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Computational Study of Advanced Exhaust System Transition
Ducts with Experimental Validation

C. Wu,* S. Farokhi,t and R. Taghavit
University of Kansas, Lawrence, Kansas 66045

A subsonic, three-dimensional parabolized Navier-Stokes code is used to construct stall margin design charts
for optimum-length advanced exhaust systems’ circular-to-rectangular transition ducts. Computer code vali-
dation has been conducted to examine the capability of wall static pressure predictions. The comparison of
measured and computed wall static pressures indicates a reasonable accuracy of the PNS computer code results.
Computations have also been conducted on 15 transition ducts, 3 area ratios, and 5 aspect ratios. The three
area ratios investigated are constant area ratio of unity, moderate contracting area ratio of 0.8, and highly
contracting area ratio of 0.5. The degree of mean flow acceleration—i.e., the area ratio of the duct—is identified
as a dominant parameter in establishing the minimum duct length requirement. The effect of increasing aspect
ratio in the minimum length transition duct is to increase the length requirement, as well as to increase the

mass-averaged total pressure losses.

Nomenclature

area ratio: ratio of duct exit area to duct inlet
area

aspect ratio: ratio of duct width to height at the
exit plane

= semimajor axis of the superelliptic cross section
= semiminor axis of the superelliptic cross section
= nozzle gross thrust coefficient, = F, _.,./F; idea
inlet diameter, in.

= gross thrust

length ratio: ratio of duct length to inlet diameter
= Mach number

= superelliptic exponent

= static pressure, psia

inlet radius

= Reynolds number

= static temperature, °R

= distance along the axis of the transition duct, in.
coordinates in the plane of the duct cross section
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Subscripts

= exit

= inlet

total or stagnation
wall static ‘

=
7]
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Introduction

ODERN fighter aircraft are required to be super ma-
neuverable at subsonic, transonic, and supersonic speeds,
as well as to have stealth characteristics. Modern aircraft en-
gines are therefore designed to fulfill these tasks. One im-
portant feature of modern aircraft engines’ advanced exhaust
systems is their extensive use of transition ducts. For example,
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the F-117 Stealth Fighter, the B-2 Stealth Bomber, and the
YF-22 Advanced Tactical Fighter all have exhaust systems in
which the ducts connecting the turbine exit plane to the nozzle
exit undergo a continuous transition from round to rectan-
gular geometry—the so-called “transition duct.”” The use of
rectangular nozzles for thrust vectoring and reversal can im-
prove the agility, maneuverability and flight controllability of
the aircraft. Additional advantages of rectangular nozzles are
noted in their capability of masking the engine hot section
and in their reduced infrared signature due to the enhanced
mixing of the hot exhaust gases with ambient air.! On the
negative side, a transition duct will generate recirculation zones
around the interior corners and three-dimensional flow sep-
aration can also occur due to rapid local flow diffusion in a
three-dimensionally varying flow passage. Flow separation
and recirculation zones all result in “usable” energy loss,
which must be minimized to achieve a high C,. With opti-
mum-length nozzles, the weight of an aircraft exhaust system
will also be minimized, which is an inherent design goal for
all aircraft. Investigation of minimum-length transition ducts
with no flow separation is therefore of utmost practical im-
portance.

Several experimental and computational investigations cov-
ering transition ducts have been conducted in the past. A few
important works in this area are briefly noted here. The ear-
liest experimental investigation of transition ducts was per-
formed by Mayer? over half a century ago. Mayer’s research
involved both round-to-rectangular and rectangular-to-round
ducts of neutral diffusion; i.e., area ratio of unity. Low-speed,
fully developed, turbulent inlet profiles were examined at inlet
Reynolds number of 192,000, based on inlet hydraulic di-
ameter. Mayer’s experiments showed that the secondary flow
pattern emerging from a round-to-rectangular transition duct
was significantly stronger than the pattern from a rectangular-
to-round transition duct. The formation of corner vortices in
the streamwise direction is weakened, or smeared off, by
rounding off the corners from rectangular-to-round transition.
The transition from round-to-rectangular cross section in a
duct, however, provides the mechanism for feeding energy
from the primary flow to generate a secondary flow pattern.

