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ABSTRACT 

The particle collection venturi performance is achieved at the expense of 
pressure drop through it. The accurate prediction of pressure drop and 
collection efficiency is vital to the optimum design of these systems to achieved 
required environmental standards. Per'formance of venturi scrubbers has been 
investigated theoretically and expressed in terms of pressure drop and 
collection efficiency. The theoretical model comprises simultaneous differential 
equations for particle concentration, droplet motion and momentum exchange. 
Also in this model the collection efficiency is predicted based on the inertial 
impaction, diffusion and interception mechanisms. Pressure drop and collection 
efficiency predictions of this model and previous models are compared with 
published experimental data. The results show that the present model have 
been validated against previously published experimental data and gives 
significantly improved predictions compared with the previous models. 

NOMENCLATURE: 

A area 
c concentration 
C Cunnighom factor 
CD drag coefficient 
d diameter 
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equivalent diameter 
friction coefficient 
Boltzman constant 
total length of venturi 
throat'fength 
mass flow rate 
number of collectors (droplets) 
pressure 
Peclet number 
flow rate 
diameter ratio 
Reynolds number 
Stock number 
time 
absolute gas temperature 
gas velocity 
velocity 
relative velocity 

GREEK SYMBOLS: 

p 2  divergent section angle 
rl efficiency 
1 particle difksivity 

CL dynamic viscosity 
P density 

SUBSCRIPTS: 
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collector 
droplet 
diffusion 
gas 
inertial impaction 
interception 
liquid 
particle 
throat 

1. INTRODUCTION 

deg . 

Venturi scrubbers are considered as one of the effective devices for 
collecting fine particles, usually smaller than 2 to 3 pm in diameter, from dusty 
gases. They are particularly suitable for the sticky, flammable or highly 



corrosive particulate matter. Venturi scrubber performance for a particular 
application may be characterized by collection efficiency and pressure drop. 
The high performance of the Venturi scrubbers is achieved by accelerating the 
gas stream to very high velocities, of the order of 60-120 d s .  The liquid 
droplet generally introduced uniformly at the throat inlet through several low- 
pressure spray nozzles. 

The droplets accelerate in the throat section and due to the velocity 
difference between the particles and the droplets, the particles are impacted 
against the slow moving droplets. This acceleration of the droplets is not likely 
to be completed at the end of the throat, so that particle collection continues to 
some extent into the divergence section of the venturi. The gas liquid mixture 
is then directed to a collection device such as a cyclone separator where the 
droplets carrying the particulate matter are separated from the gas stream. 

Efforts were made to determine and simulate the pressure drop and 
collection efficiency in the venturi scrubber as in [I-71. Some investigators 
[3,6] studied the mechanisms of particulate collection in venturis. They 
reported that, there are three mechanisms contributing in the collection process 
through the venturi scrubber. These mechanisms are the inertial impaction, 
difision, and interception. In their work they used only the inertial impaction 
mechanism in predicting the collection efficiency. These methods describe the 
collection process by neglecting a number of influencing factors, so that they 
give only qualitatively correct results. 

The pressure drop through a venturi scrubber is considered as an 
important parameter for determining the scrubber performance. This pressure 
drop may classified into five components namely, fractional pressure drop, 
acceleration pressure drop of the gas, acceleration pressure drop of the 
droplet, acceleration pressure drop of the film and gravitational pressure drop, 
as in Ref. [4]. The accuracy of calculation of the pressure drop depends mainly 
on choosing the suitable correlation's to determine the droplet size, drag force 
on the droplet and friction factor to estimate the fractional pressure drop. 
There are several correlation's available, both theoretical and experimental, for 
the prediction of pressure drop in a venturi scrubber. Calvert [1], derived the 
simple equation for determining the pressure drop as. 

Researchers have continued to seek improvements on this simplistic model 
which is still used in industry. Therefore, Yung et. a). [6] modified Calvert's 
equation taking into accounts the fact that the liquid droplets are not fblly 
accelerated to the gas velocity in the throat. They neglected the pressure loss 
due to the wall friction and gas pressure recovery in the divergent section. 

