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Abstract: To investigate the phenomenon of liquid xenon flashing in a filling pipeline, the
two-phase flow in a pipe is calculated and analyzed by using a one-dimensional homoge-
neous equilibrium model (HEM) and a two-dimensional mixture model. The distribution of
xenon two-phase flow parameters along the pipeline is observed by the numerical solution
of a one-dimensional HEM and simulation by Fluent. The comparison and analysis of
the results of different models show that the one-dimensional HEM can quickly attach
the critical mass flux faster than Fluent’s simulation under the given filling conditions,
which verifies the rationality and rapidity of the numerical solution in calculating the flash
process. The influence of the diameter and length of the pipeline on the flashing process of
liquid xenon is analyzed by a one-dimensional theoretical model. The results show that
the geometric parameters of the pipeline have a great impact on the mass flow rate and
the position of the initial phase transition point, but have little effect on the void fraction
at the outlet. An increase in pipe diameter and pipeline length delays the onset of phase
transition. Compared with liquid oxygen and liquid nitrogen, liquid xenon is more likely to
undergo a phase transition. The phase change kinetics of oxygen and nitrogen are roughly
70% as fast as those of xenon.

Keywords: liquid xenon; flash boiling; two-phase flow; homogeneous equilibrium flow

1. Introduction

Electric propulsion is an advanced space propulsion technology, and xenon is one of
its commonly used working fluids. With the development of aerospace low-temperature
technology, the low-temperature liquid storage and refueling of liquid xenon—with its high
storage density and low pressure—has been made more promising. Liquid propellants
may undergo phase transitions in pipelines due to pressure reduction or heating, resulting
in gas-liquid two-phase flow, which is not conducive to the continuous filling process.
Analyzing the two-phase flow characteristics of liquid xenon in pipelines is a key issue in
designing a liquid xenon filling system.

