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Local heat transfer coefficients in the stable film boiling and dis- #;f; TQ

..414fg
persed flow regimes were studied for the upward flow of low pressure water
in a heated vertical tobe. Vall temperatures veis maintained cons,tara with ' ~h '. f 4

" Jg ,
time and along the tube so that both axial and time temperature gradients . ( J.f;R
approached aero. Heet flus along the tube was not constant but was applied i*

' :q;fg{#iso as to maintain e steady state temperatura profile. A preherrer was f/ h {}used to bring the liquid to saturation before it entered the main portion , ,e,.[fof the test section and in some cas.s the equilibrium quality was greater- /-| E
than sero at the entrance to the main test seccion.

, ,o. , _ . . , m

. h '.

The test sectica was made of stainless steel, and the lower portion,-
-. .

J

tia ;rchester, was heated directly by DC current. Copper block heat spikes p
wite clasped to the upper test section and were used to apply the heat flux

.
*

to maintain the wall temperature constant with time. ,

Pressure wasThe range of system parameters was very extensive.
Coolact mass fluxes were varied from 18,720

-

~varied from 20 to 67 psia. 4,

lbs/gg .hr, represecting flooding races from 1 te 6 inches /sec.
,

2to 112,320 <

The aminum wallInlet coolant, temperature was between 75 and 188'F.
,e

temperature along the test section was between 1260 and 1905'F, and the
,g' ''~'

,

heat transfer coefficient at locations other than the ends of the tube was
' '

a maximus of 207 anel a minimum of 3 BTU /f t -hr*F. 2Het heat fluxes at the
2

*

BTU /ft .hr.
]

heet spikes were between 7,800 and 160,000

Seversi theories for the different possible types of flow (laminar ,

iThe ;
or turbulent, tube or film) were compared with the experimental data. j .

carryover point for low ilooding rates (1 im h/see or less) was iaferred j |
,

from these comparisons and gave good agreement with the plummer erf tical ')
mass criterion for liquid carry over. i I

,
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I, . Se cacern for tbs safe ' operation of nuclear reactors has increased *:
; !- . .

NOjkfj~
I

with ths' 3 wwth' of .the '==,t.ai power" industry over the past'sevei.Al years.:
.

.

.
- -

- ,.ig;.k
-

- s' m'ON3
- - '

Receiving considerable ahtestian is ths'ffeld of reactor safety is.the IACA . ,. ce.o' . 'i % 1

. f. . . . . . . .. .

. .
.

.

g",{'r.f>g)'M
'

~ ' ~
.

! ., .. ,
, , e,. ( , '

(Loes of Coolaat'Accidset),'s hypothetical'Isos of reactor coolant causing- -i
- W 'Np

~ f '9W
'

' excessi:e temperature gradients'in the hanter fuel rods. .A detailed de:.r- .

*

1 fSc.. -7
.

.
.

. , .

cription of the LOCA will not be presented here but may be found in a" : Mrjh ..' "
#

topical report prepared for the Electrical Power Research Institute [1].
:.-

. L'*c bHowever, the present esperimental program did investigsta some beat trans- ; t s: ;
,
,

s D 4 4

. fsr effects of the post IACA reflood phase, sul a brief siasmary of the . g'ff " ;'

3,n. ' ;: .. I

i.z,. g. .g; ,accident wi1J be helpful in understanding this report. Fonowing this -< ?v

simamary, there vill be a cursory review of the Westinghouse FLECHT (Full ,

Laosth Eastassey Cooling Best Transfer) tests with a short discussion of
'

The last see. tion oftheir contribution to the study of liquid carry-over.
.. ,

I', .}~ .

this introduction will highlight a previous experiaantal program that pro- ! u
.

vided guidance for the design of the apparatus featured 1n this report.,
,

;

1.1 The taas of Coolant Accident (14CA). |*
,-

Concerning reactor safety, the policy of the NRC (Buclear Regulatory
- , '' }' ~ '

.

Commission) has been to dire ct that in areas of uncertainty the most con- 1
1

jl servativs approach, that providin3 the greatest margin of safety, must be
f

the one taken. Thsrefore, as improbable as it is, the LOCA is aseveed to j
.

be the result of an instantaneous /cuble-ended guillotine break of the larg-
O

est primary coolant system pipe. This rupture of the coolant system is i
,

followed by a decompression or blowdown phase, at the end of which the f
.

1

i.
'

I e jthabers in brackets designate references.'

i
-7-

'

N <

% |

*

| . \ .. '

j.- . . . . . . . . . . . .

| ,

|

|
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t i. ,

.. ,

b |. ^

M* 'amount of coolant in the core is negligible. The core is filled with :, tag- i>
y

.3 )

nant vapor whose heat transfer capabilities are ineffectual. At this time ]-,
? Ithe system precours is usually less than 60 psia. Althot;gh the reactor - ,

'

cj. ,- ,.
,

'
'

is automatically shut'down as soon as possible after the accident is de- m . 91 j
'

**
tected, decay heat from the fissionable materials eracerbates the problem. .

,
.

. . < - I

Given this poor heat transfer environment, the fuel rod temperature trans- 5; 4, I
* e . . . : ., ?,

. ients could become critical. . .2
. P g~.$| },.- ,3

v },

[,

However, there is an Emergen:y Core Coolant Systen (ECCS) which is "
3

;

designed to cool the. core to prevent degradation of reactor heater rods . j'* '
,

'
't

' caused by extreme temperatures and claddf.1g oxidatJon. In the PWR (Pressur- ]
- ,;

ized Water Reactor) the ECCS is employed thesugh bottom flooding. The
.7

coolant fills the lower plenurs and the water 1 vel rises until it reaches j,

, * , "
.

4

the bottom of the core. The fuel rods are too hot to allow contact with

the water and boiling takes place. Eventually the quench frtnt (defined f
*

| ..

as the locetion below which the tods he e revet and above which they can

In thenot) risas and the heater roda are cooled to a safe temperature.

| interim between the water level reaching the bottom of the core and the
i

quenching of the top of the heater rods, a series cf complex heat trans-'

.

fer phenomena occur, the study of one of which is the subject of this ex-
1,

perimental program.(

l
.

! 1.2 FLECHT
t

l
Beginning in the late 1960's, Westinghouse began a program of research

called FLECHT (Full Length Emergency Cooling liest Transfer) whose objective
| .

was te, obtaio experimental reflooding heat troosfer data under simulated

LOCA conditions for use in evaluating the heat transfer capabilities of
-

PWR ECCS's (2] . The scope of these tests is vast and the procedures, data
'

;

| -8-
!

>

a

*

- _a . -. - ._ _ _ _
_ .. ,_

._. . ..._ _ _ _, -._._._. . . . . _ - . . _ _ . . _ . - _ . _ , . . . - - _ . _ . _ _ . . . . _ . _ .
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;1C*
,.... n

, ,

..

*

and results are contained in several volumes. Obviously, a comprehensive ,. .
|

,

n6 1

revtew of Fme cannot be given here and the reader is referred to refer- ' '

".) i

'{ |

ence 2 for an outline of the PLECHT reports and the.ir relation to the over- '. l-

J 1
'

'

however, on a sus 11er scale the work detailed in this report ,

all program.

is an extension of FLECHT at.d an attempt to summarise FLECHT will be nede
,

}
to better introduce the meterial pre 6 anted nerein.

. .,

|
-

. , | ,; , . ., ;j
f.

1.2.1 Teet Program y
. ;ee
V, 4

.

The FLECHT test program investigated the effecto of initial clad , , .

,

f
-

temperature, flooding rate, power, inlet coolant subcooling, and pressure
. .1.

'' '

i

on transient heat transfer coefficients.
Westinghouse, with a elaulated .,

1

1

ff
" core" of a 10 x 10 or 7 x 7 rod bundle, studied the above patamaters and . - ..

falso collected data on entrsined liquid. The " fuel rods" were either stain- . .t

.Jless steel clad or Zircaloy 4 clad heater rods with either Michrome or

.

t

Aziel and radial power distributions were typi- 3,

Kanthal heating elew ntse
The .

cal of those in actual PWR assembites, as were all other parameters. i
.

heater rods vara well instrumented with thermocouples to provide tempera- 1

ture information at several elevat!.ons along the 12 f t. heated length. |. ;
.

,

,

u. Test Procedure
'

The temperature of the heater rods was raised by app 1ving, pover to i .

the Wichrone or Kanthal heating inements. Waen the rods were st the de-
; ,

!

sired initial clad temperature, the coolart vr2a automatically ini.uted in:o

Power to the heater rods was decreased exponentially to simu- ,

l the "c are." i

Heater rod checouf ee were read and re-llate the reactor decay best.

corded as a function of time, and the local coolant temperature and
;.

pressure transducer readio. sere continuously monitored. Once the upper }
'

elention taarnocouples quenched, the test was terminated. 1

9--
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its FLECUT results illustrated the effects of the system parameters
.

-

'
,

,

on post-LOCA.reflooding heat trasfer. * The most useful fem of presenting ' .. | g ,
.

,,

s n: u.
the data la graphically, showing clad temperature and heat transfer coeffi-

. ' .: ? . . .".

. '

;L j

i- s I. , - |~

cients versus time as factions of initial clad temperature, flooding rate.
Q[: . J .*]f, .,

).,

, f 7, a:
inlet coolant subcooling, pressure, and peak power. The concluelons of this .. m?"

\.?%_.ie:
program are too extensive to esmerate here, but the demos.strated effective- i ' . ' ' <-

j~ J. i.

ness of liquid entrainment as a heat transfer mechanism will be discussed
. G,
-: .. , , , , ,

in detail below because of its direct bearing to the subject of the pre- ,1
:<

dont report.
~ . ,.

-

.

, ,

1.2.2 FLECHT Hovie observations -,. w.;*

...7*

High speed movies were made of the phecosena occuring within'the rod .,

t.bundle, and the author had the opportunity to view the films of several j-.
i

rans. A rather detailed malysis of the author's observations of entrain- ;

ment as illustrated by the movies will be presented becausa of the movies' t

relation to his own experim.ntal program. There are, however, two generr.1
1
" 'inferences which will be discussed first. .

The movies confirmed t. hat a Weetrum of flow regimes exists, although
t

all of them are not usually present simultaneously (See Fig.1. The !

| quench front is defined as the boundary between the film boiling and transi-
! l

tion boiling regimes [2] ). FLECHT vse a transient experiment, and these j
!|' regisse were observed moving up the bundle. However, the emphasis on the j.

t

present arperiment is steady state in the stable film boiling regime where !
I r 1

'

appropriate heat transfer data may be taken. Thus, all regimes were quanti- ;

tatively experienced, and Fig.1 is also representative of what occured in
i

j - 10 -
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, . .
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1 _ . ,

this . progrea's test ' secEion,' vitih. all regimes often occuring simultaneously.
. : . rj 4

. . , .
-

,
.i '

, .

,.a

u , c;: -r.f g
-,n . ,,4 s. ;,y, ' ' ~ ".,,. ,

. The regime between film boiling and dispersed flow, the flow pattern
.

*;
. } ;): :, :, ' '

transition regina, was seen to'be highly turbulect, with either ovirls of
'

s..
'L

'

t.

liquid or entrained water droplets intermixed with vapor generated at tha . ~ .w i .:.
. hM.

' .

heated rod surfaces. This observation has led to a " Turbulent Thin Film
' .

at ' c p.si

Theory" in'tne throretical portion of this report to try to explain some
,. .. :, . .j. .

., ! *
.

+:..,;. w ;
of the experimental results. The analysis of the movies will now be pre-

f,t.H
A-8 -*g ; s-

* c a.:
. , u..,

sented.

a. Procedurs
,. * c ;. a,4

-

.

, .. .
-

.
.o ;

.*

I ..hi

Several of the Westinghcuse FLECHT movias (Runs f0085, 0437, 0538, -

1

2
1

0690, 3440, ud 9983) were viewed using a orojector with single-framing 5 :. i j
.

f .j b
and stop-ection capabilit ies. Most movies showed a clock in the lower 1*f t .g f.

# 7-
corner which gave the tism after inception of flooding. The particular

I .

interest of this analysis was the liquid droplets entrained by the vapor

and carried up the bundle. 'The vindow through which the movies were filmed
;

was at the 6 ft, elevation and the time on the clock indicated that the

quench front (inferred from temperature-time plots for each run [2]) was

several feet below this height. Thus the observed droplets had indeed
.

