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Design of Space Launch Vehicle Using Numerical
Optimization and Inverse Method
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The inverse method and the numerical optimization technique are developed and implemented for the design of
space launch vehicles, which satisfy given heat transfer rate, fineness ratio and internal volume constraints, and
show minimum drag characteristics. With the proper specification of the target pressure distribution, the inverse
method is successfully applied to the design of a body with 21% less drag than the initial shape. Several gradient
approximations, shape functions, and approximate analysis methods are utilized for the design of optimum nose
fairing shapes with heat flux and volume constraints. Several strategies are implemented to the design examples in
hypersonic speeds, including a Korean three-stage sounding rocket. The designed bodies have less drag than the
initial bodies while maintaining the surface heat transfer rate at the nose. These methods are demonstrated to be

efficient design tools for the high-speed vehicle design.

Nomenclature
Cp = dragcoefficient
C, = Stanton number
C, = pressurecoefficient
d = base diameter of the body, m
H,, = totalenthalpy atadiabatic wall temperature
H, = total enthalpy at wall
[ = body length, m
M, = {freestream Mach number
n = exponentof the power law body
Pr = Prandtl number
Pso = freestream static pressure, N/m?
q = heat flux, W/m?
q, = heatflux at the wall
R = body radius, normalized by body length
R, = noseradius of curvature
Ry = momentum thickness Reynolds number
T, = freestreamtemperature, K
u = velocity componentin x direction, m/s
X = longitudinal coordinate of the body, m
" = dynamic viscosity, kg/m s
o = density, kg/m3
Subscripts
aw = adiabatic wall condition
e = boundary-layeredge condition
w = wall condition
oo = freestream condition
Superscript
* = reference condition
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Introduction

ECENTLY, there have been growing demands on small

space launch vehicles for low-Earth-orbit satellites and next-
generation launch vehicles such as reusable launch vehicles. From
an aerodynamic perspective, efforts have been devoted to the study
of aminimum-dragbody, abody with minimum ssurface heat transfer
rate, and an aerodynamic design of a high-speed propulsionnozzle.
In early research, most of the studies implemented analytical or
experimental approaches. In the 1980s and 1990s, the numerical
approach was the major aerodynamic design tool with the advance-
ment of computational fluid dynamics.

Minimum-drag bodies have been studied extensively since the
1950s. Zandbergen' and Parker? derived supersonic minimum-drag
bodies using the method of characteristics and the linearized su-
personic theory. In the hypersonic regime, Eggers et al.® derived
a minimum-drag body with a small nose radius using Newtonian
impact theory and showed that a power-law body (R ~ x") approxi-
mated the minimum-drag body when the power-law exponentn was
0.75.Mason and Lee* performed a numerical study to find an expo-
nent of the minimum-drag power-law body using Euler equations.
Zoby and Thompson® studied the effects of the nose radius and the
angle of attack on a surface heat transfer and drag characteristicsin
hypersonic flow using a viscous shock-layer computer code.

Even thoughthe drag and the surface heat transferboth are impor-
tantin the design of space launch vehicles, studies on the minimum-
drag body and the minimum surface heat transfer rate have been
performed independently. There have been studies on the stagnation
point heating, drag, and nose bluntness about power law shapes
butless efforthas been devoted to the design studies, which consider
both drag and heat transfer characteristics together. In the present
study, the representative shapes have been chosen from the nose
fairing shapes of existing space launch vehicles, and the drag and
the heat transfer characteristics have been investigated in the hy-
personic flow regime of freestream Mach number M., =5 ~ 8. The
minimum-drag body with a given surface heat flux constraint is
designed with two well-known aerodynamic design methods, the
inverse design and the numerical shape optimization. The inverse
design is performed in conjunction with a parabolized Navier-
Stokes (PNS) solver. In the numerical optimization, the modified
Newtonian theory is applied, and internal volume is considered as a
design constraint, in addition to surface heat flux, because payloads
are accommodatedin nose fairings. Three differentgradientapprox-
imation techniques are tested and compared with each other. In ad-
dition, inverse design results are compared with those of numerical
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optimization. An optimum nose fairing shape for the KSR-III
(Korean Science Rocket IIT) space launch vehicle will be proposed.

