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Laminar and Turbulent Aeroheating

Predictions around Multi-Cone Configurations

in Hypersonic Equilibrium-Air Flow

H. Parhizkar!, S. M. H. Karimian?

This paper is devoted to aerodynamic heating calculation of the azisymmetric
bodies with discontinuities in the surface slope. The combined inviscid-boundary
layer method is used to calculate laminar and turbulent aerodynamic heating of
perfect gas and equilibrium air in hypersonic flow. In the existing approximate
aeroheating codes, flow properties on the boundary layer edge are calculated
from an approzimate inviscid solution. This approach limits the application
of such methods to simple blunt cones at low angle of attacks. In this
paper, properties of boundary layer edge are calculated from an Euler solution.
Due to a more accurate inviscid flow calculation, this method can be applied
to a broader range of geometries, e.g. multi-cone configurations. Resulted
aeroheating data from the present approach are compared with experimental
data and found to be in good agreement under laminar and turbulent conditions.
These include accurate predictions of aeroheating over the multi-cone bodies,
which prove high capability of the method for this type of configurations.

NOMENCLATURE U, U Velocity component in the body fitted
EQ Equilibrium air conditions coordinate system
h Enthalpy Wy Weighting function in transition region
M Mach number z Ratio of the axial coordinate to the
N Turbulent velocity profile exponent nose radius
o Angle of attack
pr Prandtl number . . .
o7 Boundary layer displacement thickness
P pressure )
. g Boundary layer momentum thickness
Pd Perfect gas conditions .
p Density
Surface heat flux . .
) ) ) 10 Viscosity
T Axigsymmetric body radius
R Recovery factor Subscripts
R, Nose radius aw Adiabatic wall
Re Reynolds number beg Beginning of transition region
S, Body ﬁtted COOfdinate System e Boundary layer edge
T Temperature end End of transition region
L Laminar
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INTRODUCTION

The thermal design of hypersonic vehicles requires
accurate and reliable prediction of convective heat
transfer over the surface of these vehicles. Due to
the excessive CPU time and memory required for
these predictions by a CFD approach, this approach
may become impractical for the preliminary design
environment where a range of geometries and flow
parameters are to be studied. According to Prandtl’s
theory, there exists a thin boundary layer in fluid flow
with small viscosity that includes viscous effects of flow
[1]. Out of this thin layer, flow can be assumed to be
inviscid.

One approach is to solve the inviscid flowfield first,
and then to use the properties on the body surface as
the edge conditions for a boundary layer solution. In
this decoupled approach, the viscous layer is assumed
to have a negligible effect on the outer inviscid re-
gion. This assumption is accurate for relatively high
Reynolds number flows where the boundary layer is
thin [2]. Euler equations may be solved for the inviscid
part; however any simplification in the solution of
the inviscid part can reduce the computational time.
In 1964, Maslen [3, 4] introduced a simple inverse
method to calculate the inviscid flowfield within the
shock layer surrounding a simple axisymmetric cone,
in which based on a prescribed shock shape, body
shape is determined. Riley and DeJarentte modified
Maslen’s method to calculate surface pressures of the
body, more accurately [5, 6]. The required CPU time
and memory of the Maslen method and its modified
version are much less than those required for an Euler
solution, but the application of this method is limited
to windward surface of the simple cones with blunt
nose in hypersonic flows [3-8]. However, it should be
noted that Fuler solution gives the proper inviscid flow
properties for more complex bodies.

The classical boundary layer equations can be
solved to calculate the flow parameters and convective
heat transfer rates in the viscous region. This heat
transfer rate, which determines aerodynamic heating
on the body surface, however, has been calculated
by others [7-13] using Zoby’s approximate convective-
heating relations [14]. With Zoby’s equations, the
CPU time of calculation and the required memory are
decreased significantly. Based on our experiment, the
accuracy of the inviscid solution is a crucial parameter
in calculation of boundary layer properties, e.g. convec-
tive heat transfer. In addition to this, a more accurate
inviscid solution allows you to extend the calculation to
geometrically complex bodies. In the present approach
we suggest that the Fuler solution can be used in
combination with the Zoby’s approximate convective-
heating equations. With this combination, we are able
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to analyze aerodynamic heating of complex geometries.
In the next section the solution scheme is presented.

