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A Critical Flow Model for Supercritical
Pressures
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The investigation of critical flow model for supercritical pressure condition is relatively rare.
Based on isentropic flow and thermal equilibrium assumptions, a model is derived to
calculate discharge flow rate and critical pressure. Considering the influence of friction and
local resistance, a correction coefficient is added which can be calculated from CFX
analysis software. The model avoids the calculation of quality and is applicable to wide
range which covering the subcooled water, two-phase mixture, steam critical flow under
subcritical pressure and supercritical pressure. Reasonable agreement is shown between
model predicted results and experiment data, illustrating the accuracy of the
proposed model.

Keywords: critical flow, supercritical water cooled reactor, loss of coolant accident, thermal equilibrium effect,
resistance coefficient

INTRODUCTION

During a postulated loss of coolant accident of a pressurized water reactor, the critical flow occurs at
the break. An accurate estimation of the critical flow rate is very important for the evaluation of
reactor safety, because the critical flowrate controls heat transfer in the core and the rate of system
depressurization, thus has a significant effect on the accident consequence. The loss of coolant
accident is particularly of a concern for the supercritical water cooled reactor reactor safety, because
the coolant inventory in supercritical water cooled reactor is much smaller than that in the current
pressurized water reactor for same power output, and thus the transient response of the reactor
would be dominated by the discharge flow rate more strongly.

Under subcritical pressures, various theoretical models to predict discharge flowrates have been
advanced, such as homogeneous equilibrium model (HEM) (Starkman et al., 1964), hydrodynamic
non-homogenous model (Fauske, 1962; Moody, 1965), and thermal non-equilibrium model (Henry
and Fauske, 1971; Richter, 1983). Still more elaborate mechanistic models have been recently
developed which can account for both thermal and hydrodynamic non-equilibrium between phases
(Richter, 1983; Dobran, 1987). Although still poorly understood, mechanistic models that attempt to
follow the nucleation and growth of the vapor bubbles require specification of initial conditions at the
onset of flashing. Abdollahian (1982) did comprehensive and excellent reviews on the existing
models. Many researchers adopt HEM model or modified HEM model to predict the critical flow rate
under supercritical pressure. Guillaume Mignot et al. (2008) found that the HEM model predicts
higher than United Kingdom Atomic Energy Authority experimental data due to the isentropic flow
assumption. Chen et al. (2012) considered the local resistance effect and proposed a modified HEM
which showed good agreement in the region of near and beyond pseudo-critical temperature. For the
inlet temperature well below the pseudo-critical point, Bernoulli equation gave an upper envelope of
the test data. He suggested that from the reactor safety point of view the combination of the HEM
with Bernoulli equation gave a conservative estimation for the break discharge flow rate. But there
exists discontinuity at the intersection of the two models.
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FIGURE 1 | Variation of mass flux with stagnation pressure for
saturated water.

In the present study, we focus on conducting a more general
critical flow model which can be applicable for inlet temperature
well below the pseudo-critical point and temperature beyond the
pseudo-critical point under supercritical pressure. First, the
hydrodynamic = non-homogeneous and thermal non-
equilibrium have been proved having little effect on critical
flow rate and a model is put forward based on isentropic flow
and thermal equilibrium assumptions. Then considering the local
resistance and friction, an empirical coefficient C which can be
obtained through the Computational Fluid Dynamics (CFD)
simulation is added to the model. The model accuracy is
validated by supercritical water blowdown test data conducted
by the United Kingdom Atomic Energy Authority and China
Institute of Atomic Energy (CIAE).

