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Abstract— In this paper, the aero heating of spherical stagnation
point is studied. For this purpose, we first calculate the
thermodynamic properties behind of the normal shock, for the
supersonic flow of the hot gas. After finding these properties, we
can calculate the boundary layer properties and then we will be
able to determine the heat flux of the spherical stagnation point.
This heat flux can be used as a boundary condition in heat
transfer code for axial asymmetric case. After computing
transient multilayer heat transfer toward the inner side of the
shell (which material varies in each layer), we can determine
stagnation point temperature and temperature distribution in
various layers. To verify the validity of the used numerical
procedure in this work, comparisons with the theoretical and
experimental results for the X-33 space vehicle have been
conducted.
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I. INTRODUCTION

igh temperatures will be generated inside the boundary
layer in hypersonic flows, due to high kinetic energy and
friction losses. These high temperatures cause vibrating
simulation and molecular crack and even ionized air. In this
situation, the air can not be assumed as an ideal gas. For
example, if we consider a rocket that enters the atmosphere

with M=10 and 7, = 283K, the hot gas temperature behind
shock can be obtained by:

2D o o 1
T/T, = M2sin’ (1)

where T =5502.7K , Of course this is not the real
temperature because of incorrect assumptions. The errors are
due to considering Y =1.4. Now, what is the difference
between hot gas flow and flow with constanty? We have
answered this question in following expressions:

1- All of the thermodynamic properties are different.
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2- Transmission properties are totally different.
3- In hot gas flow condition, Yy is variable, thus equations
obtained based on a constant Yy are not reliable.

According to what we have mentioned above, we should
use a convenient process to eliminate errors arise from the
assumption of ideal gas for the air.

II. PROBLEM FORMULATION

A. Determination of Hot Gas Flow Condition in the Edge of
Stagnation Point Boundary Layer

According to the conditions before the shock, we can use
simplified continuity, momentum and energy equations on a
streamline:

PV =pV, =V, 2&1/1 2
2
P
P, :})1+p1Vlz(1_71 3)
P>
2
hy =h +- | 1- 2Ly
2 s 4)

Because we do not use any simplification due to ideal gas
condition and also our assumptions are based on steady state
and Newtonian fluid, then the above relations are useful for
hot gas flow. As we have said in pervious section, in
supersonic flow, the temperature of fluid will increase greatly
behind of the shock, so that; O, and N, molecules can be
ionized. In this case, thermodynamic properties of the air vary
totally, therefore the y will be variable. This means that we

can not extract Y from differential and integral relations.

Also we can not use thermodynamic relations like sound
velocity, temperature, equation of state and relations between
enthalpy and temperature in hot gas flow condition. If we
consider air as a hot gas, we will be able to use similar
relations concluded from fitting curves from statistical
thermodynamic data [1]. In new relations, every
thermodynamic function is a function of two thermodynamic
independent variables:
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p=1(P,T) ®)
h=f,(P,T) (6)
a=f;(P,T) (7

In relation (7), a is the sound velocity. For transforming
quantities £,Pr , we have following functions:

u=pu(P,T) ®)

Pr=Pr(P,T) 9)

By choosingh, =P, ,T,=T,, and M, =M_(flow
properties upstream of the shock) we are able to determine p,
and 4, with using interpolation in relations (5) and (6). We
start with an initial guess resulted from ideal gas relation. The

values of 0, ,u,, P, and A, are known, so relations (3) and (4)

convey P, and h, as a function of p, with one unknown

component. By using iteration procedure we can determine
flow properties after the shock.

After finding p, from initial guess, P, from relation (3) and
h2 from relation (4), by using distance division we

calculate P,, h, and7,:

h2=h(P2,T2) (10)
Now, we can calculate new density by using P, and7, :
Prsew = J1(B,T5) (11)

Now we can determine new values of 4,,P,,T, and repeat

steps until the convergence reached. Since we have calculated
above properties on the streamline, we can use this method for
projectile with lateral booster, only if we determine stagnation
point streamline with a secondary program.

