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ABSTRACT

Large-eddy simulation (LES) has been performed for plandsuient channel flow
between two infinite, parallel, stationary plates. The Géfges and limitations of the
LES code in predicting correct turbulent velocity and passemperature field statistics
have been established through comparison to DNS data freiitéhature for nonreacting
cases. Mixing and chemical reaction (infinitely fast) bedwa fuel stream and an oxidizer
stream have been simulated to generate large composittbreanperature fluctuations
in the flow; here the composition and temperature do fiecathe hydrodynamics (one-
way coupling). The radiative transfer equation is solvedgia spherical harmonics (P1)
method, and radiation properties correspond to a fictitgmay gas with a composition-
and temperature-dependent Planck-mean absorptidfiaiert that mimics that of typi-
cal hydrocarbon-air combustion products. SimulationeHhasen performed for flerent

optical thicknesses. In the absence of chemical reactradgtion significantly modifies
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the mean temperature profiles, but temperature fluctuagiodsurbulence—radiation inter-
actions (TRI) are small, consistent with earlier findinghe@ical reaction enhances the
composition and temperature fluctuations, and hence thertance of TRI. Contributions
to emission and absorption TRI have been isolated and dieandis a function of optical

thickness.

Keywords: Large-eddy Simulation, Thermal Radiation, Tlehce—Radiation Interactions,

Chemical Reaction, Channel Flow

1 INTRODUCTION

Most practical combustion systems involve turbulent flowd aperate at high temperatures
where thermal radiation acts as an important mode of headfera In such systems there are highly
nonlinear interactions between chemistry, turbulencd, taermal radiation. Accurate treatment
of chemistry, radiation and turbulence in turbulent raagtilow, even without interactions, are
quite challenging and complex on their own; therefore, titeractions between turbulence and
radiation (turbulence—radiation interactions, TRI) haaglitionally been ignored in the modeling
of turbulent reacting flows.

TRI arise due to highly nonlinear coupling between the flattns of temperature, radiative
intensity and the species concentrations. TRI take plaee awide range of length scales. A
complete treatment requires consideration of the full eaofjscales, which is computationally
intractable for flows with high Reynolds number, as is theeaaigh chemically reacting turbulent
flows of practical interest. Numerical simulation of suclsteyns requires either computing the
mean flow while modeling thefiects of fluctuations at all scales (Reynolds-averaged appio
or explicitly resolving the large scales while modeling #fgects of subfilter-scale fluctuations
(Large-Eddy Simulation - LES approach). LES is expectecetmbre accurate and general, since
the large, energy-containing, flow-dependent scales quteiea explicitly and only the (presum-
ably) more universal small-scale dynamics require modelifES is also expected to capture phe-
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nomena that are flicult to accommodate in Reynolds-averaged approaches,asulgige-scale
unsteadiness. There is a wide and rapidly growing body afesge that demonstrates quanti-
tative advantages of LES in modeling studies of laboratagnés [1, 2] and in applications to
gas-turbine combustors [3-5], IC engines [6—8], and otbentstion systems. LES, therefore,
promises to be accurate and computationally feasible twahfestigations of TRI in chemically

reacting, turbulent flows.

