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Abstract— The present study is concerned with the effect of fuel droplet size on the complex soot
process in a turbulent liquid-fuelled combustor. A hybrid Eulerian-Lagrangian method is
employed to model the reactive flowfield inside the combustor. Equations governing the gas phase
are solved by a control-volume based semi-implicit iterative procedure, while the time-dependent
differential equations for each size of the fuel droplets are integrated by a semi-analytic method.
The processes leading to soot consist of both formation and combustion. Soot formation is
simulated using a two-step model, while a finite rate combustion model with the eddy dissipation
concept is implemented for soot combustion. Also, mathematical models for turbulence,
combustion, and radiation are used to take into account the effects of these processes. Results
reveal the significant influence of liquid fuel droplet size on soot emission from turbulent spray
flames under different equivalence ratios, inlet air temperatures, and combustor wall temperatures.
The predictions show that reduction of spray droplet size considerably decreases soot emission
from spray flames.
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1. INTRODUCTION

Combustion of hydrocarbon fuels generally produces soot particles which have important technological,
environmental, health, and economic implications. It is well known that flame generated soot particles
considerably enhance radiation heat transfer [1] which affects thermal efficiencies. Deposition of soot
particles on the combustor wall reduces its durability. Furthermore, soot emission to the atmosphere from
various combustion sources contributes to air pollution levels and global warming. Also, long-term
exposure to these nanometer-size aerosols has recently been linked to severe adverse effects on human
health since these extremely small size particles can be inhaled deeply into the lungs. Finaly, soot has a
poorly understood complex relationship with other undesirable pollutants such as polycyclic aromatic
hydrocarbons (PAHs) and NOx [2]. These technological and environmental concerns emphasize the need
for adeep understanding of the soot process.

The process of soot evolution from hydrocarbon fuels consists of complex chemical and physical
steps, including fuel pyrolysis, formation of polycyclic aromatic hydrocarbons, particle inception,
coagulation, surface growth, carbonization, agglomeration, and oxidation [3]. Many authors have
investigated the effect of different parameters on soot emission experimentally and numerically [4-6].

Typically, flames of liquid fuels have greater soot emission than the gaseous fuels which is a direct
result of the diffusion character of these types of flames. Therefore soot process in these types of flames
must be considered more precisely. The soot process in spray flames is closely related to atomization,
penetration, heating up, and evaporation of droplets. This makes the study of soot formation in spray

“Received by the editors September 5, 2005; final revised form February 26, 2006.
**Corresponding author



340 I. Zahmatkesh / M. Moghiman

combustion a challenging task. Although many authors have investigated spray structure and combustion
inside spray flames [7-9], the effect of droplet size on soot formation and emission is not well studied and
documented up to now. The only available work goes back to the experimental investigation of Lefebvre
[10] which has reported the establishment of a very rich primary zone for the lower size droplets that
increase soot formation there. The aim of the present work is the prediction of soot emission from
turbulent spray flames and the investigation of the effect of spray droplet size on fuel penetration,
evaporation, combustion, and soot formation. The computations are conducted under different operating
conditions including various equivalence ratios, inlet air temperatures, and combustor wall temperatures.

2. THEORETICAL FORMULATION
a) Physical system and assumptions

The physical system refers to the evaporation and combustion of a continuously injected liquid fuel spray
in a combustor. The air enters the combustor with a swirl while the liquid fuel is sprayed on it. The
following assumptions have been made in the present study:
o Thefuel spray is considered to consist of afinite size range, with the size distribution specified
by the Rosin—-Rammler function.
e A one-way interaction model is used for the gas flow and the droplets trgectory analysis. That
is, it isassumed that air carries the droplets, but they have no effect on the air flow.
e Buoyancy forces are neglected.
o Effects of virtual mass force and Basset force on the droplets are not considered due to high-
density ratio between the phases.
e Thereisno nucleation, collision, break-up, coagulation, or micro-explosion of the droplets.
e Thedroplets do not take part in radiative energy exchange.
e Theliquid fuel is considered to be cetane.

b) Numerical model

The numerical model is based on a typica Eulerian gas phase and a Lagrangian droplet phase
formulation. Since a one-way interaction model is used for the gas flow and the droplets tragjectory
analysis, the air flowfield is first evaluated while the results are used for the evaluation of the droplets
trajectories.

