

8

where:

Lems calculated water level (ft.). The maximum allowed level is [ J'**=

cas differential pressure across the core (Ibf/ft.2)AP =

C 144 Pcmi (ft/ psi); conversion from differential pressure to level allowing for the=
2

current water density

The calculated water level is used to determine the volume of the core filled by the collapsed liquid
using linear interpolation in a tabulation of volume versus level defined by the dimensions listed

above. The mass inventory is then calculated (for both liquid levels calculated from the single

measured and summed core differential pressures) using the following equation:

unap60CM 892-non\l 892w-2a. con:lt*061395 2-62

__



.

Mcms " VcmsPcms (2.6-12)

where:
<

Mcas mass of water in the core Obm)=
,

density of water in the core Obm/ft.8) ipeas =

volume of the core filled with water (ft.') as determined from the collapsed liquid levelVcms =
,

The density of water has been calculated, at each time point, from water table properties as follows:

Given the current measured pressure, the saturation temperature is calculated..

,

If the current water temperature is at or exceeds the saturation temperature, the density is.

determined from tables for saturated liquid using the current water temperature.

If the cunent water temperature is below the saturation temperature the density is calculated=

from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the core has been calculated as the arithmetic mean of the core inlet and

outlet temperatures as listed in Table 2.6.1-4.

Core Mass Balance

The calculated mass inventory for the core region, for two successive time points, has been used to

determine a rate of change of mass using the following equation:

r n

dM Meas (t,) - Mcas(tpi) (2.6-13) )cms ,
dt t-tj p3

)

where:

Mcma mass of fluid in the core region Obm)=

current time (sec.)t, =

g previous time (sec.)t =

The mass of fluid has previously been calculated as described above. For the first time point

processed, a zero rate of mass change is assigned. 'Ihis calculation has been undenaken for the mass

inventories calculated both from the single differential pressure cell and the four individual cells.

|
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Upper-Plenum Mass Inventory

The upper plenum has been considered to extend from the top of the core (as defined above) to the

bottom of the upper head (see below). As such it consists of three regions: a fuel exit cell (the span

of DP-014P), a region from the fuel exit cell to the hot-leg elevation, and a region from the hot-leg i

elevation to the upper head. The dimensions of these regions are listed below:

Fuel exit cell: This contains the top of the fuel rods and therefore includes an area change.
There are two volume regions as follows:

a,b,c

1_ _

_ _

Region below hot legs:
a,b,c

|
_ _

Region above hot legs:
a.b.c

_

j

!
_ _

The mass of water in each of the three upper plenum regions has been determined from the differential

pressure, temperature, and pressure instruments listed in Table 2.6.1-5.

The level of water in each of the three upper plenum regions is calculated using the following
,

equation: '

un, E-
(2.6-14)'L, - c AP2

where:

1, calculated water level (ft.). The maximum allowed level within each region of the upper=

plenum corresponds to the total length listed above. |

AP = differential pressure across the upper plenum region being considered (lbf/ft )2
un,

144 Puni' (ft/ psi); conversion from differential pressure to level allowing for the currentC =
2

&nsity

For the heated rod bundle exit cell the calculated water level is used to determine the collapsed liquid
level. The fluid volume is determined by linear interpolation in a tabulation of water volume versus
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level as defined by the dimensions listed above. The mass inventory is then calculated using the
following equation:

May = Vrour Pre (2.6-15)

where:

Meour = mass of water in the heated rod bundle exit cell (Ibm)
density of water in the heated rod bundle exit cell Obm/ft.8)pnm =

Vrour volume of the heated rod bundle exit cell filled with water (in cubic feet) as determined=

from the collapsed liquid level

:

Within the other two regions of the upper plenum, there is no flow area change and the mass within
each region is calculated using the following equation:

M =L Aupp pure (2.6-16)upp ure

|

where: )

Mupp mass of water in the upper-plenum region Obm)=

density of water in the upper-plenum region (Ibm /ft.8)pupp =
)

Lupp calculated collapsed liquid level within the upper-plenum region being considered (ft.) |
=

Aupp flow area for the upper-plenum region (ft.2)=

'Ihe density of water has been calculated, at each time point, for each upper-plenum region, from !
water table properties as follows-

Given the current measured pressure, the saturation temperature is calculated.*

If the current water temperature is at or exceeds the saturation temperature, the density is |
*

determined from tables for saturated liquid using the current water temperature. |
|

If the current water temperature is below the saturation temperature the density is calculated*

from tables for subcooled liquid using the current temperature and pressure.

i

The current temperature for the fuel exit cell is taken as the fuel exit temperature. For the other two
|

upper plenum volumes the arithmetic mean of the measured hot-leg temperatures listed in j
Table 2.6.1-5 is used. !

i
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Upper Plenum Mass Balance

The calculated mass inventory for each of the upper-plenum volumes, for two successive time points,
has been used to determine a rate of change of mass using the following equation:

r ,

dM Mure(I) - Mupp(t .3) (2.6-17)ure , j j
di 1-t

3 g

where:

Mupp mass of fluid in the upper-plenum volume (Ibm)=

current time (sec.)t, =

previous time (sec.)t,.i =

The mass of fluid has previously been calculated as described above. For the first time point f

processed, a zero rate of mass change is assigned.

Upper-IIead Mass Inventory

'Ihe upper bead lies above the upper plenum. For the purpose of mass inventory calculations the head

has been defined as the region encompassed by the differential pressure cell DP-017 plus the volume

above the upper tap of this cell. This includes three separate volumes as listed below (with elevations
relative to the bottom of the differential pressure cell):

a,b,c
,

i

!

I
i

_ _ i

The mass of water in the lower plenum has been determined from the differential pressure, |
temperature, and pressure instruments listed in Table 2.6.1-6. I

The level of water in the upper head is calculated using:
1

|

8* (2.6-18)Laan = C AP2 nuo 8
.

i
1

where: i

l
1

Laun calculated water level (ft.) |
=

!
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I

i

:
,

i
*

!
e

APgan = differential pressure across the upper head Obf/ft.2) ;

C 144 pgao- (ftlpsi); conversion from differential pressure to level allowing for the current=
2 ,

density '

!
If the indicated level is greater than or equal to the span of the differential pressure cell (that . -|
is [ ]"") then the entire upper head volume is assumed to be filled. Otherwise, the calculated

'
water level is used to determine the volume of the upper head filled by the collapsed liquid using

linear interpolation in a tabulation of volume versus level defined by the dimensions listed above. The i
Imass inventory is then calculated using:

i

M =Vggio pgg,3 G.G Wgg,3

i

where: !

i

Magro = mass of water in the upper head Obm) ;

!density of water in the upper head Obm/ft.8)pgan =

volume of the upper head filled with water (ft.') as determined from the collapsed liquidVggio =

level j

'Ihe density of water has been calculated, at each time point, from water table properties as follows:

i

Given the current measured pressure, the saturation temperature is calculated.e

If the current water temperature is at or exceeds the saturation temperature, the density is*

determined from tables for saturated liquid using the current water temperature.

If the current water ternperature is below the saturation temperature, the density is calculated*

from tables for subcooled liquid using the current temperature and pressure.

Upper-Head Mass Balance

'Ihe calculated mass inventory for the upper head for two successive time points has been used to

determine a rate of change of mass using the following equation:

f 5

dM Mgg43 ,) - M ,3(t ,3) (2.6-20)6ggin , ug j
dt t - t,_,j

!

|

u Amp 60lAl 892-non\1892w-2a.non:1 b-061395 2-67

_- . . . . . . ,- . - , - - - , -- _ . _



where:

mass of fluid in the upper head (Ibm)Mmo =

current time (sec.)t, =

previous time (sec.)t =g

The mass of fluid has previously been calculated as described above. For the first time point

processed, a zero rate of mass change is assigned.

Calculation of Power Channel Two-Phase Level

Once forced flow is lost, there will be a variation in water phase throughout the power channel, from

liquid, through two phase to steam. At any point in the transient, calculated collapsed liquid levels

can be used to calculate the mass distribution in the power channel and to estimate the void fraction.

This has been done using the following algorithm:

Starting from DP-013P in the riser region to the upper head, the first differential presstur cell*

in which the collapsed liquid level is less than four inches, for two consecutive time steps, is

located. The two-phase level and mixture is assumed to exist in the cell below this one. The

first empty cell is denoted the ith cell, so the two-phase level exists in the 1-1 cell.

The average static void fraction, for the differential pressure cell below the one in which the*

two-phase level exists, is calculated assuming the frictional and acceleration pressure drops are
negligible as:

Li-2a = 1.0 - (2.6-21)"2 L .i-2ar

where:

void fraction for the cell below that containing the two-phase level (as calculateda,-2 =

above)

La collapsed liquid level in the cell below that in which the two-phase level exists (ft.)=

L ,i-2 Span of the differential pressure taps in the cell below that in which the two-phase=
AP

level exists (ft.)

The level of the two-phase interface is calculated by assuming that the two-phase fluid within*

that cell has the same void fraction as the fluid in the cell below, so that:
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'!

.

1-2 !

~' (2.6-22)L = { L,3 + MIN L,3.i , -L ,. !3
,.3 1.0-ot.-2 i

!
!

where: {
. +

l

~L '=3 calculated level of the two-phase to steam interface relative to the top of the heated rod j

bundle (ft.) ;

span of the ith differential pressure cell (ft.). All cells below that containing the two-phase {L,3 =

level are included. i

span of the differential pressure cell containing the two-phase level (ft.). This is used toL,,g, =

ensure that the expanded level for this cell does not exceed the span of the differential i
,

pressure measurement.

collapsed liquid level in the cell containing the two-phase level (ft.) - .. ,Lg, =

void fraction for the cell below that containing the two-phase level (as calculated above) iet,.2 =

a level of the top of the fuel relative to the lower tap of DP-013P (ft.). 'Ihis adjusts the !L =

two-phase level to be relative to the top of the heated rod bundle. |
|

If all differential pressure cells have a level in excess of four inches, then either a water solid power .|
channel is assumed for cases when the head level exceeds the span of the upper-head differential |
pressure cell, or the above two phase level is applied to the upper head collapsed liquid level.

If the two-phase level is indicated to be within the DP-013P differential pressure cell, then the

two-phase level is set to the collapsed liquid level for that cell less the top of fuel elevation. If the |
collapsed level for DP-013P cell is less than four inches, then the two phase level is set to minus the ;

elevation of the top of the heated rod bundle. Analysis undertaken for the SPES 2 Final Data Repor/D |
indicate that neither situation will arise. However, noise in the data may lead to spurious indications of |
levels within the core. Using two consecutive time steps to check for a low level will remove some of |
this noise, but not necessarily all. Messages are therefore issued by tie data analysis code, SPESAN, j

on the main output along with the setting of a negative level. .|
!
!
;

.i
!

:
1

|.,

i

:|

s

i

:
i

!

|
. :

i
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TABLE 2.6.1 1
INSTRUMENTATION FOR CALCULATING ANNULAR DOWNCOMER hiASS INVENTORY

Description Instrument Variable

Pressure at bottom of tubular downcomer P-00lP Proc

Temperature at nonle from cold leg-Al T-A021PLO Tui
Temperature at noule from cold leg-B1 T-B021PLO Tcm

Temperature at nonle from cold leg-A2 T-A022PLO Tu
Temperature at nonle from cold leg-B2 T-B022Pil) To
Temperature at inlet to tubular downcomer T-00lP Troci

Differential pressure - cold leg-Al to tubular downcomer DP-A021P APm
Differential pressure - cold leg-B1 to tubular downcomer DP-B021P APm
Differential pressure - cold leg-A2 to tubular downcomer DP-A022P APm
Differential pressure - cold leg-B2 to tubular downcomer DP-B022P APm

| TABLE 2.6.12
iNSTRUMENTA*1 ION FOR CALCULATING TUBULAR DOWNCOMER MASS INVENTORY

Description Instrument Variable

Pressure at bottom of tubular downcomer P-00lP Proc

Temperature at inlet to tubular downcomer T-00lP Tyne,

Temperature at midpoint of tubular downcomer T-002P Troc2

Temperature at outlet of tubular downcomer T-003P Troc3

Differential pressure - upper tubular downcomer DP-00lP AProci

Differential pressme - lower tubular downcomer DP-002P AProc2

Flow through tubular downcomer F._003P g
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TABLE 2.6.I-3
INSTRUMENTATION FOR CALCULATING LOWER PLENUM MASS INVENTORY !

Description Instrument Variable
,

Differential pressure across lower plenum DP-004P APww,

Pressure at bottom of tubular downcomer P-00lP Proc

Temperature of water at bottom of tubular downcomer T-003P Troc

Temperature of water at bottom of lower plenum T-004P Tww,

TABLE 2.6.1-4
INSTRUMENTATION FOR CALCULATING CORE MASS INVENTORY

!
Description Instrument Variable

Total differential pressure acoss core DP-000P APeons

Differential pressure ([ ]'6') DP-005P AP aaco

Differential pressure ([ ]'6') DP-01IP APeonu

Differential pressure ([ ]'6') DP-012P APeonu

Differential pressure ([ ]'6') DP-013P APmnu

Pressure at bottom of tubular downcomer P-00!P Proc

Temperature of water at core inlet (tubular downcomer outlet) T-003P Troc

Temperature of water at core outlet T-015P Trour

.

.
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TABLE 2.6.15 ;

INSTRUMENTATION FOR CALCULATING UPPER-PLENUM MASS INVENTORY
~

Description Instrument Variable i

Pressure at bottom of tubular downcomer P-00lP Proc -

Pressure at top of head (for regions below 2 above hot legs) P-017P Paw i

Differential pressure across fuel exit all DP-014P APmur !

!
Differential pressure across upper plenum region below hot legs from DP-AISP APunn
hot leg- to fuel exit cell

.

Differential pressure across upper plenum region below hot legs from DP-BISP APun.is
hot leg-B to fuel exit mil -

Differential pressure aaross upper plenum region above hot legs from DP-A16P APuna
hot leg-A to upper head - ;

Differential pressure across upper plenum region above hot legs from DP-B16P APun. s - ,

hot leg-B to upper head *

Temperature of water at core outlet T-015P Tmur-

Temperature of water in hot leg-A T-A03PO Tu -

Temperature of water in hot leg-B T-B03PO Ta.

|

TABLE 2.6.1-6
INSTRUMENTATION FOR CALCULATING UPPER-HEAD MASS INVENTORY

Description Instrument Variable

Differential pressure across upper head DP-017P APa,o
,

Pressure at top of upper head P-017P Pne
.

Temperature of water at top of upper head T-016P Taw

!

!
!
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2.6.2 Energy Balance on the Power Channel

The energy balance on the power channel is used to determine the following:

Core average void fraction during accident conditions*

Quality of the flow exiting the core*

Steam generation rate*

The instruments used to determine these quantities are summarized in Table 2.6 2-1.

Core Ileat Balance

'Ihe heat balance on the fluid passing through the core is given by the following equation:

Q_ - sti_ ( b, - h, ) (2.6-23)

where:

mass flow rate through the core (Ibm /sec.)riy =

core inlet enthalpy (Bru/lbm)h,,, =

16 core outlet enthalpy (Btu /lbm)=

During these tests, it is possible for the core flow to exit as a two-phase mixture. Thus, the core outlet

enthalpy can be written in terms of the quality x:

h, = h, + x ( h, - h, ) (2.6-24)

where:

saturated liquid enthalpy (Btu /lbm)hr =

h, = saturated vapor enthalpy (Btu /lbm)

The void fraction from the core outlet is used to determine the quality. The void fraction is
determined from the collapsed liquid level at the core outlet:

%, = 1 - ( AP C/Q) (2.6-25)2m

where:

core outlet void fractiona6 =

differential pressure cell measurement at the core exit (Ibf/ft.2)AP. =

C 144 Pard (ft/ psi) conversion to feet for the fluid density=
2
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1, elevation difference between the taps of the differential pressure cell (ft.)=

The exit quality is estimated from the void fraction, assuming homogeneous flow, (no slip) which is
calculated from the pressure drop measurements as:

"""Esx,, = (2.6-26)
(1 -a ,,)p, + a,p,

where:

core outlet qualityx, =

liquid density Obm/ft.')p, =

vapor density Obm/ft.')p, =

Finally, the steam generation rate is given by the following equation:

m,_ = m x,, (2.6-27)

The core average void fraction is estimated from the collapsed liquid level in the core.

a_,, = 1 - (AP, C, / E*) (2.6-28)
8

;

where:

core average void fraction |a_, =

AP. differential pressure cell measurement over the core region Obf/ft.2)=

I, elevation difference between the taps of the differential pressure cell (ft.)=

Internal Energy of the Power Channel Fluid

'Ihe internal energy of the fluid in each of the power channel regions is given by the following
equation:

I

U = (b - P/p J) M (2.6-29) ]
|

where: I
|
i

i
h = fluid entielpy (Bta/lbm) j

fluid pressere Obm/ft.')
{

P =

fluid density Obm/ft.') ip =

|
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M mass of the fluid in a region (lbm) {
=

J Joule's constant=

De fluid internal energy is determined for the tabular downcomer, annular downcomer, lower plenum,
core region, fuel outlet region, upper plenum, and head regions. Dese values are summed and used to

determine the overall energy balance. |
t

Change in the Energy of the Power Channel Metal
;

!

De change of metal temperature over the course of the test must be accounted to provide an accurate |
estimate of the overall energy balance. The energy in the metal as a function of time is given by the {
following equation:

U,.(t) = M c, T(t) (2.6-30) |
t

I
where j

i

U,.i(t) = quantity of heat contained in the metal as a function of time (Btu) i

M mass of metal in the power channel (Ibm)=

specific heat of the metal (Bru/lbm *F)c, =

T(t) absolute temperature of the metal as a function of time (*F)=
j

t

he change in the energy contained in the metal is given by the following equation:
'

+

AU,.i = { U r(t) - U,.i(t ) } (2.6-31) |o

where: i

AU,,, change in the metal energy relative to time to (Btu)=

U,.i(t ) = energy content of the metal at time to (Btu)o

De metal mass of the power channel is [ ]**, and the specific heat is 0.123 Btu /lbm *F.

The quantities needed to perform these calculations are presented in Table 2.6.2-2.

.
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TABLE 2.6.21
INSTRUMENTATION FOR CALCULATING THE POWER CHANNEL HEAT BALANCE :

Description Instrunwntation Tag
{

Core axial temperatures TW-0110ll, TW-012P50, TW-014P49, TW-015P23.
TW-016P14, TW-018P20,
TW-019P82, TW-020P61

Core power W_.00P ;

Core exit differential pressure measurement DP-014P

Overall core differential pressure measurement DP-000P
|

Fluid temperature at fuel inlet T-003P

Fluid temperature at fuel outlet T-015P

>

|

TABLE 2.6.2-2
QUANTITIES NEEDED TO CALCULATE THE POWER CHANNEL HEAT BALANCE

Description Value

Tap elevation difference for DP-014P

Tap elevation difference for DP-000P j

i
Number of rods in the core '

Rod outer diameter 0.374 in.
,

Rod length 12 ft.

|
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2.7 Hot- and Cold Leg Piping

he mass and energy balance for the SPES-2 piping has been limited to the hot legs, cold legs and

surge line. The error introduced by neglecting the remaining piping is discussed in Section 4.0.

2.7.1 Hot-Leg Mass Inventory

The mass of water in the two hot legs has been determined from the differential pressure, temperature
and pressure instruments listed in Table 2.7.1-1.

The fraction of the hot leg that is filled with water is calculated using the following equation:

2 *E
F* = . (2.7-1)

L gac
!

|

where: |

fractional level of water in the hot leg. If the calculated fraction is greater than unity, whichFa =

is possible while water is still flowing through the hot leg, then the hot leg is assumed to be
filled with water (that is, Fa = 1)

,

APg = differential pressure across the hot leg (lbf/ft.2) |

144 Pn'' (ft/ psi); conversion factor from differential pressure to collapsed liquid levelC =
2

allowing for the current water density in the hot leg
span of hot leg differential pressure measurement ([ ]* *)L =a

The mass inventory is calculated assuming that the same homogeneous two-phase mixture is present in

all segments of the hot leg. Thus,

M =F,pg V. (2.7-2)a

where:

mass in the hot leg (lbm)Ma =

density in the hot leg (Ibm /ft.8)pg =

total volume of the hot leg ([ ]* ')V =a

"Ihe density of water has been calculated, at each time point, from water table properties as follows:

Given the current measured pressure, the saturation temperature is calculated.*

If the current water temperature is at or exceeds the saturation temperature, the density is*

determined from tables for saturated liquid using the current water temperature.
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If the current water temperature is below the saturation temperature the density is calculated*

from tables for subcooled liquid using the current temperature and pressure.

Ilot-Leg Mass Balance

The SPES-2 facility included turbine / meters for measuring hot leg-A, pressurizer surge line, and

ADS-4 volumetric flow rates. Unfortunately, these meters did not operate properly for the majority of

the tests. No flow measurement was performed for hot leg-B. It is therefore not possible to perform a
'

direct mass balance for the hot legs. The calculated mass inventories in each of the two hot legs, for

two successive time points have been used to determine a rate of change of mass using the following
equation:

dM M (t,)-M (t,,,) (2.7-3)g g g
_

di t,-t,.,

I
where: |

Ma = mass of fluid in the hot leg (Ibm)
t, = current time (sec.)

!t = previous time (sec.)g

The mass of fluid in each hot leg has previously been calculated as described above.

TABLE 2.7.1-1
INSTRUMENTATION FOR CALCULATING HOT-LEG MASS INVENTORY

Description Instrument Variable

Differential pressure across hot leg-A DP-A04P APm
Pressure of hot leg-A at inlet to steam generator-A P-A(MP Pu
Temperature of hot leg-A at core outlet from vertical thermocouple T-A03PL Tu
Differential pressure across hot leg-B DP-B(MP APan

Pressure of hot leg-B at inlet to steam generator-B P-B(MP Pg.

Temperature of hot leg-B at core outlet from vertical thermocouple T-B03PL Tg.
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| 2.7.2 Cold-Leg / Pump Suction Mass Inventory

The complete pipe mn from the steam generator outlet to the power channel inlet has been considered.
His includes the pump suction, the pumps, and the cold legs themselves. He variation in volume

with height (relative to the bottom of the relevant differential pressure lower tap) in these pipe lengths

is given below:

Cold leg-1 and cold leg-2 on each loop:

- -
o,c

|
|

_ _

lt has been assumed that the whole cold leg has drained when the fluid level falls below 0.246 ft.

Pump suction on each loop:
- 7 o.c

_ _

in addition, each pump has a volume of [ ]**, which is included in the pump suction volume

when the calculated pump suction level is greater than six inches. When the pump suction is full, the

volume of the final bend into the steam generator ([ ]'6") is also included.

The mass of water in the cold legs has been determined from the differential pressure, temperature,

and pressure instruments listed in Table 2.7.1-2 and Table 2.7.1-3.

Both the cold leg and pump suction pipe lengths have been treated in similar ways. The level of

water in each pipe length has been determined from the following:

L,,g= C AP,,g 1 (2.7-4)
E
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G
!

;

!

:!.

where:

. . .
. ;'

Lpys calculated water level (ft.). The maximum allowed level is the span of the differential=

pressure measurements, which is [ -]"# for the cold legs and [ - ]*# for each |
pump suction. If the measured flow in the relevant cold leg exceeds 5 lbm/sec., then that . i

cold leg is assumed to be water solid. If the flow exceeds this value for any cold leg on ;r

the same loop then the pump suction is also assumed to be water solid. ;

AP n = differential pressure across the relevant pipe (Ibf/ft.2) |e

144 Ped' (ftlpsi); conversion from differential pressure to level allowing for the current -
~C =

2

density

De calculated water level is used to determine the volume of the relevant pipe filled by the collapsed I

liquid using linear interpolation in a tabulation of volume versus level defined by the dimensions listed
above. De mass inventory is then calculated using the following equation:

1

M,,,, = V,3,, p,ip, GM

where:

Mp,e mass of water in the pipe (Ibm)
!

=

density of water in the pipe (lbm/ft.8)ppes =

Vpys = volume of the pipe filled with water (ft.8) as determined from the collapsed liquid level
3
;

For the pump suction, if the calculated level is greater than six inches, then the pump is assumed to be

water solid and the mass of water within it is added to that for the pump suction using the same water -!
density as the pump suction. Furthermore,if the level calculated from the differential pressure is equal

|
to the span of the measurement taps, then the volume of the final bend into the steam generator is !
included.

The density of water has been calculated, at each time point, from water table prope 1ies as follows: I

Given the current measured pressure, the saturation temperature is calculated.*

;

If the current water temperature is at or exceeds the saturation temperature, the density is
*

determined from tables for saturated liquid using the current water temperature.

If the current water temperature is below the saturation temperature the density is calculated
*

from tables for subcooled liquid using the cunent temperature and pressure.

The current temperature for the pipe is calculated as the aritlunctic mean of the temperature
mea urements listed in Table 2.7.2-1 for the relevant pipe.

|
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!

?

i,

|
!

!

' A total mass of water in the complete pipe run from the steam generator outlet to the power channel j

inlet is calculated by summing the inventories for the three components to each loop, that is the two
cold legs and the pump suction (including the pump).

!

Cold-Leg / Pump Suction Mass Balance

'Ihe calculated mass inventory, for cach cold leg and pump suction pipe length, for two successive

time points, has been used to determine a rate of change of mass using the following equation: j

,

, , I

dM,,,e , M,i,e4,) - M,1,eR,_,) (2.7-6)
di t; . 9, ,

i

where: i

i

M ,s mass of fluid in the lower plenum (Ibm)=en

current time (sec.)' t, = -:

g previous time (sec.)t =

;

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned. |

.

|

I
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TABLE 2.7.2-1
INSTRUMFSTATION FOR CALCULATING COLD LEG MASS INVENTORIES ,

Description Instrument Variable ?

Differential pressure cold leg-Al DP-A00lP APcui
3

Differential pressure cold leg-A2 DP-A002P APeu2

Pressure in hot leg-A at steam generator-A inlet P-A04P PILA

Temperature in common length of cold leg-A T-A0lP Teu

Temperature in cold leg-Al pipe T-A0llP T cui
'

Temperature in cold leg-A2 pipe T-A012P Tcu2

Differential pressure cold leg-B1 DP-B001P APcuit

Differential pressure cold leg-B2 DP-B002P APeau |
Pressure in hot leg-B at steam generator-B inlet P-B04P Pan

Temperatuse in common length of cold leg-B T-B0lP Tet.
J

Temperature in cold leg-B1 pipe T-B0llP Tcui i

Temperature in cold leg-B2 pipe T-B012P Tctm2 ;

Differential pressure pump suction A DP-A09P APPSA

Pressure in bot leg-A at steam generator-A inlet P-ANP Pa4
' '"'Flow in cold leg-Al pipe F_A0lP

SFlow in cold leg-A2 pipe F_A02P cu2

Temperature at top of pump suction A T-A10P Tps,

Temperature at bottom of pump suction A T-AllP Tpsi

Differential pressure pump suction B DP-B09P APps.

Pressure in hot leg-B at steam generator-B inlet P-BNP . Pa.
- cui

Flow in cold leg-B1 pipe F_B0lP .
caz

Flow in cold leg-B2 pipe F_B02P

-Temperature at top of pump suction B T-B10P Tps.
;

Temperature et bottom of pianp suction B T-B/OllP Tps, |

:

i
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2.7.3 Energy Balance on the Primary System Piping

An energy balance on the primary system piping is provided to account for the energy in the fluid and

pipe walls to accurately predict an overall system energy balance. The primary system piping consists

of the cold legs, hot legs, and the surge line. The remainder of the piping runs; the DVI lines, cold

leg-to-CMT balance lines, etc., have not been included due to the lack of instrumentation.

The instruments used to determine these quantities are summarized in Table 2.7.3-1.

Change in the Internal Energy of the Huid in the Piping

The internal energy of the fluid in the piping is given by the following equation:

U = ( h - P/p J) Vp (2.7-7)

where:

fluid enthalpy (Btu /lbm)h =

fluid pressure Obf/ft.2)P =
fluid density Obm/ft.')p =

volume inside. the pipe (ft.3)V =

J Joules constant=

The fluid enthalpy and density are evaluated at the fluid temperature.

'Ihe net cha7ge in the fluid internal energy is given by the following equation:

AU = U(t) - U, (2.7-8)

where:

fluid internal energy as a function of time (Btu)U(t) =

U, fluid intemal energy at the start of the test (Btu)=

Change in the Energy of the Piping Metal

The change of metal temperature over the course of the test must be accounted to provide an accurate

estimate of the overall energy balance. 'Ihe energy in the metal as a function of time is given by the

following equation:

Um(t) = M c, T(t) (2.7-9)
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where:

U,.3(t) = quantity of heat contained in the metal as a function of time (Blu)
mass of a section of piping (Ibm)M =

specific heat of the metal (Bru/lbm *F)c, =

absolute temperature of the metal as a function of time (*R)T(t) =

The change in the energy contained in the metal is given by the following equation:

AU,.i = { U,.,(t) - U,.i(t ) } (2.7-10)o

where:

change in the metal energy relative to time to (Btu)AU,.i '=

U i(t ) = energy content of the metal at time to (Btu)o

The metal masses for the primary system piping is summarized in Table 2.7.3-2.

As with the other components, the heat losses to the surroundings are accounted for in the overall

energy balance.

,

,l

|

|
!

i

|

I

I

I
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TABLE 2.7.3-1 I

INSTRUMENTATION FOR CALCULATING THE PIPING ENERGY BALANCE

Description Instrunwntation Tag

Hot-leg temperature (A & B) P-A20E

Hot-leg pressure (A & B) P-B20E |

Cold-leg temperature (A & B) T-A21E j

Cold-leg pressure (A & B) T-B21E
|

Surge line temperature (A & B) T-A22E |

Surge line pressure (A & B) T-B22E !

|
:

|

|

TABLE 2.7.3-2

|)METAL MASS AND SPECIFIC HEAT FOR DETERMINING PIPING MLTAL ENERGY

Description Mass (thm) e,(BtuAtun *F) |

Hot legs (per loop)
~ ~ "#

0.123

Cold legs (per loop) 0.123

Surge line
_ _ 0.123 |

i

,

!
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2.8 Fluid Exiting Drough ADS and Breaks
,

he mass of the fluid exiting the primary system via the ADS and breaks is measured in catch tanks.

No measurement of the flow quality is available, but approximations are made to estimate the energy ;

loss. [
3

2.8.1 Rate of Mass Loss to ADS and Break Catch Tanks I

-

,

The imposed break in LOCA simulations, ADS lines 1 to 3 and ADS line 4 all feed to catch tanks,

which give integrated measures of the total mass lost from the system to date through these routes. ;

These masses are measured using the devices as listed in Table 2.8.2-1. i

ne rate flow to each catch tank is then calculated using the integrated mass measurements from two
'

consecutive times. Dat is,

dM ,, , Mry,(t,) - M ,ygn,_,) (2.8-1)7 r
dt t, - tg

!

where:
,

Mrox measured mass of fluid in the tank (Ibm)=

current time (sec.)t, =
,

g previous time (sec.)t =

De ADS lines also included turbine flow meters. Unfortunately, these meters failed to operate
properly in all the experiments.

2.8.2 Energy Released Through the ADS and Break

he total energy of the fluid exiting the primary system is determined by the following equation:

U,,,c, = Uxosn3 + Um + Um (2.8-2)

where:

U,,a total energy of the fluid exiting the primary system (Btu)=

Uxosn3 = energy of the fluid exiting ADS-1, ADS-2, and ADS-3 (Btu)

Um energy of the fluid exiting ADS-4 (Bru)=

Uw energy of the fluid exiting the break (for LOCA) (Btu)=
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Enerry Lost Through ADS-1. ADS-2. and ADS-3

:

The quantity of energy loss from the pressurizer during ADS-1, ADS-2, and ADS-3 operation is given j
by the following equation: t

;

Um:23= M ai23 bar:3 (2.8-3)
*

where:

energy exiting through ADS-1. ADS-2, and ADS-3 (Btu)
|Um:23 =

Mm:23 mass accumulated in the catch tank (Ibm) :=

t

h a i2s enthalpy of the flow leaving the pressurizer (Btu /lbm) '=
~

i

To determine the exit enthalpy, the differential pressure cell at the top of the pressurizer is used to . !
estimate the void fraction. !

!

:
'

cr = 1 - (AP, C / L.8') i
2 (2.8-4) -- - -

8 |
L

:
I

where:

differential pressure cell measurement at the top of the pressurizer Obf/ft.')AP., =

C conversion to feet for the actual fluid density=
2

elevation difference between the taps of the differential pressure cell (ft.)I, =

The exit quality can be calculated from the void fraction for homogeneous flow (no slip) by the
following equation: !

x., = %p, / { (1-a.a)p, - a ,p, } (2.8-5)
,

where:
A

exit qualityx.a =

liquid density Obm/ft.5)p, =

vapor density (Ibm /ft.8)p, =

Finally, the enthalpy of the fluid leaving the pressurizer via the ADS is

. . i

hm:2s = h, + x , ( h, - hr ) (2.8-6)

i

I
!
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where:

h, saturated liquid enthalpy (Btu /lbm)=

h, = saturated vapor enthalpy (Btu /lbm)

Enerev Lost Through ADS-4

The quantity of energy loss from the primary system during ADS-4 operation is given by the
'

following equation:

Ueu = Meu heu (2.8-7)

where:

Uwu energy exiting through ADS-4 (Btu)=

Meu mass accumulated in the ADS-4 catch tank (Ibm)=

heu enthalpy of the flow leaving hot leg (Btu /lbm)=

>

The enthalpy of the flow through ADS-4 is approximated by using assuming that only saturated liquid
is discharged out ADS-4. The effects of this assumption will be evaluated in Section 4.0.

Enerev Lost Throuch the Break

The quantity of energy loss from the primary system through the break is given by the following
equation:

Um = hL h (2.8-8) |w

where: )

Um energy exiting through break (Bru)=

h6 = mass accumulated in the break catch tank (Ibm)
hm enthalpy of the flow 1 caving the break (Btu /lbm)=

The enthalpy of the flow out the break is approximated by using the enthalpy of saturated liquid at the
break location temperature. The effects of this assumption will be evaluated in Section 4.0. ;

i

For the double-ended guillotine (DEG) break tests, and for the steam generator tube rupture (SGTR)

tests, the ADS-4 catch tank doubles as either a second break catch tank, or a receptacle for steam

generator secondary side overflow. The energy associated with the mass is calculated by assuming
saturated liquid at break location temperatures.

.

The instruments used to evaluate the energy loss through the ADS and break are summarized in
Table 2.8.2-1. i
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TABLE 2 8 21
INSTRUMENTATION FOR CALCULATING THE ADS AND BREAK ENERGY BALANCE

Description Instrumentation Tag

Hot-leg temperamre (A & B) T-A03PL, T-B03PL
,

Hot-leg guessure (A & B) P-A04P, P-B04P
;

Pressurizer pressure P-027P

Differential pressure at top of pressurizer DP-026P

Break catch tank mass IF-005P

ADS-1,-2,-3 catch tank mass IF-030P

ADS-4 catch tank mass IF-040P

i
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2.9 System Analysis

To determine the validity of the individual component mass and energy inventories, an overall system
mass and energy balance is calculated.

2.9.1 Total System Mass Inventory

For each transient time, the total system mass inventory is determined by summing the contributions

from all the components considered except the steam generator secondary side. Dat is,

Two accumulators.

ADS-1 to -3, ADS-4 and break catch tanks.

Two core makeup tanks.

Four cold legs, two pumps, and two pump suction pipes.

Two hot legs.

IRWST tank=

Power channel.

Pressurizer and surge line.

Steam generator tubes.

For the three catch tanks, the initial measured mass may be nonzero. This is allowed for in calculating

the total system mass. The percentage system mass relative to time zero, and the rate of change over

each time step are also calculated at each time point.

In addition, the mass within the power channel, hot legs, cold legs, pump, pump suction, and steam

generator primary side is determined for each time step. The percentage of the initial value for this
mass is also determined. An alternative system mass, which excludes the contribution from the

IRWST tank is also included.

Total System Mass Balance
;

1

!

he primary system has been grouped under the following categories: ;

!

The loops containing the power channel, two hot legs, two pumps with their associated pump=

suction and cold leg lines, two sets of steam generator U-tubes, tle surge line, and the
pressurizer.

The sources, which are the two accumulators, the two CMTs, and the IRWST. For two of the.

tests (S00504 and S01309), this includes the nonsafety systems (that is, the CVCS and the

NRilR).

I

n:\apo07,l S92 - non\l 892 w -2a.non:I b-061395 2-90

|



The sinks, which are the break and ADS catch tanks, and the CMTs, which received water=

from the loops via the CLBLs.

The mass in each of these three parts of the system has been determined for each time point, together

with the integrated mass discharged from the loops to each of the sinks and the integrated mass

injected from each source. The latter has been determined from the following:

The available flow measuring devices. For test S00504, the flow measurements for the CVCS-

and NRIIR have been included. For test S01309, a constant CVCS flow of [ ]**
has been assumed for the CVCS for the entire transient, in line with the data supplied in the
Final Data Report.m

From the change in calculated component water mass since the start of the test. For the.

CMTs, this includes an allowance for the flow of water into the CMTs via the cold leg balance
lines; that is,

Mmom(t) = Mw(0) + My,(t) - M,(t) (2.9-1)

The system mass balance error is computed at each transient time using the following equation:

M ,o,0) = " dt - th _ dt + rh,, dt (2.9-2)'

en

which is integrated to give the following:

l
hi ,o,W = Mtoo,W - ( Mtoo,(0) + M,ou,co(t) - M,,sgm ) M@ i

ta

where: )

mass flow from sourcesIt1 =
3m,cs

iti,is, = mass flow out sinks

Mgamon(t) current mass balance error Obm)=

current total mass in all the loop components Obm) !M mp(t) =u
Mwop(0) initial total mass in all the loop components Obm)=

Msounct(t) = current integrated mass injected to the loops from all sources Obm)
hisisg(t) current integrated mass discharged from the loops to all the sinks (lbm)=
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2.9.2 Overall System Energy Balance

An overall energy balance on the test facility is achieved by considering the primary system, including

the IRWST tank water as a control volume. Energy is added to the volume through the heated rods in

the power channel. Energy is extracted from the following: the volume through the heat losses to the

environment; the fluid loss through the break; ADS-1, ADS-2, ADS-3, and ADS-4; and the energy

loss through the steam generators. Finally, the change in the internal energy of the fluid and metal

inside the control volume is determined to complete the energy balance. 'Ihe overall system energy
balance primary for SPES-2 is written as follows:

U., = U - Un , - U,,,, - U,, - ( U - U, )na - ( U - U. ),a + Uss (2.9-4)

where:

U. error in the overall energy balance (Btu)=

U,. integrated power in the heated rods (Btu)=

Un., energy of the fluid leaving the control volume (Btu)=

U,, integrated heat transfer in the steam generators (Btu)
*

=

AUn change in the energy of the fluid in the control volume (Btu)=

AU,, change in the energy of the metal in the control volume (Btu)=

U,,,, integrated heat loss to the surroundings (Btu)=

Uss energy of the fluid injected via nonsafety systems (Btu)=

' Die heat loss to the surroundings is given in the SPES-2 Hot Pre-Operational Tests Results") as

|
2Q,,, = 0.0015 To + 0.0175 Ta - 0.72 (2.9-5)

where:

Q,,,, heat loss to the surroundings (Bru/sec.)=

Te cold-leg temperature in *C=

The integrated heat loss to the surroundings is given by the following equation:

U,, = ! Q,,,, dt = b Q,,,.j At, (2.9-6)

where:

Q,,,.; = heat loss over a given time step, At, (Btu /sec.)

1

I

i
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De change in the fluid energy relative to time zero is calculated by summing the fhid energy for each

component at each time step, then subtracting the value at time zero.

AUn = E Un#3 E Unu (2.9-7)

where:

energy content of the fluid in component i at time t, (Bru)Un+j =

energy content of the fluid in component i at time t,(Bru)Unu =

De integrated rod power is defined by the following equation:

Q. dt = b Q# At, (2.9-8)U%=

where:

% = measured power over time step, At, (Btu /sec.)

Finally, the integrated steam generator power is defined by the following equation:

U,, = ! Q,, dt = E Q,,.; At, (2.9-9)

where: ,

I

Q,,.; = heat transferred from the primary side to the secondary side at time step, At (Btu /sec.)j

The enor in the energy balance, U, gives an indication of the applicability of the various
assumptions which were used to calculate the energy balance.

2.9.3 System Event Timings !

he timing of key events in each transient have been determined using the instruments listed in

Table 2.9.3-1.

For each of the limit switches, the event actuation is determined by any one of the two switches

changing state. The only exception to this is CMT-B, as only one of the limit switches was good in all

tests, this has been used to determine the actuation time. For the other events, the following logic is

used:

De initiating event is always assumed to occur at time zero.*
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I

Reactor trip is determined when the core power falls to 90 percent of the value at time zero i.

for three consecutive time points. f
:

e

Reactor coolant pump trip is determined to occur when the measured differential pressure falls j=

to 90 percent of the value at time zero for three consecutive time points. [

Accumulator injection is determined to occur when the measured injection flow, associated*

with each accumulator, first exceeds 0.05 lbm/sec. for three consecutive time steps. The time
,

the accumulators are fully drained is determined when the accumulator mass falls to zero. '

IRWST injection is determined to occur when the measured injection flow, to either DVI line, -*
,

first exceeds 0.05 lbm/sec. >

The system pressure, that is the pressure at the top of the pressurizer, is stored at the time when each

of the events is detected. At the end of the main calculation loop a list of any events occuning after |

the initiating event, is given in the order they occur along with the associated system pressure. i

t

!

!

'!
:
>

.i
i

l

f

r

|

!

-

,

!

.|
t

|
,

,

i

i
;

u:\gM1892-non\1892w-2a.non:ll>061395 2-94 j
;

._. .__, - _ _ . _ . _ _ . _ . -_.
I



TABLE 2.9.31
INSTRUMENI'ATION FOR DETERMINING THE TIMING OF TRANSIENT EVENTS

Description Instrument

CMT-A injection line limit switches Z_A40EC, ZuA40EO

CMT-B injection line limit switches Z_B40EO

CMT-A to cold-leg balance line limit switches Z_A45PC, Z_A45PO

CMT-B to cold leg balance line limit switches A_B45PC, Z_B45PO

ADS-1 limit switches Z_00lPC, Z_00lPO

ADS-2 limit switches Z_002PC, Z_002PO

ADS-3 limit switches Z_003PC, Z_A03PO

ADS-4A limit switches Z_AMPC, Z_A04PO

ADS-4B limit switches Z_BNPC, Z_BNPO

PRIIR supply line limit switches Z_A81EC, Z_A81EO

Main feedwater isolation limit switches - loop A Z_A02SC, Z_A02SO

Main feedwater isolation limit switches - loop B Z_B02SC, Z_B02SO

Main steam line isolation limit switches - loop A Z_ANSC, Z_A04SO

Main steam line isolation limit switches - loop B Z_BMSC, Z_BMSO

Steam generator PORV operation limit switches -loop A Z_A06SC, Z_A06SO

Steam generator PORV operation limit sw itt hes - loop B Z_B06SC, Z_BMSO

Core power generation W-00P

Reactor molant pump-A differential pressure DP-A00P

Reactor coolant pump-B differential pressure DP-BOOP

Accumulator-A injection flow F_A20E

Accumulator-B injection flow F_B20E

IRWST injection flows to DVI line A and DVI line B F_A60E, F_B60E
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2.10 Nomenclature:

area (ft.2)A =

.C conversion from differential pressure to level (144/p ftlpsla)=
2 ,

specific heat (Bru/lbm *F) -|c, =

d . tube diameter (ft.)=

fractional levelF =
;

2gravity (ft/sec ) ig =

gravitational constant Obm-ft/lbf-sec.2)- qg, =

Gr Grashof number i=

specific enthalpy (Bru/lbm).h =

H height (ft.) !=

J Joules constant (778 Btu /ft-lbf) i
=

i

K thermal conductivity (Btu /sec. ft. *F)
|

=

L = level (ft.)
M mass of fluid (lbm)=

exponent on subcooled boiling correlationn =

N number=

pressure Obf/ft')P =

Pr Prandtl number=

Q energy transfer rate (Btu /sec)=

R ideal gas constant=

time (sec.)t =

T temperature (*F)=

internal energy of fluid (Btu)u =

volume (ft.")V =
.

qualityx =

elevation (ft.)z =

mass flow rate (lbm/sec.)sh =

void fractiona =

coefficient of volumetric expansion (1/ R)=

6 =- gap between walls for free convection (ft.)
AP differential pressure (prid)=

AU change in internal energy (Btu)=

cmissivitye. =

gas expansion exponentx =

.A convective heat transfer coefficient (Btu /sec.-ft.2,.py=

v' Kinematic viscosity (ft.2/sec.)=

density Obm/ft.8)p =

Stefan-Boltzmann constant (Bru/sec.-ft.2 *R )
do = -
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Subscripts

1
A component A I

=

ACC- pertains to accumulators=
.

ADC pertains to annular downcomer=

ADS 123 ' = pertains to ADS-1, ADS-2, and ADS-3 1

i

ADS 4 pertains to ADS-4 i=

air pertains to air=

alt ' alternative calculation !=
I

amb ambient=

avg avenge=

B component B '2=

Bot, b bottom=

break penains to the break=

bulk . pertains to bulk fluid conditions=

c/c pertains to combined convective and conductive heat transfer=

cal = calorimetric heat balance
CL = penains to cold leg
CMT: core makeup tank=

CMT-GV guard vessel to CMT=

C M T-Store stored in CMT wall=
;

CORE- pertains to core=

equivalent .eq =

difference in mass or energy balanceerror =

error-ht difference in heat transfer calculation=

exit
'

penains to discharge or exit conditions=

f =. pertains to saturated liquid
fi-out fluid out=

fluid, fl - pertains to fluid "=

fluid-store pertains to fluid stomge :=

Fout pertains to fuel outlet region=

free pertains to free convection=

pertains to saturated vaporg =

pertains to accumulator charging gasgas =

GV-Store stored in CMT guard vessel wall=

GVid CMT guard vessel inside diameter=

GVod CMT guard vessel outside diameter=

HEAD penains to upper head=

HL pertains to hot leg=

HOR-1 pertains to IRWSTinlet tube=

HOR 2 pertains to IRWST outlet tube=

in pertains to flow into a component=
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IRWST penains to the IRWST=

j pertains to time t,=

J-1 penains to time t,.,=

LOOP pertains to primary system
)

=

pertains to lower plenum jLOWP =

metal penains to component metal j=

mix penains to mixture=

NS penains to non-safety systems=

pertains to flow out of a componentout =

primaryp =

PCHAN pertains to power channel=

penains to pipesPIPE =

pertains to pressurizerPZR =

rad penains to radiative heat transfer=

penains to heater rods in corerods =

secondarys =

'
penains to saturated conditionssat =

SG steam generator=

pertains to sinksSINK =

SL penains to surge line=

SOURCE pertains to safety injection sources=

surroundingssurr =

TANK penains to catch tanks=

between differential pressure-cell tapstaps =

TC thermo-couple=

pertains to tabular downcomer
|

TDC =

| ToF top of fuel=

Top,t top of CMT=

totalI tot =

tubes pertains to IRWST tubes=

UPP pertains to upper plenum=

pertains to IRWST vertical tube sectionvert =
i

z0 two-phase=
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3.0 ANALYSIS OF SPES-2 TEST DATA

The phenomena identification ranking table (PIRT) for AP600 small-break loss-of-coolant accident

(SBLOCA) provided a guide for the SPES-2 testing (Table 1-2). De table helped identify the
instrumentation needed to record specific phenomena and also the manner in which the tests were

performed. An initial acceptance evaluation of the tests against meeting the needs documented in the

PIRT was performed in WCAP-14309, Final Data Report.* This evaluation included the functioning
of critical instmments and the acceptability of the initial test conditions.

The analysis of the test data documented in this report is divided into two sections. His section

evaluates each event in general terms and presents the general results of the analysis represented by
the standard package of analysis data. Loss-of-coolant accident (LOCA) events in the SPES-2 test

were marked by different phases as identified in the phenomenon identification ranking table (PIRT) in
Section 1.0. Dese phases were characterized by the primary system pressure and the thermal-

hydraulic phenomena occurring within the primary and safety systems. The different event phases
selected for the purpose of detailed evaluation of the LOCA events are as follows:

Blowdown phase.

Natural circulation phase.

Automatic depressurization system (ADS) phase.

In-contaimnent refueling water storage tank (IRWST) injection phase |
.

Section 4.0 evaluates some of the most important specific phenomena identified in the PIRT for the

SPES-2 testing and how these phenomena affected critical parameters during the test.

|

3.1 Introduction

he analysis of the SPES-2 test data was performed by the SPESAN computer code. This code was

developed specifically to perform a continuous mass and energy balance for the primary side in each

test, including the accumulators, the core makeup tanks (CMTs), the IRWST, and the passive residual
heat removal (PRiiR). Also part of these calculations were the collapsed levels in the various

components, including the power channel. The actual two-phase level was calculated in the power
channel to establish the actual coverage of the heater bundle during the test.

The SPES-2 facility was not required to be instrumented to allow a rigorous energy balance performed
for the tests,* since measurements of the quality of the fluid leaving the system through the break and

the ADS was not performed. liowever, by applying some reasonable assumptions about the quality of

the break flow and the ADS-4 flow and by determining the void fraction (and accordingly the quality)
of the fluid leaving the system through ADS-1, ADS-2, and ADS-3 from differential pressure

measurements in the pressurizer, a coarse overall energy balance can be derived for the system for the
LOCA tests.
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'Ihe overall system considered in the mass and energy balances consists of the primary system (power
channel, primary loops, and pressurizer), the CMTs, the accumulators, and the IRWST. The internal

energy of the fluid for each part of the system was calculated throughout the event. The heat loss to

the surroundings was calculated based on the data from the SPES-2 Hot Pre-operational Test

Results,'') and the thermal inertia of the system hardware was based on the svWm 7verall metal mass.

Included in this section is a discussion of the analysis results for each test a9w :.h a set of 82

standard plots. Additional plots are included to aid in characterizing the phenomena observed for each
test.

The SPESAN code was used to analyze each test. Most of the quantities were calculated on a time

step by time step basis; however, time derivatives and other calculations susceptible to noise were

calculated using time averaging of the data to provide a better representation of the results.

|
|

t
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3.2 Analysis of the Two-Inch Cold-Leg Break without Nonsafety Systems (S00303)

his matrix test simulated a 2-in. break in the bottom of cold leg-B2. The test began with the 1

initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line

connection. De break location was on the power channel side of the cold leg from the core makeup

tank (CMT) balance line connection. This test was performed without any nonsafety systems' pumps

operating. That is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system |
(NRHR) pumps.

!
3.2.1 Summary of Test Observations

Blowdown Phase
l

l

Figure 3.2-83 shows plant primary system pressure during matrix test S00303 (as measured at the top

of the pressurizer) during the S00303 test, with selected component actuations and plant responses

shown in relation to primary system pressure.

The blowdown phase began with the initiation of the break, which caused the pressurizer to drain.

