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Abstract:  Results of numerical simulations of high-altitude aerothermodynamics of the EXPERT reentry 
capsule along its descent trajectory are presented. Aerodynamic characteristics for different angles of 
attack and rolling of the capsule at altitude of 150 down to 20 km are studied. An engineering local 
bridging method is used in computations. The uncertainty of the engineering method in the transitional 
regime is determined by comparisons with results obtained by DSMC simulations.  

1. INTRODUCTION 

During disorbiting, the spacecraft experiences the influence of the atmosphere with 
significantly varying parameters. To estimate the aerodynamic loads and to predict the 
landing area, one should know, already at the stage of design, the coefficients of 
aerodynamic forces and moments of the spacecraft for varying temperature, density, 
flight velocity, and angles of attack and sideslip for numerous possible descent 
trajectories. Thousands of various variants have to be computed.  

At the beginning of descent, at high altitudes where the gas is strongly rarefied, 
numerical simulations do not involve many difficulties, because theoretical approaches 
have been developed for simple shapes and the Test Particle Monte Carlo method can 
be readily used for more complicated shapes. On the other hand, various engineering 
approaches have been developed for calculating aerodynamic characteristics of various 
bodies at the final segment of the descent trajectory, in the continuum regime, which are 
fairly effective. The main problem is the analysis of spacecraft aerodynamics in the 
transitional regimes between the free-molecular and continuum regimes. The Navier-
Stokes equations yield, strictly speaking, incorrect results in the transitional regime and 
require special modifications for taking into account flow slipping. The Direct 
Simulation Monte Carlo (DSMC) method provides rather accurate values of 
aerodynamic characteristics with allowance for physical and chemical processes but 
requires large amounts of computer memory and performance. Application of the 
software based on the DSMC method is unreasonably expensive at the initial stage of 
spacecraft design and trajectory analysis. A possible solution of this problem is the 
approximate engineering methods. These methods allow calculating aerodynamic 
characteristics of bodies of arbitrary geometry for multiple variants of free-stream 
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parameters within a reasonable time and 
then to refine the results at the most 
important segments of the flight 
trajectory by the DSMC method. The 
use of fast approximate engineering 
methods is the most acceptable 
approach to solving problems of 
spacecraft aerodynamics at the stage of 
conceptual design.  

The present paper describes the 
computations of aerodynamics of the 
EXPERT capsule by an engineering 
local bridging method at altitudes of 150 
down to 20 km with flow parameters 
corresponding to the expected descent 
trajectory. The results in the transitional 

regime are refined by the DSMC method. The errors of the engineering method are 
studied in detail, and the contribution of various elements of the EXPERT capsule to 
aerodynamic characteristics is analyzed.  

2. EXPERT GEOMETRY 

The EXPERT configuration (Fig. 1) is a blunted pyramidal shape featuring four flaps. 
The total number of panels of the computational model is approximately 36 thousand. 
The nose is made in the form of an ellipse with a misalignment of 0.9165. The local 
radius of the nose part is 0.6 m. The ellipse-cone junction is described by a clothoid. 
The conical body has a cone angle of 12.5°. The cone is truncated by planes at an angle 
of 8.35° to the axis of symmetry. Four control flaps are deflected by 20°. 

The reference area is 21877.1 mSref = , and the reference length is mLref 55.1= . The 

center of mass is located at the point (0.868;0;0) m. 

3. LOCAL BRIDGING METHOD 

The basic criterion of flow rarefaction is the Knudsen number refLKn /l= , which is the 

ratio of the mean free path of particles and the reference size of the flow (body). For 
10>Kn , the flow regime is free-molecular; for 001.0<Kn , the flow is described by the 

continuum model. There are many simple and fast methods for obtaining aerodynamic 
characteristics of complex-shaped bodies in the free-molecular flow. Based on 
Newton’s theory, one can also readily calculate aerodynamic characteristics in a 
hypersonic continuum flow. 

