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ABSTRACT

A preliminary evaluation of the experimental data on flashing of water in a

converging-diverging nozzle obtained at BNL is presented for milestone reporting

purposes. Experimental data of the static pressure distribution, and of axial
9

and transverse void fraction distributions are reported along with photographic

records of the two phase flow downstream of the test section.-

These data are preliminary. The experiments described herein represent a

total of close to one quarter million pieces of information for the data

included in this report. It has been impossible to examine each point

individually, and up to this time the data reported herein have not been

thoroughly reviewed and verified. Therefore, the data and the conclusions based

on these data should be treated as preliminary and subject to change due to the

inclusion of more definitive and accurate calibration data and procedures in the

data reduction and evaluation process.

The development of voids in nonequilibrium flashing flows is shown through

the Oswatitsch integral to be dependent on three major phenomens: an accurate

description of the void inception point which will determine the initial and

subsequent liquid superheats; a specification of the interfacial mass transfer |
|

rates which depend on the local superheat; and the local interfacial area !

density where the mass transfer occurs. The flashing onset correlation of

l

Alamgir and Lienhard (1979) was extended to accurately predict flashing I

I
inception in pipe and nozzle flows with subcooled inlets. A void development I

model was based on a simple concept for interfacial area density in conjunction
I

with a conduction-controlled bubble growth law. This model was applied to the.
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experiments reported herein, and to those of aeocreux (1974) and found to give a

reasonable description of the measured void distributions up to approximately

25% voids. This is the expected range encompassing bubbly flows.

Comparison of the BNL experiments with TRAC-PIA (Mod-0) predictions revealed

that while the code gave a good qualitative description of the flow, it was
.

inadequate in predicting the flashing inception point. This failure led to

quantitative discrepancies in the predicted and measured flow parameters.'

Specific modifications to rectify this are suggested.

!
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3
5 PRINCIPAL NOMENCU.WP?
v

A cross section area

A interfacial area densitys

a thermal diffusivity
.

C void distribution parametero

,
C parameter in Eq. (6.21)p

e static quality

c specific heat at constant pressurep

D diameter

DP pressure differential between the test sec' tion inlet (tap 1) and a
specific tap location along the nozzle. (This difference does not
include any gravitational head effects.)

DP* = DP/1/20U{, dimensionless pressure differential

DPP = DP* - DP*e

G mass flux

G mass flow rate of vapor -g

g gravitational acceleration

h heat transfer coefficient or, enthalpy
'

IE number of counts for a specific period of time at a given location
while the test section is empty (full of air)

I number of counts for a specific period of time at a given locationp |

while the test section is full of water

I2$ number of counts for a specific period of time at a given location
under two phase conditions

,
J nucleation rate '

j volumetric flux
-

K constant in Eq. (6.19)s

k thermal conductivity

L latent heat, or axial length
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m(Z,C) mass of a vapor bubble at Z nucleated at

N number density

p pressure

q{' interfacial heat flux

R radial coordinate.

r radius
i

T temperature

t time

U test section inlet velocity = Gin /P no i

u velocity

Vj drif t velocity of vaporg

'
x flow quality

i

Z axial coordinate

|

c void fraction

S defined in Eq. (6.21a)

i Ty volumetric rate of vapor mass generation

C dummy variable of integration

(h Perimeter;

i

p mass density

p y attenuation coefficient

a surface tension

Subscript

b bubbles

- e single phase calibration

crit quantity pertaining to critical size

xiv
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et condensing tank (test section discharge)

1 d droplets

f saturated liquid

g saturated vapor
''

in test section inlet

E liquid
.

m measured, or mixture

NVG point of net vapor generation

o initial point

! s or sat saturation .

v vapo r

Superscript

* dimensionless

+ throat

_

Symbol

<> area averaged quantity

|

4

1

l

|
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1. INTRODUCTION

Several experimental, as well as analytical investigations have been

undertaken to date in order to calculate the discharge flow rates of two-

phase mixtures from pipes, nozzles, und orifices accurately. This problem
.

presents itself in the safety analysis of water cooled nuclear reactors and

also in the safe storage and handling of liquid cryogens in space appli-

cations.

During a hypothetical Loss-Of-Coolant Accident (LOCA) of a nuclear reac-

tor, the flow is expected to be choked at the break. The discharge flow

rate aff'ects the heat transfer in the core, the depressurization rate of the

containment vessel, and it dictates the design requirements of the E=ergency

Core Cooling Systes (ECCS) . Theoretical models have been proposed, and

large computer codes have been developed, to predict the critical flow rates

and their dependence on the upstream thermodynamic and flow conditions, as

well as the pipe size and co=ponent gec=etry. At present, there is no

general model or correlation for critical flows which considers both thermal

nonequilibrium and relative velocities between the phases and which is valid

for a wide range of pipe lengths, diameters, and upstream conditions,

including subcooled liquid. A modeling effort in conjunction with

well-controlled experiments is currently being undertaken at 3rookhaven

National Laboratory to investigate and measure the actual vapor generation

rates under nonequilibrium conditions. The purpose of this report is to -

.

describe the test facility, including the venturi test section and loop in-

- stru=entation, as well as to present the expe.rimental results acquired under

nonequilibrium flashing conditions, including axial static pressure distribu-

tions, axial and transverse void fraction distributions, and photographic ob-

servations. In addition, the experimental data will be compared with analytical

and code models.
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2. REVIEW OF THE LITERATURE
t

Extensive analytical and experimental work has been reported on the

two-phase critical flows in the last three decades. Thorough reviews have

been presented by Hsu (1972) and Saha (1978). The latter su=marized the -

.

various available critical flow models and emphasized the effects of thermal
-

- nonequilibrium and relative velocities between the phases, which become

prominent under certain conditions. Since the objective of the present

research was the determination of the vapor generation rates under nonequi-

librium conditions, we will concentrate on pertinent experimental work in

the literature.

To study flashing flows and critical flow conditions, researchers have

used several kinds of test facilities. Some use an upstream vessel con-

taining a saturated or subcooled liquid, which expands and may vaporize in

the test section. Others have used systems where the two phases are gener-

ated separately and then mixed together before being introduced into the

test section. Uhen either system is operated as a once-through experiment,

the flow from the test section discharges into a downstream container whose

pressure can be adjusted independently of the upstream conditions. When

either system is operated as a steady closed loop, the control of the

downstream pressure independently of the upstream conditions becomes more

difficult to achieve due to the hydrodynamic coupling of the test section .
,

. with the loop. In this report, we will consider only experiments concucted

*

with subcooled or saturated inlet conditions. The various test sections

'

investigated to date can be classified asi first, long tubes and no::les;

second, short tubes and short no::les; and third, orifices.

2-1
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Long tubes and nozzles can be characterized by L/D > 40 (Seynhaeve
s

1977). Such experiments were conducted by Isbin, Moy, and Dacruz (1957),

James (1962), Fauske (1965), Reoereux and Seynhaeve (1974), Ardron and

Acker=an (1978), etc. Reoereux (1974) was the first researcher to provide
-

pressure measurements, as well as void fraction distributions which allow

the direct calculation of the vapor generation rates, provided a specific

slip model is adopted. In all of the experiments conducted with long straight

pipes, the frictional effects are equally important as the vapor generation
,

rate to the choking condition, and thus the vapor generation effect can not

be singled out easily.

Short tubes and nozzles with 1 < L/D < 40 have been extensively investi- I
"

gated by Silver (1948), Zaloudek (1963), Fauske and Henry (1971), and

Schrock, Starkman and Brown (1977). Similar choked flow experiments were

also reported by Stsoneau (1975) and Hendrick, Simoneau, and Barrows (1976)

with cryogenic liquids. Although the expeci=ents in this group with a

converging diverging nozrle can provide information en the flashing incep-

tion, and choking conditions, no detailed void fraction measure =ents were

performed to allow the determination of vapor generation rates in any of the

experiments in the literature.

Experiments with orifices were usually conducted using orifices with

L/D < 1 placed in a uniform cross section tube, and the jet has been investi-

gated by several authors. More recently, Seynhaeve (1977) measured axial
.

and radial void fractions of the jet, in addition to the pressure distri-
butions.

2-2
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3. EXPERDIENTAL TECHNIQUES

3.1 Flow Loop

The main flow loop presented in Fig. 3-1 is constructed from "three .

.

inch" nominal (7.6 cm) stainless steel pipe. Righ purity water is circu-
.

laced through the loop using a centrifugal pump rated at 1500 t/ min at a head

of 600 kPa.

Starting from the pump, the fluid passes through*a flew control station

where the flow rate can be controlled from 3 to 950 1/ min and measured with

an accuracy of 1/2 percent of full scale. Excess flow from the pump is

directed to secondary loops for cooling, purification and simple bypass flow

routing. After the flow rate is set and measured, the fluid passes through

the heater system where up to 520 kW of heat can be added to the water, and

the outlet temperature can be regulated to + 0.3 C over the entire controlled'

flow range.

Leaving the heater system, the fluid passes through the test section.

A pressuricer is connected to the main loop between the heater system and
i che test section and, when valved in, the pressurizer fixes the inlet

pressure to the test section. Alternately, the pressurizer may be isolated

from the loop and in this fashion, the pressure in the loop is controlled by

| pump flow rate. Thus, two modes of operation are possible: the pressure
,

controlled and the flow controlled modes. Once the fluid has passed through

the test section, it enters a condensing tank where a cooling spray is -

|' utilized'to condense the vapor and to fix the tank ta=perature. Since the

I pressure in the tank is essentially the same as in the test section exit,

|
3-1
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the condensing tank and pressuricer can be used together to fix the pressure

drop across the test section.

