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Abstract

Absorption and scattering spectral efficiency factors for spherical semi-transparent fuel droplets are approximated by simple analytical
expressions as functions of imaginary and real parts of the complex index of refraction and the diffraction parameters of droplets. These
expressions are applied to the modelling of thermal radiation transfer in Diesel engines. On the basis of the P-1 approximation, which is
applicable due to the large optical thickness of combustion products, various ways of spectral averaging for absorption and scattering
coefficients are suggested. Assuming that the concentration of fuel droplets is small, the scattering effects are ignored and the analysis is
focused on approximations for the absorption coefficient. The average absorption coefficient of droplets is shown to be proportional to arﬁ b,
where ry is the droplet radii, and a and b are quadratic functions of gas temperature. Explicit expressions for @ and b are derived for diesel fuel
droplets in the range 5—-50 wm and gas temperatures in the range 1000—3000 K. The expression for the average absorption coefficient of
droplets is implemented into the research version of VECTIS CFD code of Ricardo Consulting Engineers. The effect of thermal radiation on
heating and evaporation of semi-transparent diesel fuel droplets is shown to be considerably smaller when compared with the case of black
opaque droplets. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The contribution of thermal radiation to the heat transfer
processes in Diesel engines has been widely discussed in the
literature. In most models suggested so far, the contribution
of thermal radiation heat transfer was taken into account via
the absorption coefficient or emissivity of the multiphase
medium, the value of which was a priori specified depend-
ing on soot concentration [1-9]. The contribution of fuel
droplets per se to the process of thermal radiation transfer
has been largely ignored. This assumption is justified when
the overall energy balance in Diesel engines is considered
[10], but it overlooks the effect of heating of droplets by
thermal radiation which can contribute significantly to the
process of droplet evaporation. The latter problem has been

* Corresponding author. Tel.: +44-1273-642677; fax: +44-1273-
642301.
E-mail address: s.sazhin@brighton.ac.uk (S.S. Sazhin).

considered in a number of monographs and papers including
Refs. [11-16].

The models suggested so far for radiative exchange
between fuel droplets and gas can be subdivided into two
main groups: those which take into account the transparency
of droplets in the infrared range [11,12,14,15] and those
which assume that droplets are grey opaque spheres
[13,16]. The first group of models leads to a more accurate
description of the process when compared with the second
group of models, but at the expense of simplicity of formu-
lation and computer efficiency. This complexity is not
always justified in the multidimensional modelling of
combustion processes in Diesel engines where the effects
of thermal radiation are always secondary, when compared
with conduction and convection (cf. modelling of the
ignition process in a Diesel engine without the contribution
of thermal radiation reported in Ref. [17]). Hence the inter-
est in the second group of models, which are less accurate
but can be more computer efficient.
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The model suggested in this paper takes into account the
transparency of fuel droplets but its formulation is
considerably simpler when compared with the previously
suggested models. This will allow us to attain a reasonable
compromise between accuracy and computational efficiency.
This is particularly important for the implementation of a
thermal radiation model into a multidimensional com-
putational fluid dynamics (CFD) code designed to model
combustion processes in Diesel engines. Basic theory and
approximations of the model are discussed in Section 2. In
Section 3 the results are applied to the modelling of the
processes of heating and evaporation of individual diesel
fuel droplets where the contribution of thermal radiation is
expected to be particularly important. The main results of
the paper are summarized in Section 4.

2. Theory and approximations

The spectral radiation transfer equation for unpolarized
radiation in a gas medium with particles of different sizes
can be written in the form [14]:

OVI(r, ) + apexy\(7, )
= 3 T [ 1 000 A0+ o BT
- an

+ D Baropy Br(T). (1

where I, is the radiation intensity at a given point and at a
given direction, d{2 is the solid angle near the direction (2,
a Mgas is the absorption coefficient of gas, aﬂ\(dmp) and

O (drop) are absorption and scattering coefficients of the
ith droplet per unit volume, ayexy = a A(gas) + Z(a Adrop) T

s ,\(dmp)) is the extinction coefficient, f; is the scattering
phase function of the ith droplet, B,(Ty;) is the Planck
function defined as [18]

G

BaTyo) = TN [exp(Co/(ATyi) — 117

C, = 3.742x 10* Wum*/m?, C, = 1.439x 10* um K.
A is the wavelength in pm.

