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Abstract

This paper presents a numerical study of the transient start-up of
a sonic jet into a hypersonic crossflow. Implicit large-eddy sim-
ulations were performed using OpenFOAM for a round, sonic,
perfect air jet issuing normal to a Mach 5 crossflow, over a flat
plate with a laminar boundary layer, at a jet-to-crossflow mo-
mentum ratio of 5.3. The evolution of shock and vortex struc-
tures, the jet penetration, and the control force have been quanti-
fied during the jet start-up. Initially, a lead shock forms, which
is quickly deformed and convected downstream by the cross-
flow. The obstruction caused by the jet leads to formation of
barrel shocks, a bow shock, and a Mach disk. The obstruc-
tion also results in upstream flow separation, which facilitates
the formation of the horseshoe vortices within an upstream re-
circulation region. Shear-layer vortices begin to form and shed
periodically once the barrel shock structure is established, while
longitudinal counter-rotating vortices and wake vortices are not
formed until the jet flow has penetrated far downstream. The
control force develops on the same time-scale as the longitudi-
nal counter-rotating vortices. An overshoot is observed in the
control force after the lead shock and initial jet flow has con-
vected downstream beyond the edge of the plate, and is related
to the re-compression of the free-stream flow downstream of the
jet outlet, and the development of re-circulation regions.

Introduction

The starting process of a sonic jet in hypersonic crossflow is
relevant to reaction control jet applications. When a reaction
control jet is operated at high frequency, the start-up process
may comprise a signficant portion of the total jet pulse period.
Therefore, a detailed understanding of the unsteady flow struc-
tures and control force generated during start-up is important to
the design of reaction control jet systems. Naumann et al. inves-
tigated the unsteady nature of the jet start-up flow-field via wind
tunnel experiments [12]. Force data published for jet start-up in
an established crossflow is unreliable due to measurement diffi-
culties in the experiment, where oscillations of the model in the
crossflow prevented accurate measurement of the control force.
Jet start-up was also studied by Chamberlain et al. [2] and Dash
et al. [3], who investigated reaction control of the US Army
THAAD missile. The flight conditions of interest were Mach
3 -8, at altitudes around 15 — 45 km. When the chamber pres-
sure was increased linearly from 30% to 100% into a Mach 3
free-stream with a zero degree angle-of-attack, the shock struc-
ture developed very quickly, while the development of the wake
structure behind the jet takes place over a longer time-period.
The rapid development of the shock structure caused an initial
overshoot in the control force. Soon afterwards, the jet shock
wrapped around the vehicle, creating a high pressure region un-
derneath the vehicle that counteracts the control force. As the
wake structure establishes, the low pressure wake completes the
aerodynamic force balance, resulting in a steady control force.
Ebrahimi [4] simulated the start-up and shut-down of a super-
sonic jet in a hypersonic (M. = 5) freestream at altitudes of
19 — 35 km. This work predicted a large overshoot in the con-
trol force, with a settling time corresponding to T ~ 100, where

7 is a non-dimensional time, T =t X U/ dj, for free-stream ve-
locity, U, and jet diameter, d;. A large steady interaction force
is caused by the finned missile geometry trapping the high pres-
sure jet fluid. The magnitude of the control force overshoot de-
pends on the jet-to-crossflow pressure ratio, but the settling time
and shut-down time does not. The use of a RANS turbulence
model prevents detailed analysis of flow structures to identify
the cause of the overshoot and the settling time, as RANS simu-
lations are unable to sufficiently resolve the unsteady, turbulent
flow features. Recent work by Despirito [6] focused on transient
forces on a generic missile in supersonic flow during jet start-up
and shut-down. For a jet pulse with a 10% rise and fall time, the
transonic and supersonic flow conditions show significant dif-
ferences. In a supersonic crossflow at sea-level, the maximum
jet force is reached after T ~ 160, while in transonic crossflow
at sea-level, it takes T /s 220 with a much larger overshoot. Each
of the studies investigating jet start-up have used a cylindrical
missile geometry. This complicated geometry, combined with
the use of RANS turbulence models, means that detailed un-
derstanding of the jet start-up and shut-down processes has not
been achieved. The present work aims to provide a detailed un-
derstanding of the flow structures generated during the start-up
of a sonic jet in hypersonic crossflow over a flat plate, with a
laminar in-flow boundary layer.

