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CFD-Based Aerodynamic Approximation Concepts
Optimization of a Two-Dimensional Scramjet Vehicle

Peter D. McQuade,* Scott Eberhardt,t and Eli Livnet
University of Washington, Seattle, Washington 98195

A direct numerical optimization methodology combining nonlinear programming and approximation concepts
is studied in the context of CFD-based engine/airframe integration. It aims at reducing the number of full CFD
analyses required in the course of an optimization, by replacing the original optimization problem by a set of
approximate problems, thus reducing computational cost considerably. The performance of global local ap-
proximations (GLA) is tested and compared to that of a more common first-order Taylor series approximation.
These approximations are obtained with alternative simplified aerodynamic analysis techniques corrected by
CFD computations. A two-dimensional NASP-like configuration serves as a test case. In this article the basic
procedure is reviewed and results based on optimization studies of the nozzle and forebody are presented.
Problems associated with the application of GLA to CFD-based optimization are discussed and some solutions
and insights are provided.

Nomenclature
flcurvc = curvature parameter
cy_ = freestream speed of sound
F = objective function
Fnct = normalized net thrust (thrust - drag)

(normalized by p^c~)
fa = behavior function for approximate analysis
ftl = behavior function for detailed analysis
G = design constraints
h,, = nozzle height, m
^cowi = cowl length, m
Lft, = forebody length, m
^ramp = ramP length, HI

Lrcl = reference length, m
X = design variables
a = nozzle turning angle, deg
/3 = correction factors for GLA
y = ratio of specific heats
0nose = nose angle, deg
0ramp = ramp angle, deg
p., = freestream density

Introduction

I NCREASING computing power and improvements in
computational algorithms in the last two decades have made

CFD into an effective tool for the understanding of basic flow
phenomena as well as for the analysis of internal and external
flows in real, complex aerospace vehicles. CFD has already
contributed to the development of several aerospace vehicles
and their propulsion systems. In particular, preliminary anal-
ysis of National Aerospace Plane (NASP) concepts has relied
heavily on CFD. With the growing confidence in the reliability
of computational predictions, it becomes natural to turn to
automated synthesis with CFD, and several approaches to the
problem can be identified in the literature.1 -

CFD-based automated synthesis presents many challenges.
The computational cost associated with the CFD analysis of
realistic configurations is usually large. In automated synthe-
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sis, where a configuration is systematically changed to im-
prove some performance criteria, and to meet some con-
straints (a process that requires many repeated analyses), the
computational cost can become prohibitive. But computa-
tional cost is not the only difficulty in automated synthesis
using CFD. Selection of design variables must be done care-
fully and any discontinuities introduced by the solution tech-
nique (such as rapidly changing grid lines or algorithm switches)
should be carefully treated. Also, the presence of shock waves
and other discontinuities in the solution may cause difficulties
with gradient-based optimization algorithms. And, if the de-
sign process is to be automated, efficient and reliable com-
putations of design sensitivities are important in order to point
a gradient-based search algorithm in the correct direction.
Techniques for obtaining analytical derivatives of CFD anal-
ysis results with respect to design variables have been reported
in the last three years.3"5

It has long been recognized, in the context of structural
synthesis, that computational analysis carried out for the pur-
pose of automated design should not necessarily be subject
to the same requirements and criteria, such as accuracy or
convergence, as in the case of detailed single analysis.6 For a
NASP-like vehicle, an approximate technique, such as the
Newtonian flow theory, may be used during initial analyses,
and gradually phased out and replaced by CFD as the design
process converges to an optimum.

Combining nonlinear programming with approximation
concepts (NLP/AC) has proven to be successful in solving
structural optimization problems.7 8 NLP is general. No a priori
knowledge of the active constraints that drive a certain design
is needed. In multidisciplinary optimization this is especially
important, since optimality criteria developed from within
each individual discipline may be found to be misleading in
the integrated multidisciplinary problem.

The main idea behind approximation concepts9 is to replace
the original problem by an approximate problem and apply
the optimizer (any NLP algorithm for constrained minimi-
zation) only to the approximate problem. A sequence of such
approximate optimization problems is then solved until con-
vergence to a locally optimal solution is obtained. Thus, only
a small number of detailed analyses are carried out during
optimization, whereas the many function evaluations needed
by the optimizer are based on approximations that are com-
putationally cheap.

