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LES of Multiple Jets in Crossflow using a
Coupled Lattice Boltzmann-Finite Volume

Solver

H. Feiz* and S. Menon'
School of Aerospace Engineering

Georgia Inst. of Technology
Atlanta, Georgia, USA 30332

Three dimensional large-eddy simulations (LES) of single and multiple jet-in-cross-flow
(JICF) are conducted using the 19-bit Lattice Boltzmann Equation (LBE) method coupled
with a conventional finite-volume (FV) scheme. In this coupled LBE-FV approach, the
LBE-LES is employed to simulate the flow inside the jet nozzles while the FV-LES is used
to simulate the crossflow. The key application area is to study the micro blowing technique
(MBT) for drag control similar to the recent experiments at NASA /GRC. It is necessary
to resolve the flow inside the micro-blowing and suction holes with high resolution without
being restricted by the FV time-step. The coupled LBE-FV-LES approach achieves this
objectives in a computationally efficient manner. A single jet in crossflow case is used for
validation purpose and the results are compared with experimental data and full LBE-
LES simulation. Good agreement with data is obtained. Subsequently, MBT over a flat
plate with porosity of 25% is simulated using 9 jets in a compressible cross flow at a
Mach number of 0.4. Two cases with injection ratios of 0.02 and 0.07 are conducted to
investigate how the blowing rate impacts skin friction. It is shown that MBT suppresses
the near-wall vortices and reduces the skin friction by up to 50 percent. This is in good

agreement with experimental data.

1 Introduction

In recent years, a novel drag reduction method
in turbulent boundary layers has been demonstrated
using a micro-blowing technique (MBT) at NASA
GRCIBEEE Koy features of this technique (in con-
trast to earlier more conventional blowing method)
are the low effective roughness for the porous skin
(achieved due to the use of micro holes) and the min-
imal amount of injection flow rate needed to achieve
drag control. Results under laboratory and full-scale
operating conditions show that significant skin fric-
tion drag reduction (as much as 50-70 percent) can
be achieved using MBT. MBT appears to show even
higher drag reduction in supersonic boundary layers
with an added advantage of reduction of noise.

Interesting observations in subsonic flow are that
the drag can be controlled by adjusting the injec-
tion flow rate and that the maximum drag reduction
appears to occur within regions of adverse pressure
gradient. However, more recent results in strongly ad-
verse pressure gradient flow on a strut suggest that
micro-blowing can lead to increased boundary layer
and wake thickness” which can result in an increase in
pressure drag for external flows. Thus, there are still
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many unresolved questions regarding the underlying
physics of drag reduction as achieved by the MBT and
how this blowing process impacts the large-scale flow
features. Furthermore, the experimental data suggests
that the injection system (and the injected airflow)
couple strongly with the outer (primary) flow espe-
cially in adverse pressure gradient flow. This makes
the optimization of the design of this device problem-
atic, and parametric study using primarily an experi-
mental approach is not a cost-effective approach.

Numerical studies of the MBT in subsonic turbulent
boundary layers have also been recently reported” in
which a steady-state 3D code was used. Only a very
few micro holes and the cross-stream boundary layer
were numerically modeled using a low Reynolds num-
ber turbulence closure. Results showed that for all the
simulated cases, micro-blowing leads to unsteadiness
due to the formation of vortices. However, due to the
steady-state model employed this feature could not be
studied.

MBT studies using unsteady simulation is problem-
atic since many holes (typically hundreds) have to be
simulated simultaneously in order to resolve the dy-
namics. Moreover, to properly capture this dynamics,
the flow inside the holes has to be computed so that the
flow at the hole exit planes evolve naturally (the flow
can be blowing or suction depending upon the local
pressure gradient). This type of requirement implies a
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very high computational overhead due to the increased
resolution, and also due to the reduced time-step if a
conventional FV scheme is employed. Clearly, an al-
ternate technique is needed if this type of flow physics
has to be simulated.

In the past, MBT studies in supersonic bound-
ary layers were conducted? in which Micro-Electro-
Mechanical System (MEMS) based micro-scale blow-
ing/suction devices were simulated using direct numer-
ical simulation (DNS) in 2D. Significant unsteadiness
is shown to be associated with the interaction between
the injected fluid and the supersonic boundary layer.
Vortex shedding and even pairing occurs in the near
field of the injected fluid in the boundary layer. By
combining blowing and suction it was further shown
that not only drag can be reduced but also that it can
be increased at specific location.

