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Abstract— A modified three-dimensional dispersion model-af previous work was modified
and used to investigate the effect of droplet si®gribution in addition to droplet concentration
distribution for the prediction of liquid dropleispiersion and particulate removal efficiency in a
venturi type scrubber. For the sake of includingpiiet size distribution into the model properly, it
was assumed that droplet size distribution obeysirRRammler distribution. The experimental
data of Viswanathast. al. [1] for liquid droplet dispersion and Brink and i@ant [2] for particle
removal efficiency were used to test the resultthsf new mathematical model. The results from
the model show that by taking droplet size distifiuinto account the results of the model will be
in better agreement with the experimental data.
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1. INTRODUCTION

Venturi scrubber is a device frequently'used fongeing pollutant gas and particulate from a gasastr.
In this device liquid is atomized into.a high vetggas stream. As a result of atomization, drapleith
different diameters are formed and are then disgensnuniformly. Figure 1 shows the configuratiém o
venturi scrubber. Since droplets with differentesihave different eddy diffusivity and velocityethize
distribution of droplets varies throughout the strer. Furthermore, due to the nonuniform dispersion
droplets, a droplet concentration distribution (&ach droplets group having the same size) existise
scrubber.
Several attempts have been made to simulate ldjgjpkrsion and particulate removal in a venturi
scrubber. All of the models identified in the ldéure can be classified in one of the followingups:
1. Empirical models: these are models by which théoperance of a scrubber are predicted using
an empirical correlation.
2. Theoretical models: almost all of these models lzased on a one, two or three-dimensional
dispersion model by considering one or both offtlewing simplifications:
a) Uniform droplet concentration distribution. It issamed that transversal turbulency is
high and droplets are dispersed uniformly acrossthnubber.
b) Constant mean droplet size. A mean droplet sizeutaiked at the atomizing zone is used
throughout the scrubber. This means that drople¢ slistribution remains constant
throughout the scrubber.
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Fig. 1. Configuration of a venturi scrubber

Taheri and Shieh [3] have used a dispersion maakdbon mean droplet size. Placek and Peters 4] ha
considered the size distribution of droplets in thedel, but with uniform droplet concentration thgh
out the scrubber. Viswanathen al [1] have solved a two-dimensional dispersion eiquaby considering
droplet size distribution and, they have used a-fmint trapazoidal integration method in a simpizy.
Fathikalajahiet. al. [5] have solved a three-dimensional dispersioeh®ased on mean droplet size by
introducing a new method for the evaluation of debpddy diffusion. Fathikalajatet. al. [6] have also
studied the effect of the main operating paramedaersemoval efficiency by using a dispersion model
based on mean droplet size. Viswanathan [7] includerm for transversal droplet velocity due to jet
penetration. Ananthanarayanan and Viswanathan ¥8nded their previous model to cylindrical
geometries. Goncalves al. [9] modified the dispersion model by modeling jenetration through a gas
stream.

In this study our previous model was®modified irder to include the effect of droplet size
distribution on a venturi scrubber performance.oAlby using the Gaussian quadrature method in a
numerical solution, the length ofsthe calculatiosmsd the required CPU time have been reduced
significantly.

2. MATHEMATICAL MODEL

This model is based on'a three-dimensional dispersi droplets by convection and eddy diffusioneTh
steady state equation expressing material balamardplets with variable diameters is as follows:

V4, gl Nay CaCal 0lVy,CaCal | 2%c(0g)1, 0%Cy(Py)
—=d

+SN4(D (1)
ox ay 0z ay? 9z ++SNg(Bg)

Where, N(Dy) is the number frequency distribution of the dsime, ( N(Dg)dD4 is the number fraction of
droplets having a size between, Bnd Q+dDy) at the atomization zone, and CdfDs the number
concentration frequency distribution of the dragedqi Cd(Dd)dDd is the number concentration of dztspl
having a diameter between Dd and Dd+dDd) at anticseof the scrubber depending on x,y,z. This
equation can be obtained by writing a differrenti@ss balance for droplets over a differential i@nt
volume.

