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ABSTRACT

A series of experiments was performed to char-
acterize the subcooled choking process in a con-
vergent -d ivergent nozzle with a constant-area
throat. The experiments were conducted in a
low-pressure flow loop capable of a maximum water
flow rate of 5.5 L/s with a pressure head of 300
KPJ. The pressure and temperature upstream of the
nozzle in the H o w loop were adjusted between 90
and J00 kPa and 53 and 96°C, respectively. The
variables measured in this study of critical flow
phenomena were the flow rate, upstream pressure
and temperature, and the axial wall pressure
profiles in the nozzle. Critical mass flow rate
data were acquired along five isotherms as a
function of stagnation pressure. Factors
affecting metering performance are examined.

INTRODUCTION

Accurate determination of the maximum discharge
flow rate of a subcooled liquid from a nozzle is a
problem which presents itself in the safety analy-
sis uf pressurized, water cooled nuclear reac-
tors. The discharge flow rate is an important
variable in these analyses because it affects the
maximum core temperature and depressurization rate
inder loss-of-coolant accident conditions. This
paper examines some of the factors affecting using
a venturi to measure this discharge rate for sub-
cooled upstream conditions. During flow rate
experiments under typical reactor operating condi-
tions, the subcooled liquid undergoes a partial
phase change, resulting in a two-phase mixture in
the venturi. Generally, when vapor is present in
tne venturi, the flow rate is at a maximum and
dependent only upon upstream conditions; that is,
tne flow rate is independent of the downstream
pressure.

The maximum flow rate of a fluid, generally
referred to as choked flow or critical flow, is a
well understood phenomena in gases. Experiments
nave snown that some similarities exist between
critical two-phase flow and critical gas flow. As
in gas flow for a given upstream pressure and
temperature, a decrease in the downstream pressure
-;eeps tne twu-phase flow rate unchanged, and thus
at the maximum. In addition, all the flow para-
meters upstream of a fixed cross section remain
unchanged.

In gas flows, an additional definition is often
used: The flow is choked when the velocity at
some cross section is equal to the velocity of
sound at that point.

In two-phase flows, theoretical studies show that
a relation between choked flow and sound velocity
exists; however, this fact is difficult to verify
experimentally. For this reason, the criteria
used in this study to determine if a particular
flow is choked are whether or not the flow rate
and upstream conditions remain unchanged as the
backpressure is varied.

An additional feature of critical two-phase flows
is that the phase velocities at the critical flow
condition can be much lower than the critical
velocities of each phase considered separately.
Thus, high velocities, or flow rates, are not
necessarily associated with choked two-phase flow.

The results presented here are part of ar experi-
mental study undertaken to gain an understanding
of the choking process in a convergent-divergent
nozzle with a snort, constant-area throat for
subcooled upstream conditions. This type nozzle
is commonly used in small scale loss-of-coolant
experiments"). The choking process is char-
acterized by nonequi1ibrium vapor generation and
minimum static wall pressures in the throat which
are less than the vapor pressure corresponding to
the upstream temperature.

The following sections describe the test section
and instrumentation and present results of the
study including (a) single-phase data to char-
acterize the single-phase nozzle performance,
(b) the details of vapor generation or cavitation
and some nonequilibrium effects, and (c) the
details of the critical mass flow rate and nozzle
discharge coefficient with special emphasis on the
use of a venturi for metering subcooled fluids
under choked conditions.

FLOW LOOP AND TEST SECTION

The flow loop is shown schematically in Figure 1.
Tap water is circulated through 3-in. nominal
diameter piping by a centrifugal pump at a flow
rate of 5.5 L/s and at a head of 300 kPa. The tap
water is degassed by heating to the boiling point;
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tut* free surface in the calming tank is covered by
a plastic f i lm to prevent reabsorption of gas from
the atmosphere.

