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Numerical computation of fluid flow and aerosol transport in a long electrical
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Ahsiract

Sire dlavi@ion of subwicron atrborse parlicles can be elfectively derermined using elecvival mobilin
recitnigiie. dm dhir shed'v, a manerical compaiaion modet for prediciton of Ruid fTow ard aerosol transport ina
fovige ool eltecivicnd motaliny specronreter [EME ) s been developed, The farermal 30 svacrure of an EMS
flra aoved Topavanare ¢ 280, Kovean . Chen. Exg,, 2811, 209 war epipdoved e slivalare the comiples ﬁnur
padterrs aad geresel pariicle irafeciories in dhe EMS, iaciuding the swirfimy fow developed gear the sheath air
dwler slte. Tive tncompreraiide Mavler-Sokes sqeinions were nmerically coleafared G the s feow amd particle
fragecieries, with o commercial fﬂmplfufm_f'ﬂ' dvnemies safiware pockage, FLUENT 63 The calealated
Feaains were fowrmd fooggres well with previously lerHl'sfrm'n.tm'.lr tan el Mrerniee. Predietion of M fow amd
agrasa e wos parfcabarly wesfil @ ke EWS deden and develapoen

]
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1. Introduction

A long column, electrical mobility spectrometer (EMS) or a multi-chanme] differential
mohility analyzer (DMA) is increasingly becoming one of the most commonly used
insteuments for the chassification and measurement of acrosol particle size distribution in the
nanmeter-sized range because of itz berter time response than a typical DMA, The maost
widely used EMS is based on the design developed by Mirme [1]. Intra and Tippayawong |2]
offers a rexiew of the recent development af this technique.

A typical EMS consists of two concentric electrodes between which a potential is
applied. There are two streams; polydisperse aerosel and sheath air flows, The inner electrode
of the spectrometer is maintsined at a DC high voltage while the outer chassis of the
spectrometer = grounded, The charged particles enter the spectrometer column close 1o the
inner electrode by a continuous flow of air, and surmunded by o sheath air flow. Since the
inner electrode is kept at o high voltage. the charged particles are deflected ourward in a radial
direction. They are collected on a series of electrically isolated electrometer nings positioned
at the wmmer surface of the outer chassis of the spectirometer column, Virtual groumd potential
input of highly sensitive electrometers gre connected to these electrometer rings 10 measure
currents corresponding 1o the number concentration of particles in a given mobility which is
in turn related 1o the particle size distnbution. Resolution af the instrument is determined
mainly by the number and width of the electrometer rings. The stze range of particle collected
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on the electrometer nngs can be varied by adjusting the acrosol snd sheath air fiow nvtes, the
voltage applied 1o the inner electrode, and the operating pressine,

It is well known that fluid flow and particle transport inside the EMS are important factors
influencing accurate particle size distribution measurements . Fluid flow condition in the EMS
is designed e be an the laminar regime, Turbilent mixing which can detenorate the EMS
perfommance should be avoided. However, depending on the flow conditions of sheath air and
aerpsol inlet, the few may become tarbulent, With regards 10 sizing ultraline aeroscel pamicles
of diameter smaller than a few tens of nm, Brownion diffusion motion becomes important [3.
4], Fluid flow and particle transpost inside a DMA has been studied by many people [5 = 9]
Very few s@dics have been done on the EMS [10]. To our knowledge, investigation R
simulation of fwid flow &nd particle transport in the Jong column EMS is even less, In this
puaper. 8 30 computational model for prediction of fluid fiow and aersol particle transpor
inside a long EMS was developed and swdied. A dewailed description of the operating
principle of the EMS was also presented.

2. Description of 3 Long EMS

The EMS has one long column, consisting of coaxially cylindncal electrodes, Fig, | shows a
schematic diagram of the long EMS osed in this study [4]. Outer chassis was made of a 481
mm Jong aluminum tube with an internal diagmeter of 55 mim. Inner electrode was made of a
25 mm in dimmeter stainkess sieel rod, Widih of the acrosol inlet channel was 2 mm, [E is
impartant o ensure that Jow i laminar mside the EMS column, The sheath-air flow entered
with o swirl component and then flowed through a 0.1 mm thick Teflon mesh to ensure the
flow was laminar, The 22 electirometer rings wsed resulied in the classification of every
measured aerosods inin 22 mobility ranges. The electrometer rings have a width of 1% mm.
The first electrometer mng was located 20 mm downstream the aerosal inber, while & | mm
gop was allowed between the electrometer rings for electrical isolation.

3. Physical Modeling

Gas Mow and particle motion were numerically modeled and selved 1o estimare the particle
transport in the long EME.

S Craw contineiny

The gas flow was considered as the main phase and its motion was described by the
continuity and momentum equations, known as the Mavier-5tokes cquations;

i

Ecpull-ﬂ ()
'“ [i-"".m ~(u 'H.]”i -""ltﬂ. (2}
T, dx, il :

where pis the gas density, and o, 15 the gas velocity component in the x, direction. u is the
gis molecular dynamie viscosity, f, is the aerodynamic drag force, and p s the gos
pressurg,
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1.2 Particle mofion

Aerosol particles were decelersted by acrodynamic drag. Collision and coagulation between
particles were neglected, The equation of the particle motion was expressed as.:

dy
—t iy i3
de
v 1
. —t= —3mud {u - (4}
e O P d

where m, is the particle mass, v is the particle velocity, €, is the Cunningham comection

factor, and d | is the particle diameter.

