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Abstract

Subcooled water critical flow phenomena in a safety valve are investigated experimentally at various subcoolings
between 10 and 125 K, and about 1 MPa of the inlet pressure with three different disk lifts, 1, 2, and 3 mm. The purpose
of this experiment is to find the effects of subcooling and disk lift and to visualize flow patterns in a safety valve when
the critical condition is established. All of the experiments show the critical characteristics such as constant throat
pressure and constant flow rate when the back pressure is sufficiently decreased. Two correlations, critical pressure ratio
and non-equilibrium factor, are developed by using the present experimental data represented in the form of non-di-
mensional disk lift, subcooling, and pressure. Critical pressure ratios and non-equilibrium factors are considerably
affected by different subcoolings while the effect of disk lifts on them is relatively small. A non-equilibrium critical mass
flow correlation for the safety valve is also developed based on Fauske’s non-equilibrium model and the presented
experimental data. The predictions of the correlation are within +11% of the experimental data. © 2001 Published by

Elsevier Science Ltd.

1. Introduction

The systems of nuclear power plants are equipped
with many kinds of safety valves. The depressurization
rate of the plant system is limited by critical flow rates
through the safety valve. Therefore, the predictions of
the flow rates through a safety valve are important for
the design of industrial high pressure vessels. Safety
valves addressed insofar as saturated steam conditions
in the safety analyses and the commercial safety valves
were usually designed for steam service. However, the
real plant data show that the safety relief valves could
be under the situation of water or two-phase condi-
tions. Hence, the US NRC specified that the valves
should be tested under the full range of expected op-
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erating fluid conditions. The physical phenomenon of
two-phase choking flow is not well understood when
gas and liquid phases are flowing simultaneously
through a safety valve.

In the short tube geometry, the experimental critical
mass flux of the downstream choking approximated the
values predicted by both a surface tension model de-
veloped by Burnell [1] and a surface evaporation model
proposed by Bailey [2]. Burnell hypothesizes that the
surface tension force retards the formation of vapor
bubbles, thereby increases the flow rate. Bailey sug-
gested three definite flow regimes. The first regime is
related to considerably subcooled condition at all
points and the flow curve is represented by the con-
ventional Bernoulli equation. The second regime is
associated with metastable flow condition and the flow
curve according to the pressure drop shifts suddenly
from the first regime to the second one. The third is
related to choking flow condition that resembles gas-
eous critical flow in its effect. Henry and Fauske [3]
developed the non-equilibrium homogeneous two-phase
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Nomenclature

cr specific heat of the liquid (J/kg K)

F(NE) non-equilibrium factor

G mass flux (kg/s m?)

G dimensionless mass flux

h enthalpy (kJ/kg)

heg latent heat of vaporization (kJ/kg)

Ky valve discharge coefficient

L/D pipe length to diameter ratio

L disk lift to seat length ratio

P pressure (MPa)

P* outlet pressure to inlet pressure ratio,
P out / Pin

T temperature (°C or K)

T* subcooling temperature to inlet temperature
ratio, Tsub/ﬂn

RMSE root mean square error
Greek symbols

Vig change in specific volume (m*/kg)
0¢ fluid density (kg/m?)
Subscripts

b back

corr correlation

cr critical

exp experiment

in valve disk inlet condition
o stagnation inlet condition
out valve disk outlet condition
sat saturation

sub subcooling

t throat

flow critical model, in which the critical flow rate can
be obtained from the energy equation frozen at the
inlet quality and it is assumed that the vapor formed is
saturated at the local pressure.

In the case of a safety valve, the geometrical and
subcooling parameters are very influential on the mass
flow rate and on the pressure topology. The thermo-
dynamic non-equilibrium status affected by the geom-
etry is not clear. As the critical condition in a valve
strongly depends on the non-equilibrium factors, the
observed phenomenon becomes complicated. Several
studies have been conducted to clarify the subcooled
critical flow in a safety valve and a control valve [4-7].
Their experiments focus on the flow rate and the dis-
charge coefficient of valve. They do not observe the
pressure characteristics between the disk and seat sur-
face area (throat or curtain area) because it is not easy
to get the data of pressure behavior at the real throat
position of the valve.

