
_ -_ _ _ _ _ . .

,

. .

-

|

NUREG/CR-3502
ORNL/TM-8794

1

1

)

|

High Dryout Quality Film Boiling
UNION and Steam Cooling Heat Transfer

canmot Data from a Rod Bundle

G. L. Yoder
T. M. Anklam

;

D. G. Morris '

C. B. Mullins

i

d
!

8

i

Prepared for the U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research

Under Interagency Agreements DCE 40-551-75 and 40-552-75

| i
i ! 8401300018 040131

1 PDR NUREO
/ CR-3502 R PDR



,

. .

~-

" e

s

Printed in the United States of America Available from
National Techmcal Information Service

U.S. Department of Commerce
5285 Port Royal Road. Sprinafield. Virginia 22161

Availchie from

GPO Sales Program
Division of Technical Information and Document Control

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

>,,

This renort was pmpared as an account of work sponsored by an agency of the
United States Government Neither the U nited States Government nor any agency
thereof, not any of their employees, makes any warranty. express or implied, or M

assumes ar'y legal hability or responsibihty for the accuracy, completeness, or
usefulness of any information. apparatus, product. or process disclosed, or
represents that ets use would not inf ringe privately owned rights Reference berein
to any spec:fic commercial product. process, or service t / trade name. trademark.
manufacturer. or otherwise. does not necessanly Constitute er imply its
endorsement, recommendation, or favorirg by the United States Government or
any agency thereof The views ared opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency
thereof

.

%

.



NURIE /CR-3502
ORNL/TM-8794
Dist. Category R2,

Contract No. W-7405-eng-26
,

Engineering Technology Division

&

HIGH DRYOUT QUALITY FILM BOILING AND STEAM COOLING
q HEAT TRANSFER DATA FROM A ROD BUNDIE

G. L. Yoder
T. M. Anklam
D. G. Morris
C. B. Mullins

t

V

Manuscript Completed - Sept. 7, 1983
Da te Published - December 1983

Pr9 pared for the
U.S. Nuclear Regulatory Commission

Of fice of Nuclear Regulatory Re search
Under Interagency Agreements DOE 40-551-75 and 40-552-75

NRC FIN No. B0463

Prepared by the*

! OAK RIDGE NATIONAL LABORA11)RY
! Oak Ridge, Tennessee 37830
'

f operated by

IMION CARBIDE CORPORATION
for the

DEPARTMENT OF ENERGY
|
.

i

{
| |



.-

lii

(X)NTENTS

2122*

ACKNOWLEDGMENTS ix...................................................

PRIOR 'IIITF HEAT TRANSFER REPOR15 A"" ?APF".S xi........................

NOMENCLATURE xiii......................................................

SUMMARY xvii..........................................................,

ABSTRACT I..........................................................

1. INTRODUCTION 1..................................................

2. FACILITY DESCRIPTION AND EXPERIMENTAL PROCEDURE 3...............

3. DATA REDUCTION 8................................................

4. RESULTS 12.t.................,...................................

5. Q)NCLUSIONS 28e..................................................

REFERENCES 30........................................................

APPENDIX A: RADIATION 33............................................

APPENDIX B: INTERMEDIATE FLOW DATA AND CORRELATION COMPARISONS 41...

T

e

m

$



. - - . ___ _--__-_

|

v
I

e

LIST OF FIGURES

*
f.iAdIa Pass

:
4 2.1 TUTF configuration for test se r ie s 3.10. II A-IH . . . . . . . . . . . 4

2.2 Identification of THTF heater rods, subchannel

locution and inactive rods in THIF bundle 3 5 !.............

I
2.3 Axial location of spacer grids and FRS thermocouples 6....

2.4 Cross section of a typical FRS 7..........................

4.1 Dougall-Rohsenow correlation comparison 15........ 3.......

4.2 Dougal l-Roh s enow (Pr,,y g) correlation comparison 16........

4.3 Groeneveld 5.7 correlation comparison 16...................

4.4 Groeneveld 5.9 correlation comparison 17...................

4.5 Condie Bengston TV correlation comparison 17...............

i 4.6 Groeneveld-Delorme correlation comparison 18...............

4.7 Dittus-Boelter correlation comparison 18...................
o

4.8 Average +.emperature profile along bundle - Test IA 22......

4.9 Average temperature profile along bundle - Test IB 22......

4.10 Average temperature profile along bundle - Test IC 23......

4.11 Average temperature profile along bundle - Test ID 23......

4.12 Average temperature profile along bundle - Test IE ' 24......

4.13 Average temperature profile along bundle - Test IF 24......

4.14 Average temperature profile along bundle - Test IG 25......

4.15 Average temperature profile along bundle - Test IH 25......

A.1 Example of crossed string geometry 33-
; ......................

A.2 Radiation network ....................................... 34
*

i.

n -. ._. ,, _. - .,.- ,-



.. - . . - - - .

i >

- I

vii

LIST OF TABLES!

Table Page= .

1.1 THIF intermediate-flow steady-state film boiling
and steun cooling data ranges ...........................

2 .1 Instrumentation located in selected spool pieces .......

2.2 Bundle geometry .........................................

A.1 Hot rod view factors ...................................

A.2 Thermal conductances in the radiation network ..........

A.3 Radiation component of heat fluz in percent of total
heat flux leaving the rods .............................

9

o

e

M

O

4

, ,, -, - - , . e v-- - , ,



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

ix

ACENOWLEDGMENTS

In the conduct of a large experimental and analytical program, there*

are always a great many individuals whose contributions should be recog-
nized. The dedicated ef forts of the entire Blowdown Heat Transfer Pro-.

gram Staff are reflected in this report. The authors express their sin-

core appreciation to the following people:

W. G. Craddick A. E. Levin R. D. Stulting

R. I.. Dur:11 R. W. McCulloch M. S. Thompson

D. Y. Felde F. R. Mynatt H. E. Trammell

D. J. Fraysier M. Ol szewski J. D. White

S. S, Gould H. R. Payne J. E. Wol fe

H. W. Hoffman W. Ragan, Jr.

D. F. Hunt J. J. Robinson

s

e

i

e

I

!

*
,

|

I

'

,

. . . . . , - - . ,



- -- . -.

xi

PRIOR 7ETF HEAT 1RANSFER REPORTS AND PAPERS

1. T. M. Anklam, ORNL Smatt-Break LOCA Heat Transfer Test Series I: Rod'

Bundle Heat Transfer Analysis, ORNL/NURE/TM-445 (August 1981) .

2. T. M. Anklam, ORNL Smatt-Break LOCA Heat Trancfer Test Series I:.

High-Pressure Reflood Analysis, ORNL/NURE/TM-446 (August 1981) .

3. T. M. Anklam, ORNL Smatt-Break LCCA Heat Transfer Test Series I: Tuc-
Thase Nixture Levet Sve? t Resulc4 ORNL/NURE/TM-447 (August 1981) .

4. T. M. Ankl am, " Low Flow, High Pressure, Forced Convection and Radia-
tion to Steam in Rod Bundle Geometry," presented at the National Heat
Transf er Conf erence, Milwaukee, Wisconsin, AICHE Symposium Series No.
208, Vol . 77, 19 81.

5. T. M. Anklam, "Two-Phase Mixture Level Swell for Water and Steam
Under High Pressure, Low Heat Flux Conditions ir. Rod Bundles," pre-
sented at the National Heat Transf er Ccnf erence, Milwaukee, Wiscon-

sin, AICHE Symposium Series No. 208, Vol. 77,1981.

96. T. M Anklam and M. D. White, Experimental Investigations of Two-
Phase Mixture Level Swell ard Axial Void Fraction Distribution Under
High Pressure, Low Heat Flux Conditions in Rod Bundle Geometry," pre--

sented at the American Nucleer Society Specialists Meeting on Small
Break Loss-of-Coolant Accident Aaalyses in LWRs, Monterey, Cal i-
fornia, August 25-27, 1981.-

7. T. M. Anklam, R. J. Mill r, and M. D. White, Experimentat Investiga-
tions of Uncovered-Bundle Heat Transfer and Two-Phase Nixture-Levet
Svett Under High-Pressure Lou Heat-Flux Conditions, ORNL"5848 (March
1982).

8. T. M. Anklam, ORNL Smatt-Break LCCA Heat Transfer Test Series I:
Comparisons of Experimental Lbta with Vendor #cdets for Lov-Flov
Steam Heat Transfer, ORNL/TM-8329 (June 1982) .

9. T. M. Antriam, "An Experimental and Analytical Investiga tion of Un-
covered Core Heat Transfer Under High Pressure, Low Heat Flux Condi-
tions," Nuclear Engineering and Design, Vol. 73, No.3, Pscomber
1982, p. 411-423.

10. T. M. Anklam and R. F. Miller, " Void Fraction Under High Pressure Low
Flow Conditions in Rod Bundle Geometry," Nuclear Engineering and De-,

eign (to be published in 1983).

11. D. K. Felde, R. L. Dur:11, S. S. Gould, G. S. Mailen, A. G. Sutton,
,

D. J. Fray sl er, E. C. Keith, L. J. Ott, and J. E. Wolfe, Facility
Description - THTF NOD 3 ORNL PWR BDHT Separate-Effects Program,
URNL/TM-7842 (September 1982) .

.

P

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



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

xii

12. C. R. Hyman, T. M. Anklam, and M. D. White, Experimental Investiga-
tions of Bundle Boitoff and Reflood Under High-Pressure Lou Heat Flux
Conditions, ORNL-5846 (April 1982).

.

13. D. G. Morris, C. R. Hyman, C. B. Mullins, and G. L. Yoder, " Transient
Dispersed Flow Film Boiling of High Pressure Water in Rod Bundle Ge-
ometry,' presented at the National Heat Transfer Conference, Milwan- -

kee, Wi sconsin, A1 chb Symposium Series No. 208, Vol . 77,1981.

