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Abstract

In this paper, a pressure-based semi-implicit algorithm for compressible flows is described. This type of solver is of great
interest in combustion devices where the flow speed is small but where the unsteady heat release can be coupled to the
acoustic modes and lead to instabilities. The fractional-step method used in this algorithm is based on a characteristic split-
ting, which clearly separates the acoustics from the advection. This splitting allows to use adapted numerics for these dif-
ferent time-scales. The algorithm is second-order in space and time for linear acoustics and for low-Mach advection
without iterating the time-step. Moreover, when kinetic-energy conserving schemes are used for the predictor step, the
algorithm discretely conserves the kinetic energy in the low-Mach limit. All these properties are illustrated on simple test
cases and the algorithm is finally validated by performing the LES of the cold flow of an industrial burner.
© 2007 Elsevier Inc. All rights reserved.
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1. Motivation and objectives

In most combustion devices, the Mach number is small, and the most efficient computational approach is
the solving of the low-Mach number formulation of the Navier—Stokes equations. In this approach, the acous-
tic waves propagate at an infinite speed. Nevertheless, when the acoustic speed plays an important role, as in
the formation of instabilities in cavities, the compressible Navier-Stokes equations must be solved. If these
equations are solved explicitly, the acoustic CFL condition imposes a drastic limit on the time-step for flows
of low convective CFL number. Then, a semi-implicit approach, in which acoustic waves are solved implicitly,
potentially offers significant efficiency gains using larger time-steps.

Implicit compressible solvers able to deal with low-Mach number flows fall into two basic categories. The
first category consists of the density-based solvers, which are originally designed for high-Mach number flows.
When the Mach number goes to zero, the algebraic system of these solvers becomes ill-conditioned [1,2].
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This issue is classically overcome using preconditioning techniques [3] or by performing a Taylor-series expan-
sion in Mach number [4]. The second category is that of the pressure-based solvers. These solvers were orig-
inally developed for incompressible flows. For this type of flows, the pressure gradient in the momentum
equation acts as a source term needed to maintain the incompressibility constraint. This dynamic pressure
comes from the solution of a Poisson equation, which is elliptic. In pressure-based compressible solvers,
the Poisson equation becomes a Helmholtz equation, which propagates the pressure waves with a finite speed
and which is thus hyperbolic. Solving a pressure equation ensures that in contrast to non-preconditioned den-
sity-based systems, the pressure variations remain finite in the low-Mach limit. Many pressure-based implicit
compressible solvers have been designed since the pioneering work of [5]. Unfortunately, these methods are
either first-order in time [6], non-mass conservative [7], or they necessitate a very costly inner loop to couple
the energy (or enthalpy) equation to the other equations [8,9]. This inner loop simply consists in iterating the
full time-step to obtain the coupling.

A suitable method for the computation of acoustic instabilities in a combustion device needs to be mass
conservative and efficient, which precludes the use of an inner loop to converge the energy equation, and
it has to be low-dissipative. In this paper, a method that fulfills these requirements is proposed. It is a
fractional-step method [10] based on a characteristic splitting. This method consists of an advection or
predictor step, and a pressure-correction step. In the pressure-correction step, a Helmholtz equation is
solved implicitly to remove the acoustic CFL condition. The characteristic splitting allows the decoupling
of the acoustic waves from the advection, and as a result a second-order spatial and temporal convergence
for linear acoustics is obtained without inner loop. When this method is used in combination with a
kinetic-energy conserving scheme for the advection step [11], the method is kinetic-energy conserving in
the incompressible limit.

The proposed method is verified by performing simple test cases. The first test is a linear acoustic wave
propagation, the second test is a low-Mach vortex advection, and the third test consists of the computation
of an under-resolved homogeneous isotropic turbulence (HIT) case at an infinite Reynolds number. These
tests are performed to demonstrate all the properties mentioned above. Finally, the new compressible solver
is applied in an LES computation of the cold flow of an industrial lean-premixed burner. This computation
has also been performed with an incompressible solver with the same mean convective CFL and the same spa-
tial and temporal schemes. It is demonstrated that the computational time required for the fully compressible
simulation is only slightly higher than when using a low-Mach number solver. All these test cases show that
the present method is able to compute efficiently low-Mach number flows while transporting the acoustic
waves at the correct speed. These two aspects are essential to build any solver for the analysis of combustion
instabilities.

