
. _ . _ . ___ _. _ __ ___

|

''

NUREG/CR-4079 - ...

LA-10307-MS '

|-

.

,

'r j'N ,

Los A'amos Nat; ora? Laboratorr is Operated by the Un versity of Ca' fornia for tre'Un led States Department of Energy urder contract W-7405-ENG-36
p_-_- ~ .u c , - ,-,.n.. , s - -

v

d.

.
,

A

;AnalyticIStudies Pertaining to
Steam Generator Tube Rupture Accidents

_

-

.

4

%

d

= ~. ~ . c n . x , - . . . .
. .

. .
_ . . a..... . . -.- ~ .. - -

- i -
,

th . " n') .x
-

e

"Los AlaIT16s Natio.nal Laboratory8 W
,

_ d__;_ Los Alamos,New Mexico 87545
.

- az.ea r,6; 4.x v >

~. 4.

Nopp 3'$r<

4% '9 [; ppp"<

[
~

_ _ _ _ . _ - -



_, . . , . ..r------y--. -, -- -''7/,.sg-.
.

e, k, . 7. 1'.~_'' v.:7,.
{.,.

a.' n''
j g _ ,, , > +

-f.e _. #

'.
, ,fr n.m %' s e+ - - ,; a ,', ,' - _ .''oe^ ., . -

s'
_ I

,

..

.-s , n
, h v. * ~ ; . , , . .

.&'-
$_ . z _ W y ~;%' &w g p ,- -7- 's , _, > ', ,

.
" A' hi- p s) - .p. .t

" .w c. . r .t
~. x

'"
, . , s

.w. 4 c , m.:.sm)' th-h. *",#
% 9F ;[g " - , m 3 ;. A

. *r M't - i .. Ju
, ; h

'"

J ..' ', ''
w } ~ ' t ,? 3

w A
s

_g.<.~+1.yy -
'

.

' '

,. "f , *
. j

+ f a ,-

, s .m. . g
, . . . p ,

, , . - s _
-

; ,
mn . - 2 ~. - ,

. ...s.. ,
'

gykw mu

u g un..,, m,m''.
> . . . .m . - x :, ,-

n
e. a. ., wws

-

J.
~

t :

L ~ .. . -
, An Ahh AW,.W%.%w '-

,
t ,

fly - ,, .. 1, g ;w -

. . $ff b . 4
,, ., .e u.

-

'
-

.
-,

G h J-4".3.k f-. 4 ./ '
) . :. tj ,'I * -)'' rT / . *i-Q. !

. -A f

R.'5 ~fj ", W' e g. . ~.- 3

~ w;a s
<;1, -

,
> .

> 4(
, 4 + e -

J . A. ,r.,- s *
-.

, s, \.-
y' a.

~_Y.[, ''. '3 % *
S Y,.''

.-m a.a.-M -> * ,
.

y

s

-

g ,..,7,_fr,
-

r ' p. |d .;
,.

, "'-|;g k''af''',-i, jg
"

Mf,.Ny'.j'.*/ h:gja, e. i",1
e 4 , , ;; , ,.

4*-,'1 , i 4, T
Y

.

= - . '.c ,
-C_

-='cd[j e -$b ",. vi
N 14. , ''

r2
' "

'.t
, g-.4($#w J s 'j /' *. g 7,,

..

-
i e f"

s - -
z, -

#

'

'j , ]
-N

z V' ' 3 *
3

s - ' b ;l
-J $ ,ky[ ^M

. i .n .' s y,> $v-Q Wh.,',. ) -l. o.s.
68" {

'

,ng
4

A, %' 'a.,r "b ;,/.% ~~ W ; i ~ w
-]-'

't s
-- |E' #

^ ''4
e

/ GM, ; Y,, -j'.'j,.; *
'^

W. , '
q

| '

,$'| ' _ . _%:e #,, _ t [f;. s n
,.

* -- r | - '-Y4:' i .s- *' ^^ *

> .~.. <<t
r,-s.'v- ''- ,

. . >,4,.,(,<- Ay'
''d)

'q
x5

, <
,

-/

-m' s
e

"'

& .f,
.

'.,<,
-3 ,s

+ .- p ' 4

y s

, /.-s N mh 5 .

3 9' .s b'
_.

%crs s
i:mj

4--
, ,g f ,:. -- .- . -c

- ,,p'-+ _
+ +.

; 5/ ~ /.

?- $ 7.-'
''. . y j i ^k *| k ~

- %
w- ~ ,

'.'Tu',4 ' s' x , a ".ye.
Y4+

. 'y-' '

.,

.1.a=4 ;' ,yQ. t. ,_ 5 *
*

6<
.- -- ;; . . 4v

3.,, , . gg**e k.'E|' '''' A-|.. a ? '' ; f u -

s ;
%>',: 's n.,)

'*:f''' W g s,; ,t ' ' ;
-

c-y' '' b ,

''' A
, -

_

?l..fn9.,
-

, 3. <
o

fr - 7- -ma
n,- ,

&
._4"";.-e c. .

v i. ' q-
mw. ' ,. r s

/ A -

, .-< .sc9 +g

, I I #' j #
,

. ,;r 4 .: {,
.

.{j
,

k ''
j. ,

'

"t . . - t; .'m - -- j
- _

*,

s'i
s, .v,..N, f N. ,' - i ' '* y [-

e
'e-.- - <

-39 c -#
() f t,'36 ,n . d + 4 ' , -

-c .'
-

3 ,

k 1 ,.= "', -
' *-.,-

,,'r.; 0. > s
_'

-

2'} -. . g, s y , -: t q', #* <
,4' +c ; .-

a }&6
, . .U [i . 4

,

+7 # ) *m,\ S.

+ s Q } f' g| ,. A
^

''
~

; : s .

w -

+, r >

-

#- ,.,.$
# [

,,,

g [, [ *r ,

s
'"':- }

y
-

,

- g-4_
+ .-

* 'O L , s.

g... g5 af f, - i_

"

a

*J' '
*

- . s

.r. [ t

* 4t .

4
''

; * h'k ? r%d . ' i+4 }p .'''

Wf ;d.~']''Q4---;,t,O. '

~ ,
cW-

3
. ,+^9

D h2 5f
_

, ,4. QM'i.g'w m ren , s~w ., 4
* ' . ,

-

'

. p* .M
,

*

} AT r,','s.' .D
m

5 .- >
r -

3

~ ,
f.','>t 4t- .s

y
t.

, , -
i

. .

tN. | f ..
,, . Y _| r .

,
Y \ ~

1g o:e c.1. e' . , ,
2 '\ g .

<

, 7 gHg .
e

',--
, ,- I

y AQO G . , ~ ~> > x , - s

. -

(p'
.-d, v#$;g-v-y.[,yq:.y 3 ,

f %, .:'k.,__

-
4 ,1- -

,
-

.'$'0* s'- ;
'

.

jo1
Ch, . - .4 t-"'

-'''
q8.'
'y h A *

l '' ^

,Pg;h >. * * e. . : q ' .J 7p ,. 1. s ;. ,
r*

a, A L _ y-
'g z j e.c - <

x

,p~ ,. ;
' ,

;wu
,

- i y "4-

4
4

s
4

'
,

' ' ^

" , *<Q _N. T Ng ,h. s e 3g
.i - g

(''# * , '
f

.

' y- t
-_

_

,

e
4v. --. t ' . . ?.

. , .5

-

" 5 h E

i

, ,.A'

,,

g, .: g*'..m , .. t
,

./+

.ri
,'- - _ . s . ;,~

'

dh- .,g
_

W "

4 f'[.
-,h.~, . , [ f, -. i [[j g

L.w .. u' 2' m,_ ,

w v'' #
, , .

,it 3 M'
>.' %r ' .

, .i> * ''

;
, - -*
s

f <p .

i <

.t
*.,1i

+ F f "6
.

* s'74
e

h
4

4L! - ' ' -
4,,a-

, ,

4 f f 4j.p -.

'V; %. - ya - "
_~w .F

t-
i * .._7

t% . , . . .
'

s
,-

- * r' 7 s '
s'yj s , -

.-1._ #

. -_e z e ;-'e#-
._

; y j; ,
Jj h(, j

^ '

3 ''44~
*

s s

a

e
-f -

g
#

9g

. * '
-

s

j
r q s

'
,Mg *

Qu:, 'f ~
> .Q * - rQ, w. y

._N*

'
Q) , ,6

-

, ~
+ < , -.*, ;y

T f g3," **

.,m,,,-, (
T T@'y M'W ' p

.

n.''*.-- ; . f*' '

a__
%

A -
1p

w'_- -p
$

r ,'Tg%
|_ .p f- %y,,

,

'- *
J J O

,f

- 'a' E

M. k ;. " " "-: 4
,g .7. , -

' y %

+ ,. ; '' $, ;.'1 :.-, a ..

#
~;,

'^''

L'~- t y i-

e A *
7, g %

.-- 4"

N , s:. % g.' ' ^ ga '' * s ~
_,

'k-r
> - , "'

g[q
,N - *

< ,,,4.v'.
Jne - ( < ..,

r,,
,

,

3 p+3 ma- , -
:ve > .

't D-y." r .,: n. , m--,

-

, g ,,.
k .

>.:s p
s ,

s.e

>.g ,..a 7
w ' " .-..-).[(E.[

{ |bn. ? W7|
.

' + 3 ,. . ,* >
t

*

| he s %3 J

31 r,_
I *

,
g . 'iP [

Y'' ] -:
-(

- ''

% :a{ ^y .
t

,

-c ,

6

;

, ;n ;' ._ ,- *r,

' v s et% w.. . .
y*

;w
,

a70g;
.ib^~/[y - i f

_

^j sa

" h. 7
w >' >> /._w. --

v- m
:. n

, ^ '. ? qv a

E I
* := ,77

%
''g

''

y:].-_ g 4 i,
> ~ < ?

,

g~.y,
. . , . . , , j

" DIOTICE x _

.-
w: . y =

-

r *-
%.7z
.. y .+. d, . :-?_.b, ;? , , f. 6_ , , . . , . ,.

j [ ,

-,.

;( M ch y- ' o - . -Susses Govenmusu ser may apasy esser, se any w eser . . __ sehes any serveney, supesand e impenA e seamass
so,m duna,. -,.meermean,emosarse ,nasas.n.4 6su.w , - . a, e se, penni .'

w, 1, ,.. ~ 7,
-

4 _ .-< e
' W hYN |,.,

,1, __ . * . . - 4 1 ,
, .- . q

V. Lr4 r .
a

'

F h ,1t %' e
, < m

w
4

-
,

9 g. i- ,j,

7; s AWJe*'*-.T. ,. 6, , , .. ..i

a e\ry.y_- _x
( ,

&

d.c'''p+t. *^-$ ' , %, .. ; S + - -- - + -- -
-

3
i ,o . - . .o-

,A g, / /N'.';
"'

g*p" e s
,

,t ' 9 *- m. 3
. - :c.

e[ ,a (,-. 74' ''+ o_
-

.

,-2 ,c .
7 v58

.-+1,.
.

6 ., % %,N

s

, }

h * *[*
, . , ,' |A.

4, '!* ,k.'' s (b '' ..

2
3''.,

,

,q,4 % * '; f

'

'

y s 'e- - i ,

..> .?

- .F ;
. .:n +, ,_ gypy y .c:;

*

,
,n.: ;.

s,- . - - . * 2 +
4_ . - ~ . , , fV

'
y , 5 <

h
>



NUREG/CR-4079
LA-10307-MS

R4

Analytic Studies Pertaining to
Stoam Generator Tube Rupture Accidents

B. A. Kashiwa
R. C. Mjolsness

Manuscript submitted: December 1984
Date published: March 1985

Prepared for
Division of Accident Evaluation

Office of Nuclear Regulatory Research
Us Nuclear Regulatory Commission

Washington, DC 20555

NRC FIN No. A7247

(fh@ d W /:h@ LosAlamosNationalLaboratory
_
d

_

_ _(UG) Los Alamos,New Mexico 87545U%U



u

CONTENTS
.

J

-ABSTRACT 1

I.. LINTRODUCTION ,1:

: II. ' FLOW' 0F THE PRIMARY FLUID '.TO THE RUPTURE SITE 8
-

"A. -!#1ow-Limiting Mechanisms- 9-
'B.: Question of_ Upstream Flashing in SGTR 11

III. FLOW FROM THE RUPTURE INTO THE NEAR RUPTURE REGION 23

A..-Flow Conditions 23

B. Extended Theory of Homogeneous Nucleation 26:
C. Aerodynamic Atomization 33

39D._ Boiling Breakup-
.

:E.- Collisional Fragmentation 46
48F. Drop' Size Distributions

.

G. ' Flashing Jet _Under Submerged Conditions 49-

IV.- FLOW THROUGH THE TUBE BUNDLE TO THE SEPARATOR REGION 51.

V. RELEVANCE TO OTHER SGTR STUDIES AND RECOMMENDATIONS 52-

.VI; CONCLUSIONS 54

ACKNOWLEDGMENTS 55.

APPENDIX A. . CALCULATION OF.AN EQUIVALENT POINT' LOSS FOR AN ORIFICE IN A PIPE 55

APPENDIX B. ' AERODYNAMIC ATOMIZATION SOLUTION ALGORITHM 57

. APPENDIX C. SOLUTION METHOD FOR THE BOILING BREAKUP PROBLEM 62

' APPENDIX D.- SOLUTION METHOD FOR THE DUAL STREAM DISCHARGE PROBLEM 73

- REFERENCES 76

-

P

V



ANALTTIC STUDIES PERTAINING TO STEAM GENERATOR

TUBE EUPTURE ACCIDENTS

by
;

B. A. Kashiwa and R. C. Mjoisness

ABSTRACT

A study of the thermal-hydraulic phenomena of possible
steam generator tube rupture (SGTR) accidents leads to the
conclusions that (1) flashing will not occur upstream of the
tube rupture, so that the flow will be resistance limited
rather than choked, (2) there is considerable potential for
discharging the primary fluid in the form of micron-sized
droplets, particularly when the fluid discharges into a vapor
cavity surrounding the tube rupture, and (3) that the sur-
rounding of the rupture site by water rather than vapor may
be a means for preventing the formation of micron-sized drop-
lets. The presence or absence of micron-sized droplets is
considered to be a key issue for the damage assessment of
SGTR accidents because they are currently thought to be the
most likely route for radioactive iodine to be released to
the atmosphere.

I. INTRODUCTION

In the production of electricity using the energy from a pressurized water

nuclear reactor (PWR), a steam generator resembling a tube-and-shell heat ex-
changer must be used. This is because the water needed to transport the heat en-
srgy away from the nuclear fuel can contain impurities that are radioactive.
Safe use of nuclear energy as a heat source for power generation requires that
ceparate fluid circulation circuits be maintained for removal of heat from the
reactor core and for steam passing through turbines powering electrical genera-
tors. These two circuits can only be allowed communication by way of heat ex-

change in the steam generator. If a rupture occurs in a tube inside the stean

generator, mixing of the reactor coolant (primary) water with the steam generator
(secondary) water will result. Thus a systematic series of investigations, both

1
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theoretical and experimental, is needed to study the steam generator tube rupture
-(SGTR) problem.

The ' purpose ~ of this report is to present the results of a set of theoretical

investigations into the thermo-hydraulic related facets of SGTR events. There
*

has been some prior work directed at the same goal,9 in addition to one study in
which the complicated non-equilibrium chemical reactions associated with radio-

' nuclide transport have been studied theoretically. Here attention is restrict-

ed to thermodynamic, heat transfer, and fluid dynamic concerns; the results ex-
tend those of earlier works and provide new insights into the potential conse-
quences of SGTR accidents.

First, it is important to understand the possible sequence of events in a

SGTR accident, beginning with the tube rupture and ending with temporary shut-
down of the plant. Figure 1 is a schematic of a typical PWR plant showing only
those components most relevant to the SGTR accident sequence. The primary cir-
cuit consists of'the reactor itself and at least two coolant loops as shown in

Fig.1-1. . Each primary coolant loop transfers heat to the secondary circuit
through a steam generator. Rupture of a primary circuit tube in the steam gener-

ator provides a pathway for radionuclide release to the atmosphere either through
the atmospheric relief valves (ARV "A" or ARV "B") or through the turbine-con-

denser system. The pressurizer is provided to maintain the primary circuit pres-
sure of 150 bar. High pressure injection (HPI) of cold water is provided for

core cooling under emergency loss-of-coolant accident conditions.

In the event of a SGTR, contaminated primary water enters the secondary cir-
cuit and, if concentration is sufficient, radiation monitors will signal an

alarm. If the rupture is large enough, however, the flow rate of primary fluid
can be large enough to cause the pressurizer to empty rapidly, causing another
alarm to signal. If the pressurizer is unable to prevent the primary circuit

. pressure from dropping below a specified value (typically about 130 bar), then
the system automatically enters an emergency response seguence. In this the fol-

lowing four actions occur essentially simultaneously
1. Control rods are actuated to terminate the production of thermal energy

in the core (called reactor scram or reactor trip).

2. The main feed-water (MFW) pumps on the steam generators are stopped.
3. Auxiliary feed-water pumping for the steam generators is initiated.

*In this report references are numbered in alphabetical order (see reference
list).

2
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MSiv MSiv TO

N HOT LEG HOT LEG-(590 K) [ STEAM
-.- - .- , TUR9tNEg r,- -

* AFW
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Fig. 1-1. Schematic of a typical pressurized water reactor plant showing parts relevant to SGTR accidents.
Abbreviations are: MSL-main steam line, MSIV-main steam line isolation valve, ARV-atomospheric re-.

lief valve, MFW-main feedwater, AFW-auxiliary feedwater, MCP-main coolant pump, and HPI-high pres-
sure injection.
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I4. '.The flow of steam to the turbines is terminated by closing either the
2main steam line isolation valves (MSIV's) or a turbine stop valve.