14. D. G. Ibrris, C. B. Mullins, and G. L. Yoder, An Analyeis of 2Yansi-
cnt Film Boiling of High-Pressure Water in a Rod Bundle, OENLINURBGl
85 (March 1982).

15. D. G. Morris, C. B. Mullins, and G. L. Yoder, " Rod Bundle Transient
Film Boiling of High Pressure Water in the Liquid Deficient Regime "
presented at the AIAA/ASME Joint Fluids, Plasma, Thermophysics and
Heat Transfer Conference, St. Louis, Missouri, June 7-11,1982; al so

published in Tube Bundle Thermat-Hydraulics, edited by P. A. Pfund,
S. C. Yao, C. D. Morgan, and S. Cho, AS ME, 1982.

16. D. G. Morris, C. B. Mullins, and G. L. Yode r, Dispersed Flou Film
Boiling of High Pressure Water in a Rod Bundle, ORNL/TM-7864 (August
1982).

17. D. G. Morris, C. B. Mullins, and G. L. Yode r, 6Evalua tion of Nonequi- *

librium Effect s in Bundle Dispersed Flow Film Boiling," presented at
the Second International Topical Meeting on Nuclear Reactor Thermal
Hydraulics, Santa Barbara, California, January 11-14, 1983. -

18. G. L. Yoder, D. G. Morris, C. B. Mullin s, L. J. Ott , and D. A. Reed,

Dispersed Flou Film Boiling in Rod Bundle Geometry - Steady State
Heat Transfer lhta and Corvetaticn Comparisons, ORNL-5822 (March
1982).

19. G. L. Yoder, D. G. Morris, C. B. Mullins, L. J. Ott, and D. A. Reed,
" Steady-State Film Boiling Data in Rod Bundle Geometry and Nonequi-
librium Correlation Assessment," presented at the AIAA/ASME Joint
Fluids, Plssma, Thermophysics and Heat Transfer Conference,- St. Louis,
Missouri, June 7-11, 1982; al so published in Tube Bundle Thermat-
Hydraulics, edited by P. A. Pfund, S. C. Yao, C. D. Morgan, and-

S. Cbc. ASME, 1982.

20 G. L. Yoder, D. G. Morris, and C. B. Mullins, " Annular Burnout Data
from Rod Bundle Experiments," presented at th Second International
Topical Meeting on Nuclear Reactor 7hermal Hyds ulics, Santa Barbara, .

California, Janua ry 11-14, 1983; al so published in the proceedings.

21. U. L. Yode r, Jr. , D. G. Morri s, C. B. Mullin s, and L. J. Ott, " Dis-
,

persed Flow Film Boiling Heat Transfer Data Near Spacer Grids in a
Rod Bundle," Nuclear Technolgy, Februa ry 1983.

- _

. . . . . . -



- - - - - - _ _ _ _ _ _ _ __

.

xiii

prJ?ENCLAniPI

|

*

| liquid absorption coefficienta
i

A bundle flow area
.

B0llL bottom of heated length

d droplet diameter

C rod pitch

( C drag coefficient
D

C radiation conductances

D rod diameter

D, hydraulic diameter

D, heated equivalent ditmeter

G mass flux
.

h heat transfer coefficient

h latent heat of vaporizationa
g

Ah inlet subcooling

i current

i thermal conductivity

L, mean bens length

IP pressure

Pr Prandt1 Number

Q total heat flow rate at any locatica

Qjj, convective component of surface heat fluz

~

Qbt total surf ace heat flux (including radiation)
t

R rod linear resistance
,

r radius

--___-____



_.

xiv

(GD h
*

1 |Re Reynolds number \ Y }
*

T t emperature
.

Y, inlet vol umetric flow
,

Vg liquid velocity

V vapor velocityy

We, critscal Weber umint

I equilibrium quality

:
X, actual flow quality

Greek

a void fraction

p vi sco si ty

.

p de nsi ty
.

o standard deviation

Subscripts

b burnout (dryout )

BN Boron Nitride

B bulk vapor conditions

c correlation

con convect iv e

cet contact resistance

~
e experimental

j

f saturated liquid conditions
,

f1 film

G at level G

_.



. . . ._ __. ... -

xv

'

g saturated vapor conditions

h-c heated rod to cold rod
.

h-v heated rod to vapor

*

. h-R heated rod to 11guid
!

is inside sheath4

;

#

R liquid

| '

o inlet;

1

| s saturation
e

i as stainless steel

i
surf rod surface

j

|
T/C thernocouple

v bulk vapor conditions

'

w rod surface

*
Superscripts

' per unit length

'' per unit area i

.

s

__ .. ,. . . _ . _ . . --.e.... - - -,- -



. ._ _ _ . . .. .

xvil

SUMMARY

A series of intermediate flow, steady state heat transfer experiments-

wss completed February 1981, at the Oak Ridge National Laboratory Thermal-
Hydraulic Test Facility. TWo sts.ady state test series reported previously.

provided data in the high-flow fija boiling regioni and in the low-flow
~

steam cooling region.a,s The experiments reported here pruride da ta in
I the parameter range which lies betweee the steady state steam cooling sad

higher flow film boiling tests. The test series includes caroriments both

; with and without liquid entrainment above the dryout point. The data can

be used in assessing and developing film boiling and single phase vapor
heat transfer correlations used in reactor analysis codes. The experi-

i ments conducted were high pressure and high-temperature steady state tests

with water flowing upward through an 8 x 8 rod bundle. The rod bundle

used in the experiments contains four unheated rods ad has flat axial and

radial power profiles. The heated pin diameter and rod pitch are typical

of later generation pressurized-water reactors (PWRs) with 17 x 17 fuel.,

assemblies. The bundle is heavily instrumented with thermocouples, and,

flow measurement sites are positioned at each end of the test section.

containing the rod bandle.

Equilibrium fluid conditions within the bundle can easily be calcu-
i

lated using mass and energy co3pervation equations. Accurate calculations
are possible because of the steady state nature of the tests. However,

nonequilibriam conditions probably exist within the bundle, and a moree

sophisticated calculational method is needed if nonequilibrium bundle

fluid conditions are desired.

Comparisons were made be tween experimentally determined host transfer

coefficients (heat fluxes) and those determined from six film boiling
correlations and one single phase vapor correlation. These correlations

are:

.

1. Dougall-Roh s e now,

2. Douga! t-Rohsenow (wall Prandt1 number),
, .

3. Groeneveld 5.7,

4. Groeneveld 5.9,

I5. Condie-Bengston IV,'

|
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6. Groenev el d-Del orm e, and

7. Di t tu s-Boel t e r.
.

Uncertainties in experimental heat transfer coefficients and it three film

boiling heat transfer coefficients were also calculated (Dougall-Rohsenow.
.

Groeneveld 5.9, and Groeneveld 5.7) .

The heat transfer coefficients of the Douga!!-Rohsenow correlation

are sometimes high (by as much as 50%) compared with experiments 11y deter-
3 mined heat transfer coefficients discussed in this report. Thi s i s ro s si-

bly caused by thermodycamic novequilibrium in the flow, because the

DougalFRohsenow correlation is basically a Dittus-Boelter correlation for

vapor (not accounting for wall-to-liquid heat transf er and assuming per-
fect vapor-to-liquid heat transfer), an error in the fluic quality will I

result in an error in the vapor Reynolds number (Re = G X D /p a) used in

the correlation. Therefore, the heat transfer coefficient produced would

be in error. Nonequilibrium also imp. lies that liquid can be present in

the flow when equilibriun qualities are >1. This also reduces the voy.cr
.

Reynolds number compared with equilibrium aesumptions and would cause the

Dittus-Boeltet single phase vapor correlation (assessed only when equi-
.

librium quality was >1) to overpredict heat transfer coefficients. The

Groeneveld 5.7, Groeneveld 5.9, sud Condie-Bengston IV correlations yieldt

beat transf er coef ficients that are more conservative than the Dougall-
Rohsenow correlation. The Groencveld-Delorme correlation tends to under-'

predict the experimental heat fluxes.

!

>

w
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|
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ABSTRACT

A series of eight steady-state rod bundle tests has been.

performed at the Ott Ridge National Laboratory in the Theocal
Hydraulic Test Facility to ga ther data in both the low flow film
boiling region and Ligh flow steam cooling region. This test,

series include s experiments both with and without liquid en-
trai nment above the dryout point. These experiments covered the
following parameter ranges:

Mass flux 43 - 260 kg/m s2

(3.1 x 104 - 1.9 x 10s 1bm/ft h)2

Heat flux 100 - 470 kW/m2
(3.1 x 104 - 1.5 x 105 Btu /ft h)2

Pressure 3.8 - 8.5 MPa
(5 50 - 1230 psi)

Uundle fluid conditions were calculated using steady state
energy and mass conservation equa tions. The experimental heat
transfer data have been compared to several flim boiling heat
transfer correlations and one vapor correlation. Results of
these comparisons support the conclusions reached in the analy-
sis of prior ORNL transient and steady state tests (3.03.6AR,
3.06.6B, 3.08.6C, series 3.07.9, series 3.02.10, and series.

3.09.10). Result s indica te that the Dougall-Kohsenow correla-
tion often overpredicts the beat transfer coefficient, while the
Urceneveld 5.7 and Condie-Bengston IV correla tions tend to un-,

derpredict, however they are in better agreement with the data.
11e Groeneveld-Delorme correla tion underpredicts heat fluxes.
The Dittus-Boelter correlation was evalua ted only when equilib-
rium qualities were greater than one, and tends to overpredict
the heat transfer coefficient.

