Fundamental modes of particle impaction on a solid object
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Summary In this work three fundamentally different modes of padighpaction on a cylinder
in a cross flow is presented. Large particles impact on thadst in the so-called classical mode
where the impaction efficiency is controlled by the partinkertia and the large scale fluid motions.
For intermediately sized particles the thickness of thendawy layer around the cylinder is deter-
mining if a particle will impact on the cylinder surface ortnim this boundary stopping mode, the
Reynolds number is important for the impaction efficiendpahy, the smallest particles follow
the flow perfectly around the cylinder, but due to their findeius, some of them will neverthe-
less be intercepted. This is the boundary interception mane it is likely to be susceptible to
secondary effects such as electrostatic forces, skinteffearface roughness etc. Additionally, the
effect of turbulence in the fluid flow is shown. It is found ttiat the relatively small Reynolds
numbers investigated the effect of the turbulence is sebnimthe boundary stopping mode.

Introduction

Particles impacting on the surface of an object in a crossdl@vmportant for several different
applications such as heat exchangers, filters and icingfofilai

For filters the aim is to trap as many particles as possibleauittoo much pressure drop across
the filter. This is the opposite goal of what one is after in atlexchanger or on an airfoil where
one wants to minimize the number of particles impacting @nabject.

In industrial boilers the heat exchangers are typicallytuplaced in the flue gas cross flow. In
such a configuration it is crucial that particles embeddeithénflue gas do not deposit on the
tube as this will have detrimental effects on the efficientcthe heat exchanger both due to the
reduced heat conductivity over the deposit layer and dukedaricreased pressure drop across
the heat exchanger section. The deposit may also haveanagttive effects on corrosion. Two
independent events must take place in order for a particleposit on a surface; first the particle
must impact on the surface, and secondly it must stick todheessurface. Whether a particle
sticks to the surface or not depends heavily on particle asitipn, surface composition and
temperature. Typically ash particles from coal combuséimmuch less sticky than particles
from bio mass combustion for a given temperature.

Numerical simulations

All simulations presented here are done with the PencileCadhich is a high order, massively
parallel, open source direct numerical simulation (DN$®).tdhe immersed boundary method
has been utilized in order to incorporate the cylinder witime fluid flow. For more details see
[1]. The governing equations for the fluid flow is written iretEulerian framework, and are
given by the momentum equation

aui n (’3ui i 10P 1 Tij
ot T0x;  pdx;  pOxy

1)



and the continuity equation
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u; 1S the fluid velocity in direction, p is fluid density,P is pressure and is the kinematic
viscosity. In equations (1) and (2), summing over repeatddes is assumed.

The patrticles are treated within the Lagrangian framewarkthe evolution equations for par-
ticle position and velocity are given as
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respectively, when; andz; are the particle velocity and position in thih direction. The
Stokes time, which is the timescale for a particle to relatheosame velocity as the fluid flow,
is given as
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Here isd the particle diameterS = p,/p is the ratio between the particle density and the
fluid density, andf. = 0.15R€%*" is a correction to the traditional Stokes law to account for
Reynolds numbers larger than unity. The particle Reynolosbyer is Rg = dv,. /v given that
the relative velocity difference between the fluid and thetipie is v,;.

Results

By inserting Lagrangian particles in a fluid flow heading ie threction of a cylinder the im-
paction efficiency can be found as the ratio of the number digbas impacting on the cylinder
to the number of particles which initially was moving towsittie cylinder. In the following the
particles will be characterized by the Stokes number, wisithe ratio of the particle relaxation
time and a typical timescale of the fluid. The Stokes numb#ragiven as
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with 7, = D /u, whereD is the cylinder diameter andis the mean flow velocity.

In Figure 1 a snapshot of the particle number density fo=S1.08 (left), St = 0.3 (middle)
and St= 10 (right) for a simulation with Re= 20 are shown. Since this Reynolds number
is sub-critical to the von Karman instability no unsteadylied are seen behind the cylinder
(black circle). For the lowest Stokes number essentiallgaticles are seen to follow the fluid
flow around the cylinder, while as the Stokes number is irsgddo 10 a smaller fraction of the
particles make it around the cylinder.

When increasing the Reynolds number to 400 it is seen in Eiguhat von Karman eddies
are now present as expected. Furthermore it is seen thdtddowest Stokes number particles



Figure 1: Snapshot of particle number per grid cell for satioh with Re= 20, and Stokes number of
0.08 (left), 0.3 (middle) and 10 (right). Grid resolutiomn this simulation was 1024x512 grid points. The
relation between color coding and number of particles i ¢gll is the following: O particles; white, 1
particle; black, 2 particles; blue, 3 particles; red, 4 ighas; orange 5 or more particles; yellow.

