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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20555

FEB 4 1981

General Electric Company

ATTN: Dr. G. 6. Sherwood, Manager
Safety and Licensing

175 Curtner Avenue

San Jose, California 95114

Dear Dr. Sherwcod:

REFERENCING OF TO!

PEVISION 1 AND

© ory Cemaission has completed jte review of the Genera)
pan; cersing Topicel Report Ni 0366 entitled "General
Electric Company Analytical Model for Loss , 't Analy:is 1n Accordance
with 10 CFR 50 Appendix K, Volumes I and 1 ‘ 1975; its
revicion NEDO-20566-7 entitled "General Electric Company Analytical Model
for Luss ot Coclant Arzlysis in Ac-ordance with 10 CFR Appendix K, Amendment
No. 1-Calculation of Low Flow Film Roi'ing Heat Transfer for BWR LOCA

' daced January 1978: and NEDE-2056¢-4 entitled "Genera) Electric

nalytical Model for Loss of Ccolant Analyses in Accordance with

Appendix K, Amendment No. 4-Saturated Counter Flow Characteristics
“ a BW® Upper Tie Plate.

i
E

Topical Report NEDE-20566 documents the General Electrical Company analytical
models for prediction of Boiling Water Reactor response to loss-of-coolant
accidents. The report is organized into three sections namely Section 1I.
Required and Acceptable Features of Evaluation Models-Conformance to 10 CFR 50
Appendix K; Section II. Required Documentation; and Section I1I. General
Electric Boiling Water Reactcr-Conformance to 10 CFP 50.46 Acceptance Criteria.
Topical Report NEDD-20566-1 provides the development of a model to calculate
the heat transfer coefficient under Tow flow film or poo! boiling conditions
in the BWR geometry. The mode! includes the leat transferred by convection
due to the boundary layer and that transferred by radiation between the high-
temperature surface and the Tiquid. Topical Report NEDE.20566-4 provides an
improved saturated liquid counter-current flow 1imiting (CCFL) correlation

for the fuel bundle upper tieplate for use in BWP loss-of-coolant accident
analysis has been developed. It 1s shown that when the spray water that is
introduced evenly into and constrained within, the region above the test
bundle, all steam condensation occurs above the upper tieplate.




Dr. G. G. Sherwood

The summaries of our evaluations are enclosed.

As a result of our reviews, we find the Licensing Topical Report NEDE-20566P
(proprietary version) dated November 1975 and NEDO-20566 (non-proprietary
version) dated January 1976; Licensing Topical Report Amendment NENQ-20566-)
(non-proprietary) dated January 1978; and Licensing Topical Peport Amendment
NEDE-20566-4P (proprietary version) dated July 1978 and NEDO-20566-4 (non-
proprietary version) dated July 1978 are all acceptable for referencing

in re’evant operating license applications to the extent specified and under
the limitations stipulated in the three corresponding attached topical report
evaluztions.

We do not intend to repeat the review o7 the safety features described in
the topical reports and found acceptable in tne atvachmerts. Our accegptance
épplies only to the ute of features described in the topical report and as
discussed in the attachments. Acceptance of the repaorts identified in the
above paragraph is in no way to be construed as a2 blanket aporoval cf sther
amendments of NEDE-20566P.

In accordance with established procedure, it is requested that Genera)
Electric Company publish an approved version of these reports, proprietary
and non-proprietary, within three =mnnths of receipt of this letter. The
revisions are to incorporate this letter and the enclosed topical report
evaluation following the title page and thus just in front of the abstract
as well as appropriately incorporate responses to NRC requests for additional
information. The report identifications of the approved reports are to

have a -A suffix.

Should Nuclear Regulatory Commission criteria or regulations change such
that our conclusions as to the acceptability of the report are invalidated,
General Electric Company and/or the applicants referencing the topical
report will be expected to revise and resubmit their respective documen-
tation or submit justification for the continued effective applicability

of the topical report without revision of their respective documentation.

Sincerely,

R HeLese.

Robert L. Tedesco, Assistant Director
for Licensing
Division of Licensing

Enclosures:
As Stated




APPENDIX 1

evision 1
neral Electric Company Analytical odel for Loss-of-Coclant
lysis in Accordance with 10 CFR 50 Appendix K
ndment No. 1 - Calculation of Low Flow Film Boiling
t Transfer for BWR LOCA Analysis
Report Date: January, 1978

Originating Organization: General Electric Company
Reviewed By: Reactor Systems Branch, DSI

SUMMARY OF
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heat conduction, heat ronvection, thermal radizticn and
ical reactions to predict the peak clad temp
icn. The proposed model would b

Flow window period prior to

and following boiling transition;

Post lcwer plenum flashing period;

Channel wall during reflooding of bypass and

core regions; and
4. Rod bundle durino reflooding.