1. D9TRODUCTION

A series of eight intermediate flow, steady state film boiling experi-
meet s was comple ted in Februa ry 1981 at the Oak Ridge National Laboratory
(ORNL) Thermal--Hydraulic Te st Facility (IIITF) . These experiments provided
steady state rod bundle film boiling and steam cooling data over a range
of flow coaditions. These tests provide data from which accurate bundle.

fluid conditions and rod surf ace conditions can be de termined. These in
turn can be used to assess or develop film boiling and single phase vapor.

heat transfer correlations. These tests also provide a means of obtaining
data in the intermediate-flow film boiling da ta ranges requested by the

___ - _ _ _ _ _ _ _ _ _ - - _ . _ ._- _ - - - - - - - _ ._
_
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Nuclear Regulatory Commission (NRC) Office of Nuclear Reactor Regulation

(NRR).' This report presents an evaluation of steady state rod bundle '

*

post-critical heat flux (CHF) heat transfer. The following seven correla-

tions are assel. sed in this document:
.

1. Dou gal l-Roh s e now, s

2. Dougall-Rohsenow (wall Pr),'

3. Groeneveld 5.7,7

4. Croeneveld 5.9,7

5. Condie-Bengston IV,8

6. Groeneveld-Delorme,' and

7. Di t tu s-Boel t er. 2 *

The experimental data were obtained from high pressure, high-tempera-
ture, steady state tests with water floring upward through the rod bundle.

Assessments of the seven correlations were made for all of the tests. The
test conditions for each run are shewn in Table 1.1.

.

Table 1.1. 1 BIT totenediate-flow steady-state film bottias
and steam cooling da ta t ange s

.

Pressure Nass flas Average total heat finz
est

pst MPa Ib,/ft' h x Ib8 kg/m* s Stoffta h a 108 kW/m*
o G

.:

1A 1231.0 8.49 0.315 42.7 0.324 100.0 1.00 -0.128 1.5 p8

18 1188.8 8.20 0.609 82.5 0.507 160.0 0.574 -0.136 1.253

IC 1205.2 8.32 0.812 110.0 0.600 189.0 0.971 -0.002 1.215

ID 1168.7 8.06 1.07 146.0 0.872 275.0 1.00 -0.025 1.276

IE 550.6 3.80 0.651 88.4 0.621 196.0 0.974 -0.052 1.261

IF 584.1 4.03 1.27 172.0 1.07 336.0 0.878 -0.059 1.114

1G $64.6 3.90 1.90 258.3 1.41 444.0 0.792 -0.035 0.998

IE 1200.6 8.28 1.92 261.0 1.50 474.0 0.815 -0.222 1.075

l is the dryout or barncet quality.
b

1, is the test section inlet quality.
X 14 the gulity at level G (see Fig. 2.3).g

.

Chapter 2 contains a description of the TJTF and the experimental
.

procedure. The data reduction scheme is presented in Chap. 7, while cor-

relation comparisons are presented in Chap. 4. The conclusions are dis-

cussed in Chap. 5.

.
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2. FACILI1T DESCRIPTION AND EXPERIMENTAL PROCEDURE

The intermediate flow film boiling experiments wers conducted with.

the TETF in the configuration diagramed in Fig. 2.1. The inlet flow lines

were of small diameter to allow accurate control of the low inlet flow.,

The '111TF is a heavi3y instrumented, nonnuclear, pressurized-water loop
containisig 64 full-length (3.66-m or 12-ft) rods arrangad in an 8 x 8

bundle (b, = 0.0106 m (0.0349 ft)); 60 of the rods are electrically
heated. The instrumentation located in the outlet and inlet spool picces

is listed in Table 2.3.

Rods 19, 22, 36, and 46 are the four unheated rods in the 8 x 8 tun-

die, as shown in Fig. 2.2. During test IB rod 60 was inoperable, and in

tests 1C and ID, botn rod 26 and 60 were inoperable. The axial locations

of the fuel rod simulator (FRS) thermocouples are shown schematically in

Fig. 2.3. Rod geometry (listed in Table 2.2) is typical of later genera-

tion PWRs with 17 x 17 f uel assemblies. The axial and radial power prc-

file is flat. Figure 2.4 shows a simplified cross section of a typical.

Table 2.1. Instrumentation loca ted in.

select ed spool piece s

Instrument Outlet nozzle Vertical outlet Inlet flow
spool piece spool piece measurement

i

Turbine meter FE-202 FE-216 FE-250
FE-260 auf.

Drag Target FMFE-206 FMFE-220 FMFE-264

Preasure tap PE-209 PE-224 PE-258

Thermocouple 'IE-208 'IE-222 TE-256

Deasiteneter DE-204 DE-218 DE-20

Table 2.2, Burdle geometry,

Rod pitch, um (in.) 12.7 (0.501)
'

Rod diame ter, um (in. ) 9.50 (0.374)
Hydraulic diameter, em (In.) 10.6 (0.42)
Heated equivalent diameter, um (in.) 13.8 (0.54)

f

- - ._ _ -.. _ ,
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ORNL-DWG 81-7833A ETO *

TEST 3.10.11 A-H
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EXCHANGERS
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-
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hgj
'
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BDE-36 / %-

TE-40 TEST 'sr /
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F

FE-34 SECTION /q

\

[FE-18A
'

3F E-250 ,

#N I

E-156 g. 3/4 in. INLET FLOW LINETE-256 *
i

N > J
[j 1/2 in. INLET FLOW LINE ;
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PUMP

/

W
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/ *

Fig. 2.1. THIF configuration for test serie s 3.10. IIA-IH.
.
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O RN L-CWG 77-5718

S1 S7 S3 S4 SS S6 S7 S8 S9
*

1 2 3 4 5 6 - 7 8
\

S10 S11 S12 S13 S14 S15 S16 S17 S18

9 10 11 12 13 14 15 16

Si9 S20 S21 S22 S23 S24 S25 S26 S27

17 18 19 20 21 22 23 24
/ /

S28 S29 S30 S31 532 S33 S34 S35 S36

25 26 27 28 29 30 31 32

S37 S38 S39 S40 S41 S42 S43 S44 S45

' //
33 34 35 36 37 38 39 40

S46 S47 S48 S49 S50 551 S52 S53 S54

41 42 43 44 45 46 47 48
.

505 S56 557 S58 S59 560 S61 S62 S63

49 50 51 52 53 54 55 56.

564 S65 S66 567 S68 S69 S70 S71 S72

57 58 59 60 61 62 63 64-

S73 | S74 S75 S76 S77 S78 S79 S80 S81

h INACTIVE ROD 3

Fi g. 2.2. Identification of 111TF heater rods, subchannel location
and inactive rods in Til1F bundle 3.

fuel rod simulator. Subchannel thermocouples, located at the top of the
bundle, were used to indicate liquid entrainment.

,

During steady state operation of the 111TF, fluid flows from the pump
(Fig. 2.1) through flow control valves and the inlet fluid measurement

,

system before it enters the test section, where it is heated as it flows
past the rods. The fluid leaves the test section from the upper plenum,
passes through the outlet spool pieces, and heat exchangers, and returns

_. - ,
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Fig. 2.4. Cross section of a typical FRS.

.

to the pump. A complete description of the IETF f acility can be found in,

Ref. 11.

Inlet flow for each steady state test was established and the loop
was adjusted te provide the desired inlet fluid temperature and inlet

pr e s s, nr e . The bundle power was then increased until the dryout point was

at the desired position in the bundle. The st eady state operating point
was assumed to have been reached when operating pressure and zod surface
temperatures stabilized. Instruments were scanned for 20 s during each
experiment. Standard deviations of the rod voltage and co rent during the
scans were on the order of 0.1 V and 0.2 A, respectively.

.

&

#
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3. DATA REDULTION

Characterization of bundle heat transfer requires knowledge of both ,

rod surf ace conditions and local fluid conditions. Two heat transfer
coef ficients can be defined, depending on the intended use of these equa- ,

tions.

O''
con (1)h, = T -T *

w s

where T, is the saturation temperature, and Q'' is the convective heat

flux component. Also,

ge,
con

= - (2)h
B T, - Tg

can be defined, where T is the equilibrium bulk vapor temperature. These
B

equations will be equivalent shee the equilibrium quality is less than
one.

'

Accurate surf ace conditions are ensured by careful measurement of red

parameters such as heater cross-sectional areas, rod dimensions, ana -od
linear resistance. Rod resistance (a function of temperature) along with

measured rod current is used to calculate the total heet finx leaving the

rod surface.

12 R(T)
-- - (3)gee .

tot 2n:
w

Rods are calibrated in situ, and values for local boron nitride ther-

mal conductivity, thermocouple contact resistance, and thermocouple bead
position are determined.s These values and the linear heat flow rate

'

are used in a numerical one-dimensional conduction equation to calculate

the rod surf ace temperature knowing the measured inside sheath tempera-
*

tere. The analytical form of the f.quation follows:

_ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ - _ - - _ _ _ _ _ _ _ -
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[#is w
#

Tin in
Q' TC 1 is

T =T + --- + (4)
-

.* " #
BN is ent ss

*

Convective heat fluxes, Q'' , used in Eqs. (1) and (2) were calcu-

lated by subtracting the radiative component of heat flux from the total
heat flux leaving the rod, Q 9' ^ ** "* " ' ** * "*

tot

heat transf er from the hot rod to the ,tnaented portions of the bundle, the
steam, and the liquid droplets was included in the analysis presented in
Appendix A,

local level average fluid conditions were calculated from a steady

state energy balance using measured inlet conditions T, and V, and assun-
ing negligible pressure drop through the bundle. The bundle inlet fluid

iwas always subcooled to ensure accurate measurement of inlet volumetric

flow. Measured bundle pressure and fluid inlet tamperature were used to
calculate the inlet enthalpy. The total heat absorbed by the fluid up to

,

the point of interest was calculated by adding the contribution from each
individual rod on a level-by-level basis.

