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Radiative Transfer in a Gas-Turbin’e Combustor

M.P. Mengii¢,* W.G. Cummings III, and R. Viskantaf
Purdue University, West Lafayette, Indiana

A methodology is presented to predict radiative transfer in an axisymmetric cylindrical enclosure representing
a typical gas-turbine combustor that contains radiatively participating gases and particles. Inhomoge'neities’ of
the radiative properties and temperature distribution of the medium are allowed for, and the boundaries are
assumed to be diffusely emitting and reflecting. The effects of axial and radial variations of temperatare and
soot properties on radiative heat flux distributions at the wall are investigated. Film cooling is shown te have a
marked effect on wall heat flux, especially when it quenches the soot oxidation process. Radiative flux at the wall
is greater if the temperature of the medium is uniform, rather than if it has a center-peaked radial temperature

profile.
Nomenclature
C, =soot concentration, g/m>
D = diameter of droplets, um
FA = fuel-air ratio
£y =soot volume fraction
I =radiative intensity, W/m?2-sr

= Planck’s blackbody function, W/m?2-sr

=moments defined by Eq. (6)

=mass, kg .

=indéx of refraction

= efficiency factor

=radiative heat flux vector, kW/m?

= pressure, atm

= gas constant

=radial coordinate

= radius of a cylindrical enclosure, see Fig. 1

= absolute temperature, K

= axial coordinate

=length of a cylindrical enclosure, see Fig. 1

= extinction coefficient, m !

= Kronecker delta function

= wall emissivity ‘

=direction cosine in the ¢ direction, Eq. (2)

=polar angle

= absorption coefficient, m !

= wavelength of radiation

= direction cosine in the z direction, Eq. (2)

=direction cosine in the r direction, Eq. (2)

= soot density, kg/m?

= Stefan-Boltzmann constant; also scattering coeffi-
cient, m~! '

= azimuthal angle; also, equivalence ratio

= scattering phase function

= dimensionless radius, 7/r,

= function defined by Eq. (4)

=single-scattering albedo, 1— («x/3)

=solid angle, see Fig. 1
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Subscripts

a =air

conv  =convective

f = fuel

g =gas

m = mean values

P =Planck’s mean
rad =radiative

K} =$00t

w =wall

Introduction

MAJOR operating cost of aircraft turbine engines is the

replacement of combustor liners after relatively short
periods of use. Damage is usually in the form of cracks, which
develop at discontinuities in the wall such as cooling slots and
air admission holes or at locations where manufacturing pro-
cesses produce severe residual stresses.

Damage from high metal temperatures could be better
avoided if a reliable method of estimating liner wall tempera-
ture were known. For the purpose of analysis, a liner may be
regarded as a container filled with hot flowing combustion
gases surrounded by a casing. Between the container and the
casing flows relatively cool air. The liner is heated by radiation
and convection from the hot gas-soot mixture inside and is
cooled by radiation to the outer casing and by convection to
the annulus air. The relative proportions of the radiation and
convection components depend upon the geometry and
operating conditions of the engine; however, typically, radia-
tion accounts for 30-50% of the overall heat flux to the walls
in present-day engines. As fuels of an increasingly soot-
forming nature are used, the radiative contribution may reach
up to 80% of the total wall heat flux.

Of the four heat-transfer processes that govern liner wall
temperature, three (internal convection, external convection,
and external radiation) can be calcilated with reasonable con-
fidence. However, it is quite difficult to model the internal
radiation with the same level of accuracy. The multidimen-
sionality of the radiative field must be taken into account to
accurately predict the heat transfer to the liner walls by radia-
tion from the flame.

With the calculation schemes used today, only rough
estimates of liner wall temperature, and, hence, liner
durability, can be made. This is because the currently
available methods, which are based on a mean-beam-length
approach, can predict only average radiation heat flux at the
liner surface.! The simple methods are incapable of predict-
ing the local radiation flux within the combustor; further-
more, they cannot account for radial and axial nonunifor-
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mities of the temperature and the radiative properties of the
soot-gas mixtures. This is a serious shortcoming because the
combustor designer allocates film cooling air based on these
calculations. In the absence of accurate heat flux predictions
one must overprotect the liner. Too much cool air near the
walls, however, can reduce combustion efficiency, increase
pollutant emissions, and distort the temperature pattern at
the combustor outlet, which stresses the turbine blades. An
extensive review? of multidimensional radiative transfer
models has been given recently; therefore, it will not be
repeated here.