In the proposed model, the Bromley correlation (Reference 1) is modified

bv the addition of a radiation component to the zero-flow convective heat

transfer relation and takes the form
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cmponent.  The

designated as the rodified Sromley rorrelation.

General Electric has provided a discussion of the results of experimental
verification studies in the range of applicability of the modified Bromley
correlation., These are separated into quenching/reflood experiments and

blowdown phase exp Single rod auench tests conducted by GE

consisted of a inch lo ; droppe ically into volumes of

data range

1
waitl

the Westinohouse PWR-FLECHT program and tests conducted

full zcale Lundles tected under transient reflooding

range was

to 90 psia.

phase experiments discussed were full-scale TLTA bundle data
under transient flow conditions. The results of four 7x7 rod bundle TLTA
tests were presented. The ranae of superheats for the tests was

(O

Test No. sat F)
300 to 750
390 to 750
390 to 750
300 to 700
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The tests were conducted under time-varying pressure conditions (700

to 1000 psia). At the request of the staff, data for an 8x8 rod bundle




7x7 rod bundle tests.
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the modified Bromley corr ' or the window period and the post

lower olenum flashing period. Similar comparisons were made with predic-

tioms from the Ellion correlation (Reference 2). (The currently accepted

GE eQa1uaticw model uses the pool film boiling correlation by Ellion

for the time periods immediately preceding and following lower plenum
ashing.) The intent of the comparisons is to show that the modified

‘re’ation provides a lower-bound estimate of the experimental

velopment of the mo

- 3 '
"re T KK Py (,"f ‘C’;)”:} 3
f‘g (TwAu - Tsu) Ly

where the value of K is dependent upon the analytical model used for film
boilina heat transfer with laminar film flow. For the previously approved

b}

Ellion correlation, K = 0.714: for t "omley correlation, K = 0.62.




is also based on established theoretical procedures and is acceptable to

the reported

or conservatively

2
tu/br-ft=-°F op

smail rumber of data puints were
prediction with modified Bromley, These data were at
eginning or end of the post-lower-plenum-1
concludes that the modified Bromley correlation is

appropriate experimental data and is acceptable,

For the four applications intended for the pro model, the staff

concludes that the modified 8romley correlation is an acceptable
replacement for the E114on correlation for the flow window period prior
to Tower plenum flashing and following boiling transition. Specifically,
In the selection of the heat transfer coefficient for this region, the
lation and the "pool film/transition

-

transfer coefficient lower bound ‘ f 32 Btu/hp-ftc.o

higher of the modified Bromley corre
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The modified Bromley correlation is also an acceptable replacement for the
Ellion correlation for the post-iower-plenum-flashing period. Specifically,
the higher predicted coefficient of the modified Bromley correlation and the

Dougall-Rchsenow correlation will be used before uncovery,

For the remaining applications, i.e., outside channel wall during reflooding of
bypass and inside channel wall during core reflooding, and rod bundle during
reflooding, the applicable data from the singe rod quench tests resulted in
experimental heat transfer ccefficients generally larger than 25 Btafhr-ft2»°F.

The modified Bromley correlation pradicted coefficients between 28 and 33 Btu/hr-

o

The stafr conciudes that the wroposed model adequateiy represents the

available dala.

REGULATORY POSTTION
The staff concludes that the modified Bromley correlation is conservatively
based on appropriate exparimental data and is acceptable as a replacement for
the Ellion correlation in the prediction of the heat transfer coefficient for
(1) the fuel rods during the window period immediately prior to lower plenum

flashing and (2) the flooded portion of the fuel rods following lTower plenum

flashing.

The GE proposal to use the modified Bromley correlation to replace (1) the

currently used value of 5 Btu/hr-ft2~°F on the outer channel wall during reflood-

ing of bypass and inner channel wall during core reflooding and (2) the currently
used value of 25 Btu/hr-ft2-°F for the rod bundle during reflooding is acceptable

based on comparisons with available experimental data.
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To make realistic calculations of the heat transfer for these cases, it is
necessary to have accurate predictions of the local flow and fluid conditions.
Present methods are not adequate to provide these predictions for very low
flow conditions. The alternative procedure of using a zero flow ("pool")

filr boiling correlation provides a conservative bounding resnlt. The
present report develops and verifies the appropriate zero flow film boiling

correlation for BWR analysis.