It can be summarized that there is not only a lack of
knowledge regarding the mechanism involved in the
flashing of compressed water through a safety valve,
but some uncertainty regarding the flow characteristics
in a safety valve at such flow situations. Therefore, this
research focuses on the visualization of flow patterns,
the detection of critical pressure ratios, and the calcu-
lation of choked flow rate in a safety valve, including
the effect of receiver pressures, disk lifts and subcoo-
lings. With these information it might be possible to
more thoroughly understand the critical characteristics
of metastability in rapid expansion of two-phase mix-
ture in a safety valve. It might also be possible to
contribute to the knowledge needed to establish a more
satisfactory flow model indicative of the observed be-
havior.

2. Thermal non-equilibrium and subcooled flow model

If thermal equilibrium is maintained, liquid flashing
occurs as soon as the liquid experiences a pressure lower
than its saturation pressure. However, it could be de-
layed because of the lack of nuclei about which vapor
bubbles may form and surface tension which retards
their formation, due to heat transfer and other reasons.
When the flashing happens, a case of metastability is
said to occur. Metastability occurs in rapid expansion,
particularly in short flow channels, nozzles and orifices.
For sharp edged orifices, the experimental data show
that because residence time is short, flashing occurs
outside the orifice and no critical pressure exists.

Under the normal condition of flow, the flow rate is
proportional to the pressure drop through a valve.
However, vapor cavities form when the vena contracta
pressure drops below the saturation pressure of liquid
with the increase in pressure drop across the valve.
Proportionality deteriorates with the vapor formation
and flow becomes completely choked when sufficient
vapor has formed, so that there may be no increase in
flow rate as the valve pressure drop increases. In case of
a safety valve, the disk exit pressure is considered to be
the throat (vena contracta) pressure and it is the domi-
nant parameter to calculate the flow rate.

Generally, the throat pressure is the unknown vari-
able in a safety valve. Therefore, the valve outlet
pressure is used to calculate the flow rate of safety valve.
In a safety valve, the flow rate is determined by the
Bernoulli equation when the pressures of the inlet and
outlet regions are sufficiently high and the fluid is con-
siderably subcooled in both regions:

GCF'Pout = Kd'\/ 2pf(Pm — Pout) for L/D = 0, (1)
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where Ky is the valve discharge coefficient (0.61 is rec-
ommended for the case of orifice), and p;, Py and Py
denote the density of inlet fluid, the inlet pressure and
the outlet pressure, respectively. The flow rate calcula-
tion of a safety valve is severely affected by the valve
coefficient that is given by the valve vender. In a safety
valve, the valve coefficient is strongly affected by the disk
lifts and by the subcoolings whose effects have not been
analyzed systematically.

Fauske [8] performed various experiments on a 0.25
in. inner diameter channels with a sharp edged entrance
and the length-to-diameter, L/D, ratios between 0 (an
orifice) and 40. The critical pressure ratio was found to
be 0.55 for the long channels in which the L/D ratio
exceeds 12. For L/D values greater than 0, but less than
12, he recommends to use the following equation:
Gor, = Ka/2p¢(P, — Pyy) for L/D >0, (2)
where P, is the throat critical pressure determined by
experimental data. If the throat pressure is known, the
critical flow rate can be estimated more exactly.

In the absence of significant frictional losses, Fauske
[9] proposed the following correlation (considering the
non-equilibrium factor in SI units):

h, 1
Gcr»corr ==)- —NEY T 0 3
(%) e 7 g

where F(NE), Ag,, vi, T, and ¢ are the non-equilibrium
factor, the vaporization enthalpy (kJ/kg), the change in
specific volume (m?/kg), the absolute temperature (K),
and specific heat of the liquid (J/kg K), respectively.
The non-equilibrium factor is related to many variables
such as subcooling, disk lift, and pressure difference
between the inlet and outlet of valve. Fauske’s non-
equilibrium factor correlation mainly depends upon
tube length.

Another critical flow correlation considering the
subcooling effect was suggested by Fauske. The effect of
subcooling on the discharge rate is considered by ac-
counting for the increased single-phase pressure drop
[P, — P(T,)] resulting from the subcooling, where the
subscript o refers to stagnation inlet conditions. The
critical flow rate can be stated as

GerFauske = \/2[’ng [Po - P(To)] + Gcr-c:orr2
for 0 < L/D < 3,

)

where G2 . is calculated by Eq. (3) at the inlet pres-
sure P(T,). P(T,) denotes the stagnation inlet satura-
tion pressure. If we know the critical pressure and the
enthalpy of the water-steam mixture, the critical flow
can be calculated by the above four equations. How-
ever, there are three unknowns: the critical pressure,

the non-equilibrium factor, and the valve discharge

coefficient. These values can be determined from ex-
perimental data.

