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LEGAL NOTICE

This report was prepared as an account of Government-sponsored work. Neither the United

States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to

the accuracy, completeness, or usefulness of the information conteined in

this report, or that the use of any information, apparatus, method, or process

disclosed in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting

from the use of any information, apparatus, method, or process disclosed

in this report.

As used in the above, "person acting on behalf of the Commission" includes any employe or

contractor of the commission, or employe of such contractor, to the extent that such

employe or contractor of the Commission, or employe of such contractor prepares, dissemi-

nates, or provides access to, any information pursuant to his employment with such

contractor.
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SECTION 1

INTRODUCTION

1-1. GENERAL INFORMATION

The FLECHT Low Flooding Rate Skewed Power shape tests is the second test series designed

to expand the earlier FLECHT forced flooding rate data base for lower flooding rates. That

set of tests employed a cosine axial power shape while the skewed power shape tests has an

axial power shape which is skewed to the top of the test bundle. The cosine test results and

associated data analysis are reported in references 1 and 2, respectively. The data from the

skewed axial profile tests is reported in reference 3. This report presents the evaluation,

analysis, and model development efforts which have been performed on the skewed axial data.

1-2. SKEWED AXIAL TEST SERIES OBJECTIVES

The overall objective of the FLECHT low flooding rate test program has been to obtain heat

transfer data useful for calculating the reflooding behavior of a PWR core following a postu-

lated loss-of-coolant accident. The behavior of the emergency core coolant (ECC) with respect

to the mass stored and mass flow leaving the core during reflood is also needed for this

purpose. The capability for meeting this latter need, has been made possible with the im-

proved hardware and instrumentation of the cosine tests.

The other main objective of the FLECHT low flooding rate test program is to provide valid

data which can be used to verify/develop mechanistic reflood models. This effort was first

performed on the cosine data and is reported in WCAP-8838. This report continues and

expands upon that effort.

1. Rosal. E. R., et a[. FLECHT Low Flooding Rate Cosine Test Series Data Report WCAP-8651 December. 1975.

2. Lilly, G. P., et al. PWR FLECHT Cosine Low Flooding Rate Series Evaluation Report WCAP-8838, March 1977.

3. Rosal, E. R., et al. FLECHT Low Flýding Rate Skewed Test Series Data Report WCAP 9108, May 1977.
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1-3. SPECIFIC OBJECTIVES

Specific objectives for the skewed axial power shape test series are as follows:

* Provide heat transfer coefficient and core mass effluent data at flooding
rates near one in./sec

* Supplement parametric effects studied in the original FLECHT program
such as:

1. Low cladding temperature

2. Low subcooling at low flooding rates

3. Peak rod power

4. Variable forced flooding rate

5. Radial power gradients

6. Housing behavior

* Provide data for reflood heat transfer model development

* Repeat original FLECHT tests with new instrumentation and data processing
techniques

* Perform repeat tests to demonstrate data reproducibility

* Perform tests which overlap with existing cosine data to assess the effect of
power shape.

1-4. DATA EVALUATION AND ANALYSIS OBJECTIVES

The objectives followed in evaluating and analyzing the low flooding rate skewed axial profile

data were:

" Present skewed profile parametric effects and compare/contrast with cosine
axial power shape effects.

" Apply the data for calculation of bundle average flow properties at several
axial positions in the bundle and use these properties to help identify heat
transfer mechanisms which are important in reflood heat transfer. Perform
these calculations for both the skewed and cosine power shapes.

* Compare the mass effluent fraction model developed in WCAP-8838 with
the skewed axial profile data and resolve any differences.

1-2



a Develop an empirical heat transfer correlation which will predict the heat
transfer during reflooding for different axial power shapes.

1-5. REPORT ORGANIZATION

Section 2 presents a brief discussion of test hardware procedures and instrumentation. Sections

3 through 6 present the results of the data evaluation and model development.

Section 3 presents parametric effects on heat transfer, temperature transients and bundle mass

effluent. Parameters included are:

" Flooding rate

" Peak power

" Pressure

" Subcooling

* Initial clad temperature

* Initial flooding rate (variable flooding rate)

Also, in section 3, a number of special effects tests were analyzed and evaluated. These

included:

" The effect of hot and cold channels on heat transfer and bundle effluent
mass flow

" Data repeatability within the present test series with comparisons to the

cosine low flooding rate data

" Gravity reflooding tests with the skewed axial profile

" An evaluation an;d analysis of the skewed axial profile tests which overlapped
with the cosine power tests.

Section 4 presents the results of the calculation of the bundle average mass flow and quality

at several locations within the bundle. Both the actual nonequilibrium and equilibrium

qualities are calculated and are compared where possible with the cosine axial profile data.

In addition, a model is used to predict radiation to vapor, radiation to droplets, and wall

surface radiation such that the convective portion of the total wall heat flux can be obtained.

Section 5 compares the mass effluent model, developed in reference 1, to the skewed axial

profile data.

1. Lilly, G. P., et al. PWR FLECHT Cosine Low Floc:: - Rate Series Evaluation Report WCAP-8838. Mar. 1977.
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Section 6 develops the logic for a new empirical FLECHT heat transfer correlation whicI
can predict the heat transfer above the quench front for both the cosine and skewed axial
power shapes.

An evaluation of the physical state of the rod bundle, crud formation, and surface roughness
is included in appendix H. Photographs of the heater rod crud and post-test measurements of
the housing are also presented.
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SECTION 2

TEST DESCRIPTION

2-1. INTRODUCTION

This chapter is designed to provde sufficient facility and test information to permit a clear

understanding of the data evaluations and analyses in subsequent chapters. For the user of

the data, detailed descriptiros of the test facility instrumentation, test procedures and test

matrix are contained in the data report, WCAP-9108. 111

2-2. TEST FACILITY

Basically, the test facility is similar to the facility used for earlier FLECHT forced flooding

tests. A number of refinements have been made to improve the data obtained from each

test. A schematic of the facility appears in figure 2-1.

The principal components of the facility include:

" A pressurized, temperature-controlled water supply to provide forced flooding
of the test bundle.

a Flow control valve and flow metering devices to set flooding rate to the
bundle.

" The test section consists of:

1. A thin circular housing which contained 105, 12-foot heater rods,

2. Six guide tube thimbles, eight metal filler rods, and one ANC level
transducer.

* Separators and collection tanks for removing and measuring the liquid in the
test section effluent.

" Orifice for metering test section effluent vapor flow.

" Pressure control valve for maintaining test section pressure.

1. Rosal. E.R., et at. FLECHT Low Flooding Rate Skewed Test Series Data Report WCAP-9108 May 1977.
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The axial power shape used in this test series had the peak power location at the ten-foot

elevation. The actual power shape used is shown in figure 2-2.

The principal improvements in instrumentation over previous FLECHT forced flooding

tests include:

" More extensive thermocouple instrumentation in the rod bundle so that
bundle energy release can be calculated. Rod bundle thermocouple
instrumentation is presented in figure 2-3.

" Bundle housing pressure drop data every foot of elevation which permits
determination of instantaneous mass storage in the bundle and the bundle
void fraction distribution.

" Close coupled separator and liquid collection tank for determining the amount
of liquid in test section effluent.

* Effluent vapor flow measurement to perform bundle mass balance at the
test section exit.

In addition to these improvements, the volume of the entrainment separator was increased by

a factor of five for high flooding rate tests, a steam probe was installed at the test section

exit pipe, and a Vee-ball pressure control valve was added to the exhaust line. These improve-

ments are discussed in detail in reference 1. The behavior of the thin-walled circular housing

has been evaluated and analyzed and is also discussed in detail in reference 1.

It was the general conclusion that the use of the thin-walled housing was helpful and acted

to minimize nontypical housing effects and did result in improved heat transfer and mass

entrainment data.

2-3. TEST PROCEDURE

A detailed test procedure is given in the data report WCr•;-9108.[ 11 Very simply, a typical

test proceeds as follows:

a Temperature in the water supply tank is set at the desired level.

N Rod bundle housing is heated to the desired temperature level and
temperature profile by pulsing power to the rod bundle.

* The housing lower plenum is filled to the bottom of the rod's heated length.

* The test section is pressurized to the desired test pressure using the pressurizer.

1. Rosal, E. R., et at. FLECHT Low Flooding Rate Skewed Test Series Data Report WCAP 9108, May 1977.
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" The stream probe valves are opened and flow is established.

" Power to the bundle is turned on and all rods begin to heat up; when
any two rods reach the preset initial cladding temperature, bundle
flooding and power decay are initiated automatically.

" After the bundle has quenched completely, the test is terminated.

2-4. TEST MATRIX

Table 2-1 lists all the valid runs made in the low flooding rate test series. The runs are
ordered by test matrix number.[11 The table gives run conditions hot spot location, maximum

temperature, turnaround time, and quench time; also given are bundle quench time and

location of failed rods.

For examining different parametric effects, groups of runs where only one parameter is
varied are of interest. The test matrix has been regrouped with the single parameter variation
identified and the range of parameters in section 3. The nominal reference conditions for the

reference tests used for detailed analysis is given in section 4.

1. Last two digits on run number are the matrix number.
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TARLE 2-1

FLECHT-LOW FLOMOING RATE SKEWED TEST-SERIES-RUN SUMMARY DATA

Run Cornitiom Retlts
4+ -_____

Tot
Mateix
(Rm. 4) ' a
110. No.

Redl
lit~ial

Upper Clod Rod
pleiewte Tamp at Peakt
Ptetwo 10,ft Flee. Power
(pa9 9 'F) lkwlIft)

Flnoding
Rate
Iin..c)

Flollit
Coolant RAadia
Temp. Powe
C"F) Profile

Rod T/C
& Elev.
t1o.-1t

Tiniial
("Fl

TRIN. no. itat, qouannit a.ench Dkenmteeta
C*F) ('Fl (ted) (gee) Isee Rndl Localitie

Corstani Ftoodlinp lte

0o 1:008lal 39 160
12t111" 40 1630

02 12102181 40 1614

1t 3 02 1bl 40 1628

03 11003 40 1595
11103 40 1595
13303 41 160

04 1404 41 1603

05 15305 40 1603

06 15s6 40 1578

07
0.7

0.7
0.7

0.7
0.7
0.1

0.7

0.7

0.7

5.7
6.0

3.0
3.0

15
1.5
1.5

1.0

0.8

0.7

126 Uniform
127 tUniform

126 Uniform
12? Uniform

127 Uniform
121 Uniform
126 Uniform

127 Uniform

127 Uniform

127 Uniform

5F P.5 1601 1635 34 5 114
5O 10 1630 1648 18 2 OfR

5F 9.5 1616 1675 59 7 174
51-10 1628 1697 M a 206

5F 9.5 155 16114 99 20 321
5F 9.5 1601 1686 91 20 3.41
SF 9.5 1601 1719 118 25 364

7 t10 1545 190 346 139 499

71 10 1550 2034 484 151 670

60.10 1575 2191 666 205 791

139
172

203

371

428

674

170

4A IF
4A IF I7 IF 9H

4A IF
4A IF 7IF7F

4A IF
4A If
4A If Oft

4A IF

4A IF 7L 9A

4A IF 9A

Pessure t Coot..) Ffqodhiq Raft

07 1290118 20 1602 0.7 6.0 91 Uniform 5F9.5 1602 1636 34 4 119 12 4A IF

1V 40 7 1hi 20 1626 0.7 5.8 93 Uniform •o0.10 1626 1654 29 3 172 1., 4A IF 7F IF

OR 13(1 21 1599 0.7 154 91 Uniform SF-9.5 1601 1693 92 12 5.36 624 4A IF

09 1309 21 1160 0.7 10 87 Uniform 5K 10 i1smo 1803 273 121 723 R44 4A IF

10 16110 20 1617 0.7 0.8 96 Uniform 7I.10 1549 1933 314 165 8R3 9)79 4A IF

I1 13711 60 1609 01 1.0 152 Uniform 5F10 I,65 1916 351 111 41R 467 4A IF

AT Sutucoolinq Effect

12 13812 41 1604 07 1.0 184 Uniform 5K 10 1579 1701 122 48 818 1039 4A IF

13 15713 40 1607 0.7 10 165 Uniform 7H.10 1S31 1784 253 103 604 675 4A.IF

14 13914 71 1605 07 1.0 223 Uniform SK.10 1579 1701 122 48 618 9039 4A IF

Low Initial Tdld Temp. Effect

IS 17.515 In 10I12

1f, 17111f, 4n 507

r07

(1 7

Is 126 Uniform

I ,1769 Unitneen

6+ 10

78 10

194

493

1443 459 1in" 314

1111"r 636 124 :in?

3,,,

375

4A IF

4A Ir

91 121;1,' 2n1 507 0 1 1I1 91M1 ,lnr1n, 1 7A 10 4 /!, 1760f 7R., M/9 4911 *,',8 4A Ir

7/1 it
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TABLE 2.1 (cost|

FLECHT-LOW FLOODING RATE SKEWED TEST.SERIES.RUN SUMMARY DATA

II
Ron Comditios

II-

T~sl
Mon'..
ER... 4) Ran
me. me.

And
lippe. (mt Rod
Pl.ýw T..op. of Pok
POýao on If f... Pow..
fpsial i Fl I&W/It)

60,-I
FleodS16  Cooalawt Radial
Rate Tomv. Pow..
fin.h.) (FT 1,o0100

Red T/C Ta rem.. 0sati
IN., ft) I Fl

T,. ei. It-h Dimcottl~d
I FT (*Fl fowl (owl (Iwo R.0 Lota...

It.

Rod Peak Pow. Ellect

is 111111 41 1616

19 lIlq 41 lIno!

21 17771) 40 S(1

21 IIR21 20 507

22 16077 40 16336

045

0.45

0.45

045

1.0

1.5

is

1.5

1.4

Is

126 thioI.m

126 Un1.0em

126 Unifo..

115 Unto..

128 Uo.ikwm

SF195

an 10

2H 10

7H 10

161R

9P4

491

4114

1563

16TI 45 10 741 278 4A I1

1119 212 63 1n1. 220 4A If

913 422 IT 116. 192 4A IF

90] 471 Inn 23 2768 4A IF

1856 2713 64 574 593 4A IF %.(

~11-
Radial Pow.. Effect

73 15473 40 16( 0.6 I0 126 FLECHT 7E 11 1541 1901 359 143 524 574 4A IF 11)

ODw.Iap Co.... Testi

24 11574 40 R37 0.373 08 127 FLECHT 5F 10 819 17269 45W 146 2506 276 4A Ir

25 11225 41 q54 0.464 Is 176 FLECHT JIG 10 942 1154 211 64 I16 199 4A IF

26 11372 6 0 9MO 0.660 2.0 157 FLECHT 7o10 941 1126 176 40 121 140 4A IF

27 13177 40 1.9', 0.464 6.0(5 ecl IN2 FLECHT SIC t0 826 1739 310 1T1) 271 26? 4A If
O6IoocwarolI

29 11472 20 9q6 0464 1.0 99 FLECHT SF 10 PP7 1316 419 146 319 4PO 4A If

29 123291al 18 918 0810 59 166 FLEC"T 5F.95 918 9166 46 6 152 I1R 4A IF

1757l0', 16 917 0.552 60 167 Unifo.m SF 195 917 44? 30 5 115 136 4A IF 7F iF

Voriald* Step Flow Effect

30 147210 32 1206 0.7 1.5(100 w)
0 S(onwod)

31 14331 32 1204 0.7 1.554100 M)
I .O(onowedl

32 I5132 351 1555 0.7 a045 sla)
0 "lonwa'dl

33 15713 19 1553 017 6015 ml
0 6R(nwwl

34 1 "ý34 21 1r1( 0.7 6-08

(191,oMI

151 Uninform

151 Unintn.

127 Unilomm

R9 uniform

66 U I~..~

4* 10 I157 1648 491 211 635

21410 1152 1517 365 133 561

7Il 10 1552 19171 370 164 558

71t0 1549 1796 2411 146 611

31 TO 1534 1(MO0 156 151 6ll

41' In 79, 14. 1110 )111 1?4

g!!0 4A IF

621 4A IF

639 4A IF 71. 9A

936 4A IF 71. IA

.123 4A If /1LqA

$146 4A If 1I 9IA

4).) It)



TABLE 2-1 (conti

FLECHT-LOW FLOODING RATE SKEWED TEST-SERIES-RUN SUMMARY DATA

Run Conditions Resu.l

ROd
leat upper Initial Rod entd. Hottes
MatisPil.mmm Temp at Peak Flooding Coolant Rodti Rod T/C T1.T.md
(in". 4) Run Prewue 1#(t Flek. Power Rate Temp. Power P Elev. Tinitial Treae ATre rlue 

t
qumch que ne heonnetefd

No. No. (psia) ("F) (kwrft) (in./se) I"Fl Profile (No..hl ("F) ('F) ("F) (me) (I|.l bee| Rnd Loeation

Repeatadliit

36 1716 40 1638 07 10 133 Uniform 7H.10 1572 1892 320 123 460 516 4A IF It IF

Hot and Cold Channel Effect

37 15937 40 162581 0.71al 1.5 128 Hot/Cold 5r0-10 1627 119 192 41 230 211 4A IF

48 2 1h, 0 .45 1hl Channels

38 15838 41 966 0.5s I.S 126 Uniform 5010 966 1265 299 R6 213 286 4A IF

Gravity Refloed Injectio Reto l/tec

40 16340 40 950 0.55 11.3(14 9ecl 125 uniform 50.10 950 100(9 59 41 110 175 4A IF

I .4(onwwd)

41 16741 40 1626191 0.71aI 11.4(14 sec) 127 Hot/Cokl 50.10 1627 1681 54 a 149 20 4A IF 7E IF
suIh) 0 .4 5 1h1 1.45(onwm1d) Channels

42 16642 21 1809151 o.71al 12.6(14 se) 94 Hol/Cold 50-10 1M9 1659 so 7 276 291 4A IF IE IF
4 3 3 1hl 0.45Ibl 1 441onward) Channels

43 16543 20 672 0.455 11.8(14 eec) 160 Uniloem 50.10 662 740 78 30 43 Ilt 4A IF If
1.42(nnwwdsl)

Transente Test Flooding Rat Wnhte

44 16844 40-. 1629 0.7 6.0(5 eec) 127 Uniform 4F-10 1597 1914 317 705 636 751 4A IF IF 7r 107

20 0.8(onward)

45 16945 40 1632 0.7 6.7(5 tec) 127- Uniform 7H-10 1561 1997 377 152 622 680 4A IF IF IF,

0.6(onward) ?22

46 17046 40- 16.32 0.7 6.0(5 see) 127- t Uniform i 4F.10 1543 1995 452 134 668 7911 4A IF 7F IF

70 0 Rfonward| 262

Additional Owdap Csine Tests

47 14r,41 71 1610 0il in 89 FLFCHT

171r Ftf•:0IT

sh

SF 9 5

"IF 95

1611 1677 61 IR IR7 424 4A II 9A If

1611 16,14 71 13 741 7r,, 4N ¶141 14W4R 41 1611 0 216 10



SECTION 3
PARAMETRIC EFFECTS

3-1. INTRODUCTION

This section is a qualitative presentation of the effects of the principal test parameters. No

attempt has been made to analyze the causes of the observed trends. A detailed quantitative

analysis of heat transfer mechanisms and their effects is treated in section 4.

Trends in temperature rise and quench time are also compared with the cosine test results.

Comparison of skewed and cosine power shapes for the same test conditions indicate that

the skewed profile is less severe than the cosine; that is, for the same test conditions includ-

ing peak power, the skewed profile usually results in lower temperature rises than the cosine

power shape.

Parametric effects examined are flooding rate, pressure, subcooling, initial cladding temperature,

peak power, and initial flooding rate for variable flooding rate tests. Table 3-1 presents the

range of parameters and relevant runs used for each comparison. The effect of each parameter

on heat transfer, temperature transients, and mass effluent fractions are presented. Tempera-

ture rise and quench time trends are then compared with cosine results. For these latter

comparisons, the test conditions are usually not the same. However, the main purpose of

these comparisons is to examine the trends with each parameter, rather than the absolute

values of temperature rise or quench time. In particular, the quench times plotted for the

skewed tests are 10-foot values while for cosine, the 6-foot values are plotted. This typically

results in much longer quench times for the skewed tests.

Time-integrated values of mass effluent fractions are presented as a function of time rather

than the instantaneous values. Fluctuations in the instantaneous values during a run tends to

obscure the small run-to-run differences in mass effluent fraction. On the figures, rout versus

time is plotted. The parameter rout is defined as follows

rout (t) =Mi t Mst t (3-1)
Min (t)

3-1



TABLE 3-1
PARAMETRIC EFFECTS, SUMMARY OF

RUN NUMBERS AND RANGE OF PARAMETERS

Parameter Reference Parameter Run
Studied Value Values Numbers

Flooding Rate 0.8, 1.0, 1.5 0.6, 0.8, 1.0, 1.5, 15606, 15305, 13404
(in./sec) 3, 6 13303, 12102, 13001

Pressure bI 40 20, 40, 60 13609, 13404, 13711
(psia)

Initial Cladding[al 1600 500, 1000, 1600 12816, 12515, 13303
Temp. ('F)

Subcooling[b] 140 5, 80, 140 15713, 13812, 13404(OF)

Peak Power[a] 0.7 0.45, 0.7, 1.0 11618, 13303, 16022
(kw/ft)

Initial Flooding[c] 0.8 0.8; 15305,
Rate (Variable 6(5), 0.8 on 1c] 15132
Flooding Rate
Runs) (in./sec) 6- 0.8(15), 15034

0.8 on[d]

a. 1.5 in./sec flooding rate
b. 1.0 in./sec flooding rate

c. 6 in./sec flooding rate for 5 sec, 0.8 inlsec after 5 sec

d. Flow ramped from 6 to 0.8 in./sec in first 15 sec, 0.8 in./sec after 15 sec
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where

Min (t) = Total mass injected up to time-t. (Ibm)

Mst (t) = Total mass stored in the bundle up to time t. (Ibm)

It will be noted that some of the rout curves tend to large values early in time. On physical

grounds rout must be zero at time zero since mass must enter the bundle some finite time

increment before it leaves the bundle. The large values of l'out in the first 10 to 20 seconds

of the runs are artifacts of the uncertainty in the mass balance measurements and definition

of r out which, by equation (3-1), becomes indefinite at time zero.

The heat transfer and temperature transient curves presented in the following discussion repre-

sent averages of all the rod thermocouples in the central 6 x 6 array of the bundle shown in

figure 3-1. All the tests used to study parametric effects were run with uniform radial power

distribution; that is, all rods had the same power.

3-2. FLOODING RATE EFFECT

An abundant amount of data is available on the effect of flooding rate with a cosine power

shape.[1] In WCAP-8838 it was shown that temperature rise and quench time trends were

consistent among all the cosine data. Figures 3-2 and 3-3 reproduce figures from WCAP-8838

showing these effects. The skewed data have been added to these figures.

Figure 3-2 for temperature rise shows that the skewed data exhibit the same trend as the

cosine data of increasing temperature rise with decreasing flooding rate. This trend is expected.

The surprising result of this plot shows that temperature rises of the skewed data are

generally lower than the cosine data f-)- the same flooding rate. This is true even in the

cases where the peak conditions and fl:- parameters are identical. This result indicates that

the skewed power distribution is a less severe case than a cosine power distribution.

Figure 3-3 shows the quench times versus flooding rate. For this parameter, skewed data show

longer quench times for the peak power location than the cosine data at the same conditions.

This is expected due to the 50 percent higher elevation of the peak power locations for the
skewed shape. Trends of quench time with flooding rate are the same for both power shapes.

Figures 3-4 and 3-5 present the variation of heat transfer coefficient and peak temperatures

at the 10-foot elevation versus time for the sequence of runs in which only flooding rate was

varied. The figures show the expected orderly increase in heat transfer at all times as flooding

rate increases. Temperatures show more rapid turnaround and increasingly lower peak temper-

tures as flooding rate is increased.

1. Lilly, G. P., et al. PWR FLECHT Cosine Low Flooding Rate Series Evaluation Report WCAP-8838, Mar. 1977.
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Figure 3-4. Flooding Rate Effect on Heat Transfer
Coefficient (10 FT)
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Figure 3-5. Flooding Rate Effect on Cladding Temperature (10 FT)
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Figure 3-6 presents the variation of time-integrated mass effluent fraction versus time. The

higher the flooding rate, the more rapidly the mass effluent fraction approaches its

asymptotic value. This is expected due simply to the accelerated pace of events in higher

flooding rate runs. The same trend was observed for the cosine tests (WCAP-8838).[ 1 Of

course, *the principal effect of increasing flooding rate is to proportionately increase the mass

flow above the quench front with the mass effluent fraction exerting only a secondary

influence. Mass effluent fraction plots were not included for the high flooding rate runs as

the mass balance for these runs was not as good as tests at lower flooding rates.

3-3. PRESSURE EFFECT

Pressure and subcooling were two parameters which showed opposite trends with respect to

temperature rise for skewed and cosine power shapes. Trends of quench time were the same

for all parameters for both power shapes.

Figure 3-7 presents temperature rise and quench time plots versus pressure for both cosine

and skewed power shapes. Temperature rise is seen to increase with pressure for the skewed

tests and decrease with pressure for the cosine. The skewed trend is consistent for several

different flooding rates. The trend of the low flooding rate cosine data was also consistent

with previous cosine data as shown in WCAP-8838.

Figures 3-8 and 3-9 present the heat transfer coefficient and temperature transiants for the

sequence of skewed power tests at 1.0 in./sec. The temperature transient for 20 psi is some-

what uncharacteristic of most temperature curves. It rises rapidly with other curves then

abruptly becomes flat for a long period of time. The heat transfer which causes this shows

an abrupt rise early in time and then gradually decreases until shortly before quench.

Figure 3-10 displays the effect of pressure on integrated mass effluent fraction. The low

pressure tests show a higher carryout early in time. This same effect was observed for the

cosine tests. This trend could be expected, since lower pressures will lead to higher void

formation for the same steam generation. This will tend to reduce storage below the

quench front.

It is believed that the earlier entrainment in the 20 psia tests establishes a minimum heat

transfer coefficient which will result in halting the cladding temperature rise. Separate calcula-

tions indicate that an h value of 8-10 Btu/hr-ft 2 -°F will be sufficient to prevent cladding

1. Lilly, G. P., et al. PWR FLECHT Cosine Low Flooding Rate Series Evaluation Report WCAP-8838, Mar 1977.
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Figure 3-6. Flooding Rate Effect on Mass Effluent
Fraction (Low Flooding Rates)
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Figure 3-7. Pressure Effect on Temperature Rise and
Quench Time
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Figure 3-8. Pressure Effect on Heat Transfer Coefficient (10 FT)
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Figure 3-9. Pressure Effect on Cladding Temperature (10 FT)
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Figure 3-10. Pressure Effect on Mass Effluent Fraction
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temperature increases at the rod peak power used in these tests. The same trend of a flat

temperature response at lower pressures was also observed in the low flooding rate cosine

tests (WCAP-8838) as again the rod heat transfer reached a minimum value for halting the

cladding temperature rise.

3-4. SUBCOOLING EFFECT

The effect of subcooling on temperature rise for the cosine tests was a very weak effect and
heat transfer coefficients were virtually identical well past turnaround time. Figure 3-11 shows

that the effect of subcooling is somewhat stronger and in the opposite direction for the

skewed power shape. Figures 3-12 and 3-13 show higher heat transfer and much more rapid

turnaround for the lowest value of subcooling.

