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Results of numerical investigation of flow and performance characteristics of a rectangular supersonic 
intake with boundary-layer bleed system are presented. The effects of several flush slot bleed geometric 
parameters including entrance and exit area, plenum size, rear edge vertical displacement and the 
position relative to the incident shock have been studied to clarify their effects on the compression 
performance. The viscous flowfield has been obtained by solving Favre averaged Navier-Stokes equations 
with shear stress transport (SST) k-ω turbulence model. Moreover, the numerical methodology deployed 
is validated with the experimental data from literature. The analysis has been carried out in the 
freestream Mach number range of 1.8-2.5 and at 00 angle-of-attack, corresponding to a unit Reynolds 
number of approximately 1.9 − 2.7 × 107 m−1. The results show that with the use of bleed, the exit 
flowfield uniformity as well as the critical and peak total pressure recovery (TPR) improves considerably 
at all operating conditions. Furthermore, the analysis indicates that the exit throat area of a slot bleed 
operating at a particular design condition can be increased up to a point such that it is just sufficient 
to eliminate the upstream boundary-layer at its peak operation. The variation in the bleed entrance 
area or its position relative to the throat entrance only alters the critical performance depending on 
the supercritical boundary-layer mass flow loss; however, the peak TPR or the sustainable backpressure 
remains the same at all upstream conditions, controlled by the fixed-exit throat area. Further, it is found 
that for the removal of comparable amount of boundary-layer mass flow, the effects of pure flush slot 
or of a configuration with slight vertical displacement at its rear edge, located at the same position are 
similar.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Supersonic air-intake is an essential component of a ramjet 
engine. The internal flow in the supersonic intake usually gets 
compressed through a series of oblique shocks in the supersonic 
diffuser, a complex shock/expansion fan interaction pattern fol-
lowed by a terminal normal shock (or pseudo-shock) close to the 
throat. The subsonic flow after the normal shock is compressed 
further in the subsonic diffuser, bringing it to the required com-
bustor conditions [1,2]. Typically, a ramjet powered missile that 
operates over a range of Mach numbers and maneuverability con-
ditions uses a fixed geometry intake to ensure cost-efficiency. Such 
an intake system at off-design conditions would experience ad-
verse flow conditions related to shock-shock interactions, shock 
wave/boundary-layer interactions (SWBLIs) [3,4] and many other 

* Corresponding author.
E-mail addresses: subrat@iisc.ac.in (S.P.S. Pattnaik), nksr@iisc.ac.in (N.K.S. Rajan).
https://doi.org/10.1016/j.ast.2021.107286
1270-9638/© 2021 Elsevier Masson SAS. All rights reserved.
flow phenomena (secondary cross flows or vortices [5]); affect-
ing the performance parameters such as pressure recovery, mass 
flow capture, drag, flow distortion at its exit as well as the stabil-
ity margin or the flow unsteadiness (buzz) in the subcritical modes 
of operation [6–8] (discussed in Sec. 2.3). Therefore, fixed geome-
try intakes must be designed to maintain desirable performance 
characteristics in the complete operating regime.

Apart from the complex SWBLIs, mixed compression intake 
configurations (preferred above Mach 2) also suffer from an aero-
dynamic phenomenon known as intake unstart. When unstart oc-
curs, usually a normal or bow shock is induced ahead of the cowl 
to allow mass spillage, resulting in a large reduction in the mass 
flow ratio (MFR) and total pressure recovery (TPR). Unstart might 
occur because of, i) geometric effects: a) over contraction or vari-
ation in operating conditions to lower Mach number such that 
the flow becomes subsonic before the throat [9,10], and b) unex-
pected distortion of the incoming inlet flow because of separation 
of boundary-layer due to SWBLIs (glancing or incident) as a re-
sult of variation in angle-of-attack, Reynolds number as well as 
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Nomenclature

A j Cross-sectional area of flow at jth station . . . . . . . . . m2

BMFR Bleed mass flow ratio

D I Distortion Index, 
P0 fmax

−P0 fmin

P 0 f

EBR/� Throttling degree/exit blockage ratio
FANS Favre averaged Naiver-stokes equations
H j Height at jth station w.r.t. ramp surface
h Bleed rear-edge height w.r.t. the leading-edge. . . . mm
Lb Bleed leading-edge distance from ramp shoulder mm
M j Mach number after jth station
MFR Mass flow ratio
p Static pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
P0 Total pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
P 0 f Area weighted average total pressure at combustor 

face
P0 fmax

Maximum total pressure at the exit of intake
P0 fmin

Minimum total pressure at the exit of intake

P Rb Sustainable back pressure ratio, 
p fback

p∞
Re Reynolds number

SWBLIs Shock-wave/boundary-layer interactions

TPR Total pressure recovery, 
P0 f
P0∞

w Intake width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
Y + Non-dimensional wall distance, ywall × u∗/ν , u∗ =√

(τwall/ρ)
X, Y , Z Axis in the streamwise, vertical and spanwise direction
1D, 3D One-dimensional, Three-dimensional
� Bleed plenum leading wall slant angle w.r.t. local flow 

direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg.

Subscripts

c Cowl station
e Bleed entrance
eth Bleed exit throat
f Intake exit/combustor entrance station
t Throat entrance
0 Stagnation/total condition
∞ Freestream condition
wall temperature conditions [10]. However, it should be noted that 
practically in presence of the cowl shock, in all the above cases 
the triggering mechanism is mostly SWBLI. Secondly, because of ii) 
operational effect: that is excess combustor backpressure condition 
when the terminal shock is expelled upstream of the cowl [8]. For 
the convenience of reference, in this paper we shall name the first 
unstart mechanism as “unstart because of SWBLI” and second type 
as only “unstart”.

A number of studies have been carried out in the literature 
to provide an understanding of the effects of various internal 
geometric concepts (for supersonic diffuser, throat and subsonic 
diffuser) [1,2,11–13], upstream flow conditions [13,14], unstart 
[12,14], buzz oscillations [6–8] as well as the various active and 
passive boundary-layer control methods [14–19] on intake perfor-
mance. According to these studies, out of the various boundary-
layer control methods, the active control using a bleed system 
is the most preferred method for practical usage because of its 
strong impact on performance improvement. Several investigations, 
considering different types of intakes such as rectangular, axisym-
metric, chin as well as wavecatcher/three-dimensional (3D) intakes 
[12–18] have shown that use of bleed and bypass systems lead 
to, i) an improvement in pressure recovery and flow uniformity 
because of the decrease in flow separation and the losses across 
the SWBLIs, ii) a delay in buzz oscillations because of shock sta-
bilization [8,12] as well as iii) alleviate the “unstart because of 
SWBLI” [19–21]. It should be noted that, though the bleed sys-
tems result in an improvement in performance, they add to a loss 
in captured mass flow leading to drag penalty and the associ-
ated ducting leads to weight penalty. Thus, bleed system design 
that involves the complex process of selection of bleed type, siz-
ing and positioning at the region of SWBLIs, aims at maximizing 
the total pressure recovery (TPR) with minimal mass loss. Sev-
eral studies have been reported in the literature to provide an 
understanding of the effects of these bleed parameters on intake 
performance.

Several research groups [22–24] have investigated the effect of 
bleed entrance and exit areas, including porous bleed parameters 
like hole diameter, number of holes, stream-wise spacing and slant 
angle. A detailed review of literature shows that, in the earlier 
studies the bleed entrance area is found to vary between 10-70% of 
the intake area, with a bleed mass flow ratio varying from 3-10% 
in the Mach number range of 1.5-3.5. Moreover, these investiga-
2

tions only provide the overall trend of the effects of entrance and 
exit area variation on the performance; and there is no standard 
parameter or guidelines to decide the sizing for new intakes of 
unlike geometry and size.

In addition to the bleed sizing, the choice of its location is also 
important to achieve optimum performance in the complete op-
erating regime. Different studies have applied the bleed system in 
the neighborhood of the throat on the ramp/centerbody [16–20]
and cowl [23], sidewalls [5,23] as well as the subsonic diffuser 
[15]; and found to have positive effects on the performance. Fisher 
[5] and Neale et al. [23] have shown that in rectangular intakes 
the requirement of sidewall bleed systems can be avoided by plac-
ing the bleed at the throat. Soltani et al. [24] have concluded that 
the effectiveness of bleed system located upstream of the throat 
is higher, when applied at a position in the vicinity of the SWBLI 
and close to the throat entrance. Recently, Chen et al. [14] applied 
a number of narrow flush slots throughout the compression sur-
face to suppress the buzz oscillations. Based on these studies, it 
can be concluded that the bleed system is dominantly preferred on 
the ramp/centerbody close to the throat entrance. This is because, 
such a location provides several advantages such as the high pres-
sure behind the cowl shock can be used to drive the flow into the 
plenum; at the same time it can suppress the possible throat sepa-
ration due to incident SWBLI improving the starting characteristics 
as well as can stabilize the normal shock prior to the cowl such 
that the captured mass flow is not altered. Considering the effect 
of bleed location relative to the incident shock on the amount of 
suction required to eliminate the separation, Fukuda et al. [25] re-
ported that bleeding either upstream or downstream of the shock 
induced pressure rise is useful in eliminating the separation than 
bleeding across it. Whereas Wong [26] concluded that bleeding 
upstream and across the SWBLI result in better performance. To 
resolve these disagreements, Hahn et al. [27] and Hamed et al. [28]
carried out detailed numerical studies and have shown that a loca-
tion across the point of impingement of incident shock is optimum 
in controlling the separation with minimum mass loss. However, 
there is no clear reason why such variations are observed.