His resulted in a rapid reduction in pressure. The reactor trip (R) signal initiated at [ ]'b'' pit
and the safety systems actuation (S) signal initiated at [ ]'** psia. De R and the S signals
initiated the following actions:

Decay heat simulation (with heat loss compensation) initiated.*

The main steam line isolation valves (MSLIVs) closed.*

The main feedwater isolation valves (MFWIVs) shut off.*

The CMT injection valves opened.*

The passive residual heat removal (PRHR) return flow valve opened. |*

The reactor coolant pumps (RCPs) shut down. |*

The recirculation flow through the CMTs and the flow through the PRHR began immediately after the
isolation valve opened. Boiling in the heated rod bundle was initiated by the reduction of the system

pressure to saturation level. De upper plenum flashed while the fluid level dropped to hot-leg
elevation based on the level measurements. The flashing on the hot-leg side of the heated rod bundle

stopped the rapid drop in primary system pressure. When the RCPs shut down (at ( ]'**),
the flow through the rod bundle began to oscillate (approximately [ ]'** period). This
resulted in oscillations in the rod bundle and the upper-plenum void fraction, upper-plenum

temperature, and system pressure.

Natural Circulation Phase

After the primary system pressure reached a near steady-state condition, the system transitioned into

the natural circulation phase. During the initial stages of the natural circulation phase, the rod bundle
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void fraction increased. His resulted in two-phase fluid and a void in the upper plenum and also two-
phase fluid in the hot legs. De hot leg-B fluid had a void fraction very close to that observed in the

upper plenum. De void fraction in hot leg-A was much lower due to the selective removal of vapor
from the hot leg by the PRHR inlet line.

j

As the system continued to drain, ihe two-phase flow in the hot legs resulted in a break in the
single-phase and two-phase natural circulation in the steam generator U-tubes. Steam from the !

two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator U-tubes. {
his stopped the flow through the primary system, and the power channel flow was predominantly |

composed of the flow through the PRHR and the CMT injection. Some reflux condensing of the
steam may have continued to occur in the U-tubes since the steam generators were still a heat sink at }
this time. De oscillations of the collapsed level observed through the rod bundle and in the upper

plenum terminated when the natural circulation ended in the steam generators. Approximately
[ ]*# into the event, the natural circulation was broken in steam generator-B due to the

higher void fraction in hot leg-B. Approximately [ ]d# later, the natural circulction was
broken in steam generator-A.

A two-phase flow through the PRHR, consisting of alternating slugs of steam and saturated water, had

an aterage integrated void fraction significantly greater than that seen in the upper plenum. Due to
boiling in the rod bundle, two-phase flow entered the hot leg from the upper plenum and flowed

through the PRHR heat exchanger (HX), which is located in the in-containment refueling water storage
tank (IRWST). The average void fraction in the PRHR inlet was as high as [ l'6#,

i

which enhanced the PRHR flow and heat transfer from the primary system when compared with !
single-phase saturated or subcooled water. When the flow stabilized after the initial flow oscillations,

a heat removal rate of [ ]"# was calculated. This calculation was based on the void fraction of
the flow in the PRHR supply line, the flow rate, the temperature, and the pressure. This calculation
assumes a slip coefficient of 1 between steam and water.

When the natural circulation was broken in the B-side cold legs (that is, when the cold legs had
partially emptied), the CMTs converted from the recirculation mode to the draindown mode of

injection. This increased the cold injection flow and the rate of system pressure decay. This occurred
at approximately [ ]'6* for CMT-B and [ ]** for CMT-A. When system
pressure dropped to the saturation pressure for the upper head, the upper head began to drain (at

400 seconds).

During the first [ ]'6# of this event, [ ]"# of water were expelled through the break

while draining the pressurizer, the steam generator U-tubes, the power channel upper head, the power

channel upper plenum above the hot leg, most of the cold legs, and approximately [ l'6# of
the CMTs. The heated rods in the power channel that simulated the core decay heat reduced the
power level to approximately [ ]*# at [ ]"#. This value consisted of [ ]* 6 *
decay heat and [ ]*# heat loss compensation. The break flow was steady, indicating that cold
leg-B2 was not totally empty,
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Automatic Depressurization System Phase - f
:

The ADS phase of the transient began with the actuation of ADS-1 (at approximately 900 seconds into !
the event). ADS-2 and ADS-3 occurred within the next [ ]*#. 'Ihe heat loss compensation !
was terminated from the decay heat simulation when ADS-1 occurred, and the rod bundle power level |
was reduced to approximately [ ]*#. 1

i

The ADS actuation increased the rate of primary system depressurization and resulted in a high level 'I
of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators '(at |
[ ]** into the event) subcooled the whole primary system, temporarily refilling the |
power channel / upper plenum and the pressurizer. When the accumulator discharge ended, the flow l

through the heater bundle was reduced to the injection rate of the CMTs and the PRHR HX flow, and '|
boiling occurred again in the heater bundle. Two-phase flow occurred again in hot leg-A, the PRHR
HX, and the ADS via the pressurizer.

f
!

The liquid discharge through the break was replaced by saturated steam at approximately |
[ ]** (Figure 3.2-68). During the ADS period, approximately [ ]*# of subcooled ;

water were discharged from ADS-1, ADS-2, and ADS-3. 'Ihis water was primarily supplied by the {
accumulator discharge and was fcilowed by an increase in the heater bundle void fraction after the !

accumulators drained and only the CMTs provided power channel injection. ADS-4 occurred at [
[ ]**, and the pressurizer water level fell. The fluid discharge through ADS-1, ADS-2, '!
and ADS-3 ended, and fluid was discharged through ADS-4. The pressurizer drained again, and a !
small amount of CMT flow still entered the direct vessel injection (DVI) line. |

IRWST Injection Phase

- When system pressure had been reduced below the pressure corresponding to the water elevation head j
of the IRWST, flow from the IRWST entered the DVI line and the IRWST injection phase began. i

Shortly thereafter, the CMT flow ended. The flow from the IRWST subcooled the primary system, j
the core boiling slowly ended, and the upper plenum partially refilled above the hot-leg elevation. The ,

PRHR drained approximately [ ]*# into the event and was no longer effective. A steady |
flow of subcooled water was then flowing from the IRWST into the DVI line, through the power j

channel, and left the primary system through ADS-4.

'The heater bundle (active core) remained fully covered by a two-phase mixture at all times during this j
event. There was no indication of an increase in heater rod temperatures due to lack of coo;ing.

-)
3.2.2 Analysis of the S00303 Test Data

i
The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs '

a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the I

test. Also, the internal energy of all components and parts of the facility, including the energy losses f
from the break and ADS flows, are calculated throughout the event. It is noted that the mass balance -
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and the energy transfer calculations are performed in much greater detail than was performed in

WCAP-14309, Final Data Report.* The results of the test data analysis are presented in I

Figures 3.2-1 through 3.2-82. Mass balance snapshots for all the major primary system components, l

at various points ofinterest throughout the transient, are presented in Table 3.2-1. I

Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. He total
water inventory is tracked from the start until the end of the test. Figures 3.2-74, 3.2-75, and 3.2-76

show the overall mass balance and the error (uncertainty) in mass balance for S00303.

The overall mass balance for S00303 (Figure 3.2-74) shows a small variation of water inventory

during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
,

the mass balance model used to determine the total water inventory. De average total inventory
during the test was indicated to be approximately 30 lbm higher than the initial system mass, and a

'

final mass was indicated to be approximately 50 !bm above the initial mass. Figure 3.2-75 shows the
difference between the total mass during the event and the initial mass (mass balance error) when the
inventory was calculated by integrating the flows. Figure 3.2-76 shows the mass balance error when

inventory was calculated based on the catch tank weight and component level measurements. He

mass balance error based on flow measurements varied from +50 lbm to -50 lbm, while the weight |
and level measurements resulted in an average error of approximately +40 lbm during the event, and a
final error of +50 lbm at the end of the event.

Water Inventory for the Power Channel and the Loon

Maintenance of coolant coverage of the heater bundle is the most critical issue for the power channel.
De heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of

two-phase fluid, which can have a very high void fraction. Figure 3.2-40 shows the level of

two-phase fluid in the power channel as calculated from the measured pressure drop data, which was

then used to infer a void fraction and two-phase level. Since this represents the true two-phase level,
it will be different than the collapsed liquid level in the heater bundle.

For S00303, the calculated two-phase fluid level in the upper plenum decreased to the hot-leg
elevation (Figure 3.2-40), and it remains at this elevation for most of the event. He accumulator
injection ([ ]"#) partially condensed the steam bubble in the upper plenum causing
the level to rise. Following the end of the accumulator injection, the two-phase level again decreased
this time to approximately [ ]"" below the hot-leg elevation. His occurred at the time of

minimum power channel water inventory (Figure 3.2-39), before the IRWST injection started to refill
the power channel (at [ ]*'). The IRWST injection also partially condensed the steam

bubble in the upper plenum causing the level to rise above the hot-leg elevation again.

u Agel 892 w-non\l 892 w-3h wpf:l W61395 3.2-4

_ _ _ - ___



The collapsed level in the annular downcomer and tubular downcomer are shown in Egures 3.2-42

(annular downcomer) and 3.2-44 (tubular downcomer). The annular downcomer was full until
approximately [ ]*# into the event. At that time, the level starts to decrease, but it is

maintained above the elevation of the hot leg until after the end of the accumulator injection
(approximately [ ]*#). He level then deceased and drained the annular downcomer by

[ ]*#, and reached a minimum level in the tubular downcomer at approximately

[ ]*#. This corresponded to the time of minimum water inventory in the power channel

shown in Figure 3.2-39. Hgure 3.2-62 shows the maximum cladding temperature during the event '

and compares this temperature with the saturation temperature. There were no indications ofloss of

cooling for the heater rods during this event, which confirms that the estimated two-phase level in the
power channel remains above the top of the heated rod bundle.

Collapsed fluid level in the rod bundle (Figure 3.2-48), and the rod bundle exit void fraction
(Hgure 3.2-61) show that the rod bundle was water solid before the break was initiated. The rod

bundle exit void fraction was determined from DP-014P which covers the span from rod bundle near

the top of the active fuel (TAF) elevation to the lower part of the upper plenum. Two-phase flow with
approximately [ ]** average void fraction existed in the rod bundle prior to the accumulator
injection. During the accumulator injection, the rod bundle became essentially water solid. Ilowever,
when the accumulator injection ended, the collapsed level again started to decrease. The rod bundle

exit void fraction reached approximately [ ]"# prior to the start of the IRWST injection
phase, starting at approximately [ ]*#.

The collapsed level in the upper plenum (Figures 3.2-52 and 3.2-54) decreased to approximately

[ ]*# below the hot leg before the accumulator injection, followed by a period when the level in

the upper plenum increased above the hot leg during the accumulator injection. This period was
followed by a drop in the collapsed level to approximately [ ]*# below the hot leg at the time of
minimum water inventory before the IRWST injection started.

The water inventory in the power channel (Hgure 3.2-39) had two minima: before the accumulator

injection, and before the IRWST injection. The second minimum was more severe, showing a total I

power channel inventory of approximately [ ]"# of starting inventory) at that time.
The total primary system inventory (power channel, pressurizer, and loops), shown in Rgure 3.2-77,
reaches approximately [ ]*# of starting inventory) for this minimum.

Water Injection / Election

The injected fluid mass from all injection sources is shown in Figure 3.2-78. Egure 3.2-79 shows the

total source inventory and the injected and ejected masses during the event. Starting with a total of

approximately [ ]*# source inventory, only [ ]*# ([ ]*# of available
source water) was used by the end of the event.

_
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Energy Halance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gives a unique possibility of comparing heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations is

given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit

flow rate and the difference in enthalpy of the inlet and exit flows. Since the S00303 test had

two-phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was determined

(Figure 3.2-21) and used to establish the effective enthalpy of the two-phase inlet flow. The outlet

flow from the PRHR HX was always subcooled water. The primary side two-phase heat transfer for
S00303 (shown in Figure 3.2-19) was considerably greater tnan the heat transfer measured for

single-phase flow through the PRHR during the hot preoperational testing (see WCAP-14309,
Final Data Report).* Figure 3.2-18 shows the calculated heat transfer from the PRHR external tube

surface to the water in the IRWST by the three-tube sections of the HX. On the inside, the top part of
the PRHR HX acted as a condenser, where the steam of the two-phase fluid extracted from hot leg-A
was condensed. The top horizontal tube transfers the greatest amount of heat. The condensation

process on the inside effectively heated this tube wall temperature above the boiling point for the
water in the IRWST, resulting in very effective nucleate boiling heat transfer from the outside surface.

The vertical and the bottom horizontal sections of the HX, for the most part, subcooled with a less

effective free convection heat transfer to the IRWST water, and they contributed less to the overall
heat transfer of the PRHR.

Figure 3.2-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal

energy in the IRWST water was calculated based on thermocouples located at various elevations in the

IWRST tank, which were allocated different control volumes to arrive at an effective average

temperature. Due to the severe temperature stratification in the IRWST tank, this technique only
produces good results until the IRWST starts to drain.

For S00303, there was a good correlation between the three heat transfer calculations. Up to
[ ]' 6 *, the PRHR primary-side calculation and the IRWST internal energy calculation were
very close. After [ ]**, the IRWST internal energy appeared to increase significantly due

to the effect of draindown on the thermocouple readings. However, since there is very little energy
being provided by the PRHR after [ ]**, this apparent increase does not reflect an actual

increase in the average water temperature and IRWS'l internal energy. The comparison shown in
Figure 3.2-17 indicates that the PRHR primary-side heat transfer calculation is valid for this test.

Steam Generator Heat Transfer

Figure 3.2-32 shows the heat transfer in the steam generators for S00303. Heat transfer from the

primary to secondary side is significantly reduced after the pumps trip. This is due to reduced flow,
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and decreased heat transfer coefficients in the tubes. Figure 3.2-33 shows die pressures on the primary

side and the secondary side of the steam generators. The pressures show that the steam generators

were available as heat sinks until approximately [ ]"# into the event, at which time the

primary-side pressure dropped below the secondary, and heat transfer ceases. Also shown in Figure

3.2-32 is the PRIIR heat transfer, which removed heat from the system after the steam generators heat

transfer had ended. Figure 3.2-28 shows the water inventory in the steam generators primary side,
which includes inlet and oudet plena and U-tubes. When full, the steam generator inlet and outlet
plena contain approximately [ ]"# of water. When the primary-side pressure dropped below the
secondary-side pressure (approximately [ ]"#), the steam generator's U-tubes are essentially

drained of water and contain trapped steam which becomes more and more r'gerheated as the
primary-side pressure decays.

Overall Energy I alance

Figure 3.2-80 shows the integrated energy of the fluid streams leaving the system. He energy content

of the break flow was greatly reduced when ADS-1 occurred since, although the break flow converted

to steam, the mass flowrate became very low. For ADS-1, ADS-2 and ADS-3 the same happened
when ADS-4 accurred.

Figure 3.2-81 shows all the energy components in the heat balance for the system. Throughout the

event, heated rod bundle power was the dominant heat input to the system, and during the initial part

of the event the steam generators provided the dominant heat extraction. When the primary and

secondary system pressures equalized, and the steam generator U-tubes drained (about
,

[ ]'6#), die steam gerierator became thermally isolated from the primary system and did not
'

affect the rest of the event. Figure 3.2-80 shows the energy loss from the break and the ADS flows as

calculated based on assumptions described in Section 2.0. He average energy loss from the fluids

ejected from the system during the first [ ]"# of the event was approximately

[ ]**, which was reduced to approximately [ ]** from
about [ ]*# to the end of the test.

From approximately [ ]"#, more energy left the system through the break

and ADS flows than was generated by the heater bundle, and die overall energy stored within the

system (fluid and metal mass) decreased to compensate. The average loss of the metal thermal energy

for the first [ ]*# was approximately [ ]"#, which was greater than

the heated rod power for most of this period. After approximately [ ]"# the metal and
fluid energy stabilized in the system, and the rate of the fluid energy leaving the system (primarily via

ADS-4) matched the core input power well. Tids steady-state condition existed for the rest of the l

l
event.

l
!

Figure 3.2-82 shows that the accumulated error in the energy balance increased rapidly from

[ ]"# (during the accumulator discharge into the primary system). This

error was a consequence of the rapid drop in the metal energy seen in Figure 3.2-81, which was

calculated based on fluid temperatures. In reality, the calculated decrease of metal energy occurs at a

uanp60tA1892w-manuB92w.3b.wpf:Ib 061395 3.2-7 |
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slower rate than indicated by the fluid thermocouples due to the large thermal inertia of the heavy. $

walled components. He increasing error and the error peak shown in Figure 3.2-82 at !

[ ']*# are therefore a consequence of taking credit for metal heat too fast during the event,

and this error largely disappeared within the following [- ]*# when the metal temperatures -

catches up with the fluid temperatures. In evaluating the overall error in the accuracy of the energy
balance this peak was disregarded. On this basis the maximum error band for Figure 3.2-82 is

;

approximately -50000/+100000 Btu, which corresponds a maximum error of 10 percent of the total .i
fluid energy ejected from the system. He error at the end of the event is approximately 8 percent of

;
the total ejected fluid energy.

,

i

Other Observations '

,

Pressure Decay -

!

Figure 3.2-3 shows the primary system pressure during the S00303 test. Throughout this event, the -

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system. :

At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line; [
however, within the first [ ]*# (after the initial blowdown phase) this shifted to the power

channel upper plenum. Figure 3.2-2 shows that the temperature of the upper plenum was equal to the i

saturation temperature corresponding to the primary system pressure measured in the upper head '

during the natural circulation phase and into the ADS phase. De pressure stabilized at the saturation
,

pressure for the upper plenum and then continued a slow pressure decay responding to the cooling :

caused by the CMTs injection. Figure 3.2-3 shows an increase in the pressure decay rate occurred at
approximately [ ]*#, when the CMTs transitioned from natural circulation injection to {
draindown injection, which essentially doubled the injection rate of cold water into the DVI. The
higher injection rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in

'
Figure 3.2-2), which was reflected in a more rapid pressure decay. With the actuation of ADS-1 at
approximately [ ]''6#, the pressure dropped rapidly due to the increase rate of mass ejected

from the system (Figure 3.2-68), and the increased flow of cold water being injected into the annular
;

downcomer and flowing through the core. His continued to reduce the power channel inlet plenum
'

temperature, and subcool the heated rod bundle due to the higher flow. Since the power channel ,

outlet plenum became subcooled at approximately [ ]*#, the hottest fluid in the system

was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported by the

flashing of the fluid in one or several of these locations. When the accumulator discharge ended
(approximately [ ]'b#), the lower-plenum temperature increased due to the metal heat, and |

the upper-plenum temperature increased to the saturation temperature and again took control of the

system pressure for the rest of the event. It is noted here that, at the end of the accumulator injection,

a large amount of nitrogen from t% accumulators was injected into the primary system. His injection '

had very little immediate effect on the primary system, but as wi;l be discussed in Section 4.0,

affected the upper plenum the PRHR HX, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately [ ]*#) lowered the system pressure sufficiently

to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high

u:\ap600u 892w-nonu B92w-3b.wpf;1b 061395 3.2-8 !
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to subcool the primary system, ending core boiling and partially collapsing the steam bubble in the
upper plenum and bringing the system to a near atmospheric internal pressure. |

Election Flows )

Figure 3.2-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.2-69,3.2-70, and 3.2-71. The break and ADS-4 flows are i

assumed to consist of saturated water. For ADS-1, ADS-2, and ADS-3,it was assumed that the flow I

consisted of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.2-73) |
was less than [ ]**; and it was assumed that the flow consisted of saturated steam if it was j

greater than [ ]"".

The total mass flow rate leaving the system was reasonably steady for S00303 (as seen in

Figure 3.2-79). Figure 3.2-80 shows that the energy of the fluid ejection was steady, at an average

rate of [ ]'** for the first [ ]"', and then decreased to 125 Btu /sec. for the rest

of the event. The change in energy ejection rate was related to actuation of ADS-4, which caused the

pressurizer to drain, converted the ADS-1, ADS-2, and ADS-3 flow to steam with a low raass flow

rate, ar.d simultaneously started fluid ejection through ADS-4.

|
ADS-1 opened at approximately [ ]* 6 *, followed by ADS-2 and ADS-3 within the next

.

[ ]"' The break flow changed from saturated water to steam; however, due to the low

mass flow rate (Figure 3.2-68), the energy removal by the break flow (Figure 3.2-80) became very

low. The energy leaving the system through ADS-1, ADS-2, and ADS-3 was greater than that through
the break and ADS-4, and it provided an effective means of removing the stored metal energy from

the system (as seen in Figure 3.2-81).

The mass leaving the system via ADS-1, ADS-2, and ADS-3 during the next 1000 seconds was greater

than the break flow, and also the energy loss through the ADS 1-6 exceeded the energy loss by the i

break flow (Figure 3.2-80).

ADS-4 opened at approximately [ ]"*, and the ADS-1, ADS-2, and ADS-3 flows

converted to steam with a very low mass flow rate and energy loss rate. The ADS-4 flow stabilized at

a rate that matched the injection rate from the IRWST (Figure 3.2-79), and the energy removal via

ADS-4 was comparable to the heated rod power (Figure 3.2-81).

Comparison to the Small Break LOCA PIRT Phenomena

Table 1-1 shows the identified and ranked small-break LOCA (SBLOCA) phenomena that are of

importance for the AP600 SB LOCA. SPES-2 test S00303 provides data that will address the

phenomena marked high and medium such that computer code validation using this data will cover the

phenomena of importance for the AP600.

u Aap60ml 892 w- non\l 892 w-3 b.wpf: l t>061395 3.2-9



Examining the blowdown period, the break and ADS flows were measured as well as the decay power
and mixture leve! In the different components. The effects of flashing were inferred from the levels

and the flows in the system as SPES depressurized. The stored energy in the vessel and other

components was calculated as part of the test energy balance. The natural circulation behavior in the

system and CMTs was measured. De pressurizer flow regime was not directly measured, but the !

mixture level in this line was measured. The steam generator heat transfer was calculated from the
measurements, as well as the PRHR heat transfer.

During the natural circulatiar, mriod, the phenomena ranked high and medium were also addressed in

the SPES facility, with N exception of the hot-leg pattem. De particular phenomena is indirectly
addressed in the SPES facility, with the exception of the hot-leg flow pattern. This particular
phenomena is indirectly addressed by the mixture level, which is measured in the hot leg, as well as

the mixture levels, which are measured in the steam generator tubes and plena. As these components

drain, the hot leg remains full. Once these components have drained, the core steaming rate and the

mixture levels measured in the hot leg can be used to infer the flow regime. The break flow, decay

power, vessel, and component mixture levels are all measured. The CMT flow and temperature

behavior and the PRHR heat transfer are also measured. The mixture levels and energy storage in the

components, both metal and fluid, are also measured, as well as the injection flows and pressure drop.

For the ADS period, the ADS flows are measured for all flow paths. He CMT and accumulator
flows and draim behavior are measured, as well as the mixture levels in all components. Again, the
hot-leg flow pm n not directly measured; but it can be inferred by the mixture level, the core
steaming rates, and the ADS-4 behavior.

The IRWST period is the conclusion of the SBLOCA transient. Once stable IRWST injection has

occurred, the transient transitions into long-term cooling. De key phenomena for this period (as
identifled in Table 1-1) include the IRWST injection flow, the hot-leg behavior, the ADS-4 flow rate
(which is now the main vent pidh for the system) and the mixture levels in the simulated reactor

vessel. These phenomena are all captured in the SPES test facility.

De PIRT table indicates the key thermal-hydraulic phenomena that are of importance for

understanding the AP600 SBLOCA. De phenomena identified in this table have been captured in the

SPES-2 experiments such that the data and analysis can be used to assess the performance of the

safety analysis computer codes used to model the AP600 passive safety systems,

u Npta0\l 892 w-naeu s 92 w-3h wpf: l t41395 3.2-10



s t , i ,.

-

_

.

_

I
I P5

-

t v

f n .

oei
sd nn -aEr -

T ._
_

,.
.

_

%

TsSt rWa vt
.

RS .

I

.

.

-

-

v.,
-

4 s
- t
S r
Dta

3 AS -

0
.

3
-

-

0
0 4

S m
.

cT c y -

S At pE
mtT s

rEN F
i

I

S _

N ,

O1 1 s- I - t -2. T S r
3 A Dta .

EI ASRLB A
A V .

.

TS n
S ow

tA o
M TdnMi .

T Cr _

a
N D _E
N

~O
P n
M w .

d oO nd
C Ew

h

t t
rla ut a
SF

ms
r u L -e n

e m e S A Bl

A Bn o lp - -+ r r- -n c y y o oA Be a n w A B
r t tr r

- - a a e a am h e w g g u u z l lr - -i c o o h u uA Bi
t g g le e h h r

m m Tr c d u e e l u
T- T- u u

t Sr pn e l l sd de w Ws: : : t t

o M M c cv o C C C o o l

lo G G e c c
C C S S P C C A A RrE P P P P H l

l I

'
I

-.
-

.

c#)3Y 8g,p&Fg.y5g PYC.
_

' ,)
,. ! ,



e

-

g TEST ANALYSIS STANDARD PLOT PACKAGE
? Figures 3.2-1 Through 3.2-83I
$ Fig. No. Component Variables Units Description
*/
p 3.2-1 Power channel CORE-POW kW Core power

f 3.2-2 Power channel TSAT, TAVTDC, TFOUT *F Core inlet / outlet temperature,
saturation temperature

5 3.2-3 Pressurizer PPZRTOP psia System pressure

3.2-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators

3.2-5 Steam generator TAVGSGA,TAVGSGB *F Average fluid temperature in staam
generators

3.2-6 CMT MCMTA, MCMTB lbm Fluid mass in CMTs
"

3.2-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs

3.2-8 CMT MOUTCMTA, MOUTCMTB, Ibm Integrated mass in/out of CMTs
MINCMTA, MINCMTB

3.2-9 CMT FLOWOUTA, FLOWOUTB Ibm /sec. Measured flow out of CMTs

3.2-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.2-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold

.-

leg-CMT balance lines

3.2-12 CluT U1DT-A, UTOT-B Btu Fluid energy in CMTs

3.2-13 IRWST/PRHR MIRWST Ibm Mass of fluid in IRWST

. _ _ . . _ - - _ - _ - _ _ _ _ - _ _ - - _ - - _ .- _____-_ _ . - _ _ _ - _ _ _ _ - - _ _ _ - _ _ - - _ - - - _ . _ _ . . - _ _ _ _ _ _ _ -
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j TEST ANALYSIS STANDARD PLOT PACKAGE
f

E
Figures 3.21 Through 3.2-83 (Cont.)

{ Fig. No. Component Variables Units Description

h 3.2-14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST

f 3.2-15 IRWST/PRHR FIRWST lbm/sec. Measured discharge flow from IRWSTT
8 3.2-16 IRWST/PRIIR MOUTDVIA, Ibm Integrated mass out DVI lines
s MOUTDVIB

3.2-17 IRWST/PRHR INT-QCAL, INT.- Bru Comparison of energy transfer from PRHR
QTUB, U-UO tubes to IRWST

3.2-18 IRWST/PRHR Q-HOR-1, Q-VERT, Btu /sec. Breakdown of heat transfer from different
Q-HOR-2, QTUBEXT sections of PRHR tube

h 3.2-19 IRWST/PRIIR Q-CALIM Bru/sec. PRHR/IRWST heat transfer calculated on tubeC side

3.2-20 IRWST/PRHR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube

3.2-21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction

3.2-22 Accumulator MACCA, MACCB Ihm Mass of fluid in accumulators

3.2-23 Accumulator LACCA,LACCB fL Collapsed liquid level in accumulators

3.2-24 Accumulator MEASFLWA, Ibm /sec. Measured flow from acctunulators
MEASFLWB

3.2-25 Accumulator MOUTACCA, Ibm Integrated mass out of accumulators
MOUTACCB

3.2-26 Accumulator U-TOT-A, U ~IDT-B Btu Energy of fluid in accumulators

.. .. . .. .. .. . . . .
. . . . . . . .. . . .
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j TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.2-1 Through 3.2-83 (Cont.)
8

Fig. No. Component Variables Units Description
t

p 3.2-27 Accumulator AIRMASSA, Ibm Mass of air exiting accumulators
g AIRMASSB
a
7 3.2-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in steam generators - primaryg
= side
8

3.2-29 Steam generator LSGAll, LSGAC, ft. Collapsed liquid levels in steam generators -
LSGBil, LSGBC primary side - hot and cold sides of U-tubes

3.2-30 Steam generator MSG All, MSGAC, Ibm Mass of fluid in steam generators - primary
MSGBil, MSBGC side - hot and cold sides of U-tubes

1d 3.2-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -
$ secondary side
A

3.2-32 Steam generator Q-TRNF-A, Q-TRNF-B, Btu /sec. lleat transfer in steam generators heat transfer
Q-CALIM in PRilR

3.2-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressum in steam
PREF-A, PREF-B generators

3.2-34 Pressurizer MPZR Ibm Fluid mass in pressurizer

3.2-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer

3.2-36 Pressurizer MSL lbm Fluid mass in surge line

3.2-37 Pressurizer LSL fL Collapsed liquid level in surge line

3.2-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.2-39 Power channel MPCHN Ibm Total fluid mass in power channel

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ - _ _ _ . . _ _ _ _ _ _ _ _ _ __ _ ________._____ __ _ _____ __
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j TEST ANALYSIS STANDARD PLOT PACKAGE
|, Figures 3.2-1 Through 3.2-83 (Cont.)
a

Fig. No. Component Variables Units Description

h 3.2-40 Power channel L2 PHASE, LDVI, LHL, ft. Two-phase liquid level in power channel vs.
g LCL DV1, bot-leg, and cold-leg elevations

3.2-41 Power channel MANDC lbm Fluid mass in annular downcomer

s 3.2-42 Power channel LANDC, LDV1, LIIL, ft. Collapsed liquid level in annular downcomer
LCL vs. DVI, hot-leg, and cold-leg elevations

3.2-43 Power channel hfiDC lbm Fluid mass in tubular downcomer

3.2-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel

F levels
Y
G 3.2-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.2-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.2-47 Power channel MCORE lbm Fluid mass in core region

3.2-48 Power channel LCORE ft. Collapsed liquid level in core

3.2-49 Power channel MFOlJT lbm Fluid mass in core outlet region

3.2-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.2-51 Power channel MUPPL Ibm Fluid mass in the lower portion of the upper
plenum

3.2-52 Power channel LUPPL ft. Collapsed liquid level in the loutr portion of
the upper plenum

_ - _ - _ - - - _ _ - - _ _ - _ - - - _ - - _ _ _ _ _ - _ _ _ _ - - _ _ - - - - - - - - _ _ - - _ - _ - - - _ _ _ _ _ _ _ - - _ _ _ - _ _ _ - _ - _ _ - - _ _ _ _ - _ _ _ - - - - _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ - _
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j TEST ANALYSIS STANDARD PLOT PACKAGEj Figures 3.2-1 Through 3.2-83 (Cont.)
O

Fig. No. Component Variables UnN Description
h
p 3.2-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
g plenum
a

{ 3.2-54 Power (t :;;k.d LUPPU ft. Collapsed liquid level in the upper portion of
a the upper plenum
&

3.2-55 Power channel MiiEAD lbm Fluid mass in the upper head

3.2-56 Power channel LHEAD ft. Collapsed liquid level in the upper head

3.2-57 Power channel UPC Btu Total fluid energy in power channel

3.2-58 Power channel Q-FLUX Btu /sec.-ft.2 Average heat flux on the heated rodsw
k)
g 3.2-59 Power channel STM-RATE lbm/sec. Core steam generation rate

3.2-60 Power channel FLOWCOR Ibm /sec. Calculated core flow

3.2-61 Power channel VOIDOUT Void fraction at core exit

3.2-62 Power channel BIAX, TSAT, 'F Maximum clad temperature, saturation
RfAX-TSAT temperature and delta

3.2-63 liot leg MiiLA, MIILB lbm Fluid mass in hot legs

3.2-61 Ilot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs

3.2-65 Cold leg MCLA MCLB lbm Fluid mass in cold legs
i3.2-66 Cold leg LCLAl, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A '

3.2-67 Cold leg LCLBI, LCLB2, LPSB ft. Collapsed liquid levels in cold leg-B

. _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ - - . - . _ . - _ _ _ _ _ _ _ _ _ _ _ - . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _
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g TEST ANALYSIS STANDARD PLOT PACKAGE
?

d
Figures 3.2-1 Through 3.2-83 (Cont )'

Fig. No. Component Variables Units Description

h 3.2-68 Total system mass MADSI-3, MADS 4, Ibm Catch tank mass for ADS-1, ADS-2, ADS-3,
g BRKMASS ADS-4, and break

3.2-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1. ADS-2 ADS-3

5 3.2-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4

3.2-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.2-72 Total system energy UADS123, UADS4, Btu Integrated fluid energy for ADS-1, ADS-2 ADS-3,
UBREAK ADS-4, and the break

3.2-73 Total system energy VOID Calculated void fraction for ADS-1. ADS-2, andu

is ADS-3
'3

3.2-74 Total system mass MTOTAL, MTOTD Ibm Total system fluid mass vs. initial fluid mass

3.2-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and
calculated flows)

3.2-76 Total system mass ERRLOP1 lbm Error in the mass balance (using fluid inventory)

3.2-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and loops vs.
initial fluid mass

3.2-78 Total system mass MACOUT, MCMOUT, Ibm Total integrated mass discharged from accumulators,
MIROUT CMTs, and IRWST

3.2-79 Total system mass MSOURCE, MSINK, Ibm Total source inventory, total mass ejected from
MSOURIN primary system, and total mass injected to primary

system

3.2-80 Total system energy UADS123, UBREAK, Btu Integrated fluid energy exiting via ADS-1, ADS-2,
UADS4, UCATCH ADS-3, ADS-4, and the break, and the sum

. _ _ _ _ - _ - - - . _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ . - _ _ - _ _ _ _ . _ ___ ____ . --_ . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - - - _ - _ .
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b
g TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.2-1 Through 3.2-83 (Cont.)
a

Fig. No. Component Variables Units Description

h 3.2-81 Total system energy USURR,UCATCH, Btu Overall energy balance including integrated rod
g UQIN, UFLD-UO. power, steam generator power, and heat loss to the
u. UhfIL-UO USG surroundings, energy exiting via ADS and break,
h energy input via nmsafety systems, and change in

'. E primary system fluid and metal energy relative to"

start of test

3.2-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance relative to initial
fluid and metal energy

3.2-83 System pressure -- psia Test event phases and system pressure

5'
t.4

00

. _ _ . _ ._ __ _. _ _ _ _ _ _ . _ __ . _ . . - _ _ ,. , . . _ _ _ _. . ._ __ _
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3.3 Analysis of the Two-Inch Cold-Leg Break without Nonsafety Systems (S01703)-Repeat of
S00303

Matrix test S01703 was performed to determine the repeatability of the SPES-2 system responses for
identical events in the SPES-2 facility by performing a repeat of test S00303. Test S00303 was the
first matrix test to be peiformed, and test S01703 was the last in the series of tests.

Matrix test S01703 simulated a 2-in. break in the bottom of cold leg-B2. The event began with the

initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line

connection. The break location was on the power channel side of the cold leg from the core makeup

tank (CMT) balance line connection. This test was performed without any nonsafety systems' pumps
operating. That is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator stanup feedwater (SFW) pumps, and normal residual heat removal system
(NRiiR) pumps.

3.3.1 Summary of Test Observations

Since this was a repeat of a test which was described in Section 3.2, only notable differences in the
system response and behavior are discussed for S01703.

When comparing the test data from test S01703 with test S00303, there are few notable differences.

Most of those which are apparent can be explained as minor differences in initial conditions for the

test and as a difference in the amount of mass discharged from the break.

Figure 3.3-83 shows the plant primary system pressure during S01703 test (as measured at the top of
the pressurizer), with selected component actuations and plant responses shown in relation to the

primary system pressure. Comparison of Figure 3.3-83 with Figure 3.2-83 shows that the primary
system pressure for the two tests are essentially identical.

The two tests are near identical in terms of absolute pressure and timing of the system responses. A

slightly earlier reactor coolant pump (RCP) trip for S01703 caused a slight shift in the pressure

recovery that followed the pump trip. For the start of the pressure decay phase (PDP), the pressure
and the pressure oscillations were essentially identical for the two events.

During the first pan of the ADS phase, the S01703 test maintained a slightly higher temperature for
the upper plenum than S00303, which caused the system pressure for S01703 to be slightly higher.

The temperature in the lower plenum was approximately [ ]*# cooler for test S01703 than for
S00303 during and after the accumulator injection. 'Ihis was apparently due to a [ ]'** lower
water temperature for the accumulators in test S01703. The accumulator injection ended at nearly
identical times for both tests. ADS-4 occurred approximately [ ]'6* later for S01703, and

the subcooling effect of the IRWST injection flow on the upper-plenum temperature occurred

[ ]'** later than for test S00303.

u nap 60ml S 92-nonU 892 w- 3c.non : l b.061595 3.3-1



The annular downcomer drained approximately [ ]*6* later for test S01703 than S00303, and

the refill was started at identical times. The minimum level in the tubular downcomer during the
IRWSTinjection phase reached [ ]*# for S01703, and [

]"' for S00303. The minimum collapsed levels in the heater bundle after the accumulator

injection were essentially identical (core void fraction calculated to be [ ]*6* for test S00303
and [ ]"' for test S03.703). For each test, the minimum level in the tubular downcomer and

the maximum void fraction in the heater bundle occurred at the same time. For S01703, the minimum
level occurred approximately [ ]"# later than for S00303.

3.3.2 Analysis of the S01703 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all pans of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the test. It is noted that the mass balance

and the energy transfer calculations are performed in much greater detail than was performed in

WCAP-14304, Final Data Report.m The results of the test data analysis are presented in

Figures 3.3-1 through 3.3-82. Since this test is a repeat of S00303, and the test results are very
similar, the discussion of the test data analysis presented in the figures will point out differences

between S01703 and S00303 analysis results. Mass balance snapshots for all the major primary
system components, at various points of interest throughout the transient, are presented in Table 3.3-1.

Mass Halance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total

water inventory is tracked from the start until the end of the test. Figures 3.3-74, 3.3-75, and 3.3-76 ;

show the overall mass balance and the error (uncenainty)in mass balance for S01703. |

The overall mass balance for S01703 in Figure 3.3-74 shows a small variation of water inventory

during the test, resulting from the overall uncertainty in the instrumentation and the assumptions of the

mass balance model used to determine the total water inventory. The average total inventory during

the test was indicated to be approximately the same as the initial system mass, and a final mass was

indicated to be approximately 15 lbm above the initial mass. Figure 3.3-75 shows the difference

between the total mass during the test and the initial mass (mass balance error) when the inventory
was calculated by integrating the flows. The mass balance error based on flow measurements

(Figure 3.3-75) varied from +50 lbm to -100 lbm, while the final error was -40 lbm. The mass

balance error based on the weight and level measurements (Figure 3.3-76) resulted in an oncertainty
band of +40 lbm to -60 lbm, and a final error of +10 lbm.

_
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Water Inventory for the Power Channel and the Imon

Maintenance of the coolant coverage of the heater bundle is the most criticalissue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of

two-phase fluid, which can have a very high void fraction. Figure 3.3-40 shows the true level of

two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).

Since this represents the true two-phase level, it will be different than the collapsed liquid level in the
heater bundle.

For S01703, the two-phase level in the upper plenum responded essentially identical to S00303. The
minimum level decreased to approximately [ ]"# below the hot-leg elevation at [ ]"#.
This occurred at the time of minimum power channel water inventory, before the IRWST injection

started (at [ ]*#) to refill the power channel. '

The level on the cold side of the power channel is shown in Figures 3.3-42 (annular downcomer) and

3.3-44 (tubular downcomer). The annular downcomer was full until approximately [ ]' 6 * ;

into the test. At that time, the level starts to decrease, but it is maintained above the elevation of the

hot leg until after the end of the accumulator injection (approximately [ ]*#).

The water inventory in the power channel (Figure 3.3-39) had two minima; before the accumulator

injection, and before the IRWST injection. The second minimum was more severe showing a total

power channel inventory of approximately [ ]*# of starting inventory) at that time.
The total primary system inventory (power channel, pressurizer and loops), shown in Figure 3.3-77,

reaches approximately [ ]"# of starting inventory) for this minimum.
'

Water Iniection/Eiection

The injected fluid mass from all injection sources is shown in Figure 3.3-78. Figure 3.3-79 shows the

total source inventory and the injected and ejected masses during the test. Starting with a total of

approximately [ ]*# source inventory, only approximately [ ]*# of )
available source water) was used by the end of the test, l

l

!

Energy Balance
!

PRHR Heat Transfer

Figure 3.3-18 shows the calculated heat transfer from the PRHR external tube surface to the water in

the IRWST by the three tube section of the heat exchanger. The top part of the PRHR heat exchanger

performed as a condenser, where the steam of the two-phase fluid extracted from hot leg-A was

condensed. The top horizontal tube transfers the greatest amount of heat. The condensation process

on the inside effectively heated this tube wall temperature above the boiling point for the water in the

IRWST, resulting in very effective nucleate boiling heat transfer from the outside surface. The vertical

and the bottom horizontal sections of the heat exchanger for the most part subcooled the fluid with a

u Aap60(N 892-noe\l 892 w.3caon:I b-061595 3.3-3



less effective free convection heat transfer to the IRWST water, and contributed less to the overall heat

transfer of the PRHR.

Comparing the results of the heat transfer calculated for the tube outside surface between S00303 and

S01703, shows an approximately [ ]** higher value for S01703. There are two differences

in the test data for the two tests. The measured tube temperature for S01703 is significantly higher

than for S00303, and the starting temperature for the IRWST water was significantly lower. Elis
apparent increased thermal gradient may be part of the reason for the higher calculated heat transfer.

However, since the PRIIR calculated heat transfer compared closely with the internal energy increase
in the IRWST, these values are believed correct. Die heat transfer calculated for the outside tube

surface is in error, probably due to a problem with the thermocouple reading for the tube external
surfaces.

Steam Generator Heat Transfer

Figure 3.3-32 shows the heat transfer in the steam generators for S01703, and Figuie 3.3-33 shows the

pres.sures on the primary side and the secondary side of the steam generators. Also shown in

Figure 3.3-32 is the PRHR heat transfer which removed heat from the system after the steam
generators heat transfer had ended.

Overall Enercy Balance

Figure 3.3-81 shows all the components in the energy balance for the system. These are essentially
identical to those calculated for S00303.

Figure 3.3-82 shows the accumulated energy balance error during the S01703 event, which is
essentially identical to that calculated for S00303.

Other Observations

Pressure Decay

Figure 3.3-3 shows the primary system pressure during the S01703 test, which was essentially identical
to the pressure during S00303.

Election Flows

Figure 3.3-68 shows the individual mass flows leaving the system via the break and the ADS. The

most significant difference between S01703 and S00303 was the mass loss through the break. For
S01703, the mass loss was approximately [ ]** (at [ ]**), as compared with
800 lbm for S00303. The ADS fluid losses were similar for the two tests.

a:\ap600\l892-noe\1892w-3c.non;1b 061595 3.3-4
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f TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 33-1 Through 33-83
5
4 Fig. No. Component Variables Units Description
8

-

g 33-1 Power channel CORE-POW kW Core power

h 33-2 Power channel TSAT, TAVTDC, 'ITOUT T Core inlet / outlet temperature,
"g saturation temperature

j 33-3 Pressurizer PPZRTOP psia System pressure

5 33-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators

33-5 Steam generator TAVGSGA, TAVGSGB 'F Average fluid temperature in steam generators

33-6 CMT MCMTA, MCMTB lbm Fluid mass in CMTs

33-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs

33-8 CMT MOLTIGITA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs
* MINCMTB

33-9 CMT FLOWOLTTA, FLOWOUTB lbm/sec- Measured flow out of CMTs

33-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

33-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3 3-12 CMT UTOT-A UTOT-B Btu Fluid energy in CMTs

3 3-13 IRWST/PRIIR MIRWST lbm Mass of fluid in IRWST

3 3-14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST

3 3-15 IRWST/PRIIR FIRWST Ibm /sec. Measured discharge flow from IRWST |



- _ _ .
--_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _

=
#

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.3-1 Through 33-83 (Cont.)

5
g Fig. No. Component Variables Units Description

33-16 IRWST/PRilR MOUTDVIA, MOUTDVIB Ibm Integrated mass out of DVIlines
b 33-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR
h tubes to IRWSTaj 3 3-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Bru/sec. Breakdown of heat tmnsfer from different
t;; QTUBEXT sections of PRHR tube&

3 3-19 IRWST/PRHR Q-CALIM Btu /sec. PRHR/IRWST heat transfer calculated on tube
side

-

33-20 IRWST/PRHR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube
-

33-21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction

!.e 33-22 Accumulator MACCA, MACCB Ibm Mass of fluid in accumulators

3 3-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3 3-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.3-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

33-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

33-27 Accumulator AIRMASSA, AIRMASSB Ibm Mass of air exiting accumulators

3.3-28 Steam genemtor MSGAP, SGBP lbm Mass of fluid in steam generators - primary
side

3.3-29 Steam generator LSGAH, LSGAC, LSGBil, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

I

__ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _



e

{ TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 33-1 Through 3.3-83 (Cont.)

Fig. No. Component Variables Units Description
!
$ 33-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC Ibm Mass of fluid in steam generators - primary
V side - hot and cold sides of U-tubes
?
g 3.3-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -
p secondary side
8
a 33-32 Steam generator Q-TRNF-A, Q 'IRNF-B, Blu/sec. Heat transfer in steam generatorsS Q-CALIM heat transfer in PRHR

3 3-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3 3-34 Pressurizer MPZR Ibm Fluid mass in pressurizer

33-35 Pressurizer LPZR fL Collapsed liquid level in pressurizerla
y 33-36 Pressurizer MSL Ibm Fluid mass in surge line

33-37 Pressurizer LSL ft. Collapsed liquid level in surge line

33-38 Pressurizer UPZR Btu Fluid energy in pressurizer

33-39 Power channel MPCHN Ibm Total fluid mass in power channel

33-40 Power channel L2 PHASE, LDVI, LHL, LCL ft. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

33-41 Power channel MANDC lbm Fluid mass in annular downcomer

33-42 Power channel LANDC, LDVI, LHL, LCL ft. Collapsed liquid level in annular dowmcomer
vs. DVI, hot-leg, and cold-leg elevations

_ _ _ - - - . _ _ _ - _ . - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - _ _ _.
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f TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.3-1 Through 33-83 (Cont.)
3
g, Fig. No. Component Variables Units Description

'

8-
33-43 Power channel h1TDC lbm Fluid mass in tubular downcomer

g
7
p 3 3-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
g vs. top of active fuel and bottom of active fuel
p levels
9
g 33-45 Power channel h1LOWP Ibm Fluid mass in lower plenum
v.

33-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

33-47 Power channel h1 CORE lbm Fluid mass in core region

33-48 Power channel LCORE ft. Collapsed liquid level in core

33-49 Power channel h1FOUT lbm Fluid mass in core outlet region

33-50 Power channel LFOUT ft Collapsed liquid level in core outlet regione
33-51 Power channel h1UPPL lbm Fluid mass in the lower portion of the upper

plenum

33-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3 3-53 Power channel h1UPPU Ibm Fluid mass in the upper portion of the upper
plenum

3 3-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

33-55 Power channel h1 HEAD lbm Fluid mass in the upper head

33-56 Power channel LHEAD ft. Collapsed liquid level in the upper head

_ _ _ - _ - - _ _ _ _ - _ __ __
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 33-1 Through 33-83 (Cont.)

f Fig. No. Component Variables Units
8-

Description

g 33-57 Power channel UFC Btu Total fluid energy in postr channel

h 3.3-58 Power channel Q-FLUX Btu /sec.-ft 2I Average heat flux on the heated rods
1 a

! 3 3-59 Power channel SB1-RATE lbm/sec. Core steam generation ratev
E 3 3-60 Power channel FLOWCOR Ibm /sec. Calculated core flow3
"

33-61 Power channel VOIDOUT Void fraction at core exit

3 3-62 Power channel BIAX, TSAT, TMAX-TS AT *F Maximum clad temperature, saturation
temperature and delta

3 3-63 Ilot leg MIILA, MIILB lbm Fluid mass in hot legs

,w 3 3-64 Ilot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs'f'
5 33-65 Cold leg MCLA, MCLB lbm Fluid mass in cold legs

3 3-66 Cold leg LCLAI, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A

3 3-67 Cold leg LCLBI, LCLB2, LPSB ft. Collapsed liquid levels in cold leg-B

33-68 Total system mass MADSI-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

3 3-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1, ADS-2, and
ADS-3

33-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4
|33-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.3-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1 ADS-2,
ADS-3, ADS-4, and the break

- - - -

_ _ _ .



n

{ TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.3-1 Through 3.3-83 (Cont.)
5
,:, Fig. No. Component Variables Units Description
8
-

5 3 3-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
y and ADS-3

I 3 3-74 Total systen mass M1DTAL,MTOTU lbm Total system fluid mass vs. initial fluid massa

F 33-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and
@ calculated flows)
* 33-76 Total system mass ERRLOP1 lbm Error in the mass balance (using fluid

inventory)

33-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and loops
vs. initial fluid mass

3 3-78 Total system mass MACOUT, MCMOlJT, MIROUT Ibm Total integrated mass discharged from
accumulators, CMTs, and IRWST

$ 3.3-79 Total system mass MSOURCE, MSINK, MSOURIN lbm Total source inventory, total mass ejected from
-

primary system, and total mass injected to
primary system

33-80 Total system energy UADS123, UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

33-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

33-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3 3-83 System pressure - psia Test event phases and system pressure

_ _ _ _ _ _ - _ - _ _ ____-____-_______________ -_ ____-. ___ __. . _ _ _ .
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3.4 Analysis of the Two Inch Cold-Leg Break with Nonsafety Systems (S00504) !

Dis matrix test simulated a 2-in. break in the bottom of cold leg-B2. The event began with the
initiadon of the break in cold leg B2, which is the cold leg with the CMT-B pressure balance line

connection. The break location was on the power <hannel side of the cold leg from the core makeup
tank (CMT) balance line connection. This test was performed with nonsafety systems' pumps !

operating. Eat is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system i

(NRHR) pumps.

i

3.4.1 Summary of Test Observations

i
Figure 3.4-83 shows plant primary system pressure as measured at the top of the pressurizer during the

|

S005M test, with selected component actuations and plant responses shown in relation to primary

system pressure. Companson of system pressure versus time for S00504 (Figure 3.4-83) with S00303

(Figure 3.2-83) shows a high degree of similarity. The main differences in the system response are the
following:

ADS-1 occurred [ ]'6# lamr*

ADS-4 never occurred for S005M !
.

The IDP began with the initiation of the break, which caused the pressurizer to drain. This resulted in
a rapid reduction in pressure. The reactor trip (R) signal initiated at [ ]'*#, and the safety
systems actuation (S) signal initiated at [ ]'*#. The R and the S signals initiated the following
actions:

.

Decay heat simulation (with heat loss compensation) initiated..

Re main steam line isolation valves (MSLIVs) closed.*
;

The main feedwater isolation valve (MFWIV) shut off.*

The CMT injection valves opened.*

The passive residual heat removal (PRHR) return flow valve opened.=

The reactor coolant pumps (RCPs) shut down.*

De recirculation flow through the CMTs and PRHR flow began immediately after the isolation valve

opened. Boiling in the heated rod bundle was initiated by the reduction of the system pressure to the

saturation point. The upper plenum flashed while the fluid level dropped down to the hot-leg

elevation. The flashing on the hot-leg side of the heater bundle stopped the rapid drop in primary

system pressure. When the RCPs shut down (at 85 seconds), the flow through the rod bundle began
to oscillate (approximately [ l'*# oscillation period). 'Ihis resulted in oscillations in the rod

bundle and upper-plenum void fraction, upper-plenum temperature, and system pressure.