The integrated carryout fraction, Figure 3-14 shows a marked increase with decreased subcool-

ing. This was also observed for the cosine tests and is to be expected since the lower sub-

cooling means more vapor generation for the same hbat input.

3-5. INITIAL CLADDING TEMPERATURE EFFECT

Initial cladding temperature effects for skewed power shape parallel closely the trends observed

for the cosine tests. These effects are basically higher temperature rises and shorter quench

times as seen in figure 3-15. Heat transfer coefficients, shown in figure 3-16, are difficult to

interpret because of the wide variation in wall-to-saturation temperature differences. Differing

wall temperature (figure 3-17) and mass effluent fractions (figure 3-18) could be expected to

have quite different heat transfer mechanisms.

With regard to the mass effluent fraction, the delay in carryout for the lower cladding tem-

peratures is to be expected. The lower temperatures mean less skewed energy and hence less

vapor formation and liquid entrainment. Therefore, the solid water level (or the saturation

line), will penetrate further into the bundle for lower cladding initial temperature early in

time.

3-6. ROD PEAK POWER EFFECT

Predictably, decreasing peak power decreases both temperature rise and quench time. This is

shown in figure 3-19 for both cosine and skewed power shapes. For the cosine tests, heat

transfer to turnaround time is negligibly affected by peak power. For the skewed tests, the

higher powers show higher heat transfer before turnaround (figure 3-20). The power effect

still dominates however, leading to higher temperature rises for higher power (figure 3-21).

The mass effluent fractions (figure 3-22) increase with power. The lower powers lead to lower

void formation below the quench front and hence more storage below the quench front. The

quench front also moves faster at low power.
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Figure 3-12. Subcooling Effect on Heat Transfer Coefficient (10 FT)
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Figure 3-13. Subcooling Effect on Cladding Temperature (10 FT)
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Figure 3-15. Initial Cladding Temperature Effect on
Temperature Rise and Quench Time
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Figure 3-16. Initial Cladding Temperature Effect on
Heat Transfer Coefficient (10 FT)
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Figure 3-17. Initial Cladding Temperature Effect on
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Figure 3-20. Power Effect on Heat Transfer Coefficient (10 FT)
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Figure 3-21. Power Effect on Cladding Temperature (10 FT)
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3-7. VARIABLE FLOODING RATE EFFECT

The variable flooding rate tests examine the effect of an initial period of high flooding rate

on an otherwise constant low flooding rate run. The typical pattern used for flooding rate

was a constant high initial flooding rate for 5 seconds followed by a step down to 0.8 in./sec

for the remainder of the run. One run was made with an initial flooding rate of 6 in.isec,

which was ramped down to 0.8 in./sec over a period of 15 seconds.

The step variable flooding rate tests indicate that temperature rise and quench times

decrease as increasing amounts of water are injected in the initial period. This is displayed in

figure 3-23, where the amount of water in the initial period is directly proportional to the

initial flooding rate. The decrease of temperature rise and quench times is observed for both

skewed and cosine tests. Heat transfer coefficients and temperature transients for the skewed

tests are presented in figures 3-24 through 3-27. Figures 3-26 and 3-27 include the run with

the ramped initial flooding rate. This particular ramp has more total injection than a constant

6 in./sec for 5 seconds and exhibits a smaller temperature rise and shorter quench time.

Figures 3-28 and 3-29 show the integrated mass effluent fraction for the skewed step and

ramp variable flooding rates. A high proportion of the water injected in the initial period is

carried out of the bundle and is responsible for the improved heat transfer.

3-8. RADIAL POWER GRADIENT

Unlike all previous test series, the skewed tests were run predominantly with equal power to

all rods (uniform radial power distribution). This was done to simplify the data analysis.

Previous test series used the FLECHT power distribution which simulated actual rod-to-rod

power differences that would be encountered in an operating PWR assembly. In figure 3-1,

the rods in the bundle are labeled 1.1, 1.0, or 0.95 indicating their power relative to average

bundle power in the FLECHT power distribution. As noted however, most runs were made

with all rods operating in the 1.0 mode.

One uniform power distribution run in the skewed series was repeated using the FLECHT

power distribution. Results of these two tests are compared in this section to identify any

differences. Figure 3-30 compares the average heat transfer coefficient for all the 1.1 rods in

the central 6 x 6 array. For the uniform power test (13404) these rods were run in the

1.0 mode. Average bundle power was the same for the two runs. Thus, the power to these

two groups of rods differed by ten percent.
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Figure 3-24. Initial Flooding Rate Effect on Heat Transfer
Coefficient (10 FT)

500

3-30



11 ,863-24

RUN NUMBERS
PRESSURE
INITIAL CLADDING

TEMPERATURE
PEAK POWER
SUBCOOLING
INJECTION RATE

15132-15305
40 PSIA

1600°F
0.7 KW/FT
I40OF
VARIABLE

2250

2000

1750

1500

1250

1000

0

LIJC",

750

500

250

0
0 100 200 300 400

TIME (SECONDS)
500

Figure 3-25. Initial Flooding Rate Effect on Temperature (10 FT)
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Figure 3-26. Initial Flooding Rate Effect on Heat Transfer
Coefficient (10 FT)
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Figure 3-27. Initial Flooding Rate Effect on Cladding Temperature (10 FT)
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Figure 3-29. Initial Flooding Rate Effect on Mass
Effluent Fraction (40 PSIA)
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Figure 3-30. Heat Transfer Coefficients for Central
1.1 Power Zone Rods
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The heat transfer coefficient for the FLECHT distribution is consistently 15 percent higher

than for the uniform distribution. A substantial power effect was observed for the skewed

tests (figure 3-20); however, one might expect this to be a bundle average effect. Average

bundle power might, for example, affect the flow conditions above the quench front and

consequently affect the heat transfer. One possible explanation is that the 1.1 powered rods

tend to be clustered around the thimbles. This may lead to some local (radial) change in flow

conditions above the quench front which predominantly affects the 1.1 rods. This is some-

what corroborated when the 1.0 power zone rods are examined (figure 3-31). For these rods,

the power and heat transfer are identical for the uniform and FLECHT radial power

distributions.

The mass effluent fraction quench progression plots for these two runs were essentially

coincident for these two runs. This is expected in light of the equal bundle average powers

for the two cases.

3-9. HOT AND COLD CHANNELS TESTS

Most FLECHT initial test conditions simulate one small segment of a reactor core at the

start of reflood following a hypothetical LOCA. A significant radial variation of both peak

power and initial cladding temperature could be expected across a PWR core under these

circumstances. The small FLECHT bundle cannot fully simulate these radial variations. It is

of interest, however, to examine the effect of large power and initial cladding temperature

gradients in the FLECHT rod bundle. One test in the matrix was run vwth about 40 percent

of the rods at typical hot rod conditions and the remaining 60 percent at power and initial

temperature conditions typical of what could be expected in a peripheral assembly. Hot and

cold zones are pictured in figure 3-32.

A parallel test was run with the same average bundle power and initial cladding temperature,

but with uniform distribution across the bundle. Test conditions for these two runs are

given in table 3-2. A third run with the same test conditions as the hot rods in the hot/cold

test is also included in table 3-2, and will be used for some comparisons.
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Figure 3-31. Heat Transfer Coefficients for Central
1.0 Power Zone Rods
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TABLE 3-2

RUNS USED FOR HOT AND COLD CHANNEL
TEST COMPARISONS

Run Number 15838 15937 13303

Avg Cold Hot

Pressure (psia) 40 40 40 40 40

Initial Cladding Temp ('F) 966 959 482 1626 1600

Rod Peak Power (kw/ft) 0.55 0.55 0.45 0.7 0.7

Flooding Rate (in./sec) 1.5 1.5 1.5 1.5 1.5

Subcooling ('F) 140 140 140 140 140

The principal effect of lower power and initial cladding temperature is to reduce the mass

effluent fraction. This could aid reflooding in a gravity reflood situation. The simplest

approach for calculating mass effluent fraction when hot and cold channels are present is to

assume the bundle is at an average power and initial cladding temperature. A test of this

approach is to compare the mass effluent fraction for runs 15937 and 15838, which have

the same average power and initial cladding temperatures as those listed in table 3-2. This is

done in figure 3-33 for both integrated (equation 3-1) and instantaneous mass effluent

fraction. Instantaneous mass effluent fraction is given by

17 m Ai - Ast-

Ain
(3-2)

where

Ain = injection flow rate (lbm/sec)

Mst = rate of storage in bundle (Ibm/sec)

From figure 3-33 it can be seen that the mass effluent fractions are substantially equal,

although the hot and cold channel test showed slightly higher and less steady mass effluent

fractions early in time. A similar comparison made for the cosine tests is reproduced from

WCAP-8838 in figure 3-34.[1] Mass effluent fractions are seen to be virtually identical.

1. Lilly, G. P., et al. PWR FLECHT Cosine Low Flooding Rate Series Evaluation Report WCAP-8838, Mar. 1977.
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Figure 3-33. Comparison of Mass Effluent Fraction for
Uniform and Hot/Cold Rod Tests
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Figure 3-34. Comparison of Integrated Mass Effluent Fraction for Cosine
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The conclusion to be drawn from the above comparisons is that the use of average bundle

conditions provides a reasonable means of estimating mass effluent fraction when large power

and temperature differences are present.

From table 3-2, it is seen that test conditions for the hot rods of Run 15937 are the same

as those for all rods in Run 13303, which were run at uniform conditions. Figure 3-35 com-

pares heat transfer and temperature transients for rod 6E at 10 feet for these two runs. The

lower bundle power and average initial temperature is seen to dominate. The hot rod in

Run 15937 shows a much more rapid rise in heat transfer and earlier quench. This is con-

sistent with similar comparisons made in WCAP-8838. It is also consistent with the

trend of decreased quench times with lower values of stored and generated energy.

3-10. DATA REPEATABILITY

Eight runs listed in table 3-3 can be used to evaluate data repeatability within the skewed

test series. Also included is one comparison from the low flooding rate cosine series reported

in WCAP-8838. Average values of initial rod temperature, quench time, turnaround time,

temperature rise, and maximum temperature were calculated differently at the peak power

location depending upon the radial power profile as follows:

" Uniform: simple average of all valid thermocouple data within the
inner 6 x 6 array

" FLECHT: simple average of all valid thermocouple data on 1.1 rods
within the inner 6 x 6 array.

Although the computational mechanics are different, the underlying philosophy of comparison

is consistent. Both techniques evaluate hot zone data within the test section at the peak

power location.

Percentage variations in turnaround time, quench time, and temperature rise were calculated
by the following formula for both skewed runs found in table 3-4 and for cosine runs found

in table 3-5 of WCAP-8838.

= 100%5 maximum recording - minimum recording

Li minimum recording J

The range of variation has been tabulated for both cosine and skewed data.
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Figure 3-35. Heat Transfer and Temperature Transients for
and 15937 (Hot Rod) - Rod 6E, 10 FT

500

Runs 13303

3-44



TABLE 3-3

SUMMARY OF DATA REPEATABILITY FOR COSINE AND SKEWED TESTS

Average
Initial
Rod Temp
At Peak Rod Bundle

Upper Power Peak Flooding Coolant Radial Ouench Turnawound Temp. Max.
Plenum Location Power Rate Temp. Power Time Time Rise Temp. Power Test

Run No. Pressure ("F) (kw/ft) (in.Isec) (CFI Profile (sec) (sec) (*F) (°F) Decay Series Comparison

04748 40 1559.5 0.95 1.51 131 FLECHT 207.4 66.7 338.9 1898.4 LFR Cosine

(1) 04831 40 1560.3 0.95 1.50 125 FLECHT 210.3 69.5 350.5 1910.8 LFR Cosine /
13303 41 1545.3 0.7 1.5 126 Uniform 384 35.8 132.6 1676 LFR Skewed

11003 40 1541.9 0.7 1.5 127 Uniform 337.4 23 98.1 1640 LFR Skewed/

17136 40 1562.8 0.7 1.0 133 Uniform 453 120.3 284.3 1847.1 LFR Skewed

13404 41 1543.6 0.7 1.0 127 Uniform 518.4 143 315.3 1859 LFR Skewed)

12102 40 1550.6 0.7 3.0 126 Uniform 179.2 7.2 60.2 1610 LFR Skewed
j IV

17302 40 1550.7 0.7 3.0 127 Uniform 196.7 8.2 70.1 1615 LFR Skewed/
12907 20 1557.5 0.7 6.0 91 Uniform 131.7 4.0 34.3 1578.6 LFR sk vwq.fl

1v
17407 20 1520.8 0.7 5.8 93 Uniform 128.7 4.8 29 1561.7 LFR Skevw~d/



TABLE 3-4

VARIATION IN TEMPERATURE RISE,
TURNAROUND AND QUENCH TIMES

Range of Variation (%)

Minimum Mean Maximum

Quantity Skewed Cosine Skewed Cosine Skewed Cosine

Temperature

Rise 16.4 3.2 20.6 8.4 35.2 19

Quench Time 2.3 2.4 10.0 10.7 14.4 35.7

Turnaround
Time 13.9 2.2 27.0 15.9 55.6 50

This analysis indicates that for cosine and skewed repeatability tests, more scatter might be

expected in the skewed data than in the cosine data, particularly for turnaround time and

temperature rise. There is no apparent reason for this increased data scatter. Further

examination of table 3-5 in WCAP-8838 shows that the average variation in cosine quench

time data is 4.7 percent neglecting Comparison IV which happens to be a 6-in./sec test.

Skewed data at 6 in./sec do not show the large quench-time variation as that of the cosine

data. Neglecting the 6-in./sec cosine comparison, which appears to be well outside the

average tolerances, quench time repeatability for skewed tests is not as good as for cosine

tests. The general conclusion to be drawn is that differences in quench time, turnaround

time, and temperature rise within repeated skewed runs are greater than those for the

cosine power profile tests. Run conditions were re-evaluated for several of the skewed and

cosine pairs without finding any effects in parameters such as flooding rate, failed rods, or

pressure control. This might account for the differences in repeatability between skewed

and cosine series tests. However, the skewed tests, unlike cosine tests, had a peak power

power location higher in the bundle and was subject to quenching from both directions. Much

more scatter is observed in quench times of 10-foot skewed versus 6-foot cosine data. The

effect of double-ended quench is likely to contribute to the variation in skew repeatability

found above.

Examples of average 10-foot heat transfer and temperature profiles for three skewed

40 psia repeat runs are found as figures 3-36, 3-37, and 3-38, corresponding to Comparison
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groups II, Ill and IV in table 3-3. Note that these tests have similar run conditions except

for flooding rates. Figure 3-39 is a plot of heat transfer and temperature transient for the

repeat 20 psia tests of Comparison group IV.

Comparison of other "duplicate" skewed runs within the test matrix for data repeatability

were not made for the following reasons:

Run Reason

11103 Cold Housing Effect

12329 FLECHT Radial Power Profile Different Radial

17529 Uniform Radial Power Profile Power Profile

3-11. TRANSIENT TESTS

Several tests in the skewed matrix were run with time-varying test parameters. In two tests,

pressure and subcooling were ramped downward separately. In a third test, ramp decrease in

pressure and subcooling were combined. The pressure ramps were from 40 to 20 psi and the

subcooling was ramped from 140*F to 5°F. The ramps were spread over the duration of the
run. The principal usefulness of these tests lies in a data base for use in model verification.

In this section, the transient tests will be examined qualitatively by comparing them to some

of the fixed parameter tests.

Table 3-5 lists the transient tests which were made along with the fixed test condition runs

used for comparison. All tests were performed with variable flooding rates; i.e. an initial

flooding rate of 6 in./sec for 5 sec, followed by a steady 0.8 in./sec.

3-12. TRANSIENT PRESSURE

Figure 3-40 shows the pressure versus time ramp for Run No. 16844. Figure 3-41 compares

this test with constant condition tests at pressures corresponding to the endpoints of the

ramp. The transient test is initially at 40 psia and follows the 40 psia constant pressure test,

Run No. 15132. Later in time, as the pressure approaches 20 psia, the temperature trace

tends toward a more gradual slope characteristic of the 20 psia constant pressure run. The

heat transfer transients, figure 3-42, are somewhat confused early in time but show the

ramped pressure test falling between the 40 and 20 psia constant pressure runs. In summary,

the qualitative behavior of the ramped pressure test shows no unexpected trends.
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Figure 3-40. Upper Plenum Pressure Versus Time for Run 16844
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TABLE 3-5

NOMINAL TEST CONDITIONS FOR TRANSIENT
TESTS AND REFERENCE RUNS

Flooding Initial Peak
Run Pressure Rate Clad Power Subcooling

Number (psia) (in./sec) Temp(0 F) (kwtft) (AT-°F) Remarks

15132 40 6.0 (5 sec) 1600 0.7 140 Fixed test
0.8 onward conditions

15233 20 6.0 (5 sec) 1600 0.7 140 Fixed test
0.8 onward conditions

16844 40 -* 20 6.0 (5 sec) 1600 0.7 140 Transient
ramp 0.8 onward pressure test

16945 4 6.0 (5 sec) 1600 0.7 140-+5 Transient
0.8 onv. ard ramp subcooling test

17046 40-+20 6.0 (5 sec) 1600 0.7 140-+5 Combined
ramp 0.8 onward transient sub-

cooling and
pressure test

3-13. SUBCOOLING TRANSIENT

The subcooling effect in the fixed parameter tests showed no significant effect on heat

transfer. The heat transfer coefficient comparisons shown in figure 3-43 for most of the run

indicate no significant difference between the constant 140' subcooling run and the ramped

subcooling run. The differences in initial heat transfer spikes appear to be due to differences

in initial injection rates. The subcooling for both runs was the same for this initial period.

Variation of coolant temperature is shown at the top of figure 3-43. The injection flows and

effluent steam flows are plotted for the initial 20 seconds of both runs in figure 3-44. Both

injection and effluent steam flows are higher for the constant subcooling run. This explains

the increased heat transfer spike early in time for this run. The increased injection flow early

in time could also be expected to accelerate the quench time. This is manifested in a slightly

higher heat transfer coefficient late in the run. Figure 3-45 shows the corresponding temper-

ature transients for the constant and variable subcooling tests. The principal effect is seen

to be the different behavior in the first 10 to 20 seconds of the run. If it were not for the

temperature difference of 20 seconds, both temperature traces would be quite similar.
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3-14. COMBINED PRESSURE AND SUBCOOLING TRANSIENT

Since the effect of subcooling is a minor one, the combined subcooling and pressure trans-
ient test (Run No. 17046) could be expected to give results quite similar to the pressure

transient test (Run No. 16844). Factors apparently unrelated to the transients caused these
runs to be different such that no conclusion on the above hypothesis could be drawn.

Figures 3-46 and 3-47 show the pressure and coolant temperature transients for Run

No. 17046. These transients are the same as the pressure transient for Run No. 16844

(figure 3-40) and the subcooling transient for Run No. 16945 (figure 3-43).

Figure 3-48 shows a comparison of the heat transfer coefficient for the two tests with
pressure transients. Nominal run conditions for these tests are identical (see table 2-1)

except for the variable subcooling in Run No. 17046, which was shown by the previous

section to be a minor effect. Some differences in heat transfer coefficient are evident. First,

the initial peak typically present with the initial high flooding rate is missing from Run
No. 17046. Second, the heat transfer coefficient later in time for Run No. 17046 is some-

what higher than the constant subcooling test, Run No. 16844.

The absence of the initial peak cannot be attributed to the transients since the peak occurs

in the first 20 seconds. No significant change in subcooling or pressure has occurred during

this short time. The primary cause of the absence of the expected high peak in heat transfer

is not certain. Injection flows for both runs are quite similar early in time, as shown in

figure 3-49. Orifice effluent flows, however, are quite different and much lower for the run

with the low initial peak heat transfer.

The other difference evident from figure 3-48 is the large heat transfer for the variable sub-
cooling test. This appears to be due to one, or both, of two factors, neither directly related

to the transient nature of the test.

The heat transfer coefficient for the variable subcooling test (Run No. 17046) has a much
larger oscillatory component later in time than the constant subcooling test (Run No. 16844).

This is also evident in the exhaust orifice flow rate, as shown for these two runs in
figures 3-50 and 3-51. These oscillations may have contributed to an increased level of heat

transfer late in time. The oscillations may simply be characteristic of the system when com-
bined low subcooling and low pressure occur. The heat transfer coefficient for Run No. 13914,

which had both low subcooling (50F) and low pressure (20 psia), showed some significant

regular oscillations, seen in figure 3-52.
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The second factor which probably contributed to increased heat transfer late in time for the
variable subcooling test is the flooding rate. At about 200 seconds, the flooding rate for

test (Run No. 17046 began to drift upward, reaching a value 12 percent higher than

Run No. 16844 by 500 seconds.

Given the observed differences between the pressure transient test and the combined pressure
and subcooling transient test, the temperature transients in figure 3-53 behave as expected.
The absence of the initial heat transfer peak results in higher cladding temperatures early in
time for Run No. 17046. Later in time, the higher heat transfer coefficient results in more
rapid turnaround and decrease of cladding temperature with time.

No qualitative conclusions can be drawn concerning the effect of combined subcooling and
pressure transients except that no unusual or unexpected heat transfer was observed.

3-15. SKEWED COSINE COMPARISON TESTS

Low flooding rate skewed data are evaluated in this report for the first time. Previous experi-
ments simulating PWR core recovery after a LOCA have all been run with a cosine power
shape. Correlations in current use, with the exception of the h versus Z-Zq correlation pre-
sented in this report, have all been developed using data from only one power shape,

the cosine

Different analytical techniques have been employed to relate the reflood heat transfer for
different power shapce. One commonly used technique among PWR vendors and analysts

such as Westinghouset1l, Combustion Engineering12] and Aerojet Nuclear Corporation[ 31 is
to use the integral-of-power method. The statement of the integral of power method differs
slightly among companies but the basic idea is that "for similar bundles, the heat transfer
will at the same time be the same at elevations for which the axial integrated power is the

same."[2]

All previous attempts at verification of this theory have relied soley upon differences among
cosine tests having different peak powers. The present skewed power test series offers an
alternative data source for evaluating techniques when applying cosine correlations among
varying power shapes. The ten skewed comparison tests found in table 3-6 were designed
such that flooding rate, pressure, subcooling and bundle radial power profile duplicate that
of previous FLECHT cosine run. The only differences between skewed and cosine comparison

1. Bordelon, F. M. at. al., LOCTA IV Program, Loss-of-Coolant Transient Analysis WCAP-8305 June 1974

2. Combustion Engineering Power Systems Safety Analysis Group, Calculation Methods of the C. E. Large Break
LOCA Evaluation Model, CENPD 132. REV 01, Vol 1, August 1974.

3. R. F. Jimenez "An Empirical Flooding Heat Transfer Coefficient Including Quench Time Prediction Applicable to a
Modification for Variable Flooding Rates: Short Core; and Non-Symmetrical Power Profiles," Jim-6-71 Aeroject Nuclear
Company, Idaho Falls, Idaho Interoffice Correspondence, Transmitted to Valerin by L. J. Ybarrondo, November 24, 1971.
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TABLE 3-6

SKEUV1.?FP COMPARISON TESTS

Comparison Test Matrix

Initial
Cladding

Upper Temp At Rod Bundle Average
Plenum Peak Power Peak Flooding Coolant Radial Housing
Pressure Location Power Rate Temp Power Temp Testla]

Run No. (psia) (OF) (kw/ft) (in/sec) (0 F) Profile (0 F) Series

02223 40 1602 0.93 0.82 126 FLECHT 392 1

11524 40 837 0.373 0.8 126 F LECHT 265 2

5231 18 1603 1.24 5.9 169 478 3

12329 18 918 0.610 5.9 166 FLECHT 234 2

17529 18 917 0.552 6.0 167 Uniform 268 2

4225 59 1596 1.24 1.9 153 586 3

11326 60 950 0.608 2.0 152 FLECHT 290 2

04516 39 1601 0.95 6 (5 sec) 131 FLECHT 625 1
0.8 (onward)

13127 40 955 0.464 6.0 (5 sec) 126 FLECHT 265 2
0.8 (onward)

04641 20 1601 0.95 1.0 89 FLECHT 610 1

11428 20 916 0.464 1.0 90 FLECHT 227 2

04831 40 1600 0.95 1.5 125 FLECHT 502 1

11225 41 954 0.464 1.5 126 FLECHT 260 2



TABLE 3-6 (cont)

SKEWED COMPARISON TESTS

Overlap Test Matrix

Initial
Cladding

Upper Temp At Rod Bundle Average
Plenum Peak Power Peak Flooding Coolant Radial Housing
Pressure Location Power Rate Temp Power Temp Testial

Run No. (psia) (1F) (kw/ft) (in./Isec) (0 F) Profile ("F) Series

05132

14548

0183

14647

3421 PHA

16543

40

41

21

21

20

20

1601

1611

1598

1610

1098

672

0.95

0.216

1.24B

0.47

1.0

0.455

,(,)

0

0.99

1.0

1.0

1.0

11.78 lb/sec
(14 sec)

1.20 lb/sec
(onward)

11.8 (lb/sec)
(14 sec)

1.42 lb/sec
(onward)

127

127

84

89

161

160

FLECHT

FLECHT

FLECHT

FLECHT

FLECHT

Uniform

575

265

556

269

632

266

1

2

4

2

5

2

I I 1I 'l II I ,%%, I h,,.' i'il, I 1.1"1,Comm,' I '.t So,'i'. D.tit, Rupoi t WCAP-8651

2) I-LLCHI Luw Fluldmh Rate Skewed Test Series Data Report WCAP-9108

3) PWR Full Length Emergency Cooling Heat Transfer (FLECHT) Group I Test Report WCAP-7435

4) PWR Final Report Supplement WCAP-7931

5) PWR FLECHT Set Phase A Report WCAP-8238



tests are found in ; power and initial temperature, or equivalently stored and generated

energy. Although i,;-i. temperature and peak power are nominally different, they were

purposely chosen so that the total energy (i.e. the sum of stored and generated energy to a

common quench timc) up to the peak power location was equivalent for each axial profile

in a given pair of comparison tests. Therefore, due to the philosophy behind choosing test

conditions, these ten pairs of tests may be used to evaluate the following hypotheses.

" Heat transfer coefficients are suspected to be the same if the integrated
power up to two different locations is equivalent[Il

" Peak power locations should quench at the same time if the integrated
power up to the peak elevator is the same.

" Fluid conditions are expected to be similar for corresponding elevations
having the same integrated power.

In examining these areas it is also useful to keep in mind that the comparisons generated

later in this evaluation section may be beneficial toward developing other methods of using

cosine correlations or in the development of advanced reflood models.

FLECHT Group I,[2] Supplement Data,[ 3] Phase A,141 and Low Flooding Rate[ 5] cosine

runs were selected to cover the range of test conditions as follows:

Pressure 18 - 60 psia

Flooding Rate 0.8 - 6.0 in./sec

Subcooling 50 - 140°F

Initial Temperature 1100 - 1600°F

Rod Peak Power 0.95 - 1.24 kw/ft

A comparison skewed power profile test was then paired with a given cosine run having the
same flooding rate, subcooling, and pressure. Only initial temperature and rod peak power were

changed according to the integral-of-power method to account for axial power profile differ-
ences (see figure 3-54). However the initial temperature, which is a rneasure of stored energy,

and the peak power, which is a measure of generated energy, are not independent quantities
if total energy below given locations is to be equated according to the integral-of-power

1. Combustion Engineering Power Systems Safety Analysis Group. Calculation Methods of the C. E. Large Break LOCA
Evaluation Model, CENPO 132, REV 01. Vol 1, August 1974.