A few other studies have focused on detailed comparative anal-
ysis of the effects of different bleed types such as flush slot and 
ram scoop configurations. Obery et al. [22] have shown that, be-
cause of the normal shock stabilizing effect, a flush slot bleed leads 
to higher performance compared to a ram scoop design. Similarly, 
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Neale et al. [23] concluded that a ram scoop bleed result in a 
higher flow distortion as well as total pressure loss through the 
strong shock that forms at its rear edge. Therefore, flush slot bleed 
is widely preferred in practice. Recently, Hirschen et al. [8] and 
Herrmann et al. [13] reported that compared to a flush slot or 
pure horizontal gap, a small vertical displacement at its rear edge 
leads to a higher pressure recovery. However, it should be noted 
that the conclusion is based on unequal amount of boundary-
layer mass flow removal, without considering the peak perfor-
mance.

On the basis of these unresolved issues from the previous work, 
the objective of the present study is set to clarify the effects of sev-
eral geometric parameters of a fixed-exit flush slot bleed system 
[30–32] on the supersonic intake performance and provide design 
methods. With this aim, different configurations including the ef-
fects of, i) plenum size, ii) bleed location relative to the point of 
incidence of cowl shock on throat separation and mass loss, iii) 
entrance and exit area combination, and iv) vertical displacement 
of bleed rear edge compared to a pure flush slot configuration are 
investigated. Here, a three-ramp rectangular mixed-compression 
intake with flush slot bleed applied at the throat has been consid-
ered, and is numerically analyzed in the freestream Mach number 
range of 1.8-2.5, and at 0◦ angle-of-attack.

Consequent to this introductory note, the paper has been or-
ganized as follows: Sec. 2 describes the intake model, the differ-
ent boundary-layer bleed configurations as well as the numerical 
methodology adopted to obtain the viscous flowfield. Further, the 
methodology deployed has been validated with the experimen-
tal data from literature. In Sec. 3, a detailed comparison of the 
performance parameters for different geometric configurations are 
presented and the internal flowfield is described in terms of the 
contours derived from the flowfield. In the 4th and final section, 
the conclusion of the work is summarized. The analysis shows that 
for the removal of comparable amount of boundary-layer mass 
flow, the effects of flush slot alone or of a type with combined 
flush and ram slot configuration, located at the same position are 
similar.

2. Computational methodology

The intake model, different bleed configurations as well as the 
numerical methodology adopted for the CFD analysis are discussed 
in this section.

2.1. Intake model

A three-ramp rectangular mixed-compression intake model has 
been considered for the study, and the same is schematically 
shown in Fig. 1. Its major dimensions are presented in Table 1 and 
are normalized with respect to the cowl height (Hc). The intake 
is designed for a shock-on-lip condition at Mach 2.2. The ramp 
and cowl angles of the model have been obtained using an one-
dimensional (1D) optimization criterion for maximum total pres-
sure recovery (at Mach 2.2), that results in an angle of about 21◦
for the third ramp and a cowl internal angle of 11◦ relative to the 
freestream. The cowl upper surface is designed with a taper angle 
of 7◦ . These angles are selected to ensure that the flow separa-
tion at the design condition is minimal. Moreover, to reduce the 
effects of aerodynamic heating blunt ramp and cowl lips are used, 
with a radius of 0.2 mm each. A small internal contraction ratio of 
about 1.05 has been considered for the design, for which the intake 
theoretically self-starts up to a freestream Mach number of 2.1 ac-
cording to Kantrowitz limit [9] (see Eq. (1)). Below this limit, the 
intake “unstarts because of SWBLI”; that is, a normal/bow shock is 
formed ahead of cowl to allow spillage. It should be noted that, 
3

Fig. 1. a) Model and b) Boundary Line diagram of the intake.

as shown in Ref. [10], though the Kantrowitz self-starting limit 
becomes conservative at high speeds, it is valid up to a cowl lip 
Mach number close to 1.6. The sidewalls considered for the model 
are swept back at an angle corresponding to first ramp shock from 
its lip. The normalized throat height (Ht ) of the model is about 
0.55 and has a length of approximately 2.2 times its height. This 
length has been chosen such that the flow separation due to nor-
mal SWBLI completely reattaches at the freestream Mach number 
of 2.2 and holds the shock train portion of the pseudo-shock at 
higher off-design Mach numbers up to 2.5 without bleed. The sub-
sonic diffuser used after the throat has a lower wall divergence 
angle of about 5◦ , that results in a configuration with good com-
promise between pressure gradient and total length. The overall 
normalized length of the model is about 8.2.

(
At

Ac

)
Kantrowitz

=
[

2 + (γ − 1)M2
c

(γ + 1)

]0.5

×
[

2γ

γ + 1
M2

c − γ − 1

γ + 1

](1−γ )

× M(γ −1)/(γ +1)
c (1)

where, Mc denotes the average Mach number at the cowl lip sta-
tion.

2.2. Bleed system design

In this study, a flush slot configuration has been considered 
for the bleed system design. To remove the compression ramp 
boundary-layer, it is applied downstream of the throat entrance at 
a close proximity of the point of impingement of the cowl shock 
at Mach number of 2.2, and matches the complete width of the 
intake. As shown in Refs. [16–24], the chosen location a) helps in 
better pumping characteristics due to higher static pressure real-
ized after the compression shocks, b) augments in eliminating the 
flow separation due to incident cowl shock and hence improves the 
starting characteristics [19–21], c) avoids the formation of shock 
train at the throat as well as d) stabilizes the terminal shock within 
the intake entrance such that the captured mass flow is not altered 
and the buzz oscillation is delayed [6–8]. The exit of the bleed 
system has been designed in the shape of a convergent-divergent 
nozzle to dump the flow supersonically and approximately in line 
with the external flow to reduce the bleed drag. Dumping the 
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Table 1
Intake geometric dimensions (normalized).

Overall 
length

Inner 
width

Cowl 
angle

Throat 
height

Throat 
length

Subsonic diffuser Internal 
CR

length lower wall div. angle

8.2 1.06 11◦ 0.55 1.21 6.06 5◦ 1.05
Fig. 2. Schematic of a) slot bleed, b) plenum configurations, c) combined flush and 
ram slot configuration.

flow supersonically ensures that the external pressure waves do 
not enter the plenum via the exit and affect the plenum static 
pressure [30]. The mass flow through the bleed is regulated by 
the throat area of the exit nozzle and is retained as a fixed ge-
ometry (no throttling). Moreover, the design ensures that the flow 
gets chocked at the throat at all operating conditions correspond-
ing to the pressure downstream of the “exit nozzle trailing edge 
shock”. Further details on fixed-exit bleed system can be found in 
Refs. [31,32]. To reduce the total pressure loss due to the barrier 
shock [29] that forms at the bleed rear edge, its structural thick-
ness has been reduced with a taper angle of 20◦ .

Several configurations including the effects of bleed entrance 
area, exit throat area, plenum volume, rear edge height and its 
position relative to the point of incidence of the cowl shock (down-
stream of throat) have been studied to clarify their effects on 
the intake performance and identify the optimal geometry. The 
schematic view of the geometrical design of the bleed system and 
the different configurations are shown in Fig. 2; and their details 
are presented in Table 2. The configurations include, i) four differ-
ent sizes of bleed plenum, obtained by varying the upstream wall 
slant angle (�) and the rear wall position. For the convenience of 
reference, they are named as shown in Fig. 2b; ii) four different 
exit throat areas (Aeth) of about 8-17% of the bleed entrance area 
(Ae), for which the flow gets choked because of the pressure dif-
ference it encounters at the exit; iii) three different entrance areas 
(widths) of approximately 36%, 54% and 72% of the intake throat 
area (At ); iv) three different bleed positions (Lb) relative to the 
“point of incidence of the cowl shock at Mach 2.2”, obtained by 
translating the bleed downstream of the ramp shoulder. As well as 
4

Fig. 3. Exit throttle arrangement to back pressurize the model; and its effect on the 
flowfield in the complete domain at a fixed EBR; M∞ 2.2. (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)

v) three configurations with a vertical displacement of the bleed 
rear edge compared to a pure flush slot. For the first two cases, 
maintaining Ae = 54% At , the rear edge is raised by 2 mm and 4 
mm, respectively. And for the third case, maintaining h = 2 mm, 
the entrance area is reduced to match the supercritical mass flow 
ratio as that of pure flush slot design.

