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1. Introduction 

 

The flow fields on or in the aircrafts with the shock 

wave, transition, separation, turbulence, 

reattachment and disturbances in the hypersonic 

flight could be very complicated for researchers to 

give out a deep theoretical analysis. Thus, three 

methods including ground test, numerical analysis 

and flight test are developed to estimate the 

aerothermodynamics effects of the hypersonic 

vehicle. Due to the high cost of the flight test and the 

faultiness of the numerical analysis, the wind tunnel 

test on the ground is always an indispensable method 

to increase or improve the understanding of the 

hypersonic thermodynamics effects. However, the 

aerodynamics and geometry parameters in the real 

hypersonic flight could not be entirely duplicated in 

the aero-heating tests on the ground because of the 

limitation for the simulation ability of the ground 

facilities. The aero-heating experiments conducted 

in the hypersonic wind tunnels are usually based on 

the hypothesis of viscous, compressible and steady 

flow, so that those measurements could not be 

directly used in the estimation of 

aerothermodynamics data in the real flight. 

Based on the hypothesis in the similarity theory, 

the aerodynamics equations could be derived to 

analyze the characteristics and functions of those 

dimensionless parameters with the relatively large 

influence to the aero-heating measurements. Gusev 

[1] discussed the factors that affect the heat 

transfer in details and the results show that the heat 
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transfer on the surface of the hypersonic vehicles 

are principally affected by Reynolds number, Mach 

number, the ratio of wall temperature and the 

direction angle of the model, such as the angle of 

attack, yaw and roll, and so on, that is, the heat 

transfer on the surface is function of those 

dimensionless parameters, and the hypersonic aero-

heating ground-test simulation technique could be 

considered as the method to experimentally confirm 

this function. Goodrich et al. showed a comparison of 

flight and wind tunnel data of the shuttle orbiter 

boundary-layer transition [2]. Boman et al. analyzed 

the application of the STAPAT II code to the 

hypersonic vehicle aerothermodynamics [3].  

Based on the data base, those past studies reveal 

the complexity of the investigations on the 

correlation between the flight data and the ground 

test results, but nobody could give out the detailed 

equations, so that many repeated experimental 

works have to be performed for the subsequent 

researchers. It is an attempt to obtain some useful 

equations due to the similarity analysis and 

measurements in wind tunnel to preliminarily explore 

the hypersonic aero-heating ground-test simulation 

technique in this paper.  

 

2. Similarity Analysis 

 

For the hypersonic flow with the heat exchange, 

the parameters in the flow field could be described 

by the following equations [4]: 

                                                           (1) 

                         (2) 

                  (3) 

                                                            (4) 

                                                (5) 

where p, ρ, v, Tw, T∞, qw,ν, R, h, are respectively 

the pressure, density, velocity, wall temperature, 

free stream temperature, wall heat transfer, 

viscosity coefficient, gas state constant and heat 

exchange coefficient. Of course, those equations are 

built up due to the hypothesis of viscous, 

compressible and steady flow in a continuum gas 

media (Kn<<1). If a free-molecular (Kn >>1) and a 

transitional (Kn ~ 1) flow conditions were considered, 

it will be more complicated and difficult to solve that 

problem.  

From those equations, any aerodynamic 

characteristic C could be derived as [1, 4, 5]: 

                                      (6) 

Where Re is Reynolds number, Pr is Prandtl number, 

γ is the specific heat ratio, Ma is Mach number, L is 

the characteristic size.  

In the FD-20 gun tunnel, the test gas is air, so that 

the specific heat ratio could be thought of as a 

constant during the tests. Otherwise, the running 

time of that tunnel is short as about 20 ~ 40 

milliseconds, so that the influence of the temperature 

to the heat conduction coefficient could be neglected 

and the Prandtl number could also be considered as a 

constant. For the dimensionless length xi/L, the angle 

of attack and the scale of the model are two factors 

that should be regarded. Finally, the aerodynamic 

characteristic C in aerothermodynamics simulation is 

represented by the dimensionless heat transfer. 