Obviously, using these two limits, one can perform interpolation and obtain 
aerodynamic characteristics in the transitional regime: 

,...)),,(1(,...),,( ,, aa sKnFCSKnFCC ContkFMkk -×+×=  

The function F was called the “bridging” function. In the general case, it depends on 
many parameters. 

 

Figure 1. Geometry of the EXPERT capsule 
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One should distinguish  between the global bridging method with the use of global 
(drag, lift, pitching moment, etc.) coefficients of forces and moments kC  and the local 

bridging method where dSkC ,  (pressure, friction, etc.) are first calculated for elementary 

areas of the object surface and then integration over the surface for obtaining of global 
aerodynamic coefficients is performed: 

,...)),,(1(,...),,( ,,,,, Q-×+Q×= sKnFCSKnFCC dSContkdSFMkdSk  

�=
S

dSkk dSCC ,  

   Note that the local bridging function depends on the angle Q  to the normal to the 
elementary area where the flow is incident rather than on the angles of attack and 
sideslip. The dependence of local aerodynamic parameters on the angle of inclination of 
the elementary area to the free stream only is a typical feature of the free-molecular 
flow. Thus, the local bridging method yields accurate results in this regime.  

The pressure and friction coefficients in the present work were calculated by the 
formulas  
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Here P and T are the pressure and friction components of aerodynamic forces; nw  and 

tw  are the normal and tangential components of the velocity vector toward the surface. 
The parameters 0210 ,,, TPPP , and 1T  were calculated by the formulas  
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The superscripts “fm” and “id” refer, respectively, to the free-molecular and ideally 
continuum regimes. The coefficients for calculating pressure and friction in the free-
molecular regime are found as  
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Friction is assumed to be absent in the continuum regime. The pressure in found by the 
formulas  
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Here PC  is the pressure coefficient at the stagnation point: 
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The value of the bridging function used in the present work was calculated by semi-
empirical formulas derived in [1]:  
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We call the local bridging method that involves this bridging function the “Energia” 
local bridging method. 

4. FLOW PARAMETERS  

The free-stream parameters (density and temperature) were taken from the tables of the 
Russian Standard Atmosphere SA-81. The flight Mach number corresponds to a 
velocity expected at this altitude. Some points of possible descent trajectory of the 
EXPET capsule are shown in the Table 1. The reentry velocity of the capsule is 5 km/s, 
and the reentry angle is 5.5º. The gas used in the computations is nonreacting nitrogen. 

5. RESULTS CALCULATED BY THE “ENERGIA” LOCAL ENGINEERING 
METHOD  

The characteristics of the EXPERT capsule were calculated by the local bridging 
engineering method for some points of the reentry trajectory (see Table 1) and the 
following combinations of the angles of attack and roll angles: angles of attack 0, 1, 3, 
10, 20, 40, and 60 degrees; roll angles 0 and 45 degrees. The calculated results are 
shown in Figures 2-5. The graphs illustrate the changes in aerodynamic coefficients 
with altitude. The first number in the legend indicates the angle of attack and the second 
number indicates the roll angle.  

It is of interest to note that the axial force coefficient AC  in the range of altitudes 
between 70 and 110 km depends weakly on the angle of attack up to 40º, while the 
normal force coefficient NC  monotonically increases with increasing angle of attack. In 

the flow around the EXPERT capsule with a rolling angle of 45º, the behavior of NC  
qualitatively coincides with the result obtained for a zero rolling angle. The results for 
the pitching moment coefficient mC  as a function of the light altitude show that the 

Altitude, km 21.3 23.5 26.4 29.2 34.2 60 
Density, kg/m^3 7.21e-02 5.07e-02 3.22e-02 2.08e-02 9.58e-03 3.09e-04 
Temperature, K 218 220 223 226 234 247 
Mach number 6 8 10 12 14 16 
Altitude, km 83 85 90 95 100 104 