3. Experimental apparatus and procedure

The experimental main apparatus consists of a steam
generator, a collection tank, nitrogen gas delivery sys-
tem, and test section. A schematic of the experimental
facility and test section is shown in Fig. 1.

These main equipments are connected by 2.5 cm
valves and piping. The capacity of the steam generator is
1.3 cubic meters and a 100 kW electric heater is sub-
merged in the tank bottom region. In the test section, the
visual windows are installed for the visualization of the
flow and void patterns at the inlet and outlet of the valve
disk. The disk position of the safety valve can be fixed to
any desired lift from 0 to 6 mm using the top mounted
micrometer on the test section.

The water temperature in the tank is controlled
automatically using the preset temperature switch. The
tank pressure is maintained to be constant during the
experiment by means of compressed nitrogen and reg-
ulating valve. The test line is preheated using the heated
water originating from the steam generator.

The flow rate is measured by the hot-water-flow-
transmitter that is installed in the horizontal pipe be-
tween the steam generator and the test section. The
temperatures of the test section are obtained from five
temperature transmitters, and the temperatures of the
steam generator and the collection tank are also
monitored by temperature gages. Seven pressure
transmitters are used to get the pressure trends during
transient and choking condition. Five pressure trans-
mitters are connected to the test section and two
pressure transmitters are connected to the inlet and
outlet pipes of the test section. The hole diameter of
the pressure and thermocouple taps in the test section
is selected as 2 mm to minimize the effect of nucleation
in the disk area.

The instrument accuracies of flowmeter, pressure
transmitter, and temperature transmitter are +1%,
+0.1%, and +0.1%, respectively. The output signal of
each variable ranges from 4 to 20 mA. Hence, using the
converter with the accuracy of £0.2%, they are changed
from 1 to 5 V and recorded to the personnel computer
every 1 s. The data acquisition system has the 12 bit
resolution for the 5 V and the equivalent error is 0.01 V.
The uncertainties of instrumentation are summarized in
Table 1.

To analyze the effects of disk lift and subcooling on
the critical flow parametrically, the disk inlet pressures
are maintained close to 1 MPa (g), subcoolings are be-
tween 10 and 125 K, and the disk lifts are selected be-
tween 1 and 3 mm. Table 2 shows the test matrix of
present experiment.
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Fig. 1. Schematic drawing of experimental facility and test section.

4. Experimental results and discussion
4.1. General phenomena at the critical state

The test section is designed to observe the flow pat-
terns during the experiment through the visual window.

In the low subcooling water tests, flashing starts at
the disk exit and the downstream region of the disk is
occupied by steam, when the pressure difference between
the inlet and the exit of the disk is large enough.

In the high subcooling water tests, some voids
generated just downstream of the disk are seen, even
though water at the exit of the disk is still subcooled.
The voids collapsed soon in the downstream region and
this region is filled with cold water. It is presumed that
cavitation may take place due to the strong local cir-
culation flow generated at the disk exit. This may ex-
plain why highly subcooled water in the valve tests is
choked at a velocity much lower than the liquid-only
sonic velocity [10].
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Table 1

Data acquisition system and uncertainty of instrumentation
Variable Range Gauge Type Computer input Converter Total error

accuracy (%) signal (V) error (%) (%)

Flow rate 0.3-6 m¥h 1 Vortex 1-5 0.2 1.02
Pressure 0-2 MPa 0.1 Diff.Pres. 1-5 0.2 0.23
Temperature 0-200°C 0.1 K-type 1-5 0.2 0.23

Table 2

Test matrix of present experiment
Test number Disk lift (mm) P, (MPa) Tin (°C/K) T (K)
HWO01 1 0.975 55/328.15 123.97
HWO02 1 1.01 127/400.15 53.32
HWO03 1 1.025 141.8/414.95 39.16
HW04 1 1.0 161/434.15 19
HWO05 2 0.95 62/335.15 115.67
HWO06 2 0.94 125/398.15 52.21
HWO07 2 0.98 145/418.15 34.01
HWO08 2 1.0 164/437.15 16
HWO09 3 0.75 57.5/330.65 110.26
HWI10 3 0.85 124.5/397.65 48.44
HWI11 3 0.85 145/418.15 27.94
HW12 3 0.875 161/434.15 13.16

As the controlled experimental parameters are the
subcooling, disk lift, and pressure drop in the disk re-
gion, the phenomena at the critical state are evaluated in
this section in terms of the flashing initiation point, the
pressure recovery, and the pressure ratio of outlet to
inlet of the disk.