.If. the reactor vessel pressure continues to drop and a pressure of about 110' bar .
is reached, HPI' injection is automatically initiated. About one minute after in-

itiation of HPI injection, the main coolant pumps (MCP's) are turned off. .The
action of closing the MSIV's or the turbine stop valve causes the steam generator
pressure .to rise quickly. In the more severe accidents, the condensing system is
not.available to accommodate excess steam. Therefore, in this case, when the
steam generator. pressure reaches about 70.bar, the atmospheric relief valve (or "

valves) acts to relieve the excess pressure and maintain a: pressure of about 70-

bar.' The reactor trip causes -heat production 1Ln the core 'to stop almost instant-
ly .except.for decay heat. Thus the primary coolant temperature drops almost im-

f . mediately to a temperature of about 560 K, roughly the saturation temperature at.
70- barJ The primary pressure remains at a level of from 85 to 145 bar depending
on the HPI capacity and HPI dead-head pressure. This means that 560 K primary-

fluid is passed into the 70 bar steam generator vessel at a rate determined by
the primary system pressure; this pressure may vary widely. depending on' the de-
tailed nature of any particular set of accident conditions and specific plant
design..

At this stage, leakage would continue indefinitely unless the operator takes
action to depressurize the primary circuit. In typical safety analysis studies

one assumes that the rising liquid-level in the damaged steam generator alerts
.the- operator to the nature of the system problem. .The proper action is to open
the ARV's nearest the intact steam generator while closing down HPI flow and
shutting down the pressurizer heaters. Because the intact steam generators auto-
matically maintain a fixed water level, cool water will be introduced to them via

auxiliary feed water pumping. This sets ' up' a natural circulation in the primary .
loop'and a way of cooling it down. Eventually a primary' pressure of 70_bar or
less 'is obtained and flow from the tube rupture is either terminated or re-
versed.- A typical elapsed time for this entire set of events is about 30 min.

During this sequence the possibility of introducing radioactive materials
into the: atmosphere arises when the damaged steam generator ARV ~ opens in response - *

to ' the - 70 bar pressure limitation. System calculations show that the ARV for the
,

damaged steam generator begins'to open and close soon after the primary coolant
= temperature drops to about 560 K.13-15,18

This . accident response sequence is considered representative of only the
principal features of-a typical set of automatic emerdency actions. Operator ac-
4
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Jtion and-deviati$ns in plant design from the typical system described cause dif-
ferences.in'the d tailed nature of the potential accident. The purpose of the

foregoing description is only to introduce the basic hardware and terminology

needed for understanding the analysis contained in this report. There are a num-

ber of possible multiple accidents of concern, two of which are relevant to this

report. One is SGTR with loss-of-feedwater (SGTR/LOFW) and another is SGTR with
a : stuck-open-safety valve '(SGTR/SOSV). When these events are combined, the dam-

aged steam generator is boiled dry, so that its internal environment is essen-

~ tially pure steam. In the single-event SGTR, the steam generator fills with

liquid because of MSIV closure. Hence the thermo-hydraulic nature of single ver-

aus multiple-event accidents can be vastly different, a point to be examined in

this report.

It is clear from the sequence described that the system conditions giving

rise to the potential for radioactivity release during the approximately 30 min-

ute transient can be highly variable. The reactcr vessel pressure drops continu-

ously .and the steam generator pressure rises' until it reaches a maximum value.
his means that the flow rate of primary fluid into the secondary loop varies

continuously. Soon af ter the reactor scram the temperature of the primary water

arriving at-the steam generator begins to drop. This means that the heat trans-

fer rate and even the direction of heat exchange in the steam generator also

vary throughout the 30 minute transient. A variety of computational system re--

cponse studies on most of the different PWR plant configurations have been per

fo rmed.13-15,18,34 Results of these studies provide the conceptual starting
point ' for. the more detailed studies contained in this report. =,

The principal radioactive species of concern in SCTR accidents is radioac-

tive iodine, which is present in the primary coolant at varying concentrations.

The exact chemical forms of the released iodine and their equilibrium chemical

cnd thermodynamic properties under PWR conditions are the subject of other
*

studies. Of particular concern is the manner in which the dissolved radioiodine

in the primary coolant partitions itself between phases of the two phase mixture

resulting from depressurization of the primary fluid. The current knowledge of
-

rzdioiodine behavior under these circumstances is very limited. About all that

ein be said is that the so-called partition coefficient, defined as the ratio of

radioiodine concentration in the water to tl in the steam at a given saturation

ulnformation provided by S. D. Clinton, Oak Ridge National Laboratory, July
1984.
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condition, can vary widely depending on the pH of the water. ' An understanding
of the pLysical chemistry of the system appears to be an objective attainable

only in the future. Therefore at this time, experiments designed to give engi-

neering estimates of the partition coefficient are under way to provide an inter-
*

im understanding of radioiodine behavior in steam-water mixtures.

The present SGTR transient studies are aimed at better understanding the
thermo-hydraulic facets of potential radiotodine release. The approach is to

trace the path of the discharged primary fluid during its excursion from the rup-

ture site into the steam generator cavity and eventually to the environment. The

amount of radioiodine release will then be a function of initial concentration in

the primary fluid and the partition coefficient. In this study it is assumed

that these factors are or will be available from other investigations.

The travel of the discharged primary fluid can be divided into four segments

1. Flow from the primary circuit up to and through rupture site.

2. Flow of the primary fluid from just downstream of the rupture into the

neighboring region of the steam generator cavity.

'3. Upward flow of the discharged fluid and subsequent mixing with the sec-

ondary steam-water mixture through the tube bundle and support struc-

ture to the top of the tubes.

4. Flow through the separator and dryer region of the steam generator, and

release to the atmosphere through the ARV.

Figure 1-2 is a schematic of the U-tube type of steam generators used in PWR

plants. This figure provides an idea of the locations of the four flow regions.

Shortly after the rupture occurs, primary fluid will flow through the broken
'

tube from both the inlet and outlet plenums of the steam generator because of the

pressure difference between the primary and secondary circuits. In the initial

portion of the transient, the primary fluid arriving at the rupture may be suf fi-

ciently superheated with respect to the saturation temperature at the secondary

pressure to allow violent flashing to occur at the rupture site. Prior

studies ' have concluded that if this is the case then droplets of primary

fluid on the order of 10~ cm in size could be formed. Furthermore it has been

suggested that if the partition coefficient is large, the presence of micron-

sized droplets may be a very important release mechanism for radioactive iodine

to the atmosphere. This is because micron-sized droplets are not well removed

from the steam in the separator and dryer region of the steam generator.

*Information provided by S. D. Clinton, Oak Ridge National Laboratory, July
1984.
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The studies reported here are divided according to the four flow regions
just listed. . In the next section a detailed study of the primary discharge flow
rate is presented.. In this, careful examination is made of the physical mechan-
isms determining the flow rate as a function of conditions in the hot and cold

side plenums, heat transfer to the broken tube, -and position of the rupture. To

explore the role of the various mechanisms a variety of. sample calculations are
performed. We conclude that flashing does not occur upstream of the tube rup-
'ture. In Sec. III the question of droplet formation or nonformation is address-

ed. The results of Sec. II . provide the needed set of boundary conditions to ex-
amine the relative role of a number of mechanisms by which droplets may be form-
ed.- A series of sample calculations is again performed to illustrate possible
effects. In Sec. IV the transport of the primary-secondary, two phase mixture
through the tube bundle is examined. Methods to determine the general nature of
the distribution of discharged primary fluid approaching the dryer-separator re-
gion are given. Since the separation efficiency of these devices is considered
well known, analysis of region four is not included in this study. Thus the
parts of the radioiodine flow path requiring added illumination have been pointed
out and recommendations have been made for their quantitative analysis. Section

V highlights the relevance of the current study to. others presently under way.
Section VI lists the major conclusions of this study.

II. FLOW OF THE PRIMARY FLUID TO THE RUPTURE SITE

This section discusses the nature of the flow of primary coolant from both
the hot and cold side steam generator (SG)' plenums,1through the broken tube, up
to and through the rupture site. There are two principal concerns in this part

~

of the problem. The first is to determine the discharge rate for primary coolant
passing through the rupture as a function of conditions in the hot and cold side

SG plenums and the secondary environmeat into which the discharge flows. The
second problem is to determine the amount of flashing that may have occurred in
the discharged coolant, either upstream, at, or just outside the rupture. Estab-
lishing the most likely state of the primary discharge just outside the rupture
is an important first step in SGTR analysis. The hydrodynamic state at this po-

sition serves as a boundary condition for analysis of subsequent flow regions; it
also may be of considerable significance in determining the hazard potential in
the SGTR event.

8
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In calculating the discharge flow rate, one must' give ' proper attention to
each of - two possible mechanisms by which the flow rate' can be determined. One
mechanism'is the depressed sound speed that is characteristic of gas-liquid mix-
-tures and gives_ rise to-the phenomenon of choked flow for such mixtures. The
other mechanism is flow resistance, _ which results in a fluid flow rate limited by

. pipe friction and th'e impedances of inlets, outlets, bends, constrictions, etc.
The' principal conclusions of the section are that there is no upstream

.' flashing in the' initial stages of an SGTR accident, and_probably not-in.any
stages of the accident, and that there is a~potentially enhanced flow of primary
water:into the secondary circuit because the flow in the ruptured tube is not

choked. In ' the following we describe the thermo-hydrodynamic conditions encoun-
;

tered in the ruptured tube,- explain our mode of analysis of' these conditions, and1:

present our results.,

A. Flow-Limiting Mechanisms

Critical two-phase flow is a well-known phenomenon in reactor safety analy-
sis. 'Just as for critical flow in single-phase gas dynamics, critical two-phase

: flow occurs when the flow speed u reaches the mixture sound speed c. For. inter-

- nal flows, as for example in a converging-diverging nozzle, this means that
changes in pressure downstream of the point where u = c cannot affect the flow
speed. In systems for which critical two-phase flow is the flow rate determining

: mechanism, an estimate of the flow rate can be obtained with the . homogeneous

equilibrium.model (HEM). For a vessel of compressed liquid of ~ density p , at

{
pressure p and temperature T , the HEM gives the critical mass flow rate G as

1/2[2(p -p*

o t
I (2-1)*

g] {\
G = [xp + (1 - x)p

p |o

Here x, p ,.p are-the quality (mass of vapor per unit mixture mass),' vapor
density.and liquid density corresponding to the pressure p that maximizes the
function of Eq. (2-1) subject to the condition that the mixture entropy equals

the initial entropy s,(p , T ). Thus the HEM assumes depressurization along an

isentrope, thermodynamic (temperature) equilibrium between the vapor and liquid,

and equal velocity of the vapor and liquid. For circumstances where there is
sufficient = time for the flow to reach both thermal equilibrium and homogeneity in

' velocity,' the - HEM gives accurate results. In cases such as discharge through an-

f

; orifice, there may not be time for homogeneous equilibrium conditions to be

t-
9
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achieved.. For these cases empirical correlations exist, which are usually suffi-

cient. to account for the effects of nonequilibrium and non-equal velocity.

If two-phase flow occurs in the ruptured tube early in the accident, the re-

sulting flow will surely be critical, due to the large pressure difference be-

tween the primary and secondary circuits. Later the pressure difference is much

smaller and if two-phase flow occurs then, it will be a resistance-limited flow

whose resistance is altered by the two-phase conditions.

To specify a- general (one-phase or two-phase) resistance-limited flow con-
sider the_ steady flow of a pure liquid from a vessel at pressure p through a

9
pipe of length L, diameter D, and friction coefficient f. If the entrance and

exit loss coefficients are given by K and K respectively, then the flow speed u
g 2

is determined by the Darcy-Weisback equation

(p -p,)=(Ky+f + g) p,u .(2-2)9

where p is the fluid density and p, is the pressure outside the pipe. In the
9

case of incompressible one-phase flow, Eq. (2-2) can be used to determine the

pressure p(Z) as a function of distance along the pipe Z, once the steady flow
1 2

speed in the pipe u is determined. To do this one uses Ap =K Pu at the
2 '" g i2 o

Z1
entrance (i = 1) and exit (i = 2) and Ap =f N" "**"* * #*8"g D2 o
this is a pressure profile showing a discontinuous change in pressure at the en-
trance and exit (the so-called point losses) and a linear change in pressure for

;- ;0 < Z < L.

Equation (2-2) also ' describes resistance-limited two-phase flow, but the im-
pedances K , K , and f have somewhat altered values, due to two-phase flow ef-

2
fects. In addition p is not strictly constant in the two-phase case but, be-

cause the flow is subsonic, it is not highly variable once the mixture flow ap-

pears.- Of course, in the case of critical flow an analog of Eq. (2-2) also

holds, but the exit pressure p, is not the ambient pressure (the equation serves
to determine p ) and there is a further pressure drop to p, outside the tube in a
two phase jet.

The foregoing disciassion has indicated that the applicability of Eq. (2-1)

versus that of Eq. (2-2) in determining the flow speed depends on two things.
Both depend on the unknown geometry of the rupture. In order to have two-phase

flow, the series of flow impedances must be such that a pressure less than the
saturation pressure is reached somewhat upstream of the exit, and there must be

10
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sufficient time for nucleation to occur and for bubble formation to succeed in
choking the flow. Whereas K and f are iknown as functions of entrance geometry

g

and pipe roughness respectively, K is undetermined except for ruptures that have
already occurred. Therefore, in the following we examine what value of K suf-2

fices to prevent the flow from flashing in the tube; we conclude that boiling is

-limited to regions beyond the exit.-

B. Question of Upstream Flashing in SGTR
The fluid flow upstream of the break in SGTR is mildly three-dimensional

fairly far upstream, with streamlines having some variation in angle as well as
radius, allowing the fluid to adjust to conditions in the immediate vicinity of
the break, where the flow is fully three-dimensional and where, in particular,

pressure gradients are set up to of fset the centrifugal force on a fluid element
es it exits the tube. Apart from a rapid transient upon rupture, the flow is es-
sentially time-independent in an average sense, although important turbulent '
fluctuations persist throughout the tube at all times cnd, if flashing occurs

just outside the rupture, the instantaneous flow fiald just outside the rupture
will be very ragged and variable. We confront the fully three-dimensional flow
ct the exit only in the crudest sense when, in the concluding paragraphs, we at-
tempt to produce and assess simplistic models for the exit impedance K produced

2

by the rupture. However, the mild three-dimensionality and quasistatic behavior
of the mean flow upstream of the rupture justify treating this flow as fully one-
dimensional. Thus we will continue to use Eq. (2-2) whenever we have impedance

limited, one phase flow up to the rupture. In particular, we will use its local

analog,

(p -p(Z))=(Kg+f ) pu , (2-2a)
9

applied up to the point of rupture to determine the exit impedance K that would2
suffice to prevent the flow from flashing upstream. The ever-present turbulent
fluctuations, with their effects on fluid velocity profiles and fluid resistance,

cre fully accounted for in Eqs. (2-2) and (2-2a) by the empirical values of K ,
K and f.

We thus treat the flows in the ruptured tube as stationary, even though there

|
is a slow time-dependence during the course of the hypothetical SGTR accident as
pressures and temperatures change (and mostly decrease) in response to the rup-

| 11
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[ ture and the corrective system actions taken in consequence of the rupture. We
| will show here that it is overwhelmingly probable that there is no upstream

flashing in the initial phase of the SCTR accident. Whether upstream flashing
(- will occur in later phases of the accident depends on the complex pressure and

thermal history of water in the hot and cold leg affected by the rupture. This

| question can be answered more definitively by the methods of' this section, given
j the pressure-time history and the thermal-time history of the fluids in the hot

{i

. and the cold legs during the course of the SGTR accident. We do not study the
! question here since we presently lack the needed time histories.

While we are confident that upstream flashing will not occur in the initial

phase of a SGTR accident, we can at present assess the prospects for upstream
flashing during the later stages of the accident only very crudely, as follows.
The possibility for upstream flashing arises because the water in the primary
circuit, which is subcooled under normal operation of the reactor, contains su-
perheat initially when it exits the tube rupture. We show in this section that

the initial superheat is most unlikely to be sufficient to cause upstream flash-
ing. Whether flashing occurs subsequently depends primarily on whether the water
in the hot and cold legs first has a substantial decrease in temperature (and
thus.has little or no superheat at each spatial location as it exits the tube) ori

in pressure (and thus has substantial superheat over a substantial region of the
| tube prior to exiting, leading to upstream flashing). Previous SGTR simula-

l3-15
; tions indicate that the major loss of temperature occurs first. Thus both

the loss of superheat and the reduction in the flow driving pressure differential
I decrease the probability for critical flow conditions at the exit; the chance of

upstream flashing is reduced, while the likelihood of driving the flow to criti-

j cal conditions is also reduced, even if the flow does flash inside the tube.

| Thus it is certainly reasonable to presume that the flow will be resistance lim-

ited at all stages of the accident, but the whole matter needs to be settled by

calculations.

! We now review the arguments leading to the conclusion that in the initial

phase of the SGTR accidents there is no upstream flashing. We first compute the

exit point impedance K necessary to keep the exit pressure p, at or above the2

saturation pressure p, at the exit mixed mean fluid temperature T,, an exit pres-

sure sufficient to suppress strong boiling upstream of the rupture and thus
*2eliminate upstream flashing. We then estimate very crudely the exit imped-

ence K that a tube rupture can be expected to produce. We find that the esti-2

mated K is substantially more than needed to suppress upstream flashing.2

! 12
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The critical exit impedance K is set by the flow of water from the hot
2

leg. We analyse this flow as s'one-dimensional flow, using Eqs. (2-2) and
i

(2-3)-P(Z,) = p,(T,) = p, .

These conditions suffice to prevent upstream flashing,-' and we inquire what value
i

cf K is needed to enforce them. By supplementing the previous equations with
2

the exit (pre-point resistance) pressure flow conditions

P, P, = (K + f f)(h p,uh , (24)g

! where Z now denotes the tube distance from the hot leg to the rupture, we obtain

the required value of K ' "*"*lI2
,

i

K * (5 + I )(p,(T,)-p,) (2-5).

