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Abstract

The importance of turbulent fluctuations in temperature and species concentration in thermal

radiation transport modeling for combustion applications is well accepted by the radiation transport

and combustion communities. A number of experimental and theoretical studies over the last twenty

years have shown that fluctuations in the temperature and species concentrations may increase the

effective emittance of a turbtient flame by as much as 50% to 300% over the value that would be

expected from the mean temperatures and concentrations. With the possibility of such a large effect

on the principal mode of heat transfer fi-om a fire, it is extremely important for fire modeling efforts

that turbulence radiation interaction be well characterized and possible modeling approaches

understood. Toward this end, this report seeks to accomplish three goals. First, the principal
.,,

turbulence radiation interaction closure terms are defined. Second, an order of magnitude analysis is

performed to understand the relative importance of the various closure terms. Finally, the state of

the art in turbulence radiation interaction closure modeling is reviewed.

Hydrocarbon pool fire applications are of particular interest in this report and this is the perspective

‘ from which tliis review proceeds. Experimental and theoretical analysis suggests that, for this @e of

heavily sooting flame, the turbulent radiation interaction effect is dominated by the nonlinear .

dependence of the Planck function on the temperature. Additional effects due to the correlation

between turbulent fluctuations in the absorptivity and temperature may be small relative to the

Planck fimction effect for heavily sooting flames. This observation is drawn from a number of

experimental and theoretical discussions. Nevertheless, additiond analysis and data is needed to
Q validate this observation for heavily sooting buoyancy dominated plumes.
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= Flame volume ratio.

= Thermal diffusivity.
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1.0 INTRODUCTION

The importance of turbulence radiation interaction (TRI) in turbulent combustion applications is

by now well accepted in the thermal radiation transport and combustion communities. This

observation is supported by experimental studies conducted mostly by Faeth and Gore and their

co-workers over the last 13 years for a number of fuels (Kounalakis, et al., 1991, Sivathanu, et al.

1990, Gore and Faeth, 1988, Kounalakis, et al., 1988, Gore, et al., 1987, Gore and Faeth, 1986,

Faeth, et al., 1985). This experimental data demonstrates that, depending on the fiel, the radiative

emission from a turbulent flame maybe as much as 50-300% higher than would be expected

based on the mean temperature and absorption coefficient.

Theoretical studies provide additional support for the importance of TRI in combustion

applications. Cox (1977) conducted a theoretical analysis of flames traveling in a ceiling layer

and suggested that the temperature fluctuations would increase the emission from a turbulent

flame by over 100% if the turbulent temperature fluctuation intensities exceeded 41%. Cox also

suggested that turbulent fluctuations in the absorption coefficient would provide a further increase

in the flame emission but did not elaborate for lack of data. Kabashnikov and Krnit (1979) and

Kabashnikov and Myasnikova (1985) also provided a theoretical analysis of the effect of turbulent

fluctuations in the temperature and absorption coefficient on thermal radiation. These authors

also formalized the thin eddy approximation which is corhrnonly employed in TRI closure

models.

In addition to the experimental and theoretical evidence, idealized numerical studies have been

used both to demonstrate the effect of TRI as well as to study the effect of different parameters on

the overall TRI effect. Soufiani, et al. (1990) examined relatively cool(1000K) turbulent gas flow

in a channel without combustion. Nelson (1989a, 1989b) conducted an idealized numerical study

of turbulent combustion of carbon monoxide, hydrogen, and methane and concluded that

turbulent temperature fluctuations dominated the TRI effect. Mazumder and Modest (1997a) also

conducted a numerical analysis of an enclosed methane combustor and concluded that TRI

increased the wall heat flux by 40-45% over predictions based on the mean temperature and

absorption coefficient.

The work of these and other authors suggests that the magnitude of the TRI effect maybe

influenced by a number of parameters. For example, the effect of soot concentration was

considered by Gore and Faeth (1988) as well as Coppalle and Joyeux (1994). The effect of

buoyancy was also considered by Coppalle and Joyeux and Nelson (1989a) noted that scalar

fluctuations in buoyant flows maybe much larger than in momentum dominated flows.

Recognizing these various effects, the remainder of this report will nevertheless remain focused

on the effects of TRI in large scale hydrocarbon pool fire applications.

1.1 Large Scale Hydrocarbon Pool Fire Environment

Before proceeding to a detailed discussion of TRI, it is important to describe the perspective from

which this discussion proceeds and thereby provide the context for much of the theoretical

development presented in the remainder of this report. The principal application of interest in this

report is large scale, heavily sooting, hydrocarbon pool fires. This application is relevant to a

15
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number of areas including transportation safety analysis and accident scenarios involving liquid

hydrocarbon fuel fires.

An example of a typical hydrocarbon pool fire in a quiescent environment is given in Figure 1.11.

The combustion environment shown may be characterized in general terms as a turbulent

diffusion flame. Heat from the fire plume causes the liquid fuel to vaporize creating a fuel rich

core. Combustion occurs around the periphery of the fire where the fuel vapor and air come into

contact. Buoyancy induced flow then gives rise to large scale turbulent motion which has a well

characterized vortex shedding or “puffing” frequency (Bejan, 1991). Pyrolosis of the fuel vapor

also generates high concentrations of soot particles which tend to form into aggregates as shown

in the inset of Figure 1.1.

T~LE 1.1- Jet fuel pool fire characteristics.

Quantity Value

Length scale, LO 10m

(pool diameter)

Temperature scale, TO 1500 K

Time scale, to 2s

(puffing frequency)a

Velocity scale, VO 5 m/s

Pressure scale, p. 1 atm

Enthalpy scale, ho 1.8 MJ/kg

(C9H20enthalpy of formation)

a. Bejan, 1991

FIGURE 1.1- Typical pool fire geometry and characteristic values.

Assuming that the material properties within the plume, e.g., specific heat, thermal conductivity,

viscosity, etc., are close to those of air, it is possible to estimate the value of several relevant

dimensionless groups using the characteristic values given in Table 1.1. Typically, Mach numbers

within the plume will be small, 0(10-3), allowing flow work terms to be neglected in the

conservation of energy equation. The Reynolds number based on the pool diameter and

characteristic velocity will be relatively high, 0(105), and the Boltzmann number (ratio of

advection to radiative transport) should be of order one.

1. Graphicscourtesyof LouisA. Gritzo,andJillWilliamsof department9116.
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Puri (1993, pg. 16-20) provides the appropriate form for the conservation of energy equation for

combustion processes. Ignoring flow work and work due to body forces and neglecting the Soret

and Dufour effects and further assuming that the mass diffusion fluxes maybe described by a

single diffusion coefficient, the conservation of energy equation maybe written in

nondimensional enthalpy form as

D(ph) = v “(wvh) 1 1

T Rep, -E(E-&)v”[PY~h,vYk]-$ ~
(1.1)

where Re is the Reynolds number, Pr is the Prandtl number, Sc is the Schmidt number, and Bz is

the Boltzmann number. Assuming Pr and Sc are 0(10°) and neglecting terms of 0(1/Re), then

Equation (1.1) shows that the heat transfer within afire plume is dominated by advection and

radiation mechanisms.

