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Abstract 
One important mechanism in the growth of soot particles is to understand the role of particle charge in the coagulation of 
the particles. A previously developed model has been extended to include the coagulation of charged particles. The 
model includes neutral particles and charged particles (up to three charges). The enhancement factors for the coagulation 
between neutral and charged particles, and between like-charged particles, have been computed. These factors have been 
used in a computer code for simulating the coagulation of charged particles. The results included the predictions of the 
percentage of charged particles with different charges after the coagulation process. The simulation of the particle 
number and size evolution agrees well with published experimental data. 

Introduction 
It is well known that the addition of small amounts of 

substances of low ionization potential, such as alkali or 
alkaline earth metals, can greatly enhance ionization in 
the flame product gas; however, the effect of additives on 
flame ionization is very complex [1]. In experiments 
where metals were added to the flame by atomization of 
an aqueous solution of their salts, an increase in soot 
particle number [2] and a decrease of the soot particle size 
[2-4] resulted. Haynes et al [2] suggested that alkali metal 
ions transfer their charge to the incipient uncharged soot 
particles. The result is the electrostatic repulsion between 
the charged soot particles, and thus, their coagulation and 
coalescence are inhibited. Consequently, the addition of 
an alkali metal increases the tinal number of soot particles 
and also reduces their size [2,5]. 

Based on the qualitative analysis that the coagulation 
of charged particles is inhibited due to their repulsive 
electrostatic force [6-9] and the observations that certain 
amounts of soot particles are charged with positive 
polarity [6,8,10,11], efforts have been made to utilize this 
feature to control soot emissions. Studies on applying 
electric fields to sooting flames show a significant 
influence of these fields on the dynamics of the soot 
coagulation process [12]. A marked reduction in soot 
emissions and a decrease in particle size were also 
observed when DC or AC (14kHz) corona discharges 
were applied to a propane turbulent diffusion flame 
[13,14]. 

Since the soot particle coagulation process is affected 
by charged particles, a quantitative analysis of this effect 
is needed in order to have a better understanding of this 
process. An enhancement factor approach has been used 
to indicate the effects of charged particles on particle 
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collision rate. The enhancement factor between a charged 
particle and a neutral particle, and between the 
oppositely-charged particles has been previously 
computed [15]. The enhancement factor for like-charged 
soot particles has been approximated by a simplitied 
analysis that is only valid for the case of equal particle 
diameters [16, 17]. This approximate method has been 
used for simulating soot particle coagulation in low­
pressure flames [18, 19]. A more precise methodology has 
been proposed by considering simultaneous van der 
Waals forces, Coulomb forces, and image forces for 
monotonic or non-monotonic potentials between particles 
[20, 21]. The goal of the present work is to simulate the 
coagulation of charged particles with multiple charges. 

Model Development 
The coagulation of charged particles is modeled based 

on a previously developed coagulation model [22]. 
In this model, we have four sets of bins (components): 

neutral particles; charged particles with one charge; 
charged particles with two charges; and charged particles 
with three charges. Charged particles with more than 
three charges were neglected. Previous analysis has 
shown that the average number of charges per particle is 
in the range of 1-3 [2]. 

The model shown in Figure 1 represents the physical 
process of coagulation when including charged particles. 
There are three basic types of coagulation events: (I) two 
neutral particles coagulate forming a larger neutral 
particle; (2) a neutral particle and a charged particle 
coagulate forming a larger charged particle with the same 
charge as the charged particle before coagulation; and (3) 
two charged particles coagulate forming a larger charged 
particle with the number of charges equal to the sum of 
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the number of charges of the two particles before 
coagulation. 

In this model, six coagulation events can happen in 
parallel, i.e. the coagulation between: neutral and neutral 
particles (Event I), neutral and charged particles with one 
charge (Event 2), neutral and charged particles with two 
charges (Event 3), neutral and charged particles with three 
charges (Event 4), charged particles with one charge and 
charged particles with one charge (Event 5), charged 
particles with one charge and charged particles with two 
charges (Event 6). The mathematical description of these 
simultaneous coagulation processes is given in next 
section. The model is shown in figure I. 
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Figure I. Model of coagulation of neutral-neutral, neutral­
charged, and charged-charged (like-charged) particles 