Figure 2: Snapshot of particle number density for simutatisth Re= 400, and Stokes number of 0.08
(left), 0.3 (middle) and 10 (right). Grid resolution for shsimulation was 1024x512 grid points.

are actually trapped in the small eddies on the back sideeotytinder, which make a few
of these particles impact on the back side of the cylinder.Sto= 0.3 the particles still do
follow the flow reasonably well, but they are now too massivbé trapped on the back side of
the cylinder. Finally it is seen that, as was also the cas¢éhitower Reynolds number case,
for the largest Stokes number most of the particles impatheriront side cylinder surface. It
should be noted that for Re 190 the flow is no longer purely two-dimensional as streamvise
vorticity is generated [4], the flow is not yet turbulent fbese low Reynolds numbers though.
By running full three-dimensional simulations it has beenified that this three dimensionality



Figure 3: Snapshot of particle number density for simutatioth Re = 1600, and Stokes number of
0.08 (left), 0.3 (middle) and 10 (right). Grid resolutiorr this simulation was 2048x1024 grid points.

has no measurable effect on the particle impaction effigienc

For the Reynolds number of 1600 Figure 3 show that the parbehaviour is qualitatively
similar to what is seen for Re- 400, with the exception that all structures in the eddies are
much finer. This will also eventually lead to more particlepdsiting on the back side of the
cylinder as a larger range of eddy sizes will be present obdlok side of the cylinder such that
several particle sizes might impact on the back side surfamea Reynolds number of 1600 the
flow will begin to break up into turbulence in the shear laydwg/nstream of the cylinder [4],
this is however not expected to have any effect on the paiitighbaction on the front side of the
cylinder while it may have some effect on the particle impmacefficiency on the cylinder back
side.

Non-turbulent inlet boundary conditions

The impaction efficiency is shown in Figure 4 where it is sdet for large Stokes numbers a
large fraction of the particles will impact on the cylindehile for Stokes numbers smaller than
~ 0.2 the impaction efficiency is very small. It is also seen that titre impaction efficiency
clearly is dependent on the Reynolds number. This is pdatigutrue for sub unity Stokes
numbers.

Three different modes of impaction can be defined. For tlyeirStokes numbers the classical
impaction mode is found. When approximating the fluid flowhapiotential flow theory such
that the entire flow field is described by stream functionsaileome is the classical mode of
impaction [3]. For this mode the impaction efficiency is etharge, and almost independent of
Reynolds number. This is due to the fact that for these laagigtes the boundary layer is not
important, and the particle motions are controlled by théigle inertia and the large scale fluid
flow. This is also why potential flow theory, which neglectsocous effects, gives an acceptable
description of this mode.

In the boundary stopping mode the particles have less metid they are being affected by
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Figure 4: The three different modes of particle impactiondifferent Reynolds numbers.

the boundary layer around the cylinder. Since the Reynalasher define the boundary layer
thickness this mode is strongly Reynolds number depené&enthermore the boundary stop-
ping mode extends to larger Stokes numbers for smaller Réymumbers. In potential flow

theory there is no boundary layer, and the boundary stoppiode is therefore not seen. In-
stead a minimum Stokes number for impaction is found belovelwvho impaction occur. It is

therefore clear that potential flow theory can not be useddbrunity Stokes numbers.

For Stokes numbers smaller than0.1 — 0.2 the third mode of impaction, the boundary in-
terception mode, is found. Here the particles follow thedflilow almost perfectly, but a few
particles will still touch (impact on) the cylinder surfadee to their finite radii. It has been
shown in [1] that the the impaction efficiency should scaléhasStokes number for this mode
of impaction. As is seen from the'Sine in Figure 4 this is found to fit reasonably well with the
data. It is expected that applying more subtle physical rmeisims such as van der Waals forces,
skin effects, Brownian forces etc will have a significaneetfon the impaction efficiencies of
this mode.

Within the boundary stopping mode all impacting particlel impact within a rather small
angle on the front side of the cylinder. The relevant timksoéthe fluid flow is then no longer
given by = D/u, as used in the definition of the Stokes number, but ratheh&yriverse of
the front side stagnation point velocity gradient;

du, \ "
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whenu, is the radial velocity and is the radius from the cylinder center. It is found in [1]
thatry,, ~ 7,,:(1 — BRe'/?) whenr,,, is the corresponding timescale based on potential flow

theory andB is a constant. Lets now define a new non-dimensional numhs&tiead of the
Stokes number, where the fluid time scale is giveny

Y = L. 9)
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Figure 5: In the left hand plot the impaction efficiency istfdd as a function of the Stokes number,
while in the middle plot it is plotted as a function of a new mtimensional number based on the front
side stagnation velocity gradient. In the right hand pletithpaction efficiency is plotted as a function
of a smoothed function of St ang,. For all these data the effect of the boundary interceptioderhas
been neglected.

