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(ABSTRACT) 

The present work addresses the development of a method for the calculation of 

Convective heat-transfer and surface temperatures on heat-shields of Aeroassisted 

Orbital Transfer Vehicles (AOTVs) in hypersonic flow regimes. 

Inviscid flowfield solutions are obtained about the aerobraking shield on the AOTV s 

using axisymmetric Euler's equations. The flowfield solutions are coupled with laminar 

and turbulent boundary-layer equations and the heat-shield material properties to obtain 

convective heating rates and heat-shield wall temperatures. 

A method for obtaining non-dimensionalized solution of convective heat-transfer rates 

is obtained. This non-dimensionalized solution can be used for calculating convective 

heat-transfer rates and wall temperatures for various freestream conditions encountered 

during the aerobraking maneuvers. 

Calculations are carried out for perfect gas and equilibrium air cases, and the effect of 

wall catalysis on convective heat-transfer is also incorporated. The results are in good 

agreement with available experimental and numerical results for AOTVs. 
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Chapter 1. Introduction 

The possibility of using aerodynamic forces for orbital plane changes was first proposed 

by Howard London [1]. This method could produce orbital plane changes with a much 

smaller expenditure of energy compared to the extra-atmospheric all-propulsive 

maneuver. This would result in a lower requirement of propellant fuel, and thus 

increased payload capabilities. The potential for the use of this method in planetary 

capture for manned missions to Mars was shown in 1964. For planetary capture, the 

aerodynamic forces mainly used are the drag forces to reduce the vehicle velocity. The 

lift forces are used only for minor trajectory corrections. Such a maneuver is called 

Aeroassisted orbital transfer, or aerobraking. Studies have been carried out for the use 

of aero braking in orbital transfer from GEO to LEO. The present focus is on the use 

of Aeroassisted Orbital Transfer Vehicles (AOTVs) for Lunar and planetary missions, 

either manned or unmanned. 

The AOTV configurations require an aero braking shield in the front of the vehicle. Some 

of the configurations proposed for the aero braking shields are blunted spherical cones, 

lifting ballutes and ellipsoidal1y blunted raked-off elliptic cones (EBROEC). All these 



configurations have very low LID ratios to fulfill the requirement of a high drag 

coefficient. These configurations have very high heating rates near stagnation region and 

corners. The structural integrity of the vehicle and the aero braking shield require 

temperatures within acceptable limits. This necessitates the use of a Thermal Protection 

System (TPS) on the aero braking shield (fig. 1). The TPS consists of surface insulation 

which protects the vehicle and the primary structure of the aero brake from effects of the 

aero thermal environment. 

For the design of TPS, it is necessary to calculate heating-rates and the temperatures on 

the front and back sides of TPS. Various methods can be used for the calculation of 

heat-transfer rates to the TPS. The easiest method for such a calculation is the 

Engineering Correlation (EC) formula [3], which gives a rough estimate of the heating 

rates for the nose region of a blunt reentry body. The heating rate q to the stagnation 

point (nose radius RN ) is given as a function of freestream conditions by the following 

equation 

where Poo is the free stream density and V 00 is the free stream velocity. This formula 

tends to provide a conservative approximation of the heating rate. However, this 

approximation can not be used for design studies to determine the configuration of the 

aerobraking shield as it only takes the nose radius into consideration for the calculation 

of the stagnation point heating rate q and does not provide any information regarding 

the distribution of the heating rate on the body. With this approach, the stagnation heat 

fluxes depend only on the nose radius and are independent of the aerobrake diameter. 
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Results may be valid for configurations where the sonic line remains on the spherical 

nose, however, they tend to be on the higher side for most of the AOTV aero brake 

shapes of practical interest. For locations other than stagnation point, the heat flux 

distribution may be obtained by using surface pressure distributions derived from 

modified Newtonian theory and simple boundary layer analysis like the Thwaites-Walz 

method. This might seem to be accurate enough for a preliminary analysis, however, for 

bodies with flat regions, the results obtained vary considerably from a detailed analysis 

due to a zero pressure gradient on the flat region. As most of the aeroassist vehicles of 

interest have large conical areas, this method is not applicable. Other methods use 

viscous shock-layer solutions, Navier-Stokes solutions etc .. These methods provide very 

accurate heat-transfer rates, but require high mesh resolution near the wall and large 

computational times. This makes them economically non-feasible for design studies, and 

they are used only for detailed calculations once the configuration has been decided. 

