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Abstract

A hybrid DNS/CAA method is used in this work to analyze acaustave emission and prop-
agation caused by thermoacoustic sources. The numerjgalagh is a two-step method, the
first step of which is based on a Direct Numerical SimulatibN§), followed by the compu-
tational aeroacoustics (CAA) step using the acoustic geation equations for reacting flows
(APE-RF). A CO/H/AIr turbulent premixed flame is investigated by a fully camgsible
DNS code. Chemical processes are computed using a comgdatiton scheme and accurate
transport properties are taken into account. The DNS sehalte been interpolated onto the
CAA grid via a multi-linear algorithm. to evaluate the scaiterms of the APE-RF system.
Using a detailed description of the flow based on the DNS wipain extensive analysis of
the sources in terms of the radiated acoustic field is passilgithin this work it will be shown
that acoustic simulations of turbulent flames can be peddrosing the total time derivative
of the density instead of the unsteady heat release ratezdver, the capability of the DNS
simulations to deliver the appropriate source term of th&AH system will be presented.

INTRODUCTION

A hybrid DNS/CAA method is proposed in this work to investigan detail the noise radiated
from a turbulent premixed COAAAIr flame. Noise generated and radiated from a turbulent



flame has been mainly predicted in the past through compuotatf inhomogeneous wave
equations using an ordinary wave operaltoi |1, 2]. ReceBtlyet al. [3] presented a hybrid
method to simulate acoustic wave propagation generateugognbacoustic sources. Their re-
sults were based on large-eddy simulations (LES) and dcquestturbation equations (APE)
extended to reacting flows (RF). The acoustic simulations baen performed using the total
time derivative of the density as major source term instdatieunsteady heat release rate,
since the latter was not directly available from the LES.rigghe DNS solution we are able
to compare the acoustic impact of the total time derivativéhe density and the unsteady
heat release rate as major source term.

The DNS code employed for this study, callpdrcomb has initially been developed by
Thévenin et al. and has been described in detaillinl[5, 68 DNS results can be seen as
a kind of "numerical experiment”, since numerical diffusis kept below the level of phys-
ical diffusion. The evolution of turbulence is thus only gjivby the Navier-Stokes equations
and not by any approximate turbulence model.

In this paper we will in particular try to answer following egtions:

e Is DNS able to deliver detailed information to evaluate tbarses of the APE-RF
system?

e Is the acoustic field associated with turbulent reacting $legqually described by the
total time derivative of the density instead of the unstelagigt release rate?

ACOUSTIC PERTURBATION EQUATIONS FOR REACTING FLOWS

The acoustic radiation of the aforementioned premixed flam@mulated by solving the
acoustic perturbation equations for reacting flows (APB:RRey read
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The APE-RF system is based on the homogeneous APE systeromvdy Ewert and
Schroderl[l7]. For combustion noise simulations this hoemegpus system has been chosen
to take advantage of its benign properties to simulate waspggation, i.e., its validity for
non-uniform mean flows, while excitations of instabilitise prevented. To derive the APE-
RF system, the governing equations for reacting flows ameaeged such that the left-hand
side describes the original homogeneous APE system [7}eakdhe right-hand side (RHS)
consists of all non-linear flow effects including the sogreelated to chemical reactions.
When combustion noise at low Mach numbers is consideredntjer source term can be
found within the sources of the pressure-density relaiory, i.e., the entropy fluctuations
due to non-isentropic processes during combustion.

It is well known from theoretical investigations! [2] thatktlunsteady heat release rate is the
dominant acoustic source term when reacting flows are cerexid Bui et al. showed ih][3]
that using the total time derivative of the density as magurese term the simulated radial
acoustic intensity of turbulent diffusion flames is in goaple®ement with experimental data.
The source terms within the RHS of the APE-RF system can bleiageal from unsteady
CFD solutions of the reacting flow such as LES or DNS. Howewsing DNS results, the
sources especially including chemical reacting flow effe@n be evaluated in detail since
full reaction schemes are taken into account. The expmegsiothe total time derivative of
the density can be derived using the energy equation fotingaftows
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As was shown in detail in_[3], the total time derivative catsibesides the unsteady heat
release rate of several other source mechanisms. The effeoh-isomolar combustion, the
effects of mass and heat diffusion, and a term describingntheence of viscous flow effects
occur in the total rate of change of the density with respetinte.

PROBLEM DEFINITION

The numerical domain under investigation is a square boxroédsionZ=1.2x1.2 cd as
shown in Figure 1(a). A fixed mesh of 355 points is used in eacfciibn. This leads to a
spatial resolution of 3am, necessary to resolve intermediate radicals. The leftf@und-
ary condition is a subsonic inlet at an imposed inlet vejooit 1 m/s, while on the right-
hand boundary a non-reflecting subsonic outlet conditidarimulated. A complete reaction



scheme with 13 species (CO, HCO, gl CO,, H20, O, O, H, OH, HG;,, Hy 05, Hs, No)
and 67 individual reactions is taken into account. First, ¢brresponding premixed laminar
flame is computed for a one-dimensional flow along thdirection and the inlet velocity is
adapted to keep the flame front in the center of the domaim,Tthe obtained steady solution
is transposed to a 2-D flow, with fresh gases on the left sidebamt gases on the right side.
An isotropic 2-D turbulent velocity field is superposed gs&nvon Karman spectrum coupled
with Pao correction for near-dissipation scalds [6)8, 9].