Experimental data shows that the radiative emission from the plume is dominated by the soot

phase and to a lesser extent by the gas phase, e.g., C02, H20, fuel vapor, etc. (Modest, 1993, pg.

425). Koylu and Faeth (1992) showed that the diameter of the fundamental soot particles range

from 10 to 50 nm for a number of fuels. Modest suggests the range extends from 5 to 80 nm. The

dominant radiation wavelength predicted by Wein’s displacement law (Siegel and Howell, 1992,

pg. 29) for T= 1500 K (cf. Table 1.1) is 1.9 pm. Based on this wavelength, the scattering albedo

for spherical particles of this size is given by the Rayleigh scattering limit (Siegel and Howell, pg.

577-581) to be 0(DP3LL3)=O(10-7)to 0(10-5). Thus, scattering from soot particles may be

neglected to a good approximation. Additionally, since the soot phase emits radiation in a

continuous spectrum and the absorption coefficient from Rayleigh theory is inversely proportional

to wavelength, a wavelength mean absorption coefficient maybe used with the assumption of

gray transport.

For these reasons, the radiative transport within the plume is governed by the gray, nonscattering

form of the Boltzmann transport equation. Additionally, since the radiative transport occurs on a

time scale much smaller than the fastest chemical reaction (Mazumder and Modest, 1997a) the

transient term may also be neglected resulting in the steady Boltzmann transport equation

,.. .

OT4(X)
f “VI(X, s) + pa(x)l(x, $) = pa(x) ~ . (1.2)

It should be noted that the radiative properties of agglomerated soot particles such as shown in the

inset in Figure 1.1 may have significantly different scattering properties than those of spherical

particles (Koylii and Faeth, 1996). Nevertheless, for the purposes of this report, the radiative

transport within the plume shown in Figure 1.1 is assumed to be governed by the steady state

Boltzmann equation for a gray, nonscatteting, absorbing and emitting medium.

I
I

I
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I

)

I
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1.2 Overview

This report has three principal objectives: to characterize principal TRI closure terms; to evaluate

the order of magnitude contribution of each of the TM closure terms to the overall effec~ and to

assess the current state of the art in TRI closure modeling. Each of these goals is addressed in

turn in the succeeding chapters of this report. Chapter 2 derives each of the TM closure terms

arising from the conservation of energy equation and the Boltzmann transport equation.

Chapter 3 provides an order of magnitude analysis for each of the closure terms for the

hydrocarbon pool fire environment described in the previous section. Chapter 4 reviews the

numerical models described in the open literature which have been used to provide TRI closure

for combustion applications. Finally, Chapter 5 summarizes the principal observations made in

the earlier chapters and makes recommendations for implementing TRI closure models for the

hydrocarbon pool fire environment. ‘ ““

.

,s

It should be recognized that this report does not go into the details of specific turbulent mixing

and reaction models. Where necessary, specific reaction and mixing models are described in ,

general terms and relevant citations listed. The literature concerning reaction and mixing models

is quite extensive, however, and the validity of various models under different conditions is a

subject unto itself. This report describes the various numerical implementations referenced in the

open literature to achieve TRI closure but leaves off where the turbulent reaction and mixing

model begins.

.
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2.0 DEFINITION

This chapter provides a definition of the principal terms involved in the turbulence radiation

interaction (TRI) closure. In general, TRI arises from the filtering procedure used to obtain the

mean conservation of energy equation. Although the spatial filtering employed in large eddy

simulations (LES) also gives rise to TRI effects, the majority of the open literature approaches

TRI from the standpoint of time averaging. Therefore, this will be the standpoint adopted in this

report. Section 2.1 provides a brief review of the averaging procedure used in Reynolds and

Favre time averaging. Section 2.2 and Section 2.3 then discuss the time averaged conservation of

energy and Boltzmann transport equations and describe the resulting TRI terms. Section 2.4

provides some discussion of LES modeling and Section 2.5 summarizes the principal TRI terms

arising from time averaging.

2.1 Time Averaging

The time averaging procedure assumes that the principal flow quantities, e.g., velocity

components, temperature, species concentration, etc., are comprised of a steady component and a

turbulent component which varies rapidly in time (Wilcox, 1998, pp. 31-32). Thus, the

instantaneous temperature at location x and time t is given by

T(x, t) = T(x)+ T’(x, t) . (2.1)

The mean temperature is then given by the time average

to+ At

T(x) = ofLim 1

At+- ~
T(x> t)dt .

to

Substituting Equation (2.1) into Equation (2.2) results in the identities

“T’(x) = o,

(2.2)

(2.3)

and

F(x) = T(x). (2.4)

In the strictest terms, Equation (2.1) and Equation (2.2) apply only to stationary turbulence in

which the mean flow does not vary with time (Wilcox, 1998, pg. 32). Nevertheless, transient

mean flows are often considered as well in turbulent applications. Time averaging may still be,:,
applied in this case provided that there is a clear separation in time scales between the turbulent

fluctuations and variations in the mean flow. In this case
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toi At

T(X>t) = OJ
Lim 1

T(x, t)dt ,
~m>>At >>q ~

to

(2.5)

where Ztis the time scale of the turbulent fluctuations and ~mis the mean flow time scale (lMlcox,

pg. 33). For the remainder of this report it will be assumed that the mean flow is steady so that

Equation (2.2) is the appropriate form for the mean temperature.

. . . Favre averaging is an alternative to the Reynolds averaging described above which is often used in

. : ‘turbulent reacting flow problems since it simplifies the governing time averaged equations.. .
T~ically, the Favre averaged temperature is represented by an expression similar to

. . . . . Equation (2.1) . . .’ ,.,

“ T(X>t) = T(x)+ T“(x, t). (2.6)
“.. ,

The Favre averaged temperature is related to the Reynol~ averaged temperature by the

expression (Smoot and Smith, 1985; pg. 279)

i’(x) = (
p(x)~(x) = ~(x) 1 +

)

p’(x) r”(x)

p(x) p(x)T(x) “
(2.7)

Throughout the remainder of this report both Reynolds and Favre time averaging will be referred

to loosely as “time averaged” quantities. Flow quantities will be referred to explicitly as either

Reynolds averaged or Favre averaged in cases where the precise definition is required for

understanding.

2.1.1 Probability Density Function Description

An alternative description of the mean of a turbulent fluctuating property is provided by a

statistical probability density function (pdf) (Pope, 1985)

m

T(x) = p(x)qqx))dzyx) . (2.8)

o

where the pdf function P(T(x)) is the probability that the temperature at location x lies between T

and T+dT. In general, the pdf function varies from location to location in the flow.

The Favre averaged temperature may also be expressed in terms of a pdf

?(X) = j w)mw)cnw >
-

(2.9)
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where the Favre averaged pdfis given by (Smoot and Smith, 1985, page 280)

w

. J’P(X)F’(P(X)>~(~))@(~)

$(T(x)) = 0
,“ p(x)

(2.10)

P(p(x), T(x)) is the joint pdfof density and temperature, i.e., the probability that the density and

temperature lay within the bounds p(x), T(x) and p(x)+dp(x), T(x)+dT(x).

