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Abstract

Critical two-phase flow rates of subcooled water through short pipes (L <400 mm) with small
diameters (D<7.15 mm) have been experimentally investigated for wide ranges of subcooling
(0~199 ) and pressure (0.5~2.0 MPa). To examine the effects of various parameters (i.e., the
location of flashing inception, the degree of subcooling, the stagnation temperature and pressure,
and the pipe size) on the critical two-phase flow rates of subcooled water through short pipes with
small diameters, a total of 135 runs were made for various combinations of test parameters using
four different L/D test sections. Experimental results that show effects of various parameters on sub-
cooled critical two-phase flow rates are presented in the form of graphs such as the dimensionless
mass flux (G”) versus the dimensionless subcooling {T*) curve. An empirical correlation expressed
in terms of a dimensionless subcooling is also obtained for subcooled two-phase flow rates through
present test sections. Comparisons between the mass fluxes calculated by present correlation and a
total of 755 selected experimental data points of 9 different investigators show that the agreement
is fairly good except for very low subcooling data obtained from small L/D (less than 10) orifices.

1. Introduction

The critical flow phenomenon has been studied

extensively in both single-phase and two-phase
systems because of its important role in the loss of
coolant accident (LOCA) analyses of light water reac-
tors and the design of two-phase bypass systems in
steamn turbine plants and of venting valves in the

chemical and power industries.
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The critical flow rate is the maximum flow rate that
can be attained by a compressible fluid as it passes
from a high-pressure region to a low-pressure region.
Although the flow rate of an incompressible fluid
from the high-pressure region can be increased by
reducing the receiving end pressure, a compressible
fluid flow rate reaches a maximum for a certain {criti-
cal) receiving end pressure. This condition occurs for
both single flow of gases as well as two-phase gas-lig-
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uid flows.

A review of the analytical models and key exper-
imental results of critical two-phase flow shows the
{following :

1. There are basically three categories of critical
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4. The critical flow rate of a two-phase mixture flow-

ing out of a pressurized vessel is affected by a var-
iety of factors such as the fluid stagnation condi-
tions, the location of flashing inception within a

two-phase flow models [1]: (1) Analytical models

" that range from the homogeneous equilibrium
model {eg, Henry and Fauske model) to met-
hods that attempt to account for mechanical
(Moody's model) and thermal non-equilibrium
phenomena, (2} fitted models such as the RET-
RAN procedures, and (3) numerical solutions of
the conservation equations (eg., Richter devel-
oped a mechanistic non-equilibrium two-fluid mod-
el which uses two mass conservation, two mo-
mentum conservation, and one mixture energy
conservation equations).

. Although the critical flow of single-phase com-
pressible fluids may be considered as fairly well
understood, a complete theory describing the criti-
cal flow of two-phase steam-water mixtures is not
available yet. Furthermore, comparisons of various
critical two-phase flow models with experimental
data (for subcooled inlet conditions) obtained by
Elias and Lellouche [1] showed that none of the
existing analytical models lead to a complete clus-
tering around the equality line within 50 %.

. The selected critical flow data from the Ilic compi-
lation [2] shows that the ranges of test section
diameters (D} and lengths (L) are from 3.2 mm to
762 mm and from O to 3,700 mm, respectively.
Another major source of data, i.e., Marviken data
[3] provides very large diameter {from 200 to 509
mm) and pipe lengths from 166 to 1,809 mm. In
the Marviken blowdown tests [3], the initial sub-
cooling of the liquid in the vessel varied from 2 to
52 ¢, ‘and the pressure ranged from 4.1 to 5.1
MPa. The results showed a strong dependence of
the mass flux on the degree of subcooling. The
critical flow rate for the subcooled water is higher
than that for the saturated water due to the larger
fraction of single-phase in the flow.

pipe, length to diameter ratio, pipe geometry, fluid

properties, and local and frictional pressure losses

in the flow channel [1, 4].

