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This paper performs numerical simulation on the decompression process of a Mars rover using FLUENT. The pressure
differential between the inside and outside of the Mars rover resulting from changes in ambient pressure of the rocket fairing
is investigated. In terms of numerical simulation, PROFILE outlet boundary conditions are developed and the impacts of
ambient pressure settings, time steps, and mesh density are investigated to improve the accuracy of simulation results. The
decompression process of the separate large module, large and small modules under two types of ambient pressures are
simulated. The results show that the largest pressure differential between the inside and outside of the module body is less than
2200 Pa. Because of the small size of the small module, the results for the separate large module and the large/small modules
are consistent. The pressure differential between the inside and outside of the rover is mainly influenced by the variation in
ambient pressure.

1. Introduction

In Mars exploration mission, the rover, which contains a
nonsealed module, uses heat sealing for aerodynamic thermal
protection. Nevertheless, it is difficult to conduct quantitative
analysis on the air permeability of the structure of the cabin.
Besides, the pressure-bearing capacity of the cover on the
top of the small end of the rover is limited. In the process of
launch, the ambient pressure in the rocket fairing drops dra-
matically and the pressure differential between the inside
and outside of the rover might exceed the bearing capacity of
the cover. Therefore, holes are made in the low heat flow area
on the surface of the rover to make sure that the pressure dif-
ferential between the inside and outside in the launch phase
falls within the range of the bearing capacity of the cover.

The process of decompression in the module can be
reduced to the process of deflation in a container, which is
a complex unsteady-state process of variation in polytropic
indices and heat transfer coefficients. In the deflation pro-
cess, velocity field, temperature field, and pressure field vary
over time. But on the real-world engineering issues, it is usu-
ally simplified as an adiabatic deflation process or isothermal
deflation process [1, 2]. Due to the complexity of the degas-

sing process, a lot of experiments were mostly carried out on
the test bench to obtain systemic degassing characteristics on
different parameters [3]. With an increase in the level of
computer numerical simulation, Computational Fluid
Dynamics (CFD) greatly reduces the amount of experimen-
tal work, but some phenomena, such as complex physical
boundaries and the speed of gases reaching the speed of
sound or more in the degassing process, still exist. Therefore,
the calculation of the flow field inevitably involves multidi-
mensional transient flow simulation, complex meshing and
massive amounts of meshes, and other issues [4]. In addi-
tion, the degassing performance of the degassing system is
influenced by many factors [5–7], such as the initial pressure
in the container, the length, inner diameter, inner wall
roughness of the tube, the effective bore, the length of the
bore, the inner wall roughness of the bore of the automatic
valve, the possibility of sudden changes to the gas path,
ambient conditions, and state of gas media. Jin et al.
[8–10] of Harbin Institute of Technology carried out
research on the inflation/deflation processes of the empty
container, put forward a method for modeling and determi-
nation of heat exchange coefficients based on experimental
and theoretical analysis, verified its accuracy through
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experiments, and discussed the heat exchange coefficient on
the state parameters of the system. In addition, Li et al. [2]
calculated the flow field of the aerodynamic inflation/defla-
tion system and presented a calculation method for one-
dimensional unsteady flow field that takes into account fric-

tion and heat transfer. However, in the abovementioned
research, the simulation of the flow field in the deflation pro-
cess is on pipes and the lumped parameter model used in the
container does not reflect variation in distribution and vari-
ation of temperature and speed in the intrinsic deflation pro-
cess of the container. Li et al. [11] of the China Academy of
Engineering Physics investigated the deflation time it takes
for the deflation system, which consists of a larger container,
multiple segments of slender tubes of different diameters
and lengths, and automatic valves, when reducing the initial
pressure of 0.6MPa to the residual pressure of 0.001MPa
through deflation, deduced related calculation formulas,
and proposed that the whole deflation process be divided
into two phases: sonic and subsonic. Li et al. [12] of the
China Academy of Engineering Physics created a formula
for the variation of pressure in the container based on the
opening deflation system for the mechanism design of the
deflation system in low-pressure environments to simplify
the calculation process and shorten the calculation time.
Yang et al. [13] described the process of constant volume
inflation and deflation of high-pressure gases by creating
mathematical equations. The results show that the inflation
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Figure 3: Topology of the meshes.
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and deflation process of gases matches with the results of the
ideal gas model. Huang et al. [14] investigated the regulation
characteristics of annular-slit pressure-regulating valves.
Results show that the annular-slit pressure-regulating valve
can better meet the requirements of pressure regulation of
transient wind tunnels. Kuptsov et al. [15] described the
parameters and conditions of vertical exhaust in the critical
and subcritical states and put forward two methods for cal-
culating the draining time of the container.

