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1 Introduction 
 
The induced aero-heating on the windward side of a three-dimensional (3D) blunt body of the 
supersonic & hypersonic vehicles is caused by conversion of the flow kinetic energy to 
internal energy. The magnitude of this parameter depends on the thermodynamic properties of 
shock layer gas mixture, chemical reactions, surface ablation, surface friction, geometric 
asymmetry effects, and flight conditions. During flight trajectory, the factors that 
causegeometric asymmetry are the being of angle of attack or side slip angle, non-circular 
cross-section of the nose and asymmetric surface ablation [1]. 
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Modeling the Effects of Geometric 
Asymmetry on Aero-heating of the 
Ablative Noses  
The purpose of the proposed research methodology is to 
improve the temperature contour calculations of aero-
heating code (CTCA) for the Asymmetrical and non-
circular ablative noses by using the equivalent 
axisymmetric body (EAB) theory. This Code has been 
developed by researchers and the results of it have been 
validated by the various flight tests results. In the case of 
non-zero angle of attack or asymmetric surface ablation for 
each meriodinal plane, the equivalent meriodinal plane 
(EMP) is created for any meriodinal plane. The 
combinations of these planes constitute the EAB. The 
governing equations are solved for this body by using the 
non-equilibrium chemical reactions and the results of it are 
mapped to the main body. The solving of a typical nose 
during flight trajectory show that the convergence of this 
technique is very fast as compare to the user defined 
function (UDF) based on the fluent solvers. The results of 
this research are validated by the UDF and the relative 
error of it is less than 10 percent.  
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One of the requirements to design the hypersonic vehicles, are access to accurate estimate of 
the aero-heating. For this reason, the research trend in this field is under development.  
By using the newton's theory 1, the elementary commercial code to estimate the aero-heating 
has been created by "Dejarnet and Hamilton (1973) [2]. The viscous shock layer equations 
have been presented by "Carrel and Larry (1975) [3]. After identification of VSL2 and SVBL3 
of FNS4 for polar blunt body, the viscous shock layer equations for the non-ablative noses 
have been solved by "Miner and Lewis (1975) [4], this solution has been modified by 
"Brykina and Scott (1998) for geometric asymmetry caused by the angle of attack, [5]. After 
identification of the effects of chemical reactions and surface ablation, the" Dexygen 
researcher team (2012) has been used the created UDF5 code based on the fluent software in 
order to estimate the more accurately of aero-heating [6]. This research has been modified by 
"Chen and Milos (2013) for any ablative material [7]. The numerical modeling of the flow 
field around hypersonic noses to compute the effects of air ionization/dissociation, 
equilibrium thermodynamics, and chemical imbalances assuming with fully implicit finite 
volume method has been conducted by "Benjamin et al. (2014) [8]. This modeling has been 
conducted by Doustdar et al. (2016, 2017) to create the CTCA Code by space marching 
method with fully implicit finite difference method during flight trajectory. The results of it 
have been validated for aero-heating modeling on the ablative noses, investigation of wall 
catalytic effects on the aero-heating of hypersonic ablative noses, simulation of temperature 
distribution for hypersonic ablative noses, and numerical simulation of radiance effects on the 
aerodynamic heating of ablative noses [9-12].   

Therefore in this paper an accurate estimation of aero-heating is presented by using the 
numerical space marching solvers such as VSL and SVBL methods for the ablative and 
asymmetrical 3D noses of supersonic and hypersonic vehicles during flight trajectory. So, in 
this research, the effects of causer factors of geometric asymmetry on the aero-heating and 
surface temperature are modeled. The selection of method to solve the flow field and 
modeling the effects of geometric asymmetry on the aero-eating and surface temperature will 
be done, so that: 
 The results accuracy of aero-heating as compare with the similar studies should not be 
changed. 
 The surface ablation and non-equilibrium chemical reactions effects on the aero-heating 
should be considered. 
 The time of solution during flight trajectory should be reduced, significantly. 