2.2 Time Averaged Energy Equation

The time averaged energy equation is obtained by substituting expressions similar to

Equation (2.1) or Equation (2.6) into the conservation of energy equation (Equation (1.1)) for the

enthalpy, velocity, species concentration, etc., and then time averaging the result. For the sake of

brevity, the details of this procedure are not reproduced here. Rather, attention is directed to the

divergence of the radiative flux term on the right hand side of Equation (1.1). The text by Smoot

and Smith (1985, page 241) provide the full time averaged conservation of energy equation. ‘

The divergence of the ~adiative heat flux vector which appears on the right hand side of

Equation (1.1) represents the difference in the emitted and incident radiative energy (Siegel and

Howell, 1992, pg. 699, Modest, 1993, pg. 314)

v .g,(x) = ~V .q,(A,x)dl = ~pa(X,x)[4e,(~, T(x))-G(L,x)]~ ,

0 0

(2.11)

where I-@,x) is the absorption coefficient at location x and wavelength ~. The SC~ar flUX W,X)

represents the incident radiative energy at the location x and e@,x) is the black body emissive

power, given by the Planck distribution (Siegel and Howell, 1992, page 22), which represents the

radiative emission from location x. If the absorption coefficient and scalar flux do not vary with

wavelength, then the wavelength integral in Equation (2.11) maybe completed resulting in the

equivalent gray (nonspectral) relation

v “ q,(x) = jJa(X)[4GT4(X)-@X)l , (2.12)

where o is the Stefan-Bokzmann constant. Equation (2.12) explicitly shows the highly nonlinear

dependence of the local emissive’power on the local temperature.

,,
Since the absorption coefficient is a strong function of soot and gaseous species concentrations, as

well as temperature, turbulent fluctuations in these quantities give rise to turbulent fluctuations in .

the absorption coefficient. The Planck function is also a highly nonlinear function of the

temperature such that turbulent fluctuations in the temperature give rise to much larger variations

in the black body emissive power.
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Consider expanding the Planck function in a Taylor series about the mean temperature given in

Equation (2.1) to obtain

- T’n d“
eb(A, T) = z

‘—eb(?b, T) ~ -
n=on!dTn

(2.13)

Time averaging Equation (2.13) results in an expression for the time averaged e&ssive’power

(2.14)

The final inequality in Equation (2.14) holds except for the special case of zero temperature

-fluctuation, i.e., no turbulence. The fluctuating component of the emissive power is given by

subtracting Equation (2.14) from Equation (2.13)

m[T’n- T’n] dn
eb’(k, T) = x —eb(k, T) ~ .

n! dTn
n=()

(2.15)

The explicit dependence of the temperature on the location x has been dropped in Equation (2.13)

through Equation (2.15) for clarity. Integrating Equation (2.14) and Equation (2.15) over all

wavelengths results in the expressions

—4

{

>

1
F2(X)+4=+ZQ2,

T (X) = ~4(X) 1 + 6T

T (X) T3(X) T4(X)

(2.16)

and ‘

[T4(x)]’
{ 1

T’(X) + 6T2(X) + 4r3(x) ; ‘4(X) + ~4(X) – ~(x) ;
= T4(X) 4~ (2.17)

T(x) 72(X) T3(X) T4(X)

The time averaged radiative flux divergence (Equation (2.1 1)) may be written in terms of the

mean Planck function as follows

[

~(k T(x)) P=’(L,x)e~(~, T(x))
V” q,(k, x) = 4~(k, x)eb(~, ~(~)) 1eb(h~(x))+~(~,x)f?b(~,~(x))– (2.18)

.

4-
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The first term in the square brackets on the right hand side of Equation (2.18) represents the effect
I

of turbulent temperature fluctuations alone while the second term represents the correlation ,

between fluctuations in the absorption coefficient and the temperature. The last term on the right I

hand side also results from turbulent fluctuations in the absorption coefficient and the scalar flux. 1

It is clear from the form of Equation (2.18) that the radiative flux divergence term for a turbulent

flow is very different than the form obtained based on the mean temperature and absorption

coefficient.
I

2.2.1 Time Averaged Scalar Flux ~

I

The scalar flux term appearing in Equation (2.11) represents the integd of the incident spectral
1
1

radiative intensity at a given point over all solid angles (Modest, 1993, pg. 314) \
!, i

r

(2.19)

I

where 1(X, x,3) is the spectral radiative intensity at location x corresponding to the direction I

given by the unit vector 3 as shown in Figure 2.1
I
I
)

Y

ILZenith

els
= sinesin$i + Cosej + sinecos@k

I
x

““”e ;
z

FIGURE 2.1- Zenith and azimuthal angles defining the unit direction vector.

From Equation (2.19) the mean and fluctuating components of the scalar flux (cf. Equation (2.1))

may be directly related to the mean and fluctuating components of the incident intensity

2nn

G(A,x) = J jl(hqsipededq, (2.20)

00

2n 7C

,. G’(A,X) = J J~(~,x,~)sine~e~q. (2.21)

00

The mean and fluctuating components of the radiative intensity must be obtained from the

nongray form of the Boltzmann radiative transport equation (cf. Equation (1.2))

23

I
—---- — ---— - ..-. - -...—- .- l



.,... ..._-& ,,. . . .._i. -.,.

.=:. .. —., .’ : -.-=.. —> . >-. >.:...- A... Le —.=—= ~.. –. --. ..: ..- ,,

eb(?b,T(x))
F “ VI(A, x, 3) + pa(~, X)1(A, x, q = pa(A, x) ~ . (2.22)

2.3 Time Averaged Boltzmann Transport

As described previously (cf. Section 1.1) the radiative transport for the application of interest in

this report is assumed to be governed by the Bokzrnann transport equation for steady,

nonscattenng radiative transport. The assumption of gray (no wavelength dependence) transport

will be relaxed to be consistent with the development in the previous section. Under these

conditions the Boltzmann radiative transport equation maybe written as

(2.23)

As before, the absorption coefficien~ temperature, and, in this case, the intensity, are assumed to

have a steady and turbulent fluctuating component. Substituting these quantities into

Equation (2.23) and time averaging results in an equation for the mean intensity

s . VI(A; X, s) + F=(A,X)1(X, x, Q + pa’(A, x)r(A, x, s) =

[ 1
~(~,T(x)) P=’(A x)eb’(k, T(x)) “

Z(X, x)eb(~, T(x))

eb(A, T(x))+ ~a(x, x)eb(h ~(x))

(2.24)

The terms appearing within the bracket on the right hand side of Equation (2.24) are identical to

the bracketed terms on the right hand side of Equation (2.18). In addition to the turbulent

.correlation terms appearing in Equation (2.18), however, Equation (2.24) also includes an

absorptivity-intensity correlation term which is the last term shown on the left hand side of

Equation (2.24).