During the initial stages of the pressure decay phase (PDP), the heater bundle void fraction increased.

This resulted in an increasing void fraction in the upper plenum and the hot legs. Hot leg-B fluid had
,

u Aap600\l 892-mon \1892 w-3d.non:I b061295 3.4-1
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a void fraction very close to that observed at the outlet of the rod bundle. The void fraction in hot

leg-A was much lower due to the selective removal of vapor from the hot leg by the PRHR inlet line.

As a result of the two-phase flow in the hot legs, steam from the two-phase mixture collected in the

top of the U-tubes, thereby initiating draining of the steam generator U-tubes. His stopped the natural
circulation flow through the primary system. The void fraction oscillations observed through the

heater bundle and in the upper plenum terminated when the flow through the steam generator U-tubes I

ended. He natural circulation flow through the steam generators stopped approximately

[ ]"# into the event.

Two-phase flow through the PRHR, consisting of alternating slugs of steam and saturated water, had

an average integrated void fraction significantly greater than seen in the upper plenum. Due to j
boiling in the rod bundle, two-phase flow entered the hot leg from the upper plenum and flowed

through the PRHR heat exchanger (HX) located in the in-containment residual water storage tank

(IRWST). De average void fraction in the PRHR inlet was as high as [ ]'A* which,

enhanced the PRHR heat rejection from the primary system when compared with the single-phase

saturated or subcooled water due to the level of condensation. When the flow stabilized after the
initial flow oscillations, a heat removal rate of [ ]'** was calculated. His calculation was
based on the void fraction of the flow in the PRHR supply line, the flow rate, the PRHR inlet and

outlet temperatures, and the pressure. His calculation assumes a slip coefficient of I between water
and steam and may give slightly lower values than the actual heat transfer. It should, therefore, be

used for test-to-test comparison only.

When the B-side cold legs drained to the cold-leg nozzle elevation, the CMTs converted from the

recirculation mode to the draindown mode ofinjection. This increased the cold injection flow and the
rate of system pressure decay. This occurred at approximately [ ]'** for CMT-B and
[ ]'** for CMT-A. When system pressure dropped to saturation pressure for the upper
head, the upper head began to drain (at [ ]'**) .

During the first [ ]'** of this test (until ADS-1), [ ]'** of water were expelled
through the break, while draining the following: the pressurizer, the steam generator U-tubes, the

power channel upper head, the power channel upper plenum above the hot leg, most of the cold legs,
and approximately [ ]"' of the CMTs. The heated rods in the power channel that simulate
the core decay heat reduced the power level to approximately [ ]' b '. This value consisted of
[ ]"# decay heat and [ ]'** heat loss compensation. The break flow was steady,
indicating that cold leg-B2 was not totally empty.

The automatic depressurization system (ADS) phase began with the actuation of ADS-1 (at

[ ]*'). ADS-2 and ADS-3 occurred within the next [ ]"#. He heat loss
compensation was terminated from the decay heat simulation when ADS-1 occurred and the rod

bundle power level was reduced to approximately [ ]"'

u Asp 600\l 892-non\l 892w-3d.non:l t41295 3.4-2
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The ADS actuation increased the rate of primary system depressurization and resulted in a ingh level

of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators ([
]'6') subcooled the whole primary system, temporarily refilling the power channel

upper plenum and filling the pressurizer for the rest of the event. Significant boiling was not detected

in the heater bundle for the rest of the event. The upper plenum reached saturation temperature, and
the level dropped to the hot-leg elevation until the NRHR flow subcooled the heater bundle and the

upper plenum (thereby refilling the upper plenum) for the rest of the event.
I
1

The liquid discharge through the break was replaced temporarily by saturated steam at approximately
[ ]**'. However, a steady liquid break flow supplied by the NRHR restarted at |
[ ]'6#. He PRHR flow stopped approximately [ ]'6"into the event. During
the ADS phase, approximately [ ]'6# of subcooled water were discharged from ADS-1,

ADS-2, and ADS-3. This water was supplied primarily by the accumulator discharge and the
continuing NRHR flow.

,

Subcooled water was then flowing steadily from the NRHR into the direct vessel injection (DVl) line
and left the primary system through ADS-1, ADS-2, and ADS-3 and the break.

Since the CMTs never drained to the level needed for ADS-4 actuation, ADS-4 never occurred in

S005M.

3.4.2 Analysis of the S00504 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. It is noted that the mass balance

and the energy transfer calculations are performed in much greater detail than was performed in

WCAP-14309, Final Data Report.* The results of the test data analysis are presented in

Figures 3.4-1 through 3.4-82. Mass balance snapshots for all the major primary system components,
at various points of interest throughout the transient, are presented in Table 3.4-1.

Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start until the end of the test. Figures 3.4-74, 3.4-75, and 3.4-76

show the overall mass balance and the error (uncertainty) in mass balance for S00504

The overall mass balance for S005M (Figure 3.4-74) shows a small variation of water inventory

during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of

the mass balance model used to determine the total water inventory. The average total inventory

a :\ap600\l 892-noo (1892 w-M oon:I b-061295 3.4-3 ;
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during the test (Figure 3.4-74) increased by [ ]'6# by the end of test due to CVCS and NRHR
minjection. De total mass injected by CVCS and NRHR was [ ]*# (Final Data Report ) and,

thereafter, the final mass was indicated to be [ ]'6# below the initial mass. Figure 3.4-75 shows

the difference between the total mass during the event and the initial mass (mass balance error) when

the inventory was calculated by integrating the flows. Figure 3.4-76 shows the mass balance error

when inventory was calculated based on the catch tank weight and component level measurements.

The mass balance error based en flow measurements varied from 0 to -120 lbm, while the weight and

level measurements resulted in an average error varying approximately from 10 to -100 lbm during the
event, and a final error of -70 lbm at the end of the event.

Water Inventory for the Power Channel and the Loon

Maintenance of coolant coverage of the heater bundle was the most critical issue for the power

channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of

two-phase fluid, which can have a very high void fraction. Figure 3.4-40 shows the true level of two-

phase fluid in the power channel as measured from the elevation of the top of the core (TAF). Since
this represents the true two-phase level, it will be different than the collapsed liquid level in the heater

bundle.

For S00504, the two-phase level in the upper plenum decreased to the hot-leg elevation, and remained

at this elevation for most of the event. The accumulator injection [ ]"# partially j
condensed the steam bubble in the upper plenum causing the level to rise. Following the end of the 1

accumulator injection, the two-phase level again decreased to the hot-leg elevation. His occurred at

the time of minimum power channel-water inventory (approximately [ ]'6#), before the

NRHR injection started to refill the power channel. The NRHR injection also panially condensed the

steam bubble in the upper plenum causing the two-phase level to rise above the hot-leg elevation.

The level on the cold side of the power channel is shown in Figures 3.4-42 (annular downcomer) and

3.4-44 (tubular downcomer). The annular downcomer was full until approximately [ ]*#
into the event. At that time, the level started to decrease and reached a minimum level in the annular

downcomer at approximately [ ]"#. His corresponded to the time of the second
minimum for water inventory in the power channel shown in Figure 3.4-39. Figure 3.4-62 shows the
maximum cladding temperature during the event and compares this temperature with the saturation

temperature. There was no indication of loss of cooling for the heater rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.4-48) and the rod bundle exit void fraction
(Figure 3.4-61) show that the rod bundle was water solid before the break was initiated. The rod

bundle exit void fraction was determined from DP-014P, which covers the span from rod bundle near

the top of the active fuel (TAF) elevation to the lower part of the upper plenum. Two-phase flow with

approximately [ ]"# average void fraction existed in the rod bundle prior to the accumulator

injection. During the accumulator injection and later until the end of the test, the rod bundle became

essentially water solid.
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he collapsed level in the upper plenum (Figures 3.4-52 and 3.4-54) decreased to approximately

[ ]'6# below the hot leg before the accumulator injection, followed by a period when the level in

the upper plenum increased above the hot leg during the accumulator injection. His period was
followed by a drop in the collapsed level to approximately the hot-leg elevation at the time of
minimum water inventory before the NRHR injection flow filled the upper plenum.

He water inventory in the power channel (Figure 3.4-39) had two minima; before the accumulator
injection, and after accumulator injection before the increasing IRWST injection started to fill the

power channel. De first minimum was more severe showing a total power channel inventory of
approximately [ ]'6# ([ ]'6# of starting inventory) at that time. De total primary
system inventory (power channel, pressurizer, and loops), shown in Figure 3.4-77, reached

approximately [ ]'6#([ ]'6# of starting inventory) for this minimum.

Water Injection /Eiection

The injected fluid mass from all injection sources is shown in Figure 3.4-78. Figure 3.4-79 shows the

total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately [ f # source inventory, only [ ]'6#([ ]'6# of available source
water, CVCS and NRHR uot included) was used by the end of the event.

Energy Balance

PRHR Heat Transfer

he heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer

on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX

into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations are

given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit

flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S005M test had two-

phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was determined (Figure

3.4-21) and used to establish the effective enthalpy of the two-phase inlet flow. De outlet flow from
the PRHR HX was always subcooled water. De primary-side two-phase heat transfer for S005M

(shown in Figure 3.4-19) was considerably greater than the heat transfer measured for single-phase

flow through the PRHR during the hot pre-operational testing (see WCAP-14309, Final Data
Report)*. Figure 3.4-18 shows the calculated heat transfer from the PRHR external tube surface to

the water in the IRWST by the three-tube section of the HX. The top part of the PRHR HX acted as

a condenser, where the steam of the two-phase fluid extracted from hot leg-A was condensed. He top

horizontal tube transfers the greatest amount of heat. He condensation process on the inside

effectively heated this tube wall temperature above the boiling point for the water in the IRWST,

resulting in very effective nucleate boiling heat transfer from the outside surface. De vertical and the

bottom horizontal sections of the HX, for the most part, remained subcooled with a less effective free
convection heat transfer to the IRWST water and contributed, therefore, far less to the overall heat

transfer of the PRHR.
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Figure 3.4-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal energy
in the IRWST water was calculated based on thermocouples located at various elevations in the

IRWST tank, which were allocated different control volumes to arrive at an effective average
temperature.

For S00504 there was good correlation between the three heat transfer calculations. Up to

[ ]'6* the PRHR primary-side calculation and the IRWST internal energy calculation are
very close. After [ ]'*, the IRWST internal energy appeared to decrease slightly due to

the effect of temperature decrease at the top of the IRWST tank after the PRHR flow stopped at

[ ]'* (temperature stratification decreased). The small increase in the PRHR primary-side
calculation after PRHR flow stops ([ ]'**) was related to the nonzero average PRHR flow

rate signal due to its restriction below zero. The comparison shown in Figure 3.4-17 indicates that the
three energy calculrions are consistent and must be valid.

Steam Generator Heat Transfer

Figure 3.4-32 shows the heat transfer in the steam generators for S00504, and Figure 3.4-33 shows the

pressures on the primary side and the secondary side of the steam generators. Heat transfer was

sharply reduced after the pumps were tripped due to the reduction of flow in the tubes. The pressures

show that the steam generators were available as heat sinks until approximately [ ]'* into
the event, at which time the primary side pressure dropped below the secondary making the steam

generators a potential heat source for the primary system. Figure 3.4-28 shows the water inventory in

the steam generators primary side, which includes inlet and outlet plena and U-tubes. When full, the

steam generator inlet and outlet plena contain approximately [ ]'* of water. When the primary-
side pressure dropped below the secondary-side pressure (approximately [ ]'^'), the steam

,

generators U-tubes were essentially drained of water and contained trapped steam, which became more |

and more superheated as the primary-side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the rod bundle power was

reduced to decay heat plus heat loss compensation, and it disappeared after approximately

[ ]'*. Also shown in Figure 3.4-32 is the PRHR heat transfer, which removed heat from

the system after the steam generators heat transfer had ended.

Overall Enerev Balance

Figure 3.4-80 shows the integrated energy of the fluid streams leaving the system. The energy content

of the break flow is greatly reduced when ADS-1 occurred. The energy flow through ADS-1, ADS-2,

and ADS 3 decreased after [ ]'* with decreasing system pressure and temperature and

stabilized after [ ]'b*

Figure 3.4-81 shows all the energy components in the heat balance for the system. Throughout the

event, rod bundle power was the dominant heat input to the system, and during the initial palt of the |

|
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. event the steam generators provided the dominant heat extraction. After the pumps trip, flow through
the primary steam generator tubes was sharply reduced, and the heat transfer from the primary to

secondary side was reduced dramatically. When the primary- and secondary-system pressures
equalized and the steam generator U-tubes drained (about [ ]*#), the steam generator
became thermally iso'ated from the primary system, and it did not affect the rest of the event.
Figure 3.4-80 shows the energy loss from the break and the ADS flows as calculated based on

assumptions described in Section 2.0. The average energy loss from the fluids ejected from the system
during the first [ ]*# of the event was approximately [ ]*# ([ ]*#).

'

Tae average energy loss then was reduced to approximately [ ]'6# ([ ]*#) from
about [ ]*# to the end of the test.

From approximately [ ]** to the end of the test more energy left the system through the
break and ADS flows than was generated by the rod bundle. From [ ]*#
overall system energy stored within the system (fluid and metal) decreased to compensate. After

[ ]'6#, the energy loss through the break and ADS flows decreased and the system fluid

energy stayed approximately constant, but metal mass thermal energy decreased 'Ihe average loss of
the metal thermal energy after [ ]'6# was approximately [ ]*#.

Figure 3.4-82 shows the accumulated energy balance error during the event. During the initial part of

the transient, an increasing error was generated by a greater-than-actual heat transfer being calculated

for the steam generator. This was a consequence of an assumed overall heat transfer coefficient

(HTC) for the steam generator, which was calculated from full-power / full-flow conditions (before time

"0"), which were higher than the actual HTC at the lower flow conditions existing after the pumps

have shut down. Figure 3.4-82 also shows that the error in the energy balance increased rapidly from

[ ]*# (during the accumulator discharge into the primary system). This
error was a consequence of the rapid change in the metal energy seen in Figure 3.4-81, which was |
calculated based on fluid temperatures. In reality, the calculated change of metal energy occurred at a I

slower rate than indicated by the fluid thermocouples due to the large thermal inertia of the heavy-
walled components. 'Ihe error peak shown in Figure 3.4-82 at [ ]*# was, therefore, a

,

consequence of taking credit for metal heat too fast during the event, and this error disappeared after {
[ ]*# when the metal temperatures catch up with the fluid temperatures. In evaluating the |
overall error in the accuracy of the energy balance this peak is disregarded. On this basis, the

'

maximum error band for Figure 3.4-82 is approximately -60000 to +140000 Bru, which corresponds to

within [ ]'6# of the total fluid energy ejected from the system. The error at the end of
the event was approximately [ ]*# of the total ejected fluid energy.

,

I
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Other Observations

Pressure Decay

Figure 3.4-3 shows the primary system pressure during the S00504 test. Throughout this event, the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.

At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line; |

however, this shifted within the first [ ]'6' (after the initial blowdown phase) to the power j
channel upper plenum. ;

i
Figure 3.4-2 shows that the temperature of the upper plenum was equal to the saturation temperature !

corresponding to the primary system pressure measured in the upper head during the natural

circulation phase and into the ADS phase. The pressure stabilized at the saturation pressure for the

upper plenum, and then continued a slow pressure decay responding to the CMTs injection.

Figure 3.4-3 shows the increase in the pressure <tcay rate that occurred at approximately

[ ]**, when the CMTs transitioned from natural circulation injection to draindown

injection, which essentially doubled the injection rate of cold water into the DVI. The higher injection
rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.4-2), which

was reflected in a more rapid pressure decay. With the actuation of ADS-1 at approximately

[ ]"#, the pressure dropped rapidly due to the increased rate of mass ejected from the

system (Figure 3.4-68), and the increased flow of cold water being injected into the annular

downcomer and flowing through the rod bundle. This continued to reduce the power channel inlet

plenum temperature, and subcooled the heated rod bundle due to the higher flow. Since the power
channel outlet plenum became subcooled at approximately [ ]'*d, the hottest fluid in the

system was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported

by the flashing of the fluid in one or several of these locations. When the accumulator discharge
ended (approximately [ ]'6'), the lower- plenum temperature increased due to the metal

heat, and the upper-pleme temperature increased to the saturation temperature and again took over

control of the system pressure. It is noted here that at the end of the accumulator injection, a large
amount of nitrogen from the accumulators was injected into the primary system. This injection had
very little immediate effect on the primary system, but as will be discussed in Section 4.0, affects the

upper plenum, the PRIIR IIX, and the CMT at later stages of the event.

Injection flow from the NRIIR into the DVI nozzles increased after accumulator injection. This flow

was sufficiently high to subcool the primary system, ending rod bundle boiling and partially collapsing
the steam bubble in the upper plenum, and bringing the system to a near atmospheric internal pressure.

Eiection Flows

Figure 3.4-68 shows the icdividual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.4-69, 3.4-70, and 3.4-71. 'Ihe break flow consisted of
saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted of saturated

u Amp 60ml 892-pan \l 892 w-3d. nos:l te l 295 3.4-8



water if the void fraction measured in the top of the pressurizer (Figure 3.4-73) was less than

[ ]"#.

The total mass flow rate leaving the system was reasonably steady for S00504 (as seen in

Figure 3-4.79). Figure 3.4-80 shows that the energy of the fluid ejection was steady at an average rate

of[ ]"# for the first [ ]"# and then decreased to [ ]"# for the rest
of the event. The decrease in energy ejection rate was related to the primary system pressure, which
stayed approximately steady after [ ]'6* little above the atmospheric pressure.

ADS-1 opened at approximately [ ]'6#, followed by ADS-2 and ADS-3 within the next

[ ]*#. The break flow changed from saturated water to steam, and the energy removal by

the break flow (Figure 3.4-80) reduced. After accumulator injection the break flow changed back from

saturated steam to water. When the NRHR flow increased the break mass flowrate again increased

(after [ ]'6#) but energy flow rate stayed low becrise of low fluid temperature in the cold
legs. The energy was leaving the system also through ADS-1, ADS-2, and ADS-3. Mass flow rate

through the ADS-1, ADS-2, and ADS-3 stayed high throughout the event (Figure 3.4-68). When the
pressurizer was refilled at approximately [ ]'6* the flow through ADS changed from steam

to water, and the energy loss via ADS-1, ADS-2, and ADS-3 decreased due to low fluid temperature
in the primary system.

!

|
,

I

|

|
'

.

I

I

I
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4.

TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.4-1 Through 3.4-83

Fig. No. Component Variables Units Description-

y 3.4-1 Power channel CORE-POW kW Core power
X
8 3.4-2 Power channel TSAT, TAVIDC, TFOIJT .F Core inlet / outlet temperature,y saturation temperature

h 3.4-3 Pressurizer PPZRTOP psia ' System pressure8
3.4-4 Steam generator PSGAS, PSGBS psia Prunary and secondary pressure in steam

gerierators

3.4-5 Steam generator TAVGSGA,TAVGSGB 'F Average 11uid temperature in steam generators

3.4-6 CMT MCMTA, MCMTB lbm Fluid mass in CMTs

y 3.4-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs

3.4-8 CMT MOIJTCMTA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs
MINCMTB

3.4-9 CMT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of CMTs

3.4-10 CMT FLOWINA, FLOWINB Ibm /sec. Calculated flow into CMTs

3.4-11 CMT BLFRACA,BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

-

3.4-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.4-13 IRWST/PRIIR MIRWST lbm Mass of fluid in IRWST

3.4 14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST

3.4-15 IRWST/PRilR FIRWST Ibm /sec. Measured discharge flow from IP.'.'4ST



e

g TEST ANALYSIS STANDARD PLOT PACKAGE
3 Figures 34-1 Through 3A-83 (Cont.)
4 *

[ Fig. No. Component Variables Units Description
5
9 3 A-16 IRWST/PRHR MOlJIDVIA, MOUTDVIB lbm Integrated mass out of DVI lines
4
g 3.4-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer fnxn PRHR
E.

tubes to IRWST
h
;; 3.4-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2. Btu /sec. Breakdown of heat transfer from ditTerentS

QTUBEXT sections of PRHR tube

3.4-19 IRWST/PRHR Q-CALIM Bru/sec. PRHR/IRWST heat transfer calculated on tube
side

3.4-20 IRWST/PRilR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube

3.4-21 IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fractionm

3.4-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulators

3.4-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accum slators

3.4-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulat xs

3A-25 Accumulator MOUTACCA, MOUTACCB Ibm Integrated mass out of accumulators

3.4-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

3.4-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.4-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in steam generators - primary
side

3.4-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

|
|
,
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TEST ANALYSIS STANDARD PLOT PACKAGEj Figures 3.4-1 Through 3.4-83 (Cont.)

Fig. No. Component Variables Units
5

Description

9 3.4-30 Steam generator MSGAli, MSGAC, MSGBil, MSBGC lbm
A Mass of fluid in stemn generators - primary

$ side - hot and cold sides of U-tubes
c. 3.4-31 Steam genemtor LSGSA, LSGSB ft. Collapsed liquid levels in steam generators -h secondary side-

5 3.4-32 Steam generator Q-TRNF-A, Q-TRNF-B, Btu /sec. Ileat transfer in steam generators
Q-CALIM heat transfer in PRIIR

3.4-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.4-34 Pressurizer MPZR lbm Fluid mass in pressuriier

3.4-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
"

3.4-36 Pressurizer MSL lbm Fluid mass in surge line

3.4-37 Pressurizer LSL ft. Collapsed liquid level in surge line
3.4-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.4-39 Power channel MPCIIN Ibm Total fluid mass in power channel
3.4-40 Power channel L2PIIASE, LDVI, LIIL, LCL ft. Two-phase liquid level in power channel vs.

DVI, hot-leg, and cold-leg elevations

3.4-41 Power channel MANDC lbm Fluid mass in annular downcomer
3.4-42 Power channel LANDC, LDVI, LIIL, LCL ft. Collapsed liquid level in annular downcomer

vs. DVI, hot-leg, and cold-leg elevations

!

;
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g TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.4-1 Through 3.4-83 (Cont.)

| k Fig. No. Component Variables Units Description

3.4-43 Power channel MTDC lbm Fluid mass in tubular downcomer
I

i
g 3.4-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
h vs. top of active fuel and bottom of active fuel
g levels
C'

3 3.4-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.4-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.4-47 Power channel MCORE lbm Fluid mass in core region

3.4-48 Power channel LCORE ft. Collapsed liquid level in core

3.4-49 Power channel MFOUT Ibm Fluid mass in core outlet region

E 3.4-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.4-51 Power channel MUPPL lbm Fluid mass in the lower portion of the upper
plenum

3.4-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3.4-53 Power channel MUPPU lbm Fluid mass in the upper portion of the upper
plenum

3.4-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3.4-55 Power channel MHEAD lbm Fluid mass in the upper head

3.4-56 Power channel LHEAD ft. Collapsed liquid level in the upper head

. - _ _.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - -

{

TEST ANALYSIS STANDARD PLOT PACKAGE~

g Figures 3.41 Through 3.4-83 (Cont.)

k Fig. No. Component Variables Units Description

3.4-57 Power channel UPC Btu Total fluid energy in power channel
4
g 3.4-58 Power channel Q-FLUX Btu /sec.-ft.2 Average heat flux on the heated rods
a

{ 3.4-59 Power channel STM-RATE lbm/sec. Core steam generation rate

h 3.4-60 Power channel FLOWCOR Ibm /sec. Calculated core flow

3.4-61 Power channel VOIDOUT Void fraction at core exit

3.4-62 Power channel TMAX, TSAT, TMAX-TSAT *F Maximum clad temperature, saturation
temperature and delta

3.4-63 Hot leg MHLA, MHLB lbm Fluid mass in bot legs

3.4-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in bot legs

3.4-65 Cold leg MCLA, MCLB lbm Fluid mass in cold legs

3.4-66 Cold leg LCLAl, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A

3.4-67 Cold leg LCLBl.LCLB2,LPSB ft. Collapsed liquid levels in cold leg-N

3.4-68 Total system mass MADSI-3, MADS 4, BRKMASS Ibm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

3.4-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS 1-3

3.4-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS 4

3.4-71 Total system mass BRKFLOW lbm/sec. Calculated fkiw out break

3.4-72 Total system energy UADS123 UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS 4, and the break

-

.
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y TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.4-1 Through 3.4-83 (Cont.)
A

{ Fig. No. Component Variables Units Description
3
y 3.4-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,y and ADS-3
8
* 3.4-74 Total system mass MTOTAL,MTOTO lbm Total system fluid mass vs. Initial fluid massv
8 3.4-75 Total system mass ERRLOP lbm ErTor in the tnass balance (using measured and
s calculated flows)

3.4-76 Total system mass ERRLOPl Ibm EITor in the mass balance (using fluid
inventory)

3.4-77 Total system mass MPCLTOT, MPCLO Ibm Total fluid mass in power channel and kwys
vs. Initial fluid mass

3.4-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged fromw
accumulators, CMTs, and IRWST

* 3.4-79 Total r.ystem mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system

3.4-80 Total system energy UADS123 UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

3.4-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UhfrL-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.4-82 Total system energy UERROR, ERROR-% Btu,. % Error in overall energy balance, relative to
initial fluid and metal energy

3.4-83 System pressure -- psia Test event pimses and system pressure



_. .
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'Ihe figures listed are proprietary and, therefore,

are not available in the Class 3 version of this report.

'Ihese figures are available in the Class 2 version of this report.
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3.5 Analysis of the One-Inch Cold-Leg Break without Nonsafety Systems (S00401)

His matrix test simulated a 1-in break in the bottom of cold leg-B2. The event began with the
initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line

connection. De break location was on the reactor-vessel side of the cold leg from the core makeup
tank (CMT) balance line connection. His test was performed without any nonsafety systems' pumps
operating. Dat is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system

(NRHR) pumps.

3.5.1 Summary of Test Observations

Figure 3.5-83 shows the plant primary system pressure during matrix test S00401 (as measured at the

top of the pressurizer) during the S00401 event, with selected component actuations and plant

responses shown in relation to pritrary system pressure.

De IDP began with the initiatica of the break, which caused the pressurizer to drain. Bis resulted in |
a rapid reduction in pressure. %e reactor trip (R) signal initiated at [ ]'b* h saf q i.

systems actuation (S) signal initiated at [ ]* 6 * The R and the S signals initiated the following |.

actions: |

i
Decay heat simulation (with heat loss compensation) initiated..

De main steam line isolation valves (MSLIVs) closed. I-

The main feedwater isolation valves (MFWIVs) shutoff. I-

Re CMT injection valves opened.*

He passive residual heat removal (PRHR) return flow valve opened.*

Re reactor coolant pumps (RCPs) shut down.*

He recirculation flow through t'r CMTs and flow through the PRHR began immediately after the
isolation valve opened. Boilip6 n the heated rod bundle was initiated by the reduction of the systemi

pressure to saturation level. The upper plenum flashed while the fluid level in the upper plenum

dropped to the hot-leg elev'eDn. The flashing on the hot-leg side of the heater rod bundle stopped the
rapid drop in primary sysm pressure. When the RCPs shut down (at [ ]'**), the flow
through the rod bundle he;,an to oscillate (period [ ]'**). This resulted in oscillations
in the rod bundle and t&per-plenum void fraction, upper-plenum temperature, and system pressure.

During the initial stages of the PDP, the heater bundle void fraction increased. His caused an

increasing void fraction in the upper plenum and the hot legs. De hot leg-B fluid had a void fraction

close to that observed in the upper plenum. De void fraction in hot leg-A was lower due to the
selective removal of vapor from the hot leg by the PRHR inlet line.

Two-phase flow in the hot legs initiated the draining of the steam generator U-tubes. Steam from the

two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator U-tubes.
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His stopped the flow through the primary system. He void fraction oscillations observed through the
rod bundle and in the upper plenum ended when the flow stopped through the steam generators.
Approximately [ ]'6# into the event, the flow stopped in steam generator-B due to the

higher void fraction in hot leg-B. Approximately [ ]'6"later, the flow stopped in steam
generator-A.

Two-phase flow into the PRIIR valve consisted of intermittent periods of saturated water and steam.

It had a void fraction significantly greater than that seen in the upper plenum. Due to boiling in the

rod bundle, two-phase flow entered the hot leg from the upper plenum and flowed through the PRIIR

heat exchanger (IIX) in the in-containment refueling water storage tank (IRWST). He average
integrated void fraction in the PRIIR inlet was as high as [ ]'6", v,hich enhanced the

PRHR heat transfer from the primary system to the IRWST when compared with single-phase
saturated or subcooled water. When the flow stabilized after the initial flow oscillations, a heat

removal rate of [ ]'** was calculated. Bis calculation was based on the average void fraction

of the flow in the PRIIR supply line, the measured return flow, the temperatures, and the pressure.

His calculation assumes a slip coefficient of I between water and steam and may give slightly lower

values than the actual heat transfer. It should, therefore, be used for test-to-test comparison only.

When system pressure dropped to saturation pressure for the upper head, it began to drain

(at [ ]'6#).

When the CMT balance lines drained (when the cold legs B had partially emptied), the CMTs
converted from the pure recirculation mode to a recirculation with intermittent draindown mode of
injection. This occurred at approximately [ l'6# for CMT-B and [ ]^*# for
CMT-A.

,

During the first [ ]'** before the ADS-1 actuation of this event, [ ]'6# of water
were expelled through the break while draining the pressurizer, the steam generator U-tubes, the power

channel upper head, the power channel upper plenum above the hot leg, most of the cold legs, and
approximately [ J'*# of the CMTs. De heated rods in the power channel, which simulate the

core decay heat, reduced the power level to approximately [ ]'*# at [ ]'*# seconds. His
value consisted of [ ]'*' decay heat and [ ]'** heat loss compensation. He break flow
was steady, indicating that cold leg-B2 was not totally empty.

De ADS phase began with the actuation of ADS-1 (at approximately [ J'6 % E M
and ADS-3 occurred within the next [ ]'*#. He heat loss compensation was terminated

from the decay heat simulation when ADS-1 occurred, and the rod bundle power level was reduced to
approximately [ ]'*'.

The ADS actuation increased the rate of primary system depressurization and resulted in a high level

of injection flow from the accumulators. De rapid injection of cold fluid from the accumulators

(at [ ]'*") and the CMTs subcooled the whole primary system, temporarily

refilling the power channel / upper plenum and the pressurizer. When the accumulator discharge ended,
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the flow through the heater bundle was reduced to the injection rate of the CMTs and the PRHR HX

flow, and boiling occurred again in the heater bundle. Two-phase flow occurred again in hot leg-A,
the PRliR HX, and the ADS via the pressurizer.

De liquid discharge through the break was replaced by saturated steam at approximately

[ ]' 6 * During the ADS phase, approximately 910 lbm of subcooled water were.

discharged from ADS-1, ADS-2, and ADS-3. This water was supplied primarily by the accumulator
discharge and was followed by an increase in rod bundle void fraction after the accumulators drained

and only the CMTs provided injection.

He post-ADS phase began when ADS-4 actuated. ADS-4 occurred at [ ]' 6 *, and the

pressurizer water level fell. The fluid discharge through ADS-1, ADS-2, and ADS-3 ended, and fluid

was discharged through ADS-4. The pressurizer drained again, and a small amount of CMT flow still

entered the direct vessel injection (DVI) line. When system pressure had been reduced below the
pressure corresponding to the water elevation head of the IRWST, flow from the IRWST entered the

DVI line. Shortly thereafter, the CMT flow ended. The flow from the IRWST subcooled the primary
system, the rod bundle boiling slowly ended, and the upper plenum partially refilled. The PRHR I

drained approximately [ ]'** Into the event and was no longer effective. A steady flow of
subcooled water then flowed from the IRWST into the DVI line, through the power channel, and left

|
the primary system through ADS-4.

3.5.2 Analysis of the S00401 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs

a detailed accounting of th: coolant inventory in all parts of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. It is noted that the mass balance

and the energy tnmsfer calculations are performed in much greater detail than was performed in

WCAP-14309, Final Data Reporr.m The- results of the test data analysis are presented in

Figures 3.5-1 through 3.5-82. Mass balance snapshots for all the major primary system components,
at various points of intesest throughout the transient, are presented in Table 3-5-1.

Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total

water inventory is tracked from the start until the end of the test. Figures 3.5-74, 3.5-75, and 3.5-76
show the overall mass balance and the error (uncertainty)in mass balance for S00401.

The overall mass balance for S00401 (Figure 3.5-74) shows a small variation of water inventory

during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of

the mass balance model used to determine the total water inventory. The average total inventory
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during the test was indicated to be approximately [ ]** higher than the initial system mass, and I
a final mass was indicated to be approximately [ ]*b" above the initial mass. Figure 3.5-75
shows the difference between the total mass during the event and the initial mass (mass balance error)

when the inventory was calculated by integrating the flows. Figure 3.5-76 shows the mass balance

error when inventory was calculated based on the catch tank weight and component level
,

measurements. The mass balance error, based on flow measurements, varied from 0 to 120 lbm; the

weight and level measurements resulted in an average error varying approximately from -20 to +70 |
lbm during the event, and a final error of +70 lbm at the end of the event.

1

|

Water Inventory for the Power Channel and the Loon
!

Maintenance of coolant coverage of the heater bundle is the most critical issue for the power channel.
The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of two- I
phase fluid, which can have a very high void fraction. Figure 3.5-40 shows the true level of two- |

phase fluid in the power channel as measured from the elevation of the top of the core (TAF). Since
this represents the true two-phase level, it will be different than the collapsed liquid level in the heater
bundle. |

For S00401, the two-phase level in the upper plenum decreased to the hot-leg elevation, and remained

at this elevation for most of the event. The accumulator injection ([ ]**) partially
condensed the steam bubble in the upper plenum causing the level to rise. Following the end of the

accumulator injection, the two-phase level again decreased this time to approximately [ ]'6* below
the hot-leg elevation. This occurred at the time of minimum power channel water inventory, before
the IRWST injection started (at [ ]' b9 to refill the power channel. The IRWST injection
also partially condensed the steam bubble in the upper plenum causing the level to rise above the hot-
leg elevation.

The level on the cold side of the power channel is shown in Figures 3.5-42 (annular downcomer) and

44 (tubular downcomer). The annular downcomer was full until approximately [ ]'*#into
the event. At that time, the level started to decrease, but it was maintained above the elevation of the

hot leg until after the end of the accumulator injection (approximately [ ]**). The level
then decreased and drained the annular downcomer by [ ]'*#, and reached a minimum

level in the tubular downcomer at approximately [ ]' 6 *. This corresponded to the time of

minimum water inventory in the power channel shown in Figure 3.5-39. Figure 3.5-62 shows the

maximum cladding temperature during the event and compares this temperature with the saturation

temperature. There was no indication of loss of cooling for the heater rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.5-48), and the rod bundle exit void fraction
(Figure 3.5-61) show that the rod bundle was water solid before the break was initiated. The rod

bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle

near the TAF elevation to the lower part of the upper plenum. Two-phase flow with approximately
[ ]** average void fraction exists in the rod bundle prior to the accumulator injection.
During the accumulator injection, the rod bundle became essentially water solid. However, when the
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. _ _ _ _ __



accumulator injection ended, the collapsed level again started to decrease. The rod bundle exit void
fraction reached approximately [ ] prior to the start of the IRWST injection phase, staning at
approximately [ ]'**.

The collapsed level in the upper plenum (Figures 3.5-52 and 3.5-54) decreased to approximately

[ ]'** below the hot leg before the accumulator injection, followed by a period when the level in

the upper plenum increased above the hot leg during the accumulator injection. His period was

followed by a drop in the collapsed level to approximately [ J'** below the hot leg at the time of

minimum water inventory before the IRWST injection staned.

The water inventory in the power channel (Figure 3.5-39) had three minima; when the CMT

draindown started, before the accumulator injection, and before the IRWST injection. The third

minimum was more severe showing a total power channel inventory of approximately [ ]'**
([ ]*** of starting inventory) at that time. The total primary system inventory (power

channel, pressurizer and loops), shown in Figure 3.5-77, reached approximately [ ]'**
([ ]** of staning inventory) for this minimum.

i

Water Injection /Eiection )

The injected fluid mass from all injection sources is shown in Figure 3.5-78. Figure 3.5-79 shows the )
total source inventory and the injected and ejected masses during the event. Starting with a total of ]
approximately [ ]** source inventory, only [ ]'** ([ ]'** of available
source water) was used by the end of the event. ;

Energy Balance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX

into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations is

given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit

flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S00401 test had two-
phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was determined (Figure

3.5-21) and used to establish the effective enthalpy of the two-phase inlet flow. The outlet flow from

the PRHR heat exchanger was always subcooled water. 'Ihe primary-side two-phase heat transfer for

SOCM01, shown in Figure 3.5-19, was considerably greater than the heat transfer measured for single-

phase flow through the PRHR during the hot preoperational testing (see WCAP-14309, Final Data
Report).* Figure 3.5-18 shows the calculated heat transfer from the PRHR external tube surface to

the water in the IRWST by the three-tube section of the HX. The top part of the PRHR heat
exchanger acted as a condenser, where the steam of the two-phase fluid extracted from hot leg-A was

condensed. The top horizontal tube transfers the greatest amount of heat. The condensation process

on the inside effectively heated this tube wall temperature above the boiling point for the water in the
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IRWST, resulting in very effective nucleate boiling heat transfer from the outside surface. The vertical
and the bottom horizontal sections of the heat exchanger remains for the most part subcooled with a .

less effective free convection heat transfer to the IRWST water and contdbuted, therefore, far less to

the overall heat transfer of the PRHR.

Figure 3.5-17 shows the internal energy of the IRWST water, the integrated power from the primary

side of the PRHR heat exchanger, and the heat transfer from the PRHR heat exchanger external

surfaces. The internal energy in the IRWST water was calculated based on thermocouples located at
,

various elevations in the IRWST tank, which were allocated different control volumes to arrive at an

effective average temperature. Due to the severe temperature stratification in the IRWST tank, this +

technique only produced good results until the IRWST started to drain.

For S00401 there was good correlation between the three heat transfer calculations. Up to

[ ]'6# the PRHR primary-side calculation and the IRWST internal energy calculation are

very close. After [ ]'6#, the IRWST internal energy appeared to increase significantly due

to the effect of draindown on the thermocouple readings. However, since there was very little energy
being provided by the PRHR after [ ]'6#, this apparent increase does not reflect an actual

increase in the average water temperature and IRWST internal energy. The comparison shown m

Figure 3.5-17 indicates that the three energy calculations are consistent.
;

Steam Generator Heat Transfer
.

Figure 3.5-32 shows the heat transfer in the steam generators for S00401, and Figure 3.5-33 shows the

pressures on the primary side and the secondary side of the steam generators. Heat transfer is sharply

reduced after the pumps are triped due to the reduction of flow i's the tubes. The pressures show that

the steam generators were available as heat sinks until approximately [ ]'6# into the event,

at which time the primary-side pressure dropped below the secondary making the steam generators a

potential heat source for the primary system. Figure 3.5-28 shows the water inventory in the steam

generators primary side, which includes inlet and outlet plena and U-tubes. When full, the steam

generator inlet and outlet plena contains approximately [ ]'6# of water. When the primary-side
pressure dropped below the secondary-side pressure (approximately [ ]'6'), the steam

generators' U-tubes are essentially drained of water and contain trapped steam, which becomes more

and more superheated as the primary-side pressure decays.

The heat transfer calculated for the steam generators decreased rapidly after the pumps were tripped
and disappeared after approximately [ ]'6#. Also shown in Figure 3.5-32 is the PRHR heat

transfer, which removed heat from the system after the steam generators heat transfer had ended.

Overall Energy Balance

Figure 3.5-80 shows the integrated energy of the fluid streams leaving the system. The energy rontent

of the break flow was greatly reduced when ADS-1 occurred, since although the break flow co.tverted

I
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to steam, the mass flow rate became very low. For ADS-1, ADS-2 and ADS-3 the same happened
when ADS-4 occurred.

Figure 3.5-81 shows all the energy components in the heat balance for the system. Throughout the

event, rod bundle power was the dominant heat input to the system, and during the initial part of the

event the steam generators provide the dominant heat extraction. After the pumps trip, flow through

the steam generator tubes is sharply reduced, and the heat transfer from the primary to secondary side
is dramatically reduced. When the primary and secondary system pressures equalize, and the steam
generator U-tubes drain (about [ ]'6#), the steam generator becomes thermally isolated

from the primary system, and does not affect the rest of the event. Figure 3.5-80 shows the energy
loss from the break and the ADS flows as calculated based on assumptions described in Section 2.0.

The average energy loss from the fluids ejected from the system during the first [ ]'6# of
the event was approximately [ ]*#. The average energy loss increased to [

]"# after 4600 seconds and then was reduced to approximately [

]"' from about [ ]"# to the end of the test.

From approximately [ ]'6', we mg m pud h h hh M
bundle than left the system through the break and the overall energy stored within the system
increased (metal mass energy decreased and fluid energy increased).

From [ ]'A', more energy left the system through the ADS flows than ;

was generated by the rod bundle, and overall system energy stored within the system (fluid and metal)

decreased to compensate. The average loss of the metal thermal energy after 4600 seconds was

approximately [ ]"#, which was greater than the rod bundle power at this time
;

[ ]** j

After approximately [ ]"# the fluid energy stabilize in the system, and the rate of the fluid

energy leaving the system (primarily via ADS-4) still exceeded the core input power while metal
thermal energy decreased. This condition existed for the rest of the event.

Figure 3.5-82 shows the accumulated energy balance error during the event. During the initial part of
the transient, an increasing error was generated by a greater-than-actual heat transfer being calculated

for the steam generator. This is a consequence of an assumed overall heat transfer coefficient (HTC)

for the steam generator, which was calculated from full-power / full-flow conditions (before time 0),

which was higher than the actual HTC at the lower flow conditions existing after the pumps have shut

down. Figure 3.5-82 also shows that the error in the energy balance varied rapidly from [

]'** (during the accumulator discharge into the primary system, ADS-4 and

IRWST actuation). This error was a consequence of the rapid change in the metal energy seen in

Figure 3.5-81, which was calculated based on fluid temperatures. In reality, the calculated change of ;

metal energy occurred at a slower rate than indicated by the fluid thermocouples due to the large |
thermal inertia of the heavy walled components. The varying error and the error peak shown in Figure

3.5-82 at [ ]"# were, therefore, a consequence of taking credit for metal heat too fast i

during the event, and this error disappearred after [ J'** when the metal temperatures
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catches up with the fluid temperatures. The maximum error band for Figure 3.5-82 is approximately -
150000 to -0 Btu, which corresponds to within 8 to 14 percent of the total fluid energy ejected from

the system. The error at the end of the event is approximately 0 percent of the total ejected fluid
energy.

Other Obsenations -

Pressure Decay

Figure 3.5-3 shows the primary sy.ctem pressure during the S00401 test. Throughout this event the

pressure was contralled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;
however, this shifted within the first [ ]'6' (after the initial blowdown phase) to the power
channel upper plenum.

Figure 3.5-2 shows that the temperature of the upper plenum was equal to the saturation temperature

corresponding to the primary system pressure measured in the upper head during the natural

circulation phase and into the ADS phase. The pressure stabilized at the saturation pressure for the

upper plenum, and then continued a slow pressure decay responding to the CMTs injection.

Figure 3.5-3 shows an increase in the pressure decay rate that occurred at approximately [

]'6#, when the CMTs transitioned from natural circulation injection to draindown injection,

which essentially doubled the injection rate of cold water into the DVI. The higher injection rate
resulted in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.5-2), which was

reflected in a more rapid pressure decay. With the actuation of ADS-1 st spr50ximately [
]'6#, the pressure dropped rapidly due to the increased rate of mass ejected from the system

(Figure 3.5-68), and the increased flow of cold water being injected into the annular downcomer and

flowing through the rod bundle. This continued to reduce the power channel inlet plenum

temperature, and subcooled the heated rod bundle due to the higher flow. Since the power channel
outlet plenum became subcooled at approximately [ ]'*#, the hottest fluid in the system
was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported by the

flashing of the fluid in one or several of these locations. When the accumulator discharge ended
(approximately [ ]'*"), the lower-plenum temperature increased due to the metal heat, and

the upper-plenum temperature increased to the saturation temperature and again took over control of
the system pressure for the rest of the event. It is noted here that at the end of the accumulator

injection, a large amount of nitrogen from the accumulators was injected into the primary system.
This injection had very little immediate effect on the primary system but, as will be discussed in

Section 4.0, affected the upper plenum, the PRHR HX, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately [ ]'*#) lowered the system pressure
sufficiently to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was

sufficiently high to subcool the primary system, ending rod bundle boiling and partially collapsing the

steam bubble in the upper plenum, and bringing the system to a near-atmospheric internal pressure.
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Election Flows

Figure 3.5-68 shows the individual mass flows leaving the system via the break and the ADS. He
individual flow rates are given in Figures 3.5-69,3.5-70, and 3.5-71. He break and ADS 4 flows
consisted of saturated water. For ADS 1, ADS-2, and ADS-3 it was assumed that the flow consisted

of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.5-73) was less

than [ ]'** percent. The total mass flow rate leaving the system was reasonably steady for S00401,

as seen in Figure 3.5-79. Figure 3.5-80 shows that the energy of the fluid ejection was steady at an
average rate of [ ]'6# for the first [ J''', increased to [ ]*** after
[ ]' 6 *, and then decreated to [ ]'6* for the rest of the event. The increase in
energy ejection rate was caused by ADS-1, AD3-2, and ADS-3 actuation. The decrease in energy
ejection rate was related to actuation of ADS-4, which caused the pressurizer to drain, converted the

ADS-1, ADS-2, and ADS-3 flow to steam with a low mass flow rate and, simultaneously, started fluid
ejection through ADS-4.

ADS-1 opened at approximately [ ]'6", followed by ADS-2 and ADS-3 within the next

[ ]'**. He break flow changes from saturated water to steam, but due to the low-mass

flow rate (Figure 3.5-68), the energy removal by the break flow (Figure 3.5-80) becomes very low.

'Ihe energy was leaving the system through ADS 1-3 at a greater rate than through the break and

ADS-4, and provided an effective means of removing the stored metal energy from the system, as seen

in Figure 3.5-81. The mass flow rate leaving the system via ADS 1, ADS-2, and ADS-3 during the
,

'

next [ ]'6* was greater than the break flow, and also the energy loss through the ADS-1,

ADS-2, and ADS-3 exceeded the energy loss by the break flow (Figure 3.5-80).

ADS-4 opened at approximately 5700 seconds, and the ADS-1, ADS-2, and ADS-3 flows converted to

steam with a very low-mass flow rate and energy loss rate. The ADS-4 flow stabilized at a rate that

matched the injection rate from the IRWST (Figure 3.5-79), and the energy removal via ADS 4 was
comparable to the heated rod power (Figure 3.5-81).

|

|
i

,
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TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.5-1 Through 3.5-83
5

| g Fig. No. Component Variables Units Description

h 3.5-1 Power channel CORE-POW kW Core power

k 3.5-2 Power channel TSAT, TAVTDC, TFOUT 'F Core inlet / outlet temperature,
saturation temperature

5 3.5-3 Pressurizer PPZRTOP psia System pressure

3.5-4 Steam generator PSGAS,PSGBS psia Primary and secondary pressure in steam
generators

3.5-5 Steam generator TAVGSGA,TAVGSGB 'F Average fluid temperature in steam generators

3.5-6 CMT MCMTA,MCMTB lbm Fluid mass in CMTs

3.5-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs

U 3.5-8 CMT MOUTCMTA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs
MINCMTB

3.5-9 CMT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of CMTs

3.5-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.5-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3.5-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.5-13 IRWST/PRHR MIRWST lbrn Mass of fluid in IRWST

3.5-14 IRWST/PRHR LIRWST fL Collapsed liquid level in IRWST

3.5-15 IRWST/PRHR FIRWST Ibm /sec. Measured discharge flow from IRWST



E

TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.5-1 Through 3.5-83 (Cont.)
S r

g Fig. No. Component Variables Units Description
a
p 3.5-16 IRWST/PRHR MOUTDVIA, MOUTDVIB lbm Integrated mass out of DVI lines
8
" 3.5-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR

tubes to IRWST

5 3.5-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-IIOR-2, Btu /sec. Breakdown of heat transfer from different
QTUBEXT sections of PRHR tube

3.5-19 IRWST/PRHR Q-CALIM Btu /sec. PRHR/IRWST heat transfer calculated on tube
side

3.5-20 IRWST/PRHR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube

35-21 IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fraction,
la
g 3.5-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulators

3.5-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3.5-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.5-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.5-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

3.5-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.5-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in steam generators - primary
side

3.5-29 Steam genemtor LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

,

{

}

}

I
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TEST ANALYSIS STANDARD PLOT PACKAGE
,q Figures 3.5-1 Through 3.5-83 (Cont.)

Fig. No. Component Variables Units Description

h 3.5-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC lbm Mass of fluid in steam generators - primary
y side - bot and cold sides of U-tubes

{ 3.5-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -
secondary side

3.5-32 Steam generator Q-TRNF-A, Q-TRNF-B, Btu /sec. Ileat transfer in steam generators
Q-CALIM heat transfer in PRHR

3.5-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and sectmdary pressure in steam
PREF-A, PREF-B generators

3.5-34 Pressurizer MPZR Ibm Fluid mass in pressurizer

3.5-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
*

3.5-36 Pressurizer MSL Ibm Fluid mass in surge line
,,

3.5-37 Pressurizer LSL ft Collapsed liquid level in surge line

3.5-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.5-39 Power channel MPCHN lbm Total fluid mass in power channel

3.5-40 Power channel L2PIIASE, LDVI, LHL, LCL ft. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

3.5-41 Power channel MANDC lbm Fluid mass in annular downcomer

3.5-42 Power channel LANDC, LDVI. LHL, LCL ft. Collapsed liquid level in annular dowmeomer
vs. DVI, hot-leg, and cold-leg elevations

_ _ _ _ _ _ -... _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ . - . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ -_ _ _ _ . - __ __ ._ _ . _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _
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3 TEST ANALYSIS STANDARD PLOT PACKAGE
5 Figures 3.5-1 Through 3.5-83 (Cont.)
9-

@ Fig. No. Component Variables Units Description
7
p 3.5-43 Power channel MTDC lbm Fluid mass in tubular (k)wncomer
8
E. 3.5 14 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomerj vs. top of active fuel and bottom of active fuel
c; levels
3

3.5-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.5-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.5-47 Power channel MCORE lbm Fluid mass in core region

3.5-48 Power channel LCORE ft. Collapsed liquid level in core

3.5-49 Power channel MFOUT Ibm Fluid mass in core outlet region

E 3.5-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.5-51 Power channel MUPPL lbm Fluid mass in the lower portion of the upper
plenum

3.5-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3.5-53 Power channel MUPPU lbm Fluid mass in the upper portion of the upper
plenum

3.5-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3.5-55 Power channel MHEAD lbm Fluid mass in the upper head

3.5-56 Power channel LHEAD ft Collapsed liquid level in the upper head
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TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.5-1 Through 3.5-83 (Cont.)