The fluid travels, after leaving the condensing tank, back to the pump,

and, depending on conditions, cooling water can be added to this flow to
. ,

prevent cavitation in the pump. Cooling water is provided from excess pump

flow and is cooled by shell and tube heat exchangers tied to a 730 kW -

cooling tower.
*

Purification of the test fluid is accomplished during initial filling

of the test loop. The water is deoxidized, deionized and passed through

0.22 micron filters. In addition, about 40 1/ min of excess pump flow is

passed through the purification station as a polishing procedure during flow

loop operation.
.

3.2 Test Section

The test section is made of stainless steel with a total length of

78.7 cm, including a sy= metrical converging / diverging portion of 55.9 en

length and inside diameters of 5.1 cm at the ends and 2.5 cm at the throat.

The vall thickness varies only from 0.57 =m to 0.60 =m over the entire tube

length. " Intr 1miks" were used to accurately =ap the interior dimension of

TS-2. The data taken have been reduced and analyzed and are su==arized in

Figs. 3- 2 and 3-3 . A reference datum was established as the flange face
.

on the inlet to the test section assembly. Figure 3-2 shows the mean

inside diameter plotted as a function of the axial distance from the ref- -

erence datum. Each point is the mean of four measurements cade at a parti-

cular axial distance with the "intrimik" rotated 00 in each case. The

f""
o

- s -- >
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" error bars" show the maximum dev.'ation from the =ean encountered at each

point. The solid line plotted is the actual design dimensions for the test

section that were specified prior to construction. A point by point co= pari- )
i

son of the design versus the measured dimensions is given in Fig. 3-3, and I

.

shows that most of the measured dimensions deviate less than one-half a !

l

.
percent from the design.

The test section design and construction was performed in three levels,

1

each with an increased complexity in instrumentation. In the first level, |

|
49 wall pressure taps (0.4 =m in diameter) were installed on 1.27 cm centers

|

along the length of the venturi, in addition to a set of observation windows

located 30 cm downstream of the test section exit, which allowed photo-

graphic observations by flash photography. Taps 1, 2, and 3 are in the

constant area entrance of the converging section, while Taps 47, 48, and 49

are at the exit of the diverging section. If we take Tap 1 as the origin of )

the axial coordinate, as designed, Tap 25 is located 30.61 cm downstream.

However, as constructed, the throat determined from the actual diameter

measurements reported above is located at 30.48 cm downstream of Tap 1.

This fact implies that Tap 25 is 0.13 cm downstream of the geometric throat.

An additional pressure tap, 50, is located at 159 em upstream of the test

section inlet tap 1. The gauge pressure at Tap 50, with respect to the
,

1

atmospheric pressure, is constantly monitored at the control panel, and it

provides the needed infor=ation to calculate the absolute pressure at the |
|

test section inlet within an accuracy of < 1 percent. The temperature is |

- monitored by means of two platinum resistance thermometers, one located near

pressure Tap 50 for the flow inlet conditions and one at the condensing tank

for the flow outlet conditions.

3-6
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In tha escond leval, a single channel (i.e. , single beam) gamma densi--

toceter which can be traversed virtually everywhere within the test seccion

was added for chordal averaged void fraction measurements. In the third

level, the single beam densitemeter was replaced by a bank of five ga=ma

beams for more efficient data taking. A stationary hydrofoil-like probe con-,

taining ten pairs of local sensors was also planned but not executed that will

allow the measurement of local void fractions and phase velocities across a''

particular. diameter.

. .

To date, pressure distribution, as well as void fraction distribution

data have been taken, and the flashing regimes were recorded photographi-

cally by means of a flash and a still camera arrangement located downstream

of thd ecst section outlet.

3.3. Loop Operation Conditions and Instrumentation

The operational range of the facility is se==arized in Table 3.1. The

inlet pressure and temperature can be varied from 100-1000 kPa and from room

temperature to 150 C respectively. The loop flow rate capability ranges from 3

to 1000 liters per minute with 0.5 percent measurement accuracy. For the test

section this represents a maximum inlet Reynolds number of 10 . The various

loop instrumentation, including ranges and accuracies, are tabulated in Table 3.2

Pressure measurements are accomplished by means of Statham gauges, each

calibrated to an accuracy better than 0.1 percent of the reading. The tempera-
_

tures are measured by thermocouples and RTD's, and the flow rate measurements

are obtained by two Cox turbine flow' meters, upstream of the test section in

the subcooled flow region.

I
i
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.

TABLE 3-1

OPERATIONAL RANGE OF THE FACILITY

Test Section Inlet Pressure 100 - 1000 kPa

Test Section Inlet Temperature 20 - 150 C

Mass _iow rates .-
- . - . . . .g ..

r 3 - 1000 lom s .
0Maximum test section inlet 10

Reynolds Number

!*
|

Converging Test Section Inlet Conditions From
'

Subcooled To Low Oualities

|

3-d
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TABI.E 3-2

.

TEST SECTION INSTRUMENTATION

QUALITY HEASURED TYPE OF SENSOR RANGE ACCURACY

Temperature Resistance Temp. Detector (RTD) -200 to 500 C 1.2% @ 200 C
*

Differential Strain Cage ap Transducer 4 to 500 kPa 1% of Reading
**

Pressure

w
1 Flow Rate Turbine Heter 3 to 950 t/ min 0.5% of reading

Void Fraction camma Densitometer 0 to 1 5% Steady State
(Thulium / Cad-Telluride) (future 5% per

1 ms)

Mfg. spec. - calibrated at 0"C and 100 C within DJ C.*

**
Mfg. spec. - calibra ted generally to 0.1% F.S. by Mensor quartz monometer to 1 part in 300,000.,

+ Mfg. calibration

4+ For single beam, low activity source. Hultibeam, high actlylty sources are s$gnif$cantly pope
accurate since the count rates are 20-30 times greater.

.

.

I I
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4 DATA ACQUISITION

4.1 General Data Acquisition System

The centralized Data Acquisition and Data Analysis System (DADAS) was
'

designed as a real time digital data system with =ultiterminal multitasking

capability. The system was constructed around a Hewlett Packard 9640 system!

I

consisting of a 21MK minicomputer with 112 kilowords of central memory, 7.5
|

megaward cartridge discs, 9 track magnetic tape transport and paper tape

I/O. Central control of the system is accomplished with a CRT terninal

while the 3 satellite stations employ silent 700 terminals. Tabelor and

graphical presentation of data is achieved with a varian electrostotic

printer / plotter capable of listing 600 LF .nd plotting 1.6 ips. Interface

of the ADC systems is both direct, an interface per device, and via the

universal interface bus, IEEE standard 488.

Three levels of ADC speed and resolution are incorporated within DADAS.

The slow speed, high resolution system employs an integrating digital

voltmeter with microvolt resolution and 300 channel guarded crossbar scan-

The through-put rate of this system is up to 18 measurements perner.

second with high com=on mode voltage rejection capability. The inter =ediate

speed system is a 15 bit (110.24 volts) =ultiplexed ADC with a 50 kHz

through-put rate. The system employs a single programmable gain amplifier

and a signal conditioning amplifier and filter per channel. The system has |

high common mode voltage rejection capability and can be connected directly

to experiments. The high speed system is also a 15 bit (t 10.24 volt)

multiplexed ADC with a 500 kHz through-put rate. The system has eight input

4-1
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channels with simultaneous sample and hold amplifiers. This system was

designed specifically for digitizing analog tapes.

4.2 Static Pressure Measurement Set-Up
C

.

Each of the 49 pressure caps on the test section can be connected to

either of two manifolds, one a cem=on high side the other a common low side,

via two hand operated toggle valves to the low or high pressure sides of a

pressure transducer bank. The differential pressure between two locations

along the test section can be measured by connecting the two taps to the low

and high sides of the pressure transducer. Six Statham pressure transducers

with the ranges of 17, 34, 69,170, 340, and 690 kPa (2.5, 5,10, 25, 50,

100 psi) were connected in parallel to the two pressure measuring manifolds

through two solenoid valves. A third solenoid valve in each transducer

allows the shorting of the high and low pressure lines and thus provides a

means of measuring and monitoring the zero point stability of the transducer

preceding every ap measurement. The solenoid valves are designed for a 200

psi differential pressure and were tested prior to installation. Once the

two pressure taps were manually connected to the high and low pressure =ani-

folds, the computer controlled procedure described below was initiated for

the recording of the data.

Each measurement started with the pressure gauge shorted to record the
.

zero ap output. The pressure differential between the two taps was then

measured across the 690 kPa (100 psi) range transducer. Once the pressure .

dif f erential was calculated, the system automatically selected a pressure'

transducer such that the DP to be measured would fall between 25 and 75

.

4-2
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lparcant of tha full ranga of tha particulcr transducer chossn. With the |

chosen transducer, the computer first measured the gauge's zero output when

shorted, then took 20 consecutive DP readings, averaged them, and calculated

their standard deviation. The same sequence was repeated once again and the

new average of 20 new readings was compared to the last one calculated. If
-

the two consecutive averages were within one percent of each other, the
-

|measurement was accepted and printed out as a data point. At the same time,

the instantaneous flow rate and other flow variables of interest were also j
|

recorded. On the other hand, if the two consecutive averages did not I

satisfy the acceptance criterion, the computer repeated this procedure until
.

the criterion was met or until 15 sets of 20 readings each were made and the

last output was printed as the data point. This procedure permitted the

=easurement of static pressures with an accuracy of 1 percent of the reading

as quoted in Table 3-2. It also allowed us to detect the presence of large

pressure fluctuations at the onset of flashing or condensation. At other

locations, such fluctuations were not observed and the readings converged

smoothly. It should be noted that since the pressure transducers were

located at the same horizontal level, gravity effects due to the elevation
i

difference of the pressure caps were canceled out in the measurements. The

1pressure data reported here represent the difference, at two pressure caps,

of the sum of the static pressure and gravational head. A typical output |

for an experiment is presented in Table 4-1, which depicts the data acqui-
i.

sition format with the tap identity, pressure data, as well as various other

instantaneous flow parameters of interest.

