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Calculation of Viscous Hypersonic Flow
over a Severely Indented Nosetip

T. Hsieh*
Naval Surface Weapons Center, Silver Spring, Maryland

A numerical procedure for computing viscous hypersonic flows over severely indented nosetips is described. The
computer code has been satisfactorily verified for the cases of laminar flow over a hemisphere cylinder with an
adiabatic wall at Mach 3 and a sphere cone with an isothermal wall at Mach 6. It is also demonstrated that the code
can compute both laminar and turbulent flowfields for a severely indented nosetip with a large separation bubble.
Numerical results are presented and compared to experimental data for surface pressure, shock shape, density and
velocity fields, and heat transfer in terms of Stanton number.

Nomenclature
a = speed of sound
CN = Courant number
e = total energy per unit volume

J»k =meshindex in £ and y directions, respectively
J, K =total mesh points in £ and 7 directions,
respectively

F = Jacobian of transformation
L =reference length

M  =Mach number

N = number in time integration
7i = normal distance

p  =pressure

Pr = Prandtl number

g, = freestream velocity

Re = Reynolds number (poqu, L/ o)/ (/Y M)
§  =body arc length :

—1
_ B (T T\ H(T/T,)
St = Stanton number, Re, Pr ( 7. T, (/L)
t = time
T  =temperature

u,v = velocity components in cylindrical coordinates
x,y = coordinates in the physical plane

B = clustering parameter

y = ratio of specific heat (Cp/Cv)

€ = internal energy of a gas

e, £; = explicit and implicit dissipation coefficients,
respectively

K = coefficient of thermal conductivity of a gas

g = coefficient of viscosity of a gas

§,m = coordinates in the computational plane

T = time after transformation

Subscripts

oo = freestream condition

w  =wall

I. Introduction

N Ref. 1, inviscid calculations of hypersonic flow over a
series of indented nosetips were conducted. It was found
that for severely indented nosetips the surface pressure pre-
dicted by the inviscid calculation differs significantly from the
measured data because of flow separation which requires a
solution to the viscous flow, or the Navier-Stokes equations,
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Fig. 1 Hologram of flow over nosetip at M, =S5.

The experiment reported in Ref. 2 indicated that the separa-
tion bubble can be very large (see Fig. 1) and detailed mea-
surements of the flowfield were given to facilitate future
development of a prediction scheme for such a flow problem.
Calculations of viscous hypersonic flow over indented nosetips
by solving Navier-Stokes equatioris with thin-layer approxima-
tion were reported by Kutler et al.® They indicated that the
solution for surface temperature of a hemisphere cylinder with
adiabatic wall was mesh dependent as given by their code.
Using their code, the author encountered two problems: 1) it
was not possible to reproduce the results of surface tempera-
ture distribution of a hemisphere-cylinder case reported in
Fig. 7 of Ref. 3 and 2) when the turbulence model was turned
on to compute the flowfield about an indented nosetip, it
would not produce a converged solution. This led to a reanaly-
sis of the problem and rewriting of the viscous subroutines
including the turbulence model. The revised code eliminates
the dubious character of mesh-dependent solutions* and also
the heat transfer calculation checks very well with a
boundary-layer solution for a sphere cone.* Also, by detailed
comparison, it was possible to pinpoint the error of the
original code as described later in Sec. IIL. In this paper, an
effort to compute the viscous hypersonic flow over the specific
indented nosetip that was tested and reported in Ref. 2 will be
described. Both laminar and turbulent solutions are provided.
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Fig. 2 Coordinate system.

II. Numerical Procedure

The transformed time-dependent compressible Navier-
Stokes equations with thin-layer approximation for axisym-
metric flows of a perfect gas can be written in the nondimen-
sional and weak conservation law form as follows.

g, +E;+F,+ H=(1/Re)(5,+T) (1)

where a general coordinates transformation (Fig, 2) £=
£(x,y,0), n=n(x,y,t), 7=t is used and g=(1/F)X
[p,pu,pv,e]’"and E, F, H, S, and T are functions of q.