A detailed, high-fidelity, analysis model and its associated
sensitivity analysis can be used as the basis of the approximate
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problem, or to modify it. This is an iterative process, with
the approximate model being improved after each complete
optimization ("cycle") using the approximate model. The sim-
plest such approximation is a first-order Taylor series rep-
resentation of the desired properties.8 The coefficients in the
series are found from the detailed analysis and the sensitivity
analysis. Results of exploratory experimentation with NLP-
based CFD/Taylor series optimization of aerodynamic con-
figurations have been reported in Refs. 3-5.

^ Jhe Taylor series approach, however, is only guaranteed
to be accurate in the immediate vicinity of the baseline design.
A method of introducing more global accuracy has been re-
cently introduced by Haftka.10 12 Denoted GLA, the method
integrates two levels of analysis techniques as follows. A de-
tailed, high-fidelity, analysis is used a small number of times
along the design synthesis path. The results of these analyses
are used to fine-tune the simplified, computationally cheap,
analysis techniques, which are used by the optimizer. Thus,
the full optimization problem is solved as a sequence of ap-
proximate optimization problems. The approximations, how-
ever, are now based on models that can capture more of the
basic physics, and nonlinear behavior, of the problem at hand
than can be captured by Taylor series approximations.

It is the purpose of this research to examine global-local
approximations for CFD-based optimization applied to a two-
dimensional scramjet-powered vehicle. This problem captures
many of the significant features and difficulties with CFD-
based optimization. As such, it serves as a valuable test case
leading to important lessons and insights on the way to op-
timization techniques capable of addressing more complex
engine-airframe integration configurations. Some experimen-
tal results are available for this problem, and it was already
used for other studies in CFD-based optimization.4

This article opens with a short discussion of the test problem
chosen. This is followed by a discussion of how global-local
approximations are formed. Some algorithmic modifications
needed for automated aerodynamic design using CFD, and
GLAs are then presented. Three simplified aerodynamic models
are employed in the GLAs. These models are outlined next.
The accuracy of the resulting GLAs is compared to that of
the first-order Taylor series approximations by means of sin-
gle-variable parametric studies for the nozzle/afterbody re-
gion. Design optimization results with the different approx-
imation techniques are used to demonstrate the viability of
global-local approximations in CFD.

Design Problem
A complete two-dimensional scramjet vehicle configuration

is to be designed and is shown in Fig. 1. The normalized net
thrust (thrust-drag) is selected as the objective function. Geo-
metric design variables define the front end and nozzle of the
vehicle. In this study, the nozzle ramp wall geometry is limited
to a family of skewed parabolas as shown in Fig. 2. The
geometry is characterized by the initial wall angle a, and the
quadratic coefficient flculvc. Note that in this study alternative
design variables are used that can lead to better optimization
results. Design variables for the front end are lengths of the
nose and ramp, the vertical locations of their corners, and
the fore-aft position of the cowl lip (Fig. 3).

Compression
Ramp

Nozzle
Ramp

I'B___\
...._. Cowl

Combustor

Fig. 2 Geometry of the nozzle.

Fig. 3 Geometry of the front end.

The only constraints on the design are side constraints on
vehicle dimensions. The following side constraints are im-
posed: the initial ramp angle a must be between 10-26 deg;
the nozzle exit plane height has to be between 4-6.5815 m
(which was the forebody height). No direct constraints are
placed on the curvature parameter flcurvc. For the front end
the nose and ramp angles are bounded as follows: 6.0 deg <
0nosc < 11.0 deg and 11.5 deg < 0ramp < 20.0 deg. The height
at the combustor inlet is fixed at 0.6667 m.

Since the wall flow in the nozzle region is essentially isen-
tropic, the investigation focuses first on the synthesis of the
nozzle only. This avoids the issue of the effect of disconti-
nuities (shocks) on the approximation concepts, and thus serves
to demonstrate the potential of GLAs. In this case the
forebody, compression ramp, and combustor inlet properties
are held constant at values that were found in a separate
optimization of those parts of the vehicle. The contribution
of drag due to base pressure is allowed to vary as the nozzle
geometry changes. If the height of the nozzle is less than the
height of the forebody, then the pressure on the bluff base is
set to zero. The nozzle height is not allowed to be greater
than the forebody height for the nozzle optimizations, and
the nozzle length is fixed.

