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A numerical simulation of soot formation
in spray ames

By H. Watanabeyz, R. Kurosez, S. Komoriz AND H. Pitsch

A two-dimensionalnumerical simulation is applied for spray ames formedin alaminar
courter o w, and soot formation behavior is studied in terms of equivalenceratio and
radiation in detail. N-decane (C19H>22) is used as a liquid spray fuel, and the droplet
motion is calculated by the Lagrangian method. A one-stepglobal reaction is employed
for the combustion reaction model. A kinetically basedsoot model with amelet model
is employed to predict soot formation. Radiation is takeninto accourt using the discrete
ordinate method. The results show that the soot is formed in the spray di usion ame
regionand its radiation emissionincreaseswith an increasein the equivalenceratio of the
droplet fuel. This trend is in good agreemen with that of the luminous ame behavior
obsened in the experiment. The radiation is found to strongly a ect the soot formation
behavior. Without the radiation model, the scot volume fraction is fatally over-predicted.

1. Intro duction

Spray combustion is utilized in a number of engineeringapplications suc as energy
conversion and propulsion devices. It is, therefore, necessaryto precisely predict the
spray combustion behavior in designingand operating the equipmert suc as a gastur-
bine combustor and diesel engine. Howewer, since the spray combustion is a complex
phenomenonin which dispersion of the liquid fuel droplets, their evaporation, chemical
reaction of the fuel vapor with oxidizer, etc. take place interactively and simultaneously,
the underlying physics governing these processesave not beenwell understood.

Kurose and colleagueqgKurose et al. 2004;Nakamura et al. 2005;Watanabe et al. 2006)
have performed numerical simulations of spray ames formed in a laminar cournter o w,
and investigated the behavior of the spray ames in terms of droplet group combustion
and amelet modeling in detail. In Nakamura et al. (2005), it was mertioned that the
behavior of diusion ame originating from the droplet group combustion is similar to
that of the luminous ame obsened in the experiment (Hwang et al. 2000) becausesoot
is mainly formed in the diusion ame. However, since no soot formation model was
employed in their computations, the exact soot formation mechanism was not discussed.

In recert years, seeral studies on soot formation using a kinetically basedsoot model
with amelet model have beenreported. The amelet model is usedto give the concen-
trations of precursorsof soot, which are minor chemical speciesand therefore obtained
by solving a number of equationswith many chemical species.lt is believed that acety-
lene (C,H>) or polycyclic aromatic hydrocarbons (PAH) can be the precursors. Pitsch
et al. (2000) investigated the soot formation in a C,H4 jet diusion ame using a PAH
inception model. Wen et al. (2003) evaluated the model dependenceon the soot forma-
tion betweenthe C,H, and PAH inception modelsin their kerosenget ame simulation.
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Figure 1. Schematic drawing of the computational setup.

These studies show the applicability of the amelet model to predict the soot formation
in gaseoudi usion ames.

The purposeof this study is to perform a numerical simulation of spray ames with soot
formation, and investigate the e ects of equivalenceratio of droplet fuel and radiation
on the soot formation. A two-dimensional numerical simulation of spray ames formed
in a laminar counter o w is examined. A one-step global reaction is employed for the
combustion model of the liquid fuel (n-decane,C1oH22). The amelet model is employed
to determine the concerration of the precursor of soot. The radiative heat transfer is
calculated using the discrete ordinate method with Sg quadrature set.

2. Computational setup and numerical methods
2.1. Computational setup

The computational setup for spray ames in a laminar counter o w is designedto match
the experiment by Hwang et al. (2000). The computational domain consideredin this
study is shown in Fig. 1. The dimensionsof the computational domain normalized by the
diameter of the burner ports L, which are located on both the upper and lower sides,are
1 and 2 in the x and y directions, respectively. The origin of the computational domain
is located at the certer of the upper port. N-decane(CyoH22) is usedas the liquid fuel.
From the upper port, atmosphericair (T = 300K, P = 0:1013MPa, and oxygen mass
fraction Yo, = 0:2357)is issuedat 05 vy 0:5, and pure n-decanespray is injected
at 015 vy 0:15. From the lower port, premixed atmospheric air and vaporized
n-decaneis issuedat 05 vy 0:5 to stabilize the spray ame. The uid velocity
issuedfrom the upper and lower ports are the same.