The importance of TRI has long been recognized [9-16]. aidave shown that théfects
of TRI can be as significant as those of turbulendgemistry interactions. TRI is known to result
in higher heat loss due to increased radiative emissiomcestitemperatures and, consequently,
significant changes in key pollutant species (particul&l®x and soot) in chemically reacting
turbulent flows. Faeth and Gore and coworkers [12-16] haee/shihat, with the inclusion of
TRI, radiative emission from a flame may be 50% to 300% higtlepénding on the type of fuel)
than that expected with radiation but no TRI. With consitleraof TRI Coelho [17] reported a
nearly 50% increase in radiative heat loss for a nonpremixetthane-air turbulent jet flame; Tessé
et al. [18] reported a 30% increase in the radiative heatftwsa sooty nonpremixed ethylene-air
turbulent jet flame. Modest and coworkers [19, 20] obsenEmia30% increase in the radiative
heat flux with TRI in their studies of nonpremixed turbulegttflames. Wu et al. [21] conducted
direct numerical simulation (DNS) of an idealized one-dinsienal premixed turbulent flame to
study TRI along with a high-order photon Monte Carlo scheofeo(der commensurate with the
underlying DNS code) to calculate the radiative heat sourbey isolated and quantified the var-
ious contributions to TRI for dierent optical thicknesses. Deshmukh et al. [22] appliec#mee
approach to DNS of an idealized, statistically homogengougpremixed system with full consid-
eration of TRI. Frankel et al. [23] performed large-eddysiation of an idealized nonpremixed jet
flame using the optically thin eddy approximation [24] arehting emission TRI through a filtered
mass density function (FMDF) approach. Coelho [25] surdesgious computational approaches
to account for TRI and reviewed TRI studies based on thosmaphpes.
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In this work large-eddy simulation with a P1 radiation madelsed to isolate and quantify TRI
effects for a range of optical thicknesses for nonreacting aadting channel flow configurations.
The objectives are to provide fundamental physical insigiat TRI in chemically reacting flows
and to provide guidance for model development, and to astatile suitability of LES for inves-
tigating TRI in chemically reacting flows. The remainder bistpaper is organized as follows:
Section 2 presents the underlying theory behind turbutadtation interactions; the problem for-
mulation is outlined in Section 3; results and discussiarttie two configurations are presented

in Section 4, followed by conclusions in Section 5.

2 THERMAL RADIATION AND TURBULENCE-RADIATION INTERACTION S (TRI)
The radiative source term in the instantaneous energy iequatexpressed as the divergence

of the radiative heat flux. For a gray medium,

V- Orad = 4KPO'T4—KPG 1)

wherexp is the Planck-mean absorption ¢daent, o is the Stefan-Boltzmann constant, aBc:
f4ﬂIdQ is the direction-integrated intensity, or incident raiai which is obtained by solving
the radiative transfer equation (RTE) [26]. The radiativarse term consists of an emission part
and an absorption part: these are the first and second terrtteeaight-hand side of Eq. (1),
respectively.

TRI can be brought into evidence by taking the mean of Eq. (1):

(V- Grad) = 4 (kpT* — (kpG) (2)

In the emission term, TRI appears as a correlation betweeRldnck-mean absorption dheient
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and the fourth power of temperaturéxpT#) = (kp)(T*) + (k5(T#)’), where a prime denotes a
fluctuation about the local mean. The presence of TRI in thesan term is further manifested in
the temperature self-correlatiof (') # (T)*). In the absorption term, TRI appears as a correlation
between the Planck-mean absorptionfioent and the incident radiationxpG) = (kp){G) +
(K{DG’).

In the present study, we explore theets of resolved-scale fluctuations on mean and rms
temperature profiles and their contribution to TRI using LB&h ~ denoting a filtered (resolved-
scale) value, the principal quantities examined are thennf@&) and rms (12)) temperature
profiles, the normalized temperature self-correlatidi{/(T }*), the Planck-mean absorption co-
efficient and simplified Planck function (i.€[) correlation (kpT%)/(kp)(T%)), and the Planck-
mean absorption cdécient and incident radiation correlatio&"ﬁé)/(:?[:)(é)). In the absence of
TRI, each of the latter two quantities would be equal to unityhe expression for temperature
self-correlation indicates that in the presence of themadiation there would always be TRI for
the level of turbulent fluctuations seen in reacting flows e Tepartures of each of the correla-
tions, stated above, from unity allowftBrent contributions to TRI to be isolated and quantified.
In the remainder of the paper, the ™ notation is dropped fmitgi and all quantities correspond to

resolved-scale values, unless noted otherwise.