The techniques are then applied to optimization of the
forebody/inlet region. To investigate the behavior of GLAs
in a reasonably general type of flow regime, the problem is
not limited to "perfect" shock placement, with the nose and
ramp shocks impinging on the cowl lip and the resulting re-
flection hitting the corner of the ramp. That is, arbitrary shock
configurations are allowed, and so there is the possibility of
shock impingements on wall surfaces, and shocks passing di-
rectly into the inlet. This poses a much more challenging test
of GLAs than when applied to the nozzle optimizations.

Optimization Technique
Designating the objective function F, the vector of design

variables X , and the vector of behavior constraint functions
G, the design optimization problem is a nonlinear program-
ming problem in the form

Fig. 1 Two-dimensional scramjet vehicle. max . . . F(X) (1)
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subject to

G(X) < 0

and the following side constraints:

XL < X < Xu

(2)

(3)

Tools
The modified method of feasible directions13 as imple-

mented in design optimization tools (DOT)14 is used for the
numerical solution of the constrained optimization problem.
Derivatives of objective and constraint functions with respect
to design variables are obtained using finite differences. An-
alytic sensitivities offer major advantages and can be used4 to
save computational resources and prevent numerical diffi-
culties associated with step-size selection. They are, however,
algorithm-dependent and can be difficult to obtain. The finite
difference approach is simple to incorporate, and thus chosen
for this study that focuses on other aspects of the optimization
process.

Applying GLAs
To achieve an optimum design many function evaluations

of F(X) are required. Each function evaluation, using CFD
as the only tool, requires a complete CFD solution. Even
under the most ideal circumstances this is too expensive to
consider as a practical design tool.

In order to reduce the number of CFD analyses required,
optimization is based on the approximation concepts ap-
proach.7 Information from the CFD analysis at a baseline
design is used to construct approximations of the objective
and constraint functions, which are cheaper computationally.
The actual problem is then replaced by a series of approximate
problems in which the optimizer interacts with the approxi-
mate analyses in its search for an optimum. As the design
moves away from the baseline, the accuracy of the approxi-
mations deteriorates. To protect the accuracy, move limits
are imposed on the design variables to prevent them from
moving too far from the baseline during any one cycle. An
optimization cycle is a complete optimization using only the
approximate problem.

In the application of GLAs to this problem, simplified aero-
dynamic analysis techniques are used to determine approxi-
mate solution behavior. The GLA can be applied to either
point properties (such as wall pressures and inlet plane flow
properties), or to integral properties (such as net thrust). If
the objective function is itself an integral property, the use
of point properties in the GLA can often capture nonlinear
objective function behavior that use of the integral property
cannot.

Let/(X) be some behavior function of the design variables,
e.g., wall pressure at some point. Let /3(X) be a correction
factor used to correct the result of an approximate analysis,
flt(X), to match the result of the more detailed (CFD) analysis,

; i.e.,

P(X) = [/„(*)//„(*)] (4)

P(X) is evaluated at the baseline design X", and then extrap-
olated to other design points A' by a first-order Taylor series

Differentiation of the expression for /3(X) with respect to the
design variables leads to an expression of the gradient of /3
in terms of the gradients of the approximate and detailed
analyses as follows:

V/3(X") = V /,/(*)
/„(*) j v/, - j v/(l

J<I Jtl

The CFD analysis and gradient computations are carried
out at the baseline design point. The same is done with the
approximate computations, and the correction factor equa-
tions are established for all relevant behavior functions (i.e.,
for all wall and inlet plane points). From that moment on,
the optimizer calls the approximate analysis only and it, in
turn, is corrected by the variable correction factor (5).

With the completion of an iteration, a new baseline design
is determined. Detailed analysis and gradient calculations are
carried out at that point, and the process is repeated until
convergence is reached.

Aerodynamic Analysis Techniques
Aerodynamic analysis models are used for the forebody

and nozzle flows of the vehicle. For the nozzle design two
approximate analysis techniques are used in conjunction with
the CFD analysis. The most sophisticated is a simple two-
dimensional steady method of characteristics (MOC) model.15

A pseudo-one-dimensional isentropic flow analysis is the sec-
ond.15 For the front end of the engine, where the flow is
dominated by strong shocks, an approximate model based on
oblique shock relations is developed and tailored to model
several different possible shock structures.

For comparison purposes, a local approximation is used
based on a first-order Taylor series representation of wall
pressures and inlet plane flow properties in terms of the design
variables.