4.1.1. Flashing initiation point

When the critical pressure conditions at the throat
are established, the flashing initiation locations in the
disk region are very important to understand critical
flow phenomena. The upstream flashing of the throat
takes place when the throat inlet temperature (T2 posi-
tion in the test section, T},) is greater than the saturation
temperature of the throat critical pressure (P2 position
in the test section, Ty, (P)) even though there is some
time retardation due to the surface tension or the lack of
nuclei from which vapor bubbles may form. Some
superheated liquid in the disk region is converted into
saturated vapor. As a result, this flashing of liquid in-
creases the void fraction. Fig. 2 shows the results of
Tt (Per) minus T;, according to the inlet subcoolings for
three disk-lift experiments when the inlet pressures are
about 0.8-1 MPa.

In high subcooling water tests, the results of Ty, (Pe)
are always greater than measured T7;, and flashing does
not occur at the P2 position. In low subcooling water
tests, the results of Ty, (P,) are less than 7;, and cause the
flashing at the P2 position. From Fig. 2, the inlet sub-
cooling effect on the upstream flashing is quite large at
high subcooling for 3 mm disk compared to 1 and 2 mm

disk lift. This result shows that as the disk lift becomes
higher, the location of vena contracta shifts to the up-
stream of throat and sufficient subcooling is required to
prevent the flashing at the upstream of throat. In the
present experiment, the required subcoolings for the 1
and 3 mm disk lifts are about 19 and 49 K, respectively.

4.1.2. Pressure recovery

The pressure recovery value in a safety valve is de-
fined as P, minus P, and it is one of the characteristics
to determine choking condition. Fig. 3 shows the two
typical experimental results at high and low subcooling.

80 T T T T

704 )

60 E
__ 50
%
= 404 E
=
A 301 Disk Lift
2’ 20- —=—1mm |
% —e—2mm
=" 101 3mm

0 =
-10 e Upstream Flashing Region
-20 T T T T T T
0 20 40 60 80 100 120 140

Subcooling(K)

Fig. 2. Effect of subcooling on upstream flashing at different
disk lift.
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Before the critical flow condition is established, the
outlet pressure is higher than the throat pressure of the
disk. After critical flow condition at the throat is es-
tablished, the outlet pressure becomes smaller than the
throat pressure and constant choking flow characteris-
tics come out distinctly. Only one critical flow regime
exists in the high subcooling water experiments, while
two critical flow regimes exist in the low subcooling
water experiments.

4.1.3. Flow trend according to the pressure ratio of
Py /Py and P /Py,

Fig. 4 shows the trends of the pressure ratios of
Pout/Pn and P, /P, for two typical different subcooled
water tests.

From Fig. 4, it is evident that the high subcooling
water test (test number: HW06) has only one critical
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4.0 T T T T T
35
3.0

second critical flow
25 L
2.0 f
15

first critical ﬂ%v
1.0 w\
0.5
1 1 1 1 1 1 1 1 1

G
0.0 0.1 02 03 04 05 06 07 08 09 1.0
P/P,

Flow Rate (x1.5mhr)

Fig. 4. Characteristics of flow and pressure ratio for cold and hot water (HW06 and HWO08).
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pressure ratio but the low subcooling water test (test
number: HWO08) has two critical pressure ratios. For a
high subcooled water, one constant throat pressure
characteristic exists and the critical flow is not affected
by the variation of the back pressure after choking in the
same way as that occurred in single-phase flow. For a
low subcooled water, two constant throat pressure
characteristics exist and the critical flow is affected by
the variation of the back pressure after the first choking.
Some authors encountered this phenomenon. Zaloudek

[11] performed a critical flow test for hot water through
tubes shorter than 1.5 in. His experiment showed a four-
step flow trend and two constant flow regimes defined as
first-step critical and second-step critical. We should
consider flashing retardation and downstream void
fraction during the critical pressure condition. The first
critical throat pressure condition in low subcooled water
flow is established by cavitation as in high subcooled
water flow with the one constant throat pressure char-
acteristic. Then, as the downstream pressure is decreased

(Py=0.89, P,= 0.72, P,,= 0.76, MPa )

(Py = 0.85, P, = 0.56, P, = 0.59, MPa)

i

(P, = 0.86, P,= 0.51, P,,.= 0.43, MPa)

(P = 0.9, P,=0.505, P,,, = 0.26, MPa)

Fig. 5. Typical critical flow patterns for hot water (HW12).
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further, cavitation in the downstream section would be
decreased due to the perturbation of the flow field re-
sulting from existence of many voids. Therefore, even
though the first critical throat pressure condition is es-
tablished, the critical flow rate is slightly affected by the
variation of the back pressure because of an increase in
downstream void fraction. Fig. 5 displays void patterns
in the low subcooled water test as the back pressure is
decreased.