A nondimensional optical thicknegsL is introduced, wheré is an appropriate length scale.
Previous studies [24, 27, 28] have suggested that the flimhsan «p (determined by local prop-
erties) and in incident radiatid@ (a nonlocal quantity) are uncorrelated (i@&pG) ~ (kp)(G)) if
the mean free path for radiation is much larger than the tanme eddy scale. This is the optically
thin fluctuation approximation, or OTFAgL <« 1). At the other extremexpL > 1), the optical
thickness may be large compared to all hydrodynamic scalksl@emical scales. In that case, the
fluctuations in intensity are generated locally and are etqukto be correlated strongly with those
of the absorption cd&cient. A diffusion approximation [26] can be used to model such cases. Be-
tween the two extremes are the cases where the smallest galenogorov scales ayat flame
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thickness) are optically thin while the largest (integiales) are optically thick. Modeling of such

transitional cases is an outstanding challenge in TRI, siaddrimary motivation for this study.

3 PROBLEM FORMULATION
Geometric Configuration

A statistically stationary and one-dimensional turbuf@anar channel flow is considered. Tur-
bulent channel flow is a classic configuration in the studywélftlynamics, and has been the sub-
ject of numerous DNS and LES investigations [29-32]. Thisfiguration has also been used to
study passive scalar statistics [33]. Moreover, a chanoelain is a logical extension of classical
one-dimensional ‘slab’ problems often used in the studyadfation heat transfer.

The computational domain is a rectangular box with dimamsi@r, 2, ) in some unitH in
thex—, y— andz-directions, respectively (Fig. 1), with solid boundarietha& bottom § = —H) and
top (y = +H). Mean-flow statistics vary only in the wall-normal direwti(y). Periodic boundaries
are used in the streamwisg) @nd the spanwise) directions for flow. The flow is driven by an
artificial streamwise body force that balances the fricabithe walls, thus allowing the pressure
to be periodic with zero mean pressure gradient in the coatipoal domain. Two cases are

considered: a nonreacting case, and a reacting case.

Physical and Numerical Models

CFD Code OpenFOAM [34, 35], an open-source CFD code, has been useerform the
large-eddy simulation for this configuration. The code hesrbvalidated by comparing computed
mean and rms velocity profiles with published DNS data froalitierature for the same Reynolds
number Re = 180, whereRe is a Reynolds number based on the wall-friction velocity9][2
This included a mesh-size and time step sensitivity stualy,saacomparison of results obtained in
the presence or absence of an explicit subfilter-scale (&f3)lence model [36]. A second study
confirmed that computed mean and rms passive scalar st in good agreement with DNS
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data [33]. While the code might notféice for high-fidelity LES of near-wall turbulence dynamics,
itis quite satisfactory for generating a reasonable lefdmperature and composition fluctuations
for the present purpose of studying thermal radiation ant DRantitative comparisons between
LES and DNS mean and rms temperature (passive scalar) prafdéeshown in Fig. 2. There is
excellent agreement between the LES mean temperatureegrafid the DNS data. The mean
temperature profile has a steep gradient near the walls dhe formation of turbulent boundary
layers and is relatively flat in the core of the channel as altred turbulent mixing. The rms
profiles of temperature fluctuations are normalized by thiéfwetion temperature T;), which is

defined as [33]

T o G _ k  d(T)
7 pcpU;  pCpUr Ay lyal

3)

Hereq, is the wall heat fluxcp is the specific heak is the thermal conductivity, and is the
wall-friction velocity. The LES rms temperature profile imetabsence of a subfilter-scale (SFS)
model is within 10% of the DNS data. The maximum temperatuictdlations are at the centerline
of the channel, in contrast to the near-wall maximum thagendor the velocity fluctuations [29].
This is due to the nonzero mean temperature gradient at thertiee of the channel, which results

in the production of temperature fluctuations at that lacati

Based on the above validation studies, all simulationsrtefddere were performed with no ex-
plicit subfilter-scale model using second-order spati@h{@l diferencing) and temporal (Crank-
Nicholson) discretizations. This corresponds to the Monetintegrated LES (MILES) approach
for SFS modeling [37], where the SFS model is implicit in thenerical method. The finite-
volume grid used has 30, 60 and 50 cells in #ie y— and z—directions, respectively, for the
nonreacting case and 60, 96 and 60 cells inthey— andz—directions, respectively, for the re-
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acting case. The computational time step corresponds toxarmam material Courant number of

0.3.

