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ABSTRACT

Direct Numerical Simulations of compress-
ible binary free shear layers with high density
ratio (such as Hy/O3) are performed using a
physically /numerically optimized solver. Re-
duction of early acoustic waves is achieved
through temporal self-similar initial condi-
tions. Spatial distribution and temporal evolu-
tion of subgrid terms emerging from the L.E.S.
formalism are produced by a posteriori filter-
ing of the D.N.S. database.

INTRODUCTION

Turbulent mixing of heterogeneous fluids
with large density ratio is of prime importance
in many engineering applications ranging from
chemical plants to supersonic aircraft propul-
sion. At the moment, most of the numeri-
cal work dealing with such systems has been
performed in the framework of heated, mono-
species, mixing layers (Sarkar and Pantano,
2000). Attempts to generalize classical k-¢ tur-
bulence models to variable density flows are
under progress but some statistical results are
still ill predicted (Aupoix et al., 2000). Thus,
Large Eddy Simulation (L.E.S.) seems to be
a promising tool to achieve accurate simula-
tion of multi-species fluid flows at reasonable
CPU cost in regard to Direct Numerical Simu-
lation (D.N.S.). Nevertheless, Favre filtering of
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the initial set of equations (mass, momentum,
energy, species, state) leads to the emergence
of extra unknown moments compared to the
mono-species case, such as T'Y,, -TY, (with T:
temperature and Y,: mass fraction of species
a), difficult to model and often neglected (Cal-
hoon and Menon, 1996).

The main goal of this study is to perform accu-
rate D.N.S. of multi-species 3D mixing layers,
leading to a database to be filtered a poste-
riori in order to exhibit subgrid terms. First,
the D.N.S. procedure is described, with empha-
sis on initial conditions, transport coefficients
formulation and numerical optimization. The
exact L.E.S. equations resulting from mass-
averaged filtering are then derived, leading to
the whole set of subgrid terms. These unknown
moments are then numerically evaluated and
compared in the No/Oy and Hy/Os cases for
modeling perspectives.

D.N.S. PROCEDURE

Basic governing equations

Navier Stokes equations cast in non-
conservation form, using Einstein’s summation
convention, are first recalled for a mixture:

0
a—'; + puii + pui =0 (1)



Ou;
p (—Z + Ui,j“j) =-pitTij;  (2)

ot
Oe
pl 57 Teaw | = —puig = aig +uigriy (3)
)¢
p(3f+xww>=~hm (4)

If the mixture is newtonian and obeys Stoke’s
hypothesis, the viscous stresses read as usual:

2
Tij = b (u“ +uj ;= g“k,kdij) (5)
Neglecting Dufour effect, the heat flux results
from partial enthalpies fluxes and Fourier law:

g =Y hadaj — KT, (6)
a
Where partial enthalpies are given by:
T
ho = ARY + / Cpa(0)do (7)
To

The mass flux of species a, neglecting Soret
effect, follows Fick’s law:

Jaj = _DamYa,j (8)

Supposing perfect gases, de = Cy(T,Y,)dT
with C, = Y, Y4Cy. The equation of state
of the mixture is then:

Y,
p=pRTY o* 9)
a «

with R the universal gas constant and W, the
molecular weight of species a.

Numerical implementation

Numerical diffusion, linked to the approx-
imation of (1)-(4), is reduced by use of cen-
tered compact finite difference schemes (Lele,
1992) in association with a 3™¢ order low
storage Runge-Kutta scheme. Spatial deriva-
tives are 6! order with a 4** order one-sided
scheme at non homogeneous boundaries where
N.S.C.B.C. type conditions (Baum et al., 1994)
are applied.

Navier Stokes equations (1)-(4) are cast
in - rather unconventional for compressible
flow - convective form for primitive variables
p,u,v,e,Y since it reduces numerical aliasing
errors and leads to a simpler formulation of
boundary conditions (Fedioun et al., 2000).

Num. Proc. Gflops [/ efficiency

1 5.1 1.00
2 10.1 1.00
3 14.9 0.99
6 29.4 0.95

Table 1: Performances and parallel efficiency of the solver.

The effect of physical aliasing errors is illus-
trated on figure 1 for a temporal plane mixing
layer. It affects mainly the pairing core re-
gion where the spectral content of the solution
nearly reaches the numerical cutoff.

N
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Figure 1: Vorticity field for divergence (top) and convective
(bottom) forms.

So, a fully vectorized Fortran90 solver
has been developed with explicit parallelism
achieved through OpenMP. Sample perfor-
mances on 1 to 6 NEC-SX5 processors are
displayed in table 1.