4-3
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TABLE 4-1

*1YPICAL PRESSultE DROP DATA

DNL FLASillNG Fl.0WS EXPERIMENT
PRESSURE DROP DATA FROM

TEST SECTION # 2

RUN NUHilER 74

LOOP FLOW TEMPERATURES (DEG C) PRESSURE (KPA) VELOCITY REYNOLDS DIFFERENTIAL PRES'TAPS LTR/SEC FLOW HETER TS INLET COND TANK TS INLET COND TANK CM SEC NUMBER MEASUHED DIMENSIO)
1-3 10.3G 96.3 99.3 87.9 285.9 55.5 510.4 .865E*06 .00 .01-5 10.35 96.3 99.3 87.9 284.7 55.5 509.8 .864E+0G 2.38 .1'l-7 10.39 96.3 99.4 88.0 284.5 55.4 511.6 .8G7E+06 G.21:1-9 10.37 9G.3 99.3 87.8 283.8 55.4 510.6 86GE+0G 10.95 .t

.c
1-Il 10.39 9G.3 99.3 87.8 284.6 55.5 511.4 .867E+0G 18.39 1.1-13 10.36 96.3 99.4 87.9 284.8 55.5 510.3 .865E+0G 26.64 2.~ 1-15 10.38 96.3 99.3 87.9 284.7 55.5 511.2 .86GE+0G 3G.44 2.1-17 10.37 96.3 99.4 87.7 284.0 55.5 510.7 .86GE+0G 56.23 4.,1-19 10.3G 96.3 99.4 87.6 283.8 55.6 510.1 .8G5E+0G 73.37 5.1-20 10.36 96.3 99.4 87.9 284.2 55.6 510.1 .865E*06 87.II G.1-21 10.39 96.3 99.3 87.8 284.4 55.6 SI1.5 .8G7E+06 104.25 8.'t-22 10.36 96.3 99.3 87.9 284.6 55.G 510.3 .865E+0G 127.88 10.1-23 10.38 96.3 99.3 87.8 285.2 55.6 SI1.3 .8G7E*06 147.31 11.C1-24 10.3G 96.3 99.3 87.8 284.0 SS.G 510.3 .865E+0G 176.15 14.(l-25 10.3G 96.3 99.4 87.G 283.5 55.6 510.0 .8G5E+06 208.24 16.1-2G 10.34 9G.3 99.3 8746 284.8 55.8 509.2 .863E+0G 196.18 15.i1-27 10.39 OG.3 99.3 87.9 285.4 55.8 511.5 .867E+06 195.73 15.1-28 10.37 96.3 99.3 87.8 285.5 55.7 510.5 .865E+0G 10G.05 15.1-29 10.37 96.3 99.3 87.8 285.8 55.8 510.7 .8GGE+0G 195.34 15.1-31 10.39 96.3 99.3 87.7 283.8 55.8 511.7 .867E+0G 194.48 15.1-33 10.39 9G.3 99.3 87.9 284.0 55.7 511.4 .8G7E*0G 194.10 15.1-35 10.35 9G.3 99.3 88.0 284.8 55.7 509.9 .864E+0G 103.55 15.1-37 10.38 96.3 99.3 88.2 285.2 55.7 SI1.0 .866E+0G 193.37 15.1-39 10.38 96.3 99.4 88.1 285.7 55.7 510.9 .86GE+0G 192.95 15.,1-41 10.34 96.3 99.3 . 87.8 284.0 55.7 509.4 .8G3E+0G 192.72 15.1 <l3 10.38 96.3 99.3 87.8 284.4 55.7 511.1 .866E+06 192.72 15.1 15 10.38 96.3 9'3. 3 88.I 284.6 55.7 SI1.2 .8GGE+0G 19I.99 15.1-47 10.35 9G.3 99.3 87.8 283.6 55.8 509.7 .8G4E+0G 191.92 15..1-49 10.39 OG.3 99.3 88.2 284.6 55.7 511.6 .8G7E+0G 192.15 15.'-50-1 10.37 96.3 99.3 88.I 284.5 55.5 510.5 .865E+06 17.94 I.I

!
!

.
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4.3 Y-Densitometer for Void Fraction Measurements

Both single- and multiple-beam systems were utilized for these experiments

as described below.

i 4.3.1 Single-Beam Densitometer

The single channel y densitometer set up presented in Fig. 4-1 was

, ussd for the void fraction measurements. For the single-beam system, the

Thulium Oxide source was purchased from Amersham Corporation and was irradiated

at the High Flux Beam Reactor at Brookhaven National Laboratory. The source4

strength was kept at a few millicuries due to the presence of high energy-

activity (1.12 MeV), which is due to trace amounts ( N 70 ppm) of Scandium

impurity present in the source material and which caused difficulties from the

Health Physics and Safety point-of-view. The source capsule is placed in a

" lead pig", with a collimator opening of 2.5 mm in diameter, which determines

the size of the y beam. The detector consisted of a Cadmium Telluride crystal

(2.5 x 2.5 mm) mounted on a regular BNC connector. The CdTe detector was con-

nscted to "off-the-shelf" radiation electronic components (Tennelec), consisting

. of a preamplifier (TC 164), a high voltage power supply (TC 948) for the bias

voltage (150 V), a linear amplifier (TC 203 BLR), a sin 31e channel analyzer

(TC 440), a T 541 Timer and a scaler (TC 540A). The single channel analyzer

was used in the differential discriminator mode of operation and the energy

window was set around 84 kev with a dispersion range of + 10 kev. The TC 541

timer was altered by Tennelee to include time intervals as short as 0.1 msec
,

and as long as 54 sec. The y source holder and detecter were set on a

traversing mechanism, which allowed both axial and radial traverses along,

tha test section. The axial and radial repositioning of the y beam by the

traversing mechanism can be accomplished with an accuracy of 1 0.05 mm.
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Figure 4-1 Schematic Representation of y-Densitometer
*(3NL Neg. No. 3-1016-79)
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The chordal averaged void fraction was calculated from the following

relation:

26
in

#c=1- (4-1)
P Iim F

. In g
n

. where a is the chordal-averaged void fraction, I ' .and IF *#* * "" " #
E

of counts during a preset period of time when the test section is " empty",

i.e., full of air (attenuation due to stainless steel walls only) and full

of water respectively, and I is the number of counts during the same26,

preset period of time under two-phase flow conditions, p is the waterg

density at the calibration temperature, (20 C) and o is the water density jg ,

at the temperature where the experiment vac being conducted. E

4.3.2 Multibeam Y -Densitometer for Transverse and Axial Void Distributions ,

The five beam ga==a densitometer presented in Fig. 4-2 was used to . )
measure the transverse distribution of the chordal averaged void profiles at

various axial locations in the test section under flashing conditions. For
170

each source, Thulium obtained as a 99.999% pure oxide powder, was,

sealed in an aluminum container and irradiated to the desired activity in

the HFBR (N 5 days) . The five sources have 3 mm diameter co111mation holes

and the sources are placed at 10.2 mm center-to-center distances. Figure 4-3

depicts a horizontal and vertical cross section of the source holder. The

second additional row of five sources were added for the possible future purpose
.

of =easuring cross correlations in the flow direction. The detector holder pre-
,

|

,
sented in Fig. 4-4 has a similar 3 =m diameter collimation holes and contains |

|

the set of five Cadmium Telluride detectors =ounted on a small circuit board.

As observed in Fig. 4-3, which is a pictorial representation of the test

1
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. .

section TS 2, the source and detector holders are connected to the two arms

of the traversing mechanism, which is driven by two motors and which allows
i

| the controlled motion of the gamma' densitometer system both in the axial and
.I
'

transverse directions.

|
'

During the experiment the computer would automatically control the y-

densitometer traversing mechanism to position it at pre-assigned locations
,

; along the test section. At each position,10 sets of 9-second counts of the

1
; y-densitometer would be taken, the corresponding chordal averaged void fraction
.

f and standard deviation would be calculated. The y-densitometer was moved to the
j
) next position for new measurements. In the current set-up, 27 axial positions,

each with 6 transverse positions at 2.5 mm intervals, were specified. The 27

axial positions covered the test section approximately between taps 3 and 47,

generally at 2.54 cm intervals, except in the 10 cm near the throat where

the spacing was 1.27 cm. After completing the transverse scan of the y-

densitometer, the computer calculated the cross sectional averaged value from

the chordal fraction measured (see Section 5.3.2). Table 4-2 presents the
|

| typical output of void fraction measurements at one axial location.
I

i

i

u

a

I

i
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CHID CUMIiER 120 87 GPH, 212 DEG F., CII.L 20. *

AXXAI. LOCAT10N FROM TAP 47 12.648

RADI AL LOCATION FROH 110ME .030 1.04G 2.0G2 3.078 4.094
AVERAGE CORRELTED COIINTS 0. 4515. 5644. 5284. O.

STD. DEV. IN CORRECTED COUNTS 0. GG. 88. 70. O.
AVERAGE ALPilA .00 .58 .42 .08 .00

'

STD. DEV. IN AI. Pila 0.00 .03 .03 .02 0.00

5 SOURCE AREA AVERAGED ALPilA .35

RADI AI. LOCATION FROM 110ME .254 1.270 2.286 3.302 4.318
AVERAGE CORllECTED COUNTS 0. 4577. 5573. 5243. O.