Numerical Setup

The governing equations for the flow conditions considered in
this study are the compressible, unsteady conservation of mass,
momentum, and energy. The governing equations were solved
in dimensional form using the rhoCentralFoam finite volume
solver, which forms part of the OpenFOAM code. A constant
Prandtl number of 0.7 was assumed, and viscosity was modeled
using Sutherland’s law [13]. Only perfect gases were consid-
ered. For compressible flows, fluid properties are not only trans-
ported by the flow, but also by the propagation of waves. Thus,
the numerical scheme used to solve the governing equations re-
quires the flux interpolation to be stabilised based on transport
that can occur in any direction. To achieve this, the central-
upwind flux reconstruction method of Kurganov et al. [10] was
used, with the van Leer limiter [14]. The second-order, implicit
Crank-Nicolson method was employed for temporal discretisa-
tion [9]. An implicit Large-Eddy Simulation (LES) methodol-
ogy has been adopted to model turbulence. Numerical schemes
that utilise flux-limiting schemes implicitly provide a sub-grid
model, of the eddy viscosity type [8]. This approach is referred
to as Monotone Integrated Large-Eddy Simulation (MILES),
and has shown performance comparable to conventional LES
for similar flows, including jets in supersonic crossflow, with a
reduced computational cost [1]. The numerical scheme is de-
scribed in detail in previous work by the authors [11]. The ge-
ometric configuration is a sonic jet injected through a circular
orifice in a flat plate into a Mach 5 crossflow, with a laminar
in-flow boundary layer. The fully established jet flow-field has
been investigated previously at the same conditions [5, 11]. A
schematic of the geometry is shown in Figure 1, and the free-
stream conditions are shown in Table 1. Free-stream conditions
were constant, and the simulation was run at a CFL number of
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Figure 1: Schematic of the geometric configuration.

Table 1: Free-stream and jet outlet conditions.

Mo To(K)  pe(Pa) Re(x 100 /m)
5 62 1210 13.1

Mj  T;(K)  poj/pe  Reqj(x10°) ]
1 250 251 88.5 53

0.2. Once a steady, laminar in-flow boundary layer was estab-
lished, the jet was switched on by instantaneously modifying
the jet out-flow static temperature, pressure and velocity, to the
values shown in Table 1. The upstream and downstream edges
of the domain were a supersonic inlet and Neumann outlet re-
spectively. The plate was modelled as an adiabatic wall, with
a circular sonic inlet with jet diameter d; = 2 mm. Geometric
symmetry allows the domain to be split in half, with a sym-
metry condition applied in a plane parallel to the free-stream
flow, through the centre-line of the jet. This was shown pre-
viously to have minimal influence on the flow structures [11].
Far-field (Neumann) boundary conditions were applied at the
top and side to complete the domain, at sufficient distance to
capture the relevant flow structures. The jet was assumed to
have a “top-hat” velocity profile, and no boundary layer or inlet
plenum was modelled. This is a common simplification when
considering choked nozzle flows, and has been shown to have
little or no effect on the shock formations in the crossflow [1].
The mesh was structured, with hexahedral cells concentrated
in the region of the jet orifice, as well as through the boundary
layer and on the leading edge of the flat plate. The mesh spacing
was increased linearly in all directions from these concentrated
regions, and consists of 6.4 M cells. A detailed mesh resolution
study and validation against experimental measurements for the
steady jet in crossflow was also conducted previously [11].

Flow Structures

The shock and vortex structures in the jet centre-line (z = 0) dur-
ing jet start-up are provided in Figure 2. The initial shock struc-
tures consist of a lead shock which travels out into the cross-
flow, followed by the jet interface, a normal shock (or Mach
shock) and a starting vortex, which forms at the edge of the ori-
fice and travels with the jet fluid into the crossflow. The lead
shock and Mach shock are deformed and rotated as they ex-
tend into the crossflow. The Mach shock is turned downstream
to form a Mach disk, while the two oblique barrel shocks also
form and are deflected by the crossflow, resulting in different
structures between the windward and leeward barrel shocks.
The starting vortex continues to develop at either end of the
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Mach disk, and the plane of this vortex is also rotated by the
crossflow, to remain parallel with the Mach disk. A recompres-
sion shock forms between the leeward barrel shock and the flat
plate. This recompression shock breaks away from the leeward
barrel shock and moves downstream as the obstruction caused
by the jet increases, resulting in recompression of free-stream
flow that has travelled around the barrel shocks occuring fur-
ther downstream. The adverse pressure gradient caused by the
jet flow causes the in-flow boundary layer to separate, and a
re-circulation region forms upstream of the jet outlet. A pair
of counter-rotating horseshoe vortices form in this developing
re-circulation region. The region of separated flow upstream of
the jet grows more slowly than the downstream region, and this
smaller re-circulation region results in a simplified horseshoe
vortex structure compared with the fully developed jet. Byt =5
a reflected shock and a slip line have formed directly down-
stream of the Mach disk, and extend between the Mach disk and
the flow interface. By T = 7 the barrel shocks and Mach disk re-
semble those of the fully developed flow-field, the Mach disk
height has reached 85% of the fully developed jet, while the up-
stream region of separated flow remains small, only 19% of the
fully developed jet. Upstream of the jet outlet and outside the
boundary layer, the bow shock forms at the interface between
the jet and crossflow. The lead shock continues to travel radi-
ally outward, while the recompression shock separates from the
leeward barrel shock, but remains beneath the Mach disk, and
the slip line developed downstream of the Mach disk continues
to extend downstream with the flow interface. The upstream
starting vortex has rotated and now travels approximately paral-
lel with the crossflow, while trailing vorticity continues to form
at the upstream barrel shock, in the shear-layer between the up-
stream starting vortex and the jet outlet. From T = 7, the start-
ing vortex begins to separate from the Mach disk, as it convects
downstream. At the same time, the trailing vorticity rolls-up,
leading to the formation of a second vortex, which can be iden-
tified as a jet shear-layer vortex at T = 10. This second vortex
begins to form above the stagnation point, which remains close
to the jet outlet, due to the small separated flow region upstream
of the jet outlet. This forming shear-layer vortex deforms the
bow shock and windward barrel shock.