As the degree of subcooling (Tws) strongly affects
in the determination of critical flow rate {G.), it is ne-
cessary to establish the relationship between two par-
ameters (i.e., Tus versus G.). However, the range of
subcooling covered in the previous experiments is
not sufficiently large (i.e, less than 30 ) to quantify
the effect of subcooling on the critical flow phenom-
ena. Quantification of the relationship between Tas
and G:. may help deweloping a simple critical flow
model. In addition, experimental data for small diam-
eters (D less than 10 mm) with short test section len-
gths (L =100—400 mm) are extremely rare.

It is the main purpose of this paper to present ex-
perimental critical two-phase flow data obtained for
wide ranges of subcooling (0—~199%) and pressure
(0.5~2.0 MPa) using small diameters (D =3.4~7.15
mm) with short test section lengths (L=100~400
mm). In addition, an empirical correlation for critical
two-phase mass flux expressed in terms of dimension-
less subcooling is presented. This correlation can pre-
dict critical two-phase mass flux for wide ranges of
stagnation and geometrical conditions.

2. Experimental Methods

A total of 135 critical two-phase flow tests were
conducted by discharging high pressure water (0.
5~20 MPa) from a blowdown vessel to the collec-
tion tank maintained at atmospheric pressure throug-
h four different test sections as summarized in Table
1. The major thermodynamic and geometric test par-
ameters were the initial subcooling of the water in
the vessel and the pipe size (i.e., D, L, and L/D).
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Table 1. The Blowdown Test Conditions

S:c?;n Pressure Subcooling Diameter Length L/D No. of
No. (MPa) () (mm) {mm) Run
05 03-127.3 10
1.0 0.0-1587 11
! 15 00-1819 34 100 294 11
20 1.1-1913 12
0.5 09—-1315 9
2 1.0 00-160.6 7.1 100 141 10
1.5 05-1833 10
05 3.0-1403 7
10 1.3-1663 12
3 15 20-—1842 715 200 280 11
20 00-199.3 14
4 1o 071649 7.15 400 559 ?
15 33-1840 ’ 9

2.1. Test Apparatus and Measurement

The schematic of the blowdown apparatus des-
igned to obtain critical two-phase flows in a test sec-
tion is shown in Fig. 1. Various dimensions of the
test section No. 1 and the locations of pressure taps
are shown in Fig. 2.

The blowdown test loop consists of the following :
(1) a test section, (2) a blowdown vessel equipped

with an internal electric heater, (3) an accumulator,
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Fig. 1. Schematic Diagram of Blowdown Test Appar-
atus

{4) a nitrogen tank, (5) a collection tank, (6) associat-
ed sensors and devices to measure temperatures,
pressures, and water level, and (7) data acquisition
systems.

Nitrogen was supplied to the blowdown vessel
from the accumulator which is connected to the ni-
trogen tank. The pressure of the accumulator can be
kept at constant value by means of a pressure regu-
lator. During a test, the blowdown vessel is kept at a
desired pressure with the pressurized nitrogen. An

Pressure Tap

15x6

—f g

Dimensions: mm
S

Fig. 2. Static Pressure Measurement in Critical Flow
Test Section No. 1 (D=3.4 mm, L=100 mm)
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internal electric heater (1.5 kW) is used to heat the
water in the blowdown vessel. In addition, variable
capacity external heaters (1.5 kW) are alko used to
heat the vessel and the test section wall. The mass
flux through the test section was determined in-
directly via continuous measurements of the water
level in the blowdown vessel. The axial pressure dis-
tribution along the test section has been obtained
from eleven pressure taps which are shown in Fig. 2.
In the exit region of the test section, in particular,
pressure taps were closer to each other. Also, the
pressures and temperatures inside the blowdown ves-
sel as well as at the inlet of the test section and the
water level in the blowdown wessel along v:- the
pressures along the test section were continuously
recorded at the frequency of 20 samples/sec for
each test run.

