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Abstract: The flow field and temperature distribution of high-speed aerodynamic
heating at stagnation point. The heat transfer through a thin, a thick or composite wall
were analyzed in the present study. Convection coefficients and heat fluxes due to
aerodynamic heating on critical surfaces of hypersonic vehicle are obtained analytically.
The applicability of recovery temperature for stagnation regions is discussed. Convection
coefficient for the curvature forward stagnation region is obtained directly from 2-D
stagnation region correlation. This paper shows and application of Crank-Nicolson
scheme to solve numerically transient heat conduction problem conjugate with high
stagnation point heating problem. The results show good agreement with a known
lumped system method solution for a thin wall. The present method of solution can be
extended to solve three dimensional heat conduction problems in multi-layer composite
bodies as well.
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1. Introduction thickness or layers and consider heat transfer
to the body for different types of conduction
ways. There are two ways for comparison are
present in the paper which named (1) lumped
system for shin shell, and (2) finite difference
calculation for thin and thick shell and
determined the best ways for realistic using.
For early predict the aerodynamic heating
problems, usually simplify the heat
conduction model to a lump system model [1]
[2] for a thin wall let the Biot number less
than 0.1, so the lumped thermal model is
applicable. However, for most of real
condition the wall is not thin and Biot number
greater than 0.1, then the lumped system is not
useful for that conditions. We need to choose
another ways to calculate these kinds of
problems. In this study, have choice the
numerical calculation method based on finite
difference [3] to approximate it, above all for
composite wall or two layers problems [4-6].
The ascent peak stagnation point and wing
leading-edge equilibrium wall temperatures of
hypersonic trans-atmospheric vehicles are
about 3000K to 4000 K, respectively [7].
Aero-thermal environments for the design of

Aerodynamic heating is the heating of a solid
body produced by the passage of fluid (such
as air) over the body. The heating is caused by
friction and by compression processes,
significant ~ chiefly at  high  speeds.
Experiments on aerodynamic heating are done
in a shock tube in which a shock is made to
travel by rupturing of a diaphragm separating
of high pressure and low pressure side. This
helps in checking the effect of adverse
increases in temperature on different materials,
and to check whether there is some reaction
on it. Even aerodynamic heating is a topic of
great concern in re-entry vehicles where, due
to great friction at high velocity, there's
heating at the surface. To prevent which these
vehicles are given blunt shapes to produce
bow shock. As a result most of the heat is
dissipated to surrounding air.

For practical aerodynamic heating problems
had been developed for years. The purpose of
this paper select a simple but useful ways to
deal with the stagnation point heat transfer on
a cylindrical body with different kinds of wall
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X-34 were generated from conservative
approach, based solely on engineering
methods applied to critical areas [8,9].
Approximate analyses have used to estimate
the stagnation-point heat flux [10]. Study of
the influence of nose bluntness on heating
levels for simple geometries corroborated that
blunting reduces laminar heat transfer to the
hypersonic  vehicle [11]. An overview
revealed that to compute the surface
temperature accurately, it is necessary to
describe the convection mechanisms [12].
Based on the survey, it is found that
convection correlations are available for
axisymmetric and 2-D stagnation regions
[13,14].

Recently, Gui et al. [15] had studied
numerical investigation on drag and
heat-transfer reduction using 2-D planar and
axisymmetrical forward facing jet. Monti [16]
and Periklis [17] had studied reentry
aerothermodynamics of atmospheric entry
vehicles. Recently, there are some related
studies for the aerodynamic heat transfer
problems by Siavash et al. [18-25]. This paper
is mainly dealing with the Aerodynamic
heating problem more realistic application to a
real condition. The paper have predict the
temperature distribution in the high speed
flying cylindrical body nose tip as a function
of time and to predict the temperature by a set
of trajectory data. Due to the different types of
wall conditions so that choice different kinds
numerical methods for approximations are
presented.

2. Theoretical Analysis

This investigation is concerned with the
temperature distribution in a high-speed flying
body with cylindrical nose tip. The main
purpose of this investigation is to predict the
response of the heat transfer on the stagnation
point of the sphere's shell wall during a period
40 seconds.

Voo, Ma

{Shock)

Figure.1 A schematic diagram of high speed
aerodynamic heating at stagnation
point
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A schematic diagram of high-speed
aerodynamic heating at stagnation point is
presented in Figure 1 to illustrate the physical
situation and the symbols of the parameters
needed for the analysis. The following
assumptions are in the analysis:

(1)Unsteady equilibrium flow

(2)The heat conduction is one dimensional

(3)The physical properties of each layer
of the sphere nose tip are uniform and
independent of temperature.

(4)The convective heat transfer coefficient is

dependent on the surface temperatures

(5)The ambient air is transparent to thermal

radiation.

(6)The trajectory dataP > p>T > pn> Cp
initially from the sea level temperature
288.3 K and all are idea gas.