2.4 Large Eddy Simulation

Although the remainder of this report will be devoted to time averaging, it is useful to consider the

TRI terms which arise in a LES forrmdation. One of the implications of the spatial filtering used

in an LES formulation is that the mean of the mean is no longer equal to the mean

(cf. Equation (2.4)). As a result, the cross correlation terms are no longer zero and the radiative

flux divergence term shown in Equation (2.18) becomes

4[z~(MQb(~) + ~e~(T)l + 4JJe;(Wp:@)l - (2.25)

—_

[@-@ - [~G’-p;G] -p;G’ ,
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where the dependence of each term on the location, wavelength, and time has been omitted for

,clarity. The first bracketed term on the right hand side of Equation (2.25) represents the flux

divergence based on the mean temperature, absorption coefficient, and radiation field. Drawing

parallels with Equation (2.18), the second and third bracketed terms on the right hand side of

Equation (2.25) represent the effect of temperature fluctuations and absorptivity-temperature

fluctuations respectively. The final three terms on the right hand side of Equation (2.25) represent
1

the effect of the absorptivity-scalar flux fluctuations.

All of the terms on the second and third line of Equation (2.25) require modeling in an LES

simulation. In addition, spatial filtering of the Boltzmann equation also generates terms

equivalent to the absorptivity-intensity correlation term in Equation (2.24)

(2.26)

The terms shown in Equation (2.25) and Equation (2.5) define the TRI closure problem in an LES

simulation.

2.5 Summary

The objective of this chapter has been to describe the mean field closure terms which arise fkom

the time averaged conservation of energy and Boltzmann radiative transport equations.

Equation (2.18) and Equation (2.24) show that there are four principal terms which require some

form of modeling: the temperature self correlation term

;(L ~(~))-

eb(k, T(x))’
(2.27)

the absorptivity-temperature correlation term

I

[

!

I

I

I

1

I

I

)

\
I

\

,

1

1

I

I

,

t

I

i

h

t

I

I

1

I
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iih ~)eb(k T(x))‘

the absorptivity-intensity correlation term

P:(A> ~)~(~, Z $) ;

and, finally, the absorptivity-scalar flux correlation term

p:(k, X)G’(A, x) .

(2.28)

(2.29)

(2.30)
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Each of these terms approaches zero as the turbulence level decreases with the exception of the

temperature self correlation term which approaches unity. An order of magnitude estimate for

each of these closure terms for heavily sooting hydrocarbon pool fires will be presented in the

next chapter.

.4
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3.0 ORDER OF MAGNITUDE ANALYSIS

In the previous chapter four terms were identified which arise from the time averaged

conservation of energy and Boltzmann radiative transport equations. These terms represent the

mean field closure problem for turbulence radiation interaction (TRI). In this chapter, an order of
& magnitude estimate is made for each of these TRI closure terms for the heavily sooting

hydrocarbon pool fire application of interest in this report. Each of the TRI closure terms are

analyzed in the succeeding sections of this report using data from the open literature and

numerical and analytical techniques.

3.1 Absorptivity-Intensity Correlation

One of the most common approximations made in the open literature for TRI is the thin eddy

approximation as described by Kabashnikov and Myasnikova (1985). Kabashnikov suggested

that if the mean free path for radiation is much larger than the turbulence length scale, K, then the

absorptivity-intensity correlation may be neglected. The rationae behind this assumption is that

the instantaneous local intensity at a point x is formed over a path traversing several turbulent

eddies. Therefore, the local intensity fluctuations are weakly correlated to the local absorptivity

fluctuations.

To describe the thin eddy approximation further, consider the instantaneous Boltzmann radiative

transport equation

ii “ VI(X, S) + P=(x)l(x, 3) = Q(x), (3.1)

where gray transport has been assumed and the radiative source term has been lumped into a
single value Q(x). The solution to Equation (3.1) depends on an integrating factor given by

0(s) = exP{J!Ja(s)~}7 (3.2)

wheres is measured along the ordinate direction”given by the unit vector@. The corresponding

solution to Equation (3.1) is then

1(s) = &{jO(s)Q(s)ds + C}.

Expressing Equation (3.2) in terms of the mean and turbulent fluctuating absorptivity yields

19(s) = exP{J’(z(O + Pa’(s))ds} .

Assuming that the thin eddy approximation is true and neglecting the

correlation the time averaged Boltzmann equation maybe written

(3.3)

(3.4)

absorptivity-intensity



F “ V7(X,3) + ~(x)l(x, q = D(X).

The integration factor corresponding to Equation (3.5) is then

a(s) = ew{jiils)~s}.

By comparing Equation (3.2) and Equation (3.6) it becomes clear that the thin eddy

approximation implies that

(3.5)

(3.6)

pa’(s)~s=0. (3.7)

Kabashnikov and Myasnikova (1985) provide several conditions for the validity of the thin eddy

approximation. In general however, the thin eddy approximation depends on the assumption that

the optical thickness of the turbulent eddies is small

fLaK<<1, (3.8)

where K is the turbulent eddy length scale. Krebs, et al. (1996) suggest that an eddy optical

thickness limit of less than 0.3 is sufficient to meet this criteria for turbulent combustion of

propane in air.
,..

Gritzo, et al., (1998) measured extinction coefficients within a large hydrocarbon pool fire on the

order of 10 m-l. On this basis, and using the optically thin limit suggested by Krebs, et @.(1996),

the thin eddy approximation would be valid for turbulent eddies of up to 3 cm for large scale

hydrocarbon pool lires. An order of magnitude analysis (cf. Appendix A) shows that the

Kolmogorov length scale for the smallest turbulent eddies in the pool fire shown in Figure 1.1 is

on the order of 10-3to 10-2cm which is well below this limit.

3.2 Absorptivity-Scalar Flux Correlation

Similar aqy.unents maybe applied to the intensity-scalar flux correlation as were applied to the

absorptivity-intensity correlation. As with the latter term, for cases in which the turbulent eddies

are optically thin, the scalar flux at a given location, x, depends on the conditions at surrounding

points rather than the local conditions. Therefore it maybe reasonable to neglect this correlation

term for the case of optically thin eddies. This observation was also made by Mazumder and

Modest (1997a).

3.3 Temperature Self Correlation

Gray radiative transport will be assumed to illustrate the effect of the temperature self correlation

term given by Equation (2.27). For gray radiative transport, the temperature self correlation term

is given by Equation (2.16)
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—4
T (X)

;3 74

=l+6F(x):4~+=.

T4(X) T2(X) T3(X) T4(X)
(3.9)

It is also convenient for this analysis to represent the temperature fluctuations in terms of a

-. probability density function (pdf) as in Equation (2.8). By adopting an appropriate scaling, the

instantaneous temperature may be expressed in,terms of its mean value, the standard deviation of

the turbulent fluctuations and a dummy variable 0~1

. -r72

%f -7)>
‘(f) = ‘+ M2

. . .

where

.,

.. , ,.

. and.. .. . ...

