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Abstract—How to simulate experimentally the air flow and heat
transfer under microgravity on the ground isimportant, which has not
been completely solved so far. Influence of gravity on air natura
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 therma test,
dimensionless number analysis and numerical simulation anaysis are
performed. The calculated temperature distribution and velocity
distribution of the horizontal test cases are compared to the vertica
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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l. INTRODUCTION

HERMAL test is key process for spacecraft design,

manufacture and verification[1]. How to simulate
experimentaly 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 natura 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/Re? indicates the relative
strength of the natural and forced convection mechanisms. The
dimensionless numbers, Reynolds number Re and Grashof
number Gr are given by

Re = Yok 1)
%
with
U, mean flow velocity, m/s;
v kinematic viscosity, m?/s;
L characteristic length, m.
3
Gr = 9 AT @
v
with
g gravitational acceleration, m°/s;
B coefficient of thermal expansion, 1/K;

AT temperature difference between air  and wall, K.
The ratio of the buoyancy forces and the inertial forces is
expressed as
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Gr/Re2 = M (3)
0

For Gr/Re? < 0.1, the flow and heat transfer is dominated by
forced convection, for Gr/Re® > 10, it is dominated by natural
convection, and for 0.1< Gr/Re? <10, itisamixed regime.

Based on the above observations, the pressure-reducing
method is usually used to suppress the effect of natura
convection in manned spacecraft pressured cabins during
terrestrial testsin 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 natura
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 numerica 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 modd includes conduction and
convection heat transfer effects. The results of numerical
studies are used to demonstrate thermal tests for manned
spacecraft.

Il.  DIMENSIONLESSNUMBER 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
differencein 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 externa
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 chanbetsveen
drawers is given by
D, = 44 @)
P
with
D, hydraulic diameter, m;
A flow channel section area?m

P flow channel perimeter, m.

It is assumed that the drawer surface temperati@SC
and the air temperature is°20 Fig. 2 shows the ratiGr/Re’
for air inside the facility rack as the air velgeitis
0.3m/s~0.5m/s and the gap is 30mm~50mm.
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Fig. 2 Gr/Re2 of air flow in facility drawer racks

For most cases, the ratio GrfiRe0.1 which identifies
forced convection dominated regime. As a resudt,itfiluence
of gravity on air convection heat transfer is netgd for
facility drawer racks.

C. Manned Cabin

The manned cabin provides comfortable condition for NU

astronauts by cold air flow (Figure 3). A typicadction of
cabin is 2m X 2m. The air velocity less than 0.5m/snost
manned area. The maximum velocity is 0.8m/s whigiste
nearby the air flow inlet.
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Fig. 3 Manned cabins of space station

It is assumed that the air temperature i’C2lwith
maximum velocity and the characteristic length iis. Fig. 4

shows the ratioGr/Re® for air inside manned cabin as the

temperature difference between air and walP3-38C.
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Fig. 4 Gr/Re2 of air flow in manned cabin

Even for maximum air velocity, the ratio Grf@.1 for
most area inside manned cabin which identifies rmahtu
convection dominated regime. As a result, the erfee of
gravity on air convection heat transfer is obvidoismanned
cabins.

D.Heat Transfer Error Analysis

This section will analyze the error of heat trandfetween
air and wall in the manned cabin. The local Nussalnber
(Nuy) can be determined as
=ht ()

AX
with
Nu, local Nusselt number;
A, local thermal conductivity, W/AC .

Heat transfer in manned cabins during terresteististwhich
natural and forced convection mechanisms intenacinExed
convection. Therefore, depending upon the relatiegnitude
of these two forces, the heat transfer of air floan be
determined as
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Nu, = (Nu? + Nu; )1/3 (6)
with
Nus  forced convection Nusselt number;
Nuy  natural convection Nusselt number.

It is assumed that air inlet is on top of the \attiwall and
flow out the cabin from the bottom of wall. Therefpthere
are several vortexes on the vertical wall surfagesa result,
the local flow direction which near the verticalllna upward.
Above expression denotes the sum of two Nusseltoeum

Space station is a combination with several cabihih
are ventilated within each other. Air flow arourttetnode
cabin is turbulent flow.

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

Nu, =0.68(Re"*Pr**(Re<3x10) (7)

with

Pr Prandtl number.

For turbulent flow regions, the local forced coni@t
Nusselt number can be determined as [15]

Nu. = 0.296?e4/5Pr’/3(Re<107) 8)
For pure natural convection on vertical wall, theerage
values of Nusselt number can be calculated as [15]
0.67Ra"*

Nu,, =0.68+
N [L+(0.492Pr)"** 1°

)

with

Ra Rayleigh numbeRa=Gr*Pr.

In order to verifying heat transfer deviations ofirmed
cabins on ground thermal test with that on orbig, fbcal heat
transfer error can be calculated as [9]

_ Nu—-Nu; _

3
Nu
, [
Nu. Nu.
It indicates the influence of gravity on air contien heat

transfer is neglected whé&n<10%. As a resultNuy/Nu; <0.7.

Fig. 5~7 show the ratibluy/Nus for a 2m X 2m cabin with
various air velocity and temperature differencewssn air
and wallaT.
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Fig. 5Nup/Nu of air flow with 0.6m/s velocity
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Fig. 7 Nuy/Nu of air flow with 0.3m/s velocity

These figures reveal conclusions as follow:

1)In laminar flow region: When the air velocity is mothan
0.5m/s and the temperature difference is less #h
convection heat transfer error can be neglected.

2)In turbulent flow region: When the air velocityrisore than
0.5m/s and the temperature difference is less #Bh
convection heat transfer error can be neglected.

3)In all regions: When the air velocity is less tha3m/s,
convection heat transfer error is significant.