4, Mumerical Computation

4.1, Calealation procedure

Fluid fiow and particle trofctories in an imemnal 3D structure of the EMS were calculated
with the commercial CFD package. FLUENT 6.3, using a finite volume method for solving
the incempressible Mavier-Stokes equations in cylindrical coordinates, The solution doemain
wis divided into & mumber of cells. In the finite volume approach of FLUENT 6.3, the
governing equations for the gas (low and the particles motion were numencally integraed
over each of these computational cells.

4.2, Boundary conditions

The compuiationil domain of the EMS is shown in Fig. 2, The modeled EMS consisted of the
nerosol and sheath air inlets, and outlet boundaries. No slip boundary was applied to all the
=olid walls included in the computation domain, and fixed velocity boundary conditions werne
applied to the serosol and sheath @r flow inlets. The velocities ot esch inlet were calonl sted
from the Mow rates through these slits, Uniform velocity profile was assumed at the sheath
andd agrose| mbets across the cross section of the inket wibes, Boundary conditions wsed in this
calculation are summizrized in Table 1.

4.3, Commpatational mesh

Fig. 3 shows a computational mesh used for the fuid fow and particle transport simulations,
The grid gencration program, GAMBIT, was used 1o construct the grid system of this model.
Finer grnds were wsed v the region closg o the serosol entranee and where the velocity
gradient was expected to be large. An unstructured mesh was usad. A total of about 8649 401
mieshes were distribated i the computatianal domain of intersal fAows in the EMS.

5. Results and Discussion

The operating gas was ambient air (density is 1225 kg/im' and viscosity is 1.7884 = 107
kg/mi'sh, while particle diameter was between [ — HMK) am. Fig. 4 shows CFL results of the
finid velocuy distnbution in the EMS. High towards low intensity regions were indicated by
red, yeliow, green to bloe. respectively.
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Tahle 1. Bovundary conditicas for CFD caleulation
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{a) Total vbew

(b} Cross section view

Fig. & Computatioral mesh of the EMS
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(a} Total view

{h} The regions close to aergec] and sheath wir inkets

(¢} The regions clese o excess air outled

Fig. &, CFDY caleulations of fhe flukd Mow velocity inside the EMS
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Fig. 5, CFD calculations of the mass less purtiche trajectories from (o) acrosof intet and {b) sheath sir
inlet

Fig. 4(b) shows the detmled flow matchmg condition around the serosal and sheath air inlets,
Mon-unitorm flow wvelocity distribution was found near the serosol and sheath air inlet
boundanes, In general, the flow profile became fully developed at a few hydraulic diameters
downstream from the acrosol inlet, while negligible disturbances occurmed st the point where
the twe flows {(aerosel and sheath aied merged. Fig, 4ich shows the detibed flow velocity
arcund the excess gir outlet. It can be seen that the highest flow velocity was found in the
excess or cutlet, located in the bottam left corper side of the model, Flow simulation resulis
showed qualitatively similar trend to those by the previous published results in the literature
[5, HH. Fig. 5 shows CFD calculation results of massless particle trajectories inside the EMS.
The massless particles entered from serosol and sheath air inlets 0 excess air outlet. Figs.
by and Hic) shows trajectories of massless particles around the seroscl and sheath air infers,
and excess air outlet. Uniform distnbution of particles was observed downstream from the
acrosol and sheath air inlets. It was also shown that the non-oniformity of particle
circumferential distribution that existed near the aeroscl and sheath air inkets and excess air
outlet was caused by 8 non-uniform gas velocity distribution in the vicinity of the serosol and
sheath air inlets, Since the aerosol entered inte the EMS column through a narow annular shit,
the EMS transmission efticiency dropped significantly for particles below [0 nm doe to
diffusion losses in the annulus and oher flow passages, Furthermaore, long residence time in
the EMS
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Fig. 6. CED calculations of the mosshess particle tmjectornies inside the ENS

calumn region resulted in substantzal Brownian ditfusion broadening of the ransfer function
for numometer-sized particles. Fig, 7 shows pamicle trpectonies in the EMS, taking inio
nccount the Brownian diffusion effect for particle diameters of 10, 100, and 1000 nm. It was
shown that particles larger than 10 nm were found o exhibit lower Brownian diffusive mation
than 100 nm particle. It was apparent that Brownian diffusion influenced particle trajectones
significantly when the particle digmeter was smaller than 10 nm [3, 4], CFD resulis confirmed

=i larity with the previous work [4],
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6. Conclusions

A 3D numencal model was developed for the description of fluid flow and aerosol particle
transport inside the long EMS . The model was developed with the commercial CFD package,
FLUENT 6.3, The model was extensively apphied w 30 geometry provided with detled gas
fow field, ond particle trajectonies. It was shown that the numerical simulation results
exhibited a qualitatively well-agreed trend with the published results in the literateee. It has
been demonstrated here that a mumencal model can be used to predict flow field ond particle
transport, hence, asist in designing an EMS  for nanometersized  aerosol  particle
meisurement. For future study . an expenmental validation weas olso planned.
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