The present study concentrates on the development of a reasonably accurate method to 

be used for the calculation of convective heat-transfer rates and TPS wall temperatures 

in design studies. The convective heating-rates and wall-temperatures can be calculated 

by this method for axisymmetric bodies at zero angle of attack. This method can also 

be used for 3-Dimensional bodies, or bodies with non-zero angle of attack by using the 

axisymmetric analogue. The axisymmetric analogue uses a corresponding axisymmetric 

body for approximating flow over some part of a 3-D flow problem. First the inviscid 

solution is obtained using the axisymmetric Euler's equations for either perfect gas or 

equilibrium air. The surface values of stream velocity, temperature, density and pressure 

are taken from the inviscid solution and coupled with approximate convective heating 

rate equations and equations modelling the energy balance on the TPS walls. The 

method chosen for boundary layer calculations has the advantage that inspite of 
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simplification of the equations, it gives very good results for compressible boundary 

layers. The values of heat-transfer and temperatures are calculated by an iterative 

procedure. 

Finally, the results are used for the development of a method for non-dimensionalizing 

the heat-transfer results. The freestream properties Moo' Poo and Too are used as the 

non-dimensionalization parameters. This collapses the data for convective heat-transfer 

rates to the aero braking shield wall. The advantage of such a non-dimensionalization is 

that heat-transfer and wall temperatures can be calculated for various 'reentry conditions, 

once a solution has been obtained for a particular body under a certain set of conditions. 

The calculations for a different set of conditions then do not require the solution of 

inviscid flowfield for varying Mach number. This results in the saving of considerable 

amount of computational time required for design studies. 

For a given aerobrake configuration, significant reductions in convective heating may 

be obtained by selecting appropriate materials and coatings having low catalytic 

efficiency with regard to the recombination of atomic oxygen and nitrogen. Such 

reductions have been predicted by calculations based on the non-equilibrium chemistry 

Boundary Layer Integral Matrix Procedure [19] and were suggested by STS-2 reentry 

heating data. For the purpose of preliminary design studies, the effect of surface catalysis 

may be accounted for by application of a catalysis factor selected according to materials 

and coatings of the TPS. 

The magnitude of the radiative contribution to the heat transfer can not be, at present, 

predicted accurately. Most analysis of radiation have been based on the assumption that 

the gas is in chemical equilibrium; the gas radiation contribution is then small compared 

to the convection term. However, some investigations [22J have shown that for the initial 
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OTV heating conditions, the flow gas chemistry in the stagnation region will significantly 

deviate from the equilibrium state and this may lead to radiative heating of the same 

order as the convective values. According to other investigations [4], both equilibrium 

and non-equilibrium gas radiation heating will be less than about 10 percent of the 

convection heating. Current estimates of stagnation point radiation intensity vary widely 

and no established guidelines are available to account for velocity, altitude and location 

on the aerobrake. To resolve this controversy and the different interpretations of the 

available non-equilibrium radiative heating data, NASA plans to carry out a series of 

aero assisted flight experiments by using a free-flying, shuttle-launched and recovered 

spacecraft (current launch date is Sept. 1991). 

5 



Chapter 2. Flowfield Solution 

2.1 Governing Equations 

The axisymmetric Euler's equations are used for calculation of the inviscid flowfield. The 

four equations are conservation of mass, x-momentum, r-momentum and energy 

equations. These equations have been solved for perfect-gas and equilibrium-air 

conditions. The conservation form of the equations is given by 

(2.1.1) 

where 
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Q= 

F= 

G= 

p= 

pr 

pur 

pvr 

er 

pur 

(pu 2 + p)r 

puvr 

(e + p)ur 

pvr 

puvr 

(pv 2 + p)r 

(e + p)vr 

o 

o 

p 

o 

(2.1.2) 

(2.1.3) 

(2.1.4) 

(2.1.5) 

These equations are non~dimensionalized in terms of the freestream properties. The 

non~dimensional quantities are given as 

p' 
p=-­

p'oo 
(2.1.6) 
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U' 
(2.1. 7) U=--

V' 00 

v' 
(2.1.8) v=--

V' 00 

e' 
(2.1.9) e= 

I V,2 
Poo 00 

p' 
(2.1.10) p= 

, V,2 
poo 00 

T (2.1.11) T=--
Too 

The prime denotes dimensional quantities. These non-dimensionalizing parameters are 

chosen such that the non-dimensionalized equations have the same form as the 

dimensional equations. The equation of state is required to complete the set of 

equations. Non-dimensional equation of state for perfect gas is given by 

pT 
p= 

2 
yA100 

and the pressure can then be written in terms of the conserved variables as 

2 2 u + v P = (y - l)[e - p J 
2 

(2.1.12) 

(2.1.13) 
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Equation 2.1.1 can be transformed into generalized coordinates e and 11. The 

generalized coordinates are chosen such that they correspond to the computational grid. 