Physical Models ~ An incompressible formulation is used. There is no feedbadhermo-
chemistry to the hydrodynamics. The body force and fluid progs are set to achieve the desired

Reynolds numbeRe = 186) [33], whereRe is defined as

Re = , (4)

U, is given by\/ﬁ, andr, is the shear stress at the wall. The kinematic viscositg,calculated
using Eqg. (4) withu, equal to unity. The wall-friction velocityy,, is also used to determine the
total wall friction and thus the magnitude of the streamviiedy force that is required to sustain
the flow.

For the nonreacting case, the top and bottom walls are isoti@t temperatures of 900 K and
1500 K, respectively (Fig. 1a). The laminar Prandtl numbeset to 0.7. The channel boundaries
in the spanwise and streamwise directions are periodic.tdjm@nd bottom walls are treated as
black and difuse for thermal radiation computations. The participatmeglium has a Planck-mean

absorption coicient of the form

Kp = CK[CO + cl($) + cz($)2 + 03($)3 + C4($)4 + 05(5)5] (5)

where the coicientscy to c; andA have been taken from a radiation model suggested for water
vapor [38]. HereC, is a codficient that allows the optical thickness to be varied systaaldy
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and independently of the other parameters. The valu€g osed in this study are:. @005, 0005,
0.05, 25, and 50. The Planck-mean absorptionfioent has an inverse temperature dependence
and it varies up to a factor of three over the temperaturegafgterest.

For the reacting case, the species fields are superposed ttovttiield; i.e., the hydrodynamics
is solved as in the nonreacting case and the flow field is usémsport species through the
channel. The species and the energy variables are periolyi¢ar the channel boundaries in the
spanwise direction; fixed-value inlet and zero-gradietiebboundaries are used in the streamwise
directions for species and energy variables.

A nonpremixed system with one-step, irreversible, inflgitast chemistry is considered:

F+O—-P (6)

A conserved scalar mixture fraction formulation is used nelde= 0.0 for pure oxidizer¢ = 1.0
for pure fuel, and = £5; = 0.5 for pure products. The Lewis number is set to unity.

A mixture-fraction profile is specified at the channel inlgith £ = 1 (pure fuel) near the upper
(y = +H) wall, ¢ = 0 (pure oxidizer) near the lowey & —H) wall, and a narrow transition zone

aroundy = 0:

1 Y

= Z(1+tanh 15—) 7
¢ 2( " H 0

A zero-normal-gradient boundary condition is used for thvetune fraction at the channel out-

let, and at the top and the bottom walls. Species mass frectiq Yo, andYp are simple piecewise

linear functions of, as shown in Fig. 3. In the absence of thermal radiation,aheperature also
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IS a piecewise linear function of mixture fraction, and hdsrectional dependence exactly similar
to that for pure products. This piecewise linear functianaglwith the inlet mixture-fraction pro-

file (Eq. 7) is used to calculate the temperature distrilouéibthe inlet. In the presence of thermal
radiation, however, a separate energy (enthalpy) equatieoived. The specific absolute mixture

enthalpyhis:

h= Z (2 Yo +Cpo Yo [T — 300)) (8)

whereh, is the formation enthalpy of species Y, is its mass fractionCy, is its specific heat,

andT is the temperature. At the channel inlet, a profile for eqthad calculated from the above
expression and is assigned as the inlet boundary condifiba.specific absolute enthalpy is as-
sumed to have a zero gradient at the outlet. The channelavallhermally insulated; there is zero

net heat flux to the wall:

Orad + Qdif = Orad —KVT-0=0 9

whereg,q is the net radiative heat flux to the wals is the difusive heat flux to the wall, arm ~

is the outward unit-normal vector at the wall.