2 1 py

; The first factor in Eq. (2-5) increases with distance Z to the rupture while the
|' dp dT

cecond factor decreases with Z (since p, > p, > p,, dT * "" * "
dZ

l general, then, .there will be a Z, for which the needed K2 I" ***I"*1* F r typi-

cal-light water reactor conditions Z, occurs within the existing tube length and

[ is used to set the required value of K that suffices to prevent upstream flash-
2

ing.

| Although Eq. (2-5) is formally an extremely' simple equation, there are some
complications and uncertainties in applying it under conditions typical of a SGTR
cccident in a commonly constructed light water reactor. We may take K = 0.5 to- >

g

cdequate accuracy. Similarly, for the large Reynolds number (and, hence, turbu-
I lent flows) typical of tube flow under either normal or SGTR operating conditions

we may take f = 0.013 without serious error. While the unruptured tube diameter
j. -D is, of course, known,' Z can only be determined immediately to about 2 cm, which
|

! is certainly adequate in a long tube. However, significant uncertainties can
crise from the pressures. Only initially do we know the hot leg pressure p,and
the pressure in the secondary system p, without an extensive, realistic simula-

'

| -tion of the SGTR accident. This is the essential rationale for confining the

13
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definite conclusions of this report to the initial phase of the accident. Final-

ly, p, is subject to uncertainty at all times. This saturation pressure can be
evaluated by interpolation in the Steam Tables when T, is known, but T is thee
result of an enormously complex heat transfer process. Here we can only attempt
an approximate treatment of the heat transfer and will have to accept uncertainty

in the final determination of T,and p 's
We outline the convective-conductive processes of heat transfer following a

SGTR, enumerating the points that complicate the normal sort of heat transfer an-

alysis. The flow in the tube is turbulent but essentially one-dimensional, per-
mitting the possibility of conventional analysis.- However, the velocity flow
field is not fully developed at the tube entrance, as conventionally assumed, so
the temperature drop in the entrance region will not be correctly given by con-
ventional analysis. This, in turn, will introduce error into the final determin-

ation of the exit temperature T,. However, the largest uncertainties are associ-

ated with the heat transfer to the wall from the tube entrance to the tube rup-
ture. The appropriate boundary condition for the fluid temperature T at the
tube wall is

B

k 5- T + h(T - T,) = 0 (2-6),y

where T, is the fluid temperature in the secondary system outside the tube wall,
k is the thermal conductivity, and h is the heat transfer coefficient. This con-

dition involves coefficients k, h, and T, that vary both with distance Z along
the tube and with angle 0 around the circumference of the tube. Moreover, the
factors will be somewhat different for each tube in the bundle. The variation in

k is greater than an order of magnitude but it is the simplest to characterize,
since under quasistatic conditions k is adequately characterized as a tabulated
function of the local pressure p(Z) and the wall temperature T and p(Z) can be

y

adequately given by Eqs. (2-2) and (2-4) (with some residual uncertainty because
|

K cann t be accurately estimated at present). If a value for T is postulated,2
then table look-up and interpolation will yield a value for k. Determination of

T, is much more dif ficult. Even under normal flow conditions the temperature of
the water in the secondary system is known only in a bulk average sense. The

temperature T (0) is higher by undetermined amounts near the tube walls, wheres

there is a complex, active convective heat transfer process under way. After the

tube rupture, the heat transfer process becomes even harder to characterize due

14
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to the strong perturbation of Z and 6 dependent (and tube dependent) additional
and more vigorous convective processes engendered oy the rupture and the possi-

bility of very substantial changes in the already unknown initial value h(0) of

the heat transfer coefficient. For example, the more rapid fluid flow after tube

rupture leads immediately to an increase in the heat transfer rate along the tube

including the vicinity of the tube entrance where the heat transfer process is

most vigorous. Should the enhanced heat transfer be sufficient to create a vapor

layer over an outside segment of the tube, then after an initial transient the

heat transfer in that tube segment will be much reduced, and the water at the

tube exit will contain more superheat than would be the case before vapor

formation.

Clearly,- the rich detail of the actual heat transfer process is only hinted

at in the conventional turbulent heat transfer analysis that assumes either a

constant wall temperature T or a constant heat flux. We will employ the conven-
y

tional analytical framework, with as much discretion as is possible, to reflect

the complex reality of the actual heat transfer process as best we can while

still retaining the truly enormous analytical simplification of the conventional

analysis, together with the sharp clarity of the conclusions to which this

analysis leads.

An additional idealization of the conventional analysis is the assumption of

constant fluid transport coefficients k and v or, equivalently and directly used

in the analysis, constant Reynolds number and Prandt1 number. We have seen just

how variable k is under tube rupture conditions. In addition, the Reynolds num-

'ber varies by a-factor of 6 and the Prandt1 number by a factor of 2 under these

conditions. We again defer precise treatment of the complex reality, since it is

more appropriate to an extensive calculational program, and allow for. these

ef fects as best we can by a judicious choice of parameters in the conventional

analysis.

For definiteness we will assume that the rupture occurs in a tube in average

. position in the tube bundle of a Westinghouse Steam Generator. We will take rea-

sonable values for the tiow resistance and determine the system dimensions and

parameters from a description of the Westinghouse Steam Generator. Specifical-

ly we take

15
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f = 0.013 (tube wall friction factor),

K1 =.0.5 (entrance point resistance)

D = 1.97 cm-
.

(tube diameter)
L.= 2200 ca. -(average tube length)

T,= 585.5 K (hot side plenum temperature)

[ Tgg,,1 = 550 K (cold side plenum temperature)

- p,='153 bar -(hot side plenum pressure)

pgg,,1 ='150 bar (cold side plenus pressure)+

p,= 50 bar (secondary pressure)
~3 2 -1

v = 1.25 x 10 cm see (hot side plenua viscosity)

Pr = 1.02 (hot side plenus Prandt1 number)

u, = 427 ca sec~1 (unruptured downstream flow velocity)'

We initially treat the heat transfer as though it were the simple T,= con-

stant, fully developed velocity profile, constant fluid transport properties pro-
blem treated by Sleicher and Tribus. This still permits some reflection of the

complex thermal environment through the choice of T,, the temperature the circul-

ating water would cool to if the tube were infinitely long. This captures the

dominant feature of the turbulent transfer process: that for the mixed mean tes-

perature

2'f dr ru T
T=
" f, de ru

.

nearly all the heat is in the lowest eigenmode, and the remaining heat is dumped

to the wall within about ten tube diameters of the entrance to the tube. The

subsequent heat transfer process is represented by'the decay of heat in the low-

est eigenmode. The extremely complex thermal environment for the water in the
.

tube, even prior to rupture, may thus be thought of as primarily altering the
*

lowest eigenvalue of the idealized problem, and is treated that way here when we

find that the idealized problem leads to unreasonable heat transfer rates.

The Sleicher and Tribus calculations utilize a fully developed velocity pro-
a

file, employ the Jenkins correction, normalized to air data, for Prandt1 number
'

effects, but also utilize an eddy diffusivity that is discontinuous at the edge

of the viscous boundary layer and incorrectly approaches zero at the tube axis.
| In view of the complex relation between this idealized problem and the actual

16
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he'a't transfer process we will not correct or improve these calculations, but we
~

cill'need to extrapolate the Sleicher and Tribus eigenvalues to cover the

Reynolds numbers of interest to a SGTR accident. Specifically, we introduce'the
dimensionless temperature

(T,- T,)
'" 'T, - T,

retain only the dominant n = 0 contribution to the exact expansions

0.= C,R,(r)exp(-A (~}'rep D

cnd

T, T,+ 8(T, - T,) A,A} exp (- A (~'Re r D

where

=-fCR'(f)A ,

cnd determine A,and A from extrapolation of the Sleicher and Tribus' graphs to2

the range of Re and Pr of interest to us as

Re .8 ,0.3 (2-9)0-2
A,= 4.4 x 10 p

:

| cnd

Pr .3 (2-10)-3Re .80 o
| A, = 5.9 x 10 . ,

|

This introduces some error into the fitting of initial conditions for T,, due to

! the extrapolation process. To resolve this, we retain Eq. (2-9) for A and re-

quire that 98% of the temperature difference (T - T,) be initially present in
7

~ he lowest eigenmode for T,, a property shared by the exact solution.t

In applying this formalism to the undisturbed flow before the SGTR we must
take T,= 550 K, because of the efficient heat transfer implied by the Sleicher
cnd Tribus formalism. Using the Westinghouse SG parameters quoted earlier, the

17
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5
undisturbed Reynolds number Re, = 6.7 x 10 and we represent the mixed mean tem-

perature 'in the bulk of the tube by

T, = 550 '+ 35 exp [- 6(Z)] (2-11),

where

*

@(Z) = (2-12).

Re Pr D

We note that $(2200) = 6.58 and exp [-$(2200)] = 0.00139, which implies that ac-

cording to this model less than 4% of the excess heat carried by T,upon entry to
the tube is transferred to the secondary circuit in the last half of the tube and

only 11% of this heat is transferred in the last 2/3 of the tube. In short, this

model implies that virtually all the heat is transferred in the first 1/3 of the

2200 cm (average) length of the tube bundle. This would be a very inefficient

way to design a tube bundle and surely cannot be characteristic of the Westing-

house steam generator, which is thought to be a very well-designed system. In

the more complex reality, we have seen that the primary effect of the total ther-

mal environment is to alter (and mostly reduce) the lowest eigenvalue A,2, which
also becomes a function of Z. This effect is, in principle, measurable, though

it has not been so measured for the Westinghouse or other relevant SG design.
Thus, in lieu of measurements, we are at present forced to determine the effec-

tive eigenvalue by making an assumption of the efficiency of heat transfer per-

formance that would be demanded in a well-engineered system. We make the specif-
ic demand that roughly 90% of the available heat energy be transferred to the

accondary circuit by the end of the tube at Z = 2200 cm. Since T,(2200) = 550 K,
the present modal then forces the choice T = 546 K and a modified A, which wey

display in the equation for the mixed mean temperature, valid over most of the

tube length,

= 546 + 38.5 exp f .06 x I
T (2-13),0Re .2Pr * D /m

\

which we use to analyze the possibility of upstream flashing under SGTR condi-
tions. In principle, the numerical coefficient of Eq. (2-13), which depends on

18
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'the total , thermal environment but which has been determined from undisturbe'd ' con-

ditions prior to' tube rupture, should change under-SGTR conditions. Howeve r, ' we
see' no practical way to incorpurate 'this effect at present.

fr m Eq. (2-13) for T(Z).for, We carry out. the evaluation of p,(Z) and of K2
various assumed points'Z|of the tube rupture.using Westinghouse steam generator-

parameters and making use of the Steam Tables for saturation and. superheat condi-
tion. 'The-required exit impedance K is dominated by'the-flow from.the hot side

2
plenum to the site of the tube rupture, which may be specified in Table 11-1. -It

- .is seen that an exit impedance'of K2 = 3.0 is more than. sufficient to suppress
upstream flashing.

Only thel aost prelim'inary estimate can be made for the -value of K actually.2

. produced by a- SGTR event due to the. very wide variety of possible tube ruptures,
the very small number of actual- SGTR occurrences,- and the complete absence of
measurements of or of detailed three-dimensional hydrodynamic calculations of K

2
|for.any of:the actual SGTR events.' However, diagrams of the tube rupture at '.the

R. E. Ginna Nuclear Power Plant exist and will be used as the basis for.the
very crude models for K that will be presented here.

~

2
Two' highly idealized models 'of the exit flow impedance will be discussed.

In the first we represent the exit K as the sum of 'three independent standard
2

point impedances, a tee followed by a contraction followed by. an expansion. As
-

TABLE 11-1

EKIT DIPEDANCE VERSUS RUPTURE IACATION

Downstream Location Exit Impedance Required
of Tube Rupture to Suppress Boiling

K
Z(cm) 2

50 0.8

100 1.0

500 2.2

1000 2.7

1500 2.8

2000 2.8

2100 2.8

2150 2.8
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we discuss later, this evaluation will ter.d to cverestimate K , since -we simply
2

add the individual K's of the point impr. dances, whereas each of these standard
impedance elements requires a completr. upstream and also downstream flow pattern
to contribute fully to the evaluated K. In the tube rupture context, in which we

idealize the rupture as the sum of these three impedance elements, the elements
are too close to one another in spatial separation to permit the individual up- .j
stream and downstream flow patterns to develop fully.

We estimate the individual point impedances with the aid of the discussion of

Streeter. 09 The impedance of the tee may be estimated asO

Kt" * *

49The impedance of the contraction is the product of a point impedance factor K,
(area ratio dependent) and a kinematic factor, the ratio of areas squared, namely

2
[A

| ^ expanded-K =K ,
#

\ contracted

Numerical evaluation of the areas from an idealized plane projection of the actu-
al Ginna rupture yields

A = 0.29 A
contracted expanded ,

and for this area ratio

K = 0.36 .o

Altogether, then

K = 4.0 .c

; Finally, the expansion into the secondary ci.cuit will produce an impedance

i
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K,,= 1.0 .

We then take for the total exit impedance

K =K +K +K (2-14),
2

or,

K = 6.8 (2-14a).
2

For the second model replace the tee of the above model by two elbows in

parallel. For an elbow we have ' an impedance

K,= 1.1 ,

,

and;the flow through each leg of the tube sees one elbow as it exits the tube.

The total exit impedance provided by this model is therefore

K =K +K +K (2-15),
2 e c - ex

or

| K2 - 6.1 . (2-15a)

As mentioned previously, these two models tend to overestimate the actual K '
2

Another way to estimate the exit impedance is to view the rupture as an ori-
: fice in a pipe. An expression for the equivalent point loss due to an orifice is

derived in Appendix A. This is

/ A )21 g
K

= |[- * -
j

o 2/

where Ag and A2 are the pipe and orifice flow areas respectively and C, is the
orifice coefficient. It is rather well known that a sharp-edged orifice has a

1
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coefficient C, of around 0.61, while a well-rounded orifice has C, approaching
1.0 (Ref.-'4).

The rough; opening of a ruptured steam generator tube probably has a . C
9'

closer to that of a sharp-edged orifice. Even with no area restriction, a C of

0.61:gives K = 2.69; any area restriction at all gives values of K substantial-
2 2

'ly greater. It would require an extensive and costly series of'three-dimensional

hydrodynamic calculations to determine adequately the extent to which the sup-
pression.of upstream and downstream flow patterns associated with the three indi-

vidual' events of the exit of the fluid through the tube rupture (the turning of

'the fluid, its flow through a contraction and its subsequent reexpansion) lead to
a reduction in K . For the present, the best estimate we can make of these ef-

2
~ fects "is 'to say that under nearly all presently contemplated tube rupture condi-
.tions we anticipate that

K 5.0 (2-16).
2

,

Thus, we anticipate that the actual exit impedance K will be roughly twice as
2

large as necessary to suppress upstream flashing. We do not expect upstream
flashing to occur for mose, or, perhaps, all SGTR accidents.

The preceding considerations are appropriate to the initial stages, occupy-
ing the first several (typically 10, usually from 5 to 15) minutes before reactor

scram, of an~SGTR event, in which upstream flashing would be most likely to oc-
cur. After reactor scram there is a rapid drop in primary water temperature to

* 'roughly 560 K, but the primary system still is at fairly high pres-

sure. The primary water has much less superheat and is even less likely to un-

dergo upstream flashing than in the initial stages of the event. A very few min-

utes af ter reactor scram the secondary system reaches a pressure of 70 bar,
roughly the saturation pressure for 560 K water; if no superheat ever occurs then

flashing cannot occur anywhere in the vicinity of the rupture site. Thus we do

not believe upstream flashing, or choked flow through the tube rupture, will oc-

.
. cur at any stage of a SGTR event.

It would be very desirable to confirm fully or disprove our present conclu-
,

sion that there will be no upstream flashing under SGTR conditions, even though
this conclusion arose naturally and very definitively from the present analysis.
There is substantial experimental literature available with which to confirm

these findings. For exanple, the data given by Henry and Fauske clearly indi-
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cate the approach of the flow rate to that of a pure liquid flowing through a
sharp-edged orifice, as the stagnation quality of a two-phase mixture approaches

_

zero. The data of Sozzi and Sutherland show the same trend for flows of water

through an orifice. The data of Celata et al. ' for water at high pressures

show the same tendency, although the orifice coefficient for their experiments is
somewhat in question. For low-pressure water, the data of Brown, Brown and

44York,5 g and Ostrowski show conclusively that the flow through a sharp-

edged orifice is limited by the system impedances and not critical two-phase
flow, at the pressure differences approaching those of interest in SGTR.

The relevance of this to SGTR studies is that careful consideration as to
exit geometry must be given in calculation of flow rates for estimation of acci-
dent effects. Typical nonequilibrium critical flow correlations do not take into

* ' '

account flow losses due to pipe friction or point impedances. The re-

sult of this neglect may be to overestimate the flow rate. Alternatively, in-

suf ficient spatial resolution of the flow in the rupture vicinity could lead num-
erical computations of the flow rate to predict a non-existent critical two-phase
flow circumstance, the result of which can be a fictitiously low flow rate.

III. FLOW FROM THE RUPTURE SITE Irr0 THE NEAR RUPTURE RECION

A. Flow Conditions

This section reports a study of the interaction of the fluid discharged from
the tube rupture as it first encounters the secondary side environment. In the

previous section it was seen that the most likely state of the discharged fluid,
immediately at the rupture, is pure liquid. Upon leaving the broken tube, this

liquid will be suddenly subjected to the pressure of the secondary side. If its

temperature is greater than the saturation temperature at the secondary side
pressure, " flashing" (a very sudden and intense boiling) may take place. Before

reactor scram, the primary fluid temperature can be as high as about 590 K;
shortly af ter reactor scram this drops to about 562 K. The steam generator pres-

sure is set at about 64 bar under normal operation and rapidly increases to about

71 bar soon af ter reactor scram (which is accompanied by closure of the main
'steam line isolation valve). Therefore the superheat in the liquid just

outside the tube rupture can be as high as 37 K initially (up to about 500 s af-

ter the rupture occurs) and around 2 K for the remainder of the accident. Thus

the potential for existence of a flashing jet may exist throughout the SGTR tran-

sient. Although the 2 K superheat at late times is based on best-estimate calcu-
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lations,13,34 it should be recognized that a small difference in the physical
system compared to the computed system could mean that fluid is actually sub-
cooled rather than superheated at late times.

The flashing of a superheated liquid in a jet has been studied in connection
' ' ' ' ' *with spray atomization and nonequilibrium critical flow.