The equation in the generalized form is written as 

(2.1.14) 

where 

pr 

" 1 pur 
Q=-

J pvr 
(2.1.15) 

er 

pUr 

1\ 1 (pUu + p)r 
F=j 

(pUv + erP)r 
(2.1.16) 

(e + p)Ur 

pVr 

(p Vu + l1x p)r 
8=J... 

J (p V v + 11 r p)r 
(2.1.17) 

(e + p)Vr 
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0 

1\ 1 0 
p=- (2.1.18) 

J p 

0 

where J is the jacobian of transformation given by 

J = (2.1.19) 

where ~ and 17 are of the form 

(2.1.20) 

1'/ = rt(x, r) (2.1.21) 

The contravariant velocity components are given by 

(2.1.22) 

(2.1.23) 

These equations are solved by using a finite volume formulation. 
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2.2 Finite Volume Scheme 

The flowfield around the AOTV is hypersonic and the steady solution has a strong shock 

wave. Upwind methods provide a means for the computation of the solution for such 

flows. This results from a direct simulation of the signal~propagation features of 

hyperbolic equations by these methods. Moreover, these methods are naturally 

dissipative and hence no artificial viscosity terms are required [5]. 

The implicit upwind method with flux-vector splitting is used for the present 

calculations. The flux-splitting scheme used has been developed by Van Leer [6]. A 

relaxation algorithm has been used as given by Thomas, Van Leer and Walters [8]. The 

first order fully upwind differencing is used for all the calculations. 

The Van Leer flux-splitting has an advantage that it is continuously differentiable 

through eigen-value sign changes which occur at stagnation points and sonic points. The 
1\ 1\ 

flux~splitting for the fluxes F and G is given as 

..... 1\ 

1\+ grad(~) f mass [kx ( u ± 2a)/y + uJ 
F- = J ..... 1\ _ 

fmass [kr ( - u ± 2a)jy + v] 
(2.2.1) 

+ 
fenergy 

where 

- u U=---
grad(~) 

(2.2.2) 
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a 

2 
r± = ± pa(iV[~ ± 1) r 
Jmass 4 

r± = r± {[ - (y - l)u
2 ± 2(y - l)ua + 2a

2
] (u

2 + V2)} 
J energy Jiiiass 2 + 2 

(y - 1) 

1\ ~x 
k =---

x grad(e) 

1\ 

k =---
r grad(e) 

similarly for the flux G, the splitting is carried out as 

where 

+ 
giiiass 

+ 1\ _ 

8± = grad(11) giiiass [Ix ( - v ± 2a)/y + u] 
J + 1\ 

giiiass [Ir ( v ± 2a)/y + v] 

+ 
genergy 

v= V 
grad(tt) 

IVfrr 
v 
a 

(2.2.3) 

(2.2.4) 

(2.2.5) 

(2.2.6) 

(2.2.7) 

(2.2.8) 

(2.2.9) 

(2.2.10) 
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2 + ± pa(jVf11 ± 1) r 
gmass = 4 

+ + {[ genergy = gmass 

" 1=---
x grad('1) 

1 __ 17_r_ 
r - grad('1) 

(2.2.11) 

(2.2.12) 

(2.2.13) 

(2.2.14) 

The relaxation algorithm is implemented with a backward-time implicit integration 

scheme. Equation (2.1.14) is written in the form: 

(2.2.15) 

where 

(2.2.16) 

Taking back,vard-time difference 

(2.2.17) 
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where 

(2.2.18) 

(2.2.19) 

This results in the following equation: 

(2.2.20) 

For first order accurate solution using vertical line Gauss~Seidel scheme, the equation 

can be written in the form: 

1\ 1\ 1\ n 1\ 

aAQj, k-l + bAQj, k + cAQj, k+l = R - d AQj_l, k (2.2.21) 