2.2. Major Test Parameters and Procedures

The major test parameters in the present exper-
iment are the geometry of the test section (ie., the
diameter and the length of the pipe) and the initial
subcooling of the water in the blowdown vessel. A
particular effort has been made to investigate the crit-
ical flow phenomenon for short pipes (L =100~400
mm]} with small diameters (D=3.4~7.15 mm).

To quantify the effect of subcooling on the critical
flow phenomenon, a total of 135 runs were made
for a wide range of subcooling of the water at the in-
let of the test section using four different L/D test
sections as shown in Table 1. The range of blowdow-
n vessel pressures was from 0.5 to 2.0 MPa.

The blowdown wvessel was initially filled with
de-mineralized water and heated with the intemal
heater at atmospheric pressure. When the tempera-
ture of the water reached a desired value, the blow-

down vessel was vented for two to three minutes to

remowve any dissolved gas in the water. Then the pres-

sure of the accumulator was adjusted to the desired
level by means of the pressure regulator. When the
pressure of the blowdown wvessel reached the initial
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condition for the test by opening the gas isolation val-
ve, the ball valve located between the exit of the test
section and the collection tank (which is open to the
atmospheric condition) was then opened to obtain a
quasi-steady two-phase flow through the test section.
In this manner, a series of experiments have been
performed for various combinations of test paramet-
ers.

The form and the frictional loss coefficients of the
test section for each blowdown vessel pressure were
determined from the cold water {(—~20T) test results
for each test section, and these values were used in
the determination of the discharge rate for higher
temperature conditions.

3. Experimental Results and a Correlation
Obtained

3.1. Effects of Various Parameters on Subcooled
Critical Two-Phase Flow Rates

3.1.1. Determination of Flashing Inception Lo-
cation

There is a significant variation in subcooled critical
two-phase flow rates through short and long pipes
depending on the location of flashing inception wit-
hin a pipe {4). The location of flashing inception, on
the other hand, strongly depends on the initial sub-
cooling of the water in the blowdown vessel.

In the present work, the location of flashing incep-
tion has been determined as depicted in Fig. 3. The
approximate region where the flashing can occur has
been found by drawing a straight line through a num-
ber of measured axial pressure data points that lie
upstream of P.. (the saturation pressure correspond-
ing to the liquid stagnation temperature). In Fig. 3,
Pu is indicated by a horizontal dashed line. The up-
stream of the intersection of two straight lines (ie.,
point ‘C’ of Fig. 3) comresponds to the single-phase
flow region characterized by a linear pressure drop,
whereas the downstream of the point ‘C’ correspon-
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Fig. 3. Measured Pressure Variations and the Location
of Flashing Inception within a Pipe for Subcool-
ed Two-Phase Flow Test

ds to the two-phase flow region. The possible region
of flashing inception is the region where the pressure
drop profile begins to deviate from the solid straight

line represented by a bracket in Fig. 3.

3.1.2. Effects of Flashing Inception

The pressure variation measured along the test sec-

tion No. 1 is plotted in Fig. 4 using the initial sub-

cooling of the water in the blowdown vessel as a maj-

or parameter. Following observations can be made in

Fig. 4 :

1. As the stagnation subcooling is increased, the lo-
cation of flashing inception tends to move toward
the pipe exit. This result agrees with the work of
Fraser and Abdelmessih [4} who concluded that.
at highly subcooled stagnation states, flashing in-
ception only occurred near the pipe exit.

2. For higher subcooling (Tws>20 ), the pressure
gradient near the inlet region tends to be slightly

positive. However, this phenomenon does not exis-

t at sufficiently low subcooling (T...<<10 C).

