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ARTICLE INFO ABSTRACT

Communicated by Mehdi Ghoreyshi Shock-wave/boundary-layer interactions and associated flow separation are frequently occurring phenomena in
many high-speed flow applications. Injection of spanwise-inclined air-jets is an efficient means to control shock-
induced flow separation in supersonic and transonic flows. Separation-control studies in hypersonic flow are
scarce and so far mostly restricted to microramp control. The objectives of the current work are to broaden
the scope into hypersonic regime, investigate the influence of crossflow Mach and Reynolds number on the jet-
injection flow field, and to find a suitable control parameter that is valid across a wide range of flow conditions.
For this purpose, we study injection of a single spanwise-inclined jet in supersonic and hypersonic crossflows
using large-eddy simulations. We analyzed the flow topology, induced vortical structures and boundary-layer
statistics. The general characteristics of the jet/crossflow interactions are similar in the supersonic and hyperonic
regimes: the injection of a spanwise-inclined jet induces an asymmetric flow topology with a complex system of
shocks and vortical structures. We identified the ratio of injection-pressure-to-freestream-pressure as a suitable
parameter to characterize and compare jet/crossflow interactions in different flow regimes. In addition, we
recommend larger boundary-layer-to-jet-diameter ratio for control applications, because it delays the lift-off of
major vortices. The present results suggest that rows of spanwise-inclined jets can be efficiently used to control
separation also in hypersonic flow. Moreover, low momentum-flux jet injection can be potentially also used for
cooling purposes.
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1. Introduction for example, reduces the achievable overall thrust in engine applica-

tions [4]. MVGs induce additional drag and are only fully adapted to

Shock wave/boundary interactions (SWBLI) occur in flow fields
within and around high-speed vehicles under a wide range of condi-
tions. When the shock wave is too strong, it causes large-scale sepa-
ration, resulting in flow distortion and a significant loss of total pres-
sure. Moreover, the unsteadiness associated with SWBLI can cause high
temperature and pressure loads on the structure of the vehicle. These
effects make it important to investigate methods to avoid or miti-
gate shock-induced flow separation and/or modulate the frequency of
the unsteadiness in order to tune it away from the structural reso-
nance.

Various control techniques, such as boundary layer bleed/suc-
tion [1], mechanical vortex-generators (MVGs) [2], and air-jet vortex-
generators (AJVGs) [3] have been developed in recent years to mini-
mize the detrimental effects of SWBLI. While the bleed technique and
MVGs are effective at suppressing flow separation, they also have an im-
pact on the overall performance of the system. Boundary-layer bleed,
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a specific set of flow conditions (see e.g. [5,6]). As a result, such sys-
tems lack operational flexibility. These disadvantages can be overcome
by using AJVGs, where small air jets are injected into the crossflow
to induce streamwise vortices with a comparable control effectiveness
as those generated by MVGs [7]. AJVGs offer greater flexibility than
mechanical devices: they can be turned off when not needed (thus re-
ducing the induced parasitic drag), and they can also be combined with
cooling [8].

The effectiveness of an AJVG setup is determined by a number of
geometric and flow parameters. Several studies revealed the effects of
geometric parameters (such as jet orientation, jet diameter, jet spacing,
and their arrangement) and flow parameters (such as jet injection pres-
sure, velocity, density, momentum flux, and temperature) on control
efficiency (see e.g. [9-12]). Wallis [13] found that injecting spanwise-
inclined jets is more effective for controlling flow separation than wall-
normal or streamwise injection.
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Table 1
Global flow parameters.
Crossflow M, Tyo/K  jy/Pa i,/ms'  Rey,  Sgx10°/m  Re,
Cl1 72 1760 7930000 1180 3500 4.3 215
C2 25 295 101325 578 1570 2.0 245
C3 25 295 101325 578 7000 9.4 1093
Table 2

Details of the parameters and cases studied.

No. Variable Cases Constant conditions
1 P"/pes M7.2a M7.2b Re, =215, M, =17.2, 699/d =5
P/pe =10 pP'/p, =15
2 Sgo/d M7.2b M7.2¢ Re, =215, M =172, p"/p, =15
bg9/d =5 bg9/d =~ 10
3 M, M7.2¢ M2.5a Re, ~215—245, p?' /p_ = 15— 17, 699 /d =~ 10
M, =172 M =25
4 Re, M2.5a M2.5b PP /Do =17, 899 /d ~ 10, M, =2.5
Re, =245 Re, =1093

Due to the complexity of the flow, a majority of these studies are ex-
perimental, and the resolution of details in the near field of jet injection
is challenging. Detailed information on the jet flow and near-field flow
organization past injection was missing until recently. The development
of high performance computation (HPC), now enables high-fidelity sim-
ulations of such complex flow problems. We recently performed a large-
eddy simulation (LES) of the injection of a spanwise-inclined jet in a
supersonic crossflow (JISCF) on a flat plate at M, = 2.5 and Re, = 7000
[14], and analyzed the jet flow, the dynamic behavior of the jet/cross-
flow interaction, as well as the flow past injection.

To develop efficient and flexible AJVG control for aerospace appli-
cations, we need a better understanding of the physics and governing
mechanisms in the flow field around spanwise-inclined jets across a
wide range of Mach numbers. Spanwise-inclined AJVGs are an effec-
tive separation control technique in the transonic and supersonic flow
regimes (see e.g. [3,10,15]). Separation-control studies in hypersonic
flow are particularly scarce and so far mostly restricted to microramp
control (see e.g. [16,17]). The primary objective of the current work is
to broaden the scope and understanding of AJVG control into the hy-
personic regime. This requires investigating the influence of crossflow
Mach and Reynolds number on the jet-injection flow field. Moreover,
varying conditions in the supersonic and hypersonic flow regimes make
it important to understand the effects of other parameters on the jet-
crossflow interactions in the different flow regimes. Hence, the present
study also investigates the effect of parameters, such as the injection
pressure and boundary-layer-to-jet-diameter, to find a suitable control
parameter that is valid across a wide range of flow conditions.

In the present work, we therefore perform LESs of a single spanwise-
inclined jet injected into a hypersonic crossflow (JIHCF) at M =7.2,
Rey =3500 and JISCF at M, = 2.5, Rey = 1570 (see Table 1 for the
flow parameters). These hypersonic flow conditions are similar to the
experimental conditions reported in Schreyer et al. [18] and supersonic
conditions are similar to the direct numerical simulation (DNS) of Guar-
ini et al. [19] to allow for comparisons. An adiabatic wall is considered
in the supersonic case, whereas the hypersonic case has a cold wall with
T, =340 K (T, /T, = 0.5; T, is the adiabatic wall temperature); these
conditions match the reference DNS by Priebe et al. [20] and the exper-
iment by Schreyer et al. [18]. The characteristics of the injected jet, as
well as the jet/crossflow interaction in the injection near-field and their
dynamics are mainly affected by the injection geometry [21] and pres-
sure [22], and additionally by the jet-spacing in the case of an array of
jets [23]. The influence of wall temperature on the near-field character-
istics is small. Influences of the different wall-temperature conditions
on the evolution of the flow in the mid- and far-field of injection are

not considered here, and are outside the scope of the objectives of the
present work.

