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 Abstract—How to simulate experimentally the air flow and heat 
transfer under microgravity on the ground is important, which has not 
been completely solved so far. Influence of gravity on air natural 
convection results in convection heat transfer on ground difference 
from that on orbit. In order to obtain air temperature and velocity 
deviations of manned spacecraft during terrestrial thermal test, 
dimensionless number analysis and numerical simulation analysis are 
performed. The calculated temperature distribution and velocity 
distribution of the horizontal test cases are compared to the vertical 
cases. The results show that the influence of gravity is neglected for 
facility drawer racks and more obvious for vertical cabins. 
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I. INTRODUCTION 

HERMAL test is key process for spacecraft design, 
manufacture and verification[1]. How to simulate 

experimentally the flow and heat transfer under microgravity 
on the ground is important, which has not been completely 
solved so far. Influence of gravity on air natural convection 
results in convection heat transfer on ground difference from 
that on orbit. Mixed convection problem with air flows in 
enclosures are encountered in a variety of engineering 
applications [2], [3], [4]. Air flow and heat transfer in 
rectangular or square cabins driven by buoyancy and shear 
have been studied extensively in the literature [5], [6], [7]. In 
view of the results, the ratio Gr/Re2 indicates the relative 
strength of the natural and forced convection mechanisms. The 
dimensionless numbers, Reynolds number Re and Grashof 
number Gr are given by 
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with 

0u  
mean flow velocity, m/s; 

ν   kinematic viscosity, m2/s; 
L   characteristic length, m.  
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with 
g     gravitational acceleration, m2/s; 

β   coefficient of thermal expansion, 1/K; 

T∆  temperature difference between air  and wall, K. 
The ratio of the buoyancy forces and the inertial forces is 

expressed as 
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For Gr/Re2 < 0.1, the flow and heat transfer is dominated by 
forced convection, for Gr/Re2 > 10, it is dominated by natural 
convection, and for 20.1 10Gr Re≤ ≤ , it is a mixed regime. 

Based on the above observations, the pressure-reducing 
method is usually used to suppress the effect of natural 
convection in manned spacecraft pressured cabins during 
terrestrial tests in China [8], [9], [10].   

The integrated space station is huge in size, thus terrestrial 
thermal test for it can’ t be performed in space environmental 
simulator. The thermal test for full size space station should be 
performed under atmospheric pressure, and therefore can’ t 
lower pressure in cabins. Influence of gravity on air natural 
convection results in convection heat transfer on ground 
difference from that on orbit.   

The objective of the present study is to obtain air 
temperature and velocity deviations of manned spacecraft 
during terrestrial thermal test. The dimensionless number 
analysis can obtain qualitative error approximately [11], [12]. 
The numerical simulation analysis can obtain quantitative 
deviations accurately [13], [14]. Both of the two methods of 
air convection flow and heat transfer in a manned spacecraft 
have been carried out.  

The effect of the Reynolds number and the buoyancy 
parameter on the heat transfer is presented and discussed. It is 
found that the influence of gravity on air convection heat 
transfer is neglected for facility drawer racks. 

Three-dimensional simulation model of a pressured cabin is 
generated. The simulation model includes conduction and 
convection heat transfer effects. The results of numerical 
studies are used to demonstrate thermal tests for manned 
spacecraft. 

II. DIMENSIONLESS NUMBER ANALYSIS 

A. Analysis Objective 

The configuration is analyzed by completing parametric 
studies to investigate the effect of the following: gap between 
the drawer surfaces, air flow velocity and temperature 
difference in cabins. 

B. Facility Drawer Racks 

The facility drawer racks provide accommodations and 
facilitate operations for research payloads. The electronic units 
are integrated as many drawers in the rack. Cold air flows 
through these drawers to reduce the temperature inside the 
rack.  