At T > 10, the starting vortex continues to detach from the wind-
ward barrel shock and Mach disk, and convects downstream.
This starting vortex is accompanied by a counter-rotating vor-
tex, which originates in the re-circulation region on the flat
plate, at the upstream edge of the jet orifice. During the early
stages of flow development, the upstream separated flow region
is not fully developed. As a result, the jet shear-layer vortices
form much closer to the jet outlet. The proximity of the shear-
layer to the re-circulation vortex causes the development of dis-
tinct counter-rotating vortices which shed with the conventional
shear-layer vortices as a counter-rotating pair. This counter-
rotating shear-layer vortex behavour was observed by Won et al.
[15] for a sonic jet in supersonic crossflow with a turbulent in-
flow boundary layer, but has not been observed in other studies.
The phenomenon appears to be related to the upstream sepa-
rated flow region, which affects the proximity of the shear-layer
vortex formation to the jet outlet. If the upstream separated re-
gion is sufficiently small, the jet shear-layer vortices will form
close to the jet outlet, in close proximity to the re-circulation
vortex, which has rotation opposite the jet shear-layer vortices.
The result is the formation of counter-rotating pairs of shear-
layer vortices, rather than a single distinct shear-layer vortex as
conventionally described. This fits well with the observation of
Won et al. [15], that the negative span-wise vorticity scales with
free-stream velocity, while positive span-wise voriticity scales
with jet exit velocity. At T = 20, the lead shock has reached
the domain outlet (x/d; = 25), while the slip line has extended
further downstream from the Mach disk, to the flow interface,
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Figure 2: Contours of instantaneous density gradient magnitude and instantaneous span-wise vorticity in the plane of symmetry during

jet start-up.

atx/d ; = 15. At this time, the recompression shock, reflected
shock, and slip line all converge to a single point. The barrel
shocks and Mach disk are fully developed, the Mach disk height
has reached that of the fully established jet. The upstream sep-
aration region continues to grow, and the bow shock continues
to form as the lead shock expands radially from the jet orifice.
For t > 20, the slip line is deformed by shear-layer vortex shed-
ding, and the unsteady recompression shock can no longer be
clearly identified in the plane of symmetry. The upstream start-
ing vortex weakens as it travels downstream, while the down-
stream flow-field continues to develop, with the flow interface
reaching the domain outlet at T ~ 40. At this time, the upstream
separated flow region has extended further but continues to de-
velop, the bow shock has fully developed, and the thicker sep-
arated boundary layer causes the stagnation point to be located
further from the jet outlet, and further from the flat plate. The
development of the upstream separated region continues until
T ~ 60, and counter-rotating shear-layer vortices are observed.
For T > 60, the upstream re-circulation region is fully formed,
the shear is reduced at the stagnation point, and jet shear-layer
vortices are not observed close to the jet orifice. This prevents
the formation of counter-rotating shear-layer vortices, as the
vorticity formed in the re-circulating vortex remains confined
to this region. This marks the transition to a quasi-steady, fully
established jet.