Density, kg/m^3 1.14e-05 8.21e-06 3.42e-06 1.40e-06 5.55e-07 2.75e-07 
Temperature, K 193 189 187 187 197 204 
Mach number 18 18.2 18.3 18.2 17.9 17 
Altitude, km 107 110 125 150   

Density, kg/m^3 1.55e-07 9.33e-08 1.52e-08 2.0e-09   
Temperature, K 230 256 391 628   
Mach number 16 16 16 16   

Table 1. Russian standard atmosphere SA-81 
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value of mC  monotonically decreases for angles of attack up to �40=a  at all altitudes. 

With a further increase in the angle of attack (see the dependence )(HCm  for �60=a  
in Fig. 5), the maximum pitching moment coefficient at altitudes higher than 95 km is 
reached at smaller angles of attack.  

6. DSMC COMPUTATIONS 

The Direct Simiulation Monte Carlo (DSMC) method [2] is the most appropriate tool 
for numerical simulation of gas flows in the transitional regime.  

 For DSMC study the parallel version of SMILE software system [3] was used. This 
software system allows modeling of axisymmetric, two-dimensional, and three-
dimensional flows by the DSMC method with allowance for real gas effects, such as 
nonequilibrium and chemical reactions. The number of collisions was found by the 
majorant collision frequency scheme. The energy exchange between transitional and 
internal modes of nitrogen was defined using the Larsen-Borgnakke phenomenological 
model [4] with temperature depending on the rotational and vibrational relaxation 
collision numbers. 

 

Figure 2. Axial force coefficient ( AC ) versus 
altitude. Local bridging method 

 
Figure 3. Normal force coefficient (NC ) 

versus altitude. Local bridging method  

  

Figure 5. Pitching moment coefficient (mC ) versus 

altitude. Rolling angle 0. Local bridging method  

  

Figure 4. Normal force coefficient (NC ) versus 

altitude. Rolling angle 45°. Local bridging method  
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   A specific feature of the SMILE code is dynamic adaptation of the computational grid 
to flow parameters, which allows one to satisfy the main requirement of the DSMC 
method to the cell size in the entire computational domain. The size of the collisional 
cell should be smaller than the local mean free path of particles.  

In modeling the flow around the EXPERT capsule with Knudsen numbers below than 
10-2, the number of computational cells and, correspondingly, the number of model 
particles reaches several million. In simulating the flow over the EXPERT capsule at an 
altitude of 85 km, the computational domain was divided into about 5 million of cells, 
and the total number of model particles was over 60 million. The computations in the 
present work were performed with the use of a cluster of the Joint Supercomputer 
Center (Moscow, Russia) and clusters of the Siberian Supercomputer Center 
(Novosibirsk, Russia). A three-dimensional computation with a Knudsen number of 

3104 -×  (H=85 km) took approximately 200 hours with 64 processors used.  

The probabilistic static load balance technique is implemented in the SMILE code. The 
neighboring background cells are united into groups, so-called “clusters of cells”, which 
are defined as the smallest subdomain that may be exchanged between processors. Here, 
the cell clusters consist of a certain number of background cells used to perform the 
collisions between particles. A particularly simple approach to load balancing is to 
allocate cell clusters to randomly selected processes. If the number of clusters is large, 
one can expect that each processor will be allocated about the same amount of 
computational load. The main advantages of this technique are its low cost and fairly 
good balancing. 

The essence of the method implies that the gas is considered as a set of a large number 
of model particles. At each time step, the displacements of particles in accordance with 
their velocities are considered separately. It is assumed that the particles do not collide 
with each other in the course of their motion. At this stage, the collisions of particles 
with the body surface are checked. If such a collision occurs, particle reflection from the 
body is computed. The particle is removed from computations if it leaves the 
computational domain, and new particles are injected from the input boundary. At the 
second stage, the particles are assumed to be motionless. Particle collisions are 
computed. Their new velocities are computed in accordance with the model of 
intermolecular collisions used. This method allows one to simulate chemically reacting 
nonequilibrium gas flows in two-dimensional and three-dimensional formulations.  