Each typical drawer is of cubic shape with the external 
configuration of 600mm X 400mm X 150mm. There is a gap 
between the drawer surfaces for air flow (Figure 1). 
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Fig. 1 Gap between the drawer surfaces 

 
The hydraulic diameter of the rectangular channels between 

drawers is given by 

              

4 c
e

A
D

P
=                       (4) 

with 

eD  
hydraulic diameter, m; 

cA  flow channel section area, m2; 

P   flow channel perimeter, m. 
It is assumed that the drawer surface temperature is 30oC 

and the air temperature is 20oC. Fig. 2 shows the ratio Gr/Re2 
for air inside the facility rack as the air velocity is 
0.3m/s~0.5m/s and the gap is 30mm~50mm. 

 
Fig. 2 Gr/Re2 of air flow in facility drawer racks 

 
For most cases, the ratio Gr/Re2<<0.1 which identifies 

forced convection dominated regime. As a result, the influence 
of gravity on air convection heat transfer is neglected for 
facility drawer racks. 

C. Manned Cabin 

The manned cabin provides comfortable condition for 
astronauts by cold air flow (Figure 3). A typical section of 
cabin is 2m X 2m. The air velocity less than 0.5m/s in most 
manned area. The maximum velocity is 0.8m/s which exist 
nearby the air flow inlet. 

 
Fig. 3 Manned cabins of space station 

 
It is assumed that the air temperature is 21oC with 

maximum velocity and the characteristic length is 2m. Fig. 4 
shows the ratio Gr/Re2 for air inside manned cabin as the 
temperature difference between air and wall is 3oC~18oC. 

 
Fig. 4 Gr/Re2 of air flow in manned cabin 

 
Even for maximum air velocity, the ratio Gr/Re2>0.1 for 

most area inside manned cabin which identifies natural 
convection dominated regime. As a result, the influence of 
gravity on air convection heat transfer is obvious for manned 
cabins. 

D. Heat Transfer Error Analysis  

This section will analyze the error of heat transfer between 
air and wall in the manned cabin. The local Nusselt number 
(Nux) can be determined as 

              
x

x
x
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with 

xNu  local Nusselt number; 

xλ  
local thermal conductivity, W/moC . 

Heat transfer in manned cabins during terrestrial tests which 
natural and forced convection mechanisms interact are mixed 
convection. Therefore, depending upon the relative magnitude 
of these two forces, the heat transfer of air flow can be 
determined as 
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               ( )1 33 3
x F NNu Nu Nu= ±              (6) 

with 
NuF forced convection Nusselt number; 
NuN  natural convection Nusselt number. 
It is assumed that air inlet is on top of the vertical wall and 

flow out the cabin from the bottom of wall. Therefore, there 
are several vortexes on the vertical wall surfaces. As a result, 
the local flow direction which near the vertical wall is upward. 
Above expression denotes the sum of two Nusselt number. 

Space station is a combination with several cabins which 
are ventilated within each other. Air flow around the node 
cabin is turbulent flow.  

For laminar flow regions, the local force convection Nusselt 
number can be determined as [15]  

  ( )1 2 1 3 50.680 3 10FNu Re Pr Re= < ×          (7) 

with 
Pr  Prandtl number. 
For turbulent flow regions, the local forced convection 

Nusselt number can be determined as [15] 

  ( )4 5 1 3 70.296 10FNu Re Pr Re= <            (8) 

For pure natural convection on vertical wall, the average 
values of Nusselt number can be calculated as [15] 
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with 
Ra  Rayleigh number, Ra=Gr*Pr. 
In order to verifying heat transfer deviations of manned 

cabins on ground thermal test with that on orbit, the local heat 
transfer error can be calculated as [9] 
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   (10) 

It indicates the influence of gravity on air convection heat 

transfer is neglected when Er≤10%. As a result, NuN/Nuf ≤0.7.  

Fig. 5~7 show the ratio NuN/Nuf for a 2m X 2m cabin with 
various air velocity and temperature difference between air 
and wall ∆T.  