In the presence of s00t a, (4, includes the contributions
of both gas and soot.

Eq. (1) can be simplified if we assume that f; can be replaced
by a sum of isotropic component and the component
describing ‘forward scattering’ (transport approximation:
see Ref. [14])

filpo) = (1 — @) + 4mi,;6(1 — po), (2)
where w, = €, i; (asymmetry factor of scattering) is
defined as

Bi= 4= @20 ac.
4

Having substituted Eq. (2) into Eq. (1) the latter equation
can be simplified to

OVI(r, ) + apg I\ (r, ) = :\(H) L) + Agas)BA(Ty)

+ > dyaropBAT): 3)

where
ING = JIA(r, 0)d0.

Tonry = D ol @ropy(1 — ;) is the transport scattering

coefficient, @y = a(gas) + 2 @raropy day = A1 T Torqun

is the transport extinction coefficient of the medium.
Integration of Eq. (3) over all solid angles gives

Vg, = 4w{aA<gas>BA<Tg> +> aa<d,op)BA<Ti)} — a\I}(r). (4)
where
q)\ = J])\(r, Q)Q d.Q

is the spectral radiation flux.

Eq. (4) will be analysed based on the so called P-1
approximation, widely used for analysis of thermal radiation
transfer in Diesel engines [4,16]. In this approximation
q,= —1/3a )‘(U))Vlf(r) which allows us to rewrite Eq. (4)
in the form

-V VI () + a,I3(r)

A \(tr)
= 41T((a/\(gas)B)\(Tg) + Za;(drop)B)\(Ti))- (5)

Integration of both sides of Eq. (5) in the range between
Apand A, gives

Ay
—VJ VI)(r) dA + J a (r) dA
Ay SaA(tr) A

Ay .
=4m L ((a)\(gas)B/\(Tg) + Za',\(drop)BA(Ti)) dr. (6)
i 7

Let us assume that the dependence of radiation intensity
on A is close to that of a black body and introduce the
following averaged values

Ay Ay
L g (VB (T) dA L gy (IS dA
dg = ! /\2 i ! /\2 2 (7)
J B\(T,) dA J 19 da
A A
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When deriving Eq. (9) it was taken into account that
9B,
VB\(T) = —=VT.
A= —=

If the range (A,A,) is wide enough so that most radiation
energy is concentrated in it we can write

Ay
J B\(T,) dA = oT,/m.
Ay

Remembering the definition of the radiation temperature 6y
[19] we can write

Ay
J 1) dA = 40063,
Al
where o is the Stefan—Boltzmann constant.

The combination of these approximate relations and Eqgs.
(7)—(9) allows us to simplify Eq. (6) to

1_1 _ _
gvd—uvef{ +ay(Ty — 6g) + Zaﬂ?‘ — 6 =0.  (10)

Using the Marshak boundary conditions [20,21] the normal
component of the radiation heat flux at the boundaries ¢, can
be presented as

(T — )

- (/e — (112)° (i

qn
where T,, is the boundary temperature, €,, is the emissivity
of the boundary, 6y, is the radiation temperature at the
boundary; when deriving Eq. (11) it was assumed that the
boundaries are grey.

Once the distribution of Ay in the domain has been
found from Eq. (10) the thermal radiation heat flux can
be estimated as [19]

4o 4

q=

An alternative approach to the application of the P-1
model to the case when fuel droplets are present in the
system is based on the treatment of droplets’ boundaries
as any other boundaries, described by the emissivity of
droplets’ surfaces [16]. This treatment makes it necessary
to write Eq. (10) for gas phase only and impose the Marshak
boundary condition (11) at the droplets’ surfaces. The
driving force behind this approach was to treat droplets in
exactly the same way as any other boundary with the

characteristic scale equal to the size of droplets. The down-
side of this approach, however, is that in the case of
optically thin medium the Marshak boundary conditions
can lead to a considerable overestimation of the radiation
flux near the surface of the sphere (cf. Figs. 15—11 in Ref.
[21]) (this however, can be corrected by adjusting the value
of €,). This approach cannot take into account the effect of
droplets’ scattering, which can dominate the absorption.
Also, the semi-transparency of droplets in infrared range
cannot be incorporated into this approach. Since both these
effects have to be taken into account in the mathematical
modelling of the interaction of thermal radiation with
droplets, our analysis will be based on Eq. (10).

