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1 Introduction

Noise generated from technical devices is an increasimgportant problem. Jet engines in par-
ticular produce sound levels that are not only a nuisandenlay also impair hearing. The noise

emitted by such engines is generated by different sources, as jet exhaust, fans or turbines,
and combustion. Increasing restrictions on the allowablsaiemission levels force manufactur-
ers to design quieter engines. This, however, represemali@ieging task, because the underlying
physical phenomena of the aerodynamic sound generatigrean®t entirely understood. Further-

more, design changes made to comply with noise-emissianatgns may be accompanied by

losses in performance. Numerical simulations offer prenais a tool to address this design chal-
lenge, if adequate models are available. Specifically, dhgeleddy simulation (LES) technique

was demonstrated to be able to predict complex turbulentdtoviigurations [1-3].

This work addresses the topic of combustion-generatee moi®w Mach numbers. A method for
the prediction of the acoustic far field pressure emittedrbg@en non-premixed turbulent flame
has been proposed by lhreeal. [4]. This model is based on Lighthill’'s acoustic analogy ¢bid
employs a flamelet/progress variable model [6] in modelheacoustic source-terms. The appli-
cation of this method is restricted to unconfined flows. Inghesent work, a hybrid methodology
is developed, in which a low Mach number variable-densityldblver is combined with a finite
element (FE) code to predict noise generated by combusiibie. advantage of this method is
that it can be applied to complex flow configurations and thiadilitates an environment for the
numerical simulation of practical noise problems.

Kotake [7] and Poinsot & Veynante [8] derived an acoustida@mafrom the conservation equa-
tions for mass, momentum, and temperature. Because ofdaisgstesemblance to the acoustic



5th US Combustion Meeting — Paper # B38 Topic: Turbulent Flames

analogy proposed by Phillips [9], we will refer to this arg@yaas Phillips’ equation. Even though
the wave operator in this equation does not contain all texppearing in a moving-media wave
equation, this analogy accounts for interactions of themfiav with the sound [10]. This is
different from Lighthill's analogy, since that propagatioperator does not account for refraction
effects due to the sound speed.

The objective of this paper is the assessment of Phillipalagy as predictive model for sound
generated by turbulent combustion. A key point is the vaiicheof the numerical results with

experimental data. The lack of the availability of a comretive experimental data set for flow-
field quantities and acoustic data for confined geometnmegdiour application to an open, non-
premixed turbulent flame, which has been experimentallgietl[11-15]. Special interest is de-
voted to the analysis of the spatial distribution and teraplbehavior of the different source-term
contribution in Phillips’ analogy.

The remainder of the paper is organized in the following neanhhe mathematical model for the
hybrid LES/CAA method is presented in Section 2. The expenital configuration, computational
setup for the LES, and the acoustic simulation is describ&gction 3. Results obtained with the
hybrid LES/CAA model are compared in Section 4, followed bydusions.

2 Acoustic model and FEM formulation

In this section, Phillips’ acoustic analogy is presented mwajor model assumptions are discussed.
This equation is solved using an FE formulation. A wave eiqQuadccounting for effects of con-
vection and refraction of sound waves by mean flow and inh@mneiges in the media can be
derived from the conservation equations of mass, momertamperature [7, 8]

Dip = —pVy-u, (la)
pD;u = —Vyp+ Rievy g, (1)
pcpy DL = %va - (AV,0) + Dapwy + EcD,p
—l—%c <pa zk: cpkvyyk) - Vg0 + ?eg :Vyu, (1c)
and the ideal gas law
p= Pl =~ @

written in non-dimensional form. Here, u,p, andg, are the density, the velocity vector, the
pressure, and the viscous stress tensor, respectivelydifffemsionless temperature is denoted by
8, ¢, is the specific heat at constant pressuwés the heat diffusion coefficient. The substantial
derivative is denoted b, = 0. + u - V,. The Eckert number is Ec, the Reynolds number is Re,
and the Schmidt number is Sc. The gas constant and the \easabhd speed are denoted By
anda, respectively. After neglecting terms of ord8(Ec, Re ') Egs. (1) and (Lc) can be written
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as
a2
Vvyln(p) = —D;u, (3a)
1 D
D (p) = —V, u+ D, In(R) + o (30)
vy cpl

Expandingp = p..¢ + p’ for smallp’, and performing the operatidn, (3b)—V,-(3a), leads to the
inhomogeneous wave equation. After neglecting convettisas, which is valid for low Mach
number flows [8], the simplified equation can be written as

2p —Vy - (aVyp') = Ypret {Da& (Cw_(;) + 2 In(R) + Vyu : Vyu| . 4)
p

Note that the frequently employed assumption
of a constant value for the ratio of specific heats
is used. For the methane/air chemistry used
here, this assumption is accurate within 10%.

