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Effect of Nose Bluntness on Flowfield Over Slender
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A parametric study has been conducted to determine the effects of nose bluntness on the entire flowfield over
slender bodies under different hypersonic freestream conditions. The slender bodies considered are blunted
cones and ogives. The analysis is carried out for air under perfect- and equilibrium-gas assumptions. The
analyses range from a few simplified approaches to the solution of the complete Navier-Stokes equations. The
numerical procedures are based on the solution of the Navier-Stokes and parabolized Navier-Stokes equations.
Specific results obtained for spherically blunted comes and ogives demonstrate that there are significant
differences in flowfield and surface quantities between sharp and blunted bodies. Depending upon the flow
conditions and geometry, the differences are found to persist as far as 260 nose radii downstream.

Nomenclature
Cy; = coefficient of skin friction
C, = coefficient of heat transfer
m = mass flow rate
M = Mach number
P = pressure
Pr = Prandtl number

O,, = wall heat transfer, nondimensionalized by p., U2,
Re = Reynolds number

R, = nose radius

T = temperature

u = axial velocity

X = streamwise coordinate in physical domain measured
from virtual tip of sharp nose

¥y = normal coordinate in physical domain

6n = shock standoff distance

o = density

6. = cone angle

Subscripts

e = local conditions at the boundary-layer edge

o = freestream conditions

w = conditions at the body surface

Introduction

HERE is a renewed interest in the hypersonic flow regime
after a period of over a decade primarily because of the
proposed National Aerospace Plane. This hypersonic aircraft
is to be powered by an air-breathing engine, which has to be

Presented as Paper 89-0270 at the AIAA 27th Aerospace Science
Meeting, Reno, NV, Jan. 9-12, 1989; received March 20, 1989; revi-
sion received Feb. 22, 1990. Copyright © 1990 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*QGraduate Research Assistant, Department of Mechanical Engi-
neering and Mechanics. ATAA Student Member. Present Affiliation:
Analytical Systems and Material Inc., Hampton, VA.

tHead, Theoretical Flow Physics Branch, Fluid Mechanics Divi-
sion. Associate Fellow AIAA.

{Eminent Professor, Department of Mechanical Engineering and
Mechanics. Associate Fellow AIAA.

very closely integrated with the airframe to avoid severe drag
penalties. In the analysis of the engine flowfield, the forebody
flow provides the initial conditions. It is, therefore, necessary
to accurately predict the forebody flowfield by incorporating
realistic conditions and geometrical modeling. One of the
geometrical features that can have significant effect on the
entire flowfield is the nose bluntness. In hypersonic flow over
slender bodies, the influence of nose bluntness can be signifi-
cant for hundreds of nose dimensions downstream. Thus, it is
important to develop efficient and reliable methods for pre-
dicting the effects of the blunt nose on the entire flowfield.

In most studies involving flow past slender bodies, it is
assumed that the leading edge is infinitely sharp. In practice,
it is impossible to manufacture a body with zero leading-edge
thickness since all bodies must have some finite bluntness in
order to sustain the heat generated at hypersonic speeds. Early
studies on the effects of nose blunting are summarized in
classical books on hypersonic flows.!-> An extensive literature
survey on the bluntness and viscous interaction effects on
slender bodies at hypersonic speeds is provided by Dewey.5
Some studies that have been carried out for flat plates’!! and
slender bodies!>!° are limited to a very small nose bluntness
and rarefied flows. In recent years, certain numerical and
experimental efforts have been directed to investigate the ef-
fects of nose bluntness on slender bodies.?0-%°

The objective of the present study is to conduct a parametric
study to investigate the effects of nose bluntness on the entire
flowfield past slender bodies under different physical and
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Fig. 1 Physical model for hypersonic flow past a blunted cone.
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Table 1 Flow conditions

Ms =20

Quantity Mo =10
Po, N/m? 404.7 171.0
Te, K 243.4 261.3
Twan, K 1000 1000
Pr 0.72 0.72
y
x
v=1(-7)*
R, = 1.56m
L =19.2m

tangent point

Fig. 2 Physical model for hypersonic flow past an ogive.

freestream conditions. The slender bodies considered are
blunted cones and other bodies of revolution. Approximate
engineering methods and accurate computational procedures
are used to obtain specific results.

