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ABSTRACT

l
This report summarizes the results from upper plenum air-water
reflood behavior testing performed as part of the program to investigate

three-dimensional aspects of PWR LOCA research, The test program wes

performed in mid-1978 by EG&G Idaho Inc, at the Idahu National Engineering

Laboratory. Tests described were performed at near ambient temperature

and pressure in a plexiglass vessel which included the important features

of the upper core and upper plenum regions corresponding to a single fuel

bundle in both Westinghouse Electric Corporation (Trojan) and Kraftwerk

Union (KKU) PWR designs. The data included observed two-phase flow

characteristics, particularly with regard to countercurrent flow, and

cinematography of the characteristic upper plenum flow patterns.



SUMMARY

A series of air-water reflood behavior experiments has been performed
by EG&G Idaho Inc, at the Idaho National Engineering Laboratory witn a full
size model of the upper core and upper plenum regions . rresponding to a
single pressurized water reactor (PWR) fuel bundle of both Westinghouse
Electric Corporatinn (Trojan) and German Kraftwerk Union (KKU) desigrs. The
purpose of tests performed was to increase the basic understanding of two-
phase flow characteristics in the upper core and upper plenum regions of a
PWR during core reflooding following a loss-of-coolant accident (LOCA).

This increased understanding will help to assure optimum design and planning
of subsequent experiments intended to investigate important aspects of the

reflooding process.

PWR upper plenum designs include several different categories of internals.
Consequently, KKU flow tests included separate test series with plexiglass models
of KKU open hole upper core support plate (UCSP), support column, and control rod
quide shroud vpper :lenum configurations., Westinghouse test series included models
of Westinghouse designs for the open hole UCSP, support column, guide shroud, and
stub mixer configurations. In addition, tests were performed to investigate the
behavior of the UCSP to be used in the cylindrical core reflood test facility

planned by the Japanese Atomic Energy Research Institute,
In a PWR undergoing reflood, it is anticipated that steam generated by

elevated temperature fuel rods would entrain sufficient core region liquid water

to build a significant invertory of water in the PWR upper plenum, provided that

iid




sufficient de-entrainment occurs in the upper plenum region. Consequently,

the direction of the experiments performed herein was to provide basic infor-
mation on that process. The entrainment - de-entrainmunt process was simulated
by the injection of air into the bottom of the test vessal, and water droplets

into the resulting air stream,

Most air flow velocities typical of PWR reflocding steam velocities re-
sulted in buildup and establishment of a froth layer in the test section upper
plenum. This froth layer was observed to oscillate rather violently about the
upper plenum outlet after a quasi-steady condition was reached, Neither phase
appeared to be continuous throughout the upper plenum region, in fact, local
areas with the gas phase continuous and local areas with the 1iquid phase con-
tinuous existed simultaneously. De-entrainment did not occur by the process
of droplets striking structures, but rather by droplet growth from coalescence
in the region where gas flow deceleration was occurring slightly above the UCSP,
Countercurrent flow characteristics of the apparatus were found to be heavily
dependent on the geometry of the upper end box, UCSP, and upper plenum structures,
but were well correlated by a linear combination of the 1iquid and gas Kutateladze
numbers :

)1/2 i

1/2
(Kg) + A(KL

where A and B are constants dependent on the system geometry.

Some difficulty was experienced in obtaining core region water entrainment
typical of anticipated PWR reflooding values. Typical entrainment may, in fact,
require heated fuel bundle regions to ensure that a liquid film does not build

up on the upper ends of fuel rods.

iv



Future tests of this nature should include one or more of the following

features: 1) a heated core section to correctly simulate the core region
entrainment process, 2) multibundie geometry to investigate the effects of

upper plenum flow in the radial direction, or 3) facilities for injection

and testing with steam and water ricther than air and water.




CONTENTS

ABSTRACT R R R R e s e R R R R N R RN EE RN ‘i1

el o e N AT S e S LS L
y IR IO i saaussnsdasianassssinesiastassiaibrsssnoscarnanns o
0. URET BYSTEM o ildanavsassnarsonastssssasssesaisarssssinssdorsnsises &
To 2 TOE NHUURT | Liaiaidnoinvishnsnnessasatossssirdnsas snsioneinsns

Bs AUNITS0ry CONDONBIES sisnssansssnrssssdostaaniasasisssssssasns T

S COMIIET VBN i iiiianniiinanssissshanasasssna s snsnssssnanss 19

8, Test Instrimentation .csccinssnessionsssnsnnnssssssssrnsssone 19

8. Dath ACOUISTLION SYSLAN .  cessnisasnosetsasasssssnsitinsseatsnsss B8

105, TEST BEIHOD ' (i iiiidisdanibnssatssssnnsisnsrsinbissrsaninnnsantosass o9
1 Tost Matrin SHICLIOB  suissivacaansinssanscnninsnssasnnisanan B8

. PROEHUNIN | iasie st och s i i ssinssransasibinassansdsssansnasianese BN

V.  BEBULTS  siiiasatnsanseddnttodadsstanssdsssssassnaniddsiinsnsniasas B0
1. Upper Planis Flow CRAractaristics secessisessassssascsnsdnases £

2i Raw DTSR suiscnnaisasasniasdnsiniisnainssaddsinatasacsasianansn oY

3. Caloulatnld DREE sasessassnridsassansnsanstosssnnsasassansssany &F

4. Countercurrent Flooding and Entrainment Test Results ......... 37

5. Effect of the Upper Plenum Outlet Height .ecosccceccccscsscses 6l

6. Comparison of KKU and Westinghouse Test Results ...veesceesees 61

7. Froth Densdty ReSUILS  ecnvisesatsassscsanssnsessssensbinsasas B9

B CINDURORDBPRRNY ‘sossissannsrasssisrnnssaanssneassnsnsasssdungs 71

9. Stoniticance oF Prior COFL ROSUILE siiidsassnaisnnsassassansas 1)

10. Simulation of the Air-Water Test Apparatus Via the "TRAC"
con‘putEr COde R R R R R R T A A A A I I A B I O O B 76

vi



CONTENTS (CONT.)

¥, CONCLUSIONS AND RECOMMENDATIONS oosssvesssssonssosdnssnssssas 18
Fa  ROBETUMNENE -\ sissassnbnaadsisnssabssassssssnonsisnsarssss 18
Os MOCORMMONUBEIONE  saaonsrssesassnsssnsssssvassnssssssnsiess BO
Vid PEPERENOED o dsacirisnssstinnsassnssdnnsnsabionnsasansnsssonss B2

DATA LA L B B I B B L B I B B A DR B B B B B R I B IR B R B B BE R BB BB A-1

F PPENDIX A

APPENDIX B - ANALYSIS OF EXPERIMENTAL ERROR .iveeecessesscscescees B=l

APPENDIX C - DATA REDUCTION COMPUTER ROUTING +ieeeveeccccosvacasss C=l

APPENDIX D - TRAC MODEL OF AIR-WATER APPARATUS .sevveesesvscsecoses D=1

vii



10,

18,

19,
20,

4B
22,
23,
24,
25,

FIGURES
Alr=water test VesSS8el ..ccoeciscoscsrocvrascssnssnesasssssssnnssaces @
KKU support column model and upper core support platé ...eeeesesses 8
KKU control rod guide structure model and core support plate ...... 9
Westinghouse 15x15 support column model ..ceoescsecccsssssssscssnse 10
Westinghouse control rod guide shroud model...ceeeeecescsscccssosscee 11
WOSTINENDUES BB MINEPr MOUDY . asssaisdisnnbnrssadsadaonssnsssnsoas R

Westinghouse upper end box model (shaded areas represent
areas Open to f1ow).....'0¢'.l!'l.'Q..l.lDOGCQIOOQO!OOOC..'OU.O.‘QOO13

Westinghouse end box model with rod spider.......;..................14
JRERT CURTE QUBP. cibau s s chsnnnnansrnnssqsssntns snsanssssenssgsnssne 10
Piping and instrumentation diagram for air-water test systemM,....... 16
Fallback measuring tank liquid level, transient data, Test L-21,....28
Carryout measuring tank liquid level, transient data, Test L-21....28
Test section air flowrate, transient data, Test L-2l.ceeevvsvseceees 29
Upper plenum water injection rate, transient data, Test L-21..00000.29
Upper plenum gamma densitometer output, transient data, Test L-21.,, 30
Test section air supply pressure, transient data, Test L=21..veeeess 30
Upper plenum pressure, transient data, Test L=2l.vseecseravescsncens 31

Differential pressure across upper core support plate,
trans1ent data’ Test L-21ll0..'llO.‘l...O'lCl!..ll.O.lll...l.l'l...'3]

Differential pressure across end box, transient data, Test L-21.....32

Differential pressure from hottom to top of upper plenum,
tran51ent data’ Test L-z]0.0..0!.000.0...0....0'0.0'.0.000Dl00.!0.‘-32

Test section inlet air temperature, transient data, Test L-21,......33
Upper plenum water supply temperature, transient data, Test L-21....33
Core water injection temperature, transient data, Test L-21...0000.. 38
Upper plenum mixture temperature, transient data, Test L-21.........34

Uncorrected CCFL results for KKU Open Hole UCSP (Test
Series A) out]et '1eight=0U8]3 ml....l'.l‘...... l.’..l‘.l.'.'.....38

viii



26,

27,

28,

29.