 

 
Fig. 5 NuN/Nuf of air flow with 0.6m/s velocity 

 
Fig. 6 NuN/Nuf of air flow with 0.5m/s velocity 

 

 
Fig. 7 NuN/Nuf of air flow with 0.3m/s velocity 

 
These figures reveal conclusions as follow: 

1) In laminar flow region: When the air velocity is more than 
0.5m/s and the temperature difference is less than 5oC,  
convection heat transfer error can be neglected. 

2) In turbulent flow region: When the air velocity is more than 
0.5m/s and the temperature difference is less than 3oC,  
convection heat transfer error can be neglected. 

3) In all regions: When the air velocity is less than 0.3m/s, 
convection heat transfer error is significant. 

III.  NUMERICAL SIMULATION ANALYSIS 

A. Analysis Objective 

The qualitative error of convection heat transfer has 
obtained by means of dimensionless number analysis. A 
numerical simulation analysis is adopted to acquire 
quantitative deviations of air temperature and velocity in 
ground test cases. 

B.  Mathematical Modeling 

It is assumed that the air flow is three-dimensional, steady 
state, turbulent flow and the fluid is incompressible. The 
thermophysical properties of the air at a reference temperature 
are assumed to be constant, except in the buoyancy term of the 
momentum equation, i.e., the Boussinesq approximation. It is 
further assumed that radiation heat transfer among sides is 
negligible with respect to other modes of heat transfer.  
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In the light of assumptions mentioned above, the continuity, 
momentum and energy equations can be written as follows: 

( ) 0V
t

ρ ρ∂ + ∇ • =
∂

                              (11) 

( )
( ) x

u p
uV f

t x

ρ ρ ρ∂ ∂+ ∇ • = − +
∂ ∂

                   (12) 

( )
( ) y

v p
vV f

t y

ρ ρ ρ∂ ∂+ ∇ • = − +
∂ ∂                     (13) 

( )
( ) z

w p
wV f

t z

ρ ρ ρ∂ ∂+ ∇ • = − +
∂ ∂

                    (14) 

2 2 ( ) ( ) ( )
[ ( )] [ ( )V] V

2 2

v v up vp wp
e e q f

t x y z
ρ ρ ρ ρ∂ ∂ ∂ ∂+ + ∇ • + = − − − + •

∂ ∂ ∂ ∂
&

                                               (15) 

The turbulent equation with RNG k-εmodel： 

 

( ) ( ) ( )i k eff k b M k
i j j

k
k ku a u G G Y S

t x x x
ρ ρ ρε∂ ∂ ∂ ∂+ = + − − − +

∂ ∂ ∂ ∂               
(16) 

2
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t x x x k kε ε ε ε ε ε

ε ε ερε ρε ρ∂ ∂ ∂ ∂+ = + + − − +
∂ ∂ ∂ ∂
                                               (17) 
with  
ρ  air density; 
p  pressure; 
u, v, w air velocity on x, y, z direction respectively; 
k, ε diffusivity and turbulent kinetic energy.  

C.  Numerical Methods 

A finite-volume numerical solution technique based on 
integration over the control volume is used to solve the model 
equations subject to the appropriate boundary conditions. In 
this solution algorithm, the governing equations are solved 
sequentially. The convection terms in the governing equations 
are modeled with the secondary-order upwind scheme which 
uses the upstream value and gradient to compute the value at 
the control volume face. The diffusion terms are 
central-differenced and second-order accurate. The solution 
algorithm is based on Simple solver to resolve the coupling 
between velocity and pressure. 

Fig.8 shows the manned spacecraft geometry model which 
is a combination with manned cabin and node cabin. Fig.9 
shows gridding model of spacecraft. The grid number of 
combination is 1.1 million. ANSYS as a commercial software 
is utilized to modeling, gridding, solution and post-treatment. 