Physical Model and Analytical Procedure

The physical model for hypersonic flow past a blunt-nosed
slender body is- shown in Fig. 1. The relative positions of
boundary, entropy, and shock layers are indicated in the fig-
ure. The first physical problem considered is the flow past a
blunt-nosed slender cone. Numerical results have been ob-
tained by employing the combination of a Navier-Stokes code
and a parabolized Navier-Stokes code. These are discussed
here briefly and Some specific results are presented in subse-
quent sections. .

In the present study, 5-, 10-, and 20-deg half-angle cones are
selected first with spherical nose tip as shown in Fig. 1. Three
nose tips with radius of 0.0025 m, 0.025 m, and 0.05 m are
considered, with the smallest nose-radius tip approximating
the sharp tip. Blunting was accomplished by keeping the cone
angle fixed and increasing the nose radius. The bluntness
effects are determined by comparing the solutions obtained
from the blinted tips with that obtained from the sharp tip.
As shown in Fig. 1, the origin of the coordinate system is at
the virtual tip of the sharp cone with x axis along the symmetry
line and y axis normal to it. The second geometry considered
is a generic forebody (Fig. 2) with three nose tips of the same
radii as the cone. Here again the smallest nose radius approx-
imates the sharp-tip body.

. For the spherical nose region of the body, the flow is ana-
lyzed by the code SOFIA,* which is a finite-volume, Navier-
Stokes code: based on a time-dependent adaptive grid al-
gorithm. Use of full Navier-Stokes equations is necessary
around the nose due to the subsonic flow in this region, but
slightly downstream of the nose.region on the body, the flow
becomes predominantly supérsonic and a space marching code
can be used to analyze the flow. In the present investigation,
a parabolized Navier-Stokes code developed by Vigneron et
al.3! and subsequently modified by Gnoffo3? is used for ana-
lyzing the downstream flow over the bodies. The details of the
governing equations and method of solution are given Refs. 30
and 31. It should be noted that throughont the present study,
flowfield is assumed to be laminar. The freestream conditions
used are given in Table 1. These conditions torrespond to the
two trajectories for the proposed National Aerospace Plane.
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Validation
The program was validated by comparing the present results
with those calculated using the laminar theory with the refer-
ence temperature concept.?? For the same Reynolds number,
the skin friction on a cone and a flat plate is related by

Cf,cone = \/scf,plate (1)

Using the Reynolds analogy, the heat transfer coefficient is
expressed as??

C
Ch,cone = 226::1/: ‘ (2)
The value of Cypiae can be calculated from
0.664v C* .
. Cf,plate = Txe 3)

where Re,, is the Reynolds number based upon the distance
along the cone surface and C* is the reference viscosity given
by the Sutherland’s law as

™\ T, + K
C*=|— ' 4
<Te) T*+K @

where K = 200°R and

T*/T, = 0.5 + 0.039M? + 0.5(T,,/T,)
By using Egs. (1’—3), we can calculate theoretical values of
Crcone aiid Ch eone- The subscript e refers to the edge condi-
tions. The edge conditions wereé obtained from Taylor-Mac-
coll theory.3 These results are compared with the numerically .
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Fig. 3 Comparison of skin-friction coefficient with laminar theory.
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Fig. 4 Comparison of heat transfer coefficient with laminar theory.
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Table2 Entropy-swallowing distance (x/Rp) for 5-deg
cone at Mo, =10

R,  Reynolds number

Present  Rotta
0.0025 2891 139 224
14,454 206 375
0.025 22,908 243 470
57,816 286 590
0.05 57,816 288 590

calculated values for sharp cone at M., = 10 in Figs. 3 and 4.
The results show a very good comparison. The surface pres-
sure and shock standoff distance, when compared with invis-
cid values, also show excellent agreement.