The values of aﬂ\(dmp) and o Adropy Tor individual droplets
can be estimated as [14,22]

ﬂri,»

) . .
{ al)\(dmp)’ O-‘é)\(drop)} = —V {Qai(A), eri(/\)}s (13)

where Q) and Qg( ) are absorption and transport scatter-
ing efficiency factors for ith droplets, V is the volume of the
computational cell (over which the summation in Eq. (4) is
performed).

The values of Q) and Qir,-( ) can be calculated using the
Mie scattering theory [14,22,23]. However, remembering
the relatively minor role which thermal radiation plays in
the heat balance in Diesel engines, an attempt to find reason-
ably accurate approximate expressions for Q,; and Q% will
be made below.

An approximate expression for Q, have been
suggested in the form [22]

exp(—27) 1 — exp(~27)
T; 2712 ’

Quiy = 1 + (14)
where 7; = 2kx; is the optical thickness of liquid droplets,
is the index of absorption of liquid droplets, and x; =
2mrg;/A is the diffraction parameter of droplets.

Approximation (14) is valid for spherical droplets when
x> 1, |n— 1| < 1 (n is the index of refraction), and k <
1. Remembering that k = k)A/4m, where k) is the absorp-
tion coefficient [24], we can simplify the expression for 7; to
T = karai-

In the case of large optically soft cylinders one can write

Qi = 1 — exp(—27). (15)

As will be shown later approximation (15) is applicable to
spherical droplets in a certain range of indices of refraction.

To assess the range of applicability of approximations
(14) and (15) the predictions of these formulae are
compared with the predictions of the Mie theory for k =
0.01 and a range of values of n. The results are shown in
Fig. 1. As can be seen from this figure, approximation (14) is
acceptable for the case when n = 1.01, but turns out to be
poor for other values of n. On the other hand, for n in the
range 1.3 = n = 1.5, the simple approximation (15) gives
reasonably accurate results.
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Fig. 1. Absorption efficiency factor (Q,;) versus diffraction parameter (x;) as predicted by Eq. (15) (thick solid), Eq. (14) (thin solid), and the Mie theory for
n=1.01 (dotted), n = 1.1 (dashed), n = 1.3 (short dashes), and n = 1.5 (long dashes) for the index of absorption k = 0.01.

In Fig. 2 predictions of Eq. (15) are compared with the
predictions of the Mie theory in a wider range of para-
meters k and x; typical for diesel fuel droplets. As
follows from this figure, the error introduced by
Eq. (15) is typically less than about 10% which is
acceptable for practical applications to modelling
combustion processes in Diesel engines.

Restricting the analysis to the case when x; is sufficiently
large (x; > 10) we approximated Q;r,m by the following
expression:

where

A=1— (1.

q L)z[l + 2(1.5 — n) exp(—200k)].
K

(logyo
Approximation (16) is certainly not unique. The power
dependence of Qg-( ) On x;, however, is convenient for inte-
gration of this function for a polydisperse spray.

A comparison between the predictions of Eq. (16) and the
results predicted by the Mie theory for the same values of
parameters as in Fig. 2 is shown in Fig. 3. As can be seen
from this figure, Eq. (16) gives a reasonably accurate
approximation for in( » for k = 10~2. In the case of smaller
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Fig. 2. Absorption efficiency factor (Q,;) versus diffraction parameter (x;) as predicted by Eq. (15) (thick solid), and the Mie theory for n = 1.3 (short dashes),
and n = 1.5 (thin solid) for k = 0.01, k = 0.002, and k = 0.001 (indicated near the curves).
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Fig. 3. Transport efficiency factor of scattering (Q%) versus diffraction parameter (x;) as predicted by Eq. (16) for n = 1.3 (thick solids), and n = 1.5 (thin
solids) and the Mie theory for n = 1.3 (long dashes), and n = 1.5 (short dashes) for k = 0.01, and k = 0.0001 (indicated near the curves).

k the error introduced by Eq. (16) increases. In all cases,
however, approximation (16) describes the main features of
Q;ri( v and gives a correct value of its order of magnitude.

