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Abstract

In large-eddy simulations (LES) of turbulent reactive flows, typ-
ically employed numerical schemes suitable for proper reso-
lution of turbulent structures are not appropriate for capturing
steep scalar gradients. In the present work, artificial fluid prop-
erties (AFP) have been applied in local regions of sharp scalar
variations alongside non-dissipative, explicit central difference
schemes to ensure stability without compromising on accuracy.
Simulation of a 1D laminar premixed flame using this approach
shows that for grids in which there are very few points across the
flame, AFP is needed for a stable and accurate flame solution.
The dissipation introduced by AFP is verified to be insignifi-
cant in the case of a Taylor-Green vortex, in which steep scalar
gradients are absent. Finally, a 3D compressible temporal mix-
ing layer is validated by comparing the results from the AFP-
based LES with those from dynamic Smagorinsky model-based
LES and filtered direct numerical simulation (DNS). Overall,
it is shown that the artificial properties provide adequate high
wavenumber dissipation enabling stability on coarse grids and
compensating for the unresolved sub-grid dissipation. Thus this
numerical method is found to be a good candidate for high reso-
lution LES of turbulent flows in which high scalar gradients are
present.

Introduction

Numerical simulations of turbulent reactive flows have great
utility to improve the prediction and design of combustion de-
vices such as IC engines, gas turbines, and so on. With increas-
ing computational power large-eddy simulations (LES) are now
playing an important role in industrial problems [14].

The cut-off scales in LES have significant energy as compared
to direct numerical simulations (DNS) and thus discretisation
errors can potentially pollute the solution [16]. These inaccu-
racies can overwhelm the sub-grid dissipation model [13, 17]
if numerical methods are not accurate enough. Thus com-
pact or higher order central difference schemes with the non-
linear term in skew-symmetric form have been recommended
for LES codes [16]. However, for simulations of reactive flows,
it is imperative that the numerical method should be dissipative
enough to avoid Gibbs oscillations in presence of strong scalar
gradients. These two criteria are conflicting, which presents
challenges for stable yet accurate LES of compressible reactive
flows.

In literature, there have been different numerical schemes used
for LES of compressible flows with shocks or large scalar gra-
dients. Jaberi et al. [10] used the compact parameter scheme
of Carpenter [2] to stabilise the code with sharp scalar gradi-
ents in otherwise high resolution turbulent flows. Alternatively,
dissipative mechanisms based on upwind schemes like WENO
have been combined with central difference schemes using ac-
curate discontinuity sensors [9]. A post-processing filter algo-

rithm was presented by Yee et al. [18] in which numerical sta-
bility at discontinuities was achieved using dissipative portion
of a shock-capturing scheme with a local flow sensor. In hy-
brid central-upwind schemes as discussed above, the expensive
computations of characteristic-based upwind schemes might be
active only in few of the parallel processors causing inefficient
computational load distribution.

A novel approach was proposed by Cook [4] in which a high
wavenumber (artificial) viscosity was used to provide a sharp
cut-off near the Nyquist wavenumber (/Ax) and hence implic-
itly provide sub-grid dissipation, rather than modelling the un-
closed terms obtained in filtered governing equations. This was
later extended to handling thermal and material discontinuities
in high resolution turbulent flows [4, 5]. The artificial properties
were evaluated in the entire flow field but were computationally
less expensive than characteristic-based upwind schemes. This
algorithm has been assessed and validated for shock-turbulence
interaction [4, 11] and in supersonic combustion problems [5].
However, the possibility of applying this method of artificial
properties has not been tested for subsonic LES of reactive flow
problems in literature so far.

In this paper, we apply the artificial fluid properties (AFP)
approach in the context of LES to various reactive and non-
reactive flow configurations. We first verify the stabilisation
capability of AFP scheme on coarse grids (demonstrated using
a laminar premixed 1D flame), then assess the dissipation of
turbulent structures without strong scalar gradients (3D invis-
cid Taylor-Green vortex); finally we test the capability of artifi-
cial viscosity as a sub-grid model for LES (3D temporal mixing
layer). The remainder of the paper is organised as follows. The
next section discusses the numerical methodology including the
details about the AFP approach. The section on results and dis-
cussion follows, including the configuration details and relevant
analysis. Finally concluding remarks are drawn.

Numerical Scheme

Fully compressible system of equations conserving momentum,
energy and species mass fractions are solved using a MPI-based
Fortran code, S3D [3]. The viscous stresses are evaluated as-
suming Newtonian fluid properties while the heat and mass dif-
fusion fluxes are evaluated using the Fourier and Fick’s laws
respectively.