1

~ = pf)P(f)df,

o

1

0

(3.10)

(3.10a)

(3.10b)

.,

,,
.. M.= j(f -.m(f)df . (3.1OC)

o

~ Through some algebra, the moments of the turbulent temperature fluctuations shown in

Equation (3.9) may be expressed in terms of the moments of the pdf given by Equation (3.1OC)

—

F(x) = r
{}

7(X) nAln

T“(x) ~(x) j@2 -
(3.11)

The purpose of this exercise is to show that the gray temperature self correlation term shown in

Equation (3.9) may be represented entirely by the characteristics of the pdffunction P(f). If it

were possible to determine the exact analytical forni of the pdf then it would be possible to

evaluate the higher moments of the turbulent temperature fluctuations given by Equation (3.11)

and evaluate Equation (3.9) directly.

Several authors have presented statistical data for the temperature fluctuations within flames.

Krebs, et al. (1996) considered an enclosed propane-air diffision flame, Coppalle and.Joyeux
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(1994) considered unconstrained diffusion flames of pure ethelyne in still air. Gore, et al. (1992)

and Gritzo, et al. (1998) both considered unconstrained combustion of more heavily sooting fuels

in air including acetylene and aviation fuel. All of these authors show that while the pdf of the

temperature fluctuation takes a generally Gaussian distribution at many locations in the fire,

distinct deviations from a purely Gaussian profile may also be seen.

Krebs, et al. (1996) and Coppalle and Joyeux (1994) suggest that the temperature pdfmay be

skewed toward higher temperatures within the combustion zone on the centerline but approaches

a more Gaussian distribution higher in the flame. The data shown by Coppalle and Joyeux

suggests that this skewing in the temperature fluc~ation pdf fight decrease as the inlet Reynolds

number decreases and buoyancy effects become more pronounced. In contrast, the data provided

by Gore, et al. (1992) suggests a consistent shift to colder temperatures in the temperature pdf

along the fire centerline for the heavily sooting acetylene flame. This cold shift is also reflected in

the data provided by Gritzo, et al. (1998). Krebs, et al. also show that the temperature pdf takes

on a distinctly bimodal form within the reacting shear layer where intermittence between the cool

oxidizer stream and hot combustion products is more pronounced.

While the temperature pdf data presented by these authors is too sparse to draw any general

conclusions, they do serve to provide some idea of what types of temperature pdf shapes are seen

experimentally. Table 3.1 summarizes the general temperature fluctuation pdf shapes described

by the above authors.

T~LE 3.1- Experimentally observed temperature fluctuation pdfs.

Location
General pdf

Shape

Reaction zone centerline

Ei
P

I

Reacting shear layer

Centerline

(outside reaction zone)

3.3.1 Beta Probability Density Function

A numerical experiment is conducted herein an attempt to evaluate the magnitude of the

temperature self correlation term. For the purposes of this experiment the beta function is chosen

to represent the pdf of the temperature fluctuations (Puri, 1993). The general form of the beta

function pdf is given by

*

.

P(f) = cfl-l(l-f)b-l, (3.12)
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where ‘

f-l 1-1

c= Jf-l(l-f)b-ldf
. (3.12a)

J

By adjusting the exponents a and bin Equation (3.12) it is possible to generate a number of pdf

shapes which approximate the shapes shown in Table 3.1. Seven cases where selected for the

purposes of this experiment as shown in Table 3.2. While the beta function pdfs shown in

Table 3.2. do not provide an exact match to the experimental data, it is reasonable to expect that

the experimental pdf shapes shown in Table 3.1 lay within the envelope described by the seven

pdf shapes shown in Table 3.2. Furthermore, it will become clear that the temperature self

correlation term is relatively insensitive to the particulars of the shape of the temperature

fluctuation pdf;

TABLE 3.2- Beta pdf fimctions used to approximate experimental data.

Case

1

2

3

4

5

6

7

a
I

b

1/2 1/2 “

1 1

5 5

2 5

I

5 2

1 20

20 1

c I
I/n 1/2

I

I

I

i

I

1

I

1

I

I

!

I

I

I

[

/,

/

i

I

I

I

I

I

I

I

I

{

1
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1 1/2

630 1/2

30 2/7

30 5/7

20 1/21

20 20/21

Shape

D
P(f)

El
P(Q

mP(

mP(f)

I-d
P(f)

61
P(f)



The moments of each of the pdf functions shown in Table 3.1 may now be calculated

(cf. Equation (3.1OC))and the variation of the temperature self correlation with the intensity of the

temperature fluctuations calculated from Equation (3.11). Figure 3.1 shows the variation of the

temperature self correlation term for each of the pdf fimctions shown in Table 3.2.

l-lxl-lb

@L

Temperature Fluctuation Intensity, _
T

FIGURE 3.1- Temperature self correlation variation with temperature fluctuation intensity for a

number of beta probability density functions.

‘ ., “Allof the curves corresponding to the pdfs in Table 3.2 fall between the curves for case 1 and case

6 in Figure 3.1. This is an important observation &iit suggests that the magnitude of the

temperature self correlation term is relatively insensitive to the shape of the temperature

fluctuation pdf. For example, the variation in the temperature self correlation factor shown in

Figure 3.1 due to the pdf shape for a temperature fluctuation intensity of 40% is less than 10% of

the minimum value. The variation increases to 15% of the minimum value for a fluctuation

intensity of 50% and less than 20% of the minimum value at a fluctuation intensity of 60%.

Krebs, et al. (1996)observed temperature fluctuation intensities in the range of 17% to 35%.

Similarly, Coppalle and Joyeux (1994) observed temperature fluctuation intensities of

approximately 20% which agrees with the work of Cox (1976). Cox also cites theoretical work

which suggests that temperature fluctuation intensities may H= as high as 4070 to G570 for gm

diffusion flames. This theoretical estimate does not appear to be supported by the experimental

data, however. Nevertheless, the data shown in Figure 3.1 agrees with Cox’s estimate that the

effect of the turbulent temperature fluctuations will dominate the mean temperature effects when

the temperature fluctuation intensity exceeds approximately 40%. Taking a temperature

fluctuation intensity range of 20% to 40% as a reasonable range, Figure 3.1 suggests that the

temperature self correlation term may result in an increase of 120~0to 200% in the radiative

source term in Equation (2.18) and Equation (2.24), i.e., increasing the effective emittance of the

flame 1.2 to 2 fold.
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3.4 Absorptivity-Temperature Correlation

A number of authors provide simultaneous measurements of the instantaneous temperature and

species and soot concentrations at specific locations within nonpremixed flames (Gore and Faeth,

1988, Coppalle and Joyeux, 1994, Krebs, et al. 1996, Gritzo, et al. 1998). Measurements-of the

species concentrations and temperature at a point in a turbulent reaction zone, however, requires..
both a high sampling rate and small sample volume to correctly resolve the thin reaction zones,

i.e. flame sheets, which characterize this environment. Therefore, the data necessary to evaluate

the absorptivity-temperature correlation term (cf. Equation (2.28)) is limited.

Gore and Faeth (1988) provide data for heavily sooting acetylene-air flames. These authors

predict that turbulent fluctuations have a strong effect on the soot emission but a negligible effect

on soot absorption within the bulk flame. Based on these predictions the authors suggest that

turbulence radiation interaction effects in heavily sooting flames are dominated by the

temperature self correlation effect. This work of Gore and Faeth is one of the few discussions to

explicitly separate the temperature and temperature-absorptivity effect.

