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The Search for Optimum Configurations for Re-entry Vehicles

Tony C. Lin*and Wallis R. Grabowskyt
TRW Electronics and Defense Sector, San Bernardino, California

and
Kevin E. YelmgrenJ

Ballistic Missile Off ice, Norton AFB, San Bernardino, California

This paper describes an investigation to identify possible optimum re-entry vehicle configurations. The criteria
for selecting the optimum re-entry vehicle shapes are based on aerodynamic stability, nosetip/frustum boun-
dary-layer transition onset and propagation, asymmetric nosetip shape change induced trim, minimization of re-
entry dispersion, and booster sizing/weight limitation. The numerical results indicate that a highly oblate nose
shape (e.g., a flat-faced nose or 5x1 ellipse) has a better performance potential when compared to a spherical
nose using the above criteria. For the aft body, only biconic shapes are considered and the optimum bicone is
believed to have the following characteristics: Oj ~2$2 and Rb ~2Rj where 07, 62 are the fore and aft cone
angles, respectively, Rj the local radius at bicone juncture, and Rb the re-entry vehicle base radius. Under these
restrictions, improvement in re-entry vehicle aerothermodynamic performance, e.g., small Xc p variation with
A/a," and a> minimum ablated nosetip downstream influence may be achieved with possibly no degradation in
frustum boundary-layer transition performance. Consideration also is given to the disadvantages of using these
suggested optimum re-entry vehicle configurations.
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Nomenclature
= re-entry vehicle base area
= axial force coefficient
= drag coefficient
= pitch and yaw static stability derivative
= re-entry vehicle drag
= re-entry vehicle lift force; vehicle axial

length measured from the nose stagnation
point

= vehicle axial length measured from the
virtual apex

= freestream Mach number
= pressure
-Rayleigh pitot pressure
= re-entry vehicle nose radius
= re-entry vehicle base radius
= Reynolds number
= local radius at bicone juncture
= flat-face radius
= flat-face corner radius
= distance measured from the stagnation point
= boundary-layer edge velocity
= freestream velocity
= re-entry vehicle weight
= location of the center of pressure
= angle of attack
= ballistic coefficient, = W/CDA
- ratio of specific heat
= shock standoff distance
= re-entry vehicle conic angle (see Fig. 1)
= nose bicone angle (see Fig. 1)
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Introduction

AFTER nearly 40 years of missile development, the typical
re-entry vehicle (RV) configuration still consists of a

spherical nose with a simple conical afterbody. The majority
of early optimization studies were devoted to the deter-
mination of minimum drag bodies.1 Recently, more work has
appeared that minimizes the heat transfer to the nosetip of the
vehicle.2"7 The initial limitation of constant freestream
conditions2"4 was removed by Baker and Kramer.5'6 Their
approach, which used the calculus of variations, minimized
the total heat transfer to a nosetip on a constant /3 trajectory.
Yelmgren7 removed this limitation using the variation of
parameters method. All of these studies concluded that the
flat face was the optimum shape for minimizing the heat
loading to the nosetip.

The aft body has not received as much attention as the
nosetip. From a heat-transfer point of view, the aft body is
less critical than the nosetip. However, from an overall
systems performance point of view, the aft body does become
important. Specifically, considering aerodynamic stability,
boundary-layer transition (BLT) onset and propagation, and
warhead packaging, the aft body plays a major role. In
general, the biconic or triconic body has been assumed to be
the optimum aft body§ and, consequently, it is the only
general configuration addressed in this paper. None of the
previous studies have attempted to optimize the total re-entry
vehicle from an overall systems standpoint. A possible op-
timum re-entry vehicle will be developed here with the major
disadvantages also being identified.