In this paper the radiation heat flux distributions to the
liner walls from the soot and combustion gases in the com-
bustor are calculated using the radiation heat-transfer model
devéloped recently.? This model is for finite, axisymmetric,
cylindrical enclosures and employs the first- or third-order
spherical harmonics approximations (i.e., P; or P; approx-
imations, respectively). The governing equations of the
model are elliptic partial differential equations solved using
an accurate finite difference scheme. The model accounts for
the inhomogeneities in the temperature of the medium, the
wall temperature, and the radiative properties of the
medium, such as extinction coefficient, single scattering
albedo, etc. Earlier validation studies have shown that if the
smallest optical dimension of the medium is greater than 0.5,
the accuracy of the method is better than 90%. Therefore,
this radiative heat-transfer model is quite appropriate for ob-
taining improved understanding of radiative heat transfer in
a gas-turbine combustor. By performing sensitivity analyses
on a typical gas-turbine combustor model, the authors have
determined which operating parameters have the greatest ef-
fect on radiative transfer within the combustor and on radia-
tion flux to the liner walls.

In the literature there are several experimental works on
gas-turbine combustors. Najjar and Goodger* found that
flame radiation to the liner increased negligibly for soot con-
centrations above 25 g/m3?. Kuznar et al.’ concluded that
fuels of higher carbon-to-hydrogen ratio gave a higher heat
flux to the wall and a higher wall temperature. They
measured a lower gas temperature, however, near the wall
‘when burning the low-hydrogen fuel. Claus et al.® deter-
mined that the effect of lower hydrogen fuels was an in-
crease in soot, but this increase was less noticeable at higher
pressures and at large axial distances from the injector. Ex-
perimental results have at times been contradictory. A fre-
quent cause of this has been the interdependence of various
parameters on one another. To isolate the effects of
temperature and soot concentration on the radiative heat
flux at the liner, then, has been a major goal of this work.
As will be seen, some of the chosen profiles for soot and
especially temperature would be unlikely to occur in an ac-
tual combustor. We have used them, nonetheless, because
they clearly illustrate the sensitivity of flame radiation to
isolated model parameters and provide improved under-
standing of radiation transfer in a combustor.

Analysis
Formulation

The gas-turbine combustor is modeled as an axisymmetric
cylindrical enclosure containing radiatively participating

Zo

Fig. 1 . Typical gas-turbine combustor: ry =6.69 cm, z, =45.7 cm.
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gases and soot particles. Cylindrical enclosures have one ad-
vantage in that, for practical purposes, they may be con-
sidered to be axisymmetric. As a result, the radiative transfer
equation (RTE) is to be solved in two dimensions rather than
three. ]

For an absorbing, emitting, and anisotropically scattering
gas-particle mixture in local thermodynamic equilibrium, the
time-independent spectral RTE for two-dimensional, axisym-
metric cylindrical enclosures is given by’

1 3 1 9 d
[‘E(EE””T %‘J"”T??) + 1]1(r,z,9,¢)

=(1-w)l,[T(r,z)]

w (27 pw S ,
+Z7T§o go 1(r,z,0,6)2(6,6;0",¢")sinf’d6’d¢ ¢}

The subscript A denoting spectral quantities in the RTE has
been left off for the sake of clarity, but it is implied. In this
equation ¢ corresponds to the difference of the azimuthal
angles, such as ¢ =¢q —¢,. The direction cosines are given

by

£=cos¢sing, n=singsinf, p=cosd )

At this point we can introduce the spherical harmonics ap-
proximation for the radiative intensity and write the RTE in
terms of moments of intensity. Details of the analysis are
given in two previous publications,® therefore, they will not
be repeated here. The introduction of the spherical har-
monics approximation reduces the integrodifferential equa-
tion, Eq. (1), to a series of elliptic partial differential equa-
tions. The P; approximation solves as many as four partial
differential equations. The solution of these equations has
been obtained numerically by an accurate finite difference
scheme using a general computer code ELLPACK.? the
ELLPACK code was developed at Purdue University and is
a proprietary, general elliptic, partial differential equation
solver. The accuracy of the finite difference scheme used is
O(Ar2 +AzZY).

