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ABSTRACT

We evaluate the suitability of micro vortex genera-
tors for the passive flow control of shock-wave/turbulent
boundary layer interactions. For this purpose, implicit large
eddy simulations using the adaptive local deconvolution
method are performed. The flow configuration consists
of an oblique shock with deflection angle B = 9.5°, im-
pinging on a turbulent boundary layer at Ma., = 2.31 and
Re = 67.4-10°. Analysis focuses on the assessment of the
relative displacement between the control devices and the
shock system, the complex flow structure behind the de-
vices and the low-frequent motions of the separated region.

INTRODUCTION

Interactions of shock waves with turbulent boundary
layers (SWBLI) can be encountered in virtually every high
speed application, including engine intakes, turbomachin-
ery or rocket engines. It is well known that shock induced
flow separation is followed by severe energy losses and flow
distortion degrading overall system performance (Babinsky
et al., 2009; Lin, 2002). Additionally, substantial thermal
and pressure loads result from the interaction. In conjunc-
tion with their highly unsteady nature, SWBLI are of major
concern also for the structural integrity and life time of high
speed vehicles.

In order to address these issues, control devices can be
deployed (Délery, 1985). Here, we focus on passive flow
control using vortex generators (VGs), which rank among
the most promising approaches to boundary layer control
(Lin, 2002). Placed upstream of the interaction, these de-
vices induce a pair of counter-rotating, longitudinal vortices
that energize the boundary layer flow within their wake.

A valuable modification of conventional-type VGs are
micro vortex generators (1 VGs) possessing a device height
of K¢ < &), with & being the 99%-boundary layer thick-
ness. Due to their smaller height, exposure to lower fluid
velocities, and reduced surface as well as cross-sectional
areas, UVGs result in substantially lower parasitic losses
and flow distortion while still efficiently increasing resis-
tance against flow separation (Lin, 2002). However, relative
placement to the separated region is crucial as dissipation
and de-correlation of the vortex pair is of concern.

The considered flat plate turbulent boundary layer
(TBL) is characterized by a free-stream Mach number
Ma..=2.31 and Reynolds number Re =67.4-103, based on
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Figure 1: Geometry and placement of uVGs
and dimensions of the numerical domain.

the reference boundary layer thickness Sgef = 12.64mm, lo-

cated at 8 55ef upstream of the theoretical inviscid impinge-
ment point (IP). The incident shock deflects the undisturbed
flow by 8 =9.5°. The employed wedge-shaped uVGs, see
Fig. 1, possess an opening angle of 24°. The device’s tip
is located within the logarithmic region of the TBL (2¥% =
0.2 554 ~ 18017), spanwise spacing is s"¢ =1.6 Séef.

We consider four control configurations, /.LVG(l) -
,uVG<4), differing in the distance d"© of the devices to the
IP, as also sketched in Fig. 1. While VG is located well
ahead of the shock system, uVG(z) is placed immediately
upstream of the separation point. Furthermore, in order
to investigate the effect of a possible misalignment, which
could occur during transient processes or at off-design con-
ditions, devices p,VG(3) and uVG(4) are positioned within
the separation bubble and directly at the IP, respectively.

The goal of the present study is to assess the impact of
the control devices on the SWBLI. After outlining the nu-
merical approach in the next section, the study subsequently
focuses on analyzing the different regions of the flow. At
first, the upstream TBL is examined. The baseline case
without control serves for validating our method. Compar-
isons with the control cases subsequently demonstrate the
influence of the devices on the flow conditions upstream of
the SWBLI. Furthermore, time-averaged statistics of the in-
teraction zone will be considered in detail for all setups.
Examination of the wake behind /.LVG(l) and [.LVG(2> gives
insight into the altered incoming flow structures. Finally,
effects on the dynamics of the shock system are analyzed.
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METHODOLOGY

We solve the three-dimensional, compressible Navier-
Stokes equations in conservative, dimensionless form us-
ing an implicit large-eddy-simulation (ILES) on a Cartesian
grid. For the fluid, an ideal gas assumption in conjunction
with Sutherland’s law for temperature-viscosity dependence
is utilized. While the diffusive fluxes are computed using
a 2"%-order central differencing scheme, the compressible
adaptive local deconvolution method (ALDM) is applied for
the convective fluxes. ALDM is based on a finite-volume
scheme with a non-linear, solution-adaptive deconvolution
operator (Hickel & Larsson, 2009). Time-integration is
achieved by an explicit 3"4-order Runge-Kutta-scheme. The
rigid body of the VGs is described by a conservative im-
mersed boundary method (IBM, see Grilli et al., 2009).