The numerical algorithm used to solve Eq. (1) is the im-
plicit, approximately factored finite difference algorithm in
delta form as described by Beam and Warming.” Using the
Euler implicit time differencing, the final difference equations
may be split into two sets of one-dimensional equations in the
computational directions £ and 7 as follows:

[1+ Angfi"—e,(ffnggf)"] Ag*”

n n n I n | n
=—AT[85E +8,F"+ H" = - (8,S"+T )]

L) () (v, (A" a)

> M ! ! An o n
[I+ ATan(B—Tz‘é) —R—e8an +K

(B0 (51 0,8,0) |80
(2b)

where A R B, K y M, N R Q, and W are the Jacobian matrices
and can be found in Ref. 6, and 7 is the identity matrix. J;
and &, are second-order central difference operators, and v
and A represent the conventional forward and backward
difference operators. The terms led by ¢, and ¢ are the
implicit and explicit dissipation terms. Equations (2a) and
(2b) are applied to the interior points in the computation
domain and give a block (4 X 4) tridiagonal system of equa-
tions which can be solved by the LU-decomposition method.
The differences in the revised code are the viscous terms given
in Eq. (2b), which are casted differently for clarity (Ref. 6
contains detailed derivation of the equations and a listing of
the code, except the turbulence model subroutine).
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As shown in Fig. 2, the flowfield of interest is enclosed by
the four boundaries A, B, C, and D where A is the bow shock,
B the body surface, C the axis of symmetry, and D the outflow
plane. The shock fitting scheme described by Kutler® remains
unchanged. Since the explicit method is used in the shock
boundary, the time step A7, for shock integration is restricted
by the CFL condition. In order to have a time-accurate
calculation, the time step used for the integration of the
interior points must also not exceed Ar,. As a result, the
Courant number for a time-accurate calculation is limited to
about 70 in most calculations reported in this paper. On the
body surface, the no-slip boundary condition is imposed ex-
plicitly. The surface pressure is determined from the following
relation since at the body surface the normal pressure gradient
is zero:

Pn =% [(tmc+&m) P+ (ni+ )P =0 (3)
(n2+m2)’

Similarly, for the adiabatic wall boundary condition, the tem-
perature may be determined by

(£t )T+ (02 +02)T,=0 (4)

For the isothermal wall boundary condition, the wall tempera-
ture is held constant throughout the entire convergence pro-
cess. Once the pressure and the temperature are known, the
density is determined from the equation of state. The plane of
symmetry, boundary C, is enforced implicitly using the reflec-
tion principle by choosing the first two &= const lines to
straddle the axis; and, in the outflow plane, a linear extrapola-
tion of all the flow variables is imposed. To start the calcula-
tion, an initial flowfield must be provided. In this paper, the
calculation always starts from an inviscid flowfield of a sphere
cone.

A two-layer algebraic eddy viscosity model of Ref. 5 is
applied in the conventional manner. That is,

N2
(ut)inner=p(0'4Dn) Iw! (Sa)
("'t)ouler = 0'02688FwakeFkleb(7l) (Sb)

where the normal distance from the wall 7 was used. Details
of the model can be found from Ref. 5. In the calculation, u is
replaced by (p+p,) and &/Pr (note: &/k,=p/py,) is re-
placed by [(u/Pr)+(p,/Pr)]. In Ref. 3, Kutler et al. men-
tioned that a very large implicit dissipation coefficient (as
large as 6) was required in order to do turbulent flow calcula-
tion. For the turbulent flow over indented nosetip calculation
to be described later, ¢, is not required, i.e., ;=0

II. Results and Discussion

Numerical results have been obtained for three cases: 1)
laminar flow over a hemisphere cylinder with an adiabatic wall
at M, =294, Re,, =22x10% and T,=293 K; 2) laminar
and turbulent fiows over a sphere cone with an isothermal wall
(T,/T,, =4.4) at M, =592 and Re, =10% and 3) laminar
and turbulent flows over a severely indented nosetip with an
isothermal wall (T, /T, =5.4) at M, =5 and Re, =2.64 X
107 /m. These results will be described and discussed in the
following paragraphs.