30.

3l.

32,

33,

34,

35.

36.

3,

38,

39,

40.

FIGURES (CONT.)

Uncorrected CCFL results for KKU open Hole UCSP (Test
Ser1es B) 0.305mout1et he1ghtt¢l.l.‘...l..l......'.‘.............

Uncorrected CCFL results for KKU Support Column (Test
Ser1es C) out]et he‘ight-0|305 m.l.'......000.00.'..0""0!000'.00

Uncorrected CCFL results for KKU Support Column (Test
Ser1es D) out]et height=0l813 m'i.n..'Il.l.l...ll'.'.............

Uncorrected CCFL results for KKU Control Rod Guide Shroud
(Test Ser1es E) out]et height=0.8]3 m......!.lll...“ll.'.......l

Uncorrected CCFL results for KKU Control Rod Guide Shroud
(TOSL S0rias F) Outiot Motont o 0. 308 Mi.oiieeisorvesorsontssmain

Uncorrected CCFL results for JAERI UCSP (Test Series G)
out]et he1ght=0l305 ml..‘..ll...'....t!...l.tll'.l'l.l.....l..."

Uncorrected CCFL results for JAERI UCSP (Test Series H)
out]et he1ght-00305 nl.l..l..l.l‘."l'l!l..tll.l‘..'.....l.'l..‘tt

Uncorrected CCFL results for JAERI UCSP Supplemental Tests
(Test Series Y) outlet height = 0.813 Raaabhdssndrsnasntsisdssitnss

CCFL results for Westinghouse 15x15 (TROJAN) Open Hole
UCSP (Test Ser1es I).'..Q"Q...'l....l...l..l......."0..’...0.....

CCFL results for Westinghouse 15x15 (TROJAN) Support
Co]umn (Test Ser1es J).l.l.l.....l.0.0"..0'.0‘...‘..0....l..ll....

CCFL results for Westinghouse 15x15 (TROJAN) Control
ROE BUSHE BRPOHE LU0 BB K i iiiinsainninnsbrisistanaibe o

CCFL results for Westinghouse 15x15 (TROJAN) Stub
M"xer (Test Series L).l"'....l...l'.......'....'".00..'.'....."'.

Observed results of Special Entrainment TeStS.eees oo cooesessnenes
CCFL results adjusted for core region irjection fallback, including
least squares fit data, KKU Open Hole UCSP (Test Series A)
out]et height=0.8]3 m..'l...'.'l.....l..!'..'..0.I.l‘....l!."...
CCFL results adjusted for core region injection fallback,

iu:?uding least squares fit data, KKU Open Hole UCSP (Test
Series 8 out]et height=0.305 m........"...'0.0'0...0...‘..'...0

ix

39

40

41

42

43

A4

45

46

47

48

49

50

51

53

54



41.

42.

43,

a4,

45,

46,

47,

48,

49.

500

51.

FIGURES (CONT.)

CCFL results adjusted for core region injection fallback, including
lease squares fit data, KKU Support Column (Test Series C) outlet &
h81ght . 0.305 ml...‘...l'l!..l.....l..ll..lIQ.Q.!CO0'..00 CEC I BN B A B B ) \5

CCFL results adjusted for core region injection fallback, including
lease squares fit data, KKU Support Column (Test Series D) outlet
"'eight:0.8]3 ml.l.0.ll.l.O‘.O....QOOO..O...!O..lll'..'.ll......l'.l' 6

CCFL results adjusted for core region injection fallback, including
least squares fit data, KKU Control Rod Guide Shroud (Test
Series E) out]et he.ight= 0.8]3 m.l..l....l.l..‘.v..l.'l..b..'.l'l..l.57

CCFL results adjusted for core region injection fallback, including
least square fit data, KKU Control Rod Guidc Shroud (Test Series F)
out]et height'o.Bos m.o.tc...l..l.'.‘.".0.'..0'.0.‘00.00000........

CCFL results adjusted for core region injectic. fallback, including
least squares fit data, JAERI UCSP (Test Series G) outlet
height=0l305 m'll..00...0..!'0....."'0000...l..l!"ll.....l......l'59

CCFL results adjusted for core region injection fallback, including
least squares fit data, JAERI UCSP (Test Series H) outlet
he1g']t=008]3 n‘..l!......l0..0..!'.0!0".00O.'.lIOHOOQOOOClCOOOCCOQ..60

CCFL results for Westinghouse 15x15 (TROJAN) Open Hole UCSP
(Test Series I) including least squares fit P RIS IO

CCFL results for Westinghouse 15x15 (TROJAN) Support Column (Test
Series J) including least squares fit MR . i st st

CCFL results for Westinghouse 15x15 (TROJAN) Control Rod Guide
Shroud (Test Series K) including least squares fit B i

CCFL results for Westinghouse 15x15 (TROJAN) Stub Mixer (Test
Series L) including least squares fit PR TR S SO IR

Froth density versus air injection rate for Westinghouse UCSP

lnode] testt..l..“.ll..l..l..l..'.lll‘.l.l....l..."'..'.‘.....‘F..C.l

72

Froth density versus air injection rate for Westinghouse support
co]umn mode] testol...'ﬂclotttolttD.‘Q.O.QQQO'.l.l....l.......'.‘ll'.l73

Froth density versus air injection rate for Westinghouse flow
m'iYer mOde] testlloil.ll....'!’.‘....l...l.llll'l..'.'l0!."'.00...0..74



A-1
B-1

B-2

D=1

Air-water test

Maximum 7 kely
square root of

Maximum Tikely
square root of

Air-water test

FIGURES (CONT.)

Systaﬂ Schematic....l....l‘......l‘l..'.‘...

error in liquid Kutateladze number versus
liquid Kutateladze number..eeeesecesccscccss

error in gas Kutateladze number versus
gas Kutate]adze numberQOOO...OlO...OQDOD..l.

vessel TRAC model componentS...eeeesceceacas

xi

A-3

B-5

B-5
D-5



I1.
I11.
Iv.

VI,
VII,
¥iil.

IX.

TABLES

INTERNAL DIMENSION, KKU MODEL VESSEL.ssccescssscesssccocsonconsas 9
INTERNAL DIMENSION, WESTINGHOUSE MODEL VESSEL.:eseeescecscsocees B
TYPICAL SEMISCALE DEMINERALIZED WATER COMPOSITION...seesesveeees 18
CONTROL VALVE CHARACTERISTICS.usesscecscsscscssovssroensasssenss 20
EXPERIMENT MEASUREMENT SPECIFICATIONS.cosssssvassssnsessnscssnse £1
TEST SECTION CONFIGURATIONS AND TEST SERIES DESIGNATIONS........ 36
COUNTERCURRENT FLOODING CORRELATIONS AND STATISTICS .+vevessses. 66
UPPER PLENUM LIQUID CONTENT TEST RESULTS.cececcecscsscssssssscss 70
"TRAC" CALCULATIONS RESULTSesssscssssssssssssssassscoccsnssasase 77

KKU OPEN HOLE UCSP TEST HEIGHT

"