SOLUTION SCHEME

In the present approach the inviscid flowfield should
be solved first. This solution can be obtained using
commercial codes or other existing Euler codes. All of
the required properties on the body surface, including
pressure, temperature and slip velocity components,
that have been obtained from the FEuler solution,
are stored as the edge conditions for the solution
of boundary layer equations; i.e. Zoby’s equations.
These equations are obtained from the integral form of
the axisymmetric boundary layer momentum equation
[15]. As shown in Figure 1, a body-fitted orthogonal
coordinate system is chosen such that the origin of it
is at the tip of the blunt nose, its s-axis is aligned with
the surface and its n-axis is normal to the surface.

Applying the reference enthalpy method [16] (for
compressibility effects) and the Reynolds analogy [15]
to the integral form of the momentum equation in this
coordinate system, the approximate convective heating
equations for the laminar flow is obtained as [14]:

*

402 =0.22(Reo )™ (20) (“2) o e (s — b (pra) =
pe e &

The parameters of p* and p* are used to consider the
compressibility effects. In fact, the compressible gas ef-
fects can be considered by evaluating these parameters

Figure 1. Coordinate system.
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Figure 2. Body pressure comparison for 5 deg sphere-cone,
R, =0.0381m.
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at the Eckert’s reference enthalpy [16] defined as:

2
h* = 0.50h, + 0.50h,, + 0.22R% (2)

The momentum thickness Reynolds number is defined
as:

3)

The laminar boundary layer momentum thickness is
calculated from the integration of the momentum
equation along the surface coordinate [14]:

_0.644[f, p*ptue r? ds]'/?

fr (4)
Pe U T

The adiabatic wall enthalpy is defined as:

how = he + 0.5 R u? (5)

The recovery factor in the above equation is equal to
R ~ Pr? for the laminar flow and R ~ Pr3 for the
turbulent flow [15]. Similar equations are developed
for the turbulent flow [14]:

Pt
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Pe He
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The coeflicients of the m, ¢1, ca, ¢z, and ¢4 are functions
of N, which is the exponent of the power-law turbulent
velocity profile [14], and are given by:

me 2
- N+1
1, en_ N "
(- \N¥fT [  ©«
a = Fr e
co=(1+m)cy, c3=14+m
1
C4=—, c5=22433+ 093N
cs
A turbulent velocity profile of w/u. = (y/6)'/V

is assumed to calculate the required constants and
exponents in the equations of momentum-thickness
Reynolds number and the heat flux. Experimental
results [17] show that N would be a function of Rey,.
Fitting a curve to the turbulent experimental data [14]
produces the following equation:

N = 12.67 — 6.5 Log (Rep1) + 1.21[ Log (Reg 1) |2
(8)

As mentioned in Ref. 17, this formula is not suggested
for Reg, less than 10%. Thus, to achieve more accurate
aeroheating results for Rep, < 10%, we suggest that the
1/7 power law for velocity profile of the turbulent flat
plate can be used.

In the transition region, both the laminar and
turbulent values of heating rates, i.e. qw, and qw,., are
calculated. Their distribution is then computed from
the weighting function of Dhawan and Narasimha [18]
as:
aw = qw, +wilgwr — qw,) where w; = 1 —
exp (—0.412€2), & = 4(s — Sbeg)/(Send — Speg). In
the present approach, the beginning and the end of
transition region must be specified.

For the perfect gas model, the viscosity is ob-
tained using the Sutherland formula [15], and the
specific heat ratio and Prandtl number are assumed
to be the constant values of 1.4 and 0.71 for air,
respectively. The thermal conductivity, however, is
obtained from the definition of Prandtl number.

