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ABSTRACT

Through theoreticd andys's and numericad verification, a materid-temperature-humidity preservation
technique has been proposed to ground therma scale moddling of heat and mass transfer system
under micro-gravity, through the technique of wal heat flux compensation and modification, materid,
temperature and humidity can be preserved smultaneoudy, when the modd size is properly reduced
the natural convection can be dramaticaly suppressed, so that the heat and mass transfer of the
ground based model can represent that of the space cabin. Also the smilarity between the modd and
the prototype in temperature, humidity and flow field of the space station can be obtained on the
ground with this preservation technique.

NOMENCLATURE

A, citical vaueof Ra/Re? g gravity accdleration, 9.8m/s’

C non-dimensional humicity s inputted wall heat flux, W/n?

Co characterigtic humidity, g/n?® W characteristic velocity, m/s

Gr Grashof number

L characteridic length, m Greeks

N number of surface unit cell DF; radiition view factor

Nu- Nusselt number |+ fluid heet conductivity,W/m.K

P non-dimensond pressure, Pa . . 1
b therma expanson coefficient,K

Pr Prandt number T . N s/ P

Re Reynolds number gyar‘;anlcvs;?ty sim o 4

T temperaiure, K S @on : icient, W/ (m® xK™)

T r . densty of fluid, Kg/n®

5

reference fluid temperature, K
q,=T/T,

T, fluid temperature, K e

tempaauedf acatEinwal wit K 0 3 A
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” non-dimensiona velocity vector ¢, thespeific heet of fluid
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INTRODUCTION

In order to supply reliable data for therma design of a spacecraft and to choose the therma control
parameter, ground based experiment must be conducted during the designing and manufacturing stage,
though manned spacecraft misson has come to a redity, safety and durability is of grest importance for
manned spacecraft, In order to create a comfortable environment for crew members and to safeguard
gpparatus in space station working with safety, active therma control measures is usudly applied to
control the temperature and humidity in spacecraft cabin.

Under micro-gravity environment, natura corvection is week, ventilation in the spacecraft cabin is
forced convection. But on the ground, mixed convection developed as the naturd convection exids if
there is temperature difference. Former research involved non-orbit experiments, which not only lead to
heavy cost but dso can't obtain aworking time that is long enough for thermal sability.

Therma scade modding can dso be used to smulate the convective heat transfer in micro-gravity[1],
that isto say, convective heet transfer in the prototype can be smulated by usng a smaller modd on the
ground according to the similitude theory, then convert the result of the model to that of the prototype.
R.L.Shannort? did some research in therma scale moddling of radiation - convection and conduction
sysem. Some preservation technique was proposed through the andysis of basic equations. (1)
temperature preservation (2) materid preservation (3)scaling comprise and (4) Nussdt number
preservation technique. When using the first two techniques, temperature and materia preservation
can't be achieved a the same time. And Nussdlt number preservation technique requires too much
experiment work to be applied to practice. Experts preferred to use the scale compromise technique to
keep the temperature and the materia unchanged at the same time at the cost of the modeling accuracy,
which usualy cause deviations from the prototype.

In order to modeling the heat trandfer and fluid flow of micro-gravity environment, the
temperature-materia  preservation  technique which can suppress the naturd convection was
introduced™*, natural convection can be diminated by reducing Grashof number, but the hest
conduction and mass transfer of the cabin wal was not discussed which dso exigs in ventilation system
in the space Station cabin.

Andysisin this paper shows, if you want to preserve the materid, temperature, humidity and flow field,
boundary condition the must be changed, more accurately spesking, wall surface heat flux must be
redistributed. So the temperature-humidity-material preservation technique is developed by the
technique of wall heat flux compensation introduced in this paper, and it solved the problem that
temperature and materia can not be preserved a the same time. Both theoretica explanations and
numerica verifications are made of this heat flux compensation technique in this paper.

THEORETICAL ANALYSS

Differentid equetions for the sysem is
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To satidfy the amilitude condition, equation (1)-(5) and the related coefficients of the model must be the
same as that of the prototype, <o the following non-dimension variable group must be kept the same as
the prototype:

3 3 2 3
S(.?_isn4 ;S-lrmf = ; STiIn = Pr= (?)f;Re: rur;L Gr=" g:;_ T ;S_Isnegol_
X=x/L,Y=y/LU=0/u,,q=T/T,,q, =(T, - T)/T ,P=pl/ru,’
When thermal scale retio is not unity, non-dimension number sT °L /| , can't be kept unchanged if

temperature and materiad should be kept congtant at the same time. Theoretica andyss shows that
radiation heat flux in the mode does not change according to the scae raio as the geometry of the
mode is the same with that of the prototype except the scae ratio change, but conductive hegt flux of
the cabin wall, convective heat flux and evaporation heat flux must change according to the thermd scale
ratio to satify the boundary energy baance equation, this inevitably result in the requirement of the
redistribution of the wal hest flux, this revedls the reason that temperature and material can’t be kept a
the same time is because the radiation-convection interface condition can't be saisfied unless the
boundary conditions ae changed, This dso explans why the nondimenson number
sT °L/1 , comes from equation (1) which describes the fluid/solid interface condition. In order to
preserve the materid, temperature, humidity and flow field, wall-surface heet flux need to be changed.