The CFD code used in this study is the Steger-Warming,
implicit time-marching algorithm for solving the unsteady Eu-
ler equations to a steady state.16 The scheme uses flux-vector
splitting and upwind differences, and is second-order accurate
spatially everywhere but in the vicinity of large pressure gra-
dients. At these points, typically shock waves, the algorithm
drops to first-order to capture the flow features without spu-
rious oscillations. The code is written in generalized curvilin-
ear coordinates for a structured mesh system.

At each optimization cycle a new finite-difference mesh
must be generated for the new geometry. Flow solutions can
be greatly affected by the quality of the grid. The grid gen-
eration problem is a key element in making an optimization
run possible. An inappropriate grid might result in grid-de-
pendent pressure spikes or diffusion in the solution. As the
shape of the vehicle is changed during optimization, new grids
must be generated in a way that will eliminate such problems.
A hybrid elliptic/algebraic grid generator was created that
balances grid quality with low computational cost.

A typical nose-to-tail grid is shown in Fig. 4. Since the
vehicle cowl is not connected to the vehicle in the two-di-
mensional simulation, a zonal grid is used. The cowl is actually
defined by two consecutive grid lines, one representing the
upper surface and the second, the lower.

The CFD code was run in two parts. The forebody/inlet
region is treated first. The resulting combustor inlet flow is
averaged across the inlet plane and used to form the upstream
boundary conditions for the one-dimensional constant Mach
number combustor model, which is run separately. The re-

40 -

30

20

10

0

Compression
Ramp

Nose

Nozzle
Ramp

10 20

(6) Cowl
Fig. 4 Finite difference mesh for CFD code.
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suiting combustor outlet flow properties and the external flow
solution form the upstream boundary conditions for the noz-
zle/afterbody CFD model. Since the forebody/inlet region is
held fixed during the course of a nozzle/afterbody optimiza-
tion it does not have to be solved with each new nozzle/
afterbody geometry.

Experimental results for a nozzle/afterbody are quoted in
Ref. 4 and are used here for validation. Figure 5 is a com-
parison of the pressure distribution along the nozzle ramp for
the CFD code and the experimental results.

For the GLA the MOC is selected as a quick, yet fairly
accurate, analysis technique. A rigorous application of the
MOC to our case can theoretically reproduce the results of
the Euler solver, but to simplify the problem, several sim-
plifications were made. First, the interaction of the charac-
teristics with the shock wave(s) emanating from the cowl lip
is neglected. In addition, all characteristics used are consid-
ered to originate from the two expansion corners shown in
Fig. 6. Therefore, there is a region immediately downstream
of the ramp corner where no characteristics impinge on the
wall, and thus the curvature of the wall is not accounted for.
In actual fact, the MOC model could be improved to fit shock
waves and capture all of the salient features of the flow, but
this is not as conducive to generality as the CFD code is. A
typical solution of the nozzle using MOC is shown in Fig. 6.

Next, a one-dimensional, isentropic flow analysis technique
is used that illustrates best the dependence of a global ap-
proximation on a correction by the detailed CFD analysis.
With the one-dimensional analysis no multidimensional fea-
tures of the flow can be captured. The flow is assumed to be
shock-free and to expand isentropically. An immediate dif-
ficulty is the lack of a boundary on one side of the nozzle.
Thus, one-dimensional flow analysis, at first, seems impos-
sible. To handle this problem the CFD solution is used to
locate the plume boundary, or contact surface, between the

P 7.5
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Fig. 5 Comparison with experiment.
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Fig. 6 MOC solution of nozzle.

streams from either side of the cowl, i.e., from the combustor
and the external flow. This contact surface is then used as the
"other boundary." Each time the CFD solver is called a new
contact surface is found and used in the following one-di-
mensional analyses. Clearly, as the optimizer searches further
from the initial baseline solution the one-dimensional analysis
will begin to lose accuracy, partly because the actual contact
surface changes. Move limits on the design variables, as de-
scribed previously, help protect the one-dimensional simpli-
fied analysis against loss of accuracy.

It should be noticed that there is a hierarchy in accuracy
and complexity of the three analysis methods used for the
nozzle. The CFD method is most accurate, but also most
demanding computationally. The one-dimensional analysis
method is very simplified and the least accurate. But its coding
and computational cost is extremely low, leading to major
gains in computational efficiency when used in the optimi-
zation process.

