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Abstract

This paper aims to design and analyze an in-
verted dorsal intake for military aircraft applica-
tions with adequate efficiency in a wide range of
operating conditions. The configuration of the
intake was modeled after analytic and numeri-
cal analysis, resulting in a supersonic diffuser
with rectangular cross section and external com-
pression, followed by a three dimensional tran-
sitioning S-duct diffuser with circular cross sec-
tion at exit plane. In addition, a swept wedge-
type boundary layer diverter and a bleed system
with porous wall were designed in order to in-
tegrate the intake over an air-to-ground fighter
aircraft. Reynolds-averaged Navier-Stokes sim-
ulations are conducted to understand effects of
propulsion-airframe integration on the flow field
around the intake and the aircraft. The main
results found in this work shown that appropri-
ate performance and compatibility characteristics
were maintained during subsonic and transonic
flight simulations. However, for supersonic ve-
locities, the flow expansion on the fuselage and
wings produced an increase in the local Mach
number into the intake entrance, which reduced
its performance levels. These features infer that
dorsal intakes are a promising alternative for air-
craft that require only reasonable supersonic ma-
neuverability capabilities and high subsonic and
transonic capabilities.

1 General Introduction

Aircraft conception with dorsal intake config-
urations arose in the 1960s due to investiga-
tions performed about new design features that
could be used on the military vehicles of that
time. This led to propose an aircraft that mixes
the interceptor and the fighter-bomber capabil-
ities [1]. Nowadays, this unconventional in-
take position continues to be used on aircraft
designed for several applications, such as Un-
manned Aerial Vehicles (UAVs), heavy bombers,
silent supersonic technology demonstrators, su-
personic business jet and, in our case, an air-to-
ground fighter aircraft. Following the previous
idea, the most relevant advantages of this posi-
tion include: a low radar signature by integrat-
ing the engine into the aircraft using an S-duct
diffuser, which prevents direct radar line-of-sight
to the engine face, unobstructed lower-fuselage
for more weapons integration capabilities, which
also eliminates engine-intake compatibility prob-
lems during weapons load and delivery, reduc-
tion of the incidence of foreign objects damage
(FOD) inside the engines, which reduce mainte-
nance cost and reduction of the aircraft structural
weight due to the decrease of the duct length [2-
51

On the other hand, advanced and current
studies have suggested that inverting the intakes
upside-down regarding the flow direction aids to
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obtain more compression effects by the fuselage
and the flow diverter, which allows to control and
stabilize the normal shock wave just inside the
cowl lip. In this way, the fraction of air spilled
around the intake is a minimum and the intake is
said to be "matched" to the engine [6-8]. In ad-
dition, this configuration presents a lower exter-
nal drag coefficient due to the changed pressure
distribution between the inverted intake cowl and
the boundary layer diverter, when compared to
non-inverted intake configurations [9]. Finally,
inverted intakes can enhance the performance at
high angles of attack due to the mass flow rate re-
mains constant and then, the total pressure recov-
ery decreases in a limited range [9-11]. This is
the reason why some experimental aircraft with
dorsal-inverted intakes are being designed, such
as the TsAGI SSBJ concept [12, 13] and the
SSBJ/SSCJ [14, 15].

Nevertheless, this non-conventional configu-
ration presents several constraints that must be
overcome in order to be installed on any aircraft
successfully. For example, there is the necessity
of a suppression method to reduce the interaction
between intake shock waves and fuselage bound-
ary layer. Therefore, the efficient design of an
adequate boundary layer diverter is undoubtedly,
the most important parameter to be considered
for designing and integrating a dorsal-inverted in-
take on an aircraft.

