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Fundamentals of Particulate

Emissions Control

7.1 INTRODUCTION

Particulaies constitute a major class of air pollutants. Particles have a diversity of shapes

and sizes; the1, can be either liquid droplets or dry dusts, with a wide variety of physical and

chemical properties. 1'he1 are emitted from many sources including both combustion and non-

combustion industnal processes. In addition, primary gaseous emissions may react in the atmos-

phere to form secondan' species that nucleate to fotm particles or condense on preexisting ones'

in i-po.tunt class of iniustrial gas-cleaning processes remove particles from exhaust gas

streams, and such processes are the subject of the following chapters' This chapter presents infor-

mation about certain characteristics of particles and particulate behavior in fluids, with particular

emphasis on those that are relevant to ihe engineering task of separating and removing particles

from a stream of gas.

7.2 CHARACTERISTICS OF PARTICLES

Your objectives in studying this section are to

1. Understand the importance of an aerosol size distribution'

2. Charucterize an aerosol size distribution with data from a cascade

impactor.
3. Develop and apply a 1og-normal size distribution function'
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An aerosol is a suspension of small particles in air or another gas' Important aerosol

characteristics include size, size distribution, shape, density, stickiness, corrosivity, reactivity, and

toxicity. From the viewpoint of air pollution, the most important of these is the pafiicle size distri
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bution' The most common aerosols cover a wide range of sizes-from 0.00r pm to r00 pm. Asmentioned in chapter 1, the effects oruerosorr on human health and visibility arc strongly size-dependent, with particres in the range 
"ro.ii" 

i.o pm being the worst.In addition to average particle concentration pu uiit u*orp"i*i. volume, it is importantto note the size dishibution by particle count and by mass. sucr, aisiiuutions for a typicar afinos-pheric particulate samole t" tnb*n in ruuir ir. p'iom oata i" ir,rl*, t*o enrries, particles in the0 to l-pm t-gt ton'iitlte 
.o-nly 3vo by mass. However, the nuruo or particles in that range isoverwhelming compared with ihe rest of tte'ru*pt.. particres orirri, srze range are capabre ofentering ttre lungs' From a.healtn tioaponi, i, it 

11, so much a questiort of towering the overa,
?#;:::;: ::;;rt.oacting 

in an urban irro Lit of decreasins tni niavy particurate count in the

Size ranse (um) 
_Average size (pm) particle counta Mass percent

5-10 7.5 f i2 53
: - :4 f t .nr-r 2 555 50.5-1 0.75 4,215 20-0.5 0.2s
a Count of other sizes relativ. to .ou.rt oE0_pm sire.

Source: Wark and Warner (l9gl).

As can be expected from such a wide range of sizes, one type of particulate collectiondevice might be better suited than others ror a specinc aerosol. Furtlermore, the collection effi_ciency of these devices depends on p*ti.r" ,ize, with bigger particles usualy removed more effi-ciently' as shown on Figure 7.1. Thus' ,o ,uifuur" the oiirali cottection efficiency of a device, itis imperative to have good information on ,r,. ,ize distribution of the particles.A good device to obtain this information is a cascade impactor. It separates and sizessuspended parlicles in a manner similar to the way that sieves *p;;;; and size samples of sand.Air wittr particles is drawn through a series of stages that consisiof slots and impaction plates asshown on Figure 7 '2' Ea.ch succelsive stu;; hur narrower slots and closer plates so that each suc-cessive stage captures increasingly ,*uil", particles. The masses oi purtict", collected on allstages are then used to determine the size distriburion of th. 
".;;i. 

iirnrr, be emphasized thar acascade impactor sizes particles according to their aerodynamic Jiurn.t m rather than their physi-cal size' The aerodvnamic diameter ir ; ;;;;r;; of the reacrion of a particte to inertiat forces.
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Integrating over all' parficle, siurs:r

4oo)= fo* 
*1r;1or;

G{Dp), is the mass-ftaction of the particles
. | f ,  , ; 1  f i r  - : '

try
c(+)= 

J, 
n.(oo')a4'

(7.3)

r 1 . ;  . :  t : , : , ,

n(D)dDo = n (ln Dp) cl(kt Dp)

207

.,",r- ,,",:g^1:::.13.ti*,y.:inan 
aeroyl n3nu!1ion typically vary over several orders of mag_Iuruoe, l[ 

1s oTe{co_nvenient to express the size dishibution in terms of the natural loearithm ofthe diameter, ln Do In a particular incremental particre size range Dp to Dp * ao, i"'t *il ;iparucles $ a certarn sTfity,. and that quantity is the same regardless of how the size distibutionfunction is expressed. Thus,

(7.r)

(7.2)

Q.4\

(7.5)

Because d(ln Dp) = dDplDp

Don(Dp) = n(lnDp)



The next question that arises is: What functions,are commonly used to represent particle
size distributions? A popular function for this purpose is the log-normal distribution. If a quantity
u is normally distributed, the probability function for z obeys the Gaussian distribution:

n(u\- J-"*ol-fu-")'l' lznou -L 
2o3 I
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(7.6)

u-isfhe mean value of the distribution i

o, is the standard deviation

A quantity that is log-normally distributed has its logarithm governed by a normal distri-
bution. If the quantity of interest iC .par.ticlg. di.4rneter ,Do, then s.aying that an.aerosol population is
log-normally disnibuted means that u =ln Dpsatisfies Eq. (7.6):

f  ,  r o l

n(n oo\= -1- "*u | 
- (h Do - ttt ?t')' i

\2n tno, | z(looe)' l

..,i . 'The phy-sical significance of the parametep Drr,and. or wi,ll
more convenient to express tlte size distribution function in terms

Combining Eqs. (7.5) and (7.7): :

Sec.7.2

. . . :  :
Integrating

, . . :

For the log,

It
(NMD) dd
are larger.
Dp6lDw-A

1I
medial dia
standardd

ft
is log-non
standard &

Therefore,

(7.7)

be discussed shortly. It is

of D7 r4ther than,:ln, D.r.

(7.8)

[s

. .  , :  : :  -  : . ' . ; : 1 i : . ; ,  .  :  
-

For a normally disftibuted quantity, the cumulative frequency distribution function, F(tr),

o'* .i*

f u  f  ' ^ r

F(a)=i- I *1 -fu'-a)'lou e.e)Izno,J-*  
-L 

2o? I  ' '

To evaluate this integral, let q = (u' - u^)l2tD or, then,

!n'
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i 
/u- u^)t,[icu

Ftu)=!- |In t--
(7.10)

: . ; .  ;  , l

: ' : i * '  i  l ;  
" '

n"t=llr.*(ffi| tt!i1

For the log-normal disnibution, z = ln D, o, * -Eq 
(7:1 1) can be expresse,!". as

r(n,l=r+ rerr lghAlz 2  [ lz rnor ]

It is evident from Eq. (7.LD fhatF(Dw,) = 0.5. Tht4;"po*is the number median diameter
(NMD) defined as the diameter for-which exactly.one-half the'particles are smaller and one-half
are larger. To understand the sienificance,of og, consider that diameter Doofor which o, =
DpJDp*. At11tu1 4hmstel .,' '.-'.i l

,  1 , , . . . '  '  : , :  : , , (1 , rLZ)

(7.r3)r(o,ol= I + 1 erf ltl = o.sal
2 2 \ ' lz l

l-hus, 6" is the:ratio of the diarireter below which 84.lvo of the,panieles;lie to the n_umber
median diameter, D^ is one standard deviation from the median,,o jn,ig cage1,tfe:gmmetric
standard deviation.