0.8]3 m‘.l...l..l.......'..'.l.A-4
KKU OPEN HOLE UCSP TEST HEIGHT

0-305 m..oooaoo-cooooccooooooo-A‘7

KKU SUPPORT COLUMN TEST HEIGHT = 0,305 Messssescoccsscsassses A=10

KKU SUPPORT COLUMN TEST HEIGHT

008]3 Measosoesecssossnnnsne A"13

KKU CONTROL ROD SHROUD TEST HEIG“T 0.8]3 Mesoossssesnsnncee A']G

fn

KKU CONTROL ROD SHROUD TEST HEIGHT

04305 Misossssscsssceses A=2]
JAERT UCSP TEST HEIGHT = 0,300 Misassesrssocssncanssssassnase A28
SUPPLEMENTAL TESTS HEIQHT = 0,813 Mesosssossvsasnssesvasesssss A7
WESTINGHOUSE UCSP TEST HEIGHT = 0,813 Mecesevessvesessssecees A=30
WESTINGHOUSE SUPPORT COLUMN TEST HEIGHT = 0.813 Muvesesvessss A=36
WESTINGHOUSE GUIDE SHROUD TEST HEIGHT = 0.813 Mevusessseessss A=40
WESTINGHOUSE FLOW MIXER TEST HEIGHT = 0.813 Mivssessvessesees A=46
DENSITOMETER CALIBRATION DATAsucescsrosessscsssassssssccecsss A=50
EXPERINcNT MEASUREMENT SPECIFICATIONS..cseeevecscecscesseocss B=3

LISTING OF DATA HANDLING COMPUTER PROGRAMS...eeecvveseeaveasss C=2




I. INTRODUCTION

Air-water upper plenum tests were conducted by the 3-D Experiment
Project, Engineering Projects Division of the Water Reactor Research
Directorate, EG&G Idaho, Inc., for the United States Dcpartment of
Energy and Nuclear Regulatory Commission in order to provide visual
evidence of PWR upper plenum flow behavior during ref’ »d conditions
and to provide data on the tendency of upper plenum id inventory
to drain back into the core under such conditions. . results
acquired provideu a better understanding of the role played by upper
plenum hydraulics in the postulated loss-of-coolant ar-ident (LOCA)
and contributed to the development and preliminary verification of
LOCA analysis computer codes.

The analysis of postulated loss-of-coolant accident (LOCA) behav-
ior for pressurized water reactors (PWRs) requires detailed knowledge
of the hydraulic phenomena occurring during the transient. An impor-
tant feature of the analysis of the reflood portion of such a trans-
ient, when coolant water covers the core and reduces fuel rod tempera-
tures, is the behavior of water stored in the upper plenum region of
the reactor vessel. This water could either exit the vesse! through
the hot leg nozzle or could, possibly, fall back into the core, thus
enhancing the core cooling. In addition, the return of water to the
core would minimize the "steam binding" probiem and would allow a
swifter reflood, thus minimizing fuel rod temperatures.

The rate at which upper plenum water could flow down to the core
would be limited by the upflow of steam from the core. While such
vertical countercurrent flow limiting (CCFL) behavior has been studied
in the past, the experiments have not modeled realistic PWR geo-
metries. Studies in such geometries are required to verify the poten-
tial for the occurrance of CCF. phenomena under reflood conditions and
to develop analytical models required to describe it quantitatively.



The tests were conducted in a single fuel bundle sized vessel
incorporating comg <ents representing the fuel bundle, grid spacer,
upper end box, upper core support plate (UCSP), upper plenum, and
upper plenum internal structures (if appropriate). Tests were con-
ducted under flow conditions believed to be representative of PWR
reflood. Configurations based upon typical U.S. and German reacter
designs and a Japanese experiment design were tested. The data
gathered in the tests were analyzed to provide both a qualitative
description of the flow behavior above the core under reflood condi-
tions and a preliminary data base for modeling the CCFL behavior of
typical reactor vessel designs.

The following sections contain a description of the te:st system,
including tle vessel, piping, associated equipment and instrumen-
tation, the procedures used to perform the several tests, and the re-
sults and conclusions drawn from the observation of the test behavior
and the CCFL data. The append ices to this report contain the raw test
data (Appendix A), an estimate of experimentai error (Appendix B), a
listing of the computer routines used to reduce the data (Appendix C),
and the TRAC computer code model used to simulate the test vessel be-
havior (Appendix D).

IT. TEST SYSTEM

The test system was designed to allow the testing of full size
components. A one-bundle sized section of the reactor core and compo-
nents above the core bundle up to and including the upper plenum were
represented. Air and water flow rate capabilities were sized to allow
reproduction of the full -~ange of core flows predicted for reflood
conditions. The test vessel and air and water supply subsystems were
instrumented to allow the monitoring of input flows and vessel hydrau-
: response. A feedback control system was used to permit control of
..let flows and vessel pressure. The remainder of this section de-
scribes the details of the various test subsystems.



1. TEST VESSEL

The vessel used in the tests is shown on Figure 1. Tables I and
11 give the imernal flow areas associated with the KKU and Westing-
house configurations, respectively. The material used for th vessel
is plexiglass, with the exception of the back of the vessel wnich is
polystyrene. Polystyrene wes chosen beca.se it absorbs less of the
gamma radiation used in the density measurement system. The top and
bot*om vessel support plates are c*ainless steel.

Air was introduced to the test sectinn through two stainless
steel diffusers or opposite s.des of the .essel, ncar the bottom.
This scheme for air injection has been found to produce a nearly-
uniform flow (as desired) at the top of the simulated core.

Water may be introduced into the vessel in two ways. First, the
core-entrained water may he simulated by injection upward into the
bottom of the cure via a water injection nozzle. This device has a
1¢ x 14 array (Westinghouse) or 15 x 15 array (KKU) of tubes a'lowing
divect injection into each bundle subchannel. This tubing was of
sufficiently small size to force rapid stability-induced breakup of
liquid jets over the range of anticipated injection rates. In order
to maintain a steady state liquid inventory in the upper plenum, a
second water inlet directly above the UCSP was included. This inlet
introduces the water by means of slots around all four sides of the
vessel, thus flooding the UCSP evenly from all directions.

The air or two-phase mixture exits the vessel through the stain-
less stv1 exit diffuser, which extends across the entire side of the
vessel piece in which it is located. A number of positivas for this
outlet may be used, ranging from 0.3 m to 1.5 m (approximate) above
the UCSP.
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TABLE 1

INTERNAL DIMENSION, KKU MODEL VESSEL
(a1l dimensions in meters)

Core overall measurement 0.28mx0.24mx0,241m high
Core flow area 0,0289 m2
End box flow area 0.0130 m°

UCSP flow area

round hole 0.0213

square hole (quide shroud test) 0.0194 m2
U.P. flow area 0.071 m2
U.P. area blockage due to internal

support column (max blockage) 0.00811 m2

guide shroud (max blockage) 0.0172 m°
Outlet diffuser entrance area 0.0272 m2
JAERT UCSP flow area 0.0274 n?

(used in KKU vessel & end box)




TABLE I1

INTERNAL DIMENSION, WESTINGHOUSE MODEL VESSEL

(all dimensions in meters)

Core overall measurement
Core ficw erea

End box flow area

UCSP flow area
round hole
square hole (guide shroud test)
U.P. flow area
U.P. area blockage due to internal
support column (max blockaqe)
guide shroud (max blockage)
flow mixer (min flow area)

Outlet diffuser entrance e¢rea

0.216x0.216m,0,305m high
2

N.0156 m2
(a1l tests except control
rod quide shroud)

0.0166 m°
(test with control rod guide
shroud)

0.0247 m

2
2
2

0.0213 m
0.0277 m
0.0575 m

0.0071 m?

0.0304 m°

0.0095 m?

0.0244 n°




Water which falls back into the ccre from the upper plenum
gathers at the bottom of the vessel and exits to the fallback steam
trap through a pipe nczzle in the bottom support plate.