The phenomenon of heat and mass transfer in liquids that undergo phase transition
due to pressure reduction and the growth rate of bubbles being affected by the interfacial
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heat flow rate is called flash evaporation [1]. Lin et al. [2] used a one-dimensional homo-
geneous flow model to calculate the flash flow of refrigerant R12 in a capillary tube. Yin
et al. [3] used a one-dimensional two-phase flow model for flash flow inside a nozzle, while
the phase transition model adopted a homogeneous relaxation model, taking into account
the nonequilibrium state of the gas. Liang et al. [4] numerically calculated and analyzed
the flash flow of refrigerants R12 and R134a in pipelines based on a one-dimensional
drift flow model, and the friction coefficient of the two-phase flow section was obtained
using the Churchill relationship. The variation in dryness along the capillary is nonlinear,
growing rapidly during the initial stage of vaporization and increasing sharply near the
outlet. The void fraction rises abruptly after the flash point and approaches 1.0 near the
exit. Seixlack et al. [5] used a two-fluid model to calculate and analyze the flash flow of
refrigerants in pipes. The results show that the pressure of refrigerant R134a along the
pipe is very close to the saturation pressure, and the temperature and gas-liquid velocity
distributions along the pipe are very close, which indicates that the two assumptions of a
gas-liquid thermodynamic equilibrium and equal gas-liquid velocity in the homogeneous
flow model are reasonable. The two-fluid flow model has an average absolute error of 2.4%
in predicting the critical mass flow rate. In recent years, several scholars have attempted
to use commercial software to simulate flash flow in refrigerant tubes. Zhu et al. [6] used
ANSYS CFX 18.2 to simulate the flash flow of refrigerant R134a in a Laval nozzle. The phase
transition model was a dual fluid model, and the simulation results were consistent with the
experimental results. Prajapati et al. [7] used Fluent to calculate adiabatic two-phase flow
in pipes using the VOF model for two-phase flow and the Lee model for phase transition,
with a relaxation factor value of 110. The bubble concentration is higher near the wall until
the entire cross-section is filled with a uniform vapor-liquid mixture. Rahul et al. [8] used
Fluent to calculate the flash flow inside a tube, the multiphase flow model used the mixture
model, and the phase change model used an improved cavitation model. By continuously
reducing the outlet pressure, a mass flow outlet pressure curve was drawn to determine the
critical flow rate. After the flash point, the effective density and velocity of the fluid change
due to variations in the vapor volume fraction, leading to a nonlinear pressure distribution.
For subcooled inlet conditions, the model-predicted mass flow rate agrees well with ex-
perimental data, with an error within 5%. Luo Meng et al. [9] used the CFD-DPM method
under the Eulerian Lagrange framework, used polynomials to fit the gas-liquid physical
parameters based on temperature changes, and used Fluent to simulate the gas-liquid
two-phase flow field in the flash process. The results show that the model can accurately
predict flash spray characteristics. Chauhan et al. [10] used Fluent to calculate the flash
flow in geothermal wells using a six equation model as the control equation. The phase
change model was in a nonequilibrium state at the gas-liquid interface, and the calculated
results were consistent with the experimental results. Li Yafei et al. [11] used the mixture
two-phase flow model in Fluent to calculate the flash phenomenon of supercritical carbon
dioxide in the rapid expansion process. The model coupled the temperature-driven evapo-
ration condensation model phase change mechanism and the pressure-driven cavitation
condensation phase change mechanism. Through UDF, bilinear interpolation was carried
out using pressure and temperature to calculate the physical parameters of carbon dioxide,
and the accuracy of the model was verified with experimental results in the literature.
Andreev et al. [12] proposed a mathematical model for rapid evaluation of flash boiling,
which requires minimal actual process parameters to achieve fast yet sufficient assess-
ment of heat and mass transfer processes. Kronenburg et al. [13] developed an extended
Eulerian-Lagrangian Spray Atomization (ELSA) model specifically for simulating flash
boiling phenomena. The model was validated using cryogenic liquid nitrogen experiments,
demonstrating its applicability not only for fuel injection in cryogenic liquid rocket engines
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but also for other engineering applications involving flash boiling. Zhe Zhang et al. [14]
employed the VOF method with customized flash boiling phase-change and nucleation
models to numerically investigate static flash boiling processes. Their study revealed the
spatiotemporal characteristics of local heat transfer coefficients during flash boiling. The
results showed that non-uniform distributions of temperature and pressure fields lead to
uneven internal heat transfer in static flash boiling conditions.

At present, there are few reports on the two-phase flow characteristics of liquid xenon.
Regarding the two-phase flow that occurs during the transportation of low-temperature
propellants in pipes, the influence of external heat on phase change has been studied, such
as the precooling of the pipe wall at room temperature [15], and there is little research
on the flash evaporation process and flow characteristics inside the pipe. In the field
of air conditioning and refrigeration, there is abundant research on the adiabatic flash
evaporation of refrigerants in capillaries, which can serve as a reference. This work uses a
one-dimensional homogeneous flow model and Fluent simulation to calculate the flashing
process of subcooled liquid xenon in pipelines [16]. The effects of the pipeline diameter
and length on the flashing process and the flashing characteristics of different working
fluids in the refueling pipeline were studied, demonstrating high computational efficiency,
revealing xenon’s distinctive propensity for phase transition, providing reference data for
liquid xenon in orbit refueling.

2. One-Dimensional Liquid Xenon Pipeline Flash Evaporation Model

Generally, the propellant in the refueling tank is a saturated liquid or a supercooled
liquid. The supercooled propellant undergoes flash evaporation in the pipeline to form a
two-phase flow, which can be divided into two stages: the single-phase flow section and
the two-phase flow section.