THERMAL AND HYDRODYNAMIC
NON-EQUILIBRIUM EFFECT

Supercritical Pressures Critical Flow Model

equations. The slip ratio is determined by maximizing the
kinetic energy flow rate and is expressed as S = (Vg/Vl)l/ .,

The HEM model, Fauske model and Moody model are
adopted to calculate the critical mass flux for saturated water
flowing in nozzles under different stagnation pressures
(0.1-20 MPa). The nozzle outlet pressure (critical pressure) is
calculated accordingly for different models. The value of outlet
pressure may be different for each model, but the main principle
is the mass flux reaches a maximum value at the critical
pressure. The comparison for different models is shown in
Figure 1 and Table 1. It can be seen that, at lower pressure,
the slip ratio has great effect on critical mass flux; but at higher
pressure, the slip ratio effect decreases. For example, when
stagnation pressure is 22 MPa, the mass flux calculated by
Moody model is 52,700kgm s’ and the mass flux
calculated by HEM model is 45,892kgm™>s~', the deviation
is only 12.9%. Therefore, it is concluded that under supercritical
pressures, the hydrodynamic effect is small and can be
neglected.

Thermal non-equilibrium decreases as pressure increasing,
and in the region of supercritical pressure the thermal
equilibrium is dominant (Chen et al., 2008; Chen et al., 2009).
This trend is reasonable, because higher pressure corresponds to
higher vapor density and thermal conductivity and smaller
droplet, associated with more efficient interfacial heat
exchange. Same finding was achieved in the similar
experiments of supercritical water (Lee and Swinnerton, 1983)
and CO, (Mignot et al., 2008).

THE PRESENT MODEL

Model Derivation

Based on the above discussion, the thermal equilibrium and
hydrodynamic homogeneous effect is dominant for critical
flow under supercritical pressure. Therefore, in the model
developed here, the following assumptions are made:

(1) Steady-state flow.
(2) The friction effect is ignored and the flow is considered
isentropic.

Usually slip ratio is introduced to account for the two phase (3) The vapor phase and liquid phase are in thermal
relative motion effect, which is defined as the ratio of gas velocity equilibrium state.
to liquid velocity. Fauske (1962) led the field in developing a model (4) Liquid and vapor velocity are the same.
which allows for hydrodynamic effects. For critical flow, the slip (5) The flow is considered to be one-dimensional.
ratio at the critical location is given by S = (vg/vl)l/2 and the
critical mass flux subject to G? = —(dp/0vy,), both isentropic and The mass flux at the nozzle outlet is defined as:
isenthalpic processes were considered. Moody (1965) developed a
critical flow model starting from the continuity and energy G=p,u, (1)
TABLE 1 | Comparison of critical mass flux with homogeneous equiliorium model, Fauske model and Moody model.
Mass flux (kg m2s™) Po

0.1 0.2 0.4 0.7 0.9 1 5 10 16 20 22
G-Homogeneous equilibrium model 1,004 1779 3,135 4,878 5,937 6,441 20,941 33,385 43,999 48,122 45,892
G-Fauske 2,367 3,837 6,130 8,852 10,405 11,128 29,219 41,936 50,911 53,351 51,547
G-Moody 4,563 6,573 9,412 12,526 14,225 15,002 33,138 45,503 54,580 56,992 52,700
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where p, is the fluid density at the nozzle outlet, is the velocity at
the nozzle outlet.

Because it is assumed that there is no heat exchange between
fluid and environment, and the energy equation is simplified as:

u? u
hy + ?1 =h, + ?2 = Constant 2

As the nozzle upstream stagnation velocity is zero, the
relationship between inlet stagnation enthalpy and outlet
enthalpy can be expressed as follows:

2
ue

ho = he +7 (3)

Because the friction effect is ignored, the outlet velocity can be
obtained by energy conservation equation:

u, = \2(hy - he) (4)

Substituting Eq. 4 to Eq. 1, the outlet mass flow rate can be
obtained:

G:PB Vz(ho_he :P(PE’SO) z[ho_h(Pf’SO)] (5)

where hy is the specific enthalpy at the nozzle inlet, sy is the
specific entropy at the nozzle inlet, h, is the specific enthalpy at
the nozzle outlet, p, is the nozzle outlet pressure.