The first term on the RHS of Eq. (4) repre-

sents an acoustic source-term due to heat re-
lease, the second term accounts for effects o
temporal variation of the molecular weight of

refraction term” [10]. It has been pointed out - - - - - - — - - - B2 F1L L
by Goldstein [16] and others that this term,
rather than being a source-term, is associated

with the propagation of sound waves. Figure 1: Setup for the acoustic computation: vol-
umes g, Qp, Qp and corresponding boundary

For the FE computation of the acoustic fieldprfaces I's,I'p, and I'n. The acoustic source-term

the setup schematically shown in Fig. 1 is cof§-confined to Qs and the inhomogeneous source
sidered. The domain for the CAA computatioff9/on With the variable sound speedis (s U (s

is divided into a source regidns, in which the

acoustic field is generated; into the regiop, in which the acoustic waves propagate; and into the
region{)p, where artificial damping and absorbing boundary conditeme applied to approximate
the free radiation condition. After transforming Eq. (4jarts weak form

/Qwafp'dﬁ + /Qazvyw - Vyp'dQ2 — 7{ aAwVyp -ndl =S +G+H, (5)
with
S = Vpref/g wVyu @ VyudQ (6a)
S
G~ [ witm(Re0, (6h)
S
H = vprefDa/QS wo, (:—69) dq , (6¢)

3
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this equation is discretized using standard nodal finitmelds.

On the outer boundary, absorbing boundary conditions of first order are appli&ql. [Addition-
ally, outgoing pressure waves are smoothly attenuatedporge zone using Rayleigh’s damping
model.

The time discretization is performed by applying an impldewmark algorithm, which is uncon-
ditionally stable and second order accurate [18].

3 Numerical smulation

3.1 Experimental conditions

The N,-diluted CH4-H,/air flame considered here has been experimentally stugisé\eral au-
thors [11-13]. The burner configuration for the non-prerdidame consists of a central fuel
nozzle of diameteD,.; which is surrounded by a co-flow nozzle of square shape. Télebiulk
velocity isU,.;. Co-flow air is supplied at an axial velocity 8fl1 x 1073U,. All reference quan-
tities used in the calculation are given in Table 1 and Réf.The jet fluid consists of a mixture of
22.1% methane, 33.2% hydrogen, and 44.7 % nitrogen by volwithea stoichiometric mixture
fraction of Z,, = 0.167.

3.2 Numerical setup for LES

The Favre-filtered conservation equations for mass, mamegninixture fraction, and progress
variable are solved in a cylindrical coordinate systemaisistructured LES code. The geometry
has been non-dimensionalized with the jet nozzle diameigr The spatial extend of the com-
putational domain in axial and radial direction7@ x 30, respectively. For the discretization of
the axial direction, 342 grid points are used, which are eatrated near the nozzle and the grid
is coarsened with increasing downstream distance fromdbhel@. A section of the fuel pipe with
a length of three nozzle diameters is included in the contipmal domain. For the discretization
of this section, 40 evenly spaced grid points are used, sporeding toAy™ ~ 45. The radial
direction is discretized by 150 unevenly spaced grid powmitth higher resolution in the region
of the shear layer. The fuel nozzle is discretized with 2@ goints (\r* ~ 6 at the wall). The

Table 1: Reference parameters for the reactive jet simulati  on.
| Parametef  Value | Units |

Dot 8 x 1073 m
Uset 42.2 m/s
Pref 1.169 kg/r’r12
Re 14,740 -
Sc 0.486 -
Ec 5.4 x 107° -
M; 0.123 -
Da 0.644 -
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Figure 2: Instantaneous distribution of the shear refracti on term ( S), the molecular weight term ( G),
and the chemical source term ( H) in Phillips’ equation.

non-dimensional minimum and maximum filter widths in the @amareA,,;, = 3.32 x 10~2 and
Apax = 1.04.