In the single-phase flow section, the fluid is an undercooled liquid, considered an
incompressible fluid with constant density and constant velocity under steady-state flow
conditions. Under microgravity conditions, the influence of gravity on pipeline flow is
ignored. Therefore, ignoring the convection and penetration terms of the equation in the
single-phase flow section, the pipeline pressure drop is only the frictional pressure drop:

i~ 2D @

where p is the pressure; u is the velocity; G is the mass flow density, the mass of fluid
passing through a unit area per unit time, equal to pu; f is the Darcy friction coefficient; the
subscripts [ represent the liquid; and D is the diameter.

Ignoring the accelerated pressure drop and slightly deforming Formula (1), the mass

. | AppD>
m=r 57T 2)

flow rate in the pipeline is

where m represents the mass flow rate, equal to puA; A represents the cross-sectional
area of the pipe. Ap represents the pressure difference between the inlet and outlet of the
pipeline, p is the density, and L is the length of the pipeline. Formula (2) approximates the
mass flow rate in the reaction pipeline and can be used to analyze the effects of density,
diameter, and pipe length on the mass flow rate.

In the two-phase flow section, as the pressure decreases to the saturated vapor pres-
sure, the liquid xenon undergoes a phase transition, generating steam and forming a
gas-liquid two-phase flow in the pipeline. Gas-liquid two-phase flow is considered to be
in a thermodynamic equilibrium state, so the two-phase flow section can adopt the homo-
geneous equilibrium flow (HEM) model. The idea of the homogeneous flow model is to
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treat two-phase flow as single-phase flow. There are two basic assumptions: the gas-liquid
two-phase flow is in thermodynamic equilibrium; that is, the temperature, pressure and
chemical potential between the gas and liquid are equal; the velocities between the gas and
liquid are equal.

Assuming that the flow is a one-dimensional, steady-state, adiabatic, equal-diameter
circular tube, ignoring axial heat conduction, the one-dimensional homogeneous flow
equation system is [2]

G = pu = constant 3)
du  dp 1 _.Gu
‘=4 b @
h+ %uz = constant (5)
1_1-x + X (6)
P P [
h=h(1—x)+hex (7)

where p is the density & + u? of two-phase flow, x is the dryness, and h is the specific
enthalpy of two-phase flow, also known as the static enthalpy, which represents the total
enthalpy of two-phase flow. Subscripts | and g represent liquid and gas, respectively. The
common Churchill relationship is used for the friction coefficient [2]. The frictional pressure
drop of two-phase flow is calculated based on the average viscosity [2]

l:£+1—x 8)
N 7 Hi

where y is the viscosity.
According to the homogeneous flow model, the calculation formula for the void
fraction [17] is

1
K= ——F—— )]
g 1—x
T+ =
By slightly modifying Formula (7), the expression for dryness can be obtained
h—h
X = (10)
hig

3. Model Solution and Comparison
3.1. Initial Conditions

The filling pipeline is assumed to be an equal diameter circular tube with a length of
2 m, a diameter of 4 mm, and an absolute roughness of 0.002 mm.

In orbital refueling, compression refueling is adopted, assuming that the inlet pressure
is constant and that the propellant in the refueling tank is in a supercooled state. The
injected tank is considered to continuously exhaust during the refueling process, resulting
in a constant outlet pressure. The inlet pressure for filling is 1 MPa, the inlet temperature is
213.61 K, and the outlet pressure is 0.6 MPa.

The saturation pressure corresponding to the liquid xenon inlet is 0.8487 MPa, and the
inlet subcooling is 5 K. When the inlet subcooling is 0, the propellant in the supply tank
is in a saturated state. Due to flash evaporation, two-phase flow will form in the pipeline,
and there is no single-phase flow section in the pipeline. The higher the inlet subcooling
is, the longer the single-phase flow section. When the outlet pressure is higher than the
saturated vapor pressure corresponding to the inlet temperature, flashing will not occur in
the pipeline. This article studies the flow situation in the filling pipeline when the pressure
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of the injection storage tank is lower than the saturated vapor pressure corresponding to
the inlet temperature, so the outlet pressure is set to be slightly lower than the saturated
pressure.

