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Optimal Artificially Blunted Leading-Edge Airfoils
for Enhanced Aerothermodynamic Performance

Anurag Gupta* and Stephen M. Ruffin ^
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An artificially blunted leading-edge concept that can be applied to the blunted leading edges of vehicles in
hypervelocity flight for drag reduction is described. By creating a channel sized to choke at the design condition,
most of the wall on which the stagnation region pressure acts is removed; this results in significantly reduced total
drag. To evaluate the effectiveness of airfoils employing this concept in achieving low drag without paying any
penalties in other areas like lifting capacity, heating rates, or enclosed volume, the design space is characterized
comprehensively using multidisciplinary design optimization techniques. Response surface methods are used to
search the design space efficiently for such airfoils designed to operate at Mach 4 and 12-km altitude. The results
from a designed set of numerical experiments, i.e., Navier-Stokes simulations, are used to create analytical models
for force coefficients and peak heat transfer rates. These nonlinear models are then used to generate an optimal
channel airfoil design. The performance predicted by the models is verified by Navier-Stokes solutions to validate
the optimal design and to evaluate the efficacy of the concept evaluation technique. The optimal airfoil had a 19%
lower Cd and a lower peak heat transfer rate while providing the same c/ and enclosed area as the baseline (4%
thick) blunted diamond airfoil. The models were accurate to within 5% of the calculated values and demonstrated
the ability to smoothly capture trends in system responses while filtering out numerical noise.

Nomenclature
c = chord length, m
Q = coefficient of drag, with reference area = (c x 1)
GI - coefficient of lift, with reference area = (c x 1)
h — altitude, km
L/D = lift-to-drag ratio
MOO = freestream Mach Number
<7oo = freestream dynamic pressure
rn = nose radius of airfoil, m
rnj = radius of the lip at the channel entrance, m
5enc = area enclosed by airfoil surface, m2

Twaii = temperature of isothermal wall, K
t/c = thickness-to-chord ratio of airfoil
tc = channel thickness, m
a = angle of attack, deg
9 = angle of inclination of the lower channel wall, deg

Introduction and Overview of Concept

T HE range, payload mass fractions, economic feasibility, and
other performance criteria of high-speed aerospace vehicles

currently being studied (like the high-speed civil transport, launch
vehicles, and planetary entry vehicles) are extremely sensitive to
aerodynamic drag. A discussion of the effects of drag reduction
on such high-speed vehicles is given by Bushnell.1 Hefner and
Bushnell2 and Jones3 have also reviewed supersonic drag reduc-
tion techniques in the past. Although most of the contemporary
drag reduction research has focused on means of reducing the vis-
cous drag, work on the manipulation of high-speed flow features
and interactions to reduce drag has been lagging.

The drag on supersonic vehicles can be classified into three cat-
egories: 1) skin-friction drag, 2) drag due to lift, and 3) zero-lift
bluntness (thickness-wave) drag, which is the wave drag due to the
vehicle's thickness and bluntness of the leading and trailing edges
in a zero-lift orientation. Leading-edge blunting is necessitated by
heating rate limits at high speed, structural/manufacturing reasons,
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and low-speed aerodynamic performance requirements. This com-
ponent of drag increases rapidly with freestream Mach number and
can be responsible for well over a third of the total vehicle drag.
The concept presented focuses primarily on reduction of the zero-
lift bluntness drag as a means of reducing the total drag. A reduction
of this component of drag and in the total drag can result in increased
vehicle range, increased speed, improved fuel efficiency, increased
lift/drag ratio, and enhanced performance.

In previous work, Ruffin and Gupta4 conducted a preliminary
investigation of the present drag reduction concept applied to a rep-
resentative geometry—a blunted diamond airfoil. A range of geo-
metric parameters and supersonic flight conditions were considered
so that the aerothermodynamic performance of airfoils employing
the present concept could be evaluated. Although the artificially
blunted leading-edge (ABLE) concept reduced total drag by over 30
and 20% (for laminar and turbulent flow, respectively) relative to ge-
ometries without channels, some geometries considered had higher
peak heat transfer rates. The work presented in this paper aims to
establish the feasibility of the concept by quantifying the aerother-
modynamic performance benefits while operating under other con-
straints. Multidisciplinary design optimization (MDO) techniques
have been used to evaluate the concept over a large design space, to
characterize its behavior, and to generate ABLE airfoils that opti-
mize both aerodynamic performance and peak heat transfer rates.

The present concept allows for a hollow channel to be opened at
the supersonic leading edges of noses, wings, or other appendages of
supersonic and hypersonic vehicles. The channel begins at the lead-
ing edge of the airfoil with freestream air flowing passively through
the channel and exhausts at the trailing edge. Figure 1 illustrates this
concept applied on a blunted symmetric diamond airfoil. When the
channel concept is utilized, the vehicle (airfoil) surface that expe-
rienced most of the high, near-stagnation pressure is removed and
thus leads to lower wave drag. This reduction in sectional drag co-
efficient can increase cruise efficiency or can be utilized to reduce
the amount of wing sweep.