 

 
Fig. 8 Geometry model of manned spacecraft 

 
Fig. 9 Gridding model of manned spacecraft 

D. Numerical Simulation Results 

To research the influence of gravity on convection heat 
transfer, 16 simulation cases are calculated (Table I) which 
include 8 horizontal test cases and 8 vertical test cases.  

 
TABLE I 

SIMULATION CASES 

Case 
No. 

Air 
Velocity at 
Inlet, m/s 

Air Temp. 
at Inlet, oC  

Boundary 
Condition 

Cabin 
Orientation 

1 0.3 17°C 
Wall Tem. 
28°C 

Horizontal 

2 0.5 17°C 
Wall Tem. 
28°C 

Horizontal 

3 0.8 17°C 
Wall Tem. 
28°C 

Horizontal 

4 1 17°C 
Wall Tem. 
28°C 

Horizontal 

5 0.3 17°C 
Wall Heat 
Flux 150W 

Horizontal 

6 0.5 17°C 
Wall Heat 
Flux 150W 

Horizontal 

7 0.8 17°C 
Wall Heat 
Flux 150W 

Horizontal 

8 1 17°C 
Wall Heat 
Flux 150W 

Horizontal 

9 0.3 17°C 
Wall Tem. 
28°C 

Vertical 

10 0.5 17°C 
Wall Tem. 
28°C 

Vertical 

11 0.8 17°C 
Wall Tem. 
28°C 

Vertical 

12 1 17°C 
Wall Tem. 
28°C 

Vertical 

13 0.3 17°C 
Wall Heat 
Flux 150W 

Vertical 

14 0.5 17°C 
Wall Heat 
Flux 150W 

Vertical 

15 0.8 17°C 
Wall Heat 
Flux 150W 

Vertical 

16 1 17°C 
Wall Heat 
Flux 150W 

Vertical 

 
The numerical results of the present analyses in horizontal 

case are compared to the vertical results. To promote the 
effects of natural convection, the constant heat flux and 
various mass flows are investigated. The calculated results of 
temperature distribution and velocity distribution are obtained.  
Fig.10~13 show the air temperature distribution in manned 
cabin of several cases. Fig.14~17 show the air velocity 
distribution in manned cabin of several cases. 
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Fig. 10 Temperature Distribution of Case 1 

 

 
Fig. 11 Temperature Distribution of Case 4 

 

 
Fig. 12 Temperature Distribution of Case 13 

 

 
Fig. 13 Temperature Distribution of Case 16 

 
Fig. 14 Velocity Distribution of Case 1 

 

 
Fig. 15 Velocity Distribution of Case 4 

 

 
Fig. 16 Velocity Distribution of Case 13 

 

 
Fig. 17 Velocity Distribution of Case 16 
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These results reveal conclusions as follow: 
1) The influence of gravity on air temperature distribution is 

more observable than that on velocity distribution.  
2) When the spacecraft is horizontal, the maximum 

temperature difference in manned cabin is about 1oC. When 
the spacecraft is vertical, the maximum temperature 
difference in manned cabin is more than 3oC. 

3) The influence of gravity on air convection heat transfer for 
vertical case during terrestrial test can’t be neglected. 

IV. CONCLUSIONS 

This study has been concerned with air temperature and 
velocity deviations of manned spacecraft during terrestrial 
thermal test, dimensionless number analysis and numerical 
simulation analysis are performed. In view of the results, 
following findings may be summarized. 
1) The influence of gravity on air convection heat transfer is 
neglected for facility drawer racks. 
2) In manned cabin: When the air velocity is higher than 
0.5m/s and the temperature difference between air and wall is 
less than 3oC, convection heat transfer error can be neglected. 
Otherwise, convection heat transfer error is significant. 
3) The influence of gravity on air convection heat transfer 
for vertical case during terrestrial test is more obvious than 
that for horizontal cases. 
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