2. Cadek, F. F., et. al., PWR FLECHT Final Report WCAP-7665. April 1971.

3. Cadek, F. F., et. al., PWR FLECHT Final Report Supplement WCAP-7931, Oct. 1972.
4. Blaisdell, J. A., et. al. PWR FLECHT Set Phase A Report WCAP-8238, Dec. 1973.

5. Lilly, G. P.. et. al. PWR FLECHT Cosine Low Flooding Rate Series Evaluation Report WCAP-8838, Mar. 1977.
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method. For example, two skewed comparison tests were specified with a 1600'F initial

temperature at the peak power location. The generated power at the peak location is nec-

essarily much lower than any other of the comparison tests to compensate for increased

stored energy due to the elevated temperatures. The general mathematical expressicns relating

stored and generated energy can be found in appendix A along with a more detailed expla-

nation of the different ways in which total energy may be preserved below different

elevations of different power profiles.

Use of the integral-of-power method as discussed in Appendix A and the six-foot cosine

quench time to specify rod peak power and initial temperature for each of the skewed

comparison tests permits experimental verification of the following hypothesis. If the sum of

the integrated power and stored energy is the same up to the peak power location, then the

peak power location quench times should be the same.

Previous experimentation has shown thai quench times are approximately linear when

plotted against energy supplied to the bundle. 111 This observation gives further credence to

the integral of power hypothesis.

A plot of bundle average quench time data for each pair of comparison tests is shown in

figure 3-55. Associated with each mean is an error band of approximately 10 percent repre-

senting the variation in quench time data found from repeatability experiments (see table 3-4,

Data Repeatability).

Based on repeatability analysis, comparison tests should fall within 10 percent of the mean

quench time if alJ of the assumptions regarding stored and generated energy used to calculate

skewed Tinit and Qmax are valid. Table 3-7 lists those pairs which do and do not coincide

with the expected variation of mean bundle quench times.

The comparison between Phase A Runs No. 4321 and 16543 is not really meaningful. For

example, at the peak power location, the cosine power profile quenched after 633 seconds,

while the corresponding skewed profile quenched in only 46.2 sec. None of the other over-

lap test pairs have quench times which vary by an order cf magnitude. Review of the

comparison test matrix shows that Run No. 3421 was a ,- 2hlvely high power, low initial

temperature test. When Run No. 4321 test conditions we-rc rescaled to maintain equality

between stored and generated energy independently, the corresponding skewed initial temper-

ature was predicted to be 6720 F. The maximum recorded temperature for Run No. 16543 of

739;'- is well within the range of temperatures occurring at quench time. Therefore, it can

be -:Pected that Run No. 16543 may not be typical of its overlap cosine pair Run

No. 3421. No further comparisons were made between Runs No. 16543 and 4321.

1. Lilly, G. P., at. al. PWR FLECHT Cosine Low Flooding Rate Series Evaluation Report WCAP-8838, Mar. 1977.
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3421 - MEAN QUENCH lIME - 620 SEC")

16543 - MEAN QUENCH TIME- 46.2 SEC I SEE COMMENT PAGE 3-73
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Figure 3-55. Average Bundle Quench Times for Overlap Tests Using
Repeatability Average Variations in Data



Each skewed power shape test in the comparison pairs quenched before its comparable

cosine tests, indicating either higher heat transfer or that the total energy in the skewed
bundle may have been lower.

To examine this early quench behavior of the skewed data, plots of total energy release to

the quench time for each particular test were made for four selected comparison pairs using

average heat fluxes for the 1.1 roc ;- the inner 6 x 6 array. The energy release was inte-

grated graphically to find the total 'riergy liberated to the coolant up to quench time.

Table 3-8 summarizes this analysis and shows that the cosine tests appear to release more

energy than do the skewed tests with the exception of Runs No. 04641 and 11428.

However, graphical analysis can probably account for discrepancies of the order found in

TabYe 3-8. In conclusion, the energy release appears the same for both power profiles up to

their respective quench times.

Since the total energy supplied to each of the tests in a comparison pair is approximately
the same up to the peak power location, differences in two-phase flow between skewed and

cosine power profiles are suspected as the cause of the variations in quench times found in
figure 3-55. Therefore, the fluid conditions and flow splits were analyzed for five pairs of
comparison tests.

Data show that the differences in the amount of coolant supplied to each test for both
constant and variable flooding rate experiments in a comparison pair at any given time is
small. For example, total bundle coolant injection agrees within 10 percent at 200 sec for

Runs No. 02223 and 11524.

Once injected into the test section, the coolant is stored in the bundle, or enters the upper
plenum as a two-phase mixture. Bundle storage is typically larger for the skewed test than

for the cosine test. This might be expected later in time, since the peak power location for

the skewed profile is four feet above the cosine. However, the skewed storage is consistently
larger shortly after the beginning of reflood. Reduced initial temperature and peak power
imply that less energy must be removed before lower sections of the skewed bundle quench

with a corresponding decrease in quality and increased water storage.

It was also observed that more liquid reaches the top of the bundle sooner in the skewed

test with the exception of the high initial temperature comparison (Runs No. 14548 and

05132). Since entrained water acts as a sink for heat release from the rods, it acts to en-
hance the heat transfer mechanisms present in the bundle. This higher heat transfer should

result in shorter quench times for the skewed test which is consistent with the data shown

in figure 3-55.
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TABLE 3-7

COMPARISON OF MEAN BUNDLE QUENCH TIMES

Test Pair Which Do
Test Pairs Considered Not Appear to be
to be Comparable Comparable

02223 - 11524 4225 - 11326

5231 - 12329 04516 - 13127

04641 - 11428 04831 - 11225

05132 - 14548 4321 - 16543

0183 - 14647

TABLE 3-8
COMPARISON OF HEAT RELEASE TO

PEAK POWER LOCATION QUENCH TIME

Ratio of Cosine Energy Release
Run To Skewed Energy Release

02223 1.09

11524

04831 1.04

11225

04516 1.05

13127

04641 0.98

11428
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By the time the effluent from the upper plenum reached the orifice meter, the total flow

was dry steam. Typicallyi the cosine test emits significantly more vapor than the skewed

overlap test which would help account for the discrepancy in bundle storage mentioned

earlier.

A summary of five pairs of overlap tests has been compiled in table 3-9, showing the flow

splits for each test at its respective quench time. In all cases the cosine injected mass was

approximately the same as, or greater than, the corresponding skewed test. This observation

agrees with the fact that cosine tests required a longer time to quench than did the skewed

tests. Typically, the average quality calculated from total steam flow to total flow out the

top of the bundle at quench time was higher for the cosine test than for the skewed test

with the exception of the high temperature, low power pair, Runs No. 05132 and 14548.

Again, this calculation indicates that a higher percentage of the total flow out of the bundle

is in the liquid phase for the skewed power profile. In all cases, the skewed carryover tank

captures more liquid over a shorter period of time than does the cosine. These results would

indicate an improved heat transfer above the quench front for the skewed tests as compared

to the cosine tests and hence a shorter quench time.

Evaluation of local heat release to the fluid is best done at the peak power location for

several reasons. First, the comparison test conditions were determined such that the total of

stored and generated energy integrated to the peak power location was the same for both
profiles. Secondly, steam probes measuring vapor temperature are found only in the upper

half of the bundle for both power profiles. These steam probes at 7 and 10 feet are the

only rnans of obtaining steam temperature data necessary to evaluate local heat transfer

using actual fluid conditions. The limiting factor in this analysis is clearly the availability of

steam temperature data. From a rod viewpoint, heat flux released to the fluid was compared

at the peak power elevation. The generated energy at the peak power location in the cosine

shape is typically twice that for the 10-foot skewed profile peak location. Stored energy does

not compensate for this difference and the time-dependent heat release to the fluid is greater

for the cosine comparison test than for the skewed test.

From the fluid viewpoint, the appropriate quantity to be compared is the heat transfer
coefficient. For the skewed test, this is easily done. Thermocouples measuring rod surface

temperature are available at 10 feet, as is one steam probe. The real heat transfer coefficient

can be computed from the FLECHT definition of the heat transfer coefficient based on

saturation temperature using the following formula.

hreTl hFT wall Tsat ] (3-3)hreal = hFLECHT ITwall -TsteamI
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TABLE 3-9

INTEGRATED FLUID FLOWS FOR OVERLAP PAIRS
UP TO QUENCH TIME

00

Effluent Mass
From Mass In Mass In Stored

Total Mass Mass Exhaust Steam Carryover In Mout
tq Injected Diff Orifice Sep Tank Bundle Total

Run No. (sec) (Ib) (Ib) (Ib) (Ib) (Ib) (Ib) (Ib)E 0183 476 _a) - - - -

14647 389.8 - - - - - -

E 05132 282.4 200.6 10.8 117.8 -0.1 27 45 144.7

14548 243.9 183.5 10.5 76.2 0.3 10.0 86.5 86.5

[04831 213.1 229.2 20.7 110.7 -0.1 45.1 52.8 155.7

111225 170.7 207.9 26.4 53.6 0.1 48 79.9 101.6

"04641 418.3 301.3 10.4 165.4 0.1 78.2 47.2 243.6

.11428 349.3 261.4 25.8 82.6 0.1 81.4 71.6 164.1

04516 316.9 213.6 32.2 128.3 0 11.9 41.2 140.2

L13 12 7  246.7 169.9 5.3 78 0.1 20.5 66 98.6[ 4225 190.3 - - - - - -

'11326 121 -E 5231 172 -

112329 144.5 - - - - - -

[02223 271.9 149.2 10.1 93.1 0 6.0 40.2 99

.11524 247.4 150.6 15.7 55.8 0 7.4 71.7 63.2

a. Test riot analyzed.



However, evaluation of the real heat transfer coefficient for a cosine test at six feet is not

as straight-forward because six-foot steam temperature data do not exist. Several different

methods were used to get a rough estimate of the steam temperature from available data at

the quench front, 7 and 10 feet. The steam temperature profile (figure 3-56) has an assumed

maximum at 6 feet. Furthermore, the steam temperature was assumed higher than saturation

at the quench front and the average of wall temperature just prior to quench and saturation

temperature was chosen as an appropriate estimate. Once the steam temperature was calcu-

lated at quench elevation, 7 and 10 feet in addition to the assumed maximum at 6 feet, the

coefficients of a polynomial of the form

Tsteam = aoz3 + a1z2 + a2 z + a3  (3-4)

were evaluated. The ESTIMATE of the six-foot steam temperature is then possible by evalu-

ating the above polynomial at z = 6. Three different curves were tried. First, all four

coefficients were evaluated in the cubic polynomial. Second, two parabolic approximations

were made using the conditions

" Tsteam (z quench), Tsteam (7 feet) and maximum at 6 feet

* Tsteam (7 feet), Tsteam (10 feet) and maximum at 6 feet

Up to turnaround time, the calculated 6-foot steam temperatures using each method do not

differ from one another, as shown in table 3-10. After turnaround time, the curve fits pre-

dicted negative heat transfer at the peak power location which is a physical impossibility

since the highest steam temperature should occur at or above the peak power location. The

calculated real heat transfer coefficients in the cosine test before that time are smaller than

those calculated from skewed experimental data. Since calculation of real heat transfer

coefficients uses the difference between two temperatures which are similar in magnitude, a

small error in either minuend or subtrahend can result in a significant error in the difference

and hence in the real heat transfer coefficient. The calculation above is only a rough estimate

since the six-foot cosine steam temperature is not known. Either of two explanations, which

cannot be resolved with available data, is possible.

* The cosine steam temperature may be underpredicted, resulting in a smaller
heat tranmfer coefficient or

" The cosine heat transfer coefficient is in fact less than skewed at a given
time at the peak power location.
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Figure 3-56. Schematic Diagram of Data Used to Calculate
Cosine 6 FT Steam Temperature
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TABLE 3-10

CALCULATED 6-FOOT COSINE STEAM TEMPERATURE AND REAL
HEAT TRANSFER COEFFICIENT COMPARISON

Quench Run No. 05132
Time Analytical Curve Fit
(sec) Calculation

Parabola using:

Zquench

7' steam probe

6' max steam temp

Parabola using:

7' steam probe

10' steam probe

6' max steam temp

Cubic using:

Zquench

7' steam probe

10' steam probe

6' max steam temp

Tsteam
(OF)wA

60
( hreal F

Btu/hr-ft 2 -°F)

27.8
46.2

94.3

149.5

1477 50.2
1634 83.5
1729 117.3

1836 -3062

Run No. 14548 Data

28.2

49.8

99.6

1405

1383

1372

107.3

104.9

181.9



FLECHT heat transfer coefficients based on (Twall - Tsat) temperature differences have also

been included for the two high temperature comparison tests as figures 3-57 and 3-58.

Elevated rod temperatures in both tests should maintain roughly the same degree of non-

equilibrium between vapor and saturation conditions. Therefore differences in the FLECHT h

(at peak power locations) can be expected to be minimized using these two comparison

groups. Note that Runs No. 14647 and 0183 heat transfer coefficients are approximately the

same over the duration of the test. Agreement between Runs No. 14548 and 05132 is not as

good.

FLECHT heat transfer coefficient comparisons for the lower temperature comparison tests do

not agree as favorably as do the two pairs presented in figures 3-57 and 3-58. The poor

agreement is believed to be caused by the lower initial temperature of the skewed profile

comparison tests which results in lower entrainment and less nonequilibrium as compared to

the cosine data. The difference in the thermal nonequilibrium is not reflected in the FLECHT

definition of the heat transfer coefficient.

In conclusion, the data comparisons have shown:

" The energy release up to the quench time for each test in a comparison
pair is the same, indicating that the integral of power method used to
prescribe initial temperature and rod peak power is a viable means
accounting for total energy in a rod bundle.

" Agreement between quench times of a given comparison pair is not
entirely satisfactory. In all cases, the skewed power profile quenched
prior to the cosine.

" The higher heat transfer found in a skewed test is probably due to differ-
ences in fluid flow. The skewed profile entrains much more water and
generates less steam than does the cosine power profile for equivalent
injected flow. The extra water in the bundle acts as a sink for heat
transfer. In general, it is easier to cool a skewed power profile having the
same total energy below peak elevation than it is a cosine profile.

" Two different integral-of-power methods were used to generate comparison

test conditions to relate cosine power shapes to skewed power shapes:

1. Maintain equivalence of stored and generated energy separately.

2. Maintain the peak location initial temperature at the expense of a
much lower peak power.
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RUN NUMBERS
PRESSURE
INITIAL CLADDING

TEMPERATURE
PEAK POWER
SUBCOOLING
INJECTION RATE

I1548-05132
40 PSIA

1600OF
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1110 0 F
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0
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Figure 3-57.. Heat Transfer Coefficient Versus Time for High Temperature
Comparison Tests 14548-05132
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Figure 3-58. Heat Transfer Versus Time for High Temperature
Comparison Test 14647-0183
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Although neither method was perfect, it was found that preserving the peak initial tempera-

ture between the two power shapes would result in maintaining the same amount of non-

equilibrium in the two-phase flow. This resulted in better agreement of both the real and

FLECHT heat transfer coefficients. This method of using the integral-of-power method for

scaling was found to be the better choice.

3-85



SECTION 4

BUNDLE FLOW CONDITIONS AND
REFLOOD HEAT TRANSFER MECHANISMS

4-1. INTRODUCTION

An effort has been made in the present test series to extend the mass and energy balance

methods developed and discussed in WCAP-8838. 11 ) The calculational procedure discussed in

WCAP-8838 has been programmed and allows calculation of the mass velocity and nonequilib-

rium quality at different bundle cross sections where steam temperature measurements exist.

These calculations, along with a radiation heat transfer model, allow the separation of the

total wall heat flux into its basic components; radiation to surface, radiation to vapor, radia-

tion to drops which are entrained in the flow, and forced convection of vapor. By examining

the wall heat flux split for different test conditions, times, and elevations, various heat transfer

models or correlations can be examined to see if they represent the same physical picture

calculated from the data.

The method of analysis does have some limitations which should be recognized. Completely

one-dimensional flow was assumed and all quantities calculated represent bundle averages.

Many calculated values rest rather heavily on the three steam probe measurements at 7, 10,

and 11.5 feet. One measurement at each of these two elevations is assumed to give the average

vapor temperature for the whole cross section. Although the steam probes are probably good

indicators of vapor temperature, they cannot be taken as precise measurements. A few other

points are raised in the discussion of results.

4-2. AXIAL DEPENDENCE OF BUNDLE MASS FLOWS AND QUALITIES

A calculation applying a mass and energy balance to calculate bundle mass flow and quality

was detailed in section 4 of WCAP-8838. The equations presented in that report have been

programmed and the code, FLECMB, has been run for several key skewed and cosine runs.

The results of the calculations for the cosine tests checked with the hand calculations for

seven key runs presented in WCAP-8838.

The principal application of mass flow and quality information is in the area of model develop-

ment and verification. This will be discussed in subsequent subsections of this section. Results

of the quality and mass flow calculations will be presented for a couple of reference runs for

illustration and comparison with the cosine test results.

1. Lilly, G. P., Yeh, H. C., Hochreiter, L. E., Yamaguchi, N., "PWR FLECHT Cosine Low Flooding Rate Test Series

Evaluation Report", WCAP-8838, March 1977.
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Reference test conditions for the skewed test series were as follows

Pressure 40 psia

Flooding Rate 0.8 - 1.5 in./sec

Initial Cladding Temp. 1600 0 F

Peak Power 0.7 kw/ft

Subcooling 140 OF

Figures 4-1 and 4-2 present calculated axial dependence of quality and equilibrium quality for

Run No. 15305 which was performed at the above test conditions and 0.8 inch/sec flooding

rate.

Actual quality can only be calculated when a vapor temperature is known or assumed. These

qualities are presented at the steam probe locations, (7, 10, and 11.5 feet) and test bundle

outlet. Quality at the quench front assumes that the vapor temperature is the average of the

wall temperature at that location and the saturation temperature. For the cosine series, the

vapor temperature measurement at 12.5 feet was judged unreliable and quality is presented at

only four locations.

From figure 4-1 the quality for Run No. 15305 is seen to start at a low value at the quench

front and progressively increase with increasing elevation. Qualities at upper elevations de-

crease slowly with time. Equilibrium qualities are higher than the actual qualities early in time,

reflecting the highly superheated vapor. Before turnaround (150 seconds for this run), equilib-

rium qualities are very near unity at peak and upper elevations, but the actual quality indicates

that a significant fraction (40 - 50%) of the total mass flow past the peak is made up of liquid.

Figure 4-3 displays the vapor temperatures measured at the various elevations. Superheats of

greater than 1000°F are typical of upper elevations up to and beyond turnaround time.

Figure 4-4 presents the mass effluent fraction Run No. 15305. Due to the very low storage

rate the mass flow above the quench front is constant and proportional to the mass effluent

fraction.

Figures 4-5 thru 4-8 present the same set of data for Run No. 13303, at 1.5 inches/sec, but

otherwise with the same test conditions as Run No. 15305. The higher flooding rate results

in lower qualities which decrease more rapidly with time, as could be expected. The vapor

temperatures are still highly superheated, but less so than at the lower flooding rate. The

mass effluent fraction curve has the same shape with time as the lower flooding rate, but

rises more quickly to a value near unity. The principal effect of higher flooding rate on mass

flow above the quench front is through the increased injection mass flow. The effluent

fraction has a secondary influence.

4-2
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11,863-175

RUN NUMBER
PRESSURE
INITIAL CLADDING
TEMPERATURE

PEAK POWER
SUBCOOLING
INJECTION RATE

15305
'0 PSIA

1603°F
0.7 KW/FT
I10°F
0.8 IN./SEC

1.2

1.0

0.8

I--

. 0.6

-J

I--

0•0
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0
0 100 200 300 400 500 550

TIME (SECONDS)

Figure 4-1. Actual Quality Versus Time and Elevation, Run Number 15305
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RUN NUMBER
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TEMPERATURE

PEAK POWER
SUBCOOLING
INJECTION RATE
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Figure 4-2. Equilibrium Quality Versus Time and Elevation, Run 15305



11,863-190

RUN NUMBER
PRESSURE
INITIAL CLADDING

TEMPERATURE
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SUBCOOLING
INJECTION RATE

15305
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Figure 4-3. Vapor Temperatures Versus Time, Run 15305
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RUN NUMBER
PRESSURE
INITIAL CLADDING

TEMPERATURE
PEAK POWER
SUBCOOL I NG
INJECTION RATE

15305
40 PSIA
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Figure 4-4. Mass Effluent Fraction Versus Time, Run Number 15305

4-6

700



11,863-188

RUN NUMBER
PRESSURE
INITIAL CLADDING
TEMPERATURE

PEAK POWER
SUBCOOLING
INJECTION RATE

13303
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Figure 4-5. Actual Quality Versus Time and Elevation, Run Number 13303
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11,863-187

RUN NUMBER
PRESSURE
INITIAL CLADDING
TEMPERATURE

PEAK POWER
SUBCOOLING
INJECTION RATE

13303
41 PSIA

1600°F
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Figure 4-6. Equilibrium Quality Versus Time and Elevation, Run Number 13303
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11,863-185

RUN NUMBER
PRESSURE
INITIAL CLADDING
TEMPERATURE

PEAK POWER
SUBCOOLING
INJECTION RATE

13303
41 PSIA

1600°F
0.7 KW/FT
I40°F
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Figure 4-8. Mass Effluent Fraction Versus Time, Run Number 13303
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Similar data for the cosine test series was presented in WCAP-8838. Those data were the

result of hand calculations. The calculations have been repeated using the F LECMB code and

the results are in agreement with the hand calculations. Results of the quality calculations,

mass effluent fraction, and vapor temperatures are presented in figures 4-9 through 4-12

for cosine Run No. 02833. This run has the same conditions as Run No. 15305, except that

the peak power was 0.9 kw/ft. The average bundle power was approximately equal for the

two runs. Characteristics of the quality plots are quite similar for the skewed and cosine

power shapes. Vapor temperatures and mass effluent fraction (figures 4-11 and 4-12) for

the cosine tests also exhibit the same characteristics as the skewed power shape tests.

4-3. ENERGY ABSORPTION BY DROPLETS ABOVE THE QUENCH FRONT

Current safety analysis requirements state that cooling above the quench front be limited to
single-phase steam when the flooding rate is below 1.0 inch/sec. In view of this requirement

it is of interest to examine the role of droplets in heat transfer above the quench front. In

WCAP-8838 a method for calculating energy flow to droplets was described. Results of this

calculation for the cosine tests showed energy absorption by the droplets to be substantial

although calculations were performed only for elevations above the peak power point on the
rod where steam probes were located. The skewed tests had steam probes above and below

the peak power location. Calculations for skewed tests showed energy absorption by drops

to be significant both above and below the peak power elevation. Some typical results for

skewed tests are presented below and compared with cosine results.

Section 4 of WCAP-8838 demonstrated that net energy flow to the droplets could be calcu-

lated between any two elevations where vapor temperature actual quality and mass flow were

known. The integral energy flow to droplets between these two elevations can then be com-

pared to the total heat release to the fluid (drops plus vapor) from the bundle and housing.

This comparison reveals the relative importance of droplets in the overall heat transfer picture.

Figure 4-13 presents the comparisons of droplet-to-total-energy release for two skewed runs.

Test conditions for these runs were given in the previous paragraph. At 0.8 inch.'sec, droplet

energy absorption accounts for about 40 percent of the total rod and housing heat release

below the peak power location (integral 7 to 10 ft) and before turnaround time (150 sec).

Above the peak power location (integral 10 to 11.5 ft), droplet absorption account for 70

to 80 percent of the total heat release before turnaround time.

At a flooding rate of 1.5 inches/sec the energy absorption by droplets represents an even

larger percentage of the total rod and housing heat release. Above the peak power elevation,

the droplet absorption energy exceeds the total rod and housing heat release. The droplets

represent the lowest temperature heat sink in the bundle and absorb energy from both the

bundle and the superheated vapor. Energy absorption by droplets, which is greater than the
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total rod and housing heat release, simply implies that the sum of energy flowing to the
drops from both the vapor and bundle surfaces is greater than the total bundle surface heat
release to the fluid (drops plus vapor). The following relation always applies

QT = QNV + OND (4-1)

Total Net Energy Net Energy
Rod and Housing = Absorbed by + Absorbed by.Heat Release Vapor Droplets

The condition QND > OT simply says QNV < 0, and the vapor desuperheats.

Figure 4-14 presents droplet absorption and total bundle release data for two cosine tests.
These runs, No. 02833 and 04831, had the same test conditions as the skewed Runs No.
15305 and 13303, respectively, except that peak power for the cosine tests was 0.9 kw/ft.
Average bundle powers for the corresponding tests were approximately the same. The integral
from 7 to 10 feet for the cosine tests was well above the peak power location. This is signif-
icant, since in this region bundle heat release drops off and energy flow from superheated

vapor to droplets begins to dominate. This is reflected in the low rod and housing heat re-
tc se in relation to the energy absorbed by the droplets.

To summarize, droplets present at flooding rates below 1.0 inch/sec play a significant role in

overall heat transfer and constitutes a significant heat sink for the rod heat flux.

Treatments of reflood heat transfer above the quench front have -typically taken two
approaches:

a The direct application of modified film boiling correlations

.i Development or application of dispersed flow heat transfer models

Film boiling correlations are basically one-step heat transfer from wall to two-phase mixture.

Dispersed flow models sometimes have a multi-step approach, separating heat transfer to drops
and vapor. In most cases, however, these correlations are traceable to single-phase forced con-
vection correlations.

Film boiling has been used with some success by Andreoni[ 1 ] for correlation of reflooding
results in a tube. A modified version of the Ellion[ 2 ] correlation was used. Film boiling
correlations of this type assume a thin film in inverted annular flow where the vapor film

1. Andreoni, D., Courtaud, M., Deruaz, P., "Heat Transfer During the Reflooding of a Tubular Test Section". European

Two-Phase Flow Meeting, Harwell 3-7, June, 1974.

2. Ellion. M. E., "A Study of the Mechanism of Boiling Heat Transfer". Jet Propulsion Laboratory, CIT, Memorandum
No. 20-88, Pasadena, 1974.
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(laminar or turbulent) is driven by the static pressure drop generated by the liquid column.

At high flooding rates, this flow regime may occur for a considerable length above the quench

front. The main concern of the present study is low flooding rate tests where this flow regime

does not appear. Application of this type of film boiling correlation is not consistent with what

is known of the physics of the flow above the quench front at low flooding rates.

A variety of dispersed flow correlations and models have been developed to predict available

data. Urfortunately, all of the available data and most of the models and correlations are for

flow conditions much different than the FLECHT low flooding rate tests. Mass velocity, pressure,

or both, are typically an order of magnitude above the FLECHT experiments. The models for

dispersed flow range from essentially empirical correlations to models which propose and treat

detailed droplet mechanics and vaporization.