Concerning a conductionconvection-radiation heat and mass transfer system, the boundary condition
for prototypeis.

qS = qr + qCOﬂV + qC + qV (6)
(fluid solid boundary heet flux)=(radiation heat flux)+(convective heat transfer heat flux)+(conductive
hest flux)+(evaporation heat)
In order to keep the materid and temperature fidd unchanged in thermd scae modeling, conductive
heat flux, convective heet transfer flux and evaporation hest flux in every locd region must be n times of
the prototype when modd sze is reduced to 1/n of the prototype. But radiation heet transfer is just a
function of wall temperature and the radiation surface conditions, and will not change with the Sze. So
the boundary condition for the model can be written as.

qSI:qI' +n>qCOFN +n>qC+n)qV (7)

(fluid/solid interface heat flux after modification)=(radiation heet transfer of the prototype)+ n(convection
heet transfer of the prototype)+n(conduction heat flux)+n(evaporation hest)

In order to keep the temperature field unchanged when modding using a smdler sze modd, the heat
flux distribution must be changed according to boundary condition. The difference from paper[2] is that

non-dimensonnumber  sT %L /1 , isno longer kept congtant instead of the modificetion of the hest
flux digtribution.

If nontdimenson number Gr, Re and Pr and non-dimenson boundary conditions can be kept
unchanged, temperature field and flow field can be kept the same as the prototype. If the mode sze is
properly reduced to achieve Ra/Re’<A, natural convection can be suppressed®, if heat flux can be
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modified according to the above discusson, just keep Re and Pr unchanged is necessary, then the
relationship between Re, Gr, Pr and Nu can be satisfied automaticaly when amilitude is achieved, and
the amilarity between the modd and the prototype in temperature, humidity and flow pattern can be
obtained.

NUMERICAL VERIFICATION

Numerical smulation for heet transfer and fluid flow in space dation cabin is based on the related
differentid equations. The streamlines and isotherms can be obtained by means of the finite difference
method. Fig 1 is a schemdtic of the test section. Hesat transfer and fluid flow in the cabin can be
described by equation (1)-(5), dong with velocity boundary, temperature boundary and humidity
boundary, the mathematics mode is created. SIMPLE method®is applied to solve the equations listed
above.

In numericd work, the cabin is smplified to a rectangular box, and air flow in the cabin is assumed
laminar, radiation surface is black.

In order to verify the numerica method, heat transfer and fluid flow in a closed cavity is Smulated, result
agrees well with references”. an experimenta platform sized 0.67m><0.67><1.5m(Fig 1)is dso made
to further verify the numerica result, in experiments inlet air temperature is 20? , outlet and inlet Sze is
0.03m and 0.67m in widths respectively, uniform hest flux in two sideis  g_(60,120,360w/m2), bottom

is adiabatic.

Moisture source | symmetry side
Hedting plate —

Tout Vou —

out
7 qaakic 7
Fig 1 schematic of test section

Fig 2 isthe comparison of numerica result and the experimental result. Linesrefer to the numerical result,
black dots refer to the experimenta results. It shows that the difference between them is less than 10%
percent. The reason isthat there re difficulties to redlize the given conditions used in numerica method.

Numerical andyss for different scding ratio is caried out to verify the temperature-meterid
preservation technique for conduction-convection radiation system under micro-gravity. The ratio used
in numerical method is 1:1,1:5,1:8,1:10, and Re number is kept constant for different ratio. Table 1 is
the smulation result of important parameters, it shows that natura convection is prevailing for the 1:1
model, Nusselt number for its convective heet transfer is higher on the ground than the prototype in
gpace dation, this means ground based experiment can't represent the heat and mass transfer condition
in space. As Grashof number decreases with the reduction of modd size, the natural convective flow
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can be diminated by applying a greater ratio model. When using a mode with a 1.5 ratio, its average
Nussalt number deviation from the prototype in space Station is as low as 3%, its average Sherwood
number deviation is about 10%. Even the discrepancy is smdl, the loca distribution of Nusselt number
have greater difference from the expected vaue. Fig 3 shows the local Nussat number ditribution for
modd s with various ratio, Fig 4 shows the local Sherwood number digtribution for models with various
ratio. If a modified heet flux distribution(Fig 56) is gpplied according to the therma similitude theory,
when ascaeratio of 1.7 is gpplied, loca Nussdlt number distribution and Sherwood number distribution
agree well with these of the prototype, so does the streamlines and isotherms (Fig 7,8,9,10).

Table 1. Important parameters of different ratios
ratio g/m-s? Gr/10° Nu e, | % Sh e, | % Gr/RE
11 0.0 0.0 83.25 0.0 156.35 0.0 0.0

11 938 1367.1 14841 7827  238.86 52.77 8542

13 938 62.65 100.04 20.17  148.20 -5.21 3.916

1: 5 98 1411 8113 -2.55 140.06 -1042 0.882

127 9.8 4.95 82.40 -1.02 152.02 -2.77 0.310
CONCLUSION

Based on the previous work?®®, a so-caled temperature-materia preservation technique is further
developed and extended to radiation-convection system. If the modd size is properly reduced and wall
heat flux digtribution is modified according to the smilitude theory, flow and hest and mass trander in
space station cabin can be smulated on the ground and the materid, temperature and humidity can be
kept the same as that of the prototype. It shows that the heat flux modification technique proposed in
this paper can be used to smulae the heat trander and fluid flow under micro-gravity for a
conduction-convectionradiation heet and mass trandfer system, and it is concluded that the ventilation in
a spacecraft cabin can be smulated on the ground using a properly sized modd.
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