,

been " carried over" and were not near the continuous liquid. (See Tigs. 2
i

and 3 for photographs of entrained droplets for low pressure-low flooding

rate and for high prtssure-high flooding rate runs, respectively).
,
4

3 f
6

As the movies vera shrvn, several individual droplets were observed I

fThe diameters of these droplets and their velocities were.

for each run. a

!

nessured (the single-frame feature of the projector established the time
!

interval, and. the distances were physically measured on a screen and re- |

1sted to actual dimensions by the known hsster pitch of 0.563 inches). i
,
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All reported runs were sede at 500 frames per second [..' %" i
.

f

j
!

.

, except Run f3440 at
1000 trames per second. >'

- W'

The parameters for each run are given in Table I
1

r

below, and a'll pertinent data is contatwd in Appendix A to thi
~ . . < , . . ,;
\- ;d

s report. '
,Sj:

.i-
s

.

<;'d'

TABLE I 2

u 4.: i

, . [ p 3.,2. ..U *-
-

Run f P(psta). FR(fa/sec) V,(ft/sec)g V,(ft/sec) . We

, ,A., ,
, -;'t

0085 25 2.0 ([f.11.1 43 5.7
.

.+

. . L. N. < .'f0487 18 0.8
'

.

7 ~: . . .-,5.7 35 2.3 ,

0$88 15 0.6
' J: ; . ,

7.0 40 2.5
. S, 1

' , '. i0690 15 ' O.6
>

7. 2 40 2.33460 55 5.9 11.3
,

<

29 2.6 . 'k9983 19 1.0 6.6 y.|
38 3.4 t _, , 'i,

, - ;

As mentioned above, the liquid droplet velocities, V , and droplet}
,

,

g
[dinneters, D , were inferred from real time and distance measureme td
t 'n s. As

can be seen in Appendiz A, they did not show much variance for any one run,
especially considering the crudeness of the procedure. The vapor veloci-

ties we.re computed from a force balance in the following wa j
y. The drops i

were assumed to be moving at constant vtlucity so that their acceler ti '
.|

* .a onwas zero. Then Newton's second Law yields
'

EF, = droplet mass a droplet acceleration = 0
(1-1) I

This is equivalent to saying that the drag force equals the forc -7
e of

gravity,
i .j

drag = F ('
,. F

g (1-2) ' '

0,(V,-V )2 *
3 i

g *' WD #or
I ~g,8

dC I' "I f2, d e 63 *

I~
-,

These are average quantitime.
12 -
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"A d-
'

'where C , the dras coefficient is taken to be 0.45 (3)., Than after re- .

, ,e ,E '

,m
. .a

d ,

arrmrtging, an saprescien for the vapor velocity is
- p.

,y.'~,c
.b I

N 8' g<

. d" " . . /1
-

-4D
'n' d f (1-4) .W
f - Jn

;

V = + ,

3P,C, - if .| .|;
y

- w
.

Weber Nebers (We) wars then computed for eseh drop, based on the relative . . ., ., y
-

:

. . ~ . ~
.

v?,,4' ,' O ]
. i',? Gi

*

-
;,

velecity of vapor to liquid. r| ,

'~ '
P,(V,-Y )2 U'+' ' ' ,

- ,<
Dg d (1-5)

we
,. ._.. ,

i.
Og,

'c, .)' '

".'

.

n. Conc 1.usions ,

.r.

7,- . . . ,

Several inferences were drawn from the movies that either substr.a-
>

, . ~

tiated previous theories or generated new ideas or assumptions for this
-

~'j'

The averange vapor velocities usually showed the effect of pressure i

I~ j . ,program.

one would espect, and as predicted by Pl.ammer [3]. As pressure is increased,
iHowever, at the , ,

the vapor velocity required for carry over is decreased. { I

)
'

-

elevation at which the drop seasurements were taken (several feet above
-c

the carry-over poin$, the drops were assumed to be at zero acceleration. .

itself may have been less than
^

fThe vapor velocity at the earry-over paint
J

calculated by egn. (1-4) above, if the drops actually were accelerating.
,
t

1,

In any case, most of the vapor velocities inferred by thie procedure are
,

;3
|

lower than predicted by reference 3, sad this may imp)y that *:ta minimum
l | .:

5:apr velocity necessary for carry-over is in fact less than previous y
? I

thought. (see Fig. 4).

Another factor that was cocaidered in questioning the predicted
Reference 3 predicts !

carry-over velocity is the ef f ect of Weber Number.
|

the mass flux necessary for carry-over, the "G-Critical Criterion":
<

'
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~
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.

1
2. _

rit. p -p 3C - p-
. J :: n -s :.3.E;

*
-

- d
, s.

.-; . ;; . ~ ..-y v fe, - . W,
- <

.

., ,..r. u g$,,,s3 . ''' - - .
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s a1'
~ .

, /p , '(1-7) . 4ig/T.(:fp5'Y =0
I and co- crit v- . , .

g%.g>,. gq)a
~

,y.p- y .$.. J ' t. s o , . s.: . .: 4 m< i . ..,.4, ;, .
1

.
,

. ,4,j, h, ),i;
., .

; '. ~

. 1.r.i.The above refstence assumed a critical We of 7.5, whereas the We's calcu- -
-

s ., ,

i .,HM. .
s' p~. .

/g/,.
.

L" f

f W'. .cy s:
,

The effect ofisted from the FLgCifT movies were generally much lower. . ;,; ny!--~.

; : 6.f . : . .

.: , . ..

pressure and fic,oding rate on droplet We is not clear, but it is reasonable . <;A 1
.

.

>. .

. ,j ,Yf[
T 'D)

'

to infer that the previous assumption for the critical We is too great. ,

of course, the carry-over velocity is only a function of (We)1/4, and s,.- .

^ t > n, ,, t,.

However, reducing the ,' '.}^'this sitigates the effect of We on the prediction.
% ;y&,; f}; ,|,, W..

critical W by half still decreases the predicted carry-over velocity by . ,,
.

-[F/![- .

; i.;-

almost 101. ,

g ,-+

-$'
The movias also assisted in generating or limiting assumptions to 1

.

The thin 3

help explain the data from the present experimental program. )

.'.t'.m assumptions of the next chapter are consistent with the thin vapor ~.
*

Another ; j' |
annuli surrounding eacti heater rod observed in the movies.

,
.,s

*

' assumption made in the analytical section of this report is that the vapor- .

.. ., ,

liquid interfacial ahear stress is approximately equal to that at the wall,
,

i

i

|

allowing the further assumption of a parabolic velocity profile for the
' 'g Tne velocity of .

vapor in the thin film, synnetrical about the centerline.
I

the continuous liquid within the vapor annulus is expected to be only'

slightly greater *.han the flooding rate, only a f ew inches per second.

This is indeed negligible when compared to the estimated vapor velocities i
4

i'

of 30 to 40 ft/sec. So, it is reasonable to assume the vapor velocity !

-

i

at the vapor-Aiquid interface is approximately zero, and that the two i i,
I

14 - ,
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. N.|2h,
'

'.: n..;.n
, y( q 1

-
,

- >.*

*

, .' , '.
' < g

st,aar stresnes are equal- Further assumptions of a smooth vapor-liquid _,y ,

*
,

' .- i
interface are not in consonance with the movies, se they show the liquid 4 SI, , -

| . , --Yp I

wave motion typics.1 of film boiling. Ec9ever, the wave velocity was 5 to IC.\ . [ j
f .:,1;j
:.y. ;d:.110 times the fir *11ag rate [2] and this would tend to dampen tbs effects '.W.

y;
of wave motion on the smooth interface assumption. The final section of , rf K'L ,*

4 t g).; p..[ "
.

this intioductha vill briefly describe the procedure and results of a. , . ,;.
.

...1

somewhat ofc.itar program that inspired the method used by the experimenter ' N ji-

...,,e.'.- |
''

' Eto maintain steady stato stable film boiling. 4

.

'1.3 P:evious Experimentation
, ,

i
1 -|,

At Canada's Chalk River Nuclear Laboratories in 1973, D.C. Croeneveld ~
'

i

' ,]
C.

[4] investigated stable film boiling best transfer using Freon-12 coolant.
j

''His program will be briefly outlined because of its influence on the auth-
.

or's experiment discussed later in this reporr. Groeneveld used an
,

Inconal test section, uniformly heated by a DC power supply, except at a I

" hot patch" clamp where the tube was short circuited. This hot patch
,

clamp was a copper cylinder with cartridge heaters powered by a variable '

transformer. Dryout at the hot patch was achieved by raising its tempera- *

,

'|ture, and thus the tube temperature, so the tube wall was too hot to
,j

t

nupport liquid contact. Groeneveld found that if he first achieved dryout
' at the hot patch, he could promulgata dryout in the downstream direction

! ! I

simply by increasing the DC power to the rest of the test section. I
*

| ,t 1.

,
1There were several interesting results that are worth mentioning. j

Groeneveld found that the hot patch surface heat flux at which dryout

occurred was 2 to 4 times the critical CHF with uniform heating, although !
I

the het patch power was much less than the test section power. Also, after '

< 1

dryout had been first achieved at the hot patch, dryout started to spread )
! |
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downstream from the hot patch at power 1ev'41s well below the power r'equired _ . ', h. . .
,~ .-

.. ~ . .. ~. F ,'*l<.

. ., . . a ;.M'

.r. ~ m' . .," (7 ,gp?.f j!'.. , .. . .

- ,.

to achieve dryout with uniform heating. ' , ^; h?,'jkO - . .,a s b.;.
The procedure described above and inferences derived free Proeneveld's 3G ;j[pi-y ,

- >
,. ,

s t. s

. ,1 : : ,:k-I, . @, . .. ,_.. . ,
:>. . , .

observationa vers at.first applied to the author's own experimmatal apparatus.
.

-.

I ' .- r. ,(Is.., - , , . t. ,.
.

, .

t.

Subsequent problems demanded revision of the original approach and redesign w2|aq;p-

-

of the test section,' but- Croeneveld's basic ides was spplied throughout [ g]Q; , ;.jj.!1
-

r.:1- s ,

i,',9 |5.(
> . '

this program: use a heat spike to produce a heat flux grG' than that <,b
* ' -, a P-

a

The *. '.' /required for CHF to prever.t liquid contact with the heated surface. . . n . , ;-.
- - y

author wishes to acknowledge that Croeneveld's techr.ique (although orig- . ",

.-j.,

' , . . , , 'inally applied elsewhere, but not for the same purpose) and otiserntions
.

,

.,.:.. . a. .:

. .e Y'?Qpjwere the initisi guidelines for his own experimental program. , ;- -,. - . .p,
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, , ,

., c ~Q
There are many reliable correlations in the literature to predict heae ,

c. ,I
I !Tl

transfer coefficiants as a function,of system parameters. 0ngoing re- p !..

~; - .;..e

search programs are also attempting to refine traditions 1 methods or to
, .,

;1:

. .', .i 7How- .
-

innovate new techniques to better estimate heat transfer behavior. . ,

. .j
ever, all existing correlations (ar.d most certainly any future develop- -q-

i*
ments) are dependent upon well-defined flow conditions, i.e., laminar or ..

,

turb ulent, film or tube flow. It stands to reason that a specific correla- >
"

cioo may not be utilized unless the floc is defined, and so a criterion
,

, ,

<

is necessary for deciding which correlation is appropriste.
. ,.

. , ,

The objective of this research project has been to establish such a
.

criterion for selecting the appropriate correlation to predict heat trans- ,

! j

fer behavior during the post-I4CA reflood phase of a PWR. The carry over

point, the location at which liquid droplets are literally carried up the

rod bundle by the vapor, is a logical criterion for deciding which heat

Before defending this assertion, it would .

transfer correlatica to use.

be helpful to first describ'e the two principal flow regimes of interest.
,

Inverted annular flow, or stable film boiling, is the inverse of f
|

g

traditios.a1 annular flow. An annulus of superheated vapor surrounds tho |

hester rods, and the channels of the core are filled with saturated liquid.*

fThe dispersed flow regime consists of liquid droplets dispersed thrcugh- |
' s

Fig. 1 shows how these two and other regimes night i
!out a vapor sist.

In thisoccur simultaneously in the FLECHT test section, or in a PWR.

present program, an interior channel of a PWR was modeled by a standard
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,

- o, 6B/D 1"'-

a.:5 e.,

stainless steel tube whose inner dianster was approximately aquel to the
- f ff jh(fI

hydraulic diameter of a FXR interior channel. % e wall of the tube sisme . - |k
'

J' W.
. . , .

' '' T b M1ated the heated surfaces of the fuel rode, and the tube flow area the -4,
.

3

.,

' ~^
I'interior channet . In the test section, inverted annular film boilias con- .y

,.. y ?A.

sisted of an annulus of superhaated vapor surrounding a central cora of
'

Edb j
'

C$n u''.c
-hE ?} Jsatur ated liquid, and in dispersed tube flow liquid droplets were dis-

.

d. ;.