3.2. Model Solving Settings
3.2.1. Setting of the One-Dimensional Homogeneous Flow Model

The programming tool used was MATLAB 2016a. During programming, the “shooting
method” is used to solve the problem of known pipeline inlet pressure and outlet pressure.
Assuming a flow rate, calculate the pressure at the outlet of the pipeline. When the
difference between the calculated pressure and the given pressure is small enough, the
flow rate is considered to meet the requirements. The pipeline was divided into 2000 cells,
each with a length of 1 mm. The calculation can be divided into two parts: single-phase
flow and two-phase flow. In the single-phase flow section, the solution can be directly and
recursively solved. In the two-phase flow section, the pressure correction method is first
used to iteratively calculate the pressure at the next node of the cell, and then the next cell
is calculated. The other physical parameters are obtained from REFRPOP 9.0 and made
into a numerical table for linear interpolation. The pressure change in the numerical table
increases by 0.002 MPa.

3.2.2. Fluent Settings

Fluent has a mesh count of 8393 and uses a quadrilateral mesh. In general, the solver
uses pressure-based solvers and steady-state and two-dimensional axisymmetric models,
which can reduce computational complexity. The multiphase flow model adopts the
mixture model. The mixture model is a simplified multiphase flow model in which the
gas and liquid phases have the same pressure and temperature, taking into account the
slip velocity between the gas and liquid phases, allowing for mutual infiltration between
the phases. In the multiphase flow model, the main phase is the liquid phase, and the
secondary phase is the gas phase. The phase transition model uses the Fluent evaporation
condensation model, also known as the Lee model. The value of the relaxation factor
is selected as 120. The saturation temperature is set as a function of pressure, which is
obtained via piecewise linear interpolation. The saturation temperatures under different
pressures are shown in Table 1. The turbulence model adopts the realizable model, and the
near-wall treatment uses the standard wall function.

Table 1. Saturated pressure and saturated temperature.

Pressure (MPa) 1 0.9 0.8487 0.8 0.7
Temperature (K) 218.61 215.37 213.61 211.87 203.76

In terms of material properties, the density of the gas phase is calculated based on the
R-K (Redlich Kwong) real gas equation. The remaining physical parameters are calculated
via two-point linear interpolation. In terms of the boundary conditions, the inlet is a
pressure inlet, the estimated turbulence intensity is 3.55%, and the hydraulic diameter is
0.004 m. The outlet adopts a pressure outlet, and the wall surface adopts an adiabatic
nonslip boundary condition. The boundary conditions for the inlet and outlet are the
same as those used in the homogeneous flow model. In terms of the solving settings,
the pressure velocity coupling adopts the SIMPLE format, and the pressure adopts the
PRESTO! format. The QUICK format is used for density, momentum, volume fraction,
turbulent kinetic energy, turbulent dissipation rate, and energy. Due to the difficulty in
convergence and divergence of multiphase flow calculations accompanied by heat and
mass transfer, a first-order upwind scheme can be used in the calculation process, with
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the physical parameters set to constant values. The settings can be adjusted after the flow
field stabilizes.

3.3. Numerical Results Comparison
3.3.1. Comparison of the Numerical Calculation Results with the Fluent Simulation Results

Compared to one-dimensional models, Fluent can obtain more information and pro-
vide the radial distribution of flow parameters. The mass flow rates of the pipeline under
different relaxation factors are shown in Table 2. By adjusting the relaxation factor, the mass
flow rate in the pipeline is similar, and the error is controlled within 0.5%. The mass flow
rates calculated by the Fluent and one-dimensional homogeneous flow models are shown
in Table 3. The flow parameter distributions calculated by Fluent and the one-dimensional
homogeneous flow model are shown in Figure 1.

Table 2. Mass fluxes under variable relaxation parameters.

