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Ultra-fine particle coagulation by Brownian motion at high concentration in pla-
nar jet flow is simulated. A Taylor-Series Expansion Method of Moments is em-
ployed to solve the particle general dynamic equation. The volume fraction gets
high value, very closes to that at the nozzle exit. As the vortex pairing develops,
the high volume fraction region rolls out and mixes with the low value region.
The enhancement factor given by Trzeciak et al. will be less than one at some
specific outer positions, which seems to be less accurate than the one given by
Heine et al.
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Introduction

Most works about particle coagulation [1-4] were carried out based on the classic
Smoluchowski theory. This classic theory cannot predict the coagulation rate of highly con-
centrated particle (e. g. the volume fraction above 1%) [5], a transition from dilute to high vo-
lume concentration may be frequently present at the industrial scale manufacture of oxide par-
ticles [6]. Several researches have carried out focusing on the influence of high particle vo-
lume concentration in the processes of coagulation [7-10]. Furthermore, Heine et al. [11],
Buesser [12], and Trzeciak et al. [13], gave out the correction overall in their works by direct
numerical simulating (DNS) the particle trajectories. Their works mainly agree with each oth-
er, and show the coagulation rate is about 2-30 times fast of that calculated by the classic
Smoluchowski theory at high concentration. But there are few deep analyses about the differ-
ent influence of these two formulas in a high concentration particle coagulation flow field.
This paper pays attention to the concentrated particles Brownian coagulation in a planar jet
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turbulence flow, and uses both of these two formulas when the simulation is proceeding, the
different high concentration enhancement factor at the same position of the flow filed will be
given out to show the details difference of the two formulas.

Mathematics formulation

In the flow filed x and y are the stream- and cross-stream direction, respectively. The
width of the nozzle L is 5 mm. The inlet velocity at the nozzle Ug is 6 m/s. The computational
domain is x x y = 20L x 20L. The control equations are solved by the large eddy simulation.
The particle general dynamic equation is adopted to trace the evolution of particles. A mo-
ment method is employed and the transformed moment equations based on the size distribu-
tion are obtained:
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where the k-th moment My is defined as:
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In classic Smoluchowski Brownian coagulation theory, the collision kernel can be
shown as [14]:

1

The classic Smoluchowski Brownian coagulation collision kernel, S. (v], v*), is ac-
curate only for particle volume concentration, f, below 0.1%. The high concentration en-
hancement correction factor given by Heine et al. [11], Buesser [12], and Trzeciak et al. [13]
are:
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We can expand the coagulation source term a‘)k* and obtain the full expression of the
moment equatiogs and the Taylor’s Expansion Moment method model [15-19] is utilized. The
source terms @, in eq. (1) is:
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Results and discussions

)

The turbulence intensity is given to be 5%, and the Smoluchowski model constant
Cs=0.1. The SIMPLE scheme is used. The dimensionless time step At is 0.024. The fluid is iso-
thermal at T = 288 K. The particle distributes always keep monodisperse with the initial size of
do = 100 nm. When focusing the effect of the high concentration, the initial volume concentra-
tion fg is given as 0.1%. M is the particle volume fraction. Figure 1 shows M; at T = 2000.
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Figure 1. Particle volume fraction distribution

It’s observed that the volume fraction gets high value, which very closes to that at
the nozzle exit. As the process of vortex pairing goes on, the fluid in high value (of M;) region
is rolled out, elongated and mixed with that in low value region. The volume fraction is rela-
tive higher at the kernel region of the vortex than at the interface of mixing layer at the down-
stream. When the jet flow is developing on, the pairing vortexes always tend to transport the
particle from upstream to downstream, from the core region to the mixing layer of jet, and
make the volume fraction distribution much more uniform. Figure 2 gives out the comparison
of the two correction factors at different flow positions when T = 2000. The nozzle exit is lo-
cated at y = -1 to 1. Because the two factors are calculated at the same time, their patterns are
basically consistent with each other at the same positions. The factors both show sudden
drops from the nozzle exit region to outer field at x < 5 shown in fig. 2(a). When the flow
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going downstream, the high factor value region extends and approaches to two times in the
width of the nozzle exit as shown in fig. 2(b). It can be found that all the curves calculated by
Heine’s equation are less steep than those by Trzeciak’s equation. When |y| > 2 and |y| keep
increasing, the factor value calculated by Heine’s equation approximates to one, which is the
classic value, but always larger than one. In the opposite side, the curve calculated by Trze-
ciak’s equation will traverse the Classic value line, ¥ = 1, when |y| is large enough. It means
that at these positions, the high concentration influence is not “enhance” any more, but “wea-
ken”, which seems to be less accurate than the one given by Heine et al. [11].
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Figure 2. Different y at the different flow positions when dimensionless time T = 2000; (a) x = 1 to 10,
(b)x=121t0 18

Conclusions

Particle volume fraction is only influenced by the flow transportation and particle
diffusion but independent on particle coagulation. The volume fraction gets high value in the
centerline core region. The pairing vortexes always tend to make the volume fraction distribu-
tion much more uniform. The enhancement factor given by Heine et al. [11] and Trzeciak et
al. [13] are basically consistent with each other at the same flow positions. But the Trzeciak
factor will be less than one at some specific outer positions, which seems to be less accurate
than the one given by Heine et al. [11].