These experimental studies serve as an important basis for advancing the theory
of nucleation in the boiling of liquids. Apart from the attractive features of

the data from a theoretical standpoint, an important experimental fact has
emerged concerning the size of droplets in the spray of a flashing jet. In a

variety of studies droplets of a size scale on the order of one micron have been

' ' ' ' 'observed in these sprays. Since the important radioactive materi-

al in the primary discharge is expected to be non-volatile, it will tend to re-

main in solution. This means that droplet transport may be the principal mech-
anism for migration of the radioactive species. Furthermore it has been shown
that micron-sized dispersed solid fragments in a gas accommodate to changes in
the gas velocity almost instantly. This means that droplets on a size scale of

10 cm may not be removed by typical steam generator separators, allowing prima-
ry fluid to reach the atmosphere through the ARV. Hence the tiny droplets from a
flashing jet may pose the greatest threat in terms of radioactivity release in
SGTR accidents.

Since the theoretical evidence points to the possibility of the presence of
a 2 K superheat at times greater than about 500 s in a typical SGTR

'accident, the following work will assume this to be the case. It is empha-

eized, however, that small differences in the actual system configuration (e.g.
ARV set-point pressure) or small differences in the actual transient (e.g. level
of decay heating) could result in a subcooled liquid jet rather than a super-
heated liquid jet. In the former circumstance no flashing will occur and the
primary fluid will simply nix with the secondary liquid causing the concentration
of radioactive material to diminish. In this case the only source of droplets is

at the liquid surface in the steam generator, where bubble bursting due to pool
boiling can occur, during the periodic depressurization which accompanies ARV
opera t ion. The droplet formation and entrainment in this case is the subject
of other studies.

In the accident scenarios discussed in Sec. I, the steam generator may or
may not fill with liquid during the transient, depending on the type of accident
considered. Therefore it is important to consider droplet formation in the
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flashing jet in environments of both vapor and liquid. The entire body of knowl-

edge concerning droplet formation in-the flashing jet is for the case of a jet

discharged into a vapor. The case of a flashing jet discharged into a cool lig-

uid has not yet' been studied directly, either experimentally or theoretically.

Hence the bulk of the current section is directed toward the former case; the

latter circumstance is discussed briefly in Sec. G, but largely lef t open to fu-

ture study.

For the purposes of this analysis, the flow conditions at the rupture exit

- plane can be estimated by the methods of the previous section. By assuming an
exit impedance and a wall temperature of 546 K one can easily tabulate the exit
velocity and the temperatures of the hot and cold side discharge streams for var-
ious rupture locations. Having done this, one must then address the question of
how the liquid jet disintegrates under the various forces acting on it.

Immediately upon leaving the tube rupture, the liquid jet is subjected to

destabilising forces at its free surface. The nature of this first class of

force is very complicated and can be supposed to be composed of a variety of com-
pating effects.22 For example, the turbulence in the fluid, shear at the free
surlace, surface evaporation, and surface tension probably play an important part
in determining the destabilizing force. In addition, there may be an internal

disruptive force generated by the growth of vapor bubbles at nucleation sites
distributed throughout the liquid jet.I These nucleation sites may be in the

form of cavitating suspended particulates, tiny bubbles of insoluble gas or even

cavitating heavy molecules of a heavy compound dissolved in the liquid.
The actual interplay of the foregoing effects is very complex, saksng it ex-

tremely difficult to infer theoretically the resulting jet disintegration. How-

ever, the experimental data of Brown and York ,6 suggest that a special case of5

homogeneous nucleation occurs in the jet. Brown and York examined the disinte-
gration of a jet of hot water exiting various types of orifices into a room at

atmospheric pressure. They carefully measured the superheat needed in the liquid
water jet in order to obtain a very fine spray of water droplets (called " jet
shattering"). These workers observed the existence of a critical superheat, be-
low which jet shattering did not occur, and determined the critical superheat for

various flow speeds. (The critical superheat was reported as a bubble growth
rate coef ficient and the flow speed reported as a Weber number based on exit ve-

locity and orifice diameter.) The resulting plot of superheat versus flow speed
shows that the critical superheat tends to very small values as the flow speed

25
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becomes large. At low speeds Brown and York found critical superheats as high as
about 30 K at the lowest flow speed and as low as about 2 K at the highest speed

-tested.5,6 In a later study under the same experimental conditions, Ostrowski37

concluded that nucleation takes place throughout the superheated liquid - jet in
the form of homogeneous nuclestion. This results in the growth of many small
bubbles whose unbounded growth eventually lends to jet shattering.

I>

Classical homogeneous nucleation theory predicts a maximum attainable super- i

1

heat of 166 K for water; a value close to the experimental value of 170 K. In
' order to place any weight on Ostrowski's conclusion, an explanation is needed as |

: to how the maximum attainable superheat from the classical theory is lowered in
_

! the case of flowing experiments. One such explanation is set forth in the fol-
h

| lowing section.
1

B. Extended Theory of Homogeneous Nucleation

This section provides a rough quantitative examination of the foregoing ide-
as connected with homogeneous nucleation in an accelerating superheated fluid.

i It is shown that nucleation is highly likely throughout the liquid jet under typ-

ical SGTR discharge conditions, provided that there is almost any amount of
i- superheat in the liquid jet. This means that a flashing jet may occur throughout

the extent of a SGTR accident. The arguments leading to this conclusion are
,

based on an extension to the classical theory of homogeneous nucleation.
The classical theory of homogeneous nucleation considers the stability of a

,
,

small " bubble" in a superheated liquid, produced by the random thermal fluctua-
tions of the molecules in the liquid. These small bubbles remain stable as long

j as they satisfy the condition on size r
!

!

2a'

r < A p, (3-1)

where o is the surface tension and Ap, is the difference between the saturation
pressure at the superheated liquid temperature and the pressure in the liquid.

! Stable bubbles satisfying this size condition are continuously produced and de-

| stroyed in the liquid; bubbles violating the size condition are considered unsta-

ble, in which case their unbounded growth causes them to be removed from the sys-
tem. Thus a stationary bubble size distribution is formed, whose character de-

pends on the temperature of the system and on the energy of formation of the bub-,

!
!

|
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~ble. If .the temperature is increased, a level is eventually reached where nearly

all the bubbles formed are unstable. This is the maximum attainable superheat.10

To reconcile the experimental data such as those of Brown and York and lend
credence to the conclusion of Ostrowski, one must realize that the classical the-

--ory of homogeneous nucleation does not consider the effects of relative motion
between the small bubbles (sometimes called " embryos") and the surrounding
liquid.25,43,46 In the case of a jet of liquid formed by ejection through an or-
ifice, a sudden acceleration is experienced by the liquid in passing through the
orifice. Any tiny bubbles present in the liquid during the acceleration will un-

dergo a deformation as a result of their motion relative to the liquid. The bub-
bles will tend to accelerate momentarily to a higher velocity than the liquid,

due to their lower mass density and the fact that both materials experience the

. same pressure gradient. It is this deformation that is expected to cause normal-

ly stable bubbles to become unstable, lowering the attainable superheat. In the

experimental data cited, the higher the velocity of the liquid jet, the greater
the acceleration at the orifice must be. Hence one would expect the attainable

superheat or " shattering temperature" to decrease with increasing flow speed, as
was found in the experiments.5,6,37,44

Some degree of credibility can be attached to these ideas by the following
dimensional analysis. Suppose the quantities of importance in determining a
" shattering" criterion are the acceleration at the orifice a, the degree of su-
perheat, surface tension a and the mass associated with a typical nucleation em-
bryo m at the local fluid temperature. The degree of superheat can be expressed

as the pressure difference ap,. Hence, these are four quantities in the three

dimensions mass, length, and time. Therefore one can expect to construct a

single non-dimensional group from them. One such grouping is

ap,am

s" 2
a

where an increase in the value of the " shattering number" N, implies a greater
. propensity for shattering. The acceleration a can be estimated, for the purpose

of comparison to the experiments, from the pressure drop at the orifice according
to
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#whereApgistheorificepressure' drop,pg is the liquid density and AD, the
1 change' in size of the' flow conduit from the pipe' to the orifice. -AD, is taken-to
: represent 'the' distance over which the acceleration takes place. . ith this repre-W

!E , t sentation of acceleration, ~ a reasonable selection for a must involve the liquid
idensity|rather than a.gasidensity. If the virtual' mass of a bubble of ' size r is
chosen, . then N, can be written

3
.Ap*Ap r

Ng = 2 .(3-2).

o AD

- This expression ~is seen to indicate the proper direction in tendency to produce
_

jet shattering with variations in its constituent quantities. Note - that- the
~

-

characteristic size of.an embryo r is expected to increase with. increasing fluid
' temperature.

Since Ostrowski. defined the shattering temperature as the minimum tempera-

:ture 'at which thorough nucleation was observed, one can expect N, to be a con-
tstant under-those experimental conditions. The value of that constant will give

,

:the-shattering criterion. Table 111-1 lists the relevant conditions from

20strowski's experiments, together with N, at each condition.. Since a general ex-
~

pression for .r, as a function of fluid properties and temperature, is not . avail-

Yable, a constant value of 5 x 10 cm has been used. This value corresponds ' to
the equilibrium nucleus size at the maximum attainable superheat of. pure water at

H ' atmospheric pressure as determined by experiment.

} The' standard variation in N, about the mean of 6.31 x 10" is 21% of the
mean in Table III-1. This is a good degree of constancy considering the subjec-

'

' tive nature of the definition of the shattering temperature used by Ostrowski.
At 585_ K, the temperature characteristic of the primary fluid in SGTR, the,.

' surface tension of water is about a factor of 10 smaller than at the atmospheric.

" saturation temperature. Therefore the superheat needed to reach a value of N,
-10of~6 x 10 is:only about 0.1 K.

Thus. the question of primary system fluid temperature, at late times in a
SGTR. accident, may become an important issue, if the actual fluid is subcooled
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0

T&BLE 111-1

'
VALUES OF N, FOR OSTROUSKI'8 TEST BhTA

10
| D, L Ap,(T,) ~ Ap, A D, N, x-10o

(ce) (bar) (bar) dynes (ce)
m

F .

.0.076- 4.38 4.08 49.9 ,1.43 4.84

|
- 0.076 4.32 6.12 50.1 1.43; 7.06

i

l - 0.076 -4.00 8.16 50.8 1.43 8.29

0.1041 4 .35 4.08 49.9 1.40 4.90
j 0.1041. '3.93' 6.12- 50.8 1.40 6.20

0.1041. 3.63 8.16 51.5 1.40 7.22,

I
. 0.1349 4.32' 4.08 50.2 1.37 4.90 '

O.1349' 3.70 6.12 51.1 1.37 7.91
0.1349 3.04 8.16 52.7 1.37 5.47

r

[ Average, N, = 6.31, standard deviation 1.36'(21% of N,)
;

,

'

entirely for the greatest share of the transient. If however, the discharge is
|. even slightly superheated, as . indicated by best-estimate calculations,13'34 then
. . flashing may occur throughout the accident. Since both possibilities exist, a-

!

systematic study of droplet formation in each case is needed. '

When flashing does occur, the shattering process itself must be examined in ~
; more detail in order to quantify the resulting droplet size. A number of experi-
''

'

mental ^ results for flashing liquid jets exist in addition to those already cited,-

f . each of which' contributes to formation of the conclusion that the flashing liquid
| -jet.has a special structure (in contrast to single phase jets). That structure

is characterized as fo11ows.5-8,17,26,28,33,37,44 A solid column of liquid,
- roughly.the size and shape of the flow opening, emerges from the flow opening and

. persists for some distance. Because of the high sound speed in the liquid (com-
pared to a two-phase signal propagation speed) the pressure in the liquid column

1. rapidly adjusts to the ambient value. This pressure is necessarily one that is
! . associated with an equilibrium temperature lower than the temperature of the liq--
; utd. coluen; therefore the liquid very rapidly becomes superheated. The distance
i over which the superheated liquid column can persist depends on the mechanism

causing the disruption of the liquid column.

29
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i

As already mentioned, if the sudden depressurization is accompanied by a
ctrong acceleration, homogeneous nucleation can take place. When this is the

case, the growth of many bubbles in the liquid jet eventually causes its dis-

ruption. If this is not the case, then the ever-present aerodynamic forces

ccting at the liquid-vapor interface cause an instability of the Kelvin-Helmholtz

type to rupture the liquid jet eventually. Ostrowski observed that when the
latter mechanism was responsible for jet breakup, the time required for the dis-

ruptive process to take place was far greater than when homogeneous nucleation

cccurred. Ortrowski also observed that when homogeneous nucleation did occur,

the number of bubbles generated at a given flow speed increased with the degree
of superheat. For values of superheat lying between the minimum needed to pro-
duce any nucleation and that which was defined as the shattering superheat, the

central core remained suf ficiently visible to allow measurement of its length.

Hence, according to the observations of Brown and York,5 6
7 Short, and

Ostrowski,37 when no nucleation occurs, the breakup of the superheated jet resem-

bles that of a cold liquid jet, and presumably happens as a result of aerodynamic

instabilities. However when nucleation does occur, the growth of bubbles in the

liquid either completely or partially ruptures the liquid column, depending on

the number of bubbles created. In either case a great volume of vapor is gener-

eted whose lateral motion causes liquid fragments to deviate from their predomi-
nantly axial pathlines. Hence the cross-sectional area of the jet widens rapidly

giving the flashing two-phase jet a much wider divergence angle than its single-
phase counterpart. Celata, et al. 'O observed that the jet angle of flashing
water jets increased with the degree of superheat in the je t.

The jet structure just described is shown schematically in Fig. 3-1. In ac-

tual observation of flashing jets, one cannot always observe a liquid column near
the flow aperture because it can be obscured by spray thrown upstream from the
initial breakup point. Also, the low vapor volume fraction core is not usually

visible because of the spray; its detection may require use of a pressure

probe ' or an x-radiographic technique. However, Ostrowski was able to view

the core photographically and defined the shattering temperature as the tempe ra-
ture at which the superheat was sufficient to cause such thorough nucleation in

the liquid column that the core was essentially of zero length. Ostrowski also

observed a significant effect of roughness on the shattering temperature, with
increasing roughness causing a decrease in the shattering temperature. This fea-
ture of the behavior is in agreement with the idea that sudden acceleration has

30
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Fig. 3-1. Schematic of a steam-water jet.
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i. the'effect of lowering the maximum attainable superheat in a metastable liquid, !

since the effects of acceleration should be augmented for a rough orifice.'

There are two other significant. features of the flashing jet data relevant I
,

to the present study. The first is the general observation that.at a temperature
slightly lower than the shattering temperature at a given velocity, an intermit-

| tency between a non-flashing and an explosively flashing (shattering) behavior :

persists.0'3 ' The second is that at temperatures well below the shattering

| temperature, but still high enough to create a superheated liquid column, the jet
I

breakup appears to be purely hydrodynamic in nature. That is to say, nucleation
does not-occur. The consequences of the intermittency for SGTR may be the fol-
' lowing. The intermittent flashing jet may well be accompanied by an intermittent s

thrust causing a fluid-structure interaction to develop. This interaction would

| be manifested as a sort of pipe-whip. If the foregoing acceleration-influenced
i

nucleation hypothesis is correct, this pipe-whip (or vibration) may cause a fur-,

ther decrease in the attainable superheat, making flashing even more predominant.
The consequences of the non-flashing jet for SGTR accidents are that the

,

'

droplets formed by aerodynamic atomization may be significantly different in size
'

from those formed by a flashing jet. Since the possibility of both a flashing
; jet and a non-flashing jet exists in SGTR, a systematic study of droplet forma-
I ' tion is needed. The next task is to examine the process of droplet formation in

a variety of circumstances. Immediately upon exit from the tube, the jet under-1

goes primary fragmentation due to surface instabilities excited by the roughness
1

of the exit. There are essentially three mechanisms by which the primary frag-
ments can be reduced to a spray of droplets. They are aerodynamic atomization.22
boiling breakup, and collisional fragmentation.53 In the case of no nuclea-
tion, aerodynamic atomization will take place. Although the details of aerody-
namic stomization are quite complicated, there exists a large body of experiment-
al data, which is useful for performing a scoping analysis. Such an analysis is;

I performed in the following section. When nucleation does take place, then " boil-
! ing breakup".will occur. Boiling breakup is the process of liquid fragmentation

resulting from the growth of a bubble in the interior of the liquid. An analysis
i
; of this process and the resulting droplet size scale are contained in Sec. III-D.

Collisional fragmentation is the atomization mechanism arising from the in-<

{ pact of fluid fragments with one another or with surrounding structure. An anal-
; ysis of this mechanism of droplet formation is given in Sec. III-E.
I

I

i
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C. ~ Aerodynamic' Atomization.

: Aerodynamic atomization is-of industrial importance in many areas; for exam-
ple, liquid fuel combustion, spray drying and dispersion of pesticides all re-

quire the reduction of a liquid jet to a fine spray. Because of this, a great

deal of experimental and theoretical research has been focused on the subject

over the past century. This section cannot approach a complete review of' the

j relevant knowledge because of the massive amount of the available asterial.

| Therefore only essential and relevant data will be presented and discussed in re-
.

' lation to the current problem of SGTR.

i Aerodynamic stomination is the disintegration process by which a balance is
e

approached between the cohesive force of surface tension and the disruptive force

: due to shearing at the droplet. surface created by motion of the droplet relative

to its surrounding fluid.22 If~the medium surrounding the droplet is a gas, one
j

may express the force balance,using the droplet in a gas. Then one may express
4

j the force balance using a droplet Weber number N given by.
d

!

! 2
I E "rdg

!
*

d o

4

where pg is the surrounding gas density, u, is the local droplet velocity rela-
2 tive to the local gas velocity, d is the droplet size scale and o is the surface

tension at the liquid-gas interface. Experiments have shown that there is a
.,

critical value of N called the critical Weber number N , such that for Nd>d c

| the-droplet will undergo a deformation that will eventually cause the droplet to

fragment.22 Thus
i
L

Nd<N (3~3)c

i

is called the Weber number criterion for droplet stability. For Nd<N thee
droplet any deform and even oscillate but it will not rupture.22 Experiments and

[ theory both have shown that the value of N depends on the viscosity of the de-
*

c forming droplet and the acceleration of the droplet relative to the gas.20,21,

j Typically N, increases with increasing viscosity and decreases with increasing
: acceleration.