The RTE is solved for incident radiatidh using a P1 spherical harmonics method, requiring
the solution of an elliptic PDE [26],
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V-(I'VG) = —«p (4rl, — G) (10)

Herely, is the Planck function, and is the optical difusivity of the medium which for a nonscat-

tering medium, is given by

r=— (11)

For the reacting case the channel walls again are black #@iudeli The inlet is assumed to act
as a black wall at the local temperature. The channel ostiessumed to be radiatively insulated,

with zero gradient for the incident radiation at the outletibdary.

The patrticipating medium has a Planck-mean absorptiofficeat that is similar to Eq. (5),

but includes an explicit dependence on product mass fra¢Yio):

ko = max{CKYp[Co+ () e B +es(B) e B) e c5($)5],KPmm} (12)

wherekpmin IS @ very small absorption cfiwient (~ 0.01). The values o, used in this study are:
0.0008, 0008, Q08, 016, 08, 4, and 16.
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4 RESULTS AND DISCUSSION

For each configuration, results are presented f@edint optical thicknesses Herer is

defined as

(kp)y=0H, for the nonreacting case

T= (13)

+H
f (kp)dy
—H

, for the reacting case
X=2rH

whereH is the half-channel height and= 0 is the channel center-line location.

In each case, the initial flow field consisted of uniform stn@ase velocity with high velocities
in the wall-normal and spanwise directions in a small regibtine core of the channel to promote
the production of turbulence. A statistically stationauybulent flow field was established by al-
lowing the initial flow field to develop for approximately 1@0w-through times. The temperature
(or mixture-fraction in the reacting configuration) field sMatroduced only after establishing the
statistically stationary turbulent flow field. The initi@rhperature field used in nonreacting con-
figuration was simply a linear profile between the two walldieTinitial mixture-fraction field
used in reacting configuration was the inlet mixture-fractprofile of Eq. (7) propagated through
the entire channel. The temperature field (or mixture-foagtwas then allowed to evolve for ap-
proximately 40-50 flow-through times before switching oarthal radiation, and the system was
allowed to evolve for another 70-80 flow-through times t@bksh statistically stationary fields.
Averaging was performed over approximately 100 flow-thiotigmes to get proper time-averaged
statistics.
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Configuration I: Nonreacting turbulent planar channel flow

For this statistically stationary and statistically onezdnsional configuration, mean quantities
correspond to averages over time and over planes paralle¢ tevalls. Computed mean tempera-
ture profiles in the absence of radiation and fdfeient optical thicknesses are shown in Fig. 4.
As thermal radiation is introduced, initially (opticallyery thin medium,r = 0.01) most of the
thermal radiative energy emitted by the hot wall penetrttesugh the medium and only a small
amount is absorbed. The mean temperature increasesgligini the no-radiation case, with the
departure increasing steadily from the hot wall to the co#dl wThis can be explained from the
inverse-temperature-dependence of the Planck-meanpiosocodticient: the low-temperature
zones have a higher absorption fiment. With an increase in optical thickness=(0.1), most of
the thermal energy radiated by the hot wall still penetrétesugh the medium near the hot wall,
but is absorbed near the cold wall. In this case, the meangeye profile deviates significantly
from the no-radiation case. As the optical thickness isgased furtheri(= 1.0), the medium near
the hot wall also has a large absorptionfti@eent and absorbs some of the radiative energy emitted
by the hot wall. For this case, significant radiative enetgyreaches the region near the cold wall
resulting in large temperature departures from the noateh case. A further increase in optical
thickness{ = 50) results in most of the emitted thermal energy gettingdied in the region near
the hot wall, and the departure from the no-radiation meap&zature distribution has a decreas-
ing trend as one moves from hot wall to cold wall. With furtiecrease in the optical thickness
(r = 1250), the medium becomes essentially opaque and anyicedehitted is absorbed locally
close to the point of emission, and the mean temperatuneldison approaches the no-radiation
temperature distribution. In the limit of large opticaldkiness, thermal radiation acts as fiubive
process with a diusivity proportional to 4T 3/3kgr, Wherexr is a Rosseland-mean absorption co-
efficient [26]. For largexr the difusivity due to thermal radiation is negligible, and the maad

rms temperature profiles in the optically thick limit are #zne as those in the no-radiation case.

