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Automated Design Optimization of a Three-Dimensional
S-Shaped Subsonic Diffuser

Sophia Lefantzi¤ and Doyle D. Knight†

Rutgers University, Piscataway, New Jersey 08854-8058

An automated design optimization process for subsonic S-shaped diffusers was developed and validated. The
test case for the process was the evolution of an optimal design for an S-shaped subsonic diffuser, where optimality
was based on the minimization of the total pressure distortion at the diffuser exit, while sustaining total pressure
recovery. Constraints placed by airframe weight, space, and line-of-sightblockageof the engine face cause subsonic
diffusers to be highly divergent and curved, characteristics that lead to strong secondary � ows, boundary-layer
separation, and inhomogeneity of the total pressure pro� le. As a part of the design process, we introduce a surface
perturbation (bump) on a baseline S-shaped diffuser, and minimize an objective function, re� ecting the total-
pressure distortion, with respect to the perturbation height and width. To synthesize the automated analysis and
optimizationmethod,we created a SubsonicDiffuser Design System (SDDS), which utilizes four commercial/third-
party software tools. These tools are Pro/Engineer (a three-dimensional solid modeler for the generation of diffuser
geometries), GridPro (an elliptic mesh generator), GASPex (an aerodynamic simulation package), and CFSQP (a
gradient-based optimizer to traverse the design space automatically). The integration of Pro/Engineer signi� cantly
expands the capability of SDDS to enable multidisciplinary design, for example, include structural and thermal
analysis, into the automated design process. Results indicate the development of the surface perturbation and a
consequent decrease in total pressure distortion during the convergence to the optimal geometry. We emphasized
on the � ow� eld visualization of the optimal diffuser and detected a complex three-dimensional separation region
inside the bump.

Nomenclature
cp = static pressure coef� cient
DC.Ã/ = distortion index
d = in� ow diameter
p = static pressure
p0 = total pressure
p0;ref = total pressure in the core, at the diffuser’s entrance
p0=p0;ref = total pressure recovery
q = dynamic pressure
R = curvature radius of baseline duct, 1.021 m
r1 = inlet radius of baseline duct, 0.1021 m
r2 = outlet radius of baseline duct, 0.1257 m
µ = angle measured along the length
Á = initiation polar angle of region for DC
Ã = angular width of region for DC

Subscript

cl = centerline

I. Introduction

A DIFFUSER is a component utilized to decelerate a � ow be-
fore its entrance in a compressor. To reduce infrared and radar

signatures, diffusers are often humped/curved to achieve a line-of-
sight blockage of the engine face. This must be done with minimal
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total pressure losses and � ow distortions.High total pressure losses
deteriorate propulsion ef� ciency, and nonuniform � ow conditions
at the engine face restrict the engine’s surge and stall limits. How-
ever, airframe weight and space considerationsdemand the diffuser
be as short as possible, which results in a high degree of centerline
curvatureand large changes in the cross-sectionalarea. High curva-
ture and large cross-sectional variations result in the development
of strong secondary � ows and boundary-layerseparation,which in-
crease the total pressure nonuniformity and total pressure losses at
the exit of the diffuser.

The goal of our research was the creation of a sophisticated
subsonic diffuser design method, utilizing state-of-the-art existing
commercial and third-party software, and its validation through
automated optimal design of an S-shaped subsonic diffuser. We
integrated a solid geometric modeler (Pro/Engineer),1 an elliptic
mesh generator (GridPro),2 an aerodynamic solver (GASPex),3 and
a gradient-basedoptimizer (CFSQP)4 in a closed automated design
optimization loop. Our design tool was then successfully tested for
an S-shaped subsonic diffuser, on which we introduced a surface
perturbation with the aim of reducing the total pressure distortion
at the exit of the diffuser.

Computations were performed for the baseline S-shaped sub-
sonic diffuser with two different grid sizes. Results exhibited good
agreement with existing computational and experimental data. A
design optimizationprocess was performed with our automated de-
sign tool, resulting in a diffuser with a surface perturbation,which
signi� cantly reduced � ow distortion at the exit.