The dimensions of the numerical domain are L, X
Ly x L, = 31.08 x 6.00 x 1.6 Sgﬁf (in streamwise, wall-
normal and spanwise direction, respectively), which is iden-
tical for all computations. The Cartesian grid consists of
Ny X Ny x N; =800 x 180 x 120 =17.3- 106 cells. The grid
resolution in wall units is Ax* = 35.73 and Az+ = 12.26,
with a minimum cell height of Ay;in <1.38.

The flat plate is modeled as no-slip and adiabatic wall.
An essentially non-reflecting boundary condition based on
Riemann invariants is used on the top, where the incident
oblique shock is introduced using the Rankine-Hugoniot re-
lations. In spanwise direction, periodic conditions are ap-
plied and linear extrapolation is used at the outlet. For gen-
erating the turbulent inflow signal, a digital filter (DF) tech-
nique is employed following the approach of Klein et al.
(2003). This approach matches 1t- and 2"-order statistics
and moments of the TBL and ensures that no artificial corre-
lations are introduced within the domain. The latter aspect
is crucial for this investigation, as to avoid any interference
with the low-frequency dynamics of the shock system.

For the statistics, samples with a temporal resolution
of 1102 8/uc are collected. The baseline and uVG)
case have been run for an extended time of ~ 60 flow-
through times (FTTs, 1 FTT = L, /u..) while cases u VG2 —
,uVG<4) span a run-time of 20FTTs. In order to perform
low-frequency analyses of the shock motion for the base-
line and ,uVG(]), also the wall pressure signal was recorded
for these cases (see below for details).

RESULTS
Upstream Turbulent Boundary Layer

The characteristics of the incoming TBL are pivotal to
the formation and dynamics of the SWBLI. Therefore, pre-
cursor simulations have been carried out in order to assess
the transition length necessary by the DF inflow boundary
condition, domain dimensions as well as the numerical grid.

It was found that the DF technique generates a tran-
sient of about 10 5(;ef where modeling errors decay and
a fully turbulent profile develops, providing sufficient dis-
tance to the regions of interest. Additionally, two-point
auto-correlation functions in the spanwise and streamwise
directions for the density, pressure and velocity components
have been analyzed (omitted here for brevity), ensuring that
the spanwise domain extent is large enough and that no ar-
tificial correlations are introduced by the inflow condition.

A comparison of the obtained TBL profile with ref-
erence data is given in Fig. 2. The streamwise position
was chosen to be 15.63 554 upstream of the IP, in order
to match Re; = 900 from the DNS of Pirozzoli & Bernar-
dini (2011). The van-Driest-transformed velocity profile in
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Figure 2: Characteristics of the incoming TBL at reference
station Rer = 900. With (u){,=1/u. [0 \/{p)/py d(u)* and
P/ (uiu;)T=+/{p)/Pw+/{uiu;) /u}. Note: LES data at Ma = 2.3, DNS

data at Ma = 2.0. Refer to the text for references on the validation data.

inner-layer scaling (uWD shows excellent agreement with
the logarithmic law of the wall and the reference DNS data,
see Fig. 2a. Similarly, the compressibility-corrected pro-

files of the Reynolds stresses ﬁ,/(ugu’jfr match closely
the DNS data. For the same reference station, the incom-

pressible skin friction c,e is reported in Fig. 2¢, which
has been obtained by applying the van-Driest-II transfor-
mation (see e.g. Pirozzoli et al., 2004). Reference data is
taken from the already mentioned DNS, experimental data
stems from AGARDOgraph No. 223, see Fernholz & Fin-
ley (1977). In addition, analytical correlations of Blasius,
Karman-Schonherr (cf. Pirozzoli et al., 2004) and of Smits
& Dussauge (2006) are included.