In sum, the objective of this paper is to con-
ceptually explore the inverted rectangular dorsal
intake characteristics that could expand the capa-
bilities of an air-to-ground fighter aircraft, called
F/AB-31 "Bravo". Before proceeding, it is neces-
sary to determine the condition to design the in-
take, therefore, the "Escape-Dash" phase accord-
ing to a typical mission profile of an air-to-ground
fighter was selected (On-design condition). In
this phase, aircraft usually accelerate to a high-
speed dash of Mach = 2 at which, a common jet
engine loses 8% of the free stream total pressure
through the intake, suffering a thrust reduction
of 13% and consequently an increase of 5% in
fuel consumption [16]. For these reasons, in an
attempt to improve the relation between intake
pressure recovery and aircraft wave drag, the in-

take was modified to create a non-conventional
one.

The intake design is comprised of two sepa-
rate methods: an analytic-parametric tool for siz-
ing the intake geometry and high-fidelity CFD-
based analysis for accurate performance evalua-
tion and improvement of intake-airframe integra-
tion of dorsal configurations. In the present study,
several flight conditions were assessed, including
supersonic, transonic and subsonic velocities, as
well as a wide range of angles of attack.

2 Brief description of the military aircraft
under study

An air-to-ground fighter aircraft is a tactical mil-
itary aircraft that has the primary mission of car-
rying out airstrikes with greater precision than
bombers. This class of aircraft is designed to en-
counter strong low-level air defenses while press-
ing the attack, i.e. most of the aircraft are de-
signed for close air support and naval air-to-
surface missions, overlapping the tactical bomber
capabilities [17].

The aircraft presented in this work has been
designed following the framework of aeronau-
tical engineering as defined by Whitford [16],
Roskam [18] and Raymer [19], i.e. the concep-
tual, preliminary and detailed phases. Each phase
has its own characteristic, involving aerodynam-
ics, propulsion, and structural design, which re-
strict the entire aircraft design process. In this
case, a special tool was developed in order to
perform a step-by-step analysis of the conceptual
design phase of the F/AB-31 aircraft, where the
most important parameter is defining the design
requirements of it.

In case of ground support (or attack) aircraft,
whose primary task is the destruction of enemy
logistics and/or support for ground troops under
fire, some design requirements and objectives in-
clude: short take-off and landing distances for
quick military operation, high Thrust-to-Weight
(T/W) ratio, as it helps in low altitude maneuver-
ability in order to quick ingress and egress from
the combat area; high weapons load capacity, as
it enables engagement of a large number of tar-



DESIGN AND PERFORMANCE ASSESSMENT OF AN INVERTED RECTANGULAR DORSAL

gets; a reduced radar cross section (RCS), as it
decreases the distance at which the enemy can
detect the aircraft using radar; ruggedness, as the
aircraft should be able to take some amount of
punishment and return to base station; high range
and endurance on target, as the ground troops
may require support for an extended period of
time, with corresponding weapons load; and high
supersonic speed for quick escape dash and eva-
sion [20, 21]. Table 1 summarizes some design
requirements established for the F/AB-31 Bravo
aircraft.

Table 1 Design requirements of F/AB-31 Bravo.
Requirement Performance
Take-off distance < 500 m

Cruise speed Mach 1.2-1.4
Escape dash Mach 2
Rate of climb 254 m/s

Supersonic turn
Subsonic turn

Mach 1.5 at 5 g-load
Mach 0.8 at 5 g-load

Acceleration Mach 0.8to 1.5, A; <50s
Landing <500 m
MTOW 14000 Kg

Most of the design requirements presented
above are related to the flight phases that the air-
craft is to be designed for. Therefore, the appli-
cation of the constraint analysis allowed to calcu-
late the main performance characteristics of the
aircraft in relation to each phase of flight. Those
characteristics are: the Wing Loading (W/S)
and the Thrust to Weight Ratio (T/W), which
means that, the required thrust, the wing geom-
etry and the weights distribution are the param-
eters that have the greatest influence on engine
performance, fuel consumption and the maxi-
mum cross-section area of the aircraft. After
computations, the design point of the F/AB-31
aircraft minimized the engine power and also the
wing loading, which reduce the fuel consumption
and enhance its aerodynamic characteristics. The
design point of the F/AB-31 aircraft was set at
T/W = 0.92 and W/S = 415 Kg/mz, which rep-
resent a non-installed thrust (T = 126.3 kN) and
wing area (S = 34.1 m?) according to its Max-
imum Take-off Weight (MTOW). More specific
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details are found in Bravo-Mosquera [22]. The
F/AB-31 aircraft is shown in Fig. 1.