It must be noted that the RV materials, as well as the RV
configuration, can improve RV performance. Extensive
analytical investigation and ground testing has been carried
out to select the optimum nosetip and frustum materials. For
example, nosetip material tradeoff studies have been made
among high-altitude transitional rough materials (HAT), low-
altitude transitional smooth materials (LAT), shape-stable
composite nose material (SSN), and erosion-resistant nose
material (ERNM). Some of these material concepts and their
derivatives have been flight tested as well as ground tested

§The ogive configuration is not considered here since in most cases
it would render less favorable RV stability.
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with varied results, as reported in Refs. 8-10. Further
discussion on this subject is beyond the scope of the present
paper.

As can be imagined, it is difficult to determine a universally
optimum RV configuration since it is influenced by many
factors. Principal among these is the mission for the RV. For
example, for terminal evasion requiring a maneuvering RV, a
sharp nosetip is perferred because a high LID is essential for
its performance. For ballistic fligHt, a blunt nosetip may be
desirable when considering nosetip/frustum heating. After
the RV mission, thermal protection materials requirements,
aerodynamic stability, ballistic coefficient, warhead sizes and
shapes, as well as space available under the missile shroud, are
major factors to be considered in selecting the RV geometry
and materials. Here we shall address the issues of RV thermal
protection, aerodynamic stability (static margin), RV nose
shape change (minimize re-entry dispersion and nosetip
loads), and booster sizing/weight limitations. The
nosetip/frustum shapes which will be considered are
illustrated in Fig. 1. Assessment and comparison of these
configurations will be made against a sphere-cone con-
figuration.

PRESHAPED NOSETIP

BICONIC NOSE

FRUSTUM CONFIGURATION

FLAT-FACED NOSE

Nosetip
Thermal Protection

Thermal protection of the RV is essential for survival
during re-entry. Thermal protection requirements can be
reduced by minimizing the total heat input to the vehicle along
the re-entry trajectory. Baker and Kramer5'6 determined that
a truncated conic with a flat-face nose is an optimum shape
and its flat-face diameter decreased as the fineness ratio
decreased. They found that the heat transfer can be reduced
by 30% of that of a spherical nose. More recent calculations
made for a transpiration cooled nosetip design are given in
Table I.11 As indicated, the total coolant flow rate required
on a flat face with a small corner radius is significantly lower
than on a spherical nose (0.024 vs 0.0644 kg/s).

Clear air nosetip shape change calculations were performed
in order to investigate the effect of using a flat-faced nose
instead of a spherical one. Numerical results, using TRW-
SCATHE,12 are given in Figs. 2 and 3 for a spherical nose and
flat-face nose, respectively. Herein the criterion for deter-
mining the boundary-layer transition is the same for both
nose shapes and the following correlation is used12:

Fig. 1 Preshaped nosetip and biconic aft configuration.

where k is the nose material intrinsic roughness, 8 the
momentum thickness, Re = peUeQ/ne, and Te/Tw the tem-
perature ratio between boundary-layer edge and wall.

the calculated results correspond to RN = 0.0889 m (3.5 in.)
and 0 = 9765 kg/m2 (2000 psf) and show that the flat-face
nosetip recedes much less than the spherical nosetip (1.397 vs
6.43 cm). Obviously, the difference in the total recession
between a flat-face nosetip and a spherical nosetip is much
greater than 30%, as suggested by Baker and Kramer.5 One
cause is the slower propagation of boundary-layer transition
over the front of the flat-face nose.

Nosetip Boundary-Layer Transition and Shape Change
As turbulent heat transfer is usually higher than laminar

heating, any nose configuration (or material) that can delay
transition during re-entry is preferred, assuming all other
factors remain the same. In addition to selecting a smooth
material; another approach is to control the nosetip local
Reynolds number and pressure gradient. This can be achieved

Table 1 Shape optimization study for total ideal coolant required9 (TCNT)
FLAT FACE