It is clear that DNS of 3D high Reynolds number
turbulent boundary layer with proper resolution of
the micro holes is beyond the current and perhaps fu-
ture computational capability. An alternate method
that has the potential for such a study is based on
large-eddy simulations (LES). In LES, all scales larger
than the grid are resolved in a space and time ac-
curate manner and only the scales smaller than the
grid are modeled using a subgrid model. Although
LES looks promising, it also has a serious problem in
near-wall flows. To properly resolve the small-scale
dynamics in the log layer, the wall normal resolution
has to be close to the DNS requirement. This im-
plies that the computational cost will be unacceptable.
Clearly, an alternate method is required and more re-
cently, a method based on two-scale decomposition
called Two-Level Simulation (TLS) has been devel-
oped® to address this particular issue. In TLS, the
small-scale field is simulated on a finer resolution grid
that is embedded inside the conventional LES grid. Al-
though this method has the potential for dealing with
near-wall physics, extending this approach to deal with
the flow inside the micro holes still remains to be ad-
dressed.

Here, we consider another approach that has the
potential for dealing with the flow inside and outside
the micro holes. In this approach, we combine a LBE-
LES method with the conventional FV-LES method to
achieve proper resolution in both regions. 2D and 3D
LBE-LES methods have been demonstrated for fuel-
air mixing and jet in crossflow in the past. % 1In
all these reported studies, the flow inside the injec-
tor or jet inlet is resolved completely using LBE and
the flow at the exit plane evolves in a natural man-
ner. The unique feature of the LBE approach is that
it solves the Boltzmann equation (which, in the contin-
uum limit recovers the Navier-Stokes equation). Since
the Boltzmann equation is a single scalar equation, it is
computationally very efficient (in fact, orders of mag-
nitude faster than conventional FV algorithm). Thus,

very high resolution (in fact, DNS-like resolution) can
be use in the LBE model without a significant increase
in the computational cost. In the present study, the
LBE model is employed primarily to resolve the flow
field inside the injectors while the conventional FV-
LES model is used to simulate the boundary layer flow.
This approach takes the best of both worlds and cou-
ples them together within a single formulation. The
LBE solver is fully coupled to the LES solver and in-
teracts across block structured grid domains. Thus, in
the injection port regions and in the near-wall region
(e.g., below y+ = 100), a high (DNS-like) resolution
can be used, and the flow field simulated without re-
quiring any modeling using the LBE model, while in
regions away from the wall, a conventional FV LES
code can be employed.

This paper reports on the first fully coupled LBE-
LES and FV-LES simulation of turbulent jet in cross-
flow and multiple micro-jets in crossflow. Earlier the
single jet in crossflow (JICF) was simulated using a
LBE-LES method™ and compared to experimental
data. Very good agreement was obtained. Here, we
simulate the same test case using the coupled formula-
tion and compare to earlier studies to demonstrate the
applicability of this coupled method. Subsequently,
the coupled solver is used to simulate a matrix of 3 x 3
micro holes in a high Mach number turbulent bound-
ary layer. This test case is similar to the experiment
at NASA/GRC* except that only a 3 x 3 matrix is
simulated, whereas in the experiment, thousands of
micro holes on a large flat plate were employed. Our
present effort is to demonstrate this coupled approach
and eventually we will consider methods to extend this
technique to handle many holes simultaneously.

2 Simulation Model

The simulation model for the finite-volume and lat-
tice approaches are summarized here for completeness.
More details are given in the cited references.

2.1 FV-LES Formulation

Our interest here is the application of MBT to re-
duce skin friction drag on aircraft wings under realistic
flight conditions in the Mach number range of 0.4 -
1.8. Therefore, we employ a fully compressible Navier-
Stokes solver that has been used extensively in the past
and is fully validated in non-reacting™*™ and react-
ing flows 421 The golver is nominally second-order
accurate in both space and time; however, it also has
the option for fourth order accuracy in space.

The LES equations are obtained by the application
of a spatial filter to the governing equations of motion.
For the compressible equations, a Favre spatial filter
is employed to separate the resolved and unresolved
motion™ For a finite-volume scheme, a low-pass,
top-hat filter of the local grid size (A) is appropriate.
The filtering operation results in the compressible LES
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equations (details are avoided here for brevity).