Initially, the cylindrical nose has a uniform
temperature equal to the ambient temperature
but suddenly the surfaces are exposed to an
incident time-varying heat flux, following the
flying at high speed. Then the cylindrical
body exchanges heat with the surrounding
environment by convection and radiation.
Following the trajectory conditions and
calculation the skin friction temperature by
Runge Kutta method for such case: A lumped

thin shell wall thickness T, =0.000762m, € =
0.3, 6=5.67x10"W/m* K* w=849kg/m’,
and trajectory data shown as figures 2-(a),
2-(b).Formulation the related problems and

calculation processes are divided into two
parts as follows:

2.1 For a lumped system (A thin wall)
The governing equation of the practical
aerodynamic heating problems may be

Expressed symbolically as follows:

Energy equation:

Qlocal :qconv _qrad (1)
or
dT h
—¥=—(T,-T,)-€oT,* )

d G
where

dT.
=Tw| —X

Qlocal s ( d t )
€ : Emissivity of the surface
(o] :Stefan-Boltzman radiation
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constant (5.67 x10*W/m* K* )

¢ : specific heat of skin(Nm/kg.K)

T, : skin thickness (m)

w : specific weight of skin material(kg/m3)
T,

w

: outer surface skin temperature (k)
t : time(sec)
h : coefficient of heat transfer(W/mz.K)

T, : Adiabatic wall temperature

G : the heat absorption capacity of the
Skin(G:C.tS.W)

From Equation (2) known that it is a
non-linear unsteady energy equation could

be solved by Runge Kutta method and the
solving process as follows:

(3) Conduction heat transfer calculation:
Finding the value T,

dT

d—thF(h ' Ty Qg Tw-T,) 3)

From Equation (2) and (3) known that it is a
non-linear unsteady energy equation could be
solved by Runge-Kutta method or other
numerical integration methods. The paper
chooses time steps 0.5 sec to 1.0 sec and find
a reasonable comparison result.

2.2 For a thick uniformed wall

dT,

W

dt

o°T,
ox?

“

Where « is the thermal diffusivity of the wall.

The corresponding boundary conditions:

dT, =0 ( for inner wall )
dx
I (1, -1, ) eoT?
dx

( for outer wall )

2.3 For a thick composite wall

dT o°’T
= i —2W (5)
dt 0x
Where is the thermal diffusivity of the layers,
the corresponding boundary conditions:

dT, 0
dx

( for inner wall )
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dT,
dx

—k—>=h(T, -T,)-eoT,

( for outer wall )
B.C For interfaces

i i+l
K Ly oL,
O0x Ox
Ti — Ti+1

2.4 Convection heat transfer calculation

For the purpose of finding the coefficient of
heat transfer (h) value of this problem, the
influence of the wall directly heat transfer
results first important factor is due to the
high-speed  stagnation  fluid  heating
phenomena. Because the stagnation point
mostly near to a laminar flow and specify to a
boundary layer problem. Through a
self-similar solution to the governing
boundary for the stagnation point case become
respectively [26-27]
2

(cf) +'=(f) -g

c
p°

j +fg'=0
With boundary conditions

f(O)=O » f (O)ZO ’ g(O)Zgw
Equation (6) and (7) are the governing
equation for a compressible stagnation point
boundary layer, Numerical solutions to them
can be obtained by the shooting technique, for
simply state the result of solving equation (6)
and (7), correlated in the following expression
obtained from Ref [28] in cylindrical nose

L /du

q, =057 (peh, )2 4= (hoy b)) ®)
Equation (8) is a result for aerodynamic
heating to a stagnation point on a blunt
cylindrical body, the paper choosing
calculation formula is reference to it.

(6)

(7

2.5 Radiation heat transfer calculation:

Finding the value of radiation heat transfer
rate (,, can be formulate as following

)

_ 4
qrad =€ GTW
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3. Numerical Technique

3.1 For lump system—A thin wall

The solution procedure for equation (2) is
solved numerically by a Runge-Kutta method
with respect to the initial and boundary layer
properties according to the trajectory real
flying conditions.

3.2 For thin and thick wall

The solution procedure for equations (4) and
(5) are solved numerically by a finite
difference Crank-Nicolson technique with
respect to the initial and boundary conditions
outlined  previously. 8  non-uniformly
distributed grid points were used in the thin
wall, 8 to 16 non-uniformly distributed grid
points were used in the thick wall, and the
time steps in the final calculations were 0.5
seconds for economy calculate choice. These
non-linear ordinary differential equations have
discretized by a second-order accurate central
difference method, and a computer program
has developed to solve these equations.

3.3Calculation steps of the entire system

1. Calculate thermodynamic fluid properties
from the wall temperature and free-stream
temperature according to the trajectory
calculation results.

2. Calculate the convective heat transfer for
the stagnation point.

3. Solve the heat-conduction equation of the
wall at the stagnation point with the local
convective heat-transfer coefficient by
different methods.