Burley et al.® experimentally investigated five nonaxisym-
metric, circular-to-rectangular transition ducts, all with exit
aspect ratio of 6.33. Four configurations were of constant
area, while the fifth configuration was an accelerating duct of
area ratio 0.75. The geometry of transition-duct cross sections
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was described by a family of superellipses. Nozzle perfor-
mance parameters such as discharge coefficient and thrust
ratio (defined as the ratio of actual to ideal gross thrust) and
wall static pressure data are presented in Ref. 3. The effect
of duct length on discharge and thrust coefficients is also
presented. The shortest configuration having a length-to-di-
ameter ratio of 0.5 was badly stalled, as observed by its lower
discharge and thrust coefficients. The “best” nozzle perfor-
mance among the configurations tested in Ref. 3 was recorded
for a transition duct with length ratio (i.e., L/D) of 1, which
had a more gentle wall slope and better boundary-layer be-
havior. Effect of transition duct sidewall shape on discharge
and thrust coefficients was also explored in Ref. 3. Nearly
identical discharge and thrust coefficients were measured for
both straight and cubic sidewall geometries. The straight side-
wall duct slightly outperformed the cubic sidewall transition
duct primarily due to a lower maximum wall curvature. Also
investigated was the effect of duct contraction on discharge
and thrust coefficients. Two configurations with exit-to-inlet
area ratios of 1.0 and 0.75 and length ratios of 1.0 and 0.75
were considered. The transition duct with accelerating mean
flow exhibited a higher discharge coefficient, by about 1.8%,
over the neutral-diffusion duct. Favorable streamwise pres-
sure gradient in the accelerating duct led to thinner boundary
layers and was deemed responsible for a higher discharge
coefficient. An improved gross thrust coefficient was not no-
ticeable except at nozzle pressure ratios (NPR) above 4. In
general, with the help of favorable pressure gradient, accel-
erating ducts with shorter lengths are capable of outperform-
ing neutral-diffusion ducts with longer lengths.

Patrick and McCormick* conducted a detailed laser velo-
cimeter investigation of two circular-to-rectangular transition
ducts at low subsonic speeds. The straight centerline ducts
were of constant area transition with aspect ratios of 3 and
6, corresponding L/D of 1.0 and 3.0, respectively. It was found
that the evolution of corner vortices was much more profound
for the high-aspect-ratio duct, as compared to the shorter,
low-aspect-ratio duct. Neither of the two transition ducts ex-
hibited any sign of flow separation at the measurement planes.

From the review of experimental literature, one may find
that the topic of minimum-length transition ducts has not been
the main objective of earlier investigations. As there are in-
finitely many ways for a duct to achieve transition from a
circular to a rectangular geometry, it is neither economical
nor practical to find the best transition geometry and the
optimum length by testing each duct experimentally. How-
ever, computational techniques have been applied to the fluid
dynamic analysis of transition-ducts. A potential inviscid flow
analysis using panel method code (MCAERO) was performed
by Burley et al.? The features of viscous-dominated flow near
the walls were beyond the scope and capability of the inviscid
(and potential) code used in Ref. 3. Consequently, the surface
pressures could not be predicted accurately by Burley et al.?

Anderson® has established a linear stall-margin design chart
for the round-to-rectangular transition ducts, utilizing a three-
dimensional viscous code (PEPSI-G). The design chart is for
straight centerline, neutral diffusion, and accelerating ducts
of constant area ratio 1.0 and contracting, exit-to-inlet area
ratio 0.633, respectively. The exponent of superelliptic cross
sections, defining the “roundness” of the corners in Ander-
son’s investigation, was 2 at the inlet section and limited to
10 at the exit plane. This represented a first attempt in ap-
plying CFD techniques to predicting stall-margin for transi-
tion ducts.

Farokhi et al.! investigated the optimum-length circular-to-
rectangular transition ducts by using PEPSIG-G as an analysis
code. The cases of straight centerline, two-dimensional offset
with neutral diffusion, and highly contracting ducts of exit-
to-inlet area ratio 0.5 were computed. The aspect ratios con-
sidered were 1.3 and 5.1 for neutral diffusion ducts, 2.56 and
10.19 for accelerating ducts, respectively. Stall-margin design
charts for optimum-length transition dusts were established

and the mass-averaged total pressure loss was calculated. De-
tailed results and discussion can be found in Ref. 1.