This is solved by sweeping along j direction. a, band care 4 x 4 blocks, which are 
1\ 1\ 

functions of 8~ and 8~ . 
8Q ()Q 

The boundary conditions taken are as follows: freestream at K = KMAX; symmetry 

condition at J = I; tangency to the wall at K = 1 ; and supersonic outflow at J = 

JMAX. The cell (j,k) is shown in fig. 1. 
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2.3 Equilibrium Air Calculations 

The equilibrium air calculations are carried out by using the same equations as the 

perfect gas calculations. However, the effects of dissociation and ionization are 

incorporated by using a method for equilibrium air developed by Grossman and Walters 

[9]. This method uses an equivalent y in the place of y which is calculated from 

equilibrium air routines. y is defined by the following equation 

- 1 P y= +-­peo 
(2.3.1) 

where p , p and eo are dimensional quantities. eo is the internal energy per unit mass. 
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Chapter 3. Heat Transfer and Temperature 

Calculations 

3.1 Oveniew 

The non-dimensionalized flowfield solution obtained from the axisymmetric Euler 

equations is used as the edge conditions for the boundary layer. There are many existing 

methods that use the inviscid flowfield solution for the heat-transfer calculations. 

Notable amongst these is the method of Cohen [10] and the method of Sutton and 

Graves [11]. Cohen's equation is used for air calculations and is given as 

. 0 767P -0.6 (H H) ( )0.07 ( du )0.5 
qw,s=' 'w s- w Pllw,s ds e,s (3.1.1) 

Equation of Sutton and Graves is given as 

16 



· = K (~)O.5 (H - H ) qw,s R S W 
N 

(3.1.2) 

where K can be determined for a variety of gas mixtures. Both these methods are in good 

agreement with available experimental data. However, only stagnation point 

calculations can be carried out by these methods. For the calculation of laminar and 

boundary layer heat-transfer distributions along the surface, the method of Zoby, Moss 

and Sutton [121 produces good results. This method has been used in the prediction of 

convective heating rates. 

3.2 Laminar Heating Equations 

The laminar heat-transfer distributions are computed by relating the convective heat 

transfer to a skin-friction relation based on the momentum-thickness Reynolds number 

Re through a modified Reynolds analogy form. The laminar heat transfer is computed 

using the incompressible Blasius [14] relations and Eckert's reference enthalpy relation. 

The skin friction relation is given as 

(3.2.1) 

Eckerts' reference enthalpy relation is given as 

(3.2.2) 
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where 

(3.2.3) 

r is the recovery factor. The value of r can be approximated by the following equation 

for a variety of conditions 

(3.2.4) 

These are used in the following equations 

qc,L = h(Haw - Hw) (3.2.5) 

'" '" h P ueSt (3.2.6) 

'" 
'" 

C 
St = +(Prw)-O.6 (3.2.7) 

.:.. 

The resulting laminar heat-transfer equation is 

... '" 
(3.2.8) 
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where 8 L is obtained by integrating the axisymmetric boundary layer equation 

dO + O[ 1 dUe (2 + H) + .L1!:.. + 1 dPe ] 
ds ue ds C r ds Peds 

Js '" * 2 0 5 
( 0 P P. Ue r ds)' 

0L = 0.664 ------­
(Peue r) 

(3.2.9) 

(3.2.10) 

where s is the distance along the surface and r is the radius of the body of revolution at 

the cross-section of interest. 

For perfect gas calculations, the quantities p*, p.* are calculated at the reference 

temperature T * given by 

(3.2.11) 

The enthalpy }{aw and Hw are calculated by 

(3.2.12) 

(3.2.13) 

where Taw is the adiabatic wall temperature value calculated from the flowfield edge 

conditions. Taw is given by 
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(3.2.14) 

The dynamic viscosity is calculated by using Sutherland formula 

T 1 5 383.7 x 10-4 

,u=0.I716(273.1)· (T+ 110.6) (3.2.15) 

where T is in degree Kelvin and ,u is in Ns/m2 

For equilibrium air calculations, the reference quantities p"', ,u* are calculated at the 

reference temperature T'" which corresponds to the reference enthalpy H"'. T lit is 

calculated from H* by the use of equilibrium air routines. 