In the direction of flow through the system, the
main components are: the c i rcu lat ion pump, a flow
control valve, a 3-in.-diameter turbine flow
meter, the test section, a backpressure control
valve, and the water supply tank containing an
3-kW heater. Hydraulically, the upstream pressure
is set oy the flow rate. The pump speed, con-
trol led by a variable speed motor, was used to set
the flow rate. The flow control valve immediately
Jownstream of the pump was kept in the open posi-
tion during the tests. The backpressure on the
test system was adjusted by closing the back-
pressure control valve unt i l the desired
i>.ic*pressure was obtained.

[he advantage of operating the loop in this
manner, rather than externally pressurizing the
loop, is that better flow s tab i l i t y w i l l resul t .
In tins mode, the flow is c r i t i ca l i f the in le t
pressure and flow rate remain constant with a
change in downstream pressure. No flow l imi ta-
tion1, were observed in the loop, except those
"tv •> ,0'.! ny the pump.

iiK. entire test section was fabricated from Lexan
tubing so that visual observation of the flow
phenomena can be made. The a. .-ream run consists
of a 1.8-m-long section of A.','- -m-ID Lexan
tub ing; the length-to-diameter rat io is approxi-
mately 41. This should result in a f u l l y devel-
oped turbulent flow f'<»]d for the Reynolds number
range tested, 105 to 10^. The nozzle dimen-
sions and pressure tap locations are shown in
Figure 2. The pressure tap diameters are 0.76
mm. Care was taken to polish a l l inside surfaces
to remove any burrs result ing from the fabricat ion
process. During the polishing process, the throat
entrance was s l igh t ly rounded. Despite the care
ta%en in pol ishing, a few tool chatter marks
remained at the diffuser entrance. The diffuser
terminate! in a constant-area downstream section
Mat has a 3.49-cm ID and is 43 cm long, result ing
in a length-to-diameter rat io of 12.

INSTRUMENTATION AND DATA ACQUISITION

Tie variables of interest in this study of i n i -
i> i l l y subcooled choked flow are the flow rate,
•jpstream temperature and pressure, and the axial
stat ic pressure prof i les in the nozzle. The f o l -
lowing discussion describes the experimental
instrumentation used to provide these measurements
tiid trie data acquisition system used to obtain
ldt i for the study.

Thi.- flow rate was measured by a standard
3-in.-diameter ITT Barton flow meter, calibrated
in the range of 0.3 to 10 L/s. The accuracy of
this flow meter, obtained by ca l ibrat ion, is
[letter than I t of range.

Tne upstream temperature was measured in the 3-»n.
loop piping by a 1.45-mm-diameter, Type K,
Chrome1-Alumel sheathed, grounded junction thermo-
couple. The thermocouple was calibrated and found
to read within +0.1°C of standard Type K
caliDration values.

The upstream pressure was measured at the first
nozzle pressure tap located upstream of the
convergent section, Figure 2. The pressure
transducers used for this measurement and the
nozzle wall static pressure profile measurements
were made with Validyne, Model DP15TL, differ-
ential pressure transducers. The accuracy of the
pressure measurements, including pressure tap
errors, was 1.4JE of range. The pressure trans-
ducers were referenced to the atmosphere, a vacuum
manifold, or a pressure manifold, as required.
The pressures in the manifolds were adjusted, and
transducer ranges picked, so that the respective
pressures would fall in the upper 5 W of the
transducer range. The pressure in the manifolds
was also measured by the Validyne pressure
transducers referenced to the atmosphere. The
local barometric pressure was obtained at the
beginning of each test from a mercury barometer.

The portable data acquisition system, used for
acquiring data in the experiments reported here,
was constructed around a Hewlett-Packard 9825
programmable calculator and NEFF 620 front end.
Data were typically acquired at a rate of
20 samples per second for a period of several
seconds. Temporal averages and standard deviation
were then computed. The sample period was chosen
such that the temporal averages and standard
deviations did not change with an increase in
sample period.

AXIAL PRESSURE DISTRIBUTIONS FOR SINGLE-PHASE AND
IDEAL ONE-DIMENSIONAL FLOW

A number of test points were taken to characterize
the axial single-phase wall pressure distribu-
tions. Typical pressure drop results with respect
to the upstream pressure as a function of axial
distance are presented in Figure 3. The solid
line on Figure 3 represents the ideal
one-dimensional pressure distribution. The
pressure coefficient, Cp, is defined as

P- -

where

stagnation pressure
static pressure
liquid density
upstream velocity.