2.3. Performance evaluation

The operation of a ramjet air-intake can be divided into three 
different modes, the subcritical, critical and supercritical modes of 
operation, characterized by the position of the ‘terminal’ normal 
shock (or pseudo-shock [4,39]) in the system [1]. As reported in 
the earlier experimental studies [8,12–14], the flow structure in 
the supercritical modes up to the critical operation (or unstart) 
usually remains steady except some local low amplitude oscilla-
tions at the SWBLIs. However, in the subcritical modes of opera-
tion, it is usually observed that till a certain low mass flow ratio 
the flowfield remains stable or shows low amplitude oscillations 
(little buzz), known as the stability margin. Below the stable sub-
critical operation, the shock patterns begin to oscillate resulting in 
large fluctuations in pressure recovery and the mass flow capture, 
known as buzz [6–8]. This unstable condition leads to generate an 
additional and strong structural load, and can damage the model. 
In order to avoid this unstable condition during the engine op-
erations, intakes are conventionally designed with a super-critical 
margin. Where the intake operates at a supercritical mode and as 
the backpressure increases the shock system of the flow adjusts to 
have a critical operation [1]. Based on these observations, in the 
present study, the focus has been restricted to steady performance 
parameters till the flow unstarts.

In order to simulate the different modes of operation (with sub-
sonic flow at the intake exit), ‘a simulated combustion chamber 
with a variable area exit throttle’ has been connected at the intake 
exit to control the backpressure [14]. It should be noted that the 
use of duct with throttle provides two specific advantages; first, 
the question of specifying the exact pressure at different operat-
ing conditions is eliminated. Secondly, this technique more closely 
models the practical system with combustor and a nozzle down-
stream of the intake system (also see Sec. 2.5) [14]. For each ge-
ometric or flow parameters studied, the simulation is first carried 
out without considering the throttle and then the backpressure is 
increased by gradually closing the throttle area till the intake is 
forced to “unstart”. The effect of throttle on the flowfield in the 
complete domain can be seen in Fig. 3. The throttling condition 
corresponding to a throttle area is described in terms of throttling 
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Table 2
Bleed configurations.

Configurations No. Aeth � (deg.) Boundary-layer bleed system h, mm M∞
Ae Lb

Flush slot 1 - 120,90,60 54% At 9.1% Ht 0 2.2

Flush slot 2 8 - 17% Ae 60 54% At 9.1% Ht 0 2.2

Flush slot 3 17% Ae 60 36 - 72% At 9.1% Ht 0 1.8, 2.2, 2.5

Flush slot 4 17% Ae 60 54% At 9.1- 45.4% Ht 0 1.8, 2.2, 2.5

Combined 5 17% Ae 60 54%, 49% At 9.1% Ht 2, 4 2.2
degree (�) or, exit blockage ratio (EBR), is defined as the ratio of 
the exit duct area blocked by the throttle to the total area of the 
exit duct as described in Eq. (2) [33]. To have a systematic discus-
sion in the subsequent sections, we shall name the intake stations 
as ∞, c, t and f that corresponds to the freestream condition, cowl 
lip station, throat and intake exit, respectively. Further, the domain 
after the intake exit will not be shown.

�(%) =
(

1 − Athrottle

Aexit

)
× 100 (2)

The parameters that have been used to evaluate the steady in-
ternal performance of the intake are defined in Eq. (3)-(7) [24,33].

(i) Total pressure recovery (TPR): The TPR is defined as the ratio of 
mean (area-averaged) total pressure delivered to the combus-
tor to the freestream total pressure.

TPR = P 0 f

P0∞
(3)

(ii) Capture ratio/mass flow ratio (MFR): The MFR is defined as the 
ratio of actual freestream mass flow rate captured by the in-
take to the maximum air mass flow rate that can be captured 
at a supercritical mode of operation and at zero-degree angle-
of-attack.

MFR = ṁ∞
ṁc

(4)

(iii) Bleed mass flow ratio (BMFR): The BMFR is defined as the ra-
tio of mass flow rate of air diverted through the bleed to the 
maximum air mass flow rate that can be captured by the in-
take at a supercritical mode of operation and at zero-degree 
angle-of-attack.

BMFR = ṁbl

ṁc
(5)

(iv) Distortion index (DI): The flow distortion at the combustor face 
or the intake exit is measured using distortion index and is 
defined by considering the stagnation pressure profile at the 
intake exit as given in Eq. (6).

DI = P0 fmax
− P0 fmin

P 0 f

(6)

(v) Sustainable backpressure ratio (PRb): The ratio of maximum 
backpressure that can be sustained in the intake prior to un-
start or the normal shock moves upstream of the cowl, leading 
to complete separation of the ramp boundary-layer and forc-
ing a large mass spillage is called as sustainable backpressure 
ratio [33]. This is an indication of the backpressure up to 
which the intake can operate steadily. It should be noted that 
5

the peak TPR (discussed in Sec. 3) and the sustainable back-
pressure ratio corresponds to the same operating point, and 
are used interchangeably.

PRb = P fback

P∞
(7)

2.4. CFD analysis

The mathematical equations that govern the flow inside a su-
personic intake (which is three-dimensional, compressible and tur-
bulent) are the conservation of mass, momentum, energy and the 
equation of state frequently referred to as compressible form of 
Navier-Stokes equations. In the present study, to properly repre-
sent the effect of turbulence with least computational cost, Favre-
averaged Navier-Stokes (FANS or compressible RANS) equations are 
solved [34]. They can be written as follows:

∂ (ρ)

∂t
+ ∂

(
ρũi

)
∂xi

= 0 (8)

∂(ρũi)

∂t
+ ∂(ρũ j ũi)

∂x j
= −∂

(
p
)

∂xi
+ ∂

∂x j
(τ ji − 1

2
ρu′′

i u′′
j ) (9)

∂

∂t

[
ρẽ

] + ∂

∂x j

[
ũ j

(
ρẽ + p

)]

= ∂

∂x j

[(
−q j − ρu′′

j h′′
)

+ ũi

(
τ ji − 1

2
ρu′′

i u′′
j

)

+ τ jiu′′
i − 1

2
ρu′′

j u′′
i u′′

i

]
(10)

Assuming air to obey the ideal gas equation of state, the mean 
pressure and mass-averaged specific total energy (ẽ) are given by:

p = (γ − 1)ρh̃ (11)

ẽ =
(

h̃ + 1

2
ũi ũi

)
+ 1/2ρu′′

i u′′
i

ρ
(12)

The mean molecular shear stress tensor and the heat flux for the 
Newtonian fluid is given by:

τ ji = μ

(
∂ui

∂x j
+ ∂u j

∂xi

)
+ 1

3

∂u j

∂x j
δi j

q j = −λ
∂T

∂x j

where, ui is the velocity and xi is its direction; ρ is the density; p
is pressure; τ ji is molecular shear stress tensor; h is enthalpy, q j is 
the molecular heat flux, T is the temperature and R is the gas con-

stant. k = 1/2ρu′′
i u′′

i
ρ is the mass-averaged turbulence kinetic energy; 

λ = C pμ is the thermal conductivity; Pr = 0.72 is the molecular 
Pr
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Fig. 4. a) Computational domain with applied B.C. b) A schematic of the mesh used for computation.
Prandtl number; () denotes the Reynold’s averaging; (̃) and ()′′ de-
notes the Favre averaging and turbulent fluctuation, respectively. 
No body forces are considered here.

Clearly, the FANS equations contain the additional unknown 
terms such as “turbulent or Reynolds stress tensor −ρ u′′

i u′′
j , tur-

bulent heat flux ρ u′′
j h′′ , molecular diffusion τ jiu′′

i and the turbu-

lent transport ρ u′′
j u′′

i u′′
i (also known as triple velocity correla-

tion). These terms are defined using the “turbulence models”. For 
further details, the reader should follow Refs. [35–37].