B. Solution of flow on Stagnation Point

In this study, Fay and Riddell classic solution have been
used because their results are applicable in industry and
supersonic projectiles. We have following assumptions:

1) Flow conditions in external edge of boundary layer

have local thermodynamic and chemical equilibrium.

2) Inviscid velocity distribution in external edge of

boundary layer in stagnation region  with
incompressible classic results is:
u, =ax 12)
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a=(

< 13
dx ): (13)

. du
In above relation g =(—=

), is the velocity gradient in

stagnation point:

(due) _ 1 [2(p. - p.)
dc”" R 0.

Surface heat transfer can be determined with following
relation:

oT oC.
=(k—) +(pD E h, —-
QW ( ay)w (p 12 - i ay )w

In above relation D is the mass fraction and C is the
diffusion coefficient. It is notable that surface heat transfer in
viscous flow in presence of chemical reaction is not only the
result of temperature heat transfer but diffusion is affective
too.

Riddell and Fay obtained these results in comparison with
gas without reaction:

4, =076Pr (1) ()" () B, ~h) 1+(LET -1 (2
dx hoe
(16)
In above equation Le is the levies number and h, is the
stagnation enthalpy and the subscripts e and w introduce
boundary layer conditions near the surface condition,

(14)

(15)

respectively. The value of hD is obtained with following

relation:

hy, =ZCie(Ahf)}’ (17)

Furthermore, ¢, is related to the heat transfer parameter

Nu

VRe

d §
‘. =(N%/%)W [(hs ~h,)/0.76Pr*°]

(18)

(

) as following relation:

C. Temperature Distribution in Transient Condition

The governing equation is multi layer transient heat transfer

equation which in cylindrical coordinates with axial
asymmetry is given as:
10 oT o, 0T oT
—(kr—)+—k—)=pC,— 19
rar( 6r) 62( 82) P " ot (19)

After generating a computational flow field, the governing
equations are discretized and solved by using Gauss-Sidle
algorithm. In each time step, the heat flux obtained from
relation (16) is used as boundary condition for above equation.
Because of complexity the problem geometry, general
coordinate have been used.
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For this purpose, the calculations have been done in the
rectangular coordinate system (£ —7) initially, and then the

results transfer to physical coordinate system (¥ — z).

Temperature gradient in physical coordinate system is
definedasVT =T i+T. j, in which the components 7,7,
are:

1
Tzzj(rﬂTé—rng) (20)

1
Tr=7(—ZﬂT§+Z§Tﬂ) 21

Also, Laplacian T in rectangular coordinate system is
given by:
VT =
1
N5 [“ Ty

[(v:eryr.«ovimr,]

—2BT,, +yT, |+ (22)

We can calculate & « By «V* & and V7 77 with
following relations:

a:z; +r,72 (23)
B=z;z, +r.1, (24)
}/=Z§+I’§2 (25)
Vzég:kl(rs‘é " Zeely) tha gz, —257)
! 26)
k ( 7777 7] 7777r77)
J
Vzﬂzkl (Zge 1e —Teez) + by G2y — 720
! @7
k3(zrmr§ mzzé)
J’_
J

1 2 2
kl = ?(Z” + r, ) (28)
k,= J2 (z z,+r:1,) (29)

1 2 2
k= (i) (30)

1
S, =" (31)

1

3 =-=7, (32)
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1
L 33
1, (34)
777’ J &

In above relation J is the transformation Jacobin, where:

J=z.1,-1 2, (35)
Furthermore, according to figure (1), in multi layer
problems, we can use following relations in separation place of

bodies:

J=z.1,-1: 2, (36)
2k
kA(Ti,j_Ti—l,j)'i'kAA Ky (T, +T:. ;)=
2k (37
kE(TiH,j_Ti,j)-’-ﬁ ij+ Tt i,j)
2k ky
kB(T:',j_T;—l,j) k ( T, ):
otk (38)
2k‘k
kC(TiH,j _Z,j)+l%ch;( i+l +Ti,j)

III. RESULTS AND DISCUSSION

Because the existing codes have some faults in computing
stagnation point heating, the presented code in here along with
another codes can be used to compute the stagnation point
temperature in general locations and also in the presence of air
chemical reactions. Furthermore, since the stagnation point
temperature is the maximum value, thus its effect should be
concluded in design of thermal shields. Determining heat flux
and stagnation point temperature is very important as the first
step in the design. Presented code, by using trajectory data,
determines the heat flux and stagnation point temperature in a
short time and a good accuracy.