To understand the influence of crossflow Mach and Reynolds num-
ber on the jet/crossflow interaction and to find out if there is a suitable
set of control parameters that is valid across a wide range of flow con-
ditions, we studied three JIHCF cases (M7.2a, M7.2b and M7.2c in
Table 3) and two JISCF cases M2.5a and M2.5b. Case M2.5b was taken
from our previous work [14]. In the present work, we investigate the
effects of injection-pressure-to-freestream-pressure, pP / Do (using cases
M7.2a and M7.2b), boundary-layer-to-jet-diameter, 6q9/d (using cases
M?7.2b and M7.2¢), cross-flow Mach number M, (using cases M7.2¢c
and M2.5a), and friction Reynolds number Re, (using cases M2.5a and
M2.5b). Variables pP'/p_, M, and Re, are flow parameters, whereas,
b99/d is a hybrid parameter involving a flow parameter (6q9) and a
geometric parameter (d). The value of 6y9/d can be fixed either by
changing the position of the jet in the developing boundary layer or the
jet diameter. We change the diameter of the jet (in case M7.2c) to fix a
value for 6g/d. We can therefore maintain the same characteristics for
the crossflow boundary layer into which the jet is injected. To inves-
tigate the effects of Re,, one has to consider crossflows with different
characteristics. Therefore, in order to maintain a constant g9 /d we var-
ied d in accordance with 8¢q of the crossflow. The test cases are listed
in Table 2. Our approach involved four steps: first, the jet-injection
pressure (which is a flow parameter) was varied in cases M7.2a and
M?7.2b, while maintaining all other parameters constant. This allows us
to (a) study the influence of injection pressure in a JIHCF, and (b) com-
pare the influence of injection pressure on jet injection in supersonic
and hypersonic crossflows. In our recent study [22], we showed that
the injection pressure affects the formation of the secondary upper-
trailing vortex in a supersonic crossflow, which is crucial in introducing
the asymmetry of the major counter-rotating vortex pair (CVP). The
size and strength of the major CVP, and the associated flow asymmetry
strengthen with the injection pressure pP!/p ., > 15 [22].

Then, in case M7.2c, the injection-pipe diameter (which is a geomet-
ric parameter) was decreased to investigate the influence of 6q9/d on
the jet/crossflow interactions.

Next, in case M2.5a, the crossflow Mach number was reduced to
match case M2.5b, while maintaining all other parameters as in case
M?7.2c¢. This approach also allows to analyze the influence of crossflow
(a) Mach number by comparing cases M7.2c and M2.5a, (b) Reynolds
number (Re) by analyzing cases M2.5a and M2.5b. Details of all param-
eters in this systematic parametric study are given in Table 2.

The numerical methods and computational setup used in this work
are discussed in Sec. 2 and 3, respectively. The results are presented in
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Sec. 4, and finally, the findings and concluding remarks are summarized
in Sec. 5.

2. Numerical methods

LESs were performed using the finite-volume solver m-AIA (for-
merly known as ZFS) [24] on a body-fitted block-structured mesh,
using the monotonically integrated LES (MILES) approach to provide
an efficient implicit LES framework [25]. The convective fluxes are
discretized using a second-order accurate advection upstream splitting
method (AUSM) [26], and the viscous fluxes are discretized with a mod-
ified cell-vertex scheme at second-order accuracy [27]. The monotone
upstream scheme for conservation laws (MUSCL) with the Venkatakr-
ishnan limiter [28] is used to reconstruct the cell surface values and
prevent steep and strong shocks from creating non-physical oscillations.
The time integration is performed with a second-order accurate 5-stage
Runge-Kutta scheme. The effects of the subgrid-scale model and order of
the method on the overall accuracy of the solution have been discussed
by Meinke et al. [27]. The numerical method has been thoroughly vali-
dated and proven suitable for the present case by computing flow prob-
lems such as turbulent boundary layers [29], shock-wave/boundary-
layer interactions [30,31], and jets of different configurations in super-
sonic crossflow [22,23,32,33], as well as separation control with air-jet
vortex generators [34].

Unless specified otherwise, the following non-dimensionalization
is used for the velocity u = @1/4,, where the speed of sound is g, =
\YDPo/Py; - denotes dimensional quantities, and subscript “0” denotes
values at stagnation condition. The temperature, density, and pressure
are non-dimensionalized as T =T /Ty, p = 3/p;, and p = ﬁ/ﬁodé, re-
spectively, and the viscosity is expressed using Keyes’s law [20] in
the hypersonic case and Sutherland’s law in the supersonic case. The
lengths and distances are non-dimensionalized using the injection-pipe
diameter d, such that x = %/d. Time-averaged quantities and fluctua-
tions are denoted with < - > and the superscript /, respectively. Time-
and spanwise- averaged quantities are denoted with —. Furthermore,
we use the following subscripts: “c0”, “69¢”, and “w” for values in the
freestream, at the edge of the boundary layer, and at the flat-plate
surface (wall), respectively; “0”, “z”, “d” for quantities based on the
momentum thickness, wall shear stress, and injection-pipe diameter,
respectively; and “x”, “y”, “z” for streamwise, wall-normal, and span-
wise quantities, respectively. The following superscripts are used: “+”
for values scaled in viscous units; “vd” for van Driest scaled quantities;
“jet” for values at the jet exit; and “cf”,“pl” for quantities related to the
crossflow and plenum subdomains, respectively.

3. Computational setup and conditions

The geometry of a single spanwise-inclined jet injected into a bound-
ary layer on a flat plate that we study here is shown in Fig. 1(a). The
computational domain consists of (a) a plenum below the flat-plate sur-
face (which supplies the air needed for injection), (b) a pipe (which is
used to inject the jet), and (c) a flat plate (where the jet is injected into
the oncoming crossflow). A fully developed turbulent boundary layer
on the flat-plate surface served as the cross flow, see Table 1 for more
details on the different crossflows considered.

The origin O(0,0,0) of the coordinate system is at the jet-injection
location on the flat-plate surface. A sufficiently long distance (/1 = 376¢q
for cases M7.2a, M7.2b and M7.2c, and /1 =238¢y for case M2.5a and
M2.5b) between the inlet of the cross-flow subdomain and the jet-
injection location ensures the transition of the cross flow to a fully
developed turbulent state. Downstream of the injection location, the
cross-flow domain extends up to /2 = 100d, allowing to study the flow
physics in both the near- and far-field downstream of the jet injection,
which is of particular interest for flow control applications. The stream-
wise, wall-normal and spanwise extents of the cross-flow subdomain are
Lff =11412, L;f =6.5699, and Lif =32d, respectively. The plenum has
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the dimensions LY x LY x L? = 14d x 13d x 84, and it is located at a
distance s = 3d beneath the surface of the flat plate.

In the JISCF cases, the boundary layer-to-pipe diameter ratio is
899/d = 10, whereas, for the JIHCF cases we considered two values of
b99/d = 5 and 10, respectively. The reason for this variation in 6¢9/d
is to examine the influence of injection pipe diameter on the induced
vortical structures and the jet-injection flow field, particularly on the
jet penetration depth and lift off of major CVP. The pipe is spanwise-
inclined at an angle of « =45° (in the y — z plane), and has a yaw angle
of f#=270° (in the x — z plane) with respect to the x—axis. Due to the
spanwise inclination, both ends of the pipe have an elliptical cross sec-
tion: the major axis of the pipe exit cross section on the flat-plate surface
aligns with the z—axis and the minor axis aligns with the x—axis.