For ideal gas and superheated vapor, the relationship between
inlet density, outlet density, inlet pressure and outlet pressure can
be expressed as:

L Y R - L
pO po _pf pe > p‘-’_poﬁﬂ_po k+1

The following expression can be obtained:
2 \E
pe = Po(ﬁ) )
k
U, = 2(ho —hy) = 2Cp(To -T)= 2ng(To - T)
Kk P\ k 7
= \P—RT|1-(Z) |= 2 X Py (P2 ()
k-1 P() k-1 PO PO
_ |2k P
- \k+1p,

By substituting Eqs 7 and 8 to Eq. 1, the mass flux can be
evaluated as:

-

+1
—1

G = \kowoo( o) ©)

>

Equation 9 is exactly the same with the critical flow equation in
gas dynamics. In other words, the proposed critical flow model is
applicable to critical flow for ideal gas and superheated vapor.

For room temperature water, the density p is almost constant,
combining the definition of entropy, during the isentropic
process, we can obtain:

Supercritical Pressures Critical Flow Model

Cdn 1

1
ds———ﬁdpzoﬁdh:;dpzho (10)

_ _Po—pe
T he = P

Thus, Eq. 5 may be simplified to:

G=p,\2(ho—h,) =1 2p2<¥> =12p(po—-p.) (1)

Equation 11 is identical to the Bernoulli Equation, where the
back pressure equals the atmosphere pressure. It can be
concluded that Eq. 8 is a general model which is applicable to
both subcooled water and superheated steam.

Based on isentropic assumptions with thermal equilibrium
and equal velocities of two-phases, a HEM model (Starkman
et al., 1964) was proposed as follows,

_{2[ho- - xh -]}
(l_x)/pl+x/pg

where h is the enthalpy, p is density, x the equilibrium quality
at the critical plane, and the subscripts [ and g refer to the
liquid and vapor, respectively, and 0 the stagnation (inlet)
condition.

In fact, the current model Eq. 5 may be converted to Eq. 12 by
substituting p and ki (p,, sp) in the two-phase expression.

Considering the actual discharge flow is not isentropic due to
the friction and local resistance effect, Chen et al. (2012) modified
the HEM model as

(12)

%
2(hg = (1= x)hy - xhg)

2
%‘l’ 1__x+i
P Pi Pg

where C is the local resistance factor, and  the average density at
the inlet.

Similarly, taking the friction and local resistance effect into
account, a resistance factor C is multiplied to Eq. 5 and it
becomes:

G= (13)

G= Cp(Pe) S()) Z(h() - h(pe; 50)) (14)

Calculation of Resistance Factor C
Usually, an empirical coefficient Cis used for the critical mass flux

calculation. For example, in Chen’s previous work, different
empirical coefficients are used in the modified HEM model:
for sharp-edge nozzle (nozzle A), the recommended C is 0.6;
for round-edge nozzle (nozzle B), C = 0.4. But the choice of C is
totally empirical and based on the user’s experience. Actually, the
resistance factor C is not only affected by nozzle inlet geometry,
but also related with nozzle length and fluid state.

In this section, a method of using the CFD software to
calculate resistance factor is proposed. The commercial CFD
code ANSYS CFX 14.0 is employed. To illustrate the analysis
method to calculate resistance factor C, the nozzle configuration
employed is a round-edge nozzle taken from literature (Chen
et al., 2012), as shown in Figure 2.
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®1.41

FIGURE 2 | Schematic of nozzle A in literature (Chen et al., 2012).

The test section adopts high pressure lens pad orifice, and is
fitted onto the main loop through threaded flange. To ensure the
accuracy and reproducibility of the test, the finishing process is
used and the tolerance of the nozzle diameter is 2 ym. The
schematic diagram is shown in Figure 2. The total length of
the test section is 11 mm, the outer and inner diameter of the lens
pad orifice is 32 and 12 mm, respectively. The diameter of the
nozzle is 1.41 mm and the length of the nozzle is 4.35 mm with
rounded edge inlet, the radius of which is 1.0 mm.