Fig. 1 F/AB-31 "Bravo" aircraft.

3 Aerodynamic design of the intake

The intake in a jet propulsion system must satisfy
an essential requirement; decelerate and com-
press the incoming airflow to subsonic speeds for
entry into the engine [7]. This airflow should be
free of distortions, stable and be able to trans-
form most of the kinetic energy into energy due
to pressure [8]. Therefore, a correct estimation
of the number of ramps needed to reduce the rel-
ative velocity of the aircraft was developed, fol-
lowed by an S-shaped subsonic diffuser to make
viscous loss small as possible by setting opti-
mal area distribution. In addition, the process of
intake-airframe integration must be developed by
designing an efficient boundary layer diverter and
a bleed system to improve the aerodynamic per-
formance of the intake by removing the boundary
layer developed on the fuselage and ramps.

To design the intake, it should be considered
that the thrust value obtained by the constraint
analysis represents only the ideal performance
of the engine, in the sense that it corresponds
to an installation without external drag. There-
fore, assembling the engine within the airframe
inevitably induces forces on the external surfaces
(intake and nozzle) that increase the total drag,
commonly called "self-drag" forces [23]. These
additional forces, as were appointed by Gold-
smith and Seddon [7] must be counterbalanced
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by added uninstalled thrust. Exclusively the ex-
ternal loss coefficient of the intake and nozzle
were considered for each flight condition of the
aircraft mission requirements. As the nozzle is
not the focus of this study, the loss coefficient of
it (0n, = 0.03) were added considering a propul-
sion system with similar characteristics [23].
The analytic estimation of the external loss
coefficient of the intake (¢7,) was calculated re-
garding the Eq. (1) and assuming that the intake
is operating at critical condition (Ideal), see Fig.
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Fig. 2 Intake system operating at its critical con-
dition.

where A represents the capture area of the
entire admission system, Ao; is the area of the su-
personic diffuser, Ag is the cross-sectional area
in the engine entrance, Ap; is the boundary layer
bleed area, A; is the throat area, F /iy is the spe-
cific thrust when the engine is not installed on
the aircraft, ag is the sound velocity and g. is the
Newton’s gravitational constant.

In the current design phase, two assumptions
should be done. The intake area A; must be
sized to accept slightly more airflow than the en-
gine requires in order to prevent internal bound-
ary layer separation. In addition, the bypass and
bleed flows must return to the free-stream with
velocities that are sonic and aligned with the free-
stream velocity. This suggests that A; must sim-
ply exceed the largest required Ag by the min-
imum amount needed for boundary layer bleed
and margin of safety. The amount of boundary
layer bleed depends on the intake type and de-
sign shape [7, 8], and, for this case, it will be

about 4% to account for external compression in-
take. Therefore, A} = 1.04A¢ [23].

Once A1 has been selected, the Eq. (1) can
be directly evaluated at any given flight condi-
tion (i.e., ap and Myp) and engine power setting
(i.e., Ap and F /mg). The minimum engine size
required is that for which allows that the unin-
stalled thrust (7;,) be approximate to the required
installed thrust (7,) for the most demanding flight
conditions, i.e. [(T/W),/(T/W), ~ 1]. In this
context, the required installed thrust was calcu-
lated considering the installation penalties of the
intake and nozzle using the following expression:

T,:Tu(l _¢In_¢N0) 2

Table 2 summarizes the process to select the
engine, considering the self-drag forces, the de-
sign requirements and the design point of the
F/AB-31 aircraft.

Table 2 Engine required thrust loading (T'/W),
for (T/W),=0.92.