Physical Model

In order for this analysis to be comparable to experimental
data from an actual gas turbine, operating conditions from
such an engine were applied to the computational model.
Mean temperature and soot profiles were taken from the
work of Najjar and Goodger.* In their experiments they
measured flame radiation from several different fuels, three
of which were selected for this study: kerosene, a modern jet
fuel; R2S, a blend of 75% gas oil and 25% residual fuel oil;
and RS0, a 50/50 mixture of gas oil and residual fuel oil.
Their combustor was of the same dimensions as the cylinder
used in the present analysis (see Fig. 1). The different fuels
yielded different soot and temperature distributions, see Fig.
2. These profiles were obtained by curve-fitting to the .x-
perimental datd reported by Najjar:!?

It is generally accepted that at pressures found within a
gas-turbine combustor, emission from water vapor and car-
bon dioxide is much less than the continuous emission from
the soot particles. In this paper, then, only soot emission is
considered. The soot absorption coefficient can be obtained
from Mie theory!! in the small particle limit using the com-
plex index of refraction data. However, for many different
soot samples, the following approximate relation holds!?:

0. =1(f,/N) &)

Starting from this expression, Planck’s absorption- coeffi-
cient for soot has been calculated at several temperatures,
and a curve-fitted polynomial ¥ (7) has been obtained that
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is given as
3
¥(T)= ), dT 0
i=0

where

dy= —0.253475 x 10* d, =0.272464 x 10

dy= —0.928538 x 102 dy=0.123273x 1073
This expression is in very good agreement with the calculated
values (within 2% in the temperature range of 400-2400 K).
Then, the temperature-dependent mean absorption coeffi-
cient is given as

kps =1, ¥(T) =7(C;/p)¥(T) ()

where p is the density of soot particles, taken as 1.65 g/cm3.
Note that this value is based on experiments, and its use is
‘more reasonable than a value of p=2.0 g/cm?, which is
closer to the density of pure graphite.!?

The radial distributions of temperature and soot concen-
tration were not available from the experimental work.*° In
order to examine the effect of radial wvariation of
temperature or soot concentration on the radiative flux
distribution, the following function was employed:

P(X)zc(l_xl/k)r‘avg (6)
where I' corresponds to either temperature 7 or soot concen-

tration C,, the subscript ‘“‘avg’ stands for the radially
averaged values, and C is the coefficient, such that

— - (_1)1 n! ]—l/n ~
= [7-2 Li/k+1] (n=i! M

This coefficient is obtained from the definition of mean
value as

1 1/n
Pua= [, P00 ®

The value of k is the order of the polynomial curve. In this
study & values of 0 and 4 were chosen for temperature,
while 0, ¥4, and 2.0 were selected for soot. For the soot con-
centration profile the exponent 7. is taken as 1, whereas for
the temperature distribution »n is taken as 4. In Fig. 3, one
radial profile for the temperature distribution and two pro-
files for the soot concentration are shown graphically.

It is recognized that the Planck mean may not be the most
appropriate absorption coefficient for predicting radiative
transfer in the combustor on the gray basis; however, if the
gray medium approximation is not made, the calculations
will have to be performed on a spectral basis. In view of the
fact that the temperature and radiating species concentration
distributions are not known precisely, use of the approxima-
tion appears to be justified.