To wvalidate the presented code in computing the
stagnation point heat flux (g,, ), with using relation (18) and

according to conditions given in reference [3], the heat transfer

Nu
vRe
from 1768 m/s up to 6950 m/s.

In this code, the wall temperature 7', varies from 300 K to

parameter ( ), have been calculated in velocity range

3000 K. According to figure (2), the results are very similar
in references [2] and [3]. The differences between them are
because of Prandtl number. In above procedure, Prandtl
number must be computed but in the references Prandtl
number 0.71 is considered. Also the obtained results have been
compared with Hollis and Horvath theoretical and
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experimental results that have been done on X-33 space
vehicle (Figures (3), (4)). In this experimental study, the effect
of turbulent and laminar flow has been investigated on an aero
heating model for flight trajectory in wind tunnel. Calculations
are based on attack angle 30" and heat distribution is based on

h . . .

—— Fraction where /i, is the coefficient of reference heat
FR

transfer. In related calculations, h is:

hz%law_Hw)

In the above relation, ( is the heat rate of the wall based

on the Fay-Riddle theory for the nose of the model X-33 (a
hemisphere with radius 1.6 cm). The Enthalpy at wall is
calculated with a wall temperature equal to 300 K. Non

(39)

dimensional geometric positions arez,i, in which L is the

initial length (25 cm). In this experiment free jet conditions are
following:

M, =5.99 T,=621K
P, =0.0628kg/m> Re, ; =3.33x10°
hpp =0.539%g /m*s  a=30°

The comparison presented in Fig. 5 belongs to point

£:0.05. According to space vehicle attack angle 30 the

L

stagnation point occurred in this point. As shown in Fig. 5, the
results presented in this paper are very close to the
experimental and theoretical results obtained by others. In
order to validate the code for multi layer heat transfer, results
have been compared with the results obtained using Fluent
Software. For this purpose a material composed of three layers

is considered: Asbestos (p _18504€ Cp= 12()()i,k =042-Y J,
kgk

5
m3 m.

Steel(p_7800kg3’c}7_50()‘]’k_zow} and
m

kg k m.k
Aluminum p:2719E’CP :871i,k :2024l . In this
m’ kgk mk

problem inner radius of quadrant is 0.6 cm and outer radius is

1.5 cm. The constant heat flux in top surface is
w . o
q, = 10° and other surfaces are insulated, also initial
m

temperature assumed to be 300°K. Contours of temperature
distribution after 118 are compared with Fluent results in
Fig, 6 and Fig. 7 which are very close to each other. For this
purpose, a quadrant geometry with inner radius R=2.4" and
outer radius R=2.43" is considered for a ceramic

material p=6000k—g,CP=450L,k:1.5l .
m’ kgk mk

Fig. 8 and Fig. 9 show height and Mach number variation
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versus time. Fig. 10 shows comparison of stagnation point
temperature distribution in 600 °*° interval. Differences
between the results of reference [5] and presented work are
due to approximating the wall heat flux with the heat flux of
stagnation point. Since, in this procedure, the heat flux of
stagnation point is applied as the boundary conditions for the
all grids that are located on outer surface, but in reference [5],
the heat flux is calculated for points of outer surface distinctly.
Although an approximation is applied in presented problem,
but the results are exact.

IV. FIGURES
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Fig. 1. Geometry of multi layer in rectangular coordinate system
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Fig. 2. Heating of stagnation point

Fig. 3. Overall view of X-33
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Fig. 4. Different views of X-33 model
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Fig. 7. Contours of temperature for multi layer condition(Fluent)

Fig. 5. Heat flux of stagnation point and Comparison with Ref [4]
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Fig. 6. Contours of temperature for multi layer condition (presented code)

Fig. 8. Height variation vs. time
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Fig. 9. Mach variation vs. time
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Fig. 10. curves of stagnation point temperature
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