To accurately capture the influence of a spanwise-inclined JISCF and
JIHCF problem, a DNS-like resolution is used near the flat plate. The
mesh is gradually relaxed in the wall-normal direction. The mesh reso-
lution in the crossflow region guarantees Ax* < 10, Ayt =1, Ay;f99 =

12, and Az* <5 in the supersonic cases and Ax* < 10, Ay} = 0.5,
A y;s:g =5, and Azt <5 in the hypersonic cases. In the supersonic cases,
these mesh resolutions were chosen based on a grid-sensitivity study
for boundary layer case C3 with Re, = 1093 reported in Refs. [14,21].
The grid resolution used in the supersonic case C3 was found suitable
with an uncertainty of 1.1% on the u, estimation with respect to the
comparable experimental study at similar conditions [14,15,23]. As a
result, both the inner- and outer-layer of the boundary-layer flow are
accurately captured (see Fig. 3 in [33]). The grid resolution used in
case C3 also discretizes the C2 boundary layer accurately, which does
not require additional mesh refinement due to its lower Re, =245. In
the hypersonic case, the aforementioned mesh resolutions match the
DNS study of Priebe et al. [20], and the estimated skin friction coeffi-
cient ¢ is in good agreement with both the experiment by Schreyer et
al. [18] and the DNS [20] at similar conditions (present case: 0.00107,
Exp.: 0.00095 and DNS: 0.0011). Refining the grid for an implicit LES
makes the simulation equivalent to a DNS [14], and currently the er-
ror on ¢, is only 2.8%. Moreover, the turbulent structures are more
coherent due to the altered energy transfer mechanism with the cold
wall. These structures are approximately 30% larger in the cold wall
case (with T,,/T, ~ 0.5) than with the adiabatic wall [35]. For an un-
changed mesh size, the structures would thus already be discretized by
a larger number of cells. We did, however, approximately half the mesh
spacing in the wall-normal direction compared to the adiabatic case.
With this finer grid, the uncertainty is thus minimized, and, therefore,
an additional mesh dependence study is not required to validate the
present hypersonic case.

About 125 points in the wall-normal direction are used to discretize
the low Re, crossflow boundary layers. Due to the very similar jet
injection configurations in the hypersonic and supersonic cases, we gen-
erated a block-structured mesh resembling the characteristics of the
mesh used in the supersonic case in our previous study [14] for the hy-
personic case as well. The computational mesh in the vicinity of the jet
orifice is shown in Fig. 1(b). In the vicinity of the jet-injection location,
a finer grid resolution is used in all directions. In the radial direction,
the first mesh point from the pipe surface is located at Arf =0.5. A
mesh resolution similar to the crossflow subdomain was used to dis-
cretize the plenum in the x and z directions. In the y direction, the first
point from the top surface of the plenum is located at Ay* = 0.5, and
the mesh is gradually coarsened in the —y direction. Mesh points were
clustered at both ends of the pipe to (a) ensure a smooth transition be-
tween different regions of the computational domain (plenum/pipe and
pipe/crossflow) and (b) accurately capture the flow physics with great
detail (see Fig. 1(b)).

Synthetic turbulence was injected into the crossflow through the in-
flow plane [36]. In the hypersonic cases, an isothermal no-slip wall
boundary condition was used at the flat-plate surface with T, = 340 K,
similar to the flow conditions of Schreyer et al. [18] and Priebe et al.
[20]. Whereas, in the supersonic cases, the adiabatic no-slip wall con-
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Fig. 1. (a) Schematic representation of the flow configuration (not to scale). (b) Zoom of the cross-flow subdomain in the vicinity of the jet-injection location

(wall-parallel plane at y = 0) showing every 5% node.

ditions were used. In all cases, the adiabatic wall boundary condition
was used at the pipe surface, top, and side faces of the plenum. We im-
posed an outflow boundary condition on the top surface and the outflow
plane of the crossflow region, and used a periodic boundary condition in
the spanwise direction of the crossflow subdomain. The crossflow was
initialized with the mean flow field computed from a corresponding
Reynolds Averaged Navier-Stokes (RANS) simulation, which was used
by the synthetic turbulence generator to feed the crossflow with realistic
turbulence. The pipe and plenum were initialized with a zero velocity
field and the free-stream density and pressure. The jet was injected into
the crossflow by prescribing the desired pressure at the bottom face of
the plenum. The plenum injection pressure was linearly ramped up from
freestream pressure to the desired value. In all cases, the temperature
at the bottom face of the plenum was set equal to T},.

Simulations were performed on the HPE APOLLO HPC facility at
HLRS, Stuttgart, with approximately 0.7 x 10° core hrs, and the data
are available on request.

3.1. Studied cases

To study the effect of different geometric and flow parameters on the
jet/crossflow interaction, we performed simulations of single spanwise-
inclined jets in a crossflow at M, = 7.2 and Re, = 3500 (cases M7.2a,
M?7.2b and M7.2¢), M = 2.5 with Rey = 1570 (case M2.5a) and 7000
(case M2.5b). To find a suitable control parameter which is valid across
a wide range of flow regime, we first varied the injection pressure in
the hypersonic cases M7.2a and M7.2b. The characteristics and dynam-
ics of the injected jet are primarily affected by the difference between
the injection and the freestream pressure. For the case of a single jet
in supersonic crossflow, the influences of the injection pressure on the
characteristics of the jet and the near-field jet/crossflow interactions
have been discussed in [22]. In cases M7.2b and M7.2c, we varied the
diameter of the injection pipe which is a geometric parameter to analyze
the influence 6o9/d on the jet/crossflow interactions. In cases M7.2a
and M7.2b we considered 6g9/d = 5 (d =1 mm). The injection pressure
was increased from pP!/p_ =10 to 15 in case M7.2b, while maintaining
all other parameters constant as in case M7.2a. The counter-clockwise
rotating (CCR) upper-trailing secondary vortex is only formed at suf-
ficiently high injection pressures [22], and it is responsible for the
formation of asymmetric major CVP. Hence, comparison of the influ-
ence of injection pressure in JIHCF and JISCF will help to verify the
suitability of injection pressure as a control parameter over a wide range
of crossflow Mach numbers. In case M7.2¢, the injection pipe diameter
was reduced such that 849/d ~ 10 (d = 0.5 mm), while keeping other
parameters unchanged as in case M7.2b. Due to the difference in the
characteristics of the supersonic and hypersonic boundary layers, the in-
jection pipe diameter was varied such that we have an equivalent 8qq/d

in cases M7.2¢, M2.5a and M2.5b. This allows to analyze the influence
of injection pipe diameter on the penetration depth, and on the major
CVP, particularly its lift off and resulting influence on the downstream
flow. Moreover, comparison of cases M7.2c and M2.5a also allows to
study the effects of crossflow Mach number on the jet/crossflow inter-
actions. Analysis of cases M2.5a and M2.5b gives more insight into the
effects of crossflow friction Reynolds number on the jet/crossflow in-
teractions. The results were compared with our earlier study of single
spanwise-inclined JISCF at M, = 2.5 and Re, = 7000 with d = 1 mm
and pP' /Ps = 17 (case M2.5b) [14], to find optimal injection parame-
ters which will serve to improve the flexibility of AJVG setups used for
control application across a wide range of flow regimes.

