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Abstract
Supersonic airflowdeceleration in a conventionalmixed-compression intake is studied numerically. The simulation of turbulent
two-dimensional flow is based on the Reynolds-averaged Navier–Stokes equations and the k-ω SST turbulence model.
Numerical solutions are obtained with ANSYS-18.2 CFX finite-volume solver of second-order accuracy. The solutions reveal
flow hysteresis with step-by-step changes in the free-stream Mach number M∞. The hysteresis is caused by the instability
of an interaction of a shock wave with the local region of flow acceleration formed near the throat of intake. Oscillations
of the Mach number M∞ in time are considered as well, and the existence of hysteresis is confirmed at small values of the
amplitude A and period τ of the oscillations. The hysteresis shrinks with increasing amplitude A and eventually disappears
at sufficiently large amplitudes. The dependence of shock wave oscillations on the period τ is also studied and transitions
between different flow regimes are discussed.
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1 Introduction

The efficiency of an air-breathing engine designed for a
supersonic vehicle depends substantionally on the intake that
decelerates the incoming atmospheric airflow to velocities
suitable for fuel burning in the combustor. In on-design con-
ditions, the deceleration and compression of supersonic flow
are accomplished through several oblique shock waves gen-
erated by ramps and cowl of the mixed compression intake.
Such a flow regime is known as started intake [1, 2]. If the
free-stream Mach number M∞ drops below the on-design
value or the pressure imposed at the exit pexit increases, then
the shock system shifts upstream and eventually is expelled
from the intake. This regime is known as unstarted intake
with a nearly normal shock ahead of entrance, resulting in
considerable losses in the total pressure. The intake can be
restarted again by increasing M∞ or decreasing pexit if the
contraction ratio (i.e., the ratio of the cross-sectional area at
the entrance to the throat area) is not large.

The unstart and start of an intake are usually accompa-
nied by hysteresis. For a convergent-divergent Busemann
biplane at zero angle of attack, two-dimensional numerical
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simulations showed the existence of flow hysteresis with a
variation of M∞ in the band 1.64 ≤ M∞ ≤ 2.18 [3]. Sub-
sequent experiments confirmed the hysteresis [4], although
they demonstrated some discrepancy with numerical results
owing to 3D effects.

Guo et al. [5] and Li [6] numerically and experimentally
explored supersonic flow deceleration in a curved chan-
nel. The existence of flow hysteresis with changes in the
backpressure pexit was demonstrated. Two causes of this phe-
nomenonwere identified: the initial pressure distribution and
self-sustaining characteristics of a separation region.

Feng et al. [7, 8] performed experimental and numerical
investigations of the airflow in a dual-mode combustor at
M∞ � 3. A pressure hysteresis on a wall of the channel
under variation of the exit area was demonstrated.

For a typical convergent-divergent intake, Das and Prasad
[9] studied the effects of cowl deflection angles and changes
in the backpressure pexit at M∞ � 2.2. It was shown that
a small cowl deflection angle can produce a noticeable
improvement in the aerodynamic performance of the intake.
The improvement was comparedwith that achieved by a con-
ventional technique of bleeding through suitable holes in the
vicinity of the intake throat.

Jin et al. [10] focused on a numerical and experimental
study of flow hysteresis in a convergent-divergent intakewith
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variable geometry of the throat. Flow separation ahead of
intake was identified as a major factor influencing hysteresis.

A number of works have addressed flow nonuniqueness
and hysteresis in hypersonic intakes [11, 12]. In particular,
the interaction of the external compression shock and bound-
ary layer on the cowl was shown to play a key role in the
hysteresis phenomenon.

Kuzmin [13, 14] focused on supersonic flow deceleration
in 9°-bent channels of constant cross-section areas before and
after the bend. Special attention was given to the interaction
of a shockwave reflected from the cowl tip with an expansion
flow region over the convex wall of the channel. Instability
of the interaction was shown to cause a hysteresis of shock
location with changes in Mach numberM∞ or backpressure
pexit. In addition, computations revealed a double hysteresis
(with three branches of the hysteresis curve) in narrow bands
of M∞ or pexit.

A subsequent paper [15] was concerned with oscillatory
flows in 9°-bent channels at Mach numbers ranging from
1.56 to 1.63. Transitions between different regimes under
forced oscillations of the Mach numberM∞(t) or backpres-
sure pexit(t) were examined. It was shown that hysteresis in a
long channel is essentially wider than that in a short channel.

In the present paper, we perform a similar study of oscil-
latory flow in a mixed compression intake treated by Das and
Prasad [9]. In Sect. 2, we formulate the problem and outline
a numerical method. Then, in Sect. 3, we demonstrate flow
hysteresis with a step-by-step variation in the steady Mach
number in the band 1.9 ≤ M∞ ≤ 2.2. Section 4 addresses
flow behavior under forced harmonic oscillations of M∞.
Transitions between different flow regimes with changes in
the midvalue, amplitude, or period of the Mach number are
discussed, and the existence of flow hysteresis is confirmed.