3.3 Turbulent Heating Equations 

Similar to the laminar heating-rate calculations, the turbulent heat transfer is also 

computed by a skin-friction relation based on Re. Most of the turbulent boundary layer 

calculations assume a 1/7 th velocity profile. However, experimental results have shown 

that the value of N in liN velocity profile varies from 7 for very high values Re to 4 for 

Re below 1000. A compressible turbulent analysis has demonstrated the effect of 

variable N on the skin-friction. Zoby, Moss and Sutton give the following relation for 

the skin-friction coefficient 

(3.3.1) 
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This is substituted into the momentum equation to yield the expression for turbulent 

momentum thickness as 

(3.3.2) 

where the constants m, cI' c2' C3' c4 are functions of N. These constants are defined by 

the following relations: 

m= N+ 1 
2 (3.3.3) 

C - (_1_)...J:1L [ N Jm 
1 - Cs N+l (N + l)(N + 2) 

(3.3.4) 

(3.3.5) 

(3.3.6) 

(3.3.7) 

Cs = 2.2433 + 0.94 N (3.3.8) 

Using the skin friction form in equation (3.3.1) we get the following equation for the 

turbulent heat-transfer 
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... ... 

lIe T = C1 (Re e)-m (pp ) (~ )m Pe ue (Haw - Hw) (Prw)-O.4 
, , e re 

(3.3.9) 

For the calculation of the value of N, it is necessary to guess a starting value of N to 

calculate the constants m, C1 , C2 , C3 and C4 • These constants are used to calculate 

the momentum thickness 0T by using equation (3.3.2). Finally the corresponding value 

of Re, e is used to calculate N by the following curve fit of axisymmetric wall data 

2 N = 12.67 - 6.51 10g(Re, e) + 1.21[ log(Re, e)] (3.3.10) 

The iteration process is carried out until a converged solution for N is obtained. 

However it should be noted that the curve fit is good for values of Re higher than 

approximately 500, and thus N has been taken as 3.9 for all values of Re less than 500. 

The reference quantities T"', p" and Jl" are calculated as explained in the laminar 

heating rate calculations. 

3.4 Energy Balance and Heatshield Modelling 

The temperatures on the outer surface of the TPS and on the structure inside the TPS 

are calculated by carrying out a quasi-static energy balance. The aero brake typically has 

a supporting structure with TPS tiles or other insulating materials on the outer surface. 

Thus, in the simplest case, the TPS and the structure may be modelled as a two layer 

system. A one-dimensional heat-transfer model is assumed with surface radiation from 
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the TPS material and the leeward side of the structure. A non-ablating surface has been 

assumed. 

The energy balance requires that the total convective heat-flux to the surface equals the 

re-radiative heat-flux from the heat shield. It is assumed that convective heat-transfer 

takes place only on the forward surface of the aerobrake (fig. 2). This gives the following 

equation 

(3.4.1) 

where the subscripts 1 and 2 refer to the windward and leeward surfaces of the aerobrake 

respectively. 

The I-D heat-transfer through the wall is given by 

this gives a relation for the two surface temperatures as 

(3.4.2) 

using the Stefan-Boltzmann law, the radiative fluxes are related to the surface 

temperature as 
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(3.4.3) 

(3.4.4) 

For materials which have the conductivity k varying as a function of temperature, the 

following equations are used 

(3.4.5) 

(3.4.6) 

where Ji and 12 are given functions for the heat shield materials. Tl and T2 are 

average temperature values given by 

(3.4.7) 

(3.4.8) 

The values of k are calculated by taking the temperature, conductivity and heating-rate 

values from the previous iteration step. This keeps the number of simultaneous 

equations to be solved at 4. 

24 



3.5 Linearization of Energy Balance Equations 

The four equations governing energy balance (equations 3.4.1 to 3.4.4) are solved by 

Newton's method. This requires the linearization of the equations. The equations can 

be rewritten as 

(3.5.1) 

(3.5.2) 

(3.5.3) 

(3.5.4) 

taking the four variables as 

(3.5.5) 

(3.5.6) 

x(3) = Tl (3.5.7) 

x(4) = T2 (3.5.8) 

Linearization of this problem gives 
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of [a; ]{L.\x} = {ftx)} (3.5.9) 

where 

1 0 0 

0 
xl x2 

-1 1 af -+-
[-]= kl k2 

ax 1 0 3 0 - 4eo1aTl 

0 1 0 3 - 4eo2aT2 

The linearized system of equations (3.5.9) is solved by Gauss-Siedel iteration. 