Transport coefficients formulation

In equations (5) — (8), transport coefficients
u, k and Dy, have to be prescribed for the
mixture, in reference to pure species values.
Wilke’s and Wassiljewa’s formulae (Reid et al.,
1988) are suitable mixing laws for viscosity and
thermal conductivity. If binary systems are
considered, D, reduces to the binary diffu-
sion coefficient D15 = D51 of one species in the
other, which may be accurately estimated as a
function of temperature with Fuller’s empiri-
cal correlation. Partial viscosities and thermal
conductivities may be obtained from kinetic
theory of gases, but Chung’s empirical formu-
lae are more accurate. Nevertheless, straight-
forward implementation of these formulae is
prohibitively CPU time consuming. The in-
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fluence of transport coefficients formulation on .
the statistics of the flow is analyzed by Lard-
jane et al. (2000). It is shown that constant
coefficients give acceptable results in isother-
mal flows, even for the Hy/O2 mixing layer at '
Re=100, at half a computational cost (fig. 2). 0 o-e
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Figure 3: Transversal acoustic waves generated by an ini-
tial hyperbolic tangent field for N2 — Oz (plain), Ha — O2
(dashed), and a self-similar field for Ha — O2 (circle).

gives:

Figure 2: Compressible momentum thickness for variable
(dashed) and constant (plain) transport coefficients formu-
lation in the plane H2/O2 mixing layer. 3( —~ )

+ (PUstiy) ; = —P,i + Tijj + Air + Aig + A
. - (11)
Initial conditions

Temporal mixing layers are classically ini-
tialized with hyperbolic tangent velocity and _
mass fraction profiles. Nevertheless, consider- 0T .
ing Navier-Stokes equations as a mathematical pCv_at_ +PUy
operator, the response of this operator to the - -
input signal is the generation of acoustic waves - T Z Ta Jajj + kT j5 + Tijtl; j
whose amplitudes are linked to the initial den- Py
sity ratio (fig. 3). For high density ratios, + Bj+..+ By (12)
these waves may lead to numerical instabilities,
despite of non reflecting boundary conditions.
For the calculation to be feasible, a temporal .
alternative to the spatial Levy-Lees similar- 8<ﬁYa) . .
ity solution (Kennedy and Gatsky, 1994) has 5 + (ﬁYaaj) = —Jajj+ Ca1 + Ca2
been developed to match as close as possible i (13)
an exact Navier-Stokes solution (Lardjane et
al., 2001). The basic hypotheses of the tem-
poral similarity approach are: unsteady flow,
2D 0% order boundary layer approximation,

Using the following convention:

v

0/0xz = 0. It reduces the amplitude of early flo,us, T,Y,) = f(p, a5, T, Y,) + f  (14)
acoustic waves by two orders of magnitude in
the Hy/O; case (fig. 3) with regards to the unknown moments formulate:
hyperbolic tangent approximation.
A = —(puy; — pusty) ;  (15)
L.E.S. FORMALISM A v
o 2 = Ti.g (16)
In this section, sgs terms are produced from A _ e (17)
filtered Navier-Stokes equations. The associ- 3 o P
ated discrete filtering procedure is presented.
Filtered equations Cor = - (PYan - ﬁffaaj) o (18)
_ The Favre mass weighted filtering operator o 7
¢ = pp/p applied to Navier-Stokes equations Ca2 = —Jaj; (19)
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Bl = UTi; — 4T (29)

Discrete filtering

An explicit S.0.C.F. box filter (Ghosal and
Moin, 1995) with adjustable width is used.
In this approach, the physical coordinate z is
linked to £ in the computational domain by the
bijective mapping function f.

$(z) =6 (f71(6) = (6 (30)

With A = cste the cutoff length in the compu-
tational domain, any filtered variable reads:

a0 =% [vwe (S50 an @

: 1
co-{y 5w

It reduces, in homogeneous directions after a
trapezoidal integration and A = 2aA¢, to:

_ 1 a—1
¢i= - {¢i—a +2 ) ikt ¢i+a}
k=—a+1
(33)

SUBGRID MOMENTS MAGNITUDE

D.N.S. calculations were performed on a
NEC-SX5 supercomputer for the 3D temporal
mixing layer between O, as the upper stream
and either Ny or Hs as the lower one. Density
ratios are respectively ~ 1 and 16. Free stream
velocities are +100m/s with constant 300K
temperature. The Reynolds number based on
initial vorticity thickness is 100.

Box filtering is performed for a = 1,2,3
in (33). Early tests have pointed out a lin-
ear trend in magnitude of sgs terms versus the
filter width, so only results for a = 1 are pre-
sented, averaged over periodic directions.