Coppalle and Joyeux (1994) also provide data for turbulent temperature-soot concentration

fluctuations for a heavily sooting flame. These authors provide optical measurements along the

centerline of an ethylene-air jet diffusion flame of both the instantaneous temperature and soot

concentration. These authors show that the temperature-soot concentration correlation factor is in

the range

TX.’

-’”l<JFJ’’<’”4’
(3.13)

I

for two Rayleigh numbers. While Equation (3.13) does not provide a precise value for the

absorptivity-temperature correlation term, it does suggest that fluctuations in the temperature and

absorptivity may be weekly correlated assuming radiative emission is dominated by the soot

phase.

I
Using an idealized numerical model, Nelson (1989a, 1989b) suggests that the nonlinearity of the

Pkmck fi.mction,i.e., the temperature self correlation term, dominates the TRI effect for a number

of fuels including carbon monoxide, hydrogen, and methane. Nelson further suggests that

ignoring absorptivity fluctuations entirely results in errors on the order of 10%. These results

agree with the later numerical work performed by Mazumder (1997). Mazumder suggests that

including the temperature absorptivity correlation changes the radiative source term by less than

6% of the radiative source based on the mean absorptivity and Planck function evaluated at the

mean temperature for heavily sooting flames 1. These results suggest that numerical simulation of

I
1. For futurereferenceit shouldbe noted thatEquation2.9 inMaunder’s work(Mazumder,1997,pg. 15)

equatesthemeanPlanckfinction withthePlanckfimctionevaluatedatthemeantemperature.Personal

communicationwithMazumder’sthesisadvisorindicatesthatthisis a typographicalerrorandis not

reflectedinthesubsequentanalysisperformedby Mazurnder.
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the absorptivity-temperature self correlation effect is not cost effective for soot dominated

applications.

It is reasonable to expect that&e contribution of the absorptivity-temperature self correlation term

may be very different for nonluminous flames which are not dominated by soot emission (Faeth,

et al. 1985). The data provided by Krebs, et al. (1996) suggests that the absorptivity-temperature

self correlation effect dominates the temperature self correlation effect. Indeed, spectral intensity ~

predictions based on the mean and the fluctuating temperatures along a line of sight through the

flame suggest that there is a negligible temperature self correlation effect. Unfortunately, these

authors provide insufficient detail regarding their analysis to determine if this is a valid

prediction.l .

.

.;

3.5 Summary

An order of magnitude analysis for the four principal TFUclosure terms arising from Reynolds

time averaging has been conducted using data fkom the open literature as well as theoretical and

numerical predictions. Theoretical analysis suggests that the absorptivity-intensity and

absorptivity-scalar flux correlations may be negligible for cases in which the length scale

characterizing the turbulent fluctuations is optically small. In contrast, a simple numerical

analysis showed that the temperahire self correlation, i.e., the nonlinear dependence of the Planck

function on the temperature, may readily increase the radiative source term by 10070 or more.

Furthermore, this same analysis showed that the temperature self correlation is more sensitive to

the magnitude of the turbulent temperature fluctuations than the shape of the pdf describing the

fluctuations. Finally, only limited data is available to describe the absorptivity-temperature

correlation term in general but some limited experimental and numerical data suggests that this

effect may be small relative to the temperature self correlation effect for heavily sooting flames.

.

.

1. Thedataprovidedby Krebs,et al. (1996) showsa 20-30% turbulenttemperaturefluctuationintensity.

ThedatashowninFigure3.1 wouldsuggesta significant25-100% emissionincreaseoverthatpredcted

by themeantemperature.

34



<1

,

4.0 MODELING APPROACHES
!

The previous chapters of this report have defined the principal mean field closure terms arising

from turbulence radiation interaction (TN) and have provided an order of magnitude estimate of

each term for large scale hydrocarbon pool fire applications. The objective of this chapter is to
... discuss the state of the art in TRI closure models as described in the open literature. This

discussion will employ a probability density function (pdf) description of the turbulent

fluctuations in the flow properties. This pdf description provides a convenient framework for

describing the various closure modeling approaches and is cast in a more general form in this

chapter than in the previous descriptions in Chapter 2 and Chapter 3. The description provided

here arises naturally from the work done in chemistry-turbulence interactions (see, for example,
s~~ and,l?letche~, 198?). ,, ~ -.. .. .,.,.. . .

In the most general case, the mean radiative source term (cf. the right hand side of

Equation (2.24)), pae~ maybe given byl

(4.1)

where mland Tj are sets of mixing and reaction vtiables and P(...) is the joint probability density

function. The set of mixing variables describe the state of mixing, e.g., mass fractions, while the

set of reaction variables describe the extent of the reaction, e.g., enthalpy. The “reaction model”,

Pa, eb(~l, ~j)> provides the ins~n~neous flOWPrOPertYat a Point given the mix~e ~d reaction

variables at that point. The “mixing model” provides the mean flow property and is given by the ~

form of the pdf function P(...). In Equation (4.1), the shape of the pdf function is specified by the

value of the mean mixing and reaction variables and the moments of their fluctuations. Although,

theoretically, any number of fluctuating moments maybe employed to obtain the pdf shape,

typically only the mean and the first moment are used.

It is important to note that Equation (4.1) implicitly includes both the absorptivity-temperature .

correlation and the temperature self correlation. Equation (4.1) does not model either the

absorptivity-intensity correlation or the absorptivity-scalar flux correlation. As discussed in

Chapter 3 (cf. Section 3.1 (page 27) and Section 3.2 (page 28)) the assumption of optically thin

turbulent eddies allows both of these terms to be ibgyored. Indeed, this assumption is so common

in the open literature that both of these terms will be neglected in the remainder of this chapter.

The following sections of this chapter provide a description of the principal pdf modeling

approaches discussed in the open literature for TRI closure. It is not the objective of this report to

,+ provide a detailed review of reaction and mixture models however. The interested reader is

directed to, for example, Smoot and Smith (1985), Smith and Fletcher (1988), Puri (1993), Young

and Moss (1995), DesJardin and Frankel (1998) for discussions of various models.

1. PersonalcommunicationwithProfessorP.Smithof TheUniversityof Utah,1998.
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4.1 Assumed Probability Density Function Closure

The most common approach to TRI closure is to assume the shape of the probability density

function Pin Equation (4.1). Common choices include the beta function pdf described previously

(cf. Equation (3.12)) as well as the clipped Gaussian and top hat distributions (Smoot and Smith,

1985, pg. 278). The domain of each of these functions maybe mapped onto the interval [0,1] (a

Gaussian distribution by contrast is nonzero on the interval (-cc,CC)).For example, Puri (1993)

describes a beta pdf function based on mixture fractionl and the Favre mean and variance of the

mixture fraction

.,-

P(f;;,i’2)=cf-l(l -#’-l, (4.2)

.. .. .. .

1

[J 1
-1

c= fl-’(l-f)b-ldf ,

0

(4.2a)

a $2(M)+=
-2

f“

(4.2b)

.)