The sub-grid terms resulting from the filtering op-
eration, denoted with super-script 9%, represent the
effect of small-scale motion upon the resolved-scales
in the form of additional stresses and fluxes. The fil-
tered velocity, u;, and temperature, T, are used to
approximate the filtered viscous shear stress, 7;; and
the filtered heat conduction g;, respectively. The sub-
grid stress tensor, subgrid heat flux, and unresolved
viscous work are defined, respectively, formally as:

598

Tij = ﬁ[% - ﬂiﬂj]

H? = plEu; — Bw]+ [pw —pis] (1)
898 — —_— .

o} = [u;7; — u;Tij)-

The subgrid terms, Eq. [l require explicit modelling
since the small-scale correlations are not known. Since,
dissipation of the turbulent kinetic energy occurs pri-
marily in the small-scales, an eddy viscosity v; model
is employed. The simplest model is: v, = C,[%9%v%9%,
where [%9% and v®9° are respectively, the characteristic
length and velocity scale at the small-scale, and C,, is
a coefficient of proportionality. For LES, characteris-
tic length scale is modelled as the local grid size, A
(= (Ax;AxyAx3)'/3). The velocity scale is obtained
by solving a transport model for the subgrid kinetic
energy in which v*9% = V/k595 where k®9¢ is the sub-
grid kinetic energy. Past studies have demonstrated
that since the algebraic model requires equilibrium
between production and dissipation of energy (which
occurs only in the dissipation region of the spectra),
the grid resolution requirement can be quite severe,
especially for the near-wall problem. Here, we employ
the k%9% based subgrid closure which has a significant
advantage over the algebraic model since equilibrium
between production and dissipation is not needed, and
as a result, the grid scale cutoff can be in the inertial
range. This ability allows the use of the £°9° subgrid
closure to simulate high-Re flows using relative coarse
grids, shown in many past studies =140

A transport equation for the subgrid kinetic energy,

defined as k%9° = l[uk — uk] is TOMIRL 20

Pk

=77 1.598) —
o T g, PUET)
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o (e @
T; Pry Ox;
were Pr; is the turbulent Prandtl number which is
assumed constant and equal to unity. Here, P*9® and
D#9% are, respectively, the production and dissipation
of k%9°. The production term is defined as, P%9° =
—7,7°(01;/0xj), where 7;7° is the modelled subgrid
stress tensor,

P95 _ DS9S

sgs — < ls 2_ 598
Tijg — _ZPVt(Sij - gskk&]) + gpk 9 5ij; (3)

In the above expression, v, = C,(k**)'/?A and
Sij, = 1(01;/0z; + 0u;/0x;) is the resolved rate-of-
strain tensor. The dissipation term is modelled as
D595 — Cgp(ksgs)S/Q/Z_

There are two coefficients in this model, C,, and C.
that have to be either specified or determined dynam-
ically as part of the solution. In the present study,
we employ the aforementioned LDKM model to ob-
tain these coefficients locally as a function of space
and time. Although the LDKM model has been dis-
cussed in detail elsewhere,M15L3 for completeness, we
summarize the key features of this model.

Experimental measurements in high Re turbulent
jet*!! suggest that the subgrid stress 7;7° at the grid
filter level A and the Leonard’s stress L,J at the test
filter level 3(: 2A) are self-similar. In the LDKM
model, this observation is extended and it is assumed
that L;; and the subgrid stress 7.7° at the test filter
level are also similar. Using this, 7;7° is modeled using
the same form as for 7;7° (Eq. B), except that all
variables are defined at the test filter level. Thus, for
example, the subgrld klnetlc energy at the test filter

level is kiest = [u;c - uk ] and this quantity is fully

resolved at the test filter A level. Thus, a direct (but
over determined) expression for the model coefficient
C, is obtained:

L. M;;
C, =449 (4)
Here, a least-square method is employed to obtain
C,. In the above expression

2~
Li; = L — gﬁ Ktest0ij (5)

>_|

= _2pc V ktestA -

S”)(S”) + 3p ktest(sz]
(6)
— —P V ktestA S])éz]) (7)

A similar approach is used to obtaln the dissipation
coefficient C. such that:

— 3ru’ sgs% __ /=598 Buz
Ce = = kt36/52t ((Tij 6$j> <Tij )<31‘j ) (8)

In the above formulation < f > and f both indicate
test filtering. More details are given elsewhere 18
There are a few noteworthy points to highlight in the
LDKM closure: (a) the LDKM approach does not
employ the Germano’s identity,”* (b) the self-similar
approach implies that both A and A must lie in the
inertial range and this provides an estimate for the
minimum grid resolution that can be used for a given
Re, (c) the denominator in both Eqns. H and B are
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well-defined quantities at the test filter level and can
be directly computed, (d) the evaluation of the co-
efficients can be carried out locally (i.e., at all grid
points) in space without encountering instability, (e)
the LDKM approach satisfies all the realizability con-
ditions?® in majority of the grid points even in complex
flows, and (f) the dynamic evaluation can be used near
walls without any change. Finally, the computational
overhead of the LDKM is not very significant since
only one additional equation has to be solved.