I1l.  NUMERICAL SIMULATION ANALYSIS

A. Analysis Objective

The qualitative error of convection heat transfeas h
obtained by means of dimensionless number analysis.
numerical simulation analysis is adopted to acquire
quantitative deviations of air temperature and e&oin
ground test cases.

B. Mathematical Modeling

It is assumed that the air flow is three-dimensipsgeady
state, turbulent flow and the fluid is incompresibThe
thermophysical properties of the air at a referaeogperature
are assumed to be constant, except in the buoyanoyof the
momentum equation, i.e., the Boussinesq approximatt is
further assumed that radiation heat transfer angidgs is
negligible with respect to other modes of heatdfan
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In the light of assumptions mentioned above, th@inaity,
momentum and energy equations can be written ksl

%—f+|:|0(ld\/):0 (11)
o(pu) | ., __0p
o +0e (puV) 6x+pfx (12)
0 0
%m'(p"v):‘a—)‘;*ﬂfy (13)
o) , . S
0 o VN 0ol et YOV = g 2UP) _0(vD) _3(wp) .
Sttt DN +He[Ae+ V] =pa-— oy oz +pfeV
(15)

The turbulent equation with RNIGemodel :

0 0 0 ok
— (k) +—(pku ) = — —)+G -G -pe-Y, +
ot (oK) ax (pku) ox (B Ugg axj) G, —pE-Yy + S

i

(16)
2
PV )= @t S+ GG 4CLG)-Cup RS
17
with
p air density;
p pressure;

u, v, w air velocity onx, y, zdirection respectively;
k, & diffusivity and turbulent kinetic energy.

C. Numerical Methods

A finite-volume numerical solution technique based
integration over the control volume is used to sdlve model
equations subject to the appropriate boundary tiondi In
this solution algorithm, the governing equationgs aolved
sequentially. The convection terms in the goverréggations
are modeled with the secondary-order upwind schetrieh
uses the upstream value and gradient to computeatioe at
the control volume face. The diffusion
central-differenced and second-order accurate. Sdietion
algorithm is based on Simple solver to resolve ¢bapling
between velocity and pressure.

Fig.8 shows the manned spacecraft geometry modighwh
is a combination with manned cabin and node cabig.9
shows gridding model of spacecraft. The grid numbér
combination is 1.1 million. ANSYS as a commerciaft@are
is utilized to modeling, gridding, solution and pagatment.

terms are
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Fig. 9 Gridding model of manned spacecraft
D.Numerical Smulation Results

To research the influence of gravity on convecttozat
transfer, 16 simulation cases are calculated (T§blehich
include 8 horizontal test cases and 8 verticaldases.

TABLE |
SIMULATION CASES
Air . .
o v Mo Sy oo

1 03 17°C ‘Z"Q’O‘"CTem' Horizontal
2 05 17°C ‘Z"Qa}'(';em' Horizontal
3 0.8 17°C \2"?}'(';9”" Horizontal
4 1 17°C \Zl\ée:I(I:Tem. Horizontal
5 03 17°C ‘é‘l’l‘j‘)'(' fieat . Horizontal
6 0.5 17°C \IQIIS)I(I 1H5eg\;V Horizontal
7 0.8 17°C \é\llj)l(l 1H5eg\;\/ Horizontal
8 1 17°C \é\llj)l(l 1H5e(?\;v Horizontal
9 0.3 17°C ‘é‘é"i"(';em' Vertical
10 05 17°C ‘2"3’3§'(':Tem' Vertical
11 08 17°C ‘Zl‘éi‘yem' Vertical
2 1 17°C \Zl‘ga(": Tem Vertical
13 03 17°C \é‘l’jﬂ 1"'565"\;\/ Vertical
14 05 17°C \IQI’S)'(' 1"'56(‘;"\}\, Vertical
15 08 17°C \é‘l’j)'(' 1"'565"\}\/ Vertical
6 1 17°c \QI’S)'(' 1"'565"\}\/ Vertical

Fig. 8 Geometry model of manned spacecraft

The numerical results of the present analyses iizdwtal
case are compared to the vertical results. To pr@ntoe
effects of natural convection, the constant heak fand
various mass flows are investigated. The calculatsdlts of
temperature distribution and velocity distributiare obtained.
Fig.10~13 show the air temperature distributionmanned
cabin of several cases. Fig.14~17 show the air citglo
distribution in manned cabin of several cases.
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Fig. 10 Temperature Distribution of Case 1
Fig. 14 Velocity Distribution of Case 1

Fig. 11 Temperature Distribution of Case 4
Fig. 15 Velocity Distribution of Case 4

Fig. 12 Temperature Distribution of Case 13 Fig. 16 Velodity Distribution of Case 13

Fig. 13 Temperature Distribution of Case 16 Fig. 17 Veocity Distribution of Case 16
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These results reveal conclusions as follow:

1) The influence of gravity on air temperature digitibn is
more observable than that on velocity distribution.

2)When the spacecraft is horizontal,
temperature difference in manned cabin is abb@t When
the spacecraft is vertical,
difference in manned cabin is more th46.3

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

IV. CONCLUSIONS

This study has been concerned with air temperatmc
velocity deviations of manned spacecraft duringetrial
thermal test, dimensionless number analysis anderioat
simulation analysis are performed. In view of thesuits,
following findings may be summarized.

1) The influence of gravity on air convection heahsfer is
neglected for facility drawer racks.

2) In manned cabin: When the air velocity is higheairth

0.5m/s and the temperature difference betweenndinvall is

the maximum

the maximum temperatu
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less than &, convection heat transfer error can be neglected.

Otherwise, convection heat transfer error is sigaift.

3) The influence of gravity on air convection heansfr
for vertical case during terrestrial test is motesious than
that for horizontal cases.
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