~ = m:h2_l+f. (4.2c)

f
,,2

where f= Oindicates pure oxidizer and f= 1 indicates pure fuel. Conservation equations for the

-,2
Favre mean and variance, f’ , of the mixture fraction are solved in Puri’s model to provide a

unique pdf shape at each point in the fire.

A reaction model is then required to complete the formulation by relating the absorptivity and

temperature to the mixture fraction. For example, Hall and Vranos (1994, 1995) employ an

opposed jet flame solution to obtain a state relationship between the temperature and species

concentration and the mixture fraction. Since the absorptivity may in turn be expressed in terms

of the species concentration, Equation (4.1) maybe written.

1

~~ = JPa(f)eb(f)p(f;f, Y’2)df. (4.3)

o

For many applications of engineering interest, however, it is not possible to obtain such a simple

reaction model for the absorptivity and temperature in terms of a single mixture variable. Strictly

1. For applicationsinvolvinga singlefuel anda singleoxidizerstream,themixturetlactionata given

locationrepresentsthefractionof themasswhichoriginatedin thefuel stream.
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speaking, Equation (4.3) is not valid for participating media and also assumes no flow work and I
I

unity Schmidt and Prandtl numbers. Nevertheless, the Hall and Vranos formulation is an example I

of a simple reaction model.

In contrast to the Hall and Vranos (1994, 1995) reaction model, Adams and Smith (1994, 1995)

propose a reaction model based on the local stoichiometry, $, and the enthalpy

(4.4)

In the formulation of Adams and Smith, fluctuations in the local enthalpy and stoichiometry are

assumed to be statistically independent thus (Smoot and Smith, 1985, pg. 333)

Similarly, Hartick, et al. (1995, 1996) also assume statistical independence for their reaction
I

model based on mixture fraction and heat release rate and represent the joint pdf as the product of
I

two beta pdfs. Although the assumption of statistical independence may not be strictly accurate, ~

it is a common assumption which allows for the construction of the joint pdf from simpler forms.

Given the insensitivity of the resulting mean to the shape of the pdf suggested by Table 3.2 it may

be reasonable to expect that the assumption of statistical independence will only have a secondary

effect on the resulting solution.

4.1.1 Eddy Dissipation Combustion Model

Magnussen’s Eddy Dissipation Combustion (E.DC)concept (Gran and Magnussen, 1996) is of

particular interest in this report as a reactionhnixing model because the EDC model currently

provides the TRI closure for the first generation fire simulation code under development iinthe

Engineering Sciences Center at Sandia National Laboratories (Cochran et al., 1998). It may also

not be immediately apparent that the EDC model can be described using the pdf formalism

described above.

Using the form of Equation (4.1) the mean radiative source term, assuming gray transport, for the

EDC reactionhnixing model is given by

1
——_

paeb = P’.(x~>‘)jT4p(T;zi, ‘>‘, ‘)dT ? (4.6)

T

where Xi are species concentrations, k is the turbulent kinetic energy, ands is the turbulent

dissipation rate. The EDC model also assumes gray radiative transport as implied by the ‘1?term

in Equation (4.6). As suggested by Equation (4.1), the shape of the pdf in the EDC mixing model

should be dictated by the mean temperature and the moments of the temperature fluctuations.

This dependence is implied in Equation (4.6) since the mean enthalpy and species concentrations

(with the specific heats) provide the mean temperature and the turbulent kinetic energy and
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dissipation rate provide information regarding the turbulent temperature fluctuations. This will be

described in greater detail below and is fully described in Cochran et al., (1998). An important

aspect of the EDC reactionhnixing model is that, by using the mean absorption coefficient, the

model neglects the absorptivi~-temperature correlation effect.

The EDC mixing model which dictates the form of the pdf function maybe described as a two

zone model comprising aflame zone and a surrounding zone. Without providing the details of the

development (see Cochran et al., 1998), the temperatures of the flame zone and the surrounding

zone are functions of the mean enthalpy and the mean species concentrations. The volume

fraction of the flame zone and surroundings are then given by the turbulent kinetic energy and

dissipation rate. Whh these values, the shape of the pdf in Equation (4.6) is given by the double

Dirac function shown in Figure 4.1. As mentioned above, the variance of the temperature maybe

calculated from the flame and surroundings temperature and the flame volume fraction.

P(-r)

4
1-a(k,&)– -–

a(k,tj —-—- –—————

+T .

FIGURE 4.1- Probability density function for the eddy dissipation combustion concept mixing

model.

The variation of the temperature self correlation term with temperature fluctuation intensity may

be evaluated using the EDC model for the particular case of CX==.1“asshown in Figure 4.2. For

comparison, Figure 4.2 also shows the temperature self correlation predicted by the beta PDF

shown previously in Fi=we 3.1. Although the EDC model prediction for the temperature self

correlation is slightly higher than that predicted by the beta PDF, all three curves are remarkably

close given the differences in the overall PDF shapes. As with Figure 3.1 the data in Figure 4.2

suggests that the particular shape of the PDF is not as important as the details of the mixing and

reaction models which provide, in the case of the EDC model, Tsurr,Tflame,and ~.

4.2 Direct Probability Density Function Closure

Another approach to turbulence radiation interaction closure modeling is the direct probability

density function approach described by Mazumder and Modest (1997a). The details of this

formulation are reasonably involved (Pope, 1985, Pope, 1990, Mazumder, 1997, Mazumder and

Modest, 1997b, Mazumber and Modest, 1997c) and, for the purposes of this report, not extremely

illuminating. Therefore, the direct pdf approach will only be described in words herewith

specific references made to modeling issues of importance to TRI closure.

.
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FIGURE 4.2- Temperature self correlation variation with temperature fluctuation intensity for the
Eddy Dissipation Combustion @DC) model compared to limiting cases using beta probability

density functions

In general terms, the direct pdf method does not assume the shape of the pdf but rather the shape,
a

... is calculated from a modelled evolution equation for the pdf.” (Pope, 1985, pg. 121). In the

direct pdf method, this is accomplished by representing the fluid as a large number of notional

particles each having a unique position, velocity, temperature, and species concentration. Each
these particles is governed by a set of Lagrangian transport equations for the particle velocity,

temperature, and species concentration (hhzumder, 1997, Mazumder and Modest 1997a).

of

The formulation described by Mazumder and Modest (1997a) employs a coupled finite volume

solution for the radiative transport on a structured grid and a Lagrangian solution for the particle
temperature, velocity, and species concentration. During the radiation solution, the absorptivity-

temperature correlation term for a given volume is calculated from

(4.7)

.

where the brackets ( ) indicate an ensemble average overall of the particles in the volume. Me

,4 use of the term “direct pdf method” becomes more apparent in Equation (4.7) since the

integration shown in Equation (4.1) is carried out implicitly by the distribution of the particle

values and, mechanically, the integration becomes a simple sum over the particles in a cell.