2 Solution methods 

Along with promote and develop the aerodynamic knowledge, different methods such as 
analytical and numerical have been created for an estimation of aero-heating. The 
combination of viscous shock layer method at nose surface and similarity solution of viscous 
boundary layer at stagnation point is the most optimal method in standpoint of accuracy and 
less solution time among the different numerical solution methods. In this method, the VSL 
method is used to solve the flow field around the blunt body, and the SVBL method is used to 
solve the flow field at stagnation points [13, 14]. The requirements to solve the equations of 
VSL-SVBL are: 

                                                            
1 AEROHEAT Software 
2 Viscous shock layer 
3 Similarity of viscous boundary layer 
4 Fully Navier Stocks 
5 User Defined Function 



                             Iranian Journal of Mechanical Engineering                                   Vol. 17, No. 2, Sep. 2016  102

 The FD1 algorithm should be used. 
 At shock layer, the structural mesh should be used. 
 Because all terms up to Reynolds square order from FNS to create the VSL and SVBL, are 
eliminated, the curvature coordinate should be used in order to solve these equations. 
 The curvature mesh grid should be converted into the hexagonal mesh grid2 by mapping 
functions. 

In according to mentioned preamble, to accurate and fast estimation of the aero-heating 
during flight trajectory, the combination of the VSL-SVBL methods is used. In this condition, 
the UDF based on the fluent solvers cannot be used. Therefore, the creating of solver is 
complicated but the solution time will be reduced, significantly.          

 In according to mentioned requirements, the following algorithms, to create the solver for 
asymmetry flow field around the ablative noses of hypersonic vehicles, should be used: 
 The implicit Davis algorithm to solve the parabolic flow equations on the nose body. 
 An algorithm to solve the flow equations at stagnation points. 
 The ablative Park algorithm to combustion modeling. 
 The non-equilibrium chemical reactions algorithm for modeling the dissociation/ionization 
of air at shock layer. 
 The curve fitting algorithm to calculate the transfer and thermodynamic properties of 
species at shock layer by using the molecular theories results. 
 The Wile algorithm to calculate the transfer and thermodynamic properties of gas mixture at 
shock layer. 
 The Brykina and Scott theory for modeling the geometric asymmetry effects 

3 Assumptions 

 The flow equations at nose body are parabolic PDEs3 and the boundary layer at stagnation 
point is thin. 
 Due to dissociation/ionization of air, the non-equilibrium chemical reactions exist at shock 
layer and the species are diffused into the shock layer. 
 The non-equilibrium chemical reactions exist on the ablator surface and the species are 
diffused into the shock layer. 
 The thermodynamic and transfer properties of species are function of the elements 
temperature, and to calculate of them, the curve fitting based on the Polar Molecular theories 
and spectrographic test results is used.  
 To consider the effects of surface ablation, the validated Park model is utilized. 
 For modeling the geometric asymmetry effects, the Brykina and Scott theory is utilized. 
 To calculate the source terms of species, the transient mass action law is utilized. 
 To consider the effects of the natural convection heat transfer of air in nose inside, the 
effective equivalence thermal conductivity is calculated. 
 At hypersonic flow (nose body), the eddies due to flow turbulence are 2D4 and they are 
modeled by the Baldwin-Lomax model. 
 The gaseous mixture of shock layer is a transparent body because one of the requirements to 
utilize the space marching algorithm is preventing of data propagation from downstream into 
upstream. 

                                                            
1 Finite Difference 
2 Computational Domain 
3 Partial Differential Equations 
4 Two Dimensional 
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4 Governing Equations 

4.1 Geometry and Mesh Grid [4, 5] 

The blunt radius, variations of body surface, body angle )(  and curvature )(  are defined at 
any meridional plane of the nose in direction of z axis (see Figure (1)).  The required 
geometric parameters are derived by utilizing the Lagrange interpolation polynomial 
equations [5]. 
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In the Equation (2), shy,  are body angle and shock layer thickness, respectively. For mesh 
gird in the curvature coordinates: 
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In according the following procedure, the Brykina and Scott theory is used in order to 
create an EAB1. 

a. Calculate the mean curvature of an EAB and main body 
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b. at stagnation point 0,2/  nn sz . To calculate nnn zyx ,,  at the other points: 
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c. Calculate srn , at the stagnation point and other points of an EAB: 

                                                            
1 Equivalent axisymmetric body 
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Figure 1 Main and EAB bodies [1, 6] 

 
 
d. Calculate the curvature of an EAB:  
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e. Calculate the ratio of mean curvatures for the main body to an EAB: 
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d. The equations of the modified mesh due to the ablation with according to the chemical 

reaction rates at the ablative surface (Reactions 8 to 11): 
dtcsVnX
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By using the magnitude of the surface recesses, the nose blunt radius and other required 
geometry variables are modified and with according to the new geometry variables, the mesh 
grid of gas mixture at shock layer is modified [15].  