In the FANS/RANS approach, there has been an increasing thrust 
to model the turbulence stresses and heat fluxes using minimum 
number of equations, such that the computational effort is reduced 
and the model can be used as a design tool. Therefore, a num-
ber of validation studies have been carried out in the literature 
to demonstrate the prediction capability of various eddy viscosity 
models like the one-equation SA (Spalart-Allmaras), two-equation 
k-ω, BSL (baseline k-ω) and shear stress transport (SST) k-ω mod-
els to capture the canonical SWBLIs as well as the supersonic 
intake flowfield. As shown in these studies, the SST k-ω turbu-
lence model shows superior capability to predict the onset and 
the amount of flow separation under adverse pressure gradient 
conditions with least computational cost [37–39]; hence, has been 
chosen here over other models. The model combines the standard 
k-ω model near the wall and transformed k-ε model in the outer 
region with some blending function. The transport equations for 
turbulent kinetic energy (k) and specific dissipation rate (ω), as 
well as the modeling constants can be found from Ref. [35].

The coupled system of equations (FANS equations with SST k-ω
model) have been solved using commercial CFD solver: CFX − 17.0
[40]. The solver uses an element-based finite volume technique 
and has been verified previously for three-dimensional (3D) su-
personic and hypersonic flow configurations [40]. By using higher 
order schemes, though the numerical error reduces faster with the 
mesh or time step refinement, they are generally less numerically 
stable than their low-order counterparts. Therefore, to avoid the 
dispersive and diffusive discretization errors associated with the 
schemes, the convective fluxes are computed using high resolu-
tion scheme given by Barth and Jesperson [41]. This is a blend 
of first order upwind and second order bounded central differ-
ence schemes. The local time marching has been obtained using 
second order backward Euler scheme considering CFL (Courant–
Friedrichs–Lewy) criterion to reach the steady solution.

The intake flowfield has been simulated in the freestream Mach 
number range of 1.8-2.5, and an altitude condition of 8 Km. The 
freestream parameters at these conditions are p∞ −35,650 Pa, T∞
−236 K, and a unit Re∞: 1.9−2.7 × 107 m−1. The high freestream 
Reynolds number indicates that the flowfield remains fully turbu-
6

lent in the major part of the intake; thus, the boundary-layer is 
assumed to be turbulent from the beginning.

In the simulated operating condition, as the stagnation tem-
perature remains below 700 K, the working fluid air has been 
modeled as an ideal gas, with the fluid properties like specific 
heat capacity (C p ), thermal conductivity (λ) and viscosity (μ) are 
defined as a function of temperature. Here, the viscosity is mod-
eled using the model provided by Sutherland (1893) [40], obtained 
from kinetic theory for dilute gases. The specific heat variation 
with temperature has been modeled using a curve fit. However, 
it can also be modeled using NASA polynomial format. And the 
thermal conductivity of air has been modeled using the modified 
Euken Model (2001) [40]. The models and the corresponding con-
stants are as follows:

μ(T ) = μ0
T0 + C

T + C

(
T

T0

)1.5

(13)

C p (T ) = 955.63 + 0.1761T ;50 − 1500 K (14)

λ (T ) = μC v

(
1.32 + 1.77R

C v

)
(15)

where, T0 is the reference temperature, 291.15 K; μ0 is the ref-
erence viscosity at T0, 1.827 × 10−5 Pa.s; C is the Sutherland’s 
constant, 120 K; C p and Cv are the specific heat at constant pres-
sure and volume, respectively.

2.4.1. Grid generation
The computational domain used for the study is shown in 

Fig. 4a. The domain with symmetry at the spanwise midplane has 
been considered, since the geometry as well as the flowfield are 
symmetric about it. To provide accurate boundary conditions, an 
outer flow domain is created above, below and in the spanwise di-
rection of the intake geometry up to an extent of about 8, 4 and 4 
times the cowl height, respectively. The outer domain boundaries 
are so placed to ensure that the leading edge shocks pass through 
the outer boundary and avoid any shock reflection at off-design 
operations.

The CAD utility NX 9 has been used for modeling the com-
putational domain and the domain has been meshed completely 
with hexahedral cells using ICEM CFD grid generation tool within 
the ANSYS Workbench [40], as shown in Fig. 4b. All the geomet-
ric features including cowl and ramp lip radii are captured in the 
modeling and proper cell quality is maintained using suitable block 
structures. To capture the turbulent boundary-layer and the com-
plete flow physics of SWBLIs, a systematic approach with mesh 
refinement has been carried out and numerical sensitivities were 
tested at the ramp corner, throat as well as the walls. In particular, 
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Fig. 5. Demonstration of consistency in the applied B.C. at bleed exit; M∞ 2.2.

a finer mesh resolution is used for all the grids at the geomet-
ric corners, bleed plenum and near the walls to resolve the steep 
gradients. For the near wall refinement, a grid stretching factor 
(the rate of increase in grid spacing from the wall) of about 1.3 
is maintained. Further, since the flow through the intake alone is 
of interest, a coarse mesh resolution is used for the outer domain.

2.5. Boundary conditions

The boundary conditions (B.C.) applied for the domain are as 
shown in Fig. 4a. All the solid walls are modeled as stationary and 
no-slip adiabatic boundary, where the velocity components, pres-
sure gradient and heat flux are assigned as zero. It should be noted 
that, here the wall condition is assumed to approach adiabatic wall 
temperature for a long duration of operation. At the inlet to the 
supersonic intake, the freestream conditions are applied as a su-
personic velocity inlet boundary that includes assigning of static 
pressure, static temperature and velocity. The turbulence quanti-
ties at the inlet are specified in terms of eddy viscosity ratio and 
turbulence intensity, where a value of about 5% and 0.5%, respec-
tively, are used. The outlet boundary after the downstream throttle 
has been modeled as supersonic outlet, where the flow variables 
are determined from the interior of the domain by extrapolation. 
It should be noted that though the flow at the intake exit is sub-
sonic, because of the presence of the throttle the subsonic flow 
accelerates to supersonic Mach numbers at its outlet; and hence 
eliminates the requirement to specify the exit pressure (see Fig. 3) 
[14]. The flow below the ramp lip are predominantly supersonic 
after the lip bow shock. However, the flow above the cowl could 
be transonic in nature depending on the freestream Mach num-
ber and the shock structure ahead of the cowl. In order to avoid 
specifying the exact flow conditions for subsonic flow, the outlet 
boundary in the external domain above the cowl has been placed 
sufficiently downstream such that the high pressure regions dissi-
pate, or the flow expands to supersonic conditions. The supersonic 
flows at the outlet boundaries in the outer domain now can be 
handled easily, and has been assigned as supersonic outlet; where 
the flow variables are determined from the interior of the domain 
by extrapolation. As discussed in Sec. 2.3, the exit of the bleed 
system has been designed in the shape of a convergent-divergent 
nozzle to achieve supersonic flow at its outlet. Therefore, the bleed 
outlet is also modeled as supersonic outlet. However, several trail 
cases have been simulated considering the complete flow interac-
tion with the outer domain, as shown in Fig. 5. Both the variations 
show similar flow structure in the bleed plenum with the throat 
choked. The far-field boundaries are assigned as slip-walls, where 
the velocity normal to it and the shear stress are assigned as zero. 
And the symmetry plane is assigned with zero-gradient of flow 
variables.

To reduce the run time, for the first simulation at each up-
stream conditions without throttle, the domain is initialized with 
flow properties obtained from 1D shock calculations. For the sub-
sequent simulations at different throttling conditions, the previous 
converged solutions are used for initialization.

The point of convergence of the numerical simulations have 
been identified by, i) considering the overall mass, momentum, 
7

Fig. 6. Variation in residual for supersonic intake computation.

Table 3
Details of mesh resolution of all three grids.

Level of resolution 3D cells First cell distance, Max.

(millions) y (mm) wall Y+

Coarse, G1 7.45 0.01 11

Intermediate, G2 13.67 0.005 2.5

Fine, G3 15.4 0.002 1

and energy balance in the domain, with a criterion of RMS (root 
mean square) residuals below 10−5 as well as ii) the stabilization 
of several flow property monitors used at the intake throat and 
exit sections. Fig. 6 shows the variation in the turbulence as well as 
the momentum (X, Y) residuals with iteration for a particular case. 
Clearly, the solution can be considered as converged after approxi-
mately 18000 iterations. In the converged solutions, the difference 
between the mass flow rates at the intake entrance, and the intake 
as well as bleed exit (inflow minus outflow divided by inflow) are 
found to be within 0.3%, which is a good indicator of convergence.

