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Introduction

A THREE-DIMENSIONAL, viscous, computational � uid dy-
namics (CFD) analysis of the exhaust � ow associated with

the auxiliary power unit (APU) of an advanced � ghter aircraft was
conducted. Calculations were performed to investigate the level of
surface heating on the fuselage adjacent to the APU exhaust port.

The present aircraft’s APU consists of a small turbine engine lo-
cated inside the upper surface of the fuselage(Fig. 1). During a main
engine � ameout, two small doors (which are normally � ush with the
fuselage surface), open to initiate the APU’s operation (Fig. 2). At-
tached to the � rst door is a scoop that diverts a � ow of air down
through the fuselage and into the APU plenum. After compression
and combustion, the high-temperature ef� uents are exhausted up-
ward into the external � ow� eld through the APU exhaust port.

The currentanalysis investigatesAPU exhaust impingementonto
a region of composite structure inboard of the APU exhaust port.
The material in this region was not designed to withstand extreme
temperatures and is susceptible to heating related damage during
periods of prolonged APU operation. It was proposed that the in-
boardheat transfer to the fuselagecouldbe minimized by relocating
a small high-pressure surge line from its original position directly
downstream of the APU exhaust port to a position directly inboard
of the APU exhaust port (Fig. 2). In this way, the � ow dischargedby
the surge line could be used to redirect the hot ef� uents downstream
and away from the vulnerable area. The current numerical study
was designed to investigate the impact of the surge line relocation
on the APU exhaust � ow.

Numerical Procedure
The three-dimensional, compressible, mass-averaged Navier–

Stokes equations were solved to predict the � ow about the two
APU con� gurations. The computer code, FDL3DI, which incor-
porates a two equation (j – e ) turbulence model, was used in all
calculations. The code was based on the implicit approximately
factored � nite differencealgorithmof Beam and Warming.1 A � rst-
order implicit temporal discretization and a second-order spatial
discretization were employed. Common forms of implicit and ex-
plicit nonlinear arti� cial dissipation were implemented to augment
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stability using proven values of the damping coef� cients. Compu-
tational ef� ciency was enhanced by solving the implicit portion of
the factored equations in diagonalized form. The (j – e ) equations,
which were developedby Jonesand Launder,2 were decoupledfrom
the Navier–Stokes equationsby lagging the values of the turbulence
variables behind the other dependent variables by one time step. A
thorough description of the code’s numerical algorithm as well as
citations to previous analyses conducted using FDL3DI are given
in Ref. 3.

Grid Generation
Because of the complexity of the geometry, the Chimera do-

main decompositionmethodology was employed. Information was
passed between adjacent meshes using a trilinear interpolation ap-
proach at the boundariesof overlappingdomains. Taking advantage
of the modular nature of the Chimera technique, an existing system
of computational grids constructed about the � ghter aircraft was
used as the starting point for the current analysis. A set of APU
meshes was then embedded into the original � ghter system.

In its entirety, the original grid system consistedof seven meshes
constructedon one-half of the spanwise–symmetrical � ghter. Over-
lapping grids were constructed for each of the various components
of the aircraft (nose, fuselage, engine inlet, wing, vertical tail, and
horizontal tail). This system was then embedded into a far-� eld
background mesh that extended � ve root chord lengths ahead and
behind the aircraft and two root chord lengths outward from the
wing. Clustering of grid lines near all surfaces was accomplished
using a hyperbolic tangent distributionfunctionwith a surface spac-
ing of D g s /c =2.5 £ 10 ¡ 5 . This value was based on a compromise
between reasonable y + estimates,memory requirements,and com-
putational ef� ciency.

Fig. 1 APU location on the upper fuselage.

Fig. 2 Deployed APU with both surge line locations.
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Solutions to the complete seven-grid � ghter con� guration were
classi� ed and required special computing facilities. This restriction
was severelylimitingbecauseof theunavailabilityof suchmachines.
To expedite the APU analysis, an unclassi�ed subset of the original
seven-grid system, in which the wing and horizontal tail meshes
were removed, was employed. The resulting � ve-grid system con-
tained approximately 900,000 points.

A system of APU grids was next embedded into the clean air-
craft system. A total of 17 additional meshes were necessary to
adequately model the APU geometry. Because of dif� culties estab-
lishing communications in the boundary layer, the APU geometry
was de� ned usinga system ofmeshes in which the surfacegrid point
spacing was relaxed. These meshes were then embedded within
an H–H viscous background mesh that extended outward from the
fuselage surface with the same resolution as the clean aircraft grids
( D g s / c =2.5 £ 10 ¡ 5 ). While the nonviscous grids were responsi-
ble for de� ning the APU surfaces, the APU background mesh was
responsible for providing adequate resolution on the fuselage sur-
face as well as suf� cient overlap with the outer aircraft grids. This
compromise, although not ideal, was deemed necessary to make
the solution manageable in a realistic time frame. The entire set of
22 grids (� ghter + APU) contained approximately 2.3 million grid
points. An in-depth description of all the grids (including � gures)
is provided in Ref. 3.