For the combustion reaction model, a one-step global reaction model (Westbrook &
Dryer 1984),

31
CioHoo + ?Oz I 10CO, + 11H,0; (2.1)
is adopted.

2.2. Governing equations

In this study, a kinetically basedsoot model is employed to predict the soot formation.
As a precursor and oxidizers of the soot, acetylene (C,H,) and OH radical and O, are
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chosen,respectively. The concenrations of C,H, and OH radical are determined using
the steady amelet model, as described later.

The governing equations directly solved for the gaseousphaseare mass, momertum,
energy and mixture fraction consenation given as

%+@@?uj:sm; 2.2)
%+ @@j(Uin"’P i i) 9i= Su; (2.3)
y "
G, @ . @  ~ @ _ o
@+@j ujh & +k=1 hi( Dk)@j = Sp; (2.4)
%-‘_ @((?(quk Dkg{r): Scombu;k +SYk; (2'5)
%+ @?(ujz ngj)=32; (2.6)

where u; is the gaseousphasevelocity, is the density, P is the static pressure, is the
stresstensor, g; is the gravitational force, h is the speci c total enthalpy, isthe gaseous
thermal di usivit y, and hy, Yi, and Dy are the speci ¢ enthalpy, the massfraction, and
the massdi usion coe cien t of the k-th species,respectively. j is the Kronecker delta
function. Z is the mixture fraction, which is introduced for the amelet model. The
diusion coecient of Z, Dz is given by diusion coe cient of the mixture. For Yy,
v e major chemical species(O,, N,, CO,, H,0, and C1gH ;) are solved. The gasphase
density, is calculated from the equation of state for an ideal gas.

The sourceterms S; due to interactions between gaseousand disperse phaseare ex-
pressedusing the total number of droplets Ny existing in the control volume of the
gaseousphasecalculations,

Sm = i\/%d d@% (2.7)
Sy, = ivxd mdfl(ui Ug:i ) + %Ud;i ; (2.8)
Sh= i\/%d %%(mdud;i Ugi) + Qq + %hv;s + Qrad (2.9)
8
X

Sy, = i iv d %; if k= F (fuel); (2.10)

' 0; otherwise;

!
S, = L X dmg : (2.11)

+ Y02 ;air V dt

wheremy is the droplet mass,uy; is the droplet velocity, V is the volume of the cortrol
volume for the gaseousphasecalculation, and hy.s is the evaporated vapor ernthalpy at
the droplet surface.Qq and Q; 5¢ are the heat transfers for the convection and radiation,
respectively. Yo,.air is the massfraction of oxygen in air. The sourceterm Scompuk N
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the equations of the speciesconsenation is expressedusing the combustion reaction rate
per unit volume Rg as follows:

Scombu;k = n_—RF ; (2-12)

whereny and ng are the molar stoichiometric coe cien ts of the k-th speciesand the fuel
for the one-stepglobal reaction (positive for the production side), respectively. Wy and
WE are the molecular weights of the k-th speciesand fuel, respectively.

The fuel droplets are tracked individually in a Lagrangian manner. It is assumedthat
the density of the droplets is much larger than that of the contin uousphasesud that only
the drag and the gravity are signi cant. The e ect of uid shearonthe uid force acting
on the droplets is neglected (Kurose & Komori 1999). Furthermore, droplet breakup,
collision, and denseparticulate e ects are neglected(Ham et al. 2003).

Concerningthe vaporization of droplets, a non-equilibrium Langmuir-Kn udsen evapo-
ration model is chosen(Miller & Bellan 1999). The Lagrangian droplet equationsfor the
position xg; , velocity ug;, temperature T4, and massmgq are given by

dXg:i
d(:’L = Ugi; (2.13)
dug:i f
dcti" = (U ug)+ g (2.14)
d
dTy _ Qu+ (dmg=df)Ly + Qra
dt MqCp;d
= & N f_2 (T To)+ i dﬂ L_V+ 1 Ag (1 Té‘) ; (2.15)
3Pr Cpd d my dt Cpd Mgy Cp;d
dmd _ Sh My .
s ﬁ—dln(l + Bwm): (2.16)

Here, T is the gaseoustemperature, ¢, is the specic heat of mixture gas, c,q is the
speci ¢ heat of the liquid, Ly is the latent heat of vaporization at Tq. 4 is the particle
responsetime, and By, is the masstransfer number. f1; and f, are the corrections of
the Stokesdrag and heat transfer for an evaporating droplet, respectively (Kurose et al.
2003). A4 is the projected area of the droplet, 4 is the particle emissionfactor, and
is the Stefan-Boltzman constart. The radiation intensity | is calculated by the radiative
transport equation. The details of the numerical procedureis described in Nakamura et
al. (2005) and Watanabe et al. (2006).