1. Gas phase conservation equations: The average gas phase equations are as follows:
Continuity:

ou 10 :

—+=—(rv)=S 1
6x+rar( ) @
Momentum:
1| 0 0 op > 10 —— 0, ==
—|—(rpuu) +—(rpuv) | = —+ uVu———(rpu'v)——(pu'u 2
r[ax(pu) ar(pu)} P a2 (o) - (i) @
1| 0 0 0 v, 10 -— 0, /. 1 —
—[—(rPUV)JF—(rpVV)—PWZ}Z——p+ﬂ(V2V+—2)———(rPVV)——(PUV)——PWW ©)
r| ox or or r ror 19)4 r
1| o 0 w, 10 —_— 0, — 1 —
—[—(rpuw)+—(rpvw)+pvw}=u(v2w——2)———(rpv'w')——(pu'w')——p VW (4)
r| ox or r ror OX r

Iranian Journal of Science & Technology, Volume 30, Number B3 June 2006



Effect of liquid fuel droplet size on soot emission from... 341

In view of the inability of the k —& model to cope with anisotropic flows [11], the turbulent stresses are
calculated from an algebraic stress model [12]. Also, a conventional wall-function approach is used in the
near-wall region to bridge the viscous sublayer in such a way that the first grid points from the walls be
located in aregion with an appropriatey™ .

Energy:

[ o o , 16, — & .
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The energy source term (éh) has two components. One of which is the net energy absorbed by the
exchange of radiation which is evaluated from Gosman and L ockwood [13]
§h =2ax[R, +R, — 2E, | (6)

Where, R, and R, arethe radiant fluxes determined by the solution of two differential equations
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The second component in the energy source term is the energy generated due to chemical reaction.
The energy addition due to combustion is determined in consideration of a single step, irreversible, global
reaction between the fuel vapor and oxygen following afinite rate chemistry as.

CygH a4 +24.50, —16C0, +17H,0 (9)
In this study, the reaction rates that appear as source terms in species transport equations (Eq. (12)) are
computed by using the eddy dissipation concept [14].

y & .
S;= ApEmm[mFsF,mOX] (10)

The gas phase equations are completed by the ideal equation of state which determines the
distribution of density as:

p:%{z%} (11)

]

This assumption is appropriate since the high temperatures associated with combustion generally result in
sufficiently low densities for ideal gas behavior to be a reasonabl e approximation.

Individual species conservation:
1[ o 0 > 16, — 0, — *
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In this study, the species conservation equation is solved for fuel vapor, oxygen, carbon-dioxide and
soot. The conservation equation for each species contains a source term related to the chemical reaction
which is negative for fuel vapor and oxygen, but positive for carbon-dioxide. The equation for fuel vapor
contains an additional source term to take care of the fuel mass evaporated from the droplets. The
influence of soot formation and combustion on, respectively, fuel and oxygen mass fractions is accounted
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for by a sink term added to the conservation equation of each of these species. A source term due to soot
combustion is added to the CO, conservation eguation.

Soot Formation

The soot process consists of both formation and combustion. Since the capability of the soot model
proposed by Tesner et al. [15] has been widely accepted [16-17], in this study the formation of soot is
calculated by this model. The model solves two transport equations, one equation for particle
nucl eation/combustion, and the second for soot formation/combustion.

The source term for the nuclel transport equation is the net rate of nuclei generation and is given by

Sy =SNF-SNc (13)

Where, the rate of nuclei formation depends on the spontaneous formation and branching processes,
described by

S,k =1+ pl(F —G)my = Agomym] (14)
Here

o = Aop"mE exp(~E/RT) (15)

The rate of nuclei combustion is assumed to be proportional to the rate of soot combustion

SN,c=Ss,cm—N (16)
Mg

Where the soot combustion rate ( és,c ) isgiven by Eq. (19).
Also, the source term for the soot transport equation (S ) is calculated according to

5.5 ZéS,F—éS,C (17)
Where

Ss.F = pM(a - fpmg)my (18)
The rate of soot combustion (oxidation) is calculated by the Magnussen and Hjertager model [14]