The upper plenum internals used in the different test series are
shown on Figures 2 through 9. Also shown are the UCSPs used with
these internals. For both the Westinghouse and KKU designs, a square
(or “"scalloped" for the KKU model) UCSP hole design is used when the
control rod quide shroud (Figures 3 and 5) is located above it, while
a round hole is used for the remainder of the tests. The UCSP holes
used with the two guide shroud models are shown in Figures 3 and 8.
The UCSP for the Japan Atomic Energy Research Institute (JAERI) cylin-
drical core reflood test facility (CCRTF) is shown on Figure 9. Four
holes are shown since this test facility will have electrically heated
8 x 8 rod bundles. The 16 x 16 core and end box used in the KKU tests
were retained in this test to provide the flow area and core dimen-
sions corresponding to a 2 x 2 array of the smaller bundles. In this
test, no upper pienum internals were included, although scaled down
internals will be used in the CCRTF experiments. The Westinghouse
type end box used in the last four test groups is shown in Figures 7
and 8, Figure 7 shows the end box (with slotted fiow openings)
partially covered by a square plate with circular and scalloped holes
in it. This plate was used in test groups W-1, W-2, and W-3, and
simulates the plate which blocks and supports the control rod guide
tubes in bundles without control rods. In rodded bundles, this plate
is replaced by a control rod drive ~pider, as shown in Figure 8, which
was used in test group W-3 and ‘¢ -esents the control rod me~hanism in
the scrammed position. The V' id box (not shown) consisted of a
15 x 15 array of holes aliuner .bove the core flow channels. These
holes are 1.05 cm in diameter.

Z. AUXILIARY COMPONENTS

A piping schematic is shown on Figure 10. A number of ccmponents
pesides the vessel are shown. Among these¢ are:



D= 0,700 m

R= 0,09

Fig, 2 KKU support column model and upper core support plate,
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Separator; This serves to separate, using gravity and a
demister screen, the outlet two-phase mixture, allowing
measurement of the outlet liquid phase flow rate.

Steam Traps (2); These permit the removal of liquid from
the pressurized system without venting the air. One is
located below the vessel for removal of the fallback water.
The other is below the separator to allow removal of the
carryout liquid.

Measuring Tanks (2); The fallback and carryout steam traps
each drain into a separate measuring tank. The fallback and
carryout flow rates are determined by tracing the rate of
charge of liquid level in these tanks.

Air Supply; An auxiliary diesel compressor (capacity 0.42
m3/s at standard conditions) was used to augment the nor-

mal plant air. The plant air could be used alone for air

flow rates less than 0.12 m3/s. The air supply lines were
4-inch carbon steel.

Water Supply; Demineralized water was used in these tests.
Typical water chemistry for this supply is shown in

Table IIl. The water supply linec we cainless steel to
minimize corrosion fouling. Circulation was provided by an
external pump (not shown). The system was closed-loop with
respect to water in that the measuring tanks could be
emptied (using an auxiliary pump) into the water supply
storage tank. The water was emptied and renewed frequently
due to the presence of slight oil-fouling by compressor air.
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TABLE II1
TYPICAL SEMISCALE DEMINERALIZED WATER COMPOQTTION[GJ

pH 10.70
Conductivity (umho/cm) 130,
Lithium (u/me) 3.2
Chlorides (ppm) <0,1
Fluorides (u/mz)[b1 <0.4
Oxygen (cc/e) n.06
Total gas (cc/1) 162.5
Suspended solids (u/me) 1.67

B COSI R —

[a]

(bl

B. L. Collins, C. E. Coppin, K, E, Seckett, "Experiment Data Report
for Semiscale Mod-1 Test S-28-1 (Stear: Generator Tube Rupture Test),
TREE-NUREG-1148, October 1977,

Present analytical methods prevent accurate determination of
fluorides at concentrations of less than 0.4 ppm,




3. CONTROL SYSTEM

The four parameters controlled in this experiment were inlet air
flow rate, core-injected water flow rate, upper plenum injected water
flow rate, and upper plenum pressure. Tre sizes and performance char-
acteristics of the control valves are shown in Table IV. On both the
inlet air and core-injected water supplies, controlled by-pass routes
were provided. This system allowed constant flow through the air and
water lines which enhanced the quality of control possible, since a
constant pressure was thereby maintained upstream of the control
vaives.

Vessel pressure control was achieved by using a back-pressure
control valve (CVAWA on Figure 10). This valve was located downstream
of the separator. The characteristics of this valve are shown in
Table IV.

Feedback control! of these four variables was achieved through the
use of specially designed electronic three-mode controllers intended

for fast-response operation.

4, TEST INSTRUMENTATION

The experimental measurements recorded for each experiment and
the approximate location of the sensors are shown on Figure 10. The
accuracies required for each measurement are shewn in Table V. In
general, these required accuracies were met, with the exception of air
flow rate accuracy and stability at air rates below 0.038 m3/s,

Since most tests used greater air injection rates, this lack of sta-
bility is not crnsidered to be a serious difficuity. The stability of
the air-flow a.  analysis of associated error in calculations is dis-
cussed in Appendix B.
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TABLE IV

CONTROL VALVE CHARACTERISTICS

VALVE DESIGNATION
(FIGURE 8)

CV AW 1

CV AW 2

CY AW 3

CV AW 4

FUNCTION

core injection
water control

air injection
centrol

upp -r plenum
water injection
control

back pressure
control

VALVE CHARACTERISTICS

Linear position versus flows curve
full open to full closed in 0.25 sec
full closed to full open in 0.25 sec

Linear position versus fiow curve
full open to full closed in 0.25 sec
full closed to full apen in N.25 sec

Linear position versus flow curve
full oper to full closed in 0.25 sec
full closed to full open in 0.25 sec

Linear position versus flow curve
full open to full closed in 0,25 sec
full closed to full open in 0.25 sec

VALVE SIZE

1" (2.5 cm)
3" (7.6 cm)
1" (2.5 cm)
3" (7.6 cm)




TABLE V

EXPERIMENT MEASUREMENT SPECIFICATIONS

INSTRUMENT
TYPE OF MEASUREMENT NUMBER LOCATION RANGE ACCURACY
MASS FLOW RATE Qw1 Inlet water (be- | 0,0-0,00227 | +5%
low core) m?/sec
QW2 Inlet water (to | 0,0-0,0N227 | +5%
upper plenum) m?/sec
QA Inlet air 0,0472-0,472 | +5%
mi/sec
PRESSURE P1 Upper plenum 0-0.2078 mPa | +1,38 kPa
PA Inlet air 0-0,2078 mPa | +1,38 kPa
FLUID TEMPERATURE TA Inlet air 288,7-322°K | +2.77°K
TW1 Inlet water ¥ e
TW2 Inlet water " "
(upper plenum)
TWA Upper plenum y .
PRESSURE (DIFFERENTIAL) 30T1 Measuring tank 0-24,88 kPa | +1% F.S,
(from bottom
of vessel)
AWT3 Measuring tank 0-24.88 kPa | +1% F.S.
(from separator)
DP1 Across grid 0-4,98 kPa +.0249 kPa
plate
pp2 Across upper s Ly
core support
plate
DP3 Top of UCSP s .
to top of U.P,
FROTH DENSITY
(GAMMA DENSITOMETER) GD-1 Upper plenum N-1041 kg/m?| +8%
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5. DATA ACQUISITION SYSTEM

Sixteen data channels were scanned and recorded by the Semiscale

DAS(I). Output data for the tests were available in two forms. A
transient record of each channel for the duration of a 60-second tests
was p otted for each test. In addition, tapes recording the average
value of each measurement were provided for each 60-second test. In
general, the tape of average values during the test was used for fur-
ther data reduction and handling with two exceptions:

1. The liquid outflow measurements were made by following the
level changes in the collection tanks. The reduction of
these measurements to flow rates required direct use of the
transient data.

2. Occassional control or instrument malfunction invalidated
the results during portions of some tests. These failures
would render meaningless the average sensor reading: for the
entire 60-second test. In many instances, the results of
portions of the 60-second test were still meaningful, and
the transient data were used to estimate average sensor
readings during the proper portion of the tests.

In addition, the transient data were found useful in the determi-
nation of the validity of individual tests.

I11. TEST METHOD
The tests were run under conditions representative of PWR LOCA
reflood. Steady state tests were used to gather the CCFL data. Im-

portant considerations during the conduct of these tests were: (a)
accurate flow rate and pressure .:tpoints on controls, (b) establish-
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ment and maintenance of steady state flow conditions, and (c) periodic
checking and calibration of the gamma densitometer electronics and DAS
amp lifiers.

The following sections describe the operational procedures used
for each type of test run, and the method used to determine the range

of flows to be tested.

1. TEST MATRIX SELECTION

For each upper plenum geometry tested, the range of air flowrates
which allowed countercurrent flow of water from the upper plenum was
determined by visual observation of the flow. This range was then
divided into suitable increments and several water injectics flowrates
were selected which resulted, in general, in establishment of a froth
layer in the upper plenum.

