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Two-Component Two-Phase Critical
Flow

A model of two-component two-phase critical flow is presented. The
modelling approach is based on one-dimensional homogeneous gas-liquid
two-phase isentropic flow of mixture. The homogeneous model is modified
by taking into account the void fraction and two-phase mixture density
dependence on velocity slip. The velocity slip is calculated using Chisholm
correlation that depends on the gas phase quality and Zivi correlation for
the prediction of the maximum velocity slip values. At the location of the
critical flow the two-phase mixture velocity equals sonic velocity and it is
calculated with the so-called ’’frozen sonic velocity’’ model. The model is
validated against data measured in air water flow at the PUMA
experimental facility. Obtained results are presented together with the
predictions by the well-known Fauske model. It is shown that Fauske model
overpredicts measured critical mass fluxes, while the present model shows

acceptable agreement with the measured data.
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1. INTRODUCTION

Critical two-phase flow can occur when liquid and gas
phase mixture leaks from a pipe or a vessel at a higher
pressure to a pipe, a vessel or an atmosphere at a lower
pressure through an opening. The flow through the
opening is choked, which means that the flow rate does
not depend on the down-stream pressure value. The
critical flow occurs in safety valves, during blowdown
transients of pressurized systems or conditions of
sudden raptures of pipelines fittings, or vessels.

The critical velocity at the location of two-phase
choked flow depends on the quality of two-phase
mixture, the two-phase flow pattern, the slip between
liquid and gas phase velocities and the liquid phase
flashing. The non-linear dependence of critical velocity
on the mentioned choked flow conditions might lead to
a critical velocity value that is lower than the sonic
velocity in the gas phase.

Early theories of critical flow have been proposed by
Fauske [1], Levy [2], Moody [3], Henry [4] and Wallis
[5]. The concept of two-phase is more complicated than
critical single phase flow due to thermal and velocity
non-equilibrium effects between liquid and gas phase. In
general, the choking flow models can be classified as
homogeneous  equilibrium, homogeneous non-
equilibrium, non-homogeneous equilibrium, and non-
homogeneous non-equilibrium models [6]. The early
choking flow models are based on isentropic expansion
and thermodynamic  equilibrium. = Homogeneous
equilibrium model is based on the assumptions of no slip
between phases and thermal equilibrium between phases.
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These assumptions mean that there is no difference
between liquid and gas velocity and the pressure and the
temperature of liquid and gas phase are equal. Wallis [7]
gave a detailed overview of critical flow theories and
analytical approaches that deal with two-phase critical
flow. Lemonnier and Selmer-Olsen [8] performed
experimental and theoretical research of two-phase two-
component flow in a converging-diverging nozzle. They
also present developed model for dispersed flow using
thermal equilibrium assumption.

The critical discharge rate at two-phase flow is also
affected by the geometry of nozzle. The length to
diameter ratio, the entrance effect and the shape of the
nozzle are key elements to this investigation. Kim [9]
gives a detailed overview of geometrical effects on the
critical flow rate of subcooled and saturated water. He
suggested a correlation which can be applicable for a
wide range of stagnation pressures. The length and the
diameter aspects were especially investigated.

In this paper a model of two-component two-phase
critical flow is developed. Compressibility of the flow is
taken into account. The modified homogeneous model
of two-phase flow is applied. It is assumed that the
liquid and gas phase are in thermal equilibrium, but the
slip between gas and liquid phase velocities is taken into
account in the calculation of the gas phase volume
fraction and the density of two-phase mixture. In order
to determine the existence of critical or subcritical flow
conditions, both critical and subcritical velocities are
calculated and the type of flow is determined by
adopting a lower value of these two velocities. The
subcritical two-phase flow is calculated by the model of
two-phase flow through an orifice, as presented by
Chisholm [10]. The developed model of two-phase
critical flow is validated against data measured in the air
water flow, at the PUMA experimental facility [11]. A
good agreement of the present model data with
measured values is achieved by appropriate modelling
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of the slip between liquid and gas phase velocities. In
addition, results obtained with the Fauske model [1] are
presented for the same critical flow conditions. The
results of the present developed model show better
agreement with measured data than the results obtained
with the Fauske model [1].