The channel thickness needs to be sufficiently small so that a
choked flow condition exists (Fig. 2), a normal shock rests in front
of the channel, and the flow enters the channel subsonically. In
this case, the flow is decelerated significantly through the shock,
and the overall flow structure is similar to that of the no-channel
airfoil. If instead the channel is sufficiently large, much of the bow
shock is swallowed by the channel—much like a started inlet—
and heat transfer rates at the lips increase significantly. Whereas
the channel increases the total wetted surface area, the increase in
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Fig. 1 Schematic of an ABLE airfoil.

Bow shock wave

rn (Nose radius)

\ tc - channel thickness sized
for choked flow

9 Diverging wall angle

Fig. 2 Schematic of choked flow structure possible at leading edge
when channel is utilized.

skin-friction drag can be reduced by maintaining a subsonic flow,
and hence a much lower dynamic pressure, through the channel.
Overall, utilizing the channel is expected to yield lower wave drag
and increased skin-friction drag relative to a no-channel section.
The maximum heat transfer rate at the leading edge is a function
of the channel thickness, the geometry of the channel entrance (i.e.,
the nose and channel lip radii), and freestream conditions.

Initial Numerical Results, M^ = 2.4
The baseline geometry selected is the blunted diamond airfoil be-

cause it inherently experiences low inviscid (thickness) wave drag.
In the initial proof of concept study, Ruffin and Gupta4 used as the
baseline a no-channel airfoil that was 5% thick, with a chord length
of 1.0 m and a nose radius of 5 mm; channels of sizes from 2 to
16 mm were created by carving away a slice about the centerline of
the baseline geometry. Different channel entrance shapes (sharp vs
rounded lips) and channel wall angles were tested. The following
terminology is used to describe the various airfoil geometries: no-
channel (baseline) airfoil (NC); round-nose channel airfoil (RNC);
round-nose straight channel (RNSC); round-nose diverging chan-
nel (RNDC); sharp-nose channel (SNC); and sharp-nose straight
channel (SNSC) (rnj = 0).

These initial simulations of two-dimensional flow around airfoils
with a freestream Mach number of 2.4 and an altitude of 12 km can
be thought of as modeling the low supersonic flow around unswept
wings or as modeling the flow normal to the leading edge of a hyper-
sonic vehicle with a swept leading edge. Reynolds-averaged Navier-
Stokes (RANS) predictions of aerodynamic and thermal loads on
the bodies are obtained using the Generalized Aerodynamic Sim-
ulation Program (GASP).5 This computer code is a well-validated,
multizone, finite volume solver. Both laminar simulations and fully
turbulent simulations using the Baldwin-Lomax turbulence model
were conducted. A comparison of the drag for the baseline NC air-
foil and various ABLE airfoils for laminar flow shows that each
of the channel airfoils experiences approximately 35% lower total
drag relative to the no-channel geometry at a zero-lift condition. For
turbulent flow a 14-21% total drag reduction was obtained; use of
the channel results in a nearly uniform downward shift in sectional
drag coefficient polar as shown in Fig. 3. As the lift generated by
the airfoils is unaffected, the maximum lift/drag (L/D) was shown
to have increased by approximately 20% for turbulent flow when
the channel is utilized.

Two additional findings were developed based on the initial stud-
ies. First, it was found that even when the ABLE airfoil had its

NC airfoil
SNSC-1
RNSC

--X--RNDC

Fig. 3 Cd vs angle of attack for no-channel and ABLE airfoils in fully
turbulent flow; M^ = 2.4 and h = l2 km.
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Fig. 4 Computed heat transfer rate near the leading edge for NC and
RNSC airfoils in laminar flow; x/c is streamwise distance/chord, M^ =
2.4, a = 4 deg, and h = 12 km.

thickness scaled to maintain the same enclosed area as a baseline
airfoil, the former had much lower drag. This area enclosed inside
an airfoil relates directly to the volume in the wing and is important
because it is needed for structural members and/or for fuel storage.
Second, although the effective blunt body flow structure reduces
the heat transfer relative to a started condition geometry, the chan-
nel airfoil still experiences a higher maximum heat transfer rate than
the conventional no-channel airfoil when the lip radii are small. For
example, Fig. 4 shows that the maximum heat transfer (calculated
assuming an isothermal airfoil surface at 300 K) rate for an RNSC
airfoil was higher than that for the baseline airfoil when a small lip
radius of 0.5 mm was used.

Concept Evaluation and Optimization Methodology
The preliminary analysis explored a limited and distinct set of

design points, e.g., sharp vs rounded channel entrance shapes. A
larger lip radius would definitely lead to a lower heating rate but
what effect would it have on the expected drag reduction? A larger
channel size could potentially mean a larger drag reduction depend-
ing on the effect of the increased thickness or length resulting from
a requirement to maintain enclosed volume. In short, in addition
to the effect of each geometric feature, the effect of one on and in
conjunction with the other must be accounted for. To address such
issues, and to comprehensively assess the possible benefit of the
concept, a much larger set of numerical experiments is desired.

Typical conceptual design level analysis tools are generally
lower-order methods that use linearized techniques to achieve fast
execution. As such, they cannot evaluate radical geometric concepts
and configurations whose flowfields are characterized by nonlinear
phenomena like the normal shock wave standing off the choked
channel. The simplifications in the analysis method also create nu-
merical noise that can cause calculus-based search methods to reach
local optima and provide suboptimal answers.6 Hence it becomes
important to not sacrifice the fidelity of the analysis methods dur-
ing the evaluation phase. For this work, RANS simulations were
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deemed necessary to understand the effect of ABLE geometry on
the flowfield at different attitudes and to measure force coefficients
and peak heat transfer rates accurately.