*

Losses within the test section can occur through the shroud wall
which surrounds the bundle. These losses can become particularly impor-
tant under very low power conditions. Thermocouples imbedded within the

shroud wall allow these losses to be calculated. Losses were important in

! only one test within this test series. Overall heat losses for test IA
werc determisud to be ~2.7% of the total input power to the bundle.
1.osses above the dryout point, in the steem cooling region were ~4% of the
power input above dryout. Thesc losses were subtracted from the total in-
put power in order to arrive at the corrected heat input to the fluid, Q'

[used in Eq. (5)]. The method used to calculate losses through the shroud
is presented in Appendix A.6 of Ref. 2. In all tests other than IA, the

shroud wall losses were found to be negligible,,

f An energy balance at any axial location then yields an equation for
equilibrium quality in terms of known parameters:,

Q Ah
I=

pVh h (5)
-

.

o o fg fg

. -- - _ _ - _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ - _ _ - _ __ -
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The equilibrium quality defined by Eq. (5) may yield qualities great-
er than one since it is a thermodynamic rather than a mass-based quality.
Once equilibrium quality and pressure at t ny location are known, equilib-

.

rium fluid properties at that locstion are also known.
Experimental heat transf er coef ficients (Eqs. 1 and 2) are calculated .

only when rod surf ace temperr.tures are 222*C (400*F) above the saturation

t empe r a tur e. This superheat is somewhat arbitrary, but it ensures that
the rod surf ace will be in stable film boiling, and that entrance length
heat transf er ef fects near the dryout location will be minimized.

Seven heat transf er coef ficient correlations were evalua ted for com-
parison with the experimental heat transf er coef ficient s. A compilation

of these correlations follows. Also included is the appropriate experi-

mental heat transf er coefficient (included in parentheses) used for com-

parison with correlation predicted value s. The Groeneveld-Delorme corre-

lation predicted heat flux is compared with the convective heat flux.

Dougall-Rohnenew (h,) :
.

"

K 0.4 | P
'

10 .8 (6)g g
LRe X + - (1 - X)

= 0.023 D, Prh g g p ,c
.c

.

Dougall-Rohsenow (wall Pr) (h,)

0.4 | P 0.8 (7)gg
Re X + - (1 - X)

= 0.023 D, Prh w | g p
|

g |
_

_

Groeneveld 5.7 (h )

1.26 (Re
- P -|0.688gg
X + - (1 - X)

0.052 D, Prw g
_

p ,j
f (8)

h -

0.4 [p
=

c f } 0.4- 1.06
-

1.0 - 0.1 (1 - X) -- - 1
Yg Y

-

.

.

- - - - - - - - - _ - _ . . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Groeneveld 5.9 (h,)

- K !
-

p -

I1.32 g 0.9010.00327 g Pr 1Re X + - (1 - X)
,

D w g p
=

-

j
~ f (E)h-

c
-

0.4 [Pg }0.41.5
1.0 - 0.1 (1 - Z) 1 -1

YS )
.

Condic-Bengston IV (English Units) (h,)

' '+ * *K* Pr * Re |
* *

8 w 8 (10)c" *

D .8095 (X + 1)0 *

*
|

Grconeveld-Delorme (Q" )

U P
-

l 0.8774 0.6112 (11)fl e y
Q'' = 0.008348 X + - (1 - X ) Pr (T -T)D, pgg a p a I fl w vc.

g-
.

1

where X, is determined from a correlation dependent on flow and saturated.

fluid conditions.

One single phase vapor correlation is also evaluated when equilibrium
quality is greater than one.

Dittus-Boelter (h )
B

I

b 0.8 0.4 (12)I h = 0.023 - Rep . PrB
e

-

Uncer tainties in the fluid and surf ace conditions were used to calcu-
late uncertainties in both the experimental and correlation heat transfer

I
coefficients. Uncertainty analysis was carried out for the Dougall-
Rohsenow, Groeneveld 5.7, and Groeneveld 5.9 correlations. Details of the.

analysis method used in calculating uncertainties in both experimental and
correlation heat transfer coefficients are presented in Ref.1..

- _ _ _ _ - _ _ _ _ _ _ _
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4. RESULTS

Correlation Cesparirons
.

Results for each of the tests are presented in tahalar form in SI

units in Appendix B at the end of this report. These results nre divided -

into five separate sections:

Section 1 - level average fluid and surf ace conditions

Section 2 - maj or level da ta - X < 1

Section 3 - maj or level data - X > 1

Section 4 - intermediate level data - X < 1

Section 5 - intermediate level data - I > 1,

,

In some tests, sections are omitted where qualities were always

greater than one (Sects. 2 and 4 cmitted) or always less than one (Sects.
3 and 5 omitted) between the dryout point and the top of the bundle.

Fluid and surf ace csuditions niong with their cross-sectional standard de-

vistions (la values) are presented in the first section. Surface condi- ,

tions presented are the average conditions for each level. Surface heat

flux presented here is the convective component only. Standard deviations
,

of the surf ace conditions are the bundle cross-sectional standard devia-
tions (as opposed to measurement uncertainty) and are thus an indicaticn

of the variation across the bundle at one axial location. Each thermo-

couple level has a dif fering number of instrumented rods. The maj or
l ev el s ( A, B, C, D, E, F, and G) have the greatest number of thermocouple

locations. The averages and standard deviations for these levelt would be

more significant than the averages and standard deviations at other levels
having fewer thermocouple locations. Surf ace conditions were averaged

only when rod superheat was 2228C (400*F) or greater. If only one rod was

abcve this superheat at a given axial level, the cross-sectional uncer-

tainty will therefore be zero for that level. If no rods were in film

boiling [ i.e., (T,- T,) < 400*F] at a level, that level is omitted from
*

the table.

The second and third sections for each test show only the maj cr level *

thermocouple information (levels A, B, C, D, E, F, G). Fej or level t* er-u'

mocouples should show little or no influence of the sp4cer grids.

_. _ __ - _ _ -_
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The second section presented for each test shows heat transf er corre-

lation comparisons when the equilibrium qualities are less than 1. Uncer-
* tainties for three of these correlations are also presented (Dougall-

Rohsenow, Groeneveld 5.7 and Groeneveld 5.9) . The fractional standard

deviation (fsd) for the Dougall-Rohsenow correlation with Pr evaluated at-

the wall temperature is expected to be similar to the fsd for the standard

Dougall-Rohsenow equation because Pr is insensitive to variations in both
pressure and temperature at high temperatures (i.e., the wall tempera-

ture). Surf ace conditions in this section and the remainder of the sec-
t tions for each test are local surf ace conditions. Both the experimental

heat transfer coefficient and its uncertainty are also presented. Co rr e-

lation uncertainty and experimental heat transfer coef ficient uncertainty
in this section and in the remainder of the sections for each test r e-
flect measurement uncertainties and represent one standard deviation.
Correlations presented in this section are

1. Dougall-Rohsenow heat transfer coef ficient,
.

2. Dougall-Rohsenow (wall Pr) heat transfer coefficient,
3. Groeneveld 5.7 heat transfer coefficient,

.

4. Groeneveld 5.9 heat transf er coef ficient,
5. Condie-Bengston IV heat transfer coefficient, and
6. Groeneveld-Delorme heat finx.

The Dougall-Rohsenow correlation was developed from the single phase
Dittus-Boelter equation using the vapor velocity based on the equilibrium
quality. It therefore assumes perfect vapor-to-liquid heat transfer and
does not account for drop-wall interactions. Thus, it does not account
for non-equilibrium which may be present in the flow.

The Groeneveld 5.7 and 5.9 equations, along with the Condie-Bengston
1IV correlation, were correlated using dispersed flow heat transfer data, j

They would therefore account rartially for the noncquilibrium in the flow
*

and the presence of droplets.

The Groeneveld-Delorme correlation was also developed from dispersed
*

flow data. It explicitly accounts for nonequilibrium within the flow and
contains a correlation for actual quality (actual mass based flowing qual-
ity) as a function of flow conditions.

>
__ ____ _ _ - _ - _ - _ _ - _ _ _ - _ _ - _ _ _ - - _ . - - - - - - - - - - - - - - -
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The third section presented shows heat transf er correlation compari-
sons and uncertainties when equilibrium qualities are greater than one. c

'

Both experimental heat transfer coefficients based on (T,- T,, ) and ex-

perimental coef ficients based on (T - T ) are tabulated. Correlations
.

in this table are

1. Dittus-Boelter heat transf er coef ficient,

2. Condie-Bengston IV heat transf er coef ficient, and

3. Groeneveld-Delorme heat fina.

Condie-Bengston IV and the Groeneveld-Delorme correlatf ors are only

presented when dryout quality is less than 1.
The Dittus-Boelter correlation is a single phase heat transf er coef-

ficient developed f rom several types ; single phase data. The Condie-

Bengston IV and Groeneveld-Delorme equations were described previously.
The fourth and fif th sections for each test present information for

the intermedicte-level thermocouples (E1, E2, E3, E6, F7, E8, F1, F2, F3,

F4, FS, F6, F7, FS). Calibration of these thermocouples could include -

ef fects due to the presence of spacer grids in the bandie. The calibra-

tion procedure assumes that a single phase heat transf er coef ficient is .

applicable when water alone is flowing through the heated bundle. This
heat transfer coefficient includes no grid spacer effects and thus the
calibration would tend to wash out some of the grid ef fects present during

testing. By comparing intermediate-level thermocouple calibrations with
maj or level thermocouple calibrations, it is estimated that the error in
surf ace temperature due to this ef fect is on the order of 6*C (10*F) in-
mediately downstream of the grid where it would probably have the largest
impact. The effect diminishes as distance from the grid increases and is

negligible at the maj or level thermocouple locations. It should also be

very small at thermocouple locations immediately upstream of the grid.
The fourth section presents intermediate-level information for equi-

.

librium qualities less than one. The same correlation comparisons are pre-

sented as in the second section.
.

The fif th section presents intermediate-level information for equi-
librium qualities greater than sne. The same correlation comparisons are
presented 6s in the third section.

_ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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Value s f ron> rod 54 were not presented f or any tests. Centerline
thermocouples which are used in the calibration precedure were not func-
tioning properly in rod 54. This led to high uncertainty values in sur-.

face conditions, although the absolute values of the surface conditions

were reasonable.,

Plots which show correlation comparisons for all tests are presented
in Figs. 4.1 through 4.7. Any data point lying above and to the lef t of

the diagonal line in the figures indicates that predicted heat transfer

coefficients (heat fluzes) are lower than the experimentally measured heat
transfer coefficient (hea t fluz) . Data lying below and to the right indi-
ca te an overpradiction of the heat transfer coef ficient (heat flux).

At one axial level, the data tend to form a vertical string (see Fig.
4.1). The vertical scatter at one axial level is primarily caused by ra-
dial variations in the fluid conditions and their effect on s42 face ten-
peratures, since uncertainties in experimental heat transfer coefficients
(as indicated in the tables in Appendix B) are significantly smaller than

.
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the da ta sca tter. The slope in the vertical data strings for the Groene-

veld and Condie-Bengston IV plots reflect the surface temperature varia-
*

tion and its effect on the wall Prandt1 numbers used in these correla-
I tions. Sca tter in the Groeneveld-Delorme correla tion it horizontal. Wall

*
temperature variations are now incorporated in the correlation predicted

heat flux since QGD " GD w y
-

*

In general, results of these tests show that both Dougall-Rohsenow

correlations tend to overpredict heat transfer coef ficents, although using
the Prandt1 number evalua ted at the wall temperature improves the predic-
tion. The Groeneveld-5.7, Groeneveld-5.9, and Condie Bengston IV correla-

tions predict heat transfer coefficients that are lower than experimental

values. The Groeneveld-Delorme correlation predicts heat fluxes that are

50% to 1005 lower than experimental heat fluxes. The Dittus-Boelter cor-

relation tends to overpredict the observed experimental heat transfer co-

efficients.

The Dougall-Rohsenow correlation was not develop.a f rom two phass
*

data and does not account for nonequilibrium effects. Nonequilibrium
within the flow would tend to decrease experimental heat transfer coeffi-

* cients and could explain the discrepancy be tween both Dougall-Rohsenow cor-
relations and the data.

All other film boiling correlations presented were developed from two
phase data and would account partially for nonequilibrium within the flow.
At the dryout point (the point beyond which liquid to longer comes in con-
tact with the heated surf ace), there should be no vapor superheat and the
flow should be in equilibrium, since all heat added previously to dryoutt

is used to evaporate liquid on the rod surface. None of.these correla-
| tions explicitly accocnts for this phenomenon. In particular, the

Groeneveld-Delorme correlation predicts the existance of some nonequi-
librium at dryout, causing the predicted heat transfer coefficients

to be low. As distance from dryout increases, the amount of nonequilib-
,

rium in the flow increases, and the Groeneveld-Delorme predictions tend to
impr ov e. Because nonequilibrium is present in all heated dispersed flows |.

to some extent, liquid is present in the flow even atcer the equilibrium

quality reaches one (if Xb < 1). Thus, the Dit?.us- Boelter correlation

which assumes that single phase conditions exist beyond equilibrium
qualities of one tends to overpredict heat transfer coefficients for

I

, . . . . - - . - . - - - , - - - - , -, - ~ . . . , . , . , , . . . - - - . . _ . _ , - . , - _ , - . - , , . . . - , ,
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reasons similar to those discussed for the Dougall-Rohsenow correlation.

These conclusions agree with results obtained in the 3 transient
*

(3.03.6 AR, 3.06.6B, and 3.08.6C), the 22 high-flow steady state tests

(test series 3.07.9) and the low flow steam cooling tests (test series

3.09.10 and 3.02.10) previously conducted in the TUTF (see Ref s.13,1,
*

2, and 3).

The degree to which the Dougall-Rohsenow and Dittus-Boelter equa tions

are in error is somewhat less in the tests presented here than in the pre-

viously reported ORNL steady state tests.1 This can be explained by look-

ing a t the nonequilibrium differences between the two test series. No n-

equilibrium within a fluid occurs when the vapor and liquid phases are at

differing temperatures. Two factors affect the degree of nonequilibrium

or vapor superheat present in dispersed flows: the vapor-droplet heat

transfer, and the distance f rom dryout.

If the relative departure from thermal equilibrium f rom test to test

is thought of as an indica tion of the heated rod-vapor-liquid droplet heat

transfer interactions, then a qualitative assessment of nonequilibrium can ~

be made. If droplet-rod interactions are ignored, and it is assumed that

the droplets are at the sa turation temperature, complete equilibrium oc- *

curs when all heat added to the two phase fluid is used for droplet evapo-
ration. This implies perfect droplet-vapor heat transfer since all heat
is initially transferred to the vapor phase. In this case, both vapor and

liquid are at the saturation temperature. In order to develop the maximum

degree of nonequilibrium, all heat entering the fluid is used to superheat
the vapor phase, and none is used to evaporate the liquid droplets. Th e

limiting example of this case is single phase vapor heat transfer, where
all heat added is used to superheat the vapor. As stated previously, the

departure from equilibrium increases as distance from the dryout location
increases. This is caused by heat addition from the heated surf ace to the
vapor phase.

~Since dryout quality is 100% in tests IA and ID, pure vapor heat
transfer would exist above that point. Tests IB, IC, and IE would have

some liquid present, but due to their high dryout quality, would probably
,

. -. . _ -- _. . , = . . ~ . . - - . - - . -
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behave like pure vapor flow. In these tests, a vapor heat transfor coef-

ficient should predict the data reasonably well. As can be seen in Appen-
'

dix B, this, in fact, is the case with errors less than about 40% for the

Dit tus-Boelter equa tion. This is in contrast to the lower quality dryout
*

tests in this series and in the previous steady state test series where

errors were sometimes as high as 60%.

The dryout locations f or tests IF, IG, and IH were at level F, 0.61 m

(2 f t) below the top of the bundle. Only 61 m of heated length was avail-

able to superheat the vapor f rom the saturation t emperature at dryout. In

comparison to several previously reported ORNL steady state tests 1 this

length beyond dryout is short, and a lesser amount of vapor superheat

would be expected in the tests reported here. An equilibrium correlation

such as Dougall-Rohsenow or Dougall-Rohsenow (Pr,) would perform better on
these tests than on tests where there is a large degree of nonequilibrium.

In these tests, Dougall-Roh senow overpredicts the data by as much as 50%
(Fig. 4.1) while in the earlier steady state test series, it overpredicted

~

heat transf er coef ficients by up to 150%. Conclusions reached in the pre-
vious steady state report are consistent with the data presented here when

*
nonequilibrium dif ference s between the two test series are taken into

account.

The axial temperature profile along the total length of the bundle
for each of the tests is shown in Figs. 4.8 through 4.15. Temperatures in

these plots are level average temperatures. Vertical lines on these plots

designate spacer grid locations. Two ef fects are readily apparent f rom
the figures: the dryout raint and grid spacer ef fects.

Drvout _ noint

Dryout within a rod bundle does not necessarily occur at one axial
level. Figures 4.8 through 4.15 show how dryout appears for each of these
tests. In analyzing the data, thermocouples were divided into those which,

appeared to be dry and those which appeared to be wet. A value of rod

superheat of 30 K was used to distinguish between wet and dry rods. This,

superheat was chosen as the cutof f temperature by using the Thom14 nucl e-
ate boiling correlation to calculate the maximum wall superheat possible
for any of the tes. consitions (~15 K) . This tamperature was added to the

. _ _.
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maximum surf ace temperature uncertainty in any of the t est s (~15 E, a 2a

value).
As the tamperature profiles are traversed axially (Figs. 4.8 through '

4.15) , a point is reached where at least one rod appears to be dry (symbol

E). In many of the tests, some rods still remain wet at this axial level. -

This is shown on the figures as two data points at that axial location.

One point is the average tenperature of the dry rods (IE) (as defined

above) and the other is the average tanperature of the wet rode (A). Also

shown is the number of rods which appear to be wet and the number of rods
'

which appear to be dry. [If only one type of rod (either wet or dry) was

detected at a level, the number is not indicated.] The total number of

rods instrumented with thermocouples changes from axial location to axial

location. Thus, level E7 has 3 rods instrumented, level E8, 4 rods, l ev el

F, 21 rods, etc. ( se e Fig. 4.15) . In some tests [e . g. , test IC (Fig.

4.10)] the distance between the first level which shows a dry rod and the
, level where all rods are drr is about 0.61 m (2 ft). Tabl e 1.1 show s the

best estimate, bandic averagt, dryout quality, I , f r ca h of the inter- -

b
mediate flow tests. CHF data for the transient t est s (3.03.6 AR, 3.06.6B,

3.08.6C) and the higher flow steady state tests (test series 3.07.9) is -

available in tabula _r form in Ref.15.

Grid soncer effects
1

Low pressure drop, egg crate type spacer grids without swirl inducers

are spaced at 0.61 m (2 f t) intervals along the THTF bundle. Closely

spaced thermocouples are located axially above and below the two topmost
grids to investigate grid ef fects during film boiling. The effect of the

grids is pronounced in Figs. 4.8 through 4.15. Grid spacer locations are

indicated by solid vertical lines. Lines sketched through the data show

the local temperature profile variation caused by the grids.

Surf ace temperatures downstream of the grid are up to 60 K (100*F)
'

lower than temperatures upstream of the grid. These results are censis-

tent with results obtained by other investigators.28,17 These effects
*

last approximately 20 to 30 hydraulic diameters downstream of the grid.