For the KKU tests, designated G-1 thru G-3, and the JAERI CCRTF
test, designated J-1, the fuel bundle region water injection flowrate
was chosen to correspond with the FLOOD4 (Refererce 2) predicted &n-
trainment value for each air flow rate tested. Sufficient additional
water was added by wper plenum injection to result in a totai water
injection of either 8, 13, 17, or 22 x 10'am3/5. The variation in
upper plenum injection was intended to provide a variation in upper
plenum average density and corresponding liquid content, because these
variables could possibly have an effect on countercurren® flow.

In tests with the Westinghouse upper plenum internals (designatad
Groups W-1 thru W-4), the lowest air flow rate which resulted in any
entrainment of fuel bundle region water injection was found sufficient
to completely prevent liquid penetratior (countercurrent flow) from
the upper plenum. Consequently, all data points in Groups W-1 thiu
W-4 were obtained with no fuel bundle region water injection.
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Between the KKU and Westinghouse test series, a number of supple-
mental experiments were performed to investigate, (a) the influence of
the method of air injection en the CCFL “ehavior of the system, (b)
the effectiveness of the fuel bundle region water injector in
entraining water into the core air flow, and (c) the effects on coun-
tercurrent flow caused by varying the relative proportion of liquid
injected into the upper plenum and fuel bundle regions.

The air and water flow rates for each of these investigations
were cho.en to provide a sufficient number of countercurrent flow
points at the "flooding" (maximum liquid downflow) condition such that
valid conclusions could be drawn in each case.

2. PROCEDURE

For the original test section configuration, and after completing
changeovers to a new upper plenum internals arrangement, motion pic-
tures were taken of several representative upper plenum upper end box
flow combinations. The test matrix was then selected by the method of
Section III, 1., and CCFL testing commenced. After the decired water
and air injection flow rates for a test point were established, ficws
were held con:tant until a steady froth layer was obtained in the test
section upper plenum. Flow, temperature, pressure, and density data
were then recorded for a period of sixty seconds. Upper plenum liqui«
carryout and UCSP 1iquid fallback flow rates were measured by reco--
ding the rate of liquid level change in the carryout and fallback
collection tanks. Froth height (defined as the highes’ elevation
above the UCSP which the froth regularly reacked during its oscilla-
tion about the upper plenum outlet) was checked visuec!ly and recorded
in the test log. Flows were then reset for the next test point and
the proced:i're repeated.
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At selected test points, a direct measurement of upper plenum
liquid content was made by simultaneously stopping all test section
inflows and outfiows, and measuring the liquid volume which fell to
and collected in the test section lower plenum. The volume collected
was measured visually with a ruler and recorded in the test log.

The special tests to investigate fuel bundle region entrainment
characteristics weire qualitative in nature. For each flow combination
tested, the test engineer categorized the upper plenum/end box flow
condition as (a) no liguid into end box, (b) some 1liquid into end box,
very little in upper plenum, (c) immediate flow into end box, slow
buildup in upper plenum, or (d) rapid froth buildup in upper plenum.

The flow rates used in each test appear in the data summaries,
and are not repeated here.

IV. RESULTS

Data taken for each test section configuration consisted of
60-seconds of tape recorded transducer output voltage for each channel
iisted in Table V, and visual observations of both froth height (all
tests) and upper plenum liquid content (Westinghouse tests only).
Motion pictures of the upper plenum flow field were taken of selected
sample points for most of the upper plenum configurations. The fol-
lowing sections describe the methods used in the reduction and report-
ing of this data and the important features of these results. In
addition, the results of a computer simulation of the test system are
presented and compared to the experimental data, and the suitability
of classical CCFL correlations for the prediction of PWR reflood
behavior are discussed.
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1. UPPER PLENUM FLOW CHARACTERISTICS

The experiments suggest that the two-phase mixture in the upper
plenum region behaves as a churn-turbulent froth when the air flow
rates are chosen to represent reflood steam flows. Although to deter-
mine which, if either, phase is continuous is difficult, apparently
small liquid droplets do not contrinute significantly to the upper
plenum liquid inventory. This contrasts with the assumptions made in
some previous analyses of upper plenum flow behavior. The model
employed in Reference 2 pictured the upper plenum (during reflood) to
consist of a liquid pool from which small droplets were entrained and
convected with the steam flow. These droplets were then assumed ito
exit the upper pienum or (more likely) strike an internal structure.
This behavior is unlike that observed in the test vessel in which
large and irreqularly shaped drops could be observed near the top of
the froth. These drops, in general, fall back into the froth, al-
though some near ihe outlet nozzle are swept out. The liquid is post-
ulated to be projected upward in the regions of high air velocity (the
end box and UCSP), and then was dominated by gravity in the upper
plenum except in a region near the outlet nozzle where the air was
again accelerated.

As expected, the top of the froth was {ound to osciilate around
the upper plenum outlet, in those cases where a froth became estab-
lished. Froth heights reported in the raw test data (Appendix A) can
be interpreted as the maximum height which the froth regularly reached
during its oscillations around the upper plenum outlet.

In those cases where a permanent froth failed to become estab-
lished, occasional excursions of liquid were carried into the upper
plenum. Reported froth heights lower than the upper plenum outlet
height may be interpreted as the height which these excursiors regu-
larly reached.
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These froth height results are not considered to be indicative of
large scale upper plenum behavior. In a multi-bundle reactor upper
plenum, upward steam flow would be expected to persist above the
height of the outlet nozzle above bundles not located near the hot leg
outlets. This could permit a froth to persist locally whose height
exceeded the outlet nozzle level. The vessel used in these experi-
ments did not permit an upward air velocitv above the outlet and thus
limited the heights of the resultant froths. Some froth heights
reported do exceed the outlet level, but this is due to the upward
momentum of the liquid droplets and is not a recult of an air-sup-
ported froth above the outlet level.

2. RAW _DATA

Raw data f-om each test series were available for subsequent

examinatio~ 1+ tyo forms, specifically, as (a) engineering unit plots
of the t ~ output vs time (60-seconds), and (b) time averaged
values 1. . channel recorded. Typical transducer output voltages

converted to engineering units by the Semiscale data acquisition
system are shown on Figures 11 thru 24. These data are included here-
in to illustrate the relative time-variation in each transducer signal
and to acquaint the reader with the characteristics of the data ob-
Ltained,

3. CALCULATED DATA

After being converted to engineering units, the raw data were
examined to eliminate any obvious errors, and delete any invalid
tests, Time averaged data were then analyzed by a small computer
program, designated "CALC", to convert the air flow and water fallback
data to gas and liquid Kutateladze numbers, Kg and Kg¢;
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-0.25

-0, 0.5
ZS’Kf ” jf "f (gg(cf‘og)) ’

0.8,
Ky * 3%  logleg - 5,))

where: j = volumetric flux (gas or liquid)
o = density (gas or liquid)
9.= gravitational constant
o = surface tension
f subscript denotes liquid, g subscript et -

A listing of the CALC program is included in Appendix C.

Fallback and carryout “low rates were determined external to
"CALC" and then input directly to the program. The method of caicula-
ting these quantities was to determine the time rate of change of the
differential pressure type level detectors located in the fallback and
carryout measuring tanks (by hand) and multiply by the individual tank
cross-sectional areas. Generally, the method of data analysis (by
CALC) consisted of first ad i1sting the measured air flow rate for
variations in temperature and pressure occurring downstream of the air
measurement location and then calculating tne required dimensionless
quantities from the adjusted air rate and input values of the fallback
flow rate.

Tabulated raw and calculated data are given in Appendix A for the
entire series of air-water tests. Table VI presents the breakdown of
the test section configuration used for each test group and series.

In all cases, volumetric fluxes used for calcu'aling the Kutateladze
numbers were based on the flow area through the upper end box. These
flow areas c¢re listed in Tables I and II.
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TABLE VI

TEST SECTION CONFIGURATIONS AND TEST SERIES DESIGNATIONS

TEST GROUP

G=1

G-2

G-3

J=1

W-1

W-2

W-3

B it e s

. —

TEST SERIES

UPPLR PLENUM/
UCSP_CON* TGURATION

- DB e

G
H,Y

KKU open hole UCSP
KKU open hole UCSP
KKU support column
KKU support column
KKU contro: rod quide
KKU control rod guide
JAERI open hole UCSP
JAERI open hole UCSP

Westinghouse open
hole UCSP

Westinghouse support
column

Westinghouse control
rod guide shroud

Westinghouse stub
flow mixer

HOT LEG OUTLET
HEIGHT (m)

0.813
0.305
0.305
0.813
0.813
0,305
0.305
0.813

0.813

n.813

0.813

0.813

SHONN N
FIGURE(S)
25
26
27
28
29
30
3
32,33

34
38
36

37
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4, COUNTERCURRENT FLOODING AND ENTRAINMENT TEST RESULTS

Countercurrent flooding data with the square roots of the liquid
and gas Kutateladze numbers plotted against each other are presented
on Figures 25 through 37. These plots represent direct reduction of
the raw data.