A turbulent inlet velocity profile is imposed as inflow condit. This profile is obtained by sepa-
rately performing a periodic pipe-flow simulation. Conveetoutflow conditions are used at the
outlet and slip-free boundary conditions are employeddiatdoundaries.

The chemistry is described using the GRI 2.11 mechanism &) only stably burning solutions
of the steady flamelet equations are used in the flameletyipth

3.3 Numerical setup for CAA

For the spatial discretization of the total computationaindin, 5.5 million bilinear hexahedral
finite elements have been used. According to the minimal leagéh \,,;,, the discretization
parameterh is chosen to bé\,,;,/20 in Qg andQp, and A, /10 in Qp. This results in a dis-
persion error 0f).04% and0.7%, respectively, under the assumption of non-deformed reskaih
elements [20]. Furthermore, the time step gizehas been set to/ (25 fiax), Wheref,,.,. denotes
the highest frequency of the temporally resolved souroe-te the LES.

Since the acoustic field simulation and the LES are perforomedlifferent grids, the acoustic
source-terms are interpolated onto the acoustic grid. thBlsis done using a bilinear interpolation,
and, to keep the interpolation error small, the grid sizeh@source region of the two grids have
been generated such that they do not differ very much. Intbsept case, the ratio of cells on the
LES side to cells on the acoustic side was about 1.9 millicm@ million.
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Figure 3: Contour plot of instantaneous pressure fluctuatio n (left) and comparison of measured and
calculated sound pressure level (right).

4 Reaults

4.1 Source-term analysis

The right hand side in Phillips’ equation consists of a helgase term, a source contribution due
to local and temporal changes in the molecular weight of eeergixture, and a shear-refraction
term. The instantaneous source-term distribution forlipkilequation along a constanty plane

is shown in Fig. 2. The spatial extend of the magnitude of these-terms decreases fpr> 15.
The contribution of the shear refraction tenis localized in the turbulent shear layer and the
transition region after the potential core closes. The cbahsource-terntH is confined to a
region that is correlated with the location of stoichionetionditions.

The spatial distribution of the fluctuating source-term theevariation of the molecular weight of
the gas mixture indicates the location where the gas composition changeishvis essentially
on the rich side of the heat-release region. In the lean neiwards the flame, the molecular
weight of the mixture is approximately constant, since inigstly governed by nitrogen. On the
rich side, however, the molecular weight changes from thata@chiometric conditions, which
still is mostly determined by nitrogen, to that of the fuehieh can be substantially different. This
term is consequently mainly confined to rich flame conditiarsl its structure is considerably
different from that of the shear-refraction ten

4.2 Acoustic results

Results obtained using Phillips’ equation applied in setiohs of the DLR flame are presented
and compared with experimental data below.

Figure 3 shows an instantaneous pressure distributiomjraat from the hybrid method using
Phillips’ equation without shear refraction term. The pree field has a pronounced radiation in
forward direction. The computed sound pressure level (SRl3) certain measurement location
(x = 0,r = 50) is compared with the experiment in the right panel of Fig. Xp&imental
data are denoted by symbols. Phillips’ equation with cartstaund speed and exclusion of the
shear refraction term leads to good agreement in the lovwénecy range. The sound pressure
level for frequencies above St 0.3 is over-predicted. The reason for this discrepancy is under
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investigation. Apart from this discrepancy it is shown tha source-term accounting for the
variation of the gas constant of the mixture is small comgppémehe heat release term. Overall, the
agreement of the SPL in the low frequency range is in reaserseement between experiment
and simulation.

5 Conclusionsand further work

A hybrid LES/CAA method for the prediction of combustionageated noise has been developed.
The acoustic field is solved using an FE code. The acousticedarms obtained from a low Mach
number variable-density LES solver are interpolated onéoacoustic grid. For the treatment of
the open boundaries in the acoustic domain, absorbing laoyrdnditions and a sponge layer
technique are employed.

The hybrid approach was applied in numerical simulatioredf,-diluted CH,-Hy/air flame. The
individual acoustic source-terms, appearing in Phillgguation, were analyzed. Results for the
sound pressure level are compared with experimental datesdRable agreement between experi-
ments and simulation is obtained for the low frequency range for St< 0.3. The sound pressure
level at higher frequencies is over-predicted. This disaney requires additional investigation.

Further work includes the analysis of the shear-refractesm appearing in Phillips’ equation,
directivity patterns of the different source-terms, and tfuantification of the grid sensitivity of
the LES on the acoustic pressure.
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