2.6. Grid independence study

To accurately capture the internal flowfield with optimal num-
ber of cells and minimum error, three sets of grids have been 
considered for the simulation. The detailed strategy used for grid 
generation is explained in Sec. 2.4.1. The computational results 
for the coarse mesh having 7.45 million cells showed a maximum 
wall Y+ of about 11. In order to reduce the wall Y+ and properly 
capture the shocks, the grid is successively refined twice close to 
no-slip boundaries, at regions of sharp geometrical transitions and 
axially at the zones of steep pressure gradients (shocks) across the 
intake. The details of the maximum wall Y+ at EBR − 30.7% and 
the approximate cell count for all the three grids are presented 
in Table 3. Moreover, Fig. 7 shows the ramp wall static pressure 
distribution for all the three grids. As shown in the figure the pres-
sure peaks are predicted quite accurately with the intermediate 
grid and going to fine grid does not show any significant improve-
ment. Thus, the grid convergence is achieved with the intermediate 
mesh, and has been considered for all remaining simulations.

2.6.1. Estimation of grid convergence (GCI)
To quantify the numerical error in the computational result be-

cause of discretization, a verification analysis has been carried out 
using grid convergence index (GCI), as suggested by Celik et al. 
[42]. The analysis shows that the discretization error for the max-
imum intake exit Mach number converge at an order of 1.455. In 
addition, the uncertainty in its prediction in the fine grid solution 
as well as the intermediate grid solution are 0.762% and 1.03%, 
respectively. Fig. 8 shows the variation in the relative error of the 
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Fig. 7. Comparison of non-dimensional centerline ramp wall static pressure for three 
different grids; M∞ − 2.2, EBR − 30.7%.

Fig. 8. Variation in relative error of intake exit Mach number with grid refinement; 
M∞ − 2.2, EBR − 30.7%.

exit Mach number prediction with grid refinement. Clearly, the rel-
ative error is below 0.01 for the intermediate grid solution.

2.7. Validation study

To further ensure the effect of turbulence model and boundary 
condition uncertainties, the numerical methodology has been val-
idated with the supersonic intake experimental data of Neale et 
al. [23]. For this, a rectangular intake geometry with a flush slot 
bleed located at the upstream of the throat has been considered 
for the simulation. The model consists of a supersonic diffuser, 
a throat followed by a subsonic diffuser. The supersonic diffuser 
consists of two external ramps with a deflection angle of 7◦ each 
relative to the upstream flow, and a cowl angle of 4◦ relative to 
the freestream. The subsonic diffuser consists of a straight upper 
wall with three different lower wall divergence angles. However, 
here only a part of the subsonic diffuser has been simulated, since 
the focus has been restricted to the bleed entrance location. More-
over, out of the different bleed configurations tested, the case with 
1.8% supercritical bleed mass flow has been considered. Further de-
tails on the geometry can be found in Ref. [23]. The simulation has 
been carried out at the test conditions of M∞ = 2.2, P0∞ −1.355 
bar and T∞ −153 K (altitude of 18.3 Km).

The computational domain for the model and the grid gener-
ation strategies are maintained similar to that explained above. 
However, since the sidewall does not significantly influence the 
centerline flowfield, only a quasi-2D analysis is carried out (see 
Ref. [33]). Further, a grid independence study has been carried out 
to have optimum number of cells. Fig. 9 shows the comparison 
of the predicted Mach number close to the cowl above the bleed 
with the experimental data, for a supercritical mode of operation. 
8

Fig. 9. Comparison of Mach number distribution close to the cowl wall with exper-
iment [23]; M∞ − 2.2.

As shown in the figure the overall trend of slight drop in Mach 
number ahead of the throat followed by the Mach number in-
crease across the expansion fans, and then the reduction because 
of barrier shock are captured quite accurately. However, the pro-
file is slightly shifted to the right, which could be because of the 
uncertainties in the exact location of measurement. Further, the 
peak Mach number because of the expansion fans is slightly over 
predicted. This discrepancy is probably because of the mismatch 
in the exact rear edge radius not known from the experiment, or 
the unsteady nature of the SWBLIs not captured in the simula-
tion. However, the overall difference is within 4% of the data. The 
overall favorable agreement between the predicted results with the 
data demonstrate that FANS calculations with SST k-ω model is ca-
pable of predicting the supersonic intake mean flowfield as well as 
the flow through the bleed system quite accurately.

3. Results and discussion

In this section, the detailed results of numerical simulation de-
scribing the effects of different bleed geometric parameters on the 
intake performance have been presented, and are compared over a 
range of upstream Mach numbers.

3.1. Performance characteristics with and without boundary-layer bleed

The internal flowfield of the intake has been investigated at dif-
ferent modes of operation starting from an un-throttled condition 
(EBR-0) till the flow unstarts by gradually increasing the degree of 
throttle (EBR), over a range of Mach numbers of 1.8-2.5. Fig. 10
shows the contours of Mach number on the symmetry plane of 
the intake, for different EBRs at Mach 2.2. As shown in the fig-
ure, after the compression shocks, the supersonic flow expands at 
the bleed entrance resulting Prandtl-Meyer-expansion fans, and a 
part of the low energy boundary-layer (BL) gets diverted into the 
bleed plenum. Following this, as the flow turns around the bleed 
rear edge a bow shock is generated, called as barrier shock [29]. 
Downstream of the bleed, the expansion fans as well as the barrier 
shock impinge on the cowl wall and keep reflecting till the intake 
exit (un-throttled). With the application of exit throttle, a terminal 
shock is induced in the flowfield across which the static pres-
sure increases to the backpressure conditions; however, the flow-
field upstream of it remains the same. At lower backpressure/EBRs, 
the normal shock stands much downstream of the throat (at a 
higher flow Mach number) resulting in a large stagnation pressure 
loss. This is known as the supercritical mode of operation. As the 
backpressure/EBR increases, the terminal shock moves upstream 
towards the throat and gets stabilized at the bleed entrance. In 
this process, since the Mach number as well as the boundary-
layer thickness ahead of the terminal shock decreases, the strength 
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Fig. 10. Contours of Mach number at different EBRs; M∞ − 2.2.

Fig. 11. Example of intake characteristic diagram with and without boundary-layer 
bleed; M∞ − 2.2.

of the terminal SWBLI weakens and hence the pressure recov-
ery keeps increasing at a fixed MFR (see Fig. 11). Moreover, the 
structure of the λ-type pseudo-shock progressively changes to a 
train with lower length, a single λ-type shock and then to a pure 
normal shock, similar to that observed in intake without bleed. 
The operational point just before the normal shock stabilization 
(EBR − 45.54%) that leads to optimum mass flow capture and to-
tal pressure recovery is called as the critical mode of operation. 
As the shock gets stabilized, a higher amount of boundary-layer 
mass flow is expelled through the bleed because of the higher 
static pressure difference between the entrance and the plenum; 
consequently, the plenum pressure as well as the TPR keep in-
9

Fig. 12. Effect of bleed plenum size on the performance characteristics; M∞ − 2.2.

creasing. The stabilization of shock continues up to a point where 
the plenum pressure matches the pressure upstream of the nor-
mal shock (EBR−48.51%), and then it moves upstream of the cowl, 
leading to unstart. For the convenience of reference, we shall name 
the point of unstart or the maximum pressure recovery as peak 
operation. Once the flow unstarts, the mass flow capture drops and 
the flowfield starts to oscillate (buzz) [6–8]. Therefore, as described 
in Sec. 2.3, further higher subcritical modes are not simulated here. 
It should be noted that, for the case without bleed, apart from 
the removal of boundary-layer and shock stabilization, the other 
modes of operation remain the same. In the similar way, at off-
design Mach numbers the external compression shock structure as 
well as the flowfield around the bleed entrance changes depend-
ing on the shock strength or angle (see Figs. 16, 18). However, 
downstream of the bleed the flowfield involving the repeatedly re-
flected shocks and expansion fans followed by the terminal shock, 
as well as the shock stabilization process remain almost similar at 
all upstream conditions. Further details on the flow structure can 
be found in the earlier studies by the author [43].

The performance parameters at different modes of operation of 
the intake can be represented through a characteristic curve (cane 
curve), as schematically shown in Fig. 11. The curve shows the 
variation in total pressure recovery (TPR) with the captured mass 
flow ratio (MFR) up to a stable subcritical operation. As shown in 
the figure, in presence of the bleed the characteristic curve remains 
similar to that of the intake without bleed system up to the critical 
operation, with a slight reduction in supercritical MFR. However, it 
can be seen that the pressure recovery does not drop after the crit-
ical point. This is because, as the terminal shock gets stabilized at 
the bleed entrance, a higher amount of boundary-layer mass flow 
(BMFR) is removed through the bleed due to higher static pres-
sure difference. Consequently, the TPR keeps increasing because of 
the reduction in stagnation pressure loss across the normal shock 
as well as in the subsonic diffuser. Hence, the subcritical and su-
percritical branch of the performance curve is connected by a line 
with increasing TPR and decreasing MFR, till the intake unstarts. 
With this overall understanding of the performance trend, in the 
following sections the effect of different bleed parameters is eval-
uated at the design Mach number of 2.2 as well as two off-design 
Mach numbers of 1.8 and 2.5. Finally, the optimum performance is 
compared with that of reference intake without bleed.

