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Abstract

Intake geometries result in unwanted secondary flows and formations of vortices which affect the engine perform-
ance. This paper investigates the effects of the curvature and cross-sectional shape transitioning of the actual F-5 duct.
Two additional different geometries were set up to isolate each parameter; a circular cross-sectional duct with similar
centerline configuration and a straight duct with similar cross-sectional transitioning as the F-5 duct. To measure the
efficiency of duct flow, the distortion index (DC (60)) and pressure recovery are used. It is found that the straight duct
with similar cross-sectional transitioning as the F-5 intake resulted in a 2.1% increase in pressure recovery and an 86%
decrease in distortion when compared with the baseline intake. Also, the baseline intake resulted in a 0.5% increase in
pressure recovery and a 15% decrease in distortion compared to the constant circular cross-sectional duct.
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1. Introduction

The intake lies in a fore portion of the propulsion
system in a plane. In the twin engine F-5 Fighter,
each intake lies within the wing-root section of the
aircraft. The placement and design of the intakes fol-
lows the contours of the main body of a fighter plane
for external aerodynamic reasons. It is because of
these reasons that a meandering shaped diffuser re-
sults. The curvature of an intake could result in un-
wanted secondary flows and formations of vortices
which would inadvertently affect the engine perform-
ance and could result in flutter and stall. Within the
intake, a multitude of ramp and bleed systems gov-
erned the airflow towards the boundary between the
engine and the intake, known also as the Aerody-
namic Interface Plane (AIP). To simplify this study,
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the geometry simulated investigates the intake solely
without any integrated systems. The geometry fo-
cused is at the port side of the F-5 Fighter..

The simulation program that is built on and used in
this research is COMSOL [1] [2]. The validation is
initially done by comparing results of the S-duct [3].
Upon validation, similar boundary conditions are
implemented into the F-5 duct. Taking the F-5 as the
baseline configuration, two additional geometries are
then set up. The two geometries isolate each parame-
ter; a circular cross-sectional duct with similar center-
line configuration to isolate cross-sectional shape
change; and a straight duct with similar cross-
sectional transitioning as the F-5 duct to isolate cen-
terline curvature. Airflow efficiency is measured by
comparing recovery and distortion factors.

2. Previous studies

The non-diffusing circular s-duct [3] was repro-
duced in the present paper. Contra-rotating vortices
were found embedded in the lower part on the exit
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and expelled low-velocity fluid toward the center of
the cross section. This phenomenon was also numeri-
cally obtained using a full 3-d Navier-Stokes equation
[4, 5]. The analysis was solved with algebraic and
two-equation turbulence models.

The issues of changing cross-sectional shape as
well as centerline curvature were described in nu-
merical simulation studies [6, 7]. Both geometries
were similar with the present F-5 intake; an elliptical
inlet that transcends to a circular exit. Two other ge-
ometries to isolate the factors of changing cross-
sectional area and centerline curvature were set up.
While centerline curvature in the baseline F-16 con-
figuration is strong enough to produce secondary flow
vortex, the changing cross-section shape suppresses
its formation.

This present paper attempts to build on existing
works of [6, 7]. Using the F-5 duct as geometry, pres-
sure recoveries and distortion coefficient (DC) factors
are introduced to quantify the effects of cross-
sectional shape change and centerline curvature.

3. Governing equations

The present simulations have been performed using
COMSOL, based on the finite elements approach [1].
Two turbulence models were used on the non-
diffusing circular duct. Both the k-¢ [1] and k-Q [2]
physics settings are modeled using the General form.
Constant enthalpy was assumed to exist in the duct
and hence the energy equation was not included.

Written in COMSOL environment, the Navier-
Stokes equations are shown below:

Momentum equation:

ou-Vu =—Vp+V-[(ﬂ+ﬂT)(Vu+(Vu)Tﬂ

(—(2/3)(V-u)I)+F 1)

where p is density, « is the axial velocity of the duct,

p 1s static pressure, # is the dynamic viscosity #r is the

turbulent viscosity and F'is force per unit volume
Continuity equation:

V-(pu)=0 @)

The k-¢ and k- Q turbulence energy and dissipation
equations are derived and explained in [1] and [2].
The constants used suited in their standard forms.

4. Boundary conditions

The CFD simulations for the circular S-duct as well
as the F-5 intake were conducted with a uniform ve-
locity of 0.6 Mach. The symmetry of the S-duct al-
lowed for a slip condition to exist at the symmetrical
plane. This condition was however not present for the
F-5. A neutral boundary condition was thus specified
as the outlet condition for both ducts. This results in a
zero gauge pressure condition present at the outlet.
The turbulent quantities are defined using the turbu-
lent kinetic energy and dissipation rate, further ex-
plained in [1] and [2].

5. Measurements for total pressure coefficient,
pressure recovery and distortion coefficient
(DC)

The total pressure coefficient used in the intake sta-
tions is measured by:

Total pressure coefficient

= (Plotal, local — Pstatic, inlet boundary)/ (denamic) (3)

Both pressure recovery and DC (60) values are
taken at the AIP datum.

6. Results and discussion

6.1 Circular S-duct

The dimensions of the non-diffusing circular s-duct
[3] are shown in Fig. 1. The inlet speed is chosen at
Mach 0.6, resulting in a Reynolds number of 1.76 x
10° with respect to the inlet diameter. These values
are used to replicate the similar experimental condi-
tions.