2.3. St formation modeling

The transport equationsof the soot number density N and the massdensity M are given
as

@ @ @

-+ —(U; D.—

@ @] ( J S @J

where Ds is the di usion coe cient of the soot, and represets N or M. Here, N and
M are given by

)=S; (2.17)

N =Na n; M= wm; (2.18)
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respectively. N4 is the Avogadronumber (6:022 10?°kmol !). The sourceterms for
and j canbe expressedas

1 dN dN
+

Sy = — —_— —_— ; 2.19

" Na dt I nc: dt Coa: ( )

Sy = & d7N + dﬂ + di'VI : (220)
Na dt I nc: dt Gro: dt Oxi:

where Mp is the massof a soot nucleus, and has a value of 1200 kg/kmol (based on
the assumption that the soot size corresponds to 100 carbon atoms). The inception,
coagulation, growth, and oxidation rates are calculated in the soot formation model.

A simpli ed soot inception model basedon C,H, concerration (Leung et al. 1991)is
usedin this study. The inception rate is given by

d_N = &N Y(;ZH2 e 21100 :
dt | We,hH,

wherec; = 54s ! (Brookes& Moss 1999).

The coagulation of soot particles is assumedto be proportional to the particle collision
frequency The collision frequencyis determined by the sizeof the particles and the mean
free path of the surrounding gas. The coagulation rate is given by (Puri et al. 1993)

(2.21)

nc:

dN 2R ¥ g 1
dt

TY2M PON T, (2.22)
Coa: soot Na soot
where R is the universal gasconstart, and oy = 2000kg=m?.

The soot growth model on the surfaceis basedon C,H, concerration (Frenklach et
al. 1984;Harris et al. 1988). The growth rate is given by

#

L, M
— ——22 N)E T ; 2.23
dt Gro: ¢ WCz H2 ( ) soot ( )

dMm _ YC2 H, e 12190

wherecs = 90006 kg m=(kmol s).
The OH radical and O, are consideredasoxidizers in soot oxidation (Neoh et al. 1981,
Leeet al. 1962). The soot oxidation rate is given by

dM YoH 1= 1 BM
el = & —/—7IT N T
dt oy ° Won (n) soot
v ) M 28
G 0, e 191_78 T 1_2( N )1—3 : (224)
WO2 soot

where = 0:13,cs = 10581 kg m=(kmol K**? s), and cg = 890351 kg m=(kmol K ).

The concerrations of C,H, and OH radical are determined using the steady amelet
model. In this model, the concerrations of C,H, and OH radical at ead position in
physical spaceare identi ed by examininga amelet library, which is obtained by solving
aone-dimensionalamelet equationin Z space.As parametersto relate the physical space
with the Z space,Z and scalar dissipation rate ,

= 2Dsjr Zj?; (2.25)

are used. The one-dimensionallaminar n-decane/air di usion ames are calculated in a
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counter o w con guration using the commercial software CFX-RIF. A reduced chemical
kinetic medhanism with 112 speciesand 883 elemenal reactions is consideredfor the
amelet library (Ansys, Inc. 2005). In solving the Z equation (2.6), the transport of Z
originated from the premixed fuel from the lower port for the stabilization of spray ames
is neglected.

2.4. Radiation modeling

The radiativ e heat transfer is basedon the discrete ordinate method (Fiveland 1988).
The balanceof energy passinga speci ed direction through a small di erential volume
in an emitting-absorbing medium can be written as follows:

ri() = ( + )ir) + 1p(r); (2.26)

where | (r; ) is the radiation intensity, which is a function of position and direction,
Ip(r) is the intensity of a blackbody radiation at the temperature of the medium, and
and are the absorption and scattering coe cien ts of the medium, respectively.
is calculated using RADCAL (Grosshandler 1993), a detailed narrow-band model. Sg
quadrature approximation, which correspondsto 80 uxes, is usedto solve for the discrete
ordinate directions. The radiativ e transport equation is iterativ ely solved with the energy
consenation equation (2.4). The heat sourceby the radiation is given by
z

Qiad = Id T4 (2.27)
4

2.5. Computational details

The governing equationsfor the gaseougphase(Egs. (2.2) (2.6), and (2.17)) are solved
by a nite volume method using the SIMPLE algorithm. The calculation domain (0

X 1, 1 vy 1) is divided into 200 400 equally spacedcomputational cells in
the x and y directions, respectively. The spatial integration is approximated by a fourth-
order certral di erence schemeand the time integration is performed via a fully implicit
method. The equations of droplet behavior (Egs. (2.13) (2.16)) are integrated using a
second-orderAdams-Bashforth scheme.