At the empirical end of the spectrum Groeneveld [!] has correlated a large body post-dryout

data. The correlation is not directed specifically at dispersed flow, but encompasses much data

at the very high qualities which would be characteristic of dispersed flow. The correlation in-

cludes nonequilibrium effects, but assumes the total wall heat flux can be calculated as con-

vective heat transfer to a superheated vapor. In fact, many of the dispersed flow heat transfer

correlations stem from the basic turbulent forced-convection relation

Nu = Rea Prb. (4-2)

Slaughterbeck[ 2 ] has summarized a number of these correlations and compared them with

data.

The difficulty of applying the above correlations lies in the fact that the majority of available

FLECHT data have vapor Reynolds numbers well below accepted fully developed turbulent

values (Re = 6-10 x 103).

lloeje[3] on the other extreme, examined in detail the behavior of each drop as it impacted

and boiled or simply approached the wall and was driven away by pressure forces due to

vapor generation. In the resulting model, heat flux is made up of three components: (1) heat

flux due to droplets impacting the wall; (2) heat flux due to droplets approaching the wall;

and (3) forced convection. At very high wall superheats typical of FLECHT, the first two

components become small and the model is reduced to a form similar to those described above.

1. Groeneveld, D. C., "Prediction of Thermal Non-Equilibrium in the Post-Dryout Regime", Nuclear Engineering and Design

30, pp. 17-26, 1976.

2. Slaughterbeck. D. C., Ybarrondo, L. J., Obenchair, E. F., "Flow Film Boiling Heat Transfer Correlations Parametric Study

with Data Comparisons", ASME-AICHE Heat Transfer Conference, Atlanta, Ga., August 5-8, 1973.

3. Iloeie, 0. C.. Rohsenow, W. M., Griffith, P., "Three-Step Model of Dispersed Flow Heat Transfer, "ASME Winter Meeting,

Houston, Nov. 30-Dec. 4, 1975.
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In the models and correlations reviewed above, the forced convection relations were applied

without regard to the effect of droplets on velocity and temperature profiles. It is apparent
from figures 4-15 to 4-18 that the vapor Reynolds numbers in the FLECHT low flooding

experiments are in the laminar to transition range and preclude application of turbulent con-
vection correlations with any degree of confidence. The effect of droplets on a turbulent

flow field may indeed be negligible. Droplet evaporation and generation of turbulence by

droplet slip are not negligible in a laminar flow. These effects should work to flatten sig-
nificantly the velocity and temperature profiles which would otherwise be parabolic in fully

developed laminar flow. In the transition range, the application of any forced convection
correlation is somewhat equivocal.

A further deficiency of most dispersed flow models is the neglect of radiant heat transfer to

drops and colder surfaces in the bundle. Preliminary estimates for the FLECHT conditions
indicate these are potentially significant heat transfer mechanisms. One model which appeared

to be most representative of the FLECHT experiments was that of Sun, Gonzales, and

Tien.[ 11 This model solved the problem of laminar flow with dispersed droplets evaporating
in the flow. Vapor superheat and radiation from walls to vapor and drops was permitted.'

A closer examination of the applicability of the model to the FLECHT experiments turned

up a number of difficulties. Specifically, the model:

* Neglects surface to surface radiation

* Neglects turbulence caused by drops

* Neglects turbulence in the flow (transition regime)

• Uses tube geometry rather than a rod array[21

* Assumes fully developed flow (neglects d/dz terms)

* Requires input drop size

These difficulties are of sufficient magnitude that the Sun, Gonzales, and Tien method could
not be used in toto. A simple model described in the following section is being pursued and
makes use of the radiation terms of the Sun, Gonzales, and Tien model but eliminates most

of the above problems.

1. Sun, K. H., Gonzales, j. M., and Tien, C.L. "Calculations of Combined Radiation and Convection Heat Transfer
in Rod Bundles under Emergency Cooling Conditions", ASME-AICHE 15th National Heat Transfer Conference,

San Francisco. 1975.

2. Sparrow has shown that for the same hydraulic diameter, a triangular rod array has a fully developed laminar

Nu number almost a factor of two higher than a tube. See Sparrow, E. M.. Loeffler, A. L., Jr., Hubbard, H. A..
"Heat Transfer to Longitudinal Laminar Flow Between Cylinders," ASME Trans., Journal of Heat Transfer,
pp. 415-422. Nov. 1961.
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Forslund[ 1] also used a multi-step approach to heat transfer. The model for heat transfer to

drops simply uses an existing correlation for the evaporation of droplets falling by gravity on

a highly superheated horizontal plate. Once again, however, as wall superheats become increas-'

ingly large, this contribution of droplet heat transfer becomes smaller.

Heat transfer in the models reviewed invariably is reduced to turbulent forced convection for

very high wall superheats typical of FLECHT. The fraction of total wall heat flux made up

by single phase forced convection was examined for the cosine data in WCAP-8838. Vapor

Reynolds numbers are known from mass flow, quality, void fraction, and vapor temperature

data. A Nusselt number can be formulated assuming that the measured wall heat flux is dom-

inantly forced convection,

D (qt - crv)

(Nu)D = k- (Tw (4-3)

Where qt is the total wall heat flux. The term qrv represents radiation to vapor which was

calculated and subtracted from the total wall heat flux. Radiation to vapor was typically

small, of the order of five percent of total wall heat flux.

The results of plotting (Nu)D versus Reynolds number were presented in WCAP-8838 for the

cosine data. Figure 4-12 from that report is repeated (slightly modified) as figure 4-15. The

commonly used fully developed laminar and turbulent correlations for forced convection are

plotted for reference. It can be seen that the data bear little relation to the correlations.

Figures 4-16, 4-17, and 4-18 present the skewed data for 7, 10, and 11.5 feet, respectively,

in the same format. The relationship between the skewed data and the correlations is essenti-

ally equivalent, though vapor Reynolds numbers extend to higher values, particularly at the

11.5-foot level.

Some selectivity has been exercised in plotting the data on figures 4-15 to 4-18. The steam

probes can only be expected to be effective when the thimbles which enclose them cannot

be wetted by drops which will subsequently be ingested in the sampling ports. To prevent

consideration of these types of data, only data with vapor temperatures >750'F were con-

sidered. Further, the elevations with negative axial wall temperature gradients (10 feet for

cosine, 11.5 feet for skewed) occasionally had measured vapor temperatures greater than the

rod temperature. Nusselt numbers for these were often quite erratic. Inclusion of these

points with convective heat transfer from vapor to wall would probably confuse an already

difficult problem. Consequently, these data will be ignored for the present.

1. Forslund, R. P., Rohsenow, W. M., "Dispersed Flow Film Boiling", ASME Trans. Journal of Heat Transfer, pp. 399-407,

Nov. 1968.
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4-4. HEAT TRANSFER ABOVE THE QUENCH FRONT

Alternatives for developing a mechanistric model of heat transfer above the quench front

for the FLECHT Low Flooding Rate Series have been examined. Existing models and cor-

relations have been considered for their potential applicability to the FLECHT experiments.

A model which will permit calculation of the various heat transfer mechanisms contributing

to heat transfer above the quench front is proposed.

The physics of the flow regime above the quench front has been deduced from the low

flooding rate test data coupled with mass and energy balance calculations. The data indicates

a high void fraction (0.95 to 1.0) of dispersed flow with a large degree of nonequilibrium.

Typical vapor superheats range up to 1500 *F. Mass velocities are quite low (0.02 x 106

lbm/hr-ft 2 ). The low mass velocity and high vapor temperature results in calculated vapor

Reynolds numbers in the laminar and transition ranges (1300 to 10,000).

Evaporation of drops represents a significant heat sink, particularly at upper elevations. This,

coupled with slip between drops and vapor, can be expected to lead to relatively flat

undeveloped) velocity and temperature profiles. In spite of significant droplet evaporation,

wall superheats are so high that above the quench front 700 to 20000 F, droplet contract

with the wall is not anticipated.

4.5. PROPOSED MODEL FOR IDENTIFICATION OF
HEAT TRANSFER MECHANISMS

The model described below is designed to back out the individual heat transfer mechanisms

maximizing the use of the FLECHT low flooding rate data. The basic form of the model is

assumed to be as follows:

qt = qcv + qrv + qrd + qr (4-4)

Total Convection Radiation Radiation Radiation
Wall = to + to + to + to Other

Heat Flux Vapor Vapor Drops Surfaces

This model is slightly different than the model proposed in WCAP-8838 in that no film

boiling term is included. Film boiling is not a basic heat transfer mechanism. Most film

boiling correlations are reduced to convection or conduction problems with the liquid

simply establishing the temperature gradient. In the case of FLECHT above the quench

front data, no droplet contact with the wall is expected. Evaporation of the droplets is

assumed to modify the radial vapor temperature profile which becomes a factor in deter-

mining qcv"
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Calculation of qcv is the most problematical of the four terms on the right-hand side of

equation (4-4). Complicating factors in calculation of convective heat transfer are the laminar-

to-transition range Reynolds numbers, and evaporating droplets slipping with respect to the

flow, thus generating turbulence. The approach used is'to calculate the radiative terms on

the right-hand side of equation (4-4) and then use the measured total wall heat flux, q"
I,

combined with equation (4-4) to calculate qcv"

Radiation to vapor and droplets is calculated using the method of Sun, Gonzales, and Tien.

The calculation of qrd requires the knowledge of droplet size and volumetric number density.
A tentative model has been developed for calculating these quantities from the axial mass

velocity, quality and vapor temperature data available from the FLECHT program (FLECMB

output).

Radiative heat transfer to other surfaces is estimated from the heat flux at time zero

(qt, at t = 0% The variation of radiation to other surfaces with time has already been
examined using the MOXY code. A correction for the presence of absorbing media (drops

and vapor) has been added.

Details of the calculations of droplet size and slip and the radiative terms are presented in

the subsequent sections and their associated appendices B and C.

4-6. CALCULATION OF RADIATION TO VAPOR AND DROPLETS

Radiation to vapor and droplet will be calculated using the method of Sun, Gonzales, and

Tien. Assuming that the droplets and the vapor are optically thin media, we can then

represent the system by an equivalent electrical network as shown in figure 4-19. The medium

is said to be in the optically thin regime when the optical thickness is defined as:

TO = (av + ak + sq) Dh (4-5)

and is much smaller than one.

where: av, a8 = absorption coefficient of vapor and droplet, respectively

sQ = scattering coefficient of droplet

This condition may not be fully satisfied in the dispersed flow regime above the quench front.

The typical optical thickness above the quench front is of the order from 0.1 to 1, but it

is believed that the model could still be used with confidence. A full list of model and cal-
culational assumptions is given in appendix B. Each node in the network represents one
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medium (wall, vapor, and droplets). Calculation of the radiative components 4rd and qrv

can be made at any elevations where the wall, vapor, and droplet temperatures are known.

Droplets are assumed to be at saturation temperature. The wall and vapor temperatures are

known at steam probe locations.

Emissivity (absorptivity) of the vapor (ev) is calculated by integrating a vapor absorption

coefficient over a mean beam length determined from the rod array geometry. Absorption

coefficient is a property of the vapor. Droplet emissivity (absorptivity) is similarly determined,

except that the absorption coefficient of the droplet medium is a function of droplet size

and number density. For a given droplet size, number density can be determined from

quality and slip. Although quality can be calculated from the data, droplet size and slip are

unknown. Droplet size observed from the FLECHT movies were not used except as a guide

because:

" The film speed was usually not fast enough to be able to capture the faster moving

drops.

" The drops observed from the housing windows are believed to be much larger then

the average drop size in the bundle. This is due to the larger gap between the hous-

ing and the bundle and the lower housing temperature in the cosine tests.

" In the skewed profile tests, the window tended to wet thereby obscuring the view

of the droplet flow.

Lack of knowledge of droplet size and slip represents a gap in the FLECHT data which

complicates calculations of the heat transfer mechanisms and requires the introduction of

many somewhat arbitrary assumptions. The model developed for calculating droplet size

and slip is described in the next section. Detailed equations for the application of the method

of Sun, Gonzales, and Tien are given in appendix B.

4-7. CALCULATION OF DROPLET SIZE AND SLIP

Quasi-steady state is assumed in the following discussions. Assuming the droplets do not

break up as they move up the bundle, one can compute the droplet diameter as a function

only of quality and the initial droplet diameter by a simple mass balance. The equation of

motion of the droplet is given by a balance of the drag and gravitation forces. Assuming

that the initial conditions are known, droplet size and slip at the quench front, and using
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the quality and vapor temperature given along the bundle, one can easily compute the drop-
let velocity and hence vapor velocity and slip at any elevation by integrating the equation

of motion. That is,

u~(z) = U 2 (ZQ) +Q f z du) dlz (4-6JZot dz

where

u£ = droplet velocity

ZQ = quench front elevation

The quality and the vapor temperature along the bundle are obtained by linear interpolation
between the steam probe elevations.

A computer program was written to study the effect of the initial slip or equivalently,
initial void fraction on the droplet velocities along the bundle. The result of this study is

given in appendix B. For a given initial droplet diameter, the droplet velocity, and hence

vapor velocities and slip, at more than six inches from the quench front is essentially in-

dependent of the initial estimate of the slip. An overestimate (underestimate) of the slip
is compensated for by an overestimate (underestimate) of the drag force. Hence, the initial

droplet diameter is the critical assumption in the whole calculation.

A literature search was conducted to find a model or correlation that could predict the
droplet diameter at the quench front. The search, however, seems to indicate that no exist-
ing literature would give a reasonable prediction of the droplet size. A study on the motion

of the droplets at the. quench front using typical FLECHT data shows the following peculiar
behavior. At low quality, the droplets of a given diameter move with essentially constant
speed with magnitude less than one foot/sec until the quality increases to a critical value
beyond which the droplets start to accelerate rapidly. Conversely, for a given quality at the

front, there exists a maximum droplet diameter above which the drops will move very slowly

above the quench front with essentially no acceleration. The result of this study is based on

calculations using typical FLECHT data. The equations used for the calculation are given in
appendix B. Inspired by these observations, a simple model was developed to estimate the

droplet diameter based on the physical arguments:

" The droplets entrained at the quench front must be moving at reasonable speed

and acceleration.

" The Weber number of the droplet is smaller than the critical Weber number:

We < (We)cr = 7.5
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The droplets are small enough to be entrained; that is, the equilibrium velocity of

the droplet must be greater than zero.

Due to the uncertainty in the production of droplet size, it is important to study the result-
ing heat transfer components to see how they are affected by the choice of droplet diameters.
It was found that the radiation to droplet component of the total wall heat flux was approx-

imately 8 to 15 percent of the total wall heat flux, while the total radiation components

were 25 to 35 percent of the total wall heat flux. Therefore, it is felt that the resulting
convective portion of the total wall heat flux is not overly sensitive to the droplet size used.
The detailed mathematical development of the model and the derivation of the equations
used to determine the slip and droplet number density are given in appendix B.

4-8. CALCULATION OF SURFACE-TO-SURFACE RADIATION

Analysis of heat transfer mechanisms is being done for a group of central hot rods. The pres-

ence of colder rods and thimbles provides the source for surface-to-surface radiation. Estimates
of surface-to-surface radiation have indicated that it is not a negligible quantity in the FLECHT
experiments. Studies using the MOXY[ 11 code showed that radiation made up essentially 100
percent of the total heat flux at flood time, as expected. At turnaround time, radiation still

constituted 20 to 35 percent of the hot rod heat flux. These estimates are high, since the
MOXY code does not provide for an absorbing medium between the rods. A model is

needed, however, to predict surface-to-surface radiation.

The model chosen for surface-to-surface radiation is quite simple.

Si ii Igo = go Ar (4-7)
t=O

where

I t = Hot rod heat flux at flood (Btu/hr-ft 2 )

Ar = Attenuation factor due to absorption by droplet/vapor medium

Surface-to-surface heat flux is assumed constant during the run except for the attenuation of

the medium which varies with fluid conditions.

The MOXY analysis (no medium) indicated that surface-to-surface radiation heat flux increased
as the bundle heated up after flood and then decreased as the bundle cooled. A model which

1. Evans, D. R., "MOXY, A Digital Computer Code for Core Heat Transfer Analysis", IN-1392. August 1970.
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reproduced this expected trend was also developed. This model gave excessively high surface-

to-surface radiation under some circumstances and is not used in the present heat transfer

mechanism analysis.

The MOXY analysis results and the details of development of the two surface-to-surface
radiation models are given in appendix C.

4-9. CALCULATED WALL HEAT FLUX RESULTS

The method of calculating each radiation wall heat flux component was programmed into a

calculational technique called HEAT-Il. The HEAT-Il program read the output from the mass

and energy balance calculation on the bundle and calculated each wall heat flux component.

As indicated earlier, the radiation wall heat flux components were individually calculated,

but the connective wall heat flux was obtained as a difference between the total measured
value and the sum of the radiation components.

Examples of the calculated wall heat flux components are shown in figures 4-20 to 4-23
for Run No. 15305. The wall heat flux components normalized on the total wall heat flux

are also shown in figures 4-24 and 4-25. It can be seen from the normalized fluxes, that the

sum of the radiation terms is approximately 30 to 50 percent of the total, leaving the
convective wall heat flux, which is calculated by the difference of the total, leaving the
terms, to be approximately 50 to 70 percent of the total wall heat flux. These values are
relatively constant over the transient. Since the convective wall heat flux is obtained by a

difference method, it would have the largest error of any component. Therefore, care must

be used in interpreting the results and probably differences of less than 10 percent of the

convective heat flux values are with the uncertainty range of the calculation.

However, using the calculated convective wall heat flux value, a convective Nusselt number

can be formed and should more accurately represent the convection process occurring in the

bundle rather than the data Nusselt number given in paragraph 4-4. The convective Nusselt

number can be calculated from qcv as

D (q" - qrd - qrv - qr) D qc(
Nuc = __ _T _rr 'P -(4-8)

kv Tw- Tv kv (Tw -TV)

Values of Nuc were obtained for both the skewed and cosine profile tests at each location

where steam probed information existed. Again, steam probe data with temperatures less

than 7500F were not used. Examination of the values of Nuc and the vapor Reynolds
number were relatively constant from before turnaround to just before quench when the vapor

temperature decreased sharply.

4-32



1.0
FLECHT LOW FLOODING RATE SERIES - RUN NUMBER 15305

SUR-SUR RADIATION

3 0.8
I.-.
LU

0.6

LiNi •10 FT

4)~ U_-

CA) .

0.2 1

0

0 100 200 300 '100 500 575
TIME (SECONDS)

Figure 4-20. Calculated Surface-to-Surface Radiation Heat Flux C
Versus Time for Run No. 15305 L



1.0

FLECHT LOW FLOODING RATE SERIES - RUN NUMBER 15305
RADIATION - VAPOR

0.8
-J
U-
I--

7 FT
O 0.6

w -

I--

0s.-

00

-J 0•

0 100 200 300 400 500 575
TIME (SECONDS)

Figure 4-21. Calculated Wall-to-Vapor Radiation Heat Flux
Versus Time for Run No. 15305



1.0

FLECHT LOW FLOODING RATE SERIES - RUN NUMBER 15305
RADIATION - DROPLET

0.8

U-

.4

0 0.6 7 FT

CA) 0.4
--

w-j

0"-0

000

o1-

Co

Figure 4-22. Calculated Wall-to-Droplet Radiation Heat Flux 111.

Versus Time for Run No. 15305



5

FLECHT LOW FLOODING RATE SERIES - RUN NUMBER 15305
CONVECTIVE WALL - VAPOR

0

7 FT

10 FT

I I I I I
0 100 200 300

TIME (SECONDS)

L.00 500 575

Figure 4-23. Calculated Convective Wall-to-Vapor Heat Flux
Versus Time for Run No. 15305 C)

OD



I .25
FLECHT LOW FLOODING RATE SERIES - RUN NUMBER 15305

NORMALIZED HEAT FLUX - 7 FT

1.00

0.75

I-/FS0.50 WALL-VAP

WALL-DROP

SUR-SUR

0.25

0

0 100 200 300 40o 500 575
TIME (SECONDS)

Figure 4-24. Components of Normalized Wall Heat Flux Versus
Time at 7 FT for Run No. 15305



I .25

-J

.- j

I .00

0.75

0.50

0.25

0
0 100 200 300 100

TIME (SECONDS)
500 575

Figure 4-25. 0Components of Normalized Wall Heat Flux VersusTime at 10 FT Run No. 15305



The vapor Reynolds number was also calculated from the total mean flow, nonequilibrium
quality, and the measured vapor temperature. It can be shown from the linear dependency of

the steam viscosity on temperature, and the inverse dependency of the steam density on

temperature that the vapor Reynolds number is proportional to

Ug

Re x - (4-9)
TV2

Examination of the calculated steam flow rate and measured vapor temperature indicated

that both peak early in the transient then decrease with time. However, the 1/lv2

relationship for the vapor Reynolds number results in a near constant vapor Reynolds number

as the test proceeds, until the quench front approaches. As the quench approaches, the
vapor temperature quickly decreases toward the saturation temperature and the vapor

Reynolds number correspondingly increases. This behavior is shown in figures 4-26 and 4-27.

The convective Nusselt numbers were also examined and found to be relatively constant from
before turnaround to just before quench where the steam temperature is greater than 750'F.

Both cosine and skewed power tests were analyzed to calculate the convective Nusselt
number at 7 and 10 feet for the cosine and 7, 10, and 11.5 feet for the skewed power
shapes. The resultfs_ calculation for the convective Nusselt number is shown in figure 4-28.
The same data wi:!; bands which indicate the vapor Reynold number and convective Nusselt
number variation are shown in figure 4-29. Usually, the variation was approximately
25 percent or less.

As the data in figure 4-28 indicate, the vapor Reynolds number range is still in the transition
region (3000 - 6000). The convective Nusselt number, however, is larger than one would

calculate from single-phase vapor flow and lies above the extrapolation of the Dittus-Boelter[1 ]
equation to lower vapor Reynolds numbers. It is believed that the convective Nusselt number

at these low vapor Reynolds numbers is improved by the presence of drops in the dispersed

two-phase flow. The drops would increase the low levels of turbulent mixing in the vapor
flow by slipping relative to the vapor flow, generating low temperature steam by evaporation,

and by interacting with the grids to form new size drops in the flow. All these effects would
increase the convective capacity of the dispersed flow resulting in a larger convective Nusselt

number.

1. McAdams, W. H., "Heat Transmission," McGraw Hill Book Co., Inc. 1954
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To further study the convective Nusselt number at these low vapor Reynolds numbers, the

FLECHT data were examined at early times before liquid entrainment was observed in the

tests. There were only a few tests which could be examined in this manner and for which

good movies were available. Also, only those tests were examined in which the steam probe

data indicated no significant lag time. The HEAT-Il calculations were prepared using a

quality of unity at each steam probe location and both the surface radiation and radiation-to-

vapor terms were subtracted from the total wall heat flux to obtain the convective portion.

The radiation-to-drops term was zero. All convective fluxes which were less than 10 percent

of the total wall heat flux were ignored, since it was felt that they were within the accuracy

of the calculation. The resulting Nusselt numbers for the pure steam case are shown in

figure 4-30.

Each point for a given run represents a different time. As time increases, the calculated

Nusselt numbers and vapor Reynolds numbers increase, and the points move upward toward

the upper right-hand side of the figure. Comparing the points in this figure, and the data in

figure 4-28 where the flow is two-phase, a significant improvement can be observed in

the convective Nusselt number at the same vapor Reynolds number. Improvements of factors

of 2 to 4 can be observed over the single-phase data. This improvement-is believed to be due

to the droplets which enhance the convective nature of the flow.

4-10. COMPARISON OF COSINE AND SKEWED PROFILE WALL
HEAT FLUX RESULTS

The two most sensitive parameters which effect reflood heat transfer are the system pressure

and the flooding rate into the bundle. Parametric comparisons of the calculated wall heat

flux components for pressure and flooding rate variation for both the skewed and cosine

test results are given in appendix A. These results should provide the reflood code developer

with a larger data base with which he can compare his reflood model.

One trend which was observed in the skewed reflood tests was that the temperature rise was

usually less than or equal to, the peak temperature rise for the cosine tests at the same

conditions, even though the peak power zone for the skewed test was four feet higher in the

bundle. Runs No. 05029 (cosine) and 15305 (skewed) were compared in detail in an attempt

to find out why.

The test conditions for these two runs are given in table 4-1. Figures 4-31 to 4-33 show a

side-by-side comparison of these two runs. The turnaround time for each is labeled on each

graph. Note that the seven-foot elevation must be used for comparison with the cosine data

since no six-foot steam probe was available. Therefore, the comparison is not as exact as one

would wish it to be.

4-44



11 ,863-213

5

2

10 2

GO

5

2

10'

5

2

100

102 2 15 03  2 5 I04 2
VAPOR REYNOLDS NUMBER

5 I05

Figure 4-30. Nusselt Number Dependence on Vapor Reynolds Number for Selected
Cosine and Skewed Runs. (In Presence of Steam Only.)

4-45



TABLE 4-1

COMPARISON OF SKEW TEST 15305 TO COSINE TEST 05029

Peak Tclad Flooding Tmax
Run Pressure Power ATsub Initial Rate at z ATrise tturn
No. (psia) (kw/ft) (0 F) (OF) (in/sec) (0 F) (0 F) (sec)

15305 40 0.7 140 1603 0.8 2034 158 620

05029 40 0.73 141 1600 0.85 2075 475 102
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Since the concern is the maximum temperature rise, the discussion will primarily concern the

heat transfer up to turnaround time. As figure 4-31 indicates, the mass flow is nearly the

same for the two runs, but the quality is higher for the skewed test, resulting in a higher

vapor flow.

Comparing the wall heat flux components in figure 4-32, the indication is that the average

wall heat flux up to turnaround for the skewed test is larger. Also, both the rod-to-vapor and

convective wall heat flux components are larger for the skewed case as compared to the

cosine. The cosine did have a larger surface-to-surface radiation term than the skewed; however,

the two larger skewed wall heat flux terms then offset the larger cosine surface radiation term.

The convective Nusselt number and Tw - Tvapor plot given in figure 4-33 indicate nearly

the same Nusselt numbers when the Tw - Tvapor temperature difference is the same. The

unusual Tw - Tvapor plot for the skewed data indicates that the seven-foot steam probe

was not initially bled and lagged the rod temperatures significantly for the first 25 seconds.

This procedure was changed in the skewed tests and more accurate steam probe data were

obtained earlier in time.

While these tests tend to indicate nearly the same results, it does appear that the higher

quality for the skewed test does give a high vapor flow past the hot spot. The higher

vapor flow apparently allows a larger rod-to-coolant AT as shown in figure 4-33, which

helps to give a larger wall heat flux. A secondary effect is the larger droplet radiation

component for the skewed test. Both of these effects help to limit the temperature rise of

the skewed test relative to the cosine test.

4-50
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SECTION 5
MASS FLOW ABOVE FROTH LEVEL

The model for calculating the mass flow above the froth level (mass effluence) has been

formulated by Yeh et al1] and Lilly et al.12] The model utilizes the Lagrangian method of

describing fluid motion to compute the fluid velocity and steam generation, and uses the Yeh

void fraction correlation to compute the void fraction below the quench front. The rate of

mass effluence, rnf, is then computed by:

r f = rin 1 - -1 dZLf(t) - mi f 15-1)

where mhin and Vin are the inlet mass flow rate and velocity, respectively, ZLf(t) is the

collapsed liquid height (i.e., net liquid if all bubbles were collapsed) below the froth level.