The simplified analysis for the forebody calculations is based
on simple oblique-shock theory. In order to examine the be-
havior of the approximation concepts in a relatively compli-
cated, nonisentropic flow regime, forebody and inlet shock
placements, which differ from the well-accepted "perfect"
shock placements, are allowed. Then the simplified analysis
is required to take into account major shock/wall, shock/shock,
and shock/shear-layer interactions for a large number of al-
ternative shock structures depending on the forebody ge-
ometry. It neglects some shock reflections and interactions in
order to make it as simple as possible. In addition, the ap-
proximate model treats the flow only up to the expansion
corner at the end of the ramp. Thus, it does not model the
often-complicated flow inside the inlet duct, which the CFD
model does capture. Nevertheless, in the course of the op-
timizations, it is found that this approximate model does du-
plicate quite well the general behavior of net thrust with re-
spect to the design variables that is found by the CFD model.

Combustor Model
Only a simple model is used for the combustor. It is fully

coupled with the forebody and nozzle flows. The combustor
is modeled as a one-dimensional, constant-Mach number pro-
cess. The fuel-air mixture is assumed to be a perfect gas with
y — 1.4. The addition of mass due to fuel injection is ne-
glected. Although it would be more customary to employ a
constant-pressure combustor, it is pointed out in Ref. 17 that
the constant-Mach number combustor offers two advantages
from an analysis standpoint. It explicitly avoids choking in
the combustor, and it greatly simplifies the analysis. Such a
combustor would be difficult to employ in practice, as it would
require that the heat addition be specifically tailored along
the length of the combustor. However, for the purposes of
demonstrating different optimization strategies for the cou-
pled propulsion/aerodynamic synthesis of the scramjet vehi-
cle, the constant-Mach number combustor provides a useful,
simple tool that captures the salient features of total temper-
ature increase and total pressure decrease.

The geometry of the combustor is held fixed. However,
changes in the inlet design impact the flow through the com-
bustor, creating different inlet conditions for the nozzle. Thus,
for inlet optimizations, full-vehicle calculations are required.
Note that the area expansion in the combustor results in a
large portion of the thrust coming from the combustor. In
this study the, "combustor thrust" accounted for roughly 50%
of the total thrust.

Nozzle Results
The CFD-based GLAs were first applied to the optimiza-

tion of the nozzle/afterbody, holding the combustor condi-
tions and front end fixed. Specified throat and freestream
conditions were used. The inflow conditions for the external
flow were set equal to the freestream values. The various
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Table 1 Results of nozzle optimizations

Method

Ini t ial design
CFD
One-dimensional
MOC
Taylor
One-dimensional GLA
MOC GLA

a

18.000
20.541
26.000
26.000
20.362
20.850
20.563

«curvc

0.0050
0.0032
0.0082
0.0082
0.0031
0.0035
0.0033

Fncia

18.05
19.71
18.42
18.42
19.71
19.71
19.70

CFD
calls

22

7
7
7

Cost per
analysis

1.0

0.0098
0.0083
0.0109

aFor all cases shown, /v, is calculated using CFD.
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Fig. 7 Parametric study of normalized thrust vs nozzle ramp cur-
vature coefficient.

optimization approaches, based on CFD alone, Taylor series,
one-dimensional GLA and MOC GLA were compared for
solution quality and computational efficiency. The "all CFD"
optimization results were the baseline against which all other
methods were compared.

Parametric Studies
Parametric studies using the various approximation tech-

niques were first conducted and a typical example is shown
in Fig. 7. This figure shows the normalized net thrust variation
with nozzle ramp curvature coefficient flcurvc. The baseline
design is also shown in the figure. In addition to the CFD,
Taylor series, and GLA results, the uncorrected one-dimen-
sional and MOC results are also shown. The importance of
scaling the approximate analysis techniques by the CFD re-
sults is evident. The success of these global approximation
methods in capturing the nonlinearity of the problem is also
evident. The first-order Taylor series using direct design
variables8 cannot capture this nonlinearity as well, although
it provides decent accuracy near the base design point. GLA
results are based on wall pressures fine-tuned by the CFD
calculations.

Nozzle Optimization
For each of the nozzle-only optimizations, the design was

optimized using the initial ramp angle a, and the nozzle exit
height /7n/, as design variables. Optimizations were carried out
for all analysis models and approximation techniques. The
resulting designs were compared and the savings in computer
resources for each method were then found. The figure of
merit for these savings was the number of required calls to
the CFD solver for analysis purposes, exclusive of the calls
used to calculate the gradients of the objective function and
constraints.