*

. .2 m
''

g.4:.0persed in vapor. ': ~- i~.
%t y 4 fr

Heat transfer behavior in the different regimes has been er= mined by ~ .. W N N

Th* '4i . v.)
c- g.,.

"? $a considerable number of investigators, and ths general trend inferred , .. d
[.(g.y;E

*
.

,N*.{In the nuc1'estefrom their reports may be found in any standard reference.

?k'E f< J.N
"Ih?

;f t . a

boiling regime, the liquid wets the wall and heat transf er coefficients .\ * asvr s. 4sj fe.,y *,'h. Q \

are very high. In the inverted annular regime a film of vapor separates L.-f;@1;;f2Y|1
t.

m.3
.

the liquid from the wall and offera resistance to transfer of heat from the g;:.-py?)NT
.

.: K,;; ,1

, ..

wall to the liquid. Heat transfer coefficients in this regins are expected .'J ' #
,,

...

to be very low. However, in the dispersed flow regime the heat transfer j ..f g ' '
, ; * a.,

_ gy j $ _ ';
,

improves because of the increased velocity of the vapor and the premca ;.g.- ;,

of liquid droplets near the heated surf ace he carry ov:r point is also the . . ,j i , . ,
.

9
, .x .

location at which heat transfer improves with quality because it is where @. N ,{
=

y ...; .; ;

The S .}'P *1-
'

the vapor velocity is high enough to entrain the liquid droplets. . ; -.. w
'

carry over point is thus the best criterion for deciding which heat trans- ., ,,'
I

* * < .p

* ' "

fer correlation to use because it is where the flow regimes change fros '

l ,

film to tube and where the heat transfer coefficient reaches its minimum.
.

. -i

The remainder of this chapter describes the development of several
1

theories which try to explain the experimental data from the test section.
'

1i

The purpose of these theories is not the development of an empideal f

correlation for predicting heat transfer, but rather it is to show how j
,

# .
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..., y*
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; l ,.,1- , / v

3
7...,,.

* ,_ ;:sx;<

. ..

cloonly the data fits the possible types of f1w found daring the post . '( 'J:
. .

: .-c
,[ fin 6
' .| * v L'yIACA reflood phase, e.g., laminar film or turbulent tube. When the data 2

can,he so categorised, the carry over point any be inferred base'. on its. '' ''.M'dii
.

. . . - ::5;f f-

previous definition. That is to say, the behavior of the heat transfer. - (g.<-
,

coefficient and the type of flow may be used to experiaantally determine
* ,. c, - .

:.' 4'.

, ,. ; a.,
* ~

,. < :|-. .-
.

. ,y.

~ T w.-the carry over point.
-

.

.

; U$'.:|r:'
'

~ ',2.2 Development of 'Iheorias
. . . 'i '%

ag : , y"
<- ,

The FLECHT movies indicated thtt the flow pattern aromd the heater . . . . . ' .; r

rods may be laminar or turbulent, and it is to be expected that the heat , # .., -
-

1

transfer coefficient is influenced by the Reynol.ds Number (Re). Also, a ' Y,2 ''t
. > . .;' .,

vapor film around the heater rods was occasionally obrarved, and this | ' f J. "+
i+ + .1.

,;. .. . . ;, ,

was described as tho' film hoiling or inverted annular regime [2]. Any ~ JA .,
o,;

-

'

explanation of heat transfer behavior should then consider the Ra and the

film thickness (in the inverted annular regine).
.

6e

2.2.1 vilm T,aickness
,

!'

Film thickness is of great imporcance below the carry over point, in
.

the film boiling regime. It is the vapor film that of fers resistance to -[
the iransfer of heat from the heater ro.fm to the saturated liquid in the f

,

channels, thfortnately there is not much materist in the literature on''

. inverted annular flow, b'st enere is a wealth of informatim on traditional |
'

annular flow and on film condensatier. on vertical valls. Film condensation
.

theories may be applied to vapor as well as if appropriate force, mass, and

momentum belances are used. There is an excellent method [5] for calcula-

ting film thicknesse. as a function of Re, but the parti ular problem at

hand does not readily land itself to such a solution. Different methods ;

i
1
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'

.

'

for determining film thickness aust be used for laminar and for turbulent
,,

flow, but no clear transition Re is available for deciding which to uce.
,

Instead of decid!nd if the flow oss ' laminar or turbulent, the film - -

i
'

theories presented in this chapter are applied throughout the test section,
,

,

ressedless of Re. Film thickness will then be inferred from the film i. ,

|
-ltheories and utilized as explained latst in this chapter..

,

2.2.2 Reynolds Mus6er

i

One would naturally assume that in the inverted annular film boiling 4

I
regime .a Re based on film thickness must be used, and in the dispersed .4

-

,

firm regime tthe he should be a function of the tube diameter. This, pre-
'

sents another dilemma because the aarry over point would also be the cri- ,

, .

|terion for selecting the appropriate form of Ra, but the carry 3ver point
|

is not known a priori. Fortunately, chia issue may be conveniently side- -

!

stepped because in this case the tube Re and fil:a Re are equal, as ex-

plained below.
I

e

s. Film R3

If the curvature of the tube is negligible (i.e., the film thickness'
.

is small compared with the tube diameter), the tube may be approximated by .

I
a vertical fist plate. The vapor film Re may then be found from analogous 4 |

I
,,

j
film condensation theories,

!4T
J (2-1) |'

Re = ,. v p

f
y

and T is vapor mass flow rate per unit width, and for a thin vapor 2ilm, ;
y i

1

5 .

" (2-2) I
T = - - - -

v nD
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*
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,

g,g+ r,g]
.! _ .. . .-

-
> -

.

.r . 4
'

.
'

- , t . ,:n : . . -
- ",

.

s.,-, . , . . .

qy
=

'.

4;y y,e . . .: .- .
.

,
,

if the regime is dispersed' flow, tt.e vapor is no longer a thin fils .d//
4 r. ..,t.. m !'

,

but inst.cid it fills the entire tube. the Re must then be based on tube ' 5 [:Ad...m t.,
..

diameter, and assumicr,a zero ahear interface, - {;v.({p
. '

m.
i e(_

,-
)p - - z. , -.- @,f)/g.;. '- (n,- -,

' * l' ' WO
v - y - y y- ~(2-3)se . = =. -

. . ,Q%. t -
,

,,
'

''y v v .

a:;e
. . . ;. .

From Eqs. (2-1) to (2-3) it can be seen that the tube cd film Re are equal ' M * '' ',' j
w ;;i.w

.a- .

and a decision as ta inhi d to use is fortuitously unnecessary. ' ,.' ?
.

*
.

c. Film 34eperties - j; ,, i

All film properties are to be evaluated at system pressure and fils
,

.. ,.
v.

teciperature, assumed to be the average of wall and saturatien temperatures. eM*

'i
. ,

1

-(T +Tsat) (2-4)T =
v 2 w

'

i
'

i2.3 Tube Theories
.

. J
The tube theones are based on the premise that the vapor filla the

.

entire tube, and it discouts the contribution of the liquid droplets to ,

i4

thc h2at transfer mechanisme. These theories were developed as a limit
.

to the experimental data in the higher quality range. generally at the

upper elevations of the test section. There the regime might be expected
*

to be dispersed flow and + tube theories would be more appropriate. - j

|
2.3.1 Laminar Tube ;

.,

With variations of apprortmately 100*F from a mean tube temperaturc, j
,

!the tempersture profile is not constant along t'c experimental test section. ,

IBut, considering the high temperatures at which it was operated, an assum:)-

tion of a corstant asial temperature profile would not be too unreasonable.
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For such so assimption, Rohsect w and Choi [6] have derived an asymptotic ,'
| .. ,..

j value for the Musselt Nisuber (Nu)' for 1==f nar flow in circular tubes with ! 'j, -

' i !
'a parabolic velocity profile,

t .,.

! Eu = 3.66 (2-5) *

1 -1
j

| From this seustion, with the vapor thermal conductivity and tube diameter. ?)
i ~1<

|
. r

: the heat transfer coefficient may be found for laminar flow of vapor in , ,j('

.

,

! 4, ,

! the diepersed flow regime.
..' ..;g
u

.
-

3
,

1 2.3.2 Turbulent Tube .t..

i 1

1
*'

For turbulent flow, tl.ere are several correlations which predict Nu
,

'as function of other dimensionless parameters. One of these, the McAdams
i
'Equation, gives
*

,

Nu = 0.023(Re)'0(Pr)*' (2-6) 'i
,

The heat transfer coefficient may agw Se found, knowing the vapor con-

ductivity and the tube diameter. As discussed before, tia Ra for tube
,

flow is the same as that for film flow, with the vapor unsa f1w rate based
!

on the equilibritsa quality,

a, = Xh (2-7)
.

2.3.3 Modified Turbulent Tub'e .

If the Re is based on the total mass flow rate rath than on the

vapor flow rate, an upper limit for the heat transfer cc. efficient, indepen-
..

dent of quality, for turbulent flow in tubes may be established. Because of

its independence of quality, the Ra may be calculated by
,

|

C"Ra =; (2-8)
Nv
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Since film properties are relatively cenetset along the tube, given the .;j
,

slight axial temperature gradient, the heat transfer coefficient may be ,

derived from the McMans Equation (2-6) as a function of the flooding' rate | -]
| ,

only. % e purpose of this theory is to place en upper limit on the heat
t-

,
'

transfer da.a much as the turbulent tube theory of sec. 2.3.2 is a lower
i

lin:. That is, heat transfer conflicients above this theory are definite- {*
q

ly turi,ulent film and those below the turb lent tube theory are definitely ]

^ 1aminar film. Howeve2, this modified theory is applicable only for higher
i

flooding rates, those 4 in/see or greater. At flooding rates of 3 in/sec, ! ,

this modified theory approximates the data well, but its results are mean- ,

ingless because the experimental heat transfer coefficients indicatu the
I

i

| data was taken in the film boiling regime and not in tube flow. But, at | j

the higher flooding rates it does reliably present an upper limit to the

f ')data for tube flow.
1

$
2.4 Film Theories

In the inverted annular film boiling regime, below the carry over

point, heat transfer is greatly influenewd by the film thickness. It is j

*

this vapor film that resists the transfer of heat from the tube wall to

the liquid. The following two theories investigated the effect of laminar

aki turbulent films on heat transfer coefficients.'
i
i

2.4.1 1.anivar Film :
I.

.

j t

4 iHeat transfer through films is a rather complex phenomenon and sev-
"

eral sias11fying assumptions must first be made to arrive at a solution.*
3

,

'. !
*

t

These assumptions arst ,

|

s. Axial heat conduction is negligible. This is reasonable ,
,

! except at the ends of the heated section.
P
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i , , ' ' i:b. All the heat passes from the wall to the'11 quid throughi
the film. This is not quite correct because of super- .? ~ ~ . . ^.'5 ;,'|3

.

.

'

heatisw, of the vapor, bit it should r.ot induce too great j;.J.f
;.p c ,e.an error. .

-- . r s.. j.t g., g-
, , ,

Mf 'f.@tc. Curvature of the tube may be neglected and the film may . . i' .q'.be considered thin. M is allows us to consider the filr. .. H.Ily- as flow between a vertical flat piste and a parallel'- i.,;) WN 'liquid-vapor interface. . s r
'

* -

..sp,.
-

-
. . '9"...:$[,P1

.-

f -h..

d. Se velocity distribution in the film is the universal
i dT ' 114velocity distribution. Thia will be discussed in more -

detail later in this section. -QMS.". c m -
''

, f.[f,e. ' Momentum terms are negligible compared to viscous and
'- +;;. ; ,

,.

pressure forces. This assumption is within reason. ;
.

At fig. 5 is representation of the thin vapor film in the experimental

test section, showing the universal velocity distribution and a control *
,

, . . . . ~
4. <

volume. A force balance on the control volume yields: .

*;*
>

3.. (2-9) T i.
'

- p = g(p - p,) |. .
,g

-;.
Substituting into Eqn. (2-9) the definition of the shear stress, . , ,

BV

T= p d (2-10) I
'

*

v By

gives
BV

-9 * * EIPi~E) (2-11)
7 2 v

.

We further assume that the shaar stress at the wall and the shear stress .

#

at the vapor-liquid interface are equal. This is tantamot.nt to assuming ,

the universal velocity distribution, with the vapor velocity at the wall

and vapor-liquid interface equal to zero. These assumptions establish~

,

the boundary conditions for the differential equation aboee,
.

BV

1) at y = 0, j 0=

(2-12) ,

l2) at y = i 6/2, V, = 0
}

i
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'
,

Integrating oq. (2-11) with aq. (2-12) yielde the vapor velocity profile ' ',...
., ..