In the present article, the PEPSI-G code is again used as
a computational tool. For the purpose of code validation, both
experiments and computations were conducted for a specific
transition duct. The computational results are compared with
experimental data.® The comparison shows reasonable ac-
curacy in wall static pressure predictions. Finally, computa-
tions of transition ducts with straight centerline having three
area ratios, each with five different aspect ratios, were also
performed. Based on the computational results, stall-margin
design charts of optimum-length transition ducts, as well as
the associated mass-averaged total pressure loss, are con-
structed.

Computer Code and Its Validation

Criteria of Choosing the Computer Code

The viscous-dominated internal flowfield of a round-to-rec-
tangular transition duct is complicated in the following as-
pects: the corner vortices may be generated due to the tran-
sitioning from round-to-rectangular geometry inside the duct;
the flow experiences frictional losses due to presence of the
walls. Potential flow solvers, e.g., panel methods, and Euler
solvers are not adequate to treat the problem at hand since
they neglect the effects of vorticity and viscosity. Further-
more, it is the inherent nature of the viscous flow in a corner—
i.e., merging of the two boundary layers, and the significant
lateral extent such as cross-stream diffusion of the viscous
zone into the core flow—that will prevent the use of con-
ventional boundary-layer approach. Through the above pro-
cess of elimination, the time-averaged Navier-Stokes codes
are identified as the only suitable analysis tool for the purpose
of this study. The ideal approach for computation of three-
dimensional flows in transition ducts would require numerical
solutions of the full Navier-Stokes equations which are fully
elliptic and demand tremendous CPU time and memory re-
quirements. Although these are feasible, it is still extremely
expensive to do so, even with the state-of-art numerical tech-
nology and today’s most powerful super computers. As an
alternative, the PEPSI-G, a three-dimensional, subsonic, pa-
rabolized Navier-Stokes (PNS) flow solver is utilized as the
computational tool. The code offers a space (i.e., streamwise)
marching capability instead of iterations required in full Na-
vier-Stokes (FNS) codes. The computer running time for a
PNS code is equivalent to one iteration of the FNS code,
which translates into considerable saving in the CPU time and
computer memory requirements. The main drawback of PNS
codes is their inability to march through massive flow sepa-
rations. However, the purpose of this study is to establish
optimum-length transition ducts which will not encounter
massive flow separations. Based on these considerations,
PEPSI-G code suits the purpose of this investigation very well.

Brief Description of the Computer Code

The PEPSI-G code was initially developed by Levy et al.”#
based on the theoretical formulation of Briley.® The PEPSI-
G is the acronym for parabolic equations procedure solved
implicitly—generalized coordinates code. Although details of
the analysis and the computer program may be found in Refs.
7-12, a brief outline of the computational methodology is
presented here for the sake of completeness.

The flowfield is divided into one streamwise (primary) and
two transverse (secondary) directions, with the duct centerline
identifying the primary flow direction. The viscous streamwise
marching solution is primarily enabled through neglecting the
streamwise diffusion terms in the governing equations. The
physically required ellipticity of the flowfield is, however,
introduced by a potential flow solver to the viscous code. The
viscous solution requires the pressure field information sup-
plied by a potential flow solver. The turbulence model in
PEPSI-G is based on the mixing-length hypothesis. The meth-
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odology to treat separated wall flows in the code was devel-
oped by Reyhner and Flugge-Lotz!* and is referred to as
“FLARE” approximation in the literature. The procedure
simply keeps the primary flow always marching in the stream-
wise direction. In other words, if reverse flow is detected in
the marching direction, it is then substituted by a small pos-
itive value to keep the primary flow always positive. This is
the main reason why parabolized codes cannot handle the
flow separation phenomenon in a more physically meaningful
way.

The geometries of transition ducts are described by cen-
terline shape in primary flow direction and superellipse equa-
tion, (y/a)y* + (z/by* = 1, in transverse direction. The corner
shape is described by the exponent of the superelliptic cross
section n, which varies from 2 to 10 in PEPSI-G code. If a
= b, then n = 2 represents a circular cross section, and n =
10 describes a square cross section with small round corners.
A larger value of » in the superellipse equation will construct
a square or a rectangle with very sharp corners, which is
beyond the scope and capability of the code.