There are several correlations in the literaturetitain droplet size distribution at the atomizaume
[10, 11]. The size distribution evaluated by thespiations are significantly different. This can be
attributed to the different liquid injection systerand measurement techniques used in their expggme
Goncalvest. al. [9] have shown that Rosin-Rammler distributiondiion could well fit the droplet size
distribution of an atomized liquid jet. The volurfrequency distribution function of Rosin-Rammler is
given as follows:
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n-1

f,(D,) = n[[:(dn JEXP[—(Dd/X)”] @)

Where §(Dgy) is the volume fraction frequency distribution tbe drop size, (4{Dg)dDy is the volume
fraction of droplets having a size betweenddd Q+dDy), and n and X are two parameters of the above
equation. The value of parameter n can be estinegjadl to 2 [12]. For calculating X, the value atiter
mean diameter proposed by Bellal. [13] was used. X was calculated by taking egbelgauter mean
diameter evaluated from the Distribution functiorddahe one by Boll’s correlation. Goncalvesal. [9]
have concluded that sauter mean diameter of thetsowas well correlated by Boll's equation, whish

as follows:

101300+ 23'(_;

175
Vg 0

D3p = (3)

Number concentration frequency distribution funetibly(Dd), was evaluated by the following equation:

N,(D,) = 4(Da) @

deax
f,(D
D’ j Lsd)dDd
Ddmin Dd
Normalized flux, which is the ratio of local flug tiniform flux, can be obtained by solving the daling
integral:
1l
D']Tax g ngdxcd (Dd)
f =
| LO

Ddmin -

A

dD, 5)(

In Eq. (1) the droplets are convected in x diractiovhile they are dispersed in y and z direction by
convection and eddy diffusion. In addition, it issamed that droplets are generated by a point eourc
This point source is located by an empirical catieh for calculating liquid jet penetration lengtinich
has been obtained by Viswanattearal. [14]:

h* _ Vjpl
—=0.1145— (6)
Dj Vgpg

In order to obtain boundary conditions, a physioaldel must be considered for the droplets dispersio
When droplets ‘dispersing across the cross sectiarscrubber reach the walls, they collect orvibt as
liquid film. At the same time, some of the liquithf formed by impacting droplets on the walls may b
reatomized by the gas stream. If it is assumedttieatate of collecting droplets on the walls ig lor
equal to the rate of reatomization, the net flushatwall will be approximately zero. In this modeased
on the above concept, the following boundary caolits used for solving Eq. (1):

{acd(od)} :{acd(od)} o
oY lwall 02 Jyall

The velocity of droplets at y and z directions wkkeen az zero. The x-component droplet velocitg wa
calculated by the following equation expressingia-dimensional droplet momentum balance:

(7)
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dVg, _ § Cor & (Vg _de)vg ~ Vi
dx 4Dy p Vi

8)

In the above equationpCis the drag coefficient, determined by the relatdeveloped by Sartor and
Abbott [15] for the accelerated motion of waterlan the air:

c, =—22 Re, (0.1
CcRe,

C, =—22 _(1+00916Re,) 0.1(Re, (50 ©)
CcRe;

C, =—22  (1+0158RE?) 50(Re, (1000
CcRe,

where Cc is the Cunningham correction factor  whicban = be calculated using
Cc=1+Knly, +v,.exp(y,/Kn] [16], with Kn=2uDp, 41=1.231,72=0.4695,y3=1.1783 andh,
which is the mean free path of molecules and camaken equal'to 65 nm for operational conditionssT
correction factor is 1.16 and 1.08 for particlegihg size 1 and 2m.respectively.

The eddy diffusivity and mixing length of dropletee correlated to the eddy diffusivity and Prandtl
mixing length of gas in the scrubber. Therefores ihecessary to calculate these two parameterthéor
gas. The gas eddy diffusivity is obtained by npl§ing Prandtl mixing lengthg to the mean fluctuation
velocity, \7é :

E, =1,V (10)

The mean fluctuation velocity of gas can be esgahdty using shear velocity,M17] which is calculated
by the following equation:

(11)

In which 1, is the shear stress between gas and liquid filme. ialue oft, can be calculated from a force
balance including a.two-phase pressure drop anidsivehr stress. For this purpose, the pressurevadasp
calculated using the Hagedorn and Brown [18] catieh in mist-annular two-phase flow.