2. Fractional-step methods for low-Mach number flows

In this section, the original fractional-step method of Kim and Moin [10] for constant-density flows is pre-
sented as well as its extension to variable-density flows [12]. In these two methods, the Mach number is con-
sidered small enough so that the pressure variations are decoupled from the density variations at constant
entropy. It means that the speed of the acoustic waves tends to be infinite and the continuity equation acts
as a constraint on the velocity divergence. In the case of a constant-density flow, the velocity divergence is
simply zero. In the more general case of a variable-density flow with a low-Mach number, the continuity
relates the velocity divergence to the density variations that are obtained from an energy equation and from
the equation-of-state where the thermodynamic pressure, also called the background pressure, is taken
constant.

2.1. The fractional-step method of Kim and Moin [10] for incompressible flows

Considering an incompressible constant-density flow, the continuity equation reduces to:
V- (u) =0, (1)

and the velocity equation reads:
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where —denotes the LES filtering, p is the constant density, u is the velocity, P is the pressure and t is the total
stress tensor. The pressure in (2) is not the thermodynamic pressure of the equation-of-state but rather a La-
grange multiplier also called dynamic pressure.

The fractional-step method of Kim and Moin [10] consists of two steps. The first step is the predictor step:

1

o —u

AV antl/25n+1/2\ V-t 3
APV = ()
In the second step, the velocity is corrected with the dynamic pressure gradient:
s+l sk | -
%:—;VP"+1/2, (4)

The dynamic pressure P"*!/? is found by solving the Poisson equation that is obtained by taking the divergence
of (4) and by using V - (w"*!) = 0:

— 1
. n+l/2:_ (wx
V. VP oV (@), (5)

2.2. The fractional-step method of Pierce and Moin [12] for variable-density and low-Mach number flows

In reacting flows, due to thermal expansion, the density is not constant and the incompressible method of
Kim and Moin [10] cannot be used. Then, the continuity and momentum equations are:

0 .

-~ . =0 6
” + V- (pu) (6)
Opii _

LE4V - (puw) = ~VP 4V -, (7)

where ~ denotes the density-weighted LES filtering. In the low-Mach limit, the dynamic pressure variations are
decoupled from the density variations and the density is simply an input of Egs. (6) and (7). The density can be
determined by transporting an energy equation and by using the equation-of-state with a constant background
pressure. Alternatively, the density can be tabulated as a function of a progress-variable, a mixture fraction
and its variance [13]. Once the density is given by the combustion model, the momentum equation (7) can
be solved using a fractional-step method. A time-staggered discretization of (6) is given as:

p p
At

and the predictor step of the fractional-step method is to advance the momentum equation:

Snt+3/2 _ ntl)2

LV (ﬁfl"“) — 07 (8)

pu* — pu’
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At
In the second step, the momentum is corrected with the dynamic pressure gradient:
purt! — pu* Snt1)2
= VP2 10
A7 (10)
The dynamic pressure P"*'/2 is found by solving the variable-density Poisson equation:
B 532 _ k2
wpr P TP T (s, 11
V.-V AR +4, Vo () (11)

Equation (11) is elliptic, meaning that a variation of the RHS generates a pressure wave that propagates at an
infinite speed. Thermo-acoustic instabilities for instance, which consist of a two-way coupling of the heat re-
lease of the flame with the acoustics of the combustion chamber, cannot be predicted by using this method.
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To predict these instabilities in usual combustion devices, a fully compressible algorithm is needed and it has
to be effective even if the acoustic time-scale is one order of magnitude smaller than the convective time-scale.

3. A characteristic-based fractional-step method

In this section, the characteristic splitting of the Navier—Stokes equations is described first. Then, the full
algorithm of the new semi-implicit compressible solver is presented and analyzed for linear acoustics and in the
low-Mach limit.