For all these optimizations, the initial values of a and hnz
were 18.0 deg and 3.74 times the combustor exit height, re-
spectively. This corresponds to an 0C U I V C of 0.005. Move limits
of 10% were used for the GLAs and Taylor series.

The results for all the nozzle optimizations are given in
Table 1. Shown are the optimum designs (in terms of a and
flcurvc), the normalized net thrust, and the required number
of calls to the CFD solver. For consistency of comparison,
the optimum net thrust values were found by applying the
CFD solver to the optimum design found by each method.
Also shown is the cost in computer time for one approximate
analysis in an optimization cycle for each approximation con-
cept, normalized by the cost for one analysis using CFD only.

The table shows that the CFD-only optimization required
22 calls to the CFD solver (exclusive of calls for calculating
gradients). Each of these calls required 66 min of CPU time
on an IBM RS 6000 workstation.

The uncorrected one-dimensional and MOC optimum de-
signs were very different from the CFD optimum. They both
optimized to the same design, because each hit the maximum
allowable a and then set the base area nearly to zero by
adjusting hnz. Their optimum values of Fnct are 6% lower than
for the CFD, Taylor series, and GLA methods.

The Taylor series and the MOC GLA optimized to designs
very close to that which the CFD-only optimization selected,
but did so with only seven calls to the CFD solver, respec-
tively. This represents a savings in computer time of 68%.
Although 10% move limits were imposed on the design var-
iables for these optimizations, it is possible that greater move
limits could be imposed, perhaps resulting in some further
savings. Although the one-dimensional GLA optimum design
is not quite as close to the CFD optimum design, the optimum
net thrust is almost identical, and the savings in CFD calls
are the same as for the Taylor series and MOC GLA.

The relative cost of one analysis within a given cycle was
about 24% cheaper for the one-dimensional GLA than for
the MOC GLA. It was about 15% cheaper for the one-di-
mensional GLA than for the Taylor series. Each of these
methods required about the same number of analyses within
each optimization cycle (about 14). Thus, the one-dimen-
sional GLA solution is the most cost-effective of the approx-
imation concepts tested in the nozzle region.

Figure 8 shows the nozzle geometry, including the com-
putational mesh, for the initial and final (optimized) designs.
Note how the final solution has eliminated the base area that
is a major source of drag.

Optimization histories for the CFD-only, Taylor series, and
the GLAs are shown in Figs. 9-11. The effectiveness of the
Taylor series and the GLAs are highlighted by Fig. 9, which
portrays Fncl vs CFD calls. Recall that each CFD analysis for
the GLA optimizations corresponds to one optimization cycle
in which there will be about 14 calls to the approximate anal-
yses. In the case of the CFD-only optimization, all calls for
analysis result in additional CFD calculations. Figures 10 and
11 depict the histories of the design variables a and 0curvc,
respectively. Note that the Taylor series and one-dimensional
GLA curves are relatively smooth up to the final design,
whereas the MOC GLA histories are rather jagged. However,
all these methods find nearly the same optimum design.

Pressures along the walls are used here as the behavior
functions to be approximated. These approximate pressures
are then integrated to obtain thrust, drag, and net thrust.
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Fig. 8 Nozzle design: a) initial and b) final design.
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Optimization history of F for the nozzle.

20

Correcting the pressures by CFD values presents a problem
when two grid systems move and change with respect to each
other, such as in the case of CFD and MOC. Here, a refer-
ence, fixed grid is used for applying the correction factors.
This fixed grid contains a constant number of points at nor-
malized stations. The CFD and MOC grids have a variable
number of points. Pressures from each grid are interpolated
and transferred to the same points on the reference grid where
corrections are applied.

Forebody Results
The success of GLAs in the nozzle optimization studies is

encouraging. Still, the application of GLAs to CFD-based
design faces many difficulties. Serious problems arise when,
due to changes in design variables, the topology of the flow-
field is changing. Shock waves and shear layers as well as
separation lines may move. Devising simplified analysis tech-
niques for these situations is challenging. Correcting these
simplified analyses with the Taylor series or GLA method is
also problematic and can be algorithm-dependent. When CFD
algorithms that "smear" shock waves are used to correct the
results from approximate analyses based on ideal shocks, the
correction factor scaling itself may be questionable even if the

25.0 r

22.5 -

20.0 -

a (deg)

17.5 -

15.0
20

Calls to CFD Solver
Fig. 10 Optimization history of a.