Selection of Nose Faring Shapes and Drag/Heat
Transfer Characteristics
Representative Nose Fairing Shapes of Space Launch Vehicles

Throughanalytical studies, many supersonicminimum-dragbod-
ies have been derived. Among these, there are the von Karmdn ogive
(a given length and base radius) (see Ref. 7), the Sears-Haack body
(a given length and volume) (see Ref. 7) and the Adams body (a
given length, volume and, base radius) (see Ref. 8). In the hyper-
sonic regime, there are the power-law body and the Hayes body
(a given length and base radius). Mason and Lee* made numerical
investigations using the Euler and PNS equations for both perfect
gas and equilibriumair models. They concluded that the power-law
body of n =0.69 is a minimum-drag body for a given length and
base radiusin the supersonicand moderate hypersonic flow regimes
(My =3~38).

To analyze aerodynamic heating, which must be considered in
hypersonic vehicle design, it is necessary to investigate the heat
transfer characteristics of blunt bodies with finite nose radii. The
amount of heat transfer is inversely proportional to a square root
of nose radius, and so the nose bluntness has a considerable effect
on the surface heat transfer, even though it has slight effect on the
surface pressure distribution.

By investigating the existing space launch vehicles, four repre-
sentative shapes, a cone-cylinder (shape I), a sphere-cone-cylinder
(shape II), a sphere-power-law body (shape III), and an n =0.69
power-law body (shape IV) were chosen. The numerical analyses
for these shapes have been performed to understand the drag and
the surface heat transfer characteristics.

Numerical Analysis Method

The compressible thin-layer Navier-Stokes equations are se-
lected as the governing equations and Roe’s flux difference split-
ting scheme is implemented for the spatial discretization with the
MUSCL code for higher-order extension. The minmod limiter is
used to remove solution oscillations. The global iteration was per-
formed at the subsonic region near the nose tip, and the space-
marching technique is employed for the fully supersonic region
beyond the nose region to save computational cost. Laminar flow is
assumed, and the convergencecriterionof 1073 is used. The compu-
tation was performed on the Cray C-90 supercomputer. The mesh
is constituted with 91 stations along the axial direction i, 50 sta-
tions along the direction normal to the body axis k, and 2 stations
along the circumferentialdirection j, which was verified to give re-
liable numerical solutions from the computational grid convergence
test performed in the previous study.* For the numerical study, the
three-dimensional computer code was run using only one slice of
the full three-dimensionalgrid in the circumferentialdirection, with
the boundary condition that there are no circumferential flow gra-
dients. Freestream conditions were the conditions at altitude 40 km
(T, =260.9 K and p,, =299.77 N/m?) and the constant wall tem-
perature of 1000 K is used as the wall temperature boundary condi-
tion.

Pressure and Heat Transfer Distribution of Each Shape

Analysis calculations using PNS equations were performed at
freestream Mach number 6.28 to find the pressure and the heat
transfercharacteristicsof each shape. The resultsare shownin Fig. 1.
Here, C,, is surface pressure coefficient, and the Stanton number C),
is given as ¢,/ Pooll oo (Hyy — H,,). The pressures of shapes 11, II1,
and I'V (blunt bodies) increase rapidly near a nose tip. Both shape I
(pointed nose tip) and shape IV (very small nose radius) have very
large (a peak) heat transfer coefficient near the stagnation point.
This means that shapes and IV are not desirable when considering
the surface heat transfer.

A total drag coefficient is the sum of a wave-drag and a skin-
friction drag coefficients. The effect of Mach number to the total
drag is shown in Fig. 2. As Mach number increases, the total drag
coefficient decreases due to the decrease of wave-drag coefficient.
Shapes I and II, with cylindrical afterbodies, have larger drags than
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Fig. 1 Pressure and local heat transfer rate distributions of several
nose fairing shapes at freestream Mach number 6.28.
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Fig. 2 Mach number effect on total drag of several nose fairing shapes.

the others. As far as the drag coefficient is concerned,shape IV is op-
timal, and shape Il may be the best when consideringthe surfaceheat
transferbecauseit showslowest Stanton number near the stagnation
point. When both drag coefficient and surface heat flux rate at the
stagnation point are considered, shapes similar to shape III are best.

Inverse Design of Minimum-Drag Body with Given Heat
Transfer Constraints

The aerodynamic design methods can be generally divided into

two approaches:the numerical optimizationand the inverse method.

Inthe present study, the shock-expansiontheoryis applied to modify

abody shape,and the convergenceaccelerationwas attained with the

regula-falsimethod. Detailed descriptionsof the inverse method for
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the PNS equations and body geometry modifications are included
in Ref. 9.