The involved problem is room temperature water flowing
through the nozzle. The region inside the nozzle is chosen as the
numerical analysis region. The inlet of analysis region is set as
Pressure Inlet at which the pressure, temperature are specified.
The outlet is set as the Pressure Outlet with relative pressure 0 Pa.
In this simulation, the initial pressure p, = 25MPa, initial
temperature T, = 20°C, and the standard k-e model is
employed. Then the mass flux G can be calculated by the
simulation, thus the resistance factor C can be calculated by
the following expression:

+10%
1200001 5222 1~24 9MPa A
DT=-75~82C
100000 - - -10%
“c 80000
o 60000 s
400004 o7
ol
L
20000 = L4 T 2§ T T 2] T T ¥
20000 40000 60000 80000 100000 120000
2 1
G, (kgm~s™)
FIGURE 3 | Comparison to the result of Chen (p = 22.1-24.9 MPa).
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c-——% (1)

\'}Zp (PO - pe)

where G is the mass flux calculated by CFX, p is fluid density, py is
initial pressure, p, is the atmosphere pressure.

For example, for supercritical water of initial pressure p, =
25 MPa, initial temperature Ty = 20°C flowing in a round-edge
nozzle (Nozzle A), the geometry of which is chosen from
literature (Chen et al, 2012), as shown in Figure 2. The
calculated mass flux is 175,000 kgm2s™"), substituting the
value into Eq. 15, the resistance factor can be obtained. For
this case, the resistance factor C equals 0.8.

For a given upstream condition and nozzle of certain
geometry, the calculation procedure of the present model is as
following:

Firstly, set a series of outlet pressure p, which decreases from
stagnation pressure p; to atmosphere pressure at a constant
interval, for example, 0.1 MPa, then the corresponding density
p and enthalpy h can be obtained by water physical property
lookup software. Secondly, using the CFD software to calculate
the coefficient C based on the actual nozzle geometry. Thirdly,
using Eq. 6 the corresponding mass flux can be calculated. It
should be noted that the calculated mass flux first increases and
then decreases as the outlet pressure decreases, and the maximum
mass flux is the critical mass flux and the corresponding pressure
is the critical pressure.

VERIFICATION OF THE MODEL

Supercritical Pressure Condition

The supercritical pressure critical flow experiment performed by
Chen et al. (2012) adopts nozzle of 1.41 mm in diameter and
4.35 mm in length with rounded-edge, with inlet pressure range
of 22.1-31 MPa, subcooling range of -88-82°C. Under
supercritical pressures, the subcooling is defined as the

140000 +10% .~
p=25~26.8MPa
1200004 DT=-88~80C ,/i'-
e “10%
o m
~— 100000 - m
o e
E 80000
o i
e
O 60000
40000
20000 4+,
20000 40000 60000 80000 100000 120000 140000
2 A
G,,(kgm”s™)
FIGURE 4 | Comparison to the result of Chen (p = 25-26.8 MPa).
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FIGURE 5 | Comparison to the result of Lee and Swinnerton.
FIGURE 7 | Comparison of model prediction with experiment data
(saturated condition).

pseudo-critical temperature corresponding to the nozzle inlet
pressure minus the inlet temperature (DT, = Ty — Tjy). The
pseudo-critical temperature, Ty, is evaluated by the following
expressions in °C (Lee and Swinnerton, 1983):

(16)

T - 3.0p+307.6 22.1 MPa<p<24.1 MPa
PeT13.767p +289.0 24.1 MPa<p<31.0 MPa

Figure 3 shows the comparison between the present correlation
with the test data for inlet pressure of 22.1-24.9 MPa, subcooling
of —75-82°C. In the calculation, the initial pressure is set as
23 MPa for convenience. According to the calculation method of
resistance coefficient in “Calculation of Resistance Factor C”
section, the coefficient C is chosen as 0.8. As can be seen, the
model gives the agreement basically within +10%.

Figure 4 shows the comparison between the present model
with test data for inlet pressure of 25-26.8 MPa, subcooling of

160000 -
140000 e
| =y =
—~~ \\
" 120000 - —
c}lE ] | i L
E, 100000 A
% | —=— 10MPa-Exp.
»—E 800001 o jomPa-Cal.
g 60000 13M Pa-EXp.
= | —v—13MPa-Cal.
400004 —*— 16MPa-Exp.
{ —*—16MPa-Cal.
20000 T T T T T T !
0 50 100 150 200 250 300 350
Temperature (C)
FIGURE 6 | Comparison of model prediction with experiment data
(subcooled condition).