. T/W
Requirement Mo TN owtowe TV (§) TE
Take-off 0.1 124.7 0.0142 123 0.89 0.97
Cruise speed 1.4 106.5 0.043 101.8 0.74 0.8
Escape dash 2.0 1253 0.047 119.3 0.86 0.94
Supersonic turn 1.5 131.3 0.039 126.1 091 0.99
Subsonic turn 0.8 91.9 0.017 90.3 0.65 0.71

Acceleration 1.2 126 0.019 123.5 0.89 0.97

Checking engines that accomplish these re-
quirements, and after tradeoffs studies among
safety, performance, and cost, the Pratt & Whit-
ney F100-229 engine was selected to be used in
the aircraft.

3.1 Supersonic diffuser

The preliminary design of the supersonic diffuser
aims to optimize the performance of the P&W
F100-229 engine. This is achieved by providing
a correct quantity and quality of mass flow into
the engine. An adequate estimation of the num-
ber of shock waves needed to reduce the relative
velocity of the air was developed (station point
1 to 4 of Fig. 3). This is a non-isentropic pro-
cess due to frictional effects and shock waves,
which manifests itself as a loss of total pressure
[24]. However, the total pressure recovery (Ng)
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was maximized by selecting an adequate num-
ber of compression ramps. For this purpose, a
MATLAB program was developed following the
charts of compressible flow presented in Ander-
son [25] and Barnhart [26]. The code is char-
acterized by using two computational package in
order to find the ramp angles and areas ratio that
minimize the total pressure loss through the in-
take. The first package calculates the shock an-
gle (0), using Mach and ramp angles (9) as in-
puts. The second package determines the static
pressure, total pressure and Mach downstream of
the shock waves by considering upstream con-
ditions, which can easily be evaluated assum-
ing adiabatic and isentropic flow. The aforemen-
tioned approach was an iterative process in which
two compression ramps and the cowl angle were
varied from & = 0? to 20°, until find the optimal
configuration. The outline of the supersonic re-
gion of the intake is shown in the Fig. 3. It is
observed that its geometry is formed by the solu-
tion of the compressible flow normal and oblique
shock relations at On-design condition.

4

Fig. 3 Geometry of the supersonic diffuser at On-
design condition.

After iterative computations, the external air
compression system consists of two ramps with
deflection angles of 7°. The third ramp represents
the cowl lip and was designed with straight lead-
ing edge and deflection angle of 8° for match-
ing the shocks at flowing over the swept bleed-
ing wedge and also minimizing the cowl lip drag.
The ramp angles provided the maximum theoreti-
cal total pressure recovery for the widest possible
range of free stream Mach numbers, according to
the military specification MIL-E-5008B [23].

After the shock system appears the throat
(station point 4 to 5 of Fig. 3), which represents
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the transition zone that ensures the reattachment
of the boundary layer after the terminal normal
shock. Its area was calculated considering the
generalized external compression geometry, from
A to A;. Therefore, the inlet mass flow ratio was
calculated as:

Aoi _ Aoi Ar

Ao _ Ao 3
A A A )

where A, /A is determined by the geometry
of the intake. The shock system determines the

area ratio Ao;/A; using conservation of mass, as
follows:

m =y “4)
thus
Ao p:Vi
= 5
Ar poVo ©)

In this way, the ratio of density times velocity
in Eq. 5 can be calculated in terms of the total
pressure ratio and the Mach numbers using the
mass flow parameter (MFP) and the isentropic
area ratio (A/A*) defined for a calorically perfect
gas. Those terms are tabulated in many gas dy-
namics textbooks, such as [8, 23, 25, 26].

3.2 Subsonic diffuser

Once determined the geometry and the efficiency
of the supersonic diffuser, analytic methodolo-
gies were implemented to the preliminary design
of the subsonic diffuser (Fig. 4).

;/R
Diffuser "~ '~§\7 ~
center line Z/R I

3D diffuser
initial plane

A
(/R =0) 0

x/R

Fig. 4 Geometry of the subsonic diffuser at On-
design condition.