Froth level is defined as the interface between the region of continuous vapor phase (dis-

persed flow) and the region of continuous liquid phase (flow boiling), and f'= rhf/frin is

the mass effluent ratio. In FLECHT cosine power low flooding rate tests, the froth level

detected from the pressure drop data was found to be in the scattering band of the quench

front data. Therefore t;,e froth level and quench front elevation are assumed to be the same

for the low flooding rate. The collapsed liquid level ZLf(t) is obtained by computing the void

fraction and integrating the liquid up to the froth level. The void fraction is obtained by

computing superficial steam velocity (steam volumetric flux) and using Yeh's void fraction

'correlation. The superficial steam velocity is obtained by computing heat release from the

heater rods. The calculated mass effluent ratio, I'f, and the void fraction for the FLECHT

cosine power low flooding rate tests are in good agreement with data.[121

The model can be applied to the recent FLECHT skewed power tests.1 31 As in the cosine

power tests, the froth level was found to be in the scattering band of the quench front data

for the low flooding rate. Therefore, the froth level is assumed, to be the same as the quench

1. Yeh, H. C., and Hochreiter L. E., "Mass Effluence During FLECHT Forced Reflood Experiments", Trans. Am. Nucl.

Soc., Vol. 24, 301 (1976).

2. Lilly, G. P., Yeh, H. C., Hochreiter L. E., and Yamaguichi N., "PWR FLECHT Cosine Low Flooding Rate Test
Series Evaluation Report," WCAP-8838, March 1977.

3. Rosal. E. R., Conway, C. E., and Krepirevich. M. C., "FLECHT Low Flooding Rate Skewed Test Series Data
Report," WCAP-9108, May 1977.
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front elevation for a low flooding rate. Figure 5-1 plots the froth level as detected from

pressure drop data, the quench front elevation, the collapsed liquid level, and the saturation

line. Figure 5-2 shows that the calculated average void fraction for every one-foot interval is

in good agreement with that reduced from pressure drop data.

To compare the calculated rf we note that since the void fraction is high above the froth

level and the mass storage, and hence the rate of mass storage, is small above the froth

level, the mass flow ratio, rf, above the froth level should be about the same as the ratio of

mass flow out of the bundle, P0 . This is confirmed for the cosine power bundle by com-

paring the calculated rf with the measured PQ. 111 Figure 5-3 shows that this is also true for

the skewed power bundle.

The pressure drop data indicate that in runs in which the flooding rate is equal to or

greater than 3 inches/sec, the froth level is higher than the quench front elevation, which

means that there is film boiling above the quench front for these runs. Since an appropriate

method for computing the void fraction is not available at present, the calculation for these

runs was not made.

Appendix E contains additional comparisons of the collapsed liquid level, the void fraction,

and the mass flow ratio, rf, above the froth level for low flooding rate.

From the agreement of the above comparisons and the comparisons from WCAP-8838 with

the calculational results of the model and the test data, for both the cosine and the skewed

power shape it can be inferred that the model is applicable to any power shape.

1. Lilly, G. P., Yeh, H.C., Hochreiter L.E., and Yamaguichi N.. "PWR FLECHT Cosine Low Flooding Rate Test
Series Evaluation Report," WCAP-8838, March 1977.
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SECTION 6

HEAT TRANSFER CORRELATION

6-1. INTRODUCTION

The existing FLECHT correlation(1] was derived from the data of FLECHT cosine power

shape tests. It is desirable to have a heat transfer correlation which is derived from a more

general basis and which can be used for any power shape. This is the motivation for the

proposed correlation discussed in this section.

The rationale for the proposed correlation is that the heat transfer coefficient is primarily

a function of the distance from the quench front. This idea was suggested from various

references. In WCAP-7665[21 the higher heat transfer coefficient of the Zircaloy cladding

tests over that of the stainless steel cladding tests was explained. Because the quench front

velocity of the Zircaloy cladding is larger than that of the stainless steel cladding, the dis-

tance from a given elevation to the quench front at a given time is shorter for Zircaloy

cladding than for stainless steel cladding. In an ASME paper,[31 the heat transfer coefficients

of German reflood test data were plotted against the distance from the bundle water head

aT shown in figure 6-1. The plot seemed to collapse all test data within a reasonably narrow

scattering band. Although the water head is in general somewhat smaller than the quench

front elevation, the plot suggests that the heat transfer coefficient can be correlated with the

distance of this sort. In WCAP-8838 there is a plot of heat transfer coefficient versus eleva-

tion which appears to be similar for all curves at all times. This also suggests that the heat

transfer coefficient can be correlated with a distance of some kind.

The reason that the heat transfer coefficient is primarily a function of the distance from the

quench front is because the heat transfer regime on unwetted cladding surface starts to

develop from the quench front. For high flooding rates, (larger than 3 in./sec) the film boil-

ing starts at the quench front. Immediately above the quench front the vapor film is very

1. Lilly, G. P., Yeh, H. C., Hochreiter, L. E. and Yamaguchi, N., "PWR FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.

2. Cadek, F. F., Dominicis, D. P. and Leyse, R. H., "PWR FLECHT (Full Length Emergency Cooling Heat Transfer)
Final Report," WCAP-7665, April 1971.

3. Riedle, K., et al., "Reflood and Spray Cooling Heat Transfer in PWR and BWR Bundles", ASME paper 76-HD-10 (1976).
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thin and stable. As the distance from the quench front increases, the thickness of the vapor

film also increases due to increasing vapor generation. As the distance from the quench front

further increases, the vapor film becomes so thick that it becomes unstable and the vapor-

liquid interface appears to be in wavy motion. This is called unstable film boiling. As the

distance from the quench front further increases, the vapor flow rate becomes so great that

the water becomes very turbulent and the vapor breaks the water into pieces and carries

them up. This is the dispersed flow region. The pattern of these heat transfer regimes moves

up with the quench front. Therefore the heat transfer coefficient is expected to be primarily

a function of the distance from the quench front. For low flooding rates (less than 3 in./sec),

the film boiling regime above the quench front is either negligible or missing, and the flow

regime above the quench front is essentially dispersed flow. The vapor comes out of the

quench front at essentially the saturation temperature or slightly superheated. The vapor

temperature increases with increasing elevation. According to the FLECHT definition of heat

transfer coefficient, which uses the saturation temperature as a sink temperature, the FLECHT

heat transfer coefficient hFLECHT is related to the real heat transfer coefficient hreal by

hFLECHT " ( ww - Tapor hreal (6-1)

The vapor temperature Tvapor increases with elevation; the FLECHT heat transfer coeffi-

cient, hFLECHT, ,.•reases although the real heat transfer coefficient, hreal, may increase

due to the increas(. of vapor velocity. This pattern of heat transfer regime also moves with

the quench front elevation. Therefore the heat transfer coefficient also is expected primarily

to be a function of the distance from the quench front.

An analytical expression of the heat transfer coefficient was obtained by Ellion[1 ] for film

boiling which shows that the heat transfer coefficient is inversely proportional to the 1/4th

power of the distance from the quench front. Although Ellion's equation underpredicts the

FLECHT data, it does show the dependency of the heat transfer coefficient on the distance

from the quench front.

The main feature of the proposed heat transfer correlation is that the integral of power and

and the local initial temperature, are used rather than the peak power and the peak initial

temperature. This is different from the correlation in WCAP-8838.

1. Ellion, M. E., "Study of the Mechanism of Boiling Heat Transfer", Jet Propulsion Laboratory, ClT,

Memorandum No. 20-88.
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As in the previous FLECHT correlation, (WCAP-7665) the present correlation consists of two

independent sub-correlations:

" Quench correlation (the Z -correlation) which predicts the quench front
elevation as a function of lime.

" Heat transfer coefficient correlation (the h-correlation) which predicts the
heat transfer coefficient as a function of the distance from the quench
front, Z-Zq.

Unlike the previous FLECHT correlation, in the present correlation the heat transfer coeffi-

cient is a function of the space variable, Zq instead of the time variable, t. The heat transfer

coefficient can be computed as a function of time using the quench correlation which bridges

the space variable (Zq) and the time variable (t).

6-2. QUENCH CORRELATION (THE Zq-CORRELATION)

The quench front elevation Zq can be computed from the tq6ft correlation in WCAP-7665.

The tq6ft correlation is used to predict the quench time at the peak power elevation, 6 ft,

of the FLECHT cosine power rod bundle. However, it can be used to predict the quench

time of any power shape at any elevation by using the ratio of the integral of power, Qr,

defined below as a parameter.
Zq / oZpeak

Qr f• 0o 0' (Z)dZ/ e Q'(Z)dZ

00

where Q'(Z) is the linear power (kw/ft) at the elevation Z. It has been shown in WCAP-8838

and WCAP-8838[11 that the quench time is proportional to the heat input below the quench

front. The heat input below the quench front can be reasonably approximated by the integral

of power below the quench front.

1. Blaisdell, J. A.. Hochreiter, L. E., and Waring, J. P., "PWR FLECHT-SET Phase A Report." WCAP-8838.

December, 1973.
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The tq6ft correlation of WCAP-8838 is given by

tq6ft = 98.39 [exp (-0.0107 ATsub) { 1 - exp (-0.667 Vin)}

{1 + 0.5 exp (-0.000037p3 + 1.3 exp (-0.111 Vin 2 )

+ 17.3 exp (-0.000037p 3 ) exp (-0.49 Vin2)} (1.207 Q'maxtq1 .5 -0.667)

+ {3.28/Vinl' -2.8 exp (-Vin)j (1 + 0.5 exp (-0.000037p3)}]

[1 + 0.0000588Tinit - 1.05 exp (-0.0025 Tinit)] [1 + 0.5/ (1 +

50** (2-0.667 Vin)} 1 [1 + 0.32/ {1 + 50"* (5-0.1 P)} 1 (6-2)

where "**" denotes the exponentiaton to avoid possible confusion and

Q'maxtq = equivalent peak power (kw/ft) obtained by multiplying Q'max
by the ratio of the time integrals of current power decay curve
and power decay curve B, as given in WCAP-7665. If the radial
power shape is uniform, O'maxtq is multiplied by the factor 1.1.

The quench time tq (Zq) at any elevation, Zq, of any power shape can be computed from

tq6ft with Or as the parameter:

tq(Zq) - + Itq6ft (Or + 0.8 Qre 3 5 0 r -Vin Vn
0 Tiniteq (Zq) -400 fl

/(1+50 400- Tsat U (6-3)

where tq6ft is computed from equation (6-2) with Q'maxtq replaced by Q'eq and the peak

initial cladding temperature Tinit replaced by the local initial cladding temperature Tinit(zq),

which are defined by:

o'eq = Q'raxtq Or (6-4)
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Tinit(Zq) = (Tinit - Tsat) F(Zq) + Tsat (6-5)

where

Tinit = initial cladding temperature at the peak power location.

F(Z) = power at the elevation Z divided by peak power W'max

and f is given by

f = 1 + 1.5 [1-exp {-1.613 (Q'eqmax -1.25) ]

/(1 + 50"* f-80 (O'eqmax -1.25) 1 (6-6)

where

O'eqmax = Q'maxtq Qr(Zmax)

Zmax = peak power elevation

In heat transfer calculation, it is necessary to compute the quench front elevation, Zq, as a
function of time, t. This can be accomplished by first computing the quench front

velocity Vq

Vq = (Zq+AZq) - Zq (6-7)
iq(Zq+LZq) - tq(Zq)

where tq(Zq+AZq) and tq(Zq) are the quench time computed from equation (6-3). Then

compute the quench front elevation Zq by

t

Zq = Jo Vqdt (6-8)

Zq(t+Lt) = Zq(t) + VqAt (6-8a)
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It should be noted that the time t in equation (6-8) is not necessarily the same as the

quench time tq which is computed from equation (6-3). For a constant flooding rate case,

t and tq are identical. For a variable flooding rate case, however, t and tq are different.

This can be illustrated by considering a variable flooding rate case with flooding rate Vin1

at an early time and Vin2 after time tA (figure 6-2(a)). The Zq versus tq curve computed

from equation (6-3) with the constant flooding rate Vini is represented by the curve OAC;

with constant flooding rate Vin2 is represented by the curve OA'A"B', as shown in figure 6-2(b)).

If we assume that for the variable flooding rate shown in figure 6-2(a) the actual time t is

equal to tq, then the Zq versus t curve would be OAA"A'B' with a discontinuity of Zq at

the time tA which is physically unrealistic.

The continuity of Zq can be preserved by the method described above. At t=tA, first com-
pute the quench front velocity VqA from equation (6-7).

(ZqA+AZq) - ZqA
VqA = tq(ZqA+AZq) tq(ZqA) (6-9)

then compute the quench front elevation by equation (6-8) or (6-8a)

Zq(tA+L6t) = ZqA + VqALt (6-10)

This is equivalent to shifting the curve A'B' to AB (that is, to shift the curve 0 A'B' to

O'AB). Thus, for the time larger than tA, the actual time t is not equal to tq, but t and

tq are related by

t = tq - (tAt)shift (6-11)

where (At)shift is the time shift represented by 0'0 in figure 6-2(b). It is apparent from
figure 6-2 that tq is the effective quench time if the flooding rate is constant at Vin = Vin2

from time 0' to time t. The time shift (At)shift (= 0'0) is due to the extra mass of water,

Vin1 - Vin2, which is injected into the bundle during the time interval 0 < t < tA as

indicated by the shaded area in figure 6-2(a). Thus the computation with equations (6-7) and

(6-8) or (6-8a) leads to a physically meaningful result.
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Figure 6-2. Schematic of the Quench Front Elevation Versus Time Curves
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The quench correlation has been compared with both skewed and cosine data and satisfac-

tory agreement has been obtained. Two such comparisons are illustrated for reference Runs

02833 (figure 6-3) and 15305 (figure 6-4). In general the correlation is more accurate at

lower bundle elevations corresponding to earlier quench times. This is due partly to basic

differences in measured quench data between skewed and cosine power profiles. For ex-

ample, the 12-foot-elevation in the cosine test tends to quench prior to 10 and 11 feet. This

trend is not as pronounced for the skewed profile run. Also the skewed quench curve is

more linear than the corresponding cosine quench curve. This different behavior is due to the

difference in power shape which has been handled properly in the correlation. Further sam-

ples of the quench correlation comparison with data are found in appendix E where

fourteen figures illustrate changes in quench time for a given parametric variation in run

conditions for both cosine and skewed tests.

6-3. HEAT TRANSFER COEFFICIENT CORRELATION (THE h-CORRELATION)

The heat transfer coefficient correlation is divided into three parts:

" The Early Developing Period

This period extends from the beginning of flooding to the time when the
heat transfer reaches a guasi-steady state (figure 6-5). During this developing
period the heat transfer mechanism changes from the radiation-dominated
prereflood condition to the single-phase steam flow. The mechanism then changes
to the dispersed flow when the steam velocity becores great enough to
carry droplets up the bundle. These changes were inCicated in the movies
taken during the FLECHT test by the appearance ot the first droplet.
Figure 6-6 shows that the heat transfer coefficient starts to increase at the
time of first droplets observed. Figure 6-7 shows that the time of first droplets
is primarily a function of flooding rate. For low flooding rate (< 3 in./sec)
the dispersed flow eventually becomes a quasi-steady state. For high
flooding rate (> 3 in./sec) the heat transfer mechanism further develops
into the unstable film boiling which becomes a quasi-steady state.

" The Quasi-Steady Period

During this period the heat transfer is essentially in a quasi-steady state. This
means that the heat transfer pattern moves with the quench front, that is,
the heat transfer coefficient versus the distance from the quench front is
essentially unchanged with time.

" Heat Transfer Coefficient Above the Peak Cladding Temperature Elevation

The situation for the elevation above the peak cladding temperature elevation
is different from that below the peak cladding temperature elevation and
therefore must be treated separately. Above the peak cladding temperature
elevation the steam temperature may be greater than the cladding surface
temperature, and the heat may be transferred from the steam to heater

6-9
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Figure 6-3. Comparison of Predicted and Measured Quench Elevation
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rods. The FLECHT definition of heat transfer coefficient, (saturation
temperature equal to sink temperature.) implies that the heat transfer
coefficient is negative. Below the peak cladding temperature elevation
the steam temperature never becomes greater than the cladding surface
temperature. Therefore the heat transfer coefficient never becomes
negative.

Figures 6-8 and 6-9 show that heat transfer coefficient increases with time during the early

developing period. Figures 6-10 and 6-11 show that the heat transfer coefficient versus the

distance from the quench front is practically unchanged during the quasi-steady period except

above peak cladding temperature elevation. Figures 6-8 through 6-11 show that the heat transfer

coefficient decreases as the distance from the peak cladding temperature elevation increases.

The three parts of the heat transfer correlation are as follows: (The transition between the

developing period and the quasi-steady period occurs when Zq is equal to Zs, which is

defined below.)

* Developing Period (Zq < Zs)

h = h1 [1 - exp (2.5 x-10)]

+ [h2 - h1  1 - exp (2.5 x-1O) ] [1 - e-x -0.9 xe-x 2 (6-12)

where

Zs = 1.833 Vin ** (0.5466 - 0.426 Vin)

x = 4 Zq/Zs

h1  = 3.67 Q'(Z) 1 - exp - (Tinit (Z) - 700)/435 1

h2 = h3 + 38 exp (-0.15 Vin) exp 1-1.2 (Z-Zq)}

h3 46 [1-exp (-0.25 Vin)]
2-1l. 8 P/Vin

[0.714 + 0.286 ( 1 - e ) ]

and Zq (ft) is the quench front elevation, Vin (in./sec) is the flooding rate,
and Q'(Z) (kw/ft) and Tinit (Z) (CF) are the linear power and the initial
cladding temperature at elevation Z at the beginning of reflood.
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a Quasi-steady Period (Zq > Zs)

h = h2 (6-13)

In the quasi-steady period the heat transfer coefficient is practically
independent of time. Therefore the expression for the heat transfer
coefficient is less complicated.

a Above Peak Elevation (Z > Zpeak)

h Q15.594 [11 - QZ exp {-0.0683 (Z - Zpeak) } (6-14)
01 (Zpeak)

where h4 is the heat transfer coefficient computed either from equation
(6-11) or (6-12), depending on the period, at the peak cladding temperature
elevation Zpeak.

A data reduction code, ALLTURN, was written to plot the average heat transfer coefficient
and associated standard deviation as a function of distance from the quench front. The h
versus Z - Zq correlation was also incorporated with this code to facilitate comparisons

between data and correlation.

Two different groups of thermocouple data are used in ALLTURN depending upon the
radial power profile. If the radial power profile is uniform then all good channels within the
inner 6 x 6 array are used to calculate an average quench time and average heat transfer
coefficient. In the case of the FLECHT radial power profile, the reduction scheme manipu-
lates only the 1.1 power rod thermocouple data within the inner 6 x 6 array.

Figures 6-8 to 6-11 were included to show developing and quasi-steady state periods.
Selected times have been extracted from these curves and replotted with the predicted
heat transfer Z - Zq correlation as shown in figures 6-12 through 6-14 (Run 02833)

and figures 6-15 through 6-17 (run 15305). Several oddities can be found in figures 6-12 to
6-14. First, the heat transfer rises abruptly at a large Z - Zq. This effect is caused by a
thermocouple at the 12-foot elevation (where the rod temperature is low) which quenches
early. Secondly, the stepped nature of the correlation curve is due to the stepped axial
power profile shape used in the FLECHT tests. In practical application to a reactor, the step
change will not occur, as the axial power shape of the reactor is generally smooth.
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Figures 6-12 through 6-17 show that the correlation can predict both skewed and cosine

power heat transfer within reasonable accuracy. The correlation is generally conservative or

falls within one standard deviation of the data. Further comparisons included in appendix E

illustrate the effect of flooding rate, pressure, subcooling, initial temperature and power on

correlation versus data agreement. Appendix E also contains two high flooding rate tests

which show that the grids increase heat transfer significantly. Low flooding rate data do not

show this trend.

Of more general interest and practical use is a heat transfer coefficient versus time-history

at one elevation. The Z - Zq correlation, unlike previous FLECHT correlations, predicts heat

transfer from space variables alone. However heat transfer versus time predictions can be

easily obtained from the Z - Zq methodology if suitable quench data or quench time corre-

lation is available. In figures 6-18 and 6-19, the quench correlation and Z - Zq correlation

are combined to predict heat transfer as a function of time at the peak power elevation for

Runs 02833 and 15305, respectively. The old FLECHT correlation was plotted for cosine

Run 02833 and acceptable agreement was obtained.

A listing of the new correlation, which calculates h versus Z - Zq, is given in appendix F.

In addition, an example of the calculation for both a skewed profile test and a cosine test

is given.

In case of any disagreement between the equations above and appendix F, the latter listing

should be considered the correct version.

6-4. CONCLUSION

This section presents a new heat transfer correlation which is rather general and is applicable

to all power shapes. The new heat transfer correlation is based on the idea that the heat

transfer coefficient is primarily a function of the distance from the quench front. The

development of the correlation is still in the preliminary stage, but the results of comparisons

with test data seem to indicate that the present approach is quite promising. Some improve-

ments which can be made in future work include:

" A sensitivity study such as that done in WCAP-8838.

" Fine adjustment for parameter effects, especially the effect of power, Q'max,
and initial cladding temperature.
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" Improvement of the heat transfer coefficient above the peak temperature
elevation, which is underpredicted at the later time of flooding in the
present correlation. The test data indicated that the heat transfer coeffi-
cient above the peak temperature elevation can be improved by shifting
the peak temperature elevation upward with time.

" Improvement of the heat transfer coefficient in the developing period,
which is underpredicted for high flooding rate with the present
correlation.

It should be noted that since the quench correlation and the heat transfer coefficient corre-
lation are independent of each other, the quench front calculation can be replaced by any

other method, either a correlation method or an analytical method.
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

7-1 CONCLUSIONS

The evaluation of the skewed profile low flooding rate data indicated that the reflooding
heat transfer for this power shape is not degraded because of the axial power shape with

the peak power at the 10-foot elevation. Comparisons with cosine low flooding rate data
with the same initial conditions, including local power, indicated that better heat transfer

occurred in the skewed power shape as compared to the cosine power shape. The reason
for the improved heat transfer for the skewed power shape is earlier entrainment and a

larger vapor flow at the peak power elevation as compared to the cosine shape. The earlier

entrainment is believed to be due to the larger power at the lower elevations for the

skewed shape. This resulted in a larger convective component of the total wall heat flux.

The improved heat transfer for the skewed profile compared to similar cosine tests extended

to flooding rates below 1.0 inch/sec.

The pressure sensitivity at low pressures was also found to be different than the cosine
power shape. The 20 psia tests had improved heat transfer and correspondingly smaller tem-

perature rises than did either the higher pressure skewed profile tests or comparable 20 psia

cosine tests. Again, this difference is believed to be due to the earlier entrainment and higher

steam flow which occurred in the skewed tests as a result of the large amount of stored and

generated energy in the first two feet of the bundle.

In terms of increased knowledge of the reflood phenomena, the following items represent the

significant accomplishments of the skewed test series:

" Parameter effects and differences between the skewed profile and the cosine
data were noted and explained.

" The heat transfer data at 1 inch/sec or less were not affected in any
unexpected manner and no particular significance can be associated
with a flooding rate of 1 inch/sec or below.

* An improved heat transfer correlation was provided to predict the heat
transfer for different axial power shapes.
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The semiempirical mass effluent model which was developed from the
cosine data was found to predict the skewed profile tests without any
adjustment.

* Droplets were again found to be a significant heat sink both upstream
and downstream of the peak power location.

* A method was advanced to permit the calculation of the different wall
heat flux components during reflood and the local fluid parameters at
selected bundle elevations. These calculations indicate that a droplet-
enhanced convective mechanism is responsible for 50 to 70 percent of
the total wall heat flux during the transient, even though the vapor
Reynolds numbers are in the laminar-turbulent transition regime. The
results of this analysis have helped clarify reflood heat transfer mechan-
isms. It is believed the resulting analysis performed on the cosine low
flooding rate data will be very useful for reflood model development
and verification. The calculation of local qualities, void fraction, flows,
and the measurement of the vapor temperature will allow effective
testing of nonequilibrium post CHF reflood heat transfer and
entrainment models.

7-2. RECOMMENDATIONS

After reviewing the FLECHT low flooding rate data and the analysis performed on these

data, a list of recommendations has been developed to serve as a guide for future FLECHT

tests and analysis.

" The improved instrumentation used in the FLECHT low flooding rate
tests has permitted the calculation of the local nonequilibrium qualities
and flows in the post CHF region above the quench front. Improvement
should continue to be made in this area by placing rod thermocouples in
the rod bundle so that more accurate energy release values can be calculated.
Also, additional steam probes should be added at more elevations to more
accurately track vapor temperature and to investigate radial effects. Im-
proved movies should be obtained to investigate the droplet size, velocity,
and distribution in the FLECHT tests

" The new proposed heat transfer correlation should be improved such that
it is a best estimate of all the FLECHT data. Sensitivity studies should be
performed on the correlation.

" Examination of the rod heat transfer mechanisms have continued. This
effort should continue in future FLECHT tests so that a thorough under-
standing of the reflood heat transfer process is completed. In this manner,
model and code development people will have a clearer understanding of
the processes they must represent in reflood calculation.
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* A significant effort has been made formulating a mass effluent model
which will accurately predict the mass inventory in the FLECHT bundle.
This effort should continue and be extended to variable and high flood-
ing rate tests.

The modeling efforts initiated in the low flooding rate tests series should
be combined to yield a predictive model based on local fluid conditions.
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APPENDIX A
FLECHT COMPARISON TESTS FOR

SKEWED AND COSINE POWER SHAPES

The integral-of-power method 11 ,231 in its most general sense preserves the sum of stored and
generated energy liberated to the coolant below given elevations before a common quench
time. Mathematically, the integral of power is expressed as follows:

[ o pz p (Ti

t q Zj1~ 10Pv

nit - Tsat) dz +

ier (z,t) dz dt ( N~
A)/

Cos
i Cos

S '2 pCpA (Tinit - Tsat) dz +

tq Z2

.0 S0Power (z,t) dz

skew (A-1)

1. Bordelon, F.M. et. al., LOCA IV Program Loss-of-Coolant Transient Analysis, WCAP-8305 Westinghouse Electric
Corporation, 1974.

2. Combustion Engineering Power Systems Safety Analysis Group, "Calculative Methods for the C-E Large Break
LOCA Evaluation Model," CENPD 132, Rev. 01 Volume 1 August, 1974.

3. Jimenez, R. F., "An Empirical Flooding Heat Transfer Coefficient Including Quench Time Prediction Applicable to
a 12-foot-Long PWR Core and Including a Modification for Variable Flooding Rates; Short Core; and Non-symmetrical
Power Profiles," Jim-6-71, Aerojet Nuclear Company Interoffice Correspondence, Tra-smitted to Valerin by
L. J. Ybarrendo, November 24, 1971.

A-1



where

z1 and z2 = corresponding elevations for cosine and skew below
which total energy is to be preserved

tq = the common quench time for each power profile at z1 (cosine)

and Z2 (skew)

Powe,(z,t) = the rime and elevation power decay term

n = the equivalent number of active rods in the test section, including
housing effects.