Results and Discussion

In this study several parameters are investigated. The first
is soot concentration, which accounts for variation in the
sooting tendency of the burning fuel. Values range from one
typical of a nonluminous flame to one for a very yellow
flame, which has a high soot concentration. The second
parameter is the combustion product temperature, which af-
fects the radiative flux in two ways: 1) the absorption coeffi-
cient of the soot formed and 2) the emitted blackbody flux
of the medium. In practice this is brought about by a change
in the fuel-to-air ratio or a change in combustor inlet condi-
tions. The third parameter studied is the radial temperature
profile. A single fuel injector produces a hot, centrally
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located core of flame gases surrounded by relatively cool
gases; multipoint atomizers, on the other hand, give more
nearly uniform temperature distributions. Finally, the effect
of the liquid fuel droplets on scattering of radiation has been
examined. Other parameters have been investigated too,
namely, wall emissivity and liner temperature distribution.
For a wide range of reasonable values of these parameters,
however, their effects on radiative heat transfer were not
significant; therefore, for the sake of brevity they are not
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Fig. 2 Axial temperature and soot concentration distributions for
kerosene, R25, and R50 fuels.
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Fig: 3 Normalized radial profiles for temperature and soot concen-
tration. For temperature, n =4; for soot concentration, n=1: 1-k=0
(radially uniform), 2-k = V3, and 3-k=2.0,
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discussed in this paper. Their values were fixed at the follow-
ing: T7,,=923 K and ¢=0.8. ‘

It is recognized that not only the average temperature and
radiating species (soot, CO,, H,O, and fuel droplets) but
also their axial and radial distributions as well as the radia-
tion properties of the combustor walls affect radiative
transfer in the combustor. Unfortunately, detailed distribu-
tions of these parameters do not appear to have been deter-
mined; therefore, plausible distributions of the important
model parameters (i.e., temperature and soot) have been
postulated for this investigation. Parametric calculations
were then performed to determine the sensitivity of radiative
transfer in a combustor to these important model parameters.

Effects of Radial Temperature Distribution

In Fig. 4, the radiative fluxes to the cylindrical walls
calculated for uniform and radially varying (profile 2 of Fig.
3) medium temperatures are compared. The temperature
profile impacted wall heat flux in several significant ways. A
medium of uniform temperature produced more than twice
as large a radiative flux at the liner walls at peak, as did the
tapered profile of the same average energy content. Note
that here the soot concentration was assumed to be uniform
for both temperature distributions; however, the absorption
coefficient of the medium varied with the temperature for
the tapered profile, while remaining constant for uniform
temperature. A direct result of this was the unexpectedly
higher radiative flux from kerosene than from the R25 and
RS0 blends, at peak, when the temperature profile was
nonuniform. In practice such a nearly uniform soot concen-
tration profile, though unlikely, might come about if the
film cooling air of the combustor penetrated into the com-
bustion zone sufficiently to quench the soot oxidation pro-
cess. A cloud of soot would then blanket the liner wall; fur-
thermore, for the fuel of higher C/H ratio, this cloud would
be more strongly absorbing. It would, therefore, actually
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Fig. 4 Effect of fuel type and radial variation of temperature on the
radiative heat flux distribution on the cylindrical wall (K refers to
kerosene): solid line, radially uniform temperature; dashed line,
radially variable temperature.
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keep the wall cooler than kerosene’s soot. Only if this
blanket remained quite hot as it flowed downstream would it
overtake kerosene’s hot core of soot as an emitter. This is
just what R50 has been shown to do (Fig. 4).

The effect of radial temperature profile on the radiative
heat flux distribution at four axial locations is shown in Fig.
5 for kerosene and R50 fuels. For the uniform temperature
profile, the radiative heat flux became larger toward the wall
because of the strong emission of radiation by the combus-
tion products in the vicinity of the cylindrical walls. Of
course, a high soot concentration is undesirable in the engine
exhaust; the point here, though, is that the designer should
observe that a reduction in the film-cooling airflow greatly
intensifies the heat flux to the liner wall, the intensification
being more pronounced for sootier fuels (see Fig. 5). This
demonstrates the importance of the properties of the com-,
bustion products in the region near the wall.