There are some differences in the flow regimes between the cases 1 - 4

stated earlier. However, the basic heat transfer mechanism is similar.

In situations involving flooding hot surfaces from below, in general, there
wili b2 a querch front in addition to the continuous liquid level (Figure 2).
The separarvion betwesn these two fronts depends on the flooding rate. At low
flooding rates, these will virtually coincide and nucleate boiling is cbtained
balow the front. At high f’ooding rates. there is a w»1ll de.ired inverted

annular flow regiwe between the gueach front and the two-phase misture level.

SUPERMEATED | SUPERHEATED |
STEAM f STEAM
DISPERSED DISPERSED
FLOW FLOW
FiLM FILM
BOILING BOILING
ONSET OF
QUENCH INVERTED ENTRAINMENT
FRONT ANNULAR  §
ANNULAR FLOW FILM BOILING
ONSET OF TRANSITION
ENTRAINMENT Ll T HIrTS
S‘:(’;-:':& ED SATURATED
BOILING
SU:gl??:go SUBCOOLED
BOILING
SINGLE PHASE SINGLE PHASE
PATTERN B PATTERN A
LOW FLOODING RATE HIGH FLOODING RATE

Figure 2. Flow Patterns During Reflooding
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/— ZERO INTERFACE SHEAR

VELOCITY PROFILES
ZERO INTERFACE VELOCITY

‘ LQuio

_—— HIGH TEMPERATURE 5JRFACE
-

/

Figure 3. Models of Laminar Film Boiling on a Vertical Surface

It can be seen from Equation 1 that the heat transfer coefficient decreases
monctonically with length to the 1/4 power. This results from the increasing

laminar vapor film thickness with length assumed for this model.

In the work of Hsu and Westwatet5 it was indicated that the laminar boundary
layer (i.e., smooth, viscous film) assumed in the derivation of Equation 1 only
existed up to a Reynolds number in the film of approximately 100. At Reynolds
numbers exceeding 100, Hsu and Westwater indicate the flow in the vapor film
becomes turbulent. Once this turbulence develops the heat transfer coefficient
would increase significantly with increasing length (Figure 4).* 1In applica-
tion to the BWR LOCA the plane of maximum interest is generally in the high-

power region near the fuel bundle midplane, approximately 6 feet up the vertical

*

The correlation of Hsu and Westwater was checked using a data base of results
from short length tests (4.0 to 5.5 inches) in liquid methanol, carbon tetra-
chloride, benzene, and nitrogen. The correlation was extended analytically to

water.
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1/2
ogc
L, = 27 | ———r (2)
T -
g(pf ag)

For large vertical systems a physically more reasonable approach would be to
use the Helmholtz instability criteria to determine the length of the film.
This approach shows that an interface with a velocity difference existing
across it will be unstable for wavelengths exceeding some critical value.
Using this criterion (see Appendix A for a detailed derivation) the critical
film length for the cases of interest can be determined to be,

( 1/il
A
o*n ufsz ]

| fg g

L, = 16,24 |

H - T 9 | 3
pg(of og) g kg(Tw TSAT) }

(3)

Using either Fquation 2 or 3 in Equation 1, the result is that the film boiling
heat transfer coefficient is held approximately cunstant over the entire length*
of a uniform temperature vertical surface, as the vapor film instability
wavelength process inhibits tramsition to turbulent flow. The film instability
also eliminates the continuing decrease in heat transfer coefficient associ-
ated with a growing laminar film; however, this process would be arrested by

a transition to turbulent flow, even in the absence of the instability

wavelength.

A comparison of the results obtained using the Taylor (Equation 2) and Helmholtz
(Equation 3) criteria in Equation 1 is given in Figure 5. The Helmholtz
approach gives a critical length which decreases with wall temperature. As
shown in Figure 5, in the temperature range of interest for the BWR the
Helmholtz criterion gives slightly lower critical film lengths (i.e., larger
heat transfer coefficients) than the Taylor approach. The relativelvy close
agreement obtained with the two criteria indicates that either one could be
used for BWR-LOCA calculations. Physical considerations dictate the use of

the Helmholtz criterion.