Derivation of Equations 
Equations for the coagulation of neutral-neutral, 

neutral-charged, and like-charged particles are as follows, 
and will be discussed below: 

dn _, = -vdw· fJ· .. n . n . - ncO 1 . fJ . n . n 1 dt I" I / ,,/ I , 

- nc02 . fJ· . n . 112 - nc03 . fJ· . n . n3 
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dn. 
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where, I::; i::; M, i 5.j::; M, Vk = Vi + Vj,vlk= Vi+ vi" v2k 
= vi, + vi/" v2k = Vi + v2" v3 k = Vj + v3" v3k = vi, + v2/', 
I ::;/5.M, 15./'5.M, 

M is the number of section bins; ni is the number of 
neutral particles in size bin i; n I i is the number of charged 
particles with one charge in size bin i; n2i is the number of 
charged particles with two charges in size bin i; n3 i is the 
number of charged particles with three charges in size bin 
i; v is the volume of neutral particle; vI is the volume of 
charged particle with one charge; v2 is the volume of 
charged particle with two charges; v3 is the volume of 
charged particle with three charges; fJ is the collision 
frequency; nc is the enhancement factor between neutral­
charged particles; cc is the enhancement factor between 
charged-charged particles; vdw is the enhaneement factor 
due to van der Waals force only. 

Equation I represents the decrease of neutral particles 
in size bin i due to the coagulation events I, 2, 3, and 4, 
Equation 2 represents the decrease of neutral particles in 
size bin j due to the coagulation event I. Equation 3 
represents the increase of neutral particles in size bin k 
due to the coagulation event 1. Equation 4 represents the 
decrease of particles with one charge in size bin / due to 
the coagulation events 2, 5, and 6. Equation 5 represents 
the decrease of paJiicles with two charges in size bin / due 
to the coagulation events 3 and 6, Equation 6 represents 
the increase of particles with one charge in size bin k due 
to the coagulation event 2. Equation 7 represents the 
increase of particles with two charges in size bin k due to 
the coagulation events 3 and 5. Equation 8 represents the 
decrease of particles with three charges in size bin 1 due to 
the coagulation event 4. Equation 9 represents the 
increase of particles with three charges in size bin k due to 
the coagulation events 4 and 6. Equation 10 represents the 
decrease of particles with one charge in size bin j due to 
the coagulation event 5. 

The computation of the enhancement factors is based 
on the methodology in [20, 21]. 

Results and Discussion 
The neutral-neutral particle collision rate is enhanced 

because of van del' Waals forces. The neutral-charged 
particle collision rate is enhanced because of the 
combined van der Waals force and the electric image 
force. For the collision of like-charged particles, the 



attractive forces of van der Waals and image forces and 
the repulsive Coulomb force have to be considered 
simultaneously. The computation of the enhancement 
factors follows the approach of Huang et al. [20,21]. 

Figure 2 shows the enhancement factors between 
neutral particles and charged particles with one charge 
only. Figure 3 shows the enhancement factors between 
neutral particles and the charged particles with two 
charges. Figure 4 shows the enhancement factors between 
neutral particles and the charged particles with three 
charges. It can be seen from Figures 2 to 4 that the image 
forces affect only the coagu lation of small particles. The 
enhancement factor increases when the particle charges 
increase. The enhancement factor for large particles is 
almost the same for all three cases. and this is due to the 
fact that the charge in a large particle tends to be smeared 
so that the nature of neutral-charged particle interactions 
is similar to the neutral-neutral particle interactions. 
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Figure 2. The enhancement factor for neutral-charged 
particle collision as a function of particle diameters (dl 
denotes the charged-particle diameter with one charge, d2 
denotes the neutral-particle diameter) 
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Figure 3. The enhancement factor for neutral-charged 
particle collision as a funct ion of particle diameters (d l 
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denotes the charged-particle diameter with two charges, 
d2 denotes the neutral-particle diameter) 
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Figure 4. The enhancement factor for neutral-charged 
particle collision as a function of particle diameters (dl 
denotes the charged-particle diameter with three charges, 
d2 denotes the neutral-particle diameter) 