In addition to the jet injection cases, we also performed a simulation
of an undisturbed boundary layer on a flat plate at the same Mach and
Reynolds numbers as the jet injection cases for validation purposes. For
reference, the main flow parameters are given in Table 1, and the test
cases are listed in Tables 2 and 3.

4. Results

In the following sections, we will first present the oncoming cross-
flows at M, =7.2, Re, =3500 and M =2.5, Rey = 1570 (Sec. 4.1),
followed by a discussion on the flow in the jet-injection pipe in
Sec. 4.2. The resulting jet/crossflow interaction is discussed by analyz-
ing the general flow topology in Sec. 4.3, coherent vortical structures in
Sec. 4.4, and boundary-layer statistics in Sec. 4.5.

4.1. Oncoming crossflow

The hypersonic crossflow represents a fully developed low Reynolds
number turbulent boundary-layer flow with Rey = 3500 and Re, =215,
and the supersonic crossflow with Rey = 1570 and Re, =245. The hy-
personic boundary-layer profiles were validated against the experimen-
tal results of Schreyer et al. [18] (labeled as Sch.2018 in Fig. 2) and
DNS data of Priebe et al. [20] (labeled as Prb.2011), and the supersonic
boundary layer is compared with a reference DNS by Guarini et al. [19]
(labeled as Gua.2000) at similar M, and Re,. Both mean and RMS pro-
files have satisfactory agreement with the experimental and DNS data
(see Fig. 2). The mean velocity collapses on the DNS data, with a slightly
higher log-law constant due to the isothermal walls in the hypersonic
case [20]. Similarly, the mean velocity profile of the hypersonic case
agrees with the experimental data up to y* =200. Compared to the ex-
periment, the boundary-layer thickness in the hypersonic case is smaller
in the simulations. Hence, the velocity in the wake region is underesti-
mated. Due to the cold wall, the slope of the viscous sub-layer is reduced
[371, and an early departure from the y* = u" is observed in the hyper-
sonic case. The Morkovin-scaled RMS of the streamwise and wallnormal
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Fig. 2. Incoming boundary layer profiles for M = 7.2, Re, = 7000 (red) and M, =2.5, Re, = 1570 (blue). (a) vanDriest transformed mean velocity, and (b) Morkovin
scaled profiles of the rms of velocity components. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 3
Simulation test cases and results.
Cases M,  8oo/d  pP/py  P/pe  PM/p0 P/ P/Pe VIV P/ T C,

M7.2a 7.2 ~5 0.002 10 0.002 0.87 4.94 0.48 0.5 0.085  0.0010

M7.2b 7.2 ~5 0.003 15 0.003 1.31 7.46 0.54 0.67 0.13 0.0015

M?7.2¢ 7.2 ~ 10 0.003 15 0.003 1.31 7.1 0.53 0.63 0.11 0.0006

M2.5a 2.5 ~ 10 1.0 17 1.0 7.6 8.93 0.89 2.86 1.39 0.0068

M2.5b 25 ~ 10 1.0 17 1.0 7.6 9.3 0.90 3.18 1.52 0.0080
\‘/} metrical across the spanwise/wall-normal plane at x = 0. Also, shortly
0 . . v . . ¢ M downstream of the plenum/pipe intersection, the flow separates locally
A-A 0.0 and a small subsonic region forms. Hence, the flow is 3D in the injec-
1 ] 0.2 tion pipe and supersonic (M, ., = 1.5 —1.6) close to the pipe exit on the
0.4 flat-plate surface (see Fig. 3; similar observations were made for cases
§ 06 M7.2b, M7.2¢, M2.5a and M2.5b and are therefore not shown here).
oy 1 ) From the cross-sectional view of the pipe flow close to the exit on the

- 08 o s . . .

flat-plate surface, it is clear that the jet flow is underdeveloped with
-3 - 10 inflectional instability (see also [33]). Ramaswamy et al. [33] showed
12 that injection-pipe lengths of about 10d are required to obtain a sta-
-1 0 ! 2 Z/; 4 3 6 7 " ble jet flow. Similar observations were also made for the flow in the

Fig. 3. Local Mach number distribution in a spanwise/wall-normal plane at x =
0 superimposed with contour line of M, ., =1 for case M7.2a. Crosssectional
view of the flow in the injection pipe close to the pipe exit in the figure inset.

velocity components in both supersonic and hypersonic cases have a
satisfactory agreement with the DNS data. Compared to the DNS data,
there is a slight over-prediction of the near wall RMS of streamwise ve-
locity component, which is common for LES. Partially some preliminary
results were presented in the conference paper [38].

4.2. Jet-pipe flow

The jet in the hypersonic cases was injected at a smaller pressure
than in the supersonic cases to avoid stronger jet expansion (due to the
smaller pressure ratio p,, /p, at M, = 7.2), and to make the JIHCF cases
(M7.2a, M7.2b and M7.2¢) more comparable to the JISCF cases M2.5a
and M2.5b (see Table 3). For the hypersonic cases, two plenum pressure
values, pP' = 0.002p, (= 10p,,) and 0.003p, (= 15p,,), were considered,
and for the JISCF cases M2.5a and M2.5b, the plenum pressure was
pPl= po = 17p,, (see Table 3).

Due to the large pressure difference between plenum and crossflow,
the flow in the injection pipe accelerates and attains sonic speed close
to the plenum/pipe intersection. The 45° spanwise inclination of the
injection pipe leads to an asymmetrical flow along the axial direction
of the pipe. The mean flow inside the injection pipe, however, is sym-

jet-injection pipe in case M2.5b (see Fig. 4 in [14]), which indicates a
negligible influence of M, d, pP' on the general topology of the flow
in the injection pipe and the jet Mach number.

4.3. General flow topology and jet characteristics

The injected jet acts as an obstacle to the oncoming crossflow and
induces an asymmetric and complex system of shock and vortical struc-
tures [14,39]. A bow shock is formed upstream of the injection location,
and an envelop shock downstream of the injection location [40]. A vi-
sualization of the shock structures is shown for cases M7.2b, M7.2c and
M2.5a in Fig. 4; the shock topology is similar for the other studied cases,
hence, not shown here.

The angles of the bow and envelop shocks with respect to the
streamwise direction are 11° and 8° for cases M7.2a and M7.2b, re-
spectively. The angles are less steep than in the supersonic cases M2.5a
and M2.5b, but a similar dependence on injection pressure (in the range
8 < pPl/poo < 17) was observed for a JISCF case M2.5b [22]. For case
M?7.2c, the bow shock angle decreased to 9°, indicating a dependence on
the injection-pipe diameter. The angle of the envelop shock remained
constant. The angle of the bow and envelop shocks are 28° and 22° re-
spectively for cases M2.5a and M2.5b, indicating no influence of the
crossflow Reynolds number.

Injected jet expands in to the crossflow and forms a barrel shock
terminating with a Mach disk for all cases. Reducing the injection pipe
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diameter results in a weaker jet injection with small C” (see Table 3).
Therefore, the resulting shock structures are also weak in case M7.2c.