0.13 & 0.38 em RADIUS CORNER
HEMISPHERICAL

CANDIDATE
NOSE SHAPE

CONFIGURATION

BASE DIAMETER, cm

TOTAL COOLED AREA, cm2

MAXIMUM IDEAL FLOW RATE*, gm/Mc

MAXIMUM IDEAL MASS FLUX*, 0m/cm2-*

LOCATION OF MAXIMUM rfi OR $, S, cm

LARGE SPHERICAL RADIUS

K- 0.38cm

\

FLAT STAGNATION POINT
SMALL RADIUS CORNER

^4-0.38 em

^ 1
1.65 cm RN

SPHERE

3.15

11.87

64.4

9.765

0.762

3.43 em RN

SPHERE

3.15

8.26

54.4

8.3

1.524

3
FLAT FACE

,127cmRc

3.15

11.03

24.0

16.6

1.524

4
FLAT FACE

0.38 em RC

3.15

9.87

39.

15.62

1.321

5
FLAT FACE
75* CONE

8.06

62.6

9.765

1.524

CONCLUSION: •FLAT FACE SMALL CORNER RADIUS REQUIRES LEAST TOTAL COOLANT
•FLAT FACE SMALL CORNER RADIUS REQUIRES HIGHEST LOCAL MASS FLUX (AT CORNER)

a For AEDC-track G conditions: K^ = 5181.6 m/sec, P^ = 350 Torr, LWC = 1.0 g/m3
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ALTITUDE
(M)

99604.5
34120.4
26158.
21724.7
19547.1
18278.7
17379.6
16696.7
16123.7
15604.6
15120.9
14659.2
14218.7
13692.3
13277.5
12797.5
12428.0
12139.8
11991.8
11792.9
11615.0
11445.
11236.
10908.
10152.0
9216.3
4527.0

STAG PT
(CM)

0.00
0.254
0.508
0,762
1.016
1.27
1.524
1.778
2.032
2.286
2.54
2.794
3.048
3.302
3;556
3.810
4.064
4.318

tt*
5.055
5.31
5.56
5.82
6.07
6.32
6.426

Fig. 2 Numerical results12 of spherical nosetip shape change history.

99605.
39395.
33210.
30310.
27259.
25753.
24256.
23088.
21325.6
19911.
18531.
17173.
15975.
14627.
13464.
12360.9
11355.5
10664.2
10449.9
9623.8
9419.8
8861.7
8166.9
4526.7

0
0.025
0.076
0.102
0.152
0.178
0.229
0.254
0.305
0.330
0.381
0.432
0.483
0.559
0.609
0.737
0.914
0.991
1.092
1.219
1.245
1.321
1.372
1.397

1637.00
1656.53
1658.53
1659.48
1660.48
1660.96
1661.46
1661.86
1662.48
1662.98
1663.48
1663.98
1664.44
1664.98
1665.48
1665.98
1666.48
1666.74
1666.98
1667.48
1667.61
1667.98
1668.48
1672.38

Fig. 3 Numerical results12 of nose shape change history for a
preshaped nose (truncated cone).

with an oblate-shaped nosetip. A comparison of local
Reynolds number vs distance along a flat-face cone and a
sphere cone is shown in Fig. 4. As can be seen, the flat-faced
body has the lower unit Reynolds number, Re. This would
result in a slower transition front propagation on the flat-
faced nosetip. The numerical results for the shape change
occurring with the spherical nose, Fig. 2, indicate that sonic
point OARN~0.70) transition occurs at about 28.96 km (95
kft). This corresponds to a material intrinsic roughness of 1.8
mil when PANT transition criteria13 are employed. For the

r_22Ll 1/2

Fig. 4 Local Reynolds number vs Y for preshaped nosetip and
spherical nose.
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0.2 0.4 0.6 0.8 1.0 1.2 1.4
S/R fORS/
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Fig. 5 Heating rate and velocity gradient on a flat-face nosetip.2

same roughness height, the flat-faced nosetip sonic point (i.e.,
the shoulder) transition also occurred at approximately 28.96
km, but the transition front did not reach y/Rf~0.10 until
20.42 km (see Fig. 3). At this altitude (i.e., h = 20.42 km), the
spherical nose already had evolved into mildly indented nose
shape and the stagnation-point had 0.889 cm recession (see
Fig. 2); while the ablate nose only had 0.3048 cm stagnation-
point ablation (Fig. 3).