Fig. No. Component Variables Units Description

| h 3.5-57 Power channel UPC Btu Total fluid energy in power channel
8
!". 3.5-58 Power channel Q-FLUX Bru/sec.-ft.2 Average heat flux on the heated rods7
8 3.5-59 Power channel STM-RATE lbm/sec. Core steam generation rate

3.5-60 Power channel FLOWCOR Ibm /sec. Calculated core flow

3.5-61 Power channel VOIDOUT Void fraction at core exit

3.5-62 Power channel *IMAX, TS AT, TMAX-TS AT 'F Maximum clad temperature, saturation
temperature and delta

3.5-63 llotleg MHLA, MHLB lbm Fluid mass in hot legs

3.5-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs

3.5-65 Cold leg MCLA, MCLB Ibm Ruid mass in cold legs

3.5-66 Cold leg LCLA1, LCLA2, LPSA ft, Collapsed liquid levels in cold leg-A

3.5-67 Cold leg LCLBI,LCLB2,LPSB ft. Collapsed liquid levels in cold leg-B

3.5-68 Total system mass MADSI-3, MADS 4, BRKMASS Ibm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

|3.5-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out of ADS l-3

3.5-70
_

Total system mass DMADS4 lbm/sec. Calculated flow out ADS 4

3.5-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.5-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS 4, and the break

. _ _ _ _ - _ - _ - - _ _ - - - - - - - - - - - . - - - - -.
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TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.51 Through 3.5-83 (Cont.)
i
j Fig. No. Component Variables Units Description
e
p 3.5-73 Total system energy VOID Calculated foid fraction for ADS-1, ADS-2,
g

and ADS-3
E
g 3.5-74 Total system mass MTOTAL,MTOTO lbm Total system fluid mass vs. Initial fluid mass

3 3.5-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and"

calculated flows)

3.5-76 Total system mass ERRLOP1 lbm Error in the mass balance (using fluid
inventory)

3.5-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and loops
vs. Initial fluid mass

3.5-78
-

Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged fromv
y accumulators, CMTs, and IRWST
-
* 3.5-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from

primary system, and total mass injected to
primary system

3.5-80 Total system energy UADS123, UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

3.5-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to

the sunnundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.5-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3.5-83 System pressure - psia Test event phases and system pressure

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - - _ ._ __ _ - __-______________________-- __ __- _-- __
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The figures listed are proprietary and, therefore,

are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.6 Analysis of the One-Inch Cold-Leg Break without Nonsafety Systems (S01613)

His matrix teu simulated a 1-in. break in the bottom of cold leg-B2. The event began with the
initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line

connection. De break location was on the reactor-vessel side of the cold leg from the core makeup
tank (CMT) balance line connection. His test was performed without any nonsafety systems' pumps )
operating. Dat is, it was performed without the chemical and volume ccatrol system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system j

(NRHR) pumps. His test is identical to test S00401, with the exception that three passive residual |
heat removal heat exchanger (PRHR HX) tubes were used in S01613 versus just one PRHR HX tube !

in test S00401. ;

3.6.1 Summary of Test Observations !

|

Figure 3.6-83 shows plant primary system pressure during matrix test S01613 (as measured at the top

of the pressurizer) during the S01613 event, with selected component actuations and plant responses ;

shown in relation to primary system pressure.

De IDP began with the initiation of the break, which caused the pressurizer to drain. His resulted in
a rapid reduction in pressure. He reactor trip (R) signal initiated at [ ]'*b *, and the safety '

syste ns actuation (S) signal initiated at [ ]"#. De R and the S signels initiated the following
actions: !

Decay heat simulation (with heat loss compensation) initiated..

Re main steam line isolation valves (MSLIVs) closed.*

T1.e main feedwater isolation valves (MFWIVs) shut off..

The CMT injection valves opened..

Re passive residual heat removal (PRIIR) return flow valve opened.*

De reactor coolant pumps (RCPs) shut down..

De recirculation flow through the CMTs and flow through the PRHR valve started immediately after
the isolation valve opened. Boiling in the heated rod bundle was initiated by the reduction of the core i

and upper-plenum pressure to saturation level. The upper plenum flashed while the fluid level in the
,

upper plenum dropped to the hot-leg elevation. The flashing on the hot-leg side of the core stopped i

the rapid drop in primary system pressure. When the RCPs shut down (at [ ]*#), the flow
through the heater bundle began to oscillate (approximately [ ]*# period). This resulted in !
oscillations in the rod bundle and upper-plenum void fraction, upper-plenum temperature, and system !

pressure.

During the initial stages of the pressure decay phase (PDP), the rod bundle void fraction increased.

His resulted in an increasing void fraction in the upper plenum and the hot legs. De hot leg-B fluid
had a void fraction very close to that observed in the upper plenum. De void fraction in hot leg-A

'

was much lower due to the selective removal of vapor f om the hot Icg by the PRHR inlet line.

u AIB92-monu R92w-3f.oon:lt461095 3.6-1
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Two-phase flow in the hot legs initiated the draindown of the steam generator U-tubes. Steam from

- the two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator
U-tubes his stopped the flow through the primary system. The void fraction oscillations observed

through the rod bundle and in the upper plenum terminated when the flow through tie steam
generators stopped.

Approximately [ ]'6# into the event the flow through steam generator-B stopped due to the
higher void fraction in hot leg-B. Approximately [ ]*# later, the flow through steam '

generator-A stopped.

Two-phase flow through the PRIIR valve had a void fraction significantly greater than seen in the

upper plenum. Due to boiling in the rod bundle, two-phase flow entered the hot leg from the upper
plenum and flowed through the PRHR HX in the in-containment refueling water storage tank
(IRWST). The average integrated void fraction in the PRHR inlet was as high as [

}"#, which enhanced the PRHR from the primary system when compared with single-phase
saturated or subcooled water. When the flow stabilized after the initial flow oscillations, a heat

removal rate of [ ]"# was calculated. His calculation was based on the average void fraction
of the flow in the PRHR supply line, the flow, the temperature, and the pressure. This calculation

assumes a slip coefficient of 1 between steam and water and may give a slightly lower values than the

actual heat transfer. It should, therefore, be used for test-to-test compadson only.

When system pressure dropped to saturation pressure for the upper head, the upper head began to

drain (at [ ]"#).

When the B-side cold legs had partially emptied, the CMTs converted from the recirculation mode to

the draindown mode ofinjection. This increased the cold injection flow and the rate of system
pressure decay. This occurred at approximately [ ]"# for both CMTs.

'

During the first [ ]*# of this event, [ ]*# of water was expelled through the break

while draining the pressudzer, the steam generator U-tubes, the power channel / upper head, the power

channel / upper plenum above the hot leg, most of the cold legs, and approximately [ ]"# of
the CMTs. The heated rods in the power channel that simulated the core decay heat reduced the
power level to approximately [ ]"#. This value consisted of [ ]*# decay
heat and [ ]"# heat loss compensation. He break flow was steady, indicating that cold leg-B2
was not totally empty.

De ADS phase began with the actuation of ADS-1 (at approximately [ ]"#). ADS-2 and
ADS-3 occurred within the next [ ]"#. The heat loss compensation was terminated from
the decay heat simulation when ADS-1 occurred, and the rod bundle power level was reduced to
approximately [ ]"#. I

he ADS actuation increased the rate of primary system depressurization and resulted in a high level

,1 injection flow from the accumulators. The rapid injection of cold fluid from the accumulators (at
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[ ]*) and CMTs subcooled the whole primary system, temporarily refilling the
power channel / upper plenum and the pressurizer. When the accumulator discharge ended, boiling

occurred again in the heater bundle, and two-phase flow again occurred in hot leg-A, the PRHR HX,
and the ADS via the pressurizer.

The liquid discharge through the break was replaced by saturated steam at approximately

[ ]*. During the ADS phase, approximately 750 lbm of subcooled water were

discharged from ADS-1, ADS-2, and ADS-3. This water was primarily supplied by the accumulator
discharge and was followed by an increase in rod bundle void fraction after the accumulators drained

and only the CMTs provided core injection.

The post ADS phase began when ADS-4 actuated. ADS-4 occurred at [ ]* seconds, and the

pressurizer water level fell. The fluid discharge through ADS-1, ADS-2, and ADS-3 ended, and fluid

was discharged through ADS-4. The pressurizer drained again, and a small amount of CMT flow still

entered the direct vessel injection (DVI) line. When system pressure had been reduced below the
pic sure corresponding to the water elevation head of the IRWST, flow from the IRWST entered the

DVI line. Shortly thereafter, the CMT fiow ended. The flow from the IRWST subcooled the primary L

system, the rod bundle boiling slowly ended, and the upper plenum panially refilled. The PRHR
drained approximately [ ]* Into the event and was no longer effective. A steady flow of
subcooled water was then flowing from the IRWST into the DVI line, through the power channel, and
left the primary system through ADS-4.

3.6.2 Analysis of the S0I603 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer co(e. The code performs

a detailed accounting of the coolant inventory in all pans of the system from the stan to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, were calculated throughout the event. It is noted that the mass !

balance and the energy transfer calculations were performed in much greater detail than was performed

in WCAP-14309, Final Data Report.m The results of the test data analysis are presented in

Figures 3.6-1 through 3.6-82. Mass balance snapshots for all the major primary system components,

at various points of interest throughout the transient, are presented in Table 3.6-L

Mass llalance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total

water inventory was tracked from the start until the end of the test. Figures 3.6-74, 3.6-75, and 3.6-76

show the overall mass balance and the error (uncenainty) in mass balance for S01613.

The overall mass balance for S01613 (Figure 3.6.74) shows a small variation of water inventory

during the event, resulting from the overall uncenainty in the instrumentation and the assumptions of
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the mass balance model used to determine the total water inventory. He average total inventory
during the test was indicated to be approximately [ ]'** higher than the initial system mass, and

a final mass was indicated to be approximately [ ]'A' above the initial mass. Figure 3.6-75
shows the difference between the total mass during the event and the initial mass (mass balance error)

when the inventory was calculated by integrating the flows. Figure 3.6-76 shows the mass balance

error when inventory was calculated based on the catch tank weight and component level
measurements. De mass balance error, based on flow measurements, varied from [ ]'**,

| while the v eight and level measurements resulted in an average elTor varying approximately from

[ ]'** &% & event, and a final error of [ l'** lbm at the end of the event.

Water Inventory for the Power Channel and the Looo

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power
channel. He heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists

of two-phase fluid, which can have a very ingh void fraction. Figure 3.640 shows the true level of
two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).

Since this represents the true two-phase level, it will be different than the collapsed liquid level in the
heater bundle.

For S01613, the two-phase level in the upper plenum decreased to the hot-leg elevation and remained

at this elevation for most of the event. De accumulator injection ([ ]***) partially
condensed the steam bubble in the upper plenum causing the level to rise. Following the end of the

accumulator injection, the two-phase level again decreased approximately [ ]'b* below the hot-leg

elevation. This occurred at the time of minimum power channel water inventory, before the IRWST
injection started (at [ ]'**) to refill the power channel, he IRWST injection also partially
condensed the steam bubble in the upper plenum causing the level to rise above the hot-leg elevation.

He level on the cold side of the power channel is shown in Figures 3.6-42 (annular downcomer) and

3.644 (tubular downcomer). The annular downcomer was full until approximately [ ]'A' seconds
| into the event (the end of the accumulator injection). The level then decreased and drained the annular

i downmmer by [ ]'^*, and reached a minimum level in the tubular downcomer at approximately

| [ ]'**. His corresponded to the time of minimum water inventory in the power channel

shown in Figure 3.6-39. Figure 3.6-62 shows the maximum cladding temperature during the event ar.d ;
'

compares this temperature with the saturation temperature. There was no indication of loss of cooling

| for the heater rods during this event.

De collapsed fluid level in the rod bund'c Sgure 3.648), and the rod bundle exit void fraction
(Figure 3.6-61) show that the rod bundle was water solid before the break was initiated. He rod

| buntile exit void fraction was determined from DP-014P which covers the span from the rod bundle
1

| near the TAF elevation to the lower part of the upper plenum. Two-phase flow with approximately
'

[ l'** average void fraction exists in the rod bundle prior to the accumulator injection.

| During the accumulator injection, the rod bundle became essentially water solid. However, when the

accumulator injection ended, the collapsed level again started to decrease. De rod bundle exit void

|
'
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fraction reached approximately [ ]'6# prior to the start of the IRWST injection phase, starting
at approximately [ ]**#.

The collapsed level in the upper plenum (Figures 3.6-52 and 3.6-54) decreased to approximately

[ ]'6" below the hot leg before the accumulator injection, followed by a period when the level in

the upper plenum increased above the hot leg during the accumulator injection. This period was

followed by a drop in the collapsed level to approximately [ ]'6# below the hot leg at the time of '

minimum water inventory before the IRWST injection started.

The water inventory in the power channel (Figure 3.6-39) had [ ]''' minima: [when the CMT
draindown started, before the accumulator injection, and before the IRWST injection.] The third

minimum was more severe showing a total power channel inventory of approximately [ J'''
([ ]'6# of starting inventory) at that time. The total primary system inventory (power channel,

pressurizer, and loops), shown in Figure 3.6-77, reached approximately [ ]' be of
starting inventory) for this minimum.

Water Injection /Eiection

The injected fluid mass from all injection sources is shown in Figure 3.6-78. Figure 3.6-79 shows the

total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately [ l"' source inventory, only [ ]'6# of available source
water) was used by the end of the event.

Energy Balance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gives a unique possibility of comparing heat transfer

on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations is

given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit

flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S01613 test had

two-phase flow conditions ir die hot legs and PRHR, the inlet flow void fraction was determined

(Figure 3.6-21) and used to estabbsn the effective enthalpy of the two-phase inlet flow. The outlet

flow from the PRHR HX was always subcooled water. The primary side two-phase heat transfer for

S01613 (Figure 3.6-19), was considerably greater than the heat transfer measured for single-phase flow

through the PRHR during the not preoperational testing (see WCAP-14309, Final Data Report).m
Figure 3.6-18 shows the calculated heat transfer from the PRHR external tube surface to the water in

the IRWST by the three tube section of the HX. The top part of the PRHR HX acted as a condenser,

where the steam of the two-phase fluid extracted from hot leg-A was condensed. The top horizontal

tube transfers the greatest amount of heat. The condensation process on the inside effectively heated

this tube wall temperature above the boiling point for the water in the IRWST, resulting in very
effective nucleate boiling heat transfer from the outside surface. The vertical and the bottom
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horizontal sections of the heat exchanger remain, for the most part, subcooled the iluid with a less !

effective free convection heat transfer to the IRWST water and contributed, therefore, far less to the

overall heat transfer of the PRHR.

Figure 3.6-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. "Ihe internal

energy in the IRWST water was calculated based on thermocouples located at various elevations in the

IRWST tank, which were allocated different control volumes to arrive at an effective average

temperature. Due to the severe temperature stratification in the IRWST tank, this technique only
produced good results until the IRWST started to drain.

For S01613, up to [ ]'** the PRHR primary-side calculation and the IRWST internal

energy calculation were very close. After [ ]***, the calculated IRWST internal energy
appeared to increase significantly due to rapid increase of thermocouple reading, measuring

temperature below the PRHR horizontal inlet tubes (T-064E). The comparison shown in Figure 3.6-17

indicates that the PRHR primary-side heat transfer from PRHR tube surface calculation gives lower
energies until approximately [ ]*** and higher after this time compared to the other two
calculations.

Steam Generator Heat Transfer

Figure 3.6-32 shows the heat transfer in the steam generators for S01613, and Figure 3.6-33 shows the

pressures on the primary side and the secondary side of the steam generators. Heat transfer was

sharply reduced after the pumps were tripped due to the reduction of flow in the tubes. The pressures

show that the steam generators were available as heat sinks until approximately [ ]'** into
the event, at which time the primary-side pressure dropped below the secondary, making the steam

generators a potential heat source for the primary system. Figure 3.6-28 shows the water inventory in |

the steam generators primary side, which includes inlet and outlet plena and U-tubes. When full, the |
'

steam generator inlet and outlet plena contains approximately [ ]'** of water. When the primary-
side pressure dropped below the secondary-side pressure (approximately [ ]'*"), the steam

generators U-tubes were essentially drained of water and contained trapped steam, which became more

and more superheated as the primary-side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the pumps were tripped

and disappeared after approximately [ ]***. Also shown in Figure 3.6-32 is the PRHR heat

transfer, which removed heht from the system after the steam generators heat transfer had ended.

Ovemil Enerry Balance

Figure 3.6-80 shows the integrated energy of the fluid streams leaving the system. The energy content

of the break flow was greatly reduced when ADS-1 occurred, since although the break flow converted I

to Cn the mass flow rate became very low. For ADS-1, ADS-2 and ADS-3, the same happened
when ADS-4 occurred. i

i

I
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Figure 3.6-81 shows all the energy components in the heat balance for the system. Throughout the

event, rod bundle power was the dominant heat input to the system, and during the initial part of the

event the steam generators provide the dominant heat extraction. When the primary and secondary
system pressures equalized, and the steam generator U-tubes drain (about 1800 seconds), the steam

generator became thermally isolated from the primary system and did not affect the rest of the event.

Figure 3.6-80 shows the energy loss from the break and the ADS flows as calculated based on

assumptions described in Section 2.0. 'lhe average energy loss from the fluids ejected from the system
during the first [ ]'6# of the event was approximately [ ]' 6 '. h
average energy loss increased to [ ]'6# within time period from 4800 to 5700
seconds and was reduced to approximately [ ] from about [ ]'6# to
the end of the test. From approximat-ly [ ]'*#, slightly more energy was

generated by the heated rod bundle than left the system through the break, and the overall energy

stored within the system slowly increased (metal mass energy decreased and fluid energy increased).

From [ ]'6* to the end of the test, more energy left the system through the ADS flows

than was generated by the rod bundle, and overall system energy stored within the system (fluid and

metal) decreased to compensate.

Figure 3.6-82 shows the accumulated energy balance error during the event. During the initial part of

the transient, an increasing error was generated by a greater-than-actual heat transfer being calculated

for the steam generator. This was a consequence of an assumed overall heat transfer coefficient (HTC)

for the steam generator, which is calculated from full-power / full-flow conditions (before time "0"),

which was higher than the actual HTC at the lower flow conditions existing after the pumps have shut
down. Figure 3.6-82 also shows that the error in the energy balance peaked at [ ]'*#and
varied rapidly from [ ]'*# (during the accumulator discharge into the

primary system, ADS-4, and IRWST actuation). This error was a consequence of the rapid change in

the metal energy seen in Figure 3.6-81, which was calculated based on fluid temperatures. In reality,

the calculated change of metal energy occurred at a slower rate than indicated by the fluid thermo-

couples, due to the large thermal inertia of the heavy-walled components. 'Ihe varying error and the
error peak shown in Figure 3.6-82 at [ ]'*# are, therefore, a consequence of taking credit

for metal heat too fast during the event, and this error disappears after [ ]'6* seconds when the
metal temperatures catch up with the fluid temperatures. In evaluating the overall error in the

accuracy of the energy balance, these peaks were disregarded. The maximum error band for

Figure 3.6-82 is approximately -80000 to +20000 Btu, which corresponds [ ]'6# of the
total fluid energy ejected from the system. The error at the end of the event was approximately

[ ]'*# of the total ejected fluid energy.

Other Observations

Pressure Decay

Figure 3.6-3 shows the primary system pressure during the S01613 test. Throughout this event, the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.

uA1892-mon \l892w-3f non:Ib-061095 3.6-7
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At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;

however, this shifted within the first 400 seconds (after the initial blowdown phase) to the power
channel upper plenum.

Figure 3.6-2 shows that the temperature of the upper plenum was equal to the saturation temperature
corresponding to the primary system pressure measured in the upper head during the natural '

circulation phase :md into the ADS phase. The pressure stabilized at the saturation pressure for the

upper plenum and then continued a slow pressure decay responding to the CMTs injection.

Figure 3.6-3 shows the increase in the pressure decay rate that occurred at approximately
[ ]**, when the CMTs transitioned from natural circulation injection to draindown

injection which essentially doubled the injection rate of cold water into the DVI. The higher injection
rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.6-2), which

was reflected in a more rapid pressure decay. With the actuation of ADS-1 at approximately
[ ]^', the pressure dropped rapidly due to the increased rate of mass ejected from the

system (Figure 3.6-68), and the increased flow of cold water being injected into the annular

downcomer and flowing through the rod bundle. This continued to reduce the power channel inlet

plenum temperature, and subcooled the heated rod bundle due to the higher flow. Since the power
channel outlet plenum became subcooled at approximately [ ]'6#, the hottest fluid in the

system was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported

by the flashing of the fluid in one or several of these locations. When the acetimulator discharge
,

ended (approximately [ J'6#), the lower-plenum temperature increased due to the metal
'

heat, and the upper-plenum temperature increased to the saturation temperature and again took over
control of the system pressure for the rest of the event. It is noted here that at the end of the

accumulator injection, a large amount of nitrogen from the accumulators was injected into the primary
system. This injection had very little immediate effect on the primary system, but as will be discussed
in Section 4.0, affects the upper plenum, the PRHR HX, and the CMT at later stages of the event.

l

The actuation of ADS-4 (at approximately [ ]'6# seconds) lowered the system pressure sufficiently )
to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high I

to subcool the primary system, ending rod bundle boiling and partially collapsing the steam bubble in

the upper plenum and bringing the system to a near-atmospheric internal pressure.

Election Flows

Figure 3.6-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.6-69,3.6-70, and 3.6-71. The break and ADS-4 flows I

consisted of saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted

of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.6-73) was less
than 90 percent.

The total mass flow rate leaving the system was reasonably steady for S01613, as seen in

Figure 3.6-79. Figure 3.6-80 shows that the energy of the fluid ejection was steady at an average rate
of[ ]'6# for the first [ ]'6# seconds, increased to [ ]'6#

u AI S92- mon \l 892 w.3f.non:l t@61095 3.6-8
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and then decreased to [ J'6# for the rest of the event. He increase in energy ejection rate
was caused by ADS-1, ADS-2, and ADS-3 actuation. De decrease in energy ejection rate was related
to actuation of ADS-4, which caused the pressurizer to drain, converted the ADS-1, ADS-2, and

ADS-3 flow to steam with a low mass flow rate, and simultaneously started fluid ejection through
ADS-4.

ADS-1 opened at approximately [ J'6# seconds, followed by ADS-2 and ADS-3 within the next

[ ]* 6#. De break flow changes from saturated water to steam, but due to the low mass

| flow rate (Figure 3.6-68), the energy removal by the break flow (Figure 3.6-80) becomes very low.
'

The energy was leaving the system through ADS-1, ADS-2, and ADS-3 at greater rate than through

the break and ADS-4, and provided an effective means of removing the stored metal energy from the

system, as seen in Figure 3.6-81. He mass flow rate leaving the system via ADS-1, ADS-2, and
ADS-3 during the next [ ]'** was greater than the break flow, and also the energy loss

through the ADS-1, ADS-2, and ADS-3 exceeded the energy loss by the break flow (Figure 3.6-80).

ADS-4 opened at approximately [ ]'A', and the ADS-1, ADS-2, and ADS 3 flows

convened to steam with a very low mass flow rate and energy loss rate. De ADS-4 flow stabilized at

a rate that matched the injection rate from the IRWST (Figure 3.6-79), and the energy removal via
ADS-4 was comparable to the heated rod power (Figure 3.6-81).

u A1892-non\l 892 w-3f.non: l t4161095 3.6-9
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5
% TEST ANALYSIS STANDARD PLOT PACKAGE
$ Figures 3.6-1 Through 3.6-83
3
g Fig. No. Component Variables Units Description

f 3.6-1 Power channel CORE-POW kW Core power

3.6-2 Power channel TSAT, TAVTDC, TFOUT T Core inlet / outlet temperature,
g saturation temperature

3.6-3 Pressurizer PPZRTOP psia System pressure
,

3.6-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators

3.6-5 Steam generator TAVCSGA, TAVGSGB 'F Average fluid temperature in steam generators

3.6-6 CMT MCMTA,MCMTB lbm Fluid mass in CMTs

3.6-7 G1T CLEVELA,CLEVELB ft. Collapsed liquid level in G1Ts
C 3.6-8 CMT MOUTCMTA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs

MINCMTB

3.6-9 CMT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of CMTs

3.6-10 CMT FLOWINA, FLOWINB Ibm /sec. Calculated flow into CMTs

3.6-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3.6-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.6 13 IRWST/PRHR MIRWST Ibm Mass of fluid in IRWST

3.6-14 IRWST/PRIIR LIRWST ft. Collapsed liquid level in IRWST

3.6-15 IRWST/PRHR FIRWST Ibm /sec. Measured discharge flow from IRWST

;
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3
g TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.6-1 Through 3.6-83 (Cont.)c
5
? Fig. No. Component Variables Units Description
#
| 3.6-16 IRWST/PRHR MOUTDVIA, MOLTfDVIB lbm Integrated mass out of DVI lines

3.6-17 IRWST/PRHR INT-QCAL, INT-QTUB, U UO Btu Comparison of energy transfer from PRHR
g tubes to IRWST

3.6-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Btu /sec. Breakdown of heat transfer from different
QTUBEXT sections of PRHR tube

3.6-19 IRWST/PRHR Q-CALIM Btu /sec. PRHR/IRWST heat transfer calculated on tube
side

3.6-20 IRWST/PRHR FLOWTUBE Ibm /sec. Measured oudet flow from PRHR tube

3.6-21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fractiong

3.6-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulators

3.6-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3.6-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.6-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.6-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumuletors

3.6-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.6-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in stean generators - primary
side

3.6-29 Steam generator LSGAH, LSGAC, LSGBil, LSGBC ft. Collapsed liquid levels in steam generators -
pnmary side - hot and cold sides of U-tubes

_ _ _ _ _ = . - - _. . _ _ - - .____- - __- - - - - _ _ _ - _ _ - - - _ _ _ _ _ - - _ - - - _ _ _ - _ _ _ - _ _ _ _ . _ - - _ _ - - _ _ - - - _ _ _ _ _ _ _
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f TEST ANALYSIS STANDARD PLOT PACKAGE
$ Figures 3.61 Through 3.6-83 (Cont.)
"o

Y Fig. No. Component Variables Units DescriptionW
! 3.6-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC lbm Mass of fluid in steam ger.crators - primary

"k side - hot and cold sides of U-tubes
j 3.6-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -"

secondary side

3.6-32 Steam generator Q-TRNF-A, Q-TRNF-B, Bru/sec. Heat transfer in steam generators
Q-CALIM heat transfer in PRHR

3.6-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.6-34 Pressurizer MPZR Ibm Fluid mass in pressurizer

3.6-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
"

3.6-36 Pressurizer MSL lbm Fluid mass in surge line

3.6-37 Pressurizer LSL ft. Collapsed liquid level in surge line

3.6-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.6-39 Power channel MPCHN lbm Total fluid mass in power channel

3.6-40 Power channel L2 PHASE, LDVI, LHL, LCL fL Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

3.6-41 Power channel MANDC lbm Fluid mass in annular downcomer

3.6-42 Power channel LANDC, LDVI, LHL, LCL ft. Collapsed liquid level in annular downcomer
vs. DVI, hot-leg, arai cold-leg elevations

. . . - - . _ . - - _ . -. .-- _- - --. - --
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TEST ANALYSIS STANDARD PLOT PACKAGE
h Figures 3.61 Through 3.6-83 (Cont.)
3

*] Fig. No. Component Variables Units Descriptions

3.6-13 Power channel MTDC lbm Fluid mass in tubular downcomer

h 3.6-44 Power channel LTDC, LBOF, LTOF ft Collapsed liquid level in tubular downcomer
h vs. top of active fuel and bottom of active fuel"

levels

3.6-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.6-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.6-47 Power channel MCORE Ibm Fluid mass in core region

3.6-48 Power channel LCORE ft. Collapsed liquid level in core

3.6-49 Power channel MFOUT Ibm Fluid mass in core outlet region

E 3.6-50 Power channel LFOUT ft Collapsed liquid level in core outlet region

3.6-51 Power channel MUPPL lbm Fluid mass in the lower portion of the upper
plenum

3.6-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3.6-53 Power channel MUPPU lbm Fluid mass in the upper portion of the upper
plenum

3.6-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3/>55 Power channel MilEAD lbm Fluid mass in the upper head

3.6-56 Power channel LIIEAD ft. Collapsed liquid level in the upper head

1

_ _ _ _ _ - _ - _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ .. _ - _ - . _ . _ _ - _ _ _ _ _ _ - _ -
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f TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.6-1 Through 3.6-83 (Cont.)
E
y Fig. No. Component Variables Units DescriptionM
$ 3.6-57 Power channel UPC Btu Total fluid energy in power channel

3.6-58 Power channel Q-FLUX Btu /sec.-ft2 Average heat flux on the heated rods

S 3.6-59 Power channel STM-RATE lbm/sec. Core steam generation rate

3.6-60 Power channel FLOWCOR Ibm /sec. Calculated core flow

3.6-61 Power channel VOIDOUT Void fraction at core exit

3.6-62 Power channel TMAX, TSAT, TMAX-TS AT 'F Maximum clad temperature, saturation
temperature and delta

3.6-63 Hot leg MHLA, MHLB lbm Fluid mass in hot legs?
? 3.6-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs

3.6-65 Cold leg MCLA, MCLB lbm Fluid mass in cold legs

3.6-66 Cold leg LCLAl, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A

3.6-67 Cold leg LCLBI, LCLB2, LPSB ft. Collapsed liquid levels in cold leg-B

3.6-68 Total system ma<s MADSI-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

3.6-69 Total systera mass DMADSI-3 lbm/sec. Calculated flow out ADS 1-3

3.6-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS 4

3.6-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.6-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS 4, and the break



a

$
k TEST ANALYSIS STANDARD PLOT PACKAGE
h Figures 3.6-1 Through 3.6-83 (Cont.)
3
y Fig. No. Component Variables Units Description
W
! 3.6-73 Total system energy VOID Calculated void fraction for ADS-1. ADS-2,
'-

and ADS-3
h

3.6-74 Total system mass MTDTAL, MOTTO lbm Total system fluid mass vs. initial fluid mass

3.6-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and
calculated flows)

3.6-76 Total system mass ERRLOP1 lbm Error in the mass balance (using fluid
inventory)

3.6-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and loops
vs. initial fluid mass

3.6-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated man discharged fromv
p accumulators, CM rs, and IRWST
-
* 3.6 79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source ir ,entory, total mass ejected from

primary syste Ji, and total mass injected to
prunary sy' em

3.6-80 Total system energy UADS123, UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1,
ADS-2. ADS-3, ADS-4, and the break, and the
sum

3.6-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.6-82 Total system energy UERROR. ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3.6-83 System pressure - psia Test event phases and system pirssure

-__-_---_-- - __ _ - - -_----__-__-_ __________________-__-____ _ ____. . _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ - _ - - _ - - _



- ,

.

V

|
J

1

|

1,

The figures listed are proprietary and, tierefore,

are not available in the Class 3 version of this report. !

These figures are available in the Class 2 version of this report.
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3.7 Analysis of the Two-Inch Direct Vessel Injection Line Break (S00605)

His matrix test simulated a 2-in. direct vessel injection (DVI)line break without any nonsafety
systems operating. He event started with the initiation of the break, specifically located on the

bottom of the DVI line B between emergency core cooling system (ECCS) injection and the vessel. |
Ris test was performed without any nonsafety systems' pumps operating. Dat is, it was performed I

without the (CVCS) makeup pumps, steam generator startup feedwater (SFW) pumps and normal
residual heat removal (NRIIR) pumps.

3.7.1 Summary of Test Observations )

!
Figure 3.7-83 shows the plant primary system pressure during matrix test S00605 (as measured at the

{
top of the pressurizer), with selected component actuations and plant responses shown in relation to

|the primary system pressure.

1

he 1DP started with the initiation of the break, which caused the pressurizer to drain. His resulted in I

a rapid reduction in pressure. De reactor trip (R) signal initiated at [ ]'** p.sia and the safety
systems actuation (S) initiated at [ J'"# psia. He R and the S signals initiated the following
actions:

Decay heat simulation (with heat loss compensation) initiated..

He main steam line isolation valves (MSLIVs) closed.
.

:
De main feedwater isolation valves (MFWIVs) shut off.

.
'

He core makeup tank (CMT) injection valves opened..

He passive residual heat removal (PRHR) return flow valve opened.
.

He reactor coolant pumps (RCPs) shut down..

He recirculation flow through the CMTs and flow through the PRHR started immediately after the

CMT injection valves and the PRIIR return flow valve were opened. Due to the rapid loss of pressure
down to saturation pressure for the rod bundle and upper plenum, boiling was initiated and the upper
plenum flashed while the fluid level decreased to the hot-leg elevation. He flashing stopped the rapid
drop in primary system pressure. When the RCPs were turned off(at [ ]'*# seconds), the flow
through the power channel started to oscillate (period approximately [ J'*# seconds), resulting in
oscillations in the heated bundle and upper-plenum void fraction, the upper-plenum temperature, and
system pressure.

1

During the pressure decay phase (PDP), the heated bundle void fraction increased. This resulted in an
|increasing void fraction in the upper plenum and the hot legs. De hot leg-B fluid had a void fraction I

I
very close to that of the upper plenum. De void fraction in hat leg-A was much lower due to the
removal of vapor from the hot leg by the PRIIR inlet line.

De two-phase flow in the hot legs initiated the draindown of the steam generator U-tubes, since steam
from the two-phase mixture collected in the top of the U-tubes. His stopped the flow through the

NW892wus92. 3 4tho61395 3.7 18



primary system. The void fraction oscillations observed through the heated bundle ended when the

flow through the steam generators stopped. The flow through steam generator-B stopped first,

approximately [ J'** seconds into the event, due to the higher void fraction in hot leg-B.

Approximately [ ]*** seconds later, flow through steam generator-A stopped.

He two-phase flow through the PRHR had an average integrated void fraction significantly greater

than seen in the upper plenum. Due to boiling in the heated bundle, two-phase flow entered the hot

leg from the upper plenum and flowed through the PRHR heat exchanger (HX) located in the

in-containment refueling water storage tank (IRWST). The average void fraction in the PRHR inlet

was as ingh as [ ]'A' percent, which enhanced the PRHR heat removal from the primary system

when compared with single-phase saturated or subcooled water. When the flow stabilized after the
initial flow oscillations, a heat removal rate of [ ]'** W' e dMad Ws MMdm a
based on the void fraction of the flow in the PRHR supply line, the flow, the temperature, and the

pressure. This calculation assumes a slip coefficient of I between steam and water and may give a

slightly lower value than the actual heat transfer. It should, therefore, be used for test-to-test

comparison only.

When the CMT balance lines drained (that is, when cold legs-B had partially emptied), the CMTs

converted from the recirculation mode to the draindown mode ofinjection. This increased the cold

injection flow and the rate of system pressure decay. This happened at approximately

[ ]'** seconds for both CMTs. When the system pressure dropped to the saturation pressure for the

upper head, the upper head started to drain (at 400 seconds).

During the first 805 seconds (until ADS-1 actuation),740 lbm of subcooled water were discharged

through the break while draining the pressurizer, the steam generator U-tubes. the power channel upper

head, the power channel upper plenum above the hot leg, and most of the cold legs. The CMTs were

partially drained, which initiated the automatic depressurization system (ADS) actuation. The core

decay heat simulation had reduced the power level to approximately [ ]'*# seconds,

which consisted of [ ]'A' kW decay heat and [ ]'** kW heat loss compensation. The break flow

was steady, indicating that the direct vessel injection (DVI) line was full of water during this period.

The ADS actuation increased the rate of primary system depressurization and resulted in a high

injection flow from the accumulators. The rapid injection of cold fluid from the accumulators (at

[ ]'** to [ ]'** seconds into the event) temporarily reduced the boiling in the heated bundle and

the void fractions of the flow through the heated bundle and the upper plenum. The pressurizer was

temporarily refilled.

When the accumulator discharge ended, the boiling intensity increased, and the void fraction of the

two-phase flow increased.

The fluid discharge through the break slowed when ADS 1 occurred at [ ]*** seconds (due to the

additional fluid discharge through ADS-1, ADS-2, and ADS-3) and was further reduced when the

accumulator discharge ended at approximately [ ]'** seconds. Prior to ADS-1, approximately

u Aap600\l892w\l802w.3g wpf:Ib 061395 3.7 2
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[ ]'*# lbm of fluid were discharged through the break. During the ADS phase, approximately

[ ]'*# lbm of water were discharged from the ADS-1, ADS-2, and ADS-3. An additional [ ]'**
lbm were discharged through the break. This water was supplied primarily by the accumulator
discharge and was followed by an increase in heated bundle void fraction after the accumulators

drained and only the CMTs provided core injection.

He post-ADS phase began when ADS-4 was actuated. ADS-4 was actuated manually (due to a
facility control problem) at [ ]'*# seconds. De fluid discharge through ADS-1, ADS-2, and

ADS-3 was replaced by steam as the pressurizer drains, and fluid was now discharged through ADS-4.

A small amount of CMT flow still entered the direct vessel injection (DVI) line. When the system
pressure had been reduced below the pressure corresponding to the water elevation head of the

(IRWST), flow from the IRWST entered the DVI line and shortly thereafter, the CMT flow ended.

He flow from the IRWST slowly cooled the primary system. The core boiling slowly ended, and the
upper plenum partially refilled due to condensation of the steam bubble starting at [ ]'*# seconds.
The level in the upper plenum above the hot legs again dropped to the hot-leg elevation temporarily at

[ ]'*# seconds, but was again partially refilled for the rest of the event starting at

[ ]'*# seconds.

He PRIIR drained at approximately [ ]'*# seconds into the event. A steady flow of subcooled

water was then flowing from the IRWST into the DVI line, through the power channel, and left the

primary system through ADS-4 and the DVI line break.

3.7.2 Analysis of the S00605 Test Data

ne analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs

a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses

from the break and ADS flows, are calculated throughout the event, he mass balance and the energy

transfer calculations are performed in much greater detail than was performed in WCAP-14309, Final

Data Report.* Mass balance snapshots for all the major primary system components, at various

points of interest throughout the transition, are presented in Table 3.7-1.

Mass llalance

Overall Mass Balance

De uncertainty ir, the overall mass balance was an indication of the overall quality of the test. The

total water inventory was tracked from the start until the end of the test. Figures 3.7-74, 3.7-75, and

3.7-76 show the overall mass balance and the error (uncertainty) in mass balance for S00605.i

*

De overall mass balance for S00605 (Figure 3.7-74) shows a small variation of water inventory

during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of

the mass balance model used to determine the total water inventory. He average total inventory

u:\np600\ls92w\l892w.3g.wi :Ib-061395 3.7-3t
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during the test was indicated to be approximately [ ]*6# lbm higher than the initial system mass, and ;

a final mass was indicated to be approximately [ ]*# lbm above the initial mass. Figure 3.7-75 |

shows the difference between the total mass during the event and the initial mass (mass balance error) |
when the inventory was calculated by integrating the flows. Figure 3.7-76 shows the mass balance ;
error when inventory was calculated based on the catch tank weight and component level |
measurements. The mass balance error, based on flow measurements, varied from -15 to +65 lbm; the

weight and level measurements resulted in an average error varying approximately from +10 to +80
lbm during the event and a final error of +80 lbm at the end of the event.

Water Inventory for the Power Channel and the leon

Maintenance of the coolant coverage of the heated bundle was the most critical issue for the power
channel. The heated bundle coverage during a loss-of-coolant accident (LOCA) event often consists of

two-phase fluid, which can have a very high void fraction. Figure 3.7-40 shows the true level of two-

phase fluid in the power channel as measured from the elevation of the top of the core (TAF). Since

this represents the true two-phase level, it will be different than the collapsed liquid level in the heated
bundle.

|

For S00605, the two-phase level in the upper plenum decreased to the hot-leg elevation and remained

at this elevation until the ADS-1 was actuated. After the ADS-1 actuation the level decreased to
approximately [ ]'6* ft. below the hot-leg elevation. The accumulator injection ([

]*# seconds) partially condensed the steam bubble in the upper plenum, causing the level to rise

to the hot-leg elevation. Following the end of the accumulator injection, the two-phase level again
decreased, this time to approximately [ ]** ft. below the hot-leg elevation. This occurred at the time

|
of minimum power channel water inventory, before the IRWST injection started to refill the power

channel (at [ ]*# seconds). The IRWST injection also partially condensed the steam bubble in the

upper plenum, causing the level to rise above the hot-leg elevation.
I

The level on the cold side of the power channel is shown in Figures 3.7-42 (annular downcomer) and

3.7-44 (tubular downcomer). The annular downcomer was full until approximately [ ]*# seconds
into the event. At that time, the level started to decrease, but it was maintained approximately

[ ]*# ft. below the elevation of the hot leg until after the end cf the accumulator injection
(approximately [ ]'6* seconds). The level then decreased and drained the annular downcomer and
reached a minimum level in the tubular downcomer at approximately [ ]'6# seconds. This
corresponded to the time of minimum water inventory in the power channel shown in Figure 3.7-39. ;

Figure 3.7-62 shows the maximum cladding temperature during the event and compares this |

temperature with the saturation temperature There was no indication ofloss of cooling for the heater
rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.7-48), and the rod bundle exit void fraction
(Figure 3.7-61) show that the rod bundle was water solid before the break was initiated. The rod

bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle

near the TAF clevation to the lower part of the upper plenum. Two-phase flow, with approximately

u Amp 60th1892wu B92w.3g.wpf:ltr061395 3.7-4
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[ ]'*# percent average void fraction, exists in the rod bundle prior to the accumulator injection. De
accumulator injection did not change the rod bundle exit void fraction significantly. When the
accumulator injection ended, the collapsed level again started to decrease. The rod bundle exit void

fraction reached approximately [ ]'*# percent prior to the start of the IRWST injection phase, starting
at approximately [ J'*' seconds.

The collapsed level in the upper plenum (Figures 3.7-52 and 3.7-54) decreased to approximately

[ ]'*# ft. below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased, then decreased to [ ]'** ft. below the hot-leg elevation during the
accumulator injection (at approximately [ ]'** seconds) and temporarily increased to [ ]'*' ft.
below the hot-leg elevation. This period was followed by a drop in the collapsed level to
approximately [ ]'*# ft. below the hot leg at the time of minimum water inventory before the
IRWST injection started.

The water inventory in the power channel (Figure 3.7-39) had three minima; when the CMT

draindown started, during the accumulator injection, and before the IRWST injection. The third

minimum was more severe, showing a total power channel inventory of approximately [ ]'*' lbm
| ([ ]*** percent of starting inventory) at that time. The total primary system inventory (power
j channel, pressurizer and loops), shown in Figure 3.7-77, reaches approximately [ ]'6# h
| ([ ]'*' percent of starting inventory) for this minimum.

I
Water Iniection/Eiection

The injected fluid mass from all injection sources is shown in Figure 3.7-78. Figure 3.7-79 shows the

total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately [ j'*' lbm source inventory, only [ ]'*" lbm ([ ]'*# percent of available
source water) was used by the end of the event.

Energy Halance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer

on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.0, and a comparison of three heat transfer calculations are

given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit

flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S00605 test had two-
phase flow conditions in the hot legs and PRIIR, the inlet flow void fraction was determined

(Figure 3.7-21) and used to establish the effective enthalpy of the two-phase inlet flow. The outlet

flow from the PRHR HX was always subcooled water. The primary-side two-phase heat transfer for
'

S00605, shown in Figure 3.7-19, was greater than the heat transfer measured for single phase flow

through the PRIIR during the hot pre-operational testing (see WCAP-24309, Final Data Report).m
Figure 3.7-18 shows the calculated heat transfer from the PRHR external tube surface to the water in

|
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the IRWST by the three-tube section of the HX. The top part of the PRHR HX acted as a condenser,
where the steam of the two-phase fluid extracted from hot leg-A was condensed. The top horizontal

tube transfers the greatest amount of heat. The condensation process on the inside effectively heated

this tube wall temperature above the boiling point for the water in the IRWST, resulting in very
effective nucleate boiling heat transfer from the outside surface. The vertical and the bottom

horizontal sections of the heat exchanger remain for the most part, subcooled with a less effective free
convection heat transfer to the IRWST water and contributed, therefore, far less to the overall heat

transfer of the PRHR.

Figure 3.7-17 shows the internal energy of the IRWST water, the integrated power from the primary

side of the PRHR HX, and the heat transfer from the PRHR heat exchanger external surfaces. The

internal energy in the IRWST water was calculated based on thermocouples located at various
elevations in the IRWST tank, which were allocated different control volumes to arrive at an effective

average temperature. Due to the severe temperature stratification in the IRWST tank, this technique
only produces good results until the IRWST started to drain.

For S00605 there was good correlation between the two heat transfer calculations. Up to

[ ]'6" seconds, the heat transfer from the PRHR external tube surface calculation and the IRWST

internal energy calculation are very close. After [ ]'6" seconds, the IRWST internal energy ;

appeared to increase significantly due to the effect of draindown on the thermocouple readings. |

However, since there is very little energy being provided by the PRHR after [ ]'6* seconds, this )
apparent increase does not reflect an actual increase in the average water temperature and IRWST

internal energy. The comparison shown in Figure 3.7-17 indicates that the PRHR pdmary-side heat )
transfer calculation gives significantly lower energies than the other two because, for S00605, the
channels DP-A81 AE and DP-81BE failed, and for this calculation, incorrect void fraction 0 was used.

Steam Generator Heat Transfer

Figure 3.7-32 shows the heat transfer in the steam generators for S00605, and Figure 3.7-33 shows the

pressures on the primary side and the secondary side of the steam generatcrs. Figure 3.7-32 shows a

dramatic decrease in heat transfer corresponding to the pump trip. The pressures show that the steam

generators were available as heat sinks until approximately [ ]'6# sends into the um a wM
time the pdmary-side pressure dropped below the secondary making the steam generators a potential

heat source for the primary system. Figure 3.7-28 shows the water inventory in the steam generators i

primary side, which includes inlet and outlet plena and U-tubes. When full, the steam generator inlet
and outlet plena contains approximately [ ]'6# Ibm of water, When the primary-side pressure
dropped below the secondary-side pressure (approximately [ ]'6# seconds), the steam generators

U-tubes are essentially drained for water and contain trapped steam, which became more and more |

superheated as the primary side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the pumps are tripped, and
disappears after approximately [ ]'6# seconds. Also shown in Figure 3.7-32 is the PRHR heat

transfer, which removed heat from the system after the steam generators heat transfer had ended.

u Amp 600\l B92w\1892w-3g.wpf:ltv061395 3.7-6
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Overall Energy Balance

Figure 3.7-80 shows the integrated energy of the fluid streams leaving the system. The energy content

of the break flow was greatly reduced when ADS-1 occurred, since although the break flow converted j
to steam, the mass flow rate became very low. For ADS-1, ADS-2 and ADS-3, the same happened !

when ADS 4 occurred.

Figure 3.7-81 shows all the energy components in the heat balance for the system. Throughout the

event, rod bundle power was the dominant heat input to the system, and during the initial pan of the

event, the steam generators provide the dominant heat extraction. When the primary and secondary

system pressures equalized, and the steam generator U-tubes drained (about [ ]*# seconds), the

steam generator became thermally isolated from the primary system and did not affect the rest of the

event. Figure 3.7-80 shows the energy loss from the break and the ADS flows as calculated based on

assumptions described in 2.0. The average energy loss from the fluids ejected from the system during

the first [ ]"# seconds of the event was approximately [ ]"# kW) and then was
reduced to approximately [ ]** from about 1800 seconds to the end of the test
From approximately [ ]** seconds more energy left the system through the ADS

flows than was generated by the rod bundle, and overall system energy stored within the system (fluid

and metal) decreased to compensate.

After approximately [ ]"* seconds, the metal and fluid energy stabilize in the system, and the rate

of the fluid energy leaving the system (primarily via ADS-4) matched the core input power well. This
steady-state condition existed for the rest of the event.

Figure 3.7-82 shows the accumulated energy balance error during the event. During the initial part of

the transient, an increasing error was generated by a greater than actual heat transfer being calculated

for the steam generator. This was a consequence of an assumed overall heat transfer coefficient
,

(HTC) for the steam generator, which was calculated from full-power / full-flow conditions (before |
.

time 0), which was higher than the actual HTC at the lower flow conditions existing after the pumps

have shut down. Figure 3.7-82 also shows that the error in the energy balance varied rapidly from !

[ ]"# seconds (during the accumulator discharge into the primary system, ADS 4 |
and IRWST actuation). This error was a consequence of the rapid change in the metal energy seen in

Figure 3.7-81, which was calculated based on fluid temperatures. In reality, the calculated change of ;

metal energy occurred at a slower rate than indicated by the fluid thermocouples doe to the large I

thermal inertia of the heavy walled components. 'Ihe varying error and the error peak shown in )
Figure 3.7-82 at [ ]"# seconds were, therefore, a consequence of taking credit for metal heat too

fast during the event. After [ ]"# seconds the metal temperatures caught up with the fluid |
'

temperatures. The maximum error band for Figure 3.7-82 is approximately -120000 to +20000 Btu,

which corresponded to within [ ]"# percent of the total fluid energy ejected from the system.

The error at the end of the event is approximately 1 percent of the total ejected fluid energy.

l

|
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Other Observations

Pressure Decay

Figure 3.7-3 shows the primary system pressure during the S00605 test. Throughout this event, the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.

At the initiation of the break, the controlling fluif. volume was in the pressurizer and surge line;
however, this shifted within the first i ]'** acconds (after the initial blowdown phase) to the power
channel upper plenum.

Figure 3.7-2 shows that the temperature of the upper plenum was equal to the saturation temperature

corresponding to the primary system pressure measured in the upper head during the natural

circulation phase and into the ADS phase. The pressure stabilized at the saturation pressure for the

upper plenum, and then continued a slow pressure decaj responding to the CMTs injection.

Figure 3.7-3 shows an increase in the pressure decay rate that occurred at approximately

[ ]'A' seconds, after the CMTs transitioned from natural circulation injection to draindown injection,

which essentially doubled the injection rate of cold water into the DVI. The higher injection rate

resulted in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.7-2), which was

reflected in a more rapid pressure decay. With the actuation of ADS-1 at approximately

[ ]'** seconds, the pressure dropped rapidly due to the increased rate of mass ejected from the

system (Figure 3.7-68), and the increased flow of cold water being injected into the annular

downcomer and flowing through the rod bundle. This continued to reduce the PC inlet plenum

temperature, and subcooled the heated rod bundle due to the higher flow. At the end of the

accumulator injection, some nitrogen from accumulator-A was injected into the primary system. This

injection had very little immediate effect on the pdmary system, but as will be discussed in Section

4.0, affects the upper plenum, the PRHR heat exchanger, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately [ ]'** seconds) lowered the system pressure sufficiently

to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high
to subcool the primary system, ending rod bundle boiling and partially collapsing the steam bubble in

the upper plenum, and bringing the system to a near atmospheric internal pressure.

Eiection Flows

Figure 3.7-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.7-69,3.7-70, and 3.7-71. The break and ADS-4 flows
consisted of saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted

of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.7-73) was less

than [ l'** percent.

'Ihe total mass flow rate leaving the system was reasonably steady for S00605, as seen in Figure 3.7-79.

Figure 3.7-80 shows that the energy of the fluid ejection was nearly steady at an average rate of

[ ]*** Bru/sec. for the first [ ]'** seconds, and then decreased to [ ]'A' Btu /sec. for the rest of

u:\ap600\lH92w\1892w 3g.wpf:Ib-061395 3.7-8



the event. The decrease in energy ejection rate was related to actuation of ADS-4, which caused the

pressurizer to drain, converted the ADS-1, ADS-2, and ADS-3 flow to steam with a low-mass flow
rate, and simultaneously started fluid ejection through ADS 4.