Throughout the subsonic diffuser (station
point 5 to 6 of Fig. 4), the flow field was solved
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using a quasi-one-dimensional approach where
the subsonic flow was diffused and decelerated to
a higher static pressure and lower Mach number.
As the intake is not aligned to the engine, a S-
duct shape provided a smooth transition from the
conditions at the throat to those required at the
engine face, with minimal total pressure losses.
At this point, two design specifications must be
considered. For example, the engine face area
was calculated from the circular fan face diam-
eter minus the circular area of the spinner hub,
i.e. (hub/tip) ratio [27]. Besides, the length of the
subsonic diffuser must be directly specified as an
input to match a specified expansion angle (20d).
In this case, the expansion angle is equal to 129 to
reduce expansion loss, enhance total pressure re-
covery and reduce the aircraft empty weight due
to its short length.

The assessment of the total pressure recov-
ery of the subsonic diffuser (PRy,;) was devel-
oped assuming that the total temperature is con-
stant [28]. Then, its value was determined by the
amount of viscosity losses through the S-duct us-
ing the Borda-Carnot loss equation, which is an
empirical description of the mechanical energy
losses of a fluid due to flow expansion [29, 30].

The total pressure recovery (Mg) at the engine
face was determined as the product of the total
pressure ratios among the stations throughout the
entire intake, as shown in Eq. 6:

3
Mg = [ [ PRi X PRy X PRy (6)
i=1

where PR; is evaluated as the total pressure
losses through the oblique shock waves and PR,
is the total pressure loss downstream the terminal
shock wave.

On the other hand, the subsonic diffuser
changes its cross-sectional area from a rectan-
gle (throat) to a circle (engine face) over its ax-
1al length, commonly known as "super-elliptical”
shape [27-31]. Therefore, the diffuser center line
(see Fig. 4) was sized regarding a fifth order
polynomial in terms of (x/R) using the Eq. 7.

X X x\2 x\3
te() =teo+le (g), +1e (%), +1e (7), -
x\4 X\

1o (), e (7).

The constants of the last polynomial (Ic(,/g))
were found according the method proposed by
Wendt [31]. The first and second spatial deriva-
tives were equaled to zero at the initial and

exit duct boundaries. The super-elliptical cross-
sections were defined by the following equation:

/ i\ nl/n
Z
SO N

where (y'/R) and (Z'/R) represent the orthog-
onal coordinate system showed in Fig. 4. The
constants (b) and (n) are also fifth order polyno-
mials in terms of (x/R), which were found in the
same way as Eq. 7. In case of (b(x /R)), constants
are obtained assuming that the diffuser bottom
surface centerline has not curvature. The super-
elliptical exponent (n(x / R)) controls the nature of
the diffuser corners, therefore, constants of this
polynomial are determined from an iterative fit-
ting procedure to the desired cross-sectional area
schedule of the diffuser. Fig. 5 depicts the 3D
transitioning diffuser cross-sectional profiles at
five axial stations spanning the length of this dif-
fuser section.

)

=

3
4 5
B IOISIO
Fig. 5 Cross sections of the 3D transitioning dif-

fuser section at six axial locations.

The final configuration of the preliminary de-
sign of the intake suggests that when the S-duct
shape is combined with radar absorbing material,
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the intake can effectively reduce the radar cross
section of the aircraft [32, 33].

3.3 Boundary layer diverter and bleed sys-
tem

Boundary layer control is a major design con-
sideration in the design of supersonic intakes [6-
8]. Since there is an adverse pressure gradient
in the supersonic diffuser, the boundary layer is
susceptible to separation when this pressure gra-
dient is too severe, as can be the case when shock
waves interact with the boundary layer [23]. To
avoid this problem, active boundary layer divert-
ers are used to remove most of the boundary layer
just prior to the region where interaction with
shocks occurs. In this case, both swept wedge-
type boundary layer diverter and bleed system
with porous wall are designed, as shown in Fig.
6.

Subsonic diffuser

Supersonic diffuser

> Fuselage Boundary layer diverter

(Swept wedge) Bleed system

Engine

Fig. 6a. Side view.

Fig. 6b. Bottom view.