4. Discussion and Results

The purpose of this investigation is to
predict the response of the heat transfer on the
stagnation point of the sphere's shell wall
during a period 40 seconds, flying with the
high -speed Mach numbers up to 10. A
schematic diagram of high-speed aerodynamic
heating at stagnation point presented in figure
1 to illustrate the physical situation and the
symbols of the parameters needed for the
analysis. The figures 2-(a) and 2-(b) are the
simulation trajectory in this study. Figure 3
depicts the surface temperatures of a thin wall
that calculated by (a) lumped system methods
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(b) finite difference methods and find out that
the results are almost closely with each other.
Figure 3 get a very nice comparison between
the two different types model for a thin wall
(T,=0.000762m). Usually simplify the heat

conduction model to a lumped system model
for a thin wall let the Biot number less than

0.1, so the lumped thermal model is
applicable.
35
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Figure 2-(a). Trajectory data for Time (sec) vs.
Altitude (km)
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Figure 2-(b). Trajectory data for Time (sec) vs.

Mach Number
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Figure 3. Comparison of two conduction
theories for Lump method vs. F-D
method

Issue 11, Volume 1, November 2006



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

The thin wall temperature up to 4000°C
just in a short period of time for forty seconds.

3000
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Figure 4. Two layers composite thin wall for
different K values

Figure (4) depicts two layers composite wall
inner and outer wall temperature

distribution( T, =0.0025m). Where the outer

layer conductivity constant K_ = 0.1K,

inner °
so produce a significance adiabatic effect ,
and let the outer wall temperature increase but
the inner wall temperature decrease. The
whole range temperature at the wall is also
decreased to 2/3 ratio value of the original
single layer wall temperature. The thin wall

temperature up to 2000°C just in a short
period of time forty seconds.
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Figure 5. Uniform one layer thick wall
conduction phenomenon

Figure 5 and Figure 6 depict the surface
temperature of a thick wall (T, =0.025m).

which calculated by only Finite Difference
method, From figure 5 find out that there are
difference for the inner or outer wall
temperature, Because the wall is thick enough.
However, if the wall for different materials
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it will be

produce an obviously different result from
figure 6.

composite wall K =0.1K,
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Figure 6. Composite two layers thick
wallconduction phenomenon for
different K values
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Figure 7. Uniform thick two layers thick wall
conduction phenomenon
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Figure 8. Composite two layers thick wall
conduction phenomenon for
different K values

Figure 7 and figure 8 have the same types and
results as figure 5 and figure 6. The only
difference between them is the wall in which

is not thin but a thicker wall (T, =0.05m). The
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lump system method is no more suites to that
condition again. On the other hand, for a
thicker wall may find out that the temperature
distribution from outer to inner have
significance difference, So that it could not
use a simple lump system method to approach
it. The contribution in this study are presented
a practical aerodynamic heating problem of
stagnation point at high speed flying analysis
works for different kinds of wall conditions. It
is a conjugate heat transfer problem in the
solving problem that included convection,
conduction, and radiation by different
physical modules and numerical methods.

5. Conclusion

A practical aerodynamic heating problem of
stagnation point at high speed flying analysis
works for different kinds of wall conditions
has been studied in this paper. It is a conjugate
heat transfer problem in the solving problem
that included convection, conduction, and
radiation. The conduction area is included
lump system, composite wall. Therefore, in
this study has choice numerical methods to
solve the problems and get some required
results. The paper has applied a fundamental
principle from the early research jobs and
extended to the recently pertinent papers
about the more complexes heat conduction at
thick and composite wall conditions. From the
results and discussions, get a reasonable
analysis results. On the other hand, there are
many interest topics can be study in the future,
such as the flying body temperature predict,
the flying wing temperature predict or some
other different configurations designing jobs.

Nomenclature:
¢ : specific heat of Wall(Nm/kg.K)

c : specific ~ heat  at

P
pressure (Nm/kg.K)

Cf :skin friction coefficient

constant

f : dimensionless velocity at the wall for heat
convection.
£ first order dimensionless velocity gradient
at the wall for heat convection.
f" : second order dimensionless velocity
gradient at the wall for heat convection.
g : dimensionless temperature at the wall for
heat convection.
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g : first order dimensionless temperature

gradient at the wall for heat convection.
G : the heat absorption capacity of the

skin(GZC.tS .W)
h : coefficient of heat transfer(W/rnz.K)
K: conductivity of the fluid (W/mK)
k: conductivity of the fluid (W/m.K)

P : pressure.
Pr: Prandtl number.

J.ony - COnvective heat transfer rate at the wall.
(W/ m’ )
q,,q: radiation heat transfer rate at the wall.
(W/ m’ )
q,, : heat transfer rate at the wall. (VV/m2 )

Qe ¢ local heat transfer rate at the wall.
(W/ m’ )

t : time(sec)

T, : skin thickness (m)

T, : outer surface skin temperature (k)

T, : adiabatic wall temperature(k)

T, : flow temperature at the outer edge of the

boundary layer. (k)
T, : constant ambient temperature. (k)

u velocity components in the x
directions.(m/s)

w :specific weight of skin material (kg/m3)

X : horizontal coordinate.

Greek symbols:

o : the thermal diffusivity of the wall. (m>/s)

p: density of the air. (kg/m3)

€ : Emissivity of the surface

c : Stefan-Boltzman radiation
constant (5.67 x10*W/m* .K* )

Subscripts

aw : adiabatic wall

e : flow properties at the outer edge of the
boundary layer.

stag : stagnation region

0: stagnation value

oo: free-stream value
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