It can be shown (Seinfeld and Flagan 1988) that'if the number size distribution ftriiction
is log-normal, then the mass size distribution function is also log-normal with the same geometric
standard deviation md the mass medinn diameter (MMD) given-by

In MMD = In NMD + :(fn or)2 Q.l4)

Therefore.

"rpft12)ar1

i r :  
- ' .  . , : i  I ,  . i : : , .  r ' . _ :  : . .  I  . .  . i . . .  :  . , .  

. . . t ,  . , - :

Integrating,ip ternrs si the error function,rerf 4, (see problem 6.1),

lr rnr:
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The log-normal distribution has the useful property,that when the cumulative distribution
function, either F or G, is plotted against the- logbrithm,of,particle,'diameter.on a speciatr graph
p.ap,,E1 with one axis.scaled according to the error function, so-called log:probability paper, a
straight line results. Such a plot with actual data from an aerosol population obtained with a cas-
cade impactor serves two puposes: (l) to determine if the log-normal model fits the data, and (2)
if so, to estimate the parameters MI\D and o*.

(7.1s)

ExaWIe 7.1. ,An.4lysisof,dafa fr,orn a cascade impactor

T foll,owing data were obtained frorn a cascado r4pactror run on a sample from an aerosol
population (Cooper and Alley 1986):

.. Sire range (pm) Mass.(rng)
t , -V2  ;

2 -5 '  .
.: . 5:9- ri.,,.,.

9=15
, '15-25

; 2 5 " ' ' : ' : " '

*.

s

*tu*,gnnl a,loguofmatrdishibution f.itsthqdata;:audestinatofiq,colrespondjngvalues of
MMD, NMD, and or.

$slution
' :.: .'. -:

Prepare a table of particle size verzus cumulative mass fraction, G, less than the stated size,
as follows: ,, l. . ' .
.  . . . ,  

t .  
,  

' , . , , . ,  
:  . . . , i  . i

4d



Sec. 7.2 Characteristics of particles

c  -  -gRgF,Rg8S S R
Cumulative mass percent, G (Vo)

From Figure 7.3, MMD = g.0 pm, Dp6= l4pm. Therefore, o, =
(7.14), NMD - 3.13 pm.

5.0
9.0
15.0
25.0

e {oj ol tnery data is presenteo in Fieure 2.3, usils tes-nrobauititl scales. trre resultinsstraight line is evidence that a tog-normat distribution is an aoequaL roo.t ro, the size dis-tribution function.
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Figure 7.3 Log-
normal distribu-
tion, data of
Example 7.1

l4/$ = 1.75. From Eq.

Comments

Although there is no completely satisfactory fheoretical explanafion for it, many investiga-tors have reported that the distribution of several quantitieJ related to environmental pollu-
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tion, such as particle size, ambient air quality data, indoor radon measurements, stream
water quality data, phosphorus in lakes, radio nuclides in soil, trace metals in human tissue,
lung function reaction to ozone, and others often appear log-normal (Larsen et al. 1991; Ott
1990).

Example 7.2 The log-bimodal size distribution function

It has been observed that frequently the log-normal size distribution becomes less accurate
to describe the end ofthe distribution representing fine particulate. Kerr (1989) suggested to
overcome this difficulty by breaking the size distribution into a fine and a coarse log-normal
distributions-a log-bimodal distribution. This is a five-parameter model given by:

Sec. 7.2 Ch

Toble 7.-

-

^ /^ \  RGrlD, l+ C,(o)
GlDr)= -'; 

*J--
where

R = mass ratio of fine particulate source to coarse particulate source

oAn"l= I + I "n[* 
(+*r) 

,
2 2  |  l z tnory  l

c,(o,l= L + I .n[* (+n*-") 
1

2 z  I  l z tno r "  ]

MMDTand MMD. = mass median diameter for the fine and coarse fractions
o&r and or. = geometric standard deviations for the fine and coarse fractions

This model can be fitted to actual data from an aerosol population through non-linear
regression techniques. Software packages for performing this task are plentiful. Obviously,
the validity of this approach should be tested by calculating some criteria, such as the stan-
dard error of the estimate, that tests the goodness of fit. Consider the data on Table i .2 char-
acterizing an aerosol population. Figure 7.4 shows these data plotted on log-probability
scales. It is evident from it that the distribution is not log-normal. Using a nonlinear regres-
sion program a log-bimodal distribution is fitted to the data. The best estimate of the para-
meters are: R = 0.01023, MMD;= 0.5028 pm, MMD, = 11.29 Fm, oe/= 1.202, and or, =
1.353. The standard error of the estimate is 0.42Vo. The solid line on Figure 7.4 corresponds
to the size distribution predicted by the log-bimodal model whereas the circles illustrate the
actual experimental data. The model is remarkably good.

(7.16)

-

'.JFm- 
-

e10
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Toble 7.2

0.5
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Commenls

Flagan and seinfeld (1988) observed that particulate size distributions in the flue gases of

pulverized-coal combustion systems exhibit two distinct peaks, one in the submicron-size

range,andoneinthe:-to50-pmrange.Accordingtothem,submicronashconsti tutesless

than2zoof the total fly ash mass. Ash residue particles that remain when the carbon burns

out account for the larle-diameter fraction, whereas ash volatilization followed by nucle-

ation and coagulation into very small particles accounts for the fine fraction'

The following computer program, Lased on a very compact and efficient subroutine pre-

sented by Press et af. tf qsql, eJmates the error function with a fractional error everywhere

less than 10-7.

PROGRAMERFUNC
PRINT *, 'ENTER VALUE OF X '

READ *, X

IF (X . GT. O) THEN

ERF = 1.- ERFCC(X)

ELSE
ERF = ERFCC(X) -1.

ENDIF
PRINT *, .THE VALUE OF ERF(X) IS '' ERF

END
FI.INCTION ERFCC(X)

z=ABS(X)
T=l.l(1.+0.5*Z)
ERFCC=T*EXP(-Z*Z-1'2655|223+T*(1.00002368+T*(.37409196+
x 1x(.Q967841 8+T*(-. 1 8628806+T*('27886807+T*(-1' 13520398+

* 1* ( 1.48 85 1 5 g1 a7 * 1-.8221 5223 +T * . l7 0872, 7))))))

IF (X.LT.0.) ERFCC=2'-ERFCC

RETURN

7.3 DYNAMICS OF PARTICLES IN FLUIDS

Sec. 7.3
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Your objectives in studying this section are to

1. Apply Stokes's law to the calculation of the drag force exerted by a

fluid on a moving Particle'
2. Estimate the drag force when Stokes's law does not apply'

3. Calculate the Cunningham correction factor for small particles'

4. Estimate the settling ielocity of particles under the influence of gravity.

f
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Fp = 3npDou,

Particles are often separated from a fluid as part of a pollution control system. In air pol-lution control, particles can be removed by gravity settlers, centrifugal collectors, fabric filters,electrostatic precipitators, or wet scrubbers. In all of these devices, iarticles are separated fromthe surrounding fluid by the application of one or more external forces. These forces-gravita-
tional, inertial, centrifugal, and electrostatic-cause the particles to accelerate away from thedirection of the mean fluid flow. The particles must then be collected and removed from the sys-tem to prevent ultimate reentrainment into the fluid. Thus, design and operation of particulate
control equipment require a basic understanding of the dynamics oiparticles in fluids.