For the S-shaped ducts, different experimental studies have been
conductedin the incompressiblerange. In these studies,vortex pairs
were formed within the S-shaped ducts due to secondary � ows in-
duced by pressure gradients. These counter-rotating vortices are
responsible for a low total pressure, low velocity region at the exit
plane of the duct. Bansod and Bradshaw5 found that the pair of the
counter-rotatingvortices was embedded in the lower part at the exit
and expelled low-velocity � uid from the boundary layer toward the
center of the exit cross section.

For the compressible range of experiments for S-shaped ducts,
the most comprehensive existing benchmark data set is the one ob-
tained by Wellborn et al.6 The S-shaped diffuser utilized is shown
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Fig. 1 Baseline S-shaped subsonic diffuser.6

in Fig. 1. The results indicated � ow symmetry about the y D 0 (cen-
terline) plane and strong interaction between the boundary layer
and the core � ow. A large region of streamwise � ow separation
was observedwithin the duct, and strong pressuredriven secondary
� ows were identi� ed, which � nally evolved into a pair of counter-
rotating vortices. These vortices convected low-momentum � uid
from the boundary layer toward the cross-sectionalcenter, thus dis-
torting the uniformity of the total pressure and reducing the magni-
tude of the total pressure recovery at the exit plane.

Smith et al.7 studied the performance characteristicsof a diffus-
ing subsonic S-duct. They solved the three-dimensional Reynolds
averaged Navier–Stokes equations, by using a two-zone (H and O)
grid and employing an algebraic turbulence model. Their results
indicated good agreement with experimental data, and they con-
cluded that further grid re� nement and utilizationof a two-equation
turbulence model would improve the results. Harloff et al.8 stud-
ied the compressible � ow within an S-duct by implementing both
the Baldwin–Lomax9 and the k–² turbulence models. They com-
pared their data to that of Wellborn’s et al.6 and concluded that
although the agreement with the experiment was good, both turbu-
lence models underpredicted the length and angular extent of the
boundary-layerseparation.Zhang10 performedcomputationalanal-
ysis of the S-shaped subsonic diffuser studied by Wellborn et al.6

by utilizinga two-zone (H and O) grid and the Baldwin–Lomax tur-
bulence algebraic model,9 to solve the three-dimensionalReynolds
averaged Navier–Stokes equations. Zhang10 obtained good agree-
ment with the Wellborn et al.6 experimentaldata, but the turbulence
model underestimatedthe size of the separation.Zhang et al.11 per-
formed computationalanalysis with a � ner grid and obtained better
agreement with the experimental data.

The presence of the two counter-rotating vortices at the exit of
the S-shaped subsonic diffuser distorts the � ow uniformity. It is de-
sirable to deliver the most uniform � ow possible at the engine face
to improve the engine performance, for example, to avoid leading-
edge shocks at the compressor blades. Designers have used many
ways to reduce that distortion.A very importantmethod to eliminate
boundary-layer separation is related to vortex generators. Reichert
and Wendt12 studied various con� gurations of low-pro� le vortex
generator arrays to control the � ow in a S-duct. Their research
demonstrated that each tested vortex generator array improved the
total pressure recovery and that the maximum total pressure distor-
tion drop was obtained by the con� guration employing the largest
vortex generators. Zhang introduced a Gaussian bump on the S-
shapeddiffuser’s surfaceandperformeda tradeoptimizationstudy10

with threedesignparameters,namely, the streamwisepositionof the
bump, theheightof the bump,and the streamwisewidthof the bump.
Zhang’s researchdemonstratedthat the introductionof the bump on
the surface of the diffuser signi� cantly reduces the total pressure
distortion at the exit plane, typically up to 70%. She also demon-

strated that the total pressure distortion is reduced as the height and
the width of the bump are increased and that the optimal stream-
wise placement of the bump is before the region at which the � ow
separation occurs.