As Fig. 2¢ demonstrates, the obtained value of cf,jyc
in the incoming TBL is in very good agreement with all
references, which further validates our numerical model.

Alteration of Upstream Characteristics

Flow control changes the upstream TBL. For uVG(l),
/.LVG<2> and the baseline, Fig. 3 reports the streamwise evo-
lution of the integral properties of the TBL, i.e. &y, the in-
compressible thicknesses 8} juc, 02,inc and the shape factor
H\2 in¢, averaged in time and the spanwise direction.

All thickness measures locally increase above the con-
trol devices, due to their displacement effect. For uVG(l),
placed further upstream, the thickness remains elevated
compared to the baseline until the separation point. Simul-
taneously, for the same wedge, the shape factor is decreased
by about 4%, indicating that the averaged velocity profile
is profoundly energized in the near-wall region due to the
mixing induced by the vortex pair. However, the mixing re-
quires a length of about 2 569f to develop its full effect on the
shape factor. Therefore, and due to the presence of a wake
region immediately behind the control devices, H2 j, is in
contrast increased for ,uVG<2> in front of the SWBLI.

Additionally, we find that the sub-sonic region of the
TBL is decreased by 12% for uVG)) and 33% for uvG?
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Figure 3: Integral upstream boundary layer characteristics.

just before the flow separates. This effectively attenuates
the upstream influence of the adverse pressure gradient,
which plays a key role for the development and the extent
of the interaction zone, see e.g. Délery (1985).

Alongside these spatially averaged properties, it should
be noted that the 4 VGs induce significant variations within
the upstream TBL in spanwise direction. As such, the
shape factor is locally decreased by up to 10% compared
to the baseline at positions of +0.2 8¢ around the symme-
try plane. Another illustration of these deviations from the
spatial mean provides the local skin friction coefficient on
the wall, shown in Fig. 4 for [JVG(I) and uVG(z). Iso-lines
of ¢, = 0 mark the spatial extent of reversed flow, dashed
lines denote the corresponding size for the baseline case.
Within the vicinity of the wedges, as expected, the pat-
terns of ¢ closely resemble each other and show the typical
footprint of a vortex pair, intensifying the friction lateral to
the devices. The value of cf is locally doubled, compared
to the uncontrolled case. Similar structures were obtained
experimentally by Babinsky et al. (2009) when investigat-
ing uVGs with a device height of A"C ~ 0.33 §. During
their subsequent convection downstream, the vortices leave
traces of increased cron the wall. Even for uVG(l), this
is perceptible until separation onset. The maxima of ¢y are
located at £1.3 4G off the median plane.

Another aspect highlighted by Fig. 4, is the pronounced
spanwise variation of the separated region, which is dis-
cussed in context of the interaction zone in the next section.

Due to their small height, the influence of the uVGs
on the upstream conditions is restricted to the near-wall re-
gion. In the next section it becomes apparent hat weak com-
pression waves develop above the devices. However, flow
properties outside the TBL remain almost unchanged, as
subsequent expansions return the free stream to its initial
state. The Mach number, flow direction as well as total and
static pressures vary by less than 3% upstream of the in-
cident shock, leaving the compression strength almost un-
modified. Therefore, the impact of the £ VGs on the inter-
action region, as described below, essentially relies on the
alteration of the inner part of the TBL, distinguishing them
from conventional-type VGs.

Interaction Zone

The iso-lines of ¢y = 0 shown in Fig. 4 visualize the
topology of the separation on the wall-plane. Upon the in-
fluence of devices uVG(l) and /JVG(Z), the separation and
reattachment line both exhibit a substantial spanwise vari-
ation, in contrast to the baseline. Even though direct in-
teraction between the vortices and the shock is not to be
expected for ,uVG“), separation onset is delayed locally by
about 1.3 5(;ef . For pVG®@, the separation line is partially

displaced downstream by almost 2 65ef . Therefore, it is con-
jectured that the vortices for this configuration penetrates
through the reflected shock into the interaction zone.