Relaxation factor (1/s) 50 100 110 120 130
Mass flow rate (kg/s) 0.1517 0.1448 0.1440 0.1432 0.1426

Table 3. Error of mass flux.

Fluent HEM Error
0.1432 kg/s 0.1437 kg/s 0.35%

1 . . . .
—Fluent

0.9 R HEM

T
0
1

0.8 .,

MPa

T
0
Il

0.7

0.6

Z(m)
(a)

Figure 1. Cont.
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Figure 1. Comparisons of model predictions with Fluent simulations. (a) Pressure distribution;
(b) gas volume fraction distribution; (c) velocity distribution.

The calculation results of Fluent depend on the selection of relaxation factors in the

phase transition model. The relaxation factor, also known as the mass transfer intensity

coefficient, can be used to regulate the mass transfer rate. When the relaxation factor
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is too small, the mass transfer rate between gas and liquid is slow, and almost no phase
transition occurs in the pipeline. When the relaxation factor is too large, the phase transition
becomes severe. The relaxation factor is used to maintain the interface temperature near
the saturation temperature. The selection range of relaxation factor values is wide, ranging
from 0.01 to hundreds or even thousands. The selection of relaxation factor values is related
to the geometric structure, flow conditions, mesh size, and time step selection [18,19].
The selection of relaxation factors in the literature is generally based on experimental
control or direct reference to previous work. At present, there have been no two-phase
xenon flow experiments in pipelines, nor have there been numerical calculations related to
xenon two-phase flow. Therefore, this article combines the literature on refrigerant flash
evaporation and compares the mass flow rate calculated by adjusting the relaxation factor
with the one-dimensional homogeneous flow model. Finally, the value of the relaxation
factor is selected as 120. Through Figure 1a,b, it can be found that the position where
the phase transition point occurs in the Fluent calculation is later than that calculated by
the one-dimensional homogeneous flow model. In the two-phase flow section, the phase
transition process is more intense than that in the one-dimensional homogeneous flow
section. By calculating the slip velocity between the gas and liquid shown in Figure 1c, it
can be found that the slip ratio is 1 and that the gas velocity is equal to the liquid velocity.
This verifies that the assumption that the gas velocity is equal to the liquid velocity in the
homogeneous flow model is reasonable.

Compared to one-dimensional theoretical model numerical calculations, Fluent’s
advantage lies in its ability to provide the radial distribution of flow parameters and
obtain detailed flow field information. Figure 2 shows the gas phase volume fraction cloud
diagram of a two-dimensional pipeline.

0.004 I vapor-vof

' i 0.72

0.71
0.002 0.7
_ 0.69
E 1 ] 0.68
= 0p 0.67
-0.002 |
_0004 [ FRRYRNTTRN [NV ST SN (NN ST SR (NSNS TN (NN S [T ST S [N S S | PRI B 1 )
1.9 1.904 1.908 Z(m) 1912 1.916 1.92

Figure 2. Vapor void fraction cloud picture at the end of the pipe.

As shown in Figure 2, axially, the phase transition intensifies progressively, consistent
with the Homogeneous Equilibrium Model (HEM) predictions. Radially, enhanced phase-
change activity is observed near the pipe walls, showing clear wall-proximity dependence.
The gas phase volume fraction of the pipeline centerline is smaller than the gas phase
volume fraction of the pipe wall. This is because the pits, fine cracks, and cracks on the
wall are most likely to become the vaporization core, making it easier to form bubbles.

3.3.2. Comparison of Critical Flow Rates

The mass flow rate in the pipeline is obtained by adjusting the outlet pressure without
changing the inlet conditions. When the mass flow rate no longer changes with the outlet
pressure, it is considered to reach the critical flow rate. Based on this approach, this
article uses a one-dimensional homogeneous flow model for numerical solution and Fluent
simulation to calculate the mass flow rate under different outlet pressures. The inlet
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pressure is 1 MPa, the inlet temperature is 213.61 K, and the diameter and length of the
pipeline remain unchanged. The relationship between the pipeline mass flow rate and
outlet pressure is shown in Figure 3, and the critical flow rate and critical pressure of the
pipeline obtained by different methods are shown in Table 4.