Entropy Layer

Nose bluntness at, hypersonic speed causes the shock wave
to be detached and curved in the nose region. The changing
shock curvature generates a layer of flow with entropy gradi-
ent, known as entropy layer, which “‘influences’’ the develop-
ment of the boundary layer in two different ways. First, it
causes a continuous change of the flow properties at the outer
edge of the boundary layer in the streamwise direction; and
second, it produces a velocity and pressure gradient at the
outer edge. These external gradients invalidate the classical
boundary-layet approach. However, Ferri*®* pointed out that
these gradients are important when the vorticity of the inviscid
flow is of the same order as that of the boundary layer. These
conditions may exist when the Reynolds number is low and the
Mach number is high. The thickness of the entropy layer is a
function of the leading-edge bluntness; even a small leading-
edge thickness generates an entropy layer that influences the
local flow conditions for a large distance downstream. This
entropy layer is eventually swallowed by the boundary layer in
the case of flow past cones. This distance is called the entropy-
swallowing distance. For conical flows, the entropy-swallow-
ing distance is defined?* as ‘“the location at the céne frustrum
where fluid; which has gone through the strong portion of the
bow shock, has been swallowed by the boundary layer.’’ This
is by no ineans a precise definition as it depénds upon the
shock shape, boundary-layer assumptions, and definition of
the entropy-layer thickness.

For hypersonic flows over a blunted slender cone, the curva-
tiire of the shock produces the entropy layer as shown in Fig:
1. Once the shock attains comical shape, it is no longer curved
and hence the entropy gradient is zero. The thickness of the
entropy layer decreases as it moves downstream on the body
and eventually it is swallowed by the boundary layer. The
entropy effects in the boundary layer vanish asymptotically
further downstream.

In the present study, the entropy-swallowing distance is
calculated by consideration of the mass flow rate. The en-
tropy-layer thickness is calculated in the downstream region,
and the point where the entropy-layer thickness becomes equal
to the boundary-layer thickness is termed as the entropy-swal-
lowing point. To estimate the thickness of the entropy layer,
its edge is defined as the streamline that passes through the
point A (Fig. 1) at which the shock attains the conical angle.
Most of the entropy changes occur before this point. The rate
of mass flow in the entropy layer is given by

Ye
= er puy dy ®)

b
At point A, the mass flow rate is expressed as
mA = Ty/ipou Uoo ) (6)

Since the mass flow rate between the body and the streamline
passing through point A is known [Eq. (6)], the locus of point
A can be calculated using Egs. (5) and (6), with y.(x) as the
only unknown. Other methods for calculating the erntropy-
swallowing distances are discussed in Ref. 38.
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A comparison of the entropy-swallowing distance with the
results of Rotta% for Mach 10 freestream conditions (Table 1)
is given in Table 2 for various nose bluntness and Reynolds
numbers. The table shows a large difference between the pre-
sent results and the empirical results of Rotta. This difference
increases with the increasing bluntness. As will be shown later,
the ‘present approach for calculating the entropy-swallowing
distance agrees qualitatively with the merging distance for skin
friction, surface pressure, wall heat transfer, and shock shape.
The theoretical calculations of Rotta assume that the pressure
on the conical portion of the body is constant, and, therefore,
the overexpansion and recompression on the shoulder are
neglected. Also a correlation for the shock shape is used. The
errors introduced by these approximations increase with the
increase in nose bluntness. Thus, Rotta’s results are valid only
for very small values nose of bluntness.

Equilibrium Chemistry

To include the real-gas effects that might be present at
liypersonic speeds, calculations are also made with equi-
librium air chemistry. The equilibrium chemistry package de-
veloped in Ref. 37 is used in the analysis. It is based upon the
free-energy minimization technique and has been implemented
by Gnoffo3%32 into the Navier-Stokes and parabolized Navier-
Stokes codes.

Results and Discussion

Extensive results have been obtained for various freestream
conditions given in Table 1 and for three different values of
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Fig. 5 Variation of wall pressure with the axial distance for . =5
deg at various Mach numbers.
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Fig. 6 Variation of shock-standoff distance with the axial distance
for 6. = 5 deg at various Mach numbers.



APRIL-JUNE 1991

nose bluntness. Some typical results are presented here. As
mentioned earlier, the blunted cone with smallest nose radius
is considered as a sharp cone and the effects of leading-edge
bluntness is compared with respect to this cone. When the
surface quantities fall within 5% of the sharp-cone values, the
effect of bluntness is assumed to have vanished. The same
criterion is also used for the case of ogive.