7.3.1 Drog Force

A good place to stafi to study the dynamical behavior of aerosol particles in a fluid is toconsider the drag force exerted on a particle as it moves in a fluid. To calculate this force, theequations of fluid motion must be solved to obtain the velocity and pressure lields around the par-ticle' a formidable task' These equations can be solved analytically only at very low velocities,
when viscous forces dominate inertial forces. The type of flow that results is called creeping flowor low-Reynolds number flow

The solution of the equations of motion for the velocity and pressure distribution arounda sphere in creeping flow was first obtained by Stokes. The drag force, which is the net forceexerted by the fluid on the particle in the direction of flow, can be Jalculated once the velocity andpressure fields are known. The result, known as stokes's law, is(Bird et al. 1960):

305

where
ur = telatle velocity between the fluid and the particle
F = fluid viscosity

Stokes's law is valid for Re = u,Dpprtrt < 0.1. At Re = 1.0, the drag force predicted by
Stokes's law is 13vo low owing to the neglect of the inertial terms in the equation of motion. Toaccount for the drag forc9 over the entire range of possible Reynolds numbers, express the dragforce in terms of an empirical drag coefficient Cn as

(7.r7)

(7.18)
Fp= CpAop 

f

where Ao is the projected area of the body normal to the flow. Thus, for a spherical particle of
diameter D,

-,

.



306 chap.7 Fundamental of Particulate Erfrissions control

"  ' , 2pr=Tcop Di 
T

Table 7.3 summarizes some of the correlations available for the drag coefficient as a

function of the ReYnolds number'

Tqble 7.3 Correlolions for Droo coefficient of sphericql Pqilicles

Range of Reynolds Number Correlation for Cp
- * " ^ - - - _ l

Re < 0.1 (Stokes's law) 24
Re

(1.r9)

Sec. 7.3 Dyr

smaller than that I
Do becomes small

Stokes's law:

where an empiri

Millikan between

Table 7.
atm and 298K.

Toble 7.4 Cr

Do $m)
0.01
0.05
0.10
0.50
1.00
5.00
10.00

7.3.3 Grovitc

For a re
external force mr

Newton's seconC

0 . 1 < R e < 2

2 < R e < 5 0 0

5 0 0 < R e < 2 x 1 0 5

2a(t+!xe+*ot trd
Re \ 16 160

2+(r*o.rsn"o utt)
Re

0.44

Source: Flagan and Seinfeld i988'

7.3.2 Noncontinuum Effects

Aerosolparticlesaresmall.Theparticlesizeisoftencomparabletothedistancesthatgas
molecules travel between collisions with other gas molecules' consequently' the basic continuum

transport equations must be modified to accoonifor non continuum effects' The Knudsen number'

;r':;;ri;;, *r,"r" 1,, is the mean free path of the gas, is the key dimensionless number in this

respect.
ThemeanfreepathofagascanbecalculatedfromthekinetictheoryofgasesaS

L s =
0 . 1 1 4 5  p

p^F
UT

(1.20)

where P is the gas pressure in kPa, and M is the gas molecular weight' For example' fot ur at298

K and 1 atm the mean free path is 6.51 x 10-8 m = 0.0651 pm' Stokes's law derives from the

equations of continuum fluid mechanics. When the particle diameter approaches the same order as

the mean free path of the suspending gas molecuLs, the resisting force offered by the fluid is

,:i
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small-er than that prediqted by Stokes,s law. To agcount for,this effect that beoomes important asDo becomes smaller, a slip factor, c., also called cunningham 
";;;;" 

factor, is introduced intoStokes's law:

n 3Tt1turD,
f D = <

cc

where an empirical correlation for c" was deveroped, based on experiments performgd byMillikan between 1909 and 1923, as(Allen and RaaUe f qgZl

, c" =or + roft.zst + o.4o exp 
f #]

atm and :;:F." 
shows the varue of the iunningham correction factor for parficles in air at I

nd 298 K

r3.oz -
o.o5 2.ffi 5.06
o.1o t.3o z.gl
0.50 0.26 L337
l.oo o.t3 1.168
5.00 0.a6
lo.oo ::: 

r'034

7.3.3 Grovitofionot Setiling

For a relative 
Tol* 

tg,oist between u !ryd and a freely suspended parricle, at leasr oneexternal force must exist. corrsidering * 
"*i"rnal 

force, a, *ni"t i;'opposed by the drag force,Newton's second law of motion for a particls of mass *; ; ;;;; 
",

F" - Fo= ry#

(7.2r)

(7.22)

(7.23)

nflh
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For a spherical particle in the Stokes's region, Eq. (7.21) can be substituted into
Eq(1.23) to yield

4a* 18IL 
u,- !,

dt ppc"Di mp (7.24)

(7.2s)

(7.27)

(7.28)

, =oj tf: (7.26)
1 8 p

Equatior! (7,?5) is the basic differential equation governing the motion of a particle in a
fluid when Stokes's law applies. Consider, for example, the resultant motion when gravity isthe

-only external force (the buoyancy force can be neglected when the fluid is a gas). Equation (7.25)
becomes

Equation (7.24) can be rewritten as

d u r , u r _ F "

d t x m p

where t is a characteristic time associated with the motion of the particle given by:

du" .  u"r + r = g
, d t !

ur=x.;t *nf ; I

where g is the gravitational constant. If the initial relative velocity is zero, the solution to. Eq,
(7.27) is

For t >> t, the particle attains a constant velocity, called its terminal settling velocity, a,,

ut = r, g=Di Poc's (7.29)
1 8 p

' 
Figure 7.5 illustrates the transient behavior of a particle settling under the influence of

gravrty. After four characteristic times, the particle's velocity is virnrally equal to its terminal
velocity.

ir ,

rtr, -1:T.*--*

:!l

s
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* : ' 0 t 6
:3
L:s

Figure:Zs,'Difilensionless
particle velocity versus
dimensionless time

ol::

t17
i : ,  : : . i :  :  j i . .  ] . :  i  r : t  : : r  i i i  : .  : :  r :  "  . t . ,  - . -  r .  . t  : , .  , . . ,

." ,. The.transient pOrtion of4 prar.tig"lels:setttinS: time is usually ignored. Tab,le 7.5 shows the
terminal velocity'and the characteristic time for several particles in tha.size range,gf intg-ettin,,air
pollution conffol applications. Bgqause t is so small, it is justified to assume that thg teffninal
velocity is attained almost instantaneously.