0.15

0.145

0.14

<
[
(V]

Mass Flux/kg/s
O
oo
N

HEM
e Flyent

0.125

0.12 ' ' '
0.3 0.4 0.5 0.6 0.7 0.8

Pressure/MPa

Figure 3. Mass flow rate for different outlet pressures.

Table 4. Mass flux under different outlet pressures.

HEM Fluent
Critical flow rate (kg/s) 0.1462 0.1484
Critical pressure (MPa) 0.49219 0.4

Figure 3 and Table 4 show that the critical flow rates calculated by the two methods are
relatively similar. In the process of solving a one-dimensional homogeneous flow model,
given the mass flow rate, when a certain point is calculated, the equation system cannot be
iteratively solved. At this point, given a sufficiently small pressure to reverse the length of
the pipeline, the pipeline length is negative. According to the work of Kim [20], this point
can be considered choked, and this point is the accumulation point. When the pressure of
the injected storage tank is lower than the critical pressure, the flow rate in the pipeline no
longer changes, and the outlet pressure no longer changes. At this time, the flow rate and
pressure are the critical flow rate and critical pressure, respectively. Therefore, given a lower
outlet pressure, the mass flow rate and critical pressure under given boundary conditions
can be quickly obtained. As shown in Figure 3, when the pressure difference in the pipeline
is small, the numerical calculation results of the one-dimensional homogeneous flow model
are significantly different from those of Fluent, which may be related to the different
values of relaxation factors under different outlet pressure conditions. The evaporation
condensation model in Fluent uses the Lee model, but the Lee model overly relies on the
selection of relaxation factors. In the absence of experimental data and previous examples
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for calculating liquid xenon two-phase flow, the selection of relaxation factors is highly
unreliable, and the impact on the results is also uncertain.

4. Analysis and Discussion

By comparing the numerical calculation results of a one-dimensional homogeneous
flow model with those of the Fluent simulation, it was verified that the calculation results are
rational. Now, according to the one-dimensional homogeneous flow model, the influence
of pipeline geometric parameters on the flash process is calculated and analyzed, and the
dryness degree distribution of different working fluids along the pipeline is analyzed.

4.1. Influence of Pipeline Geometric Parameters on Flash Evaporation

Before designing the filling system, it is necessary to provide the geometric parameters
of the pipeline, namely, the diameter and length of the pipeline. Therefore, it is necessary
to study the effects of pipeline diameter and length on the flash evaporation process. When
the geometric parameters of the pipeline change, the flow rate, the position of phase change
points, and the distribution of dryness along the pipeline may change. According to
Formulas (1) and (2), the diameter and length of the pipeline are the influencing factors of
the flow rate and pressure drop in the single-phase flow section, while the length of the
single-phase flow section is closely related to the position of the initial phase transition
point. According to Formula (10), the specific enthalpy of the liquid and the latent heat of
vaporization are the main factors affecting the dryness.

4.1.1. Impact of Pipeline Diameter on Flash Evaporation

As shown in Figure 4, the flow in the pipeline distinctly separates into two segments:
a single-phase flow section and a two-phase flow section. The larger the pipeline diameter
is, the smaller the pressure drop in the single-phase flow section, and the later the position
of the phase transition point appears. According to Formula (1), increasing the diameter
of the pipeline reduces the pressure drop in the single-phase flow section. Although the
diameter increases and the flow rate in the pipeline also increases, the change in pressure
drop in the single-phase flow section caused by the increase in flow rate is not as significant
as the change in pressure drop in the single-phase flow section caused by the increase in
diameter. Moreover, due to the increase in pipeline diameter, the pressure at the outlet
of the 8 mm diameter pipeline is not equal to the back pressure, indicating that the flow
has been blocked. Regardless of how the environmental pressure is reduced, the flow rate
cannot increase, and flow parameters such as the pressure distributed along the pipeline
will not change. In the absence of choked flow, the change in pipeline diameter does not
affect the outlet dryness. This is because the pressure at the outlet is the same, so the liquid
specific enthalpy and vaporization latent heat corresponding to this pressure are the same.
According to Formula (10), the outlet dryness is almost the same.