This length is consistent with entrance length studies,18,28 and suggests

a boundary layer breakup / rebuild process at the grid. Grid spacer data

.
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1

for the higher flow steady state tests (series 3.07.9) can be found in

Refs. I and 20, and for the steam cooling tests (series 3.09.10) in Refs.
'

2 and 21.
1

I,lauld Entrainment Point,

A point of particular interest in flow boiling analyses is the point

where flow conditions cause liquid entrainment from the wetted portion of
the core. If the flow exceeds this value, liquid will be entrained above

the dCFont point, and dispersed flow film boiling will be present. If the

flow is below this value, steam cooling will exist above dryout.
The test series presented in this report spans the flow range both

above and below the liquid entrainment point. Thermocouples located at

the top of the bundle heated length are positioned within subchannels be-
tween rods, and indicate the fluid conditions at the top of the bundle.
If these thermocouples indicate saturation temperature, liquid is probably
present at that point within the bundle. If these thermocouples show no-

*

ticeably higher temperatures than saturation, the steam is either dry and
superheated, or only a maall amount of liquid is present in the flow.

*

Thus, these thermocouples provide an indication of the liquid carryover.
During five of these tests, the subchannel thermocouples indicated a so-,

perheat temperature: tests IA, IB, IC, ID, and IE apparently had little

droplet entrainment at the subchannel thermocouple locations. Subchannel
thermocouples in tests IF, IG, and IH were at least partially wetted, in-
dicating that liquid entrainment was present in these tests. A note of

r

caution is needed when interpreting this data. As is mentioned in Appen-
dix A, unheated FRSs were present in tests DB, IC, and ID. In all of

these tests, the FRS thermocouples located above the dryout point in the
unheated rods were at or near the saturation temperature. These thermo-
couples were therefore indicating that liquid was probably present on the
rods.

,

One other indication of the degree of carryover is the quality at
dryout. In tests IA through IE, dryout was at or neat 1005 quality, indi-*

i

j cating little or no liquid was present af ter dryout, and therefore very
little liquid would be entrained above dryout. In tests IF, IG, and IH,

dryout occured at qualities less than 100% and same liquid would have to
( be entrained above that point.

-_. .- ___ _ _ _ ._ _ _ . - _ _ _ , . _ . _ _, - . - - _ , . _
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5. CONCLUSIONS

An analysis of eight steady state, l ow- flow film boiling and high .

flow stema cooling tests has been performed. Mass and energy conservation
relationships were used to calculate equilibrium fluid conditions within ,

i

;

the rod bundle. These fluid conditions, along with calculated rod surf ace
were used to evaluate six film boiling correlations and onet empera tur es,'

single phase vapor correlation:
1

1. Dougall-Roh s e now ,

2. Dougall-Rohsenow (wall Pr),

3. Groeneveld 5.7,

4. Groeneveld 5.9,

5. Condie-Bengston IV,

6. Groeneveld-Delorme, and
a

7. Dit tu s-Boel t er.

The correlations were then compared with experimentally de termined heat'

.

transfer coefficients.
The Groeneveld 5.7, Groeneveld 5.9, and Condie-Bengston IV correla- .

tions perform better than either Dougall-Rohsenow correlation. The Dous-
all-Rohsenow and Dittus-Boelter correlations predict test transfer coef fi-
cients that are of ten 50% higher than the experimentally determined heat

|

transf er coef ficients discussed in this report, This is probably due to
thermodynamic nonequilibrium which can exist in the flow. The Groeneveld-
Delorme correlation, which explicitly accounts for nonequilibrium in the
flow, predicts low heat finxes near burnout that improve as distance from

burnout increases.;

The conclusions reached concerning the accuracy of the film boiling

and single phase correlations concur with those reached in reports de-
scribing the three Transient Film Boiling experiments, tests 3.03.6AR,
3.06.6B, 3.08.6C,s the higher flow steady state test series,1 and the low .

flow steam cooling tests.s, s

Data was also presented which shows that bandle CBF behavior may be .

nonuniform under same steady state test conditions. In saae tests dryout

) occurred over a 0.66 m (2 ft) axial interval.

_ __ _ _ . . . _ . - _ _ _ . _ _ .. ___ . _ . . . . _ - _
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The effect of grid spacers within the bundle was found to be signifi-
'

. cant, decreasing temperatures as stuch as 110 K (200*F) across the grid.
.

* These effects persisted about 20 to 30 hydraulic diameters downstream of
'

the grid and indicated that the boundary layer breakup / rebuild process is
important near the grid.<
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Appendix A

RADIATION
s

1

A radiation model has been developed which includes radiation ex-
#

change be tween four heat sources / sinks within the bundle: Heated rods,

unheated rods and shroud wall, flowing steam, and liquid droplets. Ra di a-

tion exchange between heated rods which were at slightly different tem-

peratures was assumed to be negligible compared to the other heat flow

paths. Three of the tests (tests IB, IC, ID) were conducted with at least

one FRS unheated. Thermocouples loca ted above dryout on these unheated

rods indicated that the rod was at the saturation temperature (i.e. the

rod was we t) . The radiation analysis therefore assumed that the unheated

rod and shroud wall were at the saturation temperature.

View factors between the heated rods and unheated portion of the
bundle were calculated using the Hotte! crossed string method. Figure A.1
shows a sample of the crossed string geometry used to criculate the view

*
factor be twcen a rod one row removed f rom the shroud and the r.earest

shroud wall. View factors were calculated between each heated rod and the
' four shroud walls, and between each heated rod and the cold rods within

the bundle. These calculations were performed assuming all rods within
the bundle (including the unheated rods) were of the same diameter. The

unheated rods are in fact, 0.7 mm (0.028 in.) larger in diameter than the

heated rods. This assumption causes little error in the radiation calcula-

tions. A summary of these view factors for each heated rod is presented

ORNL-DWG EG-4885 ETD

UNCROSSED STRING

- - -- CROSSED STRING

1

*
i

|

's
. a ''

1

Fig. A.1. Example of crossed strang geometry.

I

{ -

|

|
|

__ _ __ _ _



-, . - . .

34

in Table A.I. Rod numbers correspond to those in Fig. 2.2. View factors
~

in Table A.1 are for the bundle under normal conditions (four unheated
s

rods).

Radiation exchange was calculated using a four node network analysis
,

devcloped for the bundle. This network follows closely the three node

analysis presented by Sun,22 how ev e r, it include s the presence of cold

surf aces within the bundle. The assumptions used by Sun and also used in
this model are: grey, dif fuse surf aces, and an optically thin droplet

4

field. The vapor is assumed to be semiga cy. In this analysi s, vapor ab-
,

sorption is assumed to dominate, and vapor properties sre based on the
inconsing radiation. Figure A.2 shows the radiation network used. The
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Table A.1. Hot rod view factors

Rod View factor View f act or
No , bot to cold rods hot rod to shroud

o
- -- . -

1 0.0 6.2 5 x 10-1
2 1.66 x 10-a 3.95 z 10-1
3 -5.37 x 10-* 3.73 a 10-a*
4 1.66 x 10-8 3.76 x 10-5
5 1.73 x 10-8 3.76 x 10-5
6 0.0 3.78 x 10-1
7 1.68 s 10-8 3.95 x 10-8
8 0.0 6.2 5 x 10- 8
9 1.6f a 10-a 3.95 x 10-1

10 8.57 x 10-8 7.93 x 10-8
11 1.2 9 x 10-5 4.64 4 10-8
12 1.02 x 10-2 4. 3 0 x 10- 8
13 1.04 x 10-1 4.30 x 10-8
14 1.28 x 10-5 4.64 x 10-8
15 8.63 x 10-8 7.93 x 10-8
16 1.6 8 x 10- 8 3.95 x 10-1

> 17 0.0 3.78 m 10-2
18 1.26 x 10-8 4.64 x 10-8
20 1.26 x 10-1 1.00 r 10-8
21 1.44 x 10-1 1.00 x 10-a
23 1.28 x 10-8 4.64 x 10-a
24 0.0 3.78 x 10-a
25 1.87 x 10-a 3.76 x 10-1
26 1.01 x 10-8 4.30 x 10-a
27 2.13 x 10-1 1.00 x 10-3
28 2.27 x 10-1 6.62 a 10-8'
29 2.04 x 10-8 6.62 x 10-8
30 1.43 x 10-1 1.00 x 10-*
31 1.04 x 10-5 4. 3 0 x 10- a
32 1.73 2 10-8 3.7 6 x 10-2*
33 2.21 m 10-* 3.76 x 10-1
34 1.71 x 10-a 4,30 g go-a
35 1.2 8 z 10-1 1.00 x 10-8
37 2.27 x 10-1 5.62 x 10-8

, 38 1.26 x 10-1 1.00 x 10**
39 1.02 x 10-1 4.30 x 10-a
40 1.66 x 10-8 3.76 x 10-3
41 1.93 a 10-8 3.7R x IO-*
42 1.85 a 10-3 4.64 x 10-8
43 8.52 a 10-8 1.35 x 10-8
44 1.28 x 10-s 1.00 m 10-8
45 2.13 x 10-1 1.00 x 10-8
47 1.29 x 10 a 4.64 x 10-8
48 5.3 7 x 10-* 3.78 x 10-5
49 2.21 10-* 3.95 x 10-1
50 1.07 x 10-8 7.93 x 10-8
51 1.85 x 10-2 4.64 x 10-8
52 1.71 x 10-s ,30 m in-a,

53 1.02 a 10-1 4.30 x 10-8
54 1.26 x 10-1 4.64 x 10-8
55 8.57 x 10-8 7.93 x 10-8
56 1.6 6 x 10- 5 3.95 x 10-11 57 0.0 - 6.2 5 m 10-1
58 2.21 a 10-* 3.95 a 10-1
59 1.93 x 10- s 3,73 g lo-a
60 2.21 a 10-* 3.76 x 10-1: CL 61 1.87 x 10-8 3.76 s 10-a
62 0.0 3.78 x 10-1
63 1,68 x 10-a 3.95 x 10-m
64 0.0 6.2 5 m 10-8
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individual radiation fluxes calculated from this network are as follows:

[ C4 Csh
Cs I |

(C2
+

C j
O ' " ( *-T4 W~ =
h-v C4 w vCs + C2 + Cs 4 C4 ~

C
c

[ C4 Coh
Ct | Cs +

( C j

0
C4 (T,* - T *) (2)

h- E " Ci + C2
2 g

+ Cs + C4 - C
c

.