The coagulation of like-charged particles is retarded 
due to the Coulomb repUlsive force between particles. 
The computation of the enhancement factor of like­
charged particles is done by simultaneously considering 
the van der Waals. Coulomb and image forces. Figure 5 
shows the enhancement factor between like-charged 
panicles with one charge only. Figure 6 shows the 
enhancement factor between one-charge and two-charge 
particles. It can be seen from Figures 5 and 6 that the 
retardation of the coagulation is significant for small 
particles. If one particle is small and the other particle is 
very large. the increasing image force increases the 
enhancement factor . 
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Figure 5. The enhancement factor for like-charged 
particle collision as a function of particle diameters (d I 
and d2 denotes charged-particle diameters, one charge) 
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Figure 6. The enhancement factor for like-charged 
particle coll ision as a func tion of particle diameters Cd l 
denotes ollc-charge.pMticle diameters, d2 denotes two­
eharge.particle diameters) 

The sectional method was used in the simulation 
code with 49 size bins for each component. The computer 
code allows any number of sizc bins and any type of 
initial particle sizc dimibulions. The code was used to 
predict the experimental datn reported in [2J. 

Haynes et a1. [2J measured soot particle number and 
size evolution in premixed flames with and without metal 
additives, as shown in Figure 6 of reference {2] . The 
simulation of Flame 3 in reference [2J starts with a 
monodispersed soot panicle number density of 3E+ 11 
fcmJ and a diameter of 5.5 nm, which corresponds to the 
soot volume fraction of 2.62E-S as shown in Table 1 of 
reference [2]. The simulated duration of soot particle 
cvolut ion is the same as the measurement, which is 25 ms. 
The soot growth has been incorporated into the 
simulation. with the growth rate calculated from the 
measuremeru of SOOI volume frac tion at the end of 25 illS 

to be 8.1 OE·8 for the unseeded flame and 6.24E-8 for the 
seeded flame (with 0.1 M K atomizer solution). 

Figurll 7 shows the simulation of the soot particle 
coagulation for the unseeded fl ame (without soot panicle 
charging). At the end of 25 ms, the simulation results 
show the soot panicle number density to be 3.58 IE+9 
IcmJ , and the geometric mean particle diameter to be 
33.43 nm with geometric standard deviation of 1.22. This 
result is very close to the measurements with particle 
number density of about 3.9E+9 /cm) and particle 
diameter of about 39 nm as shown in Figure 6 of 
reference {2]. The number mean diameter is 33.10 nm, 
and the relative standard deviation (standard deviation I 
number mean diameter) a =- 0.20. 

Theoretical analysis [23J suggests that a self­
preserving size distribution will form after a long time of 
coagulation regardless of the initial particle size 
distribution, and this self-preserving size distribution is 
approximately lognormal with a geometric standard 
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deviation of about 1.32 to 1.36. Thus. at the end of25 illS, 

the soot p:lrticles has not been evolved into a self· 
preserving particle size distributions at the end of2 5 ms. 
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Figure 7. Simulation of particle number evolution for the 
case of no metal additives. 
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Figure 8. Si mulation of particle number evolution lor thc 
case of 0.1 M metal additi ves. 

Figure 8 shows the simulation of the soot panicle 
coagulation for set:ded fl ame. At the end of 25 illS the 
simulation results shows the total soot particle number 
density to be 4.675E+ IO fcm), and the geometric mean 
particle diameter to be 13.22 nm with a geometric 
standard deviation of 1.18. This is also very close to the 
measurements with the particle number density of about 
5.0E+ 1O /ellll and the p.1rticle diameter of about 13.7 nm 
as shown in Figure 6 of reference [2] . The number mean 
diameter is 13.37 nm, and the relative standard devialion 
is 0.16. Comp:lring with the unseeded flame simu lation. 
the results show thllt by charging the soot particles with 
metal addi tives, the coagulation has been impeded and 
results in higher soot panicle number density with smaller 
particle diameter. 



The simulation results for the sceded fl ame shows 
that approx imately 38% of the soot particles are charged 
assuming that the charging process occurs be fore the soot 
partieles have grown to 5.5 nm and that all charged 
part iclcs have one charge at th is point. After 25 ms, the 
majori ty of the soot particles have been charged due to the 
coagulation of ncutral particles with charged particles. At 
the end of 25 ms, 56% of the particles (number count) 
have two charges, 37% particles have three charges, 7% 
particle have one ch:lrges, and only 0.33% particles 
remain neutral. 