The mixture thermodynamic and transport prop-
erties of equilibrium chemically reacting air are pro-
vided in the form of tables. In this paper the thermo-
dynamic properties of mixture enthalpy, h(p,T), and
density, p(p, T), are interpolated from the tabular data
of Tannehill and Mugge [19]. However, the transport
properties of viscosity and thermal conductivity are
interpolated from the tables provided by Hansen [20].
The Prandtl number is calculated using viscosity,
thermal conductivity, and the mixture specific heat
obtained through numerical differentiation of enthalpy
data. In Ref. 21, it is shown that the Eckert’s
reference enthalpy formulation (Eq. 2) is still valid for
equilibrium air. It should be noted that the values of
p" and p* must be evaluated at the thermodynamic
properties of the Eckert’s reference enthalpy (h*) and
the edge pressure (p.) [21].

This completes the calculation procedure. Having
known the values of pressure, temperature and the s-
component of velocity at the edge of boundary i.e., P.,
T. and u., the heating rate can be calculated on the
surface of body, exposed by the no separated flows.

RESULTS AND DISCUSSION
In this section, results obtained from the present work
are compared with available experimental data as well
as with other approximate solutions.

Laminar Flow over the Blunt Cone (case 1)
The first test case corresponds to the laminar flow over
a blunt cone at zero angle of attack. The cone half angle
is 5 degrees and the nose radius is 0.0381m. Other flow
parameters are as follows:

My =15, poo = 0.00171 kg/m?,
T, = 1256°k, Rep, = 19000

T = 266 °F,
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For the inviscid calculation, the domain is discretized
into 4500 structured meshes. The calculated surface
pressure distribution is compared with the other reli-
able results to ensure the inviscid solution accuracy. In
the present approach, surface pressure distribution is
the most effective parameter of the inviscid solution.
As shown in Figure 2, two sets of Riley’s results [§]
are shown. The first set does not include the effect
of the boundary layer displacement thickness (6*) on
the inviscid flow region, however in the second set,
the inviscid flow is calculated iteratively to include
the 6* effect. As seen earlier, the effect of 6* appears
somewhere between 25 < Z < 100. In the other parts
this effect is negligible.

As expected, the result of the Euler solution is
in good agreement with the Riley’s without 6* result.
Since we compare the present results with the available
results such as approximate engineering methods, (e.g.
Riley’s method), the calculated pressure distribution
is compared with the pressure distribution of Riley’s
method to show that they coincide with each other
and therefore inviscid solution would not be a source of
significant error in surface heat flux prediction of the
present approach.

The surface heating rates are examined next in
Figure 3. Results from the present approach are
compared with heat-transfer data obtained from the
Riley’s and the AVSL methods. As shown, we have
also presented the result obtained from the Fluent’s
FNS3 solution.

FNS solution is obtained using 45000 structured
cells. It takes 58 minutes to calculate FNS heating
rates using a 2.8GHz Pentium-4 computer; however
in the present approach, an Euler solution is obtained
using 4500 structured cells in about 2 minutes by the
same computer. For this test case, the viscous region
solution (integration of the Zoby’s equations) takes just
less than 10 seconds.

In the first part, the present result matches the
Riley’s without ¢* result. In the downstream part
of the body, however, the present result agrees very
well with that of AVSL. It is noted that there is not
much difference between two Riley’s results. As a
general view, in the first part, results of AVSL and
Fluent are higher than the other results. However
in the downstream part these two results converge
to the result of the present approach. Therefore, in
comparison with the available data, both present and
Fluent results have good accuracy.