The spatial and time-averaged skin friction coefficient
as well as wall pressure within the interaction region are
shown in Fig. 5. The pre-interaction wedges lead to an el-
evated level of ¢y within their wake, see Fig. 5Sa. Accord-
ingly, this substantiates the presence of a steeper velocity
gradient and thus fuller velocity profile, not only locally but
for the spatial mean, as already indicated by the inspection
of H13 jue. This is consistent with the downstream displace-
ment of the separation point. Simultaneously, reattachment
shifts upstream under the presence of the wedges. The cor-
responding wall pressure, while remaining unchanged up-
stream, exhibits a steeper profile within the SWBLI. Pres-
sure rise happens later because of the reduced upstream
propagation of the adverse gradient through the remarkably
reduced subsonic region of the TBL, as already discussed.

Table 1: Integral properties of the interaction zone.

Lip/8"  Lin/8)  Hyep/8”  Lyep/Huep
baseline 4.711 4.373 0.189 23.09
uvGl) 4337 4.185 0.169 24.82
uvG® 3834 4.054 0.133 30.51
uvG® 5154 4551 0.181 28.41
uvG® 4749 4357 0.181 26.24

Lyep: streamwise extent of region with negative ¢y
Li;: distance between reflected shock foot mean position and IP
Hgep: maximum wall-normal extent of u = 0 contour line

extent of separation for baseline case
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Skin friction coefficient cf on the wall-plane (y = 0).
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For better visualization of the above findings, numer-

ical schlieren images for the baseline and all control cases
reattachement —s .,/ are provided in Figs. 6a - 6e. The uncontrolled case exhibits

- 1 the classical flow configuration of a SWBLI. By compar-

L 4 ing the flow fields, the upstream introduction of the uVGs
~—separation

2.5

2 ] delays flow separation and reduces the interaction zone in
; ; y ! both its streamwise and wall-normal extent. Furthermore,

6 4 2 0 2 4 L .
X/ 8 the sonic line for these cases lifts away from the wall at
(a) Pre-Interaction Wedges a position further downstream but is subsequently steeper
—basehne— uvGe) — uvG® inclined. This corroborates the fact that the upstream in-
] 3.0 F wvG® Gt s 4 fluence of the adverse pressure gradient is indeed reduced.
] s 25 1 eattachement—s / Overall, wedge [,LVG(Z) has a lgrg(?r i.nﬂuence on thefse as-
]l =20t ] pects compared to u VG, which is in agreement with the
] E Ta ] above findings. In contrast, the two intra-interaction wedges
A ’ ~—separation ,uVG<3) and /MLVG(4> lead to an increased bubble size. As
L0 = . L L . ] expected, the placement within the highly unsteady and tur-
6 -4 ?é"’f o 2 4 bulent separated region suppresses their ability to induce a

X 0'

pair of coherent vortices. Moreover, the flow displacement
and subsequent wake yet facilitate separation.

Figs. 7a - 7e show time-averaged visualizations of the
Reynolds shear stress -(u'v') for all configurations. The
baseline clearly exhibits a region of increased turbulence
just behind the reflected shock, which is characteristic for
the shear layer above the separation. Originating at the re-
flected shock foot, it is inclined at an angle of 11°. The tur-
bulence kinetic energy TKE = 1/2 (uju) (not shown) attains
a peak value within this shear layer, which is higher than in
. . . 7. the undisturbed TBL by a factor of 2.8, being in agreement
cide mostly with the baseline case for these quantities. with a DNS of Pirozzoli & Grasso (2006) at Ma — 2.25 and

.. [? Zuréima;yboflth; lnlieractlon zone mte:lgral pa}rar}l:eters comparable shock strength. This amplification is decreased
is included in Tab. 1. ot up§tream.ramps ecrease fl e?z);_ for uVG() and uVG®) by ca. 7% and 12%, respectively,
tent of the interaction. The highest impact shows uVG'~/,

decreasing Lge, by 18%. Even larger is the effect on the
height of the reverse-flow region H,,, which is reduced
by nearly 30%, resulting in a considerably modified bub-
ble aspect ratio Ly, / Hjep and blocking factor for the chan-
nel. The opposite effect is found for ,uVG<3). Both Ly

(b) Intra-Interaction Wedges
Figure 5: Skin friction coefficient ¢, and wall pressure
Pwall/ Po Within the interaction region.