4.1.2. Impact of Pipeline Length on Flash Evaporation

The pressure and dryness degree distributions under different pipeline lengths are
shown in Figure 5.
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Figure 4. Effect of diameter on the flow parameters. (a) Pressure distribution; (b) dryness distribution.

Figure 5b shows that the longer the pipeline is, the further the position of the phase
change point is. This is because the mass flow rate corresponding to the long pipeline is
lower, and the frictional pressure drop in the pipeline is smaller. Therefore, the length of
the single-phase flow section is shorter, and the corresponding position of the initial phase
change point appears farther. Since the pressure at the outlet has not changed, the specific
enthalpy and latent heat of vaporization at the outlet are the same, and the dryness at the
outlet has hardly changed. Therefore, the shorter the pipe length, the more intense the
phase transition.
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Figure 5. Effect of length on the flow parameters. (a) Pressure distribution; (b) dryness distribution.

4.2. Comparison of Different Working Fluids

For two-phase flows with significant changes in physical parameters, low-temperature
propellants and refrigerants have been extensively studied. Now, based on a one-
dimensional homogeneous flow model, liquid xenon is compared with some refrigerants
and low-temperature propellants to compare the flow parameter distributions of different
working fluids under the same boundary conditions and analyze the similarities and differ-
ences among them. The pipeline has a length of 2 m, a diameter of 4 mm, and an absolute
roughness of 0.002 mm. The inlet pressure of the different working fluids is 1 MPa, the
inlet subcooling is 5 K, and the outlet pressure is 0.6 MPa. The inlet temperature conditions

for different working fluids are shown in Table 5.
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Table 5. Conditions of inlet temperatures of different working media.

Working Fluid Xenon R134a Oxygen Nitrogen
Inlet temperature (K) 213.61 307.54 114.62 98.75

The physical parameters such as mass flow rate, density, and latent heat of vaporization
of different working fluids in the pipeline are shown in Table 6.

Table 6. Mass flux in the pipe of different working media.

Latent Heat of

. . Densi Mass Flow o Ah/A
Working Fluid (k g/mg, Rate (kg/s) Vaporization q /(kg-MIIJ’a))
(J/kg)
xenon 2585.3 0.1437 81,613 14,760
R134a 1170 0.0854 168,790 67,740
oxygen 1007.9 0.1022 182,740 42,520
nitrogen 696.82 0.0893 163,730 47,690

The density and latent heat of vaporization refer to the liquid phase property parame-
ters at the initial phase transition point, which are the ratios of the enthalpy change to the
pressure difference from the initial point to the outlet. According to Formula (2), the higher
the density is, the greater the mass flow rate in the pipeline.

Table 6 shows that in addition to refrigerants, other working fluids conform to this
characteristic. As the density decreases, the mass flow rate in the pipeline decreases. The
reason why the refrigerant R134a does not meet this characteristic is that the refrigerant has
a high phase change mass transfer rate, and the average density inside the tube is lower
than that of oxygen and nitrogen. According to Formula (10), a large enthalpy change and
small latent heat of vaporization are beneficial for the phase transition. From the table,
it can be seen that the refrigerant R134a is prone to phase transition, and xenon is also
prone to phase transition. The distributions of the dryness and void fraction calculated for
different working fluids along the pipeline are shown in Figure 6.