Computer Cede Validation

Widespread acceptability of the results of a computer code
is essentially based on the success of the code validation efforts
performed by means of bench mark experiments. The PEPSI-
G code has been extensively validated by bench mark exper-
iments performed in the industry, NASA, and universities.
References 14-19 exemplify the sources of bench mark ex-
periméntal data and the computational validation efforts.
However, most of the comparisons made between experi-
mental data and the computational results are mainly velocity
profiles and contour plots of the flow in either circular or
square cross section ducts. From manufacturing and perfor-
mance points of view, the wall static pressure distributions
and total pressure loss are more important information for
the engineers. However, this information is rarely reported
in the open literature. Therefore, in this study, the computer
code is validated for the wall static pressure prediction in a
transition duct.

The geometry of the circular-to-rectangular transition duct
is shown in Fig. 1. It is a straight centerline, slightly accel-
erating transition duct with R of 18.32 in., slightly contracting
area ratio of 0.95, aspect ratio of 3.0, and length ratio of 1.03.
The test inlet flow conditions are M = 0.25, T, = 2600°R,
and P, = 50 psia. The inlet Reynolds number based on inlet
radius is 2,700,000. The wall static pressure was measured in
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Fig. 1 Computational geometry of the transition duct; L/D = 1.03,
AR = 3.0, A,/A; = 0.95.

the streamwise and circumferential direction at x/D = 0.1
0.3,0.5, 0.7, and 0.9.

The numerical computations were performed by the au-
thors at the University of Kansas, using CRAY X-MP super
computer at NASA Lewis Research Center by way of telnet
access. Some necessary modifications in the geometry of the
computational model were made to adapt the computer code’s
acceptability of the geometry. Figure 2 presents the compar-
ison between the exact and modified geometries for this par-
ticular duct. The main criterion for modification was to keep
the computational geometry as close as possible to the test
model, yet acceptable by the computer code. From parts a
and b of Fig. 2, one notes that the shapes of the sidewall and
the top wall, referred to as “horizontal cut a” and “‘vertical
cut b,” are identical between the test and the computational
model. The main difference is ini the corner shape distribution,
which is referred to as “exponential n” in Fig. 2. The duct
exit plane of test model was manufactured to a rectangular
shape with extremely sharp corners; i.e, n is of 150, and the
change of corner shape follows a steep exponential distribu-
tion, as shown in part a of Fig. 2. However, sharp corners
and very steep gradients result in numerical discontinuities
which prove disastrous for the convergence of the computa-
tion. Hence, the corner shape distribution has been modified
to a certain degree; i.e., corners are slightly rounded up. For
example, the maximum of the exponent index # is set to 10
for the computational model instead of 150 for the test model.
This means that the corners of the rectangular duct cross
section have been “rounded off” to some extent. Another
major modification is made near the duct exit, where the first
derivative of the corner shape distribution is set to nearly zero
for the sake of the computational convergence. These mod-
ifications result in a slight change in transition duct area dis-
tribution but are still within the allowable design criterion.

A 100 x 100 computational grid was used in the cross plane,
and 919 stations in the streamwise direction with dense grid
packing near the walls. This is mainly due to the specified
geometry, especially the exponential distribution of the corner
shape. It took a total of 3.9 CPU hours on CRAY X-MP to
complete the calculations in our duct. No flow separation has
been detected in the transition duct, which is in agreement
with the experimental measurements. The main computa-
tional results are presented in Figs. 3—5. Figures 3 and 4 show
the comparison between the experimentally measured wall
static pressure data and the computational results in stream-
wise and circumferential directions, respectively. The com-
parison shows a reasonable agreement in wall static pressure
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predictions by PEPSI-G code. Figure 5 demonstrates the
streamwise velocity contours and secondary flow velocities at
five locations within the transitions duct where wall static
pressure measurements were made. It gives a general flow
picture within the transition duct, which is usually not avail-
able from experimental measurements. Overall, the computer
code validation is successful, and the parabolized Navier-Stokes
code proved to be capable of predicting wall static pressure
distribution in a complex geometry.