Penetration

Jet penetration was measured as the maximum height in the y
direction of the instantaneous stream-line that originates from
the centre of the jet outlet. A plot of penetration vs. time is pro-
vided in Figure 3. Time-averaged penetration data for the fully
established jet from [11] is also included for comparison. Dur-
ing the initial start-up, while T < 10, the penetration increases
with time, at a decreasing rate. This corresponds to the period
where the barrel shocks and Mach disk are extending out from
the jet orifice and being turned by the crossflow. At T = 10,
the jet barrel shocks and Mach disk are formed, and jet pene-

tration reaches the time-averaged value of y/d; = 5.6. When
this occurs, the rate of change of penetration depth decreases
rapidly. A small overshoot in jet penetration is observed during
the period 10 < T < 50, while maximum jet penetration is not
achieved until T = 40, with a value of y/d ; = 6.6, correspond-
ing to an 18% overshoot of the time-averaged value. Maximum
penetration is not observed immediately, penetration reaches a
steady value of y/d; = 6.2 (10% overshoot) during the period
20 < 1 < 30, before increasing again to the maximum value
at T = 40. Peak penetration corresponds to the intial jet flow,
which continues to expand downstream of the jet orifice, as the
lead shock moves toward the domain outlet. Penetration peaks
at T = 40, when the initial jet flow reaches the domain outlet.
The extended period of overshoot from 10 < T < 50 is main-
tained during the time period where the lead shock is moving
toward the domain outlet, and the upstream separated flow re-
gion and the bow shock are still forming. This behaviour differs
from pulsed jets in subsonic crossflow, where increased pene-
tration is linked to formation of strong shear-layer vortex rings
which penetrate deeply into the crossflow [7]. Here, maximum
penetration is observed during the start-up period, as the bow
shock is still forming. At times T > 40, the jet penetration re-
turns to the time-averaged value, with small oscillations about
the mean corresponding to the instantaneous flow structure. In-
stantaneous penetration slightly increases at shear-layer vortex
shedding events, for example, at T = 80.

Interaction Force

The resulting interaction force, F', can be obtained by integrat-
ing the surface pressure. This results are provided in Figure 4, in
non-dimensional form, i.e. Cp = F/ijjsz, where p;, A;, and
U; and the jet density, area, and velocity respectively. Jet thrust
coefficient and jet interaction force coefficient for the fully es-
tablished jet are provided for comparison. Initially, the jet in-
teraction force increases linearly over the period 0 < T < 40.
At T = 40, the interaction force overshoots the steady jet value
by 18%, with a peak value of Cr = 1.064. The magnitude and
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Figure 4: Jet thrust coefficient (Dash line), interaction force co-
efficient (Solid line), and time-averaged interaction force coef-
ficient (Dot-dash line).

timing of this overshoot directly corresponds to the peak pen-
etration observed during the jet start-up, indicating that pene-
tration and control force are strongly linked. However, the na-
ture of the time dependent force differs from the jet penetration.
The interaction force of the fully established jet is not reached
until T = 35, while jet penetration exceeds that of the fully es-
tablished jet within T < 10. The penetration is driven by the
establishment of the barrel and Mach shocks, while the interac-
tion force is driven by the formation of the bow shock, and the
expansion of the downstream low pressure region behind the
lead shock. The bow shock and downstream low pressure re-
gion are established over t ~ 50; after this time, the downstream
region resembles the fully developed flow. As a result, the in-
teraction force evolves over the same time period. During the
period 50 < T < 60, the interaction force continues to decrease,
corresponding to the continued formation of the upstream recir-
culation region, which is a region of high pressure. Small vari-
ations are also observed in the interaction force at later times,
corresponding to the formation and motion of individual vor-
tex structures. While the linear increase in control force is ob-
served over a longer period than the increase in penetration, the
development of the jet interaction force occurs over a shorter
time period than observed in previous work [4, 6]. Here, the
faster development time is due to the simplified geometry of
a flat plate, compared with a finned missile configuration used
previously. With a finned missile, the shocks wrap around the
cylindrical body, and a significant force overshoot is observed
while the lead shock passes over the fins. Force development is
also dependent on the size of the missile or flat plate — a larger
downstream area relative to the jet diameter will result slower
development of the interaction force. However, this study al-
lows the link to be drawn between the interaction force, and the
development of specific flow structures (bow shock, lead shock
etc.) not previously documented.

Conclusions

The start-up of a reaction control jet can significantly affect the
overall control force when the jet is pulsed at hgh frequency.
During the start-up period, shear-layer vortices are developed
in counter-rotating pairs, due to the proximity of the stagnation
point to the jet orifice. If the upstream separated region is suffi-

ciently small, the jet shear-layer vortices will form close to the
jet outlet, in close proximity to the re-circulation vortex, which
has rotation opposite the jet shear-layer vortices. The result is
the formation of counter-rotating pairs of shear-layer vortices,
rather than a single distinct shear-layer vortex as conventionally
described. Jet penetration shows an 18% overshoot at T = 40,
with increased penetration caused by the expansion of initial jet
flow behind the lead shock. The interaction force is also driven
by the lead shock. Overall, the interaction force developed dur-
ing start-up can be characterised as a lightly damped second
order system, with an 18% overshoot, and a settling time of
T = 60.
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