Convergence test are carried out to identify the
suitable number of elements required. The number of

x=10
D =0.1651 m

Fig. 1. The circular S-duct geometry used for validation
analysis. R, the radius of curvature, is 32.5 inches, or 0.8255 m.
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Fig. 2. Total pressure contours comparison between experimental and k-¢ and k-Q results respectively at the reference station.
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Fig. 3. a) Baseline configuration, b) Circular cross-section configuration c) Straight centerline configuration.

elements where solution is independent of mesh den-
sity is found to be approximately 2473, resulting
about 23188 degrees of freedom. The meshing quality
was kept above 0.3 so that the solution resulted would
not be affected. Denser mesh was also fitted near the
wall boundaries to adequately capture boundary layer
separation. This resulted in y* values between 30 and
300.

The high number of degrees of freedom requires an
iterative solver for convergence. The Flexible Gener-
alized Minimum Residual (FGMRES) solver with
VANKA preconditioner is chosen. A relative toler-
ance of 10 E-6 is chosen for linear iterations and the
number for iterations is limited to 10000. The itera-
tions terminate when the relative preconditioned re-
sidual is less than the required tolerance divided by a
factor, which is set under the error estimate factor of
400. Finally, the number of restarts for the solver to
perform is limited to 50. This is number of iterations
the solver does to achieve the desired convergence
criteria, before a restart to the initial condition. The k-
¢ and k-Q simulations were carried out on a Pentium
IV PC, consuming about 30 and 35 minutes of the net
CPU time per run respectively.

Results are compared by taking total pressure con-
tours at reference station downstream of the duct as
indicated in Fig. 1. Simulations for COMSOL and
experimental results are plotted in Fig. 2.

Based from the experimental results, the final sta-
tion (the station at the end of the second bend), forma-

tion of low total-pressure flow could be seen at the
outer portion of the bends. This formation is attrib-
uted to the difference in static pressure gradients that
existed in both the first and second bend, pushing the
low velocity fluid towards the core similar to experi-
mental results obtained [3].

From the comparison of results, it can be seen that
both the k-¢ and k-Q models showed good agreement
with the experimental data. The size of the core flow
as well as vortex formation matched reasonably to
that obtained by experimental data. The shape of the
core flow obtained by the k-Q model provided
slightly better accuracy, as seen at the curvature of the
core flow as well as the resultant vortex formation.

6.2 Effects of centerline curvature and change in
cross-section shape

The k-Q model was then used to simulate in the F-
5 intake and two additional geometries to investigate
the effects of curvature and cross sectional transition-
ing (Fig. 3). The first was the baseline F-5 intake (Fig.
3a). The second geometry had the same centerline
shape and area distribution as the baseline configura-
tion, but with circular cross-sections (Fig. 3b). The
third has the same cross-section shape and area distri-
bution as the baseline configuration, but with a
straight centerline (Fig. 3c).

Similar meshing as well as solver settings was used
for the F-5 duct geometry. A total of 4134 elements
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Fig. 4. The baseline duct shows the total pressure contours analysis of the F-5 port side duct solved by the k-Q model. The outlet
boundary indicates non-axis symmetry character, an undesirable compressor intake feature. Proper orientation of the duct with
respect to normal flight will mean that the above views will have to be rotated 90° clockwise. The circular duct with similar
centerline shape (centre) showed similar profile shapes as the baseline configuration (left). The straight duct with similar cross-
sectional shape (right) as the baseline configuration showed better symmetry and pressure recovery.
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Table 1. Predicted pressure recoveries and distortion coeffi-
cients of the three ducts.

CPU Time Pressure
Duct type DOF (seconds) recovery DC(60)
F-5 37750 4206 0.973 0.33
Circular 32846 2318 0.968 0.38
Straight | 36036 | 4005 099 | 0045
centerline

were used (with grid invariant test) to generate ap-
proximately 37750 degrees of freedom. Computation
time took approximately 1.2 hours of the net CPU
time per run.

Regions of low total pressure were present at the top
left side of the F-5 baseline duct, and this character
remained unchanged throughout. At the outlet bound-
ary (4.5 m, Fig. 4(e)), it can be seen that there is a non-
axis symmetry formation. This high total pressure
distortion is undesirable for the intakes of engines.

The total pressure coefficient for the circular cross-
section duct with similar centerline shape is virtually
identical to that obtained by the baseline configuration.
The region of high total pressure persists at the bottom
right side of the duct as obtained by the baseline con-
figuration. However, pressure recovery is lower than
that compared to the baseline configuration.

For the straight centerline configuration, results show
a significant difference from the baseline and circular
configurations. The total pressure profiles throughout
the duct are symmetrical. Pressure recovery is also
notably greater in the straight centerline configuration
as one is expecting. This is seen in the higher ranges of
maximum and minimum total pressure values.

Distortion coefficient and pressure recovery values
are given in Table 1. Compared to F-5 duct baseline
values, it can be seen that the straight centerline duct
resulted in the best pressure recovery and lowest dis-
tortion.

In all, changing the cross-sectional shape of the
baseline duct to fully circular will result in a decrease
in pressure recovery of 0.5% and an increase of 15%
in distortion coefficient. Changing the centerline cur-
vature into a straight duct would result in an increase
of pressure recovery of 2.1% and a decrease in distor-
tion coefficient of 86%.

7. Conclusion

The following remarks are observed:

1) The k-Q turbulent model provided a slightly
more accurate result as compared to the k- model for
the circular s-duct by visually inspecting the charac-
teristics of core flow and the vortex formation at the
outlet of the non-diffusing duct.

2) The observations confirmed the initial hypothesis
and show that both cross-sectional shape changes and
centerline curvature play a role in the outcome of the
air flow profile. A straight-line configuration produces
the best pressure recovery and distortion coefficient.

Further studies can be enhanced by putting the cal-
culation losses in tandem with the results of distortion
flow through the compressor and engine face to give
an overall view of the intake propulsion of a fighter
plane.
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