[- Of particular relevance to this study is the rate at which the condition

Nd < N, is approached. This is because the disintegrating jet can typically
33



' travel only a very short distance before impacting the outer wall of another tube

neighboring the ruptured tube. The extent of this distance is about two tube di-

3
aseters.' At an exit velocity of 5 x 10 ca/s the approximate, typical transit

time from rupture exit to impact is 8 x 10 ' s. Thus any atomization process-
~

other than splashing on adjacent tubes must act in less than a millisecond, or
else splashing itself may be the important breakup process.

Whereas aerodynamic stomization has been studied extensively, most of the
detailed experimental work has been performed with very smooth-walled ' nozzles or
smooth-walled orifices. When a steam generator tube ruptures, the resulting flow

,

opening has a surface of fractured metal, which is rough compared to a finely
machined orifice. It is well known that a non-flashing liquid jet issuing from a

smooth opening can travel many hundreds of jet diameters before disintegration.33
It is perhaps less well known, however, that a liquid jet issuing at the same
speed from a very rough aperture will disintegrate essentially immediately.37
Since there is not a great deal of experimental data for rough-aperture dis- ,

charges, a model of aerodynamic stomization for this circumstance is developed
here.

Development'of the model begins with the assumption of an initial jet break-
up, very close to the flow opening, due to the roughness of the opening. The

scale of the liquid fragments is taken to be about ten percent of the size scale

of the flow opening itself. This is consistent with observations.37' It is

also consistent with the approximate size scale of. the turbulence in the liquid.
This initial fragment size does not typically satisfy-Eq. (3-3) so that further

'

,

atomization will take place.

| -To estimate the droplet size as a function of time past initial breakup two

things are needed. The first is an estimate of the time needed to breakup, for a

droplet of a given size with a given relative velocity. The second is the change >

in relative velocity over the estimated breakup time. With these, one can com-
I pute d(t) by assuming, for example, that each droplet breaks into n smaller onesg

of-equal size, each of which breaks into n even smaller ones until the condition
2

; ,, < ,, is saus,1ed.
A relation for u,(t) may be estimated by the solution to the force-accelera-'

'

f tion equation for a spherical droplet.
.

3({ d ) , ,, ,,[, ) ,

i
'
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1, s
where p is the liquid density, c is the; drag coefficient and the absolute ve-g d

locity of the surrounding gas has been assumed constaat during an individual
fragmentation event, though it is certainly not constant over the whole course of

the aerodynamic stomization. The non-dimensional solution is

u l -1'

3pJL Y t+1 (3-4)
u
Y'

= Yp -du,,
-

g

t

where u,, = u,(0) and in which a drag coefficient of 2.0 has been used. Hence
the rate at which the droplet velocity equilibrates to the gas velocity varies

directly with d and inversely with uro'_

'

An estimate of the breakup time tg. can be obtained by calculating the defor-
nation velocity v and solving

a

bf=f v dt .

o-

Here it has been assumed that the deformation taking place is the flattening of a'

sphere and that rupture occurs when its minor axis diameter is d/2. The velocity
v is then the velocity of the sphere surface relative to its center of gravity

and may be estimated at least . semi-quantitatively from
'

,

(sd ) -f1({d)p =(fd)
*

u -

y 2
i
t

! where
|

|

f=fN

suet be taken to agree with the' Weber number criterion.

The solution of v(t) is;

:

I

("ro ~ "r 2
#" ~

;
|

|
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which gives an estimate of t as
b

[3 -)-1/2
c)-1/2

a
I [Nt (3-5)b " (Y pd)

~

2 do ,

g

where N is the initial Weber number.do
Now d(t) may be estimated by specifying values for dg and u,,. Given these,

one may proceed as follows to obtain d(t). Starting with d = d one can computeg

t fr m Eq. (3-5). Then with t = t Eq. (3-4) will give the change in relativeb b
velocity over the time t . Now with d = d (n ) I/3 and the new value of relative~

b g g
velocity given by u = u (U ) the process can be reiterated for new values of tr b b

and u (tb) etc., until the condition Nd<N is satisfied. The solution is nowr
*

seen to depend on d uro, and n . As already discussed, d can be taken asg g

dg = 0.lD, for a rough opening, where D, is the size of the flow opening. If the

vapor into which the jet is injected is quiescent and any effect of entrainment

is neglected, then u is approximated by the liquid velocity at the exit. Thero
number of fragments resulting from a breakup event j, say n , depends on N * *~

3 d
periments have shown that any liquid droplet suddenly introduced to a moving gas

20, will begin to deform.22 The deformation beginsstream, such that Ne< d
as a flattening of the droplet with the largest cross-section oriented normal to
the gas flow. Eventually the flat shape " inverts" so as to form a bag or para-
chute-shaped object with the opening of the bag facing upstream. The rim of the
bag is seen to contain the major part of the liquid mass since the part forming
the bag is a thin film of liquid. Eventually the tag bursts and the thin film

.isptures into a spray of tiny droplets and the more massive rim breaks into about

ifive to ten droplets.24,M For Nd > 20, a much different type of disintegration-

process is observed. In this case a spray of tiny drops is stripped away from
the surface of the drop before any deformation of the bag type can take
place. In this case the number of droplets produced from the disintegration'

event is typically around 50. Hinze points out that chere is a gradual transi-

tion between these two types of single-droplet disintegration events as N
d

varies.22 To account for this variation in disintegration type a linear varia-
tion has been selected for the calculations reported here. It has the form

36
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(N -N)
l50 (3-6)n).= 5 +1(20-Ng

i

and is limited to a maximum value of 50.'

The only remaining item to be specified before the calculations can be per-

formed is the critical Weber number N . The experimental data of Lane are par-

ticularly useful for this purpose. Iane obtained the critical Weber number for
water droplets under " steady" and " transient" conditions. For the steady N 'c
drops of water were introduced into the steady flow of air in a wind tunnel. For

the transient N , stationary droplets were subjected to the sudden blast of ac
shock wave in air. Lane's key observation was that in the steady flow case, N

was constant and had a value of about 9; in the transient flow case N was shown

to decrease roughly linearly with the velocity of the air behind the shock
wave.27 The latter behavior is to be expected according to the early linear

45analysis of Hinze.20,21 The later nonlinear analysis of Simpkins places even

more weight on the experimental findings of Lane.
For the purpose of this study, a simple expression for N can be obtainede

from dimensional analysis. Suppose that the " stripping" disintegration mode is
,

predominant under the transient conditions expected in a liquid jet. Then to be'

significant, the shear force at the surface of liquid fragments would be ex-
pected. The competition between the shearing force and surface tension force can

be expressed by the number N, where

vp ug
N =

,

where v is the kinematic viscosity of the liquid and the characteristic length

scales for the velocity gradient and the droplet size are considered equal.

Since aerodynamic pressure forces are still important, one would expect the prod-
uct N N to be roughly constant. This quantity is computed using Lane's data and
listed in Table III-2. In this table u is the relative velocity under transient-

conditions below which disintegration does not take place. The product NN has

an average- value of 1.1 with a standard deviation of 26% of the mean for Lane's

data. Since the number N N depends on the cube of the velocity, and'since Lane
' expressed a degree of uncertainty in measuring u, this deviation can be consid-

ered well within the experimental error.
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, . _ _ _ - - - . _ .



_ _ _ _ _ _ _ _ _ _ _ _ - _ ___ -____ _ ___-___-______ ____-_________________

TABLE III-2

CALCULATION OF N N USING 11IE DATA 0F LANE FOR WATER DROPLETS IN AIRcu

d(cm) u(cm/s) N NNc cu

0.4 1200 8.23 1.41

0.3 1210 6.28 1.09
0.2 1260 4.54 0.82
0.1 1600 3.66 0.84
0.05 2400 4.10 1.41

For the purpose of testing .the foregoing simple atomization model, calcula-
tions were performed for the experimental configuration of Nagaosa et al.
These workers injected water through a 0.071 cm diameter orifice into air at var-
ious relative flow speeds. Table III-3 compares the computed size with the meas-
ured mean drop size for four flow speeds. Since the experiments used a carefully

machined orifice, d was chosen somewhat arbitrarily as 0.035 cm rather thang

0.0071 as expected froa a rough flow aperture. The remaining parameters.used for
2

these calculations are v = 0.01 cm /s, NN 1.1, o = 71 dynes /cm, p= =
g

~

1.0 g/cm and p = 1.0 x 10 g /cm . Computer printouts of these calculationsg
are listed in Appendix B. Clearly the computed values for droplet scale given in
Table III-3 are within about 20% of the measured values for mean droplet size.

The next step is to compute the expected size scale and time scale for atom-

ization under typical, non-flashing SGTR conditions. For this purpose, the fol-
lowing typical conditions were selected: exit velocity u = 1. 0 x 10 cm/s; size

ro

TABLE III-3

COMPARISON OF COMPUTED DROPLET SCALE WITH THE MEASUREMENTS OF NACAOSA ET AL.

Measured Droplet Computed Droplet Atomization
u (cm/s) Scale (cm) Scale (cm) Time (s)

-3
3.6 x 10 6. 5 x 10 8.1 x 10' 9. 4 x 10~

3.9 x 10 5.6 x 10~
~

4.8 x 10~7.1 x 10

-3 -3 -44.6 x 10 5.8 x 10 5.7 x 10 3.1 x 10

-3 -3 -04.9 x.10 4.3 x 10 5.2 x 10 2. 8 x 10

38
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-3 2
scale d = 0.1 and 1.0 cm, liquid kinematic viscosity v = 1.0 x 10 cm /s, exit

g
3 3

liquid density p = 0.69 g/cm , ambient gas density p = 0.055 g/cm and N N =
g

1.1. Of the results for the two initial size scales exhibited in Table III-4, we

think that the results for d = 0.1 cm are more typical of SGTR conditions. Noteg

that the final equilibrium size is fairly insensitive to the magnitude of d .

The results of Table III-4 show, to the extent that one can believe the

crude aerodynamic atomization model presented here, that a size scale close to a

micron in magnitude can be produced by aerodynamic atomization in the available
transient time between the rupture opening and any surrounding structure. The

reason for this is that during the atomization process, N is much greater than
d

N meaning that the droplet stripping mode of disintegration is predominant.
c

This mode is known to produce a finer spray than the bag disintegration mode,22 a

fact that is reflected in the results. Another important reason for the small

size scale at SGTR conditions. is that the surface tension is only 12 dynes /cm

compared to 71 dynes /cm at atmospheric pressure.
Brown and York measured a mean droplet size of 8.9 x 10 cm for a flashing

water jet. issuing from a 0.1 cm sharp-edged orifice at 414 K from a vessel at 8.2
bar (assumed to be a gauge pressure). The corresponding exit velocity for these

3experimental conditions was 2.38 x 10 cm/s. Assuming d = 0.05, the foregoingg
-2model for aerodynamic atomization gives a droplet size scale of 1.9 x 10 c,,

about two orders of magnitude larger than the measured size. As expected then,

there must be an alternative mechanism producing the much smaller droplets in a

flashing jet. " Boiling breakup" is one such mechanism and is the subject of the
next section.

D. Boiling Breakup

The concept of " boiling breakup" as an important atomization mechanism was
introduced by Crowe and Comfort. The basic idea is that a superheated droplet

TABLE III-4

CGtPITTED SIZE SCALE AND ATOMIZATION TIMES FOR SGTR CONDITIONS

dg (cm)- Size Scale (cm) Time Scale (s)

0.1 1.5 x 10 4.5 x 10

1.0 4.0 x 10~ 4. 5 x 10
,
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will eventually begin boiling at points. internal to the droplet. (Note that ho-
mogeneous nucleation is necessary for this to happen.) Any vapor formed inter-

nally will.then have the tendency to disrupt and rupture the droplet. The smal-
~

ler' droplets formed from this rupture process will also be subjected to internal
| boiling, provided they.are still superheated. Thus a cascading rupture process

proceeds until a pressure jump condition due to surface tension at the droplet
curface is satisfied. This jump condition is expressed by Crowe and Comfort as

( +p)>p,(T) (3-7)o

,

where p,is the pressure external to the droplet and p,(T) is the saturationj

. pressure at the droplet temperature T.
' Just as for aerodynamic breakup, the dynamics of the boiling breakup process

can be examined with the aid of calculations for a set of idealized circum-
etances. Consider for this purpose a spherical liquid droplet with mean tempera-

ture T, greater than the external saturation temperature T,(p,) of its vapor at.

pressure pg. This droplet, having been formed in the initial breakup process,
must have a surface temperature of-essentially T,. Since T, > T, thne will be a

| radial temperature distribution in the droplet established through thermal dif fu- :

i; cion which' varies with time, but nonetheless always has its maximum at the drop-

i let center. Because. the probability of homogeneous nucleation occurring in-
creases with temperature, the most likely thing to happen is that a single vapor.

bubble will begin to grow at the droplet center. The vapor formed at the droplet

center will be at a pressure p corresponding to a temperature greater than T, so
'

that.p > p,, causing the bubble and therefore the droplet to expand. Assuming
the bubble growth limiting process to be the inertia of the spherical liquid an-

I nulus surrounding the vapor bubble at the droplet center, the following system of
t

|- dynamical' equations may be written:

f
'

=u

u

x h = (p p.)A - (h Ae

aeh=- (T-T,)-Lhg

40
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d'

da dp = g (p,V,),

V,=hz(r - r,)
' [3-8(a-f)]y + a = m,m .

Here r(t) 'is the outer radius of the expanding droplet, u(t) is the velocity with<

which it expands, m (t) is the remaining liquid mass, a(t) is the mass cf vapory

formed in the' bubble, V,(t) is the volume of the internal bubble, A(t) =-

4s(r/2) , p,(t) is the vapor density in the bubble, r, is the constant starting
radius, and a is the constant mass of the droplet-bubble system. The small

fractional variation in m has been ignored on the left hand side of Eqs. (3-8b)y
and (3-8c) and in Eq. (3-8e) in the derivation of the preceeding equations. Also

the constants k, e, L, and c , are the thermal conductivity of water, heat capac-p
ity of water, latent heat of evaporation of water, and constant pressure specific

heat of the steam. Equations [3-8(a and b)] express the radial motion of the
,

liquid, Eq. (3-8c) is an energy equation for the liquid and Eqs. [3-8(d-f)] are

supplementary. Closure can be obtained by using the best-fit expressions for.

40Steam Table data
.

1

U
2 6h .2

x 10p=

e , = 9.5875 x 100 (1.0 64 .3p

*~"~p, = 0.3 T
*

ps

By'specifying values for the constants, in addition to an initial value for the

liquid Ltemperature, the system given by Eqs. (3-8) and (3-9) can be integrated

numerically. The numerical procedure is described in Appendix C.

To obtain results with this, an assumption as to the volume at which the

droplet will rupture must be made. For the purposes of this scoping analysis,

rupture is assumed to occur when the droplet-bubble system has doubled its origi-

41
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nel volume. Then the bubble radius will equal the starting radius of the drop-

.let. Furthermore, a cascading rupture calculation (similar to that which was

performed in the previous section on aerodynamic atomization) can be made by com-
'puting the likely number of droplets to arise from the rupture n. The time to

reach an equilibrium size will then be simply the total. time needed to rupture a
cet of increasingly small droplet 6 by internal bubble growth.

The number of droplets to result from a disintegration event n can be esti-

mated by realizing that the interface between the internal bubble and the droplet
24

.will be Rayleigh-Taylor unstable. Ishii gives the predominant wave length of

this instability A ,as

*
a a(p p)

y

where a is the magnitude of the acceleration of the interface. If.the initial

droplet size is d , then the size of the internal bubble at rupture will be d .

The number of resulting droplets can be estimated by the number of predominant

wave lengths that will fit. into d . For this we select an area-ratio basis.

Heace,

xd d
A=d (3-10)

~

n
J 2 4x a(p -p)

x y
a

<

where a can be taken as the average of r(t) during the expansion process. The

droplet. size resulting from disintegration event j is then

d +1 =dnj jj

and so on.

The results of calculations using the cascading boiling breakup model just

described are given in Table III-5 together with the results of aerodynamic

breakup calculations. Computer printouts for these calculations are listed in

Appendix C. Four sets of conditions were computed, one each for the experimental
5

conditions of Brown and York and those of Alger and Geidt, as well as results

42
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TABLE III-5

CEBtFARIS0It OF ATONIZATICIt' CALCULATI0llS
_

Aerodynamic Boiling Breakup Measured

| | Cond'itions - .d (cm) -d,(cm) ~ t,(s) d, (cm) -- t (s) Size (cm)'

gg

Brown"& York-- '(a ) 2 x 10 ' 7 x 10 9 x 10
-6 -5-~

' ,

' ~ -2 -4T1-=.414 K. :0.01 ~ 2 x 10 7x 10
o

ic
-5

'AT, = 41-K' O.10 3 x 10 2 x 10

~Alger & Geidt
.

-5' ~

T = 443 K, 0.06- -(b) l'x 10" 1 x 10 2 x 10
o -'

-AT, = 66'_K-' 0.10 (b) 1 x 10 2 x 10"
-

_

'SGTR-

.

-5 -6T ' = 590 K .0.1 2 x 10 5 x 10 4 x 10~ 9 x 10 _

o

-4 -4 -4 -5
. AT, = 31 K ~1.0 4 x 10 '5 x 10 8 x 10 9 x 10

,

.T := 580 K- 0.1 2 x 10" ' 5 x 10 ' 'l x 10" 1 x 10 '~

- ~

.o,

-5 ~

AT, ='21 K 1. 0 - 4 x 10 - 5 x ' 10 4 x 10" l ' x ' 10
~

,

'

' -5
T,=.562 K~ 0.1 2 x 10" 5 x 10 g) ,

-

-5~'

AT~ = 2 K 1.0 4 x'10 5 x 10 (,)
s

:p ^

.

(a) ~ - Droplets initially smaller than the -equilibritun size.
*

-

1(b)i An initial relative' velocity could not be determined from the description of<

the experiment..

s
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for three sets of SGTR conditions. Because of the order-of-magnitude analysis

employed, the results are reported using only one significant figure. It is

clear that agreement is good within a factor of about three with measurements in

widely disparate experimental circumstances. The droplet size data of Brown and

York were obtained for a flashing jet issuing from an orifice. The size data of

Alger and Geidt were taken in the steam-water mixture emerging from a converging-

diverging channel, into which flowed a very low quality (0 - 0.987) saturated
,

steam-water mixture.