-
In principle, the heat transfer coefficient would be much higher immediately
above the leading edge. However, this exists only for the first few inches
and is, therefore, of no particular significance for BWR-LOCA analysis.
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Figure 5. A Comparison of Taylor and Helmholtz Stability Criteria
Therefore, using the coefficient developed by Bromley3 (slightly more con-
servative than other developments), the recommenied zero-flow convective
film boiling coefficient is:*

3 1/4
Kp (pg =0 _)h. 8
heg = 0.62 | B8 E i fJ%L (4)
“g 'WALL ~ “SAT’™H
J
where r 44h3 bsga =1/11
| g .
L, = 16,24 | fg g c

H P e = p )85K3(T — 1. )3

|Pg"%¢ ~ Pg’8 RgluaLL T "sar’ |
*

The recommended coefficient in Equation 4 is noted to have the same form as
that derived by Berenson® for film boiling on a horizontal surface. The
equivalent constant for the horizontal case is 0.673.
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For the conditions of interest in the BWR LOCA analysis, surface temperatures
on the fuel rod and channel surfaces can become high enough (especially in the
reflood periods) for radiation heat transfer to be an important consideration.
In this case, the convective heat transfer relation of Equation 4 must be
supplemented by a radiation component. This can be done by directly adding

a radiation component as suggested by Hsu® and by Amm and Ulrych.

*
h'hFB+hR (5)

where, for approximately parallel surface conditions between the wall and

the water (¢ = 1),

4 _ 4
(%w . TSAT)

=g 0 . (6)
"R T fWR Ty - Tgap)

The combination of Equations 4, 5, and 6 is hereafter referred to as the

"modified Bromley correlation."

Bailey4 recommended modifying the laminar flow model to include radiation heat
transfer. This results in an implicit relation that requires an iterative
solution., Comparison with the explicit approach of Equation 5 shows a maximum
difference of approximately 10%. However, the direct explicit relation of
Equation 5 is recommended on the basis of the resultant data correlation
accuracy.

10
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3. EXPERIMENTAL VERIFICATION

An extensive range of data is available to verify the applicability of
the modified Bromley correlation Equations 4-6 to the low flow boiling
periods of interest in the postulated BWR LOCA. These data come from several

sources and include small-scale quench tests and full-scale blowdown and

reflood type experiments.

These are presented separately for qualification of the correlation in the

various phases of the transient.
3.1 QUENCHING/REFLOOD EXPERIMENTS

Single-rod quench tests have been conducted at General Electric where a
high-temperature specimen was vertically dropped into a large volume of satu-
rated and subcooled water at atmospheric pressure. The heated tube was 18 inches
long and contained five equally spaced thermocouples. The thickness of the

tube was 1/32 inch. To obtain the data, the tube was heated to a prescribed
temperature and then plunged into the pool. The surface temperature of the

tube was then recorded as a function of time. Knowing the mass of the tube,

the specific heat, and the time response of the surface temperature, the sur-
face heat flux from the tube was calculated. Then the heat transfer coeffi-
cient was computed from the heat flux, the surface temperature (from the thermo-
couples), and the known pool temperature. The following data are extracted

from Reference 11, which describes the experiment in greater detail.

Comparison of the data from these tests with predictions from the modified

Bromley correlation show very good agreement (see Figure 6) for Tw - TSAT > 350°F.
The correlation underpredicts h when the wall temperatures are close to the
wetting temperature, which is about 500°F for saturated water at atmospheric

pressure.2

The modified Bromley correlation is also compared with the subcocled film boil-

ing data obtained from runs 6, 7, and 8 as shown in Figures 7, 8, and 9. The

11
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Figure 6. Comparison of Saturated Film Boiling Data with Modified

Bromley Correlation
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Figure 8. h versus (TW - TSAT) for Run 7



HEAT TRANSFER COEFFICIENT, h (Btu/h-112.9¢ )

NEDO-20566~1-A

80
70 o
w —
O ad
50 p— O
S e
@ O
A A O
\ MODIFIED BROMLEY CORRELATION

30 po
20 - —
10 fro=

a i 1 ] ] "

300 400 500 600 700 800

Tw s TsM (OF)

Figure 9. h versus (Tk' - TSAT) for Run 8

15




NEDO-20566-1-A

low subcooling film boiling data are not different from the saturated ones, and
hence, agree well with the modified Bromley correlation. For highly subcooled

conditions (Run 8, ATsu = 62°F), the data are noticeably higher than the pre-

b
dicted values.

Bundle reflooding experiments conducted at Westinghouse6 (PWR-FLECHT program)

and KWUIO show the modified Bromley correlation does an excellent job of pre-
dicting the experimental results for the region below the two-phase level

(Figures 10 through 13). These experiments were conducted on full-scale bundles
(49-rod at Westinghouse and 340-rod at KWU) under transient reflooding condi-
tions at different system pressures. The Westinghouse data are shown in Fig-

ures 10, 11, and 12 as functions of the wall superheat during the transient.