TIle predicted particle size distribution at the end of 
25 ms for the unseeded fl ame is shown in Figure 9. It can 
be seen that the particle size distribution has evolved into 
a lognormal distr ibution due to the coagulation process. 
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Figure 9. Particle size distribution at the end of 25 ms 
coagulation process ofncutral particles 
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Figure 10. Particle size dis tribution at thc end of25 ms 
coagulation process of charged soot particles 

The particle size distribution for the charged particles 
at the end o f the 25 ms coagulation process is shown in 
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Figure 10. As shown. the panicle size distribution has not 
evolved into lognonnal size distribution, the result of the 
reduction in the collision rate by repulsive Coulomb 
forces. 

The soot particle number and size measurements 
done by Haynes [2J was based on the assumption of a 
monooispersed particle size, and measuring the light 
scattering and absorption simultaneously. The scatter 
factor for monodispersed particles in the Rayleigh regime 
is given by 

(
27f )4 m!_ 1 2 6 

Q"" = T "/ 2 + 2 Nn~m~ I ;,oon" ( II) 

The extinction coeffi cient. k"", is given by 

{ ') (' ) 8;r- m - I J 

ka, = -- lm 2 Nn,m",rn"",a 
it. m +2 

(12) 

where. m is the refractive index of soot particles. and A is 
the light wavelength. 

Solving the equatiOllS I I and 12 simultaneously, we 
can obtain the monodispersed total panicle number and 
diameter. 

From the computer simulation results. we have 
particle size dist ribution infonnation. Thus, we ean relate 
the particle number and diameter between monodispcrscd 
and polydispersed cases. From the panicle scalier fac tor 
fonnu lation (Equation II ), we have: 

(13) 

From Equation 12, we have: 

L:. 11;r/ = Nn",,,,fnJIOI I<J ( 14) 

With the infomlation of [Jj and rj given from the 
simulation results, by solving Equations 13 and 14 
simultaneously we can obtain No""", and rmono. For the 
unseeded flame as shown in Figure 9, we have N....,.." 0: 

2.67E+9, d"""", = 38.95 nm. The ratio betwccn 
polydispersed and monodispersed particle number, 
NlNmono = 1.34. The simulation showed the number mean 
diameter is 33.1 0 nm and the geometric mean diameter is 
33.43 nm. The mtio of the gcomctric mean diameter to the 
monodispersed diameter, did"""", '" 0.86. The relative 
standard devia tion cr = 0.20. 

The above ratios are closer to uni ty for the case of the 
seeded flame. In this case. NfNmono = 1.21. and did"""", = 
0.90. 

The above results indicate that the monodisperse 
approx imation overestimated the particle diameter and 
underestimated the particle number. 

Conclusions 
Model and equations for the coagulation of charged 

particles were developed. The model includes neutral 
particles and charged particles (up to three charges). The 



enhancement factors for the coagulation between neutral 
and charged particles, and between like-charged particles, 
have been computed. These factors have been used in a 
computer code for simulating the coagulation of charged 
particles. The enhancement factors for the collision of 
neutral-charged particles and the collision of like-charged 
particles were computed. The enhancement factor for the 
like-charged particles is very small for particles with 
small diameters. 

The simulation results show that, for the seeded 
flame [2], about 38% of the soot particles are charged at 
the point where soot particles are 5.5 nm in diameter. 
Through the 25 ms coagulation process, the particles with 
two charges dominate the number density (56%). The 
neutral particle number density dropped from 62% to 
0.33%. Particles with one charge represent 7%, and the 
particles with three charges represent 37%. 

The simulation results showed a lognormal particle 
size distribution for the unseeded flame, and the 
geometric mean diameter was 33.43 nm with a geometric 
standard deviation of l.22. The like-charged particle 
collision rate was reduced due to the Coulomb repulsive 
force, thus the particle size distribution for the seeded 
flame had not yet evolved into a lognom1al size 
distribution. The coagulation of like-charged particles 
lead to a geometric mean diameter of 13.22 nm with a 
geometric standard deviation of 1.18. 

The comparison between monodispersed and 
polydispersed particle size distributions indicated that for 
the unseeded flame N/N mono = 1.34, d/dmono = 0.86, and 
the relative standard deviation is 0.20; and for the seeded 
flame, N/N l1lono = 1.21, dldmono = 0.90, and the relative 
standard deviation is 0.16. 
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