It is well ‘accepted.in the literature that for wars systems at high Reynold numbers, the ratio of
V D/Ey is a constant [19]. Hence, the value of gas edffysivity, E;, can be correlated to the Peclet
number, which is constant for a high velocity gasam in a tube:

_v,D

e Eg

N, (12)
Baldwin and Walsh [19] have reported Peclet numbarsully developed turbulent flow. By knowing, E
and Vé, the value of Jcan be found by Eq. (10).

The mixing of droplets across the scrubber is gsilt of the eddy diffusivity of droplets which is
given by a similar equation. In order to evaludi mixing length of the droplets, the following agjan
expressing force balance for drops due to gasuidticin velocity must be solved:
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n s dvy 1 7 g .
pI(EDd d_td_EngDdCDf (Vg _Vd) (13)
The value of G; was obtained by the following linear equation whig applicable for k. between 2-20 :
C, = 30.2 (14)
f NRe
Replacing Vg by dz/dt in Eq. (13) will result in:
d’z dz
— =A(V, —— 15
e (Vg dt) (15)
In which A is:
A= 225; (16)
p\Dg
The initial conditions are:
% =0 a7)

a t=0 z=0,
dt

By solving the above equation the path of droplevimg.due to gas velocity fluctuation can be prestic
as follows:

t t
z= ! e™( ! AV, e dt)dt (18)

The value of z at t=Tgl/ \76 is equal to the droplet mixing length. T is theamé&me that each individual

eddy persists as an entity:
[ I
T= ,\—g' = = (19)
Vy V4
In order to solve the integral that appeared in (#§), the relation of gas fluctuation velocity kitime
should be known. As an‘estimate, the following ¢éiguawas used to correlate the gas fluctuationcigio

with time:

, .2
Vg = aSm[(?p)t] (20)
The altitude of fluctuation, a, can be obtainedh®/mean fluctuation velocity relation:
T
| VgZdt =V 1)
0

Combining Egs. (8) and (19), the ratio of dropkidediffusivity to gas eddy diffusivity can be olrted:

L Idi 2
Ezld\{f’i = IT :I_g (22)
E, |ng g |g
0T

Further details of evaluating the parameters arergby [5] .
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In order to find the variation of particulate contation throughout the scrubber the following
differential mass balance for particles must beesl

2 2 D
0[Vg, Cy(Dp)l 0“[Cyh(Dp)l 07[CH(Dy)]  ~dmax
x pYpH p*-p p*-p m.2 _ 23
gl gt [ DNV ~Va)Cp(Pp)Ca(Dg)dDe (23)
y aZ dein
Where G(Dp) is the number concentration frequency distributaf particulate, ( &Dp)dDp is the
concentration of particles having a size betweeraid D+dDp), andn) is the removal efficiency of a

single droplet. The value of can be found by the following equation given byve@alet. al [20]:

M= g7 (24)

In the above equatiap is the inertia impaction parameter and is given byaheviing equation:

W= pstlvg _Vd|

25}
9u,Dy
The total concentration of particles with different sizeswa obtained by solving the following integral:
meax
Cp= jcp(Dp)de (26)
mein

In order to find the particle size cumulative curve thitofving equation was used:
Dp
[ Cp(Dp)dDR
Dpmi
Cp(Dp) =5 (27)

Pmax
[Cp(Dp)dDp

DPmin

3. METHOD OF SOLUTION

The upwind control volume method was used to solv& B and (22). The details of using this method
are given by Patanakar [21]. The main problem ofigishis method is false diffusion. False diffusion
error can be found only at a diverging section where direction of the velocity vector is not
perpendicular to the surface of the control volumeoriter to reduce this error, finer grids were used at
diverging sections.