The system of equations are integrated in time using a six stage
and fourth order accurate explicit Runge-Kutta algorithm. The
first derivatives are calculated using sixth order central differ-
ence scheme. High frequency solution components are sup-
pressed using filtering techniques. Both explicit [12] and com-
pact [8] filters have been implemented in the code. The system
of equations resulting in a compact filter were solved using an
external library PETSc [1].



The fluid properties like shear viscosity (u), mass diffusivity
(D;) and thermal conductivity (A) are modified in the AFP im-
plementation by adding their respective artificial contributions.
The expressions for these artificial properties are as follows [4]:
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where S = V/S.S is the magnitude of the strain rate tensor, A =
(AxAyAz)l/ 3 is the local grid spacing, T is the temperature, p is
the density, ¢y is the speed of sound, ¥; is the i species mass
fraction, At is the time step and e is the internal energy.

The operator V" denotes a higher derivative (r taken as 4 in this
implementation) and the overbar denotes an approximate trun-
cated Gaussian filter (of filter size 4A) [4] to smooth out the
higher derivatives. C,, C) and Cp are constants whose values
are taken as 0.002, 0.01 and 0.003 respectively [4] except in the
1D laminar premixed flame case wherein the constants used are
0.02, 0.1 and 0.03 to stabilise the sharp discontinuity arising at
the flame front, which spreads across 3-4 grid points only in the
coarsest grid used. Artificial bulk viscosity [4] is not included
in this implementation because we consider flows without sig-
nificant compressibility or shock waves.

Results and Discussion

1D Laminar Premixed Flame

A stoichiometric methane-air flame is initialised with premixed
reactants at 300 K (7;,) on one side and products at 2259 K
(adiabatic flame temperature) on the other side. The computa-
tional domain is one dimensional (1D) having length of 20 mm.
A reduced 2-step methane mechanism comprising of 6 species
was used to model chemistry. The equilibrium equations are
CH4+1.50, = CO+2H0 and CO+0.50, = CO, [7].

A reference case was obtained using a fine grid (Ax = 20 ym),
which resolves all of the flame structures. The flame thickness
(8 =640 um) and flame speed (S;, = 0.4 m/s) from the reference
case are compared with the results obtained using coarser grids.

Nx Ax (um) d/Ax
1024 20 31.8
320 62.5 10.2
200 100 6.4
120 167 3.8

Table 1: Summary of grids used for the 1D laminar flame test

The steady solutions for different grid sizes are shown in Figure
1. AFP along with a compact filter were utilised in all cases
shown in Figure 1, except the reference case. It is seen that
with increasing grid size, the flame becomes thicker, which is
consistent with the fact that the scalar profile becomes wider
when applying a larger filter size to the laminar flame. For fine
grids the solution converges to that of the reference case.

The fuel consumption rate (W) is integrated over the domain
to evaluate the laminar flame speed as follows:
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where p, is the density of the un-burnt reactants and Yr, is the
fuel mass fraction in the reactant species.
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Figure 1: Temperature (red) and methane mass fraction (blue):
1024 points (solid line); 320 points (dashed line); 200 points
(dashed-dot line); and 120 points (dashed-dot-dot line)

The error in evaluating flame speeds with respect to the refer-
ence case is shown in Figure 2 for different numerical meth-
ods. It should be noted that the explicit filter was incapable of
removing high frequency components in the coarsest grid and
the simulation crashed. Compact filtering along with artificial
properties enabled more accurate flame predictions on coarse
meshes due to its selective damping of high frequency numeri-
cal oscillations. With the resolution of 167 um, the error in the
flame speed using the compact filter and artificial properties is
about 6%, compared with 12% without artificial properties.
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Figure 2: Error in flame speed: compact-AFP (Black ¢); com-
pact without AFP (Red x); and explicit without AFP (Blue o)

3D Inviscid Taylor-Green Vortex

The ability of the numerical method to resolve small-scale tur-
bulence is evaluated using an inviscid Taylor-Green vortex con-
figuration. A periodic box of dimension [0,2n] having 64% grid
points is initialised with well resolved and smooth properties.
The complete details about the initialisation are available in [4]
and not repeated here for the sake of brevity. As the time is ad-
vanced, the turbulent cascade generates smaller structures with
no lower limit on the length scale [11].

The simulation using the compact filter, with and without ar-
tificial properties, successfully conserves the kinetic energy as
seen from Figure 3a. At later time stages (after t=4), the kinetic
energy drops when the scales of motion become unresolvable
for the available grid spacing. It is noted that AFP does not
cause a significant degradation or dissipation of the turbulent
flow scales.