The modifi. 3Jromley correlation combined with a transition boiling correla-

tion suggested by Hsu6 predict the data very well. The modified Bromley correla-
tion alone is seen to provide a conservative lower-bound prediction of these data.
The data from the KWU experiments (Figure 13) are also in excellent agreement with

the modified Bromley correlation for the film boiling portion of the tramsient.
3.2 BLOWDOWN PHASE EXPERIMENTS

Full-scale 49-rod bundle data from the two-loop test apparatus (TLTA) on the
cooperative NRC/EPRI/GE BWR Blowdown Heat Transfer (BDHT) programl2 shows the
conservatism of the recommended correlation for non-zero flow conditions. The
BDHT experiments are transient tests and the local conditions in the bundle only
approach a zero flow film boiling condition when the two-phase level approaches

the plane in question.

A great deal of emphasis will be placed on these experiments because they pro-
vide information in a prototypical bundle geometry under representative flow

and heat flux conditions.
The tests selected for this investigation were the high bundle power 7x7 BDHT

tests. The tests and corresponding bundle powers are: 4904 (6.09 MW), 4907
(6.09 MW), 4910 (6.55 MW), and 4914 (6.55 MW). These tests were chosen because

16
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they were the only tests that resulted in boiling transition (BT) with sustained
dryout (film boiling) in the low flow periods or pool film boiling heat transfer

regime. In the other tests, nucleate boiling was maintained throughout this

period.

An important element of this qualification was to assure that the data under
consideration were indeed in a pool film boiling heat transfer regime. The
heater temperature data were examined during periods of low flow for various
elevations for situations where some of the thermocouples indicated a departure
from nucleate boiling while others at the same elevation remained in nucleate
boiling. Th.s situation indicates occurrence of a previous boiling transition
(usually on the higher powered rods) below the two-phase mixture level. This
low flow film boiling heat transfer regime persists until the two-phase level
drops below the measurement elevation — an event which is signaled by all the
remaining thermocouples indicating dryout. As further substantiation of the
heat transfer regime, calculations were made using a transient thermal hydraulics
code to assure that the data under consideration were below the two-phase level.
The level calculations were driven by the measured bundle power, pressure,

core inlet flow, and inlet fluid enthalpy.

The heat transfer coefficients were calculated from measured wall temperatures
using an inverse heat conduction solution. Four test runs were used for quali-
fication, and data from a number of thermocouples on rods with varying power

generation and at several elevations were evaluated.

-
As expected, the heat transfer coefficient is lower in the dispersed flow
region above the two-phase level. Current BWR analysis methods conservatively
assume zero heat transfer for this region.

21
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3.2.1 Discussion of Results
a) TEST 4910

The core inlet flow for this test is shown in Figure 14. Periods of low inlet
flow during the window and post lower plenum flashing (PLP#) are indicated.
Direct measurement o L4 two-phase mixture level or local conditions within
the bundle are not made in the BDHT tests. However, using the measured flow
and other test measurements as noted above, the calculated two-phase level is
shown in Figure 15.* The movement of the two-phase level is confirmed experi-
mentally by the observation of the thermocouples at the same elevation on the
other rods. These experimental values are also indicated on the figure.

Thermocouple elevations are noted on the plot for future reference.

Measured heater temperatures at the 118-, 98-, and 78-in. 2levations were used.
Temperatures at the peak power plane (71 inches) and below generally remained
well cooled during the tests. Two criteria were used in the selection of

thermocouples:
1. Indication of film boiling in the low flow region,
2., Evidence of continuous liquid region (below two-phase level).

Figures 16 through 19 show calculated heat transfer coefficients obtaine: from
measured data from four rods at the 118-in. elevation, and comparisons with
three correlations — modified Bromley (Equation 5), Bromley without the radia-
tion term, and the Ellion correlation. The inverse heat conduction method
used to derive the heat transfer coefficients from the data results in numeri-
cal noise which is represented by the uncertainty bands in Figures 16 and 17.
Similar uncertainties are present in other data plots but are omitted for con-
venience. The noise resulis from noise in the data together with the process

of differentiation involved in the method. The uncertainty bands thus

%*
The calculations are based on a transient hydraulics model "THRST". The
hydraulics equations and solution scheme in this model are identical to those
in MAYU04,13
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represent the combinad effects of the methodology used and the uncertainty in
the measurements. In the window period, the measured heat transfer coeffi-
cients were generally greater than 200 Btu/h-ft2-°F, whereas the predicted
values using the modified Bromley correlation were of the order of

150 Btu/h-ft2-°F.

Figures 20 and 21 are for the 98-in elevation and Figure 22 for the 78-in.
elevation. In every case the modified Bromley correlation was found to be

lower than the data and significantly so in the majority of the cases.