Injection of a jet into a crossflow induces separation regions both
upstream and downstream of the jet (see Fig. 5, where the isosurface of
<u>=0 for all cases are shown). Due to the spanwise-inclined injec-
tion, the crossflow on the side of injection is largely diverged around
the jet, and the crossflow on the opposite side interacts with the jet
wake [14]. For spanwise-inclined injection, the induced separation re-
gions are asymmetric. Their wall-normal extent increases with the in-
jection pressure [22]. Similar observation is also made with hypersonic
crossflow, see results of cases M7.2a and M7.2b shown in Fig. 5(a, b).
Similarly, the size of the upstream recirculation decreases when the in-
jection pipe diameter is reduced in case M7.2c while maintaining all
conditions similar to M7.2b (see Figs. 5(b, c)). However, a significant
effect of the crossflow Mach number on the upstream recirculation is
not observed (see Figs. 5(c, d)).

However, in a low Reynolds number crossflow, the upstream sep-
aration region is smaller. Similar behavior was also observed for wall-
normal jet injection [41]. At injection pressure pP' = 17p__, it extends up
to 5d upstream for our supersonic case at Re, = 1100, whereas in the
case M2.5a (Re, = 245), it extends up to 4d upstream. However, the re-
circulation region becomes narrower in the upstream direction resulting
in a triangular shape (see Figs. 5(d, e)). This behavior is indeed an influ-
ence of Reynolds number (and not Mach number), since similar trends
were also observed for wall-normal jet injection [41], moreover, simi-
lar topology of upstream separation region is observed for cases M7.2¢c
and M2.5a (see Fig. 5(c, d)).

In the present JIHCF cases, the overall topology and its asymmetry
are similar as for JISCF cases. However, the topology of the down-
stream separation region is similar for cases M7.2a, M7.2b, M7.2c and
M2.5a: it is more streamlined to the crossflow, and it does not have the
characteristic quasi-herringbone shape with two separation wings as ob-
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served for JISCF by Sebastian et al. [14] (see case M2.5b in Fig. 5(e)).
The formation of a herringbone-shaped downstream separation region
is impeded by the low Re, of the crossflow, which leads to weaker
interactions in the jet wake than for the M2.5b case. The secondary
surface-trailing vortices are associated to the downstream separation
region [14]. Therefore, the present result indicates different flow be-
havior close to the flat-plate surface in the injection near-field due to
the low-Reynolds-number crossflow.

Jet properties were estimated by calculating the surface integral on
a plane normal to the pipe axis, close to the pipe exit on the flat-plate
surface. Due to the smaller injection pressure (pP'/ Poo = 10) in case
M?7.2a, the jet-to-free-stream pressure pi®/p ., velocity Vi¢/V_  den-
sity pi*/p,,, and momentum-flux ratio J, and momentum coefficient
C, are consequentially smaller than in cases M2.5a and M2.5b. The
jet-to-freestream pressure and velocity ratios are approximately 50%
smaller; pi°* /p and J, however, are one and two orders of magnitude
smaller than for the two JISCF cases, respectively, due to the smaller
P/ Poo-

In cases M7.2b and M7.2c, the injection pressure is increased to
pP!/p., = 15, which results in a stronger jet (see Table 3). The jet-to-
freestream pressure pi°' / Do in cases M7.2b and M7.2c is closer to the
reference case M2.5b, whereas other quantities are considerably smaller
and in the same magnitude as in case M7.2a.

Earlier studies within the supersonic flow regime indicate Mach-
number influences the jet characteristics: on the basis of schlieren vi-
sualizations of the wall-normal injection of Helium and Argon jets in
crossflow at M, =2 and 3, Papamoschou and Hubbard [42] found that
the momentum-flux ratio J is strongly dependent on jet Mach num-
ber Mi¢! for a fixed jet-exit pressure ratio (pi/p,.,, where p,, is the
crossflow pressure after the bow shock), whereas the free-stream Mach
number M, only has a weak influence.

Our current results suggest that this behavior changes for hypersonic
conditions, and that the influence of M, on J increases at higher Mach
number (see Table 3). For an equivalent Iﬂe‘ / Pso» momentum-flux-ratios
J of the hypersonic cases M7.2b and M7.2c are one order of magni-
tude smaller than the supersonic cases M2.5a and M2.5b, however, the
flow in the injection pipe and the jet Mach number M/t is not influ-
enced by M, (see also Sec. 4.2). This observation also means that J
is not an ideal injection parameter when comparisons of AJVG setups
across different flow regimes with significantly varying Mach number
are planned. When the injection pressure pP! and the jet pressure pet are
scaled with the corresponding freestream pressure p_, a quasi linear re-
lation is observed between the injection and jet pressure (see Table 3).
This indicates that the jet pressure close to the exit scales very well with
the freestream pressure, making their ratio an ideal injection parameter
in different Mach number regimes of the crossflow.

The jet-penetration behavior in the near field close to injection is
directly related to the jet-induced separation regions [22]. The penetra-
tion depth of the jet into the crossflow was computed from the trajectory
of the streamline passing through the jet center. The penetration curves
shown in Fig. 6(a) and (b) are scaled with the corresponding 6o and d,
respectively.

In the far field x/8q9 > 10, the penetration curves of cases M7.2a,
M7.2b, and M7.2c diverge significantly due to their different g9/d ra-
tios: for cases M7.2a and M7.2b, the jet penetrates up to y = 0.88g9
(due to the smaller 649 /d = 5), indicating a stronger lift-off of the ma-
jor counter-rotating vortex pair (CVP) into the boundary layer. On the
other hand, when the jet diameter is reduced to d = 0.5 mm to match
the 89g/d of cases M2.5a and M2.5b (JIHCF case M7.2c), the near field
jet penetration drops by a factor of four, indicating that the initial ex-
pansion of the jet in to the boundary layer strongly depends on the cross
sectional area of the jet for a fixed crossflow and jet injection conditions.

In the far field, a similar penetration is observed for cases M7.2c,
M2.5a and M2.5b due matching 6¢9/d: compared to cases M7.2a and
M7.2b, the major CVP in case M7.2c stays within y = 0.58¢9 due to
larger 699 /d = 10.
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Fig. 6. Jet penetration scaled with (a) 6y, and (b) d.

When scaled with d, the trends of all penetration curves are very
similar: after an initial peak directly after injection, the penetration
depth first decreases and then increases again, slowly approaching the
respective maximum value. For case M7.2c, the approach of the maxi-
mum value after the local reduction happens much earlier than for all
other cases (x/d ~ 10 instead of around x/d = 20). Both in the near
field and far field regions, the penetration for the hypersonic cases is
about 25% - 30% smaller than for cases M2.5a and M2.5b.

When the injection pressure is increased in case M7.2b, the pene-
tration depth increases slightly, as previously observed for jets in su-
personic crossflow (see [22]). However, although the pP' /P Vvalues in
cases M7.2b, M2.5a and M2.5b match, the penetration depth in the hy-
personic case it is still lower than for JISCF cases due to smaller C,,.
Independent of Mach number M, the jet-penetration depth thus can
be amplified by increasing the injection pressure pP!, and the near field
jet expansion is dependent on the jet cross-sectional area. Moreover, the
jet trajectory scales with d across different Mach number regimes.

Considering the adaptability of AJVGs at different flow regimes,
these results thus indicate (a) pP1 /P as a more suitable control param-
eter, and (b) larger 899 /d ~ 10 to be more suitable for control purposes,
because the jet stays within the boundary layer and thus induces less
parasitic drag.