Fig. 6 Intake design including boundary-layer di-
verter and bleed system

The swept wedge-type boundary layer di-
verter was designed to avoid the ingestion of the
boundary layer developed at the top of the fuse-
lage. Its cross-sectional area was restricted in re-
lation to the afore-mentioned hypothesis (A; =
1.04A¢), allowing that (ﬁ’tbl/l’i’ll = Abl/Al)- As
a result, this type of geometry changes the flow
direction in lateral paths (see Fig. 6b), which
causes a smaller pressure gradient in this region.
Furthermore, the swept wedge reduces the drag
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produced by the integration of the propulsion sys-
tem with the airframe, and stabilizes the position
of the terminal normal shock within the intake [7,
19].

On the other hand, a porous bleed system was
designed within the throat in order to decrease
the intake flow rate between the inflow and out-
flow throat stations, improving the intake perfor-
mance. Furthermore, bleed air prevents loss of
total pressure when the intake is forced to work at
supercritical operation. Bleed air is ejected from
the bleed splines to outside, whose exit area is
regulated by opening of about 5% of the capture
area (see Fig. 6a). It should be noted that more
than 5% may influence the sizing of the intake
and enhance bleed drag [8, 24]. Further details
concerning the intake design presented in section
3 may be obtained in Bravo-Mosquera [22].

4 Numerical Method

The numerical simulations of this study were car-
ried out in order to assess and validate the per-
formance of the designed intake before and af-
ter being mounted above the structure of the air-
craft, i.e. on-design and off-design conditions
were studied.

A finite-volume unstructured-grid Reynolds-
Average-Navier-Stokes (RANS) solver is used
in the current flow simulations. The compress-
ible RANS equations are discretized by the cell-
vertex finite volume method coupled with the
Shear Stress Transport (SST) turbulence model.
It combines the advantages of the original k — €
and k — ® models by using the k — ® model near
the wall, and the k — € model away from the wall
[34].

At inlet boundary, the incoming flow prop-
erties were prescribed by the freestream flow at
Mach number of 0.4, 0.9, 1.7 and 2.0. The outlet
condition was imposed with no pressure gradi-
ent. No-slip and adiabatic wall conditions were
imposed on the wall surfaces. Five porous bleed
regions were located in the throat region to ex-
tract the 5% bleed specified in the design. Porous
bleed boundary condition was modeled as outlet
region with a uniform bleed flow rate model that
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extracted a specified amount of flow through a
bleed region defined by a patch of surface grid
points.

For the engine face boundary condition, den-
sity and velocity properties from inside of the
computational domain were extrapolated and a
uniform static back pressure to match the target
mass flow rate was imposed [27, 33, 35]. The
mesh system was composed of structured and
non-structured grid points. The structured grid
was used to model viscous effects near the walls
with boundary layers within normal distances of
Y+ < 5. However, the non-structured grid was
used for the rest of the domain. Figure 7 shows
the external and internal grid configuration on the
integrated simulations. The analyses of this pa-
per used grids containing about 4.2 million grid
points. 1200 iterations were used in each simula-
tion, using a maximum residual of le™5.

Fig. 7a. External grid.

Fig. 7b. Internal grid.

Fig. 7 Computational mesh characteristics

5 Results and discussion

5.1 On-Design condition

The MATLAB code was used to determine the
optimum ramp configuration for Mach numbers

between Mach 1.0 to 2.0 at a pressure altitude
of 10000 km and constant optimum subsonic dif-
fuser.

Table 3 summarizes the main results for the
optimization point of Mach 2.0. The ramp an-
gles, shock wave angles, exit Mach numbers,
pressure recovery (P,/P.) and length values are
listed.

Table 3 Intake properties at Mach = 2.0.

Supersonic diffuser

Station O[deg] ©O[deg] Mach P,/P. Length[m]
1-2 7 36.2 1.74 0.994 0.381

2-3 7 41.87 1.5 0.995 0.55

3-4 8 52.11 1.21 0.993 0.379
Throat

Station Mach P,/P. Length [m]
4-5 0.836 0.991 0.7
Subsonic diffuser

Station Mach P,/Ps Length [m]
5-6 0.67 0.983 2.25
Engine face 0.4 0.956 -

Likewise, the areas of the main sections of the
intake are: A; = 0.509m?, Ag; = 0.464m>, A, =
0.335m?, Ag = 0.490m>.