The time-averaged energy equation for the combustion
gases can be expressed in the following general form:

div(pDd) =div(Tygradéd) — divg"” ©)

where the time-averaged variable ¢ could stand for stagna-
tion enthalpy, U the velocity vector, T, the effective diffu-
sion coefficient accounting for turbulence, and g" the radia-
tion flux vector. It is clear that determination of the
temperature distribution in a combustor requires knowledge
of the radiative flux divergence, div §’. In order to obtain a
feel for the magnitude of the radiative contribution to the
overall thermal energy balance some results are given in Fig.
6. The results show that the divergences are quite large,
negative in some and positive in other regions of the com-
bustor. This suggests that the interaction between convection
and radiation could not be neglected when calculating the
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Fig. 5 Effect of type and radial variation of temperature on the
radiative heat flux distributions at four axial locations (K refers to
kerosene): solid line, radially uniform temperature; dashed line,
radially variable temperature.
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Fig. 6 Effect of fuel type and radial variation of temperature on the
divergence of radiative heat flux distributions at four axial locations
(K refers to kerosene): solid line, radially uniform temperature; dashed
line, radially variable temperature.

temperature (enthalpy) distribution in the combustor. The
results of Fig. 6 further demonstrate the importance of the
radial and axial temperature distributions on the radiative
flux divergences. The divergences are strongly dependent on
the soot concentration and temperature distributions in the
combustor, particularly in the region near the wall. Indeed,
this is where film cooling effects are most pronounced in an
operating combustor.

Effects of Radial Soot Concentration Distribution

In Figs. 7 and 8, the effect of radial soot concentration
distribution on the radiative heat flux distributions to the
cylindrical wall as well as in the medium is shown. Just as
the total energy along a diameter was held constant for the
different temperature profiles, so the total soot volume frac-
tion was maintained for three different radial profiles of soot
concentration (see Fig. 3). In all three cases given in Fig. 7,
the temperature was assumed to be uniform. Because the
total soot concentration was always the same, an increase in
the centerline concentration necessarily created a decrease in
the value near the wall. The consequence of the tapered pro-
file, then, was to increase the radiative heat flux at the wall.
The reason for this was that the soot cloud near the cylin-
drical walls exhibited less self-absorption. In effect, the wall
received irradiation from deeper within the cylindrical com-
bustion chamber, and the radiative flux increased as the liner
wall was approached. For values of k ranging from % to 2.0
the effect on the order of the polynomial soot curve was less
than the effect of the change in total soot volume fraction
with a change in fuel type (see Fig. 2).

Figure 8, which depicts the radial radiative flux distribu-
tions at four axial locations in the medium for kerosene and
R50 fuels, shows that for the radially varying soot profile the
heat flux increased dramatically toward the wall. The reason
for this was that the thinner soot cloud near the cylindrical
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Fig. 7 Effect of fuel type and radial variation of soot concentration
distribution on radiative heat flux distribution on the cylindrical wall
(K refers to keroseme): 1-k=0 (radially uniform), 2-k =15, and
3-k=2.0.
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Fig. 8 Effect of fuel type and radial variation of soot concentration
distribution on radial radiative heat flux distribution at four axial
locations (K refers to kerosene): solid line, radially uniform (k =0);
and dashed line, radially nonuniform (k=2.0).
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wall absorbed much less of the wall-bound emission than
that of the uniform distribution.

Effect of Scattering by Fuel Droplets

The effect of scattering of radiation by liquid fuel droplets
just downstream of the atomizer has been examined. The
evaporation distance for the central, conical spray was 6 cm,
and the Sauter mean diameter of the droplets was assumed
to be 25 um. The single-scattering albedo was obtained as a
function of equivalence ratio, and it was noticed that it may
have a value between 0.5 and 0.9. The analysis related to
scattering coefficients is summarized in the Appendix. Even
with liberal estimates for all of the parameters considered,
the effect of scattering by spray had a very small effect on
the radiative flux distributions. This is mainly because of the
small volume of the spray, which occupies only a fraction of
the combustor volume. From this we can conclude that, for
all practical purposes, the effect of scattering by droplets on
radiation heat transfer in gas-turbine combustors can be
neglected.