Where, 



Because of the more accurate pressure drop predictions are limited, Boll [7] 
developed a systematic approach based on simultaneous solution of the 
equations of drop motion and momentum exchange. He used only the fictional 
pressure drop and acceleration pressure drop of the droplet to estimate the 
total pressure drop through the venturi. Furthermore, Leith et al. [8] take into 
account the pressure drop recovery due to the decelerating of droplets in the 
diffused section. Their equation is, 

Where, v , ~  is the exit duct velocity. 
Based on the above discussion, it can be observed that the proposed equations 
by Calvert [l], Yung et a1 [6] and Boll [7], were derived from the equations of 
motion and momentum balance with neglecting the effect of gravity on the 
droplet motion and some components of pressure drop. 

From the forgoing considerations, it is evident that more efforts are 
required to modi@ both theories that treat the mechanism of particle collection 
in venturi scrubbers. Also from this literature, it is noticed that the venturi 
scrubber performance is achieved at the expense of pressure drop through the 
venturi. The accurate prediction of pressure drop and collection efficiency is 
vital to the optimum design of these systems in order to achieve the required 
environmental standards. In order to describe accurately the physical 
phenomena occurring in a venturi scrubber, the main objective of this paper is 
to study theoretically the venturi scrubber performance, taking into 
consideration different forces and mechanisms of solid particles collection that 
affect this performance, 

2. THEORETICAL ANALYSIS 

The performance of venturi scrubber is specified in terms of collection 
efficiency and pressure drop. The overall collection efficiency of a venturi 
scrubber can be modeled using the following assumptions: 
i- well-mixed conditions at any value of y, Fig. (1). 
ii- slip ratio between air and solid particles is unity. 
iii- if a small particle impacts a large droplet, it will stick and to be removed 
from the gas stream. 



2.1 Particle concentration 

Based on the above assumptions considering a small element with 
dimensions Ay and unit depth, as shown in Fig. (I), the mass conservation 
equation is: 

Where, Am is the rate of mass of the collected particles, which can be 
calculated, from the following equation: 

K 
Am = ~ d v , ~ y  qd:ncAAy ( 5 )  

Where, n, is the number of collecting (droplets) per unit volume of gas: 

and q~ is the single droplet efficiency 

The single droplet efficiency plays an important role in the calculation 
of the collection efficiency and the change of the particle concentration in the 
venturi scrubber. A general form of the single droplet efficiency must include 
the effects of impaction, difision and interception mechanisms. Licht, [9], 
proposed the following scheme to evaluate the single droplet efficiency 
involving the previous effects: 

 TI^ = 1 - (1 - q~ - q~ - Trnt ) (7) 

The collection efficiency by interception of droplet may be calculated through 
the following expression as in Ref.[9], 

q,,, = ( l+R) '  - 3 ( 1 + ~ ) / 2 + 1 / ( 1 + ~ ) = 3 R ' / 2  (8) 

Where, R is the particle collector diameter ratio and defined by, 

The collection efficiency by inertial impaction is given by [ I  01, as, 

= Ztk + 0.07 
(9) 

p,d%v, 
Where, Stk is the Stock number which is  defined by, Stk = -- 

1 8 Q c  
The collection efficiency by diffusion can be obtained from [9] ,  as, 

q,, = 4.18Re 1 1  17 pe lJ.66 



Where, Pe, is the Peclet number, Pe = - vrdc and p is the particle difisivity 
&J 

kTC 
and given by ,@= , while Re, is the Reynolds number based on the 

3V,d, 
relative velocity and collector diameter. 
Combining Eq. (4) and Eq. (5) gives 

Rearranging and using definition of gas flow rate, Q, = u,A, we obtain, 

The collector velocity plays an important role in determining the 
particle concentration through the venturi and consequently, the collection 
efficiency. The collector velocity (v,) increases from v,(O) at the throat inlet to 
reach the gas velocity at some point downstream of the injection inlet. At any 
point downstream of the inlet, the collector velocity (v,), can be calculated by 
solving the equation of motion as in Ref.1111, 

dv, 
dt v,(Y)- v,l 

Where, Cr, is the drag coefficient and can be calculated by [12], 

Equation (13) is solved using a step-wise numerical integration method in 
which the collector velocity and location wiIl be computed at the end of a small 
interval of time t. 