In the converging section, the flow acceleration
was accompanied by a pressure drop. The con-
stant-area throat region exhibited evidence of
strong two-dimensional effects shown by the
deviation from the one-dimensional theory. The
flow probably was separated in the near wall
region due to the inability of the f luid to
negotiate the relatively sharp corner. The
deceleration in the diverging section resulted in
the expected pressure recovery. The unrecovered
pressure loss in the nozzle was due to friction
losses.



CRITICAL MASS FLUX AND NOZZLE DISCHARGE COEFFICIENT

!he critical mass flux taken along five different
isotherms as a function of stagnation pressures is
shown in Figure 4. As the stagnation pressure
increased, the mass flux also increased. As the
stagnation temperature increased, the critical
mass flux decreased for a given stagnation pres-
sure. The nozzle discharge coefficient, C, is
defined by

C =
[2 P, (Po - P )]
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G* mass flux in the throat
liquid density
throat pressure.

In determining the discharge coefficient, two
major approaches have traditionally been used:
The first is to actually measure the difference
between the throat pressure and stagnation
pressure; the second is to assume that throat
pressure h equal to the vapor pressure cor-
responding to trie upstream temperature. As shown
in a later section, the second approach is
generally not satisfactory. In addition, the
appearance and configuration of the vapor (cavita-
tion regime) in the venturi can effect the dis-
charge coefficient; this effect is discussed in
the following section.

Che nozzle discharge coefficient, exclusive of
cavitation regime and nonequilibrium effects, is
shown in Figure 5 as a function of Reynolds
number. There appears to be no systematic varia-
tion with Reynolds number or temperature over the
limited range of thi\ study. The scatter in the
data is typical, the uncertainty in the discharge
coefficient is 2%.

CAVITATION REGIME EFFECTS

Several cavitation regimes were observed during
testing, and their existence was recorded photo-
graphically. The cavitation regimes are important
because they effect nozzle performance. In this
section, the cavitation regimes observed during
testing are discussed, and the effect on discharge
coefficient is presented.

Figure 6 shows cavitation inception on the throat
pressure laps. The phenomena of cavitation incep-
tion on isolated surface irregularities is well
known!2'-*', and indeed, it is on these irregu-
larities tnat vapor generation was first observed
in the nozzle tested here. The flow in this case
was not choked; this was verified by raising the
backpressure and observing that the upstream
pressure was also affected.

As the flow rate was increased, the flow regime
pictured in Figure 7 appeared. This flow condi-
tion, characterized by a large vapor plume ini-
tiated by the presence of the pressure taps and a
condensation zone downstream of the throat, was
found to be stable and choked. As the flow rate

was further increased, the flow regime pictured in
Figure 8 appeared. This flow condition was char-
acterized by a liquid core surrounded by a vapor
annulus. This flow regime was also stable and
choked and, in addition, was found to persist as
the flow rate was decreased. Thus, for the same
flow rate, it is possible for two regimes to
exist, depending on the direction from which the
flow condition is approached. Flow hysteresis is
well known in both cavitating and noncavitating
systems, and it is not surprising that the
phenomenon appears here. Figure 9 presents a
comparison of the axial pressure profiles for the
two regimes. The profiles are quite similar, with
the major deviations occurring in the condensation
region. One should also note that the pressure in
the region between the throat entrance and the
condensation region is relatively constant, and
that pressure recovery and the condensation region
are coincident.

As the flow rate was even further increased, a
third regime (Figure 10) characterized by delayed
vapor generation appeared. In this flow regime,
little vapor appeared in the throat, primarily
streaming off surface irregularities. The fluid
residence time in the throat (< 1 ms) was so short
that the fluid did not have sufficient time to
change phases. The major generation of vapor
appeared at the diffuser entrance and in the
diffuser itself. It was found that this third
flow regime was stable and did not coexist with
a:iy other regime.