3.1. Compressible large-eddy simulation equations

The compressible Navier—Stokes equations for the large-eddy simulation of a non-reactive flow are:

%

Opi _

LUV (i) = ~VP+ V-t (13)
Oph - oP _ .
%+v.(phﬁ)=§+ﬁ-vp+v-((HA,)W)H-V&. (14)

h is the sensible enthalpy defined by:

T
iz:/ C,dT. (15)
T

0

The equation-of-state for a perfect-gas mixture is:
P=prT. (16)
The speed of sound speed ¢ at constant entropy is defined by:

=yrT. (17)

To be able to perform the so-called characteristic splitting, the pressure has to be removed from the enthalpy
equation (14). Taking the derivative of the equation-of-state (16) relates the enthalpy variations to the pressure
and density variations:

2
- _ = Y = . _
Oh = C@T_—<6P——6 >, 18
p pC,p — ;P (18)
and the enthalpy equation (14) is rewritten as follows:
Oph . o ~ N
54— V- (pha) = —cpV -u+yV - ((A+ 4)VT) +yt- Va. (19)

A similar equation for the pressure can be obtained from the enthalpy equation (19) and the derivative of the
equation-of-state (18):
opP

5t VP= —pV i+ (y - )V - ((A+ 2)VT) + (y — Dt- Va. (20)

3.2. Fractional-step method

The main idea of the method is to separate the convective and acoustic time-scales, which can be signifi-
cantly different in low-Mach flows, to treat each of them with efficient algorithms. This can be achieved by
splitting the eigenvalues of the 1D compressible Navier—Stokes equations:



1260 V. Moureau et al. | Journal of Computational Physics 226 (2007) 1256-1270

u-+tc u c
u—c|l=|ul|+| —c]|. (21)
u u 0

The two first eigenvalues on the LHS are the speeds of the two acoustic waves. The third eigenvalue corre-
sponds to the advection. On the RHS, a pure advection step and a pure acoustic step are obtained. The pro-
posed method extends this decomposition to the 3D Navier-Stokes equations as described below.

3.2.1. First step. advection
In this first step, all variables are advected. For ¢ € {p, pu, ph},

7¢*Aj¢n+v‘(§sﬁ) — ¢V -u =D, (22)

where the diffusion and dissipation terms are D, =0, D,, = V - tand D,;, = yV - ((4 + J)VT) 4yt - Va. At the
end of this step, the pressure P* is estimated from p* and #* using the equation-of-state (16).

3.2.2. Second step: pressure correction
The second step is obtained by removing (22) from the Navier—Stokes equations (12), (13) and (19):

pn+] _ p* B ~
_ cu=0 23
A, TPV (23)
pﬁn+1 _ Pfl* . ~ Fn +Fn+1
=V — 24
A7 +puVv -u V< 5 (24)
*ianrl _ *il* ~
P =P GhV i = —*BY i (25)
At
The same type of equation is also obtained for the pressure from (20):
Ppr+l _ px
A —c*pV - (26)

(26) directly relates the pressure variations in the second step to the velocity divergence. This relation can be
used to express (23)—(25) as functions of the pressure variations 8P = P"*! — P*;

pn+l _ ,5* 1 61__-; B

_ -7 27
At c? At (27)
Z)ﬁnJrl _ pﬁ* u 6}_) ﬁn + FnJrl
e v 2
At c? At 2 (28)
ph't' — ph*  h+c? 8P
At 2 At 0 (29)

Taking the divergence of (28) and using the continuity equation to remove the unknown velocity pir**! leads to
the Helmholtz equation:

. 2u o 4 _ i o 4 2k on X ]
vv(ap)—v-(—“tép) 8P:—V-V(P*+P")+—<p ”+V~(u>>. (30)

A Y AL\ At 2

The continuity equation used to remove the unknown velocity in the previous equation is a second-order time
discretization of the continuity equation (12):

pn+l _ pn pﬁn+1 + pﬁn
PPy (PR 31
YR ( > (31)

The use of the continuity equation to derive the Helmholtz equation ensures that the method is mass
conservative.
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When comparing this method to the variable-density algorithm of Pierce and Moin [12], the main difference
appears in the pressure equation of the correction step. In the case of the variable-density low-Mach algo-
rithm, it is a Poisson equation, and in this method this is a Helmholtz equation. It implies that the pressure
fluctuations generated to balance local density variations do not propagate similarly in the two algorithms.
The pressure fluctuations are propagated isotropically in all directions in the two algorithms but in the
low-Mach algorithm their speed is infinite, and in the present method their speed is ¢. This means that the
present method has the benefit of being able to predict the acoustic modes of a cavity or the coupling of a
flame with acoustic waves that have similar time scales. This is not the case of the method of Pierce and Moin.