,
* ~ ,..

as a function of film thickness,
,

'

8(Pg - P) (6/2)2 (2-13)'

,

s '. 11 ,
2 2 '

.

,
';

. 1 !. . .

the vapor flow rate per unit vidth, T,, is then calmisted as follows:,

$ *I
'

'

.:
3

6/2 Sp (pg - p) 6y (2-14) ,

3 ,p. Y dy =-
~T 49,=*

Y v s
j , .

.
-6/2'

_

-

From the definition of the vapor film Reynolds Number, eq. (2-1), the film

thickness may be found as a function of Re,

3SD (Pg - P) 6 (2-15)
-

y
Re 2 3 ....v

y

For a thin laminar film, the film thickness is equal to the ratio of vapor
Eq. (2-16) is the }

thermal conductivity to the heat transfer coefficient.

expression for heat transfer coefficients in a thin laminar vapor film,
. q

(2-16) g
=

.i
y

, . 1
2.4.2 Turbulent Film _

!

This is again a very coraplex situation, and several assumptionc !
j

These assumptions, i
must be made to simplify the mathematics required.

the same as in Sec. 2.4, and this particular problem are very similar
.

j

to that solved by Dougall [7], and his solution will be adopted as the }
,-

The specific details of his method will not beturbulent film theory. i

; ;

repeated here, but the general procedure will be presented for a better!
j ,

understanding of how t;his experiment's theoretical turbulent film heat !

transfer coefficients were derived.
t' - 25 -
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Given the film Ra, Dougall integrated the universal velocity dis- ...; . ,~ g ;,-

E, * ~ ..e
tribution to obtain a'dimensionless film thickasss: ...#! ,'

g* 6* 6* 6* ,'C D
for 5 3 y $ 30, ma, = 100.4 - 64.4(7) + 40(7)1a(7)

'

;

'

6" 6" 6* ;e _-

for 30 57 , Ra, = -512 + 24(7) + 20(7)1a(7)
g ,

<-. . .

I' \(2-17) |.. .

. ;u.>[% '.,'

For the problem at hand, film Ra were calculated as in section 2.2.2 and
-

. ,,u*

. 'T ' >

. Then, with the further assumption that the
.

{ 'iused in the above equation.
..? 7

shear stresses at the liquid vapor interface and at the wall were equal, :. < -

|,

and with the definition of the d4=mamionless film thicknera, 4 ;

' (2-17a)
4* 3 --

8"v
, , .

v . .

Dougall was able to asiate the film thickness to the dimension 1ssa film
-

thickness as a function of film properties rather than of shear stress,
,

.

2P,(pg,- 0,)sD 6 = 2(6*) (2-18)(g)-

2
Eve .

The assumption of equal shese stress at the wall and at tbg vapoz-liquid
,

interface in essence 1maans that the vapor velocity at the wall and at the
.

vapor-liquid interface are both ::ero, and the velocity distribution is
This is the assomp- |

parabolic, synestric about the vapor film centerline.
l d it

tion of the universal velocity distribution presented ear ier, an.

The vapor velocity, on the average, is
I

,

appears to be quite reasonable.
;

such greater than that of the liquid, which is only slightly greater than
, *

i
'

The vapor velocity at j
| <

the flocitag rate, i.e., a feu inches per second. } |i
;

the vapor-liquid interface is the same as the liquid, a few inches per '

second, which indeed is negligible compsred to the average vapor velocity.
)
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Lousa11 divided the vapor film into several regicos in order to .iM

determine their individual thermal resistances. He then utilized egn.
'

;y
'

,

...: :4
(2-18) above to espress the No as . j|p[

1/3 iM.)-

P,(Pg * P,)@3
(6 )1/3 r,V./[;,

'
e

0.794 .j

p'2 ) t, M

(2-19) - N'

Nu a
v

6* -
'

/ dy+ , ; fg
,

o 1 + 1'r c/v _.

v
.

6

where / dy+
is defined as the thermal resistance of the vapor

o 1 + Pr s/vy
^

fil:s (see Reference 7 for evaluation of these thermal tesistances). . -7
',,..g

Once the Nu and the film thickness have been calculated by Eqs. (2-19) c

and (2-18) respectively, the theoretical turbulent film heat transfer , :

coefficient may be found freet

Nu = h6/k (2-20)

I This turbulent film theory as well as the other four theories will
f

,

*
'

|
be presented in Chapter 4 with the experimental data. The fore of pre-

- .

sentation vill be graphical, with h/k, plotted on the ordinate and equili-

brium quality on the abscissa. h/k, will be plotted instead of just
.

the heat transfer coefficient because "the former desrezaes the influence I
,

of temperature on the experf. mental data. |

| |
'

The next chaptee describes the test apparatus, trocedure, and 6'

I

method of arriving at the experimental heat transfer coefficients. I
,

'
t
; .|

+

'
.

iu
>
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*
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3.1. Description'of Apparatus: ..>- . . c :.n'5<

9A-

tion and f.%|O.
m experimental apparatus basically consisted of a test sec

5:.@'
3

.

A diff erent configuration and proce-.
' , ~ . a .';

control and instrumentation devices. d

dure were used for the'first two d'ata pointis, and this is briefly discusse
,

e.~ t gu
. L ' ; e ',

~ The objective of all experiments was to obtain steady state -
< .

. . . .
in Appendiz B. At Fig. 6 is a sche- :. ' :

St%

heat transfer data in the stable film boiling regime. ' '

h of the test
matic drawing of the apparatus and at Fig. 7 is a photograp

s.

Reference to both figures will assist
.

section and associated equipment..

i For all but q

in understanding the apparatus and the concept of operat on. ' c;,

' *r j
i is applicable.

the first two data points, the remainder of this sect on
.

>

I, .',

Control and Instrumentation. 3.1.1
e

System parameters such as pressure, coolant flooding rate, coolant'

LOCA

subcooling, and tube wall temperature were representative of the post-
System pressurizing was achieved by nitrogen gas and readreflood phase.

; The accuracy of the pres- =

at a calibrated pressure gauge. O to 100 psig. '

ided by a
,

sore readings was within 3 psi. Coolant circulation was provr
+

line

commercially procured centrifugal pump.10 CPM capacity (a Fypass
i

decreased this flow to approximately 2 GPM), and flow to the test sect on
*

d d globe valve.
was monitored by a rotometer and controlled by a stan ar j,

in-

The rotometer had been calibrated and subsequent checks of flow rate!
Coolant inlet temperature was varied

I dicated its accuracy was within 41.
i d by i

by using a shell and tube water-steam heat exchanger and was mon tore
!

h tube wall just !

two thermocouples, ons in the fluid stream and one on t e
,

;

All ther1oocouple's (except the one in the!
I

Y u n tream of the test section.4
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fluid) were chromel-sitanal duplex wire with glass-on-glass insulation.

The temperatures were read in millivolts on a digital DC voltmeter accurate
.

to 0.02mv. Calibration tables supplied by the aaaufacturer were used to
.

-

convert thermocouple millivolts to 'F. The semperature readings were as-

cumed accurate to at least 5'F. Tha thermoccuples were placed on the out-

side well of the test section, but because the tube well was thin (0.091 in),
-

the temperature gradient was negligible, and the inside wall temperature
,'.

was assumed to to the same as th6 outside.

Heat to the test section was supplied by two different means. The

lower 4 f t. of the tube, called the preheater, were heated uniformly by

resistance heat induction. The current through the preheater vss controlled

at the DC generator console and could be varied as high as 3000 amps.' The
,

, ,

voltage drop across the preheater was read with the digital DC voltmeter I
f

and used with the calculsted tube rcsistance [8] to cor.pute the heat flux. ;

I

A separate ohameter with adequate accuracy was not available to read tube j
i

resistance, but Mantell reliably predices resistance as a function of

temperature. The voltage drop across the preheater was considered accur- '

ate to 0.003 volts. The main portion of the test section was heated by *

}.

heat spikes powered by Variacs (variable transformers). The variacs were j
calibrated, but as there were six (6) individual cartridga heaters powere:d

by each variac, and the voltagu a:ross each nester was critical in deter-
.

mining the heat provided by each heat spike, the voltage across each
i .

heater was also checked. This voltage was founo to be 1 volt (on the ; i
*

; i i

| average) less than the celibaated variac reading. i
l

3.1.2 Test Section |
!

The test section itself was a type 304 stainless steel tube, 0.493 in,

29 --
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.ID, 0.675 in,'3D, 8 ft. long. . The lower 4 f t. of the tu'w, the preheater, ,,

,

was heated separately and was used to raise tha coolnt temperstwee as rios.
:G

to saturation as possible so that tube wall d*)out could be achieved at the

first heat spike. Alac, the effect of total heat added was to be considered, :. ,

""#
aad this coald be easily varied with the prehester. Thersucouples were

' ; .%.,

placed at several locations along the prebester to monitor temperature. - n '' '*

. . .

The remainder of the test section was heated by the heat spikes,'small
.

-

concentrations of very high heat flux (the ==4== flux Eor asch spike was

3 2
'

approximately 2 x 10 BTU /hr-ft ). These heat spikes were copper blocks

with six (6) each chronalox cartridge heaters, 250 watts each. These
'

blocks were cut into sections and clamped tightly to the tube. (At. Fig. 8

is a schematic drawing of ':he copper block heat spikes and their arrange- -'$
r

meat on the test section. At FJg. 9 is a photograph of several copper
;

blocks without insulation). There were ten (10) blocks total, 2.5 in.

long, 2.5 in. in diameter, spaced 1/8 in apart. At this interval, the

tube wall between che blocks did noc quench because of axial conduction

between the blocks. One thermocouple was placed between each block and the
*

| tube wall to monitor tube temperature. Contact resistance between the copper
*

block and the tu'a wall was neglected and it was assunsd that the wall and

the copper were at the sam. temperature. Ohis assumption was reasonable
,

j since, in some places, the tube wall could be viewed through the insula-
t

| tion, and its color was approximately that of the copper). The entire test i 4

'

k
| $

i

section was insulated with commercially procured tub.s of angnesium oxide. ) j'
; !,

i.
p .

|v 3.1.3 Additions 1 Components
. ,

b t

'

| The apparatus had a recirculation line whose purpose was ta allow the
>

i
'

f coolant to reach the desired inlet temperature while the tube was being

| 30 -- m
,

| j
a ..

,

,--
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heated. A condenser was used to condense the vapor to libid before it
g,. g

reentered the reservoir (30 Cal. supply of' distilled water). There was
' o

also a bleeder valve to makin coarse adjustrients to'systes pressure and a -

drain at the bottom of the test section to .mrge t k system. '"gM-On several.

-

, .

. ; ~ -f: .occasione during the experimental program, 11 coolant was drained and.

.

the system reple'nished with fresh distilled water to eliminate impurities. ,!

e .
.

;

3.2 Procedure of Operation

The system was first pressurized to approximately 5 psi below desired

operating pressure (the subsequent generation of steam would increase the

pressure and the bleeder valve would then be used to lower the pressure
.

as close as possible to the desired levci). The variac voltage (for all

ten heat spikes) was increased and the tube temperature allowed to rise

to at least 1000*F above saturation temperature (the test section had pre- |
|

(viously been draina.d of water and the tube wall was dry before hs at was

While the tube temperature was increasing, the coolant was cir-applied). !

culating through the heat' exchanger and the recirculation line and was
As the tube temper.ture approached .

raised to the desired inlet temperature.
I

+ 1000*F the main generator DC current was applied to the pre-heater. i

T
sat

t

When T,, T , and C all were approximately at desired levels, the.

g !

|

coolant was diverted from the recirculation line into the test section. |

As necessary or desired, the following refinements were made: T ,was
4 ,

i

'

raised or lowered by adjusting variac voltage; pressure was lowered'by

the bleeder valve; coolant flow was monitored and held constact; T wasg
1
j

controlled by the heat exchanger; and heat flux to the preheater wasI
,

varied at the main generator console.
31 -\ -
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3.3 Recordina the Data

-j];-

a:-Q
Since this was a series of steady state saperiments, emphasis was on

'. c([,5
?>' |inauring that all parameters were relativ;ly constant over time (a corro w i .: ' |

,

'

*

2 v,7,

tion for heat leases due to che. ages in umil temperature was applied- see ' ';,*
.

,

paragraph 3.4 below). The partiment quantities measured and recorded were
-

.g
as follows: o., -

T,, T F, G, E, and e. All parameters except T, could bei held "
,

, g ;

- 1

relatively constart for the duration of any data point. T ,was recorded
. |

over a convenient, arbitrary time interval (dt) of 12 minutes. However.
{

recording of data did not begin until 7, appeared to settle to a reason- j
iably constant level. (Although a data point required only 12 minutes to

record, it monetimes required over 4 hours of adjustments to hold the sya-
- ,) )-

-

a
,

,[,
!

tem at steady state for any one data. point). Once recording began, how- '

"
.

lever, no adjustments were made, other than insuring the flow rate and in- 'L'
1

let temperature reesinsd constant. I

!