Investigation of the anam:lous data behavior cxhibited in Test
Series E and F, (Finures 29 and 30) led to the conclusion that a sign-
ificant amount of water injected into the fuel burdle region was, in
fact, not being entrained, but falling back to and being ccllected in
the fallback collection tank. A series of tests was then undertaken
to investigate entrainment characteristics of the test apparatus, by
injecting water into the fuel bundle region at varying rates of air
flow, and observing the relative speed at which a froth was estab-
lished in the upper regions of the test section. The results of these
tests are shown in Figure 38. In general, entrainment is shown not to
exist at air flows below 0,125 m3/s and is shown to reach the upper
plenum in significant quantity for air rates greater than 0.140 m3/s.
The nature of the tests did not allow determination of the air rate
required for complete entrainment. Subsequently, it was decided to
treat the data for test groups G-1, G-2, G-3, and J-1 subtracting
out all, or a portion of the fuel bundle region in’  flow rate
from the fallback flow rate, depending on the magnitude of the air
flow rate,

Test results from Series E were used to determine a suitable
method of data treatment because of the small relative data scatter
and large nuinber of test points. The Series E fuel bundle r. "/n
water injection flow rates (Qk') were subtracted from the fa:ivack
flow rates for all data points and the resulting (KL)1/2 and
(KG)‘/2 values cross-plotted. These results showed a resulting
(KG)]/2 intercept of approximately 1.8, indicating that negligible
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countercurrent liquid flow was penetrating downward from the upper
plenum through the upper end box for (KG)]/2>1.8., a mathematical
function was then derived which predicts the observed division of QW1
fuel bundle region into entrained and fallback portions for those
tests having (Ki)!/%< 1.8, This function was as follows:

(1) for air flow rates (QA) < 0.142 m3/s (300 CFM);
actual fallback (AFB) = measured fallback (MFB) - fuel
bundle injection (QW1),

(2) for airflow (ates 0.142 m3/s < QA < 0,209 m3/s;

\
A - 0,142

AFB = MFB - QW1|1 -( T4 , and

(3) for airflow rates QA > 0.209 m3/s,
AFB = MFB

A direct comparison of the predictions of this function with results
illustrated in Figure 38 can not be made, since the figure is only
qualitative in nature and indicates the rate at which liquid builds up
in the upper regions of the test section at various air and fuel
bundle region water injection rates. Some degree of agreement, how-
ever, is indicated. Apparently, at air rates between 0,125 m3/s and
0.142 m3/s, entrainment is too limited to have any discernable ef-
fect on the overall mass balance, and for air rates greater than

0.142 m3/s, entrainment increases more and more rapidly until com-
nlete entrainment occurs. Results of the treatment adjusting counter-
current flooding data for fallback of core region injection are shown
on Figures 39 through 46 for Series A thru H. Test Series E and F
results, which previously showed anomalous behavior, are depicted in
Figures 43 and 44. Use of the entrainment fallback correction has
resulted in excellent straight line correlations for Series E and F
gas versus liquid Kutateladze number plots. Also included on the
figures are straight lires fitted to the data by the least squares
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method and ceefficients of the straight 1ine fits. Those points with
zero fallback or obviously below the flooding curve and have not been
included in determination of the best fit straight line. Figures 47
thru 50 are reproductions of the data from the Westinghouse tests with
best fit straight 1ines and coeffic‘ents. Note that it was not neces-
sary tn use the fallback adjustment on the Westinghouse tests because
fue: bundle region injection was not used.

A compilation of (KG)”2 (KL)]/2 correlations and statistics is

also given in Table VII, Reference 3 contains a description of the
statistical terms used in this table.

5. EFFECT OF THE UPPER PLEJUM OUTLET HEIGHT

Test Series A, D, E, and H in which the simulated hot leg outlet
from the upper plenum was located 0.813 m above the USCP were repeated
with the outlet lozated 0.305 m above the USCP (Series B, C, F, and
G). Comparison of the adjusted CCFL data from these series shown in
Figures 35 thru 42 leads to the conclusion that the greater upper
plenum 1iquid content occurring in the 0.813 m outlet height tests

results in a small but definite increase in rountercurrent liquid
penetration.

6. COMPARISON OF KKU AND WESTINGHOUSE TEST RESULTS

Countercurrent flooding data gathered for the KKU and Westing-
house type upper core region/upper plenum designs exhibit signifi-
cantly different behavior. The KKU tests, in general, permitted a
greater degree of liquid penetration of upper plenum stored liquid to
the fuel bundle region at a given gas upward velocity. The diffe-
rences appear to be due to the combined effects of (1) flow blockage
or channeling caused by the thin plate positioned at the exit of the

61



a

- e
- B
P -
e —
= -
- -
b -y
P -
- e
r— -
- -
—— —
- -t
o -~
- -
- ot
B At 1 1 | i | 1 4 1

9 g g g4 0.6 @.2 1

3
(Kq)*

Least Squares Fit: (Points designated by triangles excluded) =

(Kg)5 + o.720(x1)§ = 1,46

Fig. 47 <CFL results for Westinghouse 15x15 (TROJAN) Open Hole
UCSP (Test Series I) including least squares fit data,

62

?



2.0

1.9

1.0

895

@ 0

llillllLlejlllL

+
A

1

3

(X,)

1

Least Squares Fit: (Points designated by triangles excluded) =

3 : .
(Kg) + 1.26(K1) - 1033

Fig. 48 CCFL results for Westinghouse 15x15 (TROJAN) Support Column
(Test Series J) including least squares fit data.

63

@



(xp)*

1.9

1.0

8.9

[

oo

P-

-

£ i
AR A | . | s | . | A
g.0 8.2 0.4 8 € 0.8 .8

(x,)*

Least Squares Fit: (Points designated by triangles excluded) =

4
(K)¥ + 1.03(K))" = 1.65

Fip. 49 CCFL results for Westinghouse 15x15 (TROJAN) Control Rod
Guide Shroud (Test Series K) including least squares fit data,

64



1 l S,
P
-
-
q
u" 9
-
—ﬁ
o~
q
T | el

g 3 10
3
()

Least Squares Fit =

3 }
(xg) + 2,163(K.) = 1.3

Fig. 50 CCFL results for Westinghouse 15x15 (TROJAN) Stub Mixer (Test
Series L) including least squares fit data.



TABLE VII

COUNTERCURRENT FLOODING CORRELATIOMS AND STATISTICS

(General Form of Correlation; (KG);5 + A(KL)li = B)

Test Series A (KKU Open Hole UCSP, 0,813 m U.P, Outlet)

Equation of best fit st. line (KG)‘é + 0.719(KL)% = 2.04

Estimated standard deviation S.D.(A) = 0.0584
of coefficients S.D.(B) = 0,0259

Coefficient of determination 0.830

Estimated standard deviation
of (Kg)* on (K ) )% 0.0792

Test Series B (KKU Open Hole UCSP, 0,305 m U.P, Outlet)

Equation of best fit st. line (KG)Lﬁ + 0, /84(K ) = 1.98

Estimated standard deviation S.0.(R) » €, 0541
of coefficients S.D.(B) = 0.0267

Coefficient of determination 0.905
Estimated stanpard devigtion

of (KG

Test Series C (KKU Support Column, 0,305 m U.P, Outlet)

0.0387

Equation of best fit st. line (KG)% + 0.798(KL)‘5 = 1,03

Estimated standard deviation S.D.gA) - 0.0279
of coefficients B) = 0,0137

Coefficient of determination 0,980

Estimated stangard dev1qtion

of (Kg)* on (K, ) 0.0216

Test Series D (KKU Support Column, 0.813 m U.P. Outlet)

Equation of best fit st. line (KG)15 +0.718(K )% = 2.01
E:timated standard deviation S.D.(A) = 0.0f13

of coefficients S.D.(B) = 0.0280
Coefficient of determination 0.825

Estimated stan,ard devigtion

of (KG) on (K 0.0615
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TABLE VII (CONT.)