Hemisphere Cylinder

Laminar flow over a hemisphere cylinder is chosen as a case
for verification of the revised code. The steady-state conver-
gence criterion used in present calculations is the nondimen-
sional shock speed (normalized by a / ‘/}7 ) which, from expe-
rience, must be in the order of 107", In Fig. 3 the results of
surface temperature distribution with three different meshes
(see Table 1) by varying the clustering factor 8 in the normal
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Fig. 3 Surface temperature distribution for hemlsphere cylinder with
adiabatic wall at M, = 2.94, Re, =22 X 105, and T,=293 K.

direction from 1.01 (mesh A) to 1.005 (mesh B) and to 1.001
(mesh C) are shown. Table 2 gives the nondimensional shock
speed at the end of time integration. It is seen that the results
obtained from meshes B and C (tabulated in Table 3) agree
quite well but not those given by mesh A which does not
provide enough points near the surface to resolve the viscous
effects. Also, shown in Fig. 3 is the solution of Viviand and
Ghazzi® and a slight difference is shown in the area near the
shoulder between their solution and the present one. The
author was unable to reproduce the results of mesh-dependent
temperature distribution of Kutler et al. as given in Fig, 7 of
Ref. 3 from the copy of the computer code obtained from
them. The result of T/T,, given by Kutler’s code using mesh
B is shown in the dotted line. A detailed comparison reveals
that an error was made in the viscous portion of the energy
equation in the original code.® After correction of the error, it
was able to produce the same result given by the revised code
as shown in Fig, 3. It should be pointed out that the solutions
for shock shape and surface pressure are not sensitive to the
error made in the energy equation.

Sphere Cone

A further verification of the revised code is made for the
case of heat transfer calculation for laminar flow over a sphere
cone to compare the thin-layer solution with the boundary-
layer solution using the numerical code of Cebeci et al.’® Since
no flow separation is likely to occur for this case, one would
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Table3 Temperature distribution for hemlsphel'e cylinder
at M, =294, Re,, =2.2X 105, and 7,=293 K
T/T,

Arc -

length Mesh B Mesh C
0.042 2.733 2.731
0.212 2.724 2.725
0.382 2.712 2712
0.552 2693 2.693
0.722 2.670 2.667
0.891 2.641 2.637
1.061 2.607 2.600
1.231 2.572 2.562
1.400 2.530 2.521
1.570 2.486 2472
1.740 2.480 2.474
1.910 2.483 2476

expect good agreement between the two solutions. In the
boundary-layer calculation, the surface pressure must be given.
In order to have a reasonable comparison, the surface pressure
calculated from the thin-layer theory was used in the
boundary-layer calculation. The calculated results (using a
mesh of JX K=28x32 with 8=1.005) of heat transfer
distribution in terms of Stanton number over the surface are
shown in Fig. 4. The agreement is indeed very good from the
tip up to the juncture of the sphere and the cone, and from
there on slightly higher heat transfer is predicted by the
thin-layer theory. Table 4 gives the computed values of St vs
arc length for two different values of ¢ of 0.1 and 0.02. The
influence of ey in this case is insignificant. It should be
pointed out that the surface pressure calculated from the
thm-]ayer theory also agrees quite well with an inviscid solu-
tion* and the measured heat transfer data for this case are
scattered over a large range; thus, it should not be used to
assess a numerical solution. »

Also shown in Fig. 4 is the turbulent solution. It is seen that
the heat transfer increases significantly when the flow is turbu-
lent everywhere. The turbulent solution for surface pressure
remains essentially the same as in the laminar solution.