Note that the error of approximation (16) for polydisperse
systems of fuel droplets would be less than that for
monodisperse droplets (this follows directly from Mie
calculations which are not presented in this paper). Approx-
imations (15) and (16) can be used in the limited range of
parameters. This range, however, includes the range of para-
meters appropriate for modelling combustion of fuel in
Diesel engines.

The dependence of k on A in the range (0.2 pm, 16 pm)

for diesel fuel is shown in Fig. 4. Comparing Fig. 4 with the
corresponding figure for n-decane presented in Refs. [25,26]
one can see that in both cases the peaks of absorptivity near
A =4 pm and A =8 have been observed. A number of
peaks in diesel fuel spectra cannot be easily identified and
can be related to various additives. Based on the results
reported in [25,26] we can conclude that n changes in the
range from 1.1 to 1.8 for wavelengths in the range (2 pm,
16 pm). As a zeroth approximation we will assume that n =
1.45. We can anticipate that the range of n for diesel fuel is
similar, although we were not able to perform direct
measurements of these parameters.

3 -

logyo K

-7 T T T
6

8 10 12 14 16

Wavelength, A/um

Fig. 4. Index of absorption of diesel fuel versus wavelength A.
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The choice of A and A, can be made based on the wave-
length at which the intensity of thermal radiation is maxi-
mal, the availability of data for k and the level of absorption
of infrared radiation. This wavelength at which the intensity
of thermal radiation is maximal can be found from the
Wien’s displacement law [18]

c
Aoy = T: 17)

where C; = 2897.8 wm K, A, is measured in pm.

The value of A, is taken equal to 1 pwm. Although the
level of radiation at A < 3 pm can be substantial its contri-
bution to the absorption by the droplets is expected to be
small due to small value of k (see Fig. 4). The value of A, is
taken equal to 6 wm. At larger A the intensity of radiation is
expected to be small. Note that the model developed in
this paper is not applicable to the case when the wavelength
is greater than the droplets’ diameter. Hence, the contribution
of the waves with wavelengths greater than 6 wm would
restrict the range of applicability of the model.

As follows from Fig. 4, the index of absorption
approaches 1 at A close to 4 wum. At the same time our
approximate expressions are strictly valid for k = 0.01.
We may ignore the limitation k = 0.01 in the case of k <
0.02 — 0.03. In the case of k > 0.1, the dependence of Q,;
on the diffraction parameter is usually non-monotonic and it
is not described by Eq. (15). The range of A when « > 0.1,
however, is rather narrow and we do not expect that ignor-
ing this limitation would introduce a substantial error in the
final results after the integration over all A.

Our analysis will be based on Eq. (10). In this equation
we assume that ag, which is mainly controlled by soot, is a
priori given or taken from the experiment. The combination
of Egs. (8), (9) and (13) allows us to present expressions for
a; and d, in the forms

Ay
w || vty ar

a =~ : (18)
J’ B\(Ty) dA
A
A B/\(Tg) C2
J)\] — exp /\_Tg dA
g = (19)

A )
[REEm

A Adya ATg

2

where @) = Gygas) T D % [Quiyy + Qi s gas 1s the
absorption coefficient of gas and soot (assumed to be
independent of A as the zeroth approximation: cf.[27]).

When deriving Eq. (19) dB,/dT has been presented in an
explicit form.

As a zeroth approximation we can assume that a, (g, >
S fn'rﬁi/V[Qai(,\) + ng]. This allows us to replace d; by
gy, Where the main contribution to d,,s comes from soot.

This assumption is justified for the parameters correspond-
ing to a diesel spray.

Remembering Eq. (15) and the definition of B,, expres-
sion for @; can be presented in a more explicit form

2
_ Tl

) A, 20
a; (20)

where

( 8mKry; )
exp|———
J/\z p A

n ALexp(C/(ATy)) — 1]

A=1-

21

JM dA ’
A M[exp(Cy/(AT,)) — 1]

the value of C, has been defined earlier.