This paper simulates the decompression process of the
Mars rover in the taking-off stage by means of numerical
simulation. The effects of environmental pressure setting,
time step, and mesh density on simulation results are stud-
ied to improve the accuracy of calculation results. The laws
of variation in the pressure differential between the inside
and outside of the module resulting from changes in the
ambient pressure in the rocket fairing are studied.

2. Model Design

The subject of research in this paper is a nonsealed module.
It has a maximum volume of less than 12m3, a maximum
outer diameter of 3401mm, and a height of 2608mm. The
cover is on the top of the module, and the opening is located
in the low heat flow area on the leeward surface of the mod-
ule, with a diameter of 130mm. The diameter of the opening
between the large module and the small module is 35mm.
The cable that passes through the small opening is 20mm.
This structure is simplified, with only the bodies of the
large/small modules, small holes between modules, cables,
openings on the large module, and baffles remained, as
shown in Figure 1.

By taking the inner pressure design belt of the fairing as
a condition of pressure drop in the environment outside of
the module, the conditions of pressure drop corresponding
to two operating conditions for the research in this paper
are shown in Figures 2(a) and 2(b), respectively.

3. Numerical Methods and Verification

3.1. Computational Meshes and Generation Methods. Mesh
generation techniques are an important part of CFD. Com-
mercial software POINTWISE was used to generate full-
structure meshes, and the number of meshes is about 1.45
million. The computational domain consists of three parts:
large module body, small module body, and radiant outer
domain. To ensure the accuracy of the results, a radiant
outer domain along the direction of openings is added on
the outside of the opening of the large module and the
boundary of the outer domain serves as the pressure

Figure 4: Wall surface meshes of the large module.

Figure 5: Wall surface meshes of the small module.

Figure 6: Wall surface meshes of the small hole, intermediate
cable, and surrounding.
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boundary condition. Figures 3–6 show the topology of the
entire computational meshes, the wall surface meshes of
the large/small modules, and the wall surface meshes of the
small hole and in its proximity. A fluid domain of a certain
size is provided on the outside of the large hole in the large
module, and the boundary condition is set as pressure outlet
to simulate the ambient pressure outside the module. In the
deflation process, the deflation system is in a sealed environ-
ment with stable temperature. Therefore, it is assumed that
the decompression process of the rover researched in this
paper is an isothermal deflation process [11], the wall sur-
face of the module body uses an isothermal wall, and the
temperature of the wall surface is 300K.

3.2. Verification of Numerical Schemes. The fluid simulation
module FLUENT in the commercial software package
ANSYS is used to perform numerical simulation on the
decompression process of the module. In this decompres-
sion process, the velocities in most areas are close to zero.
Therefore, a pressure-based solver is used to solve problems.

In the process of numerical discretization, advection
terms are discretized with a second-order upwind scheme
and least-squares construction based on cells is utilized for

diffusion terms; pressure-velocity coupling is performed
using the SIMPLE algorithm; a second-order implicit
scheme is used in time discretization, and the ideal gas
model and realizable k − ε turbulence model are applied.

There are three main factors that influence the accuracy
of calculations in this paper: ambient pressure boundary set-
tings, time scheme, and computational meshes. In this sec-
tion, numerical schemes are verified in these three aspects
to ensure the reliability of computation.

3.2.1. Mesh Independence. In this section, mesh indepen-
dence verification is performed for the meshes of the large
module with the numbers of meshes of 1.18 million, 2.10
million, and 4.03 million, respectively, to research the
impact of the density of computational meshes on the
results. The lower limit of internal pressure in condition 1
where the pressure changes dramatically is selected as ambi-
ent pressure, and 0.02 s is selected as the maximum time
step.

The curves of variation in the mass and pressure inside
the large module with different numbers of meshes are
shown in Figures 7 and 8. The results suggest that the curves
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of variation in the mass and pressure inside the module are
basically consistent despite different densities of meshes.

The curves of variation in pressure differential between
the inside and outside of the module are shown in
Figure 9. The results show that the laws of variation in pres-
sure differential between the inside and outside of the mod-
ule are basically the same with no obvious difference and
there is only some difference in maximum values. In addi-
tion, the laws of variation in pressure differential are not
monotonic with an increase in the density of meshes. When

the number of meshes is 1.18 million, the respective pressure
differential between the inside and the outside is the largest
and the results are relatively conservative and it is also pos-
sible to save computational resources.