Indented Nosetip

The configuration of the indented nosetip as shown in Fig. 1
can be found in Ref. 1 or 2. Because of the strong variation in

Table1 Mesh
Points First 6 points
within
Mesh B 01Ys JXK 7,/Ys* fA3/Ys hy/Ys ns/Ys ng/Ys A,;/Ys
A 1.01 12 25x25 0.0025 0.0055 0.0093 0.014 0.0199 0.0271
B 1.005 17 25x32 00011 0.0024 0.0039 0.0058 0.0081 0.0109
C 1.001 20 25x32 0.0003 0.0006 0.0011 00017 0.0024 0.0033
4/ Ys=1+ B —a®) /(1 +a”) where a = %L and b =1— ((1k<:i))
Table 2 Shock speed
Number of
time
Mesh integrations Shock speed Remarks
A 400 0.26 X107 4) CN =75 and final
ex=0.02 and ¢; = 3¢ for all cases
B 600 0.5%107° b) Mesh C starts with
ep=01and CN=25
for 400 steps and the convergence
becomes very slow
C 1600 0.54x10°°
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Fig. 4 Heat transfer distribution in terms of Stanton number for
sphere cone with isothermal wall of T, /T, =44 at M_ =592 and
Re_, = 10°.

Table4 Stanton number distribution for sphere cone
at M,, =592, Re,,=10%,T, /T, =44

St x 102
§2=05%x1073 §,=01x10"3
Arc length eg=01 ep=0.02
0.04 0.445 0.438
0.20 0.430 0.430
0.36 0.396 0.395
0.52 0.345 0.345
0.68 0.284 : 0.284
0.84 0.220 0.220
1.0 0.159 0.160
116 0.108 0.107
1.32 0.066 0.066
1.48 0.046 0.046
1.64 0.044 0.044
1.80 0.042 0.042
1.96 0.040 0.039

S, = nondimensional shock speed.

surface curvature, considerable difficulties were encountered in
obtaining a converged solution for the inviscid flow calcula-
tion reported in Ref. 1. A special calculation procedure of
successive approximation of the body geometry by adding
mesh points in the process of convergence of a solution was
developed in Ref. 1, and reasonable solutions were obtained.
The similar calculation procedure is also needed in the calcu-
lation of viscous flow but it is much easier to carry out than in
the inviscid flow calculations. In the viscous flow calculation
of the nosetip shown in Fig, 1, a starting mesh of J X K= 20
X 32 for a sphere cone was used to do laminar calculation.
The mesh was evenly distributed in the streamwise direction
but was clustered with B8 =1.005 in the k£ direction. The code
can automatically deform the body from the sphere cone
(easier to set up the initial flowfield) to the desired nosetip
shape in a specified number of time steps. For this case it took
2800 time steps to complete the deformation (about 6.5 min
CRAY CPU time). The subsequent mesh increases were 36 X
32, 50 X 32, 59 X 32, and 68 X 32. Each took 400 time steps to
establish the flowfield (total 10.7 min CRAY CPU time). At
this point, it seems that the mesh distribution is sufficient. (See
Fig. 7 for mesh distribution along the surface. An increase of
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Fig. 5 Convergence of surface pressure.

mesh in the 5 direction from 32 to 48 and continuing the run
for 200 time steps showed no overall change in the results.)

