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ABSTRACT

The two-phase Cow i:gimes present in the Loss-of-Fluid Jest (LOFT) facility primary coolant piping
during nonnuclear Experiments LI-l through LI-4 have been in"estigated. The flow regimes were deter-
mined from density profiles calculated by a computer program using data from the five three-beam gamma
densitometers employed in LOFT. The LOFT flow negime data were compared with two-phase flow transi-
tion theory data to evaluate the validity of using steadv state flow maps to predict now regimes in the
LOFT primary coolant piping during a blowdown transient. The LOFT data were compared with Gow
regime data from the Semiscale Afod-l facility, which is approximately 1/30 the size of LOFT, to gain in-
sight into the effects of scale.
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GUMMARY
.

Two-phase flow rcgimes in Loss-of-Fluid Test (LOTT) facility primary coolant piping during a loss-of-
coolant xperiment (LOCE) were investigated. The knowledge of piping flow regimes is essential to code
assessment and development. Also, this investigation of piping flow regimes prosides data to improve pip-
ing heat transfer and mass flow calculations.

The LOIT facility was designed to scale the major components of a large pressurized water reactor
(PWR) and to provide data from blowdown and reflood transients during LOCEs. The data are used to
identify 'he thermal-hydraulic behasior which occurs during a LOCE and to assess analytical codes used to
predict low-of-coolant accident behavior in large PWRs.

The flow regimes in the LOIT primary coolant piping were determined from the fluid behavior (fluid
velocity, chordt.1 and average densities, void fraction, and density profiles) at each piping measurement
location. The density profiles were estimated by an analytical technique which used data from five three-
beam gamma densitometers installed on the LOFT piping. This rechnique compared densities from each
densitometer beam and defined an analytical niodel which best describes the density profiles. The density
profiles were estimated for each sampling of the densitor.. er data and used to calculate the piping cross-
sectional average fluid density.

.

The flow regimes are presented for LOIT LOCE Li-4 at the five piping locations where densitometers
are instalbd. However, flow regimes for LOCEs L1-1 through L1-3A are discussed w hen they differ from
those for LOCE L1-4. The piping now regimes were found to be consistent with commonly obsersed flow

*

regimes and were similar between the LOFT LOCEs at the same pipir.g locations. Some effects on flow
regimes caused by experiment initial condition and sistem configuration were also indicated.

The flow map descloped oy N1andhane, Gregory, and Aziz and the flow regime transition method and
flow map deseloped by Taitel and Dukler were compared with the indicated flow regimes in the LOFT pip-
ing. These flow maps were four.d not to apply to the LOFT system and transient fluid behasior during a
LOCE. The differences between the LOIT LOCE data and the flow maps are considered to result occause
the flow maps were developed from steady state air-water data and steady state separate component
assumptions.

The flow regimes in the I OFT piping were compared with results of a flow regime esaluation for the
Semiscale N1od-l facility, which is scaled ap~oximately 1/30 the size of the L. OFT facility. This ccm-
parison was performed because of the similanty in the blowdown behasior between the two facilities. The
superficial phase selocities were similar for LOIT and Semiscale N1od-1, and this similarity is concidereu a
function of the blowdown transient. Iloweser, the Semiscale N1od-l superficial phase selocities lagged
those of LOFT as the blowdown transients proceeded. .\ comparison of LOFT and Semiscale Ntod-l flow
regimes with the N1andhane et al flow map indicated that the pipe size and blowdown transient f!nid
behasior were the major ' actors limiting the application of steady state flow maps derised from small pipe
diameter data to 1 OCE aralyses of larg:-scale facilities.

,

.

wAh
m

,



.

;DNTENTS

.

ABSTRACT , ii

SUN 1 MARY . iii,

1. INTRODUCTION. I

11. LOFT SYSTEN1 AND EXPERIN1ENT DESCRIPTIONS . 2

1. LOFT SYSTEN! DESCRIPTION 2

2. LOFT EXPERIS1ENT DESCRIPTION 5

111. NIETilOD AND PROCEDURE FOR CAI CULATING TWO-Pil ASE FLOW REGIN1ES 8

1. ANALYTICAL NIETilOD USED FOR ESTIN1ATING Fl.UID DENSITY PROFILES. 8

2. PROCEDURE FOR DETERN11NING TWO-Pil ASE FI OW REGIN1ES. 8

IV. CALCUl ATED DENSITY PROFILES AND FLOW REGIMES FOR LOFT
*NONNUCI EAR L.OCEs L1-1 TilROUGil LI-4. .10

1. DENSITY PROFILES ,10

.