 
4.2 Flow Equations at Shock Layer [4] 
 
The flow equations at shock layer are [4]: 
 a. Continuity Equation 
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b. S-Momentum Equation 
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c. Y-Momentum Equation 
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d. Energy Equation 
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e. Species Conservation Equation 
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f. Equation of state 
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cgM
.

is injected gas into the shock layer due tom the surface ablation, iJ is diffusion mass flux 
term of species i. sn is number of species in shock layer (due to dissociation, ionization of air 
and surface ablation). The magnitude of J is equal to zero for 2D and 1 for 3D symmetric 

bodies.  ipii Cwh ,,
.

are enthalpy, source term and specific heat at  constant pressure of species 
i, respectively. 

The shock-layer equations are transformed for the finite-difference solution procedure. 
The independent and dependent variables (except to the species concentrations) are 
normalized by their relevant local shock values. 

When written in the transformed , coordinates, the s-momentum, energy, and continuity 
equations can be expressed in the following standard form for the parabolic PDEs (except of 
stagnation points):  
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The details of 4321 ,,, AAAA  equations have been presented in [4]. 

4.3 Source Terms Equations [4, 18]   

In dissociation and ionization process, air during 7 chemical reactions is converted into the 6-
species (i=1…6), such as atom and molecule of oxygen ),( 2OO , atom and molecule of 
nitrogen ),( 2NN , nitrogen oxide molecule )(NO , nitrogen oxide ion )( NO , and electrons )( e

[8, 16].  
To calculate the concentration of species due to chemical reactions of air, non equilibrium 

chemical assumption is used. Therefore, the forward and backward chemical reaction rate 
constants are not equal: 
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210210 ,,,,, DRDRDRCRCRCR RR are constants related to any forward and backward chemical 
reactions of air. For the mass concentration of the mentioned species: 
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In order to calculate the concentration of catalytic third body, the third body efficiency 
relative to argon snjz  should be calculated [17]. 
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For source terms of species at flow field: 
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Where jr , jr are stoichiometric coefficients of forward and backward chemical reactions of 
air. 
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For source terms iw
.

 of species i due to dissociation and ionization of air at (k+1)th 
iteration[8, 13, 14]: 
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The rate of surface recess due to ablation chemical reactions is calculated by using the 
Park model with equilibrium thermodynamic assumption. The accomplished chemical 
reactions at char section are as follows: 
- Char Oxidation: COOsC  8)(   
- Char Oxidation: COOsC  922/1)(   
- Char Nitration: NCNNsC  102)(   
- Char Sublimation: 311)(3 CsC   

For charring ablators in pyrolysis zone, the hydrogen is pyrolyzed. This gas is reacted with 
char and 2CH will be produced. 2CH is dissociated and the hydrogen gas is produced. The 
productions of char and non-char surface ablations are as follows [18, 19]:   
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For the rate of reactions at ablator surface: 
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Where P is the gas pressure entered into the shock layer, and CWCS VV ,,  are surface 
recessions, gas blowing velocity to shock layer from char zone and carbon density, 
respectively. For source terms of surface ablation species with according the Park model: 
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The species concentration on the surface of non-char ablator is calculated by using the 
equation 27 and iteration of its loop. 
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The mentioned loop is repeated for all of the species due to ablation except that: 
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Where CHV  , are density of char and virgin material, respectively. 
The details of Source terms equations have been presented in [10]. 
 
 
4.4 Thermodynamic, Transfer Properties [20]  
  
The thermal conductivity and dynamic viscosity of species i, are calculated by the curve 
fitting of Leonard Jones and Stock Mires theories, and the diffusion model is limited to the 
binary diffusion (two gas spectrum according to molecular weight). The binary diffusion 
coefficients specified by the Lewis number so the Thermal conductivity and dynamic 
viscosity of mixture, are calculated by using the semi-empirical equations of Wilke [20]. 