One of the attractive aspects of the direct pdf method described by Mazumder and Modest

(1997a) is that this formulation does not treat turbulence as a simple random process but
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recognizes the origins of turbulent instabilities in the governing transport equation. Nevertheless,

the direct pdf method still requires turbulent closure models and near wall treatments (Mazumder

and Modest, 1997b) within the Lagrangian transport equations. These closure models are based

on various stochastic processes, e.g., Poisson process, Markovian process, etc., which must be

combined appropriately to accurately represent the turbulent fluctuations for a given application

(Nkzumder, 1997). It is not clear that these implementation challenges for the Lagrangian

turbulent closure models are any less significant than their Eulerian counterparts.

Another important aspect of the direct pdf method is that the Lagrangian transport equations

involve spatial gradients of the mean flow properties. This requires some form of spatial

averaging of the particle values to obtain these mean gradients. Pope (1985) indicates that

ensemble averages over cells to obtain these derivatives is, ” ... hopelessly inaccurate ...” and the

use of least squares cubic splines is recommended. Coupling of the direct pdf method to a grid

based solution for the radiative transport may also require that the cells used for spatial averaging

coincide with those used for the radiative transport which may be problematic for unstructured

grids.

One method for resolving this spatial averaging difficulty may be in coupling the direct pdf

method to a conventional Eulerian solution for the mean flowl. In this case the Lagrangian

particles would be used only to provide closure for the turbulent correlation terms in the mean

equations. It is also possible that such an approach may not require as many particles as would be

required to describe the mean flow as well.

The Monte Carlo nature of the direct pdf method also raises concerns for its parallel

implementation using a spatially decomposed geometry on a distributed memory machine.

Spatial decomposition is a common parallel decomposition paradigm for many parallel

computational fluid mechanics applications and is often required for even moderately complex

geometry. The communication of particles between processors in such an application gives rise to

a highly asynchronous communication pattern which is difficult to optimize for unstructured

grids.

4.3 Summary

In this chapter the assumed EDC and direct pdfTRI closure models have been summarized.

These models represent the two principal TM closure models described in the open literature.

Each of these models provide closure only for the absorptivity-temperature correlation and

temperature self correlation terms. The thin eddy approximation is commonly employed

throughout the open literature and allows the absorptivity-intensity and absorptivity-scalar flux

correlations to be ignored. .

The assumed pdf method provides a general framework in which a number of turbulent reaction

and mixing models may be implemented. In general, the assumed pdf method involves the

specification of a transport equation for the mean and variance of each of the reaction and mixing

variables used to describe the particular turbulent reaction and mixing models. An assumed

1. PersonalcommunicationwithProfessor Michael Modest of The PennsylvaniaStateUniversity, 1998.
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functional form is then developed using the mean and variance of the reaction and mixing

variables to provide the pdf function for the turbulent fluctuations in the flow properties at each

point in the computational domain. The EDC reactionhnixing model represents one example of

an assumed pdf model which involves a single reaction variable and which ignores the
v

absorptivity-temperature correlation term and treats only the temperature self correlation term.
‘,.,

. . The direct pdf method employs a Lagrangian description to provide turbulence closure using

,ensemble averages over a number of particles which represent the flow. While the direct pdf is

relatively intuitive, it still requires turbulence closure models which are perhaps no less

challenging than standard Eulerian closure models. The Monte Carlo nature of the direct pdf

method also raises concern for parallel implementation using spatial decomposition on a

distributed memory machine. A number of alternatives maybe available to circumvent these

difficulties and the direct pdf method has other attractive characteristics which warrant continued

research to obtain an optimum implementation.

. . . . .
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5.0 CONCLUSIONS

Thefollowing list summarizes the principal observations made in this review.
,,

1)

..-

2)

3)

4)

. 5)

6)

Turbulence radiation interaction (TRI) is an important consideration for

turbulent reacting flow problems. This is confirmed by experimental

evidence and simple numerical results both of which show that the

radiative heat flux and radiative source term in a turbulent flame maybe 2-

3 times larger than estimates based on the mean temperature and

absorptivity.

The TR.I closure problem for the time averaged conservation and

Boltzmann equations is comprised of four principal terms: the absorptivity-

intensity correlation, the absorptivity-scalar flux correlation, the

temperature self correlation, and the absorptivity-temperature correlation.

A common approximation for turbulent flames in which the optical

thickness of the turbulent eddies is small is to neglect the absorptivity-

intensity correlation. The rationale for this approximation is that, under
these conditions, the local intensity is a function of the temperature and

material properties extending over several mean free paths and, as a resul~

it is weakly correlated with the local absorptivity.

Similar arguments may be made for neglecting the absorptivity-scalar flux

correlation under conditions of optically thin turbulent eddies.

The nonlinear dependence of the Pkmck function on the temperature gives

rise to a significant,temperature self correlation effect. Simple numerical

experiments show that, given experimentally observed turbulent

temperature fluctuation intensities, the temperature self correlation term

can easily account for a 100% increase in the ernissivity of a turbulent

flame relative to the mean temperature.

Some experimental and numerical evidence suggests that the absorptivity-

temperature correlation effect may be small relative to the temperature self

correlation effect for heavily sooting flames. This absorptivity-temperature

correlation effect is difficult to measure in general and its magnitude

relative to the temperature self correlation effect is open to conjecture. ”

Three principal modeling approaches may be identified in the open

literature to provide TR.I closure the more common assumed pdf method,

the EDC model, which has been shown to be a simple pdf method, and the

direct pdf method. In,each of these models the thin eddy approximation is

commonly employed allowing the absorptivity-intensity and absorptivity-

scalar flux correlation terms to be ignored.
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8) The assumed pdf method describes a general framework in which a number

of turbulent reaction and mixing models maybe implemented.

9) The eddy dissipation combustion (EDC) reactionhnixing model is an

example of a simple assumed pdf turbulent mixing/reaction model. The

EDC model ignores the absorptivity-temperature correlation and considers

only the temperature self correlation.. .

4

1

10) The direct pdf method employs a Lagrangian description of a large number

. of fluid particles to provide closure for the turbulent fluctuating...-
correlations. While the direct pdf has been used for TRI closure, it is not as.. . .
widely used as the assumed pdf method and a continued research is needed

. . . . . to provide an optimurnimplementation.
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APPENDIX A KOLMOGOROV LENGTH SCALE ESTIMATE

The Kolmogorov length scale for the smallest turbulent eddies is given by Tennekes and Lumley
. (1972, pg. 20) to be

~ 1/4

K
()

=—
E’

(Al)

where v is the kinematic viscosity, K is the Kolmogorov length scale of the smzdlest turbulent

eddies, and &is the turbulent dissipation rate. The dissipation rate may then be expressed in terms

of the characteristic velocity fluctuation, u, and the integral scale of the largest turbulent eddies, /5

(A.2)

For a buoyant plume, the integral scale, & is approximately the radius of the plume and the

velocity fluctuation is on the same order as the mean flow (Tennekes and Lurnley, pg. 137). Thus,

Equation (Al) reduces to

3 1/4

[)

LOV
K—=

2V: “
(A.3)

Substituting the scale values from Table 1.1 into Equation (A.3) (V=10-5m2/s) results in an order

of magnitude estimate for the Kolmogorov length scale for a large scale hydrocarbon pool fire of

0(10-5) to 0(10+) m.
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