The computations are performed for the strain rate of a = 40 s ! and the initial
droplet size, the Sauter mean diameter (SM D), of 1067 m. The initial droplet size
distribution is obtained by the Phase Doppler Anemometry (PDA) measuremen The
strain rate is de ned asa ratio of the inlet gaseousvelocity up and the distance between
the upper and lower port L, (a 2up=L;). To investigate the e ect of the equivalence
ratio, three computations are performed for | = 1:26; 0:84; and 0:63 (corresponding
to CasesRE1, RE2, and RE3, respectively) with the radiation model. The equivalence
ratio is de ned asaratio basedon the total massof the droplets and air issuedfrom the
upper port. In addition, to investigate the e ect of the radiation on the soot formation,
a casewithout the radiation model (CaseE1) with the samea, |, and SM D conditions
for CaseREL is computed. Here, four di erent casesshavn in Table 1 are examinedin
this study. The initial velocity of droplets is the sameasthe uid velocity. The Reynolds
number basedon the burner port diameter (L, = 0:02 m), the uid velocity (up = 0:4
m=s), and cold air properties is 500. The spray ames stabilized by the planar premixed
gas ame issuedfrom the lower port are examined. Computations are run 350 ms (0:1
ms 3;500time steps. The CPU time required for ead caseis approximately 20 hours
on AMD Opteron PC.
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Case Equivalenceratio [-] Strain rate [s '] SMD [ m] Radiation

RE1 1:26 40 1067 Yes

RE2 0:84 40 1067 Yes

RE3 0:63 40 1067 Yes
El 1:26 40 1067 No

Table 1. Casespreserted.

3. Results and discussion
3.1. Genenl features

Figure 2 shows the instantaneousdistributions of (a) the gaseougemperature T, (b) the
soot volume fraction Vs, and (c) the ame index F I, for CaseRE1. White dots indicate
the location of the droplets. The parameter F| is usedto distinguish between premixed
and di usion ames, and de ned as (Yamashita et al. 1996)

Fl=r Y(:mH22 r YOZ: (31)

F1 becomespositive for premixed ames and negative for di usion ames. The high
temperature region formed by burning the fuel from the liquid phaseis obsened in the
center of the ow eld in Fig. 2(a). The number of droplets coming from the upper port
rapidly decreasesn the high temperature region. This indicates that the droplets are
vaporized mainly in this region. It is found that the high soot volume fraction is formed
in the upper part of the high temperature region (Fig. 2(b)). The high soot volume
fraction region also corresponds to the location where the diusion ame originating
from droplet group combustion is formed (Fig. 2(c)) (Nakamura et al. 2005).

Figure 3 shavsthe time averagedpro les of (a) the gaseoudemperature T, the mixture
fraction Z, the soot volume fraction Vs, and the evaporation rate of droplets S,,, (b) the
mass fractions of the soot precursor and oxidizers Yy, and (c) the sourceterms of the
soot massdensity Sy, respectively. It is found in Fig. 3(a) that rst, there are main
preheat and evaporation layersat 0:25 x=L, 0:3. Then the fuel droplets ignite and
T increasesto its maximum value. As T increases,S,, increasesand readesits peak
value. SinceZ produced by the evaporation is transported downstream (in the direction
of larger x=Lp) and keepsgrowing by droplet evaporation, the peak of Z is located
downstream of the peak of S;, in the region where the evaporation rate goesto zero.
Howevwer, the location shawing the peak value of Vs corresponds to that of Z, and the
shape of the pro le of Vs is similar to that of Z. The massfraction of OH radical, Yoy,
has two peaksaround at x=L, = 0:35 and 0:5, and the peak values of the massfraction
of CaH2, Ye,H,, and the total soot formation rate appear betweenthe two peaksof Yon
(Figs. 3(b) and (c)). The oxidation rate has a negative peak value upstream of the peak
of Yc,H,, and is almost zero downstream. This is becausein this downstream region,
oxygen has beenalready consumedby droplet group combustion.

3.2. E e ct of equivalene ratio

To investigate the e ects of equivalenceratio of the liquid phasefuel, the computations
are compared among three casesof | = 1:26; 0:84, and 0:63 (corresponding to Cases
RE1, RE2, and RES3, respectively). Figure 4 shavs the comparison of the instantaneous
distributions of (a) the gaseoustemperature T, (b) the ame index FI, (c) the soot
radiation emissionEsg, and (d) photographstakenin the experiment (Hwang et al. 2000).
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Figure 2. Instantaneous distributions of (a) gaseoustemperature T, (b) soot volume fraction
Vs, and (¢) ame index F1, for Case REL.