The integrals in Eqgs. (6), (22), (25) and (26) shoulcchleulated numerically. There are several
numerical integration methods, namely Gaussian quadnatetteod, Sympson's rule and trapazoidal rule.
The gaussian quadrature with n points provides thme ggeneral order of accuracy as does Sympson's rule
with 2n points and the trapazoidal rule with 4n points. th@ reason Gaussian quadrature method was
used as a numerical integration method. By using teikiod the number of iterations in the calculation
procedure, and hence CPU computer time, are redacdsbut 25%. The general form of this method can
be presented mathematically as follows:
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Dmax n
D = Dmi D - Dmi D + D
J‘ g(D)= max2 mlnzpig( max2 min Ui + max2 mln) (28)
Dmin i=1

Where n is the number of points at which the fuorciof g should be calculated, and Ai and Ui are the
specified values which can be found in the literaf22]. These points are determined by the folimwi
equation:

Dy = Dmax ~ Pmin u; + Dmax * Dmin (29)
! 2

4. RESULTS

Since, in the real situation the formed dropletgehdifferent sizes and the size distribution ofpdiets
does not remain constant throughout the scrubbes,dear that.droplet size distribution must bken
into account in realstic models. Figures 1-5 shdw tomparison between experimental data of
Viswanatharet al. [1] and the results of the mathematical modeetam both drop size distribution and
mean drop size for various operating conditiong &kperimental data reported by Viswanatéizad. [1]
belongs to an air water system taken in a ventuudbder having a throat with a dimension of<x15 cm..
Parameter n provides a measure of the spread adrtet size. The higher the value of n, the more
uniform the droplet sizes. The results provide#igs. 2-6 do not show any significant advantagesifg
droplet size distribution in the drop dispersiorgiction. However, considering that drop size disiion

can influence particle removal calculations, theuls of the mathematical model for predicting
particulate removal efficiency are compared with Brink and Contant [2] experimental data in Fig$.
Apparently, the results of the model are in bedgmeement with the experimental data when draitet
distribution is considered.

4.0 4

—— Based on drop size distribution

[ ] Experimental data

————— Based on mean drop size

Local flux/Uniform flux

-1.0 -0.5 0.0 0.5 ol
Dimensionless width

Fig. 2. The comparison between calculated ressikda@n both considering drop size distribution
and mean drop size and experimental data of Viatiamet al. (1984), L/G=0.4
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—— Based on drop size distribution

[ | Experimental data

————— Based on mean drop size
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-0.5 0.0 0.5 ol
Dimensionless width

Fig. 3. The comparison between calculated resskd@n both considering drop size distribution and
mean drop size and experimental data of Viswanaghaln (1984), L/G=0.93
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4.0

0.0
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- - Based on mean drop siz

-1.0

\ \ \ |
-0.5 0.0 0.5 ol
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Fig. 4. The comparison between calculated resskda@n both considering drop size distribution and
mean drop size and experimental data of Viswanahaln (1984), L/G=1.2

Iranian Journal of Science & Technology, Volume 3Rumber B1 February 2008



Prediction of droplet dispersion and removal effécicy of... 33
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Local flux/Uniform flux
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Dimensionless width

Fig. 5. The comparison between calculated resskda@n both considering drop size distribution and
mean drop size and experimental data of Viswanaghaln (1984), L/G=1.47

80— — Basedon drop size distribution

6.0 —

4.0

Local flux/Uniform flux

[ ] Experimental data

- -~ ' Based on mean drop size

0.0
-1.0

-0.5 0.0 0.5 ol
Dimensioless width

Fig. 6. The comparison between calculated resskd@n both considering drop size distribution and
mean drop size and experimental data of Viswanathan (1984), L/G=1.79
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Cumulative mass removal efficiency of particles
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—— Based on drop size distribution
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————— Based on mean drop size
7 [ ] Experimental data
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0 | | | | |
0 2 4 6 8 10

Length of scrubber (ft)

Fig. 7. The comparison between cumulative massvahefficiency calculated based on drop size ithistron and
mean drop size and experimental data of Brink amat&ht [1], for particle diameter of 0.5 um

Cumulative mass removal efficiency of particles

100 —

I ——— Based on drop size distribution
————— Based on mean drop size

Il Experimental data

0 2 4 6 8 10

Length of scrubber (ft)

Fig. 8. The comparison between cumulative massvairefficiency calculated based on drop size itlistion and
mean drop size and experimental data of Brink amat&ht [1], for particle diameter of 0.65 pm
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100 —

! —— Based on drop size distribution
————— Based on mean drop size

Il  Experimental data

Cumulative mass removal efficiency of particles

20 \ \ \ \ \

0 2 4 6 8 10
Length of scrubber (ft)

Fig. 9. The comparison between cumulative massvahefficiency calculated based on drop size ithistion and
mean drop size and experimental data of Brink amat&ht [1], for particle diameter of 0.81 um

Figure 10 shows the comparison between the cadmileimmulative particle size distribution and the
experimental data at the outlet of the scrubberc#s be seen in these figures, the results ar@add g
agreement with the efperimental data.