3.4 Data Reduction
.s.

The objective of this esperiaant was steady stata heat transfer data.
~

1
'

The heat transfer coefficients were computed from '
*

1

*
9 '

ne**h (3-1)=
A

RT w" sat
*

where. T was the average wall temperature over 12 minutes, and qW was
net

the not amount of heat added to an incremental section of the tube by one
s

icopper block heat spike. Then |
I

!

Inst " 9 ~ 91~9L { l
2)

'

| |
| where 2

I jEq= x 6U (3-3) ! i

'
,
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Each individual cartridge heater was =<=ina11y rated by the manufacturer
' 'D' ~

.t., c:*

,

.
.

:;!' %,,

- ' ' E '!at 250 Watts e,t 120 volts. However, the resistance of each heater varied. - ,. 4:
' .k ;( ' . .~' '

and the actum1 wattage per hcatur was used in the computations.' (The heat- H.i
Ai ';y<.

.
. .. ... .

.
.

. . .
.

,]i .ers contained hirh resistance wire whicli, 'when current 'was applied, trans- . , -

.#

(arted hr",* to the stainless steel clad.' The variance of each heater's re- ; ..re',-
'

>.

. . . . ,: f. .

sistance with temperature'wss negligible' sad'was'not considered). q , the - ,,. ;;
-

<

i >.;,,

*. . s.g e4
' '

- heat losses through'the insulation to ths' ambient, were taken fron' heat loss . , ),a)
. v

. : '.,
,

. . ' *.

curves se 6 function of T, prepared by the author for these experiments.
- ''

q , the heat losses due to raising the wall temperature over time (or heat ,,

gains if 7, decreased) were calculated by ,

|.

dT ,
.,,

)

[(we )sa'+ (we )cu} J (}-4) .

;

~

q.=
p p de ,s

L ,

*
s . .

I
Also, equilibrium quality (I) for each heat spika was calculated by first ,

;a a

computing the enthalpy, B(s), of the coolant as a function of length from
' > '

a heat balance

s B

f* f 1

I a dd (3-5) ;q"wDds =

J s
8

*1 1 .

is the heig5t at any
g = 0, the bottom of the test section, swhera s 2

fand H are the enthalpice atlevel (e.g., the carry-over point) and Hg 2 1,

these locations. Next, calculate the quality.

E(s) - Hg (3-6).

Z(s) =
H iis

Then reiste quality to vapor flow rate by
i ) )C,

(3-7) | jV, a
p ; ;v

1
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,.7'',4. :>. ,

In order to verify the validity. of the above procedure, a heat balancs3, @(: T, %
~:

JJ

At a low system pressure and flooding rate, coolant . ~.
!.y
4,

Thermocouples vers mounted on the * , 'Q:check was performed. ,

,
,

was circulated through the,, test section. ' ' Iy.t .. s]
?! *_

!
f ..

outside well of the test section immediately upstream and downstream o.-. .D $I'

i l to monitor.the
.

,

the botton and top copper block heat spikas, respect ve y,
.;, h||

;c n
The bulk temperatura of the 11guld was assumed

, C.,

temperature of the liquid. ,. }ll (the following pro-
to be the same es the outside resperature of the wa

he was applied . . , . .
. .

cedure would validats this asstarption, within reason). %
ikes. The system was

to the main test section by the copper block heat sp ^ gbelow saturation. ;

then allowed to achieve steady state at wall temperatures
- /...3 .

g'-
*

Given the has' ' Aput, the coolant flow rate, and the inlet temperature
,

. . . . ,

I
"-

,

(and enthalpy), eqn. (3-5) was used to calculate the outlet temperature'

t *

The results agreed with the measured outlet temperature within
,

,

(enthalpy). both the
The above test was repeated for just the preheater and for -

4

I. <

7%. It is be~ i .

preheater and the main test section with sisilar percent error.
' <

5
d in

11eved the above check validates the experimental procedure describe- .
-

,
1

j

this chapter, '

i

N results of the experimental program, ccecoared with the theor es|
The experimental heat I

*

derived in Chapter 2, are presented fn Chapter 4.
) will be plotted versus the

transfer coef ficients calculated by egn. (3-1
i

.

Carryover velocities, when ,
equilibrium quality esiculated by eqn. (3-6). '

f

(3-7).
appropriate, will be calculated by eqn.

.

6

i

f
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4. RESULTS ,

< .

Experimental heat transfer coefficients, ca'leulated as shown in .

l

'

<.
. ';.

. |'4
Chapter 3, were corrected for th9 influence of temperature by dividing

* O |

The theoretical heat z . s.
by the thermal conductivity of the vapor film, k .

'

.v.' v .;

N
transfer coefficients derived in Chapter 2 also were divided by k ,to

_

"
"

.

Both experi-
compare all hest transfer coefficih.ts on the same scale.

,

y.

mental and theoretical results, except the laminar tube theory, are tab- ,

'g,

3
"|

,

'Ihe imminar tsee theory was not calculated for ;ulated in Appendix C.
Y

each point because it is constant for all system parameters [see ego. l
1

(2-1)),
"

(4-1) 1(h/k ) laminar tube = 89.1Y '

This theory, as well as the others, are compared with several data points I

[The pur-
to determine how well the data agree with the various theories. !

pose of this type of presentation is act to derive a new espirical i
|

Instead, by plotting the theories with the data, a better
.

t

icorrelation.

appreciation of the type of flow represented by the data ns.y be gained, f

and the criterion for liquid carry over any be inferred from heat trans- .

Ifer behavior. 1
'

In ad?ition to the tabulation of data in Appendix C, the agrecaent of
.

Next,
the data with the theories will be described and shown graphically.

j
several data pointa vill be presented to show the effect of pressure,

|*

;
flooding rate, and wall temperature on heat transfer and carry over,

!
Then all runs with carry over discernible (flooding rates of 1 in/see or

;
i
|

less), will be plotted separately, with the carry over points indicated
,

4

Finally, the carry over velocities deduced from these data
;

for each. ,

,

- 35 -
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points vil1~ be comparsd with Plummer's critical Mass criterion which pre- N
J' .1,-

-

diets carry over velocities as a function of pressure. . |1 ,f
'

' i 5 .3
~ mq

h fore the data is presented 'a few general comments'would be helpful. ': -)
| l'he fitat* Leat transfer coefficient for each rm, at the axial point 'corres- 3

A

.

pending to the botten of the mala test section, is not plotted. Axial 1

~]
., conduction effects are too great 45 this location and the well tcuperature j_ , .

. + .; e
and heat transfer coefficients are not representacive of the film boiling - .

.

regime. Also, at this position, experimental heat transfer coefficients j

are very large (h/k, is of the order of 10') and a scale of axes that in-
'

'

cludes this point inould distort the crend shown by the re==!ning points.
.

.

{ All individual coordinates (X,h/k ) fo'c each data point are connected with
]y

straight lines to more clearly indicate the change of heat transfer co- '{
r *

efficient with quality. Finally, all theories are plottsd as straight Y

lines, approximating a slope for the individual values calculated by the ,
,

. .

theories of Chapter 2.

4.1 Aareement of Data with Theory

mist transfer coef*icients (h/k ) for all data points were plottedy .

| versus equilibrium quality to show the agreement with the theories de- .

rived in Chapter 2. When the plots for all data points were compared, some
.
t general trends were evident. These comparisons of data with theory will-

l
| be discussed in this a.4cL1on, and several data points will be presented

*
b as illustration.

,

4.1.1 1ov Pressure. Low Flooding Rate
,

When the pressure and flooding rate are low, the hee.; transfer co-!

efficient stesdlly decreases with quality. At icv qualities, the heat

'
- 36 -
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transfer coefficients are very high, indicating the data falls in the ' t..*

In the higher quality rangs, the heat transfer . f! |A!baucleate boillag regime. i.:pe
, .". 7coefficients are lower and approach the values espected of 'tnAsition to

..

*j
q.

#'
Most of the data falls in the area of decreasing ' heat '

_,
.

dispersed flow. '
:. . .

.

transfer coefficiente and indicates the flow regime is' turbulent fils , .

.

.

As the vapor film thickens, the tube wall encounters more re-
.

~
.

,

,

boiling. ...t

sistance to transferring heat to the liquid cora, and the heat transfer
<

.

4,

decreases.

At Fig.10 is a plot of the heat transfer coef t'.cient of Data Point 3
The data points indicate ,

(20 psia,1 in/sec) versus etailibrium quality. 4'

'- 1
that most of the lower quality region corrasponds to the turbulent film i..

' '

prediction, but at higher qualities, the turbulent tube theory is

On Fig.10, as on all fig,ures comparing theory with data,approached,
Although DF 3 may {

,

the full range of the theory over quality is shown.
.

i
not have qui:e reached carry over, its carry over velocity will be coarputed |

based on its ==4=um quality attained. This will be compared later in .

this chapter with the carry over velocity prediction.
* ,

4.1.2 Low Preosure Hir.h Flooding Rate'

When the flooding rate is increased at low pressure, the heat trans- * b*

Data Paint 13 i

for coefficients remain relatively constant with quality.

(25 psia, 6 in/sec) is plotted at Fig.11 to compare data with theory.^

As can be seen in the figure, the heat transf er coefficients correspond
i

*:4Ty closely to the turbulent tube theory n'ai are remote from the otner t

!-

This means that the entire test section is in stable film I,theories.
The

boiling au dat the film resisting heat transfer is turbuleni. ;
,

4
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taplications of this are obvious: at low pressure and high flooding ,j.

. .;| ,
rates. with the quality range saamined, carry over does not occur. The 1-..

f.'heat transfer ?.aa not deteriorated to that of the dispersed flow regime ~,
.,

* ' '

and the vapor film does' not offer auch resistance to heat treasfer be- #
-

cause of the increcsed vapor velocity Righ flooding rates result in '

~
.

. ..
inverted annular flow and carry over is not an import.1nt ' consideration.

.

Data Point 4 (not plotted bare but listed in ' Appendix C) indicctes
.

that this phenomenon occurs at flooding rates as low as 2-in/sec. This

would mean that given the range of parameters specified in the report ~

(prassure, quality, vall temperature, heat flux, etc.) carry over will

not occur at flooding rates of 2 in/see of greater. . The influence of
,

flooding rate on carry over will be further examined later in this re-
1

port.
,

_ _
,

4.1.3 Hiah Pressure. Im Flooding Rate

There is basically no difference between the respective agreement
, 3,

of high pressure, low flooding rate data and low pressure, low flooding '

! a

rate data with the theories. The heat transfer coefficient decrr;ases !*
thro gh film boiling to turbulent tube dispersed flow. However, as

3

I shown in Fig. 12, for DF 32 (67 psia, 1 in/sec), there are ditierences-

i

at the higher quality range. The heat transfer coefficients of DP 32

* 'decrease through the film boiling regime to a minimum that is definitely
kturbulent tube floJ, but approaching laminar film. The change of heat |

transfer coefficient with quality acd she change of regime definitely ,

, indicate carry over hae occurred. Looking back at Section 4.1.1, it is
|
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*

reasonable'to speculate that as the'bisher qualities are approached,
i

.,a n.

. 'ffy, }s).
e

DF 3 might have shown the same increase of heat transfer coefficient j r .. s 9*

' f ,'M'
,

with quality, and possibly the same incursion into the laminar film |u .=w.
'

, g g. J*
. . o. . . ,. theory. . n _..

.;2.,rT 's:,. . .For both low flooding rate cases shown (M psia and 67 pois) the
. ' ' .

7
.

YO ',[ '

The heat 9theories give a good indication of what the data represent. $

transfer behavior of low flooding rates show a progression with quality
- ,

through a deteriorating heat transfer environment to a ministas heat .

At this point, the flow becomes dispersed sadtransfer coefficient. -

. , , .
-

carry over occurs, and the heat transfer s8ain improves because of the
,

, y

increased vapcr velocity and the presence of entrained liquid droplets
-

,

.

in the vapor.

J

4.1.4 111th Pressure, Eir,h Flooding Rate _ .

DF 37 (67 psia, 6 in/sec) at Fig. 13 indicate that the theories
9

The best transfer coefficienta lie between theagain bound the data. . , ,

turbulent film and turbulent tube predictions, and tithough no clear

-

decision any be made as to which regime the data belong, it sp' pears
,

The heat transfer coef fi-
that the data tend more to turbulent film.

cients are representative of values expected in the film boiling regime.*

Because the best trar.sfer data are definitely not turbulent tube,

and because the heat transfer coefficients have not decreased to a Icv
enough minimum for us to define the carry over point, we must assume l

that carry over has not occurred. From the trend established by the !

i 3

data shown, it might be inferred that a wall-defined carry over point 4

.
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cannot be observed aM the tube vill remain in turbulent film boiling. .