3.2.2. Ambient Pressure Simulation. It is crucial to simulate
the ambient pressure outside the module. On the one hand,
static pressure needs to be set at the boundary of the outlet
for pressure outlet boundary conditions. The setting of static
pressure is only used in subsonic flow. If the local flow veloc-
ity reaches the supersonic speed, the set pressure will no lon-
ger be used. Pressure is extrapolated from the inside of the
flow field, and other flow parameters are also extrapolated
from the inside. On the other hand, backflow conditions
need to be defined for pressure outlet boundaries in favor
of convergence calculation.

Change of ambient pressure outside the module is given
in Figure 2 and normally defined using UDF or PROFILE in
FLUENT software in calculation. This paper uses the two
methods, respectively, to fit and compare the ambient pres-
sure outside the module and discusses the results.

First, use a user-defined function (UDF) to define varia-
tion in ambient pressure. UDF uses a polynomial to fit the var-
iation characteristics of pressure. As shown in Figure 2(a), the
upper limit of internal pressure for ambient pressure 1 is easier
to fit; as shown in Figure 10, the fitted curves match well with
raw data when using a sixth-order polynomial to do the fit-
tings. However, it can be seen from Figure 2 that there are sud-
den changes in the lower limit of internal pressure for ambient
pressure 1 and ambient pressure 2, which makes it difficult to
fit the variation characteristics of pressure. Therefore, UDF is
not suitable to simulate the outside complex pressure environ-
ment of the Mars rover.
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For PROFILE, the law of variation in ambient pressure
over time is written into a file and settings are made in pres-
sure outlet boundary conditions. In the computation pro-
cess, the program performs interpolation according to the
data in the file to derive ambient pressure in each time step
and update calculation. Therefore, this paper chooses PRO-
FILE to set ambient pressure boundaries.

3.2.3. Time Step. When performing numerical simulation on
the process of decompression in the module, time step is a
key parameter that influences the accuracy of calculation.
To meet the requirements of accuracy and quickness, the
impact of time step on the results of calculation is explored.
First, create a two-dimensional axisymmetric model for
analysis. The volumes of the large/small modules, the sizes
of the opening between the large/small modules, and the
opening in the large module of this model are approximately
the same as those of the original model. In the computation
process, the initial pressure in the module is set to standard
atmospheric pressure and ambient pressure is defined using
the PROFILE file.

Calculation is carried out with different time steps. The
law of pressure variation in the module is shown in
Figure 11. As shown in Figure 11(a), the pressure drop
curves to which different time steps and the number of iter-
ations correspond are overlapped after the flow state is cre-
ated and the flow is stable. Therefore, the time steps and
the number of iterations have less influence; however, as
shown in Figure 11(b), the pressure curves which large time
steps correspond fluctuate greatly in the process of creation
of flow state in the initial stage.

Hence, smaller time steps are adopted to accurately sim-
ulate variation in velocity and pressure in the process of cre-
ation of flow state in the initial stage, with requirements of
accuracy and quickness in mind; with the advancement of
calculation time, time steps are gradually enlarged after the
flow state is created.

Comparative analysis shows that pressure already
changes slowly when the time step is 0.001 s during the cre-
ation of flow stage in the initial stage. After the creation of
flow state, it is still necessary to consider quickness and accu-
racy when choosing the final time step. Therefore, a three-
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dimensional computational model for the large/small modules
is created and the final time steps of 0.01 s and 0.02 s are cho-
sen. The ambient pressure is the lower limit of internal pres-
sure in condition 1, and numerical simulation is performed
on variation of pressure inside the large/small modules.

The curves of variations in the ambient pressure and the
pressure in the wall surface of the large module and the bot-
tom surface and the sidewall surface of the small module are
shown in Figure 12. The results show that pressure in the
large/small modules declines as the ambient pressure drops;
there is no significant difference of pressure in the large/
small modules when adopting different time steps.

The curves of pressure difference between the pressure in
the large/small modules and the ambient pressure are shown
in Figure 13. The results show that the differences between
the intensities of pressure in the bottom and side of the
large/small modules and the ambient pressure are almost
consistent when the maximum time steps are the same; the
differences between the intensities of pressure in various
modules and the ambient pressure are comparatively consis-
tent initially (0-30 s) when the maximum time steps are dif-
ferent; the gap between the pressure differentials for various
modules to which different time steps correspond increases
gradually when the ambient pressure decreases more
quickly; the pressure differentials for various modules to

which different maximum time steps correspond tend to
be the same as the ambient pressure drops more slowly.