A comparison of Figs. 2 and 3 shows that nosetip shape
change occurs more slowly on the flat-face nosetip. This is
due to a lower value of stagnation-point velocity gradient,
du/dx (Fig. 5), and a slower nosetip transition front
propagation occurring on an oblate nosetip. This would
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SPHERICAL NOSE

0 10 20 30 40 50 60 70

BOW SHOCK FOR 5 X 1 ELLIPSE

BOW SHOCK FOR SPHERICAL NOSE

Fig. 6 Numerical results of shock envelopes and boundary-layer
dynamic pressure for two nosetips.

""/Pec
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xAf

Fig. 9 Numerical results of windward plane surface pressure
distribution on a flat-faced conical body.26'27

. PREDICTED TRANSITION INDUCED DISPERSION (UFFLEMAN)
CONSTANT #
INVISCIOCMa

Fig. 7 BLT induced A V vs bluntness ratio.

NUMERICAL
RESULTS (REF. 27)

W7%

SLENDER NOSE

RN/Rb~18%

BLUNT NOSE

Fig. 8 Schematics illustrating the drag perturbation at frustum BLT
altitude.

reduce the probability of nosetip ablation. This translates into
smaller drag-induced range errors and reduced nosetip
overhang requirements.

Downstream Influences
It is known that a slender RV with a blunt nose creates a

thick entropy layer with steep gradients. The values of the
boundary-layer edge properties are influenced strongly by the
entropy gradients. Consequently, the frustum heating and
shear stresses also are affected by this phenomena. Com-
parisons of shock shapes and boundary-layer edge dynamic

Fig. 10 Numerical results of Xcp /L vs M^ for preshaped
nosetip.27

lio2

———i———r
MONOLITHIC ICE

SPHERE RADIUS
RM = 2" = 5.08

FLAT-FACE RADIUS

Rf =0.9"- 2.29cm

40 50

ALTITUOE (KFT)

Fig. 11 Minimum-size particle surviving the stagnation region shock
layer.18



146 LIN, GRABOWSKY, AND YELMGREN J. SPACECRAFT

EXPERIMENTAL I VM» " 10'5 (NASA-TN-D-4397) REFERENCE 24
DATA («u -3.5, (NASA-TR-R-274) REFERENCE 25

Fig. 12 Blunt-body shock standoff distance correlation.
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e = 7.2 X 106/M, 62 = 7°, Rb- 12.7cm, L y - i . 0 3 M

6, (DEGREES)

Fig. 13a Experimental measurements of center of pressure contours
forRj/Rb=45°7o.

pressure are shown in Fig. 6 for a spherical nose and a 5 x 1
elliptical nose. The spherical radius RN and the elliptical
shoulder height are assumed to be the same value. Clearly the
frustum dynamic pressure on the elliptical nose is much
smaller than on the spherical nose. This is due to differences
in the nosetip shock shape and the effects of entropy layer
swallowing. Consequently one would expect that the frustum
heat transfer would be lower for the elliptical nose, and any
RV dispersion due to asymmetrical BLT also would be smaller
for the elliptical nose cone configuration (see Fig. 7).14

The viscous shear stress (Cy) can contribute from 20 to 40%
of the total drag (CD) on a slender RV. However, the Cf
contribution to CD can be as low as 5% on a blunt RV.
Therefore, the effects of BLT upon the vehicle drag per-
turbation are much less on the blunt RV, e.g., flat-faced
nosetip, than on a slender RV, Fig. 8. Generally, the RV
designers are required to maintain 0 or CD within a prescribed
narrow band. Under this restriction one can reduce the oblate
nosetip shoulder radius (e.g., Rf = RN/1.35) in order to meet
the 0 requirement.