N3O case

This near unity density ratio test case al-
lows comparison with previous mono-species
simulations (Vreman, 1995). The non dimen-
sional computational box is L, = 42, Ly = 42,
L, = 440 with clustering of grid points in the
shear region, with spatial resolution N; = 181,
N, =181, N, = 245, and a time step based on
a 0.5 C.F.L. condition. The convective Mach

number is 0.29.

Figure 4: Evolution of vorticity thickness (solid) and mo-
mentum thickness (dashed) in the N2/O2 mixing layer.

The vorticity and momentum thicknesses
are displayed in figure 4. Calculation was
stopped at t = 150 before saturation of the box
due to the temporal approach, which would
have left a single roller. Three stages are dis-
tinguished in the time evolution of moments’
extrema for the energy equation (12) (fig. 5).
In the early stage of the simulation, viscous
terms are predominant (e.g. Big). Then, for
t =~ 10 to 30, initial disturbances are linearly
amplified by the dynamics leading to the emer-
gence of Bg. A long non-linear stage follows,
associated with pairing processes, filling up the
energy spectrum. This last part leads to the
re-predominance of the viscous term Bjy. Ba-
sically, the most significant moments are Bs,
Bs, By and By, all involving velocity gradi-
ents.

Spatial repartition of moments (fig. 6),
shows that Bg and Bg are nearly equivalent,
and quasi opposite to Bg. It can be shown
after some algebra that this behaviour is con-
sistent with constant density and tempera-
ture assumptions provided the further condi-
tion Y << u ;.
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Figure 5: Time evolution of maximum (top) and minimum
(bottom) of moments magnitude in the N2 /O2 mixing layer.

Figure 6: Moments magnitude in the No/O2 mixing layer
at t=50 (up) and t=95 (bottom).

This first test case leads to results similar to
those of Vreman (1995) for mono-species sim-
ulation, mainly on the importance of Byg.

H505 case
Due to the stiffness of this case, increase in
spatial resolution is needed: L, = 35, Ly = 35,
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L, = —40/ + 20, and N, = 199, N, = 199,
N, = 486. The C.F.L. condition of 0.9 limits
drastically the time step. The convective Mach
number is 0.12.

Time evolution of statistical features of the
flow (fig. 7) show that the simulation was
stopped (after 250h CPU time) before all pair-
ing had occurred, so only early stages of the
L.E.S. can be discussed.

i

thickness

» - = ° time

Figure 7: Evolution of vorticity thickness (solid) and mo-
mentum thickness (dashed) in the Hz/O2 mixing layer.

The time evolution of moments’ extrema
(fig. 8) shows longer delays for the first two
stages (comparatively to Na/O2), that is: the
flow needs longer (non-dimensional) time to
transfer the energy of initial perturbations to-
wards fully developed turbulence. Here, two
opposite phenomena (reduction of convective
Mach number by a factor 2 and increase of den-
sity ratio by a factor 16) are in balance for the
resulting growth rate of the shear layer (Brown
and Roshko, 1974). At these low convective
Mach numbers, density effects overcome com-
pressibility ones.

Globally, the magnitude of subgrid terms
is artificially higher than in the previous case,
due to Favre’s mass weighted averaging. From
figure (9), there are still four leading terms:
B>, Bg, Bg, Bg. By is no more significant
whereas By (linked to species derivatives) be-
comes a key term for modeling issues. This
term arises through different processes result-
ing from the large initial density ratio. These
processes are at least the fact that rg, >> ro,,
and that Favre weighting do not commute with
derivatives.

CONCLUSION

This paper is a preliminary attempt to com-
pare moments magnitude in L.E.S. of free shear
flows with large density variations. Although
it presents work in progress, some key features
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Figure 8: Time evolution of maximum (top) and minimum
(bottom) of moments magnitude in the H2/O2 mixing layer.
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Figure 9: moments magnitude in the Ha/O2 mixing layer at
t=50.

have been pointed out.

The development of a high performance
D.N.S. code has allowed the simulation of
N3/Oy and Hy/Oy 3D mixing layers. Filter-
ing of the Ny/O, database globally validated
the method, for L.E.S. subgrid term evalua-
tion, with mono-species results. The Hy/O,
case showed emergence of a different balance
in subgrid terms, at least in the early stages of
the simulation. Further numerical experiments
(longer time and higher Reynolds number) are
necessary to validate definitely this first result.
Non isothermal simulations should also be car-
ried out since they could reveal importance of
unsteady moments B4 and Bs.
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