The laminar flowfield obtained at this stage gave an average
shock speed of 0.07 and maximum shock speed of 0.18, thus it
cannot be considered a converged solution. Instead, the ob-
tained flowfield was used as the starting flowfield in the
process of obtaining a converged solution for both laminar
and turbulent flow calculations. In this way, the convergence
process for laminar and turbulent flows can be compared. In
addition, it has been pointed out!’'? that for a severely
indented nosetip, it is possible to have a self-excited oscillating
flow. For that reason, it is necessary to keep the calculation
time accurate by limiting the Courant number to 50 for both
turbulent and laminar calculations. Furthermore, in order to
reduce the effects of explicit dissipation used in the algorithm
on the true viscous effects near the body surface, a reduction
of the &, value from the given value of 0.3 at the shock where
the flow is essentially inviscid to about 0.03 at the surface
according to the following expression

ex=0.3[0.9(k/K)’ +0.1] (6)

has been incorporated into the code. A plot of the conver-
gence of the solution for surface pressure at four locations is
shown in Fig. 5. It is seen that although the turbulent flow
case shows large transient variation as one would expect, it
reaches the steady state faster than the laminar flow case. The
laminar flow has not quite reached the steady state yet but the
trend indicates there is a steady state. Therefore, no self-
excited oscillating flow occurs for this specific nosetip and
flow conditions under investigation. At the end of N = 3000,
the average shock speeds are 0.0012 and 0.0019 and the
maximum shock speeds are 0.0023 and 0.0045 for turbulent
and laminar flow solutions, respectively. A description and
comparison of the calculated laminar and turbulent flowfields
and the experimental data are given in the following para-
graphs.

In engineering applications, a primary concern is how well
the surface pressure can be predicted. A plot of surface
pressure along the body arc length is shown in Fig. 6 for
laminar and turbulent solutions and the experimental data.
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Fig. 6 Comparison of surface pressure distribution for indented nose-
tip, T,/ T,, =54, M,, =5, and Re,, =2.64x 107 /m.
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Fig. 7 Comparisons of shock locations and separation points and
sketch of the computed flowfield for indented nosetip, T, /7T, =54,
M, =5, Re,, =2.64%X 107 /m.

The striking differences among the solutions and the experi-
ment are the locations of flow separation and, hence, the
surface pressure there. The turbulent flow separates slightly
downstream of the laminar separation point as one would
expect. However, the fact that both the laminar and the
turbulent separation points are located far downstream of the
experimental separation point, which is at the beginning of the
expansion corner, is difficult to explain. In Ref. 1, the effective
body concept, which matches the calculated inviscid surface
pressure with the experimental data, indicates that the flow is
indeed separated at the very beginning of the expansion
corner. However, the circumferential surface pressure mea-
surements at stations x =3.189 and 4.773 (see Ref. 2) reveal
possible flow angularity in the wind tunnel. If the flow angu-
larity causes the nose to go up slightly (positive angle of
attack), then the separation point will move forward since
laminar flow is very easy to separate. Before flow separation,
the laminar and turbulent solutions (also the inviscid solution,
not shown) coincide but are much lower than the experimental
data. It is likely that the real flow changes from laminar to
turbulent around the expansion corner; therefore, one needs a
better turbulence model that can cope with transitional flow in
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Fig. 8 Comparison of density distribution for indented nosetip, 7,/
T,=54, M, =5 Re, =264%x 10" /m.

order to improve the calculation. The peak pressure occurs at
the region where the flow reattaches and is seen to agree well
in location but not in magnitude among the solutions and the
experiment. In the separated region, the measured data indi-
cate that the pressure there is essentially constant over a large
portion of the region and steadily increases afterward, but the
solutions show more variation of surface pressure in the same
region. After the flow reattaches, good agreement between the
numerical results and the experimental data is shown in Fig. 6.

Figure 7 shows the shock location obtained from the laminar
and turbulent solutions and the experiment and a sketch of
the flowfield within the separation bubble. Also shown in Fig.
7 are the locations of mesh points on the body surface. The
reason for more concentrated mesh points near the expansion
corner is to resolve the separation point. Since the predicted
separation points are farther downstream than the experimen-
tal one, the shock layer there is thinner than the measured
one. Downstream of the separation point, the laminar solution
agrees better with the measured data than the turbulent solu-
tion. In both solutions, there is a secondary separation bubble
around the compression turn. It is difficult to assess how real
the secondary separation is because the velocity measure-
ments, as described later, did not come close enough to the
wall to detect the reverse in flow direction for the secondary
bubble. From the comparison made in Figs. 6 and 7, the
laminar solution agrees better with the experiment, in general.