3.2. Effects of bleed plenum size

In order to understand the effect of plenum size on the per-
formance characteristic, four different configurations (discussed in 
Sec. 2.3) have been studied at Mach number of 2.2, and their ef-
fect is shown in Fig. 12. Clearly, the captured MFR, BMFR as well 
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Fig. 13. Contours of streamlines for different plenum configurations colored by Mach 
number, a) L, b) M, c) S1, d) S2 at a supercritical mode of operation; M∞ − 2.2.

as the critical and peak TPR remains visibly unaltered. This is be-
cause, the main flow in the plenum occurs close to the bleed rear 
wall, while the other part of the plenum volume is only occupied 
by the recirculating zone (seen at all upstream conditions) that is 
insignificant as far as the main flow is concerned. Moreover, the 
changes in the size of recirculation zone hardly affects the shock 
structure (or pressure) above the bleed entrance as well as in the 
plenum that drives the flow; leading to the removal of compara-
ble amount of boundary-layer mass flow in the supercritical modes 
as well as when the normal shock gets stabilized at its entrance. 
This is substantiated from the streamline contours as can be seen 
in Fig. 13, for the different configurations at a supercritical mode 
of operation. Based on these observations, it can be concluded that 
the smallest plenum volume (S1) for the bleed system that reduces 
the structural weight as useful, and this optimized configuration 
has been considered for further studies. Therefore, the leading wall 
of a new bleed plenum configuration could be sufficiently slanted 
to reduce the size of recirculation region such that the plenum 
pressure is not altered.

3.3. Effects of bleed exit throat area

To arrive at the optimal bleed exit throat area, maintaining a 
fixed entrance area of Ae = 54% At and position relative to the 
cowl shock of Lb = 9.1% Ht , the (exit) area is varied in the range 
of 8-17% of the bleed entrance area (Ae ). Fig. 14 shows its effect 
on the intake performance characteristics as well as the distor-
tion index at Mach number of 2.2. It should be noted that, since 
the variation in supercritical BMFR are very small, for the clarity 
in visualization the curves are shown as continuous lines, though 
the analysis has been carried out at discrete EBRs. As shown in 
the figure, with increase in exit throat area the supercritical MFR 
decreases with a corresponding increase in the critical and peak 
TPR. In addition, the distortion index (DI) at the critical and peak 
operations keeps decreasing. The observations at the critical oper-
ation can be explainable from the analysis that with increase in 
exit throat area the plenum pressure decreases; consequently, the 
pressure difference and hence the degree of flow expansion across 
the bleed entrance keep increasing (in the supercritical modes). 
Because of the increase in pressure difference, a higher fraction 
of boundary-layer mass flow moves into the bleed (or boundary-
layer thickness in the subsonic diffuser decreases) resulting in a 
decrease in the flow separation as well as the stagnation pres-
sure loss across the SWBLIs. This leads to a higher critical TPR 
and lower distortion at the intake exit with a small reduction in 
supercritical MFR. It should be noted that, apart from the losses 
across the internal SWBLIs, the critical TPR also depends on the 
loss across the barrier shock that forms at the bleed rear edge. 
Though, the increase in the Mach number because of the flow ex-
pansion at the bleed entrance leads to a stronger barrier shock, 
10
the relative increase in the losses across it is minimal. Moreover, 
for the present configurations, with increase in bleed exit throat 
area from 8-17% Ae , the supercritical BMFR increases from about 
1.3% to 2.7%.

Subsequent to the critical operation the normal shock gets sta-
bilized at the bleed entrance up to a point where the chamber 
pressure becomes equal to that at the upstream of the normal 
shock, and the barrier shock is eliminated. The observations at the 
peak operation can now be explainable from the analysis that, for 
a higher exit throat area since the chamber pressure in the super-
critical modes is lower, the normal shock can be stabilized up to 
a higher backpressure or EBR amounting to allow a higher BMFR, 
as shown in Fig. 15. Because of the higher loss in boundary-layer 
mass flow (or BMFR), the TPR keeps increasing due to the reduc-
tion in stagnation pressure loss across the normal shock as well as 
in the subsonic diffuser. However, it can be seen that the rate of 
increase in peak TPR reduces with increase in exit throat area for 
the fixed entrance configuration. This is because of the fact that 
the fraction of the low energy part of the boundary-layer keeps 
decreasing with increase in area. Since, for an exit throat area of 
about 17% Ae (case iv), the boundary-layer upstream of bleed is 
almost completely removed, a further increase in area leads to 
a decrease in TPR. Therefore, for the subsequent analysis an exit 
throat area of, Aeth = 17%of Ae , has been considered.

As discussed above, the improvement in TPR and DI with the 
use of a bleed system occurs because of two factors, i) reduction in 
boundary-layer thickness in the supercritical modes and ii) extent 
of normal shock stabilization depending on the static pressure in 
the plenum. For the convenience of reference, we shall name these 
factors as “boundary-layer (BL) factor” and “stabilization factor”, 
respectively, in the following sections. With increase in exit throat 
area for a fixed entrance and location both the factors increase; 
thus, the TPR at the critical as well as the peak operations keep 
increasing till the complete boundary-layer is removed. Hence, the 
bleed exit throat area (in combination with a fixed entrance area) 
for a new design operating at a particular freestream condition can 
be increased up to a point such that it is just sufficient to eliminate 
the upstream boundary-layer at its peak operation.

3.4. Effects of bleed system position

Apart from the control of boundary-layer growth, suppressing 
the throat separation bubble caused by cowl SWBLI is essential in 
delaying the “unstart because of SWBLI”. As discussed in Sec. 1, 
several disagreements are observed in the earlier studies [32–36]
regarding the effect of bleed location relative to the point of in-
cidence of the (cowl) shock (upstream, downstream or across) on 
the amount of suction required to eliminate the separation. To un-
derstand the reason why such variations are observed, at first the 
available data from the literature is analyzed. It is found that, i) the 
earlier studies conclude the effect of bleed position isolating the 
impact of its entrance area or the other geometric length scales. 
The variation in the entrance area could be the probable reason. ii) 
further, the amount of suction (or BMFR), which is used to indicate 
the control of separation bubble, is driven by the bleed entrance 
area and the pressure difference across it; and has no direct link 
on the suppression of separation bubble. To give an example, as re-
ported in Ref. [27], a location across the incident shock is found to 
be optimum in eliminating the separation bubble; however, with 
increase in entrance area the separation bubble reappears at the 
same location, even with a higher amount of suction. This clearly 
indicates that the effect of bleed location on the separation bub-
ble size depends on the exact flow characteristics depending on 
its sizing (i.e., interaction of incident shock, expansion fans and 
plenum recirculation region) and cannot be described alone. Fur-



S.P.S. Pattnaik and N.K.S. Rajan Aerospace Science and Technology 120 (2022) 107286

Fig. 14. Effect of bleed exit throat area on the a) performance characteristic and b) DI; M∞ − 2.2.
Fig. 15. Variation of BMFR with MFR at different modes of operation till unstart; 
M∞ − 2.2.

ther, the amount of suction is not an appropriate parameter to 
compare.

Here, three different axial positions around the throat entrance 
(discussed in Sec. 2.3) have been investigated maintaining a fixed 
bleed entrance and exit area, at a previously optimized value of 
Aeth = 17% Ae (=54% At ). For the first case, the location has been 
chosen according to the results of Fukuda et al. [25], that cor-
responds to a position just downstream of the incident shock at 
Mach 2.2. Fig. 16 shows the contours of Mach number indicating 
the effect of bleed position at different freestream conditions of, 
M∞ 1.8, 2.2 and 2.5, in the vicinity of bleed entrance, for a super-
critical mode of operation. As shown in the figure, at Mach number 
of 1.8, since the intake “unstarts because of SWBLI”, the flow at the 
cowl lip remains subsonic and no shock is induced; whereas with 
increase in Mach number from 2.2 to 2.5, the cowl shock moves 
downstream towards the bleed rear edge. However, it can be seen 
that in all the cases the supersonic flow expands at the bleed en-
trance resulting Prandtl-Meyer-expansion fans either upstream or 
downstream of the point of incidence of the cowl shock, and a part 
of the boundary-layer is diverted into the bleed plenum close to its 
rear edge. It should be noted that at Mach 1.8, since no incident 
cowl shock is present, the SWBLI is absent and the plenum recir-
culation region is found to remain completely within the plenum. 
Moreover, the flow structure around the bleed shows no signifi-
cant change with the variation in entrance location. Thus, the case 
with Lb = 45.4% Ht has not been simulated. At Mach number of 
2.2, for Lb = 9.1% Ht , the cowl shock is incident close to the bleed 
leading edge as designed. Clearly, in this case the throat separation 
bubble is completely removed, or the plenum recirculation region 
remains completely within. Whereas with the increase in axial po-
sition (Lb = 27.3% − 45.45% Ht ), since the cowl shock impinges 
11
Fig. 16. Contours of Mach number with the variation in bleed position for a super-
critical mode of operation; M∞ − 1.8, 2.2, 2.5.