On the other hand, all the performance results
are compared to a On-Design condition CFD
simulation in order to verify if the MATLAB
code resuls are reliable (table 4).

Table 4 Intake performance summary.

Analytical Numerical

Section Mach P,/P. Mach P,/P.
Freestream 2.0 1.0 2.0 1.0
Super-diffuser 1.21 0982 122  0.979
Normal shock 0.83  0.973 0.85 0.970
Throat 0.83 0991 0.85 0.991
Sub-diffuser 0.67 0983 0.73 0.949
Engine face 04 0956 045 0941

The difference between analytical and nu-
merical values is due to CFD provide increased
level of detail and fidelity, as well as, complex-
ity with the modeling of the turbulent boundary
layers and their interactions with shock waves.
However, the analytical model developed to de-
sign the intake presents reliable results when
compared to numerical ones.

The above analysis demonstrated that the an-
alytical design tool developed was well executed,
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due to the shock wave formation occurred exactly
where were designed. In addition, there were no
significant pressure recovery losses. This is also
possible to understand in Fig. 8. As can be seen,
the normal shock is formed just at the beginning
of the throat (critical operation). Therefore, this
configuration provided the best mass flow quality
to the engine.

Fig. 8 Mach number contour at On-Design con-
dition.

5.2 Intake-Airframe integration

The optimal intake was designed initially to de-
liver the best performance at the design point.
Therefore, an additional study was conducted to
analyze the intake performance during the inte-
gration on the airframe. The study focuses on the
variation of the total pressure recovery and flow
distortion of the intake for different flight con-
ditions such as, flight Mach number and angle of
attack (o). In this way, the total pressure recovery
was calculated as Eq. 9, indicating the efficiency
of the mass flow entering to the engine face.

P,
Nr = P_o )

where P, represents the average total pressure
at the engine face and P, is the average total pres-
sure of the freestream.

Flow distortion at fan faces can be quantified
by calculating flow distortion indicators. The dis-
tortion index is described as Eq. 10.

P, — P,
DCeZ e 0

(10)

qe
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where Py is the mean total pressure on a 60°
sector that has the lowest mean recovery, and
g. is the mean dynamic pressure calculated by
qe = P, — Ps, where Ps is the area-weighted av-
erage static pressure at the engine face. It should
be noted that all data presented in this paper are
for the maximum engine airflow condition.

The Mach number contour of the intake-
airframe integration, along with a more detailed
approximation of the intake geometry are shown
in Fig. 9. In these figures, it is observed that
a part of the expansion wave produced by the
canopy and wings is ingested by the intake, as
a consequence of the shock wave intensity gen-
erated on the upper surface of the fuselage. In
this context, the total pressure recovery suffered
a considerable reduction (nNg = 0.84) compared
to the efficiency of the intake itself (ng = 0.941).

Fig. 9a. Mach number contour.

Fig. 9a. Approximation of the intake geometry.

Fig. 9 Mach number contour of the intake-
airframe integration for Mach = 2.0.
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Efficiency and compatibility intake variation
of the intake-airframe integration in the four
flight regimes studied is shown in Fig. 10.

It can be seen that for low angles of attack,
the dorsal intake system exhibits high total pres-
sure recovery levels and low distortion indexes,
notwithstanding performance decreases with in-
creasing Mach number. This is a result of the
incidence of canopy-dorsal separation at low to
moderate angles of attack, highlighting the im-
portance of careful canopy-dorsal integration of
dorsal intake installations.

0.8
@
= <$-Mach =2
0.6 -&©Mach = 1.7 o)
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$Mach = 0.4
0.4 :

-10 0 10 20 30
(@]

Fig. 10a. Total pressure recovery Vs ¢t .
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Fig. 10b. Distortion index Vs o.