All the data for Test 4910 are summarized in Figure 23, which shows the variation
in heat transfer coefficient as a function of wall superheat. For the purposes
of this comparison, several points were picked from the plots of measured heat
transfer coefficients shown in the earlier figures over the range of wall tem-
peratures encountered. The modified Bromley correlation is a weak function of
pressure in this portion of the transient and a mean prediction curve can be

plotted. The maximum scatter in the predictions about this curve because of
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Figure 20. Comparison of Measured Heat Transfer Coefficients with Various
Correlations for Test 4910, Run 13
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differences in the time (and, therefore, the pressure) at which different
rods and ¢levations heated up to a given wall superheat is of the order of

+10 Btu/h-ft2-°F. The data are seen to lie above the correlation over the

whole range of wall superheats examiied.

Of particular interest are the void fractions at the elevations under
consideration. These were calculated from the mass and energy balances and

the measured boundary conditions. Figure 24 shows the void fractions calculated
at elevations nearest the TC measurement locations. During the low flow and
PLPF period, the data lie in a high void fraction regime, 0.80 < a < 0.90.

At low flow rates, a liquid-continuous region can exist at fairly high void
fractions, and transition to the dispersed-droplet region does not occur until

the void fractions are close to unity.

b)  TEST 4907

Data representative of pool film boiling were obtained from three elevationms,
118, 98, and 78 inches. Figure 25 shows the core inlet flow history for this

test; Figure 26 shows the calculated and measured two-phase levels. At the

1.0

VOID FRACTION, @

ELEVATION (in.)
A8
O 98

0.6 o D 78
Ly 1
0 1 2 3 a 5 6 7 8 9 10 1" 12 13 14 15
TIME (sec)

Figure 24, Calculated Void Fractions at Three Elevations, Test 4910, Run 13
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two lower elevations there were clear indications of simultaneous rewet at
several rod positions following lower plenum flashing, from which it was inferred
that the two-phase level had risen to these elevations. At the 118-in. ele-
vation, some rods did rewet between 12 and 15 seconds, but there is greater
uncertainty about the inferred time at which the level reached this elevation.
Figures 27 through 34 show comparisons between the heat transfer coefficients
derived from thermocouple data and the modified Bromley correlation. In the
appropriate time periods, the correlation is seen to be a lower bound to the

data except for two rods, positions 29 and 45, for brief intervals at the start
of the PLPF period, with the lowest data point being 10% below the correlation.
As stated earlier, there was uncertainty regarding the position of the two-

phase level at that time and the data may be representative of a period of transi-
tion between the dispersed-flow and liquid-continuous regimes. The predictions
with the modified Bromley correlation have been shown for the entire neriod for
the 118-in. elevation. It should be noted tha" even when the two-phase level is
expected to be below 118 inches, the drop in heat transfer is not very signifi-
cant, The steam velocities in dispersed film flow are sufficiently large to pro-

vide substantial heat transfer.
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Figure 27. Comparison of Measured Heat Transfer Coefficients with Various
Correlations for Test 4907, Run 10
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Figure 34, Comparison of Measured Heat Transfer Coefficients with Various
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Figure 35 summarizes all the eat transfer coefficient data for Test 4907,
showing that the great majority of the data lie above the modified Bromley

correlation through the eutire rvange of wall superheats from 390 to 750°F,

Figure 36 shows the calculated void fractions at the three elevations. These
are seen to be avove 807% throughout the low flow period where the heat transfer

coefficients are higher than predicted by the modified Bromley correlation.

c) TEST 4914

The inlet flow and the two-phase level variation for this test are shown in
Figures 37 and 38. Heat transfer coefficients calculated from thermocouple data
for this test are shown in Figures 39 through 50. The data were obtained and

the representative time periods chosen in the same manner as for the other tests.
The results for the test are summarized in Figure 51. It can be seen that,

except for a very small number of roints, the data lie well above the modified
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Bromley correiation. The lowest data are 10Z below the correlation. All the
low data were obtained either at the very beginning or end of the PLPF period,
i.e., when the two-phase level had just covered or uncovered the partlicular
elevation, and could lie in a transition between the dispersed-flow and inverted-
annular-flow regimes. It is interesting to note, however, that this does not
result in a severe decrease in the heat transfer coefficient. Over the entire
range of wall superheats, the modified Bromley correlation is thus a conserva-
tive representation of the heat transfer coefficient. The calculated void

fractions at the three elevations of interest are shown in Figure 52.
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d) TEST 4904

Figures 53 and 54 depict the inlet flow and two-phase level transients. Fig-
ures 55 through 62 show the heat transfer coefficients in the film boiling
regime for this test at three different elevations. The modified Bromley corre-
lation is also shown for the relevant periods of low flow and below-levei condi-
tions. The results are summarized in Figure 63 in the form of heat transfer
coefficients as a function of wall superheat, again showing that the modified

Bromley correlation is a reasonable lower bound to the data.