II. Objective
The objectives of our research are twofold. The � rst objective is

the development of a Subsonic Diffuser Design System (SDDS),
which utilizes commercial/third-party software wherever possible
to obtain the optimal aerodynamic design of a S-duct subsonic dif-
fuser. The SDDS is written in Perl. SDDS controls the execution
of the codes for computer-aided design (Pro/Engineer),1 grid gen-
eration (GridPro),2 � ow simulation (GASPex)3 and optimization
(CFSQP)4 in the proper sequence and on the appropriate computer
systemswithin the networkand manages the interactionbetween the
codes. The second objective is improved physical understandingof
the effect of a surface bump on the � ow distortion at the out� ow of
an S-duct diffuser. Particular emphasis is placed on � ow� eld visu-
alization of the complex three-dimensionalseparationgenerated by
the surface bump.

This research represents an important extension of the previous
results by Zhang10 and Zhang et al.11 with regard to both objec-
tives. SDDS utilizes the Pro/Engineer1 CAD software (although,
in principle, another CAD software system could also be used),
whereas Zhang10 developed a speci� c geometric model for the
S-duct diffuser using Non-Uniform Rational B-Splines (NURBS).
The integration of a sophistical CAD system such as Pro/Engineer
signi� cantly expands the capabilityof the SDDS to enablemultidis-
ciplinary design, for example, structures, into the automated design
process. Typically, CAD systems are utilized in a stand-alone man-
ner in theindustry,with users transferringinformationbetweenCAD
and other programs manually. The demonstration of the capability
to automate fully the integration of a commercial CAD system into
a design optimization cycle is an important contribution.Also, this
researchprovidessubstantialnew insight into the � ow� eld structure
associatedwith the surface bump and its effect on the total pressure
distortion at the out� ow.

III. Optimization Strategy
The concept of our design process is simple yet very powerful.

Our design strategy (Fig. 2), consists of the following steps.
1) We parametrically represent, in Pro/Engineer,1 the geometry

of the subsonicdiffuser.Our test case, that is, the S-shaped diffuser,
is designed as a single part. We export a surface grid in NASTRAN
format.

2) We generate a Navier–Stokes (H and O) grid using GridPro.2

3) We compute the aerodynamic � ow� eld with GASPex.3

4) We compute the objective functionof our optimization, that is,
the total pressuredistortion index at the exit of the diffuser,with our
f77 code utilizing Triangle13 to generate a two-dimensional mesh
on the circular exit area.

5) We modify the diffuser’s design parameters using CFSQP.4

Step 5 provides the new values of the design parameters, which in
turn are fed back to Pro/Engineer1 and generate a new geometry for
the diffuser. Steps 1–5 are iterated until the optimal diffuser design
is achieved.

Fig. 2 Design strategy.
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IV. Test Case
To ensure that the aerodynamic problem was properly de� ned,

we chose a test case, for which experimental and computational
data were available, that is, the baseline S-shaped subsonicdiffuser.
We performed two computations with GASPex3 for the baseline
diffuser and compared our results with the experimental results of
Wellborn et al.6 and the computations of Zhang,10 Zhang et al.,11

and Harloff et al.8

The measure of merit we used for our study is the total pressure
distortionindexdescribedover the two-dimensionalcirculardomain
at the exit of the diffuser (Fig. 3). The total pressuredistortion index
is de� ned as:

DC .Ã/ D max
0 < Á · 2¼

µ
Np0 ¡ Np0.Á; Ã/

Nq

¶
(1)

where Á is the starting angle for a pie segment of angle Ã of the
diffuser exit. It is

Np0 D
R 2¼

0

R R

0
p0.r; µ/r dr dµR

A
dA

Np0.Á; Ã/ D

R
Ã

0

R R

0
p0.r; Á C µ/r dr dµR

A
dA

Nq D
R

A
q dAR

A
dA

The evaluation of the total pressure distortion index requires, � rst,
calculationof an area integral over a circular segment of angle Ã . A
segment is described by its starting point Á and its segment angle,
for example, Ã D 45 deg. Second, the index requires calculationof
the distortion index for a varietyof positionsof this 45-degsegment,
so that we can � nally choose the maximum distortion for the given
total pressure � eld.

Our method of calculating the total pressure distortion index was
successfully tested for the case of an analytic function.