Fig. 10 Total pressure recovery and Distortion
index evaluated for the intake-airframe integra-
tion at Mach = 0.4, 0.9, 1.7, 2.0 for several o.

For supersonic velocities (Mach =2 and 1.7),
total pressure recovery is reduced as the angle of
attack increase. As a result, the distortion index
for both velocities is increased. This leads to a
reduction in inlet recovery and increases the po-
tential for engine-inlet compatibility problems.

Subsonic and transonic intake performance
characteristics are also presented in Fig. 10. Note
that from 0° to 10°, a general deterioration in to-

tal pressure recovery and distortion is obtained.
This performance reduction resulted from the in-
gestion of low-energy flow emanated from the
juncture of the wing leading edge extension and
forebody. However, above oo = 10°, a general
improvement in the intake performance is evi-
denced. This effect is a result of the sweeping
action of the vortex breakdown phenomena pro-
duced by the Leading Edge Extension (LEX) of
the wing, which entrains the low-energy flow out
the intake flow field, i.e. as the angle of attack in-
creases, the leading edge of the wing generates a
vortex which energizes the flow on the upper sur-
face of the wing, delaying flow separation (see
Fig. 11).

ansys
Velocity
LEX
454.6

2.4

[m sh-1] % L

0 1| 1000 2000 (m)
0500 1111 500

Fig. 11 Streamlines at Mach = 0.9 and o0 = 15°.

Fig. 12 and Fig. 13 show the comparisons of
computational total pressure contours at the en-
gine face for 0° and 15, respectively. Clearly,
ingested boundary layers are displayed, present-
ing greater thickness as Mach number and angle
of attack increases. Therefore, all figures demon-
strated the performance behavior obtained in Fig.
10.

6 Concluding remarks

In the present work, different methodologies
were developed with the objective of designing
a new concept of air-to-ground fighter aircraft,
whose main characteristic is to have the air in-
take system in the upper surface of the fuselage.
Throughout its development, the main perfor-

10
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mance characteristics that the aircraft must have
in relation to its operating requirements were
evaluated. Therefore, this evaluation was elab-
orated from the parametric design of the aircraft
to the numerical design of the intake.

The preliminary design of the dorsal Intake
presented appropriate aerodynamic characteris-
tics at all stages of design and evaluation. Al-
though the intake performance was evaluated un-
der different design conditions, it showed appro-
priate levels of performance and compatibility
with the selected engine. Therefore, the code de-
veloped for the design of the internal geometry of
the intake was shown to be objective when com-
pared to the existing techniques in the literature
and CFD simulations.

The numerical analysis of the intake-airframe
integration provided the most relevant results re-
garding the intake performance and the type of
wing selected for the aircraft. Thus, for subsonic
and transonic velocities, the dorsal intake con-
figuration presented appropriate levels of perfor-
mance in terms of efficiency and compatibility
in the face of the selected engine, since the im-
plementation of LEX devices improved the per-
formance of the intake through the action of its
vortices to delay and / or avoid the separation
of the boundary layer at the top of the fuselage.
The ingestion of low energy flow produced by the
proper layout arrangement contributed negatively
to the intake performance. For this reason, the
choice of an appropriate wing configuration was
of fundamental importance in improving intake
performance conditions in all flight regimes.

At supersonic speeds for example, the dor-
sal intake configuration increased the local Mach
number at the intake entrance for all evaluated
angles of attack. Such results have reduced in-
take efficiency levels and increased distortion at
the engine face. This allowed to conclude that the
dorsal intake configuration is not a viable option
for aircraft that require maneuvers of high angles
of attack at supersonic speeds. However, perfor-
mance levels in terms of efficiency and compat-
ibility have been shown to be promising for the
aircraft’s mission, as only high subsonic and tran-
sonic speeds are required, and only supersonic

speeds are used in the escape trajectory phase,
without needing high angles of attack.

In sum, the inlet fully integrated into the fuse-
lage combined with the S-duct diffuser which
can provide line-of-sight blockage of the engine
blades has the potential to satisfy the requirement
of low signature, light weight and low drag for
the next generation propulsion systems.
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