3.3. Full algorithm

The full algorithm described in this section is collocated. All the spatial operators are the numerics
described in [14].

3.3.1. Step 1: predictor step

In this step, all the quantities are advected at the flow speed. (22) is solved implicitly by using a Gauss—Sei-
del method with relaxation for all the conservative variables. The divergence operator is the kinetic-energy
conserving operator described in [11]. At the end of the step, the intermediate pressure P* is computed using
the equation-of-state (16).

3.3.2. Step 2: pressure correction

The Helmholtz equation (30) is solved implicitly by using a Stabilized Bi-Conjugate-Gradient (BiCGStab)
linear solver. Then, the pressure variations 6P are used in (27)—(29) to obtain the values of the conservative
variables at the end of the time-step. To avoid the pressure—velocity decoupling in the Helmholtz equation
in the low-Mach limit, the technique of [14] is used. It consists of staggering the momentum-correction equa-
tion (28) to obtain a compact Laplacian operator in the Helmholtz equation.

The quantities without time index in (28) and (29) can be set equal to the value at the beginning of the time-step
if no inner loop is used. This approximation does not affect the second-order temporal accuracy for the linear
acoustics and for the low-Mach advection. For other cases, the second-order temporal accuracy is obtained
by taking these values at the middle of the time-step and by performing at least two inner-loop iterations.

3.4. Boundary conditions

In the solver, walls are treated implicitly by setting the pressure gradient equal to zero in the Helmholtz
equation and by imposing a no-slip velocity in the advection step. The resulting boundary conditions are
acoustically reflecting no-slip walls. The inlets and outlets are treated explicitly with classical Navier—Stokes
Characteristic Boundary Conditions (NSCBC) [15]. This explicit treatment is not time-step limiting for most
computations because the smallest control volumes, which limit the acoustic time step, are usually not in the
vicinity of the inlets and outlets.

3.5. Analysis

3.5.1. Linear acoustics
A linear acoustics analysis of the proposed method is performed. This analysis consists of adding a small
perturbation ¢; to a uniform flow ¢y:

¢ =¢o+ ¢, with ¢ < . (32)

The flow speed is assumed small, i.e. uy = 0, and the viscous effects are neglected. The sound speed is also as-
sumed constant. Introducing this decomposition in the advection step of the method (22) and keeping the first-
order terms simply gives ¢¥ = ¢ for all the variables ¢ € {p, pu, ph, P}. As expected, the first step has no effect
on linear acoustics if the flow speed is zero. The same analysis is then performed for the pressure-correction
step by using the fact that ¢* = (2)’17. The momentum equation (28) becomes:
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The density correction (27) combined with the continuity (31) leads to another relation between the velocity
and the pressure:

1P —Pp ut )
1 (A=) =o. 4
a A TPV 2 0 (34)

Equations (33) and (34) are the classical linear acoustics relations discretized with a second-order temporal
scheme. In the proposed method, a second-order central scheme is used for the spatial discretization so that
the method is second-order in space and time for linear acoustics without inner loop.

3.5.2. Low-Mach limit

Investigating the behaviour of the algorithm in the low-Mach limit is very important, as in most practical
combustion devices the Mach number Ma = u/c is small and as the compressible solvers may be ill-condi-
tioned in this limit [2]. The Mach-dependence of each term in the Helmholtz equation can be analyzed. Mul-
tiplying (30) by the square of the cell-width Ax leads to:

. o _ o _ 4Ax2 -k _ on Sk Pty ]
O(5P) — O(Ma*CFL_ §P) — O(Ma*CFL_2 8P) = —O(P* + P") + (9( N (p = Py, (W)))

(35)

where CFL,,,, = uA#/Ax is the convective Courant number. In the zero-Mach limit, the second and third
terms of the LHS vanish, and the Helmholtz equation becomes the variable-density Poisson equation (11).
Therefore, for small Mach numbers, the proposed method tends towards a variable-density low-Mach meth-
od, which is collocated in time, unlike the algorithm of Pierce and Moin [12], which is time-staggered. This
implies that in the low-Mach limit, the method is well-posed and pressure fluctuations remain finite.