Space launch vehicles must have good drag and heat transfer
characteristics. Shape III, which has a small drag coefficient and
moderate heat transfer rate at the nose, is a promising nose fairing
shape for the space launch vehicle operating in the Mach number
range M., =5 ~ 8. Thus, the body, which has drag characteristics
close to an n =0.69 power-law body, a minimum-drag body at hy-
personic speed, can be designed by selecting shape II1 as a nominal
body geometry and the surface heat transfer rate as a design con-
straint. To meet the heat transfer constraint, a small portion near
the nose tip must be fixed, and the design modification will be car-
ried out in the remaining portion of the body. It is expected that
the minimum-drag pressure distribution will exist in between the
pressuredistributionof the n = 0.69 power-law body and that of the
nominal body (shape III). Thus, the two pressure distributions are
averaged with a weighting factor, which is selected to satisfy the
fineness ratio constraint//d = 3.

Design Problem

The heat transfer coefficients of shapes II and III, which have
bluntnose tips, do not exceed —0.06. Thus, the design problem 1 is
formulated by selecting this value as a design constraint. The initial
body is shape III, which has a finite nose radius of 0.09 1 (nondimen-
sionalized by body length/) and a freestream Mach number of 6.28
with no angle of attack. The inverse design starts from x /! = 0.04.
The target pressuredistributionis identical with the n = 0.69 power-
lawbody atx /I =0.04 ~ 0.07 and is specified to satisfy the fineness
ratioconstraintatx // = 0.07 ~ 1.0. The local Mach numberis fixed’
to the freestream Mach number M, and the regula-falsimethod is
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Fig. 3 Target pressure distribution and designed body at freestream
Mach number 6.28: a) whole bodies and b) front 10 % of the bodies.
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Fig. 4 Target pressure distribution and design body at freestream
Mach number 4.6.

applied. The resultant body shape and the pressure distribution are
shown in Fig. 3.

The designed body has about 6.5% less drag (wave drag 7% and
skin-friction drag 4% reduced) than the initial body. The inverse-
designed region shows a 22% reduction of drag and has 35% less
drag than the minimum-drag body (n = 0.69 power-law body). The
average number of design iterations per computational station is
about 2.8.

KSR-III Design Improvement

The nose fairing shape of KSR-III is basically a sphere-cone-
cylinder shape with a fineness ratio of 1.578 and a dimension-
less nose radius of 0.087 (nondimensionalized by body length).
The minimum-drag shape can be designed in the same way imple-
mented in the preceeding design problem. The first-stage burnout
(freestream Mach number 4.6 and altitude 31 km) is selected as
the design condition. Wall temperature is fixed as 453 K, which
is the operating temperature of the nose fairing. The inverse design
startsfromx /[ = 0.05, and the target pressure distributiondecreases
quadratically from the starting point of the inverse design and has a
minimum value at the end of the body. The value of the minimum
pressure is adjusted to satisfy the fineness ratio. Figure 4 shows
the designed body and the correspondingpressure distribution. The
designed body has about 20.6% less drag (wave drag 20.9% and
skin-frictiondrag 11.4%) than KSR-III. The heat transferrate at the
nose maintains the initial value.

Nose Fairing Shape Design Using
Numerical Optimization
Design Statement

Generally, the inverse methods can find the body geometry within
small design iterations or computational costs, but require the spec-
ification of the target pressure distributions and have difficulty han-
dling the constraints imposed on the designed body.

To implement the inverse method for the aerodynamic per-
formance improvement of the nose faring shape, some portion
of the body must be fixed because the method is based on the
space-marching problems. Hence, drag minimization may not be
completed because we can not say that the shape obtained with
considerable design improvements is the minimum. Moreover, the
specification of the target pressure distribution is largely dependent
on the design experience of the users, and application to the mul-
tipoint design or design with constraints is limited. To overcome
these limitations, a numerical optimization technique is employed
to find a body with minimum drag that satisfies a given surface heat
flux at the nose.

Design Formulation

The nonlinear constrained optimization problem n this paper can
be expressedas follows: Drag coefficientis the objective functionin
most cases. The surface heat transfer rate (the Stanton number C),)
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Fig. 5 Shape functions.

and the internal volume of the nose fairing are the inequality con-
straints, and the body fineness ratio is selected as an equality design
constraint. As a side constraint, the move limit of the design vari-
ables is specified. These constraints are combined together or tested
separately during the design optimization process.

Accordingto Ref. 10, geometrically simple shapes are selected as
shape functions, and the coefficients of the shape functions are the
design variables. If some information about the body to be designed
were available, this would be a very efficient approach because the
number of design variables could be greatly reduced.