4.4. Coherent vortical structures

The interaction between jet and crossflow leads to the formation of
vortical structures. In supersonic crossflow, the most prominent struc-
ture is the major CVP, which is also most relevant for separation-control
purposes. An additional secondary counter-clockwise rotating (CCR)
upper-trailing vortex and a surface-trailing CVP are also formed. The
upper-trailing vortex merges with the major CVP to form an uneven
CVP [14]. The major CVP transfers momentum from the outer region of
the boundary layer to the near-wall region, resulting in a fuller veloc-
ity profile that eventually makes the boundary layer more resistant to
separation.

Injection of the jet significantly modifies the mean flow. Therefore,
the Q-criterion technique was applied to the mean flow to identify the
coherent vortical structures in the flow field. Results of the Q-criterion
for JIHCF cases M7.2a and M7.2b are shown in Figs. 7(a) and (b), re-
spectively. The major CVP is clearly visible, with a stronger clockwise
rotating (CR) major vortex that persists up to about 254 downstream of
the injection location. The size and downstream extent of the major CVP
increase with injection pressure; similar behavior has been observed for
JISCF (see [22]). Also horseshoe vortices that originate from the up-
stream separation region are visible. In comparison with the supersonic
JISCF cases, these horseshoe vortices do not breakdown immediately
downstream of injection and have a longer lifespan: they persist up
to x =5d — 8d. You et al. [43] studied wall-normal jet injection with
J =0.35in a crossflow at M, = 2.4, and also observed horseshoe vortex
upto 5d downstream of the jet injection location. The horseshoe vortex
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Fig. 7. Isosurface of Q-criterion (Q = 0.07) colored with < w, > for cases
(a) M7.2a, (b) M7.2b and (c) M2.5a.

originates upstream of the injection location, then gradually turns and
streamlines with the crossflow. Q-criterion of the case M2.5a is shown
in Fig. 7(c). In both JISCF cases, the horseshoe vortices exist only in the
immediate vicinity due to larger J compared to the JIHCF cases (see
Table 3) and resulting in a better mixing.

Recently, we showed that the formation of an upper-trailing vortex
pair in supersonic crossflow depends on jet-injection pressure, and there
exists a strong interplay between the jet-spacing and injection pressure
that has the major influence on the control-effectiveness of the air-
jet vortex-generators. [22]. We showed that the upper-trailing vortex
forms in supersonic crossflow when the jet pressure (pi*!) is approxi-
mately one order larger than the freestream pressure. High injection
pressures or momentum-flux ratios can cause highly under-expanded
jets, which consequently enhance the Mach-disk dynamics, resulting in
the formation of an upper-trailing CVP [22]. At low injection pressures,
the upper-trailing vortex disappears and a symmetric CVP forms even
for spanwise-inclined jet injection. However, all cases in the above men-
tioned study considered jets with J > 1 (see Ref. [22] for details).

In the current JIHCF, a CCR upper-trailing vortex forms when the
injection pressure is increased to pP'/p,, = 15 in case M7.2b, but not
for pPl /Ps = 10 (case M7.2a; see Figs. 7(a, b)). This injection-pressure
dependence thus seems to occur across a wide range of Mach numbers.
The upper-trailing vortex is less prominent in the hypersonic than in the
supersonic case, though, due to the slightly weaker jet-injection condi-
tions. Furthermore, the low Reynolds number of the crossflow in cases
M?7.2a, M7.2b, M7.2c and M2.5a results in weaker near-wall dynam-
ics in the jet wake, thus preventing the formation of surface-trailing
CVPs as observed for case M2.5b with higher Reynolds number (see
also Fig. 5 and Ref. [14]).

To further quantify the influence of injection and flow conditions
(699/d, P /P, M, and Re,) on the vortical structures, we consider the
spanwise/wall-normal distribution of the streamwise component of the
mean vorticity shown in Fig. 8. To access the influence of jet injection
on the boundary layer, the vorticity is normalized with 6¢9. However,
the results and trends are very similar when u_, or g, are used to nor-
malize the vorticity.

In the near-field region (x = 5d) of JIHCF case M7.2a, a symmetric
major CVP with a width of approximately 5d indicates the absence of a
secondary upper-trailing vortex. A symmetric CVP was also observed for
low-pressure injection in supersonic crossflow [22]. Also, a significantly
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larger horseshoe vortex is observed in the direction of injection (—z-
side). However, the horseshoe vortex does not have a significant effect
on the downstream boundary layer flow.

Upon an increase in injection pressure, the major CVP strengthens
and increases its size to approximately 6d, and looses it symmetry due
to the formation of the secondary CCR upper-trailing vortex (see also
Fig. 7(b)). The upper-trailing vortex is not as prominent as it is in the
JISCF case, therefore, the axis of both major vortices lies at the same
wallnormal distance from the flatplate surface, whereas, for cases M2.5a
and M2.5b the CCR major vortex lies above the CR major vortex at
x = 5d (see Figs. 8(j, m)). However, size and asymmetry of the vortical
structures depend on the injection pressure to a similar extent as for
JISCF [22].

A reduction of the injection-pipe diameter (case M7.2c) does not
change the characteristics of the major CVP (compare with case M7.2b).
The spanwise extent of the horseshoe vortex, however, decreases, which
indicates that the lateral divergence of the crossflow on the —z-side re-
duces significantly with the smaller injection-pipe diameter. Moreover,
the low J in the hypersonic cases prevent the breakdown of the horse-
shoe vortex, allowing it to persist until x = 5d — 8d downstream (see
also Fig. 7).

JISCF cases M2.5a and M2.5b generate comparatively larger major
CVP than the JIHCF cases due to larger J.

For equivalent injection pressure pP'/p_, the size of the CVP struc-
ture scales with the injection-pipe diameter, and it is independent of the
boundary-layer thickness 6qq (see Figs. 8(d, g, j, m)).

Farther downstream, at location x = 10d, the strength of the vor-
ticity has dropped significantly, and the major CVP has slightly lifted
off of the flat-plate surface. The topology of the major CVP, however,
is maintained from x = 5d in this hypersonic crossflow. In supersonic
case M2.5b, the CCR major vortex is now kidney-shaped and the CR
major vortex is circular. The major CVP has rotated around its axis,
and both vortices are now at about the same distance from the wall.
However, in the case M2.5a, the CCR vortex has not fully evolved into
a kidney-shaped structure. Therefore, from the vorticity distribution of
cases M2.5a and M2.5b, it can be inferred that major CVP in the low
Reynolds number crossflow (case M2.5a) mix slightly less efficiently
than in the high Reynolds number crossflow (case M2.5b). This obser-
vation agrees with the studies of Wang et al. [41] with wall-normal jet
injection. Wang et al. [41] studied the flow fields of perpendicular jets
in supersonic crossflow at M = 1.6. They reported that interactions be-
tween the large upstream separation region and the shear layer in the
jet plume at higher Reynolds numbers initiate the turbulent breakdown
of the jet plume and induce the formation of instantaneous large vor-
tical features. For a lower Reynolds number, the upstream separation
region is small and stable, and the upstream jet expansion is weaker;
the subsequent jet mixing with the crossflow is therefore less efficient
[41].