The key feature of the calculations shown in Table III-5 is that for each of

the SGTR conditions computed, the smallest equilibrium droplet size d, is ob-
tained with the aerodynamic (non-flashing) atomization mode. In fact, for the

case of AT, = 2 K, the d, due to aerodynamic forces is two to three orders of
magnitude smaller than that due to boiling breakup. This result can be under-

stood on the basis of the physical mechanisms being modeled. First, it is clear

from Table III-5 that d, decreases with increasing superheat as expected. How-

ever there also seems to be a tendency toward larger d at the higher pressure of

SGTR conditions. This tendency was confirmed by a series of calculations for

p = 1 bar and p, = 70 bar at varying AT,. The result is given in Fig. 3-2. Fore

both external pressures d, varies inversely with AT , but d is generally greaters e

for the higher external saturation pressure condition. The reason for this is

that the lower surface tension at the high pressure (and therefore temperature)

causes droplets to disintegrate into many more fragments than at equivalent AT,
at lower external saturation pressures. The early creation of small droplets

means that the droplets can lose their superheat through heat conduction at a

more rapid rate. This effect terminates the boiling breakup process earlier than

would be the case at lower external pressures.

The main point of significance here is that whereas boiling breakup can be

an important atomizing mechar. ism at low external pressures, it may not be the

dominant mechanism at SGTR pressures. However an alternative perspective on

boiling breakup can be envisioned which may reverse this finding. In the boiling

breakup model just described, an initial disintegration of the metastable liquid

water column has been assumed to occur due to roughness of the rupture opening.

One can imagine that if the metastable liquid were to undergo a more-or-less un-

iform homogeneous nucleation, even prior to an initial breakup, the equilibrium
droplet size could be attained in a single step. This could be so if the number

of nucleation sites were large, since the scale of droplet size resulting from

44
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Fig. 3-2. d vs AT for boiling breakup model under SGTR conditions.
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-I/3the .close-packing' of many bubbles is given roughly by N where N is the number

. density of ~ nucleation ' sites. For. homogeneous nucleation, values of N of
' 12 -3 40,42,46,50 -4

10 -cm are not uncommon so that an initial scale of 10 cm result-

ing from the: explosive disintegration of the meta-state liquid could be realized. .
~

Hence boi1ing breakup may or may not play a diminutive role in atomization

at SGTR conditions; nonetheless if the primary fluid exits with the expected ve-
4':locity. ( -10 em/s), then a'erodynamic disintegration could very well produce

droplets of about one_ micron in size. As seen in the previous section the aero-

' dynamic dis!.ntegration criteria N depends on the square of the relative veloci-
4ty._.Hence.an actual exit velocity somewhat smaller than 10 cm/s could produce a

much larger droplet size scale. For this reason the potential of further frag-

: mentation due to collisional processes should Se addressed. This is the subject

' of the next section.

:E.. Collisional Fragmentation-

There.are two main ways in which collisional fragmentation can occur. The

first is as a result of .the encounter of one droplet with another, and the second

is '>y the encounter _ af a droplet with a rigid surface such as a steam generator,

tube. In either case the encounter may be a direct collision or a near colli -

sion.- In the event of a near collision, a force 'is nonetheless exerted on a

droplet from the obstacle -(other droplet or rigid surface) through the interven-
'

ing fluid as the droplet . trajectory is deflected.

For: both- cases of collisional fragmentation, a lower limit on the droplet

size resulting from direct collisions can easily be obtained as follows. Consid-

er the case in which all of the kinetic. energy of the motion of a droplet of size

d relative to the obstacle is converted to potential energy of surface tension.g

-If the encounter is.a direct droplet-droplet collision, then this corresponds to

two droplets; colliding with relative velocity _ uj and fragme tting into many little
droplets with zero velocity relative to one another. If the encounter is with a

siolid surface,.the case under consideration corresponds to a droplet impacting
<the surface, coming to a complete rest on the surface and breaking, with all sub-
. sequent little droplets remaining at rest. The. result of the energy balance in

this case is found to be independent- of d , and can be expressed as
1
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where d'is the fragmented droplet size.

To estimate d arising from a droplet-droplet collision the relevant u must

be estimated. Tsuji and Morikawa have measured the magnitude of the turbulent

fluctuations in velocity for solid particles in turbulent air. They find that
I the' fluctuating part of the velocity is roughly 10% of the mean particle veloci-
!

'ty. Since collisions can be expected to occur as a result of turbulent fluctua-

tions, as well as a result of droplets streaming past one another due to a spec -

trum in droplet sizes (and therefore a spectrum in droplet velocities), this will

serve as at least one estimate. The result for SGTR conditions, assuming a mean

;_ droplet speed equal to the speed of the liquid column of the jet, is a droplet

size of 2 x 10~' cm. (At SCTR conditions, p - 0.7 g/cm and o - 12.5 dynes /ca.)3'

g
If on the other hand droplet streaming produces the important relative ve-

locity, another estimate can be made. The velocity of the droplets will in gen-

eral depend on_their size, so that the mean relative velocity will depend on the

breadth of'the size distribution function. The nature of the size distribution

i function will depend heavily on the dominant atomization mechanism. For example,
12

if uniform nucleation at'10 - sites per cubic centimeter occurs, a relatively

sharp distribution in size may be expected. However, if aerodynamic atomization
!

were to dominate, then a rather broad distribution could be expected. Without

delving into the matter further, one could suppose the relative velocity for a

! collection of droplets with a wide size range to be somewhat greater than the

relative velocity due to purely turbulent fluctuations. The tendency would be to

_ produce collision fragments somewhat smaller than 2 x 10 ' cm.~

In the case of droplet-tube collisions, the droplets that manage to impact a

neighboring tube or other structure will do so with whatever is their current

t absolute velocity. From the aerodynamic atomization calculations, this was seen
3to be. typically about 2 x 10 cm/s at times comparable to the rupture-to-tube

-5transit time. This gives a size scale of 5 x 10 cm.

These estimates all produce sizes comparable to, or smaller than anything to

be~ expected from either the' aerodynamic or boiling breakup mechanisms discussed

|previously. The estimates are also very evnservative in that they represent a

lower bound on that which can be expected in reality. This is due to the
assumptions of direct collisions, total conversion of kinetic energy to surface
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cnergy, and the nature of the relative velocity estimates. The estimates show,

f _ however, that the important collisional fragmentation processes for further study

are encounters between drops of differing size (and therefore differing velocity)

end encounters of drops with solid structure.<

What remains to be done now is to refine the estimates of d resulting from

collisional fragmentation. The actual splashing process is characterized by a
45,53

very complex redistribution of the incoming kinetic energy of a droplet.

' This kinetic energy is-shared among the energy of surface tension of a set of

smaller fragments together with their total kinetic energy leaving the encounter

- and any added dissipative heat produced from deformation during actual breakup.

A thorough study of the sort needed to obtain a secure picture of the splashing

process would be very extensive. This is especially so when the splashing may be

for a liquid on a very hot surface, as in the near rupture region in SGTR acci-

dents. 'Also, there is a significant indication that drops on the 10 ' em size-

1

scale may result purely from atomization. Therefore the results of the bounding

calculations for collisional fragmentation performed in this section will be lef t

; to stand as the conclusions of this 'part of the investigations until the necessi-

ty for additional detail is indicated by subsequent parts of the overall study.

F. Drop Size Distributions

This section serves to indicate the factors determining the nature of the

; _ droplet size distribution function within the context of the foregoing' analysis.-

It has been shown that the droplet size produced by cascading boiling break--

up depends mainly on the initial temperature difference of the discharged liquid

above that.of the ambient. The mean temperature of the discharge and its spatial
I

cr volume distribution will depend on the rupture location. In general there

! will be two streams of primary fluid arriving at the rupture site, one from the

hot-side plenum and another from the cold-side plenum. These plenums are at dif-,

ferent temperatures, pressures and flow distances from the rupture site, and

therefore they will supply discharge fluid just before the exit at two dif ferent

velocities and temperatures. Because the exit region is very _ short, little mix-

ing of :these two streams can be accomplished prior to their leaving the pipe and

|. forming the flashing jet. Hence the temperature distribution will be essentially

bimodal with the amount of fluid in each mode determined by the velocities of the

two streams arriving at the tube exit. A method for determining these two flow

l speeds, based on the. Darcy-Weisbach equation and an assumed exit impedance, is
a

given in Appendix D. With these velocities, the temperatures of the joining'

: streams can be computed .using the results of Sec. II.

48 ~
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The bimodal distribution in droplet size, formed by boiling breakup of the

liquid column with a bimodal temperature distribution, will then be subject to

attaining a distribution in droplet velocities. This is because the velocity of

the smaller droplets will tend to the surrounding gas velocity more strongly than

will the velocity of the larger ones. This velocity distribution will in turn be

altered as' the droplets are subjected to collisional fragmentation.

If the dominant atomization mechanism is aerodynamic disintegration, as ex-

-pected from the results of Sec. III-C, then the distribution in droplet size may

be determined from existing experimental correlations. For this purpose, results

*of studies such as that of Mugele and Evans can be employed.

With these results the study must now turn to questions of how the flashing

liquid jet disintegrates under submerged conditions. This is the subject of the

next sectica.

G. Flashing Jet Under Submerged Conditions

The computerized literature survey conducted for this study, on the subject

.of flashing submerged jets, indicated no reference to activity since 1970 for the

data bases searched. Subsequent word-of-mouth probing around the current multi-

phase flow community showed that apparently no definitive experimental or theo-

retical work has been done in the case of sustained flashing of a superheated

liquid jet injected into a subcooled liquid.

The only potentially relevant material to emerge from these searches of the

literature concerns the injection of a gas into a liquid, a practice followed

frequently in metal refining. In this connection Oryall and Brimacombe and

Themelis et al. each conducted flow studies in which air was injected into

water for the purpose of studying the physical behavior of the jet. The general

behavior is as follows.

Immediately upon leaving the injection point, a frothy mixture of small bub-

i bles (about the size scale of the flow opening) and water forms a diverging jet.

If the injection is horizontal, the jet remains generally horizontal as it di-

verges with an angle of about 20 degrees. Gradually the directed motion of the

jet is slowed to the point where buoyancy forces dominate and the jet turns as a

whole until it rises vertically as a two-phase plume. The 20 degree divergence

angle is approximately constant with increasing injection speed due to the in-

creasing effect of turbulent mixing with increasing velocity, just as in a

| single-phase jet. 30,36,51

1
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The question here is whether or not a flashing superheated liquid jet will

give rise to a similar sort of behavior when injected into its own subcooled lig-

uid, as may be the case for primary fluid discharge for the greatest. share of a

SGTR accident. The tentative answer is that the flashing jet will behave in a

generally similar manner forming a frothy mixture of small steam bubbles in

water. The primary rationale behind this conclusion lies in the idea that the

submerged flashing jet will likely exhibit an intermittency. The natural inter-
,

. mittency of a flashing jet will probably be aggravated by vibrations and pipe

whip in the ruptured tube resulting from interaction of the two phase jet with

surrounding tubes and steam generator structure. This intermittency of the in-

jection means that surrounding liquid will be alternately pushed away from and

flooding into the immediate region of the tube rupture. The attendant instabili-
,

.ty of the low-density steam accelerating the high-density water gives plenty of

. opportunity for bubble formation. The frequency of oscillations in this system
.

is expected to be high because of the relatively rigid support of steam generator

tubes. This high frequency should be accompanied by a correspondingly small

scale in bubble size.

The relevance of the foregoing thinking is that the existence of the froth,

rather than a large vapor space surrounding the rupture site, may preclude'

any formation of tiny primary fluid droplets. Alternatively, if droplet

formation is somehow achieved, any droplets in the small bubbles may impact the

walls of the bubble and mix with the secondary side water with such completeness

that essentially no primary fluid will reside in tiny droplets. The reason for

this is that a bubble is slowed by the surrounding water much more rapidly than a

droplet inside a bubble can conform to changes in the bubble speed.

In SGTR accidents in which the steam generator fills with water, the likeli-

hood of the rupture site becoming submerged very early in the transient is high.

For such cases it may become exceedingly difficult for primary fluid to escape

the steam generator in the form of tiny droplets during times of ARV opening.

It should be heavily emphasized that this possibility is only suggested by a

set of qualitative arguments based on the idea that a submerged flashing jet will

have a behavior similar to a gas jet injected into a liquid. The potential im-

portance of this mechanism in insuring against radioactivity release in SGTR ac-

cidents' suggests that a fundamental set of experiments should be conducted to
qualify or dispute the foregoing ideas.
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IV. FLOW THROUGH THE TURE BUNDLE 10 THE SEPARATOR REGION

In the previous sections, the potentiality of producing droplets of primary

fluid on the scale of 10~ cm in the damaged steam generator has been examined.
The findings of these studies are most conclusive in the case of SGTR accidents

in_ which the tube rupture location and the state of the steam generator environ-

ment are such that primary discharge takes place into a vapor-filled space. In
-

such cases, the bulk of the discharged primary fluid is expected to be in drop-

letsion the size scale of 10~ In the more likely event that accident condi-cm.

tions are such that the primary discharge enters a liquid-filled steam generator

space the findings are inconclusive. Further judgement on this facet of SGTR nc-

cidents must await results from the important experiments currently under way at

Northwestern University and conducted by Bankoff. Prior to the availability of

these new data, it is nonetheless possible and appropriate to speculate on what

may be found.

The Bankoff experiments are designed to simulate the main hydrodynamic fea-

ture of SCTR transport phenomena. The scheme is to flow a well-defined steam-

water. mixture through a vertical conduit containing a set of axially oriented

rods. This is to represent a small segment of the steam-generator tube bundle.

The quality and flow speed of the upward-moving steam-water mixture can be varied

so as - to simulate a wide variety of steam generator conditions, both before and

after reactor scram.

The simulated injection of primary fluid takes place through an orifice lo-

- cated in the side of the conduit and fed by a tube connected to a high-pressure

vessel containing the hot primary fluid. The pressures are in general much lower

than prototypical pressures, but are scaled in such a way as to maintain mass

flux similarity. A tracer system is emp?.oyed that enables a mass balance to be

performed, after having collected the mixture leaving the conduit and measuring

that which remains in the conduit af ter allowing the system to flow for a period

-of time. This provides a measure of how much the net upward flux of primary

fluid in liquid form is diminished in a unit length of the steam-generator tube

bundle.

Of key importance in these-experiments is the ability to inject the primary

fluid into either pure vapor or pure liquid spaces of the conduit.

On the basis of the analysis and discussion of the previous sections, the

following speculations can be made concerning distribution of primary fluid in

these future experiments. For discharge into a vapor space one can expect essen-
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-4tially all of - the primary fluid to escape the conduit. This is because 10 cm

- droplets can be expected to follow the streamlines of the steam flow with essen-

tielly perfect fidelity. It should be noted however, that for production of pro-
,

totypical-sized droplets the quantity

i
,

'
2

pud-
g,

'!| c
,

must be prototypical. Here u is the primary exit speed through an orifice of

size D. If a steam generator pressure significantly lower than 70 bar is used,

then the surface tension of the simulated primary fluid may have to be artifici-

_ ally altered so as to maintain this similarity.

. For discharge into a pure liquid space, the far-reaching speculation is that

little or no primary fluid will escape the conduit. In this cas.e total " washing

out" of any primary fluid droplets may occur. The only potential for droplet
i
*

formation will be at the surface of the pool where droplet formation due to

bursting bubbles during pool boiling may occur. Since the velocity of vapor

leaving a boiling pool surface is much smaller than that at the discharge ori-

fice, considerably larger droplets are likely to form in this case. In addition

,

the concentration of primary fluid in any such droplets will be diluted due to
1prior mixing with secondary fluid. The large size and low concentration of pri-

i mary fluid in these drops both work toward decreasing the amount of primary lig-

i- cid capable of escaping the simulated steam generator section. If the liquid

level is very far below 'the top of the conduit where the steam exits,- then it is

possible that essentially no liquid mass can leave the conduit. Again it is in-

portant to realize,' however, that surface tension is an important property in de-

termination of droplet size in pool-boiling too. Hence similarity of important
~

non-dimensional quantities is essential in these experiments.

l~ V. EELEVANCE 10 OTHER SGTR STUDIES AND REC 0tetENDATIONS

A number of points have emerged in the course of this study that are con-

nected in some way to other SGTR research programs. In some cases the results of

the foregoing analysis will influence other studies and vice versa. This section

-is a catalog of these related areas.

j First, regarding best-estimate system calculations, it was seen in Sec.

III-B that a small difference in temperature of the primary fluid culd mean the
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difference between flashing and non-flashing at the rupture site. Since the un-

certain formation of a large vapor space under submerged discharge conditions de-

pends on flashing at the rupture site, an accurate knowledge of this temperature

is needed.

On the question of flow rate limiting mechanism, it should be emphasized

that whether or not critical flow occurs is highly dependent on the rupture geom-

etry. It has been shown that if the rupture occurs as an axial tube slit whose

area is smaller than the tube cross section, critical flow is unlikely. If, how-

ever, the rupture configuration is such that an internal flow distance of at

least one or two tube diameters is available downstream of the point where satur-

ation pressure is first reached, critical flow of some sort can be expected.

This could be the case, for example, if the steam generator tube were to shear

off at the tube sheet. Therefore in computation of SCTR accident effects, one

must be careful to consider exit location and geometry effects.

In the previous section the matter of maintaining Weber number similarity

was discussed. The importance of this matter should not be overlooked, particu-

larly in experimental programs.

The ides of acceleration-influenced homogeneous nucleation is, as far as can

~be determined, a new concept in nucleation theory. Its importance to SGTR acci-

dents. relates to understanding the mechanism of droplet formation in a flashing

jet. Added -confidence in the theory could be obtained by a more in-depth theo-

retical study. Such a study could also seek to predict the likely number density

of active nuc1 cation sites under accelerating circumstances.