A. Baseline Computation Results

To verify the proper utilization of the computational � uid dy-
namics solver,GASPex,3 we performedsimulationsfor the baseline
S-shaped subsonic diffuser (Fig. 1). This con� guration is the same
as used by Wellborn et al.6 for their experiments. For our Reynolds
averaged Navier–Stokes computation, the in� ow Mach number at
the centerline was 0.6, and the inlet Reynolds number based on the

Fig. 3 Two-dimensional circular domain at the exit of the diffuser.

inlet diameter was 2:6 £ 106 . The inlet boundary-layer thickness
was 7.3% of the inlet diameter. The modi� ed Baldwin–Lomax tur-
bulencemodel was utilized.We made use of the symmetry about the
y D 0 plane, thus only half of the baseline con� guration was used
during the computation. Two computations were performed with
different grid sizes:

1) The � rst computationhad a two-zone Navier–Stokes grid, that
is, H grid (9 £ 13 £ 133) and O grid (29 £ 73 £ 133), resulting in
a total of 297,122 grid points. Hereafter, this computation will be
addressed as the coarse grid computation.

2) The second computation had a two-zone Navier–Stokes grid,
that is, H grid (17£ 25 £ 265) and O grid (57£ 145 £ 265), result-
ing in a total of 2,302,850 grid points. Hereafter, this computation
will be addressed as the � ne grid computation.

Our resultsare comparedwith the experimentsof Wellborn et al.6

and the computationsof Zhang,10 Zhang et al.,11 and Harloff et al.8

The grids utilized for our computations, the Zhang10 and Zhang
et al.11 computations, and the Harloff et al.8 computation are listed
in Table 1. For the Harloff et al. grid distributions,all grid densities
for the O grids are listed for the radial, circumferential, and axial
directions, respectively.

The total pressure distortion at the exit plane E (Fig.1) is evident
for both the coarse and the � ne grid computations (Figs. 4a and 4b,
respectively). For the coarse grid computation, we plotted some of
the streamlinesnear the diffuser’s surface, and we can trace a region
of separation (Fig. 5a) at the lower part of the diffuser before the
� rst bend. That separation region becomes clear with the � ne grid
computation (Fig. 5b).

By comparing the distortion indices values obtained for differ-
ent pie segments Ã at the exit plane E, with the values obtained

a)

b)

Fig. 4 Total pressure contours at plane E for a) coarse grid and b) � ne
grid.
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Table 1 Grid densities

Method H grid O grid O grid 1 O grid 2 O grid 3

Computation, coarse grid 9 £ 13 £ 133 29 £ 73 £ 133 —— —— ——
Computation, � ne grid 17 £ 25 £ 265 57 £ 145£ 265 —— —— ——
Zhang,10 coarse grid 9 £ 13 £ 133 29 £ 73 £ 133 —— —— ——
Zhang et al.,11 � ne grid 17 £ 25 £ 265 57 £ 145£ 265 —— —— ——
Harloff et al.,8 grid 11 £ 15 £ 129 —— 53 £ 71 £ 32 53 £ 71 £ 69 53 £ 71 £ 32

Table 2 Distortion index comparison

Method DC, 45 deg DC, 90 deg

Experiment 0:5590 0:3700
Computation, coarse grid 0:3454 0:3046
Computation, � ne grid 0:5968 0:4827
Zhang,10 coarse grid 0:4422 0:3752
Zhang et al.,11 � ne grid 0:7000 0:6220
Error, coarse grids, % ¡21.89 ¡18.81
Error, � ne grids, % ¡14.74 ¡22.39

a)

b)

Fig. 5 Baseline surface � ow separation for a) coarse grid and b) � ne
grid.

by Wellborn et al.,6 Zhang10 and Zhang et al.11 (Table 2), we can
conclude that our coarse grid computationunderpredicts the distor-
tion level at the diffuser’s exit plane, whereas our � ne grid compu-
tation slightly overpredictsit when comparingwith the experiment.
In Table 2, the error between our computationsand the Zhang10 and
Zhang et al.11 computations is shown. The total pressure distortion
is in� uenced by the the separationpredictionat the lower part of the
diffuserandby the strongpressuredrivensecondary� owsdeveloped
within the diffuser � ow� eld. Our � ne grid computation distortion
index has better agreementwith the measurements,and a logicalex-
planation for this is that our computation predicts more accurately
the development and behavior of the two counter-rotatingvortices.
The method and de� nitions used for our � ne grid computation and
the Zhang et al.11 � ne grid computation are practically the same,
but the discrepancy of the results can be attributed to that the grids
were not identical and that the region searched for the maximum
in the outer function of the Baldwin–Lomax model was different in
the computation of Zhang et al.11 compared to the present case.