NUMERICAL METHODS

Direct Numerical Simulation

The simulation presented here has been carried out ysangomb code developed by
Thévenin et al.[I5,16]. It is a finite-difference DNS codevsod) the compressible Navier-
Stokes equations for multicomponent reacting flows. Déviga are computed using sixth
order approximations except at boundaries where the dizatien is fourth order. The tem-
poral integration is realized by a 4-stage Runge-Kuttarélyo of order four. Boundary con-
ditions are formulated using the Navier-Stokes CharastteriBoundary Condition (NSCBC)
technique [[1D], extended to take into account multicompobribermodynamic properties
[L1]. Transport coefficients and chemical kinetics arete@aimilar to both methods used
in CHEMKIN Il and TRANSPORTI[[12_113]. The DNS code has beerajialized and widely
used over the last ten years to investigate turbulent fl&n€&s[14]. Parcombhas already
been validated for 5O,-N5 premixed flame velocities of various composition. Many expe
mental results are available for this problem. The very gagr@ement between experimental
and computed values is evidenced in Figure 1(b). Havingegb@onfidence in the code, we
now illustrate its possibilities to deliver detailed infioation to determine the sources of the
APE-RF system.

CAA computation

Since the source terms are calculated on the DNS grid, wloels dot coincide with the
acoustics mesh, they need to be interpolated onto the CAR Ghiis is done via a trilinear
algorithm. The CAA computation is performed on a 9-block mesth 300x300 grid points.
During the CAA computations the source terms on the RHS ofAfRE-RF system are in-
terpolated in time. For this purpose, a quadratic intetptamethod is used, which requires
at least 25 points per period to achieve a sufficiently a¢eudastribution. The CAA code
is based on the fourth-order dispersion-relation presgridRP) scheme of Tam and Webb
[186] for the spatial discretization and the alternating Hdissipation low-dispersion Runge
Kutta (LDDRK) method in the 5/6 mode for the temporal intégna by Hu et al. [1F]. At
the far-field boundaries the radiation boundary conditigrntam et al. [15] is used to avoid
unphysical backscatter into the computational domaintfi@CAA computations, mean flow
effects are neglected and combustion at constant pressassumed.
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Figure 1: Numerical configuration employed for the DNS (aymparison of experimental
and computedd, — Oy — N, flame velocities (b). References of the experimental seaudt
listed in [15]

RESULTS AND DISCUSSIONS

Flow field

The typical temporal evolution of the premixed flame is shawfigure 2. To visualize the
structure the instantaneous heat release rate has beanchid® flame front gets strongly
stretched and curved by interacting with the turbulencel fieading to considerable modifi-
cations of the heat release field up to almost local extinstion Figure 3 the spatial distri-
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Figure 2: Instantaneous spatial distribution of heat redean a premixed CO/HAIr flame
after interacting with a turbulent velocity field for= 1.0 ms (left) and = 1.5 ms (right)

butions of the HO, and HG, mass fraction after an interaction durationtof 1.0 ms are
presented. It can be noted that the variations along the flaomeare rather small due to the



relatively low turbulence level of the flame under consitiera
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Figure 3: Instantaneous spatial distribution &0, and HO, mass fractions in a premixed
CO/H2/Air flame after interacting with a turbulent velocfigld fort = 1.0 ms

CAA results

The directivity patterns are evaluated for different fregcies from 180 observer points uni-
formly distributed on a circle with a non-dimensional regliof R/L = 2.2. The origin of
which coincides with the center of the DNS domain and the CAfndin. The directivity
patterns in Figure 4 evidence the dominant part of the sitedlacoustic field, which is char-
acterized by the low frequencies, to be of monopole type d&tldecsame order of magnitude
for both simulations. That is, the distributions based @ndhbstantial time derivative of the
density or the unsteady heat release rate as major sounc@tecoincide. The differences in
the higher frequency range shown in Figures 4(d) and 4(Hyidmiattributed to the additional
sources that are included within the total time derivativéhe density[4].

CONCLUSIONS

When combustion noise is analyzed, the heat release repsdbe main source term in the
APE-RF system. However, the heat release can also be eggressthe total time deriva-

tive of the density. Comparing the acoustic field of turbuléggmes it can be concluded for
frequencies containing the major acoustic energy contexttthe total time derivative of the
density can be used instead of the unsteady heat releasg&hatdifferences observed in the
directivity patterns in the higher frequencies range betwthe substantial time derivative of
the density and the heat release rate could be attributée edditional sources included only
within the total time derivative of the density. This questwill be addressed in future work.
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Figure 4: Directivity patterns for different frequenciespmparison of the unsteady heat re-
lease rate (a-d) or the total time derivative of the dens#h) as major source term
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