Given a set of design variables whose ranges are spanned by
a chosen number of discrete values, the analysis would have to
be repeated for all of the values each variable could reasonably
take and at all of the combinations of such possibilities. Such an
analysis would be a full factorial experiment. When we consider
channel airfoils with a blunted diamond shape as shown in Fig. 1,
there are six design variables that can affect aerothermodynamic
performance: t/c, rn, tc, 0, r n j , and a.

Here the number of numerical experiments required for the full
factorial experiment = L6, where L = number of discrete values
chosen to discretize each variable range. Obtaining such a large num-
ber of Navier-Stokes solutions would be prohibitively expensive in
terms of time and resources for a new concept exploration. Hence,
in the present study an efficient concept evaluation and optimization
methodology based on response surface methods is implemented.

Response Surface Methods
Response surface methods7 (RSM) are techniques used to find re-

gions of optimality in the design space and to approximate a system
response accurately. They provide a structured method of modeling
the responses, or outcomes, of an experiment as functions of the
independent design variables integrating techniques like design of
experiments, regression, and analysis of variances (ANOVA). These
response surfaces or equations can have varying degrees of resolu-
tion and, once formulated, can be used to identify design drivers and
can be used as fast analysis modules, thus simplifying multidisci-
plinary integration. RSM allows disciplinary codes to be executed
by specialists a priori to overall design, rather than by generalists
using a monolithic design code.

However, the most significant benefit is that the smooth polyno-
mial models created avoid the problem that numerical noise creates
for optimization convergence and reliability even with numerical
experiments. Giunta et al.,8 Balabanov et al.,9 and Madsen et al.10

have shown the adverse effect of this noise on optimization and how
the application of RSM mitigate its effect. When computer exper-
iments are used, the sources of this numerical noise are typically
discretization errors, variation in convergence of iterative solutions,
roundoff errors, etc. In addition, the sensitivity of computational
fluid dynamics (CFD) results to variations in grid quality, i.e., clus-
tering, skewness, boundary orthogonality, and resolution, is well
known. This sensitivity is the primary source of numerical noise
even when high-fidelity methods such as RANS simulations are
being used for the computational experiments. Regression analysis
and ANOVA techniques seek to minimize the effect of this noise,
or random error, while building models. These models enhance the
chances that the optimizers will find the global minima, regard-
less of the starting points of the optimization process, and can be
used in gradient-based optimizations that would have been imprac-
tical to carry out if each function evaluation was a Navier-Stokes
solution.

RSM suffers from the curse of dimensionality; i.e., as the number
of design variables increases, the number of experiments required
to create the model increases to unmanageable levels, especially if
the analyses are expensive. For example, a quadratic polynomial
with 6 variables has 28 coefficients, one with 10 variables has 66
coefficients, etc., and the number required to fit a reliable model is
even greater. Hence, as Myers and Montgomery7 explain, RSM is
typically done in a sequential fashion with screening experiments
to identify important factors, to use simpler models to predict direc-
tions of improvement, and to move to locations where a higher-order
model can be fit over a smaller design volume with fewer variables.
The initial screening experiment can also be used for discarding
infeasible combinations as demonstrated by Giunta et al.8 with the
variable complexity RSM. For the present concept evaluation, we
are interested in identifying trends that will answer questions on
the feasibility of ABLE airfoils and in locating ABLE airfoils that
meet certain design constraints. Hence a response surface is gener-
ated only once to approximate the behavior of the concept over the
entire design space.

Design of Experiments
Design of experiments, originally formalized by the British statis-

tician R. A. Fisher in the 1920s, uses statistical techniques to reduce
the full factorial experiment to a smaller, yet meaningfully chosen
subset. Elements of this array are point designs chosen mathemat-
ically to characterize all of the chosen effects of and any required
interactions between the design variables. They also avoid biasing
the analysis (i.e., being influenced by the level of one design vari-
able), which is typical of a one-at-a-time parametric study.

The accuracy of the response surface approximation and the cost
of creating it depend directly on the choice of experimental design.
That choice, in turn, needs to provide a good fit of the model to the
data and hence depends on the type of response model that is sought.
It also has to give sufficient information to allow for the use of statis-
tical quality measures from regression analysis. These needs usually
conflict with cost effectiveness, and when the experiments are ex-
pensive, as Navier-Stokes simulations are, a compromise between
the number of experiments specified and resolution of experimen-
tal design is sought. When this happens, saturated or near-saturated
designs that have run sizes equal to or just greater than the terms in
the expected model are used.

When quadratic effects are expected, or modeled, RSM typically
use central composite designs (CCDs) and Box-Behnken designs.
CCDs allow for sequential experimentation, with the additional runs
needed only after curvature in the response surface has been tested
for, and with each factor tested at a maximum of five levels; the
Box-Behnken designs are three-level designs that, although more
efficient, are not very accurate in predicting responses at extremes
of the design space. The characteristics of these designs along with
saturated designs like hybrid Koshal designs are presented in detail
by Myers and Montgomery.11 All of the aforementioned designs,
however, suffer from one disadvantage—they assume a regularly
shaped design space.