Comparisons with Other Data

The results of Claus et al.,% if interpolated slightly to
match the present inlet conditions, agree to within 10% of
the predictions for the nonuniform temperature profile and
kerosene fuel for k=1'. In contrast to the predictions,
however, they found that the sootier fuel resulted in a higher
radiative flux to the wall than did the cleaner fuel. This
probably indicates a minimal penetration of film cooling air
such that the soot concentration was not uniform across the
diameter of the combustor.

The predictions, when compared to the data of Najjar and
Goodger,* are in poorer agreement for the tapered
temperature profile. These authors, however, admitted that
cold pockets along the diameter of observation lowered their
radiative flux measurements. On the other hand, the radial
temperature profile used here is somewhat arbitrary.
Therefore, some discrepancy was expected. Again, the
measured flux increased with increasing C/H ratio, pointing
out that a uniform radial soot concentration profile, although
useful heuristically, did not arise in the actual combustor.

Manufacturers of gas-turbine engines typically treat the
wall heat flux as the sum of the radiative and convective
fluxes. The radiation can be estimated with a mean-beam-
length method,'® while the convection is calculated via a
modified Nusselt analysis.!* The base data for the mean
heat-transfer calculations and the results for the three dif-
ferent fuels, burning at P=10 atm and at a uniform, peak
temperature, are given in Tables 1 and 2.

In Table 2, the average radiative heat flux calculated from
the P, model is given as a range for each fuel rather than a
single value. The lower limit of each range corresponds to a
uniform distribution (profile 1) of soot, and the upper limit
corresponds to the radial profile 3, as shown in Fig. 3. Note
that the radiative fluxes calculated from the mean-beam-
length (global) method for kerosene are in agreement with
the P;-model results. However, this may be fortuitous; the
mean-beam-length method is not expected to yield accurate
radiative transfer predictions if there are significant radial
temperatures and soot concentration variations in the com-
bustor. Also, the simple approach is not able to predict the
local radiative flux to the liner wall. Another important dif-
ference between the radiative heat fluxes calculated from the
model and the mean-beam-length method is that the former
is resolved into positional and directional values. These vary
by up to 100% from the average values, and the portion of a
combustor liner that has the greatest heat flux must be
designed to withstand that intense heating. A one-
dimensional (‘“‘plug flow’’) analysis could be employed. Such
an analysis may predict maximum radiative heat fluxes but is
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Table 1 Base data for mean heat-transfer calculations
(P=10atm, T, =923 K, ¢=1.0, ¢,=0.8, r'npz =0.4 kg/s)

Fuel C/H €g Tg, K
Kerosene 6.48 0.602 2150
R25 6.95 0.677 2210
R50 7.13 0.695 2250

Table 2 Radiative and convective heat fluxes, kW/m?

Mean calculations P; model
Fuel q élonv q rl;\d qlf;d
Kerosene 606 571 441-717
R25 658 731 441-681
R50 700 811 526-795

likely to be poor in regions where the flame temperature is
low and radiative transfer from hotter regions is important.

Conclusions

Based on the analysis presented and the results obtained,
the following conclusions can be drawn:

1) A radially uniform temperature distribution resulted in
more than twice the radiant wall heat flux at the point of
maximum intensity as did a center-peaked profile of the
same total energy. This means that in order to calculate
radiative heat flux in a gas-turbine: combustor accurately,
one has to know the radial distribution of the temperature in
the medium. Indeed, the radial temperature distribution had
greater impact on the total radiative heat flux than even the
type of fuel for the conditions and fuels examined in this
study.

2) For uniformly distributed soot but tapered temperature
profile, a sootier fuel may produce a smaller radiant heat
flux at the walls (compare, for example, the kerosene and
R25 results in Fig. 4). In practice, this would arise only with
poor film cooling, i.e., very high film penetration. For the
preceding reason a slight reduction in film cooling flow
could significantly aggravate the thermal stress on the liner
wall, expecially for a sooty fuel.