The question of the breadth of the droplet size distribution was only

' touched upon in this study. At present the efficiency of the steam dryers and

separators of current steam generators is fairly well-defined for normal operat-

ing conditions. However under the transient conditions the droplet removal effi-

ciency of these devices is less well known. For this reason experimental pro-

grams such as the MB-2 Transient Test Program have been planned. It remains to

be seen from these tests whether added detail is needed in describing the drop

size distribution. However, it is important to point out that a simulated rup-

ture geometry should be selected that maintains prototypical droplet formation

mechanisms. To achieve this, a prototypical rupture geometry is needed. By the

term prototypical rupture geometry we mean that the final area reduction should

occur at the end of any simulated ruptured tube. In this way the metering of the

rupture flow will be a result of the rupture itself and atomization can take.

place as it would under actual SGTR circumstances..
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Throughout this study the assumption has been made that the radioactive mate-

rials dissolved in the primary fluid are essentially non-volatile. Therefore the

main potential for radioactivity release has been assumed to be through release

of primary fluid. To test the validity of this assumption, Oak Ri.ge National

Laboratory (ORNL) has been charged with determining the equilibrium partition co-

efficient for radioiodine in a steam-water system at realistic conditions of
*

pressure, concentration, and acidity. The importance of a careful determination

of the volatility property should not be underemphasized. The ORNL results

should be carefully examined and folded into future thermal-hydraulic SGTR

studies.

Finally the matter of determining the physical behavior of a submerged

flashing jet may emerge as an important and as yet unstudied physical phenomena.
~

3
If the results of the Bankoff experiments prove the speculations of Sec. IV to

be correct, a set of detailed studies of a superheated flashing jet in its own

subcooled liquid will be warranted. This is because the phenomenon may serve as

an important safeguard against production of tiny droplets.

VI. CONCLUSIONS

A study has been completed in which the thermal-hydraulic facets of SGTR ac-

cidents have been probed. The main thrust has been to trace the path of primary

fluid as it may pass through a ruptured steam generator tube to the steam gener-

ator and on to the atmosphere as a collection of tiny droplets in steam.

The first conclusion of the study is that, for many likely tube rupture ge-

ometries and locations, the mechanism controlling the discharge rate is probably

flow impedance due to pipe friction and point losses. This is found to be likely

throughout the accident transient provided the rupture occurs, as for example in

- the R. E. Ginna accident, as an abrupt opening in the pipe with an area smaller

. than the pipe cross sectional area.

The second conclusion is that, given an exit velocity corresponding to

roughly an 80 bar pressure differential, droplets on a size scale of 10~ cm are

likely to be produced at the exit. This is provided t'at the rupture occurs in a

steam generator region that is dominated by vapor. 1 ;e the rupture occurs in

submerged regions, the potential of droplet formation is unknown. However, one

*Information provided by S. D. Clinton, Oak Ridge National Laboratory, July
1984.
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can speculate that this potential is small, based upon the assumption that the

submerged two-phase jet -is similar in behavior to a gas jet injected into a

liquid.

The implications of these results for radioactivity release are the follow-

ing. For combined-event accidents such as SGTR/SOSV in which the steam generator

boils dry, a large share of the leaked primary fluid may reach the atmosphere in

the form of tiny droplets. In more likely, single-event accidents, the total

discharge of primary fluid may be contained in the steam generator. This is pro-

vided, of course, that operator response is such that the leakage is terminated

prior to filling of the dpmaged steam generator, a situation that did not take
place in the R. E. Ginna accident.
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APPENDIX A

CALCULATION OF AN EQUIVALENT POINT LDSS FOR AN ORIFICE IN A PIPE

Consider the flow section 6f Fig. A-1. Let A be the flow area correspond-
g

ing to diameter d , A the area for orifice size d ' "I the steady flow velocity2 2
in the pipe and u the steady velocity at the orifice. The orifice coefficient

C is defined by

EuA =CA

g[1-(d/d) jp
2 l

where Ap is the pressure drop across the orifice and p is the density of theg

incompressible fluid. If the ratio d /d; is less than about 0.1 then2

(d /d ) << l. Using this approximation and the continuity expression2 g
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uA =uAgg 22

one can write

Pu =C ,

1 oA ggpy

Rearranging for Ap gives

A )2g 1 21
Ap " l ypuyg

from which one can identify-the orifice point loss coefficient K, as

I A )2 /d )4
t 1 g g

K =1 I --) - )

o (d2/A(o 2/ C

Orifice in o pipe

f n
1

\ff
#1 v2

=d2ds --*-
\ n

I

\I J

Fig. A-1
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APPENDIX B-

AERODYNAMIC A10MIZATION SOLUTION AIAORITEM

The following is a FORTRAN computer program for solving the system of equa-

tions given in Sece III-C for aerodynamic stomization of liquids.

1 PROGRAM DAREO(DOUT. TTY. TAPE 1*DOUT. TAPE 2=TTV)
2 REAL NC.ND.KNU.NCNU
3 READ (2.*) RHOL.RHOG.DI.U
4 WRITE (2.40) RHOL.RHOG.DI.U
5 40 FORMAT ( * RHOL==.1PE12.2.* RHOG==.1PE12.2.

DI=*.1PE12.2.* U=*.1PE12.2)6 1 *

7 READ (2.*) KNU.NCNU
8 WRITE (2.50) KNU.NCNU
9 50 FORMAT (* KNU=*.1PE12.2 * NCNU=*.1PE12.2)

10 SIGMA =70.9*(RHOL-RHOG)**4.
11 WRITE (1.100)
12 WR IT E ( 1.110 ) DI .U . RHOG . RHOL . SIGMA . KNU.NCNU
13 100 FORMAT (//39X.*- - - AERODYNAMIC ATOMIZATION CALCULATION - - **//)
14 110 FORMAT (* INITIAL SIZE ==1PE9.2.* INITIAL RELATIVE VELOCITY ==.
15 1 1PE9.2.. . GAS DENSITY =* 1PE9.2.* LIOUID DENSITY =*.1PE9.2//

SURFACE TENSION == 1PE9.2.* KINEMATIC VISCOSITV=*,1PE9.216 2 *

NCNU=* 1PE9.2//)17 3 *

18 WRITE (1.115)
19 115 FORMAT (3X.* STEP *.3X.* TIME *.9X.*TBa.10X.* Die.10X.*UR*.10X.*ND*.
20 1 10X.*NC*.5X *NDROPS*.4X.*D2*/)
21 C1=3./2.=RHOG/RHOL
22 UR=U
23 TIME =0.
24 D=DI
25 NC=NCNU* SIGMA /(KNU+RHOL'UR)
26 NC= AMIN 1(8..NC)
27 ND=RHOG*UR*UR*D/ SIGMA
28 IF(ND.LT.NC) GOTO 30
29 WRITE (2.20) TIME.D.UR.NDROPS
30 WRITEt2.45) ND.NC, SIGMA
31 Di=DI
32 NOROPS=0
33 ITER =1
34 10 CONTINUE
35 C2=3./2.*NC* SIGMA /RHOL
36 TB = 1. /50RT( C 1 * UR*UR/D/D-C2/(D* * 3. ) )
37 UR=UR*1./(C1*UR*TB/D+1)
38 NDROPS=5+((ND NC)/(20.-NC))*50
39 NOROPS=MINO(50.NDROPS)
40 D=D/NDROPS**(1./3.)
41 TIME = TIME +TB
42 WRITE (1.120) ITER. TIME.TB.D1.UR.ND.NC.NDROPS.D
43 ND=RHOG*UR*UR*D/ SIGMA
44 WRITE (2.20) TIME.D.UR.NOROPS
45 NC=NCNU* SIGMA /(KNU*RHOL*UR)
46 NC= AMIN 1(8..NC)
47 WPITE(2.45) ND.NC. SIGMA
48 Di=D
49 NDROPS=0
50 120 FORMATEI5.1P6E12.2.IS.1PE12.2)
51 45 FORMAT ( * ND=. .1PE12.2.* NC==.1PE12.2.* SIGMAm e ,1PE 12. 2 )
52 IF(ND.LT.NC) GOTO 30
53 ITER = ITER +1
54 GOTO 10
55 20 FORMAT (* TIME =*.1PE12.4.* D=*.1PE12.4 * UR=*.1PE12.4

NDROPS=*.15)56 1 *

57 30 WRITE ( 1.140) D1.UR.ND.NC
58 140 FORMAT (* - - EQUILIBRIUM - - * 5X.1P4E12.2//).

59 STOP
60 END
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. Table B-1 lists four calculations performed for the experimental conditions
'

of Nagaosa et al. Table B-2 is the calculation for the. Brown'and York condi -'

tions, and -Table; B-3 gives the results for. the two SGTR- cases. In these tables,-

thefunits are cgs,.NCNU is the product ~N N , TB is'the breakup time for each step.
.of: the. cascade . process, TIME is the cumulated time, D1 and D2 'are the ' beginning .

and ending' droplet size scales for each step, and .ND,' NC, and -NDROPS are the N ': d

--N', and number of fragments for each step respectively.~
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TABLE B-1

NACAOSA ET AL.33 CASES 1-4

INITIAL SIZE = 3.50E-02 INITIAL RELATIVE VELOCITY = 3.6CE+03 GAS DENSITY = 1.OOE-03 LIOUID DENSITY = 1.OOE+00

SURFACE TENSION = 7.06E+01 KINEMATIC VISCOSITY = 1.OOE-02 NCNUa 1. TOE +00

STEP TIME TB D1 UR NO NC NDROPS D2

1 3.08E-04 3.08E-04 3.50E-02 3.44E+03 6.42E+00 2.16E+00 16 1.39E-02
2 9.43E-04 6.35E-04 1.39E-02 2.78E+03 2.32E+00 2.26E+00 5 8.12E 03
- EOUILIBRIUM - - 8.12E-03 2.78E+03 8.90E-01 2.79E+00

INI'IAL SIZE = 3.50E-02 INITIAL RELATIVE VELOCITY = 3.90E+03 GAS DENSITY = 1.OOE-03 LIOUID DENSITY = 1.OOE+00

SURFACE TENSION = 7.06E+01 KINEMATIC VISCOSITY = 1.OOE-02 NCNU= 1.10E+00

STEP TIME TB D1 UR ND NC NDROPS D2

1 2.70E-04 2.70E-04 3.50E-02 3.73E+03 7.54E+00 1.39E+00 20 1.29E-02
2 4.80E-04 2. TOE-04 1.29E-02 3.42E+03 2.54E+00 2.08E+00 6 7. TOE-03
- - EQUILIBRIUM - - 7.10E-03 3.42E+03 1.18E+00 2.27E+00

INITIAL SIZE = 3.50E-02 INITIAL RELATIVE VELOCITY = 4.60E+03 GAS DENSITY = 1.OOE-03 LIOUID DENSITY = 1.OOE+00

SURFACE TENSION * 7.06E+01 KINEMATIC VISCOSITY = 1.OOE-02 NCNU= 1.10E+00

STEP TIME TB D1 UR ND NC NDROPS D2

1 2.14E-04 2.14E-04 3.50E-02 4.41E+03 1.05E+01 1.69E+00 29 1.14E-02

2 3.15E-04 1.OOE-04 1.14E-02 4.17E+03 3.14E+00 1.76E+OO 8 S.70E-03
- - EQUILIBRIUM - - 5.70E-03 4.17E+03 1.40E+00 1.86E+00

INITIAL SIZE = 3.50E-02 INITIAL RELATIVE VELOCITY = 4.90E+03 GAS DENSITY = 1.OOE-03 LIOUID DENSITV= 1.OOE+00

SURFACE TENSION * 7.06E+01 KINEMATIC VISCOSITY = 1.OOE-02 NCNU= 1. TOE +00

STEP TIME TB D1 UR ND NC NOROPS D2

1 9.98E-04 1.98E-04 3.50E-02 4.70E+03 1.19E+01 1.59E+00 33 1.09E-02
vi 2 2.8tE-04 8.33E-05 1.09E-02 4.46E+03 3.42E+00 1.65E+00 9 5.25E-03
@ - - EOUILIERIUM - - 5.25E-03 4.46E+03 1.48E+00 1.74E+00
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TABLE B-3

SCTR CMBES '1 AND 2-

INITIAL SIZE = 1.OOE-Of INITIAL RELATIVE VELOCITY = 1.OOE+04 GAS DENSITV= 5.50E-02 LIOUID DENSITY = 6.90E-01

SURFACE TENSION = 1.15E+01 KINEMATIC VISCOSITV= 1.OOE-03 NCNU= 1.10E+00

STEP TIME TB D1 UR ND ' NC NDROPS D2

1 2.89E-05 2.89E-05 f.OOE-Of 7.43E+03 4.77E+04 1.84E+00 50 2.71E-02
2 3.95E-05 1.06E-05 2.71E-02 5.52E+03 7.15E+03 2.47E+00 50 7.37E-03
3 4.34E-05 3.87E-06 7.37E-03 4.10E+03' 't.07E+03 3.33E+00 50 2.OOE-03.
4 4.48E-05 1.43E-06 2.OOE-03 3.04E+03 1.60E+02 4.48E+00 50 5.43E-04
5 4.54E-05 5.99E-07 5.43E-04 2.17E+03 2.39E+01 6.05E+00 50 1.47E-04

| - - EQUILIBRIUM - - 1.47E-04 2.17E+03 3.31E+00 8.OOE+00

INITIAL $1ZE= 1 OOE+00 INITIAL RELATIVE VELOCITY = 1.00E+04 GAS DENSITY = 5.50E-02 LIOUID DENSITY = 6.90E-Of

SURFACE TENSION = 1.15E+01 KINEMATIC VISCOSITY = 1.OOE-03 NCNU= 1.10E+00

STEP TIME TB D1 UR ND NC NOROPS D2

1 2.89E-04 2.89E-04 1.OOE+00 7.43E+03 4.77E+05 1.84E+00 50 2.7tE-01
2 3.95E-04 1.06E-04 2.71E-01 5.52E+03 7.15E+04 2.47E+00 50 7.37E-02
3 4.33E-04 3.86E-05 7.37E-02 4.10E+03 1.07E+04 3.33E+00 50 2.OOE-02
4 4.48E-04 1.4fE-05 2.OOE-02 3.05E+03 1.61E+03 4.48E+00 50 5.43E-03
5 4.53E-04 5.22E-06 5.43E-03 2.26E+03 2.41E+02 6.03E+00 50 1.47E-03
6 4.55E-04 2.14E-06 1.47E-03 f.62E+03 3.58E+01 8.OOE+00 50 4.OOE-04
- - EOUILIBRIUM - - 4.OOE-04 1.62E+03 5.01E+00 8.OOE+00 l

cn
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APPENDIX C

SOLUTION METHOD POR THE BOILING BREAKUP PROBIEN

.
4-

The system of equations described in Sec. III-D for the boiling breakup mod-
-

el can be solved using Euler's method. For this we designate the time level for
each variable with a superscript n so that the value of any quantity Q(t) is

'

_

written Q" for time t = n6t where 6t is the time increment. With this convention
and the nomenclature of Sec. III-D we have the discrete system of equations

w

1

n , / T" - 255.2 0.223 0x 10p \ 117.8 -

c,, = e.587s s 0 (1. - T,,e47.3) o 8sse 16 -

_

n

p"s - (yP1)c,T"
(7 1,3)

p

V" = x[(r") -r)

.

M" = p"s "sV

s-

.. -

# n
= m, - nm

,

! r"+1 = r" + u"ot

'

A" - 4p(r"/2)
-

!

u" = u" + (p" - p,)A"
"A

-_

.
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n
[kA"6t\ e\

~

T"+1 =T -l H
jL (p+1"+1 -m)n n n

s - V
' ( m"ge -/ ( r" / m"g s

e

n+1
p"s '= P [C-1(a-k].

- (y - 1)c- T"+1-

ps

The following ~ FORTRAN program solves the system (C-1(a-k)]. Note that equations'

[C-1(j)] and [C-1(k)] require a Newton-Raphson iteration; the :over-bar denotes
values from the previous iteration.

-.1 ' PROGRAM DBBRK(TTY. TAPE 2= TTY BOUT. TAPE 1= BOUT)
2 COMMON / DATA / RO.TE.TO.DT.RS.T.R.P. TIME.
3 1 K.C.L.GMt. CPS.PE.PO.ACC.NDROPS.RHOL
4' REAL K.MN.ML.MO.L
5- F1(T)=((T-255.2)/117.8)**(1./O.223)*1.E6
6 R E AD( 2. * ) RO.TE .TO.DT . RHOL
'7 PE=F1(TE)
'8 P=F1(TO)

9 WRITE (2.50) RO.TE.PE,TO.DT.RHOL.RHOG
10 50 FORMAT (* RO=*.1PE12.4.* TE=*.1PE12.4.* PE=*.1PE12.4/
11 1.* -TO=*.1PE12.4.* DT== 1PE12.4.* RHOL=*.1PE12.4

RHOG==.1PE12.4)12 2 *
13 WRITE (1,100)
14 WRITE (1,110) 2.*RO.TO.P.TE.PE.RHOL.DT
15 100 FORMAT (39X.* - - BOILING BREAKUP CALCULATION - - -a//)
16 110 FORMAT (*. INITIAL SIZE = *.1PE8.2//

1PE8.2//17 1 * INITIAL DR0k TEMPERATURE = *

.1PE8.2//18 a * INITIAL DROP PRESSURE = *

EXTERIOR. TEMPERATURE = *.1PE8.2//19 .: *

EXTERIOR PRESSURE = *.1 PES.2//20 3' *

1PE8.2//)21 4 * LIQUID DENSITY = * 1PEB.2,* . TIME STEP = *
.

-22 WRITE (1.120)
23 -~120 FORMAT (2X.* STEP *.3X.* TIME *.10X.*Di*.10X,*T1a.9X.*ACC*.
24- 1 7X.* SIGMA *.6X.*NDROPS=.10X.*D2*.10X. T2*/)
26 ' TIME =0.
20 L=2.3E10
2T C=4.19E7
2E k=6.2E4
2E GMt=0.3
30 10 CONTINUE--

.31 T1=TO
32 CALL BB(IEND)
33 TO=T
34 T2=T
35' IF(IEND.EO.0) THEN
3C WRITE (2.451-

"37 45 FORMAT (* BUBBLE IN THE DROP AT EOUILIBRIUM*)
'3B' ENDIF-
39 D1=2.*RO
40 I F ( I END.NE.0) . THEN
41 ITER = ITER +1-
42 ' SIGMA =70.9*(RHOL-RS)**4.