Thus, the equation (6) could be rewrote as: 

                                       (7) 

Where , in which qw is the heat transfer 

on the wall and qs is the heat transfer at the 

stagnation point,  is the angle of attack, Sca is the 

scale of the model. 

Due to the engineering experiences and the 

measurements, one type of function ‘f’ could be 

assumed as: 

                           (8) 

Where  are the coefficients.  

 

3. Experimental Results 

 

The heat transfer distribution along the center line 

of the cone-like model, which is shown in Fig.1, is 

measured by the thin film resistance technique in the 

FD-20 gun tunnel in CAAA. Many groups of 

experimental data are obtained by variation of the 

dimensionless parameters with Mach number of 8, 10, 

12, unit Reynolds number of 2×10
6
 (1/m), 4.1×10

6
 

(1/m), 4.8×10
6
 (1/m), 1.3×10

7
 (1/m), 2.2×10

7
 (1/m), 

model scale of 1/2, 1/3, 1/4, angle of attack of 0 and 

10 degree, the wall temperature ratio of 0.19~0.29. 

Those data are statistically solved and the formula of 

heat transfer along the center line of the cone-like 
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model under the laminar flow condition is derived as 

equations (9) and (10), which are respectively 

represented as the data on the 0°and 180°center line.  

 
Fig. 1 Schematic of the combination configuration 

     (9) 

 (10) 

For the simulation ability of FD-20, the parameters 

could be selected in the range with Mach number of 

5~15, unit Reynolds number of 1×10
6
~7×10

7
(1/m). 

It is obviously not enough to simulate the real 

hypersonic flight. Equation (9) and (10) could be 

considered as a start point for us to explore a 

detailed method of wind tunnel simulation on the 

ground. For example, if the simulated parameters are 

Mach number of 25 and unit Reynolds number of 

10
5
(1/m), for an aircraft with a forebody similar to 

the model shown in Fig. 1 and for some location of x 

= 50 mm on its 0°center line and the Scale of 1/3, 

the angle of attack of zero degree and the wall 

temperature ratio of 0.2191, Equation (9) could give 

out the variation of the dimensionless heat transfer 

ratio with Mach number and unit Reynolds number, 

which is shown in Fig. 2. 

 
Fig. 2 Dimensionless heat transfer ratio vs. Mach number 

and unit Reynolds number 

 
Fig. 3 the strip region with the error < 10% for 

dimensionless heat transfer on the center line of 0 degree 

It is assumed that the error of the simulation in the 

ground-test wind tunnel is less than 10%, the result 

shown in Fig. 2 could be projected in the Ma-ReL 

plane as the strip region. Fig. 2 shows that when the 

scale of model, the angle of attack and the wall 

temperature ratio are given, to simulate the 

dimensionless heat transfer with the error less than 

10% on the centerline of zero degree at the condition 

of Mach number of 25 and unit Reynolds number of 

10
5
, the free stream parameters including Mach 

number and unit Reynolds number could be selected 

in the red strip region. For instance, the free stream 

with Mach number of 8 and unit Reynolds number of 

4×10
6
(1/m) could be selected, and the free stream 

with Mach number of 10 and unit Reynolds number of 

2×10
6
(1/m) could also be feasible. 

 

4. Conclusions 

 

It is difficult to simulate those real hypersonic flight 

environments in the wind tunnel tests on the ground 

due to the complexity of those flow fields. A method 

based on the similarity law, dimensional analysis and 

experimental data in a gun tunnel is advanced to 

preliminarily solve that problem. The equations could 

be used to select the free stream parameters 

simulated in the wind tunnel tests. 

However, the technique is only a preliminary work. 

In the future, the measurements should be extended, 

the equations should be validated by the numerical 

results and even the data in the flight tests. And 

another problem is that the nonequilibrium effects 

with higher Mach number of more than 20, the 

variation of the gas characteristics will greatly affect 

the aerothermodynamics environment on the 

hypersonic vehicles, that is, the rarefied gas effects 

and the physical and chemical processes in air are all 

required to be analyzed.  
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