An important parameter in predicting the dust collection efficiency is 
the droplet size generated in the venturi. The diameter of the droplet, obtained 
from the liquid atomization in the venturi throat, can be evaluated according to 
[I31 as, 

Where, d, is in pm, 



2.3 Pressure d r o ~  

The pressure drop through a venturi scrubber is due to the friction loss 
along the wall of the scrubber, acceleration of gas and liquid droplets. Friction 
loss depends largely on the geometry .of the scrubber. Acceleration losses, 
which are predominant in the venturi scrubber pressure drop, are fairly 
intensive to scrubber geometry. 

A momentum balance is written over the control volume of small 
length Ay as shown in Fig. (I), in a manner analogous to the material balance 

Where, the last term represents wall friction based upon equivalent diameter, 
D, of the venturi, and upon the turbulent friction factor, f. To obtain the total 
pressure drop, Eq. (1 6) should be integrated numerically from yo to ys. 

3. RESULTS AND DISCUSSION 

The results of this investigation are discussed in terms of half 
divergence angle, liquid gas volume rate ratio, throat length, position of 
injection of liquid, pressure drop, collection efficiency and comparisons to 
proposed pressure drop model and collection efficiency. In the theoretical 
results the injection of liquid has different locations along the scrubber axis, 
the droplet diameter is calculated using Eq. (1 5), the friction factor was 0.027, 
as in [7] and the effect of the gravity on the droplet velocity is taken into 
consideration, Eq. (1 3). 

3-1 Effect of divergence angle, (b2): 

Figure (2) shows the variation of axial pressure drop, droplet velocity, 
gas droplet velocity ratio and collection efficiency at different values of half- 
divergent angles, (P2 = 1 So, 2S0,  3.5" and 4.5"). It can be seen from Fig. (2.a) 
that the pressure drop along the scrubber axis increases through the 
convergent and throat parts but it decreases through the divergent part. The 
rate of increasing of pressure drop in the convergent part is faster than that in 
the throat. This is because the friction pressure drop increases rapidly in the 
convergent part. It is clear also from this figure that, in the convergent and 
throat sections the examined parameters (axial pressure drop, droplet velocity, 
gas droplet velocity ratio and collection efficiency) are not affected by the 
change of divergent angle, P2. Also it can be noticed that the pressure drop 
increases with decreasing the divergent angle. The droplet velocity and 
collection efficiency increase through the throat and divergent parts and 
decrease with increasing the divergent angle, as shown in Fig. (2. b, d). While 



the velocity ratio, decreases along the scrubber axis and increases with 
decreasing the divergent angle 02, as shown in Fig. (2.c). 

3-2 Effect o f  liquid pas ratio O r /O~gt: 

The effect of the volume flow rate ratio (Q i/Q,) on the examined 
parameters at a particle diameter d,=1.0 pm has been presented in Fig. (3.a, b, 
c and d). From this figure it can be seen that the examined parameters at 
constant value of y, increase with increasing the liquid gas volume rate ratio, 
Fig. (3.a, c and d), while the droplet velocity decreases as shown in Fig. (3.b). 
This tendency can be explained as, with increasing the ratio of Q1/Q,, the 
number of droplets (target) and the droplet diameter, given by equations (6) 
and (15) respectively, are increasing.   his tends to increase the collecting 
surface area and the gravity force becomes more effect on the droplet motion. 
Therefore, the collection efficiency and velocity ratio are increasing while the 
droplet velocity decreases. It is also predicted from Fig. (3.a, b and c) that as 
the liquid gas volume rate ratio has small values, its effect on axial pressure 
drop, droplet velocity and gas droplet velocity ratio will be decreased. While, 
in Fig. (3 .d) increasing the liquid gas volume rate ratio will cause a small effect 
on the collection efficiency. 

3-3 Effect o f  throat Zen& L: 

The effect of throat length on the change of examined parameters along 
venturi scrubber is shown in Fig. (4). These results are carried out at constant 
values of the other venturi parameters, such as, convergent length, divergent 
length, PI, pz and liquid gas ratio. This figure illustrates that the examined 
parameters increase with increasing the throat length at constant value of y. 
This behaviour; is due to that the droplet velocity is approaching the gas 
velocity and consequently, the relative velocity is decreasing. This leads to an 
increase the collection efficiency. 