STD. DEV. IN CORilECTED COUNTS 0. 43. 83. 75. O.
AVERAGE ALPilA .00 .58 .40 .06 .00

a
g.

STD. DEV. IN Al. Pila 0.00 .02 .03 .03 0.00 5
5 SOURCE AREA AVEllAGED Al.PIIA .35

/3

RADI AL LOCATION FROM 110ME .508 1.524 2.540 3.556 4.572

AVERAGE CORRECTED COUNTS 0. 4G01, 5363. 5291. O.

STD. DEV. IN CORRECTED COUNTS 0. 71. 60. G7. O.
AVEllAGE ALPilA .00 .54 .32 .0G .00
STD. DEV. IN ALPilA 0.00 .03 .02 .03 0.00

5 S0llRCE AREA AVERAGED AI. Pila .34

RADIAL. LOCATION FROM 110ME .763 1.779 2.795 3.811 4.827
'

AVERAGE CORRECTED COUNTS 5262. 45G3. 4851. 5200.
'

O.
i

STD. DEV. IN CORRECTED COUNTS G3. 49. 81. 71. O.
AVERAGE ALPilA .59 .54 .16 .07 .00
STD. DEV. IN ALPilA .03 .02 .03 .04 0.00

1

{
5 S0llHCE AREA AVERAGED Al.PIIA .35

-

4-12
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5. EXPERIMENTAL RESULTS

In this section, results will be presented for the single phase nozzle

calibration as well as pressure and void fraction distributions and photographic

observations under various flashing regimes. All the experiments reported
.

herein are tabulated in Table 5-1 with their respective inlet conditions, mass
|

,
flux and cerresponding condensing tank conditions.

5.1 Single Phase Calibration

5.1.1 Pressure
|
,

They hydrodynamic calibration of the test section was done to determine4

|

the performance characteristics under single phase flow conditions and to

obtain the axial distribution of the effective nozzle cross-sectional area.

Three main parameters were varied during these calibration tests: the

mass flux (1.6-7.9 Mg/c2.sec), the inlet pressure (300-1000 kPa), and the

inlet temperature (23-1490C). These experiments covered Reynolds numbers -

from 9 x 104 5to 9 x 10 , based on test section inlet conditions. The raw

data for all the single phase calibration experiments are presented in

Appendix A and summarized in Table 5-1. Typical pressure drop results

with respect to the inlet and as a function of axial distance are presented

in Figure 5-1 for several flow conditions. In the converging section, the

flow accelsration is accompanied by a pressure drop. The deceleration in the

1
diverging section results in an expected pressure recovery. The unrecovered |

1.

pressure loss at the nozzle exit is representative of the friction losses.
|

,

,

|

|

|
~

| 5-1
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Figure 5-2 is a plot of the nondimensionalized pressure drop data obtained.

from 19 different experiments. The quantities o and U are the density ando

thu velocity at the inlet of the test section. The does reptesent the average

of the pressure drop, and the bars the standard deviation of all the experi-
.

ments performed. This maximum deviation is < 5 percent in the converging

section, reaches 6 percent at the throat, and reaches a maximum of 10 percent

| in the diverging section. The single curve corresponds to the pressure dis-

! tribution due to acceleration only, and was calculated from the geometrical

inside diameter measurements. This hydrodynamic calibration provides an

effective hydrodynamic area distribution for the test section and will be

used for comparison with the flashing data.

t

.-

|

|

.

t
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TABLE 5-1

SQefARY OF EXPERIMENTAL CONDITIONS |
l

A. COLD & HOT CALIBRATION i
i

RUN pg(kPa) Tg( C) G(Mg/m s) p g(kPa) Tct( }
.

I1 - - - - - --- -

. 2 371 26.4 1.56 354 26.3

3 368 26.8 3.13 345 26.2 |

4 361 27.2 4.71 331 26.6
!5 351 27.6 6.28 311 27.4

6 682 27.7 7.01 647 27.2

7 691 27.3 6.30 657 27.3.

8 695 26.9 4.71 652 26.8

9 709 27.1 3.13 674 26.6

10 711 27.0 1.56 683 27.0 ;

11 688 27.7 6.26 632 27.6 )

12 1033 29.2 7.01 973 29.1

13 1031 29.4 7.88 961 29.3 ;

14 337 23.0 ~6.25 316 22.9

15 348 22.9 4.74 339 22.9

16 365 66.3 3.08 309 66.1

17 367 64.1 1.56 322 63.9

18 ----- - - ---- -- - - - - -

19 337 94.4 5.49 324 94.5

32 327 11.6 4.71 352 12.

33 315 11.9 6.29 326 11.9

34 336 12.3 3.15 369 12.3

36 293 69.1 3.08 308 68.9
'

62 692 148.4 2.33 646 148.4

70 213 54.0 3.35 201 48.6

71 211 54.4' 3.34 203 48.8 |

5-3
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TABLE 5-1

SUMMARY OF E:GERIMENTAL CONDITIONS
,

A. COLD & HOT CALIBRATION
(continued)'

g(kPa) Th( C) G(Mg/m s) p g(kPa) T ( C)RUN p
'

.

100 220. 21.3 1.57 102. 21.1
- 101 102. 42.0 3.09 102. --

102 220. 19.5 3.11 203 19.8

103 212. 19.6 4.66 186. 19.9

109 218. 17.7 1.58 209. 17.9

110 224. 101.9 1.53 216. 102.5

111 226. 100.0 1.53 217. 100.5

_

@

5-4



* *

TABLE 5-1

SUMMARY OF EXPERIMENTAL CONDITION 0

3. FLASHING EXPEMMENTS

(continued)

RUN pb(kPa) Th( C) G(Mg/m s) p g(kPa) T g( C)
.

20 281. 98.3 4.90 245. 98.2
21 393. 100.6 6.01 136. 100.4
22 170. 10 0. 2 3.04 125. 100.1
23 130. 99.4 1.81 121. 99.3
24 160. 98.0 3.05 122. 97.8
25 247. 97.4 4.52 125. 97.3
26 386. 97.8 6.02 132. 97.7
27 326. 130.0 2.95 299. 129.6 1

28 566, 131.7 5.90 316. 131.4
29 488. 123.5 5.77 210. 115.4
30 375. 125.1 4.50 206. 114.7
31 -- ----- ---- --- - - - -

35 287. 99.4 4.96 250. 99.2
37 296. 100.3 4.94 170. 100.0
38 117. 100.3 2.05 112. 99.8
39 136. 100.5 2.25 112. 100.1
40 168. 100.3 3.02 112. 100.0
41 250. 100.2 4.54 115. 99.8
42 194. 99.6 3.79 114. 99.4
43 287. 100.2 4.97 121. 99.9
44 271. 99.9 4.50 10 1. 99.9
45 308. 99.8 4.97 99. 10 0. 0

46 223. 99.9 3.79 99. 99.9
- 47 - - - --- --- --- ---

~~-
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TABLE 5-1

SUMMARY OF EXPERIMENTAL CONDITIONS

B. FLASHING EXPERDfENTS

(Cont'd)

'

RUN pg(kPa) .Th( C) G(Mg/m s) p g(hPa) T g( C)

48 183. 99.9 3.04 100 99.9.

49 146. 99.9 2.27 99 99.7

50 142. 99.8 2.04 101 99.9

51 ---- ----- --- -- -

.52 381. 123.5 4.48 254 123.5

53 395. '123.6 4.45 249 123.6

54 525. 123.6 5.96 252 123.7

55 293. 123.6 2.99 251 123.6

56 261. 123.2 2.20 252 123.6
,

57 263. 124.7 2.04 256 123.9

58 254. 123.3 2.98 17 4 1 10.2'

59 254, 123.1 2.98 174 110.2

60 264 125.8 2.93 186 1 12.5

61 259. 123.8 2.98 162 108.8

63 739. 148.7 5.85 464 148.7

64 609. 148.8 4.40 463 148.8

65 ---- - - - ---- --- - - - -

66 521. 148.8 2.94 463 14 8.8

67 502. 148.6 2.22 463 148.7

68 395. 143.5 1.24 185 118.0

69 399. 144.3 1.23 18 8 118.5

-- -

-5-6



_ _ _ _ _ .-_____ _ __

SUMMARY OF EXPERIMENTAL CONDITIONS- -

B. FLAHSING EXPERLMENTS

(continued)

RUN- pin ( *} in( C) G(Mg/m s) pct ( c t( }*

72 --- --- --- - - - -

73 275. 99.4 4.90 56. 87.9
*

*
731 281. 99.4 4.88 52. 88.0

*
732 285. 99.4 4.93 52. 87.9

~

733* 288. 99.4 4.91 53. 88.2

734* 287. 99.4 4.91 54. 88.0

735* 287. 99.4 4.91 55. 88.1
736* 287. 99.4 4.90 54. 88.0 1

737* 287. 99.4 4.91 54. 87.9

/ 74 285. 99.3 4.90 56. 87.9
75 395. 99.3 6.04 57. 88.5

761 396. 99.3 6.04 60. 88.7
762 393. 99.3 6.05 62. 88.0
763 392. 99.3 6.06 65. 88.0

77 157. 99.3 3.06 65. 88.7
771 157. 99.4 3.03 69. 88.3

78 138. 99.3 2.61 71. 88.0
,

782 138. 99.3 2.61 71. 88.1
79 124. 99.4 2.27 72. 88.2

791 126. 99.4 2.26 73. 88.1
792 126, 99.4 2.26 83. 88.1

|
80 585. 148.3 4.36 436. 143.5

803 579. 148.3 4.32 432. 143.5
81 493. 148.3 2.91 432. 144.0

811 493. 14 S.3 2.91 432. 144.7
. 814 492. 148.3 2.91 428. 144.1

82 376. 142.3 2.36 174. 111.6
823 377. 142.4 2.32 176. 110.9,

83 352. 140.0 2.30 150. 107.9
833 348. 139.5 2.29 145. 107.1

<

o
Runs 731 through 737 are subsets of Run 73 as are other runs in the
hundreds subsets of their decade base,

5-7
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TABLE 5-1

SUMMARY OF EXPERDiENTAL CONDITIONS

B. FLASHING EXPERIME! TIS

(Cont'd)

*

RUN ph(kPa) Th( C) G(Mg/m s) pet (kPa) T g(C)

116 143. 99.9 2.28 127. 100.4.