When a multivariate system is subject to complex constraints,
the design space quickly becomes irregular with infeasible combi-
nations of variable levels distributed throughout. The experimental
design problem is now converted to choosing a combination of fea-
sible points that provide an appropriate design. The D-optimality
criterion,12 which seeks to minimize generalized variance of the re-
sponses as well as parameter estimates, or more correctly, its maxi-
mization, has been a widely used technique for experimental design
in irregular design spaces.8"10'13 The D-optimality criterion allows
for sequential experimentation and, being a minimum-variance de-
sign, provides robustness to noise in the data. However, it is not
designed to minimize the effect of modeling errors, which mini-
mum bias designs do. Recently minimum bias designs have been
used in structural optimization9 and design of aerospike nozzles14;
although they are significantly more difficult to obtain for irregular
spaces, no significant improvements in the performance of optimal
designs were found. Hence, a D-optimal experimental design is used
for our study.

Regression and Analysis of Variances
The functional relationship between a response y and the inde-

pendent design variables jc/ can be expressed as

where s represents the total error, i.e., variability not accounted for
by F, and k is the number of design variables affecting the response.
RSM seeks to model the unknown function F with a low-order
polynomial; we use a second-order model because they are flexible
and easy to work with and have been used widely to approximate
nonlinearities in system responses. The second-order model can be
represented mathematically as

(2)

where the various ft are the unknown parameters that need to be
estimated. The designed experiment is a table of variable values,
with each row representing variable values for each run, called the
design matrix (X), Then if y is the vector of measured responses and
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P is the coefficient matrix for the response model, the approximation
can be represented in matrix form by

Table 1 Discretization of variable ranges
for generation of candidate geometries

Y = Xft + s (3)

Regression analysis is a branch of statistical model building that
uses response data collected at different points to do so; here, linear
regression analysis and, more specifically, the least-squares method
are used to estimate the coefficients, which can be represented by

ft = (XTX)~1XTY (4)

The coefficients corresponding to insignificant effects are dropped to
simplify the response equation. The second-order response models
provide a quick way to calculate lift and drag coefficients and the
maximum heat transfer rate for any channeled diamond airfoil as a
function of a and airfoil geometry. Similar models can be generated
for any other parameter of interest.

There are several techniques to choose the best model or to refine
a regression model. Detailed explanations are given in Refs. 7 and
15. The model needs to have an accurate predictive capability and its
coefficients need to be estimated with a good degree of confidence.
As such the effect of each term in the model has to be tested. Re-
gression analysis and ANOVA provide measures of quality to guide
the selection of terms in the final model.

The / statistic of a coefficient is the ratio of its value to an estimate
of the standard error of that coefficient. Terms with relatively low
t statistic can be removed to avoid the dangers of overfitting and
to improve the prediction accuracy. The F ratio of a factor is the
variance of the factor divided by the error variance; if its value is
greater than that expected from chance alone, the effect is deemed
significant. A similar test can be applied to the entire model. The
overall quality of the response model can be measured using the
following metrics.

1) The term R2 quantifies the proportion of variation around the
mean explained by the model. The R2 value always goes up as terms
are added to a model.

2) The term R^ provides an unbiased estimate of the variation
accounted for and adjusts R2 to make it more comparable over
models with different numbers of parameters. It can be used to
guide model refinement; when unnecessary terms are added, the
value of R^d. often decreases.

3) Residual errors in the least-squares fit for the model measure
error due to both improper modeling and numerical noise. These
are expressed as percentages of the total variation in each model.

Experimental Design
For this concept evaluation study, the operational conditions were

specified as Mach 4.0 flight at a 12-km altitude. The baseline air-
foil chosen was a 4% thick, no-channel airfoil with a nose radius
of 10 mm and a chord length of 2 m operating at ot = 4 deg. The
objective was to obtain an ABLE derivative that reduced drag while
attaining the same lift coefficient and the same or lower peak heat
transfer rate relative to the baseline. To ensure that the comparison
between the NC and ABLE airfoils was fair, no loss of enclosed
area was tolerated. The chord c of the ABLE airfoils was scaled to
maintain the same 5enc while nondimensionalizing the other design
variables with c. Thus the channel airfoils have a larger thickness t
than the corresponding no-channel airfoils to maintain the same t/c.
Certain constraints had to be met to ensure that the candidate ge-
ometries were geometrically and physically viable. From geometry,

rn < t/2, (5)

The maximum channel size was limited by the requirement to keep
the flow inside it choked and was a function of the freestream Mach
number and the nose radius. For Mach 4.0, this relationship was
approximated by another response equation:

< 0.6rn - 0.0005 (6)

These constraints were used to determine ranges and as filters while
generating the candidate geometries. Table 1 lists the six design
variables and their ranges. A negative 0 corresponds to a converging

Variable Range Levels

t/c, %
rn, m
tc,m
0,deg
rn,i,m
a, deg

4-8
0.01-0.08

0.00-0.0475
-0.1-+0.1
0.00-0.016
0.00-25.0

5
7
9
3
6
10

Fig. 5 Schematic depicting multiblock grid boundaries of ABLE air-
foil grids used in design study.

channel with only the lower channel wall slanted up. The range for
each variable was discretized into a fine grid and a full factorial
array was set up. The filters removed unrealistic combinations to
create a final set made up of 6480 feasible airfoil geometries. The
dimensional variables were nondimensionalized with c, and this set
of candidate geometries was used to pick the D-optimal set.