2.2 LBE-LES Formulation

The LBE method originates from a Boolean fluid
model known as the lattice gas automata (LGA) which
simulates viscous fluid flow by tracing the fluid mo-
tion through advection of fluid particles and particle
collision on a regular lattice. LBE is an improvement
over LGA in which the Boolean fluid model is replaced
by a single continuous particle distribution, which is
analogous to the particle distribution function in ki-
netic theory. This replacement eliminates the intrinsic
noise inherent in LGA schemes and overcomes the
shortcomings of a limited transport coefficient. The
introduction of the BGK single relaxation time model
for the collision operator further simplifies the algo-
rithm and eliminates the lack of Galilean invariance
and the dependence of pressure on velocity**%? This
model assumes that the particle distribution function
relaxes to its equilibrium state at a constant rate, and
the collision operator is similar to the classical BGK
Boltzmann operator. 8

Whereas conventional Navier-Stokes schemes solve
the macroscopic properties of the fluid explicitly, LBE
method solves the Boltzmann equation by tracking the
evolution of the microscopic particle distribution of the
fluid in phase space (velocity space, physical space and
time). Consequently, the conserved variables of the
fluid (density and momentum) are obtained indirectly
by local integration of the particle distribution (over
the velocity space). The incompressible Navier-Stokes
is recovered in the nearly incompressible limit of LBE
using the Chapman-Enskog expansion. For the present
MBT application this is an acceptable model since we
are interest in using the LBE approach only within the
jet injectors where the flow is at a very low speed.

Solving the lattice Boltzmann equation instead of
the Navier-Stokes equation provides three distinct ad-
vantages. First, due to the kinetic nature of the LBE
method, the convection operator is linear. Simple con-
vection in conjunction with a collision process allows
the recovery of the nonlinear macroscopic advection
through multi-scale expansions. Second, because the
macroscopic properties of the flow field is not solved
directly, LBE method avoids solving the Poisson equa-
tion, which proves to be numerically difficult in most
finite difference methods. Third, the macroscopic
properties are obtained from the microscopic particle

distributions through simple arithmetic integration.
More details are given in a recent review.“"

LBE method consists of two primary steps. The
particles first stream to its next nearest neighbor in
the direction of its prescribed velocity. Subsequently,
particles of different velocities arriving at the same
node interacts with each other by relaxing to its local
equilibrium values which are formulated specifically
to recover the low Mach number limit of the Navier-
Stokes equation. The evolution of the non-dimensional
distribution function f, is thus governed by:

Jfa(x+eqd,t +6) — fa(x,t) = %[fgq(xat) - fa(X,t)],

a=0,1,---,18 9)

where 7 is the relaxation time, f29 is the equilibrium
distribution function and e, is the particle speed in
a direction. The characteristic speed is thus ¢ =
€40/ = |e,|. Rest particles of type 0 with eg = 0 are
also allowed. Note that the time step and the lattice
spacing each have equal spacing of unity. Thus, § = 1.
More recently, studies have demonstrated that multi-
ple relaxation time models can be developed when one
needs to simulate scalar mixing at different Schmidt
number 28

In principle, there are an infinite number of possible
velocity directions in the 3D velocity space. Discretiz-
ing these infinite number of velocity directions into a
fixed set of velocity directions inevitably introduces
discretization errors to the solution. As a general rule,
the accuracy of the model to simulate Navier-Stokes
flow comes at the expense of increasing computational
cost resulting from the number of discrete velocities
used in the model. Frisch et al’*¥ have shown that
the Navier-Stokes equation cannot be recovered unless
sufficient discrete velocities is used to ensure lattice
symmetry.

There are various 3D cubic lattice models devel-
oped, most notably the 15-bit (D315), 19-bit (D3Q19),
and 27-bit (D3Q27) model®" Here, using common
notations in scientific literatures, D is the number
of dimensions and @ is the number of discrete ve-
locities. A variant model can be derived from each
model by removing the rest particle, resulting in mod-
els D3Q14, D3Q18, and D3Q26. There models are
used less frequently because LBE models with a rest
velocity generally have better computational stability.
In previous numerical simulations of a square duct, a
lid-driven cavity and a circular pipe,*! no significant
improvement in accuracy is observed when the D3Q27
model was used over the D3Q19 model, and thus, the
D3Q19 model is assumed to be sufficiently accurate
for the current purpose.

4 or 3

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2003-5206



The 19-bit velocity field (Figl) is:

(0,0,0)

for a = 0, rest particle,

((:l:li 07 0), (07 :*:17 0)’ (07 0’ :i:l))c
fora=1,2,---,6, class I links,
((£1,%1,0), (0, £1,£1), (£1,0,%1))v2c
fora =7,8,---,18, class II links.