Low Reynolds Laminar Flow over the Blunt
Cone (case 2)

In the second test, geometry and flow conditions are
similar to the previous test case, except for the nose
radius which is reduced to R, = 0.00381m. The
Inviscid surface pressure distribution in comparison
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Figure 3. Heat transfer comparison for 5 deg sphere-cone,
R, =0.0381m.
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Figure 4. Body pressure comparison for 5 deg sphere-cone,
R, = 0.00381m.

with the other results is shown in Figure 4. As seen
earlier, the result of the Euler solution is in good
agreement with the Riley’s without &* result. In the
first test case it was shown that 6* has a slight effect on
surface pressure and heat flux distribution (see Figures.
2 and 3). In this test case, the Reynolds number
is chosen to be 10 times smaller than the previous
test case, i.e. Repg, = 1900, in order to show the
effect of 6* growth. This effect is shown by Riley in
Figure 4. As seen above, the surface pressure of Riley’s
with 6% in the region of 10 < # < 100 has increased
significantly due to the growth of the boundary layer
thickness. In fact, by reducing the Reynolds number,
the boundary layer displacement thickness has grown
up and therefore the effective body has become thicker.
This condition obviously changes the shock shape and
the surface pressure.

The present surface heat flux is compared with the
Riley’s results and the AVSL results in Figure 5. This
finding is in good agreement with the Riley’s without 6*
result. Also note that the result of the Fluent is similar
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to the AVSL result. A trend, similar to that happening
in Figure 4, can be seen in Figure 5. The surface heat
flux has increased in the region of 10 < Z < 100 due to
the effect of 6*. As seen, even the Riley’s with ¢* result
has not predicted the correct heat flux increment. This
fact had been previously seen in Figure 3.

Two comments should be made here. First,
we can use the results of Fluent as the reference
data in problems similar to the above cases. Second,
Riley’s method and also the present approach can not
correctly predict the effect of boundary layer thickness.
Nevertheless, the Riley’s with ¢* method can slightly
improve this drawback. In short, this is the penalty
that is paid for the simplicity and the speed of the
method to predict multi-cone heating rates.

Generally speaking, heat flux predictions of the
present approach and Riley’s method in Figure 5 are
fairly good and acceptable in the aeroheating literature.
Again we emphasize that at high Reynolds numbers the
present approach has very high accuracy in predicting
heat fluxes as shown in Figure 3. In the next test cases
we consider the aeroheating prediction of multi-cone
body surfaces.

Laminar Flow over the Cone-Cone
Configuration (case 3)
All conditions of the third test case are similar to the
first test case. The geometry, however, is changed as
shown in Fig. 6. The calculated surface heat flux of this
geometry in laminar flow is compared with the results
of Fluent in Figure 7.

The predicted gy on the first cone, is a little
less than the result of Fluent, which is due to the 6*
effects. In the transient region between two cones,
the predicted gqw is a little higher than the Fluent
result. On the second cone, the surface heat flux is
appropriately predicted. Small fluctuations seen in the
result of Fluent at the rear part are because of the
shock-boundary layer interaction. As stated earlier,
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Figure 5. Heat transfer comparison for 5 deg sphere-cone,
R, = 0.00381m.
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Figure 6. Double-cone body with the blunt nose.
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Figure 7. Heat transfer comparison for the double-cone

body.

the present approach has well predicted surface heat
flux of this double-cone geometry.

Laminar Flow over the Cone-cylinder—Cone
Configuration (case 4)

In this test case, we consider the flow over a cone-
cylinder-flare as shown in Figure 8. The flow condition
is similar to the previous test case. The calculated
surface heat flux distribution in comparison with the
result of Fluent is shown in Figure 9. Similar to the
previous test case, the predicted gy on the first cone,
agrees very well with the Fluent result. The expansion
of the flow on the cylinder part causes reduction of the
surface pressure. Thus, the boundary layer thickness is
increased. As a result, the heat flux is decreased. As
mentioned previously, a thicker boundary layer causes
more errors, in heat flux prediction on the cylinder
part. The deviation between the present results and
Fluent’s results in cylindrical part is due to this error.
However, it should be stated that the accuracy of the
present approach is very good in the conical parts
and is appropriate on the cylinder part. As a first
approximation, this is a very good result.
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R, =0.0381m

Figure 8. Cone-cylinder-flare configuration with the blunt
nose.
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Figure 9. Heat transfer comparison for the cone-cylinder-

flare body.