For the drag minimization of the space launch vehicle with
specified heat flux and internal volume constraints, simple body
shapes are selected as shape functions: Minimum-drag shapes in-
clude the von Kirmén ogive, the power-law body with n =0.69,
and blunt shapes that have small surface heat transfer rates such as
the paraboloid and sphere-cone. Each shape function is shown in
Fig. 5.

In the optimizationprocess, numerous evaluationsof the objective
functions and the design constraint functions and, hence, enormous
computation time and cost are required. To reduce the computa-
tional efforts, the original objective function and constraints are
approximated using the Taylor series expansion (see Ref. 11). The
derived shape is analyzed to obtain the drag and surface heat flux.
This completes one design cycle. When applying the approximate
functions, the move limits of the design variables need to be con-
sidered as side constraints. Constraints about the body shape, for
example, internal volume or fineness ratio, need not be approxi-
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Fig. 6 Shape optimization procedure.

mated because those can be calculated analytically. For the present
numerical optimization study, a simplex method is used for the lin-
ear problems (linear approximations to the objective function and
design constraints). A reduced gradient algorithm with the quasi-
Newton method is used for the nonlinear problems, in which the
objective function and design constraints are approximated by the
gradientsand the Hessain matrix. The shape optimizationprocedure
is shown in Fig. 6.

Gradient Approximation and Design Strategy

Gradient terms are included in the linear approximations of the
objective function and the design constraints. Because the gradient
not only shows the direction of the solution but also determines
the accuracy of the linearized functions, it has a great effect on the
design convergence and the solutions. When the gradients are not
correct, either the design space does not exist or the shapes with
severe constraint violations are derived. The gradients are easily
obtained using a finite difference approximation. In this study, three
different methods are considered.

For method 1, the gradient is obtained using the difference be-
tween the nominal shape and the shape derived from the previous
design cycle. To obtain the gradientinformation about each design
variable, the same number of analysis calculations as the number
of design variables is required in each design cycle. For method 2
(perturbation), corresponding changes of the functions are calcu-
lated with the small perturbation to the nominal shape. This case
also requires the same number of analysis calculations as method 1.
The strong point of this approach is that the approximations of the
local gradients about the nominal shape, as well as the linearized
function, are relatively accurate. Finally, for method 3 (the approx-
imation concept), gradients can be determined by expressing the
difference between the shape functions and nominal shapes as a
linear system of equations.!' Initial analysis calculations for each
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shape function and exactly one additional analysis run per design
iteration are required to proceed with the design. Hence, the com-
putational efforts can be greatly reduced. In addition, this method
has the advantage that higher-order terms such as Hessian terms,
as well as the gradient terms, can be included easily as the design
proceeds. The weak point is that the gradientinformationcan be in-
accurate when the designed body and nominal body shapes are very
different; hence, the number of design cycles may be increased.

The design convergence and the accuracy of the approximated
function are largely dependent on the move limit of the design vari-
ables. For unconstrained problems, a relatively large move limit
can be assigned to accelerate the convergence, and for constrained
problems, a small move limit is used because the accuracy of the
constraint functions is important.

When utilizingmutually conflicting functionsas the objectiveand
constraint functions (such as drag and surface heat flux), or when
the feasible design space is very narrow because the constraints are
very severe, the optimization may not be straightforward. In those
cases,a two-stepoptimizationcan be employed, thatis, minimize the
constraints to the allowable values first, then minimize the original
objective function while maintaining the constraint values.

Analysis Methods

Becausethe numerical optimizationprocessrequires a large num-
ber of iterative analysis calculations, it is very costly to employ
accurate analysis methods that require a large amount of computa-
tional time. For the design strategy definition and in the preliminary
design optimization stage it is better to employ relatively simple
analysis methods approximating the accurate analysis, if available.
For the wave drag approximation in the hypersonic flow regime,
tangent-cone theory (TCT), shock-expansion theory, or modified
Newtonian theory (MNT) can be used. In the present study, a sur-
face pressure distribution is determined by either modified Newto-
nian theory or tangent-cone theory. There are no restrictions on the
particular choice of the methods for the given design optimization
problems. A surface temperatureis determinedby using the entropy
relation across the normal shock and an isentropic flow assumption
between the shock and stagnation point.!? After the surface pres-
sure and temperature are determined,other thermodynamicand flow
properties can be determined.