€y =

(10)
Here, f29 is given by the following form:
e 3(ea-u)  9(ex-u)® 3u’
F8 = wap[l + 2 + 3T A - 56_2] ., (11)
where
: a=0
Wo = % a=1,2,---,6
2% a=7,8---,18.

The macroscopic properties of the flow field can be
obtained by integrating the distribution functions over
the velocity space:

p=3 1 (12)

pu = Eeafaa
a

where p is the density and u is the velocity. All macro-
scopic properties are obtained as function of space and
time from this integration.

The Navier-Stokes mass and momentum equations
are obtained by using the BGK single relaxation time

a=0,1,..18 (13)

model 42 and by employing Chapman-Enskog expan-
sion are: 9 5
P PU;
— =0 14
O(p us) | Opuiu; _ 9(cip) 4 2vpSi; (15)
6t 63:,- 6:3, 6x]-

Here, repeated indices indicate summation and
Sij = 3(0u;/dx; + Oi;/Ox;) is the strain-rate tensor.
The non-dimensional pressure is given by the con-
stant temperature ideal gas equation of state p = cﬁp
where ¢, is the speed of sound with (¢, = ¢/v/3), and
v =[(27 — 1)/6] is the kinematic viscosity.

For LES application we consider the filtered distri-
bution function such that the LBE-LES form of the
governing equation is

fa(x+ea57t+6)_fa(xat): 7_1 [fgq(x,t)—f_a(x,t)]
598
a=0,1,---,18 (16)

where the distribution function f, represents only
those of the resolved scales. The effect of the unre-
solved scale motion is modelled through an effective
collision term, which in the BGK approximation is
included as an effective relaxation time 7g555. The

form of the subgrid correction is not fully explored
at present. In conventional LES, models based on the
one-equation model for the subgrid kinetic energy*
have proven quite robust and therefore, a similar ap-
proach is being explored here.

In the earlier studies!! the effective relaxation time
was obtained using an eddy viscosity model (based on
the Smagorinsky’s eddy viscosity model) such that:

2 —1
vy, = e (17)
6
with the eddy viscosity v, determined using:
v, = C,A’S (18)
where C, is the Smagorinsky constant, A =

(AszAZ)% is the associated length scale and S =
|S_ljs_lj| Here, S_” = %(8@1/837, + 611_]/816'@) is the
resolved-scale rate-of-strain tensor is the characteris-
tic filtered rate of strain tensor.

The Smagorinsky constant C, is determined using
the localized dynamic model (LDM)*#! described
earlier. Thus, C, is obtained using

L, My

C, =9

(19)

where L;-j Lij - %/ﬁ\kt“t(si]’ and Mij =
—/ﬁ\/ ktestA((Sij> - %(Skk)ézg) Here, L,’j = 5((117,1;]) -
(;){u;)) is the Leonard stress tensor and k' =
L((apdj) — (d;)(d;)) = L Lk /P is the resolved kinetic
energy at the test-filter level.

This algebraic model has some inherent limitations
in conventional LES and these limitations remain in
effect in the LBE-LES approach. Thus, for high Re
flows, the lattice resolution has to be considerable since
the algebraic model requires that nearly all of the in-
ertial range is resolved. The alternate one-equation
model™® has the ability to deal with high-Re flows
on relatively coarse grid and therefore, is being im-
plemented for future studies.

Finally, it is worth noting that this type of closure
also has some fundamental limitation in the LBE con-
text since it is based on a model in the physical space,
whereas the LBE simulation is in the phase space. A
proper subgrid representation for the LBE-LES will
require a closure model in the phase space to model
the subgrid component of the collision integral. Such
an approach still remains to be demonstrated.

2.3 LBE-FV coupling

The two methods, LBE-LES and FV-LES have to
be coupled together with full two-way interactions in
order to solve the problem. Here we achieve this cou-
pling via boundary conditions whereby, the outflow of
one (e.g., LBE) serves as inflow for the other (e.g.,
FV-LES) and vice-versa. In the present study, we are
primarily interested in micro-blowing and therefore,
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this allows us to use some simplifications. Since the
diameter of the micro holes is very small (0.5 mm)
and the flow rate is also very small, we assume that
the flow out of these holes is controlled by the pres-
sure in the outer domain. Thus, when the pressure is
low above the holes (relative to the pressure inside the
injectors, which is determined primarily by the stag-
nation pressure in the injection system) then there will
be outflow. On the other hand, if the pressure is higher
than the exit pressure of the injector then outflow will
stop and there will be no net flux. For a general pur-
pose coupling we should allow for suction (or inflow
into the injectors) to occur in the latter case and this
is an issue currently under study. However, for the cur-
rent application this approach is considered reasonable
as a first attempt to couple the two methods.