At x = 20d, the vorticity of JIHCF cases M7.2a, M7.2b and M7.2c
has dropped further. The size of the major CVP is still unchanged com-
pared to the injection-near field. In the supersonic cases M2.5a and
M2.5b, the major CVP has enlarged in the corresponding downstream
evolution due to mixing with the crossflow. This difference in behav-
ior indicates that the major CVP in the hypersonic crossflow is more
localized and the momentum introduced by the jet injection is less ef-
ficiently redistributed in the boundary layer due to the low J in the
JIHCF cases. These results agree with the findings of You et al. [43] for
wall-normal jets, where they reported jets with low J result in weak
mixing with crossflow by studying injection of a jet with J/ =0.35 in a
supersonic crossflow at M, = 2.4. However, such a behavior would be
beneficial when jets are used for cooling applications.

Reducing the injection-pipe diameter (case M7.2c) leads to a weaker
CVP in the far field (compare with case M7.2b in Figs. 8(f) and (i)). The
cross sectional area of the jet-injection pipe in case M7.2c is four times
smaller than for case M7.2b, which results in lower momentum influx
(see also Table 3).
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Fig. 8. Distribution of < w, > in a spanwise/wall-normal plane at (a, d, g, j, m) x =5d; (b, e, h, k, n) x = 10d; and (q, f, i, 1, 0) x =20d for case (a-c) M7.2a;

(d-f) M7.2b; (g-i) M7.2¢, (j-1) M2.5a and (m-o0) M2.5b.

In summary, the injection pressure ratio pP'/p_, is a suitable control
parameter to characterize the jet penetration (see Fig. 6(b)) and overall
topology of vortical structures (see Fig. 8) across both supersonic and
hypersonic M. However, the momentum redistribution effected by the
jet and the mixing with the boundary layer is strongly dependent on J
and/or C,, of the injection setup and weakly dependent on the Re, of
the crossflow into which the jet is injected.

4.5. Boundary layer statistics

We now discuss the effect of jet injection on the boundary-layer
statistics. A comparison of the downstream evolution of the mean and
RMS of the streamwise velocity component along z = 0 for cases M7.2a,
M?7.2b, M7.2¢c, M2.5a and M2.5b is shown in Fig. 9(a). The mean veloc-
ity and wall-normal distance are scaled with the corresponding u ., and
b99, respectively. The results are also compared with the correspond-
ing uncontrolled boundary-layer data of the respective cases (red solid
line: uncontrolled C1 boundary layer, blue solid line: uncontrolled C2
boundary layer and black solid line: uncontrolled C3 boundary layer).

For all controlled cases, the near-field (x = 5d) mean-velocity profile
features multiple inflection points due to the jet injection. Compared to
the supersonic case M2.5b, the velocity deficit is stronger for the JIHCF
cases and M2.5a, with local minima of about 0.2u,, and 0.4u_,, respec-
tively at y &~ 0.28¢9. The larger wake region in cases M7.2a, M7.2b,
and M2.5a is associated with the major CVP, and it is visible between
0.1 <y/699 < 0.4. Moreover, a local increase in the velocity at y = 0.36g9
is also not observed for the JIHCF cases (M7.2a, M7.2b, and M7.2¢) and
JISCF case M2.5a.

When the injection pressure is increased, the inflectional points are
displaced further away from the wall (see mean velocity profiles of cases
M?7.2a and M7.2b at x = 5d). Similar behavior is also observed for JISCF
[22].

(a)

¥899

(b)

V<uzs*

Fig. 9. Downstream evolution of (a) mean and (b) RMS of streamwise velocity
along z =0 at locations x/d = 5,20, 50, and 80. Solid and dashed lines are used
for the uncontrolled and controlled cases, respectively. Red, blue and black
colored lines are used for jet-injection in crossflows C1, C2 and C3, respectively.
For legends see Fig. 6.

When the injection-pipe diameter is reduced, the location of the in-
flectional point moves proportionally closer to the wall, from y = 0.2699
to y=0.1649 for cases M7.2b and M7.2c, respectively.
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Fig. 10. Spanwise distribution of < u > at y = 0.184. For legends see Fig. 6.

Farther downstream, at x = 20d, the immediate influence of jet
injection has decreased and the boundary layer is undisturbed for
¥ > 0.66¢9. A fuller region near the wall begins to appear for both the
JISCF and JIHCF cases. Due to the stronger vortex lift off in cases M7.2a
and M7.2b (smaller 6q9/d = 5), the fuller regions are displaced farther
away from the wall (see profiles at x = 50d and 80d).

The major CVP is weaker in case M7.2c due to the smaller injection-
pipe diameter. The fuller region near the wall is therefore less pro-
nounced, and thus the separation-control effectiveness reduces.

Increasing the momentum influx with the smaller injection pipe to
compensate this decrease is not a suitable approach, though: a stronger
bow shock would be caused upstream of the injection location, which
would result in stronger lift off of the major CVP, and thus the fuller
region would be displaced even farther from the wall.

Szwaba et al. [10] experimentally studied the influence of jet diame-
ter in a row array of AJVGs, installed to control a SWBLI in a Mach 1.43
flow. They found that AJVG arrays with 899 /d > 4 are more suitable to
control SWBLI, and that an increase in jet diameter results in increased
flow unsteadiness and pressure load due to the SWBLI. More recently,
spacings of 7d — 11d between the jets with 699 /d &~ 10 were identified
as most suitable [23]. This spacing allows for jet/jet interactions that
cause stronger downwash. As a consequence, the transfer of momentum
to the near-wall region is enhanced, which makes the flow more resis-
tant to separation. A detailed description of the jet/jet interactions with
spanwise-inclined injection is given in Sebastian and Schreyer [23].

A comparison of the RMS of the streamwise velocity component for
all cases is shown in Fig. 9(b). For the supersonic cases M2.5a and
M2.5b, two peaks are observed in the profile closely downstream of
injection (x < 5d): a buffer-layer peak due to wall turbulence and an
outer-layer peak due to the injection. In the present hypersonic cases,
however, only a single peak is visible (y* ~ 30 — 80). Cases M7.2a,
M?7.2b, M7.2¢ and M2.5a have comparable Re, ~ 215 — 245. Even
though the displacement between the inner- and outer-layer regions
of the boundary layer is very small two peaks in the RMS profile is evi-
dent in case M2.5a. This indicates that the observed effect in the JIHCF
cases is due to the lower J of the injection. Farther downstream, the
peak in the RMS profile for the JIHCF cases drops gradually.

For JISCF cases M2.5a and M2.5b, the near-wall turbulence has re-
covered around x = 20d. For JIHCF case M7.2a, this recovery process is
completed only at x = 80d, and for high-injection-pressure cases M7.2b
and M7.2c the near-wall turbulence has not recovered within 100d.
This observed difference to the JISCF case M2.5 is related to the low
J of the jet injection in the hypersonic crossflow: the major CVP gen-
erated in the JIHCF cases acts more localized and mixes less efficiently
with the crossflow. Hence, the major CVP still influences the mean flow
at larger distances downstream of injection and thus slows down the
recovery of the near-wall turbulence.