0.05 T T T T
xenon
0.04p = ===~ oxygen 1
nitrogen
0.031 1
>§
0.021 1
0.01¢ 1
() lermramannanians — FI— "~_1—
0 0.5 1 2.5
Z/m
(a)

Figure 6. Cont.
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Figure 6. Comparison of the gas rate along the pipe. (a) Dryness distribution; (b) void fraction
distribution.

Figure 6 shows that the phase transition point of xenon occurs earlier than that of
nitrogen and oxygen, and at the same location, the dryness and void fraction are greater.
The dry degree distribution and void fraction distribution of nitrogen and oxygen are
relatively close. This indicates that compared to low-temperature propellants such as
liquid oxygen and liquid nitrogen, xenon has an earlier initial phase transition point and is
more prone to flash evaporation. Moreover, the phase transition of xenon also becomes
more intense.

The dryness and void fraction of different working fluids at the outlet were compared,
and the dryness and void fraction of xenon at the outlet were considered unit 1. Table 7
lists R134a, the dryness and void fraction of liquid oxygen and liquid nitrogen at the outlet,
and the ratio of dryness and void fraction of xenon at the outlet.

According to Table 7, at the outlet of the pipeline, the dryness of R134a is 2.34 times
that of xenon, and the void fraction is 1.19 times that of xenon. The dryness of oxygen is 72%
that of xenon, and the void fraction is 84% that of xenon; the dryness of nitrogen is 74% that
of xenon, and the void fraction is 58% that of xenon. Compared to xenon, the refrigerant
R134a is more prone to phase transition, while xenon is more prone to phase transition
than are classic low-temperature propellants such as liquid nitrogen and liquid oxygen.

Table 7. Specific values of the dryness and void fraction at the outlet of the pipe.

Xenon R134a Oxygen Nitrogen
Dryness 1 2.38 0.72 0.74
Void rate 1 1.19 0.84 0.58

5. Conclusions

In the absence of experiments on xenon two-phase flow in pipelines caused by flash
evaporation, this article adopts two methods for the numerical calculation of xenon two-
phase flow in pipelines. The distributions of parameters such as pressure, dryness, and
gas phase volume fraction along the pipeline were obtained. The main conclusions are
as follows.

(1) The similarities and differences between the one-dimensional homogeneous flow
model and Fluent simulation methods are compared. The results calculated by the
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two methods are similar. It is also convenient to calculate the outlet pressure under
critical flow and choked flow. Fluent can be used to calculate a two-dimensional
distribution and display the entrance area, which can be used to obtain richer flow
field information. The pipeline can be divided into single-phase and two-phase
flow sections, where the two-phase flow section exhibits rapid pressure drop with a
gas-liquid slip ratio of 1.

Increasing the diameter of the pipeline can extend the length of the single-phase
flow section without changing the inlet pressure, inlet subcooling, or outlet pressure.
Under the same conditions, increasing the length of the pipeline can extend the length
of the single-phase flow section.

By using a one-dimensional homogeneous flow model, it is possible to compare the
similarities and differences between liquid xenon and refrigerant, as well as between
liquid xenon and low-temperature propellant flash evaporation. Refrigerant, liquid
xenon, and low-temperature propellant are all working fluids that undergo significant
changes in thermophysical parameters during flash evaporation, and their dryness
and void fraction distributions in pipelines are similar. Compared to liquid oxygen
and liquid nitrogen, liquid xenon is more prone to phase transition. Therefore, before
refueling, it is necessary to precool the liquid xenon to increase its undercooling to
suppress its phase transition and ensure the smooth progress of in-orbit refueling.
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Cross-sectional area of the pipe (m?)
Diameter (m)

Friction coefficient

Mass flow density (kg m—2 s~ 1)
Specific enthalpy (J kg™1)
Length of pipeline (m)

Mmass flow rate (kg s~
Pressure (Pa)

Velocity (m s~

Dryness

Pipe length (m)

Void fraction

Density (kg m~3)

Viscosity (Pa s~

subscripts
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