2. MODELLING APPROACH
2.1 Mathematical model of critical two-phase flow
Isentropic flow is assumed from the upstream location

very close to the opening and the opening where choked
flow takes place, as presented in Figure 1.
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Figure 1. Locations of the choked flow (c) and infinitesimal
upstream flow cross section (u)

The following form of mass and energy conservation
equations is used to describe one-dimensional isentropic
flow of a homogenous fluid. The mass balance for the
flow from the upstream cross section u to the location
of choked flow ¢ is written as

wy Ay Py =ucAcpe (1

where u is velocity, A is the area of flow cross-section

and p is density. The following energy equation holds
for isentropic flow between cross sections u# and ¢
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where h is enthalpy of two-phase flow mixture. The
following relations hold for the isentropic flow
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Integration in equation (3) by using relation (4) leads
to the following relation for enthalpy change:
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At the location of choked and isentropic flow the
two-phase mixture velocity equals sonic velocity ¢,
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By combining equations (2) and (5) and using
equations (1), (4) and (6) the following relation is
obtained for the ratio of two-phase mixture densities in
cross sections u and ¢
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Pu K+1

2

)

The density ratio p./p, is calculated iteratively
from equation (7) for prescribed upstream values of p,
and u, . The critical pressure p,. is calculated with

equation (4) and the critical velocity is calculated with
equation (1). It should be mentioned that the isentropic
expansion coefficient x changes for a flow between
cross sections u and c.

Therefore, the mean value of the isentropic
expansion coefficient xbetween cross sections u and ¢
is adopted. The isentropic expansion coefficient x in
the equation (7) is calculated from equations (6) as

2
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The sonic velocity ¢ in equation (8) is calculated
with the so-called “frozen two-phase sonic velocity”
model [12] as
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where p is the two phase mixture density calculated as

p=ap,+(1-a)p (10)

and o represents volume fraction of gas in two phase
mixture and it is given by
1

0=—— (11)
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In equations (10) and (11) indices 1 and 2 denote
liquid and gas phase respectively. The velocity slip is
S =u, /uy . The flow quality is calculated as the ratio of
gas phase mass low rate to total mass flow rate of two-
phase mixture as follows

m
K=t (12)
m + ny

Equation (9) is differentiated under assumption that
no phase change occurs and neglecting the velocity
slip dependence on pressure. The following expression

for the void fraction change with the pressure is
obtained

da _a(l-a)dp, a(l-a)ap,
dp /o Op Py Op

(13)
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After combining equations (9), (10), (11) and (12),
the sonic velocity from equation (8) is calculated as

c:{[(z2+a(l—a)&jaﬁ+
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Finally, expression for the sonic velocity is

calculated as
12
1_
c=[ ap +m] s
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The slip velocity in equation (11) is calculated with
the following parametric function which combines
Chisholm correlation for the lower quality values [13]
and Zivi correlation as the maximum value of gas and
liquid phase velocity slip [13]

S = {SChislom ’ SChislom < SZivi (16)
Szivi> SChislom > Szivi
where
0.5
SChisholm = 1+Z(&— 1]} (17)
P2
and
p 1/3
|
Szivi = [,0_2] (18)

2.2 Subcritical two-phase flow through orifices

Depending on the difference between the opening
upstream and downstream pressure, the two-phase flow
through the opening can be subcritical or critical. In
case of subcritical flow the flow rate through the
opening depends on its dimensions, the upstream and
downstream pressure ratio and upstream two-phase flow
parameters, such as liquid and gas phase densities and
two-phase mixture quality. In case of choked flow the
flow rate also depends on the opening dimensions and
upstream two-phase mixture parameters, but it does not
depend on the downstream pressure, i.e. for the constant
upstream parameters the flow rate is constant, regardless
of the value of the downstream pressure.