ahead of the bleed leading edge, the throat separation size gradu-
ally increases. Moreover, a higher amount of boundary-layer mass 
flow gets diverted into the bleed because of the increase in static 
pressure at the bleed entrance (see Fig. 17, supercritical MFR de-
creases). Similarly, at Mach number of 2.5, for Lb = 9.1% Ht , with 
the cowl shock impinging at the bleed rear edge, the recircula-
tion zone remains completely within the plenum. However, with 
increase in the bleed axial position, though a higher amount of 
boundary-layer mass flow is removed, the plenum recirculation re-
gion keeps extending into the intake throat. One possible reason 
for this is that, since the cowl shock impinges within the bleed 
entrance area, the recirculation region gets pushed upward. These 
observations lead to a conclusion that for a specified bleed config-
uration, the position of the bleed entrance just at the downstream 
or upstream of the incident shock works out to be a suitable con-
figuration to eliminate the throat separation. It should be noted 
that, a similar effect has been observed in the experimental work 
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Fig. 17. Effects of bleed position on the a) performance characteristics and b) DI; M∞ − 1.8,2.2,2.5.
by Fukuda et al. [25] for porous bleeds. Though the cowl shock 
impingement point varies with freestream Mach number, this fact 
can be utilized to locate the bleed system at the design Mach num-
ber conditions to minimize the separation and delay the “unstart 
because of SWBLI”.

Fig. 17 shows the effect of bleed position on the performance 
characteristics and the distortion index at different operating Mach 
numbers of 1.8, 2.2 and 2.5. As shown in the figure, with increase 
in bleed position away from the throat entrance the supercritical 
MFR decreases with a corresponding increase in critical TPR. At 
the same time, the critical DI keeps reducing at all operating Mach 
numbers. This can be explainable from the analysis that, with in-
crease in axial position a higher amount of boundary-layer mass 
flow is diverted into the plenum resulting in a thinner boundary-
layer downstream of the bleed (discussed above). Consequently, 
the SWBLIs weaken leading to an increase in TPR and a lower 
distortion at the critical operation, with a slight decrease in the 
supercritical MFR. Further, the higher BMFR results in an increase 
in plenum pressure, and hence the degree of expansion at the 
bleed entrance as well as the strength of barrier shock keeps de-
creasing (because of lower pressure difference). In contrast to the 
observation at critical point, the TPR and DI at the peak opera-
tions indicate no detectable change at any Mach number. This is 
because, for a downstream position since the chamber pressure in 
the supercritical modes is higher, the degree of normal shock sta-
bilization reduces amounting to allow an almost equal BMFR at 
the peak operation, for all the axial positions. Therefore, the BMFR, 
DI as well as the TPR at the peak operations remain almost the 
same.

A detailed comparison of the performance curves indicates that 
at Mach number of 2.5 the TPR from the critical to peak operations 
is shown by a nearly flat line. This is because, at this Mach number 
since the cowl shock impinges close to the bleed rear edge, as the 
normal shock stabilizes at the bleed entrance, the cowl shock gets 
pushed ahead of the cowl lip allowing mass spillage. Hence, the 
gain in TPR is reduced with a higher loss in MFR from the critical 
to peak TPR operation.

According to these findings, for a bleed system with fixed en-
trance and exit throat area, as the axial distance increases away 
from the incident shock, the “boundary-layer factor” keeps increas-
ing, whereas the “stabilization factor” keeps decreasing till the 
complete boundary-layer is removed. Therefore, the performance 
parameters at the critical operation improves with a higher loss 
in BMFR, whereas that at the peak operation remains almost the 
same at all operating Mach numbers. This leads to a conclusion 
that the axial position just downstream of the incident shock, 
Lb = 9.1% Ht , which diverts a lower supercritical BMFR for the 
same peak performance, and completely eliminates the throat sep-
12
aration at the design Mach number conditions is the most effective 
position for the present design.

3.5. Effects of bleed entrance area

To understand the effect of bleed entrance area, three different 
areas have been considered keeping the exit throat area and its lo-
cation fixed, at previously optimized value of Aeth = 17% Ae (=54% 
At ) and Lb = 9.1% Ht , respectively. For the convenience, we shall 
call these configurations as small, medium and large entrance ar-
eas, respectively. Here, the medium entrance area has been chosen 
such that the inviscid cowl shock impinges just at its rear edge 
for the off-design Mach number of 2.5. Fig. 18 shows the effect of 
entrance area on the internal flowfield for a supercritical mode of 
operation at Mach numbers of 1.8, 2.2 and 2.5. As shown in the 
figure, the overall flow characteristics around the bleed entrance 
involving the expansion fans, barrier shock as well as the plenum 
recirculation region remain similar, as explained in Sec. 3.4. How-
ever, it can be seen that with increase in entrance area, the degree 
of flow expansion at the bleed entrance reduces at all freestream 
Mach numbers. This is because, with a fixed exit throat area as the 
entrance area increases, a higher amount of boundary-layer mass 
flow is diverted into the bleed resulting in a higher static pres-
sure in the plenum. This leads to a lower pressure difference across 
the bleed entrance, and hence the degree of expansion keeps re-
ducing. Consequently, the barrier shock weakens. A closer look at 
the throat separation bubble indicates that, when the bleed is just 
upstream or downstream of the cowl shock the separation is min-
imized. On the other hand, when the cowl shock impinges within 
the entrance area, the plenum recirculation region gets pushed up-
ward. These observations further confirm the result described in 
Sec. 3.4.

Fig. 19 shows the effect of bleed entrance area on the intake 
performance characteristics and the DI at different Mach numbers 
of 1.8, 2.2 and 2.5. As shown in the figure, with increase in en-
trance area the supercritical MFR decreases with a corresponding 
increase in the critical TPR, whereas the peak TPR does not show 
any detectable change at any Mach number. At the same time, the 
critical DI at the intake exit keeps decreasing, whereas that at the 
peak operation remains the same till the design Mach number of 
2.2. However, for the higher off-design condition of M∞ 2.5, the 
distortion index is found to decrease both at the critical as well as 
peak operations. In other words, the DI deteriorates as the entrance 
area decreases both at the critical and peak operations. Clearly, 
these observations are similar to that seen with increase in ax-
ial location discussed in Sec. 3.4, except the effect on distortion 
at higher off-design Mach numbers. The reason for the increase 
in DI with decrease in bleed entrance area is that, at Mach num-
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Fig. 18. Contours of Mach number with bleed entrance area variation for a super-
critical mode of operation; M∞ − 1.8, 2.2, 2.5.

ber of 2.5, as the entrance area decreases the point of incidence 
of cowl shock moves closer to its rear edge and then to a posi-
tion downstream of it (see Fig. 18). Moreover, the barrier shock 
strengthens. Thus, with increase in throttling as the normal shock 
moves closer to the bleed entrance (and stabilizes), a strong shock-
shock interaction occurs resulting in the development of sliplines. 
This ultimately leads to an increase in flow distortion because of 
the formation of mixing layer downstream. Further, as the nor-
mal shock stabilizes, the cowl shock gets pushed upstream of the 
cowl lip leading to mass spillage. Consequently, the gain in TPR is 
reduced with a higher loss in MFR from the critical to peak TPR 
operation. This is indicated by an almost flat line in the perfor-
mance curve at Mach number of 2.5.

According to the findings, for a bleed system with fixed position 
and exit throat area, as the entrance area increases the “boundary-
layer factor” increases, whereas the “stabilization factor” keeps de-
creasing, leading to similar peak performance. Therefore, to achieve 
the same peak TPR, a small entrance area that leads to a lower su-
percritical mass loss is advantageous. However, reducing below a 
certain area/width can lead to increase in losses across the strong 
barrier shock as well as a relatively higher DI close to the critical 
operation, specifically at higher off-design Mach numbers. Con-
sidering the intake operation over a range of Mach numbers, the 
increase in distortion at higher off-design conditions can never be 
avoided, but can only be minimized. Therefore, for a new design 
with fixed exit area and location, any small entrance area could be 
decided by the designer depending on the allowable bleed mass 
flow loss at the supercritical modes. However, it will lead to the 
same peak TPR controlled by the fixed exit throat area. For the 
intake system analyzed, considering the performance parameters 
(TPR, DI, BMFR) over the complete range of operation, the medium 
entrance area, Ae = 54% At is the optimal choice.