119 151. 100.1 2.63 127. 100.5
122 171. 100.2 3.01 133. 100.7 -

125 251. 99.9 4.50 165. 100.4
128 248. 100.0 4.49 127. 100.5
129 382. 100.1 5.98 128. 100.6
132 377. 99.6 5.96 125. 100.2
133 350. 121.2 4.43 233. 121.7
136 348. 121.2 4.44 233. 121.7 .

137 463 121.2 5.88 233. 121.6
140 465. 121.2 5.91 234. 121.6
141 240. 121.3 2.97 236. 121.6
144 242. 121.3 2.97 237. 121.7
145 306. 121.2 3.70 234. 121.7
148 304. 121.2 3.70 233. 121.6.

-
._

e
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.

SYMBOL RUN G(Mg/:n s) pg(kPa) Th(C) p (kPa)

O 10 1.56 711 27 683
0 9 3.13 709 27.1 674
Q 8 4.71 695 26.9 652
A 7 6.30 691 27.3 657
x 6 7.01 682 27.7 647

.

- -

- . . . . . . . . . . . . . . . . . . . . . . , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , . . . . . . . . . . . . . . . . . ..

PRESS' 5' 9' 13' 17' ' 2'1 ' 2'5 ' $9 ' 3' 3 '' 37' 4'1 ' 4' 5 ' 4'9
' ' ' ' ' ' '

TAP ND
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- - - - - - - ' -

8 8 8 8 8 gog',
- - - -

~ *M o o o o o
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Figure 5-1 Typical Pressure Distributions Along TS-2 for the
Single-Phase Flow Kydrodynamic Calibration Runs
GNL Neg. No. 3-1017-711,
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5.1.2 Y-Densitometer

The calibration of the test section along the axis was performed first

with the test section empty and full of water at 20 C (Table 5-2), using the

single-beam y-densitometer. Figure 5-3 presents the calibration data, as well
.

as the calculated values (solid squares) derived from the physical =ensurements

_

of wall thickness and inside diameter along the nozzle. For these calculations,

-1
the at.tanuation coefficients for steel was taken as u,g = 2.7 cm and for

~1water u = 0.167 cm , both values are listed for a 100 kev y-energy level

(Reactor Physics Constants, 1963). All calculated values were normalized to

the entrance of the nozzle when the test section was empty, which provided a

value of I = 2854 c/54 s. The calibrations were also repeated on different i

days, and the repeatability of the results are satisfactory, as long as the
;

source decay is taken into consideration. !

|

In Figure 5-3 the bars present the standard deviations of ten consecutive

measurements. The accuracy of the system (N 4 percent) is still governed by

the statistical error dI I
, due to the low rate of counts which in turn is=

caused by the low source activity. Increasing the source strength to higher

activity level in the multi-beam case, i= proved the statistical errors by in-

creasing the number of counts per second.

The nozzle was also calibrated while empty (full of air) at 27 axial

location: with the five-beam y-densitometer. At every axial location the

five sources-detectors system was moved in 2.54 mm steps in the transverse

direction to cover a total distance of 1.27 cm for each source. Figures 5-4*

~A,'B,T ,' D, and T show the results of this calibration normalized with respect
~ ~ ~

to the centerline value as a function of radial distance at five different

5-11
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TABLE i-2

CALIBRATION OF THE TEST SECTION BOTH EMPTY (AIR), I ,g
AND FULL OF WATER, I. (Date 1-19-79)F

AXIAL AXIAL
LOCATION I counts /54s I c unts/54s LOCATION I counts /54s L. counts /54s# E # '

Z(:mn) Z(:mn)
.

5.1 941 2045 304.8 1239 1856
,

30.5 964 2053 307.2 1286 1944

55.7 976 1994 309.8 1307 2061

81.3 1019 2027 312.3 1360 2088

106.7 1017 1974 314.8 1371 2122

13 2. 1 1110 2047 317.6 1374 2165

157.4 1125 2035 319.9 1396 2161

182.9 1147 2009 322.5 1419 2220

208.1 1206 2021 325.2 1427 2199
C233.7 1260 2031 327.7 1406 2189

,

259.1 1260 1989 330.2 1354 2155

271.8 1328 2060 332.6 1337 2077

274.3 1337 2062 335.1 1280 2076

276.9 1341 2059 360.8 1210 2025

279.4 1313 2039 386.0 1196 2019

281.9 1338 2031 4 11.4 1180 2044

284.4 1352 2061 436.8 1113 2013
207.0 1366 2071 462.3 1081 1989
289.5 1378 2101 488.6 1039 2002

292.0 1367 2027 513.1 1003 2011
294.5 1355 2063 538.5 1009 2038
297.1 1338 2009 563.8 957 2082

.

299.6 1318 1986 576.5 961 2078
'

'302.2 1278 1932
.

_J

|

|
|

|

|

l
!
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axial locations. The output of each source is represented by a different

symbol. The fifth and sixth measurements for each source provide a repe-

tition of the first and second measurements of the next source. Thus,

during each run there are some measurements which are repeated at the same
.

location by two different source-detector systems. As one moves from the

test section inlet to the throat, the effect of the tube radius becomes

more important on the distributions. Each data point presented was an

average of 10 consecutive y-measurements of nine seconds duration each.

The full calibrations of the nozzle at the same axial locations were also

performed with the nozzle full of cold water (20 C), with and without the

pump running to check if there were any vibration problems with the elec-

tronics. The results of the full cold (room temperature) calibration are

presented in Figure 5-5 A,' B , ~C , D ~a'nd 'E ~at the same axial locations as
~

presented in Figure 5-4. Here also the counts of the five sources were

norcalized by the value at the centerline. In these figure, the repeat-

ability of the results with two consecutive sources at the same location

is clearly observable. One fact to be pointed out in these calibration

runs is the symmetry in the results as the sources and detectors move

across the test section, both in the empty and full calibrations. Another

important observation is the lack of scatter in the results and the source

detector overlap repeatability.

The full calibration of the test section was also repeated while the

loop was running at low flow rates and 100 C inlet temperature conditions,

(Figure 5. - 6) . The automatic, computer-controlled positioning of the sources
.

included the information to calculate the linear expansion of the test section,

and this information was utilized to determine the absolute location at which

data were obtained. At this time, however, only the cold calibration informa-

tion has been used for data reduction purposes.

5-14
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5.2 pressure Distributions Under Flashing Conditions

Referring to a p-T diagram such as that in Fig. 5-6, showing the

cquilibrium vapor pressure p,,g of the liquid, the isothermal expansion of

the test liquid in the nozzle may be represented by a vertical line A-B.
.

Here, point A designates the nozzle inlet condition (pin' in) "" E *

, that at the throat. The distance A-B is directly related to the mass flux G

through the nozzle. Thus, for a given inlet condition, the saturation line

may be crosse 6 in the expansion if G is above a certain value.

Figure 5-7 presents typical pressure distributions obtained at inlet

temperature of 100 C and four flow rates. At the low cass flux, 1.81 Mg/m s

(Run 23), very little or almost no flashing was observed at all, and the

results are very similar to the single phase calibration data. At the

2highest mass flux, 6.01 Mg/m s (Run 21), the pressure is observed to drop in

; the converging section up to the throat and level off from there onwards in
i

the diverging section. At intermediate mass fluxes, 4.90 Mg/m s CRun 20)
2and 5.90 Mg/m s (Run 28) the results show a constant pressure region down-

.

stream of the throat followed by a pressure recovery region in the diverging

ssetion of the test section. This sudden pressure increase in the diverging

ssetion is caused by a condensation region to acco=modate the back pressure

imposed on the system. The dimensionless form of the pressure drop data

presented in Fig. 5-7 are plotted in Fig. 5-8 vs the axial distance

clong the test section. The observations about the pressure recovery

ragions in the diverging section mentioned above are more obvious in this

figure. The good agreement of the low mass flux pressure distribution-

rosults with the single phase calibration curve was interpreted to mean that

no vapor was present in the pressure lines after the flashing experiments.

.
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Similar experiments with flashing flows were also conducted at inlet

te=peratures of 124, 130, and 150 C for various flow rates and are tabulated

1
in Appendix B. If one were to plot all these experiments on a p-T diagram |

like Fig. 5-6, it would be found'that the saturation line was crossed at a
.

location upstream and close to the throat in each experiment. Thus we

concluded that in most of the experiments reported, flashing occurred at a

|
location upstream but close to the throat. In some later experiments, the |

1

|
flashing front was moved well upstream of the throat.