Dimensionless distances from the pipe inlet to
the location of saturation pressure {defined by L =
L.w/L) as a function of the dimensionless subcool-
ing (defined by Tws=(Tw—T.)/(Tw—Tw) obtained
in the present work are shown in Fig. 5 along with
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Fig. 4. Measured Pressure Profiles Along the Test Sec-
tion for Various Initial Subcooling of the Water
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Fig. 5. Dimensionless Distance from the Pipe Inlet to
the Location of Saturation Pressure versus Dim-
ensionless Subcooling

the data of Amos and Schrock [5]. This figure shows
that the flashing occurs at the exit when T ws is great-
er than about 0.4. This implies that when T ws>04,
the critical two-phase flow rate would not noticeably
increase by increasing the T".s value alone. With re-
gard to this phenomenon, some valuable insight can
be gained from the results of Fraser and Abdelmes-
sih [4]. For fixed stagnation conditions, the maxi-
mum critical mass flux occurred with flashing incep-
tion located near the pipe exit, while minimum criti-
cal mass flux occurred with the flashing front located
further upstream. '
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3.1.3. Effects of Stagnation Temperature and Pres-
sure

The mass flux (G) versus the stagnation tempera-
ture (T,) for four different stagnation pressures (P.)
obtained by the present experiment using the test sec-
tion No. 1 is compared with the predictions of Faus-
ke’s equilibrium rate model (ERM) [6] in Fig. 6.
From this figure, the following observations can be
made :

1. For a given stagnation temperature, the mass flux
increases as the stagnation pressure is increased
as can be expected.

2. For a fixed stagnation pressure, the rate of de-

crease of the mass flux becomes larger as the stag-

nation temperature is increased.

3. The ERM of Fauske [6] also predicts similar tren-
ds noted above. However, this model tends to
over-predict the mass flux for higher subcooling
regions, in particular, whereas the agreement be-
tween the model predictions and the data bec-
omes relatively better for lower subcooling regions.
This result is expected since the ERM has been
developed for the case of insignificant frictional
loss. For the higher subcooling regions, the ERM
overpredicts the flow rate, since the flow limitation
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Fig. 6. Mass Flux Versus Stagnation Temperature for
Four Different Stagnation Pressures Qbiained by
Present Experiment and Equilibrium Rate Model
(ERM) of Fauske
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caused by the friction force for higher mass flow
condition is significant.

3.1.4. Effects of Pipe Size

To examine the effects of pipe size (i.e., D, L, and
L/D) on subcooled critical two-phase flow rates, the
measured mass fluxes through four different test
sections (L/D=14.1~559;D=34~715 mm ;L=
100~400 mm) are plotted against the stagnation
temperature in Fig.7. This figure shows the following:
1. Results of test sections No. 1 (D=34 mm;

L=100 mm) and No. 2 (D=7.1 mm;L=100
mm) clearly show that the mass flux of the larger
pipe diameter is greater for the same pipe length
and stagnation temperature conditions.

2. Results of test sections No. 3 (D=7.15 mm;
L=200 mm) and No. 4 (D=7.15 mm; L =400

~ mm) show that when the pipe diameter and the
stagnation temperature are the same, the mass

flux from a longer pipe is smaller than that from a

shorter pipe.

3. A comparison between the results of test sections
No. 1 and No. 3 shows that the mass flux of the
shorter pipe (i.e., test section No. 1) is larger than
that of the. longer pipe for a given stagnation tem-
perature when L/D is about the same.
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Fig. 7. Effects of Tube Size on Subcooled Critical
Two-Phase Flow Rates
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3.2. Derivation of an Empirical Correlation

In an effort to find an appropriate functional re-
lationship between the critical two-phase mass flux
(G.) and the stagnation temperature (T.) that does
not depend on the pipe size (D. L, and L/D), two
dimensionless numbers are defined based on the
insights gained from the analysis of the present ex-
perimental data. Two dimensionless numbers defined
here are (1) the dimensionless mass flux (G") and
{2) the dimensionless subcooling (T"ws). They are de-

fined as follows :

* G,
7 = )VI'L‘" (1)
(]I'(’/
where
03
2p (P, - P
(;re = p( 0 b) (2)
1+ K+ f—
L ref
and
AT* . [.‘sul - Ta (3)
b T = Ty

G.s and the denominator in Eq. (2) are the mass
flux for cold water and the discharge coefficient eval-
uated at the reference temperature f{i.e., T =20C)
and the stagnation pressure {P»), respectively.