As the method is statistical, it requires tremendous computational resources. A typical 
number of particles used in three-dimensional computations with Knudsen numbers of 
about 0.001 is 30 to 60 million. The number of cells exceeds 5 million. Such resources 
can be provided by multiprocessor computer systems. For this purpose, a parallel 
DSMC code has to be used.  

7. DSMC RESULTS 

DSMC computations were performed for flight altitudes of 85, 90, 95, 100, 104, and 
107 km for combinations of angles of attack and roll angles (0 ,0), (10, 45), and (20, 
45). The DSMC method has a certain statistical scatter. The statistical error in 
computing aerodynamic coefficients is inversely proportional to the number of model 
particles incident onto the body surface. In the computations of the flow around the 
EXPERT capsule, the statistical error was less than 1%. This required 30 to 80 million 
(depending on the flight altitude) particle impacts onto the capsule surface.  
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Let us first consider the surface distributions of the heat-transfer coefficient and heat 
fluxes on the EXPERT capsule at different flight altitudes. The heat-transfer coefficient 

is calculated as 
2/3

ref
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=

r
, where iQ  is the amount of heat brought by the flow 

and rQ  is the amount of heat entrained by the flow from the body surface.  

The surface distributions of the heat-transfer coefficient for altitudes of 90 and 107 km 
are plotted in Figs. 6 and 7 for an angle of attack of 20° and a roll angle of 45°. As is 
seen in the surface distribution of the heat-transfer coefficient, the maximum value is 
0.48 for an altitude of 90 km and 0.81 for an altitude of 107 km. These values are 
reached at the stagnation point. Another distinctive feature is the fact that the heat-
transfer coefficient varies between 0.08 and 0.33 at an altitude of 90 km and from 0.35 
to 0.45 (in a much smaller range) at an altitude of 107 km. The reason for this difference 

Altitude, km 85 90 100 107 
V, m/s 5101 5101 5096 4942 

r , kg/m^3 61046.8 -×  61024.3 -×  71072.5 -×  71055.1 -×  

hC  0.224 0.268 0.492 0.686 

Q, kW/m^2 149.4 108.2 34.95 12.04 

Table 2. Thermodynamic parameters of the EXPERT capsule at different altitudes. 
�20=a , �45=b  

  

Figure 6. Heat-transfer coefficient 
distribution. Altitude 90 km.  

  

Figure 7. Heat-transfer coefficient 
distribution. Altitude 107 km.  

  

Figure 8. Heat-flux distribution. 
Altitude 90 km.  

 

Figure 9. Heat-flux distribution. 
Altitude 107 km.  
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is the difference in the degree of flow rarefaction at these altitudes. In the near-
continuum flow regime (H=90 km, Kn=0.011), there arises a shock wave ahead of the 
body; passing through this shock wave, the flow is decelerated and loses part of its 
energy. For a higher altitude (H=107 km, Kn=0.248), the shock wave is extremely 
smeared, and the energy losses in this shock wave are low. The absolute amount of heat 
brought onto the capsule depends on the free-stream gas density. Figures 9 and 10 show 
the surface distribution of the heat flux over the EXPERT vehicle for the same altitudes 
(90 and 107 km). The stagnation-point heat flux reaches 5102.1 ×  2/ mW  at 90 km and 

3109×  2/ mW  at 107 km. The heat flux on the windward flaps varies from 
4102.2 ×  2/ mW  to 4104.8 ×  2/ mW  at 90 km and from 3100.4 ×  2/ mW  to 
3100.5 ×  2/ mW  at 107 km. The integral heat-transfer coefficient and the total heat flux 

for different flight altitudes are listed in Table 2. The heat flux on reentry capsules is 
known to behave nonmonotonically with variation of the flight altitude. During 
disorbiting, the heat flux increases to a certain maximum value nd then significantly 
decreases because of the decrease in velocity. The heat-flux values in Table 2 
monotonically increase with decreasing flight altitude. Hence, the maximum heat flux 
for the EXPERT capsule will be reached at altitudes lower than 85 km. 