Turbulent Flow over the Blunt Cone (case 5)
The next test case is featured by turbulent flow cal-
culation over a long, 5-deg sphere-cone at Mach 15.
The nose radius is R,, = 0.0381m and the solution is
computed for a body with the length of z = 1125. The
free stream conditions are po, = 130.45pa, T, = 263°k
and the wall temperature is T, = 1243°k. Computed
surface heating rates are compared with the AVSL [24]
and the VSL* [25] results, in Figure 10.

In this figure, two sets of turbulent results are
shown. In the first set, the exponent of the power-law
turbulent velocity profile, N, is obtained from Ref. 14,
in all ranges of Rey,; however in the second set, the
constant value of N=7 is only used for Reg, < 104, as
mentioned before. As discussed earlier, the accuracy
of the results are improved very well when using this
modification.

Based on the reported values of Ref. 24, the
transition occurs from Ty, = 192 to Tepa = 450. In
comparison to the present approach and the method
of VSL, the AVSL technique over-predicts the heating
rates in downstream of the nose region, as shown
in Figure 10. The approximation made in Maslen’s
pressure relation is the source of this deviation [25].
In fact, after the blunt section, in the beginning of
the cone body where over-expansion occurs, the shock
angle is quite different from the body angle. This
fact, which happens in flow over long slender cones, is
inconsistent with Maslen’s assumption of a thin shock
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layer. We believe that using Euler solution for the
calculation of surface pressure, which is employed in
this paper, results in more accurate heating rates.

Transitional/Turbulent Flow with Equilibrium
air conditions (case 6)

Surface heating rate over a 5 deg spherically blunted
cone in equilibrium air with transitional/turbulent
conditions is examined next. The results are compared
with the heat transfer data obtained from the reentry
flight test [26] and the Riley’s results [8].

The freestream conditions are M., = 19.97, po, =
0.0446 kg/m?, To, = 221°% and a = 0.14°, and the
nose radius is 0.00356m. At the instance that the
data are reported, the wall temperature varies from
604°k in the nose tip to 431°k in the end of the cone
[27]. In this study we assume a linear variation of
this wall temperature. Since the angle of attack is
small, in this test case, the flowfield approximates
our axisymmetric solver; i.e. « is assumed to be

107
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s e
lamin ar
10 F L
P, =130.45pa
T, =263k i s
” ~ = = present (modified N)
M, =15 — - . = present (N form Ref.14)
T, =1243°k  mmemes AVSL [24]
VSL [25]
10_5 L 1 L 1
0 300 600 900 1200

s/ Rnose

Figure 10. Heat transfer comparison for the turbulent flow
over a long sphere-cone.
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Figure 11. Heat transfer comparison for the transi-

tional/turbulent equilibrium air flow over a long sphere-
cone.
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zero. Flow transition is assumed to be started at the
reported distance of Ty, = 566 [27]. As seen earlier,
excellent agreement between the equilibrium results of
the present approach and the fight data is noted, all
over the body. These good results include both laminar
and turbulent regions. The perfect gas results agree
very well with the experimental data in the laminar
flow, but slightly under-predicts the heating rate in the
turbulent flow.

CONCLUSION

The present approach is proposed for the aeroheating
calculation of the multi-cone configurations. Com-
parison of the present results with experimental data
and the numerical results shows good accuracy of the
present approach in prediction of aerodynamic heating.
A critical study of the calculated results suggests that
for more accurate results, the effect of boundary layer
displacement thickness should be considered in the
outer inviscid solution. Overall, with respect to the
ability of the present approach in prediction of aerody-
namic heating over the multi-cone configurations, the
accuracy of the method is acceptable. It is noted that
this accuracy is in the order of the accuracy of the
existing approximate aeroheating methods.
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