As follows from Eq. (20), the maximal values of @ =
(mri)/V are achieved when « is sufficiently large over the
whole spectral range. For small k, a; is expected to be close
to zero. For effective implementation of the expression for
a; into a CFD code we need to find a reasonably accurate but
simple approximation of the function A(ry;, Ty).

This approximation is expected to be applicable to
numerical modelling of the processes of heating and
evaporation of diesel fuel droplets, which are the integral
part of the diesel combustion processes. Radii of these
droplets are expected to be mainly less than 50 pm
[28,29]. Gas temperature is not expected to exceed about
3000 K.

Taking into account the function «(A) shown in Fig. 4,
and having tried various approximations we have found that
the best approximation for A in the ranges 5 < ry; = 50 pum
and 1000 K = 7, = 3000 K is provided by the function

AO = arg,», (22)
where

a = 0.095268 — 0.049415(T,/1000) + 0.0072018(Tg/1000)2,

b =0.38947 + 0.13089(T,/1000) — 0.014647(Tg/1000)2.

T, is measured in K, ry; is measured in pm.

The contribution of thermal radiation for 7, < 1000 K is
negligibly small in most cases. As can be seen, a decreases
about five times when T, increases from 1000 to 3000 K.
The dependence of b on T}, is much slower: it increases from
about 0.51-0.65 when T, increases from 1000 to 3000 K.

The comparison between the plots A(ry;) and Ay(ry;) for
T, in the range between 1000 and 3000 K is shown in Fig. 5.
As can be seen from this figure, the coincidence between the
plots appears to be almost ideal. This enables us to apply,
with confidence, A, instead of A for numerical computa-
tions of the processes of heating and evaporation of fuel
droplets as part of the combustion process in Diesel engines.
Some specific applications of this approach will be
considered in Section 3.
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Fig. 5. Plots of A versus r; (solid) and A versus ry; (dotted) for T, = 1000 K (curve 1), T, = 1500 K (curve 2), T, = 2000 K (curve 3), T, = 2500 K (curve 4)

and T, = 3000 K (curve 5). ry is in pm.

Note that the plots Ay and A are not reliable at ry; <
6 wm. However, since the relative contribution of droplets
with rq; < 6 wm is small in Diesel engines, it is not expected
that this restriction will effect the results of computer
modelling of combustion processes in Diesel engines in a
significant way.

3. Applications

To illustrate the importance of the effects described in
Section 2, expression (20) for a;, with A = A, as defined
by Eq. (22), has been implemented into the research version
of VECTIS CFD code. This code was developed by Ricardo
Consulting Engineers with particular attention given to the
requirements of automotive applications. It combines the
Eulerian gas flow model and the Lagrangian spray model.
It uses Cartesian grid with local refinements and all equa-
tions are solved in three dimensions.

A single droplet has been placed in the centre of a cube
filled by a hot gas, the temperature of which was taken equal
to the temperature of the walls. The droplet was not moving
and no initial gas flow has been specified. The size of the
domain ensured that the average gas temperature remained
almost constant; the grid size has been set equal to 0.5 mm.

Values of parameters typical for Diesel engine have been
taken: gas pressure p has been taken equal to 6 MPa, droplet
initial temperature and diameter have been taken equal to

300 K and 50 pum, respectively, the temperature of gas has
been taken equal to 1500 K. Plots of droplet temperature
and diameter as functions of time are shown in Fig. 6a
and b. These plots refer to the cases when the effects of
thermal radiation are ignored altogether, when the thermal
radiation is accounted for based on Egs. (20) and (22) (semi-
transparent droplets), and when thermal radiation is
accounted for based on Eq. (20) with A = 1 (black opaque
droplets). As follows from Fig. 6a, the effect of thermal
radiation on semi-transparent droplets is noticeably smaller
when compared with this effect on black opaque droplets. In
the case of black droplets their temperature reached the
critical value of 726 K for diesel fuel when their diameter
dropped to about 25 wm. This effect has not been observed
in the case of semi-transparent droplets when the tempera-
ture remained subcritical all way through (until droplets
evaporated). The difference between black and semi-
transparent droplets is even more clearly seen in Fig. 6b.
The initial increase of droplet diameters is due to droplets’
thermal expansion. For realistic semi-transparent droplets
the effects of radiation would lead to a small (about 3%)
decrease of their evaporation time when compared with the
case without thermal radiation. Note that in the case when
Marshak’s boundary conditions were imposed on the
droplet surfaces, the effect of thermal radiation could
become even stronger when compared with the black
droplets (A = 1). Hence, this approach would lead to even
less accurate prediction of the effect of thermal radiation on
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Fig. 6. Plots of droplet temperatures versus time (a) and droplet diameter versus time (b) for the cases when the effects of thermal radiation have been ignored,
taken into account based on Egs. (20) and (22) (semi-transparent droplets), and taken into account based on Eq. (20) with A = 1 (black opaque droplets). The
initial droplet temperature and diameter are taken equal to 300 K and 50 pm, respectively, the gas (air) temperature and pressure are taken equal to 1500 K and