RLW. 28 * SORT ( 3 < * SIGMA /( ACC+ ( RHOL -RS ) ) )<43__
NDROP S = INT ( 12. 57 * ( RO/R LM ) * * 2. )44.

4 !. ' NOROPS*MAXO(2 NDROPG)
40 RO=RO/NDROP5**C.33333333
47 02*2 *RO ..

.

48 . . WRITE (1.13Ol ITER. TIME.D1.71.ACC. SIGMA.NDROPS.D2.T2
49_ 130 FORMAT (IS.1P5E12.2.16.6X 1P2E12.2)
50- ENDIF

63
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-51' IF(2. * SIGMA /RO+PE.LT.P) GOTO 10
52 WRITE (2.dO) RO. TIME.TO.NDROPS
53 40 FORMAT (* RO== 1PE12.4

T.1ME=*.1PE12.4.* TO=*.1PE12.4.* .NDROPS=*.I4)54 1 *
55 200 WRITE (1.140) 2.*R . T-TE
56 140 FORMAT (/* - - - EOUILIBRIUM SIZE = =.1PE8.2.= -*.- -

57 1 * - - - EOUILIBRIUM SUPERHEAT = *.1PE9.2.= - - -*//)
58 STDP-
59 END
EO SUBROUTINE 88(IEND)
61. COMMON / DATA / RO.TE.TO.DT.RS.T.R.P. TIME.
62 1 K.C.L.GM1. CPS.PE.PO.ACC.NDROPS.RHOL
63' REAL K.MN.ML-MO.L
64 F1(T)=((T-255.2)/117.8)**(1./O.223)*1.E6
65 . F2(P.T.GM1. CPS)=P/(GMte.pS*T)r

66 F3(R.RO)=4.19*(R=*3.-RO**3.)
67 F4(R)=12.57*(R/2.)**2.
68 PO*F1(TO)
69 WRITE (2.40) RO. TIME.TO.NDROPS

'70 MO=4.19*RO=*3.
71 VO*MO
72 U=0.
73 T=TO
74 TN=T
75 R=RO
7C V=VO
77 P=PO
78 C 10 WRITE (2.35) TIME.V.R.P.T
79 NDT=0

: 80 ACC=0.
81 10 CONTINbE
82 IEND=0
C3 P=F1(T)
Rd CPS =9.5857E6*(1.-T/647.3)=*(-0.8566)
85 RS=F2(P.T.GM1. CPS)
8C SIGMA =70.9*(RHOL-RS)=*4.
87 - IF(2. * SIGMA /R+PE.GT.P) THEN
88 ACC=ACC/NDT
89 RETURN
90 ENDIF
91 IEND=1

-92 V=F3(R.RO)
93. MN=RS=V
94 ML=MO-MN
95 A=F4(R)
9G R=R+U*DT
97 V=F3(R.RO)
98- U=U+DT/ML*(P-PE-2.* SIGMA /R)*A
99 ACC=(P-PE+2.* SIGMA /R)*n/ML+ACC

100 N=0
101 20 F =T-TN+K* A *DT/( ML *C )* (T-T E )/R+L*(R$*V-MN)/( ML * C)
102 ' DFDT = 1. + L * V/ ( ML e C *GM1 * CPS ) * ( 3. 81 E 4/T * ( ( T-25 5. 2 )/117. 8 ) = * 3. 4 8
103 1 -F1(T)/(T*T))4keA*DT/(ML*C+R)
104 T=T-F/DFDT
105 P=F1(T)
100 R S = F 2 ( P . T . GM t . CP S ) .
107 N=N+1
108 IF(N.GT.20) PAUSE
109' IF(ABS (F/DFDT/T).GT.1.E-4) GOTO 20
110 TN=T
111 TIME = TIME +DT
112 NDT=NDT+1
113 IF(V.LT.2 *VO) GOTO 10

'.
114 _ACC=ACC/NDT
115 WRITE (2.35) V.P.T.U.ACC
116 30 FORMAT (* N=*.13 * Pa*.1PE12.4.* T=*.1PE12.4)
117 35 FORMAT (* V.P.T.U.ACC=*.1P5E12.4)
118 40 FORMAT (* RO== 1PE12.4
119 ~1- * TIME =*.1PE12.4.* *'O=*.1PE12.4.= NDROPS=* 14)i

120- RETURN
121 END-

-
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Tables C-1 through C-4 list the results of the calculations for the Brown and

York $ and Alger and Geidt experimental conditions. Tables C-5 through C-7 give

results for the three sets of SGTR conditions considered. In these tables, units

are cgsK, D1 and D2 are the beginning and ending drop sizes for each st:p of the'

cascade process, T1 and T2 are the beginning and ending drop temperatures for

[
each step, ACC is the acceleration, SIGMA is the surface tension and NDROPS is

I the number of drops produced at each cascade step. Note that in the cases of

Brown and York, and Alger and Geidt conditions that the equilibrium is approached

slowly leaving a positive droplet superheat. In the cases of SGTR conditions,

the equilibrium is approached in just a few cascade steps, with a large number of

drops for each step, leaving essentially no superheat in the droplet tempera-

ture. This reflects the violence with which boiling breakup occurs at SGTR ten-

peratures which is partly due to the small surface tension compared to the lower

temperature cases for which there are experimental data.

f

!
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- * TABM C-1m
.

M AND M CASE 1

INITIAL SIZE t.OOE-02=

INITIAL DROP TEMPERATURE = 4.14E+02

INITIAL DROP PRESSURE = 3.82E+06

EXTERIOR TEMPERATURE'=_3.73E+02

EXTERION PRES $URE 1.OCE+06=

j LIOUID OENSITY = 9.25E-Of TIME STEP = 5.COE-09
|

| SIEP TIME D1 T1 ACC- SIGMA NOROPS O2 T2

1 3.05E-06 1.OOE-02 -4.14E+02 5.50E*08 5.16E+0! 26 3.38E-03 4.13E+02
2 4.12E-06 3.38E-03 4.13E+02 1.56E+09 5.16E+01 8 1.69E-03 4.11E+02
3 4.68E-06 f.69E-03 4.11E+02 3.OtE+09 5.16ESOf 4 1.06E-03 4.10E+02
4 5.05E-06 1.06E-03 4.10E+02 4.63E+09 5.tGE+01 2 8.44E-04 4.08E+02
5 5.36E-06 8.44E-04 4.08E+02 5.65E+09 5.16E+01 ~ 2 6.70E-04 4.07E+C2
6 5.62E-06 6.70E-04 4.07E+02 6.90E+09' 5.17E+08 2 5.32E-04 4.06E+02

1 7 5.84E-06 5.32E-04 4.06E+02 8.49E+O9 5.17E+08 2 4.22E-04 4.04E+02

| 8 6.02E-06 4.22E-04 4.04E+02 1.04E+10 5.17E+01 2 3.35E-04 4.03E+02
9 6.19E-06 3.35E-04 4.03E+02 1.32E+10 5,17E+0t 2 2.66E-04 4.02E+02

10 6.34E-06 2.66E-04 .4.02E+02 f.68E+IO 5.87E*01 2 2.11E-04 4.OOE+02
11 6.48E-06 2.11E-04 4.OOE+02 2.15E+10 5.17E+01 2 1.67E-04 3.99E+02
12 6.67E-06 1.67E-04 3.99E+02 2.7RE+10 5.17E+01 2 1.33E-04 3.9?E+02

--- - - - EQUILIRRIUM SUPERHEAT = 2.28E+0i --- -* - - EQUILIBRIUM SIZE = 2.43E-04

|
1

- - _
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TABLE C-2
<

BRmfR AND TORK CASE 2

INITIAL SIZE = 5.OOE-02

INITIAL DROP TEMPERATURE = 4.14E+02

INITIAL. DROP PRESSURE = 3.82E+06

EXTERIOR TEMPERATURE = 3.73E+02

EXTERIOR PRESSURE = 1 OOE+06

LIOUIO DENSITY = 9.25E-01 TIME STEP = 5.OOE-09

STEP TIME Di T1 ACC SIGMA NDROPS D2 'T2
*

1 f.52E-05 5.OOE-02 4.14E+02 1.09E+08 5.16E+01 129 9.90E-03 4.13E+02
2 f.83E-05 9.90E-03 4.13E+02 5.26E+08 5.16E*01 24 3.43E-03 4.1tE+023 1.94E-05 3.43E-03 4.11E+02 1.46E+09 5.16E+0! 8 1.72E-03 4.10E+02
4 2.OOE-05 1.72E-03 4.10E+02 2.81E+09 5.16E+01 3 1.19E-03 4.08E+02
5 2.04E-05 1.19E-03 4.08E+02 3.92E+09 5.16E+01 2 9.44E-04 4.07E+02
6 2.08E-05 9.44E-04 4.07E+02 4.77E409 5.17E+01 2 7.49E-04 4.06E+02.
7 2.11E-05 7.49E-04 '4.06E+02 5.80E+09 5.17E+0i 2 5.95E-04 4.05E+02
8 2.13E-05 5.95E-04 4.05E+02 7.15E+O9 5.17E+01 2 4.72E-04 4.03E+02
9 2.15E-05 4.72E-04 4.03E+02 8.79E+09 5.17E+01 2 3.75E-Of 4.02E+02

10 2.87E-05 3.75E-04 4.02E+02 1.tfE+10 5.17E+01 2 2.97E-04 4.OtE+02
11 2.19E-05 2.97E-04 4.01E+02 1.40E+10 5.17E+01 2 2.36E-04 3.99E+02
12 2.20E-05 2.3CE-04 3.99E+02 1.81E+10 5.17E+0! 2 1.87E-04 3.98E+02
13 2.22E-05 1. 6 ''- - 04 3.98E+02 2.32E+10 5.17E*01 2 1.49E-04 3.96E+02

- - - EOUILIBRIUM S!7E = 2.71E-04 - -- - - - EOUILIBDIUM SUPERHEAT = 2.32E+01 - - -

m
N
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TABLE C-4

2AIEER AND (EIUr CASE 2-

INITIAL SIZE = 1.OOE-01

INITIAL DROP TEMPERATURE = 4.43E+02

INITIAL DROP PRESSURE = 8.10E+06

EXTERIOR TEMPERATURE = 3.77E+02 *

EXTERIOR PRESSURE = 1.16E+06

LIOUID DENSITY = 8.98E-Of TIME STEP = 5.OOE-09

STEP TIME D1 Tt ACC SIGNA NDROPS D2 T2
4

1 1.93E-05 1.OOE-01 4.43E+02 1.34E+08 4.56E+01 698 1.13E-02 4.4tE+02
2 2.16E-05 1.13E-02 4.41E+02 1.1tE+09 4.57E+01- 73 2.70E-03 4.38E+023 2.22E-05 2.70E-03 4.38E+02 4.37E+09 4.57E+01 16 f.07E-03 4.36E+02
4 2.24E-05 1.07E-03 4.36E+02 f.04E+10 1.57E+01 6 5.89E-04 4.33E+025 2.26E-05 5.89E-04 8.33E+02 1.79E+10 4.57E+01 3 4.08E-04 4.31E+026 2.27E-05 4.08E-04 4.31E+02 2.47E+10 4. 5'IE +01 2 3.24EiO4. 4.29E+02
7 2.28E-05 3.24E-04 4.29E+02 2.97E+10 4.58E+01 2 2.57E-04 4.26E+02
8 2.28E-05 2.57E-04 4.26E+02 3.52E+10 4.58E+01 2 2.04E-04 4.24E+029 2.29E-05 2.04E-04 4.24E+02 4.29E+10 4.58E+01 2 f.62E-04 4.22E+02

10 2.30E-05 1.6 E-04 4.22E+02 5.39E+10 4.58E+01 2 1.29E-04 4.19E+02
19 2.30E-05 1.29E-04 4.19E+02 6.63E+10 4.58E*01 2 f.02E-04 4.17E+02
12 2.31E-05 1.02E-04 4.17E+02 8.36E+10 4.58E+01 2 8.10E-05 4.14E+02
13 2.31E-05 8.10E-05 4.14E+02 1.05E + 11 - 4.59E+01 2 6.43E-05 4.10E+02

- - - EOUILIBRIUM SIZE = 1.23E-04.- -- - - - EQUILIBRIUM SUPERHEAT = 3.33E+01 - - -

o
W

<

- - - - - _ - _ _ - _ - - -



*
. .; }

j TABIA . C-5

SCTR CASE 1 AND 2

INITIAL SIZE = 1.OOE-Of

INITIAL DROP TEMPERATURE = 5.90E+02

INITIAL DROP PRESSURE = 1.08E+0S

EXTERIOR TEMPERATURE = 5.60E+02

EXTERIOR PRESSURE.=.7.10E+07

LIQUID DENSITY w 6.99E-Of TIME STEP = 5.OOE-09

STEP TIME D1 T1 ACC SICMA NDROPS D2 T2

1 8.5fE-06 1.OOE-01 5.90E+02 6.58E+08 1.62E*01 7480 5.11E-03 5.82E+02
2 9.04E-06 5.IIE-03 5.82E+02 8.41E+09 f.62E+01 249 8.13E-04 5.73E+02
3 9.16F-06 8.13E-04 5.73E+02 2.72E+10 1.62E+01 20 2.99E-04 5.64E+02

- - - EOUILIBRIUM SIZE = 3.7tE-04 --- - - - EQUILIBPIUf4 SUPERHEAT 4.41E-02 - - -=

INITIAL SIZE = 1.OOE+00

INITIAL DROP TEMPERATURE = 5.90E+02

INITIAL DROP PRESSURE 1.08E+08=

EXTERIOR TEMPERATURE = 5.60E+02

EXTERIOR PRESSURE = 7.10E+07

LIQUID DENSITV = 6.99E-Of TIME STEP = 5.OOE-09

STEP TIME Dt T1 ACC SIGMA NOROPS D2 T2

1 8.5tE-05 1.OOE+00 5.90E+02 6.59E+07 1.62E+01 74816 2.37E-02 -5.82E+02
2 8.75E-05 2.37E-02 5.82E+02 1.81E+09- 1.62E+01 1960 2.2SE-03 5.73E+02
3 8.78E-05' 2.26E-03 5.73E+02 9.POE+09 f.62E+01 56 5.90E-08 5.64E+02

- - - EOUILIBRIUM SI7E = 7.53E-04 --- - - - EOUILIRRIUt' SUPERHEAT = -1.3GE-Of - - -
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g u sia c-7
,

SCTR CASE 5 AND 6

INITIAL SIZE = 1.OOE-01

-INITIAL DROP TEMPERATURE = 5.62E+02

INITIAL DROP PRESSURE = 7.31E+07

EXTERIOR TEMPERATURE = 5.60E+02

EXTEWIOR PRESSURE = 7.10E+07

LIOUID DENSITY = G.99E-01 TIME STEP = 5.COE-09

STEP TIME D1 T1 ACC SIGMA NDROPS D2 T2

- - - EOUILIBRIUM SIZE = 1.OOE-01 --- - - - EOUILIBRIUM SUPERHEAT = -8.94E-05 - - -

INITIAL SIZE = 1.OOE+00

INITIAL DROP TEMPERATURE = 5.62E+02

INITIAL DROP PRESSURE = 7.3tE+07

EXTERIOR TEMPERATURE = 5.60E+02

EXTERIOR PRESSURE = 7.10E+07

LIOUID DENSITY = G.99E-01 TIME STEP = 5.OOE-09

STEP TIME Di T1 ACC SIGMA NDROPS D2 T2

- - - EQUILIPRIUM SIZE = 1.OOE+00 - - - - - - EOUILIBRIUM SUPERHEAT = -1.02E-04 ---
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AFFEEDIX D

SOLUTION MTHOD FUR THE IRJAL TTREAM DISCHARGE PROBLEM

Consider two reservoirs A and B discharging through pipes of length L, and
L from Pressures p, and p,b both to pressure p,. Across the exit there must hab

a

a single pressure drop (p, p,) and a single exit impedance, implying a single
velocity. What are u, and u , the velocities in each pipe? We can writeb

( P, P,) " K , + f y P,u,1

I b' 1 2
( P, P,) " I K1b + f I P "bo

(u, + u )A = u,A,b

'(P P,) = K2 Y P ("e)2 [D-1(a-d))
1

*o

where K , and K1b are the entrance loss coefficients for pipes a and b respec-g

tively, A is the flow area of pipes a and b (which are the same size), A, is the
flow area of the exit and u, is the discharge velocity at the exit. These
continue to give

,

.

| P, - | P, + P,(u,+ub A
| 2, ( out /_u

b1|
*

I la+'D 2 oP
I

f . .

/ 1 2f A
2)IPb -| P, + yP,(u,+ub I

(A. 2, ( out /_
| b Lb 1

Ib+'D 2 oP

|
|

| which can be rearranged as
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a

u(1.+Cla la"a"b + la"b 2a "+ ~

u (1 + C1b)+2C1b"a"b + C1b 2b
u -C =0 [D-2(a-b)]

where

P, + y P,

la " f L)
la + f jTPo

P,
C2a " r Li

ha + )iP o

P, + y P, ( ;
C =
lb r Lib 1

f1b+I D)IEo

Pb
C = .

2b y L'1bf1b+'DjYNo

Equations [D-2(a-b)] can be solved iteratively using a Newton-Raphson tech-
nique as follows. First set the right-hand side of Eqs. [D-2(a-b)] equal to F

y

and F respectively. Then, designating iterate levels with a superscript k, com-2

pute successive estimates for u, and ub using

BF BF 'k 2 k 1_y 4p

k+1 k 0"b 0"b
"a

'~ ~

a OF BF BF 0Fg 2 g 2
'

Bu, Bub 0"b 0 "a .
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BF 0F ".k 1 k 2

2 Bu,.+ #1 Bu,k+1 k
' "b " "b - '8F BF BF 0Fg 2 1 2

.Bu, Bub 0"b 0"a.

where the derivatives

BF

Bu = 2u,(1 + C ,) + 2C ,ubg g
a

BT .
1

C ,ubBu la"a +
"

1
b

BF
2

C
Bu 1b"b + lb"a

=

a

!

BF
2

Bu b ib) + 2C1b"a= 2u (1 + C
b

:

are all defined at the level k. This can be repeated until a suitably stationary

solution is obtained.

4

i

'

.

'.
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