Figures 5-7 show the variation of surface quantities with the
axial distance for a 5-deg cone with various degrees of blunt-
ness and for freestream Mach numbers of 10 and 20. The x
distance is measured from the virtual tip of the sharp cone.
The results are plotted downstream of the sphere-cone junc-
ture point. The surface-pressure distributions are presented in
Fig. 5. The pressure has been nondimensionalized with respect
to the respective freestream pressure. In the stagnation region,
the pressure is very high but as the flow moves downstream,
the shock strength decreases thereby decreasing the pressure.
The flow overexpands near the shoulder; the extent of overex-
pansion is a function of the bluntness and freestream condi-
tions. The overexpanded flow then recompresses back to the
sharp-cone value. The distance it takes to reach the sharp-cone
value is also a function of the freestream conditions and nose
bluntness. It should be noted that the pressure on the cone is
influenced by the nose over a large portion of the afterbody
and is lower than the conical pressure. For all values of lead-
ing-edge bluntness considered, the surface pressures have
reached the same value at about 160 nose radii downstream.

Figure 6 shows the variation of the shock-standoff distance
as a function of the axial distance. The shock-standoff dis-
tances are measured from the body surface. Here the behavior
of the shock shape is seen to be qualitatively similar to those
observed by previous investigators.!8 The shock-standoff dis-
tance is affected considerably by the leading-edge bluntness.
For the sharp cone, it is a straight line, whereas for blunted
cones it is curved with an inflection point about 50 nose radii
downstream. For a sufficiently large value of x, the shock
shape becomes independent of nose bluntness.

The variation of the skin-friction coefficient with the axial
distance is shown in Fig. 7. It is seen that the skin friction
decreases over the body with increasing nose bluntness at a
given Mach number. This is because the entropy layer in-
creases the thickness of the boundary layer, thereby reducing
the gradients of velocity profile near the body. The skin fric-
tion is found to be most sensitive to the nose bluntness as it
takes the maximum distance to reach the sharp-cone value
among all of the flow properties.

At Mach 20 freestream conditions, it takes less distance to
attain the conical value than at Mach 10 conditions; this is not

Table 3 Distance (x/Ry) up to which bluntness effect
persists for Mo = 10

Quantity  Rpm 0 =5deg Ogive (y=1.4)
P 0.025 120 47
» 0.05 160 48
5 0.025 209 63
sh 0.05 218 71
C 0.025 233 127
d 0.05 267 154
0 0.025 120 44
¥ 0.05 160 48
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Fig.7 Variation of skin friction with the axial distance for 6, = 5 deg
at various Mach numbers.
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Fig. 9 Variation of wall heat transfer with the axial distance for
6. =5, 10, and 20 deg at Mo = 20.

Table 4 Distance (x/Rp) up to which bluntness effect persists for Mo = 20

Quantity Rpm 6.=5deg 6. =10deg 6, =20deg Ogive (¥ =1.4) Ogive (Equil.)

p 0.025 113 38
hd 0.05 146 40
5 0.025 172 43
sh 0.05 182 45
c 0.025 165 80
! 0.05 198 108
0.025 . 126 37

Qw 0.05 135 40

9 48 38
15 52 40
10 57 44
11 67 50
25 87 65
35 121 119
10 46 36

18 50 37
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to say that for the same freestream conditions the increase in
Mach number will decrease the merging distance. Increasing
the Mach numbeér will increase the Reynolds number, which
reduces the the boundary-layer thickness. This would increase
the merging distances. The merging distances depend upon the
peUs product. It should be rioted that the density for Mach 20
freestream condition is 0.4 times the density at Mach 10, so the
pxU, product i is lower at Mach 20 than at Mach 10 condi-
tions.

The dxstances to attain conical values of surface pressure,
shock-standoff distance, wall heat transfer, and skin friction
are given in Tables-3 and 4. Similar results for ogive with
various degree of bluntness show the same trend.8

The effects of cone angle have been investigated for a
freestream Mach number of 20 and cone angles of 5, 10, and
20 deg. Some results for surface quantities are presented in
Figs. 8 and 9. An interesting general trend is noticed from
these figures. With a small increase in cone angle from 5 to 10
deg, the merging distances decrease dramatically. The merging
distances decrease even more when the cone angle is increased
from 10 to 20 deg. The merging distance is shorter for the
wider cones because the normal shock flow does not have to
turn through as large an angle to attain a flow direction nearly
parallel to the cone and therefore more quickly negotiates the
required turn. The entropy-swallowing distance is ‘a very
strong function of y, because, physically, most of the fiow in
the boundary layer near the swallowing point has entered
before shock attains the conical value.