8. ESTIMATES OF THE ACCURACY OF THE LOCAL BRIDGING 
METHOD 

The DSMC computations of integral and distributed (over the EXPERT capsule 
surface) aerodynamic characteristics made it possible to evaluate the accuracy of 
aerodynamic characteristics computed by the local bridging method. 

 The aerodynamic coefficients computed by the DSMC method are compared with local 
bridging results in Fig. 10. As previously, the first and second figures indicate the angle 

a)   b)    

c)  

Figure 10. Aerodynamic characteristics obtained by the DSMC method and by the local bridging 
method 
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of attack and the roll angle, respectively. In the free-molecular regime, as was noted 
previously, the engineering method yields accurate values of aerodynamic 
characteristics. As the flight altitude decreases and the transitional regime is reached, 
the data computed by the engineering methods are in good agreement with DSMC 
results in terms of the axial force coefficient AC , normal force coefficient NC , and 

pitching moment coefficient mC . The difference in aerodynamic characteristics stays 

within 10%. This level of accuracy persists for the pitching moment coefficient mC  for 

all altitudes considered. The difference in the values of AC , however, increases at 
altitudes below 90 km; in the flow around the EXPERT capsule at angles of attack and 
rolling, higher errors are also observed for NC . To find the reasons for this behavior of 
the error, let us analyze the contributions of various elements of the EXPERT capsule to 
the integral coefficient of the axial force in detail. First, let us compare the axial force 
coefficients AC  computed for zero angles of attack and rolling by the local bridging 
method and by the DSMC method. The bridging method overpredicts the axial force 
coefficient for altitudes below 90 km (see fig. 10.a), curves DSMC-0-0 and LB-0-0). 
The contribution to the total drag coefficients of various elements of the EXPERT 
capsule are listed in Table 3. As the model is symmetric with respect to the vertical and 
horizontal planes, the computations at zero angle of attack and sideslip were performed 
for 1/4 of the model. The contribution of the basic elements of the capsule (Nose, Cone, 
Plate) to the integral axial force coefficient differs by less than 10%, whereas the axial 
force coefficient of the flap differs almost by a factor of 3, and this fact leads to an 
increase in the total drag coefficient (up to 12%).  

Element Local bridging method DSMC method 
Nose 0.080 0.086 
Cone 0.027 0.024 
Plate 0.010 0.010 
Flap 0.030 0.011 
Sum 0.148 0.132 

Sum*4 0.593 0.526 

Table 3. Axial force coefficient computed by the local bridging method and by the DSMC method. 
Altitude 85 km. 

Let us now consider a detailed distribution of the local axial force coefficient AC  over 
the surface of the EXPERT capsule at angles of attack and rolling. The flow pattern is 
shown in Fig. 11. As the capsule is symmetric, the axial force on symmetric elements of 
the capsule at an angle of rolling of 45° is identical (see Fig. 12.). Therefore, the axial 
force coefficients are considered for one half of the capsule on the windward and 
leeward sides.  

Figure 13 shows the surface distributions of the axial force coefficient computed by the 
DSMC method and by the local bridging method for the EXPERT capsule at an altitude 
of 100 km at an angle of attack of 10° and a rolling angle of 45°. A comparison of the 
surface distributions of AC  obtained by both methods shows that there are no 
significant differences at this flight altitude. This fact is quantitatively validated by the 
data in Table 4. It is seen that the contributions of various capsule elements to AC  differ 
by less than 10%, and the integral coefficient AC  is accurately (within 7%) predicted by 
the engineering method at an altitude of 100 km. 
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Figure 11. Flow scheme. The plate is the plane of symmetry; the dashed line separates the windward and 
the leeward sides.  