2. TWO-Pil ASE F1 OW REGIN1ES , .15

2.1 Flow Reginks in intact I oop Cold I.eg . .15
2.2 Flow Regimes in intact I oop 110t If .20
2.3 Flow Regimes in intact I oop Ste: Oc oerator Oudet . . 25
2.4 Flow Regimes in I!roken I c " d I.eg . . 29
2.5 I: low Regimes in llroker I oor .,ot 1.cg . 35

V. CONIPARISON OF I OFT AND SEAllSCAI E NIOD-l i I OW REGlNIE
DATA AND Fl.OW M APS . .39

1. COMP / RISON OF l.0FT Fl.OW REGIME DATA AND Fl.OW M APS 39

1.1 Ilow Maps and Transition Method Description .39
1.2 1. OFT Flow Regime Data Compared with 1: low Maps . .40

2. COMPAR!' ION nF 1 OFT AND SEMISCAl.E MOD-l Fl.OW REGIME DATA . 4;

VI. CONCI.USIONS . .50 *

Vll. REFFRENCES .51
.

APPENDIN A -Ilow Regime Transition Method .53

APPI NDIN 11 - MethoJ for Calculating Superficial Phase Velocities . . 75

498 347 m



FIGURES
.

1. LOFT major components and gamma densitometer locations 3

.

2. 13eam configuration for three-beam gamma densitometers. 4

3. Calculated density profiles and average density in broken !oop
cold leg for LOCE L l-4 (data filtered to 10 liz) .1I

4. Calculated density profiles and average density in broken loop
cold leg for LOCE L1-4 (data filtered to 4 Hz) .12

5. Calculated density profiles and as erage density in broken loop cold leg for
LOCE L1-4 (data decimated by a factor of five,10 samples per second) , ,13

6. Calculated density pr ofiles ard average density in broken loop cold leg f or
LOCE L1-4 (data undecimated,50 samples per second) 14

7. Catalated density profiles and average density
in broken loop hot leg for LOCE LI-4 .16

F. P.ordal as erage densities, s oid fraction, calcriated
deasity profiles, and flow regimes in intact loop cold leg
for LOCE L1-4 from 0 to 35 s afte. rupture .17-

c. . Chordal aserage densities, void fraction, calculated density profiles, and flow regime 3
in intact loop cold leg for LOCE L I-4 from 35 to 70 s after rupture. .18

.

10. Temperature in intact loop cold leg for LOCE L1-4 ,19

11. Calculated density profiles and flow regimes in intact loop cold leg
for LOCE L1-3 A .21

12 Calculated density profiles and flow regime: in intact loop cold leg for LOCE L1-1 .22

13. Chordal averace densities, void fraction, calculated density prof;les, and Gow regimes
in intact loop hot leg for I OCE L1-4 frorr. 0 to 35 s after rupture . .23

14. Chordal as erage densities, s oid fraction, calculated density profiles, and flow regimes
in intact loop hot leg for LOCE L1-4 from 35 to 70 s after rupture . 24

15. Calculated density profiles and flow regimes in intact loop hot leg
for LOCE L1-1. .26

16. Chordal average densities, s oid fraction, ca culated density profiles, and Row regimesl

in intact loop 3 team generator outlet for LOCE L1-4 . 27-

17 Calculated density profiles and flow regimes in intact leap steam generator outlet
for i OCEs L1-1 and LI-2. .28

.

18. Chordal average densities, s oid fraction, calculated density profiles, and flow regimes
ii. broken loop cold leg for LOCE I.1-4 frcm 0 to 35 s after rur'ure ,30

U18 348s



19. Chordal average densities, void fraction, et 11ated density profiles, and Dow regimes
in broken loop cold leg for LOCE L1-4 from 35 to 70 s after rupture .31

20. Fluid velmity in bottom of pipe in broken loap cold leg
for LOCd L1-4. .32 -

21. Calculated density profiles and now r 6mes in broken loop cold leg
for LOCE L1-3A . .33 -

22. Calculated density profiles and How regimes in broken loop cold leg
for I OCE L1-1. .34

23. Chordal aserage densities, .oid fraction, ca!rlated density profiles, and f'ow regimes
in broken icop hot leg for LOCE L1-4 from 0 to 35 s after rupture . .36