The G* versus T"s» for all the experimental data
obtained from four different test sections (No.
1~No. 4) are plotted in Fig. 8. This figure strongly
suggests that all the G versus T'.. data obtained
from all four different test sections can be repres-
ented by a single expression. Therefore, applying a
nonlinear least squares curve fitting procedure to the
G versus T u» data shown in Fig. 8, the following

expression for G* has been obtained in terms of

Thas:

. 152
G =1 - : (4)
1+ exp[(AT,, +0.3578)/0.188]

Combining Egs. (1) and (4), the final empirical cor-

relation for subcooled two-phase flow rates through

Dimensionless Mass Flux (G)

short pipes with small diameters is obtained as fol-
lows :
05

20 (2~ B)

G, =
L

1+K+ f—
fD

ref

/o 152
1+exp [(AT sup +0.578)10.188]
The above Eq. (5) can be rewritten as :

0.5
G, =(Cadry [2 P (P, = B, ;

. 152
1+exp[(AT cp +0.578) 1 0.188)
where

-05

(CaYref = (1 + K+f%)ref {(7)

For given flow conditions (i.e., flow geometry, stag-
nation conditions, and receiving end pressure), the
critical two-phase flow rates of subcooled water
through short pipes (L=100~400 mm) with small
diameters (D=3.4~7.15mm) can be calculated
from Eq. (5} or Eq. (6) when the mass flux of water
at 20 C (G.) defined by Eq.(2) or the discharge co-
efficient for water at 20 C, (Ca)w, given by Eq. (7) is

00 1 1 n L 1
00 02 04 06 08 10

Dimensionless Subcooling (T )

Fig. 8. Dimensionless Mass Flux Versus Dimensionless
Subcooling for Four Different Size Tubes
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available or can be calculated.

4. Comparison Between Experimental Data
and Correlation

The selected critical flow data for comparison with
the present correlation are summarized in Table 2.
These experiments comprise 755 data points with
pressures from 021 to 17.0 MPa, diameters from
025 to 509 mm and lengths from approximately
zero to 2,335 mm. These data are from 9 different
experimenters that include both for horizontal and
vertical flows.

To compare the data shown in Table 2 with pred-
ictions of present correlation, G or (Ca)y value

should be calculated first. For those data points wher-

e K and f values are available (e.g., Amos et al. and
dohn et al’s data), (Cs)s has been calculated using
Eq. (7). However, when neither K and f nor G.s val-
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ues are obtainable for given data set, G« value for
the lowest temperature case (i.e., the most highly
subcooled data point) has been calculated from Egs.
(1) and (4) and this value is used for the rest of the
data points at higher temperatures.

A comparison of critical mass fluxes calculated by
present correlation, Eq. (5), and a total of 755 selec-
ted experimental data points from 9 different sources
is given in Fig. 9. Considering the fact that these ex-
perimental data are from a wide range of test section
sizes, geometries, flow orientations, and stagnation
conditions as can be seen in Table 2, the agreement
is generally good except for low subcooling data
obtained from orifices with small L/D (i.e., less than
10).

Also, the statistical indicators estifnated to examine
the agreement between the present empirical corre-
lation with data, i.e., the mean relative difference be-
tween the data and the calculated values (X) and