         

Figure 12. Distribution of the axial force coefficient AC . Computations by the DSMC method and by the 

local bridging method. Altitude 100 km, �10=a , �45=b . 

A somewhat different situation is observed for the EXPERT capsule at an altitude of 85 
km (the Knudsen number is 3102.4 -× ; it is smaller than the value for 100 km by a factor 
of 15). The AC  distributions at an angle of attack of 10º and an angle of rolling of 45º 
are qualitatively consistent, but a significant difference is observed for an angle of 
attack of 20º (see Figs. 14 and 15). Quantitatively, this is confirmed by the data in Table 

             

Figure. 13. Distributions of the axial force coefficient AC . Computations by the DSMC method and 

by the local bridging method. Altitude 100 km, �20=a , �45=b . 
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5, which shows the values of � �  for each element of the capsule. The error of the 
integral value of AC  is approximately 7% for � =10º and substantially greater (about 
20%) for an angle of attack of 20º.  

Our comparisons showed that the uncertainty of determining the basic aerodynamic 
characteristics of the EXPERT capsule by the engineering method stays within 20%, 
which is acceptable for the first stage of design of reentry vehicles.  

�10=a , �45=b  �20=a , �45=b  Element 

Bridging DSMC Bridging DSMC 
Sphere (windward side) 0.134 0.147 0.144 0.160 
Sphere (leeward side) 0.095 0.103 0.072 0.080 
Cone (windward side) 0.118 0.112 0.145 0.147 
Cone (leeward side) 0.053 0.049 0.026 0.032 

Plate (windward side) 0.061 0.055 0.081 0.075 
Plate  (leeward side) 0.024 0.018 0 0.009 
Flap (windward side) 0.071 0.057 0.080 0.074 
Flap (leeward side) 0.044 0.024 0.011 0.014 

Sum 0.599 0.565 0.559 0.591 
Sum*2 1.199 1.130 1.117 1.181 

Table 4. Axial force coefficient at an altitude of 100 km. 

Within the frame of the local bridging method, it is impossible to take into account the 
changes in the flow owing to its interaction with the surface further upstream. This 
drawback of the local bridging method is obvious, because this method was developed 
to calculate aerodynamic characteristics of convex blunted and short bodies at 
hypersonic velocities, where the shock wave is sufficiently close to the body and where 
the flow history exerts almost no effect on aerodynamic characteristics.  

With a further decrease in flight altitude, the high uncertainty of the engineering method 
can be assumed to persist or even to increase down to an altitude of 60 km. 
Unfortunately, it does not seem possible to perform this computation by the DSMC 
method because the Knudsen number corresponding to this altitude is too small. It is 
further planned to study aerodynamics of the EXPERT capsule at these flight altitudes 
by the continuum approach. Then it will be possible to estimate the uncertainty of the 
engineering method in the continuum regime more correctly.  

          

Figure 14. Distribution of the axial force coefficient AC . Computations by the DSMC method and by 

the local bridging method. Altitude 85 km, �10=a , �45=b . 
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�10=a , �45=b  �20=a , �45=b  Element 

Bridging DSMC Bridging DSMC 
Sphere (windward side) 0.094 0.109 0.102 0.120 
Sphere (leeward side) 0.078 0.067 0.052 0.063 

Cone 0.046 0.046 0.062 0.078 
Cone 0.017 0.019 0.009 0.015 
Plate 0.021 0.020 0.031 0.034 
Plate  0.006 0.007 0 0.005 
Flap 0.042 0.029 0.050 0.057 
Flap 0.021 0.007 0.005 0.005 
Sum 0.325 0.303 0.310 0.376 

Sum*2 0.650 0.605 0.620 0.751 

Table 5. Axial force coefficient at an altitude of 85 km. 
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