The discharge coefficient exhibited some
dependence on the cavitation regime, as shown in
Figure 11. The major effect appeared for the
cavitation regime, characterized by a vapor plume
initiated at the pressure taps. This cavitaf'on
regime displayed a slightly higher discharge coef-
ficient which probably resulted from an effective
increase in throat area due to less vapor gener-
ation. As the Reynolds number was increased,
uniform cavitation was established and the
separated region in the throat attained a limiting
form, not dependent upon the presence of liquid or
vapor.

NONEQUILIBRIUM EFFECTS

The isothermal expansion of a liquid may be
represented in the P-T plane by a vertical line,
Figure 12. Point A defines the nozzle inlet con-
dition (P 0,T 0), and Point B, the condition at
the throat. The distance A-B is related to the
mass flux through the nozzle. For a given inlet
condition, the saturation line may be crossed in
the expansion for some values of mass flux. If
the mixture were in equilibrium and two-dimen-
sional effects were negligible, the throat pres-
sure B would be equal to the vapor pressure. In
real nozzles, however, minimum pressures less than
the vapor pressure are routinely observed; fur-
thermore, the minimum pressure is not a simple
function of upstream conditions. The result is a
vapor-liquid mixture which is not in equilibrium.
It is these nonequilibrium effects and the vapor
cavity configuration that strongly influence the
maximum discharge rate through a nozzle.



Figure 13 shows the difference between Pv {the
vapor pressure corresponding to the upstream
temperature) and P* (the throat pressure non-
dimensionalized by the kinetic energy of the
flow), assuming all liquid was one-dimensional
flow in the throat, plotted against the Reynolds
number based on throat diameter for a constant
stagnation temperature of 75°C. The cavitation
regime effect was obvious, with an apparent higher
degree of pressure nonequilibrium existing for the
cavitation plume initiated by the pressure taps.
This was probably due to less interfacial area
available for heat transfer. Thus, for the same
upstream flow rate, the throat pressure was not
necessarily unique. In addition, the pressure
nonequilibrium was not a simple function of the
upstream conditions. Further investigation™)
of this phenomena has shown that both thermo-
dynamic effects and the turbulent transport of
thermal energy play an important role in
determining the nonequilibria in the venturi. For
systems in which the vapor pressure, corresponding
to the upstream temperature, is of the same order
of magnitude as the upstream pressure, it is not
sufficient to assume that the throat pressure is
equal to this vapor pressure. As the upstream
temperature increases, the effect becomes larger.
Therefore, the difference in the throat pressure
and stagnation pressure must be measured directly
to assure accurate flow measurement.

CONCLUSIONS

In this paper, experimental results are presented
which in part characterize the choking process in
a convergent-divergent nozzle with a constant-area
throat for subcooled upstream conditions. The
converging-diverging nozzle was found to behave
somewhat differently from the performance pre-
dicted by the ideal one-dimensional theory. The
differences are not explainable by friction
effects alone. The data indicate that the flow
field was strongly two-dimensional in the throat
reg ion.

The critical mass flow rate was found to be a
function of both upstream pressure and upstream
temperature, with the mass flow rate increasing
with pressure and decreasing with temperature.
The nozzle discharge coefficient was found to be
constant over the range tested, once fully
developed cavitation was established.

Once the nozzle flow rate was high enough to choke
the flow, the factors that affected the maximum
discharge rate were stagnation pressure, stagna-
tion temperature, and cavitation regime. The
cavitation regime depended on the direction from
which the flow condition was approached and the
presence of throat pressure taps and isolated
surface irregularities. To minimize this affect,
the throat pressure tap should be as small as
possible and the entire nozzle inside finish free
from burrs. It is not sufficient to infer the
throat pressure from the vapor pressure cor-
responding to the upstream temperature. The
difference between the throat pressure and
upstream pressure must be measured directly.
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Figure 1. Schematic of Flow Loop.
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Figure 6. Cavitation Inception on Throat Pressure Taps.



Figure 7. Vapor Plume Initiated by Throat Pressure Taps.



Figure 8. Inverted Annular Cavitation.
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Figure 10. Cavitation Regime Characterized by Delayed
Vapor Generation.
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