Table 2. Selected Critical Flow Data and Comparison with the Present Model

Pressure

Hydraulic Flow

No. of X ¢

i t Diamet Remarks
Experimen (Mpa) ~ Dometer  Lengh @ @ em
{mm) (mm)
Amos et al. [5] 41-162 025076 635 72 —44 104 St
Down Flow
John et al. [7] 40140 041-1.28 46.0 57 25 929 Sii
Down Flow
Pipe
Celata et al. [8] 0823 46 46-1380 60 -32 6.0
Down Flow
Pipe
Jeandeyetal. [9]  20-120 20.13 363 88 —-24 68
Up Flow
Transient,
Sozzi et al. {10] 3.0.7.0 127 0-1778 210 -0.2 11.0 Pipe, Nozzle
Horizontal
Pipe
Reocreux [11] 021-0.34 20 2335 39 -36 6.8
Up Flow
Powell {12] 42170 111 41 33 73 ConvergingDiverging
Nozzle
. Transient
Marviken [3] 4050 200509 166-1589 53 14 52 Pipe, Down Flow
Pipe,
Present Work 05-20 34-7.15 100400 135 —-28 6.3 i
Horizontal
Total 755 -12 89
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the standard dewiation (¢) are given in Table 2. Here

X and o are defined by the following equations :

noox - w2\
. :[Z gj (8)
=t n-l
where
] n
Voo S,
> )
and
G =G
O e L R TV A (10)
! Gexp

where n is the number of data.

5. Conclusions

Critical two-phase flow rates of subcooled water
through short pipes with small diameters have been
experimentally investigated for wide ranges of sub-
cooling and pressure. To examine the effects of vari-
ous parameters on the critical two-phase flow rates of

subcooled water through present test sections, a total

16x10 [

Symbol  Data Source /’/

Marviken {3}

Amos et al (5] K
. John et al [7] a 7

Celata et ai (8] ;/ S
Jeandey et al [9} ,‘V’{ 10 %
Sozziet al [10) S/’
. Reocreux {11} P A

Powell [12) A

Present vork .

1 2x10 ¢ .

(kg/m'-s)

Flux
e

80x10° [

Predicted Mass
3

40x10° ; «

00 i N 1 1
Lo 40x10" 80x10" 12x10° CEx1g

Measured Mass Flux (kg/m‘-s)
Fig. 9. Model Predictions and Measured Data (755 Data)

of 135 runs were made for various combinations of
test parameters using four different L/D test sections.
Experimental results that show effects of various
parameters on subcooled critical two-phase flow rates
are presented in graphical forms such as the dim-
ensionless mass flux versus the dimensionless sub-
cooling curve. In addition, an empirical correlation
for subcooled two-phase flow rates through present
test sections has been obtained in terms of a dim-
ensionless subcooling (T"ws). A comparison of critical
mass fluxes calculated by the present correlation and
a total of 755 selected experimental data points from
9 different experimenters shows that the agreement
is generally good except for very low subcooling data
obtained from orifices with small L/D (less than 10).

Nomenclature

{Ca)w discharge coefficient evaluated at 20°C

D diameter, mm

f friction factor

G mass flux, kg/m’s

G"  dimensionless mass flux, G./Gw

G.  critical mass flux, ka/m’s

Gaor  critical mass flux calculated by Eq. (5), kg/m’s

G. critical mass flux obtained by experiment,
kg/m’s

G  mass flux of water at 20 °C, kg/m’s

i index

K pipe entrance loss coefficient

L pipe length, mm

L*  dimensionless distance, L/L

L«  distance from the pipe inlet to the location of
saturation pressure, mm

n number of data

P pressure, MPa

P, back pressure, MPa

F, stagnation pressure, MPa

P saturation pressure corresponding to To, MPa

T temperature, C

T, stagnation temperature, C



T  reference temperature, 20 C

Tw  saturation temperature corresponding to P.,C
Taw  subcooling, T

T'w dimensionless subcooling, {Tw— To)/(Tea— Twg)
X mean relative difference beiween mass flux

measured by experiment and those calculated
by present correlation, %
i-th fractional error defined by Eq. (9), %

p density of water, kg/m’

o standard deviation, %

Subscript

b receiver system

c critical

cor  correlation

exp  experiment

o stagnation condition
ref  values at 20 C

sat  saturation condition
Superscript

* dimensionless

- mean value
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