To further investigate the spanwise influence of the major CVP
on the crossflow, we analyze the spanwise mean-velocity distribution
at the location where fuller boundary-layer profiles were observed in
Fig. 10 (y ~ 0.16¢9). The velocity distribution is normalized with the
corresponding mean value of the undisturbed case, such that (u)/
(u)gpp > 1 indicates regions in the boundary layer where profiles are
fuller than in the uncontrolled case. In the supersonic M2.5b case, near-
wall fullness is observed in the entire spanwise domain (—16 < z/d <
16), with approximately 10% and 5% higher velocity compared to the
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undisturbed case on the +z and —z sides, respectively. For all hyper-
sonic cases, however, the profiles are only fuller at the location of the
major CVP (-5 < z/d < 2), which indicates a strong influence of both
major vortices. As in the JISCF case, the near-wall velocity of the JIHCF
cases on the +z-side is stronger compared to the —z-side since the CR
major vortex is stronger. Case M2.5a has similar velocity distribution
as case M2.5b, however, due to the low Reynolds number of the cross-
flow the mixing efficiency is slightly weaker compared to case M2.5b
(see Fig. 10).

Due to the larger 6¢9/d = 10, the velocity deficit for case M7.2c is
smaller than for cases M7.2a and M7.2b. An increase in jet injection-
pipe diameter results in stronger jet penetration (see Fig. 6(a)) and lift
off of the CVP in to the boundary layer. The fuller region is thus dis-
placed farther away from the wall and the deficit in the near wall region
increases (see velocity distribution for case M7.2b in Fig. 10).

The present results indicate the boundary-layer-to-pipe-diameter ra-
tio (699/d) as a critical parameter in determining how the jet injection
influences the boundary-layer flow. Combining Figs. 6(a) and 9, it can
be inferred that the lift-off of the major CVP can be delayed by consid-
ering larger 699 /d. Since delayed lift-off results in a prolonged transfer
of momentum to the near-wall region, an increase of 6q9/d would also
make the boundary layer less susceptible to separation. However, re-
duced momentum injection with smaller d is an imminent issue, which
results in a weaker CVP in the far field. Increasing the injection pres-
sure is one solution to increase the momentum influx, however, this can
counter the control efficiency by causing stronger blockage to the on-
coming flow. Viable solutions are to (a) either inject a row of jets with
spacing 7d — 11d to allow jet/jet interactions that increase the down-
wash [23], or (b) consider different fluid properties for the jet and the
crossflow.

5. Conclusions

Motivated by the need to develop effective methods to control
shock-induced separation for aerospace-engineering applications, we
strive for a better understanding of the flow physics relevant to air-jet
vortex generators. Separation-control studies in hypersonic flows are
particularly scarce. Since the injection of spanwise-inclined air-jets (via
AJVGs) is an efficient means to control shock-induced flow separation in
supersonic and transonic flows, the primary objective of this work was
to broaden the knowledge, understanding, and applicability of AJVGs
into the hypersonic flow regime. Therefore, numerical simulations of
the injection of a single spanwise-inclined jet in supersonic and hyper-
sonic crossflows at M, =7.2; Re, =3500 and M, =2.5; Rey =1570
were performed to a) study JICF in the hypersonic flow regime that is
relevant for novel space-transportation systems, b) analyze the effect of
crossflow Mach number on the jet/crossflow interaction, and c) identify
the jet-injection parameter that is most suitable and meaningful across
a wide range of flow conditions.

To achieve these objectives, we carried out a systematic param-
eter study. We studied the influence of (1) injection-pressure-to-
freestream-pressure ratio (pP!/p.,), (2) boundary-layer-to-jet-diameter
ratio (899/d), (3) Mach number M, and (4) friction Reynolds number
Re, of the crossflow boundary layer on the jet/crossflow interactions.
Results were compared with our previous study of an equivalent in-
jection setup in supersonic crossflow at M, =2.5 and Re, =7000. The
general characteristics of the jet/crossflow interactions are similar in
the supersonic and hypersonic regimes.

The present results indicate that the crossflow Mach number has a
negligible influence on the flow structure in the injection pipe and on
the jet Mach number. The characteristics of the jet are mainly deter-
mined by the injection pressure. On the other hand, the results reveal
that the influence of M on the momentum-flux ratio J increases at
higher Mach numbers, indicating that (the commonly used parameter)
J is not an ideal control parameter when comparisons of AJVG setups
across different flow regimes are considered. Instead, we identified the
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injection pressure pP!/p_, as a suitable control parameter to character-
ize and compare jet/crossflow interactions in supersonic and hypersonic
crossflows (including the induced vortical structures and their down-
stream evolution).

Injection of a spanwise-inclined jet results in an asymmetric flow
topology both in supersonic and hypersonic crossflow, with a complex
system of shock and vortical structures. The size of the major CVP scales
with the injection-pipe diameter and tends to increase with the injec-
tion pressure in both JISCF and JIHCF cases; it is independent of the
boundary-layer thickness. However, the injection of a jet with low J in
the hypersonic crossflow affects both the major counter-rotating vortex
pair and some secondary vortices: the momentum redistribution in the
boundary layer is less efficient and the horseshoe vortex is larger com-
pared to the jet injection case with larger J. These observations agree
with the findings for wall-normal jet injection with low J in supersonic
crossflow.

Low Re, of the crossflow results in slightly weaker interactions in
the jet wake: surface-trailing vortices are missing and mixing is weaker.
Similar behavior has been observed for perpendicular jet injection in
supersonic crossflow. Also, at low Re,, the jet-induced upstream sep-
aration region is smaller, and the formation of a herringbone-shaped
downstream separation is impeded both in the supersonic and hyper-
sonic regimes. However, the mixing efficiency is only slightly effected
by Re, in comparison to J.

The downstream developments of jet penetration into the respective
boundary layers show similar trends in supersonic and hypersonic flow
when scaled with the injection-pipe diameter. The jet penetration is
strongly dependent on 8qq/d. At smaller values of 8q9/d, stronger jet
penetration into the boundary layer amplifies the lift-off of the CVP.
Consequently, the fuller region in the boundary layer (achieved due
to the increased mixing effected by the major CVP) shifts away from
the wall. For separation-control purposes, a larger 8qq/d is therefore
advisable.

One imminent issue with larger 6q9/d or smaller d is a reduction
of the momentum influx, which eventually results in the formation of
weaker major CVP. This can be effectively countered either by injecting
a row of jets at moderate spacing of 7d — 11d, or by changing the fluid
properties of the jet.

For both spanwise-inclined JISCF and JIHCF cases, the velocity near
the wall is stronger on the +z-side (opposite to the direction into which
the jet is injected) compared to the —z-side due to the stronger CR
major vortex. However, due to the low J in the hypersonic cases, the
jet is not efficiently mixed and redistributed in the boundary layer. This
behavior is characteristic for low J jet injection; it is independent of
the Mach number, as similar observations have also been reported for
low J jet injection in supersonic crossflow. As a result, the major CVP is
preserved for a larger downstream distance, thus strongly affecting the
near-wall flow and delaying the regeneration of wall turbulence. Owing
to this persistence of the major CVP, jets with low J could be beneficial
for use in cooling applications. However, further studies are needed to
evaluate the capabilities of low J jet injection.

Our previous study [14] has shown that while the jet orientation
affects the flow topology, the general characteristics of jet/crossflow
interactions are unchanged for a single jet. However, these topology
modifications most probably affect interactions between adjacent jet-
induced structures, and such jet/jet interactions crucially affect the
separation-control effectiveness when multiple jets are arranged in an
array configuration [23]. Therefore, different jet orientations in array
configurations in a wide range of flow regimes and conditions shall be
studied in the future to advance the application of AJVGs for both sep-
aration control and cooling purposes.
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