Tobb 7.5 Grqvitotionql Setfling of Unit O€nsity,Spheres |n Air At 298
K ond I otm

(tn) Chdracteristic time (r, s) Terminal velocity (m/s)

0.1
0.5
1.0
5.0
I

8r8 x trO8

1.0x l t6

3.6 x 10-o

7.9x lOs

'8.6x 1Oz

1.0x 1Os

3.5 x l0s

7.8N 10.4

For a particle larger than 10 to 20 pm settling at its terminal velocity, the Reynolds num-
ber is too high for the Stokes's regime analysis to be vatid. The drag coefficient is a useful way to
represent the drag force on a partiele over tlp err{ire range of Reynolds number. Newton's second
law of motion can be rewritten in terms of the drag coefficienr

*rT= F"-+cpp A, u,2 (7.30)
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If the external force is constant, the motion approaches a terminal velocity at which the
external force is exactly balanced by the drag force,

Sec,7.3 Dyna
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^  . rF
CPurz =!!c-
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For terminal settling owing to gravity of a spherical particle,

(7.3r)

(7.33)

(7.34\

(7.3s)

(7.32)

Because Cp depends on zr through Re, this equation can not be solved explicitly for 2,.
Instead, ' n4.' 1l .Z;27 must be solved for u; by trial and error or through the following procedure.
Define a new dimensionless number, the Galileo number.' :  , . .

Cpur2=?#

Ga= Cn,'. ,  = Cnr, '(n' P|
' \ p /

,  , . 1  a , , i  ,  , '  ,

Substituting Eq. (7.32) in Eq. (7.33),

aDiPPos
Qn= _-

3rP

Another useful relation between C2 and Re is:

Re -Re3 -
Cp Ga

3 p2 ur3

4 g p p V

The following correlation due to Koch caq be used tcj relate Re/c; to,Ga (Licht 1980):

1 I ^
tV 

H 
=-3.194+2.153lnGar/3 -0.238(ncut"  )2 +0.01068(rout"  ; '  (7.36)
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To calculate urfor a particle of any diameter, first calculate the value of Ga. Then, calcu-
lateRe/CD from Eq. (7.36) and finally obtain u, from Eq. (j.35).

Example 7.3 Gravitational Settling Velocity

Estimate the terminal settling velocity of a spherical particle with a diameter of 100 pm and
a density of 2,600 kg/m3 falling through air at 313 K and 1 atm under the influence of gravi-
ty. Calculate the terminal Reynolds number, Re,, and the terminal drag force on the particle.

Solution

For air at373K and 1 atm, p =0.941kglm3, V=2.1x 10-s kg/m-s. From Eq. (j.34),Ga1t3
=4.174. Equation (7.36) yietds (Re/Cr;tn = 0.564. FromEq. (7.35),ut=0.522m/s.
Calculate Re, = upopllt = 2.35. There are two ways to calculate the terminal drag force.
The easy way is to notice that when the particle attains constant velocity, the drag force is
perfectly balanced by the external force, gravity in this case. Therefore, the drag force is
equal to the weight of the particle: Fp = mpg = 1.33 x 10-8 N. Remember that this is true
only at the terminal velocity. A more general approach to calculate the drag force is through
Eq' (7.19). Calculate the drag coefficient with the corresponding correlation fromTableT.2:

I  ^ , - -  t

Cp = 24lRe It + O. tS Reu od / 
) = 12.97. Substituting in Eq. (7.19), Fo = I.32x 10-r N.

There is a slight difference between the two results due to the use of Eq. (7 .36), an approxi-
mate correlation, as part of the procedure to calculate the terminal velocity.

7.3.4 collection of Pqrticles By lmpoction, Inlerception, ond Diffusion

When a flowing fluid approaches a stationary object such as a fabric filter thread, a large
water droplet , or a metal plate, the fluid flow streamlines will diverge around that object. Because
of their inertia, particles in the fluid will tend to continue in their original direction. If the particles
have enough inertia and are located close enough to the stationary object, they will collide and be
collected by it.

Impaction occurs when the center of mass of a particle that is diverging from the fluid
streamlines strikes a stationary object. Interception occurs when the particle's center of mass
closely misses the object, but, because of its finite size, the particle strikes the object. Collection
of particles by dffision occurs when small particles (which are subject to random motion about
the mean path) diffuse toward the object while passing near it. Once striking the object by any of

*5

+
*fi
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these means, particles are collected only if there are short-range forces strong enough to hold

them to the surface.
A simple means to explain impaction is with the concept of stopping distance. If a sphere

in the Stokes's regime is projected with an initial velocity usinto a motionless fluid, its velocity as

a function of time (ignoring all but the drag force) is

u r =  u o e - l l 7

The total distance traveled by the particle before it comes to rest is

u, dt = ugr, (7.38)

If the particle stops before striking the object, it can be swept around the object by the

altered fluid flow. Because t is very small, x",oo is also small' For example, if a 1'0-pm particle

with unit density is projected at 10 m/s into air, it will travel only 36 pm'

An impaction parameter, Nr, can be defined as the ratio of the stopping distance of a par-

ticle (based on the upsffeam fluid velocity) to the diameter of the stationary object, ds, or:

*rr"O = 
f

(7.37)

(7.3e)N t =!!:L
do

If N, is large, most of the particles will strike the object, otherwise, most will follow the

fluid flow around it.

7.4 EFFECTIVENESS OF COLTECTION

Your objectives in studying this section are to

1. Define fractional efficiency, overall efficiency based on particle

number, overall efficiency based on particle mass, and penetration'

2. Develop a relation between overall mass collection efficiency and

fractional efficiency for a log-normal aerosol population.

3. Apply Gauss-Hermite quadrature formulas to the evaluation of overall

mass collection efficiencies.
4. Estimate the fractional and overall collection efficiencies of settling

chambers operating in the turbulent flow regime.

5. Calculate the overall collection efficiency of two or more particulate

collection devices operating in series.

Sec.7.4
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Sec, -7;4,, :':Et&etMilrl$s of ;eolfedtion s"l€

Tb success of a particulate,idolleedoil. slritem'rrray rbs: eiipra$stdi ei,&br..irf tdilns ,of the
amount of aerosol removed from the air sfteam, o, ttr" u-o* permitted to remain in it. The col-
lectio-n or removal efficiency of a devjpe;rnay bg,q€$qgd in various ways. For instance, thefrac-
tional or grade fficiency \ (Dr) is defined as:

n(Dr)= , -numberof particles of diamet{rDrout

numberof paticles of diameterDo in

; .  ; - .  - i ' :  
' . , . , ; : '  

' -  r '  , , ' . t '  i  
'  : -  '  :

This effrciency can be expressed in terrns of the particle size distribution functions at the
inlet and outlet sides of the device:

I(Dp)=
nt*(h - no*(oo)ano

{?r4O)

. , . : i : , 1 , :  .