5.0 = ApZmin ms,&&} (19
k Sg MgSg + MESE
The effect of soot, which is usually the dominant radiating species in hydrocarbon-fueled flames [1],
on the radiative heat transfer inside the combustor is accounted for by using a modified absorption
coefficient (a) of the gas as:

a,, = a+bypmg[1+b; (T —2000)] (20)

2. Generation of droplet phase information: The velocity, mass and temperature history of all droplet
groups along their trgjectories are obtained from the respective conservation equations on a Lagrangian
frame similar to Sharma and Dom [18]

Droplet velocity:
The drag coefficient (Cp ) is computed following the standard drag law as given by Hinds [19]. Also, the
effect of gas phase turbulence on the droplets motion is simulated using a stochastic approach [18].
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d
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Droplet mass:
dmd 2,2
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Droplet temperature:
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Where, AH, is the enthalpy of vaporization of the liquid fuel. Mass transfer coefficient (4) and heat
transfer coefficient (h) in Egs. (22) and (23) respectively, are evaluated from

2+0.6Re]® 5c0
h=

1+B (24)
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(25)

Egs. (21), (22) and (23) are solved for V.4, m? , and T¢ respectively, with appropriate initial conditions.
The initial droplet size distribution of liquid fuel spray is assumed to follow the Rosin-Rammler
distribution function given by
exp(—bd;") —exp(-bd rrT]1ax,i )

Gl(di) B eXp(_bd rr:ﬂn,i) - eXp(_bd rr:1aX|) (26)

where G'(d;) is the mass fraction of the spray droplets having a diameter above d;. The dispersion
parameter (n) istaken as used by Saario et al. [20].

Due to Faeth [21], ten droplet group sizes, ranging from 15 to 50 um (for a spray with fine droplets)
and 50to 120 zm (for a spray with large droplets) are assumed for the calculation in the present model.

3. METHOD OF SOLUTION
a) Numerical scheme

The gas conservation equations are solved using a control-volume based computational procedure
[22]. The convective terms are discretized by the power law scheme. Pressure linked equations are solved
by the SIMPLE algorithm and the set of algebraic equations is solved sequentially with the line-by-line
tridiagonal-matrix algorithm. The convergence criterion is determined by the requirement that the
maximum value of the normalized of any equation must be less than 1x 10°°. Under-relaxation factor is
chosen as 0.3 for al dependent variables except nuclel and soot, for which 0.4 is suitable. As in the
previous work [23], this solution procedure has been modified for spray penetration and combustion, this
paper concentrates on developing it for soot formation and combustion.

b) Numerical mesh

A numerical mesh of 120x 68 grid nodes is used after severa experiments, which shows that further
refinement in either direction does not change the result (maximum difference in velocity and other scalar
functions in the carrier phase) by more than 2%. The grid spacing in axial and radial directions are
changed smoothly to minimize the deterioration of the formal accuracy of the finite difference scheme due
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to variable grid spacing and in such a way that a higher concentration of nodes occur near the inlet and
thewalls.

c) Operating parameters and boundary conditions

Because of the elliptic nature of the conservation equations, boundary conditions are specified at al
boundaries of the domain considered. The air enters the combustor with an axial velocity equal to 18 my/s.
The swirl number of theinlet air is considered as:

? 27puwr 2dr
Sw= “rz— =1.24 (27)
rZJ- 27pu’rdr
n

In this study, different inlet air temperatures are investigated. The k and ¢ profiles are specified using
uniform distributions corresponding to a free stream turbulence intensity of T, =5%. The liquid fuel is
injected at 300 K and axially with a pressure-swirl atomizer in such away that its axial velocity is 20 m/s
and its tangential velocity is 14 m/s. Different equivalence ratios are investigated by testing different fuel
flow rates. A zero axial gradient is prescribed at the outlet for all variables. Also, different temperatures
are specified on the combustor walls.

4. RESULTS AND DISCUSSION

Numerical calculations are performed for a spray combustor with an internal diameter of 0.153 m and a
length of 0.338 m. The computational procedure is first used to simulate the condition at which inlet air
temperature equals 800 K. The fuel flowrate is determined in such a way that equivalence ratio is kept at
0.5. Temperature of the walls is assumed to be 1200 K. Also, the size range of the fuel dropletsin spray is
chosen to be in the range of 50 to 120 um .