Through the visual observation, the first critical
condition occurs when the downstream region of the
disk is filled with the subcooled water and the second
one does when the same region is filled with the large
amount of voids.

4.2. Dimensionless mass flux

In a safety valve, the mass flux of initially compressed
water is determined from the relation

G = Ka/ 203, (P — Pouwr)- (%)

A dimensionless mass flux is obtained by dividing
this equation by (p;, - Py)'"/?, which gives

Gout = Kd V 2(1 - Pout/Pin)- (6)

In the real system, the flow is subjected to restriction
by the throat pressure thus the dimensionless mass flux
is expressed in terms of the throat pressure, P, as fol-
lows:

G, = K4\/2(1 = P,JP,). (7

Fig. 6 shows two typical high and low subcooling
flow trends according to the pressure ratio of P,y /Py,.

From Fig. 6, it is evident that the measured flow rate
is well represented by Eq. (7) and the determined valve
coefficients, Ky, are 0.73 and 0.76 for the test number

1.0 T T T T
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< c s
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2
© 06 ]
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g N
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£ -0.76[2(1-P_ /P )]"*(Test Number:HW08) e
O 02f out © int.) Ao
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o Experimental data(Test Number:HW08) \
00 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6. Experimental and calculated dimensionless flow rate as
a function of inlet to outlet pressure ratio (HW06 and HWO0S).

HWO06 and HWO0S, respectively. However, there is a wide
discrepancy between the measured flow rate and Eq. (6).
Therefore, for the prediction of the flow rate through a
safety valve it is better to use the parameter, P,/P,, in-
stead of Poy /Pin-

4.3. Critical pressure ratio

As explained in Section 4.1, the throat critical pres-
sures come out vividly from high subcooling waters to
low subcooling waters as decreasing the back pressure of
the test section. The measured critical pressure ratios
(P:/Pn) can be defined by a function of valve inlet
pressure, inlet temperature, pressure difference of valve
in and out, and disk seat length and lift. The non-di-
mensional expression of these parameters is defined as
follows:

P = out/Pin7
T = Tsub/ﬂm (8)
L* = Disk lift/Seat length,

where P, is the disk outlet pressure (0.1-0.3 MPa), P, is
the disk inlet pressure (0.85-1 MPa), T, is the valve disk
inlet water temperature (323.15-438.15 K), and Ty, is
the saturation temperature of P, minus 7, (10-125 K).
The ranges of P*, T*, and L* are 0.10-0.33, 0.03-0.38,
and 0.2-0.6, respectively. During the test, the constant
throat pressure characteristic exists when the down-
stream pressure decreases sufficiently. This throat
pressure is called the critical pressure (7). The critical
pressure ratios, P../P,, for the variable of T* and L* are
shown in Fig. 7.

These pressure ratios of high subcooled water
(T* =0.4) and low subcooled water (T* = 0.05) are
about 0.25 and 0.6, respectively. They increase as the

Fig. 7. Variation of critical pressure ratio according to T*
and L*.
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subcoolings or disk lifts decrease. One interesting result
of P../P, in the low subcooled water (7" = 0.05) test is
almost the same as the theoretical critical pressure ratio
of wet saturated steam of 0.58 [12]. The critical pressure
ratios in the low-lift tests (1 or 2 mm lift) are much
higher than those in the high lift (3 mm lift). However,
the effect of disk lift on the critical pressure ratio is much
smaller than that of subcooling. Using the experimental
results, the correlation of the critical pressure ratio is
developed as follows:

Per /Py = 0.04828(P) 460 (77) 703630 (1) 700818 )

Eq. (9) clearly shows that the critical pressure ratio is
highly affected by P* and 7%, while the effect of L* on the
critical pressure ratio is negligible. Fig. 8 shows the
comparison between measured and predicted critical
pressure ratios.

There is good agreement between the measured data
and the developed correlation with the deviation of
+25% and —13%.