EXHAUST SYSTEM TRANSITION DUCTS

Fig. 5 Streamwise velocity contours and secondary velocities in the
transition duct.

Stall Margin Design of Optimum-Length
Transition Ducts

Computational Matrix

Upon successful completion of the computer code valida-
tion, computations for a matrix of transition ducts have been
performed to construct the optimum-length transition ducts
with no flow separation. The matrix included transition ducts
of three area ratios, each with five different aspect ratios: A4,/
A, = 1.0 (neutral diffusion ducts) with AR = 1.3, 3.0, 5.1,
7.0, and 10.0; A,/A; = 0.8 (moderate contracting ducts) with
AR = 1.3, 3.0, 5.1, 7.0, and 10.0; and A,/A; = 0.5 (highly
contracting ducts) with AR = 1.0, 2.6, 5.0, 7.0, and 10.2.
The inlet radius is set to 18.32 in., and the inlet flow conditions
are the same as the test flow conditions noted earlier.

A restriction was imposed on the area distribution varia-
tions from the inlet-to-outlet planes of less than 10%. On the
exponent distribution of the: superelliptic shapes, the initial
value of 2 was raised to a maximum value of 10 at the exit.
Higher n values did not permit a converged solution by the
code. The shapes of horizontal and vertical cuts are nearly
cubic with about 50% duct length inflection points for the
accelerating ducts.

Computation of Stall Margin

To establish “stall margin” in a transition duct of minimum
length using a computational code is a complicated task. The
complications arise from 1) the physics of three-dimensional
flow separation which is neither amenable to the streamwise
“marching” philosophy of a PNS code nor captured by a
simple mixing-length approach of turbulence modeling; and
2) code convergence problems associated with steep geo-
metrical gradients which may reflect the inadequacies of the
numerical algorithm rather than the physical flow separation
in the duct. Having stated the above concerns at the outset,
we proceed to investigate the internal fluid mechanics of sev-
eral transition ducts, near or beyond stall, as viewed by a PNS
code. Although the exact separation point, reattachment length,
and lateral extent of the three-dimensional separation zone
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arefis not accurately predicted by the PNS code, the trends
in minimum-length requirements are of value.

The cases studied for the neutral diffusion ducts are sum-
marized in Fig. 6. To arrive at the minimum-length transition
duct by using an analysis code in a successive manner, the
initial calculation was performed for a rather conservative
length ratio of 2 with aspect ratio of 1.3. No computational
problems were encountered, since the flow remained fully
attached and well behaved. Subsequently, the duct length was
reduced to a shorter length ratio of 1, and a small flow sep-
aration was detected. The ‘“‘small separation” is defined as
the condition where a few flow separation points are found
inside the transition duct during the computation, but these
separations become reattached later and do not cause any
computational problems. In the larger aspect ratio cases, the
calculations were performed for aggressive choices of length
ratios. For example, the calculation of neutral diffusion tran-
sition duct of AR = 3 was started at L/D = 1.25 and small
flow separation was detected. By further reduction of the duct
length, massive flow separation was encountered. The “mas-
sive separation” is defined as the flow undergoing a large,
unrecoverable separation which poses a fluid mechanics prob-
lem for a PNS code and does not yield a solution. The op-
timum-length stall margin of neutral diffusion ducts is pre-
sented in the top plot of Fig. 6, and the “exact” stall margin,
as viewed by PEPSI-G, should be on or slightly above the
curve depicted by square symbols. We also note a nonlinear
relationship between the exit aspect ratio and the minimum
duct length requirements.

The cases studied for the moderate contracting transition
ducts of area ratio 0.8 are summarized in the middle panel of
Fig. 6. The minimum-length stall margin is clearly demon-
strated by the symbols, whete the circles represent attached
flow, and the squares portray the flow with small separation.
The exception is the case of AR = 7.0 at L/'D = 2.5, for
which the duct experienced massive separation instead of the
small separation which might be expected. Again, we note a
nonlinear variation of the minimum length requirement with
the duct exit aspect ratio. In comparison to a neutral-diffusion
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Fig. 6 Calculated stall margin for constant area and contracting
transition ducts.

duct (i.e., top panel of Fig. 6), the optimum-length require-
ment for the accelerating duct (of area ratio 0.8) is lower.