—88-80°C. The initial pressure is set as 26 MPa and the resistance
factor remains unchanged. The calculated mass flux matches with
the test data within 10% relative error.

The critical flow experimental data of supercritical water were
obtained by Lee and Swinnerton (1983) with four different nozzle
test sections. In this study, test data of nozzle B is used to validate
the proposed critical flow model. The nozzle diameter is 1.78 mm,
length to diameter is 3, the range of inlet pressure is of
24.1-31 MPa, and the range of subcooling is of —20-60°C. The
resistance coefficient is 0.9 in this calculation. The comparison of
model predicted mass flux and measured data is shown in
Figure 5. It can be concluded that calculated mass flux and
experimental results agree within 10% of relative error, which
validates the accuracy of the proposed model.

Subcritical Pressure Condition
CIAE has conducted a series of steady state critical flow tests with

long nozzle, the diameter of which is 2 mm and the length of
which is 40 mm, the test parameter covers a wide range: initial
temperature ranges from 20 to 350°C, inlet quality ranges from
0.0 to 0.5, the upstream pressure is 10, 13, and 16 MPa,
respectively (Zhao et al, 2015). According to the CFD
calculation, choose the resistance coefficient C = 0.82 for
subcooled condition and C = 0.9 for the saturated condition.
The results are displayed in Figures 6 and 7. As can be observed,
the model predicted results and long nozzle experiment results
are in good agreement.

It can be seen from Figure 6 that at low temperature, the
calculated mass flux is a bit higher than the measured data;
while at high temperature, especially near the saturation
temperature region, the calculated mass flux is lower than
the test data. The error is closely related to the value of
resistance coefficient C. In the current model, C = 0.82 is
obtained at the room temperature condition (T}, = 20°C) and
this value is used for all the subcooled region condition.
Considering the error in numerical simulation, the

Frontiers in Energy Research | www.frontiersin.org

October 2020 | Volume 8 | Article 521233


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles

Lv et al.

calculated mass flux is a little higher than the measured value
for the low temperature region and the maximum error
between model prediction with test data is within 5%. As
mentioned above, C = 0.9 is chosen for saturated region and
this value is obtained for the saturated vapor condition.
Therefore, there is a discontinuity between subcooled
condition and saturated condition. Essentially, the
resistance coefficient C should gradually increase from 0.82
to 0.9 for the transition from subcooled condition to saturated
condition. This is why the calculated mass flux is lower than
the test data for the near saturated condition. Caution is
needed for the calculation of critical mass flux near
saturated condition.

It should be mentioned that the current model is derived with
the thermal equilibrium assumption, and is not applicable for
two-phase critical flow condition where thermal non-equilibrium
effect is dominant. For instance, inlet water with low subcooling
or low quality and flowing through short nozzle condition. It is
suggested that critical flow model considering thermal non-
equilibrium effect is used in the above situation.

CONCLUSIONS

(1) With the isentropic and thermal equilibrium assumption, a
critical flow model for supercritical pressure is proposed
which can calculate critical pressure and critical mass flow
rate. This model is also applicable for room temperature
water discharge, two phase mixture, superheated steam
critical flow.

(2) Considering friction and local resistance, the actual process is
not isentropic; a resistance coefficient C is added in the model
can be calculated from the CFD simulation.

REFERENCES

Abdollahian, D., Healzer, J., Janssen, E., Amos, C., and Levy, S. (1982). EPRI Report
No. NP-2192. Critical flow data review and analysis, final report.

Chen, Y., Yang, C,, Zhang, S., Zhao, M., Du, K, and Cheng, X. (2008). “An experimental
study of critical flow of water at steady-state with pressure of up to 22 MPa,” in
Proceedings of the 7th international symposium of heat transfer, Beijing, October
26-29, 2008.