A postulated model should reflect an appreciation of the physical
relationships between responses and variables. In addition to the
factors mentioned, the choice of the second-order model and of the
form in which the design variables *,• were used was based on known
relationships for responses such as the coefficients of lift, drag, and
heating rates such as

C/~/(a,a2) , Q-/(<*, a2)

<7~/0/r«°'5)' Cd~f(t/c)tt

where the exponent n = 2 for a sharp diamond airfoil (from invis-
cid considerations). The minimum number of runs required to fit
a given quadratic model, i.e., a saturated design of experiments,
is given by 0.5(£ + l)(fc + 2), where k — number of design vari-
ables. With 6 variables, 28 runs were obtained. As mentioned be-
fore, the D-optimal design has a tendency to choose experiments
on the boundaries of the design space. As such, the set of experi-
ments obtained did not have a sufficient number of evaluations in
the midrange of design variables like a. To ensure that the designed
set characterized the complete range of a and thus to reduce the
bias of the experimental design, a few midrange levels were cho-
sen iteratively to minimize the negative impact on the D-optimality
criterion. The final designed set of experiments is listed in Table 2.

Numerical Experiments: CFD Analysis
Structured grids with approximately 20,000 grid points per two-

dimensional plane were constructed for each of the geometries using
GRIDGEN.16 Whereas the NC grids utilized a single block grid,
the ABLE geometries needed a multiblock grid (see Fig. 5). Initial
algebraic grids were generated and then refined using the elliptic
solver to provide orthogonality at the walls. To ensure an accurate
capture of viscous effects, approximately 15 points were placed
inside the boundary layer. From previous experience, a grid with
45 nodes in the direction normal to the wall with the first node
0.05 mm away from the wall gave sufficiently accurate answers4

and was economical enough to be used in a concept evaluation
study. A grid-refinement study was also carried out to verify the
validity of the choice of grid dimensions. Fine grids were created
with twice the number of points in the direction normal to the wall
by inserting grid nodes between every pair of nodes in the original
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Table 2 Designed set of experiments and aerothermodynamic responses from the Navier-Stokes solutions3

Run no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
1 Qio
19
20
21
22
23
24
25
26
27
28

l/c
0.04
0.06
0.08
0.08
0.08
0.04
0.04
0.04
0.04
0.05
0.06
0.06
0.07
0.07
0.08
0.08
0.08
0.08
0.08
0.05
0.08
0.06
0.06
0.06
0.08
0.08
0.08
0.08

J(rn/c)
0.07071
0.17

0.07071
0.13
0.17
0.11
0.13
0.13
0.13
0.15
0.17
0.17
0.11
0.11
0.11
0.11
0.15
0.17
0.17
0.15
0.15
0.17
0.17
0.17
0.17
0.17
0.17
0.17

tele

0
0
0
0
0

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.012
0.012
0.016
0.016
0.016
0.016
0.016
0.016
0.016

e
0
0
0
0
0

-0.1
-0.1
0.1
0.1
-0.1
-0.1
0.1
-0.1
0.1
-0.1
0.1
0
0.1
-0.1
0.1
0
n 1— u. i

-0.1
0.1
-0.1
-0.1
0.1
0.1

rn,l/C

0
0
0
0
0

0.004
0

0.006
0

0.008
0

0.006
0

0.004
0.004
0

0.008
0

0.006
0.008
0.004
0

0.008
0
0

0.008
0

0.008

a

25
25
0
20
0
0
25
25
0
12
0
0
0
0
15
25
25
15
25
0
12
5
25
25
25
0
0
15

C[

0.55470
0.52095
0.00000
0.40618
0.00000
0.00000
0.54185
0.53908
0.00000
0.20994
0.00000
0.00000
0.00000
0.00000
0.28889
0.55065
0.52931
0 97R4.4U.Z- / Ofr

0.53275
0.00000
0.22457
n ns^osU.UoJZo
0.53474
0.54654
0.54276
0.00000
(\ (\f\C\(\(\u.uuuuu
0.28449

Cd

Q. 211 16
0.32039
0.02067
0.19840
0.07775
0.03278
0.29462
0.29385
0.03952
0.10353
0.06953
0.07013
0.03250
0.03015
0.11419
0.29254
0.30851
0.14837
0.32082
0.04980
0.09228
0 064. S'lU-VJUtJ J

0.30719
0.30496
0.31046
0.05753
0 fl̂ 44SU.UJT-H-J

0.13125

<7inv

0.398
0.770
0.468
0.655
1.083
0.435
——
0.536
——
0.534
——
0.360
——
0.329
0.523
——
0.470

0.364
0.224
0.418

0.485
——
——
0.365

0.505
aAll calculations were at M^ = 4.0, h - 12 km, and 7wan = 800 K.

grid. GASP solutions with the same input parameters on these fine
grids showed that c/ and cj values using the coarser grid were off by
0.96 and 1.95%, respectively. Thus, we estimate that the calculated
lift and drag results are within an acceptable 2% of those obtained
from very fine grid solutions. Hence all geometries in the present
study were gridded to this same resolution.

