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CFD-Based Three-Dimensional Turbofan Exhaust Nozzle
Analysis System

B. D. Keith,* K. Uenishi,t and D. A. DietrichJ
General Electric Aircraft Engines, Cincinnati, Ohio 45215

A three-dimensional turbofan exhaust nozzle analysis system based on computational fluid dynamics (CFD)
has been developed. This system has been established to aid exhaust designers in the efficient assessment and
screening of their design concepts, with the prospects of a reduction in both design cycle time and wind-tunnel
test costs. A reliable CFD flow solver, user-friendly grid generator, and postprocessing software are included
in the system. The system is easy to use for exhaust designers who are not particularly familiar with the inner
workings of CFD. Validation and applicability studies have been performed using different exhaust nozzle
configurations at on-design and off-design engine operating conditions. This work demonstrates that a CFD
code integrated with automatic grid generation and postprocessing can be a useful analytical tool in the practical
exhaust nozzle design process.

Nomenclature
M = Mach number
P = static pressure
PA = atmospheric static pressure
R = radius
X — axial station
XREF = reference length

Subscript
00 = freestream conditions

Introduction
Design Considerations

A CHIEVING an aerodynamic contour design that meets
performance specifications for a modern high-bypass-

ratio turbofan engine involves complex, time-consuming, and
expensive analysis and testing. A great deal of this effort is
expended in designing aerodynamic contours for the exhaust
system components (fan nozzle, core nozzle, plug, etc.) that
efficiently satisfy operating conditions of both on- and off-
design conditions. The fundamental purpose of the exhaust
system is to discharge the exhaust gases to the ambient pres-
sure with the highest possible axial thrust at the cruise design
condition. This requires exhaust designers to size the fan and
core nozzle throats'to ensure passage of the flow rate required
by the engine cycle with minimum pressure loss and minimum
external drag. In an actual design process, however, the
mechanical constraints of the system may compromise the op-
timal aerodynamic shapes. A more detailed discussion of de-
sign issues associated with exhaust systems can be found in
Ref. 1.

Figure 1 depicts the complete geometry of a typical turbofan
engine including inlet, nacelle (fan cowl) and exhaust system
(Fig. la), and of a simplified geometry of only the exhaust
system configuration (Fig. Ib), which will be our main focus
of this article. In addition, the exhaust system can be further
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simplified to an axisymmetric geometry if upper and lower
bifurcators and pylon are neglected. In this article, both ax-
isymmetric and full three-dimensional analyses are consid-
ered. All test data configurations are three-dirnensional.

Over the years, a large amount of time and budget has been
consumed in testing exhaust systems as an integral part of the
design process and as an aid in understanding the fundamental
physics of exhaust flowfields. A typical exhaust flowfield of
a powered nacelle consists of two or three streams having
different total pressures and total temperatures, and includes
significant regions of subsonic, transonic, and supersonic Mach
numbers. In a typical design, weak shock waves occur on the
core cowl and plug surfaces, which interact with the shear
layer and the surface boundary layers (Fig. 2).

Furthermore, the installation of an exhaust system on an
aircraft may have a significant impact on the exhaust system
flowfield and performance. Present CFD capabilities have
advanced to the point of being able to analyze flowfields of
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Fig. 1 Nacelle and exhaust aerodynamic components: a) complete
geometry and b) exhaust-only components.
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Fig. 2 Flowfield characteristics—turbofan exhaust system.

the installed exhaust systems under a wing. However, for the
purpose of CFD applications to the exhaust system design,
the current computational resources somewhat limit the anal-
ysis to the isolated exhaust system. The present work, there-
fore, is focused on the isolated exhaust design system. While
the isolated analysis does not allow for determination of in-
stallation effects, it still allows evaluation of many nozzle
design considerations, including 1) reduction of core cowl and
plug shock strengths, 2) sizing of the throat areas, 3) friction
drag, 4) suppression of the core flow, and 5) relative per-
formance and discharge coefficient values.2

Computational Considerations
A relatively large number of analytical and computational

methods for predicting flowfields surrounding a turbofan en-
gine exhaust system have been developed.3"7 These methods
include analytical/computational techniques based on two- and
three-dimensional general Euler Navier-Stokes equations3"6

and Euler equations with shear layer wake mode.7 Even though
these analytical and computational methods are well docu-
mented in general publications, they have not been fully trans-
ferred into or accepted by the design community due to the
difficulties associated with grid generation, lack of systematic
validation, and the requirements that the user possess specific
CFD knowledge.