'

C4

C2 C4 - - (C4 + Cs + C. )

k-c " C4 o (T,4 -T2
c

Cs + C2 + Cs + C4 - C
c

_ -

C4 Cs '

Cs Ce f C4 Coh
C

c
Q Cs + + Cs +=

2 e

\ / Ci + C2 + Cs + C4 - (4)
* *

c
L -

o (T * - T 4y

f hC1 + Cs + Cs + C4 C C4

f* +
C C )

Q o (T * - T *) (5)=
2*~ * * *Cs + C2 + Cs + C4 -

c

- / ) -

C4 Ce
Cs + C4

C
O =b *Ce +- T a (T * - T *) (6)g< Ce ' A *C + C +C + C - C,

*
1 2 s 4

.
-

..

Table A.2 lists the equation for each conductance, C. H e second sub-g

script on the vapor emissivity indicates the temperature at which it is

t

1
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Table A.2, Thermal conductance s
in the radiation network

.

Equation

.

*hCi = A
h 1-e

h

'

C, = A II - *t "v,Th
h

C, = A II - *h v,T
h

C, = A F II - *t } II - * Ih h-c v,T
v

C, = A, (1 - e ) v,Teg
c

.

C, = A, (1 - ev,T ) *1
c

.

*
cC, = A

3_,
c

C, = ( Ah + A,) v,T *te
y

C, = C, + C, + C, + C ,

ev al ua t ed. Emissivities for all of the rods and the shroud were assumed
to be 0.5 1 0.1. Vapor emissivity was calculated at the high pres sure
limit as was done by Anklam.8 Uncertainty in the vapor emissivity was
assumed to be 125%. The liquid dropict cloud was assumed to be grey and,

diffuse with liquid emissivity evalcated as in Ref. 22
e

g = 1 - e xp (a L,)e g (7),

where o is the liquid absorption coefficient, and L , is the mean beamg
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length recommended by Hotte128 for tube benks,

(g)L, = 3 . 5 ( C - D) ,
,

C is the rod pitch, and D is the rod diameter. ,

as to beThe liquid absorptivity, a was determined by Sung

I - ")
a = 0.74 (3/2) (9),g

i

where a is the local vapor void f raction and d the local droplet diameter.

In this analysis, the droplet diameter and void f raction were calculated
by assuming that the drops were sized according to a Weber number cri-

terion (We, = 6.5) . A force balance on the drops, including gravity,
dreplet acceleration, and droplet drag has been used2' to develop a model
for droplet slip ratio.

P (Pg P)Dhe a g
~

8 s16 $ _0'' 1 4 y y ,

_y ,

3 p Gh CI 3 G2 (V j C X2 D(Vg j g D g D g

*(10)

This equation, along with the definitions of vapor and liquid velocities

GX (11)Y =
v pa

v

G ( 1 - Il (12)V = *g p (1 - a)
L

void fraction

1 (13)a=y ,

Pv y (g _ y)
., *

V p Ig

*

and the critical Weber number criterion

p (V -V)*dg
We = 6.5 = (14),

c ag
c

|

i

,

I

|
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has been used in an iterative solution scheme to determine the droplet di-

aseter, d, and the local void fraction, a, for use in Eq. (9). Due to the
*

assumption of equilibrium conditions, and the uncertainty in the droplet

size calculations, the nacertainty in the calculated liquid emissivity was

' * somewhat arbitrarily assumed to be 150%.

The flow was assumed to be in thermodynamic equilibrium. For tests

where burnout qualities were ~100% (IA, IB, IC, ID, IE) this assumption
:

should be very good when calculating radiat'.on to the steam. However, in'

the other tests where burnout qualities were less than 100%, some degree
>

of thermodynamic non-equilibrium must exist. As the degree of nonequi-

librium increases, actual steam temperatures within the flow increase over

that which would be calculated using equilibrium assumptions; thus hot rod

to steam radiation would be expected to be smaller than that presented

here. 'Ihe ar;ount of liquid in the flow would be larger than that calcu-

lated using equilibrium assumptions, and radiation to the liquid would

therefore be larger than that presented here. Table A.3 sh'ows the path of
4 ,

Table A.3. Radiation component of heat flux tr. percent of total
heat finx leaving the roda

e

Hot rod t
Hot rod to vapor Hot rod to liquid Total*I ' , * *i Test Level radiation radiation radiation

,
(%) (%) (%)

{ )

IA F 9.75 0.0 1.87 11.6

G 11.65 0.0 2.77 14.4

IB F 4.57 0.0 0.98 5.55
G 7.32 0.0 1.28 8.60

IC F 4.10 0.0 1.05 5.15

G 5.31 0.0 0.99 6.30
ID F 4.09 0.0 0.78 4.87

G 5.52 0.0 1.04 6.56

IE F 4.67 0.0 1.27 5.94

G 6.60 0.0 1.81 8.41
*

IF F 2.78 0.09 0.72 3.59
G 4.17 0.0 0.94 5.11'

IG F 1.73 0.16 0.34- 2.23,

G 2.72 0.0 0.55 3.27

IH F 2.00 0.23 0.39 2.62
G 3.27 0.0 0.51 3.78

. - - . . _ _ _ _ , _ . _ _ __, _ _ , ~ ___
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radiative heat flow from the rods. Radiation heat transfer is presented

as a percent of the total heat finx leaving the rods for two levels in
'

each test. These values are level average values and indicate the rela-

tive importance of radiation raths for each of the tests.

The convective heat flux, O'', is calculated by subtracting each of "

the radiative fluxes from the experimentally determined heat fluz leaving

the rod:

Q'' = Q ' '- O ' ' - Q''i - Q'' (15)con T-v h- h-c

Uncertainty in the convective heat flux was calculated by propagating un-

certainties in radiative properties through C, - C, (Table A.2), Eq s. (1)
through (6), and Eq. (15). The calculated value for Q'', was used in all

correlation comparisons presented in this report.

.

O

e

e

i
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Appendix B

*

INTERMEDIATE FLOW DATA AND CORRELATION COMPARISONS

Appendix B contains tables listing fluid conditions, surface condi-.

tiens, and correlation predicted and experimentally determined heat trans-

fer coef ficients (heat finxe s) . Also included are one standard deviation
uncertainities for several of these quantities. Tests are identified on

each page of the tables, and the namenclature is given on the header page

preceding each test tabulation. Because thermocouples can be located at

three azimuthal loca tions on a rod at any given level, some rod numbers

appear more than once in the tabulation at a single level.

,

.

h

.

S

|
,

n
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4 ********** INTEEMEDI AT E I' LOW TEST IA **********
= . . ... .......................... ... ... ....... ............... .. .,___...____ . ,____ ..___... ,_ ,____.,,

LEVEL AVER AGE FLUID AND SUSF ACE CONDITIONS
MASS FLUX 3.146E*04 Len/SQFT H U N C. MASS FLUE 9.8 32E* 0 2 LBM/SDFT H PRESSUBE 1231.0 PSI UNC. PRES $UEE 7.50 PSI

42.69 KG/SCM S 3.3342 KG/SQM S 8.49 MPA 0.052 MPa
.......... ......................_ _ ....... ... ..,_ _ __-__.. .. ........ ....,_.... . __,.. _.,,...... _......,,

IETEL Q S DQ ISEF SDTSRF TF UTF I UI
ENG SI ENG SI ENG SI ENG SI ENG SI EN G SI

F 0.286 90.2 0.007 2.30 1227.1 664.3 21.79 12.105 794.5 423.9 49.259 27.4 1.2970 .0566
G 0.277 87.1 0.007 2.22 1412.2 767.4 24.96 13.867 1067.0 575. 8 64.980 36.1 1.5882 .0668
E2 0.282 88.8 0.008 2.54 1054.5 568.4 16.26 9.035 622.7 328.5 35.609 19.8 1.0844 .0497
23 0.291 98.5 0.008 2.55 1099.4 593.3 68.26 37.925 652.2 344.9 39.782 22.1 1.1233 .0513
E6 0.285 89.9 0.006 1.94 1823.5 605.6 31.82 17.6 78 719.0 38 2. 0 43.513 24.2 1.2068 .0538
E7 0.292 91.9 0.008 2.60 1169.0 632.0 34.79 19. 330 742.9 395. 3 45.088 25.0 1.2349 .0546i E8 0.293 92.2 0.003 1.01 1195.2 646.6 21.14 11.745 773.3 4:2.2 47.508 26.4 1.2719 .0558
PI 0.285 89.8 0.009 2.70 1246.7 675.1 14.49 8.048 837.1 447.6 52.478 29.2 1.3443 .0582

,

F2 0.286 90, 1 0.009 2.87 1254.0 679.2 53.52 29.735 870.7 466.3 54.707 30.4 1.3d12 .0595 diF3 0.281 88.7 0.009 2.93 1295.2 702.1 23.44 13.021 904.9 495.3 56.157 31.2 1.4182 .0610
F4 0.289 91.0 0.008 2.49 8192.0 644.9 8.49 4. 714 936.5 f02.6 58.441 32.5 1.452 .0622
F5 0.287 90.5 0.012 3.89 1258.0 681.4 21.52 11.954 959.7 515.7 59.344 33.0 1.4770 .0628
F6 0.281 88.6 0.004 1.22 1333.5 723.4 20.36 11.313 985.2 529.9 60.756 33.8 1.5033 .0635
F7 0.279 87.9 0.007 2.28 1363.1 739.8 12.71 7.061 1008.6 542.4 62.348 34.6 1.5282 .0643
F8 0.277 87.3 0.008 2.41 1390.1 754.8 24.81 13.784 1042.8 561.9 63.494 35.3 1.5633 .0654

NCHENCL AT UR E

ENG SI

C BT U/M FT * * 2 I 1ES Ku/M**2
SM B10/H FT **2 I IES K u/Me * 2,

TSRF DEG F DEG C
SCTSSF DEG F DEG C
TF DEG F DEG C
U1F DEG F - DRG C

4
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.. ..--- _____ _-- __..... .... - .... ..-- _ ..-__ _== _ _ - __ . .... .................. .......