'

|

5.2.1. Reproducibility Studies .

To check the repeatability of the data, several runs were performed at

nearly identical inlet conditions and flow races. Figure 5-9 shows the |

comparison between the pressure distributiens obtained in the two experi-

3 .sants for p = 168 kPa, T = 100 C, and = ass flux of 3.03 x 10
f f

* 3kg/m'sec. Experi=ents were also performed at a higher = ass flux 4.45 x 10

kg/m see and T = 123 C and p = 390 kPa. Figure 5-10 depicts theg g

pressure distributions for these latter cases, i.e., Exps. 52 and 53. The

results at these mass fluxes are reproducible to within 2 percent.

1

5.2.2. Operational Ef f ects (Eff ect of Back Pressure)

||

In one set of experiments, flashing was initiated with the condensing

tank liquid level (defined as the location of the free surface below the top

of the tank) equal to zero, i.e., almost a solid loop condition. Decreasing

tha condensing tank liquid level, i.e., increasing the size of the steam

cavity in the condensing tank, changed the downstream (condensing tank)

pressure and affected the flashing conditions and pressure distriubutions
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2RUN G(Mg/m s) pin (kPa) Tin (C) pc. c. (kPa)

22 3.04 170 100.2 125
40 3.02 168 100.3 112

.

- FLOW +
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Figure 5-9 Comparison of Pressure Distribution in Two F.xperiments
to Show the Reproduciblity of the Results at Low Mass

2Fluxes, G = 3.03 Mg/m s (3NL Neg. .No. 3-1029-79)
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.

RUN G(Mg/m s) pb(kPa) Tg(C) p (kPa),g,

52 4.48 381 123.5 254
53 4.45 395 123.6 249

.

~
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Figure 5-10 Comparison of Pressure Distributions in Two Experiments
to Show Reproducibility of the Results at High Mass Flux,

,

G = 4.45 Mg/m's ONL Neg. No. 3-1028-791
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although the flow rate and inlet conditions were held constant. Figure

5-11 depicts the pressure distribution results for these experiments, Runs

35, 37, and 43. The pressure distributions in the converging section and

mass flux are observed to be independent of the downstream pressure, which
.

i= ply that the flow is choked. Run 35 depicts the above-mentioned constant

pressure region downstream of the throat followed by a sudden pressure rise,

which seems to correspond to a condensation region as previously described.

Runs 37 and 43 are almost identical although the condensing tank pressure is

lower in Run 43.

The photographic observations perfor=ed during these experiments are

presented in Fig. 5-12. For Run 35, the bubble sizes are minute, and their

nu=ber density is very large. Decreasing the back pressure increases the

vapor generated in Runs 37 and 43. During Run 43, the windows were covered

with a water film, and the interior of the tube was invisible. This drastic ,

difference in observed appearance between Runs 37 and 43, does not notice-

ably affect the pressure distributions presented in Fig. 5-11-
~

5.2.3. Parametric Effects

The effects of the flow paraneters, i.e., inlet pressure, pg , inlet

temperature, Tg , and mass flux, G, in the flashing regimes and pressure

distributions were also investigated and will be presented below. Figure

5-13 p::esents the results when p and T were kept constant and the mass
1 g

flux was varied close to conditions of flashing onset in the nozzle. This

is equivalent to lengthening or shortening the line A-B in Fig. 5-6,

curve. The pressure distribution in the=oving the point 3 near the p,,
converging part follows very closely the single phase calibration. Down-

stream of the throat the vapor generation nanifests itself as a deviation in

!

!
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..

,

RUN G(Mg/is) pg(kPa) Tg(C) p QGa),g,

35 4.96 287 99.4 250
37 4.94 296 100.3 170
43 4.97 287 100.2 120

.

.
-
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Figure .c- 11 Pressure Distributions Showing the Effect of Condensing
Tank Back Pressure for Identical No::le Inlet Conditions
(3NL Neg. No. 3-1031-79.]
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ii In these and all the followingPresented in Fig. 5- l
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windcws is 50 ::nn. (BNL Neg. No. 1-919-79).
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..

RUN G(Mg/m s) pg(kPa) Tg(C) p (kPa),g,

49 2.27 146 99.9 99
50 2.04 142 99.8 101

.
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tha praccure distribution. This region is follow 2d by a pressure increase

caused by the sudden collapse of the bubbles and followed by a pressure

recovery zone typical of single phase flows in divergent pipes. Figure

~

5-14dapictsthephotographicobservationsfor[thesetwo_ cases._ Although
_

_ _ _ _

the appearance of the bubbles was found to be intermittent, this fact was

not apparent in the pressure measurements due to the time response of our'

pressurc =anifolds and to our long averaging times. In Fig. 5-15, we_ .

.

present the typical effect of a more substantial change in cass flux for an

inlet te=perature of 123 C and an inlet pressure of 260 kPa. At a mass flux

2of 2.04 Mg/m s (Run 57), one observes the onset of flashing, which intensi-

fled to violent flashing at a mass flux of 2.98 Mg/m s (Run 61). The

corresponding photographic observations are presented in Fig. 5-16. .

The effect of changing the inlet te=perature from 100 to 150 C was

also investigated while maintaining a fixed initial overpressure, pg -

p (Tg) . This corresponds to moving the point A parallel to the satu-

ration curve p in Fig. 5-6 and keeping the = ass flux unchanged. For
g

constant values of the pressure difference between the inlet pressure and

the saturation pressure at the inlet temperature, i.e., p ~Esat(Th) 'h

the effect of inlet temperature on the pressure distributions was not very

pronounced for the various flashing experi=ents. This behavior was to be

expected, since the driving potential, i.e. , (p - p ) was not changed in

these runs. Figure 5--17 represents these results for Exp. 67 (T =
g

149. 2 C, p , = 503. 3 kPa) Exp . 5 6 (T = 123.5 C, p = 136.5 kPa) and Exp.
g g g

3 239, while the mass flux is 2.20 x 10 kg/m see for the experi= ental condi-'

tions close to the onset of flashing. The photographic observations for

Exps. 39 and 56 are presented in Fig. 5-18. . One observes that the effect

of inlet temperature is small as long as the inlet pressure is adjusted for

constant subcooling at the inlet. The same observation will be valid for
*

the following results. Figures 5-19, 5-20, and 5-21 show similar

results for progressively higher mass fluxes, and Fig. 5-22 show

5-28
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Figure 5-14 Photographic Observations for the Experl= ental Conditions
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RUN G(Mg/m c) pg(kPa) Tin (C) pc.t.( *}

57 2.04 263 124.7 256
58 2.98 254 123.3 174
61 2.98 259 123.8 162
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Figure 5-15 Effect of Mass Flux on the Pressure Distributions in the
Test Section (BNL Neg. No. 3-1033-79.1-
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RUN G(Mg/m s) p g(kPa) T (C) p (kPa)
,

67 2.22 502 148.6 463
56 2.20 261 123.2 252
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Figure 5-18 Photographic Observations for Experi::2 ental Conditions
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RUN G(Mg/m n) pg(kPa) Tin (C) p (kPa),g,

66 2.94 521 148.8 463
55 2.99 293 123.6 251
27 2.95 326 130.0 299
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Figure 5-19 Effect of Nozzle Inlet Te=perature at Constant
(p -p, Crb) n the Pressure Distributionlg
in the Nozzle GNL Neg. No. 3-1037-79}.
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RUN G(Mg/::t s) pg (kPa) T ,(C) pc.c.( *
1

22 3.04 170 100.2 125
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Figure 5-20 Eff ect of Nozzle Inlet Te: perature at constant
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RUN G(Mg/m s) pg(kPa) T1 (C) p *
c.t.

44 4.50 271 99.9 101
52 4.48 381 123.5 254
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'

FLOW ->

TR?5 l ' ' ' $ ' ' ' ' 1'0 ' ' ' ' 1'S ' ' ' ' 2'0 ' ' ' ' 2'5 ' ' ' ' f3 ' ' ' 's5 ' ' ' ' d'0 ' ' ' ' .i5 ' ' ' 49
* S. - .

*
. -

E Ea
.

u

F_ 5 _?
b Eug g

0 o
-F_ _g-
X8 'o 7O s tn3 3 -
-

-

5~ ~

yg -

~L + *

sG" *

RUN NUMSSR SYMSOL._ y
F- 44 0 .S

>

g 52 + 3 3
64 X ,,,, , , , , , 3 s 8 8 5

;xx |y* *
." - ~P~ c

" .0 G. . e s e s ,

0 10.2 20.0 32.2 43.3 52.2 50.0
RXIRL DISTANCE (CM)

i

Figure 5-21 Effect of Nozzle Inlet Te perature at Constant
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photographic oboarvations for Exp. 55 and 52. - -

Finnily, tha influence of variation of p , i.e., moving the point A in

Fig. 5-6 up and down without changing anything else, was studied. A

slight variation of the inlet pressure was found to affect the pressure

distributions and flashing regimes for identical inlet temperatures and mass

fluxes. This dependence and sensitivity is more pronounced at low mass.

fluxes, Fig. 5-23' (Runs 55 and 58 with an inlet temperature of 123.5 C and

- mass flux of 2.98 Mg/m s). A variation of the inlet pressure from 293 kPa

(Run 55 ) to 254 kPa (Run 58) shows a marked variation in the pressure
*

distributions in the diverging section of the nozzle. This strong depen-

dence observed for the low mass fluxes does not repeat itself at the higher

mass fluxes, 3.04 and 4.96 Mg/m sec, as presented in Figs. 5-24 and 5-25

for an i tiet temperature of 100 C.

5.2.4 Flashing Upstream of the Throat
-

In all the experiments presented above, flashing occurred in the

vicinity of the throat. By controlling the f *6ow conditions, we were able to

approach saturation conditions at the inlet of the test section. The
!

pressure distribution recorded under this condition is presented in Fig.