Figure 8 shows the comparison of density distribution in the
plane of x/L=10.623, 1.25, 1.87, and 2.34 and between the
numerical solutions and the measured data deduced by
Wardlaw'® of NSWC. It should be pointed out that the data
given in Ref. 2 for S/L = 2.318 were not deduced correctly. In
general, the agreements are satisfactory except at station x/L
=1.87 where the data seem shifted to the right.
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Figure 9 shows the comparison of velocity distribution at
Y/L=1.0,15,20,2.5, and 3.0 planes (note: the velocity data
published in Ref. 2 must be corrected by a factor of 3.28). As
the authors described in Ref. 2, it is possible that the LDV
data suffered some degree of particle lag problem. Figure 9
confirms that this is the case. The u component near the shock
is always higher than the numerical value and the v is always
less. It is difficult to evaluate how far away from the shock the
lag problem disappears for all the data shown. Nevertheless,
the general trend of the measured data agrees with the numeri-
cal solutions. At stations Y/L =1.0 and 1.5 (for laminar flow
only) the existence of secondary separation near the body
surface is indicated by the twice reverse of flow direction as
shown by the calculation. Unfortunately, there is no experi-
mental data there to verify if this is true.

Figure 10 shows the numerical results for heat transfer in
terms of Stanton number. There are two peaks in the heat
transfer distribution, one is near the corner and the other is on
the fore portion of the shoulder, where the flow reattaches.
There are locations where the heat transfer rate becomes an
order smaller or even negative. It must be pointed out that in
these locations the calculated St values may vary from 5 to
10% in a few hundred time steps while the temperature field
itself only varies about 0.05% (note, St depends on tempera-
ture gradient). The calculated S values between S = 0.3 and
1.0 also oscillate somewhat and averaged values were used as
shown in Fig. 10. No heat transfer data is available for
comparison.

From the preceding description and comparison of the
results, it is clear that the current computer code can provide a
reasonable solution for the type of flowfield under investiga-
tion. However several areas require improvement:

1) The final mesh near the expansion corner may be too far
away from normal to the body surface. It would be better if an
approximately orthogonal mesh was introduced after the body
has been deformed to the desired configuration.

2) A semiautomatic adding of mesh should be incorporated
in the code to reduce human interaction with the calculation
to a minimum.

3) An implicit shock fitting!* and body boundary condition
should be implemented to speed up the convergence process
and increase the size of time step.

4) A better turbulence model, including the capability of
handling transitional flow, should be introduced since it is
obvious that the flow is laminar near the tip blunt region and
changes to turbulent at a downstream location.

5) The validity of thin-layer theory to compute a flow with a
large separation bubble as shown in Fig. 1 is generally ques-
tionable. On the other hand, it is also not practical to have a
mesh of Ax ~ Ay such that the streamwise dissipation terms
can be effectively resolved. Therefore, the only thing one can
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do is to program the full Navier-Stokes equations and check
the thin-layer solution against the solution of the full Navier-
Stokes equations under the affordable mesh points when one
feels necessary. After completion of the work reported the
code has been vectorized and the vectorized code runs 2.43
times faster using the same CRAY computer.

IV. Concluding Remarks

A numerical simulation of viscous hypersonic flows over
indented nosetips is described. The computer code has been
satisfactorily verified for the cases of laminar flow over a
hemisphere cylinder with an adiabatic wall at Mach 3 and a
sphere cone with an isothermal wall at Mach 6. It is also
demonstrated that the code can compute both laminar and
turbulent (using eddy viscosity model) flowfields for a severely
indented nosetip with a large separation bubble as shown in
Fig. 1 at Mach 5. Areas of improvement of the code are
suggested.
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