Some of the computed results for the baseline S-shaped diffuser
are presented in Figs. 6–8, displaying the static pressure coef� -

Fig. 6 Surface static pressure coef� cient at Á = 10 deg: ———, coarse
gridcomputation;- - - -, � ne gridcomputation;–¢ –, Zhang10 coarsegrid;
– – – , Zhang et al.11 � ne grid; ¢ ¢ ¢ ¢ , Harloff et al.,8 and ¤, experiment.

Fig. 7 Surface static pressure coef� cient at Á = 90 deg: ———, coarse
gridcomputation;- - - -, � ne gridcomputation;–¢ –, Zhang10 coarsegrid;
– – – , Zhang et al.11 � ne grid; ¢ ¢ ¢ ¢ , Harloff et al.,8 and ¤, experiment.

cient cp at three circumferentiallocations(Á D 10, 90, and 170 deg),
where Á is the cross-streampolar angle de� ned in Fig. 1. Our com-
puted results are presented along with the experimental results ob-
tained by Wellborn et al.6 and the sets of computational results
obtained by Zhang10 and Zhang et al.11 and Harloff et al.8 The
Baldwin–Lomax algebraic turbulence model9 was used for all of
the computational results presented. The static pressure coef� cient
is de� ned as

cp D
p ¡ pcl

p0;cl ¡ pcl

(2)

where p is the local static pressure and p0;cl and pcl are the to-
tal and static pressure at the in� ow centerline, respectively. The
computations and the experiment agree as long as the � ow is at-
tached. Around s=d ¼ 2:0, cp undergoesa signi� cant decrease at all
three circumferential locations due to boundary-layer separation.
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Fig. 8 Surface static pressure coef� cient at Á = 170 deg: ———, coarse
gridcomputation;- - - -, � negridcomputation; –¢ –, Zhang10 coarsegrid;
– – –, Zhang et al.11 � ne grid; ¢ ¢ ¢ ¢ , Harloff et al.,8 and ¤, experiment.

In Fig. 6, we capture the separation location, but it is overpredicted
(s=d ¼ 2:5 as opposed to ¼ 2:0 in the experimentalresults). The tur-
bulence model, characteristically, fails to capture it except for the
� ne grid calculationof Zhang et al.,11 where the region searched for
the maximum in the outer function evidently changed the magni-
tude of the eddyviscosityto a suf� cient extent to achievean accurate
prediction of the separation location and better agreement with the
surface pressure measurements. The principal difference between
our � ne grid computation and the Zhang et al.11 � ne grid computa-
tion is the tuning of the Baldwin–Lomax turbulence model Zhang
et al.11 implemented, which resulted in better agreement with the
surface pressure measurements.

Our baseline results indicate that our calculationshave relatively
good agreement with the existing experimental and computational
data. Figures 6–8 indicate that we obtained very close agreement
with the Harloff et al.8 computational results for both our coarse
and � ne grid simulations. Harloff et al. used the Baldwin–Lomax
turbulence model as well, but their grid dimensions8 were dif-
ferent than ours. Our computations predict the major characteris-
tics of the � ow� eld, namely, the � ow separation at the lower part
of the diffuser and the total pressure distortion at the exit of the
diffuser.