By using the Zoby et al. approximate convective heating
equation,'® the heat flux at the stagnation point is calculated. The
laminar heat transfer rate is given by

qtlJ,L = 022R9_l(10*/p)(l’(/*/ﬂ)peue(Haw - Hw)Pr;O'() (1)

where Ry is momentum thickness Reynolds number. Here, the mo-
mentum thicknessis evaluatedat the grid pointnextto the stagnation
point, where 6 goes to zero. The asterisk denotes conditions deter-
mined by reference enthalpy. The Stanton number at the stagnation
pointis shown as a function of the nose radius in Fig. 7. When com-
pared with the results from thin-layer Navier-Stokes analyses, the
approximate equation produces qualitatively agreeable solutions.
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Fig. 7 Comparison of the approximated surface heat flux prediction
with detailed analysis at freestream Mach number 6.28.

Table1l Comparison of cases 1-4

Gradient Wave drag
Case  Initial shape approximation (TCT/MNT)
1 Paraboloid Method 1 0.0518/0.0450
2 Paraboloid Perturbation 0.0556/0.0437
3 Combination  Perturbation 0.0542/0.0446
4 Combination ~ Approximation  0.0587/0.0464
concept
T
-—e— Exact
--©-- Approx.

0 1 2 3 4 5 6 7 8 9 10
Design Cycle

Fig. 8 Convergencebehaviorsof cases 1-4 atfreestream Mach number
6.28.

Wave Drag Minimization

To check the validity of the shape functions selectionand the gra-
dient approximations, the wave drag minimization with a fineness
ratio (I/d) constraint has been performed. The selected shape func-
tions are the von Karman ogive, n = 0.69 power-law body, cone,
and paraboloid. The constraint is the fineness ratio of three. The
surface pressure has been determined by tangent-cone theory. The
results, assuming several different initial shapes and gradient ap-
proximations, are compared and summarized in Table 1 and Fig. 8.
In cases 1 and 2, the paraboloid of fineness ratio three is used for
the initial shape, and the gradient vector is determined by meth-
ods 1 and 2, respectively. To check the convergence behavior when
starting from different initial shapes, case 3 used the combination
of shape functionsas an initial geometry. In case 4, the sphere-cone
instead of the cone is used as a shape function, and the combination
of four shape functions is used for the initial shape. The gradient
approximation method 3 and the modified Newtonian theory have
been used in case 4. As shown in Fig. 8, the values of wave drag
are converged to nearly the same value, 0.0536, which is the wave
drag of the n=0.69 power-law body, the minimum drag shape in
supersonic speed, even though the different gradient approxima-
tion methods are applied. The exact value in Fig. 8 is the result of
the simple analysis method employed in this study. As the design
converges, the approximated value using the first- or second-order
Taylor series expansion and the exact value approach one another.
The gradient approximation method 2 is the most accurate, and the
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Fig. 10 Convergence behavior of two-step approach at freestream
Mach number 6.28.

approximation method 3 requires only one-quarter of the analysis
runsrequired by othercases.In case4, dragreductionafter 10 design
cyclesis less than other cases because the sphere-cone, selectedas a
shape functionhas an adverse effect on the wave drag minimization.
This example case demonstrates the importance of the shape func-
tion selection. Figure 9 shows the designed shapes of cases 1-4.
All cases have almost the same value as the wave drag, but have
different shapes. The inherent existence of local optima in the wave
drag can be resolved by specifying the heat transfer rate constraints,
which will be shown in the next section.

Wave Drag Minimization with Surface Heat Transfer Constraints

In this case, the wave drag minimization is performed with a
given surface heat transfer constraint in addition to the geometric
constraint, fineness ratio. Because a sharp nose cone is not ade-
quate in the region of high heat transfer rate, the sphere-cone is
used as a shape function. The surface pressure is determined by
modified Newtonian theory. A Stanton number of 0.06 is speci-
fied as a constraint, and this value is less than that of any shape
function. To facilitate the optimization, a two-step approach is im-
plemented. First, the constraint, the Stanton number, is minimized
to the value below 0.06. Then the wave drag minimization follows
with the resulting shape of the heat transfer minimization as an ini-
tial shape. The designed body and the convergence behavior are
shown in Figs. 10 and 11. The shape obtained from the numer-
ical optimization is much different than the result of the inverse
design problem that has a fixed portion near the nose because no
restrictions to the body geometry are imposed. The drag of the op-
timized shape is 80% less than that of the inverse-designed shape.
The result suggests that, at the expense of the computational time
and cost, the numerical shape optimization, especially in the con-
strained design problems with well-selected shape functions, has
a better capability of finding an optimum shape than the inverse
design in which the shape is determined only by target pressure.
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Fig. 11 Designed bodies using the inverse method and numerical
optimization at freestream Mach number 6.28.
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Fig. 12 Comparison of the designed bodies and pressure distributions
according to different design constraints (M« = 4.6): a) whole bodies
and b) front 10 % of bodies.