S'd,Y.?[h
..<.

!#- iComparing DP. 37 with UP 13 no sit;nificant difference as relates 'to ' -N$
heat transfer behavior or carry over can be seen. Therefore it is rea "

-' n.['$
<

. . . . .

p

F$;h;4d
-

.

-

,

'f.*

sonable to assume' that at higher flooding rates, within G h ge of f ^ s

parasaters given, a distinct carry over point will not be ad and' tha
'

ShW
* . q ",93

2est section (or flow channel) vill remain in inverted annular film ,[jN
' .

'

e .: ,

' 1. -
boiling. , , , ,

.,a
.

4.2 Systes Effects on Car-v over
.a t ' i

.

For those points for which carry over is possible, the effect of
r .,

pressure and wall temperature vill now be shown. Also, the effecN. of , .

i ..;

flooding rate on carry over will be presented in this section. ' ';' ,*, .

4.2.1 Effeer of Pressure,

For a low flooding rate the effect of pressure on carry over was

examined by comparing the plots of h/k, vernus quality for several date

point, all at 1 in/sec. (see Fig. 14). As was stated in Sec. %.1.1 and
..

4.1.3, at low flooding rates the hast transfer coefficient decreases
,

- ,
. . .

through the film boiling regime to a minimum at the transition to dis-e.
;

persed flow. All soints but DP 3 then increase, but it is not known if
.

thin is an effect r! pressure or due to inadequate quality range for DP 3.

However, the former should not be accepted because only one data point
.

was taken at that pressure (20 psia). As the pressure incrersez, the

carry over points occur at decreasing qualities, which is to be expected.
At 9 constantAlso, the effect of pressure en heat mnsfer can be seen.

quality, as the pressure increases, the heat transfer coefficht de-
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creases in the film boilhe regime. -- / ,M. , .' '

_ _ ,,, ,, . ;y ~ Q,/ _._- ~ . , w .C . . .,
,

f4.2.2, Effect of Util Tessergaar
.. . ,, -. . ;gh, ,

,
> ' o.m.,.--..o...., ,. ., ,, . . ,<

. .
, .. .. ,3

l
..

.
m

. Threm data points, at the same pressura'and fiaading rate (67 psia N
.. .

.
.

-- '%.
and 1. ia/sec) were, camp'ared to ab6erve the effect of wall temperature - -Q ),

ty.,

-

Q ., I(or heat added) on carry over (see Fig. 15). H e three points chosenL
_ ' [ _." , i

+ . . ,

'

'|(DF 30, 31, ud 32) had an increasing anoint of heat added to both the
, ,

preheater and to all copper block heat spikes, and thus the temperature 1 |
,

b
'

of eech point along the ese was greater. That is T,(DF 30) < T,(DP 31) <

*y |T,(DF 32). As T increases, the carry over quality, and thus the carry ; :

G ..
over velocity, increas e the implications of, this are that, for the y

,

same quality at higher wall temperaturas. the vapor film velocity is
,

1

the same but the heat transfer coefficient is higher. This would farther

} imply that since vapor film velocity and pessure are the same, the fils
,

; ' ;
'

.

thickness decreases at higher wall temperatures. .
,

,

. i. .

f.2.3 Effect of Floodina Este! i

i

Three data points at the same pressure (67 paia) and approximately 'i.

the same wall temperatures were compared (see Fig. 16) to observe the
,

- effects of flooding rate on carry over. S e three points, DP 31, 35,
e

and 37, had flooding rates of 1, 3, and 6 in/sec resFectively. The j

!* effects is obviount it low flooding rates of 1 s/see a distinct carry
I

oCEV point can os ouverved while at flooding rates of greater than

j 1 Meec a carry over point cannot be defined and the regime appears to
,

} remain. inerted annular film boiling. The heat transfe? for higher.

flooding rates remains good in the film boiling regime because the vapor'

k
'
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film velocity is sufficiently high to compensate for the thickening vapor [ ' '%

i -

film as the quality increases. . ; -, ' 7.K 3 d.

, y :.y'

;.. u p e- '

- tritical Mass Criterion _ ~ ,' )]';'
>

g Ie. 3 Camparison of Etnerimental Carry over Yelocities with Plummer's
J,.,4

.,-.
y __

In Fig.' 17 through 24 are plotted the data points for which carry ' ''.

x. ,
o m can be defined (DP 3, 20, 21, 22, 21, 30. 31 and 32). The carry #''I' '~

e, . ,

'

over point ia indicated along the abaciosa by co asterisk (*) and was

inf rred in the following way. The carry over pint, as explained ear-

lier, is tne location at which the flow regime changes from a film con- '

figurat'en to a diepersed flow tube configuration. Ideally, it would ' '

!

indicate the transition from turbulent or laminar inverted annular film '

.]y..*

flow to turbulent (or laminar, perhaps) tube flow. As each, it should
i

also be the location where the heat transfer coefficient reaches a mini-

The heat' transfer coefficient decreases with increasing qualitynum. ,

throur,h the inverted annular film boiling regi9s, until the vapor vel-
,

,
,

ocity increases udficiently to carry over liquid droplets. The heat

transfer coefficient then increases with quality primarily because of ~ * i

the increased vapor velocity. The carry over point should correspond

to a turbulent tube theory because of the definition of dispersed flow' .

I

and the high vapor velocity (a laminar tube now theory makes little

sense in this context because the low vapor veloci.y at the wall would 1,

; '

let the liquid droplets fell back). Therefore, the carty over point is !

f

!

the location at which the heat transfer coefficient reach a minimum low 4

; }
enough co that transition from inverted annular film boiling to turbe- I

'
2

'

lent tube flow can be defined. i '

: 1
t
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'Ihese experimental carry over velocities are compared in Fig. 25 with , _q
. ,. ,m. ;-

- r ..
the Plummer critical Masa Velocity criterion' [3}. The curve represents .'

.

-%.
. , . . .

~'

the predicted forry over velocities as a functioT of pressure, and the '";
~ .i;

experimental carry over velocities are plotted as points as showa
+-. '

OP 3 is plotted with an arrow to indicate that the actual carry over
.

' 'velocity is probably greater than indicated because of the ir. adequate
.r;

quality ranga as explained in Sec. 4.1.1). latte I below lists the ex- |
' | ,

perimental carry ov-r velocities for each data point and the predicted

carry over velocity. As can be seen. the prediction agrees quite well '
,

with the experimental data. [ ,'
."- ,

TABI.E I -

DP Pressure V* (, Predicted) V* (Egerimental)
(psia) (ft/sec) (ft/sec)

3 20 38.5 60

20 31 30.1 9

21 36 28.2 23 ,

=
-

21 33 29.0 36 i

23 32 29.5 32
.

30 66 21.2 14 ,

31 67 '21.0 18
.

32 6'i 21.0 25 ii

i
*

I
i '

1
. 4

- 43 - t
i\. !
I

N ,
,

~.
_ __

g |
*

t i

_. . _ . _ . . . . _ . . _ . . . . . , . .. - 3

)-

i

___.-
,

y 9 w. w4, -- r. , .w -,,,,----g--- ,4+- - .- - - - . ,- ,-- e-e - ey,-.. v e .w , - - _ w., , 4e_ e e*_ =>.



- - _ - - _ - . .

.

y-'s- m 7 mh ar.+
Y,?.'(+.:;f.,?,'|p'N.,".y '',; ' .'.N: sS.*O'8&.s .$$ ';';pn.u ;.::

, .- , . . . . . = . . ~'

~ ; h, y.,;,k. .* '$.;w..A:h. j.+.s.)3.h.--, Y:
'

y' e? W &n$.6|'.c'. &, .?.
-,?

-

- ,c.
i.al':Z *r p.'*

e*? ' b k9*A:s.,

>

.. '' R . & .. %. ' ,:y .-..W'wL &*U '': %. m.- .>
p .-

f:.,

1-

.| ,

' g., ; ; ~ .s g"A' 1J ' ~,.:. v w. . . n.
f

.

'".i 1-; u, -

. , * . - ..a. ;p.~
. - - . ,, .

,

-
. c < p,

-
. ,

, ., ~ .; ;

- ,,
o . .j

%,
. .<

[. s
:p,, ,

. . x.
,4%"
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.
. _. Extensive, , data were taken for upward flow of water in a vertical..' '. k..gIO, . ,

.
- -

_

heated tube, ' wit.h the range of internat fras 20 to 67 pois, and flooding
''

.
!N. .

,

.,

rates of free 1 to 6 in/sec. Best was appifed to tt.a test section and $-

<1.

heat truaDr i.mfficients and quality as functions of .r. sial posttion
_..

., ?
..-

*
. . . .

were calculated. These experimental heat trat.afer coefficients were ,O {
'

,+

compared with seversi theories and the ruelts presented in Chapter 4.
,

"

Several conclusions may be infereed frue the accumulation of data and .

the compartaan with the theories. These are the following:
. . .

ab.~
*g,,

Pithin the range of intesest, a liquid cctry over point can bes. .'
|

.1
i observed at flooding rates of 1 in/sec or less. At higher flooding

. .

rates a distinct carry over point cann.it be seen.
_. _.

b. The heat transfer coefficient.# of the range of parameters in-
.

vestigated generally fall betwesa Lhe theories for turbulent tube flow,

Increased pressure decreases the velocity required to carry "c.
.

*

over the liquid droplets.

d. An increase lii wall temperature (or in best flux) increases ' ,'
.

the apparent vapor velocity at the carry over point. This is probably

due to the higher vapoY tersleration and greater slip of the droplets
-,

with increased heat flux.
iAt flooding rates of 1 in/sec, the data indicates the possi-e.
,

.

bility of imminar tube flow (see Fig. 26) near the carry over point. i
'

A reasonable conclusion is that at low flooding rates a transition
|

t

from turbulent film to laninar tube flow is possible before the tranui-

) 2Mn to turbulent tube flow anj dispersed flow film boiling.
g.

1
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f. TheresultsofSec.4.3andFig.25indicatethatthecarryover .j.!:4
'%.,

.

%velocities predicted by reference 3 are reasonable when compared with the
.J. . . . . . . ...

.
.

data. However, tha'se.;tter in observed ' carry over velocities eusseets ' '2 .. !.
bf ; '

that more research needs to be hve in this area. Until then, it is A.;M'

t, ' ' e, :-

- reconnended char *1usmer's Critical Mase Velocity criterion be adopted 6'I
*

v ._ :
A-

'

for predicting carry over velocity as a function of pras'sure. 3- 1
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data point
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voltage potentis] across each cartridge heater ,
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voltep potential across prehester
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force IF -

}flooding rate
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amas flux (1bs/f t -hr)C -
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gallons per minutsCPM -

,

gravitational acceleration 1-g !a

I

conversion factor-g !o

" h enthalpy ,H -

J

heat transfer coefficient |h -
r

thermal conductivity\ j .* k -

mass flow rate (1bs/hr) i-
! a
v

Nusselt Hunber) Nu -

|' pressureP
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,
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gross heat applied by each copper block heat spike.
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' f,. j t.t. s . '{~'power rating of each cartridge heater (nominally ratedW -

Qat 250 watts) , ,,

mass (of copper or of stainless sted in test section) p.''?iQ: .;
c - is

v -

. t.v. ;; <:, . . :,

Weber Auber 3 'df:,
We - e

equilibritum quality I /> ' If ~X -
f. .

distance from wall of test section into vapor film $ . ? 'fp ,, ' |
y -

W1 in Turbulent Film Theory) ; y/ ' .
.- r. , .

. , g :..:.p t.,.
..1 w o

%.s ';g.c+ dimensionless distani.e.
,ef,y.p,,.,,...o

. ;y - v p
. <v .v

's ,,.?..,;

r.::ial distance from downstream and of preheater d' ,-J:. .
. , , .z -

nass flow rate per unit width .'M:
r.

i '

.'!** -

.
c, .. ''

vapor film thickness
- ' F.

6 -
,

4 6* dimensionless vapor film thickness-

:

eddy diffusivity- -l c -
.

absolute viscosityp ,-

kinematic viscesity (9/p)v -

1Aensityp -

?
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Subscripts - t '. .r
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,

,

carry overes ,
. .,- ,

.j[ 4'

critical .* . :
-

crit ~; "-

, , ..
-

<copper .

eu -

.

refers to lionid droplet properties ,

f -

,

refers to latent heat
- .;fg .