ADS-1 opened at approximately [ ]''' seconds, followed by ADS-2 and ADS-3 within the next

[ ]'6* seconor. Due to the low mass flow rate (Figure 3.7-68) and a relatively low temperature in

the DVI line, the energy removal by the break flow (Figure 3.7-80) becomes very low. The energy

was leaving the system through ADS-1, ADS-2, and ADS-3 at greater rate than through the break and

ADS-4, and provided an effective means of removing the stored metal energy from the system, as seen

in Figure 3.7-81. The mass flow rate leaving the system via ADS-1, ADS-2, and ADS-3 during the

next [ ]'6# seconds was greater than the break flow, and also the energy loss through the ADS-1,

ADS-2, and ADS-3, exceeded the energy loss by the break flow (Figure 3.7-80) in this time period.

ADS-4 opened at approximately [ ]'6" seconds, and the ADS-1, ADS-2, and ADS-3 flows

converted to steam with a very low mass flow rate and energy loss rate. The ADS-4 flow stabilized at

a rate which matched the injection rate from the IRWST (Figure 3.7-79), and the energy removal sia

ADS-4 was comparable to the heated rod power (Figure 3.7-81).

1
l

i
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9 TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.71 Through 3.7-83
3L

j Fig. No.

h
_

Component Variables Units Description

3.7-1 Power channel CORE-POW kW C re power

3.7-2 Power channel TSAT, TAVTDC, TFOUT ''F Ce e inlet / outlet temperature,
satt ation temperature

5 3.7-3 Pressurizer PPZRTOP psia System pressure

3.7-4 Steam generator PSGAS, PSGBS psia Primary and seconda y pressure in steam
generators

3.7-5 Steam genemter TAVGSGA.TAVGSGB 'F Average fluid temperature in steam generators

3.7-6 CMT MCMTA, MCMTB lbm Fluid mass in CMTs

3.7-7 CMT CLEVELA,CLEVELB ft Collapsed liquid level in CMTs
C 3.7-8 CMT MOUIEMTA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs

MINCMTB

3.7-9 CMT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of CMTs

3.7-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.7-1 I CMT BLFRACA,BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3.7-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.7-13 IRWST/PRHR MIRWST Ibm Mass of fluid in IRWST

3.7-14 IRWST/PRHR LIRWST fL Collapsed liquid level in IRWST

I3.7-15 IRWST/PRHR FIRWST Ibm /sec. Measured discharge flow from IRWST |

_.
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d TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.7-1 Through 3.7-83 (Cont.)

Fig. No. Component Variables Units Description
Y
p 3.7-16 IRWST/PRIIR MOLTI'DVIA, MOtTTDVIB lbm Integrated mass out of DVI lines

f 3.7-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR
tubes to IRWST

_ _ _

5 3.7-18 IRWST/PRHR Q-IIOR-1, Q-VERT, Q-HOR-2, Blu/sec. Breakdown of heat transfer from different
QTUBEXT sections of PRHR tube

3.7-19 IRWST/PRHR Q-CALIM Btu /sec. PRHR/IRWST beat transfer calculated on tube
side

3.7-20 IRWST/PRHR FLOWRJBE lbm/sec. Measured outlet flow from PRHR tube

3.7-21 IRWST/PRHR VOID-FRC Calculated PRIIR inlet void fraction,

U
. ' - . 3.7-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulatorsw

3.7-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3.7-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.7-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.7-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

3.7-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.7-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in steam generators - primary
side

3.7-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tules

. _ - _ _ _ - _ _-__ _.- - __ _ _-__ _ __ - ___-__ _ _ _ _ - _ _ ~ - - . _ . .
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TEST ANALYSIS STANDARD PLOT PACKAGE

j Figures 3.71 Through 3.7-83
S
g Fig. No. Component Variables Units Description

h 3.7-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC lbm Mass of fluid in steam generators - primary
side - hot and cold sides of U-tubes

{ 3.7-31 Steam generator LSGSA, LSGSB ft. Collapsed liquid levels in steam generators -
= secondary side3

3.7-32 Stemn generator Q-7RNF-A, Q-TRNF-B, Bru/sec. Heat transfer in steam generators
Q-CALIM heat transfer in PRHR

3.7-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.7-34 Pressurizer MPZR Ibm Fluid mass in pressurizer

3.7-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
"

3.7-36 Pressurizer MSL Ibm
*

Fluid mass in surge line

3.7-37 Pressurizer LSL ft. Collapsed liquid level in surge line

3.7-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.7-39 Power channel MPCHN Ibm Total lloid mass in power channel

3.7-40 Power channel L2 PHASE, LDVI. LHL, LL ft. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

3.7-41 Power channel MANDC lbm Fluid mass in annular downcomer l

3.7-42 Power channel LANDC, LDVI, LHL, LCL ft. Collapsed liquid level in annular downcomer
vs. DV1, hot-leg, and cold-leg elevations

.

- _ . _ _
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TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.7-1 Through 3.7-83 (Cont.)
9
j Fig. No. Cc , ;.;..: Variables Units Description

h, 3.7-43 Power channel MTDC lbm fluid mass in tubular downcomer'

3 3.7-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer

{ vs. top of active fuel and bottom of active fuel
;;; levels
3

3.7-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.7-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum
.

3.7-47 Power channel MCORE lbm Fluid mass in core region

3.7-48 Power channel LCORE ft. Collapsed liquid level in core

[ 3.7 t9 Power channel MFOUT Ibm Fluid mass in core outlet region

3.7-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

i 3.7-51 Power channel MUPPL lbm Fluid mass in the lower portion of the upper
plenum

3.7-52 Power channel LUPPL fL Collapsed liquid level in the lower portion of
the upper plenum

3.7-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper '

i plenum

3.7-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

'

3.7-55 Power channel MHEAD lbm Fluid mass in the upper head

3.7-56 Power channel LIIEAD fL Collapsed liquid level in the upper head

|
.

|
|

| _ _ _ _ . _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ - - _ _ _ _ _ _ _ __-_ _ _-__.. - - . . _ -

.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .________.

e

g TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.7-1 Through 3.7 83 (Cont.)
5
g Fig. No. Component Variables Units Description
[, 3.7-57 Power channel UPC Btu Total fluid energy in power channel
e

3.7-58 Power channel Q-FLUX Btu /sec.-ft.2 Average heat flux on the heated rods

3.7-59 Power channel SThf-RATE lbm/sec. Core steam generation ratet
"

3.7-60 Power channel FLOWCOR Ibm /sec. Calculated core flow

3.7-61 Power channel VOIDOUT Void fraction at core exit

3.7-62 Power channel TMAX TSAT, TMAX-TS AT *F Maximum clad temperature, saturation
temperature and delta

3.7-63 Hot leg MHLA, MHLB lbm Fluid mass in hot legsW
3.7-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs

3.7-65 Cold leg MCLA. MCLE Ibm Fluid mass in cold legs

3.7-66 Cold leg LCLAl, LCLA2, LPSA fL Collapsed liquid levels in cold leg-A

3.7-67 Cold leg LCLBI, LCLB2, LPSB ft. Collapsed liquid IcVels in cold leg-B

3.7-68 Total system mass MADSI-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

3.7-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1. ADS-2, ADS-3

3.7-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4

3.7-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.7-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS 4, and the break

1

|
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g TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.71 Through 3.7-83 (Cont.)
%
g Fig. No. Component Variables Units Description
O

& 3.7-73 Total system energy VOID Calculated void fraction for ADS-l, ADS-2,
g and ADS-3

Y 3.7-74 Total system mass MTOTAL,M7DTO lbm Total system fluid mass vs. initial fluid mass
8
@ 3.7-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and"

calculated flows)

3.7-76 Total system mass ERRLOP1 lbm Error in the mass balance (using fluid
inventory)

3.7-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and loops
vs. Initial fluid mass

3.7-78
-

Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged fromm
p accumulators, CMTs, and IRWST
-
* 3.7-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total sourte inventory, total mass ejected from

primary system, and total mass injected to
primary system

3.7-80 Total system energy UADS123, GBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1,
ADS-2. ADS-3, ADS-4, and the break, and the
sum

3.7-81 Total system energy USURR, UCATCH, UQ1N, UFLD-UO, Btu Overall energy balance including integrated nxl
UM7L-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primvy system fluid and metal
energy relative to start of test

3.7-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3.7-83 System pressure - psia Test event phases and system pressure
,

- _ _ - _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ - _ _ _ _ - - _ _ - _ . - - -- _
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: 3.8 Analysis of the Double-Ended Guillotine Direct Vessel Injection Line Break (S00706)
)

his matrix test simulated a double-ended guillotine (DEG) direct vessel injection-B (DVI-B) line
break without any nonsafety systems operating. He event started with the initiation of the break

! located on the DVI-B line. For this break, the test facility was set up such that the break flows from
the CMT-B side and the vessel side of the break were measured separately; the CMT-side break flow

was measured by IF040P, and the vessel side was measured by IF005P (Figure 3.8-84).

His test was performed without any nonsafety systems' pumps operating. Dat is, it was performed
without the chemical and volume control system (CVCS) makeup pumps, steam generator startup

feedwater (SFW) pumps, and normal residual heat removal (NRHR) pumps.

3.8.1 Summary of Test Observations

Figure 3.8-83 shows the plant primary system pressure during matrix test S00706 (as measured at the

top of the pressurizer), with selected component actuations and plant responses shown in relation to I
the primary system pressure.

This event is asymmetric for the plant since the emergency core cooling injection from the B side of

the plant is lost. De event started with the initiation of the break in the DVI line by opening the two
break line valves (Figure 3.8-83). During the first [ ]*#, [ J'6* of subcooled water i
were discharged through the CMT side of the break, while draining CMT-B and accumulator-B (most |
of this occurred in the first [ ]'*") directly into the collection tank without entering the
primary system. The rapid draining of CMT-B initiated the ADS-1 at [ ]' 6 * j.

Re IDP started with the initiation of the break, which caused the pressurizer to drain. His resulted in
a rapid reduction in pressure. The reactor trip (R) signal initiated at [ ]*#, and the safety
systems actuation (S) signal initiated at [ ]"#. De R and the S signals initiated the following
actions:

Decay heat simulation (with heat loss compensation) initiated.*

De main steam line isolation valves (MSLIVs) closed..

De main feedwater isolation valves (MFWlVs) shut off.*

The core makeup tank (CMT) injection valves opened.*

The passive residual heat removal (PRHR) return flow valve opened. )
*

De reactor coolant pumps (RCPs) shut down.=

!
he recirculation flow through CMT-A and the PRHR flow started immediately after the CMT

injection valve and the PRHR return flow valve were opened. Due to the rapid loss of pressure to the i

saturation pressure for the heater bundle region and upper plenum, heater bundle boiling was initiated

and the upper plenum flashed while the fluid level dropped below the hot-leg elevation. The flashing '

slowed the rapid drop in primary system pressure. When the RCPs were shut off (at [ ]'*'),
the flow through the power channel started to oscillate. His resulted in oscillations in the heater
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bundle and upper-plenum void fraction, upper-plenum temperature, and system pressure. He |

oscillations ended approximately [ ]'6# into the event, when the flow through the steam
generators stopped.

During the pressure decay phase (FDP), the boiling in the heater bundle increased. His resulted in an

increasing void fraction in the upper ,:enum and the hot legs. De hot legs contained two-phase fluid

that had a void fraction very close to that shown in the upper plenum. He void fraction in hot leg-A
was slightly lower than hot leg-B due to the removal of vapor from hot leg-A by the PRHR.

De two-phase flow in the hot legs initiated draindown of the steam generator U-tubes since steam |
from the two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator )
U-tubes. He flow through steam generator-B stopped approximately [ ]'A'into the event, |
and the flow through steam generator-A approximately [ ]"#later. )

Ec two-phase flow through the PRHR had an average integrated void fraction significantly greater
than scen in the upper plenum. Due to boiling in the heater bundle, two-phase flow entered the hot

legs from the upper plenum, and flowed through the PRHR heat exchanger (HX) in the in-containment !

refueling water storage tank (IRWST). De average integrated void fraction in the PRHR inlet was as I

high as 80 to 95 percent, which enhanced the PRHR heat removal from the primary system when

compared with that obtainable with single-phase saturated or subcooled water. De PRHR flow was

not a uniform two-phase mixture. Instead, it consisted of slugs of water separated by slugs of steam,

depending on the level in the upper plenum. He PRHR inlet nozzle was located on the top of the

horizontal pipe of hot leg-A. The hot leg was alternately filled and partially drained, responding to
small level changes in the upper plenum.

When the flow stabilized after the initial flow oscillations, a heat removal rate of [ ]"" was
calculated. His calculation was based on the average void fraction of the flow in the PRHR supply
line, the flow, the temperature, and the pressure. De calculation assumed a slip coefficient of I
between steam and water and may give slightly lower value than the actual heat transfer. It should,

therefore, be used for test-to-test comparison only.

At[ l***, when draindown of the CMT-A balance line occurred (that is, when the cold legs
had partially emptied), CMT-A converted from the recirculation mode to the draindown mode of

injection. His increased the cold injection flow and the rate of system pressure decay. The upper

head started to drain when the system pressure dropped to the saturation pressure for the upper head at

[ ]"# and was completely drained at [ ]'*'.

During the first [ ]"' (ADS-1), [ ]'** of water were discharged through the power
channel side of the break, while draining the cold leg and the annular downcomer to the DVI nozzle

elevation. A two-phase mixture existed in the hot leg up to the lower part of the steam generator

U-tubes (hot side). The pressurizer and the power channel upper plenum above the hot-leg elevation

were drained. CMT-B was partially drained, which initiated the ADS actuation. He core decay heat
simulation reduced the heater bundle power level to approximately [ ]'** before ADS-1
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occurred at [ ]*', consisting of [ ]'*' decay heat and [ J'*' heat loss
compensation. The power measured for the heater bundle was approximately twice that specified for

this test for the first [ ]"' of the event and did not reach the specified power level until
]

approximately [ ]'*# into the event. The break flow from the power channel side break was
'

steady for the first [ J'*#, indicating that the DVI line was full of water during this period.
The level on the cold-leg side reached the DVI nozzle elevation at [ ]**', and the break j

flow was then reduced since it consisted of water and steam. |

The ADS actuation at [ ]'*'increasci Ate of ptimary system depressurization and
resulted in a high injection flow from accumulato . The injection of cold fluid from accumulator-A

([ ]'*') was insufficient to maintain the level in the annular downcomer, and it

eventually decreased down into the tubular downcomer. Heater bundle boiling and the void fraction in

the heater bundle and upper plenum increased. The maximum void fractions and minimum tubular

downcomer level occurred at [ ]'*#, near the end of the accumulator-A delivery. The

pressurizer was partially refilled after ADS-1 occurred and stayed partially filled until approximately

[ J'*#.

When the accumulator discharEe ended (at [ ]'*'), the CMT-A injection, which had been
suppressed by the accumulator-A injection, restarted and also the IRWST-A injection started. The
PRIIR flow stopped a: [ ]'A' when the PRHR drained due to the low level in the upper
plenum. As the CMT-A and IRWST-A injection flows started to raise the level in the tubular and !
annular downcomer, the void fractions for the fluid in the heater bundle gradually reduced, and the

upper plenum gradually refilled to the hot-leg elevation (at approximately [ ]***). At |

[ ]'*', the level in the hot leg-A was sufficient to restart the flow through the PRHR. At !

about [ ]'*#, the heated rod bundle became subcooled and that steady-state condition j
existed for the rest of the event. l

The fluid discharge from the power channel side break slowed when the water level in the annular

downcomer decreased to the elevation of the DVI line ([ ]'*') and converted to steam when
the level dropped into the tubular downcomer ([ ]'*'). When the injection flows from
CMT-A and IRWST-A refilled the system, the level increased to the DVI nozzle elevation at 1

[ ]'*" and liquid discharge from the break restarted.

The CMT side of the break was steadily discharging fluid from the IRWST-B, starting at
approximately [ ]'*'. At this time, both CMT-B and accumulator-B were drained. The

discharge from ADS-1, ADS-2, and ADS-3, contained very little mass since the pressurizer never

filled completely. For this reason, it consisted of essentially pure steam.

This test demonstrated that the heater bundle (active core) was fully covered by water or a two-phase

mixture above the top of the active fuellevel at all times during this event, and there was e
indication of heater rod temperatures increasing due to lack of cooling.
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3.8.2 Analysis of the S00706 Test Data

Be analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all pans of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses j
from the break and ADS flows, are calculated throughout the event. The mass balance and the energy 1

transfer calculations are performed in much greater detail than was performed in WCAP-14309, Final

Data Report!" The results of the test data analysis are presented in Figures 3.8-1 through 3.8-82. |
|

Mass balance snapshots for all the major primary system components, at various points of iriterest

throughout the transition, are presented in Table 3.8-1. '

Mass llalance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start until the end of the test. Figures 3.8-74,3.8-75, and 3.8-76 I

show the overall mass and the mass balance error (uncertainty) for S00706. j
l

The total system mass during S00706 (shown in Figure 3.8-74) indicated a [ ]** variation of |
water inventory during the first [ J'6*,Wa24[ ]'6' for the rest of the event. |

This variation resulted from the overall uncertainty in the instrumentation and the assumptions of the

mass balance model used to determine the total water inventory. Figure 3.8-75 shows the difference

between the total mass during the event and the initial mass (mass balance error) when the inventory

was calculated by integrating the flows. Figure 3.8-76 shows the mass balance error when inventory

was calculated based on the catch tank weight and component level measurements. The mass balance '

error in both cases indicated a gain of approximately [ ]*6* of water during the event.

Water Inventory for the Power Channel and the Loon

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power
channel. De heater bundle coverage during a loss-of-coolant xcident (LOCA) often consists of

two-phase fluid, which can have a very high void fraction. Figure 3.8-40 shows the tme level of

two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).

Since this represents the true two-phase level, it will be different than the collapsed liquid level
measured in the power channel.

For S00706, the two-phase level in the upper plenum decreased below the hot-leg elevation, by
approximately [ ]**, then recovered temporarily before decreasing toward the low
inventory level of about [ ]*' above TAF for this test at [ ]**. De accumulator-A
injection ([ ]"#) was sufficient to keep the heater rod bundle covered by two-phase
iluid, but the void fraction of the fluid exiting the rod bundle (Figure 3.8-61) exceeded [ ]**
Re IRWST-A injection, starting at approximately [ ]** (Figure 3.8-15), gradually refilled
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the inventory and the two-phase level in the power channel to the hot-leg elevation by the end of the

event. The void fraction of the fluid exiting the rod bundle showed that boiling continued in the
heater rod bundle to the end of the test.

He level on the cold side of the power channel is shown in Figures 3.8-42 (annular downcomer) and

3.8-44 (tubular downcomer). The collapsed level in the annular downcomer dropped to the DVI

nozzle elevation approximately [ ]'** into the event. From then until the annular
downcomer drained at [ ]'**, the level stayed near the DVI nozzle elevation. However,

flashing of the downcomer fluid affected the level. The collapsed level in the tubular downcomer

started to decrease at approximately [ ]'6* due to flashing of the fluid and reached a

minimum level at approximately [ ]'**. His corresponded to the time of minimum water
inventory in the power channel shown in Figure 3.8-39. Figure 3.8-62 shows the maximum cladding

temperature during the event and compares this temperature with the saturation temperature. After an

initial peak up to approximately [ ]'** above saturation temperature, the cladding temperature

dropped below ([ ]'**) and remained there for the duration of the test. Here were no
indications of loss of cooling for the heater rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.8-48), and the rod bundle exit void fraction |

(Figure 3.8-61) show that the rod bundle was water solid before the break was initiated. The rod
bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle

near the TAF clevation to the lower part of the upper plenum. Two-phase flow with an increasing
void fraction, which reached approximately [ ]*** existed in the rod bundle during the

accumulator-A injection. When the accumulator-A injection ended at approximately [ ]'**,
the collapsed level again started to increase due to the IRWST injection. De rod bundle exit void

fraction decreased to approximately [ ]'*# by the end of the test.

The upper plenum collapsed level (Figures 3.8-52 and 3.8-54) decreased rapidly below the hot leg

elevation due to flashing of the upper plenum fluid, and was drained by approximately

[ ]'** Figure 3.8-50 shows that the collapsed level above the rod bundle dropped into the

fuel exit region above the TAF, and reached a minimum level at approximately [ ]'*# of
[ J'** (minimum inventory) before the level recovery started due to the initiation of IRWST
injection.

The water inventory in the power channel (Figure 3.8-39) had a minimum at approximately

[ ]'** before the IRWST injection started to affect the level recovery. The minimum power
channel watn inventory was approximately [ ]'A* or [ ]'** of starting inventory. The,

total prims.y fs:cm ins otory (power channel, pressurizer, and loops), shown in Figure 3.8-77,
reaches approximately [ ]'*# ([ ]'** of starting inventory).
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Water Injection /Eiection

The injected fluid mass from all injection sources is ::hown in Figure 3.8-78. Figure 3.8-79 shows the

total source inventory and the injected and ejected masses during the event. The source inventory

started with a total of [ ]**; [ ]** ([ ]** of available source water) was
used by the end of the event.

Energy Balance ;

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST offered a unique possibility to compare heat transfer

on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.0, and a comparison of three heat transfer calculations are

given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit

flow rate, and the difference in enthalpy of the inlet and exit flows. The S00706 test had two-phase
flow conditions in the hot legs and PRHR. De PRHR inlet flow void fraction for S00706 could not
be calculated since the differential pressure instrument of the inverted U-tube in the inlet line did not

function properly. The SPESAN code for these conditions sets the void fraction to O (Figure 3.8-21)

and consequently used the enthalpy of saturated water as the effective enthalpy of the two-phase inlet

flow The outlet flow from the PRHR HX was always subcooled water. The primary-side two-phase
heat transfer for S00706 (shown in Figure 3.8-19) represents the heat transfer for single-phase flow

through the PRHR, and accordingly underpredicts the heat transfer. Figure 3.8-18 shows the

calculated heat transfer from the PRHR external tube surface to the water in the IRWST by the three-
tube section of the heat exchanger. The top part of the PRHR HX acted as a condenser, where the

steam of the two-phase fluid extracted from hot leg-A was condensed. The top horizontal tube

transfers the greatest amount of heat. The condensation process on the inside effectively heated this

tube wall temperature above the boiling point for the water in the IRWST, resulting in very effective
nucleate boiling heat transfer from the outside surface. The vertical and the bottom horizontal sections

of the heat exchanger remained, for the most part, subcooled with a less effective free convection heat

transfer to the IRWST water and contributed less to the overall heat transfer of the PRHR.

Figure 3.8-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal

energy in the IRWST water was calculated based on thermocouples located at various elevations in the

IRWST tank, which were allocated different control volumes to arrive at an effective average

temperature. Due to the severe temperature stratification in the IRWST tank, this technique only
produced good results until the IRWST started to drain.

For S00706, there was good correlation between the IRWST internal energy and the PRHR HX tubes
external surface heat transfer calculations. However, the PRHR overall heat transfer indicated

significantly less energy transfer due to the assumption made regarding the inlet flow conditions by the
code. Based on the tests where the inlet void fraction could be calculated for the PRHR, it was
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concluded that the calculated increase in IRWST internal energy gives a reasonably accurate value for

the PRHR total heat transfer until the IRWST draindown starts.

I
'

Steam Generator Heat Transfer
B

Figure 3.8-32 shows the heat transfer in the steam generators for S00706, and Figure 3.8-33 shows the

pressures on the primary side and the secondary side of the steam generators. Heat transfer is shLply . i

lower after the pumps are tripped due to reduced flow in the tubes. He pressures show that the steam

generators were available as heat sinks until approximately [ ]*# into the event, at which

time the primary-side pressure dropped below the secondary making the steam generators a potential

heat source for the primary system. Figure 3.8-28 shows the water inventory in the steam generators ,

primary side, which includes inlet and outlet plena and U-tubes. When full, the steam generator inlet
and outlet plena contained approximately [ ]*# lbm of water. When the primary-side pressure i

dropped below the secondary-side pressure (approximately [ ]'6'), the steam generators

U-tubes were essentially drained of water and contained trapped steam, which became more and more
,

superheated as the primary-side pressure decayed.
,

The heat transfer calculated for the steam generators decreased rapidly after the pumps are tripped and ,

disappears after approximately [ ]**. Figure 3.8-32 also shows that the PRHR heat I
transfer that removed heat from the system after tne steam generator heat transfer had ended. i

;

l
Overall Enernv Balance

|
Re overall energy balance for S00706 had greater uncertainly than the other smJ1 LOCA events.

He greater uncertainty is a result of several factors; the assumption the downcomer side of break flow
consisting of saturated water was inaccurate, and the steam energy loss through CMT-B following its

draindown was not accounted for by the code. These two factors resulted in a large unrecoverable

energy balance error accumulating between [ ]*# and [ ]*# of the ewnt. The
additional recoverable energy balance error resulting from the metal energy also affected the results.

Figure 3.8-80 shows the integrated energy of the fluid streams leaving the system. The fluid from the

CMT-side of the break was c~1lected in the catch tank for ADS-4. Until CMT-B drained

([ ]*") this flow consisted of cold water ejected from the CMT-B and accumulator-B.

After CMT-B drained, a steam flow path from cold leg-B2 opened to the ADS-4 catch tank. .

However, the amount of steam leaving the system via this path was not known, and the energy loss
not accounted for in the energy balance.

De fluid from the downcomer-side of the break was collected in the break flow catch tank. The

energy content of the downcomer-side break flow was calculated based on the assumption that the

flow consisted of saturated water. While for most of the LOCA events this assumption was good,it
significantly underpredicted the energy of the break flow for S00706. Figure 3.8-42 shows the
collapsed level for the annular downcomer. his level decreased to the DVI nozzle elevation in the

first[ ]"#, and stayed there until [ ]*'. During this time significant flashing of
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the fluid in the downcomer occurred due to the rapid depressurization of the primary system. This

resulted in a two-phase break flow mixture with significantly higher effective enthalpy than the
saturated fluid used in the energy balance calculations.

Figure 3.8-81 shows the components in the energy balance for the system. Throughout the event, core

power was the dominant heat input to the system; and during the initial part of the event, the steam

generators provided the dominant heat extraction. When the primary and secondary system pressures

equalized and the steam generator U-tubes drained, the steam generator became thermally isolated

from the primary system and did not affect the rest of the event.

From the initiation of the break to approximately [ J'**, more energy left the system

through the break and ADS flows than was generated by the heater bundle, and the overall energy

stored within the system (fluid and metal mass) decreased to compensate. After approximately

[ ]'**, the metal energy stabilized while there was still a slow decrease in the fluid energy.

The rate of fluid energy leaving the system (primarily via ADS-4) and the decrease in fluid energy
stored within the system after [ ]'** sli @ @ n a d d t k h u M h m p ' a W s
steady-state condition existed for the rest of the event.

The total mass flow rate leaving the system was steady for S00706 after the first [ ]''6'
(Figure 3.8-79). Figure 3.8-80 shows that the energy of the fluid ejection was steady at an average

rate of [ l'** for the rest of the event, as compared to an average power of
approximately [ ]'** in the rod bundle. Part of this difference was compensated
for by a reduction in the fluid energy in the system of about [ ]***, as Mmn in
Figure 3.8-81. However, the major pan of the difference appeared to be a combination of delayed

metal energy and a reduction of the accumulated error (Figure 3.8-82).

Figure 3.8-82 shows the accumulated energy balance error during the event. The energy balance error
increased rapidly from [ J'*# as discussed earlier.

The maximum error band for Figure 3.8-82 is approximately 4400000/-100000 Btu, which corresponds

to [ ]'A' of the total fluid energy ejected from the system. The error at the end
of the event is approximately [ J'** of the total ejected fluid energy.

Other Observations

Pressure Decay

Figure 3.8-3 shows the primary system pressure during the S00706 test. Throughout this event the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.

At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;
however, this shifted within the first [ ]'** Mkr & MM blowdown phase) to the power
channel upper plenum. Figure 3.8-2 shows that the temperature of the upper plenum was equal to the

saturation temperature corresponding to the primary system pressure measured in the upper head
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during the natural circulation phase and into the ADS phase. Due to the high break flow rate, the

system continued to depressurize rapidly during the natural circulation phase. Figure 3.8-3 shows

increases in the pressure decay rate occurred at approximately [ J'6# (ADS-1) and
[ ]** (ADS-2), when the system transitioned from natural circulation phase to the ADS

phase. De rapid pressure decay during the ADS phase resulted in flashing occurring in the cold leg
and downcomer in addition to the hot leg.

Following the actuation of ADS 4 (at approximately [ ]**), the system pressure decreased

sufficiently to allow gravity injection flow to start (at approximately [ ]**) from the
IRWST into the DVI-A nozzles. His flow was not sufficiently high to subcool the primary system,
and boiling in the rod bundle continued for the rest of the event. De ADS-4 actuation decreased the

system pressure to a near-atmospheric internal pressure.

Election Flows

| The arrangements for the catch tanks for the ejection flows are shown in Figure 3.8-85. The break
flow for this event consisted of two components: Chfr side and downcomer side. The CMT side
break flow was collected in the ADS 4 catch tank, while the downcomer side break flow was collected

in the break flow catch tank.

Figure 3.8-68 shows the individual mass flows collected in the tanks for the break and the ADS. The

individual flow rates are given in Figures 3.8-69, 3.8-70, and 3.8-71.

The flows being ejected from the downcomer side of the break and ADS-4 are assumed to consist of

saturated water. For the CMT-side of the break, the discharge prior to ADS-4 was considered cold

water from the CMT-B and the accumulator-B. After ADS-4 the code assumed water at the hot-leg
temperature. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted of saturated

water if the void fraction measured in the top of the pressurizer (Figure 3.8-73) was less than 90

percent, and saturated steam if it was greater than 90 percent.

The total mass flow rate leaving the system was steady for S00706 after the first [ ]**,as
seen in Figure 3.8-79.
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TABLE 3.8-1| COMPONENT M ASS VARIATIONS IN TEST S00706
s

j End CMT to ADS-1 First Acc. ADS-4 1RWST End ofy Start Fault Blowdown Draindown Starts Empty Starts Starts Tramient
W
g Event time 0.0 50.0 130.0 | 199.0 570.0 504.0 700.0 3016.5
..

Power channel 355.5 285.1 240.1 221.2 70.2 131.0 56.4 254.8
j PC: core 71.4 50.0 30.1 29.0 10.4 34.8 93 74.9

PC: downcomers 90.9 83.9 763 74.2 27.8 49.9 17.9 104.1

PC: upper plenum 69.8 29.4 123 173 103 18.8 3.5 33.9

Ilot leg-A 49.8 30.7 20.6 24.6 1.9 4.4 03 26.1 i

llot leg-B 493 31.3 18.9 19.6 23 0.9 03 28.4

Cold leg-A 79.8 743 3.6 2.8 0.4 1.4 0.4 0.1
E3

iCold leg-B 79.8 75.7 33 2.8 0.1 0.4 0.8 0.1 '

iSG primary-A 79.8 71.1 24.0 19.7 0.5 7.0 0.1 1.0

SG prunary-B 79.8 763 23.4 19.1 5.6 11.8 0.5 1.0

Pressurizer +SL 92.8 17.0 17.0 16.4 44.9 41.7 40.1 11.7

CMT-A 314.1 315.2 308.8 295.1 240.0 243.6 225.1 50.1

CMT-B 310.2 299.2 204.9 57.9 0.8 1.5 0.4 0.9

Accumulator-A 259.9 259.9 259.9 260.7 0.0 63.5 0.0 0.0

Accumulator-B 248.7 166.7 68.4 35.2 0.0 0.0 0.0 0.0

IRWST 12185.6 12193.6 12193.6 12185.6 12185.6 12193.6 12149 3 10(X)83

--
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TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.8-1 Through 3.8-84
%
j Fig. No. Component Variables Units Description

h 3.8-1 Power channel CORE-POW kW Core power

3.8-2 Power channel TSAT, TAVTDC,1 TOUT "F Core inlet / outlet temperature,
saturation temperature

5 3.8-3 Pressurizer PPZRTOP psia System pressure

3.8-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators

3.8-5 Steam generator TAVGSGA, TAVGSGB *F Average fluid tempemture in steam generators

3.8-6 CMT MCMTA, MCMTB lbm Fluid mass in CMTs

3.8-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs
~

3.8-8 CMT MOUTCMTA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs
~

MINCMTB

3.8-9 CMT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of CMTs

3.8-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.8-11 CMT BLFRACA,BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3.8-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.8-13 IRWST/PRHR MIRWST Ibm Mass of fluid in IRWST

3.8-14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST

3.8-15 IRWST/PRHR FIRWST Ibm /sec. Measured discharge flow from IRWST

_ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ . _ _ - _ . _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
.
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g TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.8-1 Through 3.8-84 (Cont.),

h Fig. No. Component Variables Units Description

h
- 3.8-16 1RWST/PRHR MOUTDVIA, MOUTDVIB lbm Integrated mass out of DVI lines

h 3.8-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer frotn PRilR
tubes to IRWST

5 3.8-18 IRWST/PRIIR Q-HOR-1, Q-VERT, Q-HOR-2, Btu /sec. Breakdown of heat transfer from different
QTUBEXT sections of PRIIR tube

3.8-19 1RWST/PRHR Q-CALIM Btu /sec. PRiiR/IRWST heat transfer calculated on tube
side

3.8-20 IRWST/PRilR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube

3.8-21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction

3.8-22 Accumulator MACCA,MACCB lbm Mass of fluid in accumulators

3.8-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3.8-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.8-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.8-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

3.8-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.8-28 Steam generator MSGAP, MSGBP lbm Mass of fluid in steam generators - primary
side

3.8-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

. _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _
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d TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.8-1 Through 3.8-84 (Cont.)
5

g Fig. No. Component Variables Units Description

h 3.8-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC lbm Mass of fluid in steam generators - primary
.3 side - hot and cold sides of U-tubes1
{ 3.8-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -
c secondary sidea

3.8-32 Steam generator Q-TRNF-A, Q-TRNF-B, Btu /sec. Heat transfer in steam generators
Q-CALIM heat transfer in PRHR

3.8-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.8-34 Pressurizer MPZR lbm Fluid mass in pressurizer

3.8-35 Pressurizer LPZR ft Collapsed liquid level in pressurizer
"

3.8-36 Pressurizer MSL lbm Fluid mass in surge line

3.8-37 Pressurizer LSL ft. Collapsed liquid level in surge line

3.8-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.8-39 Power channel MPCHN Ibm Total fluid mass in power channel

3.8-40 Power channel L2 PHASE, LDVI, LHL, LCL ft. Two-phase liquid level in power channel vs.
DVI, bot-leg, and cold-leg elevations

3.8-41 Power channel MANDC lbm Fluid mass in annular downcomer

3.8-42 Power channel LANDC, LDVI. LHL, LCL ft. Collapsed liquid level in annular downcomer
vs. DVI, bot-leg, and cold-leg elevations

3.8-43 Power channel MTDC lbm Fluid mass in tubular downcomer



=

TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.8-1 Through 3.8-84 (Cont.)

Fig. No. Component Variables Units Description
a
p 3.8-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer

{ vs. top of active fuel and inttom of active fuel
a levels
h
= 3.8-45 Power channel hiLOWP lbm Fluid mass in lower plenum
8

3.8-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.8-47 Power channel h1 CORE lbm Fluid mass in core region

3.8-48 Power channel LCORE ft. Collapsed liquid level in core

3.8-49 Power channel hfFOUT lbm Fluid mass in core outlet region

3.8-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

E 3.8-51 Power channel h1UPPL lbm Fluid mass in the lower portion of the upper
plenum

3.8-52 Power channel LUPPL fL Collapsed liquid level in the lower portion of
the upper plenum

3.8-53 Power channel h1UPPU lbm Fluid mass in the upper portion of the upper
plenum

3.8-54 Power channel LUPPU fL Collapsed liquid level in the upper portion of
the upper plenum

3.8-55 Power channel h1 HEAD lbm Fluid mass in the upper head

3.8-56 Power channel LHEAD fL Collapsed liquid level in the upper head
-

3.8-57 Power channel UPC Btu Total fluid energy in power channel

_ _ - _ _ _ _ _ _ _ - - _ _ - _ - - _ _ - _ _ _ . _ . -_ ._. . . _ . - _ - --. _ _ - -
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TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.8-1 Through 3.8-84 (Cont.)
5
g Fig. No. Component Variables Units Descriptism
a

p 3.8-58 Power channel Q-FLUX Btu /sec.-ft.2 Average heat flux on the heated rods

f 3.8-59 Power channel STM-RATE lbm/sec. Core steam generation rate
Y
3 3.8-60 Power channel FLOWCOR Ibm /sec. Calculated core flowa
"

3.8-61 Power channel VOIDOUT Void fraction at core exit

3.8-62 Power channel 7 MAX, TS AT, TMAX-TS AT 'F Maximum clad temperature, saturation
temperature and A

3.8-63 Hot leg MHLA MHLB lbm Fluid mass in hot legs

3.8-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legsW
9 3.8-65 Cold leg MCLA, MCLB lbm Fluid mass in cold legs

3.8-66 Cold leg LCLAI, LCLA2, LPS A ft. Collapsed liquid levels in cold leg-A

3.8-67 Cold leg LCLBI,LCLB2,LPSB ft. Collapsed liquid levels in cold leg-B

3.8-68 Total system mass MADS t-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1. ADS-2. ADS-3,
ADS-4, and break

3.8-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1, ADS-2. ADS-3

3.8-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4

3.8-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.8-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS 4, and the break

3.8-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
and ADS-3



e

3 TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.8-1 Through 3.8-84 (Cont.)
e

h Fig. No. Component Variables Units Description
7
c. 3.8-74 Total system mass MTOTAL,MTOTO lbm Total system fluid mass vs. initial fluid nuss

-A 3.8-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and
calculated flows)

j 3.8-76 Total system mass ERRLOPI lbm Error in the mass balance (using fluid inventory)

3.8-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and lotys vs.
initial fluid mass

3.8-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged from
accumulators, CMTs, and IRWST

3.8-79 Total system mass MSOURCE, MSINK, MSOURIN lbm Total source inventory, total mass ejected from
P primary system, and total mass injected to primary
$ system
e

3,8-80 Total system energy UADS123, UBREAK, UADS4, UCATCli Btu integrated fluid energy exiting via ADS-1, ADS-2,
ADS-3, ADS-4, and the break, and the sum

3.8-81 Total system energy USURR, UCATCH, UQlN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to

the sunuundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal energy
relative to start of test

3.8-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to initial
fluid and metal energy

3.8-83 System pressure psia Test event phases and system pressure

3.8-84 DVI line - -- Break line configuration for DEG of DVI-B

._ ._._ -- --_ _ _ _ _ . - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ .-
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3.9 Analysis of the Two-Inch Cold-Leg / Core Makeup Tank Balance Line Break without
,

Nonsafety Systems (S01007) I

his matrix test simulated a 2-in. break in cold leg-B2/CMT-B balance line. De event began with the
initiation of the break of the cold-leg / core makeup tank (CMT) balance line. His break was located

between the balance line isolation valve and the CMT B. This test was performed without any
'

nonsafety systems' pumps operating. That is,it was performed without the chemical and volume

control system (CVCS) makeup pumps, steam generator stanup feedwater (SFW) pumps, and normal

residual heat removal system (NRHR) pumps. I

3.9.1 Summary of Test Observations

Figure 3.9-83 shows plant primary system pressure during matrix test S01007 (as measured at the top 1

of the pressurizer) during the S01007 event, with selected component actuations and plant responses

shown in relation to primary system pressure.

De IDP began with the initiation of the break, which caused the pressurizer to drain. This resulted in
a rapid reduction in pressure. The reactor trip (R) signal initiated at [ ]'b* and the safety
systems actuation (S) signal initiated at [ ]'** The R and the S signals initiated the following
actions:

Decay heat simulation (with heat loss compensation) initiated.*

The main steam line isolation valves (MSIVs) closed.*

The main feedwater isolation valves (MFWIVs) shut off.*

The CMT injection valves opened..

The passive residual heat removal (PRHR) return flow valve opened.*

'Ihe reactor coolant pumps (RCPs) shut down.*

The recirculation flow through the CMT-A and PRHR flow started immediately after the CMT
injection valve and the PRHR isolation valve opened. Boiling in the rod bundle was initiated by the
reduction of the system pressure to saturation level. The upper plenum flashed while the fluid level in

the upper plenum dropped to hot-leg elevation. The flashing on the hot-leg side of the rod bundle

stopped the rapid drop in primary system pressure. When the RCPs shut down (at [ ]'**-),
the flow through the rod bundle began to oscillate (approximately [ l'** oscillation period).
This resulted in oscillations in the core and upper-plenum void fraction, upper-plenum temperature,
and system pressure.

During the initial stages of the PDP, the rod bundle void fraction increased. This resulted in an

increasing void fraction in the upper plenum and the hot legs. The hot leg-B fluid had a void fraction
close to that observed in the upper plenum. The void fraction in hot leg-A was much lower due to the

selective removal of vapor from the hot leg by the PRHR inlet line,

u Mp600(1892 -nonil 892 w-3inoo: t h061395 3.9-1



Two-phase flow in the hot legs initiated the draindewn of the steam generator U-tubes. Steam from

the two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator

U-tubes. This stopped the flow through the primary system. The void fraction oscillations through
the core and in the upper plenum terminated when the break of the siphon occurred in the steam

generators. Approximately [ J'*# into the event, flow through steam generator-B stopped

due to the higher void fraction in hot leg-B. Approximately [ ]'** latcy, the flow through
steam generator-A stopped.

The two-phase flow through the PRHR had an average integrated void fraction significantly greater

than that seen in the upper plenum. Due to boiling in the rod bundle, two-phase flow entered the hot

leg from the upper plenum and flowed through the PRHR heat exchanger (HX) located in the in-
containment refueling water storage tank (IRWST). The average void fraction in the PRHR inlet was
as high as [ ]'*# percent, which enhanced the PRHR heat transfer from the primary system

when compared with that obtainable with single-phase saturated or subcooled water. When the flow
stabilized after the initial flow oscillations, a heat removal rate of [ ]'** was calculated. This
calculation was based on the average void fraction of the flow in the PRHR supply line, the flow rate,
the temperature, and the pressure. This calculation assumes a slip coefficient of I between steam and
water and may give a slightly lower value than the actual heat transfer. It should, therefore, be used

for test-to-test comparison only.

When the cold legs had partially emptied, CMT-A converted from the recirculation mode to the

draindown mode ofinjection. This increased the cold injection flow and the rate of system pressure
decay. This occurred at approximately [ ]'A' for CMT-A and [ ]'** for
CMT-B. When system pressure dropped to saturation pressure for the upper head, the upper head
began to drain (at [ ]'*#).

During the first [ ]'** of this event, [ ]'** of water were expelled through the break

while draining the pressurizer, the steam generator U-tubes, the power channel upper head, the power

channel upper plenum above the hot leg, most of the cold legs, and approximately [ ]'A' of I

the CMTs. The heated rods in the power channel that simulated the core decay heat reduced the

power level to approximately [ ]***m[ ]'** This value consisted of [ ]'**
decay heat and [ ]'** heat loss compensation. The break flow was steady, indicating that cold |
leg-B2 was not totally empty. ]

i

ne ADS phase began with the actuation of ADS-1 (at approximately [ ]'**). ADS-2 and |
ADS-3 occurred within the next [ ]'*# The heat loss compensation was terminated from |

the decay heat simulation during ADS-1, and the core power level was reduced to approximately )
[ ]'**

'Ihe ADS actuation increased the rate of primary system depressurization and resulted in a high level

of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators |

([ ]**#) subcooled the whole primary system, temporarily refilling the power |

|
I

I
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channel upper plemun and the pressurizer. When the accumulator discharge ended, boiling occurred
again in the heater bundle. Two-phase flow occurred again in hot leg-A, the PRHR HX, and the ADS
via the pressurizer. |

The liquid discharge through the break was replaced by saturated steam at approximately

[ ]'6# During the ADS period, approximately [ ]'6# of subcooled water were
discharged from ADS-1, ADS-2, and ADS-3. This water was supplied primarily by the accumulator
discharge and was followed by an increase in rod bundle void fraction after the accumulators had

drained and only the CMTs provided core injection.

The post-ADS phase began when ADS-4 was actuated at [ ]''# and the pressurizer water

level fell. He fluid discharge through ADS-1, ADS-2, and ADS-3 ended, and fluid was discharged
through ADS-4. He pressurizer drained again, and a small amount of CMT flow still entered the

direct vessel injection (DVI) line. When system pressure had been reduced below the pressure
corresponding to the water elevation head of the IRWST, flow from the IRWST entered the DVI line,

and shortly thereafter the CMT flow ended. He flow from the IRWST cooled the primary system, the
rod bundle boiling slowly ended, and the upper plenum partially refilled. De PRHR drained
approximately [ ]'6# into the event and was no longer effective. A steady flow of

subcooled water then flowed from the IRWST into the DVI line, through the power channel, ar-1 left
the primary system through ADS-4.

3.9.2 Analysis of the S01007 Test Data

he analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs '

a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses

from the break and ADS flows, are calculated throughout the event. The mass balance and the energy

transfer calculations are performed in much greater detail than were performed in WCAP-14309, Final

Data Reporr.m he results of the test data analysis are presented in Figures 3.9-1 through 3.9-82.

Mass balance snapshots, for key times during the transient, are presented in Table 3.9-1 for all the
major primary system components.

i
Mass Balance |

|

Overall Mass Balance

!

he uncertainty in the overall mass balance is an indication of the overall quality of the test. De total
water inventory was tracked from the sta t until the end of the test. Figures 3.9-74, 3.9-75, and 3.9-76

show the overall mass balance and the e r (uncertainty) in mass balance for S01007.

Le overall mass balance for S01007 (Figure 3.9-74) shows a small variation of water inventory

during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of

the mass balance model used to determine the total water inventory. He average total inventory

_
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during the test was indicated to be approximately [ ]'6* higher than the initial system mass, and
a final mass was indicated to be approximately [ ]'6* above the initial mass. Figure 3.9-75
shows the difference between the total mass during the event and the initial mass (mass balance elTor)

when the inventory was calculated by integrating the flows. Figure 3.9-76 shows the mass balance

error when inventory was calculated based on the catch tank weight and component level
measurements. He mass balance error, based on flow measurements, varied from [ ]' 6#

and final error of [ ]**# at the end of the event; the weight and level measurements resulted in

an average error of approximately [ ]'6'' during the event and a final error of [ ]'*#at
the end of the event.

Water Inventory for the Power Channel and the Loon

Maintenance of the coolant coverage of the heater bundle was the most criticalissue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consisted

of two-phase fluid, which can have a very high void fraction. Figure 3.9-40 shows the level of
two-phase fluid in the power channel as calculated from the measured pressure drop data, which was

then used to infer a void fraction and two-phase level. Since this represents the true two-phase level,
it will be different than the colt sed liquid level in the heater bundle.

For S01007, the calculatea two-phase fluid level in the upper plenum decreased to the hot-leg

elevation and remained at this elevation for most of the event. The accumulator injection ([
]'*') paltially condensed the steam bubble in the upper plenum causing the level to rise

before the end of the accumulator injection. After the end of the accumulator injection, the two-phase
level again decreased, this time to approximately [ ]*6* below the hot-leg elevation. This

occurred at the time of minimum power channel water inventory, before the IRWST injection started

(at [ ]**#) to refill the power channel. The IRWST injection also partially condensed the

steam bubble in the upper plenum causing the level to rise above the hot leg elevation once more.

De collapsed level in the annular downcomer and tubular downcomer are shown in Figures 3.9-42

(annular downcomer) and 3.9-44 (tubular downcomer). The annular downcomer was full until
approximately [ ]'** into the event. At that time, the level started to decrease, but it

was maintained above the elevation of the hot leg until after the end of the accumulator injection
(approximately [ ]'*#). De level then decreased and drained the annular downcomer by

[ J'*# and reached a minimum level in the tubular downcomer at approximately

[ ]'*# This corresponded to the time of minimum water inventory in the power channel

(Figure 3.9-39). Figure 3.9-62 shows the maximum cladding temperature during the event and
compares this temperature with the saturation temperature. There were no indications of loss of

cooling for the heater rods during this event, which confirms the estimated two-phase level in the
power channel.

De collapsed fluid level in the rod bundle (Figure 3.9-48), and the rod bundle exit void fraction
(Figure 3.9-61) show that the rod bundle was water solid before the break was initiated. The rod

bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle

u Amp 60LA1892-non\l 892w-3i.noe:ltw061395 3.9-4
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near the TAF elevation to the lower part of the upper plenum. Two-phase flow with approximately
[ ]*# percent average void fraction existed in the rod bundle prior to the accumulator injection.

During the accumulator injection, the rod bundle became essentially water solid. However, when the 1

accumulator injection ended, the collapsed level again started to decrease. De rod bundle exit void

fraction reached approximately [ ]*' percent prior to the stan of the IRWST injection phase, at
approximately [ ]*"

The collapsed level in the upper plenum (Figures 3.9-52 and 3.9-54) decreased to approximately

[ ]'** below the hot leg before the accumulator injection, followed by a period when the level in

the upper plenum increased above the hot leg during the accumulator injection. This period was

followed by a drop in the collapsed level to approximately [ ]** below the hot leg at the time of
minimum water inventory before the IRWST injection started.

The water inventory in the power channel (Figure 3.9-39) had two minima: before the accumulator

injection and before the IRWST 8 jection. The second minimum was more severe showing a totaln

power channel inventory of approximately [ ]*'([ ]*# percent of starting inventory) at that

time. The total primary system inventory (power channel, pressurizer, and loops), shown in
Figure 3.9-77, reached approximately [ ]** ([ ]"" percent of starting inventory) for this
minimum.

Water Injection /Eiection

he injected fluid mass from all injection sources is shown in Figure 3.9-78. Figure 3.9-79 shows the
total source im'entory and the injected and ejected masses during the event. Starting with a total of
approximately [ ]** source inventory, only [ ]* * ([ ]*" percent of available
source water) was used by the end of the event.

Energy Balance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gives a unique possibility of comparing heat transfer

on the primary and tbc secondary side. A method of calculating the heat rejection by the PRHR heat

exchanger into the iRWST is described in Section 2.2-2, and a comparison of three heat transfer

calculations is gi'/en in Section 4.0. The PRHR primary-side heat transfer was calculated based on the

measured exit flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S01007

test had two-phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was

determined (Figure 3.9-21) and used to establish the effective enthalpy of the two-phase inlet flow.

He outlet flow from the PRHR HX was always subcooled water. De primary-side two-phase heat
transfer for S01007, shown la Figure 3.9-19, was considerably greater than the heat transfer measured

for single-phase flow through the PRHR during the hot preoperational testing (see WCAP-143d9,
Final Data Report.)m Figure 3.9-18 shows the calculated heat transfer from the PRHR external tube

surface to the water in the IRWST by the three-tube section of the heat exchanger. The top part of the
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PPJIR HX acted as a condenser, where the steam of the two-phase fluid extracted from hot leg-A was

condensed. De top hocizontal tube transfers the greatest amount of heat. The condensation process

on the inside effectively heated this tube wall temperature above the boiling point for the water in the

IRWST, resulting in very effective nucicate boiling heat transfer from the outside surface. De vertical
and the bottom horizontal sections of the HX remain, for the most part, subcooled the fluid with a less
effective free-convection heat transfer to the IRWST water, and contributed less to the overall heat

transfer of the PRHR.