The other cases summarized in the bottom panel of Fig. 6
are the highly accelerating transition ducts with contracting
area ratio of 0.5. In the cases of both AR = 1.0 and AR =
2.6, the calculated results show no flow separation at length
ratio of 1.0. By further reducing the length ratios to L/D =
0.8 and 0.9, respectively, numerically indicated massive flow
separations were encountered. The same experience repeated
for the ducts with AR = 5.0 and L/D = 1.5, AR = 7.0 and
L/D = 1.75,and AR = 10.2 and L/D = 2.0. The combination
of high AR and a short L/D, imposes very steep gradients in
the streamwise and cross flow directions which result in mas-
sive flow separations. As noted earlier, these are beyond the
abilities of a PNS code. The numerically indicated optimum-
length transition duct again follows a nonlinear relationship
with the duct exit aspect ratio in the case of A,/A;, = 0.5.
However, the nonlinearity is less steep for the accelerating
ducts than for the neutral-diffusion transition duct. The reader
is cautioned that the PNS-indicated minimum length for a
transition duct may be significantly “longer” than the phys-
ically required length of the same transition duct with no
separation. '

Viscous and Secondary Flow Losses

The flow losses inside a straight centerline transition duct
are both the result of the integral of frictional drag on the
wall and the kinetic energy loss due to the flow rotation in
the cross plane. The effects of viscous and secondary flow
losses in an adiabatic duct manifest themselves in the form of
total pressure loss. The mass-averaged total pressure loss is
defined as

tinlet Pt,exit

P
Total pressure loss = —————== 1)
P ¢, inlet

The total pressure loss in the transition ducts, in terms of duct
L/D and three different area ratios, is plotted in Fig. 7. The
top plot in this figure shows the results of constant area tran-
sition ducts at four different aspect ratios. The total pressure
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loss at L/D = 3.5 and AR = 7.0 seems to be slightly lower
than the total pressure loss at L/D = 2.5 and AR = 5.1. This
consitutes an anomalous behavior. However, in light of very
small numbers involved (i.e., hundredths of 1%) and the
computational accuracy, this behavior may be explained. In
the cases of moderate and high accelerating ducts (i.e., A,/
A, = 0.8 and A,/A; = 0.5, respectively), the trends of mass-
averaged total pressure loss follow our expectations; i.e., in-
crease with aspect ratio and length ratio. In general, at the
same length ratio, the duct with higher aspect ratio has higher
“mean” total pressure loss. This is mainly caused by an in-
crease of kinetic energy of the secondary flow in the cross
plane. However, the dominant total pressure loss mechanism
in a transition duct arises from the viscous frictional effects.
This point is readily verified by examining the data in Fig. 7.
Again, the reader is alerted to the accuracy of these loss
estimations which stem from a reduced Navier-Stokes set of
equations and a simple mixing-length-based turbulence mod-
eling.

Conclusions

An existing PNS computer code has been applied to a “real”
design and analysis environment. The comparison of wall static
pressures, in measurement and computation, has proved the
reasonable accuracy in PNS computational capabilities. Some
modifications in the computational geometries were deemed
necessary to proceed with PNS computations. The viscous
flow in transition ducts with straight centerline and area ratios
of 1.0, 0.8, and 0.5 at five different aspect ratios were cal-
culated. Based on the computational results, three charts for
the optimum-length transition ‘ducts, as indicated by a pa-
rabolized Navier-Stokes code, were constructed. The corre-
sponding mass-averaged total pressure losses generally ranged
in tenths of 1% and increased with both aspect ratio and length
ratio. The transition duct area ratio was found to have a
significant effect on the duct length requirement as well as on
the total pressure losses. The optimum-length transition ducts
with higher contraction area ratio exhibited shorter duct lengths
and lower total pressure losses as compared to moderate con-
traction area ratio and neutral diffusion ducts of similar aspect
ratio. The effect of mean streamwise flow acceleration is noted
to reduce the duct length requirement.
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