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ABSTRACT 
Through theoretical analysis and numerical verification, a material-temperature-humidity preservation 
technique has been proposed to ground thermal scale modeling of heat and mass transfer system 
under micro-gravity, through the technique of wall heat flux compensation and modification, material, 
temperature and humidity can be preserved simultaneously, when the model size is properly reduced 
the natural convection can be dramatically suppressed, so that the heat and mass transfer of the 
ground based model can represent that of the space cabin. Also the similarity between the model and 
the prototype in temperature, humidity and flow field of the space station can be obtained on the 
ground with this preservation technique. 
 
 
NOMENCLATURE 

Acr critical value of Ra/Re2 
C non-dimensional humidity 
C0 characteristic humidity, g/m3

 

Gr Grashof number 
L characteristic length, m 
N number of surface unit cell 
Nu Nusselt number 
P non-dimensional pressure, Pa 
Pr Prandt number 
Re Reynolds number 
T temperature, K 
Tin  reference fluid temperature, K 
T f  fluid temperature, K 

Tj  temperature of a certain wall unit, K 

U non-dimensional velocity vector 
r
e g  unit vector of gravity acceleration 
re n  normal unit vector at wall surface 

g gravity acceleration, 9.8m/s2 
q s  inputted wall heat flux, W/m2 
u0 characteristic velocity, m/s 
 
Greeks 
∆F j radiation view factor 
λ f  fluid heat conductivity,W/m.K 
β   thermal expansion coefficient,K-1 
µ  dynamic viscosity, N s m⋅ / 2  
σ Radiation coefficient, W m K/ ( )2 4⋅  
ρ f  density of fluid, Kg/m3 
θ w  θ w inT T= /  
θ  θ = T Tin/  
θ f  θ f f in inT T T= −( ) /  

c p  the specific heat of fluid 

γ  evaporation heat, J/Kg
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INTRODUCTION 
 
In order to supply reliable data for thermal design of a spacecraft and to choose the thermal control 
parameter, ground based experiment must be conducted during the designing and manufacturing stage, 
though manned spacecraft mission has come to a reality, safety and durability is of great importance for 
manned spacecraft, In order to create a comfortable environment for crew members and to safeguard 
apparatus in space station working with safety, active thermal control measures is usually applied to 
control the temperature and humidity in spacecraft cabin. 
Under micro-gravity environment, natural convection is weak, ventilation in the spacecraft cabin is 
forced convection. But on the ground, mixed convection developed as the natural convection exists if 
there is temperature difference. Former research involved non-orbit experiments, which not only lead to 
heavy cost but also can’t obtain a working time that is long enough for thermal stability. 
Thermal scale modeling can also be used to simulate the convective heat transfer in micro-gravity[1], 
that is to say, convective heat transfer in the prototype can be simulated by using a smaller model on the 
ground according to the similitude theory, then convert the result of the model to that of the prototype. 
R.L.Shannon[2] did some research in thermal scale modeling of radiation - convection and conduction 
system. Some preservation technique was proposed through the analysis of basic equations. (1) 
temperature preservation (2) material preservation  (3)scaling comprise and (4) Nusselt number 
preservation technique.  When using the first two techniques, temperature and material preservation 
can’t be achieved at the same time. And Nusselt 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 material unchanged at the same time at the cost of the modeling accuracy, 
which usually cause deviations from the prototype. 
In order to modelling the heat transfer and fluid flow of micro-gravity environment, the 
temperature-material preservation technique which can suppress the natural convection was 
introduced[3-4], natural convection can be eliminated by reducing Grashof number, but the heat 
conduction and mass transfer of the cabin wall was not discussed which also exists in ventilation system 
in the space station cabin. 
Analysis in this paper shows, if you want to preserve the material, temperature, humidity and flow field, 
boundary condition the must be changed, more accurately speaking, 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 material can not be preserved at the same time. Both theoretical explanations and 
numerical verifications are made of this heat flux compensation technique in this paper.  
 
 
THEORETICAL ANALYSIS 
 
Differential equations for the system is: 
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To satisfy the similitude condition, equation (1)-(5) and the related coefficients of the model must be the 
same as that of the prototype, so the following non-dimension variable group must be kept the same as 
the prototype:  
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X x L= / , Y y L= / ,
r r

U u u= / 0 , θ = T Tin/ ,θ f f in inT T T= −( ) / , P p u= / ρ 0
2  

When thermal scale ratio is not unity, non-dimension number σ λT Lin f
3 /  can’t be kept unchanged if 

temperature and material should be kept constant at the same time. Theoretical analysis shows that 
radiation heat flux in the model does not change according to the scale ratio as the geometry of the 
model is the same with that of the prototype except the scale ratio change, but conductive heat flux of 
the cabin wall, convective heat flux and evaporation heat flux must change according to the thermal scale 
ratio to satisfy the boundary energy balance equation, this inevitably result in the requirement of the 
redistribution of the wall heat flux, this reveals the reason that temperature and material can’t be kept at 
the same time is because the radiation-convection interface condition can’t be satisfied unless the 
boundary conditions are changed,  This also explains why the non-dimension number 
σ λT Lin f