System Highlights
The objective of the present work has been the establish-

ment of a CFD-based turbofan exhaust flowfield analysis sys-
tem. The system can assist the designer in the evaluation and
pretest screening of candidate designs quickly and efficiently
and lead to a reduction in the total number of necessary test
configurations. The main theme of this article is the descrip-
tion of a three-dimensional turbofan exhaust nozzle aerody-
namic analysis system (ENS3D) developed to achieve the
above mentioned objectives.

The ENS3D system can be applied either to a three-di-
mensional geometry which includes a pylon and lower bifur-
cator as shown in Fig. Ib, or to a simple axisymmetric con-
figuration without considering the pylon and bifurcators. Since
this system is to be used in the design environment, where
the computational emphasis is on economic viability, the
present study initially focused on the solution of the Euler
equations. However, during the course of extensive validation
studies, solutions based on Euler mode were found to be
inadequate for exhaust system flowfields. The focus was shifted
to establish the analyses based on viscous solutions with a
simplified turbulence model applicable to the exhaust system
flowfields.

In the following sections, major technical tasks in the de-
velopment of a process for the analysis of three-dimensional
turbofan exhaust configurations will be discussed: 1) selection
and validation of a three-dimensional Navier Stokes solver;
2) development of an automated block-grid generator and
postprocessing software for generic axisymmetric and three-
dimensional exhaust systems; and 3) validation of the pro-
cedures using test data at various fan and core nozzle pressure
ratios.

CFD Solver
In recent years, numerous CFD solvers aimed at solving

generalized three-dimensional flowfields have been devel-

oped and shown to produce valid results. The CFL3D code
was chosen as the base flow solver for the present work.
References 8-12 contain the development details and ex-
amples of CFL3D-related work. CFL3D has the following
attributes: 1) well demonstrated and documented applicability
to three-dimensional complex problems; 2) use of modern
numerical algorithms (implicit, upwinding, arid finite volume
scheme); and 3) multigrid capability with zonal and patched
options. As described in Ref. 13, CFL3D has already dem-
onstrated its success in the nacelle inlet/fan cowl design en-
vironment in terms of accuracy and efficiency.

The fundamental numerical schemes and governing equa-
tions used in CFL3D have been explicitly described in open
publications8"12; therefore, this article will address only the
specific aspects of CFL3D related to the modifications made
for the implementation of the three-dimensional turbofan ex-
haust nozzle analysis system. Briefly, CFL3D solves the Euler
or thin-layer Navier-Stokes equations using^a well-known fi-
nite volume discretization method. Solutions are advanced in
time with a spatially split three-factor approximate-factori-
zation method in diagonalized form. Flux quantities are rep-
resented using the upwind-based flux-difference-splitting (FDS)
approach of Roe, or the flux-vector-splitting (FVS) approach
of van Leer, both with third-order spatial accuracy. Based
upon numerous validation studies of specific turbofan exhaust
systems and the previous inlet/fan cowl design system,8 van
Leer's FVS method has proven to be more robust and efficient
than Roe's FDS method without loss of accuracy. Despite
criticisms of the FVS method,14 differences in results based
on FVS and FDS are found to be very minor when applied
to exhaust flows. Therefore, the robustness and efficiency
without loss of accuracy make the FVS method a preferred
approach in the design environment.

In the current ENS3D system, input to the CFL3D solver
is dramatically reduced by presetting many of the available
parameters and boundary conditions to proven values, and
by coupling the solver to grid generation and postprocessing
by routines for commonality and user-friendly implementa-
tion. The ENS3D system is currently optimized for execution
in the viscous mode which incorporates a simple turbulence
model for design applications.

As shown in Fig. 2, the exhaust flowfields contain two
distinct turbulent flow characteristics: 1) shear layer/wake;
and 2) boundary layer on the solid surfaces (i.e., core cowl,
plug, fan and core duct surfaces, etc.). In order to model
these turbulent flow phenomena accurately, high-order tur-
bulence models are needed, which may not be consistent with
the main goal of establishing a robust design CFD system.

It has been found that boundary-layer viscous effects strongly
influence the exhaust near-field solution, which is of primary
interest for the current study. The exhaust plume flowfield
far downstream is, of course, dominated by the shear layer/
wake viscous effect. But this has not been shown to have a
dramatic effect on surface pressure distributions. More de-
tailed discussion of these effects can be found in Ref. 14.