The formulation of the problem can be easily modified for any number of layers in the 

wall. For the generalized case of n layers, equations (3.4.7) and (3.4.8) can be rewritten 

in the following form 

m-l - I Xi Xm T =T1-q' [ -+--] 
m r2 k- 2k 

i=1 1 m 

(3.4.7a) 

n 
0.1(2) _ ~ ~ 
ox(2) i...J k-

i=1 1 

(3.4.8a) 

where 
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(3.4.5a) 

3.6 Coupling the Heat-Transfer and Temperature Equations 

In sections 3.2 and 3.3, the heating-rate equations for laminar and turbulent boundary 

layers have been presented. Both these calculations are based on reference enthalpy. 

Reference enthalpy is a function of the boundary layer edge conditions and the wall 

temperature. However, the wall temperature is calculated by energy balance as shown 

in sections 3.4 and 3.5. This makes it necessary to couple the wall temperature and 

convective heat-transfer equations. 

An iterative method has been used for coupling these equations. The freestream 

temperature value is used as the starting value of wall temperature. The heating-rate is 

calculated from the boundary layer edge properties and the wall temperature values. This 

is in turn used for the calculation of wall temperature values. This iteration scheme is 

highly divergent in nature if the calculated value of wall temperature is used in the next 

iteration step. An under relaxation technique is used for correcting this problem and the 

correct value of wall temperature is calculated by the following equation 

(3.6.1) 

where 

(3.6.2) 
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m and m+1 are the values of outer wall temperatures after nand n + 1 iterations 

respectively. Tn+l is the temperature calculated from the energy balance equations. 

ron is the under-relaxation factor and is given by 

n ro 0.99 (3.6.3) 

This under-relaxation factor has the effect of reducing ilTlilT when ilT is large 

compared to m but results in almost no under-relaxation when ilTlm is very small. 

The constant factor of 0.99 is seen to prevent an oscillating non-convergent solution. 

3.7 Non-Dimensionalization of Heat-Transfer Results 

The convective heat-transfer to the surface of the aerobrake is found to depend on the 

inviscid solution strongly. However, it does not vary much with the wall temperatures. 

This gives rise to the idea of non-dimensionalizing the heat-transfer results in terms of 

the freestream properties Moo ' Poo and Too' A solution of the following form was 

sought 

(3.7.1) 

where Zic is some non-dimensionalized value of the convective heat-transfer rate. The 

exponents a, band c are calculated by getting results of qc for various values of 1.0//
00

, 

P 00 and Too . This results in a solution of the following form 
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(3.7.2) 

where s is measured along the surface of the aero brake from the stagnation point. 

F or the calculation of wall temperature and heating-rate values at any set of freestream 

conditions, first the heating rate qc is calculated from i:fc and then this value is used for 

calculating TI and T2 by using equations (3.4.1) to (3.4.4). 
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Chapter 4. Results and Discussions 

4.1 Overview 

Heat transfer and temperature results have been obtained for two types of aero braking 

shield configurations. These are spherical cone and ellipsoidaUy blunted raked off elliptic 

cone (EBROEC). These calculations were performed, in part, in support of the TAXI 

project sponsored by NASAjUSRA. For the EBROEC, the computations are carried 

out for the plane perpendicular to the symmetry plane through the stagnation point. 

Calculations are carried out for various values of lvfoo and different altitudes. 

Dependence of the heating rates on the freestream Mach number, temperature and 

density has been found for perfect gas. Calculations have also been carried out for 

equilibrium air with fully catalytic and non-catalytic wall cases. 

4.2 Numerical Results 

The numerical grid for the spherical cone is shown in fig. 6. The grid has 60 points in e 
direction and 40 points in 1'/ direction. The grid points are clustered near the wall. 
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Synunetry condition is prescribed at the lower boundary, tangency condition at the wall, 

freestream condition at inflow boundary, and supersonic outflow at remaining boundary. 

Figs. 7 to 15 show the computational results obtained for pressure, temperature and 

density at the boundary layer edge at freestream Mach numbers of20, 25 and 30 for the 

spherical cone using perfect gas assumption. The pressure, temperature and density 

values have been non-dimensionalized using the freestream values of those quantities. 

These are used as the boundary layer edge properties for heat transfer calculations. 

The atmospheric encounter for AOTVs takes place typically between the altitudes of 

220,000 and 310,000 ft. As the freestream density values are very low at these altitudes, 

the flow is essentially laminar in nature. Fig. 16 shows the variation of heat transfer with 

the altitude at the Mach number of 20. Figs. 17, 18 and 19 show the variation of heat 

transfer with Poo' Too and Moo respectively. This data is used for deciding the 

non-dimensionalizing coeflicients for heat transfer. 