Both emission TRI and absorption TRI are negligible for ttase (not shown). This is con-
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sistent with findings from earlier studies for nonreactingbulent flows [11, 39, 40] and can be
attributed to the relatively low level of temperature fliations (approximately 3% of the mean

temperatures) that are found in nonreacting flows.

Here the &ect of varying optical thickness on a nonreacting high-terafure system has been
studied, for optical thicknesses ranging from very thir=(0.01) to very thick ¢ = 1250). For
comparison, we note that a 7 mm thick high-temperature ne@io~- 1500K) of typical combus-
tion products (CQand HO, at partial pressures of about 0.1 bar) would have an dphickness
of approximately 0.01. On the other hand, a high-tempeeategion T ~ 1500K) about 50 m
thick with 10 ppm soot would correspond to an optical thidsef approximately 1000. Thus an
optical thickness of 1250 is extremely large, and serves diely to confirm that the model system
exhibits the correct behavior in the optically thick limiih. a practical system, an optical thickness

of approximately 15 or greater would correspond to an ofyitaick medium.

Configuration II: Chemically reacting nonpremixed turbule nt channel flow

For this configuration, mean quantities vary with batandy and, thus, mean quantities are
estimated by averaging over time and oxerA further averaging is performed about the- 0
plane to take advantage of the statistical symmetry of tleblpm and to reduce the statistical

errors in estimating mean quantities.

The mean temperature profiles at the exit of the computdtooraain ¢ = 2rH) are shown

in Fig. 5. The mean temperature peaks at the center of thenehaand drops to 300 K away

from the flame. When thermal radiation is considered the flases heat due to radiative energy
emission that heats up the adiabatic walls. Because of tiddss from the flame, the flame core
temperature is decreased while the temperature of the gaseatl to the heated walls increases
due to the formation of a thermal boundary layer. As the apticickness increases, the flame
loses more heat resulting in higher wall temperatures arlddgureduction of the flame core mean
temperature. However, for very large optical thicknessestted radiation is absorbed locally and
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the mean temperature profile returns to that of the no-radiagse.

The rms temperature profiles at 27H are shown in Fig. 6 for diierent optical thicknesses.
Turbulent flapping of the flame about the center-plane of tienoel causes large variations in
temperature near the edges of the flame and gives rise to dedoedk profile. Thermal radiation

significantly alters the temperature fluctuations in theeadrthe flame.

The temperature self-correlation at the exit is shown in Figrhe shape of the profile can be
attributed to the two-peak structure of the rms temperatline location of the peak depends on
the level of temperature fluctuations relative to the meawptrature. Like the rms temperatures,
initially the temperature self-correlation decreasefwitreasing optical thickness and, once the
optical thickness attains af$igiently high value, the temperature self-correlation éases again
with increasing optical thickness. The temperature salifetation is found to be significant for all
optical thicknesses considered, due to the high level opezature fluctuations in the presence of

chemical reactions.

Figure 8(a) presents the contribution to emission TRI ofdteelation between Planck-mean
absorption coféicient and fourth power of temperature at the 27H location. This contribu-
tion to emission TRI is found to be significant for all opti¢dhlcknesses studied except for the
optically very thin caser(= 0.02). The behavior and shape of the correlation can be exuain
from the assumed functional dependence of the Planck-nesor@ion co#ficient on tempera-
ture andYp: «p is inversely proportional to temperature, but directlygodional toYp. Therefore,
the fluctuations in temperature arnglare negatively correlated at constaipt and fluctuations in
product mass fraction ang are positively correlated at constant temperature. Thesepposing
phenomena compete with one another to determine the oceradllation. In the region near the
flame edge the temperature fluctuations have a dominant tropas fluctuations, thereby result-
ing in a correlation less than unity. Similarly, in regiongstly away from the flame edgerp
fluctuations are dominant resulting in correlations muakatgr than unity. However, it is impor-
tant to realize that the region where the-T* correlation is most significant has about two orders
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of magnitude lower mean emission than the maximum mean &mjsshich occurs ay = 0, as
seen in Fig. 8(b). Thep—T* correlation is close to unity at= 0, whereas at the same location
the temperature self-correlation is close to 2 as seen inFig hese numbers and the plots for
temperature self-correlation, tke—T* correlation and for mean heat emission indicate that here

the temperature self-correlation is the dominant contoibto emission TRI.