0.006 -

0.0051

0.004

20

Calls to CFD Solver
Fig. 11 Optimization history of «curve.

approximate analysis alone compares favorably with the over-
all CFD results. Gradient computations in the presence of
moving shocks can also be difficult.

Optimization of the front end of the vehicle is attempted
next in an effort to study the GLA in a flowfield controlled
by strong shocks. Although only design variables associated
with the front end are varied, the flow analysis is carried out
for the whole vehicle. This is because the combustor and
nozzle flows as well as the forebody flow react to changes in
the design variables. All forebody optimizations were started
with an initial design that corresponds to a nose angle of 8.0
deg, a compression ramp angle of 18.0 deg, and a cowl lip
position of 3.2 m relative to the inlet corner.

The optimizations performed solely with CFD analyses led
to the design shown in Table 2. Twenty-five calls to the CFD
solver were required (exclusive of those for gradient calcu-
lations). A history of this optimization is shown in Figs. 12
and 13. The approximate method alone (using the oblique
shock theory model for the front end and the method of
characteristics for the nozzle) also optimized to a design close
to this one, as shown.

Point properties (wall pressures and inlet flow properties)
are used as behavior functions, as with the nozzle optimiza-
tions. However, the attempt to use point pressures for cor-
rections by GLA on the forebody was not successful. In fact,
the behavior of Fnct within any given cycle was extremely
erratic. This was found to be due, in large part, to the move-
ment of shock impingement points during the calculation of
V/3(X"). Such movement cannot be captured by the gradient
calculations as they are implemented, which leads to incorrect
gradient calculations, and thus results in erroneous correction
factors. In addition, the CFD and approximate methods do
not capture shocks equally crisply, which may lead to further
error in the correction factors. Thus, a complete optimization
using the point property GLA could not be performed.
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Table 2 Forebody optimization results

Method

Ini t ia l design
CFD
Approximate
Taylor
Integral GLA

(zeroth order)

^nosc

8.000
7.294
7.705
7.045
7.786

eramp
18.000
19.998
19.998
20.063
20.027

Lfh

35.000
34.899
34.940
26.977
35.149

^ramp

13.000
12.869
12.932
8.541

13.184

*-cowl

3.200
3.613
3.393
2.794
3.491

/v-,:'
5.422

18.869
17.316
9.214

18.613

CFD
calls

25
——

7
1

:'For all cases shown, , is calculated using CFD.
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Fig. 12 Optimization history of 0llost. for the forebody.
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Fig. 13 Optimization history of F for the forebody.
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Fig. 14 Optimized vehicle design.
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The Taylor series approach suffers this same response to
shock movement during gradient calculations, but to a much
smaller degree. Thus, Taylor series optimization results are
presented. Note that, although the Taylor series yields opti-
mum values of (H)nosc and (H)ramp, which are quite close to those
found by the CFD optimizations, the lengths are substantially
in error.

Instead of correcting local properties such as wall pressures,
the GLA was then applied to the integrated properties: thrust,
drag, and net thrust. Since the use of derivative information
in the correction factor calculations was still problematic, the
t}LA was applied to the integral properties, but with only
zeroth-order scaling [no gradient information in Eq. (5)]. This
method then optimized to the same design as the CFD and
the approximate method.

In Fig. 14 a complete vehicle solution is shown. We include
this figure to show the CFD solution with the optimum ge-
ometry found in the two optimizations. A complete optimi-
zation, involving design variables for the forebody and nozzle/
afterbody changing simultaneously, is beyond the scope of

this article. Additional information regarding problems with
shocks in the forebody can be found in Ref. 18.

Conclusions
An exploratory study of the application of GLAs using

approximation concepts and CFD was carried out for an in-
tegrated propulsion/aerodynamic synthesis of a scram jet vehicle.

The two-dimensional scramjet design case captures many
inherent difficulties associated with the application of GLA
concepts to optimization with CFD. Their application is found
to be successful in the nozzle case, a problem with a simple,
nearly isentropic wall flow, but not in the front end design
problem, which had moving shock impingement points.

Difficulties with GLA in this case were found to be caused
by discontinuities in the flowfield and the sensitivity of pres-
sure distribution corrections to such discontinuities. The use
of integral measures as behavior functions to be corrected
improved the results. The identified problems associated with
modeling flow discontinuities and changing grids present a
challenge for GLA and call for further research.
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