Figure 3.9-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal

energy in the IRWST water was calculated based on thermocouples located at various elevations in the ,

IRWST tank, which were allocated different control volumes to arrive at an effective average

temperature. Due to the severe temperature stratification in the IRWST tank, this technique only
pcoduced good results until the IRWST started to drain.

For S01007 up to [ ]'** the PRHR primary-side calculation and the IRWST internal

energy calculation were very close. After [ ]'6* the IRWST internal energy appeared to

increase significantly due to the effect of draindown on the thermocouple readings. However, since

there is very little energy being provided by the PRHR after [ ]'** this apparent increase

does not reflect an actual increase in the average water temperature and IRWST internal energy. The

comparison shown in Figure 3.9-17 indicates that the calculated heat transfer from the PRHR HX |

external surfaces for test S01007 is higher then the PRHR heat transfer calculated for primary side. i

Steam Generator Heat Transfer

Figure 3.9-32 shows the heat transfer in the steam generators for S01007, and Figure 3.9-33 shows the

pressures on the primary side and the secondary side of the steam generators. Heat transfer is sharply

reduced after the pumps trip due to low flow in the steam generator tubes. De pressures show that

the steam generators were available as heat sinks until approximately [ ]'** into the event,

at which tirae the primary-side pressure dropped below the secondary making the steam generators a
i

potential heat source for the primary system. Figure 3.9-28 shows the water inventory in the steam |
generators primary side, which includes inlet and outlet plena and U-tubes. When full, the steam

generator inlet and outlet plena contains approximately [ ]'** of water. When the primary-side
pressure dropped below the secondary-side pressure (approximately [ ]***), the steam

generators U-tubes are essentially drained of water and contain trapped steam, which becomes more

and more superheated as the primary side pressure decays.

De heat transfer calculated for the steam generators decreased rapidly after pumps trip and I

disappeared after approximately [ ]***. Also shown in Figure 3.9-32 is the PRHR heat

transfer, which removed heat from the system after the steam generators' heat transfer had ended. I

|
uAmpt,000802-non\l892w h.non:lt41393 3.9-6
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Overall Encrey Balance

Figure 3.9-80 shows the integrated enegy of the fluid streams leaving the system. The energy content
of the break flow was greatly reduced when ADS-1 occurred since, although the break flow converted

to steam, the mass flow rate became very low. For ADS-1, ADS-2, and ADS-3 the same happened
when ADS-4 occurred.

Figure 3.9-81 shows all the energy components in the heat balance for the system. Throughout the

event, core power was the dominant heat input to the system, and during the initial part of the event

the steam generators provided the dominant heat extraction. When the primary and secondary system
pressures equalize, and the steam generator U-tubes drain (about [ ]'b#), the steam

generator becomes thermally isolated from the primary system, and does not affect the rest of the
event. Figure 3.9-80 shows the energy loss from the break and the ADS flows as calculated based on

assumptions described in Section 2.8. The average energy loss from the fluids ejected from the system
during the first [ ]"# of the event was approximately [ ]"# which
was reduced to approximately [ ]"# from about [ ]*# to the end of
the test.

1

From approximately [ ]"# more energy left the system through the break
and ADS flows than was generated by the heater bundle, and the overall energy stored within the

system (fluid and metal mass) decreased to compensate. The average loss of the metal thermal energy
for the lirst [ ]'** was approximately [ ]'*# wbich was greater than
the heated rod power for most of this period. After approximately [ ] '*# the metal and
fluid energy stabilized in the system, and the rate sf the fluid energy leaving the bydem (primarily via
ADS-4) matched the ccre input power well. This steady state condition existed for the rest of the
event.

Figure 3.9-82 shows that the accumulated error in the energy balance increased rapidly from
[ ]"# to [ ]"# (during the accumulator discharge into the primary system).
This error was a consequence of the rapid drop in the metal energy seen in Figure 3.9-81, which

was calculated based on fluid temperatures. In reality, the calculated decrease of metal energy

occurs at a slower rate than indicated by the fluid thermocouples due to the large thermal inertia of

the heavy-walled components. The increasing error and the error peak shown in Figure 3.9-82 ai
[ ]"# are, therefore, a consequence of taking credit for metal heat too fast during the
event, and this error largely disappears within the following [ ]"# when the metal
temperatures catch up with the fluid temperatures. In evaluating the overall error in the accuracy
of the energy balance, this ocak was disregarded. On this basis, the maximum error band for

Fipre M 82 is approximaely 0 to +150000 Bru, which corresponds a maximum error of
I ?! ' pmnt of the total fluid energy ejected from the system. The error at the end of the event
is approximately [ ]"# percent of the total ejected fluid energy.

f
|

I
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Other Obsspations

Pressure Decay

Figure 3.9-3 shows the primary system pressure during the S01007 test. Throughout this event the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.

At the initiation of the break the controlling fluid volume is in the pressurizer and surge line, however,

this shifted within the first [ ]'6# (after the initial blowdown phase) to the power channel

upper plenum. Figure 3.9-2 shows that the temperature of the upper plenum was equal to the

saturation temperature corresponding to the primary system pressure measured in the upper head

during the natural circulation phase and into the ADS phase. De pressure stabilized at the saturation
pressure for the upper plenum, and then continued a slow pressure decay responding to the CMTs

injection. Figure 3.9-3 shows that an increase in the pressure decay rate occurred at approximately

[ ]'6# when the CMT-A transitioned frc:n natural circulation injection to draindown

injection, which essentially increased the injection rate of cold water into the DVI. The higher
injection rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in

Figure 3.9-2), which was reflected in a more rapid pressure decay. With the actuation of ADS-1 at ,

approximately [ J'6# the pressure dropped rapidly due to the increased mte of mass

ejection from the system (Figure 3.9-68), and the increased flow of cold water being injected into the

annular downcomer and flowing through the core. This continued to reduce the power channel inlet

plenum temperature, and subcool the heated rod bundle due to the higher flow. Since the power
channel outlet plenum became subcooled at approximately [ ]'6" the hottest fluid in the
system at this time was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially
supported by the flashing of the fluid in one or several of these locations. When the accumulator

discharge ended (approximately [ ]'6#), the lower-plenum temperature increased due to the

metal heat, and the upper plenum temperature increased to the saturation temperature and again took

control of the system pressure for the rest of the event. It is noted here that at the end of the

accumulator injection, a large amount of nitrogen from the accumulators were injected into the primary
system. This injection had very little immediate effect on the primary system, but as will be discussed ]
in Section 4.0, affects the upper plenum, the PRHR HX, and the CMT at later stages of the event. l

1
1

Re actuation of ADS-4 (at approximately [ ]'6#) lowered the system pressure sufficiently

to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high
to subcml the primary system, ending core boiling and partially collapsing the steam bubble in the

upper plenum, and bringing the system to a near atmospheric internal pressure. 1

Election Flows

Figure 3.9-68 shows the individual mass flows leaving the system via the break and the ADS. De
individual flow rates are given in Figures 3.9-69,3.9-70, and 3.9-71. De break and ADS-4 flows
were assumed to consist of saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that

the flow consisted of saturated water if the void fraction measured in the top of the pressurizer
(Figure 3.9-73) was less than [ ]'6" percent, and saturated steam if it was greater than [ l'6# percent.

u val s o2-nan \1 s 92 w.3i.non: 1 b-061395 3.9-8 |



- _ _ _ _ _ _ _ -
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De total mass flow rate leaving the system was reasonably steady for S01007, as seen in

Figure 3.9-79. Figure 3.9-80 shows that the energy of the fluid ejection was steady at an average
rate of [ ]'6' for the first [ ]''' and then decreased to [ ]'6# for the
rest of the event. He charge in energy ejection rate was related to actuation of ADS-4, which caused
the pressurizer to drain, converted the ADS-1, ADS-2, and ADS-3 flow to steam with a low-mass

flow rate, and simultaneously started fluid ejection through ADS-4.

ADS-1 opened at approximately [ ]*# followed by ADS-2 and ADS-3 within the next
[ ]** De break flow changes from saturated water to steam, but due to the low mass

flow rate (Figure 3.9-68), the energy removal by the break flow (Figure 3.9-80) became very low.

The energy leaving the system through ADS-1, ADS-2, and ADS-3 was greater than for break and

ADS-4 and provided an effective means of removing the stored metal energy from the system, as seen
in Figure 3.9-81.

The mass leaving the system via ADS-1, ADS-2, and ADS-3 during the next 1000 seconds was greater
than the break flow, and also the energy loss through the ADS-1, ADS-2, and ADS-3 exceeded the
energy loss by the break flow (Figure 3.9-80).

ADS-4 opened at approximately [ j** and the , a 3-1, ADS-2, and ADS-3 flows

converted to steam with a very low mass flow rate and energy loss rate. De ADS-4 flow stabilized at

a rate that matched the injection rate from the IRWST (Figure 3.9-79), and the energy removal via
ADS-4 was comparable to the heated rod power (Figure 3.9-81).

u nap 60LA1892- noo\1892 w-31.non: l t>441395 3.9-9
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g TEST ANALYSIS STANDARD PLOT PACKAGE
3 Figures 33-1 Through 3.9-83

Fig. No. Cc 4 c;;;; Variables Units Description_

a, 3.9-1 Power channel C00SFOW kW Core power
.

f. __

q
| | 3.9-2 Power channel TSAT, TAVIDC, TFOUT 'F Core inlet / outlet temperature,
!

;-

h
saturation temperature ;

C 3.9-3 Pressurizer PPZRTOP psia System pressure ,

3.9-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam ;
generators

3.9-5 Steam generator TAVGSGA,TAVGSGB 'F Average fluid temperature in steam generators

3.9-6 CMT MCMTA, MCMTB lbm Fluid mass in CMTs
,.

y 3.9-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs
b 3.9-8 CMT MOUTOTTA, MOUTCMTB, MINCMTA, Ibm Integrated mass infout of CMTs'

MINCMTB

3.9-9 CMT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of CMTs

3.9-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.9-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg- i
i CMT balance lines c

3.9-12 CMT UIDT-A, UFOT.B Btu Fluid energy in CMTs

3.9-13 IRWST/PRHR MIRWST lbm Mass of fluid in IRWST

3.9 14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST
'

3.9 15 IRWST/PRHR FIRWST Ibm /sec. Measured discharge flow from IRWST
'

,

_ _ _ _ - - . _ . _ . _ - _ _ _ _ _ _ _ _ - - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ . - - . - . . . . . - . . . - - - . _ . _ , - - . . , - - - - . . . _ _ - . _ _ _ _ _ _ _ - . _ _ _ _ _ _ _ _ . _ _ _ _ - -
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TEST ANALYSIS STANDARD PLOT PACKAGEj Figures 3 9-1 Through 3.9-83 (Cont.)

k Fig. No. Component Variables Units Description
a
9 3.9-16 IRWST/PRHR MOUTDVIA, MOUTDVIB lbm Integrated mass out of DVI lines
a'.

| 3.9-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR;-

tubes to IRWST
h
g 3.9-18 IRWST/PRIIR Q-IIOR-1, Q-VERT, Q-ilOR-2, Btu /sec. Breakdown of heat transfer from different'*

QTUBEXT sections of PRHR tube

3.9-19 IRWST/PRIIR Q-CALIM Btu /sec. PRHR/IRWST heat transfer calculated on tube
side

_

3.9-20 IRWST/PRHR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube

3.9-21 IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fractionw

3.9-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulators

3.9 23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3.9-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.9-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.9-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

3.9-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.9-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in steam generators - primary
side

3.9-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

,
___



C

f
I h TEST ANALYSIS STANDARD PLOT PACKAGE

3 Figures 3.9-1 Through 3.9-83 (Cont.)

Fig. No- Component Variables Units Description3
y 3.9-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC lbm Mass of fluid in steam generators - primaryM
B side - bot and cold sides of U-tubes
E 3.9-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -f secondary side

3.9-32 Steam generator Q-TRNF-A, Q-TRNF-B, Bru/sec. Heat transfer in steam generators
Q-CALIM heat transfer in PRHR

3.9-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.9-34 Pressurizer MPZR Ibm Fluid mass in pressurizer

3.9-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
"

3.9-36 Pressurizer MSL lbm Fluid mass in surge line,

3.9-37 Pressurizer LSL ft. Collapsed liquid level in surge line

3.9-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.9-39 Power channel MPCHN lbm Total fluid mass in power channel

3.9-40 Power channel L2 PHASE, LDVI. LHL, LCL ft. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

3.9-41 Power channel MANDC lbm Fluid mass in annular dowmcomer

3.9-42 Power channel LANDC, LDV1, LHL, LCL ft. Collapsed liquid level in annular dowmcomer
vs. DVI, hot-leg, and cold-leg elevations

____- - _ _ _ - -__ . _ - _ . _. - . - - .-. - - . - - . . - . - . . - - - . __. -._-__ __ _ _ - - _ .
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h TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.91 Through 3.9-83 (Cont.)
4

[ flg. No. Component Variables Units Ikscription
3
y 3.9-43 Power channel MTDC lbm Fluid mass in tubular downcomer
?

| 3.9-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
e vs. top of active fuel and bottom of active fuel

f levels

3.9-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.9-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.9-47 Power channel MCORE lbm Fluid mass in core region

3.9-48 Power channel LCORE ft Collapsed liquid level in core

3.9-49 Power channel MFOUT Ibm Fluid mass in core outlet region

E 3.9-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.9-51 Power channel MUPPL lbm Fluid mass in the lower ponion of the upper
plenum

3.9-52 Power channel LUPPL fL Collapsed liquid level in the lower portion of
the upper plenum

3.9-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
plenum

3.9-54 Power channel LUPPU ft. Collapsed liquid level in the upper ponion of
the upper plenum

3.9-55 Power channel MHEAD lbm Fluid mass in the upper head

3.9-56 Power channel LHEAD ft. Collapsed liquid level in the upper head

_ _ _ - . . - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ . _ - _ _ _ _ - - _ _ _ _ _



=

TEST ANALYSIS STANDARD PLOT PACKAGE
f Figures 3.9-1 Through 3.9-83 (Cont.)

$' Fig. No. Component Variables Units Description

3.9-57 Power channel UPC Bru Total fluid energy in power channel
t-

3 3.9-58 Power channel Q-FLUX B tu/sec.-ft.2 Average heat flux on the heated rods

j 3.9-59 Power channel SB1-RATE lbm/sec. Core steam generation rate

5 3.9-60 Power channel FLOWCOR lbm/sec. Calculated core flow
_

3.9-61 Power channel VOIDOUT Void fraction at core exit

3.9-62 Power channel BIAX. TSAT. TMAX-TSAT 'F Maximum clad tempemture, saturation
temperature and delta

3.9-63 Hot leg MHLA, MHLB lbm Fluid mass in hot legs

3.9-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs

3.9-65 Cold leg MCLA, MCLB lbm Fluid mass in cold legs

3.9-66 Cold leg LCLAl, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A

3.9-67 Cold leg LCLBI, LCLB2, LPSB ft Collapsed liquid levels in cold leg-B

3.9-68 Total system mass MADSI-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1, ADS-2 ADS-3,
ADS-4, and break

3.9-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1, ADS-2, ADS-3

3.9-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4

3.9-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.9-72 Total system energy UADS123, UADS4, UBREAK Btu integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS 4, and the break

_ _ _ _ _ _ - _
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a TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.9-1 Through 3.9-83 (Cont.)
e
8
c Fig. No. Component Variables Units Description
*

3.9-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
;r and ADS-3
$

. 3.9-74 Total system mass MTOTAL,MTOTO lbm Total system fluid mass vs. initial fluid mass.

h 3.9-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and-

5 calculated flows)

3.9-76 Total system mass ERRLOPI Ibm Error in the mass balance (using fluid
inventory)

3.9-77 Total system mass MPCLTOT, MPCLO Ibm Total fluid mass in power channel and loops
vs. Initial fluid mass

3.9-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged fromg

accumulators, CMTs, and IRWST

* 3.9-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
pnmary system

3.9-80 Total system energy UADS123, UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

3.9-81 Total system energy USURR, UCATCII, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UhflL-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.9-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3.9-83 System pressure - psia Test event phases and system pressure

- _ _ _ _ _ _ _ _ _ _ - - - - _ . _ - _ _ _ _ - - _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ - _ - - - - _ _ _ _ _ _ . _ __ - -. - _ .__ ___ - _ - __-_ ______ ____ --_ _ -
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are not available in the Class 3 version of this report. :
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3.10 Analysis of the Steam Generator Tube Rupture with Nonsafety Systems Operational and
Operator Action for Mitigation (S01309)

This matrix test simulated a steam generator tube rupture (SGTR) with both the passive and nonsafety

systems operational and with operator action for mitigation. There were two operator actions j
simulated for this test: cooldown of the primary system by dumping steam through the intact steam '

generator power-operated relief valve (PORV) to obtain hot-leg subcooling (while limiting the overall )
cooldown rate of the primary system) and subsequent controlled depressurization of the primary

system to terminate primary-to-secondary leakage using an ADS-1 valve. There was no core makeup
tanir (CMT) draindown during this transient. 'Iherefore, there was no actuation of the automatic .

depressurization system (ADS) primary system depressurization function, no in-containment refueling '

water storage tank (IRWST) injection, and no significant accumulator injection. The chemical and

volume control system (CVCS) and startup feedwater system (SFWS) were automatically initiated and
controlled throughout this test.

As in test run S01110, the single steam generator tube rupture was simulated via a line connected from

the primary side (coolant pump B suction piping) to the secondary side of steam generator-B
(approximately [ ]*# above the tube sheet), with a break orifice diameter scaled to simulate .

[ ]** the area of a single AP600 steam generator tube diameter. ,

Non-loss-of-coolant accident (non-LOCA) events in the AP600 SPES-2 test, including SGTRs and j

main steam line break (MSBL), did not result in ADS actuation and, therefore, include only the first j

two event phases observed in LOCA recovery. The event phases identified for the purpose of detailed

evaluation of the thermal-hydraulic phenomena occurring within the primary and safety systems for
non-LOCA events are shown in Figure 3.10-83 and are as follows:

Initial depressurization phase (IDP)*

Pressure decay phase (PDP)=

3.10.1 Summary of Test Observations

This test simulated an SGTR with nonsafety systems operating and with the operator performing

manual actions. Therefore, specific actuation setpoints and anticipated operator actions were
'

performed that impacted the facility response and made this test different from S01110 (an SGTR with j
nonsafety systems inoperable and no operator actions). !

Figure 3.10-83 shows the facility primary system pressure during matrix test S01309 (as measured at

the top of the pressurizer) with selected component actuations shown in relation to the primary system
j

pressure.

The IDP began with the opening of the SG1R break valve at time zero seconds and ended at

approximately [ ]** when the primary system pressure had stabilized and when operator

actions to control the primary system heat removal and depressurization began. The pressurizer
,

uhgWXA1892- moeu B92w-3j.non:lt>-061395 3.10-1
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pressure did not begin to decrease upon initiation of the SGTR because the pressurizer internal heaters
and pressure control remained on until [ ]' 6 *. Pressurizer level (shown in Figure 3.10-32)

began to decrease immediately upon break initiation. The reactor trip (R) signal and the safety
systems actuation (S) signal were actuated at [ ]*# when the pressurizer level reached

[ ]"# nese actuations, combined with the 16-second delay in the reactor coolant pump (RCP)

trip, caused an expected sudden cooldown and shrinkage of the primary system inventory. This was

evidenced by the rapid draining of the pressurizer from [ ]*#, and the rapid
depressurization from approximately [ ]'6 * to [ ]'b# afw h Wid mall
repressurization due to reheating of the hot-leg side fluid as natural circulation takes hold. The

pressurizer pressure and overall temperature decreased smoothly at a rate dictated by the break flow

and the net primary system cooldown effects. Primary system heat removal was provided by the CMT
recirculation: CVCS and startup feedwater injection; and passive residual heat removal (PRHR) heat

exchanger (HX) and heat losses offset. During the IDP, the water in the reactor vessel and hot legs
remained subcooled.

At [ ]*#, the pressurizer pressure rapidly decreased from approximately [ ]*# to
approximately [ ]' 6 * Es was caused by opening of the ADS-1 valve by the facility control
computer. After the ADS actuation, there was little or no subcooling present. He time of this event

|corresponded to the S signal + 7 minutes [ ]*# specified for the automatic
functions to start. The combined effect of both the steam generator-A PORV and the ADS-1 valve

actuation was to rapidly reduce the hot leg-A temperature from [ ]"# and to reduce the !

primary system pressure to (or near) the hot-leg saturation pressure. |

During the initial portion of the PDP (from [ ]**), the primary system
depressurized from [ ]*# and the hot-leg temperature decreased from [

]*# that is, the pressure essentially equaled the hot-leg saturation pressure. De hot-leg
temperature decrease closely matched the desired [ ] cooldown rate, and the steam generator-A

PORVs were not actuated. After [ ]*#, the cooldown rate of hot leg-A dropped below

[ ]"", apparently cut to the automatic isolation of the startup feedwater flow to the steam
generator-A.

The test personnel cycled one of the two ADS-1 valves (the orifice was sized to simulate one of two

ADS-1 valves at 50 percent open) at approximately [ ]' *#. (ADS-1 functioned as the
primary-side PORV.) His caused a reduction in primary system pressure and a loss of hot-leg
subcooling. At approximately [ ]*#, the steam generator-A PORV operation was initiated.

From the time the ADS-1 valve was opened until approximately [ ]*#, hot-leg subcooling

margin was lost, although the break flow continued to decrease. Approximately [ ]' 6 * %
the event, the CMTs were fully heated. This resulted in hotter injection flow to the vessel and

effectively reduced the primary system heat removal rate. Opening the steam generator-A PORV for

10-second intervals was insufficient to maintain the desired [ ]'** cooldown rate. Derefore, at
approximately [ ]*#, the steam generator-A PORV was left in the open position. This
resulted in a cooldown rate of approximately [ ]' 6 *, which established a [ ]*# hot-leg
subcooling margin at approximately [ ]' 6 * The ADS-I valve was then cycled opened and

unap600\l 892-ace \l 892w-3j.non:lb 061395 3.10-2
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closed to reduce primary system pressure. His resulted in the termination of break flow from the
primary to secondary side.

During the entire PDP of this event, the heater bundle region and hot legs remained near or below

saturation temperature, as evidenced by the collapsed level in the rod bundle and PRHR HX supply
line differential pressure (dP) instruments, which showed no voiding.

3.10.2 Analysis of the S01309 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. We code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses

from the break and ADS flows, are calculated throughout the ev nt. De mass balance and the energy
transfer calculations are performed in much greater detail than wee performed in WCAP-14309,

'

Final Data Report.m De results of the test data analysis are presented in Figures 3.10-1 through
3.10-82. Mass balance snapshots, for key times during the transient, are presented in Table 3.10-1 for
all the major primary system components.

i Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance was an indication of the overall quality of the test. The

total water inventory was tracked from the start to the end of the test.- Figures 3.10-74, 3.10-75, and

3.10-76 show the overall mass balance and the error in mass balance for S01309.

De overall mass balance for C01300 (Figure 3.10-74) shows that the total inventory varies during the

event. Ec primary side loses inventory to the secondary side immediately after initiation of the break.

De mass input to the primary system from the operation of the CVCS was not sufficient to make up
for the mass lost to the secondary side. A maximum of [ ]'6# lbm was lost to the steam generator

secondary side until the primary-side pressure equalized with the secondary side-B pressure
(approximately [ ]'6# sec.). Note that the secondary side was depressurized (above [ ]'6# using

steam generator A PORV causing flow to the ADS-4/ steam generator catch tank. De computer code
was developed to include the steam generator-A discharged mass with the system mass

(Figure 3.10-74). Figure 3.10-75 shows the difference between the total mass during the event and the

initial mass (mass balance error) when the inventory was calculated by integrating the flows to

determine the injected mass. Figure 3.10-76 shows the mass balance error when inventory was
calculated based on the component mass calculation. De mass balance error, based on flow

measurements varied from [ l'6# throughout the event. He component mass
calculation results in a very similar mass balance error. A final error was [ ]'6# at the end of
the event. Mass balance error was affected by the break flow (not included) and ADS-4 mass flow

(included into the system mass inventory). Mass injected by the CVCS cancels in the mass balance
e: Tor.
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Water Inventory for the Power Channel and the Lnon {

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power

channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of

two-phase fluid, which can have a very high void fraction. However, during a non-LOCA event, such

as a SGTR or steam line break (SLB), the heater bundle typically remains well covered with water or

two-phase fluid, and if there is any voiding at all, the void fraction is usually low. Figure 3.10-40
shows the level of two-phase fluid in the power channel as calculated from the measured pressure dropi

I data, which was then used to infer a void fraction and two-phase level. Since this represents the true
two-phase level, it will be different than the collapsed liquid level in the heater bundle. For S01309,

the two-phase level dropped gradually throughout the event beginning at about [ ]'*' seconds.
Ilowever, the level never falls below the cold-leg elevation and is well above the heater bundle.

He collapsed levels in the annular downcomer and tubular oowncomer are shown in Figures 3.1042

(annular downcomer) and 3.10-44 (tubular downcomer). He annular downcomer remains full
throughout the event. Figure 3.10-62 shows the maximum cladding temperature during the event and

compares this temperature with the saturation temperature. There were no indications of loss of

cooling for the heater rods during this event, which confirms the estimated two-phase level in the
power channel.

| The collapsed fluid level in the rod bundle (Figure 3.1048) and the rod bundle exit void fraction
| (Figure 3.10-61) show that the core is water solid before the break was initiated. The rod bundle exit

void fraction was determined from DP-014P, which covers the span from the rod bundle near the TAF

elevation to the lower part of the upper plenum. Upon reactor trip and the subsequent RCP trip at

| [ J'**, the collapsed level falls minimally to [ ]'6* with a void fraction of about [ ]'6*
percent. The collapsed level slowly recovered for the remainder of the event ending at approximately

[ ]'** (void fraction about [ ]'*%

he collapsed level in the upper plenum (Figures 3.10-52 and 3.10-54) is essentially unchanged
throughout the transient, except for the end of the test. From about [ ]'** until the end, the

level began showing the effects of the depressurization of the primary side when the ADS-1 valve is
cycled open for [ ]'** and then closed at [ ]'*# intervals. By the end of the test, thei

,

collapsed level has fallen to about [ ]'A' in the upper upper plenum, which is still well above the
hot leg elevation.

The water inventory in the power channel is shown in Figure 3.10-39. De mass inventory falls
slowly to a minimum of about [ ]'** by the end of the test, which was only [ ]'*'less
than the initial mass inventory of [ ]'**. %e total primary-system inventory (power channel,
pressurizer, and loops) is shown in Figure 3.10-77. It reached a minimum of about [ ]***
([ ]'** of the initial mass of [ ]'**) immediately following RCP trip. It climbed by

about [ ]''' to about [ ]'** until the ADS-3 valve was mistakenly cycled opened from

[ ]'6* to [ ]*** instead of the steam generator-A PORV. This resulted in a

reduction of primary system pressure and a loss of hot-leg subcooling. Conwquently, this resulted in

u :\sp600\l 892-oon\l 892 w-3).oon: ltwo61395 3.lN

- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _



the total mass inventory falling from [ ]'*# to about [ ]*# until hot-leg subcooling was j

restored at about [ ]'*#. Then the mass increases again to [ ]'6# W& was wim
[ ]*"([ ]*#) of the initial mass inventory.

Water Iniection/Eiection

he injected fluid mass from all injection sources is shown in Figure 3.10-78. Figure 3.10-79 shows
the total source inventory and the injected and ejected masses during the event. Starting with a total
of approximately [ ]*#, only [ ]*#([ ]*#) of available source water
was used by the end of the event. -

Energy Halance

PRHR Heat Transfer
'

The heat transfer from the PRHR to the IRWST gives a unique possibility of comparing heat transfer

on the primary and secondary side. A method of calculating the heat rejection by the PRHR heat
exchanger into the IRWST is described in Section 2.0, and a comparison of three heat transfer

calculations is given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the

measured exit flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S01309

test had single-phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was

essentially, zero (Figure 3.10-21) making it simple to establish the effective enthalpy of the inlet flow.

He outlet flow from the PRHR heat exchanger was always subcooled water as well. The primary.
side heat transfer for S01309, shown in Figure 3.10-19, was nearly identical to the heat transfer

measured for single-phase flow through the PRHR during the hot pre-operational testing (see
WCAP-14309, Final Data Reporr9. Figure 3.10-18 shows the calculated heat transfer from the

PRHR external tube surface to the water in the IRWST by the three-tube section of the heat
exchanger. For the first [ ]*# of the event, the vertical tube transfers the greatest amount

of heat, and the top and bottom horizontal sections of the heat exchanger, for the most part, subcooled
|

the fluid with a less effective free-convection heat transfer to the IRWST water, and contributed less to I

the overall heat transfer of the PRHR. Above [ ]*#, the heat transfer on the inside tube

wall at the PRHR inlet effectively heated the outer tube wall temperature above the boiling point for
the water in the IRWST, resulting in very effective nucleate boiling heat transfer from the outside

surface. Den the top horizontal tube section transferred at the greatest amount of heat.

!

Figure 3.10-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR Hx and the heat transfer from the PRHR heat exchanger external surfaces. He

internal energy in the IRWST water was calculated based on thermocouples located at various
elevations in the IRWST tank, which were allocated different control volumes to arrive at an effective

average temperature. A comparison between all three integrated calculations shows good correlation |
'between the PRHR heat transfer (plot line A) and the IRWST heat pickup (plot line C). The

calculation for Qms (plot line B) doesn't compare as well since the calculation is based on boiling
and free convection heat transfer coefficients, and no boiling occurred at the PRHR Hx inlet walls of j

l
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the IRWST for the first [ ]'6# of the event making the calculation somewhat inaccurate for
this SGTR test.

i

Steam Generator Heat Transfer i

l

Figure 3.10-32 shows the heat transfer in the steam generators for S01309, and Figure 3.10-33 shows j

the pressures on the primary side and the secondary side of the steam generators. SFW is initiated

after the S signal to maintain steam generator narrow range level. Heat transfer is sharply reduced

after the pumps are tripped due to the reduction of flow in the tubes and SFW flow. The pressure plot
shows that steam generator-A was available as a heat sink for the entire event. After

[ l'6#, steam generator-A was cycled opened and closed for [ ]''#at
[ ]'6# intervals in order to depressurize the secondary side, specifically for the intent of

primary-side cooling. As shown in Figure 3.10-32, this resulted in an increase in the heat transfer rate I

for steam generator-A from [ ]'6#. The steam generator-B pressure nearly

follows the primary-side pressure due to the SGTR. The total heat transfer from the primary side to j
the secondary side, after pumps were tripped, was small. Figure 3.10-28 shows the water inventory in !

the steam generators primary side, which includes inlet and outlet plena and U-tubes. When full at

normal operating temperatures, the steam generator inlet and outlet plena contain approximately [
]'6# of water. Despite the steam generator tube rupture, both steam generators remained full for

the entire event. The apparent increase is due to the density changes during the event.

Overall Encrev Balance

I
Figure 3.10-80 shows the integrated energy of the fluid streams leaving the system. The energy I
content of the SGTR break flow is not indicated in this figure. The flow through the steam generator- |
A PORV is indicated as UADS4. Note that the only source of fluid leaving the primary system is via I

the ADS-1 valve (UADS123). The integrated energy of this fluid is very low, only 30000 Btu,
5compared to the LOCA events when it is on the order of 10 Btu.

Figure 3.10-81 shows all the energy components in the heat balance for the system. Throughout the

event, core power is the dominant heat input to the system and during the initial part of the transient

the steam generators provide the dominant heat extraction. After the RCPs trip at [ J'6#,

the heat transfer to the steam generators secondary side became very small. The discharged fluid

energy (Figure 3.10-81) is incorrect (actually it is energy discharged from secondary side to the ADS-4

catch tank). The energy related to the break flow and CVCS injection, which was very small, was not
included into the energy inventory.

Figure 3.10-82 shows the accumulated heat balance error during the event. During the initial pan of

the transient, an increasing negative error is produced by a greater than actual transfer through the
steam generator. This was a consequence of an assumed overall heat transfer coefficient (HTC) for

the steam generator, which was calculated from full-power / full-flow conditions (before time 0) which

is higher than the actual IITC at the lower flow conditions existing after the pumps have shut down.

The overall error in the heat balance is within [ ]'**

u Aap600\l R92-oon\l E 92 w-3).non: l tvo61395 3.10-6
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Other Observations . - ;
'

Pressure Decay

;

Figure 3.10-3 shows the primary system pressure during the S01309 test. Throughout this event the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.

At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line.
Figure 3.10-2 shows that the temperature of the upper plenum was close to the saturation temperature

corresponding to the primary system pressure measured in the upper head during the natural

circulation phase until about [ ]*# After that time, the primary system pressure was
controlled by the steam generator primary-side fluid temperature. j

Election Flows

Figure 3.10-68 shows the individual mass flows leaving the system via the ADS-1/2/3 and

ADS-4/ steam generator-A PORV. The individual flow rates are given in Figures 3.10-69, 3.10-70, and

3.10-71. The ADS-1, ADS-2, and ADS-3 flows are very small. The ADS-4 flow (MADS 4)
represents fluid mass discharged from steam generator-A secondary side through PORV, l

.i

I
i

i

I

|

|

|
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TABLE 3.10-1 i

|COMPONENT MASS VARIATIONS IN TEST S01309

Start Fault End Blowdown End of Transient

Event time
- ~ **'

Power channel
,

PC: core

PC: downcomers

PC: upper plenum

iHot leg .\

Hot leg-B

Cold leg-A

Cold leg-B

Steam generator

primary-A

steam generator

primary-B

Pressurizer +SL

CMT-A

CMT-B |

1
Accumulator-A 1

Accumulator-B

IRWST
_ _

l
!

l

|

I
1

1
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TEST ANALYSIS STANDARD PLOT PACKAGE
f Figures 3.10-1 Through 3.10-83

h Fig. No. Component Variables Units Description

3.10-1 Power channel CORE-POW kW Core power
4
[ 3.10-2 Power channel TSAT, TAVTDC, TFOUT 'F Core inlet / outlet temperature,e

h
saturation temperature

C 3.10-3 Pressurizer PPZRTOP psia System pressure

3.10-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators

3.10-5 Steam generator TAVGSGA,TAVGSGB 'F Average fluid temperature in stearr. generators

3.10-6 CMT MCMTA. MCMTB lbm Fluid mass in CMTs

[ 3.10-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in CMTs
9
e 3.10-8 CMT MOUTCMTA, MOUTCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs

MINCMTB

3.10-9 CMT FLOWOUTA, FLOWOUTB Ibm /sec. Measured flow out of CMTs

3.10-10 CMT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.10-11 CMT BLFRACA,BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3.10-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.10-13 IRWST/PRHR MIRWST lbm Mass of fluid in IRWST

3.10-14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST

3.10-15 IRWST/PRHR FIRWST ltun/sec. Measured discharge flow from IRWST

!
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TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)
g Figures 3.10-1 Through 3.10-83

Fig. No. Component Variables Units Description

3.10-16 IRWST/PRHR MOUTDVIA, MOUTDVIB lbm Integrated mass out of DVI lines
#
[ 3.10-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR
~

tubes to IRWST
h
~.; 3.10-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Blu/sec. Breakdown of heat tmnsfer from different8

QTUBEXT sections of PRHR tube

3.10-19 IRWST/PRHR Q-CALIM Bru/sec. PRHR/IRWST heat transfer calculated on tube
side

3.10-20 IRWST/PRHR FLOWTUBE Ibm /sec. Measured outlet flow from PRHR tube

3.10-21 IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fraction

3 3.10-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulators
o

3.10-23 Accumulator LACCA,LACCB It. Collapsed liquid level in accumulators

3.10-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.10-2S Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.10-26 Accumulator U-TOT-A. U-TOT-B Btu Energy of fluid in accumulators

3.10-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiang accumulators
I
'

3.10-28 Steam genemter MSGAP,MSGBP lbm Mass of fluid in steam generators - primary
side

3.10-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

|

l
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| TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)
"7 Figures 3.10-1 nrough 3.10-83

h Fig. No. Component Variables Units Description
E
9 3.10-30 Steam generator MSGAH,MSGAC,MSGBH,MSBGC lbm Mass of fluid in steam generators - primary
g side - hot and cold sides of U-tubes
E 3.10-31 Steam generator LSGSA LSGSB ft. Collapsed liquid levels in steam generators -
h secondary side

3.10-32 Steam generator Q-TRNF-A, Q-TRNF-B, Btu /sec. Heat transfer in steam generators
Q-CALIM beat transfer in PRHR

3.10-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.10-34 Pressurizer MPZR lbm Fluid mass in pressurizer

3.10-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
U 3.10-36 Pressurizer MSL lbm Fluid mass in surge line

3.10-37 Pressurizer LSL ft. Collapsed liquid level in surge line

3.10-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.10-39 Power channel MPCHN Ibm Total fluid mass in power channel

3.10-40 Power channel L2 PHASE, LDVI, LHL, LCL ft Two-phase liquid level in power channel vs.
DV1, hot-leg, and cold-leg elevations

3.10-41 Power channel MANDC Ibm Fluid mass in annular dowmcomer

3.10-42 Power channel LANDC, LDV1, LHL, LCL ft. Collapsed liquid level in annular downcomer
| vs. DV1, hot-leg, and cold-leg elevations
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g TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)
g Figures 3.10-1 Through 3.10-83

h Fig. No. Component Variables Units Description
5
g 3.10-43 Power channel MTDC Ibm Fluid mass in tubular downcomer
#j 3.10 44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular dowmcomer
L

vs. top of active fuel and bottom of active fuelf levels

3.10-45 Power channel MLOWP lbm Fluid mass in lower plenum

3.10-46 Power channel LLOWP ft Collapsed liquid level in lower plenum

3.10-47 Power channel MCORE lbm Fluid mass in core region

3.10-48 Power channel LCORE ft. Collapsed liquid level in core

5 3.10-49 Power channel MFOUT Ibm Fluid mass in core outlet region
9
C 3.10-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.10-51 Power channel MUPPL lbm Fluid mass in the lower portion of the upper
plenum

3.10-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3.10-53 Power channel MUPPU lbm Fluid mass in the upper portion of the upper
plenum

3.10-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3.10-55 Power channel MHEAD lbm Fluid mass in the upper head

3.10-56 Power channel LHEAD ft. Collapsed liquid level in the upper head

_ - _ _ _ _ _ - - _ _ - - _ _ _ _ _ _ _ _ _ _ - - .- . -__ _ __ ___-_- _ _ - _ _ _ _ _ . -
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TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)g Figures 3.10-1 Through 3.10-83
A
8c Fig. No. C .. r.a.t Variables Units Description
5
9 3.10-57 Power channel UPC Bru Total fluid energy in power channel*
j 3.10-58 Power channel Q-FLUX Bru/sec.-ft.' Average beat flux on the be-$ed rods

3.10-59 Power channel SB1-RATE lbm/sec. Core steam generation rate:
3 3.10-60 Power channel FLOWCOR Ibm /sec. Calculated core flow

3.10-61 Power channel VOIDOLTT Void fraction at core exit

3.10-62 Poever channel B1AX, TSAT, nfAX-TSAT *F Maximum clad temperature, saturation
temperature and delta

3.10-63 Hot leg MHLA, MHLB lbm Fluid mass in hot legs

{ 3.10-M liot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs
"

3.10-65 Cold leg MCLA MCLB lbm Fluid mass in cold legs

3.10-66 Cold leg LCLA1, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A

3.10-67 Cold leg LCLBI,LCLB2,LPSB ft. Collapsed liquid levels in cold leg-N

3.10-68 Total system mass MADSI-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

3.10-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1, ADS-2, ADS-3

3.10-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4

3.10-71 Total system mass BRKFLOW lbm/sec. Calculated flow out break

3.10-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS-4, and the break

|
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TEST ANALYSIS STANDARD PLOT PACKAGE (Continued)
g FIGURES 3.101 Through 3.10-82

h Fig. No. Component Variables Units Description
8

3
9 3.10-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,g and ADS-3,

O
"
:. 3.10-74 Total system mass M1DTAL,MTOTO lbm Total system fluid mass vs. initial fluid mass

3.10-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and
5 calculated flows),

3.10-76 Total system mass ERRLOPI lbm Error in the mass balance (using fluid
inventory)

3.10-77 Total system mass MPCLTOT, MPCLO lbm Total fluid mass in power channel and lotys
vs. Initial fluid mass

to 3.10-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged fromL
9 accumulators, CMTs, and IRWST

E 3.10-79 Total system mass MSOURCE, MSINK, MSOURIN lbm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system

3.10-80 Total system energy UADS123, UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS-1
ADS-2, ADS-3, ADS-4, and the break, and the
sum

3.10-81 Total system energy USURR, UCATCH, UQlN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.10-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3.10-83 System pressure - psia Test event phases and system pressure

!

|

|
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The figures listed are proprietary and, therefore, i

are not available in the Class 3 version of this report. - I
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These figures are available in the Class 2 version of this report. j
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3.11 Analysis of the Steam Generator Tube Rupture without Nonsafety Systems (S01110)

This matrix test simulated a steam generator tube rupture (SGTR) with only the automatic passive

safety systems being used for accident mitigation (no nonsafety systems operating nor operator
actions). The pressurizer internal heaters were shut-off at break initiation and the chemical and

volume control system (CVCS), normal residual heat removal (NRHR) function and startup feedwater

system (SFWS) were shut-off for this test. During mitigation of the SGTR, there was no core makeup
tank (CMT), accumulator, or in-containment refueling water storage tank (IRWST) injection

throughout the transient. The single SGTR is simulated via a line connected from the primary side
(reactor coolant pump-B (RCP-B) suction piping) to the secondary side of steam generator-A
(approximately [ ]** above the tube sheet), with a break orifice diameter scaled to a single
AP600 steam generator tube diameter.

Since this SGTR event did not result in automatic depressurization system (ADS) actuation, only the

first two event phases observed in loss-of-coolant accident (LOCA) recovery occurred. 'lhe event
phases selected for the purpose of detailed evaluation of the non-LOCA events are as follows:

Initial depressurization phase (IDP)*

Pressure decay phase (PDP)*
,

,

3.11.1 Summary of Test Observations

Figure 3.11-1 shows the plant primary system pressure during matrix test S01110 (as measured at the ;

top of the pressurizer) with selected component actuations and plant responses shown in relation to the
primary system pressure. )

'Ihe lDP began with the opening of the break valve between the primary and secondary side, causing
the pressurizer to drain. Because the control grade pressurizer heaters were not on after break

initiation, there was a reduction in pressure due to pressmizer steam expansion.

When the pressurizer level dropped to [ ]** at [ ]' 6 *, the reactor trip (R) and safety
system actuation (S) signals were actuated. Two seconds later, the main steam line isolation valves

(MSLIVs) and main feedwater isolation valves (MFWIVs) were closed, the CMTs and passive residual
heat removal (PRIIR) heat exchanger (HX) return line isolation valves were opened, and the RCPs

coasted down with a [ ]** delay (at [ J'6* into the event). Power in the heated
rod bundle was reduced to [ ]** percent of full-power and heat decay began with [ ]**
delay (at [ ]**). The rod bundle power was maintained at [ ]** above the scaled
decay heat, starting at approximately [ ]** after trip, to compensate for heat losses.

The recirculation flow through the CMTs and the PRHR flow began immediately after the CMT

injection valves and the PRHR return flow valve were opened. The power-to-flow ratio was changing
when the RCPs were tripped and coasted down, during the onset of natural circulation flow. This

caused a reduction, followed by an increase, in the hot-leg temperature, and a rapid decrease in
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pressurizer pressure from [ ]"' psia followed by a slight increase in pressure. Primary
pressure then dropped toward the steara generator saturation pressure while transferring heat to the

steam genmtors, and the break flow stabilized at approximately [ ]*#. The IDP ended at

[ J'*#, when hot-leg / upper-plenum temperature ([ ]"") started to control the primary
system pressure. The level of the upper plenum, which was above the hot legs, began to decrease.

During the initial portion of the PDP (up to [ ]""), the primary system, with the exception
of the top of the upper pienum and upper head, remained water solid. Primary system cooling was

provided by the PRHR HX, CMT recirculation, break flow, and facility heat losses. He primary and '

secondary system temperature and pressure slowly decreased throughout the PDP. De PRHR HX

heat removal rate was calculated to be [ ]"' at [ ]"#, based on essentially single-
phase flow in the PRHR supply line, the PRHR flow rate, temperature, and pressure.

At approximately [ ]"#, the upper portion of the reactor vessel upper plenum and the

reactor vessel upper head began to drain at a significant rate. His resulted in an increasing pressurizer
level. The upper plenum drained rapidly to the hot-leg elevation starting at approximately

[ ]'6' and was completely drained at approximately [ ]"#.

At this time, pdmary and secondary pressures were essentially equalized and several events occurred

almost simultaneously:

De break flow to steam generator-B decreased from approximately [ ]*#at*

[ ]"# and to approximately 0 at [ ]*#.

Re steam generator-B tubes began to drain at approximately [ ]*#.*

Re loop-B cold leg flows decreased and loop-A flows increased momentarily.*

Re upper plenum, below the hot legs, PRHR supply line, etc., all became voided.*

Be pressurizer level rapidly increased in response to the draining steam generator-B U-tubes*

and primary system voiding.

His resulted in oscillations of temperature, void fraction, tubular downcomer flow, and system

pressure, all of which continued throughout the rest of test. The pressurizer was completely filled at

[ ]"' and remained filled for the rest of the test. The CMT's natural recirculation flow
continued, but the flow rate decreased. He upper head was completely drained at [ ]""
into the event, and the level never recovered. The primary system pressure oscillated about the

secondary system pressure and there was a small alternating flow in the break line.

Due to periodic boiling in the rod bundle, an oscillating two-phase flow entered the hot leg froat the

upper plenum and flowed through the steam generators and PRHR HX in the IRWST. When the level

in the hot leg dropped below the PRHR inlet (top of the horizontal hot leg), steam from the upper

unavfulP co\l602w-3 Lean:lt>061695 3.11-2



plenum flowed into the PRIIR inlet line to the PRHR IIX where it condensed. When the hot leg filled
to the PRHR inlet, a slug of water flowed to the PRHR HX.

Ilot leg-B fluid had a void fraction close to that shown in the upper plenum. The void fraction in hot
Icg-A was lower due to the selective removal of vapor from the hot leg by the PRHR inlet line. He
void fraction in the PRHR supply at the IRWST oscillated and reached high peaks, which enhanced

the PRHR from the primary system when compared with single-phase saturated or subcooled water

before [ ]"#.

As stated above, the natural circulation flow ended in steam generator-B (by voiding U-tubes)
approximately [ ]*# into the event. At the end of the event, the steam generator-B U-
tubes were drained, thereby partly draining the pump B suction. The natural circulation flow in steam

generator-A continued through this test; however, there was a high oscillating void fraction in the
upper section of the U-tubes.

3.11.2 Analysis of the S01110 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the

test. Also, the internal energy of all components and parts of the facility, including the energy losses

from the break and ADS flows, are calculated throughout the event. De mass balance and the energy
transfer calculations are performed in much greater detail than were performed in WC AR14309,

Final Data Reporr.m he results of the test data analysis are presented in Figures through

3.11-82. Mass balance snapshots, for key times during the transient, are presented in sable 3.11-1, for
all the major primary system components.

Mass Halance

Overall Mass Balance

De uncertainty in the overall mass balance was an indication of the overall quality of the test. The
total water inventory is tracked from the start until the end of the test. Figures 3.11-74, 3.11-75, and I

3.11-76 show the overall mass balance and the error (uncertainty) in mass balance for S0ll10.

De overall mL valance for S01110 (Figure 3.11-74) shows that the total inventory falls moderately
during the event. The primary side loses inventory to the secondary side immediately after initiation
of the break. The slope was relatively linear for the first [ ]"# seconds of the transient, but

flattens out around [ ]*# seconds. A maximum of [ ]"# Ibm was lost to the steam generator
!

secondary side until the primary-side pressure equalizes with the secondary side pressure at about
[ ]*# seconds. The final mass loss on the primary side was approximately [ ]"# lbm.
Figure 3.11-75 shows the difference between the total mass during the event and the initial mass (mass I

balance error) when the inventory was calculated by integrating the flows. Figure 3.11-76 shows the

mass balance error when inventory was calculated based on the catch tank weight and level
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measurements. He mass balance error, based on flow measurements, shows that the error increases

negatively as the event progresses with the final result being -110 lbm. The weight and level

measurements result in a similar error. His mass balance error matched well with fluid mass lost to
the secondary side, not included into the mass inventory calculation by the computer code.

Water Inventory for the Power Channel and the Loop

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power

channel. The heater bundle coverage during a LOCA event often consisted of two-phase fluid, which
can have a very high void fraction. However, during a non-LOCA event such as an SGTR or steam

line break (SLB), the heater bundle typically remains well covered with water or two-phase fluid, and
if there is any voiding at all, the void fraction is usually low. Figure 3.11-40 shows the true level of

two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).

Since this represents the true two-phase level, it will be different than the collapsed liquid level in the
heater bundle. For S01110, the two-phase level was relatively unchanged for the first [ ]'*#
of the event, but then dropped suddenly from about [ ]'*# It remained at the [ ]'*#
level for the remainder of the event which was well above the heater bundle.

De level on the cold side of the power channel is shown in Figures 3.11-42 (annular downcomer) and
3.11-44 (tubular downcomer). De annular downcomer remained full throughout the event.

Figure 3.11-62 shows the maximum cladding temperature during the event and compares this

temperature v.iih the saturation temperature. Dere were no indications of loss of cooling for the

heater rods during this event, which confirms the estimated two-phase level in the power channel. j

ne collapsed fluid level in the core (Figure 3.11-48) and the core exit void fraction (Figure 3.11-61)
show that the core is water solid when the event starts. Upon reactor trip and the subsequent RCP
trip at [ ]'b' seconds, the collapsed core level fell minimally to [ ]''' ft. with a low void fraction
of about [ ]'** percent. It remained ca these conditions up to about [ ]'** seconds. Den there I
were large oscillations in the core exit void fraction and the collapsed fluid level. De average core !
exit void fraction was about [ ]'** percent, and the average collapsed fluid level was about [ ]'**h

'

The collapsed level in the upper plenum (Figures 3.11-54 and 3.11-52) decreased to about [ ]'** ft.
below the hot-leg elevation at about [ ]'** seconds into the event. Then the collapsed level in the
upper plenum oscillated and had an oscillating range from [ ]'** ft. below the hot leg to [ ]'** It.
above the hot leg. The average by the end of the test was about [ ]'** ft., or [ ]*** inches below the
hot leg.

Figure 3.11-39 shows the water inventory in the power channel. Initially, the mass inventory
increased slightly to a maximum of approximately [ ]'*# lbm around [ ]'** seconds. Den the
mass juventory fell rapidly to about [ ]'** lbm just prior to the initiation of the oscillations at

[ ]'** sectmds. When the oscillations began, the power channel mass inventory flattened out at an
,

average of [ ]'** lbm with minimum and maximum oscillations ranging from [ ]'** lbm to
[ ]'** lbm, respectively. The total primary system inventory (power channel, pressurizer, and loops)
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1s showriin Figure 3.11-77. It reached a minimum of about [ J''" lbm ([ ]'b# percent of the initial
mass of [ J'*'lbm) by the end of the event.