The surface pressure distribution downstream of a flat-
faced nose with a conical aft body is shown in Fig. 9. Note
that a recompression region exists right after the overex-
pansion at the flat-face corner. This adverse^ pressure gradient
may serve to promote frustum boundary-layer transition,5'15

which may cause rapid uniform movement of the frustum
transition front to the nosetip and thereby reduce asymmetry
BLT perturbations. This would help in reducing the trajectory
disperison.

Effects of Nose Shape on Aerodynamic Stability
As mentioned previously, there are potential benefits for

improving aerodynamic stability, e.g., the static margin, by
using a preshaped nosetip. Crose et al.16 optimized the .initial
nosetip shape with consideration of re-entry shape change and
to minimize RV dispersions. Their results indicated a 48 deg
biconic nose would yield the minimum CEP for the class of
vehicles they studied. Hall et al.17 made a sophisticated study
with numerical finite difference codes to estimate the effects
of a preshaped nose and the nose shape change on
aerodynamic stability. They concluded that a 55 deg biconic
nose offered a significant advantage in static margin increase
and shape stability relative to an initially spherical nose.

AEDC - TUNNEL C DATA (KOCHENDORFER)

M = 10, Re = 2.2 X 106/FT » 7.2 X K^
9 2 = 7°/ R

b * 12.7cm, Ly- 1.03M

Xc/Lv = 73%

(20

11 12
6 (DEGREES)

Fig. 13b Experimental measurements of center of pressure contours
for Rj/Rb =60%.

= 12% ] AEDC - DATA
\ (21)

= 7.5% J MOO =10 (KOCHENDORFER)

= 11.5°, <?„ =7°

0 0.2 0.4 0.6 0.8 1.0

"A
Fig. 14 Xc~ ILV and CD distributions—experimental results.
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Fig. 15 Nonspherically blunted nosetip axial force coefficient and
center of pressure experimental measurements.21

*cr/L

5 10 15 20 25 10 15 20 25

ANGLE OF ATTACK, DEC

Fig. 16 Center of pressure vs angle of attack.l

Figure 10 depicts the location of pitch center of pressure for
several nose shapes. The baseline (spherical nose) solutions
would have the most forward center of pressure locations
while bicone noses with 0N = 55, 70, and 85 deg would shift
^c.p. progressively aftward. For this specific case, the biggest
static margin is obtained with the largest value of biconic nose
angle (i.e., 0N = $5 deg). Thus the inviscid flow numerical
results demonstrate that a preshaped nose (particularly,
0jv^90 deg, potentially can increase the static margin of the
RV.

Weather
Re-entry through weather also is a factor that must be

considered when designing future RVs. The amount of
thermal (e.g., nosetip overhang) protection required will be
determined by weather requirements. The recession rate of
passive nosetips in weather depends directly on the mass of
the ice or rain that survives the shock layer and impacts the
vehicle nosetip. The thicker the shock layer, the less mass hits
the nosetip because the shock layer would decelerate the
ambient particulates. At the same time the high dynamic
pressure and hot environment would melt, evaporate, and
even break up the ice crystals or rain drops when they traverse
across the shock layer.18 This is illustrated in Fig. 11, which
shows the minimum diameter of ice particles that could

SPHERE-CONE

RA = 50%

10 20 30 20 30

Fig. 17 Numerical results for Xc p IL vs M& for bicone and simple
conic body.27

STATIC
STAWLITY -003 '
DHWVATIVES
0/bEG.)

5 10 15 20 25 0 5 10 15 20 25

ANGLE OF ATTACK, DEG,

Fig. 18 Cm and Cn vs angle of attack21 experimental mea-
surement with moment center at 0.651.

survive the shock layer and strike the nosetip without
breaking up or melting away. For example, at 12.19 km, a
2.54-cm spherical nosetip would experience weather erosion
from freestream ice particles greater than 65 /* diameter.
However, the shock layer of a flat-face nosetip is almost three
times that of the hemisphere (Fig. 12) and correspondingly
experiences erosion only from ice particles greater than 140 \L
diameter. Hence the flat-face nose has an advantage over the
hemisphere from an erosion standpoint since it reduces the
magnitude of the weather environment effectively by
eliminating the impacting mass of the smaller particle.