Therefore, in the current system, the standard Baldwin-
Lomax turbulence model is used to model both viscous effects
of the boundary layer and shear layer/wake, knowing that this
model is not adequate for shear layer/wake modeling, but that
the consequences are minimal, especially when considering
surface pressure distributions. This simplified viscous model
has predicted quite reasonable flowfields based on compari-
sons with test data, as will be shown later in this article.

Boundary Conditions
A typical isolated engine configuration includes the inlet,

nacelle (fan cowl), fan-face, spinner, fan duct and core cowl,
and core duct and plug, as shown in Fig. la. Since the primary
interest of this work is to develop the analysis system for
efficient exhaust nozzle aerodynamic design, the geometry
can be simplified without loss of generality as shown in Fig.
Ib. While the capabilities of the CFL3D solver are not limited



842 KEITH, UENISHI, AND DIETRICH: 3D TURBOFAN EXHAUST NOZZLE ANALYSIS

to this form of modeling, user-friendliness and computational
costs have currently restricted ENS3D to using the model
shown in Fig. Ib. ENS3D also includes the capability of ana-
lyzing axisymmetric flowfields, where existence of a pylon and
bifurcators are neglected. An axisymmetric solution can ac-
curately simulate flowfields away from a pylon or a bifurcator
at considerably less time and cost, which will be shown in a
later section. The boundary conditions used in ENS3D consist
of far-field, solid surface (impermeable boundary), inflow for
fan duct, core duct and freestream, and symmetric and axi-
symmetric planes. The original CFL3D code already pos-
sessed the far-field, solid surface, and symmetric boundary
conditions, which are directly applied in ENS3D without mod-
ification. The far-field boundary condition is based on Rie-
mann invariants for a one-dimensional flow.

On the solid surface the pressure and temperature gradients
at a true normal to the surface are set to zero. For the Euler
mode the velocity normal to the wall is set to zero and a slip
condition is imposed. Conversely, nonslip conditions are im-
posed with the use of viscous analysis on all appropriate sur-
faces. The circumferential spacing of the grid does not allow
for nonslip boundary conditions on the bifurcator or pylon
side walls at current grid levels. The solid-surface condition
is used for the walls of the core- and fan-duets, core and fan
cowl surfaces, plug surface, and pylon arid bifurcator surfaces
including the underside of the pylon shelf. For the three-
dimensional analysis, a symmetric boundary condition is ap-
plied along the vertical plane of geometric symmetry, im-
parting a zero gradient, zero curvature boundary. For the
axisymmetric mode, boundary conditions are imposed at / =
- 5 and + 5 deg, that simulate an axisymmetric flowfield using
only one cell in the circumferential direction. For the current
turbofan exhaust configuration, the inflow boundaries of the
fan and core ducts are always subsonic. Therefore, stagnation
pressure, stagnation temperature, and flow angles are spec-
ified based on Riemann invariants, and the remaining flow
properties are determined for the interior flowfield through
numerical boundary conditions. These boundary conditions
are specified in a general command file, also used to specify
reference Reynold's number (viscous analysis), grid param-
eters, and convergence criteria. If total pressure and tem-
perature profiles and swirl angle are desired, these values must
then be specified for each cell center on the inlet plane.

Grid Generator
In establishing a three-dimensional, turbofan exhaust noz-

zle analysis system, it is critical to provide a grid generator
that creates a grid suitable for complex geometries utilizing
orthogonality and grid packing. In addition, the grid generator
is required to be user friendly such that the system can be
readily utilized by the design community, where modifications
to an exhaust geometry may occur on a continuing basis. It
is believed that both of these objectives have been met by
the ENS3D grid generation package.

The primary geometry input for both axisymmetric and
three-dimensional grids are the X and R coordinates for the
external nacelle (fan cowl), fan duct outer wall and inner core
cowl, and the core duct outer wall and inner plug. The current
system is therefore restricted to axisymmetric nacelle shapes.
This basic starting grid is shown in Fig. 3a, in the XR plane.
When a three-dimensional grid is desired, the additional geo-
metric definitions required include the X, R, and half-thick-
ness for the lower bifurcator and upper bifurcator/pylon. Within
the fan duct, the upper bifurcator/pylon is defined by stringer
cuts running the length of the pylon at varying waterlines.
For each point along the stringer, there is defined the axial
station X, waterline value, and pylon half-thickness. Inter-
polations are then performed axially and radially to find the
thickness at any radius. The lower bifurcator is similarly de-
fined, and is restricted to the internal portion of the fan duct.
An isometric view of the three-dimensional grid is shown in
Fig. 3b.