Absorption TRI atx = 27H is shown in Fig. 9(a) for dferent optical thicknesses, and is seen
to be negligible for optically thin flames, consistent witietOTFA (optically thin fluctuation
approximation). Absorption TRI becomes significant at eigbptical thicknesses; there thermal
radiation travels relatively short distances, and thellogadent radiation has some correlation
with local emission and, therefore, with the local Planckam absorption cdiécient. Regions
where thexp—G correlation is most significant have one-to-two orders ofnii@de lower mean

absorption rates than the maximum mean absorption rategasrs Fig. 9(b).

The plots for temperature self-correlation, the-T* correlation and thep—G correlation
[Figs. 7, 8(a) and 9(a), respectively] reveal that, in théaatly thin limit wherer = 0.02, the
temperature self-correlation is primarily the sole cdnitor to TRI, and it remains an important
contributor to TRI for the entire range of optical thicknessisidered. This is because the temper-
ature self-correlation is significant in the region withgarmean emission rates (i.g/,< 0.3) as
opposed to thep—T* correlation and thep—G correlation which are dominant in the regions with
mean rates one or two orders of magnitude lower than the mawimean emission and mean
absorption rates, respectively (see Figs. 8(b) and 8(h)«F-T* correlation is important at all
optical thicknesses except in the optically thin limit, wéas absorption TRkp—G correlation)

IS important only in the optically intermediate to thick regs. Note that for very large optical
thicknesses both emission TRI and absorption TRI are stroaugtheir net &ect is small due
to cancellation (Figs. 8 and 9): in the optically thick linotcal values oiG approach 41, and,
therefore, the fluctuations i@ are directly proportional to the fluctuationsTi. Absorption TRI
[Fig. 9(a)] has similar shape and behavior as emission TRl B{a)] for very large optical thick-
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nesses. Similarly, it can be seen from the mean emission @&aah mbsorption plots [Figs. 8(b)
and 9(b)] that the mean emission rate is identical to the rabaorption rate for very large optical
thicknesses, resulting in mean temperatures approadnisg of the no-radiation case as seen in

Fig. 5.

5 CONCLUSIONS

Large-eddy simulation of incompressible turbulent placizannel flow has been conducted,
including thermal radiation. Cases without and with chexhieaction were considered with sys-
tematic variation in optical thickness. In the absence ehaical reactions radiation significantly
modifies the mean temperature fields, but TRI were found teebégible. The no-radiation results
are recovered in both the optically thin and optically tHiokits. With chemical reactions emission
TRI is important at all optical thicknesses, while abs@ptiRI increases with increasing optical
thickness. For the present configuration the temperatlifre@eelation makes the most important
contribution to emission TRI. The other noted contributioremission TRI is Planck-mean ab-
sorption coéicient—Planck function correlation. Absorption TRI is agrsficant as emission TRI

at large optical thicknesses, and the two tend to cancel @hehn out.

Because of the number of simplifications made in this anglyssults from this idealized case
should be considered as qualitative. The proposed next srep 1) finite-rate chemistry with a
filtered density function (FDF) method to accommodate tlenis-chemistry interactions (TCI);
2) nongray thermal radiation properties; and 3) a more ateundiative transfer equation (RTE)

solver such as photon Monte Carlo (PMC) method or a highgerét — N method.
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Figure 1.

Instantaneous temperature contours for (a) nonreacting flow and (b) reacting flow.
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