The weak pressure plateau of the baseline completely disap-
pears for the control cases. For the intra-interaction wedges,
on the other hand, ¢y and py,; in Fig. 5b show only few de-
viations from the baseline. For ,LLVG<3), the separation point
is displaced upstream and the pressure plateau is slightly
more pronounced. Results for case uVG(4) yet again coin-

while remaining unchanged for ;,LVG<2) and ,uVG<4).

In addition, Figs. 7a - 7e visualize the flapping motion
of the reflected shock, which extends beyond the TBL well
into the free stream. These motions are attenuated for case
,LLVG<1) and uVG(3>. However, the opposite situation of an
amplified shock motion is observed for uVG(Z), while the

and Hye are raised by 18% and 40%, respectively. pVG*) level of shock oscillations is almost unchanged for pVG®),
yields almost identical quantities as the uncontrolled case. following the same trends as described above.
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Figure 8: Axial and wall-normal velocity components (u) /uc and (v) /it on cut-planes within the wake of wedge uvGh,

Within the wake of both upstream wedges, a region of
increased Reynolds stresses has its source at the tip of the
devices. Stemming from the intense mixing induced by the
vortex pair, the maximum can be found at y > 18017, i.e.
within the logarithmic region of the TBL. Even for [.LVG(I),
located further upstream, this higher turbulence level is no-
ticeable just in front of the interaction region. Consequently,
it gets further augmented by the reflected shock for these
two cases. Being more pronounced for uVG(Z)due to the
device’s proximity, this leads to a second maximum of tur-
bulent fluctuations situated above the original shear layer.

Induced Vortex Pair

To analyze the induced vortex pair in more detail for
the upstream wedges, time-wise averaged axial and wall-
normal velocities (i) /i as well as (v) /ue behind uVG()
are shown in Fig. 8 on planes perpendicular (Xi-Xs, at a
distance of d = 1,5,12 Y behind the wedge) and parallel
to the flow (Zi, symmetry plane z =0.8 56€f ). Also included
are streamlines and iso-lines of pressure.

The vortex cores appear as low-pressure regions on
planes Xi-Xs. The vortex system induces a net velocity di-
rected away from the wall and thus results in an upward
lift of these cores. Ascent happens almost linearly, being in
agreement with experimental findings of Sun ez al. (2012).

Immediately downstream of the wedge, a mushroom-
shaped region of momemtum deficit is attached, resulting
from the upwash in between the vortex pair and the corre-
sponding downwash on either flank, as depicted by (v) /tco.
On the median plane, it reaches values of more than 20% of
the freestream axial velocity. This yields a distinct deficit

Figure 9: Visualization of the interaction region controlled
by uVG® (iso-surfaces of Q = 1.5 and dp/dx = 0.17).

region on the symmetry plane persisting several TBL thick-
nesses. The downwash simultaneously energizes the TBL
on the outside of the vortices, apparently with a larger net
effect on the spatial average. Despite its coherence, this re-
distribution of momentum is restricted to the inner part of
the TBL and has no noticeable influence at y>0.5 554 )

The three-dimensional structure of the vortex pair be-
hind [.LVG(2> and its effect on the shock system is shown in
Fig. 9. Iso-contours of the Q-criterion Q = 1.5, colored by
axial vorticity @,, highlight how the two distinct, counter-
rotating vortices develop on either side of the wedge. While
lifting away from the wall, they are consecutively convected
towards the shock system, which is visualized in Fig. 9 by
iso-surfaces of dp/dx =0.17. As already discussed in the
context of Fig. 4, the vortices penetrate the reflected shock
atits base. Additionally, at greater wall-normal distance, the
shock exhibits a noticeable axial displacement that varies in
spanwise direction.

Low-Frequency Shock Motion

It is well known from various numerical and experi-
mental investigations (see e.g Touber & Sandham, 2009;
Dupont et al., 2006, and references therein), that the re-
flected shock performs a distinct, low-frequent oscillation
around its spatial mean. The characteristic frequency of this
motion is magnitudes lower than that of the TBL. Among
others, Dupont et al. (2006) motivate L;,,; as length scale for
obtaining a Strouhal-number Sty pc = fLins /e, which was
found to lie within the range 0.02 < St; p¢ < 0.04, indepen-
dent of the configuration under investigation.