It is important to remember that the use of the elliptic solver and
variations in actual geometry create small variations in off-the-wall
spacing that introduce noise in the eventual responses, i.e., force
coefficients and heat transfer rates. The heat transfer characteristics,
being local quantities rather than obtained by integration over the
entire geometry, are especially sensitive to variations in grid spacing
and skewness. To capture the relative variations in thermal loading
due to geometry and flowfield changes accurately, a consistent off-
the-wall grid spacing was enforced on all grids.

At freestream conditions for a 12-km altitude and a Mach 4
speed, the flow was assumed to be thermodynamically frozen. The
Reynolds number per unit length was about 25.9 x 106/m for the
freestream and varied from about 6 x 106/m to 15 x 106/m for the
internal channel flow; hence the fully turbulent flow assumption
is reasonable. RANS simulations were performed using GASP for
each geometry. The third-order upwind-biased Roe's flux differ-
ence splitting scheme in conjunction with the min-mod limiter was
used. Turbulence was modeled using the algebraic Baldwin-Lomax
model. The airfoil walls were treated as isothermal surfaces at a tem-
perature of 800 K; for a detailed analysis of the thermal loads of the
kind needed for detailed/hardware design, a conjugate heat transfer
analysis would be required. The external flow and internal flow in
the channel were solved in a fully coupled fashion. The two-factor
approximate factorization method was used for time integration.
Although all simulations assumed a steady-state simulation, a few
geometries were also solved in a time-accurate mode to check for
unsteady phenomena like bow shock oscillation in the presence of
the choked channel; none were observed. Convergence was declared
when residuals went down by four orders of magnitude; when that
criterion was not met, calculations were stopped when the responses
reached a steady value.

The flowfield over an RNC airfoil is shown in Figs. 6-8. The
single bow shock structure and the creation of the effective blunt
body due to the choked channel are presented via a Mach distribution
in Fig. 6. The overall flow structure with the leading-edge bow

Fig. 6 Mach number distribution at the leading edge of an RNC airfoil;
MOO = 4.0, a = 4 deg, and h = 12 km.

shock, expansions at midchord, and consequent recompression at the
trailing edge is similar to that over a no-channel airfoil and presented
in Fig. 7. An interesting feature in this flowfield is the channel
exhaust (Fig. 8), which behaves similarly to an underexpanded high-
pressure jet. This jet's potential use for directional control or other
types of flow control/modification is currently being investigated in
related research.

Results: Response Surfaces
Lift and drag coefficients as well as the maximum heat transfer

rate on the airfoil surface were calculated. These form the responses
for each of the experiments. The aerodynamic coefficients and peak
heat transfer rates are presented in Table 2. As the force coefficients
are nondimensional, the response equations for c/ and Q/ will be in
terms of nondimensional design variables. The peak heat transfer
rates are dimensional, and so the quantities in the model for heat
transfer rates are dimensional. There are three distinct types of air-
foils in the data set—NC, SNC, and RNC. Single models for the



504 GUPTA AND RUFFIN

Fig. 7 Overall flow structure for an RNC airfoil: Mach number dis-
tribution at MOO = 4.0, a = 4 deg, and h = \2 km.

Fig. 8 Flow structure at trailing edge of an RNC airfoil: Mach number
distribution at M^ = 4.0, a = 4 deg, and h = 12 km.

force coefficients can be created as the transition from a no-channel
airfoil to a channeled airfoil can be specified as the zeroing of tc
and setting rn = /•„,/. Because the creation of a lip changes the heat-
loading characteristics of the airfoil drastically, the heat transfer
rates for no-channel and channeled airfoils had to be modeled sep-
arately. Although SNC airfoils were part of the data set, we decided
to exclude them from forming the basis of the heating rate model
because a practical ABLE airfoil would never have a sharp nose and,
theoretically, the peak heating rate at a sharp nose is infinity. This
made the underlying data set very small and significantly impacted
the model fitting. Also, to obtain a well-behaved polynomial, the ac-
tual quantity being modeled, where qmax is in watts per square meter,

Initial models with all 28 effects (terms of the polynomial) are cre-
ated for the force coefficients. Backward elimination of the most
uncertain regressor based on the t statistic and F ratio is used to
come up with the best subset of parameters. After a term is re-
moved, improvement in R2

d- and a lower rms error indicate better
fit quality and vice versa. At the same time, the degrees of freedom,
or the number of points over which the model is tested, go up to
improve the certainty associated with coefficient estimation. Visual
tools like the Bayes plot of normalized estimates and interaction
plots are also used to gauge the relative significance of effects. The
aim is to create a model with the minimum number of well-estimated
terms and the best R2 and #2

dj values. Single polynomial models for
lift and drag coefficients for the entire design space spanning NC,
SNC, and RNC airfoils were created to a surprisingly high quality
as they are able to saddle smoothly the variations due to changing
airfoil types; with only 8 and 10 terms in the model (excluding the
intercept), the model has sufficient degrees of freedom, /?2

dj val-

ues ~ (9(0.999), and rms errors smaller than 0.5%. These models,
called response surface equations (RSEs), can be written out as

d = 0.01768 + 0.0152or + 0.00026a2 - 0.0099(f /c)