The variation in the wall pressure with axial distance for
various cone angles is shown in Fig. 8. The wall pressure
increases with the increasing cone angle due to increased shock
strength. Also the overexpansion/recompression increases
with the cone angle while the physical distance over which this
takes place decreases. Thus, a blunt cone with a larger cone
angle will experience.a constant wall pressure over most of its
surface as compared to a cone with a smaller angle.

xt0~1

OGIVE
M =20
Rn=0.05m

bsh,m 2

0 2 4 6 8 10
x.m
Fig. 10 Comparison of shock standoff for equlibrium and perfect
gas.

x10—3
3.0
" OGIVE
| Mer20
Rn=°.05m

0 2 L6 8 10
x,m )
Fig. 11 Comparison of wall heat transfer equilibrium and perfect
gas. .
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Fig. 12 Comparison of velocity profiles at x = 0.5, 1.0, and 5.0 m
for ogive at Mach 20.
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Fig. 13 Comparison of temperature profiles at x = 0.5, 1.0, and 5.0
m for ogive at Mach 20.

Figure 9 shows the variation of wall heat transfer for vari-
ous cone angles. It shows that the heat transfer on the wall
increases with increasing cone angle while merging distances
decrease. Thus, larger angle cones will experience almost uni-
form heat transfer over most of the afterbody. These results
indicate that as the cone angle increases, the extent of effects
of nose bluntness decreases.

The variation of shock-standoff distance and- wall heat
transfer at Mach 20 for ogive of 0.05-m nose radius is shown
in Figs. 10 and 11 for perfect- and equilibrium-gas flows. The
equilibrium-gas results do not show any dramatic differences
from the perfect-gas résults although, as expected, there are
some minor differences. The difference in the two solutions
tends to increase with i increasing Mach number and bluntness.
These figures show expected effects of equilibrium-gas chem-
istry on the flow properties. For example, Fig. 10 shows that
the shock moves closer to the body for the equilibrium gas.
The merging distances for these cases are. given in Table 4.
Because of the shock moving closer to the body, the normal
distance to attain the conical angle decreases, and thus a small
decrease in merging distances is noted for equilibrium flows.

Figures 12 and 13 show the variation of the streamwise
velocity and temperature as a function of y distance for Mach
20 perfect-gas flow over an ogive with various nose blunt-
nesses. It should be noted that since the shock-fitting proce-
«dure is used, the normal profiles are plotted within the shock
layer only. The velocity and temperature have been nondi-
mensionalized with respect to their freestream values. The
variation of streamwise velocity is shown in Fig. 12 for
x =0.5, 1.0, and 5.0 m. These is a significant difference
between the profiles near the nose; differences tend to dimin-
ish with increasing axial distance. The figure shows that the
thickness of the boundary layer increases with increasing
bluntness and that the shape of the profile is changed near the
outer edge of the boundary layer. It is this difference that
causes the wall values to be so different from the sharp- cone
values. The same type of effects can be seen in Fig. 13 where
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temperature profiles between shock and body are shown. Here

again the differences decrease with the axial distance.

Conclusions

A parametric study has been conducted to determine the
downstream effects of nose bluntness on slender bodies. The
slender bodies considered are cones and ogives. Approximate
methods, as well as the combination of the Navier-Stokes and
parabolized Navier-Stokes equations, are used to accurately
compute the flowfield. The high-temperature effects are incor-
porated by using the equilibrium-gas model. The effects of
nose bluntness and the entropy layer generated by it are found
to persist several hundred nose radii downstream depending
upon the bluntness, freestream conditions, and geometry.
Also the bluntness effects decrease with increasing cone angle.
The results show that the wall quantities are not affected much
by the inclusion of high-temperature effects through equi-
librium chemistry.
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