Here, the unsteady shock motion for the baseline and
for /.LVG(I) is analyzed by recording the wall pressure sig-
nal on the mid-plane. Pressure probes, spaced apart by Ax =
0.05 8(;ef , cover the range -10 < x/ 5gef < 6. With a temporal
resolution of 0.026 8 /ute, a time-span of 53 FTTs (base-
line) and 44 FTTs (uVG(')) is monitored, thus resolving
Strouhal-numbers of 7.5 - 10™* < Stg < 18.

Results of the analyses are provided in Fig. 10 in terms
of the pre-multiplied Power Spectral Density (PSD) of the
pressure signal. For the baseline case, Fig. 10a, four regions
(D-® can be identified. The upstream region (D is charac-
terized by St5 ~ 1 as to be expected for a flat plate TBL.
In (), the reflected shock motion becomes apparent by an
elevated level of the spectrum at the considerably lower fre-
quency frrc = 0.006 U/ 564 . The associated interaction-
length Strouhal-number St; rc = 0.026 is in excellent agree-
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Figure 10: Premultiplied, weighted PSD (f - PSD/ [ f - PSD df) of the wall-pressure signal for probes located on the mid-plane.

ment with previous experiments (Dupont et al., 2006). The
simulation thus covers 10 cycles at this frequency. The spa-
tial extent of region () is connected to the axial excursion
L, of the reflected shock. We found L., ~ 1.2 5(;ef for the
baseline, in agreement with literature values. The reversed
flow within region 3 is again dominated by higher frequen-
cies. However, due to the growing shear layer behind the
reflected shock, a gradual shift towards lower values of Stg
can be observed. Finally, the relaxation region (4 is charac-
terized by a broadband spectrum at frequencies lower than
within (D as the TBL thickens across the interaction.
Placing MVG(I) within the flow, low-frequency con-
tent is generated just downstream of the wedges by the
vortex shedding at the device’s trailing edge, indicated
in Fig. 10b as region (0). This immediate influence is
quickly attenuated, as the PSD within (D remains almost
unaltered compared to the baseline. Also, regions (3
and @ show similar characteristics. However, the dy-
namic behavior within @) is changed considerably. The
distinctive peak in the baseline spectrum is replaced by
a series of maxima at almost harmonic frequencies f; =
(0.0046,0.01149,0.0253,0.0506) um/5ref, fi < frrec < fa.
Hence, it is conjectured that resonance issues can be
addressed with the investigated control devices. Moreover,
the amplitude of the unscaled PSD for uVG(l) is lower than
for the baseline, indicating the weakened strength of the os-
cillations. Furthermore, as the excursion L, is reduced by
25%, the wall area exposed to most energetic pressure vari-
ations is minimized. This is in agreement with the lessened
fluctuations (see again Fig. 7a) of the reflected shock.

CONCLUSION

The interaction between an oblique shock with f =
9.5° and a turbulent boundary layer at Ma = 2.31 and
Re = 67.4 - 10> has been investigated and the effectiveness
of passive flow control using wedge-shaped micro vortex
generators (14 VGs) has been assessed.

It has been found that a significant reduction of the in-
teraction’s spatial extent can be achieved. Placing the uVGs
closely upstream the reflected shock constitutes the most fa-
vorable configuration. This can be accredited to a combined
positive effect of energizing the logarithmic region of the
TBL, a reduction of upstream propagation of the adverse
pressure gradient and an increase of turbulence intensity.

In contrast, a misalignment of the shock system only
leads to a restricted separation growth. It can be con-
cluded that overall system performance is not excessively
deteriorated at off-design conditions. Furthermore, the
freestream is only slightly changed and almost no additional
loss in total pressure is introduced into the system. These
findings underline the efficacy of the uVGs compared to
conventionally-sized devices.

Moreover, control also alters the shock oscillations, re-
garding their frequency content, amplitude and excursion
area. Clearly being connected to material stress and fatigue,
UVGs can thus be employed to address these aspects.
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