6 MPa, respectively.

realistic semi-transparent droplets when compared with
black droplets.

Results similar to those shown in Fig. 6 have been
obtained for other temperatures in the range 1500-2500 K
and droplet diameters in the range 20—50 wm. As expected,
the effects of thermal radiation and the difference between
the cases of black and semi-transparent droplets became
more prominent for larger droplets and larger gas tempera-
tures. Based on these results we could conclude that thermal

radiation leads to a more rapid heating of semi-transparent
droplets and reduction of their evaporation times. These
effects, however, are considerably weaker than similar
effects for black opaque droplets.

4. Conclusions

(a) Simple analytical expressions have been suggested to
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approximate absorption and transport spectral efficiency
factors for spherical semi-transparent droplets. These
expressions have been shown to be in reasonable agree-
ment with the predictions of the Mie theory.

(b) These expressions have been used for calculation of
average (over wavelengths in a given range) absorption
and transport coefficients. The latter, in turn, have been
used in the P-1 model, which has been applied to the
modelling of the thermal radiation transfer in Diesel
engines in the presence of liquid fuel droplets.

(c) Assuming that the concentration of droplets is small
and the absorption of the soot-laden mixture is large, the
effects of droplets on thermal radiation transfer has been
reduced to the exchange of radiative energy between
droplets and gas.

(d) The average absorption coefficient of droplet has been
approximated as a function proportional to ari™?, where
rq is the droplet radius, a and b are polynomials of the
second order of gas temperature. Explicit expressions for
a and b have been found for diesel fuel droplet radii in the
range 5—50 pm and gas temperatures in the range 1000—
3000 K.

(e) The average absorption coefficient in this form has
been implemented into the research version of VECTIS
CFD code of Ricardo Consulting Engineers with the P—1
thermal radiation model. It has been shown that the effect
of thermal radiation on heating and evaporation of realis-
tic semi-transparent diesel fuel droplets is considerably
smaller when compared with the case when droplets are
approximated as black opaque spheres. This means that
the latter approximation, sometimes used in numerical
modelling of radiative transfer between droplets and gas
can be poor and needs to be replaced by the approxima-
tion suggested in the paper. This approximation combines
the simplicity and reasonable accuracy required for
modelling thermal radiation transfer within the frame-
work of numerical modelling of combustion processes
in Diesel engines.
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Appendix A. Measurements of the index of absorption of
diesel fuel

The index of absorption of diesel fuel has been measured
in ultraviolet, visible and infrared regions. The ultraviolet
and visible parts have been investigated using Unicam
‘HENOS B’ UV-visible spectrometer (model 2.03) in a
quartz cell with optical path equal to 1 cm in the range
0.2-1.2 pm. The infrared part of the spectrum has been
investigated using FTIR (Fourier transform infrared)

spectrometer Perkin—Elmer 1720-X with the 4 cm ™' resolu-
tion in the range of 7200-600 em ! (1.39-16.7 pm) in
NaCl cell of 0.011 mm optical path. Due to strong absorp-
tion in the ranges 3.3-3.6 and 6.8—6.9 um diesel fuel has
been diluted with carbon tetrachloride and the necessary
correction for this dilution has been made.

All measurements have been carried out at room tempera-
ture. The index of absorption in ultraviolet and visible
regions is almost independent of temperature, whereas in
the infrared region additional ‘hot bands’ may appear at
high temperatures resulting in the overall increase of
absorption [30].
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