Fig. 3 Separate flow exhaust nozzle grid: a) XR planar grid and b)
isometric view, three-dimensional surface grid.

When specifying an axisymmetric grid, the nozzle is gridded
with one cell over a 10-deg wedge, the X, R grid points rotated
to the +5- and — 5-deg planes. When utilizing the three-
dimensional capabilities, the grid is generated over the 180-
deg half-plane. A variable number of circumferential grid cuts
can be specified in this mode, and 13 have been used for the
current study. Geometric specifications for the upper or lower
bifurcator cause the grid to be rotated to the given thickness
at that axial station. Therefore, the grid is skewed circum-
ferentially due to these thicknesses as the planar grid is rotated
to fit each of the desired cuts. The grid is also skewed axially
in the region of the pylon as grid lines are forced to line up
with the pylon trailing edge.

When a pylon shelf is present, an additional complication
is introduced for the region of the core stream that lies un-
derneath the shelf. To overcome this geometric problem, an
additional grid block has been established in the core that
provides a mesh for the flow in the region beneath the pylon
shelf.

The resulting grids from this package are algebraic in na-
ture. The grid is stretched in all directions by an exponential
function which allows no more than 17% growth from cell i
to / + 1. The grids can be run through a screening routine
that will check for negative volumes. A typical grid for a
viscous analysis had values of y+ as low as four, with 14 grid
lines in the boundary layer. Step size in the axial direction
ranged from kX/8 = 0.98 to 4.3 near the throat where the
boundary layer is thin.

Results and Discussion
The development of ENS3D as an analysis tool for separate

flow turbofan exhausts progressed through a series of stages
as its viability and modeling limitations for various flow con-
ditions were studied. From the initial runs in the in viscid,
axisymmetric mode it was evident that the CFL3D-based
solver showed potential for accurately predicting exhaust sur-
face pressures. The following discussion highlights many of
the results obtained as the code progressed through several
development stages.

Results are compared to data obtained from scale model
testing of several representative turbofan exhaust systems.
The data are proprietary and therefore not available to the
general public as are the specifics of the geometry. All con-
figurations used for this study are separate flow. In general,
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data on external surfaces are provided at two circumferential
locations, 40 and 185 deg, aft looking forward. These tests
were conducted on both a static test stand (freestream Mach
number = 0.0) as well as in a wind tunnel with cold flowing
core and fan streams. Computational modeling required ap-
proximation of the static conditions with a freestream Mach
number of 0.1 for numerical stability. It has been found that
this small nonzero freestream Mach number does not ad-
versely affect simulation of the static case. Analyzed flow
conditions covered a range of pressure ratios for the fan and
core streams with an approximate Reynolds number of 5.9
x 105 for the static case, 4.7 x 106 with freestream flow. The
system is capable of analyzing flowfields modeled as any com-
bination of 1) in viscid or viscous, 2) axisymmetric or three-
dimensional, and 3) freestream static or flowing. The follow-
ing material represents a cross section of the results to date.

Axisymmetric Analysis

Static
Typical results for the axisymmetric analyses are shown in

Fig. 4, which includes test data for the following conditions:

Fan nozzle pressure ratio (FNPR) = 2.4
Core nozzle pressure ratio (CNPR) = 2.0
Freestream Mach number = 0 (static test stand)

The ENS3D results for both inviscid and viscous modeling
are indicated by the dashed and solid curves, respectively.
Data and analytical results are shown for the fan duct, core
cowl, core duct and plug. Several observations can be drawn
from this analysis.

The axisymmetric analysis does not include the effects due
to the blockage of any internal bifurcations. Since the test
model included upper and lower bifurcation in the fan duct,
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Axisymmetric analysis vs data, Mx = 0.0, fan nozzle pressureFig. 4
ratio = 2.4, core nozzle pressure ratio - 2.0: a) fan duct and core
cowl and b) core duct and plug.
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Fig. 5 Axisymmetric, viscous analyses for a range of fan pressure
ratios—core cowl results, Mx = 0.0.

some differences between the data and analytical results should
exist for regions upstream of the fan exit. As expected, Fig.
4a shows differences between the data and analysis in the fan
duct, but very good agreement in the axisymmetric core duct
(Fig. 4b).