Moreover, if the density of the flow is constant, the third term on the LHS of (22), which is proportional to
the velocity divergence, vanishes. Since a kinetic-energy conserving scheme [11]is used for the convective term,
the advection step discretely conserves the kinetic-energy in the low-Mach limit.

3.5.3. Some remarks about the temporal accuracy of the method

The method is formally second-order in space and time for linear acoustics and for low-Mach advection. It
means that the temporal error in the Helmholtz equation increases significantly when the acoustic CFL is
higher than one. Nevertheless, as presented in the previous Section, the temporal error in the Helmholtz equa-
tion scales as Ma>. It implies that even if the acoustic CFL is big, the temporal error will be small if the local
Mach number is small. This is the case for the cells used to refine the mesh close to the walls of the device. In
these regions, the Mach number is very small and the acoustic CFL is big because the cells are very small.
From the experience of the authors, the temporal error has a negligible effect on the results if the regions where
the acoustic CFL is big are very localized.

4. Results

In this section, the proposed method is verified by computing simple test cases. Then the method is applied
in the computation of the cold flow of an industrial lean-premixed burner.

4.1. Convergence-order evaluation

4.1.1. Linear acoustics

A 1D Gaussian acoustic wave of small amplitude is propagated on a periodic mesh. The L2 error is com-
puted after one acoustic time propagation. Figs. 1 and 2 present the spatial and the temporal convergence of
the error. The spatial error is second-order, and the temporal error is slightly less than second-order. As
expected, performing two inner-loops has no effect on the error for linear acoustics.
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Fig. 1. Linear acoustics. Spatial error for the pressure (multiplied by 10, solid line) and for the velocity (dotted line), without inner loop
(circles) or with two iterations in the inner loop (crosses). The error is given as a function of the cell spacing divided by the wave width. The
dashed-dotted line represents the second-order slope.
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Fig. 2. Linear acoustics. Temporal error for the pressure (multiplied by 10, solid line) and for the velocity (dotted line), without inner loop
(circles) or with two iterations in the inner loop (crosses). The dashed-dotted line represents the second-order slope.

4.1.2. Low-Mach advection

A vortex with a low-Mach number (Ma = 0.1) is propagated on a periodic mesh. Then, the L2 error is mea-
sured after one convective time. Fig. 3 presents the spatial error as a function of the mesh resolution. As

expected, the second-order convergence is obtained without any inner-loop.

error
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10.1
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0.1
Dx/lambda

0.2

Fig. 3. Low-Mach advection. Spatial error for the velocity without inner loop (solid line and circles) or with two iterations in the inner
loop (dotted line and crosses). The error is given as a function of the cell spacing divided by the vortex width. The dashed-dotted line
represents the second-order slope.
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4.2. Unresolved homogeneous isotropic turbulence

Computations of unresolved homogeneous isotropic turbulence at infinite Reynolds number were used by
[16] to evaluate the numerical non-linear stability of different explicit methods. In the limit Re — oo, the
Navier—Stokes equations tend to the Euler equations, and the kinetic energy should be conserved. With the
proposed method and the incompressible solver described in Section 2.1, different homogeneous isotropic tur-
bulence (HIT) computations are performed on a 32° Cartesian grid by solving the Euler equations and by
starting from the same initially turbulent field. The turbulent Mach number of the initial field is 0.07 and
the initial non-dimensionalized wave number is ko = 6. Most of the initial vortices are resolved with only five
points. The time-step is kept constant during the computations. The kinetic-energy decay for three different
initial acoustic CFL numbers is given in Fig. 4. For this extreme case, the computations do not blow up,
but the kinetic-energy is dissipated instead of remaining constant. Nevertheless, for the highest CFL, 80%
of the energy is kept after the first eddy turn-over time. It must also be noted that most of the dissipation
occurs after the first eddy turn-over time when the vortices are very poorly resolved on the mesh. When
the vortices are better resolved, i.e. with more than four points, the dissipation is very small. Since a strictly
kinetic-energy conserving scheme is used in the predictor steps, the kinetic-energy decay is caused by the
fourth-order dissipation of the pressure gradient term in the correction steps [14]. This fourth-order dissipa-
tion is due to the interpolation of the pressure in the gradient operator, which is needed for collocated
schemes. Since the same numerical operator is used in the two different solvers, the kinetic-energy decay is