To provide “inflow” boundary conditions for the FV-
LES (which is compressible solver) one variable must
be specified from inside the FV domain while four
can be prescribed (and one determined by equation of
state). In the present implementation, temperature at
the “inflow” plane is prescribed from inside the FV do-
main (by simple extrapolation) while density and the
three velocity components are obtained from the LBE-
LES solution from EqslTd and 3 Finally, pressure is
computed using equation of state. This approach is
slightly different from the approach developed for com-
pressible inflow, as described by Poinsot and Lele,2*
where velocities and temperature are prescribed and
density is computed from the backward characteristic.
We plan to revisit this issue in the near future.

To provide the “outflow” boundary conditions for
the LBE-LES one needs to prescribe all the distribu-
tion functions f,. Some of these can be determined
from the FV-LES input and some can be determined
from inside the LBE-LES domain (see Fig. [ for the
lattice directions). In the present study, the pressure
at the exit plane of the LBE domain is obtained from
the FV domain (assuming zero normal pressure gra-
dient). Then, the density is computed using p = c2p.
The three velocity components at the exit plane are
also given from the FV-LES domain (see additional
comments below) and then, we need to solve six equa-
tions in EqIIA and EqI3 along with two symmetry
equations:

fi2 + fis = fu + fia,

and
fie + fi7 = fis + fis.

There are 8 unknown f, that have to be prescribed.
The six unknowns are determined using the five lattice
outward links (i.e. 6, 12, 13, 17 and 18, see Figlll)
and the velocity component in the outflow direction.
Remaining two unknown f, are obtained by using the
other two velocity components.

The above noted coupling is spatial in nature but
since temporal accuracy is needed, this coupling occurs

at the proper instant in time. Here, the time scale
for LBE-LES is obtained by using the characteristic
scale of the injector diameter and ¢. This time scale is
compared to the characteristic time scale for the FV-
LES evolution (which is the classical CFL time-step).
Both solvers evolve at their individual time steps and
couple at the appropriate epoch. In the present study,
the LBE-LES time step is smaller than the FV-LES
and thus, the LBE field can evolve longer than the
FV-LES before they need to be coupled.

3 Numerical Implementation

Both the FV-LES and LBE-LES solvers are imple-
mented in parallel using MPI library, and are highly
optimized** Domain decomposition is employed in
both the solvers to achieve proper load balancing. In
order to couple the two parallel codes, different MPI
groups are defined. Thus, the two codes are paral-
lelized and implemented independently and they are
coupled through a driver code using message pass-
ing. This approach allows independent control of both
solvers and makes it very easy to use LBE-LES in
many injector holes without requiring major code re-
vision. Therefore, extension of this approach to many
hundreds of injectors will not be a major issue (other
than the computational cost).

4 Results and Discussion

Here, we discuss the coupled simulation of a single
jet in crossflow first to validate the coupled approach
and then discuss its application to the MBT case.

4.1 Single Jet in Crossflow

In this study, the experiment of Ajersch et al®? is
chosen as the benchmark case for validation. The di-
mensions of the computational domain are shown in
Fig. The simulation is carried out at Reynolds
number of 4700 (based on the jet velocity and the noz-
zle width D) and at a jet-cross-flow velocity ratio of
0.5. The cross-flow velocity profile is initialized with
a boundary layer thickness of 5D. The computational
domain is resolved using 128 x 96 x 64 for the cross-
flow domain (FV-LES) and 20 x 20 x 100 for jet section
(LBE). So a total of 0.82 x 10® grid points is used to
discretize the complete domain. The results from these
simulations are compared with the earlier results ob-
tained using the LBE-LES for the entire domain.™

Computation of a full simulation requires approxi-
mately 1155 single-processor hours with 1.5GB mem-
ory on the IBM SP4 machine. Periodic boundaries are
used in the cross-stream boundaries of the cross-flow
domain to simulate a single square jet out of a row
of six used in the experiment. On the top surface,
slip boundary conditions are employed. Character-
istic based inflow and outflow are employed for the
crossflow (which is computed using the compressible
FV-LES approach). For the jet, a parabolic velocity
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profile is prescribed in the pipe at a distance of 5D be-
low the flat plate allowing the flow to develop naturally
as the jet merges into the cross-flow.