One of the most significant regions for comparison of the
data and analytical results is along the core cowl downstream
of the fan exit and along the plug downstream of the core
exit. As shown in Fig. 2, the flow along the exposed portions
of the core cowl and plug can contain a series of expansion
fans and shocks. Strong shocks in this region decrease engine
performance, and this analysis technique can provide a means
of reducing the strength of the shocks. Therefore, it is critical
to model the flowfield accurately in these regions in order to
adequately evaluate and design an exhaust system. In addi-
tion, the pressures at the base of the nacelle (fan cowl) and
core cowl (regions where flowstreams intersect) are very im-
portant in order to obtain proper nozzle flow rates. The ac-
curacy of matching the base pressure to data is highly de-
pendent on the grid density in the vicinity of the base region.
For a fixed number of grid points, some compromise between
modeling of the transonic flow along the core cowl and plug
and the modeling of the base region must be made. The
current grid distribution seeks to maximize results along the
core cowl. Redistribution of the same number of grid points
to the exit regions will lead to better matching of base pres-
sures to test data, but a loss in resolution along the remaining
surfaces.

Figure 4 also shows the analytical results for the core cowl
and plug surfaces as compared to experimental data. Note
that the experimental data indicate some differences between
the 40- and 185-deg locations, due in large part to the presence
of an upper bifurcator and pylon in the test model. Since the
analysis in this case is axisymmetric, the results cannot model
any circumferential variation. Along the core cowl (Fig. 4a),
comparison between the data and the inviscid results show
that certain inadequacies are evident in the inviscid solution.
First, the axial locations of the minimum and maximum pres-
sures are not accurate. Second, the inviscid solution does not
contain damping of the pressure profile that is evident in the
test data. In the case of the viscous analysis, the grid density
has been increased in the vicinity of the solid walls and shear
layers, and the solver has been executed using the Baldwin-
Lomax mixing length model for turbulent flow. A comparison
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Fig. 6 Axisymmetric analysis vs data, Mx — 0.8, fan nozzle pressure
ratio = 2.4, core nozzle pressure ratio = 2.0: a) fan duct and core
cowl and b) core duct and plug.

between the test data and the viscous results indicates that
the core cowl pressure distribution, including the location of
the expansion/compression waves and the damping, is accu-
rately modeled. The viscous solution clearly represents a more
accurate model of the flowfield when compared to the inviscid
results.

Turning to the plug surface (Fig. 4b), the inadequacy of
the inviscid solution in matching the pressure distribution along
the plug surface is clearly evident. Note the extreme over-
expansion and recompression as the plug is closed out. The
viscous solution, however, does show excellent agreement
with the test data. As in the above discussion concerning the
core cowl, the number and distribution of the grid points differ
between the inviscid and viscous solutions. Certainly, the de-
tailed differences in any grid definition and the method used
to model viscous effects would have a bearing on the accuracy
of any solution. However, it appears from this work that the
flowfield within and about a separate flow exhaust system can
be accurately modeled, particularly if viscous effects are taken
into account. Having test data prior to analysis allows for an
examination of various grid densities to best match the data.
This experience will then have to be utilized as the user moves
on to similar geometries and flow conditions where data are
not available. This will establish the kind of v+ and AX/8
values that are necessary for a quality solution.

Figure 5 shows a comparison of experimental pressure dis-
tributions to the analytical results of axisymmetric viscous
solutions for a range of fan nozzle pressure ratios. The data
shown in the figure are restricted to the core cowl only for
clarity. The comparison of the test data and analytical results
shows excellent agreement for all of the pressure ratios and
illustrates the accuracy of matching the expansion/compres-
sion waves along the core cowl.

Regarding computational costs, this solver was run on a
Cray YMP8/464. Viscous, axisymmetric solutions with 50,000
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Fig. 7 Viscous three-dimensional analysis vs data, Mx = 0.0, fan
nozzle pressure ratio = 2.4, core nozzle pressure ratio = 2.0: a) fan
duct and core cowl and b) core duct and plug.

grid points over five grid blocks required 21 CPU minutes
from an initial run, reaching a peak CFL number of 15 and
using approximately 1000 time steps; utilizing the restart func-
tion reduced this to 11 CPU minutes (approximately 500 time
steps) for additional cases with the same number of grid points.
Convergence is established after no further reductions in CFL
number are evident and the pressure distributions have sta-
bilized. These criteria provide a viable level of computational
time for use in the design process.