The current state-of-the-art in nose shape change prediction
in a highly erosive environment (LWC >0.2 g/m3) results in a
flat face, regardless of the original nose shape. Therefore,
using a flat or oblate nose shape at re-entry would result in
minimum shape variations through weather. This again would
imply minimum drag variation induced range error.

The Aft Body
The outer configuration of the RV is influenced by RV

ballistic coefficient requirements, booster shroud, and the
payload restriction. Usually a tradeoff between ballistic
coefficient, nosetip overhang, RV weight, and RV
aerodynamic stability constrained by payload shape, base
diameter, and booster shroud contour will determine the RV
frustum cone angles. The usage of a multiconical body gives
an additional degree of flexibility for optimizing designs. For
instance, it gives a flexible means to accommodate the nosetip
overhang and booster sizing/payload packaging issues.
However, it is important to realize that certain combinations
of Of, 02» and Rj/Rb (see Fig. 1) can result in improved
aerodynamic performance.

Aerodynamics
Extensive wind tunnel measurements for bicone

aerodynamics were conducted by Stetson et al.,19 Chaussee et
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Fig. 19 Trimmed normal force coefficient vs biconic joint
location.21

al.,20 and Kochendorfer21 to determine the aero performance
as a function of the nose ablation and the vehicle geometric
parameters, e.g., 0^ 62, Rj/Rb, and RN/Rb. Figures 13 and
14 depict the center of pressure contour for a bicone whose aft
cone angle, Q2> is 7 deg. Note that Xcp /L moves aftward
when one increases Rj/Rb or Oj. However, the drag also
increases significantly as Rj/Rb increases (Figs. 14 and 15).
This large increase in CA can become unacceptable to RV
designers. Moreover, as Rj/Rb increase, the RV becomes
shorter to the point that the payload will not package. Also, it
is noted that the Xcp /L movement is not sensitive to biconic
juncture position when OA<Rj/Rb <0.6 (see Fig. 14). This
type of stability distribution would render designers flexibility
in locating the RV center of gravity, payload compartment,
and nosetip overhangs. Based on these experimental results,
many numerical inviscid flow computations, payload
packaging requirements, and minimum drag considerations,
it is suggested that bicones with Bl «202 and Rb ~2Rj may be
candidates for optimum RV configurations. This recom-
mendation is further reinforced by Stetson and Lewis' data,19

whose test model configurations happen to comply with the
suggested geometry criterion. Figure 16 shows the measured,
as well as calculated, center of pressure location vs angle of
attack a at M^ = 14.3 for a cone and bicone. The calculated
Xcp/L vs freestream Mach number M^ is illustrated in Fig.
17. These results indicate the biconic configuration reduces
the effect of nosetip bluntness, has a smaller center of
pressure movement with a. and M^ , and has a greater static
stability at large angle of attack when compared with the
sphere-cone configuration.

It should be noted that the static stability derivatives, Cm^
for the bicone are nonlinear with angle of attack and that tlie
in-plane and out-of-plane derivatives (i.e., Cm and Cn ) are
not equal. With the exception of a sharp cone, tne sphere-cone
has similar trends (see Fig. 18), hence, in this regard, there is
no payoff for using a bicone configuration.

Fig. 20 A schematic of leeward plane flow separation.

simple conic shapes and bicones. They independently found
that, for practical configurations of interest, the biconic joint
has no perceptible influence on frustum transiton, which
suggests that there is no degradation of BLT performance
when a biconic RV is employed.

Ablated-Nose Downstream Influence
One undesirable result of nosetip asymmetry for current

ballistic RV design is the dispersion caused by nonaverage
vehicle lateral or lift force and, consequently, smaller trim-
med normal forces are preferred. Figure 19 shows the wind
tunnel measured normal force coefficient at trim angle of
attack which is caused by an ablation-induced asymmetric
nosetip. For this comparison the trim angles of attack were
computed assuming a static margin of 5% of the vehicle
length at zero angle of attack. It is noted that the
magnitude/variation of CN with biconic joint location (i.e.,
Rj/Rb) appears to depend on the type of asymmetry.
However, a proper selection of Rj/Rb (e.g., 50%) may
alleviate the effects of nosetip ablation-induced loads and RV
dispersion.