Acos, Askew = bundle cross-sectional flow areas for cosine and skew, respectively.

Several different methods which satisfy equation (A-i) are available;

1) Maintain the equivalence of stored energy (pCpA AT) terms on both sides
of the equation. This automatically forces the generated power up to the
quench time to be the same for both power shapes. In this case, neither
initial temperature nor peak power will be the same for two different
power profiles.

2) Maintain the same initial temperature at the expense of reduced peak power

3) Maintain the same peak power at the expense of lower initial temperature.

Compensation for elevated housing temperature above saturation was possible using an analysis
which showed that the subchannels near the wall had the same flow area as-16.8 heater rod

unit cells. Therefore, stored and generated energy in the cosine bundle were increased by an

effective -16.8 rods in equation (A-i) for those cosine tests having a heat housing.[11

With the exception of Runs No. 14548 and 14647, the skewed overlap test peak power and

initial temperature were calculated according to Method 1. That is, stored and generated

energy were equated separately. Runs No. 14548 and 14647 satisfy Method 2 above (i.e., a

specification of 1600°F initial temperature significantly reduces the skewed the peak power.)

Evaluation of equation (A-i) is not a straightforward process. As written, the skewed initial

temperature profile must be known before the stored energy term can be computed. Since

equation (A-i) is being used to specify run conditions, another solution technique is needed

to calculate stored energy before taking data. The power profile curve can be used if axial

conduction, radiation, and natural convection losses from the rods can be neglected during
heatup. This assumption implies that the axial power input to the rods is proportional to

1. Blaisdell, J. A. et. al., PWR FLECHT-SET Phase A Report, WCAP-8238, December. 1973.
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stored energy or, equivalently, initial temperature. Therefore, the total initial stored energy is
proportional to the integral of the generated power profile up to the location of interest.
Figure 3-54 can be used to evaluate the stored energy if the integral expressions in
equation (A-1) are nondimensionalized by average quantities.

( No [C (T T/s [CpA (T - sat)avg J

( A/skew rpCpA (T - Tsat)avg 10

pCpA (Tinit - Tsat)

PCpA (T - Tsat)avg

pCpA (Tinit - Tsat)

pCpA (T - Tsat)avg

dz]

dz] skew

(A-2)

or

6

0o

pCpA (Tin it - Tsat) 1
pCpA (T - Tsat)avg I cos

pCpA (Tinit - Tsat)

pCpA (-Tsat)avg skew

(AN)pCpA (T -Tsat)avgj skew

(AN)pCpA (T- Tsat)avg cos
(A-3)

The left-hand side is a nondimensionalized stored energy ratio which was shown to be
approximately equal to the integral of the generated power curve.
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Cos
0.6

skew (A 4)

(See page A-15 for more details concerning equation (A-4). The right-hand-side can be

rewritten in terms of the peak initial temperature if one further assumption is made. Tht!

peak-to-average ratios for generated power are

= 1.66 (A 5)

= 1.35 'I- 6)

Since the initial stored and generated power profiles are similar, their peak-to-average raý ",.

should also be similiar. This assumption reduces the right-hand side to yield the followi"

result

[N { pCPA(Tpeak -Tsat)A1.35 skew
0"6• IN {pCpAl(Tpeak-Tsat)

A .66cos Tst7)
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or assuming pCpA to be constant

(Tpeak - TsAt )skew
0. NCos - T

0.5 i iev (Tpeak - sat)L
(A-8)

This methodology was compared with experimental data. Initial temperatures from four pairs
of comparison tests were multiplied by the appropriate weighted pCpA to account for the
Kanthal heater element, boron nitride filler and stainless steel cladding materials taken from
figure A-1. Curves of stored energy shown in figures A-2 to A-9, were drawn and integrated
using a planimeter up to the peak power location.

Results of this analysis shown in table A-1 indicates, that the stored energy in the cosine
overlap test was generally 10 percent higher than that for the comparable skewed test.

TABLE A-1
COMPARISON OF INITIAL STORED ENERGY

Ratio of Cosine Stored Energy
Run No. to Skewed Stored Energy

02223 1.23
11524

04831 1.02
11225

04516 1.08
13127

04641 1.10
11428

Although the data analysis technique is uncertain to the extent that a smoothed curve was
drawn through somewhat irregular data points and integrated graphically, the conclusion to
be drawn is this: the cosine tests appear to have more stored energy than do the skewed
tests at the onset of flooding.
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Evaluation of the power decay generation term in Method 1 proceeds as follows

N tq 161J J, Power (z,t) dz dt
I0 0Cos

10 10[N t Power (zt) dz dtse0

0 0skew (A-9)

If the same time-dependent power decay curve is used for both skewed and cosine series and
the same peak power, location, and quench time is assumed, then

tq cos = tq skew (A-10)

Power (t)cos = Power (tWskew (A-11)

Equation (A-9) can be reduced to

Pr 'N 6 Power (zt) dz
Poweravg ( Poweravg I

P r (N) Power (z,t) dz

o A 1 Poweravg Iskew (A-12)

after the integrand is nondimensionalized by Poweravg and the results of equations (A-10)
and (A-11) have been used.
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Then, after substitution of peak-to-average power ratios, equations (A-5) and (A-6) and

equation (A-12) can be rearranged as follows

Powerpeak skew =

[Ii Power (z) dz]

66 )owerp(A L)te 0 Poweravg

P( wer..pe•6 A 1 k [e10 Power (z) dz

Poweravg J skew (A-13)

The integral ratio can be evaluated from the local-to-average power curve shown in

figure 3-54.

Powerpeak skew • 0.5 (-•-) (NA)
'' cos W skew Powerpeakcos (A-14)

Equations (A-8) and (A-14) were used to prescribe initial temperature and rod peak power

for all overlap tests, except for Runs No. 14548 and 14647.

Since Runs No. 14548 and 14647 were performed with the same initial temperature at the
peak power location, neither equations (A-8) nor (A-14) apply. To prescribe peak power for

these two runs, similar power and temperature profiles were assumed the stored energy for

each test was evaluated from the following equation.

Qstored = pCpA (distance to peak power) x

(Tinitial, peak - Tsat) (A-i1)

peak-to-average ratio
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Evaluation of the generated energy terms requires specification of a power decay curve and

a given quench time (tq6ftcosine = tqlOftskew) from the cosine overlap test. Once these
two quantities are known, the equation for generated energy becomes

= (Peak power) x (distance to peak power) (A-16)
0 generated =(Peak-to-average ratio)

x (integrated power decay term from known tq and figure A-10)

The total energy equation

(Qstored + Qgenerated) cosine = (Qstored + Qgenerated) (A- 17)
cosineskewed

can be solved for the only unknown, skewed peak power.

In general then, two techniques were used to generate peak power and initial conditions for

the overlap tests according to either equation (A-8) and (A-14) or equations (A-15), (A-16),
and (A-17). Equations (A-8) and (A-14) maintain the equality of stored and generated

energy to quench time independentlv, while equations (A-15), (A-16) and (A-17) maintain
the sum of stored and generated energy, given an initial temperature.
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APPENDIX B
DEVELOPMENT OF THE DROPLET MODEL FOR THE WALL

HEAT FLUX CALCULATIONS

B.1 INTRODUCTION

Appendix B discusses the following items:

" Equations used to calculate radiation heat transfer to vapor and droplets

" The model used to choose initial drop size

" The effect of initial (quench front) void fraction on droplet slip

" Calculation of droplet slip and droplet volumetric density

" Dependence on resulting wall heat flux components or droplet size.

The radiation heat transfer to the entrained liquid droplets and the steam was calculated

using the approach given by Sun, Gonzalez and Tien(1 ) along with a dynamic droplet model

developed using the FLECHT data. The calculations used in this appendix have been pro-
grammed into a computer program called HEAT-Il. The following assumptions were used in

developing the models and calculation given in this appendix.

" The t•oal wall heat flux is composed of a convection-to-vapor term, qcv a
radiation-to-vapor term, q" , a radiation-to-droplet term, q'id and a
radiation-to-other-surfaces term, q"r"0

Therefore, the total wall heat flux is expressed as

q" - q" + q + qd +q (B-i)
T cv iv rd r

* The q'.' is assumed to be given by qT at time t=O and is modified by an
attenuation coefficient due to the presence of vapor and drops.

" The qr"j and q" are calculated using the Sun and Gonzalez approach
which also assumes:

a. The mediums are optically thin

1. Sun K.H., Gonzalez J.M., and Tren C.L., "Calculations of Combined Radiation and Connection Heat Transfer
in Rod Bundles Under Emergency Cooling Conditions" ASME-AICHE, 15 National Heat Transfer Conference
(August 1975).
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b. The medium is in the geometric scattering regime

c. The drop size and slip are given

" FLECHT data are used as input for the calculations. Quality and vapor
temperature are obtained by linear interpolation between the steam probe
elevations.

* In performing the calculations, the following assumptions are made:

a. Quasi-steady state

b. Constant system pressure

c. Liquid is at saturation

d. The droplet velocity and the droplet acceleration is always positive

e. Slip (or void fraction) is given at the quench front.

" Droplet size is supplied by a proposed model discussed in this appendix.

B.2 RADIATION TO VAPOR AND DROPLETS

Radiation to vapor and droplets will be calculated following the method of Sun, et. al. The

equations used are summarized below:

qrto = Fwk a (Tw 4 - Tsat 4 ) (B-2)

q = Fwv a (Tw4 - TV4) (B-3)

q'vd = FvR a (Tv4 - Tsat 4 ) (B-4)

where:

qrd, $ qrd = Radiation heat flux from wall to droplets, wall to vapor,and vapor to droplet, respectively.

Fwq, Fwv, Fv£ = gray-body factors

Tw, Tsat, Tv = Wall, droplet, vapor temperature, respectively ('R)

a = Stefan-Boltzmann constant
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The gray-body factors Fwq, Fwv, Fvq are defined as:

Fw = (B-5)W R 2R ( 1 + R 3 + 1 3 )2 R1 R2)

F, 1
R33

R/+I (B-6)

R1 1 (B-7)
R2  R

R1= 1 - e(B-8
ev (1 - EveR)

1 - e

R= E (1- ) (B-9)

R3 1 + 1- ew (B-10)
1- EVER EW

where

Ev, EQ, Ew = Vapor, droplet, wall emissivity, respectively
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The wall emissivity is taken to be 0.9. Assuming an optically thin vapor and droplet medium,

the vapor and droplet emissivity can be expressed as per Sun, et. al:

ew= 0.9

-avLm
=v 1 - e

(B-11)

(B-12)

(B-13)
e-aQtLmeQ= 1 - e-am

where:

av, aQ = absorption coefficient for vapor and droplets, respectively

Lm = mean beam length

Based on a survey of a variety of geometries, the mean beam length can be taken to be 0.9

of the hydraulic diameter (Dh) for a rod array.

Lm = 09 Dh (B-14)

The vapor absorption coefficient is computed from:

Sp [5.6 x 1000)2 - 0.3 1000 (ft)_

ird2

ae= Xa- -2 N4 (ft)"1

where:

p = system pressure in atmospheres

Xa = absorption efficiency

N = droplet number density (No. of droplets/ft 3 )

1. Abu-Rornia M. M. and Tien C. L., "Appropriate Mean Absorption Coefficients for Infrared Radhation of Gases,"

J. Heat Transfer (ASME). 321-327 (1907).
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Assuming the droplets are in the geometric scattering regime, it can then be shown that X.
is equal to 0.74. The geometric scattering regime is defined as one in which:

ird >> X

where:

d = droplet diameter

X = characteristic length of radiation

For a wall temperature of 18000 F, Wien's[11 displacement law gives -y 2.3p (7.6 x 10-6 ft).
During reflooding, the typical diameter ranges from 0.005 to 0.01 foot. Hence, the assumption
is justified that the droplets are in a geometric scattering regime. The calculation of the
droplet diameter and the droplet volumetric density will be described in the following sections.

B.3 MODEL TO PREDICT INITIAL DROP SIZE

As mentioned in section 4, the model used to predict the initial drop size was inspired by a
study of the droplet motion above the quench front. In the following sections, the equation
of motion of the droplets will be derived first. A quantitative illustration of the droplet
motion as a function of drop size using typical FLECHT data will then be given followed by
the detailed description of the model and the mathematical determination of the initial droplet

size.

The force on the droplet is given by a balance of drag, gravitation and buoyancy forces.

F Cd Ad pg (ug - uQ)2 - g (pQ - Pg) V (B-17)

where,

V = 1 ird (B-18)
6

Ad = ' 7rd2 (B-19
4

(Ug - uk) dpg
Red = (B-20)PZg

Cd 24 + 6 0.42] (1-21)
Red 1 +

1. Holman, J. P. Heat Transfer Third edition, p. 240 McGraw-Hill Book Co., New York, 1972.

2. White, F., Viscous Fluid Flow, p. 209 McGraw-Hill Book Co., New York, 1974.
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Ug, U2  =

Pg, PQ =

Red =

/ig =

Cd =

V =

Ad=

The equation of

vapor, droplet velocity, respectively

vapor, droplet density respectively

droplet Reynold's number

dynamic viscosity of vapor

drag coefficient

drop volume

drop cross sectional area

motion of the droplet is given by Newton's Second Law of Motion:

du2  F
dt M (B-22)

and

M = VpR (B-23)

such that

duQ 1 duQ

dz u2  dt

The vapor velocity can be obtained from:

mg = Ag pg Ug

(B-24)

(B-25)

(B-26)

(B-27)

rn =

Ac

A2 P2 u2

Ag + AQ

where:

mg, rn2

Ago A2

Ac

= vapor, liquid mass flow rate,

= vapor, liquid flow area

= total flow area

respectively
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solving for the vapor velocity, one obtains:

rg- ngp£UV (B-28)Ug - Pg [AcPRUR - rnl]

and, therefore,

m gp eU k 
P - 9

Au Ug - U = - -[
pg AcPQUR - MR-

Simplifying and solving for uk, yields:

-B + B2 - 4AC (B-30)

u= 2A

where:

A = AcPgPR (B-31)

B = AcPgPR (Au) - migPk - mkpg (B-32)

C = - rn1pg (Au) (B-33)

Assuming the droplets are at equilibrium,[1] for a given droplet diameter d, we can readily
solve for (Au) from equations (B-17) through (B-21) by iteration. We can then solve for the
equilibrium droplet velocity as a function of quality (and hence z), using equation (B-30).

For the sake of quantitative illustration, we shall use typical FLECHT data and assume the
following to be constants:

Ac = 0.0015 ft 2

Pg = 0.005 Ib/ft3

pR = 50 lb/ft 3

Ug = 1.5 x 10-5 lb/ft-sec

rnT = 0.01 lb/sec

1. Equilibrium is defined here as the "local" net force idrag, gravitation, and buoyancy force) acting on the drop being
zero. Note that the equilibrium velocity is a function of diameter, pressure, and vapor temperature and is not a
constant along the bundle.
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The results are plotted in figure B-1. Note the peculiar behavior of the droplets as mentioned

in section 4. This can be understood mathematically as explained in the following paragraph.

An order of magnitude estimation of equation (B-30) shows that B2 is much greater 4AC.

Thus, for B greater than zero, uk is very small and is approximately a constant. When B is

negative, the two terms in the numerator of equation (B-30) are additive. Thus, ut increases

much more rapidly as the quality increases. The "turning point" on the curves, as indicated

by the arrows in figure B-1, is then defined as the point where B is equal to zero.

Figure B-2 illustrates a proposed mechanism of droplet entrainment at the quench front
which fits the mathematical interpretation of equation (B-30). The water vapor breaks a "sheet"

of water with "diameter" greater than d5 (see figure B-i) as shown in figure B-2. This "drop"

is too big to be entrained and moves at essentially constant speed with the quench front. The
"sheet" then breaks up into smaller drops with diameter equal to d4 ; these drops are still too

big to be entrained. The drops break up further into drops with a diameter equal to d3,
which then accelerates rapidly up the bundle. Note that drops with a diameter smaller than

d3 will also be created at the quench front and be entrained. An analytical model to predict

the droplet size distribution is not necessary for the present calculations. Hence d3 is simply
taken as the average initial droplet size. Note also that in this model, the onset of droplet

entrainment does not necessarily coincide with the quench front as shown in figure B-2d and

can be above the quench front.

To solve for d3 , we simply solve equation (B-32) for (Au) by putting B equal to zero. d3 is
then obtained from equations (B-17) through (B-21) by iteration and equating the force acting

on the droplet to zero.

The droplet diameter above the quench front is computed as follows. Assuming the droplets
do not break up, the number of droplets passing any particular elevation per second will then

be a constant; that is;

N=6rnT (1-x) 6rnT (1-xi) cosat(-4N=- - -___ constant (B-34)
ird3pq irdi3pQ

B-8

-- T --



40

30

f.)w

620~

w
cb

I0

0

.01 .05 .10 .15 .20 .25 .30 .35
(QUALITY) -X---*.

.40

ca

I

Figure B-1. Droplet Sizes Needed for Entrainment



11,863-111

0 V

0

0

(a) (b)

a0
0

ONSET OF
DROPLET- -----
ENTRAINMENT

QUENCH-----
FRONT

1t ft td3  ±0 0 0 0 0 o 0 :•

0 CP

• 00
0
0

D0

m

(c) (d)

Figure B-2. Proposed Model for Droplet Entrainment

B-10



The droplet diameter is then a function only of quality and the initial droplet diameter

d = xi (B-35)

where:

The subscript i refers to the quench front

rnT = total max flow rate (Ib/sec)

x = quality

pR = liquid density (lbm/ft 3)

N = No. of droplets passing any particular elevation per second.

Finally, to allow for droplet breakup, the critical Weber number was defined as 7.5; that is,

d (ug - uk) 2 pg
We - (B-36)6

(We)critical 7.5 (B-37)

where

d = droplet diameter

a = surface tension

If the initial Weber number exceeds 7.5, the initial drop size will be computed by equation
(B-36). If the Weber number exceeds 7.5 along the bundle, we simply split a drop into two.

Figures B-3 and B-4 show typical initial drop size as computed by the model. The solid line
in the figure represents the droplet size computed by the model without allowing for droplet
breakup. The dotted line represents droplet size computed by allowing for droplet breakup.

B.4 EFFECT OF INITIAL VOID ON SLIP

As mentioned in section 4, the slip ratio or droplet velocity (for a given drop size) above the
quench front is independent of initial slip value. An overestimate (underestimate) of slip is
compensated for by an overestimate (underestimate) of the drag force (hence, acceleration of
the drop which will then reduce the slip ratio).

B-11



11,863-96

RUN NUMBER

PRESSURE
INITIAL CLADDING

TEMPERATURE
PEAK POWER
SUBCOOLING
INJECTION RATE

02833
40 PSIA

1602"F
0.89 KW/FT
142 0F
0.8 IN./SEC

.007

. 006

.005

.004

Lj.,,

.003

. 002

.001

0
0 so 100 150 200 250 300

TIME (SECONDS)
350

Figure B-3. Initial Drop Size Computed by Model

B-12



.005

.004

-- .003
U-

RUN NUMBER
PRESSURE
INITIAL CLADDING

TEMPERATURE
PEAK POWER
SUBCOOLING
INJECTION RATE

13303
41 PSIA

1600°F
0.7 KW/FT
140OF
1.5 IN./SEC

0,

.002

.001

0

- NO DROPLET BREAKUP ALLOWED

DROPLET BREAKS UP WHEN WEBER NUMBER EXCEEDS 7.5

I I I I I I
0 50 100 150 200 250 300 350

TIME (SECONDS)

u-iFigure B-4. Initial Droplet Size Computed by Model



Figures B-5 and B-6 show that for an initial void fraction of 0.5 and 0.9, respectively, the
slips approach each other very rapidly. At about one fifth of a foot above the initial eleva-
tion, the slips are essentially identical.

B.5 CALCULATION OF SLIP AND DROPLET VOLUMETRIC DENSITY

As the result of the preceding section shows, slip is independent of its initial value. Since in
the dispersed flow regime, the void fraction is approximately one, an initial void fraction of
0.99 was arbitrarily chosen. The initial droplet and vapor velocity can then be computed

from:

s=(~)+) 2(B-38)Tx _)1-•) P91
Pg

u 2 - + m (B-39)

Acpq[ S Pg

Ug = SuR (B-40)

where:

S = slip ratio

a = void fraction

The droplet velocity above the quench front is then obtained by numerically integrating the
equation of motion, equation (B-24). The numerical procedure consists of dividing the bundle
into small intervals with length (Az). The droplet velocity in the kth interval is then ob-

tained from:
du2

(uR)k 4 (u)k1 + dz k-1(AZ)k.1 (B-41)

The vapor velocity and slip is given by

(u) =(rng)k PQ (u•)k(UgA(h Q uk (B-42)
(Pg)k [AcPq(UR)k - (rUn)k]

(S) k u) k (B-43)
_______________(uQ~k

1. Equation 1B-39) is obtained from equation (B-28), remembering that the slip ;s defined as the ratio of vapor velocity
to droplet velocity.
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Finally, the droplet number density is obtained from:

N = N. (B-44)

where

Nq = droplet number density (No. of droplets/ft3 )

B.6 DEPENDENCE OF HEAT FLUXES (q", ql, q", qr) ON
DROPLET SIZE

As mentioned in section 4, droplet size is the most uncertain assumption in the whole calcu-

lation. The drop size, computed by the model described above is of the order of 0.012 inches

while those observed from the FLECHT movies are of the order of 0.12 inches. It is believed

that the actual size of the droplet lies within this range 0.01, to 0.1 inch. Note that
under identical flow conditions (ie, pressure, fluid and wall temperature, quality, and total
mass flow rate), the heat flux is a function only of drop size and slip (which is in turn

affected by the drop size). Hence, it is important to study how the results are affected by

the drop size.

To study the effect of droplet size, four different input initial drop diameters (0.005, 0.001,
0.005, 0.01 feet) were used. The heat flux and slip were then calculated and compared. 11]

Figures B-7 and B-8 show how the slip ratio varies with the initial droplet size. The result is

to be expected. The droplet acceleration12j (hence droplet velocity) decreases as the droplet
diameter increases. Hence, the slip ratio increases as drop size increases since the vapor
velocity is essentially a constant and approximately equal to the superficial vapor velocity.

Figures B-9 and B-10 show the normalized heat fluxes (heat flux/total heat flux) versus the

initial drop size. Note that the radiative heat fluxes only account for a small fraction of total

heat flux (0-30%). Hence, in the range of drop size (0.01 - 0.1 inch) that we are interested

in, the convective heat flux varies only by 5 to 10 percent. Note also that:

1 qqr and qr are essentially constant

a As drop size increases, qr" falls rapidly, and then remains essentially a
constant.

1. To isolate the effect of droplet size, the calculation was modified as follows:

The flow conditions are identical; the initial void fraction (or slip) is identical; no droplet breakup

allowed in the calculation.

2. The initial drop velocities (void fraction) are identical.
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The variation of the radiation heat flux with droplet size can be explained as follows:

q ~XA-kLmq" cc Ar = e- ~
r

and from equations (B-2) and (B-3)

q,' a Fwv
rv

rd

For an optically thin medium, we have:

1 >> avLm, aQLm, kLm

Then Ar - 1

and from equations (B-12) and (B-13):

(B-43)

(B-44)

(B-45)

(B-46)

(B-46)

e v avLm =constantL11 (B-47)

(B-48)eQ :.- aQLM

From equations (B-8), (B-9), (B-10) and remembering that ev and eq are small quantities:

R 3 zz 1 -+e6 1 = constant (B-49)

R = constant (B-50)

1
EQ

(B-51)

and

1 1

1 R2

1. Constan: hee means independent of droplet size.
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Equations (B-5) and (B-6) can then be approximated by:

FwQ R 2 (B-52)

1
Fwv - = constant (B-53)R,

Equations (B-43) and (B-44), together with equations (B-46) and (B-53) explain why qr' and
qr are independent of the droplet size.

From equations (B-16), (B-34) and (B-42), we' have:

1
a a -- (B-54)ukd

Since the vapor velocity is essentially a constant and equal to the superficial steam velocity,
we then have:

slip
a2  a (B-55)d

Combining equation (B-45), (B-52), (B-51), (B-48), and (B-55):

q" . slip (B-56)
rd d

Figures B-11, B-12, B-13 and B-14 show that the curves for < and ip are essentially
parallel, which confirms equation (B-56). d

,, slip .
Finally, there remains to be explained why q'rd or-s- drops rapidly as d increases and
then stays almost a constant. This is done below for small and large drop diameters:

a Small drop (diameter 0.01-inch)

For small drops, the acceleration is large and the drop velocity approaches
that of the vapor velocity rapidly, hence:

Slip • 1 (B-57)

and

Slip 1
d - (B-58)
d d

"'1"
The a hehavior for small drops can actually be observed from figures
B-11 through B-14.
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" Large drops (diameter ý 0.005 foot)

To simplify the analysis, the drops are assumed to be at equilibrium and
the drag coefficient is taken to be a constant. From equation (B-17), we
have:

(ug - UQ) 2 = k' d (B-59)

where

4
k' - 3

g PQ - Pg

CD Pg
= constant (B-60)

For large drops, acceleration is small and

U» >> uQ

Therefore, equation (B-59) can be simplified to:

2
1--L = kd

(slip)

where
k'

k - = constantu 2
g

Rearranging equation (B-61), we have:
Sli= [ 2 2]

(B-61)

(B-62)

(B-63)

and

(-d')=2i + (1-kd))

B-28
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As d increases, the first term on the right-hand side of equation (B-64)
decreases. The second term, however, increases with d and tend to offset
the qffect of the first term. This explains the relatively "flat" behavior
of S (or qr') for large drops.

An order of magnitude estimation will help to illustrate this point:

Let

Ug = 50 ft/sec

u v = 20 ft/sec

From equation (B-59) and for a drop diameter of 0.005 foot:

k' = 180,000 ft/sec2

k = 72 ft-1

From equation (B-64), we have:

( slip
= 2 .005+

= 625 ft- 1

d=0.005 ft

(slip\2 1+1J=2 -- + .
d d=0.01 ft 0.01

Therefore, for a factor of two change
15 percent.

= 714 ft-1
(1 - 0.72)

in drop size, the ratio
slip

only changed
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APPENDIX C

DEVELOPMENT OF A SURFACE-TO-SURFACE
RADIATION MODEL

One of the inputs into the total wall heat flux equation is the amount of surface-to-surface
radiation which is occurring in the FLECHT bundle. This component of the wall heat flux

must be known or estimated to be able to calculate the convective wall heat flux as a
difference between the total wall heat flux and the sum of radiation to surfaces, droplets,

and vapor.

Several methods were investigated to develop a model which would predict the amount of

surface radiation. The model finally chosen was one which assumed that the wall heat flux
due to surface radiation was equal to the initial wall heat flux at flood time, measured in

the test. Although indications are that this is correct at early times when there is little

steam or entrained liquid flow in the bundle, it also appears that this model will over-

estimate the radiation surface wall heat flux at later times. A discussion of the calculations

and different models which were examined is attached.

C-1 MOXY ANALYSIS FOR ESTIMATING SURFACE RADIATION
WALL HEAT FLUX

The MOXY code[1 1 was used to calculate radiation heat flux using experimental rod, thimble,

and housing temperatures from the low flooding rate cosine test series (WCAP-8838). [2] No

transients were run. The experimental temperatures were inserted in the program at each time

during the run for which a heat flux calculation was desired. Only the output prior to the

first time step of MOXY was used. This procedure eliminated the uncertainties of estimating

convective heat transfer.