Figure 3. Time averagedpro les of (a) gaseousemperature T, mixture fraction Z, soot volume
fraction Vs and evaporation rate of droplets Sp, (b) massfractions of soot precursor and oxidizers
Yk, and (c) sourceterms of soot massdensity Sy , for Case REL.
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Figure 4. Instantaneous distributions of (a) gaseoustemperature T, (b) ame index FI, (c)
soot radiation emission Es, and (d) experiment's photographs, for | = 1:26; 0:84, and 0:63
(CasesRE1, RE2, and RE3, respectively).

Es, de ned as

Es= Vs T% (3.2)
can be compared with the luminous ame since the brightness of the luminous ame
is proportional to the radiation emissionfrom the soot. As | increases,both the high
gaseougemperature and di usion ame regionsbecomelarge (Figs. 4(a) and (b)). It is
alsofound that Es signi cantly increaseswith increasing | (Figs. 4(c)). This trend isin
good agreemenm qualitativ ely with that of the luminous ames obsenedin the experiment
(Figs. 4(d)). Actually, in the experiment, the luminous ames for CaseRE1 are obsened
constartly, while those for CaseRE3 are obsened intermittently.

Figure 5 shaws the time averagedpro les of (a) the gaseoustemperature T and the
evaporation rate of droplets Sy, and (b) the soot volume fractions Vs and massfractions
of CoH2 Ye,H,, respectively. Only a small di erence in the peak valuesof T can be ob-
served among CasesRE1, RE2, and RE3 (Fig. 5(a)). However, Vs increasesdramatically
as | increases(Fig. 5(b)). This is due to the increaseof Yc,n,, namely the production
of the precursor of the soot becomesmarked with increasing S, .

3.3. E e ct of radiation

To investigate the e ect of the radiation, the two caseswith and without the radiation
(CasesREL and E1, respectively) are compared. Figure 6 showvs comparisonsof time
averagedpro les of (a) the gaseougemperature T and the evaporation rates of droplets
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Figure 5. Time averagedpro les of (a) gaseoustemperature T and evaporation rate of droplets
Sm, and (b) soot volume fraction Vs and massfraction of CoHz Ye,u,, for | = 1:26; 0:84, and
0:63 (CasesRE1, RE2, and RE3, respectively).

Figure 6. Comparison of time averagedpro les of (a) gaseoustemperature T and evaporation
rates of droplets Sn, and (b) soot volume fraction Vs and massfraction of CoH2 Yc,n,, between
the casesof with and without radiation (CasesRE1 and E1, respectively).

Sm, and (b) the soot volume fraction Vs and the massfraction of C,H» Yc,n,. The peak
value of T is approximately 300 K higher and the fuel droplets ignite earlier for Case
E1 than that for CaseRE1 (Fig. 6(a)). Also for CaseE1l, the increaseof Sy, takesplace
earlier than that for CaseREL. This is becausethe radiativ e heat losseswhich are caused
by the fact that unburned gasand fuel droplets have much lower temperature than the
ame, are neglectedfor CaseEl.

It is found in Fig. 6(b) that Vs for CaseE1 is much higher than that for Case RE1.
This is becauseT for CaseELl is higher than that for CaseRE1, as mertioned earlier.
According to Egs. (2.21) (2.24), like for the soot inception and growth, the oxidation
rate should increasewith increasing gaseoustemperature, and therefore suppressthe
soot formation. Howewer, for the present cases,oxygen has been already consumedby
the droplet group conmbustion, for which the oxidation is not very e ectiv e. As a result,
the soot formation is increasedby neglecting radiation.

4. Conclusions

Two-dimensionalnumerical simulations were applied for spray ames formedin a lam-
inar courter o w, and the soot formation behavior was studied.

The soot is formed in the diusion ame (droplet group combustion) region and its
radiation emissionincreasedwith an increasein the equivalenceratio of the droplet fuel.
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This trend is in good agreemen with that of the luminous ame behavior obsened in
the experiment. The increaseof the soot radiation emissionis found to be due to the
increaseof the precursor (C,H») production.

It is also found that the radiation strongly a ects the soot formation behavior. The
soot volume fraction predicted without the radiation model is much higher than that
with the radiation model. This is becausethe temperature of unburned gas and fuel
droplets is much lower than the gaseousame, which decreasegshe ame temperature
and then the soot inception and growth rates through radiation.
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