1.0 ey
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3 03 :
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Ol R R 7]
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Fig. 4. Unresolved HIT. Kinetic-energy decay versus time (non-dimensionalized by the eddy turn-over time) for different acoustic CFL
numbers. (——) CFLy=0.5, (---) CFLy =1, (-- - ) CFLy = 5.
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Fig. 5. Unresolved HIT. Kinetic-energy decay versus time (non-dimensionalized by the eddy turn-over time) for different Ma numbers.
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similar in the two cases for a same acoustic CFL number. The small difference between the incompressible and
compressible solvers is investigated in Fig. 5. This figure presents three compressible computations at different
Mach numbers for an acoustic CFL number set equal to unity. It shows that the kinetic-energy decay is inde-
pendent on the Mach number except during the very first time-steps. In these early time-steps, acoustic waves
are generated because of the initialization of the compressible computations with a constant pressure field not
adapted with the turbulent velocity field. These acoustic waves do not exist in the incompressible computation
because the pressure field is entirely determined from the predicted velocity. The kinetic-energy decay differ-
ence between the two solvers may be explained by the kinetic energy needed to generate these acoustic waves.

4.3. Cold flow of a lean-premixed swirl-burner

4.3.1. Description

The presented method is applied in the LES computation of the cold flow of an industrial burner [17]. The
objectives of this test case are to demonstrate that the present solver is able to compute efficiently a low-Mach
number flow with an accuracy similar to the equivalent incompressible solver while predicting a low-order
acoustic mode of the cavity.

The industrial burner features a plenum, a swirler, and a combustion chamber. A three-million hexahedral-
based mesh is used. The dynamic Smagorinsky model [18,19] is used in the sub-filter closure models. Fig. 6

|

Fig. 7. Swirl-burner. Coherent structures colored by the axis distance. The main hydrodynamic instability consists of the dark structures
anchored on the injector head.
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shows instantaneous streamlines of the flow obtained with the new compressible solver. The main recirculation
zones and the spreading rate of the swirling flow are clearly represented. The acoustic CFL number of the
computation is set to a fixed value, CFL =7. A computation with the same mean convective CFL,
CFLcony = 0.41, is also performed with an incompressible solver that uses the same temporal and spatial
schemes. The compressible solver is only 25% more CPU expensive than the incompressible solver. This is
a consequence of the fact that no inner loop is needed to correctly represent the main features of the flow.
This over-cost is mainly due to the density and to the enthalpy, which are not transported in the incompress-
ible solver. But this over-cost is slightly balanced by the fact that the Helmholtz equation is efficiently inversed
by the BiCGStab solver whereas the Poisson equation is more difficult to inverse on unstructured grids with

the algebraic multi-grid solver.

4.3.2. Dynamic behavior
Roux et al. [17] have shown that the cold flow of the burner features a hydrodynamic instability. The insta-

bility they have analyzed has the structure of a Precessing Vortex Core (PVC). In the present computation, a
strong hydrodynamic instability is also found, but as shown in Fig. 7, its structure is more complex than a
single PVC. It consists of two to three interlaced vortices. The differences between the instability structures
likely arise from the fact that the hexahedral-based mesh used in this study is finer in the injector head region
than the tetrahedral-based mesh. In the LES computation, the frequency of the hydrodynamic mode is
obtained by placing a pressure probe close to the injector head. The Fourier transform of the pressure signal
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Fig. 8. Swirl-burner. Hydrodynamic-mode frequency. (——) experiments, (---) compressible LES, (------ ) incompressible LES.
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is compared to the experimental data in Fig. 8 for the incompressible and compressible solvers. The compu-
tations predict a frequency close to the experimental value of 520 Hz.