It is shown in the middle plot of Figure 5 that the impactioficééncies for the different
Reynolds numbers collapse for small valuesygf unlike what they do when the impaction
efficiency is plotted as a function of the classical Stokesipers as seen in the left hand plot.
For the data shown in Figure 5 the finite radii of the partitiage been neglected. This effec-
tively removes the boundary interception mode complebegause the particles with the low-
est Stokes number now will follow the flow perfectly and canmeintercepted by the cylinder.
This is unphysical, but is done in order to more clearly seeetfiect of+,. For large Stokes
numbers it is seen that plotting the impaction efficiency amation of St instead of, yields a
better overlap of the curves for different Reynolds numbBysdefining a smooth interpolation
between St and, as

Y= Stfs + (1 - fs)7p7 (10)
whenf, = tanh(St/5), three curves are found to collapse in the right hand sidegpligure 5.

Turbulent inlet boundary conditions

In the previous section the inlet fluid flow was assumed to berlar. This is however usually
not a good assumption in most industrial applications. Ia slubsection isotropic turbulence
at two different scales are inserted through the inlet. Tineulence is convected downstream
towards the cylinder while decaying. In contrast to the tunbulent simulations presented in
the previous section the turbulent simulations are, duéédrtherent three dimensionality of
turbulence, done in three dimensions. In Figure 6 the impaetficiency is shown as a function
of Stokes numbers for two simulations with two differentawlent scales and compared with a
laminar case. Two different turbulent scales have beenlated; one with an integral scale at
a wavenumber ok = 1.5 and one witht = 5. The maximum turbulent fluctuation has been
chosen to be arourgh% of the mean flow velocity at the inlet of the simulation domadihe
source of the turbulence is application dependent, bututccbe e.g. channel flow generated
turbulence, flame generated turbulence from a combustiambbr or some sort of mechanical
turbulence generator. For channel flow generated turbalémeturbulence intensity would be
smaller tharg0%, while for the two other mechanisms mentioned the intensiyrongly appli-
cation dependent. The value &f% is chosen because it is fairly strong such that any possible
effect should be clearly visible, but at the same time it iskvenough in order to avoid outflows
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Figure 6: Impaction efficiency for two different turbulenseales compared with a laminar simulation.
The Reynolds number is 400.

at the domain inlet.

It is seen that the turbulence has no effect for large Stowesbhers, but that the effect is signif-
icant in the boundary stopping mode.

The reason for this difference is the following: When a éettirapped in a turbulent eddy is
approaching the cylinder, it will have a different velocttyan the mean fluid velocity. Con-
sequently, there will be a non-zero statistical varianéen the effective Stokes numbers of
the intermediate and small particles. Considering St a®ehastic variable, the expectation
E[n(St)] of the impaction efficiency can then be approximated by

!

Eln(st] ~ () + T2 1)
whereu = E(St). It can now readily be seen that if the second derivative efithpaction
efficiency with respect to the Stokes number is positivejrigaction efficiency will increase
with o2. In the boundary stopping modg/;(St) is indeed positive, whereas it vanishes in the
boundary interception mode for the smallest particles.|@ifger particles in the classical mode
are hardly affected by the turbulence, and thus the varismitee Stokes numbers is practically
zero. As a result of this, the turbulence will alter the intp@c efficiency only for moderate
Stokes numbers, i.e. in the boundary stopping mode.

The above argument is confirmed by Figure 7, where the impaefficiency is shown relative
to the laminar case. The maximum relative difference is bimnbe almost a factor 10 for the
large scale turbulence and a factor 6 for the small scalelkemioe. The fluid Reynolds number
for these simulations is 400 based on the mean flow velocitytae cylinder diameter. This
number is rather small, which yields both a rather largeulart energy decay and a rather
thick boundary layer. Both these effects will have the dffgicwiping out the effect of the
turbulence. Furthermore the integral scale of even theutence with the smallest scale shown
here are comparable to the diameter of the cylinder, and thestfore be considered large. In
future work we will therefore consider larger fluid Reynotdsmbers and also larger turbulent
wavenumbers.
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Figure 7: Impaction efficiency for turbulent simulationtatere to laminar results. The Reynolds number
is 400.

Conclusion

Three different modes of particle impaction on a cylindeaiaross flow has been found. For
one of these modes can the impaction efficiency be considerbd almost independent of
Reynolds numbers. The two other modes are very Reynolds ewdapendent. For industrial
applications, such as heat exchangers, this can be utihzadler to reduce particle impaction.
In fact, in [2] it was shown that changing the Reynolds numiyeonly a factor of four might
lead to a reduction in deposition of corrosive particles mumicipal solid waste incinerator by
several orders of magnitude.

Finally the effect of turbulence embedded in the fluid flow haen investigated and found to
have an effect in the boundary stopping mode, but except thisrthe impaction efficiency is
almost independent on turbulence for the turbulent interssand integral scales investigated.
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