Figure 64 shows the calculated variation in the void fracticn at the three

relevant elevations.

The results from all these tests show conclusively that the modified Bromley corre-
lation is applicable as a lower bound for the heat transfer coefficient during

low flow portions of the blowdown transient,
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4. CONCLUSION

For the conditions of low flow film boiling in the postulated BWR LOCA, the

heat transfer can be conservatively approximated by the zero-flow film boiling

relation
h = hFB + hR
where
3 1/4
b = 0.62 Ki(of - 0 )h. 8

Mg 'WALL T Tsar' by

with LH obtained from Helmholtz instability considerations

1/11

3 -
g g  WALL = "SAT

and

PR
(Tw = Tsar)

he = %R (T = 1)

SAT

The applicability of this relation to four specific periods of the BWR LOCA
chows that it does an excellent job of predicting or comservatively bounding
the data. These periods include: (1) the "window" period immediately prior
to lower plenum flashing, (2) the pericd following lower plenum flashing where
a two-phase level exists in the bundle, (3) the period of channel bypass
reflooding, and (4) the period of bundle reflooding. The recommended correla-
tion is applicable as a lower bound (zero flow) for any similar conditions of
low film boiling.

55/56



-3

=}

NEDO-20566-1-A

5. NOMENCLATURE

Constant

Film thickness, ft

Gravitational acceleration, ft/sec2 or ft/h2
Gravitational conversion factor, ft-lbmllbf-h2

Heat transfer coefficient, Btu/h-ft2/°F

Film boiling heat transfer coefficient, Btu/h-ft2/°F
Latent heat of vaporization, Btu/lb
Radiation heat transfer coefficient, Btu/h—ft2-°F

Thermal conductivity, Btu/h-ft-°F
Wave number

Characteristic film length, ft
Bailey characteristic length, ft
Helmholtz instability length, ft
Taylor instability wavelength, ft
Vaporization, lb/h-ft

Parameter for interfacial shear
Pressure, psia

Radius of surface, ft

Temperature of liquid, °F

Saturation temperature, °R
Saturation temperature, °F
Wall temperature, °R
Temperature of surface, °F

- - o
Wall superheat Tw Tsat' F
Velocity, ft/h
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Vo Maximum velocity in film, ft/h
e Cold reflooding rate, in./sec
w Film flow, 1lb/ft-h

We Weber number of film

x length, ft

y length, ft

z Length, ft

Greek Symbols

3 Perturbation
‘W Emissivity of the wall
A Wavelength, ft
o Surface tension, 1b/ft
IR Stefan-Boltzmann constant, Btu/h-ft2-°R4
P Density, lb/ft3
u Viscosity, 1b/ft-h
w Frequency, h
2
3 Shear stress on liquid film at liquid-vapor interface, 1b/ft-h

Subscrigts

f Designates liquid phase
g Designates vapor phase

H Helmholtz

o Reference value

S Saturation

W Wall

d Liquid-vapor interface
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APPENDIX A

In low flow film boiling, a thin film of superheated steam exists at the surface,
and the heat is transferred by conduction across the film. This is justified

by the low Reynolds number of the film. The laminar film is assumed to grow

and break up, as shown in Figure A-1, at a critical wavelength. For purposes of
analysis, the film is then assumed to start as zero and grow in a repetitive
manner.A.l In reality a wavy film is probably maintained throughout the length;
the important point is that the film will not grow indefinitely. Classical
Nusselt-type analysis for growing films is then used to determine the growth

rate of the film and the average heat transfer coefficient for one wavelength.
A.1 LAMINAR FLOW MODEL

The velocity profiles in the developing film can be derived as below. (Refer to

Figure A-2.)