LEVEL ATER AGE FLUID AND SURF ACE CONDITIONS

HASS FLUE 1.904E*05 LBM/SQFT U ssC. n&SS FLUt 5.9 3 3E+ 0 3 LBM/SQFT H FRESSUSE 564.6 PS I UNC. FJES50RE 7.50 PSI

258.33 KG/SQM S 8.0515 KG/SQn 5 3.90 SPA 0.052 8PA
--- --_ .. . ................ ..- _ _ _.. .-.....------- .. ................... .................. _ _____,..

_

IITEL QCOM SDQ TSRF SDTSSF TF UTF I DI

'ENG SI EEG SI ENG SI ENG SI ENG SI E4G * SI

F l.393 4 38 .8 0.021 6.71 8116.6 602.9 20.32 11.290 479.7 249.0 1.389 0.8 .8286 .0344
C 1.3 72 432.1 0.024 7.45 1259.4 682.2 50.20 27.892 479.7 249.0 1.389 0.8 .9976 .0399 '

E8 1.384 436.0 0.000 0.00 1086.0 585.9 0.00 0.000 479.7 249.0 1.389 0.8 .8136 .0339
F1 1.349 424.8 0.051 15.95 1801.3 594.4 74.10 41.165 479.7 249.0 1.389 0.8 .8569 .0354,

F2 1.386 436 .6 0.013 4.13 1822.0 605.9 48.57 23.094 479.7 249.0 1.389 0.8 .8790 .0362 g4
F3 1.378 4 34.1 0.055. 17.27 1144.3 618.2 56.95 31.637 479.7 249.0 1.389 0.8 .9012 .0370

F5 1.361 428.6 0.001 25.61 1085.5 585.6 17.68 9.821 479.7 249.0 1.389 0.8 .9358 .0381
F6 1.381 435. 0 0.010 3.30 1941.3 616.6 63.18 35.099 479.7 249.0 1.389 0.8 .9499 .0385

F7 1.364 429.5 0.041 12.89 1190.7 644.1 32.68 18.155 479.7 249.0 1.389 0.8 .9639 .0389
F8 1.372 432.2 0.042 13.32 1223.0 662.0 38.13 21.170 479.7 249.0 1.389 0.8 .9835 .0395

a
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ENG SI

C BTU /B FT**2 I 1ES KU/M**2
SDC BT U/8 FT**2 I 185 KWfM**2TSEF DEG F DE. C
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********** INTEPMEDI AT E FLOW TEST IG **********

INTE*MED!a7E LEVELS
E QUIL 18P IU1 QUALITY LE$$ THAN ONE

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

PnD X 75UDF QCONEQ7078 HEXP UHERP HD2 UMOR HOR PW HG57 UHG5 7 HG59 UHn59 HC8 OGO
NO 0?G : KW/M**2 -- - -- -- --- K W / M * * 2 C ----- --- = = = (W/4**2 ~ -------- -- KW/M**2----------------

.. ..... =-.............. ...... .. .-----.. ................ ------ =...........--.--.....---= = .......

LEVEL 88
34 0.81 585.9 436.0(444.11 1.294 0.077 1.45S 0.029 1 248 0.899 0.016 0.770 0.019 0.931 182.6

LFVEL F1
34 0.86 629.8 438.*(448.59 1.152 0.069 1.518 0.030 t 295 0.894 0.019 0.764 0.023 0.922 233.850 0.86 604.2 428.78437.8% l.207 e.071 1 518 0.030 1 297 0.699 0.019 0.768 0.023 0.932 213.8

LEVEL F2
14 0.88 579.2 441 0(449.46 1.336 0.081

'I 54 8
0.030 .326 0.905

0.02'1
3.772 0.026 0.947 203.938 0.88 619 2 436.0(446.25 t . I ?e 0.070 548 0.030 *322 0.896 0.02 0.764 0.026 0.930 235.450 0.88 619.2 432.8(442.58 1.169 0.069 1 548 0.030 322 0.896 0.021 0.764 0.026 0.930 235.4

LEVEL F 3
4 0.90 610.3 439.tt449.21 1.215 0.073 1.578 0.031 1.348 0.896 0.025 0.762 0.030 0. 938 239.1
1 0.90 580.9 446.4(454.78 1.345 0.079 1.)78 0.034 1.352 0.903 0.025 0.768 0.033 0.951 215.24 0.90 657.0 442.31453.68 L.084 0.065 1. 78 0.031 1.344 0.887 0.025 0.754 0.029 0.922 278.4 {$'

LEVEL F5
21 0.94 578.7 446.7(4?*.08 1.355 0.080 1.624 0.031 1.392 0.895 0.035 0.757 0.048 0.959 229.7

LFVEL 86
17 0.95 564.8 439.11 447.91 .391 0.083 . 64 0.0 1.411 0.892 0.044 0.752 0.352 0 .969 226.037 0.95 630.9 433.51

444.hI *134 0.067 .644 0.0 1.403 0.877 0.043 0.738 0.051 0.940 283.0
a 38 0.95 628.8 435.61 446 t I49 0.068 .e44 0.0 1.403 0.878 0.043 0.739 0.0*1 0.941 280.850 0.95 642.6 432.2 443.18 1.098 0.065 1 644 0.031 1.402 0.875 0.043 0.736 0.054 0.936 293.3

LEVEL F7
.

4 14 0.90 640.3 437.58449.11 1.118 0.067 8 . 66 3 0.031 l.418 0. 86 7 0.064 0.726 0.073 0.939 300.017 0.96 61 0.9 436.o(447.99 1.207 0.078 6.663 0.031 1.421 0.873 0.065 0.731 0.074 0.950 273.521 0.96 635.9 443.54454.68 1.146 0.068 1.66 3 0.03 .4 9 0.868 0.064 0.727 0.074 0.940 295.9
7 0.96 648.1

434.1{445.99447 1 429.70
1.345 0.062 1 0 03 4 7 0.866 0 064 0.725 0.073 0.936 306.91 663

1

. 66 3 0 03 |4 7 0.665 0.064 0.724 0.073 0 . 9 36 309.6
d 8 0.96 650.9 1.080 0.064
i 50 0.96 669.8 430.9(443 28 1.024 0.061 1.663 0.031 1 416 0. 86 2 0.064 0.722 0.073 0.930 327.1

LEVEL F 8
14 0.98 649.8 437.5(449.58 1.092 0.065 1.690' O.039 .440 0.845 0.374 0.700 0.094 0.940 321.217 0.98 634.8 435.0(447.98 1.128 0.067 1.690 0.039 441 0.848 0.074 0.702 0.094 0.945 307.3
21 0.98 653.7 442.94455.0a 1.095 0.065 t.690 0.039 440 0.845 0.074 0.699 0.084 0.936 325.034 0.98 696.4 440.44454.01 0.984 0.059 f.690 0.039 1.436 0.839 0.073 0.694 0.083 0.927 365.937 0.98 667.0 430.9(444.68 1.034 0.062 1.693 0.039 1.438 0.843 0.074 0.698 0.084 0.934 337.5
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LETEL ATLR AGE FLUID AND SURF ACE CONDITIONS
NASS FLUE 1.92 2 E +0 5 ldh /SQFT H UNC. MASS FLUI $.9 87E* 0 3 LBs/SQFT H PP 2SS UB E 1200.6 FSI UNC. PRESSURE 7.50 PSI

260.80 EG/SQN S 8.1246 KG/SQM S 8.28 MPA 0.052 SPA
...... __.......... . _ . . . . . . . _ .. - ------ ....... .... ............

IITEL QCON S DQ TSRF SDTSRF TF UTF I UI

ENG SI ENG SI ENG SI E NG SI ENG SI ENG SI
F 1.479 466.0 0.028 8.89 1160.5 627.3 95.90 $3.280 567.3 297.7 0.793 0.4 .8624 .0431
G 1.448 4 56 . 3 0.024 7.65 1330.0 721.4 58.09 32.275 614.2 323.8 37.105 20.6 1.0750 .0500
E7 1.491 469.7 0.000 0.00 1808.0 598.1 0.00 0.000 567.3 297.7 0.793 0.4 .8153 .0416
E8 1.490 469.3 0.000 0.00 1166.0 630.3 0.00 0.000 567.3 297.7 0.793 0.4 .8433 .0425

F1 1. 454 458.0 0.037 I I. 6 2 1163.0 628.7 53.65 29.804 567.3 297.7 0.793 0.4 .8983 .0443

F2 - 1.466 . 461.7 0.083 4.05 1995.0 646.4 34.79 19.325 567.3 297.7 0.793 0.4 .9264 .0453 d
F3 1.457 459.1 0. 04 5 14.25 1219.2 659.9 43.96 24.420 567.3 297.7 0.793 0.4 .9545 .0464
75 1.444 454.9 0.079 24.95 1148.0 620.3 16.97 9.428 567.3 297.7 0.793 0.4 .9971 .0477
FE 1.459 459 .5 0.009 2.83 1252.6 678.4 23.66 13. 144 575.7 30 2. 4 27.284 15.2- 1.0155 .0482
77 1.450 456.9 0.036 11.24 1266.1 686.0 24.20 13.446 586.0 308.1 28.873 16.0 1.0330 .0487
F8 1.452 457.5 C.036 11.39 1305.0 707.6 41.04 22.800 603.9 316.9 34.296 19.1 1.0576 .0495

NCNENCL&T OBE

ENG SI

O BT U/ B FT * * 2 I IES Ku/n**2
500 BTD/B FT**2 I IES Ku/n**2
TSRF DEG F DEG C
SD1SRF DEG F DEG C
TF DEG F DEG C
UTF DEG F DEG C
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