Freestream Flow
The operation of a turbofan exhaust system includes flight

conditions over a range of freestream Mach numbers. Figure
6 compares the results of an axisymmetric ENS3D analysis to
experimental data for a freestream Mach number of 0.8. An-
alytic results for both inviscid and viscous methods are shown
in the figure. The experimental data have been obtained from
an isolated, sting mounted exhaust system in a wind tunnel,
where freestream flow can be simulated. Even with the ex-
haust system having reduced pressure instrumentation relative
to previous comparisons, the accuracy of the technique and
the impact of viscous modeling can be determined. When
freestream flow is included, there are viscous effects both
along the wall surfaces and within the shear layers. Figure 6
illustrates that the viscous modeling is more accurate than
inviscid modeling in matching the expansion/compression waves
along the core cowl, the base pressure on the core cowl, and
the pressure distribution along the plug. In particular, the
inviscid model resulted in an extremely high core cowl base
pressure (Fig. 6a) leading to suppression of the core flow, as
seen by the inviscid pressure distribution in the region of the
core exit (Fig. 6b).

The inability of the viscous solution to match data along
the core cowl with the accuracy demonstrated by the static
freestream cases would be an indication of the shortcoming
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Fig. 8 Viscous three-dimensional analysis vs data, Mx = 0.0, fan
nozzle pressure ratio = 2.4, core nozzle pressure ratio = 2.0: a) upper
bifurcator, b) lower bifurcator, and c) shelf.

of the Baldwin-Lomax model as applied to shear layers. Until
this issue is resolved, there will be several limitations on the
effectiveness of installed calculations where there is also free-
stream flow. However, since the performance guarantees are
based on static tests, the current system will be helpful in
improving nozzle performance.

Three-Dimensional Analysis
As mentioned previously, the ENS3D system is capable of

performing both axisymmetric and fully three-dimensional
analyses. As noted in Fig. Ib, the three-dimensional nature
of the flowfield is introduced by the presence of upper and
lower bifurcations, pylon, and shelf. Figure 7 presents the
results of a three-dimensional viscous analysis and the asso-
ciated experimental data for the static case previously dis-
cussed. There is slightly better agreement in the fan duct than
the axisymmetric analysis provided, especially in the upstream

regions where the bifurcators most effect the flow. Along the
core cowl, the analysis fails to demonstrate any ability to
substantially differentiate the circumferential variations in
pressure due to the bifurcators and pylon. There is good gen-
eral agreement with data, but the results do not greatly en-
hance the axisymmetric results already obtained. Where the
analysis does surpass axisymmetric results is in the ability to
examine pressure distributions along such three-dimensional
features as the upper and lower bifurcator sidewalls and the
shelf underside. Comparisons with data for these surfaces are
shown in Fig. 8.

Computational constraints have limited the grid to 13 cuts
over the 180-deg half-plane. Viscous, three-dimensional so-
lutions were run with 325,000 grid points distributed over
seven blocks and required 140 CPU minutes from an initial
run, 67 minutes from restart. Again, these analyses had a
peak CFL number of 15, and required approximately 1000
iterations for the initial run, 500 from restart. Circumferential
variations may be better modeled if additional cuts can be
incorporated into the grid.

Summary
A three-dimensional turbofan exhaust nozzle analysis sys-

tem has been presented. Based on the CFL3D solver, this
system provides grid generation capabilities for axisymmetric
or three-dimensional configurations, and solves the flowfield
in either the in viscid or viscous mode. As the results indicate,
the viscous mode, utilizing the Baldwin-Lomax turbulence
model, greatly enhances the solution accuracy. Axisymmetric
results are very representative of the exhaust flowfield in re-
gions away from the influence of bifurcators and the pylon;
the three-dimensional analysis adds the capability of resolving
pressure distributions along the bifurcator, pylon, and shelf
surfaces. Ease of use and accuracy of results should prove the
system to be an asset to the exhaust designer. Any progress
relative to the three-dimensional solution will require addi-
tional grid in the circumferential direction, greatly increasing
computational costs. A higher order turbulence model would
help the solutions for the wind on case, but add a higher level
of complexity and a reduction in robustness.
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