100 —

i ——— Based on drop size distribution
B Based on mean drop size

[ ] Experimental data

Cumulative mass removal efficiency of partic
(o)}
o
\

20 \ \ \ \ \

0 2 4 6 8 10
Length of scrubber (ft)

Fig. 10. The comparison between cumulative mas®val efficiency calculated based on drop sizeithistion
and mean drop size and experimental data of BrckGontant, for particle diameter of 1 um
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Fig. 11. The comparison between calculated padeetize distribution at the outlet of
the scrubber and experimental data of Brink@odtant (1958)

Figure 8 shows the variation of particle removdicency with liquid jet velocity. The dimension of
the scrubber used to obtain these results wasdenesi the same as that used by Brink and Contaet. T
penetration of the liquid jet increases as-liguétl yelocity increases. At low liquid jet velocithe
penetration is low and droplets cannot| be uniforlstributed over the scrubber. By increasing this
velocity, to some extent, droplets are dispersetermaiformly, so particle removal efficiency incses.
As can be seen in this figure, particle removaicediicy, calculated based on droplet size distidmjt
lays under that based on mean drop size.

5. CONCLUSION

A three-dimensional dispersion model was develdpedclude the size distribution of droplets intet
mathematical model of venturi srubber performar@g.using this model the effect of droplet size
distribution on particle. removal efficiency of vantscrubbers was investigated. The results ofhtbdel
reveal that drop:size distribution causes a redoctn liquid dispersion and uniformity of droplet
concentration distribution. Consequently, it cancbacluded that considering drop size distributioes
decrease particle removal efficiency in venturubbrers.

NOMENCLATURE
A throat cross sectional area of scrubbef Ym
Cd total droplets concentration (No¥in

Cd(Dd) number concentration frequency distributibmirop size (No./ffim )
Cp total particle concentration (gim

Cp(Dp) number concentration frequency distributdmparticle size (g /fiim )
C°p(Dp) concentration comulative distribution of el size (g /rf)

Chot drag coefficient of drop (dimensionless )
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D3> mean diameter of droplets (m)

D; diameter of nozzle (m)

Eq eddy diffusivity of droplets (ffs )

E, eddy diffusivity of gas (ffis )

f«(Dg) volume fraction frequency distribution of drogesi(m?)

Go gas flow rate (r¥is)

Lo liquid flow rate (ni/s)

fi local flux to uniform flux (dimensionless)
h* vertical penetration length (m)

Lot total liquid flow rate (r¥s)

g Prandtl mixing length of gas (m)

lq Prandtl mixing length of droplets (m)

Ng(Dg) number fraction frequency distribution of dropes{ No./n/m )
Npe Peclet number (YD/E; ) ( dimensionless )

Nre Reynold number ( V¥ )( dimensionless )

S source strength ( No./m)

t time (s)

T mean time that each individual eddy persistsnasraity. (S)
Vq gas velocity (m/s)

droplets velocity (m/s)

shear velocity (m/s)

mean fluctuation velocity of gas (m/s)

fluctuation velocity of droplets (m/s)
liquid jet velocity (m/s)

length (m)

height (m)

width (m)

N < ><—'<@<_)@_)c><u<

Greek symbols

Pg density of gas (Kg/m)

ol density of liquid (Kg/m)

P density of liquid jet (Kg/r)

Mg viscosity of gas ( Kg/m.s)

T viscosity of liquid (Kg/m.s)

To shear stress between liquid film and gas (P0a)
v kinematic viscosity (1fs)

Subscripts

d droplets

g gas phase
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