The existence of the critical or the subcritical flow
condition is determined by comparison of velocities
calculated by the critical two-phase flow model and the
subcritical flow model. If the velocity calculated with
the critical flow model is lower then the velocity
calculated with the subcritical flow model, than the
critical (choked) flow takes place at the opening. The
subcritical two-phase flow model developed for flows
through orifices is applied in this paper, since the orifice
is the opening where the choked flow takes place in the
experimental conditions that are simulated in the next
section. The model presented by Chisholm in [10] is
applied as follows.
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Pressure drop in two-phase flow through the orifice
is calculated as

2
P

Ap = Ay} =gT¢F (19)

where ¢12 is two-phase multiplier and u; is liquid
velocity upstream of the orifice in the case when liquid
phase flows alone through the flow channel

n'11 = p]M]A (20)

where A is the area of total cross section of the flow
channel. Two-phase mass flow rate through the orifice
is calculated as

i = ﬁ @1
From equations (19-21) it follows:
1
i = i[ 2Appy JZ (22)
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Two-phase multiplier is defined as
¢ =1+CY+Y? (23)

where Y corresponds to the reciprocal of the Lochart-
Martinelli parameter and according to [10] it is
calculated as

c 0.5
Y = _1L[ﬂ] F (24)
SR AV

The ratio of the liquid and gas phase concentration
coefficients is calculated as

G 0.666-0.666 " (25)
2

where r is ratio of orifice downstream and upstream
pressure (r<1). The correlation equation (25) is
obtained by the exponential regression of data from
Table 13.1 in [10]. Constant C in equation (23) is
calculated as

c=7 Jri2 (26)
V4
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and constant F' in equation (24) is calculated by

expression
172
1-r 1 k-1
F = 28
(rZ/I( l_r(rr—l)/lc K j (28)

Velocity slip S in equation (27) is calculated with
equations (16-18). The local flow resistance coefficient
{'in equations (19) and (22) is calculated for the single
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phase flow through orifice according to experimental
correlation from [14]

2
g=a {%] exp(b) (29)
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where A, represents the area of flow cross section at the
orifice and A, is the upstream cross section area. The
Reynolds number is calculated for the orifice velocity
and hydraulic diameter

u,D
Re = o™h,o

(32)

Vo

The orifice hydraulic diameter is calculated as

4A

Dy, :TH’ where P, is orifice flow cross section

o
o

parameter and v, kinematic viscosity.

3. RESULTS

The developed choked flow model is validated against
measured data of air and water two-phase flow through
the orifice. The choking flow experiments were
performed using PUMA (Purdue University Multi—
dimensional integral test Assembly) experimental
facility [11]. The inner diameter of the simulated test
section tube was 24.4 mm, while the orifice diameter
was 5.4 mm. Obtained results are presented in Figures
2-6 together with the predictions obtained with the
Fauske model. The experimental upstream pressure
conditions were 0.207 MPa, 0.345 MPa, 0.689 MPa and
1.034 MPa, respectively.

Critical flow model and prediction for the critical
mass flux based on the non-homogeneous equilibrium
assumption proposed by Fauske [1] are given as follows

1

2
S

G=|- (33)
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The velocity slip § in the Fauske model is
determined by the maximum of the two-phase flow

kinetic energy
1
2
S= (—”1 j (38)
P2

It is shown that the Fauske model [1] overpredicts
measured critical mass fluxes, while the present model
shows acceptable agreement with the measured data. The
weak point of the Fauske model is considered constant
slip ratio based on density, which is not applicable for the
low quality region. The discrepancy is higher as the flow
quality decreases. The model developed in this paper
takes into account the slip dependence on the flow quality
(equation 16) which leads to much better prediction of
choked flow rate. All results presented in Figures 2-6
correspond to choked flow.
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Figure 2. Comparison of measured and calculated choking
mass fluxes, experimental upstream pressure is 0.207 MPa
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Figure 3. Comparison of measured and calculated choking
mass fluxes, experimental upstream pressure is 0.345 MPa
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Figure 4. Comparison of measured and calculated choking
mass fluxes, experimental upstream pressure of 0.517 MPa
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Figure 5. Comparison of measured and calculated choking
mass fluxes, experimental upstream pressure is 0.689 MPa
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Figure 6. Comparison of measured and calculated choking
mass fluxes, experimental upstream pressure is 1.034 MPa