, t i  - , . :  
t : , : , ; i

'  1 . . :  , .  j . l l : l '

_ : : . t  .  I

, : '

(7.43)

. , . ' , ;  . ' . . ' r . : . i t ' : l , t : : : .  Y J ' l l ;  , - ,  : j , . : . i r : . .  i , :  
' . : j - : . . : : , : : : l i  

t ,

i-.i.:'.:- ,,. ,- ,ii,ir .;-,:{ifi;E f _ Te,f "f,l{:,Il lit
.. number of pmticles in

[,- 
n(u)**@)ary

TIN=

f ,,.@,)an, Q.44'
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The overall,efficiency based on panicle mass,Tlu.is defined.as
. : - :  , .  a  r  ' : :  

J ,  . . r  . .  I  
, _

mass of particles out'

mass of particles in

Emlssigns,,Control
\
I

.  ; .  . .  :

Q.4s)

(7.46)

(7:.17)

Sec,7.4

where u = lx
(see Problen

Equation (7.,

In tr

For
numerically

^  i -

For spherical particles of uniform density:

rlM =

\ u=

The overall collection efficiency by mass is usually the easiest to measure experimental-
ly. The inlet and outlet streams may be sampled by a collection device, such as a filter, that col-
lects virtually all of the particles.

The collection efficiency is frequently expressed in terms of penetration. The penetration
is based on the amount emitted rather than on the amount collected; based on particle mass, it is
just Pty- | -\*.

The fractional efficiency n(Do) is, for most collectors, a unique single-valued function
for a particular set of operating conditions. It depends on such parameters as the nature and design
dimensions of the collector, and the rate of flow and particulate loading of the gas sffeam. The fol-
lowing chapters will develop the fractional efficiency.function'for the most common devices used
for particulate removal from gaseous strbams. ,

For a log-normal particle size distribution, Eq. (7.46) can be written as

f 
,,,(n)oj aoo

nin(u\ e3u du

where u = lr

f *'n(da'nr,(u)du

I 
n@) ri ,;,,(oo) apo

-
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1989)and Benitez,(1988) have used this techniqne where the log-normal disribution applies. The
integral becomes:

t€ci,7,4:...

;t--
-
-2.93063

-1.98165
-1.15719
-0.38119,

0.381lt,
t.157Lg
1.98165
2,93063

llu= I

Gom
: :
Notice

. - . i  . _

chir,acl
putef s
mial;

f * N

I n!)"-'ar= ) w;q(u;)
l - *  i = l

where w; and v; are the weight factors and roots of the Nth degree Hermite polynomial

(Abramowitz and Stegun 1972). As a general rule, the accuracy of the mrmerical integration
increases with increasing polynomial dbgree..Beni-tez (1988) suggested that an 8-point"formula
was adequate for preliminqrydesign purposes.

i " j

Example 7.4 Overall Mass Cotiection Efficiency Caleulations
: '  .  . .  '  _. .

: The fractional efficiency function of a particulate removal device is given by:
'  :  . :  

_  - l : "  1 _ ' - '  '  :  l '  
: " : : ' I  . : r  

r ' t r

.  
. . ,  ,  . .  . , , . t , i . i  . . , ./  \  I  -  -  t l

n(Dp)= I - exp(- 0.000651D1) 
1t.s+l

: :  
t  ' " t  

'  :  I  : : '  l -  i  r " ' _ :  :  : i l '

. : .  : ,  
: l '  

:  
'  

,  
, . ' ,  . .

where Dois in microns. The device processes a log-normally distributed aerosol with a. r

trAnAp of SO Fq and o, of 2.5. Estimate the overall mass collection efficiency. Use an 8-
point Gauss-Hermite quadrature formula to estimate the integral.^ ; '

(7.s3)

'Sbmion 
.

Prn and o, =25.

The procedure to estimate the overall mass.eollection efficiency is as follows:
o Choose the number of quadrature points to use, N.
r Obtain the values of the roots, v;, an-d weight factors, rry;, of the conesponding

Hermite polynornial either from,a mathecraticdtable or from a cormpoter,r,:,:, ' ',i 
,

programprovidedsubsequentlyi , ::, ,
rFoieachoftheroots,calculatethecorrespondinga;from.Eq.(7.51).
o Calculate Dpi= exp ui.
o Calculate v1(Dp) from Eq. (7.54).
o Calculate ]vJ q (Der)_for ,: 

!:r, 
--, 

I,_,... 
-

. Calculate n,u frorn Eqs. (7.52) and (7,53).

The following table summarizes the calculationsfor an aerosol population with MMD = 50

c
c
c
c
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Dpi t'l Nrt

-2.93063
-1.98165
-t.t5719
-0.38119

0.38119
t.t57rg
1.98165
2.93063

t . I 2
3.83
TT.16
30.51
8194
223'.97
,651.89
2,2,16.I0

0.0008
0.009s
0.0779
0.4545
0.9870
1.0000
1.0000
1.0000

0:00020
0.01708
a.zaianz
0.66115,
0 .66115 ,
0.247802
0.01708
0.00020

0
r. o,ooo16

0.01619
0.30050
0.65260
0.20780
0.01708
,0.00020

>;1.1945;3.

r1y= Ll9453lntn =0.673g (67.1:9Eo) , :

Comments
.

Notice the symrnefiry of tlp roots and weight functions of the Hermite polynomials. This
characteristic simplifies computer implementation of the method. The following is a com-
puter subroutine to calculate the roots and weight factors of the Nth degree Hermite polyno-
mia l .  . : .  . . :  r , , :  , :  : . . r 1 ,  1  : . . ; : .  I  - 1 , ,  1

a  l r  . . : : : : , . t : . . ;  :

, suBnoum.{EIsRMIT(NN,X,A,EpS) 
'' , . :: : :'

c CALCULATESTHEZEROESX(DOFTHENN-THORDER i' :
c IERMrrEipoLyNoMIAL. ALSO CALCULITES Trm,COnnr5p6y9Xg6, :, ::

' c 1VtrGIrrFACToRA(DFORGAUSS-HERMTTEQUADRATUI3: :,"!i', :':

C  
'  ' :  : : r  f r ; '  :

DTMENSTON x(50), A(50)
FN=NN
Nl =NN-l

N2 = (NN+1y2

CC =,1.7 7'2453&509*GAMMA(FN.X(2, * *N I )
S = (2.*FN+1.)**.16667
DO l l  I  =1 ,  N2

rF (I.EQ. 1) TIIEN
. i.:XT =rS**3 - 1.85575/5

sLsE rF (r.EQ.2) Tr{EN
, ,i XT=XT- 1.14*FN**.426IXT

ELSE IF (I .EQ. 3) THEN
XT= 1-86f)(L0.86tx(l)
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:
Examl. . . .  :

..',,,'-Tl
' 

lls
: t €

o1

d

ELSE IF (I .EQ.4) THEN
'XT=1.91*XT- .g l *xQ)  

,  
'  " '  .

ELSE
XT = 2.*XT-X(I-2)

ENDIF
CALLHROOT(XTNN,DPN,PNI,EPS) :
x(I)=XT
A(I)=CC/DPN/PNI
NI = NN-I+I
X(NI)=-XT I '

A(NI) =A(I)

COMINUE 
:...