Structural materials have limitations on the operating temperatures, and the insulation 

thickness can be varied to achieve the required value of inside temperature. The 

insulation material used for the calculations was Flexible Reusable Surface Insulation 

(FRSI). From the table of properties for this material in reference [21], the following 

cubic fit can be obtained for the thermal conductivity 

(4.2.1) 

where the temperature is in Ok and conductivity is in W/mok. Using this insulation 

model, the temperature values for the TPS are calculated. The results for an altitude of 
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280,000 ft. and free stream mach numbers of 20, 25 and 30 are given in figs. 20 to 22 

respectively. Variation of the inside wall temperature with insulation thickness is shown 

in fig. 23. Fig. 24 shows the variation of the TPS surface temperature with altitude. A 

comparison of the Turbulent and Laminar heating rates is given in fig. 25. 

Heat transfer values at different conditions can be related as follows 

( 
M002 )3.07 (T 002 )1.554 (~002 )0.49 
j\.1001 Tool 001 

(4.2.2) 

Thus the non-dimensionalized value of the heat transfer is given by 

M3.07 T1.554 0.49 
00 00 Poo 

(4.2.3) 

This is seen to have a form very similar to the Engineering correlation (Ee) formula. 

The non-dimensional q values are shown in fig. 26 for the spherical cone. 

Figs. 27 to 29 give the fIowfield solution at the wall for equilibrium air at 114.00 20 and 

H = 220,000 ft. The comparison of the heating rates for perfect gas and equilibrium 

air (fully-catalytic wall) is given in fig. 30. This shows that the fully catalytic wall has 

higher heating rates due to the dumping of heat resulting from recombination of the gas 

at the wall. Fig. 31 shows the temperature distribution for the equilibrium air case. 

Figs. 32 and 33 give the results for a non-catalytic wall. A reduction in heating rate of 
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40 percent over the fully catalytic case has been assumed based on the results for HRSI 

materials [15]. 

The computational grid for EBROEC is shown in fig. 34. Results for the EBROEC are 

presented in figs. 35 to 39. The calculations are carried out for 1Yfoo = 20 and H = 

280,000 ft. Figs. 40 and 41 show a comparison of heat transfer calculated by the present 

method with some experimental [17] and computational results [20] for spherical cone. 

The results agree well with the experimental and the detailed analysis for most of the 

body. However, the present method underpredicts the heating rates for the corner. This 

seems to be acceptable for a preliminary design. Figs. 42 and 43 show a comparison of 

heat transfer calculated by the present method with some experimental and 

computational results [13) for EBROEC. These seem to agree well except at the 

stagnation region. The values predicted by the present method are on the higher side in 

that region. Fig. 44 shows the pressure distribution obtained by modified Newtonian 

theory. Comparing it with the numerical solution for axisymmetric Eulers equations, it 

can be seen that the pressure gradient is overpredicted in the nose and corner regions, 

and is zero for the cone region. Due to this, in fig. 45, the heating rates calculated are 

higher in the stagnation region and lower in the flat conical region. Similar results for 

other aeroassist vehicle shape are shown in [18, 23J. It is also concluded in [23] that 

modified Newtonian theory is not reliable for the Aeroassisted Flight Experiment 

Vehicle. 
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Chapter 5. Conclusions 

5.1 Overview 

A method has been developed for the calculation of heat transfer and wall temperatures 

for Aeroassisted Orbital Transfer Vehicles. Results have been obtained for two 

configurations under various reentry conditions. 

The results show that the heating rates are highest at the stagnation region and taper 

off quite rapidly. This can be used for reducing the thickness of the surface insulation 

material away from the stagnation region. The turbulent heating rate calculations show 

that the maximum value of the heating rate can occur away from the stagnation region. 

However, these calculations were carried out assuming a turbulent flow in a flow regime 

which is normally laminar in nature. Thus the correctness of the result is doubtful. 

The results are in good agreement with detailed calculations and experimental results 

[13,17,20J. Thus the present method can be effectively used for design calculations at a 

fraction of the computational effort. The maximum error in heat transfer was about 15 

percent which results in an error of less than 5 percent in the wall temperatures. After 
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carrying out a trajectory analysis, the non-dimensionalized heat transfer can be used to 

calculate heating rates at various points along the trajectory. The maximum heating rate 

along the trajectory can be found from these calculations. 