HOT WALL

_{

A = CRITICAL WAVELENGTH

-

Figure A-1, Assumed Film Growth
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Figure A-2. Velocity Profiles and Control Volumes

A force balance on the shaded control volume gives:

I

gg(d-x)+%€-(d-x)+' (A-1)

d

Two boundary conditions representing the extreme situations can be represented

by:

Figure A-2a: g = O and Figure A-2b: v, =0

For the first case, setting 4" 0, Equation A-1 can be integrated from the

wall (x = 0, v = 0) to yield:

(A-2)

v = - SRS

(g“gJ’%) ( 2)
dx

g
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h dp
(3"3 Ya) p
o it ¥ g ol e i i
z i B8
2
X
Vx.z Vc’z 1 -(E - 1) (A‘I‘)

For the second case, T = 0 by symmetry. For the control volume shown in

Figure A-2b:

d/2

g —d_! = .d_ - 92(9 . ) -
Mg ax - B0 (2 ) ta\7"* (A-5)
Integrating from the wall with V = 0 at x = 0,

dp
go_+
= (L_di (.q; ! x_z) (A-6)
B : 2

Yo " VYas2,z " u 8 (73
B
2
= - (X =
Vx.z Voz 1 (-m 1) (A 8)
or, in general,
2
v-vol-(~:—d—1) , 0<x<d (A-9)
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where 0.5 < n < 1, and n = 0.5 correspond to zero velocity at the interface

and n = 1.0 to zero shear at the interface.
The mean velocity of the steam is given by
d

1 b i
Jv(x) dx = e (E - —2) (A-10)
3n

and the total steam flow by

v =

[N

- 1 1
W dogv = dpgvo (n - ——5) (A-11)
The pressure gradient is determined by the shear stresses

p _ _Ygav

dz nd dx

x=0
(A-12)
2y

= - v

(ad)* °

With the assumption of low flow rates for the water, the pressure gradient

is also given by

& .- glo, = 0)) (A-13)

dz g
Combining Equations A-12 and A-13 gives

glo, - 9)
v = (nd)? —52”——5- (A-14)
g
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and inserting this in Equation A-11 gives

w Z d3 g(pf =P )p T l
2y 3
g

The steam generation is given by the conduction across the film

ol dw B kg(Tw - Ts)
dz dhfg

Combining Equations A-15 and A-16 we get*

1/4

k(T =T )u =
e 3n8- o vy S:‘f‘}}
fs”g f g

Defining the heat transfer coefficient by

-8
" d

we obtain

1/4

o
-

1/4
h-(h'l) l’kh_p(of-og)s
L u T =T )z
w S

(A-15)

(A-16)

(A-17)

(A-18)

* -2
EllionA " assumes m is independent of z and thereby of d, and _for the case of

zero interface velocity obtains ¢ = 0.714. BaileyA-l sets (d3) = (@3 and

obtains for the case of zero interface shear ¢ = 0.759. For the case of zero

interface shear Bromley's analysisA-3 gives ¢ = 0.943.

A-5
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and the average heat transfer coefficient over one wavelength L is given by

L

- 1

h = L ‘J{; dz
O

1/4

3 -
kh.p (p, =0

B ' o I (A-19)
ug(TQ -‘TQTC

where
1/4
=£ 3 - 1 4 0.667 for n = 1/2
"o 8

0.943 for n =1

A.2 FILM STABILITY MODEL
The film will not grow infinitely but it will break down due to the Helmholtz
instability (see Figure A-3) caused by the velocity difference between flow in

the vapor film and the stagnant liquid.

The following simplified analysis is presented to estimate the magnitude of
the critical wavelength.

|

| Let a small perturbation of the surface be given by

|

|

‘ d = do(l + & sin kz) (A-20)
The velocity distribution is then, fto the first order approximation, given by

v = vo(l - € sin kz) (A-21)
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t z
STEAM WATER

N ¥

WALL

il

M e M e T o B

Figure A-3. Helmholtz Instability for a Film

Assuming constant pressure Po in the water and using Bernoulli's equation,

the pressure drop across the interface is given by

AP = (o v2 - od kz)e sin kz (A-22)
g o o

and it is seen that instability occurs for

b .
o] v;
< Og (A-23)
(8]
or
1/2
od
A > 2n | —25 (A-24)
p v
g o
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Assuming an incompressible liquid and potential flow, i.e.,
9* v=0 and 9x v =0

and that the perturbation grows exponentially, i.e.,

£ = e e exp (wt)

the velocity of the liquid, to the first order approximatien, is given by

v r —deom cos kz e exp (~ky + wt)
vy = dsow sin kz e exp (~ky + wt)

Applying the momentum equation for the axial direction at the interface

av
-2 . . 24P
pf at 3z

we get

2 02 wd[vwe - aay?
W W e
£

The maximum growth for instabilities is then found to occur for

1/2
We
kd = [—3-’]

or
1/2

3od

A = 2m

(A-25)

(A-26)

(A 27)

(A-28)

(A-29)

(A-30)

(A-31)

(A-32)
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