V. Optimization
We optimize the shape of the perturbed S-shaped subsonic dif-

fuser with two design parameters and a single-valued objective
function,using a gradient-basedoptimizationalgorithm. In general,
when thedesigndomain is smooth (which is ourcase) and the deriva-
tives are continuous,gradient-basedalgorithmsconverge faster than
nongradient algorithms. Trade studies we conducted using a single
design variable showed a smooth variationof the objective function
with changes in the design variable. Moreover, the gradient-based
optimizerexhibitedno tendencyto become trappedin localminima.
It would have been interestingto includemore design parameters in
our optimizationprocess, for example, the streamwise position and
the cross-sectional base opening of the bump. However, Zhang’s
trade study10 indicated that the optimal streamwise placement of
the bump is immediately upstream the separation location on the
lower portion of the diffuser, and single aerodynamic simulations
we performed indicated that increasing the cross-sectionalopening
of the bump deteriorates the total pressure uniformity at the exit,
whereas decreasing it further results in a slotlike bump. Thus, to
save computational time, two design parameters were included in
the optimization process.

The two design parameters used are the height ® and the
streamwise width ¯ of the bump. The design constraints are
0:1257· ® · 0:8 m and 0:2 · ¯ · 0:6 m. The choice of the lower
and upper bound for each design parameter was made in a way that
limits the shape modi� cation within a physically realizable region.

Fig. 9 Cross section perturbed with a spline.

The maximum base opening of the bump, cross sectionally, is 63%
of the correspondingdiameter (Fig. 9). The objective function is the
total pressure distortion index at the diffuser’s exit (1). The distor-
tion index is evaluated for a pie segment of Ã D 45 deg. According
to the trade study performed by Zhang,10 the evaluated distortion
index for different angles of the pie segment, when the bump size
changes, exhibits similar behavior as that of a 45-deg segment. Op-
timization runs were performed for different step and bound values
of the design constraints, using coarse grids.

A. Grid Sensitivity

Our two design optimization constraints are the height and the
width of the bump, so we had to make sure that the resulted grid for
the bump region was properly achieved. After carefully reviewing
the generated grid for each iteration, we observed that as the bump
gets higher and wider the grid on the tip of the bump (Fig. 10a) can
becomevery skewed, and we cannot trust the � ow solution resulting
from such a grid. To solve the problem, we modi� ed the automated
grid generation � les to detect the position of the bump and to apply
a forced high grid resolution in the bump region lengthwise. The
updated grid at the bump neighborhood for one of the iterations is
presented in Fig. 10b.

B. Optimization Results

Once we obtained an acceptable automated grid generation for
all of the iterations, we performed the � nal optimization run. The
run was performed with the coarse grid distribution, to save com-
putational time. The resulted improvementof the total pressuredis-
tortion index, for all of the optimization iterations, is presented in
Table 3. The coarse grid baseline total pressure distortion index
value is 0.3454, for a pie segment of 45 deg, and the improvement
estimation is based on that value. The total pressure recovery at
exit plane E of the diffuser is also presented in Table 3. We can
see that the total pressure recovery remains essentially the same.
Hence, the bump introduction did not increase the total pressure
losses, compared to the baseline S-shaped diffuser, which agrees
with the Zhang et al. results.11 One would expect that the mixing
within the bump would reduce the total pressurerecoveryat the exit.
However, the total pressure recovery also dependson the secondary
� ow (counter-rotatingvortices) development. When the secondary
� ow development is reduced through the introductionof the bump,
the total pressure recovery tends to increase. Thus, the introduc-
tion of the bump has two opposite effects, and the net result has no
signi� cant change.

The optimizer convergedafter seven iterations.Each complete it-
erationneedsapproximately22 h on a singleprocessorR10000SGI,
and we observed that the optimizer consistently tends to increase
the height and the width of the bump. This agrees with Zhang’s10

observation.
The optimized diffuser shape is shown in Fig. 11. If we compare

the total pressure contours at exit plane E (Fig. 12a) for the optimal
diffuser, with the total pressure contours at exit plane E for the
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Table3 Distortion index, distortion index improvement, total pressure
recovery, and total pressure recovery relative deviation vs iterations

p0=p0;ref relative
Iteration DC 45 deg Improvement, % p0=p0;ref deviation, %

1 0.3365 2.576 0.9680 0.259
2 0.3198 7.412 0.9671 0.166
3 0.3338 3.358 0.9686 0.321
4 0.1599 53.7 0.9650 ¡0.052
5 0.07 79.7 0.9641 ¡0.145
6 0.0639 81.5 0.9645 ¡0.072
7 0.0638 81.5 0.9644 ¡0.114

Fig. 10a Grid nonuniformity.