The specific heat at constant pressure and enthalpy of species i, are calculated by Lagrange 
interpolation of spectrograph test results. For enthalpy and frozen specific heat of mixture: 
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4.5 Radiation Heat Transfer [12] 

The radiation heat transfer is calculated by using the experimental tables of absorption 
coefficients of high temperature air as a function of frequency. In these calculations, it's 
assumed that the gaseous mixture of shock layer is a transparent body because one of the 
requirements to utilize the space marching algorithm is preventing of data propagation from 
downstream to upstream. This requirement is violated by using the absorption-radiant 
assumption for the gaseous mixture of shock layer. 
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Where Rq , sh  are the radiation heating and shock layer thickness, respectively [20, 21]. 
The details of Radiation Heat Transfer Equations have been presented in [12]. 

 4.6 Aero-heating and surface transfer equations [9] 

The rate of the heat transfer and surface friction can be calculated by using the surface friction 
coefficient and Stanton number [4, 20]: 
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The surface friction coefficient as a function of the dimensionless variables and Stanton 
number: 
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The details of Aero-heating and surface transfer Equations have been presented in [9]. 
 
4.7 Turbulent Modeling Equations [22] 
 
The experimental results show that the size of eddies due to turbulent at very high velocities is 
small and therefore, a 2-D simulation can be performed with the Baldwin-Lomax turbulent 
model. In this model, the effects of turbulent on the FNS are accounted by adding proper 
terms to the thermal conductivity coefficients and dynamic viscosity [22, 23]: 

ToldnewToldnew kkk                                                            (33) 
The details of Turbulent Modeling Equations have been presented in [22]. 
 
 
5   Boundary Conditions 
 
5.1 Velocity boundary conditions [4] 

At the shock, the tangential and normal velocity components on shock are not the same as the 
tangential and normal velocity components on body surface. The tangential and normal 

velocity components on shock are denoted by shsh vu
^^

,  and the tangential and normal velocity 
components on body surface are denoted as shsh vu , . The transformation of relating the two 
sets of shock velocity components is as follows [4]: 
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For the shocks of finite thickness called SS1, the shock properties are given by the 
modified Rankin - Huguenot relations. 
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For the NSS2, the Rankin - Huguenot relations are used to change the equation 35: 
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5.2 Temperature boundary conditions 
  
The temperature of the boundary of downstream is calculated by using the extrapolation of 
shock layer grid and its magnitude on the wall is different for the cases such as: constant 
temperature wall, adiabatic wall and no adiabatic wall. In this research, it is assumed that the 
wall is no adiabatic and the wall temperature is determined simultaneously by solving the heat 
transfer PDE inside the body, surface, and ablator zones [4, 19]. 
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1 shock slip 
2 no shock slip 
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The Rankin - Huguenot relation for NSS: 
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5.3 Boundary conditions of Species concentration 
 
For a NCW1, the boundary conditions of species are as: 0/  iC   

The ECW2 conditions are specified by Wii TCC eq   

In this research, the ECW condition is approximated by a FCW3 condition at initial time 
step. At initial time step, the species concentrations due to the surface ablation are zero, and in 
the next time steps, the species concentrations are modified by using the Park model [4, 19]. 
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The SS and NSS shock properties are given by the modified Rankin - Huguenot relations. 
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5.4 Shock conditions 
  
The shock conditions for the dependent variables (at   = 1) are as follow [4]: 





ii CCTPvu

sh
1

                                                    
 (40) 

The details of Boundary Condition Equations have been presented in [11]. 
 
6  Solver Algorithms 
 
6.1 Davis algorithm 

Taylor series expressions are used to relate the partial derivatives to the function values at the 
finite-difference grid points with the finite-difference grid [24]. 
 
6.2 Y-momentum solver algorithm 

The normal momentum equation is rewritten so that 

/P  may be evaluated directly. The 

pressure derivative with respect to   is calculated with the y-momentum equation. 

With

P at the shock known 1



shP , the integration by the trapezoidal rule from the shock 
inward gives the solution of the normal momentum equation [25]. 

6.3 Continuity solver algorithm 

By integration, the trapezoidal rule from the shock inward gives the solution of continuity 
equation. Two parameters are calculated, i.e. normal velocity profiles (v) and shock layer 
thickness shy [25]. 