Acknowledgment

This work is supported by National Natural Science Foundation of China (Grant No.
50976107), National Key Technology R&D Program of China (Grant No. 2009BAF39B01),
Zhejiang Provincial Natural Science Foundation of China (Grant No. LQ12A02002 and
D1080780 ) and the Science Foundation of Zhejiang Sci-Tech University (ZSTU) of China
(Grant No. 1003808-Y).

References

[1] Zhang, Y., et al., Simulation of Aerosol Dynamics: A Comparative Review of Algorithms Used in Air
Quality Models, Aerosol Science and Technology, 31 (1999), 6, pp. 487-514

[2] Johannessen, T., Pratsinis, S. E., Livbjerg, H., Computational Fluid-Particle Dynamics for the Flame
Synthesis of Alumina Particles, Chemical Engineering Science, 55 (2000), 1, pp. 177-191



Lin, P.-F., et al.: High Concentration Brownian Coagulation in Jet ...
THERMAL SCIENCE, Year 2012, Vol. 16, No. 5, pp. 1519-1523 1523

[31 Yu, M. Z, Lin, J. Z,, Chan T. L., Numerical Simulation of Nanoparticle Synthesis in Diffusion Flame
Reactor, Powder Technology, 181 (2008), 1, pp. 9-20

[4] Yu, M. Z, Lin,J. Z., Chan T. L., Effect of Precursor Loading on Non-Spherical TiO, Nanoparticle Syn-
thesis in a Diffusion Flame Reactor, Chemical Engineering Science, 63 (2008), 9, pp. 2317-2329

[5] Lin, P., etal., Large Eddy Simulation of the Particle Coagulation in High Concentration Particle-Laden
Planar Jet Flow, Chinese Journal of Mechanical Engineering, 24 (2011), 6, pp. 947-956

[6] Heine, M. C., Pratsinis, S. E., Agglomerate TiO, Aerosol Dynamics at High Concentrations, Particle &
Particle Systems Characterization, 24 (2007), 1, pp. 56-65

[71 Gimel, J. C., Durand, D., Nicolai, T., Transition between Flocculation and Percolation of a Diffusion-
Limited Cluster-Cluster Aggregation Process using Three-Dimensional Monte Carlo Simulation, Physi-
cal Review B, 51 (1995), 17, pp. 11348-11357

[8] Fry, D, etal., Enhanced Kinetics and Free-Volume Universality in Dense Aggregating Systems, Physi-
cal Review Letters, 89 (2002), 14, pp. 148301.1-148301.4

[99 Wang, Y. M., Lin, J. Z., The Oblique Collision Efficiency of Nanoparticles at Different Angles in
Brownian Coagulation, Computers and Mathematics with Applications, 61 (2011), 8, pp. 1917— 1922

[10] Lin, J. Z., Wang, Y. M., Effects of Inter-Particle Interactions and Hydrodynamics on the Brownian
Coagulation Rate of Polydisperse Nanoparticles, Modern Physics Letters B, 26 (2012), 3, 10.1142
/S0217984911500102.

[11] Heine, M. C., Pratsinis, S. E., Brownian Coagulation at High Concentration, Langmuir: the ACS Jour-
nal of Surfaces and Colloids, 23 (2007), 19, pp. 9882-9890

[12] Buesser, B., Heine, M. C., Pratsinis, S. E., Coagulation of Highly Concentrated Aerosols, Journal of
Aerosol Science, 40 (2009), 2, pp. 89-100

[13] Trzeciak, T. M., Podgorski, A., Marijnissen, J. C., Stochastic Calculation of Collision Kernels for
Brownian Coagulation in Dense Systems, Proceedings, The 2006 Spring National Meeting and Global
Congress on Process Safety, Orlando, Fla., USA

[14] Friedlander, S. K., Smoke, Dust, and Haze: Fundamentals of Aerosol Dynamics, 2" ed., Oxford Uni-
versity Press New York, Oxford, UK, 2000

[15] Yu, M. Z., Lin, J. Z., Chan, T., A New Moment Method for Solving the Coagulation Equation for Par-
ticles in Brownian Motion, Aerosol Science and Technology, 42 (2008), 9, pp. 705-713

[16] Yu, M. Z., Lin, J. Z., Taylor-Expansion Moment Method for Agglomerate Coagulation Due to Brow-
nian Motion in the Entire Size Regime. Journal of Aerosol Science, 40 (2008), 6, pp. 549-562

[17] Yu, M. Z,, Lin, J. Z., Solution of the Agglomerate Brownian Coagulation using Taylor-Expansion Mo-
ment Method, Journal of Colloid and Interface Science, 336 (2009), 1, pp. 142-149

[18] Yu, M. Z., Lin, J. Z., Nanoparitcle-Laden Flows via Moment Method: A review, International Journal
of Multiphase Flow, 36 (2010), 2, pp.144-151

[19] Yu, M. Z., et al., The Verification of the Taylor-Expansion Moment Method for the Nanoparticle Coa-
gulation in the Entire Size Regime Due to Brownian Motion, Journal of Nanoparticle Research, 13
(2011), 5, pp. 2007-2020

Paper submitted: August 1, 2012
Paper revised: September 1, 2012
Paper accepted: September 14, 2012


http://dx.doi.org/10.1142/S0217984911500102
http://dx.doi.org/10.1142/S0217984911500102
http://dx.doi.org/10.1142/S0217984911500102