3-4 Effect of  injection position, (y): 

The variation of pressure drop, collection efficiency and droplet 
diameter as a fhction of liquid entrance position is shown in Fig. (5). The 
results have been obtained based on Eq. (1 5) for determining droplet diameter 
at constant value of QI/Q, = 1.0 lit/m: and initial droplet velocity, v,(O) = 5.0 
d s .  From this figure it can be seen that the collection efficiency and pressure 
drop are decreasing when the entrance position of liquid is located upstream of 
the throat inlet while the droplet diameter increases This is because any 
decrease in relative velocity tends to increase the droplet diameter and 
decreasing the collecting surface area and consequently, decreasing the 
collection ef'ticiency. 



3-5 Model vnlirlntion: 

To validate and verifj the applicability of this model that may be used 
in industry, three comparisons were carried out. First comparison concerns 
with the change of pressure drop along the scrubber as shown in Fig. (6). This 
figure illustrates a comparison between the present theoretical model and 
experimental published results. Calculations of pressure drop along venturi 
scrubber have been carried out and the results are compared with the published 
data of Allen et. al. [5] and Boll [7]. The pressure drop is expressed in terms of 
the gas velocity head at the throat: 

Comparisons in Fig. (6) reveal that the present model predictions have 
a good agreement with the published data 151. The second comparison 
presents a comparison between the different theoretical models of [l, 7 and 81, 
published data, [5] and the present model as shcrwn in Fig. (7). This figure 
indicates that the present model is more agreement with experimental data than 
other theoretical models. Also, from this figure it can be noticed that Calvert's 
equation, Eq. (2), predicts a higher-pressure drop than those experimentally 
measured and other models except at low liquid flow rates, where only the gas 
frictional losses are significant. Calvert's model [I] neglects the wall friction 
and the pressure recovery in the diffuser and assumed that all liquid droplets 
were accelerated to the gas velocity in the throat. Furthermore, Yung et. al. [6] 
modified Calvert's equation considering that the liquid droplets are not hlly 
accelerated to the gas velocity in the throat. Therefore, Calvert's equation, Eq. 
(2), predicts a high deviation with the experimental data and present model. 

For more validation of the present model, the third comparison 
between the variation of the predicted collection efficiency and the 
experimental published data of Allen [ I  41 with particle diameter is achieved as 
shown in Fig. (8). The calculation were carried out at constant values of Ap 
(600 0 Pa) and (QI IQ, = 1  .O, litlm" and using Eq. (8) to calculate the single 
droplet efficiency. Finally, it is clear that the comparison :provides a good 
agreement between the present model and the experimental data, 

4. CONCLUSIONS 

From the above discussion, the following results can be concluded: 
I .  The pressure drop and collection efficiency increase with increasing the 
throat length and liquid gas ratio and decrease with increasing the half 
divergence angle of venturi. 
2. The predicting of collection efliciency based on the different collection 
mechanisms is more accurate. 



3. The droplet velocity is very important factor in predicting venturi scrubber 
performance. 
4. The results clearly indicate that the present model provides a good 
agreement with the experimental data. 
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Fig. (1) Venturi Scrubber Geometry. 
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Fig. (2) Vaiiation of axial pressme drop, droplet velocity, 

velocity ratio and collection efficiency along the scrubber axis 

at different of values of PZ. 
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Fig. (3) Variation of axial pressure drop, droplet velocity, 

velocity ratio, and scrubber efficiency along the scrubber axis 

at different of values of QI/Q,. 



Fig. (4) Variation of axial pressure drop, droplet velocity, 

velocity ratio and scrubber efficiency along the scrubber axis 

at different values of thoat  length. 



Fig. ( 5 )  Effect of injection position on the collection 

efficiency, pressure drop and droplet diameter. 

Fig. (6) Comparison between present model and experimental 
results, [5] .  



Fig. (7) Compa~ison of established pressure drop models with 
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