2a Chordal average densiiies, void fraction, calwlated density profiles, arid flow regimes
in breken loop hot leg for LOCE L1-4 frora 35 to 70 s after rupture . .37

25. Calculated der. ity profiles and flow regimes m broken ioop hot leg
for LOCE L1-1. .38

26. Comparison of adjusted N1andhane et al flow map with data from broken loop cold leg
for LOCE L1-4. 41

27. Comparison of adjusted Standhane et al now map with Ata from broken loop hot leg
for LOCE L1-4. 42

*

28. Comparison of adjusted N1andhane et el now map with data from broken loop hot leg
for LOCE LI-1. 43

29. Comparison of Taitel et al flow map with data from broken loop mid leg
for LOCF L1-4. . 45

30. Comparison of Taitel et al flow map with data from broken loop hot leg
for LOCE L1-4. 46

31. Cc ,atison of N1andhane et al flow me7 with data from Semiscale N1od-l
Test S-01-4A and LOFT LOCE L1-4 for the broken loop cold leg. .48

32. Comparison of Niandhane et al flow map with data frcm Semiscale N1od-l
Test F 01--,A and LOI~T LOCE L1-4 for the broken loop hot leg .49

ti-1. Comparison of original flow map of N1andhane et al and s ersion corrected
for a temperature of 550 K . .55

A-2. Comparison of adjusted Niandhane et alllow map with data from the 1 OF f intact loop
cold leg for LOCE L1-4 .56

A-3. Comparison of adjusted Standhane et al flow map with data from the LOFT intact loop
hot leg for LOCE L1-4. .57

A-4. Comparison of adjusted N1andhane et al flow map with data f;om the LOI T
broken loop cold leg for LOCE LI-4 .58 *

A-5. Comparisoa of adjusted 51andhane et al flow map with data from the 1 OIT
.59broken loop hot leg for I.OCE I l-4

498 349o



A-6. Comparison of Taitel et al flow map with data from the LOIT
intact loop cold leg for LOC " L1-4. . 61

A-7. Comparison of Taitel et al now map with data from the LOIT-

intact loop hot leg for LOCE L1-4 .62

A-8. Comparison of Taitel et al flow map with data from the LOFT.

broken loop cold leg for LOCE L1-4 . 63

A-9. Comparison of Taitel et al flow map with data from the LOFT
broken loop hot leg for LOCC L1-4 . . 64

A-10. Comparison of adjusted Taitel et al flow map witiidata from the LOFT
intact loop cold leg for LOCE L1-4. . 65

A-ll. Comparison of adjusted Taitel et al flow map with data from the LOFT
intact loop hot leg for LOCE L1-4 .66

A-12. Comparison of adjusted Taitel et al flow map with data from the LOFT
brcken loop cold leg for LOCE L1-4 . 67

A-13. Comparison of adjusted Taitel et al flow map with data from the LOIT
broken loop hot leg for LOCE L1-4 . .68

A-14. Taitel u 1 flow map showing shift in boundaries as a function of
.72saturation , use.

.

A-15. comparison of Taitel et al and Mandhane et al flow maps for air-water at
298 K and 100 kPa in a 2.5-cm diameter horizontal pipe . . 73

.

TABLE

I. Initial Conditions and System Configuration for LOFT
LOCEs L1-1 Through L1-4 6

,

.

498 350-

su



AN INVESTIGATION OF TWO-PH ASE FLOW
REGIMES IN LOFT PIPING DURING
LOSS-OF-COOLANT EXPERIMENTS'

.

I. INTRODUCTION

This insestigation provides insight into the two-;-hr .s 'mes in the Loss-of-Fluid Test (LOFT)o'

primary coolant piping (intact and broken loops, during a loss-of-coolant experiment (1 OCE) transient.
The knowledge of transient flow regimes is es<ential to the assessment and deselopment of some of the
more adsanced analytical models and methads used for calculating loss-of-coolant accident (LOCA)
response of large pressurized water reactors (PWR). This insestigation also provides data which can be
used te i.nprose mass flow and piping heat transfer alculations.

Tne insestigation included a study of flow regit : data from LOIT snnuclear experiments. The results
of 'his study were then compared (a) with steady state flow maps to examine their applicability for
esakating flow regimes in a PWR during a loss-of-coolant transient and (b) with results from an insestiga-
tion of flow regimes in the Semiscale N1od-l facility, whicS is scaled approximately I/30 the size of LOFT,
to gain insight into the effects of scale.