Chen, Y., Yang, C.,, Zhang, S., Zhao, M., Du, K., and Cheng, X. (2009). Experimental
study of critical flow of water under near-critical and supercritical pressures.
Front. Energy Power Eng. 3, 175-180. doi:10.1007/s11708-009-0029-6

Chen, Y., Zhao, M,, Yang, C,, Bi, K,, Du, K,, and Zhang, S. (2012). Research on
critical flow of water under supercritical pressures in nozzles. J. Energy Power
Eng. 6, 201-208.

Dobran, F. (1987). Non-equilibrium modeling of two-phase critical flows in tubes.
J. Heat Transf. 109, 731-738. doi:10.1115/1.3248151

Fauske, H. K. (1962). Contribution to the theory of two-phase, one-component
critical flow. Ph.D. Thesis.

Henry, R. E, and Fauske, H. K. (1971). The two-phase critical flow of one
composition mixtures in nozzle, orifices, and short tubes. J. Heat Tran. 93,
179-187. doi:10.1115/1.3449782

Lee, D. H., and Swinnerton, D. (1983). Report No. EPRI NP-3086. Evaluation of
critical flow for supercritical steam-water.

Supercritical Pressures Critical Flow Model

(3) The maximum error between model prediction results and
experiment data are within 10% under supercritical pressure
and within 5% under low temperature region at subcritical
pressure, illustrating that the model is accurate.

(4) Though the model gives satisfactory result at supercritical
flow condition, it is not applicable for two-phase critical
flow condition where thermal non-equilibrium effect is
dominant.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article.

AUTHOR CONTRIBUTIONS

YL was mainly responsible for critical flow model derivation and
verification, data collection, and paper drafting. MZ mainly
contributed to the model derivation design, critical flow test
conduction under sub-critical pressure. KD was mainly
responsible for paper review and modification.

ACKNOWLEDGMENTS

The present investigation is supported by the National Key R&D
Program of China (2018 YFE0116100). The authors wish to thank
the CIAE team who performed the critical flow test under
supercritical and subcritical pressure and provided the test
data for the model validation. Special thanks to Professor
Chen Yuzhou who contributed so much data for this paper.

Mignot, G., Anderson, M., and Corradini, M., (2008). Critical flow experiment and
analysis for supercritical fluid. Nucl. Eng. Technol. 40 (2), 133-138. doi:10.5516/
net.2008.40.2.133

Moody, F.J. (1965). Maximum flow rate of a single component, two-phase mixture.
Trans. ASME ]. Heat Transf. 87, 134-141. doi:10.1115/1.3689029

Richter, H. J. (1983). Separated two-phase flow model: application to critical two-
phase flow. Int. J. Multiphase Flow. 9 (5), 511-530. doi:10.1016/0301-9322(83)
90015-0

Starkman, E. S., Schrock, V. E., Neusen, K. F., and Maneely, D. J. (1964). Expansion
of a very low quality two-phase fluid through a convergent-divergent nozzle.
J. Basic Eng. 86 (2), 247-254. doi:10.1115/1.3653047

Zhao, M., Li, W., and Lv, Y. (2015). China National Nuclear Corporation Excellent
Military Report. Research of steady state critical flow test.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lv, Zhao and Du. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Energy Research | www.frontiersin.org

October 2020 | Volume 8 | Article 521233


https://doi.org/10.1007/s11708-009-0029-6
https://doi.org/10.1115/1.3248151
https://doi.org/10.1115/1.3449782
https://doi.org/10.5516/net.2008.40.2.133
https://doi.org/10.5516/net.2008.40.2.133
https://doi.org/10.1115/1.3689029
https://doi.org/10.1016/0301-9322(83)90015-0
https://doi.org/10.1016/0301-9322(83)90015-0
https://doi.org/10.1115/1.3653047
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles

	A Critical Flow Model for Supercritical Pressures
	Introduction
	Thermal and Hydrodynamic Non-Equilibrium Effect
	The Present Model
	Model Derivation
	Calculation of Resistance Factor C

	Verification of the Model
	Supercritical Pressure Condition
	Subcritical Pressure Condition

	Conclusions
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