Results are compared with the experiment of Ajer-
sch and numerical results with whole domain sim-
ulated using LBE-LES simulation. Comparison of
LBE-LES with numerical results of Hoda et al*® were
discussed earlier™ and it was shown that the full
LBE-LES approach can capture with reasonable accu-
racy the experimental mean and rms velocity profiles.
Therefore, we compare the current LBE-FV-LES cou-
pled results against the earlier LBE-LES results.

All the important features in JICF such as the horse-
shoe (or kidney-shaped) structure and counter rotat-
ing vortex pair (CRVP) observed in earlier LBE-LES
(and in the experiments) are captured in the present
simulation with reasonable accuracy (and in very good
agreement with the previous study). Figure Bl shows
how the jet is turned by the crossflow and creates
the kidney shaped vortices that are shed in the down-
stream direction.

The velocity vector field in FigHl shows the for-
mation of the recirculation zone behind the jet. By
reviewing time evolution of the flow field it is seen that
the recirculation bubble periodically sheds the flow in-
phase with the motion of the kidney-shaped vortices
observed in this flow (Fig. B). The periodic shedding
of the flow from the recirculation zone is show more
clearly in Fig. which shows the velocity contours
along stream-wise direction. Smooth transition of ve-
locity contours from LBE domain to FV domain shown
in this figure clearly demonstrated the accuracy of the
LBE-FV coupling employed in the present approach.

The mean stream-wise velocity profile comparison
with past LBE-LES and experimental data at repre-
sentative stream-wise stations (z/D = 0,1) along the
jet center plane (y/D = 0) and along the edge of the
jet (y/D = —0.5) are shown in Figsll and [ The exit
plane velocity is well captured by LBE-LES and the re-
verse flow at /D = 1 is also captured, albeit smaller in
size. Further downstream the boundary reattach and
continues to grow. Since there is no direct interaction
between jet and cross-flow at the edges, cross-flow de-
flection is less compared to the deflection at the center
plane. Reverse flow is not seen at this plane and this
agrees with experimental data.

Turbulent kinetic energy (TKE) profiles at the jet
center plane are shown in Figll According to Hoda et
al 2 TKE is produced not only during interaction be-
tween the crossflow boundary layer and the jet but also
due to various velocity gradients and strong streamline
curvature. Peak of TKE profile is located at the same
location of maximum velocity gradients. TKE is larger
at the top of the jet where the interactions are domi-
nant.

Finally, comparison of turbulence fluctuation inten-
sity (Figs. B and M) in the stream-wise (Upms/W;)

and wall-normal (wyn,s/W;) directions show that these
fluctuation levels are similar in magnitude but that
there are significant anisotropy in the near-wall re-
gion. This is to be expected since in this region vortical
breakdown occurs in a complex 3D manner.

4.2 Multiple Micro-Jets in Cross-flow

In the micro blowing technique experimentally in-
vestigated at NASA/GRC,* a plate with porosity of 13
to 43 percent was studied and it was shown that drag
can be significantly reduced. Holes diameters ranged
from around 0.2 to 0.5 millimeter and depending on
plate porosity, an order of 100000 micro holes existed
on a 100cm? flat plate area. Simulation of flow inside
such tiny holes along with a cross-flow domain whose
length scale is orders of magnitude larger is a chal-
lenging problem. Here, we demonstrate the coupled
LBE-FV approach for a limited set of holes but we be-
lieve that this approach can be extended to simulate
a large set of holes simultaneously.

Here, we simulate a 3 x 3 square pattern of injec-
tion holes each with diameter of D = 0.5mm and
equally spaced a distance of D apart, as shown in
Figlll Turbulent inflow profile is specified 5D up-
stream of injection holes with a free stream velocity
of Up = 138.54m/s and boundary layer thickness of
6 = 12mm. These conditions closely approximate the
experimental data. Slip boundary conditions on the
upper plane a distance 12D above the injection holes,
and characteristic outflow conditions were imposed at
a location 10D downstream of the holes. Periodic
boundary conditions are imposed in the spanwise di-
rection.

The plate porosity, as defined by cumulative hole
area divide plate area, for our test case here is 25%.
Two blowing rates (Vjet/Uop)) of 0.02 and 0.07 are sim-
ulated. The holes have an aspect ratio (L/D) of 4 and
the hole inflow velocity profile has been specified as:

Vinglow = jetsin(%)sin(%}).

Figure [ shows the boundary layer profile at differ-
ent stream-wise locations along the plate in-between
the injection holes. It is clear that as we go down-
stream past the injection holes, the boundary layer de-
taches from surface. Friction velocity variation along
the plate is shown in Figll[3 Since the injection starts
at /D = 5, the friction velocity decreases past this
location, and once the injection stops (at /D = 11),
it begins to recover to its original value. This is in
good agreement with experimental observation.