Test Series E (KKU Control Rod Guide, 0.813 m U.P. Outlet)

Equation of best fit st. line (KG)’5 + 1.10(KL)15 =1.78

Estimated standard deviation S.D.?A; 0.0163
of coefficients S.D.(B 0.00866

Coefficient of determination 0,987

Estimated stangard dev1gt10n

of (KG 0.00300

Test Series F (KKU Control Rod Guide, 0,305 m U.P. Outlet)

Equation of best fit st. 1ine (KG)15 + 1.37(KL)li = 1.80

Estimated standard deviation S.D.(A) = 0,0465
of coefficients S.D.(B) = 0,0238

Coefficient of determination 0.958

Est1mated standard dev1%t1on
(K )% on {Kp) 0.0740

(est Series G (JAERI UCSP, 0.305 m U.P, Outlet)

Equation of best fit st. Tine (K.)" + 0.800(K ) = 1.90
Estimated standard deviation S.D.(A) = 0,0336
of coefficients S.D.(B) = 0.0163

Coefficient of determination 0,954

Estimated standard dev1 tion
of (KG) on 0.0381

Test Series H (JAERI UCSP, 0.813 m U.P, Outlet)

L

r)*z + 0.689(K )*? = 2,02

D.(A) = 0. 0542
.D.(B) = 0.0265
8

Equation of best fit st. line

(
Estimated standard deviation Se
of coefficients S

.J

nn

Coefficient of determination 0.838

Estimated standard deviey1on

of (KG)B on k )2 0.0729
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TABLE VII (CONT.)

Test Series I (Westinghouse Open Hole UCSP)

Equation of best fit st. Tine (Ks) + 0.720(k ) = 1.46 '

Estimated standard deviation s.D.(A) = 0,0319
of coefficients S.D.(B) = 0.014%

Coefficient of determination 0.946

Estimated standard devigtion

of (KG)5 on (K ) 0,0243

Test Series J (Westinghouse Support Column)

Equation of best fit st. Tine (KG)li + 1.26(KL)‘i = 1,33

Estimated standard deviation S.D.&A) 0.129
of coefficients D.(B) = 0.0285

Coefficient of determination 0.813

Estimated stangard deviation
of (Kg) on (K )k 0.0574

Test Series K (Westinghouse Control Rod Guide Shroud)

Equation of best fit st, line (KG) 1.03(KL) = 1,65
Estimated standard deviation S.0.(A) = 0,0536
of coefficients S.D.(B) = 0,0198
Coefficient of determination 0.934
Est1mated rtangar‘d dev19t10n
0.0367

Test Series L (Westinghouse Stub Flow Mixer)

Equation of best fit st. line (Kg)® + 2.16(k )% = 1.31

Estimated standard deviation S.D. A) = 0,102
of coefficients S.D.(B) = 0,0227

o

Coefficient of determination 0.942

Estimated stangard devigt1on

of (KG) on (KL) 0.0265




westinghouse end box, anu (2) general differences ‘n design of upper
plenum internals, The overall impression received is that upper ple-
num to core region countercurrent liquid penetration is extremely
geometry dependent,

7. FROTH DFNSITY RESULTS

The density of the upper plenum froth was measured by two methods.
In test groups W-1, W-2 and the supplemental tests performed with the
JAERI CCRTF configuration, gamma densitometer measurements were made
at a location 0.08 m above the UCSP. In group W-4, the measurement
was made 0.05 m above the top of the stub flow mixer. The results are
included in Tables A-9, A-10, A-11, and A-13 in Appendix A.
The alternate density estimate was derived from measurements of the
amount of 1iquid draining back to the bottom of the test vessel upon
cessation of air and water inlet flows. The results of these tests
are shown in Table VIII.

This table also contains the identification of tests performed
with similar air and water flow rates, and the densities measured by
the gamma densitometer for these tests.

The comparison of the results generated by each density measure-
ment method shows that the gamma densitometer predicted higher froth
densities. Two potential reasons for this have been identified.
First, the gamma densitometer scans the bottom region of the froth
mixture, where the froth might be expected to be more dense due to the
presence of the water injection and the accumulation of water flowing
down along the vessel upper plenum wall. Second, the direct-fallback
measurements are expected to be low since the method employed for
these tests allowed the loss of some upper plenum water into the air
injection diffusers (see Figure 1). The magnitude of this effect is
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TABLE VIII

UPPER PLENUM LIQUID CONTENT TEST RESULTS

T

™m

ST SERIES

W=2

N-4

AIR INJECTION RATE
(m3/s x 102)

5.19
.19
5.19
6.14
7.08
8.02
8.02
8.97
8.97
9.91
9.91

9,91
9,91
9.91
9.91
7.55
71.58
7.55
7.55
4.72
4,72
4,72
4,72

2.83
3.78
4.72
5.66

WATER INJECTIO
(m3/s x 10

RATE
g)

UPPER PLENUM
LIQU§D CONTENT
(m° x 10¢)

1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26

315
631
1.26
1.89
315
631
1.26
1.89
315
631
1.26
1.89

1.26
1.26
1.26
1.26

1,12
1.43
1.32
1.66
1.88
1.79
1.97
1.73
1.88
1.79
1.84

95
1.04
1.07
1.18
1.18
1.29
1.36
1.45
0.82
1.38
1.80
1,59

1.70
1.50
1.50
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thought to be small, but cannot be estimated accurately due to the
difficulty experienced in measuring the amount of water in the air
lines. This inaccuracy is estimated as less than ten percent of the
measured density, based on attempts to measure the liquid gathered
when the air lines were drained after several fallback measurement
tests,

Some systematic variation with air flowrate was observed in the
density measurement made with the gamma densitometer in the three
Westinghouse tests. These trends are shown on in Figures 52 and 53.
The unusual behavior shown on Figure 51 is believed to be caused by
calibration error rather than an abrupt change in flow structure.
Although the trend of these data is expected - low air flows lead to
denser froths - the significant wall effects in the one bundle sized
vessel minimize usefulness of the froth density data in predicting
large scale upper plenum behavior. Observation of the froth suggests
the presence of a thick film of water running down the upper plenum
vessel walls. The densitometer is sensitive to this film which masks
the density of the two-phase mixture in the center of the upper
plenum., The figures, therefore, are presented only as qualitative
evidence of the trend of such behavior.

8. CINEMATOGRAPHY

Motion Pictures were made of representative flow patterns and
flow rates for all test series. 1In general, the pictures are suffic-
ient to illustrate the general flow pattern in the upper plenum but
are not detailed enough to show small scale, droplet behavior. The
upper end box and core region flow patterns are not shown.

9, SIGNIFICANCE OF PRIOR CCFL STUDIES

The general problem of countercurrent flooding has received con-
siderable attention due to two primary factors. First, in simple
geometries (i.e., round tubes), where a liquid film falls relative to
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the up-flowing gas, it presents a basic situation in which interfacial
stability and drag phenomena may be studied and modeled. Second, it
is an important effect in some chemical processing equipment; distil-
lation columns, gas absorption columns, etc. The attention focused on
CCFL for these reasons has resulted in a number of studies aimed at
the development of empirical relationships for flooding behavior. The
description of this behavior from a theoretical viewpoint has not yet
been successful., Early CCFL studies are described in Reference 4.

Few studies to date have employed geometries more complicated than
single tubes or annuli. This lack of PWR-typica! geometry in previous
studies is particularly important, since the results from this program
indicate that test system geometry can have a significant effect on
flooding behavior. Two experimental studies which have been performed
in more complicated geometries are the BWR component flooding studies
performed by General Electric, Co., (References 5 & 6), and the paral-
lel tube and orifice studies by Hagi, Wallis, and Richter (Reference
7). The results of the stucdy by Hagi are particularly important since
they demonstrated that the flooding behavior for a system of two
paralle] tubes (or orifices) differs from what would be predicted from
single tube data. Their study and analytical techniques, however,
have not bzen generalized to more than two parallel flow paths.