The six-foot elevation was used for the estimate since it is the most instrumented elevation.
Even so, there are many uninstrumented rods and thimbles for which temperatures had to be

estimated. Rod temperatures were determined using AVGSD output, which divides the rods

into six groups according to power zone and proximity to the housing. All rods in each group

in the MOXY array were assigned the average temperature of their respective groups. This

1. Evans, D. R., "MOXY, A Digital Computer Code for Core Heat Transfer Analysis", IN-1392, August 1970.

2. Lilly, G. P., Yen, H. C., Hochrieter. L. E., end N. Yamaguchi, "PWR FLECHT Cosine Low Flooding Rate
Test Series Evaluation Report", WCAP-9838. March 1977.
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was done for each time considered. Only one or two thimble temperatures were available at
six feet. All central thimbles were assigned a temperature equal to the average of the six-foot

thimble thermocouples.

The procedure described above caused a step change in rod temperatures between rods two

and three rows from the housing. This was the dividing line between rods near the housing

and central rods for the cosine tests. To eliminate this as a factor, only rods more than three
rows from the housing were used to estimate heat flux. Also, radiation to the housing can

be neglected for these rods.

Radiation heat fluxes were calculated at five different times for three low flooding rate
cosine series runs No. 02833, 04831, and 02603. Run No. 02833 was the reference run for

the series, with the following test conditions:

Pressure 40 psia

Initial Cladding Temperature 16000 F

Peak Power 0.9 kw/ft

Subcooling 140O F

Flooding Rate 0.8 in./sec

Run No. 04831 had the same test conditions, except that the flooding rate was 1.5 in./sec.
Run No. 02603 also had the same test conditions, except for an initial cladding temperature

of 1000 0 F.

In addition to the above set of runs, an identical sequence was run with the thimble temper-
atures set equal to the hot rod temperatures. With the radiation to thimbles reduced to zero,
these runs yield rod-to-rod radiation heat flux. Substracting this heat flux from the total

radiation gives rod-to-thimble radiation.

Total radiation heat flux and rod-to-thimble heat flux are plotted versus time for the three
runs investigated in figures C-la, C-2a, and C-3a. Total rod heat flux and turnaround time

are also indicated for reference. The difference between total radiation and rod-to-thimble
radiation is the rod-to-rod radiation. Figure C-lb, C-2b, and C-3b present the radiation heat
fluxes as a fraction of the total rod heat flux. At time zero, when there is not convection
and most of the rod heat flux can be expected to be radiation, the calculated values for
radiation heat flux for Runs No. 02833 and 04831 are 110 percent and 121 percent of total
rod heat flux, respectively. For Run' No. 02603 both total radiation and measured heat flux
are small numbers. These points represent a check on the method used to estimate radiation

C-2
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heat flux and indicate that numbers are accurate to within 0.1 x 104 Btu/hr-ft 2 . The calcu-

lated results are given in table C-1 at flood time.

With increasing time after flood, radiation increases for some time as the bundle continues to
heat up, and then it decreases. Radiation as a fraction of the total heat flux decreases for

all times, though at turnaround time it is still a significant fraction, 25 to 35 percent.

Numbers presented have been described as estimates of radiation heat transfer. A significant
amount of temperature instrumentation is lacking and this precludes an accurate calculation

to be performed. In particular, there are only two thimble thermocouples on which thimble
temperature must be based. For Run No. 04831, one of these was not functioning.

In addition, no absorbing medium between the rods was assumed. If the absorbtion effects
of the flowing vapor and two-phase mixture were accounted for, the surface radiation heat
fluxes would in fact be lower. However, the calculations do show that at flood time, the

calculated wall heat flux and that measured do agree indicating that surface radiation is
significant at these times.

TABLE C-1
COMPARISON OF INITIAL RADIATION HEAT FLUX CALCULATED

WITH MOXY AND MEASURED INITIAL HOT ROD HEAT FLUX AT FLOOD TIME

Measured Predicted
Heat Flux With MOXY

Run (Btu/hr-ft 2 x 10-4) (Btu/hr-ft2 x 10-4)

02833 0.42 0.46

04831 0.57 0.69

02603 0.03 0.08

C-2 DIFFERENT SURFACE-TO-SURFACE RADIATION MODELS

The simplest model assumes surface-to-surface radiation heat flux is constant at the initial
value for the entire run. MOXY results show that surface-to-surface radiation increases as the

bundle heats up after flooding, then decreases as the bundle cools. This effect can be
modeled by assuming that the effective temperature difference for radiation remains contant
for the whole run. The effective temperature difference is the AT needed to match the hot
rod initial heat flux. Models with constant surface-to-surface radiation heat flux and constant

effective temperature difference are proposed and compared with the MOXY results.

C-6
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Two simple models were examined to predict the surface-to-surface radiation;
ft I

Model I qr = q" = constant (C-1)

Moe 1 [= e T4 (T 4]C-2

Model II qr oE THR THR - ATo) C-2)

where

THR = average hot rod temperature or (1.1 zone, central 6 x 6 rods)

ATo = effective temperature difference at t=O calculated from equation (C-3).
(Assumed constant for entire run.)7 I q" 1/4

ATo = THR t=0 tTOR I 1 (C-3)

Equation (C-3) is obtained from equation (C-2) by setting t=O and solving for ATo, values of

q"lt=o and THRIt=O are available from DATARH tape and FLECMB tape if t=O is input as

a time.

Figure C-4 compares the results of both model calculations with the estimates of surface-to-

surface radiation produced using MOXY.

Except in the low initial cladding temperature test, both models agree with the qeneral level

of radiative heat transfer, but can differ by as much as 4000 Btu/hr-ft 2 . It should be kept

in mind that MOXY numbers are estimates based on sometimes sketchy data. Model II better

predicts the variation of radiation heat flux during the run and might be preferable for that
reason. However, in preliminary analyses of heat transfer mechanisms, this model yielded

excessively high surface-to-surface radiation. It was found that this model would overestimate

the surface wall heat flux for some cases, resulting in very small or negative convective wall
heat flux components. This was judged unrealistic.

The question of surface-to-surface radiation heat transfer models does require further work
before this heat flux component is known more accurately.
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APPENDIX D
FURTHER COMPARISON OF MASS
FLOW CALCULATION WITH DATA

In this appendix, further comparisons are made of the mass flow calcuations of section 5

with data.

Figures D-1 to D-7 show the froth level, Zfroth, and the collapsed liquid height, ZLf.

The froth level was reduced from the pressure drop data and was found to be in the

quench front data band. The calculated collapsed liquid height is in good agreement with

the collapsed liquid height reduced from the pressure drop data except for high flooding

rate runs (flooding rate larger than 1.5 inches/sec.).

In these calculations, the quench front is assumed to be the same as the froth level.

Figures D-8 to D-14 compare the calculated mass flow rate ratio, rf, above the froth

level and the measured ratio of mass ro, flowing out of the bundle. These two quantities

should be the same if the rate of mass storage above the froth level is negligible. Figures

D-8 to D-14 show that the agreement of comparison is excellent.

Figures D-15 to D-28 compare the calculated and the measured average void fraction in

every one-foot interval. The agreement is good except for certain elevations.

D-1
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Figure D-1. Comparison of the Measured Collapsed Liquid Height ZLf
and That Calculated by Using Zfroth (= Zq) Data
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and That Calculated by Zfroth (= Zq) Data
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Figure D-5. Comparison of the Measured Collapsed Liquid Height ZLf
and That Calculated by Zfroth (= Zq) Data Q
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Figure D-6. Comparison of the Measured Collapsed
and That Calculated by Using Zfroth (

Liquid Height ZLf
= Zq) Data
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Figure D-7. Comparison of the Measured Collapsed Liquid Height ZLf
and That Calculated by Using Zfroth (= Zq) Data
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APPENDIX E
DATA COMPARISON WITH QUENCH

AND HEAT TRANSFER CORRELATIONS

Additional data comparisons for both quench time and heat transfer correlations have been
included in appendix E to illustrate the effects each run parameter has on the correlation.

Table E-1 lists both skewed and cosine runs along with the parameter being varied.
Figures E-1 through E-7 compare cosine quench correlation results with data. Figures E-8
through E-14 compare skewed quench correlation results against data. Likewise, figures E-15
through E-21 and E-22 through E-28 illustrate the agreement between cosine and skewed

heat transfer data and the Z-Zq correlation, respectively.

The last entry in table E-l, entitled "Grid Effect on Heat Transfer," is included to illustrate
the pronounced effect that bundle grids have in increasing the heat transfer coefficient at
high flooding rate. The high spikes in figures E-21 and E-28 correspond to thermocouple
data located several inches either upstream or downstream of a grid.

E-1



TABLE E-1

RUN CONDITIONS FOR TESTS PRESENTED

m

Upper Rod Bundle
Plenum Rod Initial Peak Flooding Coolant Radial

Skewed Run Pressure Cladding Power Rate Temp Power Parameter
Number (psia) Temp (°F) (kw/ft) (in./sec) (OF) Profile Variation

15305 40 1603 0.7 0.8 127 Uniform Reference

See figures 6-4, 6-14 to 16

13303 41 1600 0.7 1.5 126 Uniform Reference; Flooding rate

16110 20 1617 0.7 0.8 96 Uniform Pressure

15713 40 1607 0.7 1.0 265 Uniform Subcooling

12816 40 507 0.7 1.5 126 Uniform Initial temperature

16022 40 1636 1.0 1.5 128 Uniform Power

15132 39 1555 0.7 6.0 (5 sec) 127 Uniform Variable flooding rate
0.8 (onward)

13001 39 1600 0.7 5.7 126 Uniform Grid effect

Cosine
Run Number

02833 40 1602 0.89 0.80 125 FLECHT Reference
See figures 6-3,.6-12 to 13

04831 40 1600 0.95 1.50 125 FLECHT Reference; Flooding rate

06638 40 1600 0.95 0.82 85 FLECHT Pressure

05342 40 1601 0.95 0.80 248 FLECHT Subcooling

02502 40 523 0.81 0.81 125 Uniform Initial temperature

04930 40 1601 0.51 0.80 129 FLECHT Power

04516 39 1601 0.95 6 (5 sec) 131 FLECHT Variable flooding rate

0.8 (onward)

04444 58 1815 1.22 5.8 155 FLECHT Grid effect
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Figure E-1. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 04831

E-3



11.863-12t1

RUN NUMBER
PRESSURE
INITIAL CLADDING
TEMPERATURE

PEAK POWER
SUBCOOLING
INJECTION RATE

06638
20 PSIA

1600°F
0.95 KW/FT
780F
0.82 IN./SEC

12

I0

8

I-
LL.

.4

LJJ
-J
uJ

6

'4

2

0
0 100 200 300 400 500 600 700 800

QUENCH TIME (SECONDS)

Figure E-2. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 06638
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Figure E-3. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 05342
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Figure E-4. Comparison of Predicted and Measured Quench Elevation
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Figure E-5. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 04930
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Figure E-6. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 04516
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Figure E-7. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 04444
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Figure E-8. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 13303
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Figure E-9. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 16110
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Figure E-I0. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 15713
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Figure E-11. Comparison of Predicted and Measured Quench Elevation
Versus Quench Time for Run Number 12816
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APPENDIX F

COMPUTER PROGRAM OF
HEAT TRANSFER CORRELATIONS

The computer program for calculating the quench front elevation and the heat transfer,

coefficient correlation of section 6 is listed in this appendix. Two examples of calculation

for Run No. 15305 and 02833 are also given at the end of this appendix. The inputs and

outputs for the program are described below.

NRUN = run number

DTSUB = inlet subcooling (°F)

VIN = flooding rate (in./sec.)

P = pressure (psia)

TINIT = initial cladding temperature at peak power elevation (OF)

QMAX = peak power (kw/ft)

TSAT = saturation temperature (°F)

Z = elevation at which the heat transfer coefficient is to be computed

ZPEAK = peak temperature elevation (ft)

T = time (sec)

H = heat transfer coefficient (Btu/hr-OF-ft 2 )

ZQ = quench front elevation (ft)

VQ = quench front velocity (in./sec)

PDCAY = Q'(Z, o) dt Q'(Z, o) decay curve B

PDCT = time

QAXTB = z Q'(Z,O) dz for FLECHT cosine power
Jo Q$max
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QAXZQ = elevation Z for FLECHT cosine power

FAXTB = Q'(Z,o) /Q'max for FLECHT cosine power

FAXZ = elevation Z for FLECHT cosine power

QAXTBS, QAXZQS, FAXTBS, FAXZS = same as above for FLECHT skewed power
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COMPUTER PROGRAM OF HEAT TRANSFER CORRELATION

TYPE YHTCOR#F4
00100 C FLECHT SKEWED POWER EVALUATION REPORT
00200 C THIS PROGRAM COMPUTES THE FLECHT HEAT TRANSFER COEFFICIENT
00300 C AS A FUNCTION OF TIME BY H VS Z-ZQ CORRELATION
00500 DIMENSION GAXZQ(92),QAXTB(92),FAXTB(93),FAXZ(93)
00600 1,PDCAY(111),PDCT(111),QAXTBS(99),OAXZOS(99),FAXTBS(99),
00700 2 FAXZS(99),VINTM(111),VINTB(111)
00800 10 CONTINUE
00900 TYPE 950
01000 950 FORMAT(' MR=I FOR FLECHT POWER, MR=2 FOR UNIFORM POWER')
01100 TYPE 900
01200 900 FORMAT (' M=l FOR COSINE, M=2 FOR SKEW')
01300 TYPE 1000
01400 1000 FORMAT(' ENTER RUN DTSUB P TINIT GMAX TSAT
01500 1 M MR Z ZPEAK'/)
01600 ACCEPT 1002,NRUNDTSUB,P,TINITOMAXTSATMMR
01700 1,Z,ZPEAK
01800 1002 FORMAT (116)
01900 TYPE 1100
02000 1100 FORMAT(' ENTER VIN TABLE BELOW')
02100 TYPE 1110
02200 1110 FORMAT(' ENTER NO# OF POINTS'/)
02300 ACCEPT 1112, NVIN
02400 1112 FORMAT(I)
02500 TYPE 1102
02600 1102 FORMAT(' ENTER TIME(IO/LINE)'/)
02700 ACCEPT 1104, (VINls1(J),J=INVIN)
021800 1104 FORMAT((1OG))
02900 TYPE 1106
03000 1106 FORMAT(' LNTER VIN(IO/LIN)'/)
03100 ACCLPT 1108, (VINTB(J),J=INVIN)
03200 1108 FORMAT((10G))
03300 C
03400 C TABLE OF NORMALIZED POWER DECAY
03500 C
03600 DATA (PDCAY(J),J=1,16)/1., 1.085, 1#153, 1.198, 1.226
03700 1, 1.244, 1.255, 1.262, 1.27, 1.28, 1.298, 1.311, 1,319
03800 2, 1.324, 1.327, 1.328/
03900 DATA (PDCT(J),J=1,16)/Oo, 20., 40., 60., 80.
04000 1, 100., 120., 140., 160., 200., 280., 360., 440.
04100 2, 520., 600., 680./
04200 IF (M .EQ* 2) GO TO 12
04300 C
04400 C TABLE OF NORMALIZED INTEGRAL OF POWER FOR FLECHT COSINE
04500 C POWER BUNDLE#

1600 C
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COMPUTER PROGRAM OF HEAT TRANSFER CORRELATION (cont)

04700 DATA (OAXZQ(J),J=1,17)/O., 1.83, 2.34, 3., 3.58,
04800 1 4.17, 4,83, 5.42, 6., 6.58, 7.17, 7.83, 8,42, 9.,

04900 2 9+66, 10.17, 12./
05000 DATA (QAXTB(J),J=1,17)/0., .53, .735, 1#088,
05100 11.4789 1.935, 2.534, 3.096, 3.6795, 4.263, 4.825,

05200 2 5.424, 5.881, 6.271, 6.624, 6.829, 7.359/

05300 C
05400 C TABLE OF AXIAL POWER SHAPE FACTOR FOR FLECHT COSINE POWER

05450 C BUNDLE,
05500 C
05600 DATA (FAXTB(J),J=1,30)/.289, .289, .41, .41, .53, .53

05700 1, .669, .669, .783, .783, .898, .898, .964, .964, 1., 1.

05800 2, .964, .964, .898, .898, .783, .783, .669, .669, .53, .53

05900 3, .41, .41, .289, .289/
06000 DATA (FAXZ(J),J=1, 30)/0., 1.83, 1.84, 2.33, 2.34, 3.

06100 1, 3,01, 3.58, 3.59, 4#17, 4*18, 4.83, 4.84, 5.42, 5,43

06200 2, 6.58, 6.59, 7.17, 7#18, 7.83, 7.84, 8.42, 8.43
06300 3, 9., 9.01, 9*67, 9.68, 10.17, 10.18, 12./

06400 GO TO 13
06500 12 CONTINUE
06600 C
06700 C TABLE OF NORMALIZED INTEGRAL OF POWER FOR FLECHT SKEWED

06800 C POWER BUNDLE.
06900 C
07000 DATA (QAXZQS(J),J=1,14)/O., 1.5, 2*5, 3.5, 4.5, 5.5

07100 1, 6.5, 7.5, 8.5, 9.25, 10.25, 10.75, 11.25, 12./

07200 DATA (QAXTBS(J),J=l,14)/0., .722, 1,285, 1.907, 2.589

07300 1, 3.33, 4.13, 4.989, 5.915, 6,643, 7.643, 8.098

07400 2p 8.494, 8.845/
07500 C
07600 C TABLE OF AXIAL POWER SHAPE FACTOR FOR FLECHT SKEWED POWER

07650 C BUNDLE.
07700 C
07800 DATA (FAXZS(J),J=1,26)/O., 1.5, 1.51, 2.5, 2.51, 3.5

07900 1, 3,51, 4,5v 4.51, 5.5, 5,51, 6.5, 6,51, 7.5, 7.51

08000 2, 8.5, 8.51, 9.25, 9,26, 10.25, 10.26, 10.75, 10.76

08100 3, 11.25, 11.26, 12,/
08200 DATA (FAXTBS(J),J=1,26)/.4815, .4815P .563, .563, .622

08300 1, .622, .681, .681, .741, .741, .8, .8, .859, .859

08400 2v .926, .926, .97, .97, 1., 1., .911, .911, 793, .793

08500 3p .5259, .5259/
08600 13 CONTINUE
08700 2100 FORMAT (3X,4HTIME,4X,1HH,4X,6HZQ(FT),2XIOHVQ(IN/SEC))
08800 IX=30
08900 IF (M .EQ. 1) CALL INTERP(FAXZFAXTBIX,Z,FAXFAXVZL)

09000 IX=26
09100 IF (M .EQ. 2) CALL INTERP(FAXZSTFAXTBSIX,Z,FAXFAXVZQ)
09200 T:[NITZ=(TINIT-TSAT)*FAX+TSAT
09300 Hl=3.67*UQMAX*FAX*(1.-EXF'(-(TINITZ-700,)/435.))
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COMPUTER PROGRAM OF HEAT TRANSFER CORRELATION (cont)

09400 H=Hl
09500 T=O,
09600 ZQ=O,
09700 CQ=2,
09800 QMAXCO=QMAX
09900 IF (M ,ED, 2) QMAXCO=QMAX*7.393/3,6795
10000 DZQ=,005
10100 CALL INTERP(VINTMPVINTBPNVINP,0, VINPVINSL)
10200 C J=1---COMPUTE MULTIPLIER FTQ.
10400 JTYPE=O
10500 JSTYPE=0
10600 J=l
10700 15 CONTINUE
10800 IF (W ,EQ, 1) GO TO 17
10900 19 CONTINUE
11000 C
11100 C COMPUTE QUENCH FRONT ELEVATION
11200 C
11300 ZQ=ZQ+DZQ
11400 DO 40 IVQ=l2
11500 IF (IVQ ,ED. 1) ZQ=ZQ-.0005
11600 IF (IVQ .ED° 2) ZQ=ZQ+.0005
11700 IX=17
11800 IF (M .EQD 1) CALL INTERP(QAXZQOAXTBhIX,ZQ,GAX,QAXSLP)
11900 IX=14
12000 IF (M oEQ, 2) CALL INTERP(GAXZQSPQAXTBSPIXvZQOQAXOAXSLF')
12100 QSK=QMAX*GAX
12200 OCOS=QSK
12300 IF (M .EQ. 1) MAXCO=QMAX
12400 IF (M .ED, 2) OMAXCO=QMAX*7.393/3.6795
12500 QAXCOS=QCOS/QMAXCO
12600 IXCOS=17
12700 CALL INTERP(GAXTBvQAXZQ•IXCOSGAXCOSZQCOSZQCSL)
12800 QEQ1=QMAXCO*QAXCOS/3.6795
12900 IF (MR .ED. 2) QEQ1=QEI*1.1
13000 17 CONTINUE
13100 IF (J .ED, 1) QEQI=QMAXCO
13200 IF (J .EQ. 1 *AND. MR ,EQ. 2) QEQI=QEQII°1
13300 IX=30
13400 IF (M .EQ. 1) CALL INTERP(FAXZFAXTBIXZGFAXFAXVZQ)
13500 IX=26
13600 IF (M °EQ. 2) CALL INTERP(FAXZSFAXTBSIXZQFAXFAXVZQ)
13700 QEQ=QEQ1
13800 TINITE=(TINIT-TSAT)*FAX+TSAT
13900 CALL INTERP(VINTMVINTBPNVINTiVINVINSL)
14000 ZS=1.833*VIN**(.5466-°0426*VIN)
14100 F1=EXP(-.0107*DTSUB)*(1,-EXP(-.667*VIN))
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COMPUTER PROGRAM OF HEAT TRANSFER CORRELATION (cont)

14200 F4=1.+o5*EXP(-.000037*P*P*P)
14300 F2=F4+1o3*EXP(-°111lVIN*VIN)+17.3*EXP(-°000037
14400 1*P*P*P)*EXP(--.49*VIN*VIN)
14500. F3=3°28/VIN**1°1-2o8*EXP(-VIN)
14600 F5=1o+.0000588*TINITE-1.05*EXP(-0025*TINITE)
14700 1*(1.+°5/(1.+50°**(2o-.667*VIN)))
14800 2*(1o+.32/(1o+50.**(5o-.1*P)))
14900 DO 20 K=1,3
15000 F61=1.207*QEQ**1°5-°667
15100 IF (J *NE. 1) F61=F61-2°8*(OEQ-1°3)/(1.+100.**(130.
15200 1-100o*QEQ))
15300 TQ=98°39*(F1*F2*F61+F3*F4)*F5
15400 IF (J °EQ. 1) GO TO 18
15500 FR1=05
15600 FR2=9°
15700 QR=QAXCOS/3.6795
15800 FQ=QR+FRI*QR*EXP(-FR2*QR*QR)
15900 TQ=TQ*FQ
16000 TQ=ZQ/VIN*12o+(TQ-ZQ/VIN*12°)/(l°+50.**(-(TINITE-400.)
16100 1/(400°-TSAT)))
16200 TQ=TQ*FTQ
16300 18 CONTINUE
16400 IX=16
16500 CALL INTERP(PDCTPDCAYIXTQPPDECAYPDCP)
16600 QEQ=QEQI*PDECAY
16700 20 CONTINUE
16800 IF (J °NE. 1) GO TO 50
16900 QMAXEQ=QEQ
17000 FTQ=1.+1.5/(1o+50o**(104o-80.*OEQ))*
17100 l(1°-EXP(-1o613*(OEQ-1o25)))
17200 C
17300 C COMPUTE HEAT TRANSFER COEFFICIENT
17400 C
17500 TYPE 2100
17800 J=2
17900 GO TO 19
18000 50 CONTINUE
19100 IF (IVO *EQ. 1) ZQI=ZQ
19200 IF (IVO #EQ# 1) TG1=T0
18300 IF (IVQ #EQ. 2) Z02=ZQ
18400 IF (IVQ *EQ. 2) TQ2=TO
18500 40 CONTINUE
18600 VQ=(ZQ2-ZG1)/(TQ2-TO1)
18610 VOINCH=VY*12o
18630 C
18640 C COMPUTE HEAT TRANSFER COEFFICIENT
18650 C
18660 IF (J .EQ* 2) TYPE 2200, T,H,ZQ,VQINCH
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COMPUTER PROGRAM OF HEAT TRANSFER CORRELATION (cont)

18700 T= T+DZG/VQ
18800 FHP=.714+.286*(1.-EXP(-1.8*P/VIN/VIN))
18900 X=4#*ZO/ZS
19000 HZS=46**(1.-EXP(-,25*VIN))*FHP
19100 1+38°*EXP(-t15*VIN)*EXP(-1.2*(Z-ZQ))
19200 IF (ZO .LT, ZS) H=H1*(1.-EXP(2.5*X-10.))+(HZS-
19300 1HI*(1.-EXP(2.5*X-10)))*(1,-EXP(-X)-.9*X*EXP(-X*X))
19400 IF (ZO .GE. ZS) H=HZS
19500 IF (Z .GT. ZPEAK) H=H-15,594*(1,-FAX)*EXP(-°0683*(Z-
19600 1ZPEAK))
19800 JTYPE=JTYPE+I
19900 JSTYPE=JSTYPE+I
20000 IF (ZQ °LE. ZS .AND* JSTYPE °EQ. 40 .AND. JTYPE °NE, 100)
20100 ITYPE 2200, THyZQVQINCH
20200 ZMZQ=Z-Zo
20300 IF (JTYPE .EQ. 100) TYPE 2200, THZQVQINCH
20400 2200 FORMAT(F7.0,F7.2,F7.1,F10O3)
20500 IF (JSTYPE *EQ. 40) JSTYPE=O
20600 IF (JTYPE .EQ. 100) JTYPE=O
20700 IF (ZQ .GE. 12.) GO TO 30
20800 J=J+l
20900 GO TO 15
21000 30 CONTINUE
21100 GO TO 10
21200 STOP
21300 END
21400 SUBROUTINE INTERP(X,YvLvX1,YISLOPE)
21500 DIMENSION X(100),Y(100)
21600 DO 100 K=1,L
21700 KI=K
21800 IF (X(K1)-X1) 100,100,200
21900 100 CONTINUE
22000 200 YI=Y(K1-1)+((X1-X(KI-1))/(X(K1)-X(KI-1)))
22100 l*(Y(K1)-Y(K1-1))
22200 SLOPE=(Y(K1)-Y(KI-1))/(X(K1)-X(KI-1))
22300 RETURN
22400 END
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EXAMPLES OF CALCULATION

RUN YHTCOR

MR=1 FOR FLECHT POWER, MR=2 FOR UNIFORM POWER
M-1 FOR COSINE, M=2 FOR SKEW
ENTER RUN DTSUB P TINIT QMAX TSAT M MR Z ZPEAK

15305, 140., 40., 1603., .7, 267., 2, 2, 10., 10.

ENTER VIN TABLE BELOW
ENTER NO. OF POINTS
2

ENTER TIME(IO/LINE)
0., 1000.