Figure [[4 shows the comparison of the experiment
profile at the inflow with the current inflow profile. It
also shows the velocity profile at the injection port. As
we can see, since the friction velocity goes down due
to injection, higher U™ is achieved, as expected.

Velocity vector field in the center plane for the three
injection holes are shown in FigllAl In the microblow-
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ing approach, the flow from the injectors is very small
and with a very small velocity. Thus, these jets in-
teract with the viscous sublayer and the buffer layer
of the incoming crossflow boundary layer. Analysis
shows that the interaction is limited to a region up
to yT = 19. Tt can be seen from this figure that
whereas the jet from the leading injector penetrates
further into the crossflow, the jets in its shadow have
weaker impact and this shadow effect increases for the
third injector. Further analysis shows that there is
a complex interaction between the various injectors.
Results suggest that the wake effect of the leading in-
jector can change the local pressure above the injectors
behind it and can cause periodic reduction of the mass
flow. More detailed analysis is still needed to fully un-
derstand the dynamics of this interaction process as a
function of the injection pressure.

3D visualization of the coherent structures in the
near-wall region is shown in Figllfin the y* =4 —19
region. The flow is highly modulated by the presence
of the micro injection and only further downstream do
we see the formation of more turbulent mixed flow.

Spanwise-averaged normalized coefficient of friction
in stream-wise direction for two different injection ra-
tio of 0.02 and 0.07 and shown in Figlll As observed
in the experiments* we also observe a significant drop
in skin friction drag by up to 50 percent in the imme-
diate vicinity of the injectors.

4.3 Pressure based multihole injection

The study discussed in the above section was lim-
ited to a small region of the flat plate with a 3 x 3
matrix of holes. As noted earlier, we are eventually
interested in simulating hundreds of such holes. As
a first step towards this goal, we investigate pressure
based injection condition over a much large 4 x 6 ma-
trix of microholes. In this approach, the flow inside the
holes are not resolved and the holes themselves are not
resolved. Rather, injection conditions are imposed on
the chosen grid points on the flat plate by assigning the
wall normal velocity component to be proportional to
the pressure fluctuation at the injection port, whereas
the two other velocity components are assumed to be
Z€ero.

For this case, the Reynolds number, based on the
channel half width (h = 0.071) and the bulk velocity
of 138.5468 is 630,534. A grid of 64 x 148 x 64 is used to
resolve the computational domain as shown in Fig[I&
Uniform grid is used in the streamwise (x) and span-
wise directions (z) and a stretched grid is employed in
the wall normal direction (y). Cross symbols in Fig[I®
show the injection points and domain dimensions are
given in meter. Periodic boundary condition are im-
posed in the span-wise direction and no-slip boundary
condition at both walls are imposed.

The skin friction coefficient for this simulation is
given in Fig. M@ It is obvious that pressure fluctu-

ations decreases the mean shear and thus, the skin
friction. This simple study suggests that scaleup of
the coupled LBE-FV to many holes should also result
in similar drag reduction. We plan to explore this in
the near future.

5 Conclusions

In this paper, 3D LES of single and multiple jet-
in-cross-flow (JICF) are conducted using the 19-bit
Lattice Boltzmann Equation (LBE) method coupled
with a conventional finite-volume (FV) scheme. In this
coupled LBE-FV approach, the LBE-LES is employed
to simulate the flow inside the jet nozzles while the
FV-LES is used to simulate the crossflow. The key
application area is the use of this technique is to study
the micro blowing technique (MBT) for drag control
similar to the recent experiments at NASA/GRC. It is
necessary to resolve the flow inside the micro-blowing
and suction holes with high resolution without being
restricted by the FV time-step restriction. The cou-
pled LBE-FV-LES approach achieves this objectives
in a computationally efficient manner.

The single jet in crossflow case is used for validation
purpose and the results are compared with experimen-
tal data and full LBE-LES simulation. Good agree-
ment with data is obtained. Subsequently, MBT over
a flat plate with porosity of 25% is simulated using 9
jets (in a 3 x 3 matrix) in a compressible cross flow at
a Mach number of 0.4. Two cases with injection ratios
of 0.02 and 0.07 are conducted to investigate how the
blowing rate impacts skin friction. It is shown that
MBT suppresses the near-wall vortices and modifies
the near-wall sweep-burst events. This in turn reduces
the skin friction drag; a reduction up to 50 percent in
the vicinity of the injectors is seen in the present study.
This is in good agreement with experimental data. Fu-
ture studies will address the fully coupled simulation
of a much larger matrix of injectors to understand the
interaction between the multiple jets and the issue of
scalability of this drag reduction method.
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