However, much better results or designs can be expected with
proper treatment of the inverse methods such as target pressure
optimization.

The second design problem is the wave drag minimization of
KSR-III. As an inequality constraint, the surface heat transfer of
KSR-III baseline, C;, =0.0137, is selected, and an equality con-
straint is the fineness ratio of KSR-III baseline, //d =1.578. The
design conditions are a freestream Mach number of 4.6 and an alti-
tude of 31 km. A shape, which has 53% less drag than KSR-IIL, is
obtained after seven design cycles. It is shown in Fig. 12. To satisfy
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Fig. 13 Design results starting from various initial shapes at free-
stream Mach number 4.6.

the surface heat transfer constraint, the shape has nearly the same
nose radius as KSR-III.

Wave Drag Minimization with Surface Heat Transfer
and Internal Volume Constraints

In the actual design of the nose fairing, internal volume is also a
very important design parameter, in addition to the drag and sur-
face heat transfer rate, because the design requirement dictates
a sufficient internal volume to accommodate payloads like satel-
lites or observational instruments. Thus, the internal volume of
0.1989, nondimensionalized by 3, is selected as a design con-
straint in addition to the surface heat transfer and fineness ratio.
The shape functions are the same as the preceding cases with dif-
ferent fineness ratios. The design conditions are also the same. The
volume of KSR-III is much larger than that of any shape func-
tions; hence, the initial shape is selected to satisfy the volume
constraint.

After 15 designcycles with the gradientapproximationmethod 2,
the designedbody has about 18 % less wave drag than KSR-III. With
or without surface heat transfer and internal volume constraints, the
design results are shown in Fig. 12. The front 10% of the designed
shapes are enlarged in Fig. 12. With the surface heat transfer con-
straint, the nose radii remain finite values. When only the inter-
nal volume is considered as a design constraint, the designed body
has smaller nose radius than the case with the surface heat transfer
constraint.

To overcome the drawback of the gradient-based optimization
methods of reaching the local minimum, the designs starting from
various initial shapes are examined, and the results are shown in
Fig. 13. Each case has a differentconvergencerate, but the designed
bodies and their wave drag correspond with each other.

Conclusions

Two design approaches, the inverse method and the numerical
optimization, have been successfully implemented in the design
of the space launcher. Though the numerical optimization shows
better design results in this study, improved design results can also
be expected with proper treatment of inverse methods such as target
pressure optimization. In addition, the inverse design requires very
small computational costs.

From the inverse design with the heat transfer constraint, the
following conclusions can be drawn: By the specification of the
nose radius, it was demonstrated that the inverse method can be
used for a shape design with less drag with a given surface heat
transfer constraint. With only two or three design iterations at each
computationalplane, thebody thathas much less drag than the initial
shape, which satisfies design constraints of the maximum Stanton

number at the stagnation point and the fineness ratio //d =3, is
successfullydesigned. While maintaining the initial stagnation heat
flux, a body with considerablyless drag than KSR-III was designed
using the method. The inverse method producesthe body, which has
about21% less wave drag than the KSR-III’s baseline at a freestream
Mach numberof4.6. Even thoughthe inverse method can not derive
the realminimumdrag shape,it canbe used for designimprovements
with relatively small computational cost.

From the numerical shape optimization study with various design
constraints, the following conclusions can be drawn: From the op-
timization with the design constraints for the fineness ratio and the
surface heat transferrate, the effects of gradientapproximations, the
move limit of design variables, shape functions, and initial shapes
areinvestigated,and the convergencebehaviorsare evaluated. Com-
pared with the inverse method, the numerical optimization shows
efficiency for the constrained design problems and produces better
results: a shape with 53% less drag than the baseline geometry of
KSR-III was obtained.

By the selection of the fineness ratio and internal volume of the
nose fairing as design constraints, the shape, which has 13% less
wave drag and 28% less heat transfer at the stagnation point than
KSR-III, is obtained through the two-step approach. With the fine-
ness ratio, surface heat transfer, and internal volume as simultane-
ous constraints, the shape, which has 18% less wave drag than the
KSR-III baseline, is designed. Through the several design examples
described, it was demonstrated that the developed method could be
used in practical design problems with various design constraints.
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