In summary, when the maximum time step selected is
larger, the value of the difference between the intensities of
pressure in various modules and the ambient pressure is rel-
atively big and the results are more conservative. Therefore,
we choose 0.02 s as maximum time step to meet the require-
ments of quickness and accuracy.

4. Computational Results and Analysis

Simulate the process of decompression in the module. First,
simulate the decompression in the separate large module
and analyze the variation characteristics of pressure in the
large module when the ambient pressure is the upper and
lower limits of internal pressure in condition 1; then, simul-
taneously considering the impact of the large/small modules,
simulate the actual deflation process of the large/small mod-
ules and analyze the variation characteristics of pressure
inside the large/small modules when the ambient pressure
is the upper and lower limits of internal pressure in condi-
tions 1 and 2.

4.1. Computation for the Separate Large Module

4.1.1. The Upper Limit of Internal Pressure in Pressure Drop
Condition 1 Is Selected as Ambient Pressure.When the upper
limit of internal pressure in condition 1 is selected as
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ambient pressure for pressure outlet boundary conditions,
the curve of variation in the mass of gas in the large module
over time is shown in Figure 14. The results show that the
gas is gradually expelled from the module and the mass of
gas inside the large module decreases gradually as the ambi-
ent pressure declines gradually.

Figure 15 shows the variation curve of wall pressure and
environmental pressure in the large module over time. The
pressure in the cabin decreases with the decrease of environ-
mental pressure.

The curve of variation in the pressure differential
between the inside and outside of the wall of the large mod-
ule over time is shown in Figure 16. At the initial moment
(t = 0 s), the pressure inside the module is standard atmo-
spheric pressure and differs greatly from ambient pressure,
and in 1 s, the pressure inside the module falls quickly and
the pressure differential declines fast accordingly; subse-
quently, the environmental pressure gradually decreased,
and the decline rate gradually increased; the cabin wall
inside and outside the pressure difference gradually

increased; at last, ambient pressure drops at a gradually
decreasing speed and the pressure differential between the
inside and outside of the wall surface of the module
decreases gradually and accordingly again. The maximum
value of the pressure differential between the inside and out-
side of the wall surface of the module is smaller than 600Pa.

4.1.2. The Lower Limit of Internal Pressure in Condition 1 Is
Selected as Ambient Pressure. When the lower limit of inter-
nal pressure in condition 1 is selected as ambient pressure
for pressure outlet boundary conditions, the curve of varia-
tion in the mass of gas inside the large module over time is
shown in Figure 17. The gas is gradually expelled from the
module, and the mass of gas inside the large module
decreases gradually as the ambient pressure declines
gradually.

The curves of pressure in the wall surface of the large
module and the ambient pressure over time are shown in
Figure 18. The pressure inside the module decreases as the
ambient pressure decreases.

Figure 19 shows the curve of variation in the pressure
differential between the inside and outside of the wall of
the large module over time. The results suggest that, at the
initial moment (0-60 s), this curve is similar to the curve of
variation in the pressure differential under the condition in
which the upper limit of internal pressure is selected as
ambient pressure in Section 4.1.1; after 60 s, ambient pres-
sure plunges, leading to a sudden increase in pressure differ-
ential between the inside and outside of the module; then, as
the module continued to relieve pressure, the pressure differ-
ence gradually decreased. The maximum value of pressure
differential between the inside and outside of the wall of
the module does not exceed 1200Pa.

4.2. Computation for the Large/Small Modules

4.2.1. The Upper Limit of Internal Pressure in Pressure Drop
Conditions Is Selected as Ambient Pressure. When the upper
limit of internal pressure in condition 1 is selected as ambi-
ent pressure for pressure outlet boundary conditions, the
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velocity contour in the center section of the large and small
modules at t = 18 s is shown in Figure 20. The results show
that the velocity increases gradually near the pressure relief
hole, and when reaching the exit, the velocity increases
sharply, and the maximum velocity is closed to Ma5, show-
ing the outward jet shape, and then decreases gradually.

Figures 21 and 22 show the curves of variation in the
mass of gases inside the large and small modules. The results
show that the gas is expelled gradually from the module and
the masses of gases inside the large/small modules decrease
gradually as the ambient pressure declines gradually.

The curves of pressure in the inner wall surface of the large
module, the bottom and side of the inner wall of the small mod-
ule, and the ambient pressure over time are shown in Figure 23.
It can be seen that the pressure inside the large/small modules is
consistent and decreases as ambient pressure drops.