                                                            
1 non-catalytic surface 
2 equilibrium catalytic wall  
3 fully catalytic wall 
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6.4 Surface ablation algorithm 

In this algorithm, dependent on the type of ablator (char or non-char), the chemical reactions 
are defined by using the Park model, and the rate of these reactions is calculated by using the 
equilibrium thermodynamic assumption. Then, the source terms and species concentration 
due to surface ablation are calculated. The energy equation is derived at ablator surface. After 
definition of the radiation effluence coefficient of the gaseous mixture attached to the wall 
and the discretion of differential terms, the energy equation at ablator surface is solved in 
order to calculate the wall temperature by using the Newton-Raphson method [6].  
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The details of Solver Algorithms and main Flowchart of CTCA Code have been presented in 
[11]. 

 

7 Convergence Criteria 

The convergence criteria are calculated by using this equation (n is number of iteration). 
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8  Results 

Figure (2) shows the calculated aerodynamic-heating magnitudes for a 2-D Parabolic 
curvature for these geometry characteristics, blunt radius and flight conditions [6]: 
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In the figures (3-5), The Induced Aero-heating and Surface Temperature Ratio of a non 

ablative typical nose at zero and 180 degree of meriodinal plane are showed. In according 
with figure (1), for the geometry characteristics, blunt radius and flight conditions: 
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In these figures, the results are compared with written UDF code predicated of fluent 

software [6]. At all of these figures, the 'x parameter is: 
   

















 )cos()(

2
)sin(22

' 
tgx

tgx
x                                                   (43) 



                             Iranian Journal of Mechanical Engineering                                   Vol. 17, No. 2, Sep. 2016  112

 
Figure 2 Induced Aero-heating for a 2-D Parabolic curvature at zero angle of attack 

 
 

 
heating-(a) Induced Aero (b) Surface Temperature Ratio 

 
015ablative typical nose at -heating and Surface Temperature Ratio of a non-Induced Aero 3Figure   

  
 

  
heating-(a) Induced Aero 

 
(b) Surface Temperature Ratio 

 
   Figure 4 Induced Aero-heating and Surface Temperature Ratio of a non-ablative typical nose at 030
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heating-(a) Induced Aero 

 
(b) Surface Temperature Ratio 

 
Figure 5 Induced Aero-heating and Surface Temperature Ratio of a non-ablative typical nose at 045

 
 

The results of VSL and SVBL to calculate the aero-heating show that, they matches with the 
FV solution results of FNS with the relative error less than 6% & 8% for an Aero-heating and 
surface temperature. 
 

Figure (6) shows the calculated surface recess due to the ablation at stagnation point of it 
(This condition was kept for 45 seconds), and the result is compared with results of Ref [26]. 
In these comparisons, the flight condition and the data of geometry are as follow: 

mRkmh
s

km
Vk n 4.095625.0 

 
Figure (7) shows the variation of aero-heating magnitude (results of this research) of typical 
nose installed on vehicles in according to the curvature distance (s) and time (t), which the 
maximum Mach number and flight height are 6 and 60km respectively.  

 

 
Figure 6 Comparison of calculated recess at stagnation point for a typical carbon-phenolic 

 composite nose with Ref [26] 
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Figure 7 Variation of aero-heating magnitude of the typical nose in according to the s and t 

 
In the figure (6), the surface recess due to ablation is calculating with the relative error less 
than 11%. In the figure (7), the rational trend of aero-heating variation has been showed with 
flight time of trajectory. 
 
9  Conclusion 
 
In this paper, the combined of VSL-SVBL methods, Park ablation, Baldwin-Lomax turbulent 
models is presented. This numerical combine methodology is used here to calculate the aero-
heating for ablative noses during flight trajectory.  
 The simulation results to calculate the aero-heating and surface temperature of the 
axisymmetric ablative noses during flight trajectory with the UDF method and FV solvers is 
not good because the solution time of it is very high. 
  This combined method is created based on the FD method. 
  The advantages of this method, is reducing the time to solve of the PDEs and 
computational memory, significantly. 
  The mentioned advantages will be significant for the unsteady analysis of ablative noses at 
high and medium range of vehicles specifically, during flight trajectory. 
  The time of solution for a typical axisymmetric nose during flight trajectory was reduced 
by 85% as compare to the UDF solver based on the fluent software.  
 The results of this research are validated by the other researches.  
 The relative error of the aero-heating, surface temperature and surface ablation results is less 
than 6,8,11 per cent in, respectively.  
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Nomenclature 