Fig. 10b Updated grid.

baselineS-shapeddiffuser(Fig.4a), wecanseethat thetotalpressure
distortion is signi� cantly reduced. We can attribute that reduction
to the introduction of the bump, which creates a separation region
inside the bump (Fig. 13a). For the optimized diffuser, the cross-
sectional swirl at the exit plane E (Ref. 14) has been redirected in a
way that makes the low-momentum� uid distributemore uniformly.

Our optimization process for the S-shaped subsonic diffuser
proved the design optimization loop works reliably and provides
an optimal solution. The optimizer resulted in a diffuser with an
estimated total pressuredistortionapproximately81% less than that
of the baseline S-shaped diffuser.

To verify that our fast optimization process for which the coarse
grid was used indeed results in an optimized design, we consid-
ered the optimal diffuser’s shape and performed a single run with
GASPex3 utilizing the � ne grid distribution.The total pressurecon-
tours at exit plane E (Fig. 12b) for this run indicate signi� cantly
reduced distortion, compared to the baseline � ne grid run (Fig. 4b).
The resulting total pressuredistortion index for the optimal diffuser
is DC(45 deg) D 0:3759. If we compare this result with the � ne grid

Fig. 11 Optimized diffuser.

a)

b)

Fig. 12 Total pressure contours, at the exit plane E, optimal diffuser
for a) coarse grid and b) � ne grid.

baseline total pressure distortion index, which was 0.5968, we con-
clude that indeed the optimized diffuser’s shape results in a smaller
total pressure distortion, improved by 37%. This improvement is
smaller than the one indicatedwith the coarsegrid optimizationrun.
This can be attributed to the stretching of the grid when the bump
was introduced, thus forcing the coarse grid to underresolve the
bump region. With the � ne grid, the separation region inside the
bump is also detected (Fig. 13b), and the cross-sectional swirl at
the exit plane E is also signi� cantly reduced compared to that of the
baseline � ne grid run.

Overall, we can say that both the coarse and the � ne grid runs
for the optimal diffuser’s shape qualitatively predict the same � ow
behavior and that their quantitative discrepancies can be attributed
to that the coarse grid run was not converged with respect to the
grid. The bene� t of performing the optimization with the coarse
grid lies in that a signi� cantly improved design for the diffuser
was obtained in 6:4 days. Although the coarse grid computations
were not converged with respect to the grid, the overall design
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a)

b)

Fig. 13 Streamlines close to the surface for a) optimal coarse grid dif-
fuser and b) optimal � ne grid diffuser.

tendency was insensitive to the grid resolution because the � ow-
� eld captured the dominant physical phenomena. If the � ne grid
was utilized for the optimization there would have been a more
accurate prediction of the total pressure distortion index and prob-
ably a bump with somewhat different size. However, the computa-
tional cost would have been excessively large. When it is assumed
that the optimizer would once again converge after seven itera-
tions, a single processor run would require seven processormonths.
The goal of our optimization test was to provide proof of concept
and methodology; therefore, the coarse grid optimization test was
appropriate.

C. Optimization Results Evaluation

The introductionof a surfaceperturbation(bump)on the S-shaped
subsonic diffuser resulted in a more uniform total pressure dis-
tribution at the exit of the diffuser. In Fig. 14a, we plotted the
static pressure contours at the plane of symmetry y D 0. We can
detect a separation region at the end base of the bump length-
wise, indicated by the high static pressure there and veri� ed by
the low-velocity magnitude (Fig. 14b) in the neighborhood of the
region.