3.6. Effects of combined ‘flush and ram slot’ configuration

According to the earlier studies in Refs. [7,16], compared to a 
flush slot or pure horizontal gap a small vertical displacement at 
13
its rear edge is found to be more useful, since it keeps the SWB-
LIs weak leading to an improvement in TPR. However, both the 
studies have compared the results at a particular throttling con-
dition with unequal supercritical BMFR; that is, with the removal 
of a higher amount of boundary-layer mass flow for the case with 
vertical displacement. Therefore, the focus here is to have a one-to-
one comparison of these configurations (or to find the effectiveness 
of the vertical displacement at the bleed rear edge compared to 
pure horizontal gap) with equal supercritical BMFR. Since the ver-
tical movement adds to ram effect, for the convenience we shall 
call this configuration as ‘combined flush and ram slot’.

Here, three different combined flush and ram slot configura-
tions have been considered keeping the bleed leading edge, posi-
tion as well as the exit throat area fixed at a previously optimized 
value (Aeth = 17.0% Ae and Lb = 9.1% Ht ). Moreover, all the mod-
ifications are carried out relative to the flush slot entrance area of 
Ae = 54% At . In the first configuration (C1), the rear edge is shifted 
by 2 mm vertically; in the second configuration (C2) the rear edge 
is shifted by 4 mm vertically, and in the third configuration (C3), 
maintaining h = 2 mm, the entrance area is reduced to have sim-
ilar supercritical MFR as that of pure flush slot design. Fig. 20
shows the effect of these modifications on the performance char-
acteristics. As shown in the figure, for the configuration C1, since 
a higher fraction of boundary-layer mass flow is diverted into the 
bleed (compared to pure flush slot) the supercritical MFR reduces 
with a corresponding increase in the critical TPR. At the same time, 
the critical DI decreases. However, the peak TPR and DI remain al-
most the same because of the equal chamber pressure variation, 
as explained in Sec. 3.4. In the similar way, for configuration C2, 
a further higher boundary-layer mass flow is removed in the su-
percritical modes; hence the critical TPR point almost reaches the 
peak operation. It should be noted that, with increase in rear edge 
vertical displacement, the bleed entrance Mach number and the 
plenum pressure (not shown here) show similar behavior as ob-
served with increase in flush slot entrance area, as explained in 
Sec. 3.5. Moreover, for the configuration C2, the supercritical BMFR 
increases to about 3.8% from 2.7% for the flush-slot design. On the 
other hand, for the configuration C3, since a comparable amount 
of boundary-layer mass flow is diverted into the plenum as that of 
pure flush-slot design, the performance characteristics are almost 
identical for both the types of boundary-layer bleed systems. Thus, 
it brings out clearly that the structure of SWBLI and the barrier 
shock strength are not affected by this design modification. Based 
on these observations, it can be concluded that for the removal 
of comparable amount of boundary-layer mass flow, the effects of 
pure flush slot or of a configuration with a small vertical displace-
ment at its rear edge, located at the same position, are similar.

3.7. Performance characteristics with and without bleed

Based on the above comparative analysis, the configuration 
with Ae = 54% At, Aeth = 17.0% Ae , and Lb = 9.1% Ht , is found to 
be the optimal bleed geometry for the operational requirement of 
the present intake. Fig. 21 shows its effect on the captured MFR as 
well as the peak TPR in the complete range of operation. As shown 
in the figure, with the use of the optimal configuration, at Mach 
number of 2.2, the peak TPR increases to about 0.9 from 0.84 and 
the sustainable backpressure ratio increases by about 12% as com-
pared to the case without bleed, with a supercritical bleed mass 
flow ratio of 2.7%. Similarly, the configuration is found to increase 
the sustainable backpressure ratio by about 5.6%, 3.3%, 5.6%, 7.2% 
and 10.5% at Mach numbers of 1.7, 1.8, 2.0, 2.5 and 2.8, respec-
tively, with a corresponding supercritical BMFR of 2.3%, 2.5%, 2.7%, 
1.5% and 1.1%, respectively. Moreover, with the use of bleed since 
the SWBLIs weaken, the flow distortion reduces. For the present 
intake configuration, the critical DI varies in the range of 19-25% 
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Fig. 19. Effect of bleed entrance area on the a) performance characteristics b) DI for a fixed exit throat area; M∞ − 1.8,2.2,2.5.

Fig. 20. Effect of combined flush and ram slot configuration on the a) performance characteristics and b) DI; M∞ − 2.2.
Fig. 21. Variation of peak TPR and supercritical MFR with freestream Mach number; 
M∞: 1.7-2.8.

at the design and low off-design Mach numbers, which decreases 
to about 15-20% with the use of bleed. However, at high off-design 
Mach numbers the critical DI increases to about 40%. This is caused 
by the large separation regions as well as the strong stream-wise 
vortices induced because of the swept SWBLIs.

4. Conclusions

In the present study, a numerical investigation has been carried 
out to clarify the impact of several geometric parameters of a flush 
slot bleed including the entrance area, exit throat area, plenum 
size, rear edge vertical height and its position relative to the in-
cident shock, on the performance characteristics of a supersonic 
intake and provide design methods. Here, a three-ramp rectangu-
14
lar mixed-compression intake has been considered and is analyzed 
at three different freestream Mach numbers of 1.8, 2.2, 2.5 and 
at 0◦ angle-of-attack, corresponding to a unit Reynolds number of 
approximately 1.9 − 2.7 × 107 m−1. The viscous flowfield has been 
obtained by solving Favre averaged Navier-Stokes (FANS) equations 
with SST k-ω turbulence model. The performance has been evalu-
ated in terms of total pressure recovery (TPR), captured and bleed 
mass flow ratio (MFR, BMFR), sustainable backpressure ratio (or 
peak TPR) and distortion index. The highlights of the results are as 
follows:

The flow features indicate that, with the use of the bleed the 
low energy boundary-layer and the throat separation bubble are 
successfully removed near the throat (in the supercritical modes 
of operation). Consequently, the exit flowfield distortion as well 
as the critical TPR improves considerably compared to an intake 
without bleed (called as boundary-layer factor). Moreover, since 
the terminal shock gets stabilized at the bleed entrance after the 
critical operation, the TPR further increases up to its peak opera-
tion at all operating Mach numbers (called as stabilization factor). 
The optimal bleed geometry leads to a 7.2% increase in TPR and 
12% rise in the sustainable backpressure ratio at the design Mach 
number of 2.2, with a supercritical BMFR of 2.7%. Similarly, the 
configuration is found to increase the sustainable backpressure by 
about 5.6%, 3.3%, 5.6%, 7.2% and 10.5% at Mach numbers of 1.7, 1.8, 
2.0, 2.5 and 2.8, respectively.

From the present work, the following conclusions can be drawn 
that are useful for designing a fixed-exit (passive) bleed system. 
First, since the main flow in the plenum occurs close to the bleed 
rear wall, while the other part is only occupied by the recirculat-
ing zone; the leading wall of a new plenum configuration could 
be sufficiently slanted to reduce its volume such that the plenum 
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pressure is not altered. Second, with increase in bleed exit throat 
area for a fixed entrance and location, both the boundary-layer as 
well as the stabilization factors increase (see Sec. 3.3). Thus, the 
TPR at the critical as well as the peak operations keep increasing 
till the complete boundary-layer is removed. Hence, the exit throat 
area for a new design operating at a particular freestream condi-
tion can be increased up to a point such that it is just sufficient to 
eliminate the upstream boundary-layer at its peak operation. Third, 
maintaining a fixed exit throat area, variation in the bleed en-
trance area or its position relative to the throat entrance only alters 
the critical performance depending on the supercritical boundary-
layer mass flow loss. However, the peak TPR or the sustainable 
backpressure remains the same at all upstream conditions, con-
trolled by the fixed-exit throat area. Therefore, the entrance area 
could be chosen by the intake designer depending on the allow-
able supercritical BMFR. However, it should be noted that a very 
small entrance areas may lead to an increase in the losses across 
the strong barrier shock as well as a relatively higher DI, specif-
ically at high off-design Mach numbers. Fourth, an axial position 
just downstream or upstream of the incident shock that leads 
to a minimal BMFR and completely eliminates the throat sepa-
ration is found to be a suitable configuration. Though the cowl 
shock impingement point varies with freestream Mach number, 
this fact can be utilized to locate the bleed system at the design 
Mach number conditions. Finally, for the removal of comparable 
amount of boundary-layer mass flow, the effects of using a pure 
flush slot or of a configuration with vertical displacement at its 
rear edge, located at the same position are found to be simi-
lar.
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