;t"*
END
FUNCNONGAMOD 

. :

cAM = ((((0.035868343*Y- '193527818)*Y + '+szleme+;*v- .r' I 
'

1 .756704078)*Y + .918206857)*Y - '89705693?)*Y + '988205891)*Y

2 -.5771g1652)*Y + 1.0

RET.RN ' r,. ':

END
FIJNCTION GAMMA(X)

CO}VFUTES THE GA}'IMA FUNCTIONOF X FbR X.BETWEEN O ENO:S

Z '=X
IF (Z J.B o.o .oR. z.GT. 35.) THEN

GAMMA=0.
ELSE IF ( Z .EQ.l.) TIIEN

GAMMA= 1. ' ;  : . ,  "  . '  ,  . .-  .

ELSE IF (Z .LT. 1 .O) TIIEN

GAIyfl\4A=-,G.AM(Z)U ,::: '1,:

ELSEIF (Z:G:I; 1.0) THEN

Z A = 1 .  '

10  Z=Z- '1 . .
IF (z  .EQ. l ' )THEN

GAMMA=ZA
FLSE IF (Z .G'T. 1.0) TIIEN

ZA=ZA*Z
GOTO l0

: ELSEIF (Z .LT' 1'0) TIIEN

GAMMA=ZA*GAM(Z)
END IF

ENDIF
RETURN
END
SUBROUTINE HROOT(X,NN,DPN'PN1'EPS)

e
c
c
c

1 l

c

c
e

! - ' ]

gl"*
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C IMPROVESTIIEI|PPROXIMATEROOTX

i ot" = DERIVATTvE oF l(N) AT x

C  P N I = V A L U E O F H ( N . ; l ) A T X , : ' . " " "  r " : ' r ' ' r ;  : '  - r l

C  , : ' '  
-  

" ' 1 ' 1 1  . , , " , .  

'  

" : t ' '  
t t " "  :  

t -  
: ' t ' : '  

'  
l

, : , .  t f ! . n : = , o . . -  : 1 : r i ' , . :  : ' , , : :  : . , t : i ,  .  . .  t ' t - ' i :  : '

I  I T E R = I T E R + l  -  . -  , . , , , , :  :  : , r  . .  . . :  : , , t : , '

CALL HRECUR(P,DP,PN I,X'NN)

D=P/DP
X = X - D

"tyjJ?, 
.Gr. EPs .ewo' rren 'lr' r0) rHEN

GOTO 1
'ELSE : 

":  
t '

.pp5 = Dp ..
ENDIF
REIURN 

. .. .

BND
iunnournrn HRECuKPN,DPN,PN l'x'NN)

n*amtple,i;s ;t.rull Masseoilccfi Effici,q4cJrotse!$Charnbef I, ",,

,,,t*i;*tg *i*iibdapsthesimpiestof al.f ar,.no,llu*:1."-**ddevipei'Itsmain 
'

[sefulness lies in serving as a prelimirrl;t;;g a"ni"".fot arnor'qefficient control sys-

tem. Where th" .;';t"- f*go purti"i"r i-itg"r ,ft" dh.g cnamUe' can remove much

' , of tlie mass of the particulate popufution *rti"rt 'i"tfA otrrgrwi.se choke up the other control

i""J"l-ft"pti.ing its operation or requrrng too frequent cleaning'
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The use of several trays improves the collection effieiency of a settling chamber since the
particles have a much shorter distance to travel before reaching the bottom ofthe passage
between trays. Figure 7.6 shows a settling chamber in which tays are provided-
The flow in a rectangular channel, such as the ones in a settling chamber with ffays, is tur-
bulent if the Reynolds number, Re" > 4,000 (McCabe and Smith, 1976). For the situation
depicted in Figure T.6,theReynolds number is (Crawford 1976)

Re"=- 
JQP-

ItlNtrW + H) (7.ss)

where N1" is the number of trays, including the bottom surface of the chambel. For turbulent
flow, the fractional efficiency for particulate collection by a settling chamber is given by
(see Problem 7.13):

n(pp)=1-explry-l (7.s6)

wbere ul is the terminal,velocity of a particle of diameter Do. Notice:that NolW = A" wherc

A" is the total area available for particle collection. Therefore, Eq. (7,56) can be rewritten as

Sec.7.4,, ,Efl
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Alley 1986).

q(Do)= r-explTl (7.s7)

1
w

t

Top view

+z '  
'>

Figure, 7.5, Schematic diagram
,, , of a.settling chamber wi,th

trays
r,-*
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consider a 5-m long settling chamber with 10 square travs' Ttre-!3vice processes 10 m3/s of

ar at298K and 101.3 kPa, carrying u log-norrnal u"l.o'ol with MMD =25 pmand O' = 2'g'

Thedensityoftheparticlesis2,000kg/m3.Thetotalheightofthechamberis3m.Estimate
the overall mass collection efficiency of the chamber'

Solution

The first step in the solution is to determine if the flow through the chamber is turbulent'

For air at2gg Kand 101.3 kpa, p = 1.1g5 kg/m3 and p = 1 31] 10-5 kg/m-s' Thechamber

dimensions u,e: L =W = 5 m., g = 3 m.Fori, = 10, EQ. (7.55) yields Re. = 24'300 which

means fully developed turbulent flow. Calculate A. = (10) (5)2 = 250 m2' Equation (7'57)

becomes
/  \  |  ^ -  I

n(Dp)= I - exP l- hw) (7.s8)

Toillustratetheconcept,choosea4-pointquadratureformulatorelatethefractionaland
overall collection efficiencies. The terminal velocities in Eq' (7'58) must be carefully calcu-

lated because Stokes's law is not valid at the higher end oi the particle size range covered'

At the lower end of the range, the Cunninghari correction factor must be included in the

calculations.

-1.65068 5

4.52465 15

0.52465 41.8

1.65068 126

0rm) ur (m/s)

0.0015
0.0118
0.1020
0.6220

\ ( D p i ) Wi

0.0002
0.0113
0.275
5.05

0.0368
0.2548
0.9220
1.0000

0.08131
0.80491
0.80491
0.08131

0.0030
0.2051
0;142t
0.0813

t = 1.0315

r1y = 1.0315/ ''l:n = 0.582 (58'2Vo)

Frequently,aparticulatecollectionsystemconsistsoftwoormofedevicesoperatingin

series. The overall collection efficiency is not simply the sum n9r tfe product of the efficiencies

of each device. Each device's efficiency is based on the mass loading of particles entering that

device, bul.the overall ,Vri"* efficiency is. based on the total mass collected as a fraction of the

total mass enfering the first device. It can be easily shown that the overall penetration of such a

system, p/r, is simply the product of the penetrui#r or all of the individual devices (cooper and

Allev 1986).
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Pto = (7;59)

Theoverallcollectionefficiencyofthesystemisqy=|_Pto'

References
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Example 7.6 Overall collection Efficiency with Tlvo control Devices in

Series

A particulate contol system'consirt* oi'u r"ttling chamber tl* * ou"'otl-ui' ;i1;;1-ii

efficiency of 65%, followed by an electrostatic precipitator with an overall rnass collection

etriciency of 9|To,.Calculate the overall collection'bffrciency for the system.