Water Injection /Eiection

The injected fluid mass from all injection sources is shown in Figure 3.11-78. Figure 3.11-79 shows '

the total source inventory and the injected and ejected masses during the event. Starting with a total
of approximately [ ]'** inventory, only [ ]*# lbm ([ ]'*# percent) of available source water

was used by the end of the event (Figure 3.11-6).

Energy Balance

PRHR lleat Transfer

ne heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer
on the primary and secondary side. A method of calculating the heat rejection by the PRHR HX into

the IRWST is described in Section 2.2.2, and a comparison of three heat transfer calculations is given
in Section 4.0. De PRHR primary-side heat transfer was calculated based on the measured exit flow

rate and the difference in enthalpy of the inlet and exit flows. Since the S01110 test had two-phase

flow conditions in the PRHR after [ ]'** seconds, the inlet flow void fraction was determined

(Figure 3.11-21) and used to establish the effective enthalpy of the inlet flow. The outlet flow from
the PRHR HX was always subcooled water. For the first [ ]'*# seconds of the event, the primary-

side heat transfer for S01110 (shown in Figure 3.11-19), was nearly identical to the heat transfer

measured for single-phase flow through the PRHR during the hot pre-operational testing (see
WCAP-14309, Final Data Report).m After [ ]'*# seconds, the two-phase heat transfer was

considerably greater than the single-phase-flow heat transfer.

Figure 3.11-18 shows the calculated heat transfer from the PRHR external tube surface to the water in

the IRWST by the three tube sections of the HX. For the first [ ]*" seconds, S01110 was similar

to the other SGTR test S01309. De void fraction was near zero so that the vertical tube transferred
the greatest amount of heat, and the top and bottom horizontal sections of the heat exchanger

contributed less to the overall heat transfer of the PRHR for the first [ ]*# seconds of the event
which averaged about [ ]*# Bru/sec. After [ ]"*# seconds, two-phase fluid flow began through

the PRHR HX, and the void fraction oscillated at an average of about [ ]'b' percent. Then the top
horizontal tube transfers the greatest amount of heat. De condensation process on the inside

effectively heated this tube wall temperature above the boiling point for the water in the IRWST,
resulting in very effective nucleate boiling heat transfer from the outside surface. De heat transfer

rate correspondingly increases to an average of about [ ]'*# Btu /sec. His was similar to the typical
LOCA event which has a high heai transfer rate due to a high void fraction. Due to the oscillating
slugs of Mcam and water in the PRHR supply line, there are large fluctuations in the heat transfer rate

and the void fraction. De void fraction ranges from zero to [ ]*# percent after [ ]*" seconds,

and the heat transfer rate correspondingly ranges from zero to [ ]*# Bru/sec.
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Figure 3.11-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal

energy in the IRWST water was calculated based on thermocouples located at various elevations in the i

IWRST tank, which were allocated different control volumes to arrive at an effective average

temperature. A comparison between all three integrated calculations shows good correlation between

the PRHR heat transfer (plot line A) and the IRWST heat pickup (plot line C). The calculation for

Qn;3s (plot line B) doesn't compare as well initially since the calculation is based on boiling and free
convection heat transfer coefficients, and no boiling occurs at the PRHR HX inlet walls of the IRWST

for the first [ ]*# seconds of the event. Beyond that time, boiling of the IRWST fluid near the

PRHR IIx tube walls begins making the Qruss calculation more accurate so that Plot line B has nearly
the same slope as plot lines A and B.

Steam Generator Heat Transfer

Figure 3.11-32 shows the heat transfer in the steam generators for SO1110, and Figure 3.11-33 shows

the pressures on the primary side and the secondary side of the steam generators. Heat transfer was

sharply reduced after the pumps are tripped due to the reduction of flow in the tubes. The pressures

show that the steam generators were available as heat sinks until approximately [ ]'6# seconds into
the event, at which time primary-and secondary-side pressures nearly equalize and heat transfer rate for
steam generators dropped to nearly zero.

|

Figure 3.11-28 shows the water inventory in the steam generators primary side, which includes inlet '

and outlet plena and U-tubes. When full, the steam generator inlet and outlet plena contains
i

approximately 80 lbm of water. After oscillations started in the primary system, the steam generator-B
U-tubes started to drain (at approximately [ ]'6' seconds) and contain trapped steam, which

became more and more superheated as the primary-side pressure decays. 'Ihe steam generator-A

U-tubes were water solid, but fluid void fraction was oscillated above [ ]"# seconds, as seen in the
oscillations of mass (Figure 3.11-28).

Overall Enerry Balance

Figure 3.11-80 shows the integrated energy of the fluid streams leaving the system. For test S01110,

the only fluid stream leaving the system was the SGTR break flow, which was very small and not
accounted for by the computer code.

Figure 3.11-81 shows all the energy components in the heat balance for the system. Throughout the

event, core power was the dominmt heat input to the system and during the initial part of the transient
the steam generators provide the dominant heat extraction until about [ ]"# seconds, after which

time heat transfer to the secondary side was very small. Then the sum of the other integrated energies

for the surroundings, system fluid, discharged fluids, and metal mass matches the heat input by the
power channel heater rods reasonably well.
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Figure 3.11-82 shows the accumulated crrar in the energy balance during the event. The maximum

error band in the heat balance is approximately [ ]'6# 'Ihe error at the end of the
event was approximately [ ]''' Energy associated with the break flow, which was very low,
was not included into the energy balance.

Other Observations j

Pressure Decay

Figure 3.11-3 shows the primary system pressure during the S01110 test. Throughout this event the

pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
;

At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line.

Figure 3.11-2 shows that the temperature of the upper plenum was nearly at the saturation temperature j
corresponding to the primary system pressure measured in the upper head after [ ]''' seconds

'

during the natural circulation phase.
i

|Election Flows ;

|

Figure 3.11-68 shows the individual mass flows leaving the system via the ADS IC/3 and ADS-4/SG
A PORV. The individual flow rates are given in Figures 3.11-69,3.11-70, and 3.11-71. The ADS

1/2/3 flow was zero. The ADS-4 mass flow (from steam generator-A PORV) was low and the total
,

mass is less than [ ]'6# lbm. The total mass flow leaving the system (Figure 3.11-79) as well as the
'

energy of fluid ejection (Figure 3.11-80) were very low for S01110.
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TABLE 3.11 1
COMPONENT MASS VARIATIONS LN TEST S01110

Start Fault End Blowdown End of Transient

Event time

Power channel

PC: core

PC: downcomers

PC: upper plenum

Hot leg-A

liot leg-D

Cold Leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL

CMT-A i
i

CMT-B |
|

Accumulator A

Accumulator-B

IRWST
-

_

l

1

l

|

l

!

l
!

|

i

i
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TEST ANALYSIS STANDARD PLOT PACKAGE
j Figures 3.11-1 Through 3.11-83
6 -

[ Fig. No. Component Variables Units Description3
7 3.1l-I Power channel CORE-POW kW Core power

| 3.11-2 Power channel TSAT, TAVTDC, TFOUT 'F Core inlet / outlet temperature,
h

I

saturation temperature
$'
g 3.11-3 Pressurizer PPZRTOP psia System pressure
m

3.11-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators

3.11-5 Steam generator TAVGSGA, TAVGSGB 'F Average fluid temperature in steam generators

3.11-6 GIT MCMTA, MCMTB lbm Fluid mass in CMTs

[ 3.11-7 CMT CLEVELA,CLEVELB ft. Collapsed liquid level in OfTs

3.11-8 CMT MOUTCMTA, MOIRCMTB, MINCMTA, Ibm Integrated mass in/out of CMTs
MINCMTB

3.11-9 GIT FLOWOUTA, FLOWOUTB lbm/sec. Measured flow out of GITs
3.11-10 GtT FLOWINA, FLOWINB lbm/sec. Calculated flow into CMTs

3.11-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

3.11-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs

3.11-13 IRWST/PRIIR MIRWST Ibm Mass of fluid in IRWST

3.11-14 1RWST/PRilR LIRWST ft. Collapsed liquid level in IRWST

3.11-15 IRWST/PRiiR FIRWST lbm/sec. Measured discharge flow from IRWST

. . . . .

.. .. . ____ _____
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TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.11-1 Through 3.1183 (Cont.)

h Fig. No. Component Variables Units Description3
y 3.11-16 1RWST/PRHR MOUTDVIA, MOUTDVIB 'bm Integrated mass out of DVI lines,

| Y
g 3.11-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR
5 tubes to IRWST

t

g 3.11-18 IP.WST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Btu /sec. Breakdown of heat transfer from different=
QTUBEXT sections of PRHR tube

3.11-19 IRWST/PRHR Q-CALIM Btu /sec. PRHR/IRWST heat transfer calculated on tube
side

3.11-20 IRWST/PRilR FLOWTUBE lbm/sec. Measured outlet flow from PRHR tube
3.11-21 IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fraction

E 3.11-22 Accumulator MACCA, MACCB lbm Mass of fluid in accumulatorso
3.11-23 Accumulator LACCA,LACCB ft. Collapsed liquid level in accumulators

3.11-24 Accumulator MEASFLWA, MEASFLWB lbm/sec. Measured flow from accumulators

3.11-25 Accumulator MOUTACCA, MOUTACCB lbm Integrated mass out of accumulators

3.11-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators

3.11-27 Accumulator AIRMASSA, AIRMASSB lbm Mass of air exiting accumulators

3.11-28 Steam generator MSGAP,MSGBP lbm Mass of fluid in steam generators - primary
side

3.11-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes

- _ _
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TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.11-1 Through 3.11-83 (Cont.)
9
i Fig. No. Component Variables Units Description
E'j 3.11-30 Steam generator MSGAlt MSGAC,MSGBH,MSBGC lbm
# Mass of fluid in steam generators - primary

8 side - hot and cold sides of U-tubes
"

p 3.11-31 Steam generator LSGSA,LSGSB ft. Collapsed liquid levels in steam generators -g
5 secondary side
3 3.11-32 Steam generator Q-TRNF-A, Q-TRNF-B, Btu /sec. Heat transfer in steam generators

Q-CALIM heat transfer in PRHR

3.11-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators

3.11-34 Pressurizer MPZR lbm Fluid mass in pressurizer
i.a

b 3.11-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
b 3.11-36 Pressurizer MSL lbm Fluid mass in surge line

3.11-37 Pressurizer LSL fL Collapsed liquid level in surge line

3.11-38 Pressurizer UPZR Btu Fluid energy in pressurizer

3.11-39 Power channel MPCHN lbm Total fluid mass in power channel

3.11-40 Power channel L2 PHASE, LDVI, LHL, LCL ft. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

3.11-41 Power channel MANDC lbm Fluid mass in annular dowmcomer

3.11-42 Power channel LANDC, LDVl, LHL, LCL ft. Collapsed liquid level in annular dowicomer
vs. DVI, bot-leg, and cold-leg elevations
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j TEST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.11-1 Through 3.11-83 (Cont.)

k Fig. No. Component Variables Units Description
3
il 3.11-43 Power channel MTDC lbm Fluid mass in tubular downcomer
k
g 3.11-44 Power channel LTDC LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
" vs. top of active fuel and lettom of active fuel

f levels
S

3.11-45 Power channel MLOWP lbm Fluid mass in lower plenum=

3.11-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3.11-47 Power channel MCORE lbm Fluid mass in core region

3.11-48 Power channel LCORE ft. Collapsed liquid level in core

U 3.11-49 Power channel MFOUT Ibm Fluid mass in core outlet region
7
G 3.11-50 Power channel LFOUT ft Collapsed liquid level in core outlet region

3.11-51 Power channel MUPPL lbm Fluid mass in the lower portion of the upper
plenum

3.11-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3.11-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
plenum

3.11-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3.11-55 Power channel MHEAD lbm Fluid mass in the upper head

3.11-56 Power channel LHEAD ft. Collapsed liquid level in the upper head

!

!
i
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TEST ANALYSIS STANDARD PLOT PACKAGEj Figures 3.11-1 Through 3.11-83 (Cont.)

h Fig. No. Component Variables Units Description
a
9 3.11-57 Power channel UPC Bru Total fluid energy in power channel
Y
g 3.11-58 Power channel Q-FLUX Btu /sec.-ft.2 Average heat flux on the heated rods,

.:.
3.11-59 Power channel SBi-RATE Ibm /sec. Core steam generation rate

$ 3.11-60 Power channel FLOWCOR lbm/sec. Calculated core flow

3.11-61 Power channel VOIDOUT Void fraction at core exit

3.11-62 Power channel BfAX, TSAT, TMAX-TS AT 'F Maximum clad temperature, saturation
tempemture and delta

3.11-63 Ilot leg MHLA, MHLB lbm Fluid mass in hot legs

E 3.11-64 Hot leg FLA,FLB Fraction Fractional collapsed liquid level in hot legs

3.11-65 Cold leg MCLA, MCLB lbm Fluid mass in cold legs

3.11-66 Cold leg LCLAl, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A

3.11-67 Cold leg LCLBI, LCLB2, LPSB ft. Collapsed liquid levels in cold leg-B

3.11-68 Total system mass MADSI-3, MADS 4, BRKMASS lbm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

3.11-69 Total system mass DMADSI-3 lbm/sec. Calculated flow out ADS-1, ADS-2. ADS-3

3.11-70 Total system mass DMADS4 lbm/sec. Calculated flow out ADS-4

3.11-71 Total system mass BRKFLOW Ibm /sec. Calculated flow out break

3.11-72 Total system energy UADS123, UADS4, UBREAK Blu Integrated fluid energy for ADS-1, ADS-2
ADS-3, ADS 4, and the break

1
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g TFST ANALYSIS STANDARD PLOT PACKAGE
g Figures 3.11-1 Through 3.11-83 (Cont.)

Fig. No. Component Variables Units Description

)i 3.11-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
y and ADS-3

3.11-74 Total system mass MTOTAL,MTOTO lbm Total system fluid mass vs. initial fluid mass

3.11-75 Total system mass ERRLOP lbm Error in the mass balance (using measured and
] calculated flows)

3.11-76 Total system mass ERRLOPl Ibm Error in the mass balance (using fluid
inventory)

3.11-77 Total system mass MPCLTOT, MPCLO Ibm Total fluid mass in power channel and kops
vs. initial fluid mass

u 3.11-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged fmm

b. accumulators, CMTs, and IRWST

E 3.11-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system

3.11-80 Total system energy UADS123, UBREAK, UADS4, UCATCH Btu Integrated fluid energy exiting via ADS.1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

3.11-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO. USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.11-82 Total system energy UERROR. ERROR-% Btu, % Error in overall energy balance, relative to
initial fluid and metal energy

3.11.83 System Pressure - psia Test event phases and system pressure

-_ -
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3.12 Steam Generator Tube Rupture without Nomsafety Systems, with Inadvertent ADS . )
(S01211) !

l
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"
. Test 501211 was a blind test; therefore, this section has been intentionally left blank and will bc |
provided later.
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'3.13 ' Large Steam Line Break at Hot Standby Conditions without Nonsafety Systems (S01512)'

;4

Test S01512 was a blind test; therefore, this section has been intentionally left blank and will be

; provided later. ;
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4.2 Ilehavior of Core Makeup Tanks

|

A unique feature of the AP600 design is the use of passive safety systems to enhance reactor

protection following postulated accidents. The core makeup tank (CMT)is one component of the
AP600 passive safety systems. Each tank stores 2000 ft.' of cold bomted water at reactor coolant

system (RCS) pressure that can be gravity-injected into the RCS to provide reactivity control and core

cooling. De CMTs provide the same function as the high-pressure safety injection system in existing
pressurized water reactors (PWRs), with the difference being that current plants require the availability

of ac power to perform their safety function, whereas the CMTs achieve this with gravity-driven flows.

A brief description of the AP600 CMT is presented, along with a description of the SPES-2
representation.

An examination of the CMT behavior for the range of test conditions is presented. Rese include the
following:

Fluid temperature distributions and fluid-wall temperature differences, including the effects of*

air in the CMT

Flashing and liquid level swell for larger breaks*

!

l

Steam / water mixing*

CMT refill (after IRWST actuation)*

Rese topics are discussed in Sections 4.2.3 and 4.2.4.

4.2.1 AP600 Core Makeup Tank

In the AP600, the CMTs are connected to the RCS, by normally open isolation valves on the cold leg

balance line and normally closed isolation valves and check valves on the CMT discharge line. De

CMT discharge valves open on a safety systems actuation (S) signal and remain open. The tanks are

maintained at full-system pressure by the cold leg balance lines. During normal opemtion, the CMTs

and the cold-leg balance lines are completely filled with water.

In addition to adding coolant and boron to the reactor systems, the CMTs have an additional safety

function. Continued draining of the tank indicates an unrecoverable loss-of-coolant (LOCA). When

approximately 33 percent of the tank liquid has drained, the CMT level sensing device activates the

first stage of the automatic depressurization system (ADS), and the plant begins a controlled

blowdown through the ADS valves into the in-containment refueling water storage tank (IRWST).

The second- and third-stage ADS valves open based on timers that are started with tie opening of

ADS-1. If the CMTs continue to drain and the volume reaches 20 percent, then the fourth-stage ADS

valves (located on the hot legs) open. providing a large vent path directly to containment to

uA1892 non\lE02w-4b.non:lb-061095 4.2-1
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4.0 PHENOMENOLOGICAL MODELING RESULTS

4.1 Introduction

The analysis results presented in Section 3.0 provide an in-depth understanding of each of the SPES-2

tests. The purpose of this section is to compare these results for several tests and to provide additional

understanding of the passive safety system components unique to the AP600.

A test-to-test comparison for the SPES-2 tests is included in WCAP-14309, SPES-2 Tests: Final Data

Report.m Additional comparisons are made that make use of insights into the tests, which were not

available in the previous report. These include the following:

Component mass inventory and overall system mass balance*
,

Component energy inventory and overall system energy balance.

Timing of events that occur in the course of each test as the AP600 safety systems re:; pond=

These topics are discussed in detail in this section.

Two components, the core makeup tank (CMT) and the passive residual heat removal (PRHR) system,

are unique to the AP600 design. The phenomena observed in the tests for these components are

discussed in detail in this section.

uA1892 mon \1892w-4a.am:IME0795 4.1 1
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depressurize the RCS to containment pressure. As the RCS depressurizes by opening the ADS valves
on the pressurizer and hot legs, the CMTs continue to add coolant to the RCS to maintain continued

core cooling during the depressurization.

Each AP600 CMT is a [ ]*# tank, consisting of hemispherical heads and a cylindrical shell.
He hemispherical heads are stainless-steel-clad carbon steel ([ ]"# stainless cladding) with a

total thickness of [ ]"# De cylindrical portion of the tank is also stainless-steel clad and is a

total of [ ]*# thick. He top of the tank is located 28 ft. above the RCS cold legs, providing a
gravity head to diive the flow into the reactor vessel downcomer. The drain line is connected from

the bottom of the CMT through an isolation valve and two check valves to the direct vessel injection

line (DV1). He cold-leg balance line between the top of a cold-leg and the top of a CMTis an 8-in.
schedule 160 pipe with an inside diameter of [ ]*# There is a normally open isolation valve
near the top of the balance line.

There are two modes of operation for the CMTs: recirculation and draining. During the initial phase
of a small-break LOCA, steam line break, or steam generator tube rupture event, the RCS inventory

remains at or near its steady-state value. When an S signal occurs (typically low pressurizer pressure),

the reactor coolant pumps trip, and the CMT isolation valves open. With the valves open, buoyancy-

driven flow from the CMT to the reactor vessel and return flow from the cold leg to the top of the
CMT is initiated, beginning the recirculation phase of operation for the CMTs. De colder, denser

CMT water drives flow into the reactor vessel because of the density difference between the CMT

water and that in the cold leg balance line. His flow will continue and steadily decrease as the colder

CMT water is replaced by hotter water from the balance line, thereby decreasing die thermal driving
head.

As the break cominues to drain the RCS, the cold-leg balance line begins to void, the recirculation

flow path is broken, and the CMT drains as the water volume is replaced by steam from the cold leg,
beginning the draining mode of the CMT. De CMT injection flow rate is larger in this mode because

of the greater density difference between the colder CMT water and the steam or two-phase rnixture in
the balance line.

For a small break, the CMT is in the recirculation mode for an extended period, and there is the

potential for a large portion of the top of the CMT to be hot. His hot liquid layer will reduce the
steam condensation when the CMT transitions info the draining mode. The hot liquid layer can also i
flash as the RCS depressurizes, causing mixing and reducing the effects of condensation in the CMT. i

Rese effects are discussed in Section 4.2-4.

For a larger break, the recirculation period is reduced because the cold-leg balance line will void

sooner, breaking natural circulation. In these cases, the hot liquid layer in the CMT, and its associated
effects may be less significant.
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Separate effects tests of the core makeup tank were conducted to determine the operating

characteristics of the CMT during simulated large and small break accidents. The analysis of these
tests is summariicd in WCAP-14215, AP600 Core Makeup Tank Test Analysis Report.U*

|

4.2.2 SPFS2 Representation of the Core Makeup Tnnks

As has been shown in WCAP-14073, SPES-2 Facility Description,A the CMTs in the SPES-2 facility

are designed to maintain the AP600 elevation, with a [ ]*6' volume scaling. Bus, the CMTs in

SPES-2 are [ ]'6' from top to bottom, with a total volume of [ ]' 6# hhem#y
scaling of the CMT walls has also been preserved, resulting in walls that are [ ]'6" thick. To
maintain these thin-walled tanks at high pressure, the CMTs are located within thick walled ([

]'6* thick) guard vessels which are unique to SPES-2. The heat transfer models which are used in

this analysis (Section 2.2) account for the heat transfer from the CMT walls to the guard vessel walls,

the heat capacity of the CMT and guard vessel walls, and the heat transfer from the uninsulated guard
vessel to the environment.

4.2.3 CMT Performance for Selected Tests

As discus. sed previously, the behavior of the CMTs is dependent on the accident sequence which is

simulated (that is, type of accident; small-break LOCA (SBLOCA), steam generator tube rupture

(SGTR), or main steam line break (MSLB); break size; break location; and availability of nonsafety i

protection systems). Four tests are examined; the 2-in. cold-leg break (S00303), the 2-in. cold-leg I

break with nonsafety systems available (S005(M), the double-ended guillotine DVI line break

(S00706), and the steam generator tube rupture (S01110).
,

i

A discussion of the CMT performance is provided for each of these tests. I

2-in. Cold Leg Break (S00303) |

For the 2 in. cold leg break (S00303), the CMT isolation valves opened at [ l*6# initiating
the recirculation mode for both CMTs. He liquid level in the CMTs is shown in Figure 4.2-1. He
CMT in the break loop, CMT-B, transitioned into the draining mode at approximately [ ;

]'"' while the CMT in the unbroken loop, CMT-A, transitioned into the draining mode at
approximately [ l'** Drainage was slowed by accumulator flow at approximately [

]'''

he axial fluid temperature distributions for both CMTs at discrete points in time are shown in Figures

4.2-2 and 4.2 3. De inlet temperature is plotted at the top of the tank. Both CMTs show similar
behavior as the heated liquid region grows at the top of the CMT during the recirculation phase. At
this time, nearly [ '6" of the CMT is heated as the tanks begin to drain. As the tanks drain,

the walls at the top of the tank reach thermal equilibrium with the hot water, cooling the water layer.
Bus, as the steam enters the CMT from the cold leg balance line, and little condensation occurs either
at the CMT walls, or at the steam / water interface.
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The fluid-to-wall axial temperature difference for both CMTs at discrete points in time are shown in
Figures 4.2-4 and 4.2-5. Rese figures indicate that the temperature difference from the fluid to the

walls is highest well below the water level when the hot water layer passes the colder wall as the

tanks drain down. The slow rate of draining indicates that the walls are sufficiently heated by the hot
liquid '.e i such that condet sation of steam entering the top of the CMTis minimized.

Figures 4.2-6 and 4.2-7 show the fluid superheat (the difference between the fluid temperature and the

saturation temperature) for both CMTs at discrete points in time. His value is plotted as a function of

elevation relative to the steam / water interface (plus elevation is above interface). The superheating of
the inlet pipe temperature relative to the CMT pressure is indicated at the top of the tank. At the start

of the event, the fluid in the tanks is highly subcooled. During the recirculation phase, the fluid
closest to the interface is heated to near the saturation temperature. Then, as the tanks drain, the steam

temperatures in the top of the CMT are at the saturation temperature or slightly superheated, while the
liquid temperatures range from saturation at the steam / water interface to highly subcooled at the
bottom of the tank.

Late in the event, the steam temperatures exhibit superheating at the top of the tanks, then remain at or

near the saturation temperature to a point approximately half-way down the tank wall. Below this

point, the steam temperature becomes subcooled, indicating the presence of non-condensible gas in the

CMTs. From Figure 4.2-6, the first evidence of subcooling of steam occurs at approximately [
]'6* for CMT-A. The introduction of non-condensible gas occurs immediately after the

accumulators have emptied, and, as is shown in Figure 4.2-8, the cold leg balance line had previously
drained sufficiently to allow a path for gas to enter the CMTs. Figure 4.2-8 also shows the start of
CMT refill after the initiation of IRWST injection (>[ ]'6 ').

Two in. Cold Leg Break with Nonsafety Systems Available (S00504)

For the 2-in. cold leg break with nonsafety systems available (S00504), the CMT isolation valves
opened at [ ]'6* initiating the recirculation mode for both CMTs. The liquid level in the

CMTs is shown in Figure 4.2-9. The CMT in the break loop, CMT-B, transitioned into the draining
mode at approximately [ ]'6* The CMT in the unbroken loop, CMT-A, transitioned into
the draining mode at approximately [ l'6*

Re axial fluid temperature distribution for CMT-A at discrete points in time is shown in Figure 4.2-10
(Note: fluid thermocouples for CMT-B failed for S00504). CMT-A shows behavior similar to S00303

as the heated liquid region grows at the top of the CMT during the recirculation phase.

The tank drains more slowly than in test S00303 due to the added RCS inventory from the nonsafety
systems and stops draining at approximately [ ]'6* At this time, the fluid in the cold-leg
balance line is cooled due to the effects of accumulator injection and the nonsafety systems, which

results in a reduction in the thermal driving head. In addition, the nonsafety systems cause a reduction ~

in the system pressure which decreases flow out of the break and ADS to a point where the cold legs
refill. At this time, the cold leg balance lines refill and introduced liquid into the top of the CMTs.
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This results in condensation of steam in the top of the CMTs and results in rapid refilling at the
CMTs. Refill stops short of completely filling the tanks due to noncondensible gas occupying the top

of the CMTs.

De fluid-wall axial temperature difference for CMT-A at discrete points in time is shown in Figures
4.2-11. Figure 4.2-12 shows the fluid superheat (the difference between the fluid temperature and the

saturation temperature) for CMT-A.

De steam space temperatures remain saturated despite the introduction of fluid at a higher

temperature, until about [ ]** At that time subcooling indicates the introduction of non-

condensibles which essentially f111 the tank above the water level as the level rises. His implies

condensation of most of the steam in this region despite the low fluid-wall temperature difference.

Double-Ended Guillotine DVI Line Break (S00706)

For the DEG DVI line break (S00706), the CMT isolation valve opened at [ ]** for
CMT-A, and [ ]** for CMT-B, initiating the recirculation mode for both CMTs. He liquid
level in the CMTs is shown in Figure 4.2-13. Since the CMT empties into the DVI line, the CMT in
the break loop, CMT-B, drains through the break within [ ]' 6 * Le CMT in the unbroken
loop, CMT-A, transitioned into the draining mode at approximately [ ]** CMT-A drains

at a constant rate until approximately [ ]** when ADS-4 is activated. At this time, the

level remains nearly constant for approximately [ ]'6* h reses drsig NT4 is

[ ]** full at the end of the test.

|
'

He fluid temperatures in CMT-B quickly reach the system saturation temperature. he axial fluid
temperature distribution for CMT-A at discrete points in time is shown in Figure 4.2-14. CMT-A

behavior is similar to the results observcd in S00303, except that the recirculation phase is much

shorter due to the larger break. De heated liquid region grows at the top of the CMT during the
recirculation phase [ ]* 6 * At this time, only [ ]** of the CMT is heated
above the initial temperature as the tank begins to drain.

Since the tank drains quickly, the walls at the top of the tank do not reach thermal equilibrium with

the hot water, and there is considerable condensation at the Irlatively cold walls. Rus, the fluid-wall
temperature differences for CMT-A, shown in Figure 4.2-15, indicate higher heat transfer than

observed in S00303. Condensation is even more apparent in the fluid-wall temperature differences for

CMT-B, shown in Figure 4.2-16. Rapid draining of CMT-B exposes cold walls to incoming steam

resulting in significant temperature differences.

Figures 4.2-17 and 4.2-18 show the fluid superheat (the difference between the fluid temperature and

the saturation pressure) for both CMTs at discrete points in time. His value is calculated as a
function of elevation relative to the steam / water interface. At the start of the event, the fluid in the -

tanks is highly subcooled. For CMT-A, during the short recirculation phase, the fluid at the top is
replaced with water near the saturation temperature. As the tanks drain, the steam temperatures in the

uM 802-non\l892w-4b.non:lt>4MIM5 4.2-5
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top of the CMT are more significantly superheated than for S00303 due to the rapidly decaying system

pressure. He hot water deposited at the top cools down as it moves down the cold tank. He liquid
temperatures range from saturation at the steam / water interface to highly subcooled at the bottom of
the tank.

5

Late in the event, the steam temperatures exhibit superheating at the top of both CMTs, then remain at

or near the saturation temperature along most of the exposed length. De lack of non-condensible gas

in this test can be attributed to the break being located in the DVI line, which causes the gas from one

accumulator to be completely discharged to the environment. In addition, accumulator-A empties after
Stage 4 ADS actuation, and it is likely that most of the gas injected into the intact DVI line will exit
the system before passing into the CMTs.

Figure 4.2-19 shows that the CMTs do not refill during the test for this size break, as no increase in

the cold leg balance line liquid levels are observed.

Steam Generator Tube Rupture (S01110)

For the steam generator tube rupture (501110), the CMT isolation valves do not open until nearly [
]** Re recirculation mode of operation prevails for this event as the CMTs do not drain.

He discharge flow rate for both CMTs is shown in Figure 4.2-20. De flows decrease at a nearly
constant rate as hot liquid replaces the cold liquid in the tanks. The rate drops at about [ ]** |

and [ ]** for CMT-A and -B respectively, as hot water enters the drain line and funher
reduces the buoyancy driving head.

He axial fluid temperature distributions for both CMTs at discrete points in time are shown in Figures
4.2-21 and 4.2-22. Both CMTs show similar behavior as the heated liquid region grows during the

event. By the end of the event, the tanks reach a nearly steady state temperature distribution with an |

axial temperature gradient ranging from [ ]** at the top of the tanks to [ ]** at the bottom. :

|
The fluid-wall axial temperature differences for both CMTs at discrete points in time are shown in
Figures 4.2-23 and 4.2-24. As was observed in S00303, the heat transfer from the fluid to the walls is '

highest when the hot water layer passes the colder wall as the tanks drain down. At the end of the
i

event, a nearly constant temperature difference of approximately [ ]** is observed along the entire
length of the CMTs. His indicates that the heat loss to the surrounding is nearly constant along the '

length of the tanks.

l
Since the CMTs never drain for this event, the effects of non-condensible gas and CMT refill are not
observed.
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4.2.4 Flasting, Swell, and Steam Water Mixing
i

Summary

Flashing of core makeup tank (CMT) liquid into steam during decompression could effect water level
indications and flow of fluid in the balance line. In the scaling logic for the CMT test,"U this

phenomenon was rated as being of high importance to study for small-break loss-of-coolant
(SBLOCA) events. His section reviews two possible indicators of the extent of flashing and swell

(that is, the raising of the actual water level or mixture level above the inferred collapsed water due to

the presence of steam below the mixture level). Although flashing occurred in several tests, significant I

level swell occurred in both CMTs only for tests S00401 and S01613.

The phenomenon of direct or contact condensation was also rated of high importance for large and
SBLOCAs. There was no evidence of rapid contact condensation as observed in the rapid draindown

CMT tests.

Flashing and Swell

Level swell was calculated as the difference between the calculated mixture level and the calculated
' collapsed mixture level. As explained in Section 2.1.1, the collapsed liquid level was calculated based

on the sum of pressure drops within four [ ]* pressure difference (dP) measurement spans
in a CMT. Mixture level was calculated within each of the individual spans. Thus, when steam exists

within a span below the actual mixture level, the inferred mixture level in the next higher span will be
higher than the calculated collapsed level. Furthermore, within the span containing the mixture level,

the vapor fraction is assumed to be at least as high as the vapor fraction in the span below it. On this
basis, the calculated mixture level was raised above what would be inferred assuming pure liquid

below the mixture level within this span (Section 2.1.1).

A mixture level was calculated in each dP span. Typically, the mixture level will be within three

spans, at or near the upper or lower poind of the span; that is, they were full ofliquid or had none;
and the actual mixture existed within one span. He actual mixture level was within the highest span

location having a collapsed liquid level above 1 percent from the bottom of the span.

With this method, significant swell was detected if subsurface steam existed within the mixture in

more than one of the four dP spans. Significant swell indicated that there was steam below the

pressure drop measurement span that contained the liquid surface. (Up to one or two inches of swell

showed up in obviously subcooled condition. This was attributed to measurement and calculational

errors). The actual swell was expected to be a fairly smooth continuous function of time; due to the
measurement limitations, the calculated swell tended to drop to zero when the mixture level dropped

below the bottom of each dP span, and it remained there until a void is calculated in the second span
below that. Mixture level swell cannot be calculated by this method when the mixture level is in the

bottom dP span.
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Figures 4.2-25 through 4.2-34 are plots of mixture level swell vs. time as the solid line with the scale

on the left side. Also shown are plots of the calculated mixture level for each pressure difference
,

range, using the right-hand scale. These indicate the level transient and help to gage the possible
effect of level proximity to the range bound on the swell mixture level calculation.

In tests S00401 and S01613 (1-inch cold-leg breaks; Figures 4.2-28 and 4.2-29), there was evidence of

significant swell, starting at the time of the opening of ADS-2 ([ ]'6#
respectively). The same plots, showing only the flashing time periods, are shown in Figures 4.2-35

and 4.2-36, respectively. Swell of the mixture is expected to occur when there has been a large
balance line flow into the CMT to heat the liquid, when pressure decrease was greater; and when the

pressure decrease occurred at low pressure, which caused greater steam volume per unit of pressure

decrease. Fi3ures 4.2-37 through 4.2-39 show CMT-A pressure transients and integrated mass inlet

flow for all tetts reviewed in groups of similar tests. He test number for each curve is shown in the )
legend. From mrveying these plots, one would expect mixture level swell in CMT-A to occur for the ;

l-inch cold-let break. I

In test S00706, a double-ended break of the direct vessel injection (DVI) line, (Figure 4.2-31 there

appears to be significant mixture level swell in CMT-B, as it rapidly blows down to the atmosphere
through the DVI line. This time period is shown in more detail in Figure 4.2-40. In this test, in
CMT B, there was an apparent bias of up to [ ]'6* in the measured fluid temperatures for the first I

[ ]'6* which covers the period of the indicated swell. His caused an underestimate of

both the collapsed level and the mixture level. For S08706, apparently, there were problems with the
fluid thermocouples in CMT-B, postulating a multiplier of [ ]'6* (Figure 4.2-40) on the
thermocouples and recalculating removes of all but three or four inches of calculated mixture level

swell during this time period. Since the pressure was essentially constant at this time, it can be

concluded that there was no clear indication of mixture level swell for test S00706.

Figure 4.2-32 for test S01007, a 2-inch break in the CMT-B balance line, shows very noisy calculated

levels in CMT-A when the level is around [ ]'6# and in CMT-B before draining starts.

Closer inspection shows a very noisy signal on the bottom dP tap on both CMTs and on the top dP

cell on CMT-B during this period. His results in short-duration spikes in the calculated swell.
Because the duration of these spikes is so short compared to the swell evidenced in other tests, we

conclude that there is no clear indication of the existence of significant swell for this test.

The indication of measurable level swell in a few tests can be compared with the indications of

saturated regions below the mixture level, discussed in Section 4.2.3. Those figures imply that
flashing occurred during decompression in more cases than those in which mixture level swell was

observed. This is expected, since slow decompression of saturated liquid, and decompression at high

pressure, results in the formation of steam within the liquid at a volume rate, which is small enough

that individual bubbles can escape to the surface without a measurable volume being present.
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Direct Contact Steam Condensation

In the CMT separate effects test,"" rapid contact condensation of steam was observed when steam was

introduced into the CMT before the initially cold CMT liquid had been heated. During this period, a
low CMT drain flow was observed, because of the lower pressure at the top of the CMT, widch was

limited because most of the CMT elevation head was consumed in the flow losses in the steam line

and steam distributor. The steam / water mixing continued until the top region of the CMTliquid has
been heated to near saturation by the steam, after which the direct condensation stopped. At tha' time

the CMT drain rate increased, with most of the elevation head being consumed in flow losses in the

drain line. In CMT tests in which the introduction of steam was preceded by recirculation of hot

liquid, no rapid condensation occurred. A fairly high drain flow rate was observed during liquid
circulation, and when steam was introduced the drain flow increased.

In all of the SPES-2 tests reviewed, the steam flow into the CMT was preceded by hot liquid flow.
Thus, significant direct condensation was not expected.

On indicator of significant direct condensation would be a drop in discharge (CMT injection) rate
when the flow balance line flow into the CMT changes from liquid to steam. 'lhis would be followed
by a sharp increase when the direct condensation ended. In most cases, we see a recirculation

discharge rate of about [ J'**, followed by increase to a higher rate when steam starts to

enter and emptying of the CMT starts. In only one test, S005N, a 2-inch cold-leg break, and only a
CMT-A, does a pronounced drop in discharge flow rate appear before the switch to the drain mode.
In this case, the flow drops from [ ]'*' between [ ]' 6 *, tb
rises sharply starting at about [ ]'6*m[ ]'6#, amuQ hittig a
maximum of [ ]'6# at [ ]' 6 * Various parameters are shown for this period in Figure

4.2-41. Examination of the fluid temperature traces for this time in Figure 4.2-42 show no sharp rise
in temperatures near the CMT top, which would be expected in the case of vigorous contact

condensation. We interpret the balance line dP signal as indicating that the balance line was filled
with liquid until about [ J'**, and that voiding initiated more rapid discharge flow,
accompanied by more rapid liquid flow in, until [ ]'6# when CMT drain started and
discharge flow increased further. The drop in flow from [ ]'*# is attributed to a shift
in coolant system pressure drops between the DVI line and the cold-leg B1, coincident with the

draining of the vertical cold-leg B sections below the steam generator.

A second indicator of rapid direct condensation would be the sudden appearance of a region of
uniform fluid temperature at the top of the CMTjust prior to the stan of draindown. A review of the
superheat curves shows no such event.

The conclusion is that there is no period of rapid condensation due to mixing of the incoming steam
with CMT liquid. This is consistent with the expectation that such phenomena would not exist for
cases when steam injection is preceded by significant liquid circulation. ~
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4.3 Passive Residual Heat Removal Heat Exchanger

As discussed in Section 2.2, the passive residual heat removal (PRHR) is designed to remove core

decay heat in the event that the active safety systems are not available. The heat exchanger (HX)

consists of a series of tubes in the in-containment refueling water storage tank (IWRST), which are

connected to the hot leg (iolet) and pump suction (outlet). The tubes enter the tank a few feet below

the surface and exit the tank near the bottom. At normal operating conditions, the PRHR is isolated

from the primary system. In the event of an accident, the isolation valves are opened and natural

circulation flow is established, driven by the density difference between the hot fluid entering the
PRHR and the cold fluid exiting the PRHR. Heat is transferred from the tubes to the IRWST water

by either subcooled boiling or free convection.

This section will determine the heat transfer characteristics of the SPES-2 representation of the

PRHR/IRWST. Three methods of quantifying the heat transfer were identified:

1. Heat loss by the primary (tube-side) fluid between the PRHR inlet and outlet

2. Heat transfer from the outside of the PRHR HX tubes to the IRWST water

3. Increase in the internal energy of the IRWST water

Ideally, the energy transfer calculated by each of these methods should yield the same results.

4.3.I Primary-Side Heat Halance

'Ihe primary-side heat balance is defined as

Q., = th (h, - h,)

where:

Q, = heat loss from the primary fluid between the PRHR inlet and outlet |

dl = mass flow rate as determined by the flow meter in the PRHR outlet

h, = fluid-specific enthalpy in the PRHR inlet
h, = fluid-specific enthalpy in the PRHR outlet

For all cases, the PRHR outlet flow will be single-phase liquid. However, the PRHR inlet flow could
be either a single-phase liquid or a two-phase liquid (steam / water mixture). To determine the inlet
enthalpy, the quality of the inlet flow must be determined. To do this, the SPES-2 tests used an

inverted U-tube with two differential pressure cells in series. As discussed in Section 2.2, the

differential pressure cell readings were used to approximate the average void fraction of the inlet flow.

Then, a homogeneous flow model was used to calculate the quality from the void fraction, and this

quality was used to determine the inlet enthalpy.
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Applying the AP reading to determine the void fraction eliminates the friction drops resulting in a
calculated static void fraction based on the ele vation pressure. The flowing void is assumed to be the

same as the predicted static void fraction from the AP cells. This is a fair assumption, since the flow
oscillates at the PRHR inlet, the alternating vapor and liquid plugs or mixture are forced into the

PRHR, and the results are time averaged. He oscillatory flow also assumes a slip of unity; this is a
reasonable assumption, since low-and high-quality fluid will be pushed, by the steam, into the PRHR

tube. With these assumptions, a time-averaged inlet quality and enthalpy can be calculated for the |
PRIIR.

For test S00303, the inlet void fraction and quality are shown in Figure 4.3-1. This figure shows that

a two-phase mixture was observed at the PRHR inlet during much of the test. He resulting primary
fluid heat loss is shown in Figure 4.3-2, and the integrated heat loss is shown in Figure 4.3-3.

Figure 4.3-2 also shows the timing for ADS actuation and accumulator injection. For this test, the

heat loss increased to a maximum of [ ]'*#, which remained relatively constant until

[ ]'** into the test. This corresponded to the time of accumulator injection, after ADS

actuation, which reduced primary system temperature and thereafter the buoyancy head for PRHR

flow, and introduced nitrogen into the primary system at the end of the accumulator injection
(approximately [ ]'**). These factors caused a rapid reduction in the PRHR flow rate, and

heat loss decreased to less than [ ]'*#. After [ ]'*#, ADS-4 actuated, and the

heat loss in the PRHR dropped further. He PRHR was no longer a factor in removing the decay heat
beyond this point to the end of the test.

4.3.2 Energy Transfer from the Tubes to the IRWST

in SPES-2, the PRHR tube walls are instmmented to determine the relative fraction of energy transfer
that occurs in the three sections of tube:

1. PRHR inlet - [ ]'** of horizontal tube near the top of the IRWST. High-temperature

fluid enters this section from the hot leg and cools rapidly. The combination of high tube wall

temperatures and the locally low saturation temperature of the IRWST water can result in
subcooled boiling and high heat flux.

!
2. PRHR vertical section - [ ]'*# of vertical tube extending from the elevation of the

PRHR inlet to the PRHR outlet. At the top of the vertical section, the fluid inside the tubes

may still be hot enough to result in subcooled boiling off the outer tube wall. However, the

local saturation temperature increases as the hydrostatic pressure increases with increasing
i

depth. 'hus, the lower section of the tubes experience free convection heat transfer with the ;

IRWST water, resulting in much lower heat fluxes, j

l
3. PRHR outlet - [ ]'** of horizontal tube near the bottom of the IRWST. At this point, )

the fluid temperature inside the tube is very low, and the local saturation temperature in the j

IRWST is at a maximum. Heat transfer from the tube walls to the IRWST is due to free j

i
i

!

|
-

|
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'

convection. ".ae combination of the small surface area in this section, and low heat flux limits

the contributien to the overall heat transfer.

The total mat transfer from the external PRIIR tube wall to the IRWST is summed for the three
sections and is given by the following equation: '

Q. = D1,A, (T, - T ) (4.3-2)

where:
:
,

'

heat transfer mefficient (either subcooled boiling or free convection) for each sectionh, =

A, = surface area of the tube for each section

T, = tube wall temperature ,

T., = bulk fluid temperature

Temperature n.casurements were made at the midpoint of the three sections. The local wall

temperatures were interpolated between there three measurements. Thus, the local temperature can be

estimated for the inlet tube wall between midpoint and the corner with confidence flowever, the
highest heat fluxes occurred at the point where the PRIIR inlet tube first entered the IRWST, and no

wall temperature measurements were available at this location. It was assumed that the inlet wall

temperature must be higher than the midpoint temperature by some AT,. Several values of AT,

were tested, and one was chosen to fit the overall heat transfer rate calculated for the primary side.
|

This value was found to be

AT = [ ]**

1his value was used to analyze all ten tests and, in most cases, resulted in excellent agreement with !
both the PRIIR primary-side heat transfer calculation and the IRWST bternal energy calculation.

1

Figurc 4.3-4 shows tha breakdown in the heat trans. i between the PRHR inlet, PRIIR vertical, and i

PRIIR outlet sections During peak operation, the inlet horizontal section is responsible for

[ ]** or tearly [ ]*# of the total heat transfer, the vertical section is responsible |
for [ ]** and the heat transfer in the outlet section is essentially negligible. |
After ADS mandan, the heat transfer on the outside of the PRIIR tubes at the inlet transition from I

subcooled bondg to free convection, and the heat transfer from this section falls to [ ]*# |

which is [ ]"# of the total heat transfer. The vertical section heat transfer during this period

is [ ]*" (or [ ]"# of the total), and the outlet section heat transfer is less than |
[ ]"# 1his heat transfer breakdown is specific for LOCA tests when PRHR inlet fluid void |
fraction is high (two-phase fluid) and condensation occurs mainly in the horizontal inlet tube. For

'

SGTR tesis S01309 and S0ll10 [ ]*6* when PRIIR inlet fluid void fraction was law
(single-phase fluid), the heat transfer occurred throughout the horizontal and vertical tube stufaces.

Ilowever, because the vertical tule surface was greater, the most heat was transferred through the

vertical tube surface. Figures 4.3-11 and 4.3-12 show that the model used for heat transfer through the i

PRHR extemal wall calculation better matches the tv.o-phase fluid in the PRHR inlet.
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4.3.3 Increase in the IRWST Internal Energy

The water ternperature in the IRWST was measured at five locs' ions from the top to the bottom of the

tank. By associating a volume with each of these measurements, a total fluid internal energy was
calculated for each time step. The difference between this value and the internal energy of the tank at
the start of the test is an excellent measure 0, the heat transfer from t!.e PRHR to the IRWST. The

ADE Joes not interact with the IRWST in SPES-2 such that all energy addition is due to the PRHR.

The thermocouples used to evaluate the tank temperature are located near the PRHR tubes. Thus, the

measured temperature was somewhat higher than the actual tank temperature at a given elevation. To

account for this difference, the measured temperature are adjusted by 2.5*F during the time when the

PRHR is operating. The calculation was useful for comparison to the other heat transfer calculations

up to the point of IRWST draindown. No evaporative heat loss from the IRWST was considered.

The difference between the initial internal energy and the internal energy at any point in time is shown
in Figure 4.3-5 for the S00303 test. Also shown is the integrated PRHR primary-side heat transfer
(Equation 4.3-1) and the integrated total heat transfer from the outside of the PRHR tubes. These

results indicate that assumptions that were made to perform these calculations give good agreement

with the change in the IRWST internal energy, which is the most accurate measure of the

PRHR/IRWST heat transfer.

4.3.4 Calculation of the PR11R/IRWST Heat Transfer for Other Tests

Comparisons of the three methods of calculating the PRHR/IRWST heat transfer are shown for the

other nine tests in Figures 4.3-6 to 4.3-14. There is good agreement for most of the tests, with some

notable exceptions. Tests S00605 (Figure 4.3-8) and S00706 (Figure 4.3-9) show a large deficit for

the primary PRHR heat transfer calculation. The primary-side heat transfer calculation was not

perforTned for these tests. This was due to a malfunction in the differential pressure cells used to
determ5e the inlet void fraction.

Test S01703 (Figure 4.3-14) is a repeat of test S00303. Analysis of the test shows that ti.e integrated

heat transfer calculated from the PRHR extW tube wall was much higher than the other two

methois. His was due to a [ ]'A' incree i..I the tube wall temperature for this 1:st as compared
to S00303, which effectively doubled the temperature difference between the tube wdl and the bulk

fluid. The subcooled boiling heat Lansfer coefficient was proportional to this temperr.ture difference

raised to the power of 2.5. Thus, a doubling of the temperature difference correspor:is to a six-fold

increase in the heat transfer coefficient. It is likely that the wall temperature for th's test, the last in
the sequence, is inaccurate.

The other SBLOCA tests show the same behavior as S00303; the heat transfer was constant until the

accumulators emptied and then decreased. The smaller breaks (that is, test S00401; Figure 4.3-6)
showed approximately the same heat transfer rate ([ ]'**) as the larger breaks. However,

the heat transfer continued at a nearly constant level for a much longer period of time. The PRHR

u:MR92-non\18h-4c.non:!b-061095 4.3-4



flow rate decreased slowly after the CMT draindown started (approximately [ ]*" for
S00401), slowly decreasing heat transfer. After ADS-1 was actuated and accumulator high injection

started reducing the primary system temperature and as a consequence the PRHR flow rate, the

PRIIR/IRWST heat transfer rate decreased similarly to the S00303. Conversely, for the larger break

(that is, test S00706, Figure 4.4-9), the period of maximum PRHR/IRWST heat transfer was much

shorter due to the rapid decrease in pressure, and subsequent early ADS actuation accumulator

discharge.

The SGTR tests show similar behaviot, with two important differences:

1. The heat transfer rate remained constant over the entire test because of slow primary system

pressure and temperature decay.

2. The heat transfer rate was somewhat lower than the LOCA cases ([
l'6') due to the lower PRHR inlet void fraction. The overall integrated heat

transfer was much higher for the SGTR cases, since the PRHR kept flowing throughout the

test.

The time during the LOCA transient when the PRHR is effective is determined by the interaction of

the PRIIR and the other safety systetas. Figure 4.3-15 shows the energy which is added to the

primary system by the heated rods, and the energy removed from the primary system by the break,

ADS, steam generators, and the PRHR. In this simplified analysis, the change in the energy of the

primary system fluid and the component metal mass is neglected.

At the start of the test (0 to [ ]** seconds),

1. The rod power is quickly reduced to decay heat levels (including the heat loss compensation).

2. The pumps are tripped, an the steam generator heat transfer drops to zero.

3. Energy is lost out the break at a rate which decreases slowly due to the falling system
pressure.

When the steam generator heat transfe: drops off (approximately [ ]*# seconds),

1. The core begins to produce steam.

2. The PRHR removes heat from the primary system.

When the ADS is actuated (approximately [ ]*# seconds),

1. 'Ihe break flow and associated energy is shaqily reduced.
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2. The PRP* heat transfer is reduced.

3. The ADS energy removal increases to make up for the break and the PRHR, and to match the

core decay heat level.