The curves of variation in pressure differential between
the inside and outside of the inner wall surface of the large

module and the bottom surface and the sidewall surface of
the small module over time are shown in Figure 24. At the
initial moment (t = 0 s), the pressure inside the module is
standard atmospheric pressure, which has a certain pressure
difference from the ambient pressure; the pressure differen-
tial drops quickly as the module is deflated; thereafter, ambi-
ent pressure decreases gradually and at a gradually
increasing speed, and the pressure differential between the
inside and outside of the wall surface of the module increases
gradually; over time, ambient pressure goes down at a grad-
ually decreasing speed and the pressure differential between
the inside and outside of the wall surface of the module
declines gradually. The maximum value of the pressure dif-
ferential between the inside and outside of the wall surface
of the module is about 600 Pa.

4.2.2. The Lower Limit of Internal Pressure in Pressure Drop
Condition 1 Is Selected as Ambient Pressure.When the lower
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limit of internal pressure in condition 1 is selected as ambi-
ent pressure for pressure outlet boundary conditions, the
curves of variation in the mass of gas inside the large and
small modules are shown in Figures 25 and 26. The results
show that with the decrease of the ambient pressure, the
gas in the module is gradually expelled, and the mass of
the gas in both the large and small modules decreases
gradually.

The curves of pressure in the inner wall surface of the
large module, the bottom surface and the side of the inner
wall of the small module, and the ambient pressure over
time are shown in Figure 27. The pressure inside the large
and small modules declines as ambient pressure drops.

The curves of variation in the pressure differential
between the inside and outside of the inner wall surface of
the large module and the bottom surface and the sidewall
surface of the small module over time are shown in
Figure 28. At the initial moment (0-62 s), the pressure differ-
ential between the inside and outside of the wall of the mod-

ule increases gradually over time; after 62 s, the pressure
differential reaches a brief peak due to an accelerated decline
in ambient pressure; thereafter, the increase in the pressure
differential causes a rise in the speed of decompression, thus
leading to a quick drop in the pressure differential. The max-
imum value of the pressure differential is less than 1200Pa.

4.2.3. Pressure Drop Condition 2 Is Selected as Ambient
Pressure. When pressure condition 2 is selected as ambient
pressure in pressure outlet boundary conditions, the curves
of variation in the mass of gas in the large/small modules
are shown in Figures 29 and 30. The results suggest that
the gas is expelled gradually from the module and the masses
of gas inside the large/small modules decline gradually as the
ambient pressure decreases gradually.

The curves of pressure in the inner wall surface of the
large module, the bottom and the side of the inner wall of
the small module, and the ambient pressure over time are
shown in Figure 31. It can be seen that the pressure inside
the large/small modules decreases as ambient pressure goes
down.
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Figure 27: Curves of pressure in the wall surfaces of the large and
small modules.
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Figure 28: Curves of variation in pressure differential for the large
and small modules.
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The curves of variation in the pressure differential
between the inside and outside of the inner wall surface of
the large module and the bottom surface and the sidewall
surface of the small module over time are shown in
Figure 32. At the initial moment (t = 0 s), the pressure inside
the module is standard atmospheric pressure, which has a
certain pressure difference from the ambient pressure; the
pressure differential drops quickly as the module is deflated;
thereafter, ambient pressure goes down gradually and at a
gradually increasing speed, and the pressure differential
between the inside and outside of the wall surface of the
module increases gradually and accordingly; over time,
ambient pressure declines at a gradually decreasing speed,
and the pressure differential between the inside and outside
of the wall of the module falls gradually and accordingly.
When t = 65 s, ambient pressure drops dramatically to
6381Pa in 1 s and the pressure differential between the
inside and outside of the wall surface of the small module
reaches a maximum, at around 2150Pa.

5. Conclusion

This paper uses FLUENT to perform numerical simulation
on the decompression process of the Mars rover, develops
outlet boundary conditions for PROFILE, and investigates
the impact of ambient pressure settings, time steps, and the
density of meshes on the results of simulation to improve
the accuracy of computational results. The decompression
process of the separate large module and the large/small
modules under the ambient pressure of conditions 1 and 2
is simulated. The results show that when the ambient pres-
sure is the upper limit and lower limit of internal pressure
in condition 1 and condition 2, respectively, the maximum
internal and external pressure difference is less than
600Pa, 1200Pa, and 2200Pa. Due to the small volume of
the small module, the results for the separate large module
and the large/small modules are basically consistent. The
pressure differential between the inside and outside of the
rover is mainly affected by changes in ambient pressure. In
subsequent researches, on the one hand, the area of the
opening should be increased and the following performance
of pressure inside the module be sped up. On the other hand,
the distortion of ambient pressure inside the fairing should
be cut down to further reduce the pressure differential
between the inside and outside of the rover.
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