Other dissimilarities between this study and classical CCFL ex-
periments involve the methods used to inject the gas and liquid into
the flooding region. In the classical studies, entrance and exit
regions are designed to minimize disturbance of the gas flow in the
flooding region. Also, liquid is introduced into the wall film in a
manner which produces minimal disruption to the down-flowing film.
These idealized flow conditions are not possible in the complicated
geometries typical of nuclear reactors. The flow path for the air in
this experiment was non-linear, and the water entered the flooding
region as a turbulent two-phase mixture.
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In general, the geometry dependent behavior observed in this
exper iment does not compare well with any of the empirical relation-
ships developed in simpler geometries. The KKU models flooding curves
are somewhat higher than the classical results, while the Westinghouse

type models exhibited considerably varying behavior somewhat near or
below the empirical predictions. The empiricisms are not reproduced
here since their use is not straightforward in a complicated geometry-—
the Wallis type correlation (Reference 5) requires a characteristic
length, which is somewhat ambiguous in this geometry.

10.  SIMULATION OF THE AIR-WATER TEST
APPARATUS VIA THE “TRAC" COMPUTER CODE

One of the objectives of the overall Nuclear Regulatory Commis-
sion (NRC) 3-D Program is the verification of the TRAC computer anal-
ysis program. TRAC is an advanced nuclear reactor analysis code in-
tended for use in modeling reactor behavior during transient or acci-
dent conditions (Reference 8). It is intended to be capable of model-
ing reflood behavior, so it was anticipated that the simulatior of a
CCFL experiment would provide a useful tool for preliminary checkout
of the code., A detailed report of the results of this study will be
published elsewhere. A brief summary of the code data comparisons is
included here to provide insight into the capability of TRAC to simu-
late this system, and to point out some of the features of the analyt-
ical results that are important to understanding the experimental
behavior.

The TRAC results are summarized in Table IX which also compares
them to the experimental data. In general, the TRAC results agree
reasonably well with the data for both the CCFL and froth density
comparisons. The model used in the calculations is described in
Appendix D.
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TABLE IX
"TRAC" CALTULATION RESULTS

LOWER WATER UPPER WATER EXPERIMENTAL  TRAC CALCULATED

AIR FLOWRATE  INJECTIUN RATE  INJECTION RATE  FALLBACK RATE  FALLBACK RATE  EXPERIMENTAL  TRAC CALCULATED

EST NUMBER (m3/s) (m3/s x 103) (m3/s x 103)  (m3/s x 103) (m3/s x 103)  FROTH DENSITY  FROTH DENSITY
Y02 0.152 0.0 0.932 0.471 0.379 366 390
Y06 0.169 0.0 0.915 0.332 0.331 301 266
Y19 0.187 0.0 0.909 0.273 0.312 315 270
Y25 0.147 0.188 0.777 0.707 0.578 375 260
Y34 0.187 0.150 0.767 0.370 0.384 272 260
Y49 0.146 0.465 0.443 0.726 0.832 351 260

Y58 0.187 0.467 0.447 0.196 0.718 2€0 289




The TRAC calculations have displayed behavior which has aided the
understanding of the experimental results. One suct feature is amount
of time required to reach a steady state fallback condition. The
calculations indicaied that approximately twenty seconds is needed
before the fallback rate stabilitzes. Since a similar startup time
was allowed before the data was gathered for each test point, it is
assumed that a quasi-steady state existed during the tests. Another
calculated phenomenon of interest is the behavior of the core injected
witer. The startup of the calculations showed immediate dumping of
core injected water into the bottom of the vessel. This has
reinforced the opinion that core entrainment was not successfully
duplicated with the present mixer design. Also, the code-data agree-
ment seems much better when core entrainment is not employed, suggest-
ing that overall modeling could possibly be improved with a hetter
entrainment mixing scheme. This code-experiment comparison will be
expanded in the future, and will include calculations simulating other
test configurations.

V. CONCLUSIONS AND RECOMMENDATIONS

This experimental program has resulted in an increased knowledge
of flow behavior for PWR vessels during reflood flow conditions. Some
specific conclusions drawn from the experimental results are listed
below. In addition, recommendations are made for future test programs
of this nature that could enhance the data quantity for such tests.

1.  CONCLUSIONS
The most important result of this test series is the evidence
tnuat significant countercurrent liquid penetration from the upper

plenum to the core and sianificant upper plenum liquid storage may
occur in a PWR during reflood. This result suggests that steam
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bindirg may be less severe in PWR reflood than calculated under
licensing type assumptions. In addition, the geometry dependence of
the CCFL behavior has been demonstrated, indicating that use of
empirical modele based upor CCPL experiments in nontypical geometries
is not correct for reactor reflood analysis.

Another result of importance is the qualitative description of
the upper plenum gas-1liquid mixture during reflood. The existence of
a distinct turbulent froth, which persists over the range of air flows
representative of reflood conditions, has been demonstrated. This
flow structure must be considered when upper plenum instrumentatioi is
designec for reflood experiments.

The problems associated with simulation of core-entrained water
at the top of the core have been mentioned previously. These problems
appear to be inheérent in experimental designs ‘hat do not include a
heated core. We conclude that adequate mixer designs for upper plenum
simulation experiments require further analysis and development.

Upper plenum outlet height was demonstrated to have an effect on
CCFL behavior. This suggests that CCFL may be influenced by the upper
plenum water inventory. Presently accepted empiricisms used to
describe CCFL behavior do not include this effect, thus suggesting
that improvement is required in these models to describe PWR-typical
oehavior,

The disagreement between the results generated by the two
different froth density measurements suggests that a single density
measurement with a gamma densitometer, combined with a known froth
height, may not be sufficient to estimate upper plenum liquid con-
tent. A vertical array of densitometers may be required to accurately
determine the froth density variation with elevatiorn, and thereby
estimate the amount of water stored in the froth above the UCSP.
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The empirical models developed for CCFL behavior in the various
different reactor geometries are limited in their utility since high
temperature steam-water data would be needed to duplicate PWR condi-
tions. These correl.tions reflect the geometry influences of the
different designs, but further steam-water data are needed to verify
their applicability to PWR reflood flow behavior.

2. RECOMMENDATIONS
The results of thse experiments strongly indicate a geometry
influence upon CCFL which (to date) cannot be predicted in advance.
The CCFL behavior of other reactor designs during reflood flow condi-
tions therefore can be determined only by individual tests of the
different designs. In anticipation of future CCFL testing of this
nature, the following recommendations are offered:

1.  The modeiing of core entrainment is extremely difficult in
this type of experiment. The need for realistic air (or
steam) flows requires at least a short section of simulated
core, but an unheated core readily allows fallback of the
supposedly entrained water. The need exists for further
study of entrainment effects and effective methods of
simulating entrainment.

2, The film of water on the vessel walls is an effect peculiar
to small scale tests. Multibundle tests would minimize this
effect and provide a much improved simulation cf realistic
upper plenum behavior.

34 Air-water tests cannot simulate phase nonequilibrium. Thus,
correct simulation of upper head injection (Westinghouse or
BWR) or hot leg injection (German design) plants with air-
water is not possible. In addition, superheated steam is
expected to exit the core during some periods of reflood.
The effect of this nonequilibrium upon CCFL is not known,
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but could be significant. Steam-water testing would allow
investigation of these effects and also the use of a heated
core to produce typical core region entrainment characteris-
tics. Further analytical studies via "TRAC", Reference 8,
could generate comparisons of steam-water versus air-water
behavior in identical geometries, and could also provide
insight into the effect of phase nonequilibrium.

4, The cinephotographic test records proved inadequate to
record the details of the upper plenum flow. Future tests
should allow for preliminary studies aimed at maximizing the
usefulness of the photographic data. These studies could
include investigation of the effects of alternate
i1lumination methods (back lighting, 1ighting from the side
or above, etc.) and investigation of the suitability of
optical probes for the viewing of local flow behavior at
various vessel locations.

The incorporation of these recommendations into future CCFL tests
modeling realistic PWR upper plenum geometries would enhance the
quality of data generated by these studies. This would prcvide addi-
tiona)l data which could prove to be of great utilitv in the analysis
and understanding of PWR upper plenum behavior during reflood.
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APPENDIX A
DATA

Tables A-I to A-XI1I1 record the data gathered for the entire test
program, Test points in which instrument or control failures invalidated
the results have been eliminated from this listing. In addition to the
recorded data, the calculated square roots of the gas and liquid Kutateladze
numbers, based on the end bow tie plate flow area, are also included. The

sensor locations and designations are given in Figure A-I,

A-2
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