3 / comes from equation (1) which describes the fluid/solid interface condition. In order to 

preserve the material, temperature, humidity and flow field, wall-surface heat flux need to be changed. 
Concerning a conduction-convection-radiation heat and mass transfer system, the boundary condition 
for prototype is: 

q q q q qs r conv c v= + + +                         (6) 
(fluid solid boundary heat flux)=(radiation heat flux)+(convective heat transfer heat flux)+(conductive 
heat flux)+(evaporation heat) 
In order to keep the material and temperature field unchanged in thermal scale modeling, conductive 
heat flux, convective heat transfer flux and evaporation heat flux in every local region must be n times of 
the prototype when model size is reduced to 1/n of the prototype. But radiation heat transfer is just a 
function of wall temperature and the radiation surface conditions, and will not change with the size. So 
the boundary condition for the model can be written as: 

q q n q n q n qs r conv c v' = + ⋅ + ⋅ + ⋅                   (7) 
 
(fluid/solid interface heat flux after modification)=(radiation heat transfer of the prototype)+ n(convection 
heat transfer of the prototype)+n(conduction heat flux)+n(evaporation heat) 
 
In order to keep the temperature field unchanged when modeling using a smaller size model, the heat 
flux distribution must be changed according to boundary condition. The difference from paper[2] is that 
non-dimension number  σ λT Lin f

3 /  is no longer kept constant instead of the modification of the heat 

flux distribution. 
If non-dimension number Gr, Re and Pr and non-dimension boundary conditions can be kept 
unchanged, temperature field and flow field can be kept the same as the prototype. If the model size is 
properly reduced to achieve Ra/Re2<Acr, natural convection can be suppressed[3],  if heat flux can be 
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modified according to the above discussion, just keep Re and Pr unchanged is necessary, then the 
relationship between Re, Gr, Pr and Nu can be satisfied automatically when similitude is achieved, and 
the similarity between the model and the prototype in temperature, humidity and flow pattern can be 
obtained. 
 
 
NUMERICAL VERIFICATION 
 
Numerical simulation for heat transfer and fluid flow in space station cabin is based on the related 
differential equations. The streamlines and isotherms can be obtained by means of the finite difference 
method. Fig 1 is a schematic of the test section. Heat transfer and fluid flow in the cabin can be 
described by equation (1)-(5), along with velocity boundary, temperature boundary and humidity 
boundary, the mathematics model is created. SIMPLE method[6]is applied to solve the equations listed 
above. 
In numerical work, the cabin is simplified to a rectangular box, and air flow in the cabin is assumed 
laminar, radiation surface is black. 
In order to verify the numerical method, heat transfer and fluid flow in a closed cavity is simulated, result 
agrees well with references[7]. an experimental platform sized 0.67m×0.67×1.5m(Fig 1)is also made 
to further verify the numerical result, in experiments inlet air temperature is 20? , outlet and inlet size is 
0.03m and 0.67m in widths respectively, uniform heat flux in two side is q s

(60,120,360w/m2), bottom 

is adiabatic. 
 
                  

inin TV ,  

 
 
 
 
Moisture source             symmetry side 
 Heating plate 
 
   

outout VT ,  

                adiabatic 
      Fig 1  schematic of test section 
 

Fig 2 is the comparison of numerical result and the experimental result. Lines refer to the numerical result, 
black dots refer to the experimental results. It shows that the difference between them is less than 10% 
percent. The reason is that there’re difficulties to realize the given conditions used in numerical method. 
Numerical analysis for different scaling ratio is carried out to verify the temperature-material 
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 simulation result of important parameters, it shows that natural convection is prevailing for the 1:1 
model, Nusselt number for its convective heat transfer is higher on the ground than the prototype in 
space station, this means ground based experiment can’t represent the heat and mass transfer condition 
in space. As Grashof number decreases with the reduction of model size, the natural convective flow 
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can be eliminated by applying a greater ratio model. When using a model with a 1:5 ratio, its average 
Nusselt 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 small, the local distribution of Nusselt number 
have greater difference from the expected value. Fig 3 shows the local Nusselt number distribution for 
models with various ratio, Fig 4 shows the local Sherwood number distribution for models with various 
ratio. If a modified heat flux distribution(Fig 5,6) is applied according to the thermal similitude theory, 
when a scale ratio of 1:7 is applied, local Nusselt 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-2 Gr/ 107 Nu εNu  / % Sh εSh  / % Gr/Re2 
1: 1 0.0 0.0 83.25 0.0 156.35 0.0 0.0 
1: 1 9.8 1367.1 148.41 78.27 238.86 52.77 85.42 
1: 3 9.8 62.65 100.04 20.17 148.20 -5.21 3.916 
1: 5 9.8 14.11 81.13 -2.55 140.06 -10.42 0.882 
1: 7 9.8 4.95 82.40 -1.02 152.02 -2.77 0.310 

 
 
CONCLUSION 
 
Based on the previous work[3-5], a so-called temperature-material preservation technique is further 
developed and extended to radiation-convection system. If the model size is properly reduced and wall 
heat flux distribution is modified according to the similitude theory, flow and heat and mass transfer in 
space station cabin can be simulated on the ground and the material, 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 simulate the heat transfer and fluid flow under micro-gravity for a 
conduction-convection-radiation heat and mass transfer system, and it is concluded that the ventilation in 
a spacecraft cabin can be simulated on the ground using a properly sized model. 
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Fig 2    comparison of numerical 
     result and the experimental result  
 
Fig 3  local Nusselt number distribution 
        for models with various ratio 
 
 
Fig 4  local Sherwood number distribution 
        for models with various ratio 
 
 
Fig 5  modified heat flux distribution 
           on side wall 
 
 
Fig 6  modified heat flux distribution 
           on bottom wall 
 
Fig 7  the streamlines for models with various ratio  

Fig 8  isotherms in solid wall for models with various ratio 

Fig 9  isotherms in flow field for models with various ratio 

Fig 10  humidity field for models with various ratio 

 