In an effort to better understand the complex three-dimensional
separated � ow� eld associated with the bump, we visualize
some of the important volume streamtraces of the � ow using
Tecplot.15

In the baselinediffuser,� ow particlesenteringnear the lower sur-
face undergoa three-dimensionalrotationas they move downstream
due to the secondary � ow resulting from the centerline curvature.
In Fig. 15, we plotted three volume lines for our � ne grid baseline
simulation. The � ow moves in the direction of the positive x axis,
and if the reader reaches out to touch the diffuser, its curved side
would be touched. The core � ow volume line A smoothly moves
along the centerline from the entrance to the exit. Another volume
lineB originatesnear theupperpartof the surfaceat theentranceand
crosses to the lower part at the exit. The volume line C originating
near the lower part of the surface at the entrance undergoes a three-
dimensional rotation as it moves downstream. Volume lines behav-
ing like the last one cause a swirling � ow region at the lower part
of the diffuser.

In Fig. 16a, we plot two volume lines for our coarse grid op-
timal design simulation. Once again the core � ow volume line A
moves smoothly. There are volume lines, for example B, originat-

a) Static pressure

b) Velocity magnitude

Fig. 14 Fine grid, optimal design, at symmetry plane y = 0.

Fig. 15 Fine grid, baseline, three-dimensional streamtraces.

ing at the entrance’s upper part within the region of the opening
of the bump cross sectionally that enter the bump and perform
swirling motion within it. We plotted one of these volume lines
B in Fig. 16b, where we can see the three-dimensional rotational
motion within the bump with larger radius near the y D 0 symme-
try plane. The � ne grid computation veri� ed this � ow� eld behav-
ior within the bump. In Fig. 17a we can see the rotational motion
of the streamtrace in the bump. The volume line enters the bump
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a) Three-dimensional streamtraces

b) Streamtrace B zoom.

Fig. 16 Coarse grid, optimal design.

a) Side view

b) Front view

Fig. 17 Fine grid, optimal design, three-dimensional streamtraces.

region near the y D 0 symmetry plane, and instead of following the
bump curvatureand exit, it gets trapped in the rotational � ow region
and rotates along the y direction toward the bump wall. The front
view (Fig. 17b) indicates that the volume line moves in a decreasing
radius spiral toward the wall, and as it reaches very close to the
wall, its rotational radius increases, and it escapes to the exit of the
diffuser.

VI. Conclusions
Our research study consisted of the integration of four validated

commercial/third-partycodes (Pro/Engineer,1 GridPro,2 GASPex,3

and CFSQP4 ) in a SDDS utilized for automated design optimiza-
tion. The integration was achieved with Perl scripts, serving as the
links amongst the codes and the different servers that each code
was installed on. The interface codes needed for the connection of
two consecutivecodes were written in FORTRAN 77 and/or C. We
evaluated the aerodynamic de� nition and the solution technique of
the � ow� eld simulation through a test case, that is, the baseline S-
shaped subsonic diffuser. The obtained computational results were
successfully compared with existing experimental and computa-
tional data. We utilized the automated design optimization tool to
optimize the S-shaped subsonic diffuser’s shape. The optimization
goal was the reduction of the total pressure distortion at the exit of
the diffuser. The total pressure distortion index (1) was used as the
optimization objective function. A bump was introduced on the up-
per surface of the baseline S-shaped subsonic diffuser ahead of the
location for which we traced � ow separationwith the baseline com-
putation. The bump was designed with two degrees of freedom: its
height and its streamwise width. These were our two optimization
design parameters.

The results of the research follow:
1) The subsonic diffuser design optimization tool is fully auto-

mated. The total pressure distortion index at the diffuser’s exit was
decreased by 37% according to the � ne grid computation we per-
formed for the optimal diffuser’s shape that resultedfrom the coarse
grid optimizationprocess.This automated tool can be employed for
other design processes as well.

2) Pro/Engineer1 can be used in an automated process,
even though it is primarily intended to serve users interacti-
vely.

3) For the aerodynamic computation of the baseline S-shaped
subsonic diffuser, we obtained good agreement with the Zhang,10

Zhang et al.,11 and Harloff et al.8 computational data. We predicted
the two major � eld properties, namely, the � ow separation at the
lower part of the diffuser and the total pressure distortion at the exit
of the diffuser. Therefore, we were able to proceed and perform the
optimization process.

4) For the optimal diffuser design, we detected a complex three-
dimensional separation region inside the bump, and with � ow-
� eld visualization we gained valuable physical understanding of
its structure.
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