Boundary Conditions
A 1-g return � ight (M = 0.7, a = 2.0 deg, Re = 4.6 £ 107 ) after

a successful main engine restart was selected to represent the con-
dition associated with the most severe APU impingement damage.
Freestream values were set using a standard hot-day model and the
full-scale wing root chord (c) was chosen as the reference length.

Characteristic boundary conditions were used at all far-� eld
boundaries.On solid surfaces,no-slip, adiabaticwall, and zero nor-
mal pressure gradient conditions were speci� ed. A symmetry con-
dition was enforced at the inboard spanwise boundary and a simple
� ow-throughextrapolationwas implemented at the main engine in-
let. Based on APU operating information,a mass out� ow condition
was imposedat the APU inlet and both mass in� ow and temperature
conditions were set at the APU exhaust and surge line.

Clean Fighter Con� guration
Although time constraints precluded a formal grid resolution

study, effortswere made to validate the unclassi� ed con� gurationas
adequate for providing the background � ow for the APU analysis.
Calculationsusing the � ve-gridsystemwere � rst conductedwithout
the additionalAPU meshes and the results compared to wind-tunnel
test data.4 Unfortunately,experimental data were only available for
the clean aircraft con� guration without deployed APU.

The validation test conditions (M = 0.6, a =0.0 deg, Re =
4.6 £ 106 ) were chosen from the available test data to most closely
match those of the 1-g APU test case discussed in the previous
section. Convergence was determined by monitoring the respective
force coef� cients. Flow� eld residuals were reduced � ve orders of
magnitude in approximately 3000 iterations. This level of conver-
gence required approximately 35 CPU hours on a Cray C-90.

Calculated values of y + on the fuselage surface were typically
about 2.5. Such values are generally considered too large to es-
tablish the quantitative accuracy of a solution. However, given the
scope of the current work, which was primarily focused on predict-
ing trends, the reported y+ values were judged acceptable.

To evaluate the quality of the calculation,pressurepredictionson
the fuselage surface were compared to the pressure data from the
wind-tunnel test. Color-contourpressurecomparisonsare presented
in Ref. 3. A comparison of the pressure distribution in the region
of the APU is shown in Fig. 3. The line plots begin at the aircraft’s
centerlineand extend outward in the spanwisedirection.Becauseof
the good agreementof these data, the � ve-grid, unclassi� ed con� g-
uration was judged acceptable for the present APU study. It should
be noted, however, that although the pressure comparison served as
a good diagnosticcheck to con� rm that the solutionwas reasonable,
it should not be interpreted as an indicator of the quantitative accu-

Fig. 3 Clean aircraft spanwise pressure coef� cient comparisons in the
region of the APU.

Fig. 4 Nondimensional temperature contours on the fuselage surface.

racy of the more dif� cult to predict quantities such as skin friction
and heat transfer.

APU Test Cases
The APU test cases were calculated with the surge line in both

its original and modi� ed locations.Convergencewas ascertainedby
monitoring the force coef� cients as well as the temperature distri-
bution on the surface adjacent to the APU. Although the � ow was
inherentlyunsteady because of a large separation region behind the
APU inlet door, solutionsconvergedto a pseudosteadycondition in
which the maximum variation in surface temperature was reduced
� ve orders of magnitude. This level of convergence was achieved
in approximately10,000 iterations and required 300 CPU hours on
a Cray C-90 for each case.

Figure 4 shows temperaturedistributionsand characteristicparti-
cle traces in the region of the APU for both cases. To declassify the
solution, the temperature scale was normalized from 0 to 1. In the
baselinecase, the interactionbetween the external � ow, the hexago-
nal exhaustdoor, the subsonicAPU exhaust� ow, and the supersonic
� ow emitted from the downstream APU surge line creates a large
inward component of the � ow (illustrated by a particle trace ema-
nating from the tip of the inlet door). This inward � ow sweeps the
hot exhaust gases inboard and results in a high-temperature region
on the surface adjacent to the APU exhaust port. The relocation of
the surge line � ow to the inboard position diverts the exhaust � ow
downstream, away from the vulnerable inboard area. Consequently,
the extent of the surface temperature footprint inboard of the APU
exhaust port in the modi� ed case is vastly reduced.