5-26. The continuous pressure decrease in the converging, as well as the

j diverging sections of the nozzle, is reminiscent of the supercritical flows

( in supersonic nozzles in classical gasdynamics. The onset of flashing,

which is' accompanied with a strong deviation in the pressure distribution as
'

compared to the single phase calibration, is depicted in Fig. 5- 27.

|
I

|
I *Note that in these two experiments, the condensing tank pressure also

varied from 174 kPa (Exp. 58) to 251 kPa (Exp. 55).

|
!
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RUN G(Mg/:2 s) pg(kPa) Th(C) pq,g,(kPa)
55 2.99 293 123.6 251
58 2.98 254 123.3 174
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Figure 5-23 Effect of Noz le Inlet Pressure on the Pressure'

Distributions in the Test Section (BNL Neg. No.
3-1036-79)
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RUN G(Mg/m s) ph(kPa) Tg(C) p (kPa),g,
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48 3.04 183 99.9 100
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Figure 5-24 Effect of Nozzle Inlet Pressure on the Pressure
Distributions in the Test Section GNL Neg. No.
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.

9

FLOW ->

l ' ' ' 5 ' ' ' ' 1'a ' ' ' ' 1'5 ' ' ' ' 2'a ' ' ' ' is ' ' ' ' 3'a ' ' ' ' $5 ' ' ' ' a'a ' ' ' ' is ' ' ' 49
TAPS

P- a ..s 3 -P* e
a c

. 3s
a

P-
m n- _PN aO * s

7 a
0-C- a

7' _g_a'o w 's 'D~D a cn
-

5 -

-
x P-

~$-m
G s

$is3333 33s355"
RUN NUMSER SYMSCLy

y- 45 0 w
yg 37 + j

43 X g

ti-
-t

E '

,E, ,
a.a t a. a 2a.a Sa.a aa.a Sa.a ea.a

, ,

RXIRL DISTPNCE (CM)

.

Pigure 5-25 Eff ect of Nozzle Inlet Pressure on the Pressure
Distributions in the Test Section ONL Neg. No.
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| Figure 5-26 Pressure Distributions in the Test Section h'hile
Flashing Onset is Upstream of the Nozzle Throatj '
(BNL Neg. No. 3-1024-791
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5.3 Void Fraction Measurements Under Flashing Conditions

Both axial centerline traverses of the void fraction were undertaken

and, for the later runs, traverse profiles were determined at selected
,

locations. The axial distributions of the diametrical averaged void frac-

tions, together with the static pressures under various flashing conditions,

are presented in Sections 5.3.1 and 5.3.2 (Table 5-3). The transverse void

distributions are discussed in Section 5.3.3.

5.3.1. Flashing Close to the Throat (Axial Scan)

Figures 5-28A and 5-28B present the results for an inlet temperature
2

and pressure of 99 C and 394 kPa gnd a = ass flux of 6.05 Mg/m s. The

pressure profile is constant in the diverging section, and the void profiles

follow an al=ost linear variation in Fig. 5-28B. The C+) symbols are the

void fraction data, and the crossed circles in Fig. 5-28B give che dif-

ference between the two-phase and single phase dinensionless pressure

distributions. The dimensionless pressure was defined as the local pressure
*

drop divided by the inlet dynamic pressure of the flow. DP is the dimension-
m

less local pressure drop with respect to the nozzle inlet measured under
k

|
flashing conditions and DP is the corresponding pressure drop measured

during the single phase calibration experiments. The onset of flashing can

|- be determined either from the void fraction measurements or from the point

of departure of the dimensionless pressure distribution from the single

|
phase calibration curve.

Reducing the = ass flux to 4.91 Mg/m s and to 3.06 Mg/m s while keeping
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*- IABLE 5-3

VOID FRACTION DISTRI3UTION DATA

FIASHING EXPERIMENTS

..

RUN p (kPa) T ( C) G(Mg/m s) pet (kPa) T g( C).

730 285 99.4 4.91 54 88.0
- 740 285 99.4 4.91 54 88.0

762 394 99.3 6.05 61 88.3
770 157 99.3 3.05 67 88.5
771 157 99.3 3.05 67 88.5
780 13 8 99.3 2.61 71 88.1
781 138 99.3 2.61 71 88.1
792 125 99.4 2.26 76 88.1

*

793 125 99.4 2.26 76 88.1
801 582 148.3 4.34 434 143.5
802 582 148.3 4.34 434 143.5
812 493 148.3 2.91 431 144.4
8 13 493 148.3 2.91 431 144.4
821 376 142.3 2.34 175 111.3
822 376 142.3 2.34 175 111.3
831 350 140.0 2.30 147 10 7.5
832 350 140.0 2.30 147 107.5 |

|

.

e
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TABLE 5-3

VOID FRACTION DISTRIBUTION DATA

FLASHING EXPERDfENTS
(continued)

.

ct( }RUN ph(kPa) Tg ( C) G(Mg/m s) pet ( *

. __

>

f 143. 99.9 2.28 127. 100.4

797 f 151. 100.1 2.63 127. 100.5,

171. 100.2 3.01 133. 100.7

126 251. 99.9 4.50 165.* 100.4
r

127 248. 100.0 4.49 127. 100.5

7 7f 380. 99.9 5.97 127. 100.4

;;;} 34e. 121.2 4.43 233. 121.7;

| ;;,8} 4e4. 121.2 5.90 234. 221.e

f4 241. 121.3 2.97 237. 121.7 ,

146
305. 121.2 3.70 234. 121.7147

|

!'

.

OP s uncertain
ct
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tha inice tc=perature constant S 99 C v2 obtained similar results, which . .

Era presented in Figs. 3-29 and 5-39. Ths onsat of flashing is closs

to, but upstream of the noz=le throat. The linear variation of the voic

fraction with axial distance in the diverging section, combined with the

constant pressures observed in Fig. 5-29A and the fact that the test

section diameter also varied linearly, seems to imply the presence of a
,

nearly constant area liquid jet at the core surrounded by a steam envelope.

9
. When the mass flux is further reduced to 3.05 Mg/m's, the pressure profile

in the diverging section starts to show a slight recovery (Fig. 5-30A),

which is accompanied in the void fraction profiles by a region where the

voids are constant (Fig. 5-30B). If one still reduces the mass flux to 2.61

Mg/m s, the pressure distributions observed in Fig. 5-31A, show a sudden

pressure recovery in the diverging section which may be considered as a
i
i

~

condensation front. This fact is clearly observed in Fig. 5-31B, which ._

shows an increase in the void fraction followed by a decrease to the all

liquid situation. The dimensionless profiles of DDP plotted on the same

figure also shcw the pressure deviations from the single phase calibration

which closely follow the evaporation and condensation fronts. Still low-

ering the mass flux to 2.26 Mg/m s brings us to a situation which is close

to the onset of flashing. Figure 5-32A depicts the pressure distribution

which is very close to the single phase calibration results, and the void

fraction distribution presented in Fig. 5-32B shows a very slight rise

close to the throat, but otherwise remains mostly liquid throughout the test

. section. A similar sequence of events was also observed in experiments at

2an inlet te=perature of 148.3 C for two = ass fluxes 4.34 Mg/m s (Fig. 5-33A
2and 5-333) and 2.91 Mg/m s (Fig. 5-34A and Fig. 5-34B) . The high eass flux
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run prscanted in Fig. 5-33A cnd 5-33B shows an sl=ost constant pressure

distribution in the diverging section with a steeper rise in the void

fraction profiles and higher void fraction values at the exit of the nozzle.

The lower nass flux run presented in Fig. 5-34A and 5-343 depicts a
'

vaporization zone in the diverging section downstream of the chroat followed

by a condensation region which reduces the void fraction (Fig. 5-34B) and
.

causes a pressure recovery close to the test section exit (Fig. 5-34A) .

.

5.3.2. Flashing Upstream of the Throat (Axial Scan)

Additional data was also recorded with the flashing front upstream of
Ithe throat. Figures 5-35 and 5-36 present the results for two mass '

2fluxes 2.34 and 2.30 Mg/m s at an inlet te=perature of 140 C. Figure
,

15-35A depicts the pressure distribution for which Fig. 5-35B presents {
the void fraction profiles. The pressure distribution shows a decrease in

the converging, as well as in the diverging sections of the nozzle. How-

ever, the slope seems not to be continuous at the throat in contrast to what

is usually presented in the literature. The void fraction profiles show

that at the test section inlet, the void fraction was around 10 percent, and

the vapor generation increases along the test section, causing a void

fraction of almost unity at the exit of the venturi. The DDP plot shows

clearly the drastic deviation of the dimensionless pressure profiles from

the single phase calibration curve. Figures 5-36A and ~5-365'"present
.