,-

..

e,fers to gravity . ,g -

i ]]',
. ,at the inlet to the prehestvri .1 '-

'.*:: -

h
refers to saturated liquid (except for q )

-'
'

g1 -

saturationsat - i

stainless steelas -
i

refers to tube wall ,

w -

refers to vapor filsy -

- refers to the axial direction
..
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Run i P(psia) FR(in/sce) .A

nj.

25l 2.3 .;
0085'

' ~~

i'

0487 18 0.8 .

0588 15 0.6 . f. rj.
.

"

0690 15 0.6
.- ,p

~ '

3440 55 5.9 ,

1
.

9983 ' 19 1.0-

,

z4

4,

Droplet f D ( ") f(f*!***} V ( "!''*} * ivd
Runi - Dropf

0085-1 0.126 10.4 42 5.0 .?a

-2 146 13.1 47 6.7 :-

.

-3 097 10.8 38 3.0 ;

.

-4 .146 17.5 46 6.7.

-5 .116 12.0 42 1. 3
'

-6 .152 IL2 46 7.4

-7 .097 12.8 40 3.0

-8 .136 11.2 44 f.9 |
t

-9 .165 7.9 44 8.7
'

*

-10 .146 8.9 42 6.7

{-0487- 0.087 4.6 35 2.4

-2 .097 5.0 31 2.9 i

-3 .078 5.2 34 1.9

-4 .107 $.7 39 3.5 '
,

-5 .068 6.6 33 1.4 |
,

'

-6 .087 6.7 37 2.4
!

t .C87 5.8 36 2.4 -

**

-8 .077 5.4 34 1.9

-9 ,097 4,7 37 2.9

-10 J68 .7:5 34 1.4 .

I
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*: . . m:
. %ip e.,q:g.;:

-

se.<.y,
. .

1

Dropist f D II*) Y II'l***) Y IIEI***I U* 5 -- O T' !.w
d f V W

' 'k _.Runi - Drop #
' "R/

0.072 6.8 37 1.6 ''
I

.080 7. 3 39 2.00588-1

.080 6.7 38 2.0 j Y O,&i'

-2

.104 7.7 44 3.3 -

' s .' |' [M
t--

3
. ,

.

I
-

.080 5.3 37 - 2.0 :;4-

. . . . . . . '
.088 7.1 40 2.4 ' , f'j!:gi?

,

-5

.104 6.2 42 3.3, -6
.. ii' -; 4-7 6.2 38 2.0

.080 " TTJ P.,
-8 6.7 37 2.0 '' ; - *S!.072

.121 9.8 49 4.4-9.

-10 '"
-

0.072 5.3 35 1.6 -

.080 7.8 39 2.00690-1 ' , '

.104 7.0 43 3. 3 |-2 .
'

-

.064 7.4 36 1. 3 4-3
-4 8.8 39 1.6 i . .

-072 '

.113 8.0 46 3.9-5

0.072 8.2 38 1.6 i i*

-6'

.n88 5.9 39 2.4 -
*

.

-7 ,-

-a 7.9 43 2.8 i

096
088 5.3 39 2.4 |

,-9 .

-10 i -'.

- - ,8 30 3.2
' '

110.096
030 15.2 32 2.23440-1 '

,

-2 16.3 32 1.8 'I.

072
104 8.0 27 3.8-3 .

-4 8.3 25 2.2.

080
088 14.0 32 2.7 ;-5 .

-6 9.0 26 2.2
-

,.

080
096 13.2 32 3.2-7 .

*

-8 8.2 25 2.2.

080-9 9.4 27 2.7.
,

.080-10 i' .

0.097 8.6 40 3.2
1

.078 6.3 35 2.1 |9983-1
-2 6.9 40 3.9 -

.107 3

-3 6.2 36 2.6
.087 |-4 7.2 43 5.5
.126 1

-5 6.1 38 3.2,

'
.097-6 6. 8 35 2.1
.078-7 7.1 37 2.6 ,

.078 5.3 34 2.1 j.087-8-

-9 5. 6 43 6.4 7
136-10 .

\
1
!
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APPEND 1X B ORICINAL EXPE2INDrTAL DES 1CN f',

,

.b
The most important of this arperiment's original objectives was to

,

I
'1determine the carry over point, the location at which water droplets are '

entreined by the vapor and literally carried up the bundle. An accurate [.
determination of this point is critical because it will be used as the UIN

*

. w:':
criterion in determining which hu.t transfer corrai.ation to use, the in- **

verted annular film boiling theory or the dispersed flow theory.
.

The experimental apparatus itself, except for the probe (explained

below) differed from the first version only in the method of applying heat
~

to the test section. For a general description of the original test see-
J'

4,''e

cion, the reader is referred to Annex 1 to this Appendix.
,

As previously mentioned in Chapter 1, the test section was modeled j;

after Croeneveld [4], who boiled Freon in a uniformly heated tube, achiev- |
ing steady stable film boiling with a heat spike. However, it was found I

'

|
\

that for water, using only one hut cpike, film boiling could be maintained |

|
only at that heat spike. Ifnless the DC generator current were increased, I

4 )*

increasing the heat flux to the rest of the test nction, the tube both

upstw2a and downstream of the heat spike would quench. However, raising .

the current caused the tube temperature downstream of the heat spike to
|
'dangerously increase. No combination of heat fluxes in the heat spike and

,

'

the rest of the test section was found that maintained stable fi k boib r$

(vall temperature at least 800*F above saturation) without overheating thw -

.

!

downstream portion of the test section. i!

l'

)
|

|
1
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A work-Several approaches were taken to try to solve this probles.

'
'

able solution for mainemining steady state stable film boiling was had when

six (6) copper block heat spikes were placed at intervals of seversi inches

along the tube. This approach was rather unsophisticated in that the ex-
.

. > . .

..

c[parimenter added an extra block where the test section seemed to prefer-

entially quench, and repeated this trial and e-ror procedure emtil the test _,

J il

~

section had six (6) heat spikaa placed'st somewhat random intervals aloes
. .1

~

the tube. It should be remembered that unlike the final version, the entire |
.

test section was heated ohmically by DC current, to include the intervals
;

between the heat epikes. Once the problem of maintainit?g steady state

stable film boiling was solved, an " electrical resistance probe" was used

to try to determine the carry over point. The remainder of this appendix
,

1.

discusses the probe, experimental results, and reasons for abandoning this |

]approach in favor of using heat transfer coefficients derived from heat ,

'
.

flux sud wall tesperature mesmrements.
4

.

B.1 The "Electrient .Jesistance Probe" Concept

It was originally determined that if stable film boiling could be

mainmined at steady state in some portion of the test section, all the
.

regissa of boiling could be expstinced at the same time at different lo-

cations of the tube (see Fig.1 ). We know by many experiments such as

j
yLtE [ 2 ], that there is indeed a region of continuous liquid and osa

.

of liquid avopists dispersed in vapor for certain flow rates and pressures.

If the carry-over point is in fact the point at which the liquid is no ;

I!
-

longer' continuous, it was thousnt that finding this continuous liquid-va- |
!

i'

Thus.
por boundary would be equivalent to determining the carry-over point. j

,

I

the initial concept of this orporisent was to use a " probe" to determine
-

,
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DN.. %.3,# Mfd
,

d. 3 ,yp.1.q ,
,

, . , ,

m {4 4, -
4

,

' ' ~ , A s *+ % .Qa

the height of the liquid coluum, which was assumed to be stationary given .p JN..?.2J
. .

, . .

.y

X.- / fc h' " ' '

that the coolant flow and wall temperature were steady.
'

', m. . w. 4 ,*
.,,

The basic theory behind this probe was as follows: the electrical. ,
K ?,,

., 3- .
. ~ ,

resistkuce of distilled water is very great, but auch less than the resis- | ~ p1
. ; 3 . " ,.4 3- . . , . .

.,
' " :tance of steam. In sa etto circuit (see Fig. 27) consisting of a battery, , . , ,

' O ' ' Fivoltmeter, the probe, tube wall, and water of the liquid colman, no current
I ' 'n ng , -

.
.

. . . , . .. af n'

can flow across the vapor gap and the meter reade zero volts. But, if the
;' - tp,w4 ,,,

- probe' is pushed dovuvard into the liqcu, the circuit is c1 cued, current , ' > . g f!,

. , .

Clows, and the meter reads the battery's ' electric potential. The position g ],3
x . . .

'

:of the probe's tip could tee inferred and this location defined as the carry- y.
,

i j*

over point. This simple theory was tested in a visual test section and
-

, ,

appeared to give reliable results, even when air was forced into the sectfon
*

to teaerate s!ugs and bubbles to simulate boiling.
-

.a

Several problems with the probe douyed experimentation. Two of these
s

will be briefly mentioned in this report because they contributed to the ,

ultimate ,lissatisfaction with this procedure. The entire probe, except for

the tip, hcd to be electrically insulated because the tube could quench

downstisan of the heated section and the electric circuit completed through

any part of the' wall to the probe. Also, spacers had to be mounted on

the probe near the tip to prevent contact with the tube wall. Extremely
,

high temperatures inside the test section and requirements that the spacerta

)I^ and insulation be non-electrically conducting 11mitad the choice of mater-
i

fals and design. The probe was insulated for the first two feet with

flexible tytex glass tubing and the rest, where the tesperatures were not
.

a

as great, with Teflon tubing. Non-electrically condteting spacers, which
I

met the demand of high temperature, could not he s.n illy procured. So, 3
J'

$4 --
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b The t

f'

,. p&metal spacers were used and electrically insulated free the pro e. '

I

i stresses,

problems that developed were cracking of the Pyrex due to therasf -g
&

f the spacers.

melting of the Teflon, melting of the brass probe, and loss o
.

|-

..' i
'

lble
It ves felt these problems c'ould not be completely solved in a reasona

b d n this approach. _ , ~ ,

amount of time and this contributed to the decialon to a an o
a

o.. f, .

f' ..y.-

,y:C ,

j
4 .%[;* -

,

5.2 Initial Datst ""
.

--Although there were questions as to the reliability of the probe ur-
!

-

der operating conditions, on at least two occasions it worked well enoug
, | |h

e
It was the results

to enable the experimenter to record two data points.
h demanded

of these eso points more than doubts of probe reliability t at
The particulars of

the apparatus be redesigned and a new approach taken.
,

't ;.
,

nd of this appendix. ,

h ~ :)
these two data points are reported in Table II at t e e

As indicated earlier in this report, the method of determining the
s

i calculate
carry-over velocity as a function of length was the follow ng:

;-

enthalpy, H(s) from an energy balance |
,

Bs 2
f2

(B-1)a dB I
*

4" WDos =
H

th *1 y y -

k
A is the height at any level

- o, the totto. or the te.t secciaa "2

[d
*

,

ww.re =1 are the enthalpies at these.

and H2..

(e.g., the carry-over point) and B
'

y

[.f Next, calculate the quality,a locations.. g e

A E(z) - Bf -
!

w-2) ;
t

'l 1(r) = -- g
4

[ f3 1

5,:a

N Then relate quality to vapor flow rate by- i
j !

;.
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;lees
The FLgCR2 movie sissesty in Chapter 1 indicated that a critical Us of

,.
. ,. .m : ;5.,

-4 {~ p.''z,
'

.

l flow
than 7.5 should per,bably be used in determining the cricica mass

~ n .r

. 7 %;; ,
.

In i

rate, thes leading to a lower critical vapor velocity for carry-ove::. - ' " ' M[d,
.

ty

Pitmast's Critical mese Criterion ( 3 ], however, critical vapor flow rate
.O]Gx:%f.t .5

.
'

*;lf :

, but even a We as low as 2 could not by itse
'

,

,

is a function of (We)
E diction. ; ' [.V- <

account for V , of data point 1 being so low compar d to the pre ..;
e ';-

I

The method for calculating the " experimental" vapor velocities was
- .

'

;

balance
seen to depend ,oolely on how much of the test section the energy

Rep- ,q,

included, i.e., on where the carry-over point was determined to be. ,I I

as Fig.I were again studied and J

,

resentations of the boiling regimes suc! ?.df the li- I

~ it was sp: .eulated that entrainment could take place at the top o ,,
i between (see

quid co' ism, at the top of the slug flow, or at any place n
.

Sin g the determination of the carry-over point was dependent on
Fig.1).

it was again decided to use
the probe's cost etion of the electric circuit,l

f the probe
the probe to take another data point, but to be more aware o

.

indications while crying to find the continuous liquid.
,

i

For data point 2, two sets of f sgures are presented for each quant ty.
liquid col-

These represent the high and low readings of the height of the
.