Although a grid resolutionstudy would be desirable to assess the
quantitative accuracy of the solution presented, the trends identi-
� ed corroboratedthe results of previous APU exhaust impingement
analyses. In this way, the current CFD investigation served (in a
timely fashion) to reduce the overall risk associated with the pro-
posed design modi� cation.
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Introduction

T HE � ow� eld in the tip region of a lifting wing is of great
interest to the aircraft designer. This region of � ow can have a

strong in� uence on the performance of a wing and the production
of induced drag. Efforts have been made over the years to reduce
the induced drag associated with a lifting wing and to improve the
overall lift-to-drag ratio by modifying the wing and the wingtip
con� guration.

One technique that has been the subject of several investigations
is the use of pneumatic blowing outward from the wing tip. The
active nature of such a technique offers the advantage that it can be
utilized during the phases of � ight at which it is best suited. Past
efforts in analyzing the effect of blowing in the wing tip region have
concentrated on � ow visualizationand � ow� eld measurements.1 ¡ 4

Some progress has been made toward identifying several aspects
of the complex � ow mechanisms, but more measurements of the
global effects on the lift and drag of the wing are required.

This study looks at the overall lift and drag characteristics as-
sociated with blowing from the wing tip with a discrete planar jet
exploitingthe Coanda effect. The jet geometry has been designed to
enhance the effect of blowing by vectoring the jet mass � ow against
the natural tip vortex. Comparisons involve variations in blowing
coef� cients and angles of attack at a constant Reynolds number.

Experiments
The test model shown in Fig. 1 is a rectangular wing of 300-mm

chord with a half-span aspect ratio of 1.9 and with an NACA 0015
aerofoil section. The wing tip was designed as a body of revolution,
and the jet outlet was faired into the shape to minimize the distur-
bances of the duct outlet geometry.The centerof the Coanda jet was
located at quarter chord and was 30 mm wide. Interchangeabletips
were speci� cally designed to allow the change between the solid tip
for the reference case and that of the Coanda jet.

The tests were performed in a closed circuit wind tunnel with a
1270 £ 914 mm test section at a freestream speed of 25 m/s. The
Reynolds number based on chord was 5.1 £ 105. Freestream tur-
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bulence intensity was measured at 0.3%. A six-componentbalance
was used to obtain the forces acting on the wing and a calibrated
mass � ow meter was used to determine the blowing coef� cient of
the Coanda jet. Standard wind-tunnelwall and blockagecorrections
were applied to the results.

Results and Discussion
Experiments were run for the reference case and the Coanda tip

with blowing coef� cients up to 0.01. The angle of attack ranged
between 0 and 14 deg. For this study the blowing coef� cient is
de� ned as

C l = ÇmV j / q 1 S

where Çm is the mass � ow rate of the blowing jet (kilograms per
second). V j (meters per second) is the velocity of the jet, and q 1
is the freestream dynamic pressure (pascal). S is the reference area
(meters squared) taken as the planformarea of the half-wing.Blow-
ing coef� cients tested fall in the range of those consideredby other
investigators.1 ¡ 4

Lift Enhancement due to Blowing

It has been reported in other investigations1 ¡ 4 that a lifting wing
experiences a lift enhancement due to spanwise blowing. In the
study by Tavella and Roberts2 simple scaling laws were derived to
predictthe effectof blowingon lift enhancement.This approachwas
based on perturbingthe span of the wing by treating the jet as a thin
momentum sheet subject to a pressure differential. The following
equation was derived as a result1:

D CL / CLo = k1 F( A)(C l / a )
2
3

where k1 is a constant dependent on jet geometry and F( A) is a
function of aspect ratio. A comparison was made to assess the lift
enhancement results obtained in this study to the most favorable
jet geometry reported by Lee et al.1 Figure 2 shows a comparison
of these results. As can be seen from Fig. 2, the proposed scheme
appears to be more effective than the jet con� gurations reported by
Lee et al.1

Effects of Blowing on Aerodynamic Ef� ciency (Lift-to-Drag Ratio)

Figure 3 shows the lift-to-dragratio for the wing without blowing
and with a blowing coef� cient of 0.01. Over the higher lift coef� -
cients there is a distinct increase in the lift-to-drag ratio. For a CL

value of 0.8, the wing experiences an increase of about 6% in the
lift-to-drag ratio for a C l of 0.01. In the lower CL range (below 0.3)
where induced drag is small compared to pro� le drag, the effects

Fig. 1 Wing model, show-
ing Coanda jet location.