Additional Considerations
The advantages of using an oblate nosetip and biconic

frustum configurations have been discussed; however, there is
still some concern about using these configurations which are
listed below.

1) Most of the advantages of using a flat-face or oblate
elliptic nose are deduced from analytic calculations. Ex-
perimental results (both wind tunnel measurements and flight
test) are needed to confirm the validity of numerical results.
For instance, there is concern about the viscous effects at the
shoulder of the flat-face nose where local flow separations
may occur, particularly in laminar flow (Fig. 20).

2) Geometries involving shape curvature discontinuities
may cause adverse effects upon local surface ablation. Ad-
ditionally, geometrical effects upon radar cross section (RCS)
and radar frequency (RF) performance require investigation
since surface geometry changes also will change characteristic
plasma effect, i.e., it is expected that a flat-face nose will
result in a higher sheathing altitude than a spherical nose.H

3) The flat-face nose would require a smaller amount of
nose coolant when a transpiration cooled nosetip (TCNT)
active system is used; however, it also requires larger local
blowing rates at the nose corner. (See Table 1.)

4) The effects of a preshaped nose as well as multiconic
frustums upon RV roll dynamics are unknown. Ground
simulations and flight tests are needed to resolve ths issue.

5) The sonic point on the flat-face nosetip is located at the
shoulder where the nosetip boundary-layer transitions would
first occur during re-entry. In the event that the nosetip
asymmetric transition patterns arise, then they would appear
at the location of a larger radius (i.e., larger area) as com-
pared to that on a spherical nose. Consequently, the resulting
trim angle may become larger on the flat-face nose. Ex-

Frustum Boundary-Layer Transition
References 22 and 23 have made experimental measure-

ments for investigating frustum boundary-layer transition on KThis is referred to the case when Rf = RN, Fig. 1.
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perimental measurements are required to verify this
reasoning. Also, ground tests are needed to consider the
effects of a large favorable pressure gradient upon the nosetip
boundary-layer transition.

Summary
An investigation has been made from the existing literature

to determine the optimum nose shape and aft frustum con-
figuration in an effort to improve re-entry vehicle per-
formance. A highly oblate nosetip (e.g., a flat nose or 5x 1
ellipse), instead of a conventional spherical nose, was found
to perform best under the considerations of aerodynamic
stability, nosetip boundary-layer transition propagation, clear
air shape change/recession, weather erosion resistance, re-
entry vehicle re-entry range shortfall due to nose shape
change, alleviation of frustum boundary-layer transition
dispersion, and active nose transpiration cooled nosetip
coolant requirements. Most of the advantages listed above are
deduced from numerical results. More ground testing and
flight experiments are needed to verify the analytical in-
ference.

For the aft body, biconic geometries with 0;«202 and
Rb~2Rj are considered to be the optimum shape. Re-entry
vehicles with these configurations would minimize the static
margin movement with M^ and a. It would also decrease the
effects of bluntness, which may exist during re-entry because
of nose ablation. Recently, two sets of wind tunnel
measurements suggested that the biconic joints have no
perceptible influence on frustum boundary-layer transition
behavior. Of course, the biggest advantage of bicone (or even
tricone) is its potential flexibilities in meeting the ballistic
coefficient requirements and booster sizing/warhead
packaging.

The possible disadvantages for using the oblate nose as well
as the biconic frustum in re-entry vehicle design have been
discussed. The major uncertainties lie in its nosetip asym-
metric ablation-induced trim and radar cross section elec-
tromagnetic performance. For instance, the high drag
nosetip, e.g., flat-face nose, would probably result in a higher
sheathing altitude as compared to that for a spherical nose.
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