2sinilar results obtained at a nass flux of 2.22 Mg/m s and an inlet temper-
ature of 140 C. The results of those two experiments were used to cal-

culate the net vapor generation rates under nonequilibrium cotidi ions, andt

the methodology followed will be presented in the next section.
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: * *

(DDP = DP - DP ) as a function of axial distance. (3h1 Neg. No.
'

m C

3-1109-79).
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5.3.3 Transvarso Void Distributions and Arca Averaged Void Fractions
'

Transverse distribution of chordal everaged n's and area avaraged

c's have been measured under flashing conditions at 100 C and 125 C inlet

temperatures and several mass fluxes according to the general test matrix.
The transverseTypical results of Run 130 will be presented in this section.

distributions of all the chordal-averaged void fractions are presented in-

Fig. 5-37,5-38, 5-39, 5-40, 5-41, 5-42, and 5-43. In these figures, the

chordal void fraction averaged from the ten sets of 9-s measurements are-

plotted vs. the radial (transverse) location. Once again, different symbols

are used to re'present each source. The dashed lines represent the boundaries

of the nozzle at the axial location and the horizontal line depicts the area-

averaged void fraction for that axial location, calculated from

i
-

Ea AA
i i (5-1)g* ,

EAA,
.

where AA is the chordal area defined by the gamma beam thickness at a given

transvorse location and a is the chordal averaged void fraction measured at

the same 1c scion. It should be mentioned that while the errors in local
,

chordal void fraction increase logarithmically as the traverse moves from the

axial centerline to the outer wall, the areas associated with these increasingly

inaccurate void fraction measurements decrease roughly quadratically to zero

near the wall. Thus clie e~flec~tA on~thEaverage' void frictioE li minimal.~-
' ~ ~

-
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Some preliminary observations from this set of data is that the

void profile is not sym=etrical with respect to the axis of the tube.

The void profiles seem to imply the p.2sence of a low void fraction

core, surrounded by a high void fraction envelop close to the walls. As
a

we get closer to the throat of the nozzle, the area-averaged void fraction

decreases and gets closer to the all liquid single phase value. The scatter
c

of the points close to the wall and upstream of the throat could be attrib-

uted to the fact that the extreme locations, close to the walls, the

calibrations (both empty and full) change drastically, thus a small error

in the locations (N 0.005") can cause a large error in the voids measured,

since the difference between full and empty is also small in the : me region.

All our data recorded include absolute locations in the transverse direction

and therefore the proper corrections will be applied as a function of loca-

tion in the final report. Time has not allowed this to be done for this

interim report. The difference in the void fraction measured by two neigh-
,

boring sources at the same location near the nozzle centerline is a result

of the unsteady nature of the flashing flow, not scatter since no scatter

was presented in the empty and full calibrations.<

i

|-
|

|
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5.'4 Calculations of Nat Vapor Gannration Rates Under Flashing Conditions
*

In this section, we shall present the method with which a cross-section-

averaged net vapor generation rate per unit volume T may be determined from
y

the meacured pressure and void fraction distribtuions along the test sec-

tion. We recall the following definitions of cross-section-averaged quanti-
.

ties.

Mixture density,
s.

<o> = <ap >+ < (1 - a) p > (5-2)y g

Mass flux of vapor,

<G > = <ao u > (5-3)v vV

Liquid mass flux,

< G > = < (1 - a ) p u > (5-4)g gg

Total mass flux,

<c> = <G > + <G >
V 1 (5-5)

Total volume flux,

<j> = < cu > + < (1 - a ) u > (5-6)v i

Quali ty,

<x> = <G >/<G) (5-7)

We shall assume that the densities p and o of the vapor and liquidy g

phases are given by the saturation values corresponding to the local pres-
- sure p, and therefore, are constant over a cross-section. Moreover, we

|

|

|

|

l
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- .

shall assum2 that tha vapor drift valecity

V =u -j (5-8) -gj v

is also constant over a cross-section. Combining Eqs. (5-7) 'and .(5-3). & using
.

the drif t velocity, Eq. ' (5-3) we have
~ '

*

< x> < G> = <a o j ) + <ao,,V >
y

(5-9) _

y(<aj > + <a>V ).=p
,

.

Introducing the distribution parameter C, = <cj >/<a> <j >, we =ay write

<x> <G) =A (C <a><j> + <c>V )-

which may be expressed as

-.

<x> <G> = p <a> C + #1 ~ **#0' +V
#**# '

v o p o gj , ,

y,

~ ~ '

when Eqs. (5-6), (5-3)' ,' and (5-4)" ~cre inse'rted. Sdiving for the cross-section-i

averaged quality <x> and replacing the liquid and vapor densities with their

saturation values, we get finally

|

i

e

!

l
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_ _ _

\-.

~
p V-

d + p " "A<a> Coo <G>
<x> = - g _

.

- (5-10).p -p
f I

.

1 - <a>C
o o g

.

.

The vapor drift velocity is assumed to be given by the expression for the

churn-turbulent upflow of a bubbly mixture,
-

1/4og(p,- g)
V =K ~~ (5-11;)

'

gj 2 ,

0
f

, ,

where the coefficient K = 1.41 according to Kroeger and Zuber (1968). For a

given set of test section inlet conditions, we may assume that C, remains

constant in the test section, and that the variation of the liquid density o
f

is negligible. Thus V varies only weakly with pg, and we shall assumeg
V to be roughly constant in the test section as well. Hence <x> may be

considered as an explicit function of the local cross-section averaged void

fraction, the vapor density and mixture mass flux.

From conservation of vapor mass, we have

r = <G>d<x>/dz , ~~' ~

'(5212)

which leads to, after dropping the symbol < >,
.
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do do,_ op Vg gj gCx da Cx (1 - aC ) 3 o
dz , o o dp dz G dza

8r= ~
(5-13)

#
- p )/o1 - aC,(pf f

- where we have replaced do /dz by [(do /dp)(dp/dz)]. The quantities de/dz

and dp/dz in Eq. (5.13)may be obtained from the experiments, and do /dp is

given by the equation of state of the vapor, or the steam table. We note,

from the mixture continuity equation

1 d(A/ ) -

- (5-14).- -- ,

(A/A )

To account for the frictional effects in an approxi= ate manner, the effec-

tive cross-sectional area distribution (A/A ),ff determined from single

phase calibrations instead of the geometrical area distribution were used in

the reported calculations. This is probably a good assumption in the

convergent section where the favorable pressure gradient is expected to keep

the wall boundary layers thin and attached. Greater uncertainty arises when

such a procedure is applied to the divergent part of the test section where

the boundary layer displacement in two-phase flow may be significantly

different from the single-phase flow under adverse pressure gradients.

Thus, all terms in Eq. _(5-13)may be evaluated as a function of z and the net

vapor generation rate may be calculated.

!
.

!

l
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Figure 5-44 shows an example of T thus determined for the convergent

part of the test section. In this figure, the top graph displays the

measured pressure and void distributions in the experiments. In addition,

least-square polynomial fits to the measured data are also shown for com-
.

parison. The derivatives of a and p may be_ evaluated along the fitted
. .

polynomials, instead of through the actual data points, which may lead to

-
-.

considerabic scatter. The r values calculated from Eq. (5-13) are exhibited

9 3
in the bottom graphs. ' It is seen that T 's of the order of 10' kg/m s

y

are attained in these experiments, which are in approximately the same

range as those found Reocreux's (1974) experiments.

It was found that the value of r was dominated by far by the variation
y

of a with : in these experiments. For example, for Runs 82/821 at = 254.

1

mm, the value of the three ter=s in the numerator in Eq. (3-13) are *

|

3(Gx/c)da/d: = 22.53 kg/m 3,

3
(Gx/o ) (1 - aC,) (do /dp) (dp/d:) = - 2.66 kg/m ,,g g

(ao Vg/G)dG/d: = 0.33 kg/m s,
l

where V = 0.21 m/s.g
Thus, the term involving dG/d:, which is directly proportional to the drif t |

velocity assumed, contributes about one percent to the value of T . Any
y

uncertainty in the assumption of V is expected to lead to insignificant
d

1

I
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! Figure 5-44 Top: Measured Pressure (o) and Void Fraction (c) Distribu-
;s tions in the Converging Part of the Test Section in Runs

82/821 and the Least Square Polynomial Fit to Data.
Sottom: Calculated Net Vapor Generation Rate Based on the
Least Square Fit to the a and p Data. (3NL Neg. No. 3-1226-79).
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errors in P,, thus determined. In Fig. 5-44,, we have also shown r 's calcu-
, y

laced for zero drif t velocity and a ten-fold increase in V 3 (taking K = 0
and 14.1, respectively, in Eq. (5-il) . The difference between the three

curves are indeed small. Hence, it may be concluded that void fraction and

pressure distribution measurements are adequate for the determination of*

cross-section averaged vapor generation rates. Additional data are shown in

5-45 in which the smoothing and interpolation routines of the IMSLX computer..

program package were used to obtain piecewise continuous least squares cubic

spline curve fits to the pressure and void distribution data. The location of

the " knots", where neighboring pieces of the spline fit are joined, are

optimized by the computer, based on initial guesses specified in the input.

The cubic spline fit thus computed is continuous and has continuous first and

second derivatives. The initial guess of the location of knots and the number

of knots specified are found to influence the cubic splines computed. Hence,

some trial and error are required in using this program to determine the vapor

generation rates. Typical results of such a calculation for Runs 80 and 801

(Zi=mer 1979 ) are exhibited in Figs. 5-45A to 5-45E . Here the test section

entrance is at Z = 0 mm, the throat at Z = 305 mm and exit at 610 mm. The

measured pressure and void fraction distributions are shown by the squares in

Figs. 5-45A and 5-45B , respectively; the least square fits are shown by the

curves, and r.he " knots" are indicated by the + symbols. The values of T

calculated for three values of the distribution parameter C, = 1.0, 1.1, and

1.2 (see Zimmer 1979) are plotted in Figs. 5-45C, 5-45D, and 5-45E . It

is seen that for high a values (a 5 0.5), T may be quite sensitive to the
y

,

.
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value of C, assumed in the calculations. This is because the quantity

[1 - aC (p -p }/p 3 appears in the denominator of the r expression,
f g y

where o and,o are the densities of the liquid and vapor, respectively,g

and the bracketed quantity approaches zero when a approaches 1/C since

o << o . Methods are currently being investigated to reduce or eliminate
g f

this sensitivity.

i.
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