Solution

Calculatethepeneffationsoftheindividualdevices.!!,=|-0.9'=oss..r2:'-o:::
0.05.FromEq nitll1l:i9,?t)(0'05)=0'o175'Therefore''theoverallefficiencvforthe
sYstem is n"a = 0'9825 (98'257o)
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T.S" CONCLUS|oN :

.Removalof:particulate.matter.from.exhaustgasesisuu"ryimportantengineeringtask

because particles conrtitot" u -u3".1class of ui, p-ottutuitt'-the most ilnportant characteristic of an

aerosol, population is its size distribution ton"tiln- Not only are the deleterious effects of particu-

lates dependent on their size, but the nature and-design of tle poilution controldevice'appropriate

- 
for a given aerosol are highly d"p-".nq"ff * tr," 

"r'i'""t"tistics'bf 
the size distiibutio-n function'

Most aerosols of interest io ui, pottoti* :ooOol 
are log-nomatfY distribuled, which is fortynate

;;;; ar*;;;il;i- a"Jrr"i*""-rzed in terms of only t*o parameters'

. :'Most p*i"ri",t""rieJ,i"J"oi*t a"peoJ on an sxternal'force to impart on the particles

a velocity: compo"""rfiur"tifi;#";;;i dit ;;1"n of the gas flow. Settlins:chambers depend on

gravity for that plrpose.: The following chapters explore the mechanisms through which the most

popular particularc c;;tr;i;yt.Jn:*",o"d o"ti1e the,corespondlng fractioral'ef'ficiency

A;ti4 szins and 
fJting 

orp*i"otu* control:equlpment are covered i"'qquil

I
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The problems at the end of each chapter have been grouped in-to
four classes (designated by a superscript after the problem num-
ber).

the formulas in the
'

situations, based.on

The following dala were obtained when a sample of an aerosol population was ana-
lyzed with a cascade impactor: . .1
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Answer:1,58'1tm
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' : r  
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: Determine whether,a log.normal'distribution fits this data and, if so- estimate ''

MMD,NIvID, and os.

': '" 'Answer: MMD 
'= 

10'B llrn

7.2b' Log-normal distribution

,,,, ,Fqf,th€4grpsolpopulationotProblem?.1; 'calculate:thefol lowitrg:" '", . t ' ' , ' , . , ,

(a)Mass.fractionofparticleswithdiametersbetween5andl0pm'

:. r : :  t .  r i  
.  ,  

. : -  I

O) Fraction of the total numbr of particles with diameters between 1 and 5 pm'
. 1 , :  l :  ,  

l . i  . : r t :  t l : . .  i : :  . f  i - : : .

. :  1 . 1 : : 1 r :  r ' ' : r " , r ' . , r '  . ' , " ' i  ,  
A n " r W e r : 7 4 t 6 7 ' p

:

7.3t.'Modd ditirneter'Of a'log-nornal dishibudon

An impoftant parameter ot a srze orsribution function is the mOdal:diam9t9'!' D!*'

d"fi;;;;; ii*r",rr at which tne geatest number of particles is clustered'.rnis aam-

eter is located'at the maximum point of the cnrve f6 n (Dp)' Show that' for a log-1ormal.

' :Do144 =' NIvF 
"*P I 1** qr)?j

. . i : : . ' . . . . ' : . i : : . : . ' . . ' . j : : : ' . . . . : .

Estimate the modal diametel for the aerosol population of Problem 7'1'

; . 1 r  . .  : ; . - i  
.  ] ]  .

' 1 . : 1 . , l ' : : , ' ; ,  : .  ' ' -  r - : . . -  . . ' ' . :
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The following data were obtained with a cascade impactor

Dn (|'tm) G (7o)

0.5
1 .0
2.0
4.0
8.0
10.0
15.0
20.0
25.0
50.0

14.4
zJ.+

37.0
55.1
6r.4
72;7
79.6
84.6
94.8

Fit a log-bimodal distribution function to these data and comment on the goodness
of fit of the model.

7.5b Log-bimodal size distribution

An aerosol population results from the combination of particulate matter from two
distinct sources. The coarser source is log-normally distributed with MMD = 10 pm and
os =3.0. The finer source is also log-normally distributed with o, =2.5,bttunknown

MMD. Twenty-three percent of all the mass originates at the fine particle source. It was
found experimentally that the combined, cumulative mass fraction up to 3 pm was
30.8Vo. Estimate the value of MMD for the fine source.

7.6u. Urban aerosols

The size distribution of urban aerosols containing photochemical smog are usually
bimodal. The "fine particle" mode-less than 2trrm-contains from one-third to two-
thirds of the total mass, with the remainder in the "coarse particle" mode. The fine parti-
cles are produced by photochemical atmospheric reactions and the coagulation of com-
bustion products. The coarse particles are mainly of mechanical origin.

The aerosol over Pasadena, California, was sampled on September 3, 1969 under
light to moderate smog conditions. The MMD of the fine particle mode was 0.3 pm with
a o, of 2.05. The corresponding parameters for the coarse particles were 8.0 pm and2.3,

respectively (Hinds 1982). The cumulative mass fraction up to 1.0 pm was 557o'

fr
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Estjmatg rv[rat fraction of the total atmospheiic aerosol w-as ofphotochemic{ origin.
'  r , " '  ' ' -  

. : : . , , :  l  ,  : ,  , . : : r ' , :  :  :  i : .  
- :  

. : : : ' ' . ' ' . . i 1  : -  
' :  : l  i r " r : : .  : l  '

. ' :  Anqwer:57 '37o' '  " - - - ' - i  -

7.7b. Mass concentration of a log-normal aerosol population

An aerosol with a log-rronqal size distribution has a NMD of 0.3 pm and a o* of

1.5. If the number conddhhbiion 15'd'$e'p i ds nij,.what is the''4aS$'icihcentration?
particles may be'assumed spherical with a density of 4;500 kg/m3l The following identity

mav be useful:

| ,* s-(,-i)'rzo,'du =,[ii ooei s(,'o,? rz)

: r . ,  . .  j  .  J--  : :  ,  '  . ; : . , ' r :  ,  I  , r ,  '

:r.i ' 
'

: :  : ,  , , '

7.8a. Teiftffinalgrwit#nat setding vel,ocity
.  . t  t i '  ; i  : . ; : :  - l  : . :

:r,, ,(a) Estirnatg the termioal gravitational settling velocity of a unit-denstty, 200-pm

diameter sphere in air at 298 K and 1 atm.
' i . ' :  

: : - .

. . ; ' - , * - . r ' . 1

(b) For a 0.15-prh dimeter spheiicalparticle (pp = 2,500 kgfol &tr-miriethe

CunA gh.afl:corr€ctiodfaq*jq.ad thriter,mirnlsettlingr.f*e€ity:if;arfo.at'il$ K,'a,dl 1.r:

. L l
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where Do is the diameter of a spherical particle with the same volume as the irregularly

shaped particle. The following table gives dynamic shape factors for particles of various

shapes.