Figures 1 and 2 show the distribution of the gas phase velocity field and the temperature contours
within the spray combustor for the specified condition from the solution of the present numerical model. It
is observed from Fig. 1 that an internal recirculation zone (IRZ) is established near the central axis
upstream from the combustor. This is due to the incoming swirling flow. Sudden expansion at the inlet
also establishes a corner recirculation zone near the walls. The presence of the internal recirculating flow
helps to stabilize the flame near the axis close to the inlet, as evident from the high temperature contours
shown in Fig. 2. The flame spreads in the radial direction in the primary zone depending mainly upon the
Spray cone angle.
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Fig. 1. The gas phase velocity field inside the combustor
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Fig. 2. Temperature (K) contours inside the upper half of the combustor

The accuracy of the quantitative or even the qualitative trends of the results depends on the accuracy
with which velocity, temperature, and species concentration fields are determined from the numerical
computation. To establish the accuracy of the present study, a possible comparison between velocity and
temperature distributions predicted by the computational model is made with the experimental work of
Khalil [24] under a similar condition. It is observed that the predicted axial and tangential velocity
components agree fairly well with the experimental results (Fig. 3). The discrepancy between the two
results can be due to turbulence modeling, which shows that further works can be applied. Similar trends
can be observed from the comparison between the temperature distribution predicted by this model and
the experimental results (Fig. 4). The discrepancy can be attributed to the fundamental assumption made
in the combustion model used (Magnussen and Hjertager model [14]) which relates the rate of combustion
with turbulent energy and dissipation.
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Fig. 3. Comparison of the predicted axial and tangential velocity
distributions with experimental data
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Fig. 4. Comparison of the predicted temperature
distributions with experimental data

Figure 5 shows the trajectories of individual evaporating droplets in the upper half of the combustor.
It is seen that the smallest sizes evaporate completely in the vicinity of the point of the issue, whereas it
takes time for the larger droplets to heat up, reach the boiling point, and vaporize completely. Thus, the
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larger fuel droplets penetrate longer axial distances in the combustor. Also, some of the droplets may be so
large that they hit the cylindrical wall of the combustor before they vaporize completely [23].
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Fig. 5. Trgjectories of the fuel dropletsin the upper half of the combustor

To investigate the effect of fuel droplet size on the formation and emission of soot under different
conditions, equivalence ratios, inlet air temperatures, and wall temperatures are changed and the results for
the two aforementioned droplet group sizes are compared with each other.

Figures 6 and 7 represent the centerline distributions of fuel vapor and temperature for the two dropl et
group sizes. As it is clear from Fig. 6, using the fine droplets (ranging in size from 15 to 50 zm)
concentrates fuel vapor upstream of the combustor. Thisis due to faster heating up and vaporization of the
fine droplets (Fig. 5), which leads to an increase in temperature in the vicinity of the point of the issue
which can be observed from Fig. 7. The trends in the distributions of temperature and fuel vapor mass
fraction shown above affect the distribution of soot along the combustor as displayed in Fig. 8. The
comparison of the soot mass fraction obtained for the two droplet group sizes reveals that the fine droplets
produce higher soot in the inlet area of the combustor, while along the combustor soot formation is higher
for the large droplets. Thus, soot emission (averaged soot mass fraction in the outgoing gases) in the spray
with the large droplets is higher, which is in agreement with the results of previous studies of Leffbvre
[10].

08 1 Large droplets(50-120micron)

e Fine droplets(15-50micron)
06 L
0.4 ¥\

0.2 1

Fuel vapor mass fraction

0 0.1 0.2 0.3
X(m)

Fig. 6. Centerline distribution of fuel vapor mass fraction along the combustor
for the two droplet group sizes
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Fig. 7. Centerline distribution of temperature along the combustor
for the two droplet group sizes
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Fig. 8. Centerline distribution of soot mass fraction for the two droplet group sizes

Variations of soot emission for the two droplet group sizes under different equivalence ratios are
shown in Fig. 9. The figure reveals that under all equivalence ratios, soot emission remains higher for the
large droplets. The figure also shows a significant influence of equivalence ratio on soot emission. Asit is
clear from the figure, for fuel-lean conditions soot emission from the combustor is negligible, whileiit rises
with increase in the equivalence ratio. Due to Tesner's model (Egs. (14, 15)) soot formation exponentially
increases with temperature. Thus, the considerable reduction of temperature occurring in highly-rich
mixtures decreases the formation and emission as can be observed from Fig. 9. This fact has also been
reported in previous studies of Moghiman and his co-workers[5].