2 Problem formulation and numerical
method

Figure 1 shows the intake geometry and outer boundaries
of the computational domain, where the Cartesian coordi-
nates (x,y) are dimensional and given in millimeters. The
total length of the lower wall is 119 mm. The first and second
ramps of the wall are 7° and 14°, respectively. Coordinates
of the cowl tip are x � 22.98 mm, y � 15 mm. The inner and
outer surfaces of the cowl make angles of 4° and 7°, respec-
tively, with the freestream that is parallel to the x-axis. The
height of the intake at the exit is 12 mm. More details of the
intake geometry are available in [9].

The air is treated as a perfect gas whose molar mass is
28.96 kg/kmol, the ratio of specific heats is 1.4, and the spe-
cific heat at constant pressure is 1004.4 J/(kg K). For the
molecular dynamic viscosity, we use the Sutherland formula.

On the inflow boundary of the computational domain, we
set the x- and y-components of flow velocity U∞ � M∞a∞,
V∞ � 0, turbulence level of 0.5%, static pressure p∞ � 4.47
× 104 N/m2, and static temperature T∞ � 161 K, which
determines the sound speed a∞ � 254.4 m/s. The chosen
parameters correspond to those in a test section of the wind
tunnel used for experiments in [9]. The Reynolds number
based on M∞ � 2.0 and the height h � 15 mm of the cowl
tip is 6.7 × 105.

The condition of supersonic flowM(x,y) > 1 is prescribed
at the exit of intake and on the outflow boundary of the com-
putational domain over the cowl. The vanishing heat flux and
no-slip condition are imposed on the walls. Initial data are
determined by the free stream or a flow field obtained for
other values of M∞.

The initial-boundary value problem was solved with
ANSYS-18.2 CFX finite-volume solver [16] based on the
system of unsteady Reynolds-averaged Navier–Stokes equa-
tions with respect to static pressure p(x,y,t), temperature
T (x,y,t), and velocity components U(x,y,t), V (x,y,t) [17].
We used a high-resolution numerical scheme for convective
terms and an implicit backward Euler scheme for advancing
in time t. A Shear Stress Transport k-ω turbulence model by
Menter [18] was employed for the calculation of Reynolds
stresses.

Computations were performed on an unstructured mesh
consisting of quadrilaterals in 40 layers on the wall and cowl
of intake, and by triangles in the remaining region. The non-
dimensional thickness y+ of the first mesh layer was less
than 1.2. The total number of mesh cells was 612,127. Test
computations on a refined grid of approximately 1.3 × 109

cells only showed insignificant changes (< 1.3%) in shock
wave coordinates. A global timestep of 5 × 10–7 s ensured
that the root-mean-square Courant–Friedrichs–Lewy num-
ber was smaller than 4. At M∞ � 2.2, the calculated shock
systemdemonstrated good agreementwith the numerical and
experimental results provided for this particular case by Das
and Prasad (see a comparison in [19]).

3 Results and discussion

3.1 Steady free-streamMach numberM∞

At given steady values of M∞, transient solutions of the
initial-boundary value problem demonstrated a fast conver-
gence of the mean parameters of turbulent flow to steady
states. The states turned out to be nonunique in a narrow
band of M∞. For example, to demonstrate the nonunique-
ness atM∞ � 2.04, one can solve the problem atM∞ � 1.9
andM∞ � 2.2, and then use the obtained flow fields as initial
data for solving the problem atM∞ � 2.04. In this way, com-
putations produced two different flows, as depicted in Fig. 1a
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Fig. 1 Mach number contours at
M∞ � 2.04 in two different
regimes, in which the shock
wave is a nearly normal and
located at the entrance, b oblique
and attaining the top of the lower
wall/throat of the intake

Fig. 2 The coordinate x sh of shock wave as a function of the steady
Mach number M∞

and b. Figure 1a shows that the shock formed at the entrance
is nearly normal, whereas in Fig. 1b the shock is oblique and
attains the top of the lower wall (throat of intake).

The longitudinal location of a shock wave can be traced,
e.g., with its x-coordinate xsh at the height y � 9.5 mm,
as shown in Fig. 1. In what follows, we will use the non-
dimensional quantity x sh � xsh/22.98 mm (that is the ratio of
xsh to the x-coordinate of the cowl tip). Calculated values of
x sh with step-by-step changes inM∞ are depicted in Fig. 2.
The lower branch of the curve corresponds to the flow regime
inwhich the shock is nearly normal and resides in the vicinity

of the entrance (expelled shock). The upper branch corre-
sponds to the flow regime with an oblique shock attaining
the throat (swallowed shock). Evidently, there is hysteresis
in the band 2.00≤M∞ ≤ 2.03,which corresponds to changes
in the free-stream velocity U∞ from 508.8 to 516.4 m/s.