3) Uniformly distributed soot with uniform temperature
vielded a radiant flux 25-30% smaller than a center-peaked
soot distribution; however, soot profiles with values of &
from %5 to 2.0 in the polynomial representation of the pro-
file had little impact on the radiative flux.

4) The radiative heat flux at the liner wall is strongly af-
fected by the radial temperature and soot concentration
distributions. This suggests that accurate flux predictions will
require realistic modeling of the radial distributions of these
parameters.

5) The average radiative heat flux calculated from the P,
model compared reasonably well with results based on mean-
beam-length calculations presently used in the gas-turbine in-
dustry. The P;-model results, however, were able to pinpc at
locations of maximum radiative heat flux on the liner wall.

6) Scattering of radiation by the fuel droplets in a gas-
turbine combustor can be safely neglected for all practical
purposes.

7) A designer could implement a sensitivity analysis similar
to the one used in this paper to examine the effects of changed
fuel/air ratio, temperature pattern factor, sooting tendency,
inlet air properties, etc.

Note that all of the conclusions drawn are based on the
limited amount of sensitivity analysis described in the paper.
Before using these conclusions for any practical system, it is
recommended that a similar methodology be applied to the
particular system under consideration to obtain specific
conclusions.
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Appendix: Relation Between the Fuel
Equivalence Ratio and Scattering Parameters

If all of the fuel sprayed into the combustor does not
vaporize instantaneously, then the scattering of radiation
should be considered along with the emission and absorp-
‘tion. Since in the experiments using the Schmidt technique
only the extinction of radiation is detected, it is difficult to
separate absorption from scattering. However, in theoretical
calculations accounting for only absorption of radiation and
neglecting the scattering may yield erroneous results. In this
Appendix an analysis is presented to relate the equivalence
ratio to the single-scattering albedo by assuming that the
total extinction anywhere in the medium does not change.

The extinction coefficients, and their relations to the
single-scattering albedo w, are given as

B=0+k, w=1-«k/B (A1)
where x and o are absorption and scattering coefficients,
respectively. The scattering coefficient is related to the
number density N, such that

o=7(D}/HQ;Np (A2)
where D, is the mean droplet diameter and Q, the scattering

efficiency factor. For nonabsorbing spheres, Q, can be ex-
pressed as!!

4 4
Qs=2——sinu+—2[1 —cosu] (A3)
u u
with

u=2x(n-1=2"Pm 1 (A4

Here, x is the so-called size parameter, A the wavelength of
radiation, and » the index of refraction for the fuel droplets.

By taking A=3 um, n=1.4, and D, =25 um, it is found
that

u=20.94, Q,=1.848

Then, the number density is obtained from Eq. (A2). The
mass of fuel droplets is calculated from

my=pVNprD3/6 (A5)
and the mass of air from
=pV=PV/RT (A6)
By assuming that the spray is conical and scattering droplets
exist only for the first 5 cm of axial distance, starting from
the fuel injector, the volume is calculated to be

V=5.34x10"3m?

The density of the kerosene is 790 kg/m3. By using this, and
assuming the mean temperature is 1500 K, we get a mean ab-
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sorption coefficient of 30 m~! [from Egs. (A4) and (A5)]
for C,=17 g/m? and the single-scattering albedo is 0.5. The
number density and the mass of air and fuel are obtained as

Np=1.65x10°"m~3, m,=1.25x10"2 kg,
fy=5.70x10"* kg
Then, the fuel-air and equivalence ratios can be calculated as
Fuel/air ratio = /;/m, =FA=4.60x10"2
Equivalence ratio = ¢ = (FA)/(FA)s=0.67

For w=0.9, the same analysis gives an equivalence ratio of
1.21 which is more reasonable. This indicates that if there
are scattering kerosene droplets, then the probable range of
single-scattering albedo would be from 0.5 to 0.9. Similar
ranges would also be obtained for R25 and R50 fuels. Note
that the stoichiometric fuel/air ratios (FA), for kerosene,
R25, and RS50 fuels are 6.87, 6 99, and 7.04x10-2,
respectively.*
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