Figure 10 shows the variations of soot emission for the two droplet group sizes under different inlet
air preheat temperatures. As can be observed from the figure, although increase in the inlet air temperature
raises soot formation, the rates of increase are nearly the same for the two droplet group sizes and under
al temperatures, emission of soot remains higher for the large droplets. It is worth noting that increase in
soot formation with temperature occurs as a result of enhanced rates of chemical reactions leading to soot,
as concluded by Santoro and Richardson [25].

Figure 11 depicts the variations of soot emission for the two droplet group sizes under different wall
temperatures. The figure clarifies that under all wall temperatures, emission of soot is higher for the large
droplets. Also, increase in the temperature raises soot emission from the combustor. This matter is aresult

June 2006 Iranian Journal of Science & Technology, Volume 30, Number B3



348 I. Zahmatkesh / M. Moghiman

of the increased level of temperature inside the combustor due to radiative heat exchange and is in
agreement with the previous work of Moghiman and his co-workers in the combustion of natural gas[6].
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Fig. 9. Variations of soot emission for the two droplet group sizes
under different equivalence ratios

5.E-06
4.E-06
o i
o ]
g 4
‘E 3E06 1L ----- Fine Droplets(15-50micron)
(] 4
‘g 1
1 — | arge Droplets(50-120micron
P 2E06 & ge Droplets( )
1E06 4 —eepmm = m e = m 7T
500 700 900 1100

Inlet air temp. (K)

Fig. 10. Variations of soot emission for the two droplet group sizes
under different inlet air temperatures
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Fig. 11. Variations of soot emission for the two droplet group sizes
under different wall temperatures
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A numerical simulation of a soot process in a liquid-fuelled combustor was carried out to study the
influence of droplet size on the formation and emission of soot. This effect was investigated under
different equivalence ratios, inlet air temperatures, and combustor wall temperatures. Soot formation was
modeled by a two-step model, which predicts the generation of radical nuclei and then computes the
formation of soot from these nuclei. Also, the combustion of soot was modeled by afinite rate combustion
model with the eddy dissipation concept. Based on the presented results, the following conclusions may be

drawn:

e Droplet size has a significant influence on the soot emission from turbulent spray flames.

Effect of liquid fuel droplet size on soot emission from...

5. CONCLUSIONS

e Larger droplets produce higher soot emission than the finer ones.

e Decrease in the size of fuel droplets increases the concentration of soot in the vicinity point of the
issue but, due to faster evaporation and combustion of finer droplets, soot concentration decreases

rapidly.
e For fuel-lean conditions, soot emission from the combustor is negligible, while it rises with

increase in the equivalence ratio.

An increase in the inlet air temperature and wall temperature raises the temperature level inside the

combustor which leads to a higher soot emission.
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NOMENCLATURE

pre-exponential rate constant

absorption coefficient
modified absorption coefficient

size parameter of Rosin-Rammler
transfer number
empirical coefficient

empirical coefficient

specific heat

fuel vapor mass fraction at the particle surface
droplet diameter

effective mass diffusivity

black body radiation

linear branching-termination coefficient

enthalpy in Eqg. (5) and heat transfer coefficient in Eq. (23)
mass fraction

molecular weight

Prandtl number

radial direction

radiant flux in r -direction

radiant flux in x -direction
droplet Reynolds number

stiochiometric coeffi. [Egs. (10,19)] & scattering coeffi. [Eqgs. (7,8)]
swirl number
gas phase mass source term due to evaporation of fuel droplets

species conservation equation source term of the | th specie
gas phase energy conservation equation source term

mean temperature
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axial velocity component
radial velocity component
swirl velocity

axid direction

Greek letters

empirical coefficient

empirical coefficient

effective thermal diffusivity

molecular viscosity

gas phase density

rate of spontaneous generation of nuclel
linear termination on soot particles

Superscript

d droplet

g gas phase

Subscript

F fuel vapor

Ox oxygen

N nuclel

S soot
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