4.4. Non-equilibrium factors and critical mass flux

The critical flow rate depends on inlet pressure,
outlet pressure, subcooling, and disk lift. The expected
mass flow rate is increased with the increase in the inlet
pressure and the inlet subcooling. This effect can be
explained by the non-equilibrium factor of fluid.
Fauske’s model, which accounts for non-equilibrium
vapor generation by introducing an empirical non-
equilibrium coefficient F(NE), is considered here. The
constant F(NE) describes the partial phase change at
the throat. The critical flow equation, considering the

1.0 T T T
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Fig. 8. Comparison between measured and predicted critical
pressure ratio.

non-equilibrium factor, is described in Eq. (3). The
unknown parameter in Eq. (3) is F(NE) and other
values are determined by the inlet fluid conditions.
Therefore, using the experimental data and Eq. (3), the
correlation for the non-equilibrium factor is obtained
as follows:

F(NE)_(@Y 1 1 (10)

Vfg T Cr (Gcr-exp)2 '

where G,.cxp 15 the measured maximum mass flux. Using
this equation, the measured non-equilibrium factors in
terms of 7* and L* are calculated.

Fig. 9 shows that the effect of disk lift on the non-
equilibrium factor is relatively smaller than that of the
subcooling. By using the same non-dimensional
parameters, the correlation of the non-equilibrium
function F(NE) is expressed as

F(NE) — 0.01519(P*)—0.3186(T*)—0.5047(L*)—0.1826. (1 1)

This correlation is within +14% and —18% of data. Fig.
10 denotes the comparison of the results from the non-
equilibrium factor correlation with the measured data.

At the critical state the trends of the critical mass
fluxes for T* and L* are shown in Fig. 11. From this
figure, it is evident that the critical flow rate is also
highly dependent on the subcoolings and is slightly
dependent on the disk lifts.

From Egs. (11) and (3), the critical flow correlation
considering the non-equilibrium factor can be written as

hfg(Pin) 1
F(NE) - T(Py) -t

Gcr-corr = ( 1 2)

Vig(Phn)

Non-Equilibrium Value

Fig. 9. Variation of non-equilibrium factors according to T*
and L*.
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Fig. 10. Comparison between measured and predicted non-
equilibrium factor.
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Fig. 11. Variation of critical mass flux according to 7* and L*.

Considering the hot water test ranges, the variation
of specific heat of hot water is from 4.16 to 4.32 kJ/kg
K. Therefore, the average value of ¢ is set to be ap-
proximately 4.2 kJ/kg K. The uncertainty error of ¢ is
between —1.38% and +0.47%. Calculation results from
the present correlation and other correlations such as
orifice flow correlations and Fauske’s subcooled
equation are compared with experimental data in Fig.
12.

In these equations, the valve coefficient, Ky, is 0.61.
The orifice flow equation using the back pressure
(Gerp,,) estimates the critical flow higher than mea-
sured values for the low subcooling ranges. The orifice
flow equation using the critical pressure value (Ge.p,)
gives the smallest values and predicts the critical flow
less than experimental data. Fauske’s subcooled critical
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Fig. 12. Comparison of results from several critical flow cor-
relations with measured data.

flow equation (Gi.frauske) Shows good agreement with
the experimental critical flow data. The predictions of
the developed correlation (Gr.corr) are within £11% of
data.

5. Conclusions

This study is to provide new experimental results for
the critical flow characteristics of subcooled water in a
safety valve. The general critical characteristics of sub-
cooled water for the different disk lifts are summarized
as follows:

1. It is visually observed that some voids are generated
just downstream of the disk even though water at
the exit of the disk is still subcooled. This is the clear
reason why the highly subcooled water in the valve
tests is choked at the velocity much lower than the
liquid-only sonic velocity.

2. In the low subcooled water tests, two critical pressure

ratios exist while only one critical pressure ratio exists
in the high subcooled water tests. In the low sub-
cooled water tests the critical flow rate is slightly af-
fected by the variation of the back pressure because
of an increase in downstream void fraction.

3. It turns out that the critical flow rate through the

safety valve is mainly governed by flow conditions
such as inlet subcooling and inlet pressure while the
effect of its geometrical characteristics on the critical
flow rate is relatively small.

4. The developed critical flow correlation considering

the non-equilibrium factor estimates the critical flow
within £11% of data when the inlet pressures are be-
tween 0.85 and 1 MPa, disk lifts between 1 and 3 mm,
and subcoolings between 10 and 125 K.
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