When ADS-4 is actuated (approximately [ ]'6# seconds),

1. The break and ADSl-1, ADS-2, and ADS-3 energy renewal rate is essentially zero.

2. The ADS-4 energy removal matches the core decay heat level.

'Ihus, the PRHR is effective for removing energy from the time when the steam generator heat transfer

ceases, until the time of ADS actuation. After this time, the core decay heat is removed by the
ADS-1, ADS-2, and ADS-3 until ADS-4 is actuated.

4.3.5 Effect of Multiple I'RHR Tubes on PRHR Performance

The purpose of test S01613 is to determine the effect of multiple PRHR tubes on the PRHR

performance. The test is the same as S00101, the one-inch cold leg break without non-safety systems,

except that three PRHR tubes are used, as opposed to one for S00401. The PRHR/IRWST heat

transfer for the two tests is shown in Figure 4.3-16, and the PRHR flow rate is shown in
;

Figure 4.3-17. i

Several compadsons can be made between the tests to evaluate the increased PRHR capacity. ]

1. Tripling the heat transfer area of the PRHR tubes results in a [ ]'6* put Wrease in &
heat transfer rate. j

2. The increase in the heat transfer is due in part to the increased flow through the PRHR tubes

for the multiple tube case. Figure 4.3-17 shows an increase in the PRHR flow of

[ ]'6# percent for test S01613 over S00401. The remainder of the increase is due to the

lower outlet enthalpy resulting from the increased heat transfer area.

3. The [ ]'*# percent increase in PRHR performance results in a faster pressure decay rate

which hastens the actuation of the accumulator injection (see Table 4.5-2). In addition, the |

increased heat removal delays the onset of ADS by about [ ]'b" seconds, and results in a

higher minimum two-phase level and liquid mass in the core compared to the single tube case

(see Table 4.6-12).

The results of these tests indicate that the PRHR heat rejection is close to optimum for the single tube

case, and increasing the number of tubes does not significantly increase performance.

i

|
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4.4 Accumulator Air Injection and Migration in SPES-2

Each of the two accumulators in SPES-2 were precharged with approximately [ ]''' of air at a
pressure of [ ]*' When the primary system pressure decreased below the accumulator gas

pressure, the gas volume expanded and injected the water stored in the accumulator into the primary

system. When the water was totally ejected, the air gas volume continued to expand, injecting most of
the air (approximately [ ]*# from each accumulator)into the primary system. For the reference
loss-of-coolant accident (LOCA) event S00303, the air injection into the power channel annular
downcomer started at approximately [ ]*'into the event and continued for nearly
[ ]** (Figure 3.2-27).

%e initial distribution of air in the system was assessed based on the flow paths available during the

initial injection. During the initial injection for test S00303, some air left the system via the cold-leg
break and ADS-1, ADS-2, and ADS-3, while the rest was distributed in the system. The effect of me

processes in the system (specifically the steam flow and condensation) by the distribution of the air in

the system was assessed. De air will be transported by steam flow to the locations where steam

condensation takes place such as the core makeup tanks (CMTs) and the passive residual heat removal

heat exchanger (PRIIR IIX), and the partial pressure of air will build up in these locations. The
higher panial pressure of air reduce the partial pressure of the steam in these locations and, therefore,

could affect the saturation temperature.

During the initial air injection for S00303, which started at [ ]*' the levels in the annular
downcomer and the hot leg decreased momentarily. Since the downcomer still had water, no air could

enter the core from the cold-leg side. He air propagated through the system by flowing from the

annular downcomer through the cold legs, the steam generator U-tubes, and into the hot legs. De air

swept residual water into the steam generator U-tubes, this water flashed and caused a momentary

pressure increase in the system. The hot legs drained momentarily at [ ]*# thereby

opening a path for air to enter the upper plenum via the hot legs (Figure 4.4-1). He upper-plenum
level at this time was above the hot-leg nozzle (Figure 4.4-2). De air entered the upper plenum and

collected in the top of the upper plenum above the free-water surface. During this process, which took
place from [ ]"# the level in the upper plenum decreased approximately

[ ]*# corresponding to a partial air pressure of [ ]*'in the upper plenum
(Figure 4.4-2). Some air may have reached the upper head via the annular downcomer/upp r-head

bypass line. Ilowever, due to the small capacity of this line and the pressure decay in the system

causing a general flow of superheated steam out of the upper head, only a small amount of air is likely
to have reached the upper head via this path.

De level in hot leg-A dropped to or below the elevation of the surge line nozzle (corresponding to >

approximately [ ]"#) and stayed at this elevation until ADS-4 actuation (Figure 4.4-1). This

opened a direct flow path for air from the annular downcomer into the pressurizer. Air entering the
pressurizer was ejected via ADS-1, ADS-2, and ADS-3, leaving the system.
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When the air injection from the accumulators started, the flow through the CMT balance lines

(A and B) consisted of steam since the cold legs had already drained (Figure 3.2-11). Steam was

flowing from the cold leg through the balance lines into the CMTs and condensing on the coldet

metal surfaces above the water level in the vessels and on the water surface. This steam flow also

swept air from the cold leg into the CMTs, resulting in a significat amount of air in the CMTs. He
temperatures above the water surface in the CMTs dropped below TSAT based on the CMT pressure

due to a high partial pressure of air (Figure 4.4-3).

For the time during a LOCA event when there was two-phase flow in the u, per plenum and the hot
leg A, two-phase flow with much higher void fraction occurred in the PRiiR. In the PRHR HX, the |
upper horizontal tube and the upper part of the vertical tube, contained a steam volume and acted as a j

condensef for the steam / water mixture coming from the hot leg.

During the accumulator water injection period ([ ]'6#) the PRHR supply line and

the HX gradually became water-solid. During the initial air injection, a short period of flow reversal

occuned (at [ ]'6#), filling the inverted U-tube in the inlet line with subcooled water from
;

the heat exchanger, When hot leg A drained, the lower part of the PRHR supply line drained and
filled with air. When forward flow was re-established, a steam / air volume established in tie top part

of the heat exchanger (Figure 4.4-1). This eccurred during a time when the core and the upper

plenum were still subcooled. Flow through the PRHR started increasing (Figure 4.4-4) when the core

again discharged two-phase flow starting between [ ]**

From approximately [ ]'6# until [ ]'6# the level in the upper plenum stayed at

the hot-leg elevation. Air stored in the upper-plenum steam bubble gradually was transported to the

PRIIR llX by the steam in the two-phase fluid. De decreasing level in the HX from [
]'** (Figure 4.4-1) was probably a result of an increasing buildup of air in the top of HX.

There was a small but noticeable affect on the measured heat transfer between [
]**, which was probably caused by the increasing amount of air in the HX. Figure 4.4-5

shows that the temperature at the PRHR HX inlet corresponds to TSAT based on the pressure at this

kication, indicating that there was no significant affect of the partial pressure of air at this location.

The affect of air on the saturation temperature would be expected where the condensation process

takes place near the free water surface inside the HX. At [ ]'6# the steam bubble in the
upper plenum started to collapse caused by the IRWST flow subcooling the upper plenum

(Figure 4.4-2), he water from the IRWST injection was insufficient to supply the upper plenum at
the rate of steam bubble collapse, and water was being pulled from the rest of the primary system.

The level dropped in the PRHR HX and inlet line (Figure 4.4-1), and the pressure in the ADS-4

header dropped below atmospheric, and air was pulled into the PRHR inlet line through ADS-4. His

ended natural circulation for the PRHR loop, the flow stopped, and the PRHR heat transfer ended.

De first significant injection of air into the PRHR for S00303 occurred after ADS-4, and was a result

of backflow of air through ADS-4 and not the lloiv of air around the system following the end of

accumulator injection caused by the collapse of the steam bubble in the upper plenum.

During the initial air injection, most of the air was leaving the system via ADS-1, ADS-2, and ADS-3.
De residual air was stored in the CMTs, the cold legs, the steam generator U-tubes, the hot leg, the
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pressurizer, and the upper plenum. There was a noticeable affect of air on the temperature distribution
in the CMTs (Figure 4.4-3).

Only a small amount of air from the initial injection from the accumulators ended directly in the

PRIIR IlX. Air injected into the upper head was transported to the PRHR HX by the two-phase flow
going to the PRIIR; however, the annount was insufficient to affect the saturation temperature at the

PRIIR HX inlet. Air v,as clearly present in the PRHR IIX after the collapse of the steam bubble in
the upper plenum, which pulled sufficient air into the PRHR inlet line to break the recirculation in the
PRIIR loop.

The effects of the air injection from the accumulators are not consistent from event to event. The

consequences of the air injection appear to be dependent on several factors, the most important factors

being the water inventory in the system at the time of the injection, and the location and size of the
break.

The differences in system response S00303 is compared with S00401, which was a 1-inch cold-leg

break (smaller than S00303), and S00706, which was a double-ended guillotine break (much larger
,

'

than S00303).

The 1-inch cold-leg break (S00401) showed indications of a large amount of air in the PRHR,

sufficient to end the natural circulation inunediately after the air injected from the accumulators (at

[ ]"#), and the PRIIR heat transfer stopped. This was different from S00303, which j
showed Indication of a small amount of air reaching the PRHR heat exchanger having little effect on i

the PRIIR flow. The difference between the S00401 and S00303 may be related to the water
'

inventory and the break size, since significantly more air was lost through the break for S00303 than

for S00401. With more air left in the system for S00401, combined with the lower water inventory in
the system when the air injection occurred, PRHR natural circulation was broken for S00401 while

this did not occur for S00303. j

For the double-ended guillotine break of the direct vessel injection (DVI) line, S00706, PRHR natural

circulation stopped when the injection of air from accumulator-A occurred (approximately

[ ]"#), and the PRHR flow and heat transfer stopped. This was primarily due to the low

water inventory in the system at this time. Ilowever, ADS-4 occurring at [ ]"# when the
system pressure was still high, appears to have ejected a large amount of the air which halted flow in

~

the PRHR. As the IRWST injection raised the water level in the primary system to the hot-leg
elevation, the PRHR partially refilled and the flow restarted.

The air injection from the accumulators affected primarily the performance of the PRHR although the

air was noticed in the CMTs. For many of the events performed in SPES-2 the PRHR heat transfer

ended when the accumulator air stopped natural circulation in the PRHR. Unfortunately, the system |

response for each event was sufficiently different to make generalization difficult. It is clear, however, I

that one must assume loss of PRHR heat transfer at the end of the accumulator injection, although for

some events PRHR heat transfer continued after the injection.
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4.5 Behavior of Other Components

Severalinteresting observations were made during the course of testing. The behavior of the

components unique to AP600-the core make up tanks and the passive residual heat removal

system-are discussed in Sections 4.2 and 4.3. In addition, characteristic primary system flow
oscillation was observed for the loss-of-coolant accident (LOCA) tests. These oscillations, along with

!
Ithe primary system behavior up to the loss of natural circulation, are discussed in this section.

Also included in this section is a summary of events that occur during the test. These events included |

the actuation of safety systems, such as reactor trip, pump trip, steam generator isolation, core makeup

tank (CMT) draining, accumulator discharge, automatic depressurization system (ADS) initiation, and

in-containment refueling water storage tank (IRWST) draining. Included are the timing of the events

relative to the initiation of the test and the system pressure at this time.

4.5.1 Core Behavior - Oscillations After Reactor Coolant Pump Trip

Oscillations in the primary system flow, temperature, and pressure occurred for LOCA events when

the reactor coolant pumps (RCPs) were shut down, and two-phase fluid conditions existed in the

primary system.

When the RCPs were stopped, the power-to-flow (P/F) ratio for the heated rod bundle increased. As a

result of the loss of system pressure down to the saturation pressure for hot-leg temperature, boiling in

the heated rod bundle and flashing in the upper plenum occurred and produced sufficient steam to

control the system pressure, and both temperature and pressure increased. 'Ihis increased the void

fraction in the power channel and, consequently, reduced the density of the two-phase liquid being fed

into the hot legs.

The two-phase mixture in the steam generators left the steam generators as saturated water. Some of
,

the steam was being condensed in the U-tubes (the primary-side pressure was higher than the j
secondary-side pressure at this time, allowing some heat to be transferred to the secondary-side fluid), |

while the rest of the steam was separated from the two-phase mixture in the high point of the U-tubes. |

Since the driving head for the natural circulation flow was determined by the density difference

between the single-phase fluid in the cold side of the primary system and the two-phase mixture in the
hot side of the primary system, the flow through the heated rod bundle increased, reducing boiling

intensity, primary system pressure and temperature, void fraction, and as a consequence, the driving J

head for flow through the power channel. When flow through the heated rod bundle subsequently

decreased, the boiling intensity again increased, increasing the driving head for flow in the primary

system. The cycle was repeated and the flow tivough the power channel started to oscillate, resulting

in oscillations in the heated rod bundle and upper-plenum void fraction, upper-plenum temperature,

and system pressure.

Since a part of steam was separated from the two-phase mixture in the high point of the U-tubes, it i
'

eventually broke the flow path through the U-tubes when the free surface had fallen too low to be
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overcome by the buoyancy head. De oscillations vxte sustained as long as there was flow through

the steam generators. When the steam generator U-tubes sarted to drain, these oscillations stopped.

For steam generator-B, the f ~ stopped earlier than the flow for steam generator-A due to the higher
1

void fraction in the fluid frc it leg-B. |

These oscillations were observed in all tests where boiling occurred in the power channel after RCPs

are shut off until the flow path through the steam generator U-tubes was broken. In steam generator
i

tube rupture (SGTR) test S01110, oscillations in the primary system started at about 3000 seconds
1

when CMTs and passive residual heat removal (PRHR) natural circulation flows decreased and were

not sufficient to subcool the power channel.

Primary system pressure (upper-head pressure and hot-leg pressure) and the upper-plenum temperature,

and the void fraction in the heated rod bundle oscillated in phase (see Figures 4.5-1 and 4.5-2). De ;

amplitudes of these oscillations was about [ ]'*" respectively. The
fluid vold fraction in the steam generator U-tubes oscillated approximately in opposite phase with the
primary system pressure. When the void fraction in the heated rod bundle and the saturation

temperature for primary system pressure (see Figure 4.5-3) decreased, they reached minima at about

[ ]'A' after the tubular downcomer (TDC) flow rate had reached a maximum at |
[ ]'** and started to decrease. The fluid void fraction in the upper part of the hot legs ara:

the steam generator U-tubes increased in this period because of flashing, caused by the lower

saturation temperature (system pressure). He fluid void frP: tion in the steam generator U-tubes

reached maxima at about [ ]'**. At the same dme [ ]'** the TDC flow rate
dropped, and due to the low flow rate, the core void fraction started to increase due to boiling. As the
saturation temperature increased (the system pressure increased) the void fraction in the steam

i

generator U-tubes hot-side decreased. The calculatec' steam generator U-tube cold-side void fraction I
stayed higher, compared to the hot-side void fractMn, because of lower fluid level on the cold side due !
to the lower temperature. In this time period, condensation occurred predominantly on the cold side of
the steam generator U-tubes. At aisut I ]'## the PRHR heat exchanger (IIX) return flow

rate (oscillating) staned to increase, thereby reducing liquid temperature in cold leg-A.

At about [ ]*** when the void fraction in the heated rod bundle approached its maximum

and the hot-leg void fraction increased (Figure 4.5-5), the driving head for flow in the primary system

increased increasing the TDC flow rate (Figure 4.5-3). He fluid void fraction in the steam generator
U-tubes decreased with the increasing saturation temperature for system pressure, the void fraction in
the heated rod bundle peaked at about [ ]'*' and then decreased while the TDC flow rate
increased, reaching the maximum at about [ ]*** Re high flow through the power channel
reduced boiling in the power channel. De void fraction in the heated rod bundle as well as the hot

leg void fraction decreased reducing the driving head for primary system flow (flow rate decreased),
and the cycle was completed.

He TDC flow rate lags primary system pressure (core void fraction) by about 1/4 of the oscillation
period.
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De minimum fluid void fraction in the steam generator U tubes gradually increased (Figure 4.5-6)

indicating that a part of steam was separated in the high point of the U-tubes where temperature

(metal) was the highest and steam was superheated.

De fluid void fraction in the hot leg-B is higher than in the hot leg-A and more steam is separated in

the high point of the steam generator-B U-tubes. His resulted in a break of the flow path through the
steam generator-B carlier (at [ ]'6#) than in the steam generator-A. After break of the flow

Ipath in the steam generator-B flow through it was stopped, the TDC flow reduced to about one half,

and oscillation period increased from about [ ]'6' (Figure 4.S-7). The oscillations in
the primary system contimed until [ ]''# when flow stopped through the steam generator-

A U-tubes. The liquid level in the U-tubes gradually decreased thereby draining the steam generators.

The TDC flow ate decreased to about the total PRHR HX and the CMTs natural recirculation flow

rate at about [ J' **

De fluid void fraction in the top of the PRHR HX inlet line (Figure 4.5-8) changed due to the
oscillation of the saturation temperature for system pressure (intensity of flashing oscillates in the inlet

line or even condensation occurred in the inlet line) as well as separation of steam at the top of the hot

leg into the PRHR HX inlet line. De fluid maximum void fraction in the top of the PRHR inlet line
was significantly higher than in the heated rod bundle ([ ]'6* percent in the rod bundle '?ctsus [ ]'6#
percent in the PRHR HX inlet line). De increasing system pressure (increasing saturation

temperature) stopped flashing in the inlet line and condensation occurred in it (Figure 4.5-9); that

produced vacuum in the inlet line and caused the low void fraction fluid from the hot leg to fill the

the top of the inlet line (Figure 4.5-8), which was followed by the higher void fraction fluid; the fluid
void fraction in the top of the inlet line dropped, then increased due to high void fraction fluid

entering from the hot leg, and at that time the PRHR HX return flow peaked (Figure 4.5-8). Then

decreasing system pressure again caused flashing in the inlet line resulting in the high fluid void

fraction in the top of the PRHR HX inlet line and the next cycle started.

4.5.2 Timing of Events During Accident Sequences

Tables 4.5-1 to 4.5-2 list the timing of the major events during the ten SPES-2 tests being analyzed,

referenced to a time zero, which corresponds to the time of the initiating event. Table 4.5-1 presents

data for the 2-inch LOCA tests. Table 4.5-2 covers the 1-inch and double-ended guillotine breaks.

Table 4.5-3 covers the steam generator tube ruptures. For each event, the time it occurs and the

associated system pressure (that is, the top of pressurizer pressure) is presented. Some of these results

are discussed further in the following text. Timings for the CMTs are discussed in Section 4.2; and

timings for the PRHR are discussed in Section 4.3.
!

Reactor Trip (R) Signals and Related Events

All of the LOCA events were conservatively tripped on a low-pressure signal when the pressurizer
pressure trached [ ]'** (that is, the power was reduced to simulate control rod entry into the |

core and transition to decay heat levels). For the 1-inch break, this occurred at around [ |
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]*# For the 2-inch breaks, the trip signal was issued between [ ]*#
with the cold-leg breaks being the earliest and the direct vessel injection (DVI) line break being the l

latest. The very rapid depressurization experienced in the double-ended guillotine break of the DVI
line (S00706) leads to a trip signal in [ ]'*# In all cases, the main steam isolation signal
was detected two to three seconds after the reactor trip (R) signal was issued.

I

For the steam generator tube mpture tests, the reactor trip was initiated on low pressurizer level. For
test S01110, signals were issued at [ ]'*# when the level decreased to [ ]*# for test
501309, the signal was issued at [ ]'*# when the pressurizer level was [ ]"#
(WCAP 14309, Final Data Report).m he main steam isolation signal was detected [

]*# later.

Safety Systems Actuation (S) Signals and Related Events

In the LOCA simulations, the safety systems actuation (S) signal was issued when the pressurizer
pressure reached [ J'** For the 1 inch breaks, this was about [ ]'*# after the trip
signal; for the 2-inch breaks, the delay was about [ ]'** In the case of the double-ended ;

guillotine break, the delay was only three seconds. Following the S signal, main feedwater isolation, '

PRIIR actuation, and CMT injection signals occurred approximately [ ]'6# later. Reactor |
coolant pumps (RCP) trips were detected within [ ]*# of the signal, which is consistent with

the [ ]*# design delay.

For the steam generator tube ruptures, die S signal occurred at the same time as the reactor trip. Main |

feedwater isolation, PRiiR actuation, and CMT injection were detected [ ]'b* after the
signal. RCD trips were again detected within [ ]'b* of the signal.

Accumulator Injection

he start times for accumulator injections are listed in Tables 4.5-1 to 4.5-3 together with the system
pressure at the time of actuation. De start time and the time at which all the water has been ejected
are listed in Table 4.5-4.

In general, for the LOCA events, accumulator injection began when the system pressure reached
approximately 700 psi. The only exceptions to this appeared to be accumulator-B in tests S00706 and
S0(M01. De former was a result of the initiating event, which was a break of the associated DVI
line, and this water injection was collected in the CMT-side break catch tank. He latter is an artifact

of the way in which the accumulator injection was detected. Dat is, for three consecutive time steps,

the measured accumulator flow must exceed t ]** In this test (as discussed further below),
there was a period of sporadic outflow that made the initial injection difficult to detect by this method.
In reality, a small level of outflow will have occurred from around [ J'*# onward.

The rate ofinitial accumulator injection depends on whether the ADS phase has been initiated. 'D1is is
illustrated in Figures 4.5-10 to 4.5-12. For the double-ended direct vessel injection (DVI) line break,

ADS-1 actuation occurred [ ]'*# before accumulator injection starte<',, and ADS-2 began eight

.
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seconds later. Dere was, therefore, a very rapid initial rate of water discharge. At the other extreme,
for the 1 inch cold-leg breaks, ADS actuation was [ ]*# after the start of the accumulator
injection. Until the ADS stage began, the accumulator discharge was very sporadic; however, once the j

rate of system depressurization increased, so did the accumulator discharge. For the 2-inch cold-leg to
CMT balance line and cold-leg breaks, there were shorter delays ([ ]*#) between |

accumulator injection starting and ADS actuation, so the sporadic outflow phase was much shorter.
For the 2-inch DVI line break, accumulator injection and ADS-1 actuation were almost coincidental.

It is interesting to note that in test S00504, the effect of the nonsafety systems was to delay the onset
,

of rapid accumulator injection by approximately [ ]** relative to the equivalent tests without
these systems. Figures 4.5-10 to 4.5-12 show that the actuation of ADS-2 and ADS-3 leads to further
increases in the rate of accumulator discharge.

Comparing Tables 4.5-1,4.5-2, and 4.5-3 shows that the accumulators take between [

]*# to empty from the time of ADS-1 actuation, for all but S00706, which is very rapid
and takes [ ]*# to discharge. The discharge time for the 1-inch breaks was slightly less
than in the 2-inch breaks because there had been a significant loss of water during the prolonged

sporadic outflow phase. Averaged over the time for the accumulators to empty, in all tests the air
expansion is near isothermal. However, during the initial discharge there is a reduction in air
temperature which is followed by a reheat as the walls supply energy to the air.

Figures 4.5-10 to 4.5-12 show that, foliowing the emptying of the accumulators, the rapid outflow
continued as the discharge lines emptied. Following the fall in discharge flow, there was another burst
of lower flow. His is likely to be a result of the passage of the air discharged from the accumulators.
He consequences of this air discharge is discussed further in Section 4.4-1. In all tests with ADS-4

actuation, except S00706, there was a further small pulse at the time ADS-4 began.

In the two steam generator tube rupture tests, CMT draindown did not occur and ADS was not

activated. Ilowever,in test S01309, the primary system depressurized enough for sporadic accumulator
outflow to occur during the last [ ]*# of the transient (Figure 3.10-24).

ADS Actuation

ADS actuation occurred when CMT level decreased to the actuation points. Rese are as follows:

ADS-1 CMT level of [ ]**
ADS-2 CMT level of [ ]**
ADS-3 CMT level of [ ]"*
ADS-4 CMT level of [ ]*#

For the steam generator tube ruptures, these conditions were never met and ADS actuation did not

occur. For the LOCA events, there was a spread ofinitiating times-depending on the rate of CMT
emptying. De higher the system pressure at the time of the actuation, the grt:ater the effect of the
ADS. De system pressures pertinent to the time of ADS actuatien are listed in Tables 4.5-1 and
4.5-2.
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For the SGTRs, the loss of water from the primary system was not enough to lead to CMT draindown,

and thus, ADS actuation did not occur. For all the LOCA events, except S00504, all four stages of
ADS were activated. In test S00504, the water injected from the nonsafety systems-chemical volume
and control system (CVCS) and normal residual heat removal (NRHR)---prevented the complete

draindown of the CMTs and, hence, ADS-4 actuation. The nonsafety system injection also delayed
the onset of ADS-1, ADS-2, and ADS-3 actuation by [ ]'6# relative to the equivalent tests

without these systems (S00303 and S01703). The lower the elevation of the break, the more rapid the
draindown of the CMTs, and ADS-1 actuation occurred approximately [ ]'6" earlier in the
2-inch DVI line break relative to the 2-inch cold leg break, which was an additional [ J'6#
earlier than in the 2-inch cold-leg to CMT balance line break. Halving the size of the cold-leg break
delays the onset of ADS actuation by nearly [ ]'6#

IRWST Injection

Gravity fed water injection from the IRWST began when the primary system had depressurized to near
atmospheric conditions (that is, in the region of [ l'6"in these tests). 'Ihe time ofinitiation was,
therefore, dependent on both the severity of the initial depressurization and the effectiveness of the

ADS phase. For the steam generator tube ruptures, there was no ADS actuation, the primary system
did not fully depressurize, and therefore, there was no IRWST injection. For all the LOCA events,

except S00504, IRWST injection was achieved. In test S00706 (the double-ended guillotine break of
the DVI line), the IRWST line on the unbroken side began to feed water [ ]'6* afta ES-1
actuation. For the one-and two-inch breaks. ADS depressurization led to IRWST injection,
approximately [ ]'** after ADS-1 actuation. In test S00504, ADS-4 actuation was

not achieved and the system pressure remained above that at which IRWST injection can begin.

I
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E TABLE 4.5-1
3 EVENT TIMINGS AND SYSTEM PRESSURES FOR 2-INCH LOCAs
| Test NumberC

S00303 S01703 S00504 S00605 S010073 2-in. CL 2-in. CL 2-in. CL (w/NS Systems) 2-in. DVI 2-in. CUCMT BL[ Event (sec/ psi) (sec/ psi) (sec/psla) (sec/psis) (sec/ psia)Reactor inp signal (R)

Main steam line isolation (NB)
~

@ Safety systems actuation signal (S)

Main feedwater isolation (NB)

CMT injection (NB)

PRHR supply actuation

RCP trip (NB)

5 Accumulator injection (A/B)
b
D ADS-1

ADS-2

ADS-3

ADS-4 (NB)

1RWST injection (NB)

I
i

!!
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TABLE 4.5-2
EVENT TIMINGS AND SYSTEM PRESSURES FOR 1-INCH AND DEG LOCAs

Test Number
__ _, .

Event

Reactor trip (R) signal

Main steam line isolation (A/B)

Safety systems actuation (S) signal

Main feedwater isolation (A/B)

CMT injection (A/B)

PRHR supply actuation

RCP trip (A/B)

| Accumulator injection (A/B)

ADS-1

f ADS-2

ADS-3

ADS-4 (A/B)

IRWST injection (A/B)

_ _

|
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TABLE 4.5-3
EVENT TIMINGS AND SYSTEM PRESSURES FOR SGTRs

Test Number
._ _

n,

Ever.1

Reactor trip low pressurizer level
signal (R)

Main steam line isolation (A/B)

Safety systems actuation (S) Signal

Main feedwater isolation (A/B)

CMT injection (A/B)

|

|
PRHR supply actuation |

RCP tip (A/B)

Accumulator injection (A/B)

| ADS-1

ADS-2
|

ADS-3
|
'

ADS-4 (A/B)

IRWST injection (A/B)
,_

_

.
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TABLE 4.5-4

ACCUMULATOR INJECTION START AND END TIMINGS COEFFICIENT

Injection Start Time Accumulator I'mpty
Test Accumulator (sec.) Tinn (sec.)

-_ _

S00401 1-in. CL LOCA A *

B

S016131-in. CL LOCA A

B
.

S00303 2-in. CL LOCA A

B

S01703 2-in. CL LOCA A

B

S00504 2-in. CL LOCA with A
nonsafety systems

B

S00605 2-in. DVI LOCA A .

|
B 1

S01007 2-in. CL-CMT Balance A
line LOCA

B

S00706 DEG DVI LOCA A j

|B

S01110 1 tube SGTR A

B

S01309 1 tube SGTR A

B
_,, __

i ,

l

|

i
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'Ihe figures listed are proprietary and, therefore,'
.

are not available in the Class 3 version of this report. ||
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'Ihese figures are available in the Class 2 version of this report.
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| 4.6 Overall Mass Balance

The total system mass inventory, at each point in each transient, is shown in Figures 4.6-1 to 4.6-10

with the initial value. These figures represent the total water inventory in the SPES-2 facility that is

| included in the mass model. Certain piping lengths have not been included in the model because of

j their small volume and the lack of suitable differential pressure measurements in many cases. The
I amount of mass neglected by omitting these piping lengths was estimated based on temperature and

pressure measurements for time 0 in test S00303. His missing mass is listed in Table 4.6-1 along
witti the volume of the components (data from WCAP-14073, SPES-2 Facility Description).*

| The majority of this additional mass will appear within the total measured system inventory when the

relevant safety system is utilized, although the precise amount included at any time depends on what

systems have been used and how much water mass remains within the pipes. Figures 4.6-1 to 4.6-10

show that, in most tests, there was an apparent gain in total system water that is consistent with a total
additional water mass of up to [ ]** lbm. The following tests are not bounded by this missing
mass figure:

.

Test S00504.

In this test, the final system mass inventory was approximately [ ]** lbm higher than the
initial value. This is a test in which the nonsafety systems-chemical volume contrcl system

|
(CVCS) and normal residual heat removal (NRIIR)-were used and these injected nearly

| [ J'6* lbm of water during the test. In this test, the in-containment refueling water storage
tank (IRWST) injection did not occur and there was a considerable level of water in the core

makeup tank (CMT) to cold-leg balance line (CLBL) at the end of the test, so not all the

neglected mass will be included in the system inventory.

Test S01110.

nis is a steam generator tube rupture (SGTR) in which the end inventory was approximately

( ]** lbm less than at the start. The mass of water transferred from the primary to
secondary side of the system was not included in the mass balance, since this focused on the

primary system components. De amount of mass transferred was small, amounting to a total

of[ ]** lbm. In this test, the CMTs did not enter the draindown phase and accumulator
injection and IRWST injection did not occur. The majority of the additional mass (listed in
Table 4.6-1), therefore, did not enter the system being modeled.

Test S01309-

l

! Dis is the other steam generator tube rupture; however, in this case, there was the additional

f complication that the CVCS also injected water throughout the test and the ADS-4 catch tank I

was used to collect water from the power-operated relief valve (PORV) cycled by the operator.
There is, therefore, a loss from and injection to the modeled system that is not included in the !
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initial mass balance that is shown by the mass increase shown in Figure 4.6-9. The total
- transfer from the primary to the secondary side is [ ]*# lbm. The total mass of water
injected from the CVCS is [ ]** lbm and the total collected in the ADS-4 catch tank was
[ ]** lbm. Due to problems with CVCS flow measurements, a constant flow of

[ ]*# lbm/sec was assumed for the entire transient. This led to an overestimate of
'

100 lbm inserted mass relative to WCAP-14309, Final Data Report.m -

4.6.1 Component Masses: A Test by-Test Comparison

:
Tables 4.6-2 through 4.6-12 provide test-by-test component mass comparisons for both loss-of-coolant

accident (LOCA) and non-LOCA tests (where appropriate) at the following times in the transient:

Start of transient*

End of initial blowdown phase.

. Start of first CMT draindown
Automatic depressurization system (ADS-1) actuation*

Point at which first accumulator empties |
*

ADS-4 initiation*

Start of IRWST injection start*

End of transient*

The following observations can be made:

At the initiation of the transient, all tests have essentially the same mass inventory distribution.*

1

i
At the end of the initial blowdown phase, the mass inventory in the power channel is .*

unchanged in the 1-in. LOCA and SGTR events. in the 2-in. LOCA events, the core and

upper plenum have lost mass. As expected, the double-ended guillotine break of the direct

vessel injection (DVI)line shows the most severe power channel and heated rod bundle water
loss during this phase of the transient.

By the time the first CMT goes into draindown mode, cold leg-B is essentially empty in all*

the LOCA tests. Due to the more prolonged system draindown, the power channel mass
inventory is now lower in the 1-in. LOCA events than the 2-in. events.

At ADS-1 initiation, the power channel mass inventories lie between [ ]*' and [ ]*# lbm
*

in all LOCA tests except those involving DVI line breaks and the mass distribution between

the heated rod bundle, downcomers and upper plenum is similar. The DVI line breaks show

more severe reductions in inventory up to this point in the transient. The 2-in. break of the

DVI line has a lower power channel inventory at this point than is the case for the double-
ended break; however, this is only a temporary situation.

u M 892-mon \l892w-4f. son:lt461095 4.6-2
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Accumulator injection refills the power channel in all the LOCA tests, except the DVI breaks,.

'

where not all the initial accumulator inventory reaches the core. In the case of the 2-in. DVI

, line break, there is a partial refilling of the power channel by the time the first accumulator
! empties; but in the case of the double-ended break, the power channel inventory has further

reduced to this point.

Following the emptying of the accumulators, all tests show a further reduction in power*

channel and rod bundle water inventory until the IRWST injection starts. In all the LOCA

events, the minimum power channel inventory is just before IRWST injection takes effect. As

noted below, this is not necessarily the time of minimum water inventory. In the case of the

double-ended guillotine break of the DVI line (S00706), the end of the accumulator injection
is later than ADS-4 actuation. Rus, the apparent increase in inventories between these two

events actually represents a continuing temporal reduction.

By the end of the transients, the power channel is water-solid up ta the hot-leg elevation in all.

LOCA tests, except the double-ended break of the DVI line in which heated rod bundle

voidage still persists.

Table 4.6-13 shows the minimum power channel (that is, span of DP-000P) inventory and the time at
which it occurs.

One-in. LOCA Events: The minimum power channel inventory arises just before IRWST injection
takes effect. He minimum inventory is [ ]'6* lower in the test with only one passive residual
heat removal (PRIIR) heat exchanger (IIX) tube (S00401). De minimum inventory in that test is
about [ ]"' higher than that achieved in the 2-in LOCA events.

Two-in. LOCA Events: He minimum power channel inventory is about [ ]*# lbm, and it occurs
| [ ]"' seconds into the transient during the core oscillation phase.
l

Double-Ended Guillotine Hreak of DVi Line: A minimum power channel inventory of only [ ]*#
lbm occurs [ ]"' seconds into the transient, during the accumulator injection.

( SGTRs: With the nonsafety systems operating (S01309), the minimum power channel inventory
|

occurs during the initial blowdown; in test S01110 the minimum occurs during the flashing in the |

heated rod bundle, which occurred from [ ]"' seconds to the end of the transient. For this period, i

the core inventory oscillates between around [ ]*' lbm.

In all the tests undenaken on the SPES-2 facility, there is no evidence for uncovery of the heated rod

bundle. De maximum clad temperature shown in Figures 3.x-62 (x = 2,3...11) clearly shows that
there is no dramatic clad temperature increase. His demonstrates that the rod bundle always remain 4

sufficiently wet to maintain adequate cooling.
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TABLE 4.6-1 J

MASS OMITTED FROM THE MASS BALANCE MODEL i

l
1

Component Volume (ft.8) Initial Mass (Ihm) i

a,D,c
CMT-A injection line

CMT-B injection line

CMT to cold-leg balance line

PRHR supply line

PRHR return line

IRWST to DVI-A injection line

IRWST to DVI-B injection line

Accumulator-B injection line

Direct vessel injection line A

Direct vessel injection line B

Total __ ._.

The total missing mass represents less than 1 percent of the initial inventory.
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TABLE 4.6-2
COMPONENT MASS COMPARISON AT START OF TRANSIENT IN LOCA TESTS

S00504
S00401 S01613 S00303 S01703 2-in S00605 S01007 S00706
1-in CL 1 in CL 2-in CL 2-in CL CL+NS 2-in DVI 2-in BL DEG of DVI

Event time a.b,e

Power channel
(PC)

PC: heated rod
bundle

PC: downcomers

PC: upper
plenum

Hot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG p;imary-i

SG primary-B

Pressurizer + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST _ - ,

_
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TABLE 4.6-3
COMPONENT MASS COMPARISON AT START OF TRANSIENT IN NON-LOCA TESTS

S01110 S01309
ISGTR 1SGTR+NS

Event time
~~

- a.b.c

Power channel (PC)

PC: heated rod bundle

PC: downcomers

PC: upper plenum

110t leg-A

liot leg-B

Cold leg-A

Cold leg-B

SG primary-A

SG pnmar).B

Pressurizer + SL

CMT-A
.__

CMT B

Accumulator-A

Accumularar-B

IRWST _
_

u:\lS92-non\lF92w-4f.pon:1 M 61095 4,6 6
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TABLE 4.6-4
COMPONENT MASS COMPARISON AT END OF BLOWDOWN IN LOCA TESTS

S00504
S00401 S01613 S00303 S01703 2-in S00605 501007 S00706
1-in CL 1 in CL 2-in CL 2-in CL CL+NS 2-in DVI 2-in BL DEG d DVI

Event time
- ~""

a,b,e

Power channel
(PC)

PC: heated rod
bundle

PC: downcomers

PC: uppr plaun

Hot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST _ _
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TABLE 4.6-5
COMPONENT MASS COMPARISON AT END OF BLOWDOWN IN NON LOCA TF5fS

S01110 S01309
1SGTR 1 SGTR+NS

a,b,eEvent time
- -

Power channel (PC)

PC: heated rod bundle

PC: downcomers

PC: upper plenum

Hot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL

| CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST __ _
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TABLE 4.6-6 |
lCOMPONENT MASS COMPARISON AT START OF CMT DRAINDOWN IN LOCA TESTS

S00504
S00401 S01613 S00303 S01703 2 in S00605 S01007 SW706
1-in CL 1-in CL 2-in C1 2-in CL CL+NS 2-in DVI 2-in BL DEG d DVI

~

Event time "h c

Power channel

(PC)

PC: heated rod
bundle

PC: downcomers

IC uliga1* mal

Hot leg-A

Hot leg B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer 4 SL

CMT-A

CMT-B
|

Accumulator-A
{

Accumulator-B |

IRWST
_

_.,
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TABLE 4.6-7
COMPONENT MASS COMPARISON AT TIME OF ADS-1 INITIATION IN LOCA TESTS

S00504
S00401 S01613 S00303 S01703 2-in S00605 S01007 S007 %
1-in CL 1-in CL 2-in CL 2-in CL CL+NS 2-in DVI 2 in BL DEG of DVI
-

Event time
_

a,b.c

Power channel
(PC)

i

PC: heated rod i.

bundle

PC: downcomers

PC: uppr pierunn

llot leg-A

Hot leg-B

Cold leg-A !
!

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL
,

l

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST
-

_
.

|

|
,

I
l

|

I
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TABLE 4.6-8
COMPONENT MASS COMPARISON AT TIME FIRST ACCUMULATOR i

EMPTIES IN LOCA TFETS !
|

S00504 i

S00401 S01613 S00303 S01703 2-in S00605 S01007 S00706 I
1-in CL 1 in CL 2-in CL 2-in CL CL+NS 2-in DVI 2-in BL DFf, of DVI !

_ a,b,c |

Event time

Power channel
(PC)

PC: heated rod
bundle

PC: downcomers

PC: urg g*mn

Hot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG pnmary-A

SG prunary-B

Pressurizer + SL

CMT A

CMT-B
,

|
Accumulator-A |

1

Accumulator-B j

IRWST
_ _

l
1

|
1

!
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TABLE 4.6-9 i

COMPONENT MASS COMPARISON AT TIME ADS-4 INITIATION IN LOCA TESTS

S00504
S00401 S01613 S00303 S01703 2-in S00605 S01007 S00706 ;

1 in CL I in CL 2-in CL 2-in CL CL+NS 2-in DVI 2-in BL DEGof i

DVI >

Event time
_ a,b.c-

1

:

Power channel
(PC) L ,

PC: heated rod !
'bundle
!

PC: downcomers !

PC: upper plenum

Hot leg-A

Hot leg-B

Cold leg-A j

Cold leg-B |
SG primary-A

SG primary-B

Pressuri7er + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST
_

_
j

|

|
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TABLE 4.610
'

COMPONENT MASS COMPARISON AT START OF IRWST INJECTION IN LOCA TESTS

S00504
S00401 S01613 S00303 S01703 2-in S00605 S01007 S00706
1 in CL 1 in CL 2 in CL 2 in CL CL+NS 2 in DVI 2-in BL DEG of DVI

Event time
a.b,c

Power channel
(PC)

PC: heated rod
bundle

PC: downcomers
e

PC: upper plenum

Hot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST
-

_

|

<
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TABLE 4.6-11
COMPONENI' MASS COMPARISON AT END OF TRANSIENI'IN LOCA TESTS

S00504
S60401 S01613 S00303 S01703 2-in S00605 S01007 S00706

1-in CL 1 in CL 2-in CL 2-in CL CL+NS 2 in DVI i-in BL DEG of DVI

Event time a,b.c

Power charmel
(PC)

PC: heated rod
bundle

PC: downcomers

IC: upper plenum

llot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST
__

>

l
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TABLE 4.6-12
COMPONENT MASS COMPARISON AT END OF TRANSIENT IN NON LOCA TESTS

S01110 S01309
1SGTR 1SGTR+NS

Event time
-

- a,b,c

Power channel (PC)

PC: heated rod bundle '

PC: downcomers

PC: upper plenum

Hot leg-A

Hot leg-B

Cold leg-A

Cold leg-B

SG prima. -A7

SG primary-B

Pressurizer + SL

CMT-A

CMT-B
t

Accumulator-A

Accumulator-B

IRWST
_

|
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TABLE 4.6-13
MINIMUM HEATED ROD BUNDLE MASS INVENTORIES

Perant of
Minknusu Initial

Heated Rod Heated Red
.

Bandle Bandle Tisse |
Test Test Description Mass (Run) M ass (sec.)

S00401 1-in. cold-leg LOCA
-

a.b.c

S01613 1-in. cold-leg LOCA

S00303 2-in. cold-leg LOCA

S01703 2-in. cold-leg LOCA

S00504 2 in. cold-leg LOCA + nonsafety system
,

*

S00605 2-in. DVI IDCA

S01007 2-in. cold-leg to CMT balance line LOCA

S00706 Double-ended DVI break
,

;

S01110 1 tube SGTR

S01309 1 tube SGTR + nonsafety systems
_ _

.
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4.7 Overall Energy Balance

As discussed in Section 2.9, the error in the total system energy inventory was determmed by

considering the SPES-2 facility (primary system, core makeup tanks [CMrs], accumulators, and in-

containment refueling water storage tank [IRWST]) as a control volume. The energy balance on this '

control volume is defined as

U,=U% - Uw - U,,, - U,, + AUn,e + AU,.i + Uss (4.7-1)

where:

U., error in the overall energy balance=

integrated power in the heated rodsU. =

Un, energy of the fluid leaving the control volume=

integrated heat loss to the surroundingsU,,, =

integrated heat transfer in the steam generatorsU,, =

AUn,a change in the energy of the fluid in the control volume=

AU,.i = change in the energy of the metal in the control volume
energy of the fluid entering the control volume through nonsafety systems--chemical andUus =

volume control system (CVCS) and normal residual heat removal (NRHR)-when
operating

As discussed previously, several assumptions are necessary to calculate the components of the energy

balance. These include the following:

1. Determination of the enthalpy of the fluid leaving the break is made by assuming saturated liquid
at all times during the tests. !

!

'Ihis assumption is expected to be reasonably valid, since the break is at the bottom of the pipe for

break sequences located on predominantly water solid piping (that is, cold-leg breaks) and for

smaller breaks that exhibit slower depressurization to preclude flashing in the break location.

|
2. Determination of the enthalpy of the fluid leaving ADS-1, ADS-2, and ADS-3 is made assuming ,

i

saturated vapor when the calculated void fraction in the top of the pressurizer is greater than 0.9 i

and assuming saturated liquid when the calculated void fraction is less than 0.9.
1

This assumption is used as a switch between fluid and steam discharge through the automatic

depressurization system (ADS). It is expected to be a good approximation for most times during

the test. I

i
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1

3. Determination of the enthalpy of the fluid leaving ADS-4 is made assuming saturated liquid at the
hot-leg temperatures.

This assumption is expected to be valid for most tests, since the ADS-4 is actuated when the

system pressure is low. Thus, approximating the ADS-4 flow as saturated liquid, even when two-
phase, is a good approximation due to the large density difference at lower pressures, such that the
majority of the mass flow is liquid.

4. Determination of the energy transfer in the steam generators is made assuming a constant overall

heat transfer coefficient until the pumps are tripped. At this time the overall heat transfer drop
dramatically due to the lower flow through the tubes.

This assumption results in a constant level of energy transfer from the primary side to the

secondary side until the pumps trip. After this time, the heat transfer drops to a very small value.

This result is the same for all tests. For the loss-of-coolant accident (LOCA) tests, the energy

transfer is set to zero when the primary system pressure is less than the secondary-side pressure.

This assumption results in a small negative energy error before the pumps are tripped, as more

energy transfer is predicted than actually occurs. After the pumps are tripped, the model
accurately predicts the energy transfer.

5. The total fluid energy at the start of the test neglects approximately 100 lbm of fluid due to
several small diameter piping runs not being included.

Section 4.6 showed that just over 100 lbm of liquid is initially omitted from the mass inventory
from various piping runs including the CMT d5 charge lines, CMT to cold-leg balance lines,

passive residual heat removal (PRHR) tuMag and lines, direct vessel injection (DVI) lines, and

accumulator injection lines. This results in an amount of energy which is equal to the neglected

mass times the saturated liquid enthalpy at operating conditions. This results in approximately
[50,000 Btu]* of energy that is not accounted for by the energy balance and is included in the

overall error when these pipes are discharged into the primary system.

6. The energy content of the metal in a given component is calculated from the average fluid
temperature for that component.

The effects of this assumption is to force the thick metal components to thermally react as quickly
as the fluid temperature. In reality, there is a time lag associated with the metal temperature

change. Typically, the error in the overall energy balance increases when the primary system

temperature is being reduced rapidly, and it decreases when the primary system temperature

reaches equilibrium and the actual metal temperatures catch up.

u:UB92 nonuS92w-4g.non:lt,-061095 4.7-2
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7. Uncertainties associated with measurements.

The errors in the data from uncertainties in the instrumentation are accumulated over the test.
They affect the overall heat balance and are included in the overall mass and energy error.

;

He enugy balance error is shown for each test in Figures 4.7-1 to 4.7-10,

4.7.1 Loss-of-Coolant Accident (LOCA) Tests |

l

The energy balance error curves show similar behavior from test to test. From the initiation of the test

until the primary system pumps shut down, the error was slightly negative. This indicates that the

energy transfer at the steam generators was slightly overpredicted. The rapid increase in the error, !

which occurred shortly after the initiation of the event, was caused by the lack of thermal lag in the !
metal energy calculation. The error peaked and was reduced as the actual metal temperature

approached that of the primary system. The resulting accumulated energy at the end of the test
)

resulted from the missing fluid mass in the piping (about 50,000 Btu), the accumulated uncertainties in '

the measurements, and the accumulated error associated with the assumptions of the break and ADS ;
discharge enthalpy. The error was larger for the larger breaks (test S0706, Double-Ended Guillotine j
(DEG) DVI Line Break, Figure 4.8-5). His indicates that the break flow is single-phase saturated

liquid, was less valid for the larger breaks where the steeper pressure gradients may result in flashing.

4.7.2 Steam Generator Tube Rupture (SGTR) Tests

The energy balance error curves for the two SGTR tests (Figures 4.7-8 and 4.7-9) show the same

slightly negative behavior during the first 500 seconds due to the approximations in the steam |
generator heat transfer calculation. Ilowever, unlike the LOCA tests, no large peak associated with the

metal time lag was observed for these tests. This is due to the slow cool-down rate of the primary
system associated with these tests. At the end of the test, the accumulated error was similar to that

observed in the LOCA tests and resulted from the neglected fluid mass in the piping (about
50,000 Btu) and the accumulated uncertainties in the measurements.

For test S01309, the ADS-4 catch tank was used to measure mass from the affected steam generator

power-operated relief valve (PORV) which was cycled by the operation. This mass includes both the

break flow associated with the tube ruptures (140 lbm) and the feedwater flow to the steam generator
(260 lbm), and it is reflected in the energy balance error in Figure 4.7-9.

Overall, with the exception of test S0706, the error associated with the energy balance was generally
within 10 percent of the total energy out the ADS and/or breaks. This is considered to be an

acceptable result, given the approximate nature of the assumptions used to generate the energy balance.
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' 5.0 CONCLUSIONS
i

The data from the SPES-2 integral systems experiments have been analyzed. These experiments used
a scaled test facility to investigate the performance of the AP600 passive safety systems. It was
observed that, in all experiments, the heater rod bundle remained in a coolable state and no

temperature excursions were observed. He passive safety systems provided ample injection flow to
the heater rod bundle over the full transient. It was also observed that the intrusion and operation of
the nonsafety injections systems did not degrade the overall safety performance of the passive systems.
The tests with the active systems were able to terminate with the heater rod bundle in a coolable state

with the bundle covered with a two-phase mixture. De observed performance of the test facility with
and without the application of the active charging systems should resolve any concerns regarding
possible active and passive system interaction.

De results of these analyses, coupled with the results summarized in the Final Data Report,m
demonstrate the acceptability of the SPES-2 tests.

The analysis of the SPES-2 test data has indicated the relative importance of the passive residual heat
removal (PRHR) as a heat removal system. As the reactor system depressurizes and the steam
generators drain, the amount of heat removal from the PRHR increases and is sufficient to decrease the

primary pressure below the steam generator secondary-side pressure such that the generators are not a
heat sink but rather a weak heat source.

He SPES-2 tests were performed simulating the nitrogen release from the accumulators. He effects
of the noncondensible gas release was found to have a negligible effect on the system response for the
small-break loss-of-coolant accidents (SBLOCAs). Tracing the flow path for the noncondensibles
indicates that some of the nitrogen will migrate to the PRHR, which will decrease its effectiveness.

However, in the time frame that this occurs, the PRHR is not the predominate heat removal path, since
ADS-2 and ADS-3 have opened, ADS-4 is about to open, and most of the energy leaves the system
thmugh the automatic depressurization system (ADS) flow paths. Noncondensible gases will also
accumulate in the CMTs after the CMTs are empty.

An overall energy and mass balance was performed for the experiments that indicated that both mass
and energy were preserved over the test duration. He assumptions used to c;timate the break and
ADS energy flows, while approximate, were found to be adequate such that energy closure could be:

obtained with reasonable accuracy. De mass ofliquid was accurately characterized throughout the
test facility such that the mass storage and distribution can be determined and used to validate the
computer models of the test facility. |

:

he SPES-2 experiments provided valid integral systems effects data that captured the key thermal-
hydraulic phenomena identified in the phenomena identification ranking table (PIRT) for the
AP600 small break loss-of-coolant accident (LOCA), steam generator tube rupture (SGTR) transients,
and the steam line break transients (SLB). By performing computer code validation against the
SPES-2 experiments, the ability of the codes to predict the key thermal-hydraulic phenomena can be )

( assessed. De computer codes will be validated so that they can be used, in confidence, to assess the
performance of the AP600 passive safety systems.

t
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