4. CONCLUSION

In order to calculate the critical two-phase flow rate, the
analytical model is developed. It is validated against
measured data of air and water two-phase flow.
Obtained results are presented together with the
predictions of the well-known Fauske model. It is
shown that Fauske model overpredicts measured critical
mass fluxes, while the present model shows acceptable
agreement with the measured data. The better agreement
of the present model data is achieved by appropriate
modelling of the slip between liquid and gas phase
velocities. Namely, the velocity slip dependence on the
quality is taken into account. In order to determine the
existence of the critical or the subcritical flow condition,
the presented model firstly calculates critical and
subcritical velocities and by comparing them determines
what kind of flow takes place at the opening.
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NOMENCLATURE
a parameter in equation (29),
A cross section area, m’,
b parameter in equation (29),
c sonic velocity, m/s,

Cp specific heat, J/kgK,
parameter in equation (33),
hydraulic diameter, m,
parameter in equation (33),
specific enthalpy, J/kg,
parameter in equation (33),

mass flux, kg/mzs
Froude number,

ImQ-TSoEs

mass flow rate, kg/s
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p pressure, Pa
Re Reynlods number,
S velocity slip,
u velocity, m/s
Greek symbols
o volume fraction,
K isentropic expansion coefficient
o two-phase multiplier
P density, kg/m’
S local flow resistance coefficient,
V4 flow quality
Index
1 liquid phase
0 orifice
u upstream cross section
c critical cross section

Muaan M. lHerposuh, Baagumup /1. CteBanosuh,

KPUTUYHO ABOPA3HO CTPYJAILE
JABOKOMITIOHEHTHE MEIITABUHE
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VY pany je TpencraBjbeH MOZET JBOKOMIIOHEHTHOT
IBO(a3HOT KPUTUYHOT CTpyjama NBo¢a3sHe MEIIaBHHE.
Mogen je BanuanpaH nopehemeM pauyHCKUX pe3yiTara

ca BpEAHOCTUMA HU3MEPEHUM Ha PUMA
eKCIIEpUMEHTAIIHO] MHCTAJauju. MoJen je 3acHOBaH
Ha JEeAHOIMMEH3MOHATHOM MOJU(UKOBAHOM

XOMOTEHOM  HW3EHTPOIICKOM  JBO(a3HOM  CTpyjamy
TEYHOCTH W raca. XOMOTE€HH MOJIeN je MOoAu(pHuKOBaH
TaKo IITO je Kiu3ame u3Mehy ¢asza yzero y o03up npu
onpehuBamy 3anmpeMHHCKOr ynena racHe dasze Yy
nBodasHoj MelaBMHM, WTO oapehyje M TycTHHY
neodazne wmemaeune. Kimsame wsmelly dasza je
cpauynato Ha ocHoBy Chisholm kopenamuje koja je
MOTOTHA 32 HIDKE BPEAHOCTH MACEHOT IPOTOYHOT yaena
racHe (aze ka0 W Ha OCHOBY Zivi Kopelamuje Koja
onpelyje MakcHMaNHy BpeIHOCT Kin3ama m3mely ¢aza.
Ha wmecTy KpUTHYHOT HCTHLAma Op3uHA nBO(a3HE
MeENIaBHHE je jeZiHaKa Op3WHU 3BYKa M CpadyHara je Ha
OCHOBY TaKO3BaHOI' 3aMp3HYTOI MoAesia IBO(Aa3HOT
CTpyjala KOjH He y3uMa y o03up ¢a3Hu mpemnas.
OctBapeHu pe3yiTaTH Cy MpUKa3aHu ©u yropehenu
3ajeqHo  ca A00po mosHatuMm  Fauske Momenom
JMOCTYyNHUM y Jnuteparypu. Ilokazano je ma Fauske
MOJIeNl Jaje BHIIEC BPEAHOCTH KPUTHYHOT MACEHOT
¢biykca y omHOCY Ha W3MEpEHE BPEAHOCTH, AOK MO
NMpUKa3aH y pajy JAaje NpHUXBaT/bUBa cjarama ca
WU3MEPEHHUM MOAAINMA.
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