- 0.145327^/0 + 0.7282(fc/c) - 0.6716(rB,//c)

- 0.01036<9(f/c) + 0.050360 ̂ /rjc

cd = 0.0738 - 0.00207a + 0.00048a2 + 0.03125(f/c)

+ 0.07646v^A? - 1.0336(fc/c) - 0.34153(r,,//c)

+ 0.386050 (t/c) - 0.233560

It is important to recall that these models are accurate and valid
only in the ranges of design variables used to generate them. For
both ci and Q, the a and a2 terms have an expected strong effect
in the model. The RSEs also point toward the decrease in Q due
to the presence of the channel via the negative coefficient of the
tc term as well as the dependence of the effect of angling the wall
0 on the levels of other design variables. The characterization of
the latter effect is important; we expected that creating a divergent
channel would allow the high-pressure flow in the channel to exert
a small axial force in the direction of motion to reduce drag. The
effect of angling the wall also opens up the possibility of tailoring
the channel geometry to obtain favorable characteristics.

Creating the RSEs for peak heat transfer rates was constrained
by paucity of data for NC and RNC airfoils — 5 and 13 data points,
respectively. The qmax value depends on the leading-edge geometry
and thus is fairly independent of the airfoil thickness and channel
wall angle. This reduction in the number of independent variables
in the model from 6 to 2 (a and rn for NC airfoils) and 4 (a, rn, /-„,/,
and tc for RNC airfoils) mitigates this problem and allows us to set
up smaller and simpler starting models. Stepwise regression meth-
ods create reduced models by adding terms sequentially to a simple
starting model (forward regression) or by reducing from the com-
plete model (backward regression) until a specified quality of fit is
achieved. The mixed stepwise regression method applies backward
regression to eliminate a term and then tries a forward regression
with all excluded terms. This method has been shown to provide
good reduced models17 and is used here to create intermediate re-
sponse surfaces. The quality of fits and certainty of the parameter
estimates are analyzed again — the insignificant terms are dropped
and expected physical interaction terms added to see whether they
add to the predictive accuracy of the model.

The final models for peak heat transfer rates over NC and RNC
airfoils have three and seven terms, respectively, excluding the in-
tercept terms. The NC model airfoil has very good /?2

dj (0.999) and
error values (0.73%) but has only one degree of freedom. As men-
tioned before, the peak heating rate is very sensitive to numerical
noise in the CFD solution, which creates a large spread in the data.
These factors combine to create the low R1 and R^d- values of 0.916
and 0.82, respectively, for the RNC airfoil's response surface. The
RSEs are given as

4inv(NC) = 0.0296 + 0.004a +

= 0.782 + 0.02a + 74.75rBi/ - 58.042rn

- 9508.42fc
2 - 1617.68rnrn,/ - 0.00072a2 -1- 6883.02rnfc

As expected, for the NC geometry, the reciprocal of the maximum
(stagnation point) heating rate is dominated by the *Jrn term. The
statistical quality measures of all of the RSEs are summarized in
Table 3.

Results: Optimization and Verification
The aim of the optimization phase is to generate an ABLE de-

sign that provides a better aerodynamic performance than the base-
line airfoil operating at a = 4 deg and Mach 4.0 without sacrific-
ing performance in handling thermal loads or packaging. It should
be noted that for the design space in consideration this baseline is
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Table 3 Statistical quality measures of response surfaces

Measure
Response rms error,( Termsa

ci
Cd
<?inv(NC)
(jinv(RNC)

0.999
0.999
0.999
0.925

0.999
0.999
0.999
0.821

0.49
0.35
0.73
4.00

8
10
3
7

"Number of terms in model excluding the intercept.

Table 4 Baseline and optimal ABLE airfoil geometries

Variable
Baseline
Optimal

t/c,
%
4
4

rn,
m

0.01
0.01

*c,
m

__
5.5 x 10-3

0. rn.i,
deg m
__ __
0.1 2.72 xl(T3

Chord,
m

2.0
2.275

the thinnest and sharpest possible geometry; hence the minimum
drag no-channel airfoil. The characteristics of the baseline airfoil
are predicted using the response surfaces and also are verified by
calculating a turbulent flow, Navier-Stokes solution.

The response models obtained for the channel airfoils are coupled
with a gradient-based optimizer, the commercially available Design
Optimization Tools.18 For this constrained problem, the sequential
quadratic programming method is used. The optimization problem
is set up as a drag minimization problem, whereas the geometric
and physical conditions used to select viable channel geometries are
formulated into constraints. These include the scaling of the chord
to maintain the same enclosed area as the baseline. The design is
also constrained to achieve at least the same GI as the baseline and
to not have a higher peak heat transfer rate. The ranges of design
variables supplied are the same as those used to set up the designed
experiments.

The aerothermodynamic optimization of the channel airfoil is
completed in about 63 function calls and a few seconds on a work-
station. All of the constraints are met, and the optimization process
drives the design to the lower bounds of the thickness and nose ra-
dius ranges; all of these trends match those expected from a drag
minimization process, i.e., toward a thinner airfoil with a sharper
nose. The effect of the interactions between 9 and rn, and t and fc,
on cd and c/ captured in the RSE drives the design toward the upper
bounds of the channel wall divergence angle range. The design vari-
able values for the optimized ABLE airfoil are presented in Table 4.
The predicted performance of the optimal ABLE airfoil now needs
to be verified with a CFD solution.