C  =      Concentration 

iCn  =      Coefficients of numerical derivatives 

ii DRCR ,  =      Constant of air chemical reactions 
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dt  =     Time step )(s  
dy  =      Distance between two elements )(m  

EL  =      Number of ions in reactions of air 
f  =      Surface function 
j  =      Index to defining the type of body 
J  =      Specific mass flux 
k  =      Iteration counter  

K  =      thermal conductivity )/( 02kmw  

brk  =      Backward chemical reactions  rate 

k  =      Radiation coefficient 

frk  =      Forward chemical reactions rate  

H  =      Mean curvature for the main body  

sH  =      Mean curvature for the EAB  

frbr ll ,  =      Collective terms of mass action law  

M  =      Molecular weight )(kg  

iM  =      Catalytic third body 

2NN  =      Nitrogen mole fraction 

2ON  =      Oxygen mole fraction 

sn  =      Number of species 

kP  =      Grid scaling 
q  =      Dynamic pressure )(Mpa  

*q  =      Aerodynamic heating magnitude )(w  

rq  =      Radiation heat transfer rate 

nR  =      Blunt radii )(m  

Rr  =      Rate of reaction 
s  =      Curvature distance )(m  
St  =      Stanton number 

T  =      Temperature )(k  
u  =      Tangential velocity )/( sm  
U  =      Free stream velocity )/( sm  
v  =      Normal velocity )/( sm  

csV  =      Ablator recces rate )/( sm  

iw
. =      Source term )/1( s  

21, ii ww  =      Source term components )/1( s  

iX  =      Mole fraction 

csnX  =      Ablator recess 

shy  =      Shock layer thickness )(m  

nsjZ   =      Third body efficiency relative to argon 
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F
ih  =      Formation enthalpy of species 

  riri , =      Differences of stoichiometric coefficients 
  =      Angle of attack 

rr  ,  =      Stoichiometric Coefficients 
  =      Mass concentration of species 
  =      Convergence criteria of ablation algorithm 
  =      Convergence criteria of flow solution algorithm 

  =      Reynolds number index 
  =      Dynamic Viscosity  
 ,  =      axes of computational coordinates 

  =      Azimuth angle  
  =      density )/( 3mkg  
  =      Stephan-Boltzmann constant 
  =      Sheer stress )(Mpa  
  =      Curvature 

Subscripts 

0  =      stagnation point 
  =      free stream 
cg  =      gas injected to shock layer due to ablation 
ch  =      Char 
sh  =      shock 
T  =      Eddy 
ref  =      reference state 
v  =      Virigin 

Superscripts 

  =     normalized variables 
 =     dimensional variables 
  =     tangential and normal components velocity of shock to body 
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  چكيده
  

براي  CTCAهدف از اين تحقيق، ارتقاء كد محاسبه كننده ي توزيع دمايي و گرمايش ايروديناميكي با عنوان 
دماغه هاي نامتقارن فناشونده و يا دماغه هاي  با مقاطع غير حلقوي با استفاده از تئوري ايجاد بدنه متقارن يا 

EAB نتايج آن بوسيله نتايج آزمايشات  كد بوسيله محققين تحقيق فعلي تدوين شده است و است. اين
. در حالت وجود زاويه حمله و فناشوندگي نامتقارن سطح براي هر كدام از گرديدپروازي متعدد صحه گذاري 

تركيبي از صفحات نصف النهاري معادل  سطوح نصف النهاري، صفحه نصف النهاري معادل ايجاد مي گردد.
EAB  .يك نامتعادل واكنشهاي شيميايي لايه شوك، معادلات حاكم با استفاده از سنترا تشكيل مي دهند
  حل و نتايج آن بر روي بدنه اصلي نگاشت مي گردد.  EABبراي 

نتايج حل مربوط به يك دماغه نوعي در طي مسير پرواز نشان داد كه همگرايي اين روش نسبت به روشهاي 
است. نتايج اين روش با استفاده از روشهاي بسيار سريعتر  UDFمبتني بر حل گرهاي نرم افزار فلوئنت يا 

  درصد است. 10مبتني بر حل گرهاي نرم افزار فلوئنت صحه گذاري شد و خطاي نسبي آن كمتر از 
  