5.2 Suggestions for Future Work 

Present calculations neglect the radiative heat transfer to the heat-shield and assume no 

variation in insulation material. However, in some cases, the non-equilibrium radiative 

heating rates can be quite high and change the total heating rates considerably. A 

combination of insulating materials with different catalytic values produces spikes in the 

heat transfer at the junctions of these materials. Simplified methods for the calculation 

of heating rates taking these phenomena into account provide good research problems 
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TABLE 1. Geometrical description of spherical cone 

Cone half angle 

Cone base radius 

Nose sphere radius 

Corner skirt radius 

70 degrees 

20m 

10 m 

5m 
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TABLE 2. Geometrical description of EBROEC 

Rake angle 

Cone angle (X-Y plane) 

Reference circle radius 

Corner skirt angle 

Corner skirt radius 

Nose ellipticity ratio (X-Y plane) 

73 degrees 

60 degrees 

20m 

60 degrees 

4m 

2 
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H = 220.000 ft 

Pressure P 00 

Density Poo 

Temperature Too 

H = 250,000 ft 

Pressure P 00 

Density Poo 

Ternperature Too 

H = 280,000 ft 

Pressure P 00 

Density Poo 

Ternperature Too 

TABLE 3. Atmospheric conditions 

8.5436 N/m2 

1.2875e-4 kg/m3 

231.23 oK 

2.0340 N/m2 

3.6255e-5 kg/m3 

195.46 oK 

0.3872 N/m2 

7.4676e-6 kg/m3 

180.65 oK 
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Fig. I: Thermal Protection System 
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Fig. 6: Computational grid for spherical cone 
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Fig. 7: Boundary layer edge pressure distribution jyf,:;,o = 20 (perfect gas) 
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Fig. 8: Boundary layer edge temperature distribution lv/co = 20 (perfect gas) 
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Fig. 9: Boundary layer edge density distribution Alco = 20 (perfect gas) 
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Fig. 10: Boundary layer edge pressure distribution 11100 = 25 (perfect gas) 
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Fig. 11: Boundary layer edge temperature distribution Moo = 25 (perfect gas) 
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Fig. 12: Boundary layer edge density distribution Afoo = 25 (perfect gas) 
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Fig. 13: Boundary layer edge pressure distribution lvloo = 30 (perfect gas) 
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Fig. 14: Boundary layer edge temperature distribution Moo = 30 (perfect gas) 
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Fig. 15: Boundary layer edge density distribution Moo = 30 (perfect gas) 
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Fig. 20: Wall temperatures Moo = 20, H = 280 kft (perfect gas) 
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Fig. 21: Wall temperatures lvtoo = 25, H = 280 kft (perfect gas) 
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Fig. 22: Wall temperatures Moo = 30, H = 280 kft (perfect gas) 
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Fig. 27: Boundary layer edge pressure distribution A100 = 20 (eq. air) 
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Fig. 28: Boundary layer edge Temperature distribution M(X) = 20 (eq. air) 
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Fig. 29: Boundary layer edge density distribution Moo = 20 (eq. air) 
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Fig. 30: Comparison of perfect gas and eq. air heating rates 
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Fig. 32: Heat transfer Moo = 20, H = 220 kft (non·catalytic) 
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Fig. 33: Wall temperatures Moo = 20, H = 220 kft (non-catalytic) 
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Fig. 34: Computational grid for EBROEC 
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Fig. 35: Boundary layer edge pressure distribution iV100 = 20 (perfect gas) 
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Fig. 36: Boundary layer edge temperature distribution Moo = 20 (perfect gas) 
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Fig. 37: Boundary layer edge density distribution 1'-'100 = 20 (perfect gas) 
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Fig. 38: Heat transfer Moo = 20, H = 280 kft (perfect gas) 
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Fig. 39: Wall temperatures Moo = 20, H = 280 kft (perfect gas) 
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Fig. 40: Comparison of calculated and experimental results for Spherical Cones 
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Fig. 41: Comparison of calculated results with other methods for Spherical Cones 
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Fig. 42: Comparison of calculated and experimental results for EBROEC 
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Fig. 43: Comparison of calculated results with other methods for EBROEC 
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Fig. 44: Pressure distribution predicted by modified Newtonian theory 
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Fig. 45: Heating rates for Newtonian theory with Thwaites-Walz method 
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