The enstrophy is observed to increase rapidly as small-scale tur-
bulence develops before reaching a maximum value. It is ob-
served from Figure 3b, that the trends with and without AFP



(a) Turbulent kinetic energy

(b) Enstrophy

Figure 3: Comparison of turbulent kinetic energy and enstrophy for Taylor-Green vortex: compact (black dashed dotted line); compact
+ AFP (red solid line), explicit (blue dashed line); and Cook [4]: compact + AFP (symbols X)

(using the compact filter) do not differ significantly. Explicit
filtering of high frequency components causes significant dissi-
pation and does not allow the smallest length scales (possible on
the grid) to develop. Finally, the profiles obtained using com-
pact filter (with and without AFP) match favourably with those
presented by Cook [4] who used the AFP approach along with
compact finite difference schemes and compact filters.

3D Temporal Mixing Layer

In this section, both DNS and LES of a 3D mixing layer are per-
formed to further explore the ability of the AFP scheme to serve
as a sub-grid model for LES. The configuration involves two
streams composed of air having different velocities (U} = —U>)
but equal temperature and pressure. A convective Mach number
(defined as M, = (U; —U,) /(c1 +¢2), ¢1 and ¢; being the speed
of sound in streams 1 and 2 respectively) of 0.3 was used in this
simulation. The vorticity thickness (8, ) and velocity difference
(AU = U; — U,) are used to define the Reynolds number. The
initial momentum thickness (8gp) = 0.0109 mm and Re = 705
were used as in [6, 15]. Isotropic turbulence is first generated
using Passot-Pouquet energy spectrum having a turbulent inten-
sity equal to 10% of U} and an integral length scale of 0.62 mm.
The initial streamwise velocity profile and the shape function to
limit the initial turbulence to the shear layer have been used as in
[6]. Periodic boundary conditions are used in both streamwise
(x) and spanwise (z) directions while non-reflecting boundary
conditions were applied in the normal (y) directions.

Table 2 gives a summary of the non-dimensional domain ex-
tents and grid points used for both the DNS and LES simu-
lations. The DNS grid was set to be 3.5 times the minimum
Kolmogorov scale encountered during the temporal evolution
of the mixing layer. The same LES grid was used for both the
AFP and the dynamic Smagorinsky (DS) model-based simu-
lations. The compact filter was used to damp high frequency
oscillations. However, as the there are no scalar gradients in
this configuration, only the artificial viscosity is relevant for the
simulations.

Lx/8go| Ly/dgo| Lz/dg0| Nx Ny Nz
DNS 1032 387 172 1536 576 256
LES 1032 387 172 464 240 64

Table 2: Domain and grid used for the temporal mixing layer

Figure 4 shows the growth of momentum thickness (8g) with
time. As reported in previous references [6, 15] we observe a
linear increase in 8g after an initial transient. The LES simu-

lations based on both AFP and DS exhibit trends similar to the
filtered DNS results, that were obtained by applying a box filter
with a filter size of 4 times the DNS grid spacing. The final Re
attained in this simulation was approximately 20000.

.s“‘:’
r”: °
151 ".-3 o
Pral-]
0
ueg 10+ :,0‘
= e
< ’9'
o,
v
st ¥
2
o”g’
y-0”
0 . . . .
0 200 400 600 800 1000
t Au/o 20

Figure 4: Growth of momentum thickness: AFP (red dashed
line), dynamic Smagorinsky (blue dashed-dot line) and filtered
DNS (symbols 0)

The turbulent stress tensor (based on Favre fluctuations) is cal-

culated as [6],
g, \prd)

(Y
Self-similar profiles of Ry and R}, are shown in Figure 5. The
normal coordinate has been non-dimensionalised with the time
varying vorticity thickness (8 (?)). As expected in the fully de-
veloped turbulent stage, the profiles collapse into a self-similar
regime. Apart from a slight over-prediction of peak turbulent in-
tensities, the AFP-based LES plots are in reasonable agreement
with the filtered DNS results.

(6))

Conclusions

Numerical schemes form a critical component in LES of tur-
bulent reactive flows. On the one hand, the numerical dissi-
pation should be minimal for accurate resolution of turbulent
structures, while on the other hand the scheme should be stable
enough to capture scalar gradients on coarse grids that are typ-
ically used in LES. In this work, we have explored the applica-
tion of artificial properties alongside non-dissipative central dif-
ference schemes to address the aforementioned challenge. The
test cases presented have been selected to verify separately the
capability of the algorithm to stabilise steep scalar gradients,
resolve high resolution turbulence and compensate for sub-grid
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Figure 5: Turbulent intensities for AFP-LES: t=572 (dashed line), t=667 (dotted line), t=763 (solid line), t=858 (dashed-dotted line)
and t=954 (solid line with circular markers); dynamic Smagorinsky LES at t=763 (blue ¢); and filtered DNS at t=763 (black o)

scale dissipation. The long term goal of this research is to de-
velop a very accurate and stable LES solver for compressible
turbulent reactive flows.
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