As the. Probe was pushed into the tube. slugs of watt.c. which proly-
i

ins slight de-uma.

ably filled much of the inside area hit the probe t p caua
~

However, a nazimum deflection of the
flections of the voltmeter needle. d not occur until
needle (indicating the full potential of the battery) di

'

As the probe was pushed further down-
the probe reached a particular depth.
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~

'Naard, the needle fluctuated between the ==4== and lower readings. Thee $
-

e

N L

{i
the voltater needle pegged at marf== and did not return to lower values. N

The probe was wf thdrawn and reinserted several times and the 10:sticas of- fffA
. . ,-

i

:9
4.,

.
.

. . *

| the "ficat assimum deflection" and the " continuous martans deflection" were T| n.' |
r

r. ' -jj
. *,c., ' - p. ;

relatively coastsat.
*, , ,,

~ , . -* *
-,

-

x .O id _
..

jff'
,

RJ Conclusions from Probe Experiments - '

' , ' , ' ,' k. .! <
'

.
-

,
-

. ,

.

These results have led the esperim1nter to infer that Fig.28 is rep-,

,1

resentative of what the probe encountired. 7he "first anziam deflection" ,"

indicates the top of the slog flow. The fluctuations betwers anxiams and
. I
'

lower values occur as the probe is pushed downward, the tip passing through
,

large sluss causing maximum deflection ;f the nesdie, ,.aen large gaps of 'h
vapor wtwre the bwer values are read. Finally, as the probe is pushed

<

I into the liquid colm, the voltmeter continuously reads the full poten-
I

cial of t.he battery. .

_ _ _

s

Data ?oint 2 has been rcloced using both the top of the Slus flow and

the top of the liquid column as the carry-over point, hence the double

entries for Y,,, I ,q , and Z,,. V ,for Data Point 2 was compared with a <,
g

predicted carry-over velocity [ 3 ] (sae Fig. 29 ). For the lower carry-over-

point, the carry-over velocity again falls below that predicted, while the

| higher carry-over point, the top of the slug flow, yields a carry-over vel-

ocity greater than that predicted. It is falt that the results of this

i

method bracketed the area of interest, but the error and uncertainty were '
.

auch too great and could not be accepted. SNe the objective of the
4

asperimental program, the definition of the carry-over point, could not

reliably be accomplished, it waa decided to abanden this approach and to ,

try to infer the carry-over pint by experimental heat transfer data.
|
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21 >-.::Data Point '

<

18 18 ...a

Pressure (Psia) '

~ . p'.':'-
i. m.

< .

1 1 <

Flooding Rate (in/sec)
,

.

W. ' s W
84 172 h.:

.

Inlet Temperature ('F) 4. fs^ i . .D ~-~ ,

t Ms

,
?.> n N 'H(*ght of Liquid to Carry-ever 32 51 and 60 ,.u.,

Point, 2co(in)
,

.

. :i NNec heat added to Carry-over 6400 7500 and 10,5C0
'lPoint, qco(Stu/hr) -

e J a
13 22 and 32

Carry-over Quality. 1,,(%) 1
e

18 36 ad 54
Carry-over Velocity. VCo(ft/see)

,

e
h

|

. .,. -

.

>

4

I

i

e

'l

;

.

.

.

.

.

._

3

Dn1 annies fm Data Point 2 reflect the ef fects of the high and loste

carry-over lengths (Z ) inferred from probe measurements. ,

k
t

I
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t :. !. ''Annez 1: General tescription of Oriniral Experimental Apparatus * ' i

. .

< n:
h original experimental apparatus differed from the final version ; { ' *cj

, , i

I [ . ic 'W |only in the manner in which the test section was heated. The reader is ,

.
,

ya . .q
referrod tn 713, 6 the schematic of the apparatus, which is also applica- *j.

''
-" ~ -

ble to the ori;;inal design. . , ,

& I
, . *. .c

.
. . . .

There W.s no pretes;.u eged in the initial version. However, the main j
,

*

,t, ;n, - t
,

generators t v a u n." t':.' b ;rt ths :aat section. The water-jacketed power - <

cables were clahd to the test section at a distance of 68 inches apart.
.

.

'

and the en.17e test seccion vaa heated by resistance induction. In addi- j

tion to the heat provided by the main generators, six (6) copper block

heat spikes were clasped to the test section vall to provid.e signifie ntly | I
'

greater local heat fluzas.
i

N final verston differed from the initial design in that the test |

esction of the latter had a uniform heat fluz applied, with local heat
i

spikes superimposed at random locations (wherever the tube wall seemed

to preferentially quench). The upstream ends of these copper block heat
.

spikes were placed 36, 47, 52.5, 56.5, 60.5, and 65 inches, respectively,

from the upstream power clam 9, The heat fluz applied by these heat spikes
*

was whatever vos necessary to maintain the local van temperatures constant
.

with time.
1

.

;

,

I
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APP 2 DIX C EXPDtIM2NTAL DATA '' '

'

S'. . ,
'

.

This appendix containa.all experimental data for Data Points 3 ^ ' , . ,

* ~
j,

,

' t J. ' '

. _ .
through 39, inclualve (DP 1 and 2 are sinamarized in Table II, Appendix |

.

,y,

: '
* '''B). The enclosed computer printout'of the data la complete except for '

-

*
. : \

*

.

" '.if f..
the haat flux to the 4 ft. preheater and the inle6 coolant temperature. |,

.) '
'.

These, as well as a general stsumary of Data Point parameters, are provided

in Sec. C.2 beluv. Sec. c.1 contains the dsfinitions for the column
' ' .|

headings used in the data printouts.
..

.1 Column Headina Definitions
-I

a. Z - tha axial location of the downstream end (top) of each copper J ,

' ''
block heat spike, i.e., the distance in feet from the down- j
stream end of the preheater. I a

-

:

b. Tid- the average well temperature (*F) of each copper block heat f
spike.

,

c. QNET-the not amount of heat (BTU /hr) applied to the tube by each '

copper block heat spike as computed by egn. (3-2).

2d. HEX-the experimental heat transfer coef ficient (BTU /hr-ft ,.7) ,

as compuced by eqa. (3-1).
,

*
e. REX-the expreisental equilibrium qual.ity (dimensionless) as

]computed by eqn. (396). '

f. RZX-the experimental vapor film or tube Reynolds Nun 6er (3e.
dimensionless) as computed by egn. (2-1) or eqn. (2-3).

"

3.H/K-EX-the experimental heat transfer coefficient divided by
the vapor film thermal conductivity (f t-1). Film properties
evaluated as in Sec. 2.2.2.c.

.

h.H/K-)fr-the Modified Turbulro t Tube Theory predictAun of Sec. 2.3.3
(ft-1). Does not apply to Data Points with low flooding
rates (1 in/sec or less).

1. H/K-TT-the Turbulent Td e Theory prediction of Sec. 2.3.2.

j. H/K-LF-the Laminar Film Theory Prediction of Sec. 2.4.1.
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k.H/K-TF-the Turbulent Film Theory Prediction of Sec. 2.4.2. *

,. '

.. ..m. a.- n. : -
,..

;'

%'5C.2 Ceneral Sannery of Data Points -

0.j, n. k fgi./~

.:..s...
;

Pressure Flooding Este Inlet Coolant Preheater Heat " ' .B {, . f .9
-

.-

'..T. # (psia) - (in/sec) Temperature (*F) Flux.(BTU /hr) g..'l c - ,7~h'
,

.

;;. 3,4.. . XM-a
, . -#. . ' .,.;# e.d . ',3 20 1

.

140 3430
.

..g.

4 21 '2 150' 5690 ., '.'; >| fig'g,
* '

. e ,

5 22 3 172 8540 6' . .
,;; o._*

6 22
, e

3 162 5070 . ; - i. , ' ~
.

7 21 4 140 7920 n' J

*J
1

,. ,

8 21 4 148 27,640

9 22 4 155 44,840
,

~

10 24 5 162 40,760 ,. . c.,i, ,,

11 23 5 158 7950 .*-;.*'.

- J

12 24 6 160 7940 - - -

13 25 6 164 22,820
'*

14 27 6 172 41,730
,.

15 26 6 176 7610 j

16 25 5 175 7980

17 28 5 176 28,050

18 26 5 180 51,730

19 26- 4 188 52,340 -

20 31 1 75 4110 .
.

21 36 1 80 9280 .

22 33 1 125 2850 ,

i
*

23 32 1 120 9970 3

24 29 3 155 10,990
,

25 26 3 144 610 -'

26 26 3 144 3610 | ,

27 41 6 130 652n !
'

28 42 6 147 6490

29 42 6 152 35,840
i
.I
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iy.,
. a,

.I DP Pressure Flooding Rate Inlet Coolant Preheater Heat i

-

i,',

{ '(psia)
O[*4 ..(in/sec) Temperature (*F) Flux (BTU /hr)t

E 30 66 1 155 "560 EQ'/

,

- <

. 7
:

f, 31 67 1 160
/ .~ 1680 '

*

t.
>

32 , 67 1 160 5690. p.'"J
.
,.

', 33 . 67 1 160 17.690

-

,

! .'34 67 3 145 5150
q

e<
9 35 67 3 145 11,790

* o
,>

.)j 36 67 3 165 28.570
-

f, J''

37 67 6 172 29,110 i
. %. .

' i . < .

4 38 67 6 172 54.490 .j
<

'

39 64 6 172 6450 '

'
-::

','l
s. <

3
.

I

4
s q

I
,

.

d

!
.

9

! -
,

5
*

,

i
a
h

I
,

,
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CATA PCIhT 3 AT 28 PSIA & 1 th/SEC f
N

' >

..
i My.

'

Z Th OkET HEX XEX REM . H/K.FX M/K.PT H/K.TT N/K.LF ' H/K.Tr $j;

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

,
> ,.

Se21 858 2774 153 0 S.17 2782 5 6576 4 318 e 9 . 354e5 333733 ' p .O
8.43 1848 2416 126 8 f*27 3953 4 3879 5 419e8 284e8 5573 1 IL

! * ,
*

'', "pS.65 SSS 1872 55.t t=32 4783e9 2874 4 479 6 272=1 5619e4 .

'

;

; Se86 942 1245 62 t te37 5713 5 2426 1 553ei; 264e4 5453 1 ,

1eE5 1EE5 1456 66et t*43 6398 5 2472 5 685e8 245es 4883 1 fij

! 1 39 1ESE 1142 49 2 te48 6996 3 1781 6 648e2 233 7 44E2 9 P \',

'e52 1965 865 34.E t.51 7383 2 1224 2 676 2 228 8 4223 2 -i
'

i 1e74 1288 776 32et E 55 7383 9 1148 8 71't e $ 221 4 4936 2 *f,

.k'

' $| 1 36 127E 594 2 Set E 57 7427e4 631 7 676 7 296 8 3437 8 '

h.a 2 18 13E9 427 '14.E E 59 75S6*8 424 4 688e8 282=S 3314=6i
v

O &.,

; Nj i ~ ,

CATI PCINT 4 AT 21 PSIA 6 2 th/SEC f.

j D-
; -4 I'T'

i
.

N/M.LF N/K.TF gZ Th GhET >EX XEX REX k/K.EX N/K.MT H/K.TT'

i . .. .... .a. .. ... ...... ...... ...... ....... ...... .a

:['

! 8621 SSS 2748 157 8 Se8S 2942e4 6522 7 2231e8 325' e 1 351*8 'S189 7 %

| S.43 1815 2396 ic8ee tes4 4142 2 4811 6 285ses 427e8 286et' 48S8 3 d
: .C.65 1963 - 1486 63 E t.17 492Se8 2267 5 2917 5 488 3 263 6 5275 3 .

b e'i
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5
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~5 AT 22 PBI6 4 3 IN/SEC *

,

'
Mf- Data POINT'

,

'
,

I. (, . 2:: ' ..

h,[
Z Th GNET PEx xEx sex H/74=Ex - H/K.MT H/M.TT H/M.LF h/KaTF d;

4
, . .. .... ... ... .. ...... ...... ...... ...... .......

w: j..u 8.. 3m 1,.e. .1 ..i2 9 69.. 3 3 3. 2 . 1..- 23. 1 6. u . ..

j ~T 9 43 10ES 2693 11get 2 34 6249 3. 412846 2862 1 593 7' 261 8 4386 7
4

' s Se65 1155 18EE 66 5 f.16 6525e0 2175 ( a . 2637 8 es8 3 226 7 4863ee ;

j'f 0 86 1185 1826 68 8 te19 7796 6 22bbeS 2659e2 7dles 21*oS 3766e4- 4,

1.e8 1158 1836 68.E t.21 6644 2 2263*e 2656e4 762 2 288 1 34WSes ii y|.;_ 1 39 1992 2Ett 83eg 2*24 19279 9 2325 4 275**5 272 4 283e6- 3662 2 i'
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