Shaoe Dvnamic shape factor-sphere 
1.oo
1.08
1.32
r.07

1.05-1.11
1.36
r.57
2.04

Cube (UD = 4)
axis horizontal
axis vertical

Bituminous coal dust
Quartz
Sand
Talc

Source: Davies. C. N. J. Aerosol Sci., L0:477 (1979)'

An old indusrrial hygiene rule of thumb is that a 10-pm silica particle settles in

atmospheric air at a rate of 1 cm/s. What is the true settling velocity of such a particle?

The specific gravity of silica is 2.6. Use the dynamic shape factor for quartz.

Answer: 0.566 cm/s

7.10b. Gravitational settling velocity

Atmospheric air is dried by bubbling it through concentrated sulfuric acid (po =

1,840 kg/m3).The acid container is a 0.l-m diameter, 2-m long tube which holds 1'5 L of

acid. The air flow rate is 10 L/min. When the bubbles burst at the liquid surface, they

form droplets. What is the largest droplet that can be canied out of this system?

Answer: 19.5 Stm

7. ll,b.Terminal velocity for electrically charged particles

When a particle possessing an electrical charge ep enters a region where an electric

field of strength E, is also present, an electrostatic force F will act on the particle. The

magnitude of this force is given by F = qoEr, where F is in newtons, 4o in coulombs, and

E" in volts/m. Estimate the terminal velocity in air at 298K and 1 atm of a 1.0-pm diam-

eter particle with a charge of 0.3 x 10-1s coulombs under the influence of an electric field
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of 105 V/m.

Answer: 0.2 nt/s

7.12b. Overall efficiency based on particle mass for log-normal function

Derive Eq. (7.50), which relates overall mass efficiency to fractional efficiency for
a log-normal distribution, beginning with Eqs. (7 .49) and (7 .I4).

7.13". Ttrrbulent flow in settling chambers

Derive Eq. (7.56) for the fractional efficiency of particulate collection by a settling
chamber operating in the turbulent flow regime. Assume that there is a laminar layer
adjacent to the bottom surface of the passage into which turbulent eddies do not pene-
trate, so that any particle that crosses into this layer is captured shortly. In the remainder
of the flow passage, the eddying motion owing to turbulence will cause a uniform distri-
bution of particles of all sizes. The vertical component of the velocity of the particles in
the laminar layer is the corresponding terminal settling velocity. Horizontally, the parti-
cles move at the average velocity of the gas through the passage.

7.14d, Gauss-Hermite quadrature for overall efficiency estimation

Write a computer progrilm to implement the method outlined in Example 7.4 to
estimate the overall mass collection efficiency for a device with a given fractional collec-
tion efficiency equation when it operates on a log-normally distributed aerosol popula-
tion. The user should be able to specify the fractional efficiency function, the parameters
of the log-normal distribution, and the number of quadrature points up to N = 50. Test
your program with the information on Example 7.4. Increase the number of points to 16
and observe the effect on the overall efficiency predicted.

7.15d. Overall efficiency of a settling chamber

Write a computer program to estimate the overall mass collection efficiency of a
settling chamber operating in the turbulent flow regime. Assume that the aerosol is log-
normally distributed. Estimate the integral with an N-point Gauss-Hermite quadrature
formula. Test your program with the information on Example 7.5. Increase the number of

*ifr
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points to 8 and observe the effect on the overall efficiency predicted.

7.16b. Overall penetration of a log-bimodal aerosol population

Ken (1989) showed that the overall mass penetration of a log-bimodal aerosol pop-
ulation through a particulate control device can be estimated by:

N

RI
i = l

w;Pt(v"i)
N

wirt(v1i)+l
; - l

t

\

Pty =
l n lR+11

where v6;lfid vJ are as defined by Eq. (7.51) for the coarse and fine fractions respective-
ly. Consider a particulate control device with a fractional penetration function given by

rt(nr)= e^p(- o.oool 74 -78,37lDp)

where Do is in meters. The aerosol is log-bimodal with MMD/= 0.5028 pm, MMD" =
11.29 !tm,6ef = 1.202, or. = 1.353, and R = 0.01023. Estimate the overall mass collec-
tion efficiency of the device based on a S-point quadrature formula.

Answer:61Vo

7.17t Particulate matter deposition in the alveolar region

Table 7.6 shows the fraction of inhaled particles deposited in the alveolar region for
nose breathing at a rate of 14Llmin as a function of particle size Do. Estimate how much
mass deposits in a person's alveolar region daily owing to breathing local air which con-

tains 150 mg/m3 of a log-normally distributed aerosol with MMD = 2.72 pm and o* =

r.649.

Answer: 0.54 mg/d

r';&*i&l-i;,

Problems

Tobfe 7.6 Ft
I

-
Source:Hatti

7.18a. Parti,

Particl
emission sti

what is the

7.19c. Desi

Desil
(ESP). Th(

96.77o fot
settling ch

particle de
trays in th
Calculate



Problems

Toble 7.6 Froctionol Deposition of Porticles in Alveolor Region
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Do fttm) Fraction D, (Pm) Fraction

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.9
1 .0
1 .1

0.20
0.15
0.12
0. r2
0 .12
0. r2
0.15
0.18
0.20
0.20
0.20

t .2
1 .3
r.4
1.5
2.0
3.0
4.0
5.0
6.0
7.0
8.0

0.21
0.22
0.23
0.25
0.28
0.26
0.19
0.11
0.03
0.0
0.0

Source:Hattis et al. JAPCA 37:1060 (1987).

7.1.8a. Particulate control devices in series

Particulate removal efficiency on a certain gas stream must be 98.5Vo to satisfy

emission standards. lf a 607o-effrcient cyclone precleaner is used with a wet scrubber,

what is the required efficiency of the scrubber?

Answer:96.27o

7.L9". Design of a settling chamber

Design a settling chamber to serve as a precleaner for an electrostatic precipitator
(ESP). The removal efficiency for the system must be at least 987o.The ESP efficiency is

96.77o for a gas flow rate of 10 m3ls of air at 298 K and 1 atm. The aerosol entering the

settling chamber is log-normally distributed with MMD = 15.0 pm and 6s=2.5, and a

particle density of 2,000 kg/m3. Because of floor space limitations, the dimensions of the

trays in the settling chamber cannot exceed 4 m. The tray spacing must be 0.3 m.

Calculate the chamber dimensions and the number of trays required.

,,"'dtf[ll0fiIiffi4*;r;tffitiltn{,,,,{fi,r,{hrr!'.
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7.20b. Optimat design of-a setding chamber .
crawford (1976) showed that, when there are no space limitations, the optimaldesign of a settling chamber operating in the turbul"nt fio* ,"gi.;;;;;;;b;-'*'

L=w=^l *Y N n

N r r -  A : 1 3

(ztnlttt

where A" is the total collection area and Al1is the tray spacing. Calculate the optimal
dimensions and number of trays of a settling chamber to collect 50-pm particles with
90Vo efficiency. The gas flow rare is 25 m3/sof air at 29g K and 1 atm. The particle den_
sity is 2,000 kg/m:. The tray spacing is 0.3 m.

Answer;L=5.53m

-*6**gfiirr
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