To highlight the main benefit of the compressible solver over the incompressible solver, the pressure fluc-
tuations are averaged and normalized on constant-abscissa planes along the main axis and plotted in Fig. 9. In
this figure, the pressure fluctuations predicted by the Helmholtz solver used in Roux et al. [17] for the 3/4-wave
longitudinal mode are also presented. This mode is the only low-order unstable mode for the isothermal case
and the complete analysis of all the cavity modes present in this industrial burner can be found in Roux et al.
[17]. The two main modes of the burner are clearly represented by the compressible solver. The pressure fluc-
tuations peak around x = 0, which corresponds to the head of the combustion chamber. This peak is due to
the hydrodynamic instabilities issued from the injector head. The remaining contribution comes from one of
the low-order longitudinal acoustic mode of the device. This 3/4-wave mode, which strongly depends on the
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Fig. 10. Swirl-burner. Mean axial velocity profiles. (o) experiments, (——) compressible LES, (---) incompressible LES.
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Fig. 11. Swirl-burner. Axial velocity RMS profiles. (o) experiments, (——) compressible LES, (---) incompressible LES.
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speed of sound and on the acoustic reflections, can only be captured by a compressible solver. It may be noted
that the pressure fluctuations given by the incompressible solver can not be processed in the same manner
because in the case of incompressible flows only the pressure gradient is meaningful. The Poisson equation
has indeed an infinite number of solutions that all differ by a constant.

4.3.3. Velocity statistics

Velocity statistics of LDV measurements and of the LES computations are compared in Figs. 10-15. The
five comparison locations are given in Fig. 6. The mean and RMS velocities are in very good agreement for the
five locations, except in a zone close to the head of the injector. This phenomenon arises from the fact that
there is an uncertainty about the azimuthal position of the LDV measurements. It explains why the statistics
far from the injector are in agreement while there are some differences close to the injector. It can also be noted
that the LES computations cannot capture the steep gradient of the mean azimuthal velocity far from the
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Fig. 12. Swirl-burner. Mean azimuthal velocity profiles. (o) experiments, (——) compressible LES, (---) incompressible LES.
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Fig. 13. Swirl-burner. Azimuthal velocity RMS profiles. (o) experiments, (——) compressible LES, (---) incompressible LES.
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Fig. 14. Swirl-burner. Mean radial velocity profiles. (o) experiments, (——) compressible LES, (---) incompressible LES.
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injector. A better resolution may be needed in this region to predict this gradient. Finally, the incompressible
and compressible computations give similar results meaning that the 3/4-wave acoustic mode, which is not
captured by the incompressible solver, has no influence on the velocity statistics. This wouldn’t be the case
for an unstable reacting burner. The small differences may be due to the fact that the physical duration of
the incompressible computation is 12 flow-through times whereas the physical duration of the compressible
computation is eight flow-through times, a flow-through time being equal to 0.01 s. The statistics of the com-
pressible computation are therefore slightly less converged than the incompressible ones.

5. Conclusions

A new semi-implicit compressible solver for LES in complex geometries has been developed. The fractional-
step method used in the solver is obtained from a characteristic splitting of the Navier—Stokes equations. This



1270 V. Moureau et al. | Journal of Computational Physics 226 (2007) 12561270

physical splitting allows for the numerical separation of the acoustics from advection. The acoustics are there-
fore treated implicitly to remove the acoustic CFL limit. The proposed method is very efficient because it does
not require inner iterations to achieve a second-order accuracy for both linear acoustics and low-Mach advec-
tion. In the low-Mach limit, the solver tends towards an incompressible solver, inheriting the same stability
and efficiency properties. A kinetic-energy conserving scheme is used for the discretization of the convective
terms, leading to a kinetic-energy conserving solver in the low-Mach limit. These properties have been illus-
trated and confirmed on simple test cases. The new solver has been applied in the LES computation of the cold
flow of an industrial burner. The velocity statistics from the LES computation are in very good agreement with
experimental data. The dynamic behavior of the flow has also been discussed. The performance of the com-
pressible solver has been compared to an incompressible solver featuring the same discretization schemes. The
compressible solver has been found to be only 25% more CPU expensive than the incompressible solver, while
more physics are represented. Therefore, the new solver fulfills the essential requirements for efficiency, accu-
racy and stability.
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