3.2 Dependence of shock location on the amplitude
A of Mach number oscillations

To study oscillatory regimes in the intake, we impose the
free-stream Mach number as follows:

M∞(t) � Mmid + Asin(2π t/τ), (1)

where t is time and τ is the period of oscillations. This incurs
forced oscillations of the shock wave. For instance, at Mmid

� 2.04, A � 0.04, τ � 0.02 s and initial steady state with
an expelled shock (point E in Fig. 2), the dependence of the
coordinate x sh on time is illustrated by curve 2 in Fig. 3. As
seen, x sh(t) does not exceed 1.09; therefore, the initial flow
regime with the expelled shock persists.

For the initial state with a swallowed shock (point S in
Fig. 2) and the same Mmid � 2.04, A � 0.04, τ � 0.02, a
dependence of x sh on time is illustrated by curve 2 in Fig. 4.
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Fig. 3 1—given oscillations (1) of M∞ in time t; 2—calculated shock
coordinate x sh at Mmid � 2.04, τ � 0.02 s, A � 0.04 and initial state
with an expelled shock

Fig. 4 1—given oscillations (1) of M∞ in time t; 2—calculated shock
coordinate x sh at Mmid � 2.04, τ � 0.02 s, A � 0.04 and initial state
with a swallowed shock

Fig. 5 1—given oscillations of M∞; 2—calculated shock coordinate
x sh at Mmid � 2.04, τ � 0.02 s, A � 0.05 and initial state with an
expelled shock

As seen, x sh(t) oscillates between x sh,min � 1.24 and x sh,max

� 1.30; therefore, the initial flow regime again persists.
A rise of the amplitude A from 0.04 to 0.05 under retained

Mmid � 2.04, τ � 0.02 s enhances the shock oscillations in
such a way that x sh(t) turns out to alternate between 1.01
and 1.30, i.e., between vicinities of the entrance and throat
of intake, see Figs. 5 and 6.

3.3 Dependence of shock location on the period τ

andmidvalueMmid of Mach number oscillations

An increase in τ from 0.02 to 0.06 atMmid � 2.04, A � 0.04
in the case of an initial state with a swallowed shock (point S

Fig. 6 1—given oscillations of M∞; 2—calculated shock coordinate
x sh at Mmid � 2.04, τ � 0.02 s, A � 0.05 and initial state with a
swallowed shock

Fig. 7 1—given oscillations of M∞; 2—calculated shock coordinate
x sh at Mmid � 2.04, A � 0.04, τ � 0.06 s, which shows a transition of
the shock location from the throat to the vicinity of the entrance

Fig. 8 Margins of the shock coordinate oscillations as functions ofMmid
at τ � 0.02 s and three amplitudes A: 1—A � 0.02, 2—A � 0.03, 3—A
� 0.04

in Fig. 2) triggers a transition to the regime with an expelled
shock in which x sh(t) < 1.09, see Fig. 7.

Meanwhile, the same increase in τ from 0.02 to 0.06 at
Mmid �2.04,A�0.04 and initial statewith an expelled shock
(point E in Fig. 2) shows the persistence of the regime and a
merely insignificant rise in the amplitude of shock coordinate
oscillations from 0.035 (see Fig. 3) to 0.037.

Figure 8 depicts the maxima x sh,max and minima x sh,min

of the shock coordinate as functions of Mmid at τ � 0.02 s
and three amplitudes A of Mach number oscillations. It can
be seen that hysteresis shrinks as A increases.
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4 Conclusion

The numerical simulations of supersonic flow deceleration
in the convergent-divergent intake showed shock wave hys-
teresis with step-by-step changes in the free-stream Mach
number M∞. The upper branch of the hysteresis curve cor-
responds to the flow regimewith a swallowed shock, whereas
the lower branch corresponds to the regime with an expelled
shock. The hysteresis persists under harmonic oscillations
of the given Mach number M∞(t) if the amplitude A and
period τ of oscillations are sufficiently small. The hystere-
sis shrinks with increasing amplitude A, and it eventually
disappears when A becomes sufficiently large. At moderate
amplitudes (A≈0.04), the regime with swallowed shock is
less stable than the one with expelled shock, as an increase
in the period τ from 0.02 to 0.06 s triggers a shock expulsion.
We notice that different regimes produce different losses in
the total flow pressure [14, 15]; this can influence the fuel
burning in the combustor and incur fluctuations in the engine
thrust.
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