ENTER VIN(10/LIN)
*8, .8

TIME H ZQ(FT) VQ(IN/SEC)

.0. 2.25 0.0 0.223
11i 2.49 0.9 0.223
22. 3.99 0.4 0.224
27. 5.04 0.5 0.224
32, 6.00 0.6 0.225
43. 7.24 0.8 0.226
53, 7.77 1.0 0.228
64. 8.00 1.2 0.231
74. 8.12 1.4 0.234
79. 8.16 1.5 0.235
88. 8.18 1.6 0.197

112. 8.34 2.0 0.205
140. 8.34 2.5 0.219
173. 8.35 3.0 0.210
200. 8.35 3.5 0.225
232o 8.36 4.0 0,214
260. 8.38 4.5 0.219
294. 8.42 5.0 0.196
326. 8.49 5.5 0,186
366. 8.62 6.0 0.158
406. 8.84 6.5 0.145
457. 9.26 7.0 0.123
498. 10.02 7.5 0.166
543. 11.40 8.0 0.147
584. 13.91 8.5 0.145
632. 18.49 9.0 0.i35
680. 26.83 9.5 0.129
727. 42.04 10.0 0.127
762. 69.75 10.5 0,140
901..120.23 11.0 0.016
968. 212.23 11.5 0.292
988. 379.85 12,0 0.289
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EXAMPLES OF CALCULATION (cont)

RUN YHTCOR

MR=1 FOR FLECHT POWERP MR=2 FOR UNIFORM POWER
M=I FOR COSINEr M=2 FOR SKEW
ENTER RUN DTSUB P TINIT GMAX TSAT

02133, 142or 40., 1602., .89, 267.,

ENTER VIN TABLE BELOW
ENTER NO OF POINTS
2

ENTER TIME(IO/LINE)
0.0 1000.

ENTER VIN(10/LIN)
o 8, .8

M
IF

MR Z
1 6,

ZPEA
6.

TIME H
0. 2.86
6. 3.08

110 4.44
14. 5.39
17. 6.27
22. 7.41
27. 7.90
32. 8.13
38. 8.27
40. 8.32
43. 8.35
58. 8.62
81. 8.84

100. 9.26
128. 10.02
158. 11.40
197. 13o91
243, 18.49
295. 26.83
352. 42.04
409. 69.75
450. 120.24
486. 212.23
512. 379.85
530. 685.28
559.1241.80
553,2255.84
536.4103.56
497.7470.31
507.* *
518, *

ZG(FT)
0.0
0.2
0.4
0.5
0.6
0.8
1.0
1.2
1.4
1.5
1.6
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
6.5
9.0
9.5

10.0
10.5
11.0
11.5
12.0

VQ(IN/SEC)
0.434
0,435
0#437
0.439
0.441
0.447
0.455
0.464
0*475
0.482
0.489
0.346
0.280
0.324
0*264
0*207
0.150
0.126
0.109
0.102
0.133
0*142
0.150
0.179
0.210
0.209
0.272
0.382
0.577
0.574
0.571
0.567
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APPENDIX G
EXAMINATION OF LIQUID FALLBACK

IN THE SKEWED PROFILE TESTS

G.1 LIQUID FALLBACK MODELS

In the skewed power tests, since the peak power location is at high at the 10-foot elevation,
some concern was expressed about the effect of the possible liquid fallback on the heat
transfer at the peak power elevation. Analysis of the test data showed that liquid fallback did
not occur.

Three models for liquid fallback were examined.

G.2 Wallis Flooding Correlation

Flooding occurs in the counterflow of liquid and gas when the gas flow rate is large enough
to prevent the liquid from falling down. The critical gas flow rate and liquid flow rate are
correlated by Wallis[ 1 ] in the following equation.

XA_;+ m /-= C (G-1)

where JgV~
Jg= VgD (pf- Pg)

.JfJ•f
if =

/g-D(pf - pg) (G-2)

jg~jf = superficial velocities of steam and water, respectively (ft/sec)

pg,pf = densities of steam and water, respectively (Ibm/ft 3 )

D = hydraulic diameter (ft)

g = gravitational acceleration (ft/sec 2 )

and m, C can be obtained from figures 11.14 and 11.15, respectively, from Wallis' book.

1. Wallis, G., "One-Dimensional Two-Phase Flow'" McGraw-Hill Book Comany. New York, 1969.
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The same idea can be applied to the FLECHT tests. That is, if the measured dimensionless

superficial steam velocity, jg, is larger than the critical superficial steam velocity as calculated

from equation (G-1), then the fallback cannot occur. The diameter D can be computed by

4 x (Flow Area)
D = hydraulic diameter = (G-3)

Wetted Perimeter

Two kinds of flow channels are investigated: (1) the regular flow channel formed by four

heater rods, which has the value of D = 0.0445 foot; (2) the largest possible channel formed

by two outer rods and the housing wall or window, which has the value of D = 0.0608 foot.

The required superficial steam velocity Vg is computed byml
Jg =(m) (G-4)

where A is the flow area of the bundle and the steam flow rate mg is measured at the

exhaust orifice, the density of steam is calculated by using the steam temperature measured

at 11.5 feet.

Three runs have been chosen for this study:

" Run No. 12720, which has the lowest steam flow rate, mg, and the lowest

initial cladding temperature of 500'F.

" Run No. 11719, which has the same run conditions as Run No. 12720,

except that the initial temperature is 1000'F.

* Run No. 15305, which is the reference run in the skewed power test series.

Figures G-1 to G-3 plot the steam flow rate, mg. for these three runs.

Figures G-4 to G-6 plot jY against time. The horizontal line marked 1/g'
2 )critical, max is the

maximum critical value of computed from equation (G-1), that is, when l1 /f = 0 or

'*- C (G-5)

Scritical, max

.*1,4 2i
In the actual case, jf is not zero, and according to equation (G-1) ( jg 2 critical should be

smaller than that given by equation (G-5). Therefore, equation (G-5) is conservative.

Figure G-4 shows that for the worst case of Run No. 12720, the flooding might have

occurred in the window before 45 seconds and after 110 seconds. However, movie observa-

tion at the 10-foot window indicates that flooding has not occurred. This is because there

G-2
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was not enough water to cause flooding. Movies show that at the six-foot window the liquid
front (froth front) moved up at about 40 seconds and that at the 10-foot window the liquid

front moved up at about 50 seconds. This liquid front movement is also confirmed by the
pressure drop data which show that Ap between six and seven feet started to increase from

zero at about 40 seconds, and that Ap between 10 and 11 feet started to increase at about
50 seconds, indicating that the froth front had just entered the one-foot interval at these

times. At any rate, flooding due to the falling liquid was not observed.

Figure G-5 shows that in Run No. 11719, by increasing initial cladding temperature, g*/

increases significantly. Figure G-6 shows that for the reference Run No. 15305, the flooding
could not occur both on the window (or housing) and inside the bundle. This was confirmed

by the movie observation.

The liquid collection rate, shown in figures G-1 to G-3, provides another justification that

the liquid water has been indeed forced out of the bundle instead of falling back into the

bundle.

G.3 Droplet Fallback

Another possible mechanism of liquid fallback is by water droplets. In examining droplet
fallback, two drop diameters are of interest; the critical drop diameter determined by the

critical Weber number for a given steam flow and the maximum diameter which the steam
flow prevents from falling back. The argument is that if the steam flow is large enough, the

critical drop size will always be smaller than the maximum drop size which the steam flow
can force out of the bundle. This being the case, no drops can fall back into the bundle

since they will break up and be carried out by the steam flow.

It is known that a water droplet will become unstable and break into pieces when the
Weber number is larger than a critical value. The critical Weber number, Wcr, is expressed

as

Wcr = Pg (Vg - Vd) 2d 3 (G-6)

where

Vg, Vd = velocities of steam and droplet, respectively, ft/sec

d = diameter of droplet, ft

o = surface tension, Ibm/sec2
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For conservatism the steam velocity Vg can be assumed to be equal to one superficial steam

velocity jg. The value of 3.7 for Wcr was obtained from a FLECHT movie study by MIT. 1]

Therefore, the critical diameter size of a stable droplet that can exist is the diameter com-

puted from equation (G-6). Let this critical diameter be dcr. Then

3.7a
dcr - (G-7)

Pg (Vg - Vd) 2

On the other hand, there is a maximum diameter of a droplet that can be carried by the

steam. Let this maximum diameter of droplet be dmax. Then

3 P g -

dmax - CD . (Vg - Vd)- (G-8)
gPR

where

CD = drag coefficient of a droplet

Fallback will occur when dcr > dmax, that is, when the maximum diameter of a droplet that

can exist without being broken by the steam is larger than the maximum diameter of a

droplet that can be carried out by the steam; then the droplet will fall.

In computing dcr and dmax from equations (G-7) and (G-8), respectively, it is appropriate to

set Vd = 0 for our study of fallback since it is the boundary between fallback (Vd < 0) and

nonfallback (Vd > 0). It is postulated that the droplets will either decelerate and stop and

then fall back, or the droplets will coalesce in the upper plenum then begin to fall back. In

either case, the condition for fallback is when Vd - 0, therefore, cases with Vd > 0 need not

be considered. Whether the droplets have fallen back into the bundle in the skewed

power tests can be investigated by computing dcr and dmax with Vd = 0 at the exit of the

bundle and comparing the magnitudes of dcr and dmax-

Figure G-7 shows that for the worst case of Run No. 12720 the droplet fallback could not

occur during the period 43 < t < 115 seconds, since dmax > dcr. During other periods, the

droplet fallback might possibly occur, since dmax < dcr. However, the actual droplet diameter

might be smaller than the critical diameter dcr, and might be even smaller than dmax, since

no droplet fallback was observed in the movie taken during the test. Figure G-8 shows that

1. Letter from Professor Petter Griffith, MIT, to Dr. Y. Y. Hsu, Reactor Safety Research Division NRC,

dated January 3, 1975.
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in Run No. 11719, by increasing the initial cladding temperature, and hence the steam tem-

perature, the period in which fallback could not occur was extended to 15 < t < 145 sec.

Figure G-9 shows that for the reference run, Run No. 15305, the droplet fallback could not

occur.

G.4 Falling Liquid Film

The last model to be examined is that in which the liquid film falls on the housing wall.

Suppose that the film thickness is 8 (see figure G-10). If the gravitational force of the film

is larger than the interfacial shear force plus the pressure force, then the liquid film will fall.

At the critical condition where these forces balance each other, the following equation is

approximately valid:

(Tw + ri) LAZL + L-3 AZL8 = 6AZL Pf (G-9)
dZ gc

where

'7i = interfacial shear stress (Ibf/ft 2 )

w = wall shear stress (Ibf/ft 2 )

L = width of wall (ft)

gc = dimensional conversion factor, 32.2 ft lbm/lbf sec 2

The shear stress is given in p. 320 of Wallis' book 1l1 as:

1 Pg(Ig 2

Ti = (Cf)i - - (G-10
2 zC(6

(Cf, = 0.005(1 + 300--) (G-11)

where a is the void fraction and (Cf)i is the interfacial friction factor. The last term of

equation (G-11) corresponds to the interfacial surface roughness. With the substitution of

equations (G-10) and (G-11), and neglecting the wall shear stress, pressure drop, and

interfacial surface roughness, equation (G-9) can be reduced to

6max = 0.0025 g f (G-12)

1. Wallis, G., "One-Dimensional Two-Phase Flow" McGraw-Hill Book Company, New York, 1969.
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For conservatism, the void fraction a can be taken to be one. Equation (G-12) gives the

maximum film thickness 6 max that can be held by the steam without falling. If the film

thickness is smaller than that given by equation (G-12), the liquid film will be dragged up

by the steam. The inclusion of the wall shear stress, the pressure drop, and interfacial

surface roughness will yield a maximum film thickness much larger than that given by

equation (G-12).

Figure G-11 plots 6max for three runs. It is seen that for the worst case of Run

No. 12720, Smax is larger than 0.5 inch, except before 35 seconds, where liquid entrain-
ment is negligible (the first droplet was observed at 35 seconds in the movie taken at the-

10-foot window for this run, and later times, where the froth front had already moved to

the 10-foot elevation). The movie reveals that there was no such thick liquid film.

Therefore, all liquid on the wall must be dragged upward. This is confirmed by the movite
in which it was observed that some of the droplets deposited on the window were draggeoI

upward by the steam. For Runs No. 11719 and 15305, the possibility that the maximum

film thickness, 6 max, is much larger than that of Run 12720 is an impossibility because

there is no falling film.

It is concluded that the liquid fallback did not occur in any of the three mechanisms

investigated; flooding, droplet fallback, and falling liquid film.
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APPENDIX H

TEST BUNDLE EXAMINATION

Upon completion of the skewed profile tests, the test bundle was removed from the housing

and both were examined in detail.

The test section was rotated to the horizontal postion and the upper and lower seal plates

were removed. Rods 2K and 07 were stuck in the lower seal plate and had to be cut off to

remove the seal plate. Rods 2E, 5B, 6J and 9F were removed from the bundle and replaced

with the four bundle-lifting rods. The support plate was placed back over the bottom end of

the bundle and connected to the lifting rods. The test section and bundle were moved to

remove the bundle in the vertical postion. As the bundle was being removed, the support

plate stuck in the housing approximately one foot above the six-foot window. The support

plate was disconnected from the lifting rods and the bundle was removed from the housing.

The support plate was then tapped out and removed through the bottom end of the housing.

The heater rod bundle was transferred to the bundle assembly area for disassembly and in-

spection. Photographs were taken of the intact bundle and then it was photographed row by

row during disassembly from the beginning of the heated length to the end of the heated

length. The distortion of the heater rods, thimbles, steam probes, and fillers is listed in

table H-1. The location and identification of the bundle components is shown on figure H-1.

Surface roughness measurements were taken on rods 5G, 7F, 8C, 2H, and 8B.

The measurements are shown in table H-2 along with the surface roughness measurements

taken on these rods before the test series began. Rod 8B was sandblasted two inches on

each side of its thermocouple locations before bundle assembly. Examination of table H-2

indicates that the roughness of rod 8B did not increase during the testing.

Oxide thickness measurements were taken at the ten-foot elevation of rods 5D, 5F, 5G, and

7F. The rods were sectioned, plated with copper to preserve the oxide layer, cast in an

epoxy mold, polished and examined under a microscope to measure the oxide thickness.

Table H-3 lists the results of the measurements and figures H-2 to H-5 show the pictures of

the cross sections.
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TABLE H-1

DISTORTION OF THE SKEWED BUNDLE

(Refer to Figure H-1 for Location of Components)

1. Fillers: #1

#2
#3
#4
#5
#6
#7
#8
#9

#10

#11

#12

2. Row

3. Row

0:
1:

Rod

Rod

- Slight distortion between 8' and 10' elevations.

- Bowed between 8' and 10' elevation.

- Bowed between 8' and 10' elevation.

- Bowed between 8' and 10' elevation.

- Bowed between 7" and 12' elevation.

- Slight distortion between 8' and 10' elevation.

- Slight distortion between 8' and 10' elevation.

- Slight distortion between 8' and 10' elevation.

- Slight bow into space between Rods 1B and 2A at
the 9' 6" elevation.

- Bowed between Rods 1. and 2K and touching Rod 2J
at 9' 6" elevation.

- Bowed between Rods 9K and 10J and touching Rod 9J
at 9' 6" elevation.

- Slight bow into space between Rods 9A and 10B at
9' 6" elevation.

OG - Bowed at 9' 6" elevation - caused by bow in filler #2.

1F - Failed rod - sheath is split open with the heater
element exposed at the 8' 2" and 10' elevations. The
length of the slits in the sheath are both 1.8".

1J - Bowed at 9' 6" elevation - caused by bow in filler #10.

2.1 - Pushed between Rods 2H and 3J by the bow in filler
#10 at the 9' 6" elevation.

2K - Bowed at 9' 6" elevation - caused by bow in filler !10.

3G - 7' steam probe - bowed and touching Rod 3F at the
11' elevation.

3H - Bowed at 9' 5" elevation.

3J - Bowed at 9' 5" elevation.

3C - Instrument thimble - slight bow at 9' 5" elevation.

4A - Failed rod - sheath is split open with the heater element
exposed at the 10' 9" elevation. Length of split in sheath
approximately 1.75".

5H - Instrument Thimble - bowed at 9' 6" elevation and
touching Rod 5J.

Rod
4. Row 2: Rod

Rod

5. Row 3: Rod

Rod

Rod

Rod

6. Row 4: Rod

7. Row 5: Rod
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TABLE H-1 (cont)

DISTORTION OF THE SKEWED BUNDLE

(Refer to Figure H-1 for Location of Components)

8. Row 6: Rod 6F

Rod

9. Row 7: Rod

6K

7C

10. Row 8: Rod 8G

- Instrument Thimble - bowed and touching 6E at
7' 10", 9' 10" and 10' 5" elevations.

- Slight bow at 7' 10" elevation.

- 10' Steam Probe - bowed and touching Rod 7D at
9' 6" elevation.

Bowed at 11' elevation.

- Level detector - bowed at 9' 3" elevation and 11'
elevation.

- Bowed at 9' 5" elevation.

- 11' Steam Probe " bowed at 7' 6" and'11' elevations.

- Bowed at 9' 6" elevation - caused by bow in #12 filler.

- Pushed between Rods 8J and 9H by filler #11 at the
9' 6" elevation.

- Bowed at 9' 6" elevation - caused by bow in filler #11.

- Bowed at 9' 6" elevation - caused by bow in filler #12.

Rod

Rod

11. Row 9: Rod

Rod

8.

8E
9A
9J

12. Row 10: Rod 10J
Rod 10B
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TABLE H-2
FLECHT-LFR SKEWED HEATER ROD SURFACE

ROUGHNESS MEASUREMENTS (pin.)

Heater Rod

Inches
From S/N

End

35 3/4

47 1/8

47 1/2

59 3/8

71 5/8

79 1/4

83 1/2

95 1/4

95 3/8

95 1/2

107 1/8

107 1/4

119 3/8

131

137

142 7/8

143 1/8

143 1/4

143 1/2

148 3/4

149

154 1/2

155

155 114

161 1/4

5G - S/N 180 7F - S/N 176 [ C - S/N 152 2H - S/N 104 8B - S/N 113

Before After Before After Before After Before After Before After
Test Test Test Test Test Test Test I Test Test Test

.4 1/2

5 1/2

6

15

8 1/2

5

5

25

7

15

70

35

50

65

35

6 1/2

5 1/2

15

11

12

35

95

75

70

70

80

18

21

27

25

16

16

18

15

22

85

47

17

15

12

17

20

19

20

90

50

80

85

85

80

65

65

60

80

7

7

1/2

15

6

6 1/2

I I. -

NOTE: The beginning of the heated length starts 24 inches from the serial number (SIN) end.
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TABLE H-3
FLECHT SKEWED HEATER RODS

(Oxide Thickness Measurements on OD of
Rods at 10-foot Elevation)

Heater Rod No. 00 900 1800 2700 Average

7B S/N 136 Min. 0.0005 0.0001 0.0004 0.0004 0.0004
Max. 0.0014 0.0011 0.0013 0.0013 0.0013

5G S/N 180 Min. 0.0006 0.0005 0.0009 0.0005 0.0006
Max. 0.0016 0.0015 0.0017 0.0015 0.0016

5D S/N 137 Min. 0.0004 0.0011 0.0009 0.0010 0.0009
Max. 0.0015 0.0018 0.0018 0.0017 0.0017

5F S/N 137 Oxide Thickness taken at one location only, 0.00005"
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Figure H-2. Oxide Thickness for Rod 5D
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Figure H-3. Oxide Thickness for Rod 5G
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Figure H-4. Oxide Thickness for Rod 7B
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Figure H-5. Oxide Thickness for Rod 5F
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The heat transfer coefficient was examined for a series of repeated tests which were con-

ducted during the test series such that they reflected different periods during the bundle

life. Rod 5G was examined at the 5, 7, 9.5, and 10.5-foot elevations. The roughness change

was largest at the 7-foot elevation. The heat transfer coefficient was observed to be essent-

ially the same, and easily within the test repeatibility discussed in section 3. This degree of

repeatibility indicates that the surface roughness increase during the test series does not

affect the heat transfer coefficient.

The quench times for rod 5G at the different elevations were also examined and are given in

table H-4. A quick examination of the data indicated that two of the later tests gave longer

quench times than their earlier counterparts, while the two later tests gave longer quench

times. There does not seem to be a trend in this information that would indicate that as

the rods aged, they would quench differently.
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TABLE H4

QUENCH TIMES FOR ROD 5G DURING BUNDLE LIFE USING REPEAT TESTS

Test Test Test Test Test Test Test Test
Thermocouple 13404 17136 11003 13303 12907 17407 12102 17302
Location tq (sac) tq (sec) tq (sac) tq (sac) tq (sec) tq (sec) tq (sec) tq (sac)

5G5 194 171 145 157 47 46 84 86

5G7 304 266 212 237 77 76 122 126

5G9.5 481 383 299 350 120 116.5 153 166

5G10.5 548 464 339 399 141 134 174 177
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APPENDIX I

ADDITIONAL WALL HEAT FLUX COMPARISONS
FOR SKEWED AND COSINE TESTS

Both skewed and cosine tests were analyzed using HEAT II described in appendix B to

ascertain the importance of each radiation component as a function of the two variables of

primary importance in reflood heat transfer, flooding rate, and pressure. Before flooding, at

time zero, the primary modes of heat transfer are natural convection to the steam in the

test section and surface-to-surface radiation. At the onset of flooding, the surface-to-surface

radiation component normalized by the total wall heat flux should be close to 1.0, as

indicated by figures I-1 and 1-5. Note however, that the skewed surface-to-surface radiation

heat flux drops off to less than 25 percent of the total wall heat flux much more rapidly

than do comparable cosine flooding rate tests. In the case of the skewed series, the wall-to-

wall radiation is found to increase with decreasing flooding rate, while the opposite trend is

found in the cosine series.

Wall-to-vapor radiation (figures 1-2 and 1-6) is relatively constant for both skewed and cosine

tests and accounts for 10 to 15 percent of the total wall heat flux. Late in time, this

component increases but, in general, accounts for less than 25 percent of the total.

Normalized wall-to-droplet radiation heat transfer accounts for 10 to 15 percent of the total

wall heat flux, as shown in figures 1-3 and 1-7. Both the cosine and skewed tests indicate

that the wall-to-droplet radiation component rises to a maximum and then decreases to

quench, with the higher flooding rate tests decreasing earlier. This result would be expected

since tests with higher flooding rates do quench earlier.

Similar trends are also seen in surface-to-surface radiation. The importance of surface-to-

surface radiation decreases earlier in time with increasing flooding rate (figures I-1 and 1-5).

Convective heat transfer (figures 1-4 and 1-8) accounts for the major portion (-50 percent) of

the total wall heat flux. The effects of increasing flooding rate are seen later in time as the

percentage of wall heat flux removed by droplet-enhanced convection increases as quench

time approaches.
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RUN NUMBERS
PRESSURE
INITIAL CLADDING
TEMPERATURE

PEAK POWER
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INJECTION RATE
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Figure I-1. Effect of Flooding Rate on Surface-to-Surface Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-2. Effect of Flooding Rate on Wall-to-Vapor Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-3. Effect of Flooding Rate on Wall-to-Drop Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-4. Effect of Flooding Rate on Wall-to-Vapor Convection
Heat Flux Normalized by Wall Heat Flux
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Figure 1-5. Effect of Flooding Rate on Wall-to-Wall Radiation
Flux Normalized by Wall Heat Flux
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Figure 1-6. Effect of Flooding Rate on Wall-to-Vapor Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-7. Effect of Flooding Rate on Wall-to-Drop Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-8. Effect of Flooding Rate on Wall-to-Vapor Convection
Heat Flux Normalized by Wall Heat Flux
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In conclusion, increasing flooding rate does not shift the primary mode of heat transfer from

one mechanism to another, nor are there large changes within the same mechanism. Near

4t.anch time, small changes are noticed, but are not of great significance. Early time shows

the most fluctuation, but here the mass balance is inaccurate and differences are not to be

totally believed.

Normalized heat flux dependence on pressure variations was also investigated using the

HEAT II code. Note that two different flooding rates were used in drawing these comparisons

(skew-1.0 in./sec and cosine 0.8 in./sec). Consistent trends are found for surface-to-surface

radiation between the different power profiles (figures 1-9 and 1-13). As the pressure increases,

radiation between surfaces decreases.

However, the differences between 60 and 20 psi for the skew profile test are much smaller

than those found in the cosine test comparison and the cosine normalized surface-to-surface
radiation flux is calculated to be roughly twice that of the skew test. Trends in the calcula-

tion of normalized wall-to-vapor radiation (figures 1-10 and 1-14) are not clear. For example,

the skew 20 psi case is roughly half of the 40-60 value (- 15 to 20%). In comparison, the

cosine 20 psi test 06638 increases with time until at 350 seconds, radiation from wall-to-vapor

accounts for approximately 25 percent of the total wall heat flux. The 40 and 60 psi cases

are considerably less than 25 percent.

Consistancy returns to the calculation of wall-to-droplet radiation (figures 1-11 and 1-15),
especially later in time. Initially the skew profile tests indicate 10 percent of the wall heat

flux is transmitted to the drops through this radiation mechanism while 10 to 20 percent is

typical for the cosine profile. Later in time, (200 sec) the curves begin to separate with the

60 psi droplet radiation flux dropping to near 0 and the 20 psi flux either maintains its

former value or increases slightly.

Again figures 1-12 and 1-16 show that 50 percent or more of the total wall heat flux is

transmitted through convective means after 50 seconds of testing with the exception of

20 psi cosine test. In general the convective mechanism is more significant in the skewed
profile than the cosine by roughly 20 percent.

As quench time approaches, the difference in convective transport due to pressure is pro-
nounced in the cosine profile; that is, the higher the pressure the higher the convective flux

on a percentage basis.

The differences in normalized heat fluxes were greater due to pressure than due to flooding
rate. While flooding curves tended to reflect differences in quench time more strongly,

pressure effects tended to alter the proportion of wall heat flux allotted to each mechanism

more significantly.
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Figure 1-9. Effect of Pressure on Surface-to-Surface Radiation
Heat Flux Normalized by Wall Heat Flux

1-11



11,863-228

I .25
RUN NUMBERS 02833 - 05239- 06638
PRESSURE 40-60-20 PSIA
INITIAL CLADDING
TEMPERATURE 1602 - 1600 - 1600°F

PEAK POWER 0.89-0.95-0.95 KW/FT
.O0 SUBCOOLING 142 - 143 -I130F

INJECTION RATE 0.80-0.82-0.82 IN./SEC

0.75 02 833

0.50

05239 

06638

0.25 "•

0
0 100 200 300 400 500

TIME (SECONDS)

Figure 1-10. Effect of Pressure on Wall-to-Vapor Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-11. Effect of Pressure on Wall-to-Droplet Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-12. Effect of Pressure on Wall-to-Vapor Convection
Heat Flux Normalized by Wall Heat Flux

1-14



1.00

0.75

0,,

X 0.50
3-

-a
a'

0.25

0
0 50 100 150 200 250 300

TIME (SECONDS)

Figure 1-13. Effect of Pressure on Surface-to-Surface Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-14. Effect of Pressure on Wall-to-Vapor Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-15. Effect of Pressure on Wall-to-Droplet Radiation
Heat Flux Normalized by Wall Heat Flux
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Figure 1-16. Effect of Pressure on Wall-to-Vapor Convection

Heat Flux Normalized by Wall Heat Flux