With these values, a new multiblock grid is generated using the
same grid spacing off the wall and topology as the geometries from
the designed experiment. A RANS calculation with the same pa-
rameters as before is completed for the flow around the optimal
geometry at Mach 4, 12-km altitude, and a = 4 deg. The effective
blunt body flow sturcture limits the peak heating rate for the opti-
mal airfoil to be 15% lower than that of the baseline airfoil. Figure 9
compares the heating rates in the lower leading-edge region of both
the baseline NC and the optimal ABLE airfoil.

Although the calculation satisfies the lift and heating rate con-
straints, overall drag is reduced by 19%. Note that the optimal ABLE
airfoil was scaled to maintain 5enc, penalizing its drag performance
by extra thickness and a larger wetted surface area. Even if a small
loss of Senc could be tolerated, the percentage drag reduction would
go up.

Table 5 compares the response surfaces predicted and the Navier-
Stokes calculated force coefficients and peak heating rates for the
baseline NC airfoil. As expected from the good quality measures
of force coefficient models, the calculated lift and drag coefficients
are in very good agreement with the predicted values. However,
the peak heating rate is underpredicted by about 12%; this is be-
cause of the paucity of data points to create the baseline heating
rate RSE accurately. To gauge the accuracy of the response surface
predictions for the optimal ABLE airfoil, they are compared with
calculated Navier-Stokes values in Table 6. As expected from the

Table 5 Comparison of predicted (response surface equation)
and calculated (Navier-Stokes simulation) loads for baseline airfoil

at MOO = 4.0, a = 4 deg, h = 12 km, and rwaii = 800 K

Response Predicted Calculated Accuracy,3 %

ci
Cd
4max» W/m

0.0727
0.0215

2.19e+5

0.0703
0.0214
2Ae+5

+3.41
+0.46
-11.93

a Accuracy = 100 x (calculated - predicted)/(calculated).

Table 6 Comparison of predicted (response surface equation) and
calculated (Navier-Stokes simulation) loads for the optimal ABLE

airfoil at M^ = 4.0, a = 4 deg, h = 12 km, and rwaU = 800 K

Response Predicted Calculated Accuracy,3

ci
Cd

0.07405
0.01806

0.0716
0.0174

2.03e+5

+3.42
+4.03
-5.42

a Accuracy = 100 x (calculated — predicted)/(calculated).

3x10s

2x10

•S 1x10" -

•1x105 •

-2x1 oP

Baseline NC lower wall
Optimal SCA lower external wall
Optimal SCA lower channel wall

0.004 0.008 0.012 0.016
Arclength from leading edge [m]

0.02

Fig. 9 Leading-edge heating rates comparison at M^ = 4.0, a = 4 deg,
and h - 12 km flow condition; baseline NC vs optimal ABLE airfoil
CTwaii = 800 K; q > 0 indicates heat transfer to airfoil).

statistical quality of the RSE, the c\ and cd predicted values are in
good agreement with those obtained by a CFD solution. Although
the statistical quality of the maximum heat transfer rate RSE was
not exceptional, its prediction was off from the calculated result by
only 5.4%. Thus, although noise in the heating rate response causes
the low R2 numbers, the overall shape of the response is accurately
captured by the smooth RSE. The difference between the predicted
and calculated values is consistent with the estimates of accuracy
from the grid sensitivity study. Thus, the RSEs are able to filter out
the noise to provide accurate predictions.

Conclusions
A supersonic channel airfoil concept that can be applied to the

leading edges of wings, tails, fins, struts, and other appendages of
aircraft, atmospheric entry vehicles, and missiles in high-speed flight
has been described. It is designed to be beneficial at conditions in
which the leading edge is significantly blunted and the Mach number
normal to the leading edge is supersonic. With a sufficiently small
channel, a normal shock exists in front of the leading edge, thus
creating a choked entrance condition. The concept reduces total
drag and increases L/D relative to geometries without channels.

An efficient aerothermodynamic design methodology using
MDO techniques was set up and implemented. An extensive eval-
uation of the effect of various geometric (design) variables on the
aerothermodynamic efficiency of the concept was conducted us-
ing design of experiments. The concept's performance was char-
acterized and modeled as nonlinear, second-order equations using
a response surface methodology. A baseline 4% thick blunted dia-
mond airfoil operating at Mach 4 and 12-km altitude was chosen,
and the design task was to create an optimal channel airfoil geometry
that would minimize drag while not exceeding the maximum heat-
ing rate of the baseline and still meet the same lift requirement. The
response surfaces were coupled to a gradient-based optimizer, and
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an optimal ABLE geometry was obtained. Navier-Stokes solutions
were calculated for the baseline and the optimized airfoil to verify
the accuracy of the response surface predictions. This optimized air-
foil demonstrated a drag coefficient reduction of 19% while easily
meeting the lift, heat transfer, and enclosed area constraints. The
effectiveness of the polynomial models in smoothing out the nu-
merical noise in the CFD analysis to give accurate predictions was
also established. The models and the consequent optimization pro-
cess point toward the potential to tailor the internal channel wall
geometry to enhance performance.
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