The piping flow regime data used in this investigation were from the first fise nonnuelear experiments
performed in the LOIT facility. The flow regimes were determined from fluid density profiles calculated
using an analytical technique deve'oped by the 1 OIT Experimental Program Division. T he data usej for
calculating the fluid density profiles in i OFT were from five three-beam gan'ma densitometers installed on.

the intact and broken loop piping.

The LOFT facility is a 50-N1W (thermal) PWR designed to proside large scale integrated plant data for
.

blowdow n and reflood from LOCE<. One of the primary objectives of the LOIT experimental program is
to proside data to esaluate the adequacy and improve the analytical methods currently used to pr-dict the
LOCA response oflarge PWRs.

The 1 OFT system and experiments from wb;eh data for this insestigation were taken are briefly
described in Section 11 of this report. The analytical technique used to calculate the LOFT fluid density
profiles and the procedure used to determine the piping two-phase flow regimes are discussed in Section
111. Section IV presents a detailed discussion of the calculated density profiles and piping flow regimes in
LOFT during the nonnuelear i OCEs. The LOFT flow regime data are compare 1 with steady state flow
maps and with Semiscale Ntod-l flow regime data in Section V. Conclusions reached from the investigation
of piping flow regimes are presented in Section VI. Section Vil co '!ains references. Support material for
tis flow map descriptions is presented i.i Appendixes. Appendix A describes the flos, regime trar.,ition
method used in this report, and Appendix 11 describes the method used to calculate the superficial phase
s cloeities from LOFT experimental data.

.
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II. LOF" SYSTEM AND EXPERIMENT DESCRIPTIONS

The I. OFT Integral a] Test facility was designed to simulate the major components of , large PWR.l

Sescral series of experiments haw been planned f or penormance in I. OFT to praduce data on combined
*

thermal, hydraulie, nuclear, and structural processes espected to occur in a PWR during a postuhqed
LOCA. The first series of experiments (designated as Test Series 1.1) is a nonnuclear test series .' , has
been completed. Data for this insestigation of flow regimes in the I.OI F pnmary coolant pipi were -

taken from the "irst fise expenments in th? nonnuclear test series. Brief de'eriptions of the 1.0FT system
and nonnuclear test series are presented in the following sections.

1. LOFT SYSTEM DESCRIPTION

The ! OFT test assembly comprises fise major subsystems which base been instrumented such that
desirable system variables can be measured and recorded during a I.OCE. The subsystems include: (a) the
reactor sessel, (b) the intact loop, (e) the broken loop, (d) the blowdown suppression system, and (e) the
emergency core coolan: ,ystem (FCCS). An isometrie of the 1.05 T major components is shown in
Figure 1. A detailed description of the subsystems, components, and instrumentation is gisen in
Reference 1.

T he Guid density measurements in 1 OFT which are of primary interest to this insestigation were taken
from fise three-beam gamma densitometers installed on the 1.0FT piping at the following locations, w hich
are shown in iigure 1: (a) the intact loop cold leg. (b) the intact loop hot leg, (c) the intact loop steam
generator outlet, (d) the broken loop cold leg, and (e) the br.> ken loop hot leg. The four gamma den-
sitometers located on the intact and broken loops hot and col 1 legs are installed on horizontal piping. Ihe
gamma densitometer located on the intact loop steam generator outlet is installed on a sertical pipe. All
piping on which the densitometer, are installed is 14 inch Schedule 160 with an inside diameter of ,

28.42 cm.

The three-beam gamma densitometers consist of a 30-curie Cesium-137 source and three sodium-iodine
crystal scintillation detectors. The source is collimated to allow a beam in the direction of each detector

~

located aroun ' the pipe as shown in Figure 2. Each beam-detector pair gises the average Guid density of
the beam chord crossing the pipe. The orientation of the source and detectors at each location is also
shown in Figure 2. A more detailed discussion of the gamma densitometers is gisen in Reference 2.

.

.

[a] T he term " integral"is used to describe an experiment combiains the nuetcar, thermal-hytraulie, ar'd
structural pracesses espected to occur during a i OCA and as distinguished from " separate ef fects' ,
w hich describe esperiments perlormed to study a single cf feet or s, stem.
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