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Abstract

The major running cost derived from the operation of venturi scrubbers is pressure drop. In
the present study, the predictions of different models are compared to experimental data from
venturi scrubbers of different sizes (throat diameter from 1.9 to 16 cm), geometries, operating
variables and liquid injection arrangements. As a result, it is concluded that most of the models
must be used with caution. Much attention must be paid to the validity of the assumptions employed
in the mathematical models. The equations proposed by Calvert [Scrubbing, Air Pollution, 3rd
Edition, Vol. IV, Academic Press, New York, 1982], Yung et al. [JAPCA 27 (1977) 348] or Hesketh
[Atomization and cloud behaviour in wet scrubbers, in: Proceedings of the US-USSR Symposium
Control Fine Particulate Emissions 1974, San Francisco, 15-18 January 1974] produce good results
only in very specific situations. The model proposed by Boll [Ind. Eng. Chem. Fundam. 12 (1973)
40]is simple, easy to compute and agrees reasonably well with the experimental data. Unfortunately,
it cannot predict the effect of different liquid injection arrangements. The model by Azzopardi and
coworkers [Filtr. Sep. 21 (1984) 196; Trans. IchemE. 69B (1991) 237; Chem Eng. J. 67 (1997) 9] was
the only one to give good predictions for all the range of variables studied. On the other hand, this
model is not simple and requires from the engineer an additional effort in terms of computation. In
order to apply this model to the rectangular geometry, the concept of hydraulic equivalent diameter
was used. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Regulations controlling the emissions of pollutants into the atmosphere are becoming
more and more strict. In order to accomplish with these constraints the development of
new technologies is necessary, as well as the improvement of those already existing. One
of most efficient devices for the removal of very small particles from gaseous streams is
the venturi scrubber [8]. In consequence, these devices have been subjects of numerous
studies, particularly in the recent years. Venturi scrubbers are robust and simple, can be
used with acid and corrosive gases, as well as sticky particles [9]. They can reach very high
efficiencies for very small particles (0.3—u6n). These particles are very harmful because
they deposit on the human lungs and breathing system [10]. As a secondary process it can
perform the absorption of a soluble gas pollutant [11].

All these advantages are obscured by a very high running cost in terms of pressure drop
[8]. Pressure drop is the main economic consideration, and combined with the efficiency it
usually determines the most convenient operating conditions. It is not surprising that a usual
way of expressing efficiency in venturi scrubbers is the ratio of collection to pressure drop. In
consequence, the study of pressure drop in venturi scrubbers requires special attention.

The estimation of pressure drop in venturi scrubbers is not trivial. The engineer can find
equations and techniques developed during the last three decades. Some of these equations
can lead to errors as high as 100%, as will be shown later. More sophisticated models give
better results, but they require an investment in terms of time and computational effort.

The objective of this work is to describe and evaluate the most important models available
for the prediction of pressure drop in venturi scrubbers. Special attention has been paid
to the assumptions of each model in order to justify the validity of the equations under
different circumstances. In addition, experimental data is compared to the predictions of
these models, covering a variety of situations and operating conditions. The present authors
directly collected part of the experimental data of pressure drop, while the rest was obtained
from published literature.

2. Theory

A venturi scrubber is constituted of three main parts (Fig. 1), convergence, throat, and
diffuser or divergence. As the section of the venturi decreases in the convergence, the gas car-
rying a particulate contaminantis accelerated to a velocity in the order of 50—-120 m/s. Liquid
can be introduced somewhere along the venturi or even upstream, although the preferred
places are the end of the convergence and the throat. In any event, the high kinetic energy
of the gas atomises the liquid into very small drops. Initially these drops are flowing very
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Fig. 1. Schematic representation of a venturi.
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slowly, and there is a large difference in velocity between the drops and the gas. The drops

behave as very efficient inertial collectors, and the particles are transferred from the gas to

the liquid [12]. In the diffuser the gas decelerates and a part of the pressure lost is recovered.

Azzopardi and Govan [5] identified the mechanisms causing pressure drop in venturi
scrubbers:

(&) Momentum change of the géhe gas is accelerated in the convergent section. As the
velocity of the gas raises pressure decreases as described by the equation of Bernouilli.
The opposite effect takes place in the diffuser, but pressure recovery in the diffuser is
not complete due to gas turbulence, growth and detachment of the boundary layer. This
phenomenon is typical of divergence sections, and its effect increases as the angle of
the diffuser raises.

(b) Momentum change of the dropkhe scrubbing liquid can be introduced as jets or as
a film, or combined. In any case, a fraction of the liquid will flow as a spray of small
drops, while the rest will flow as a film on the walls of the venturi [13,14]. Initially
drops are flowing slowly, but they accelerate almost immediately. This acceleration is
enhanced by the high relative velocity between the drops and the gas, which creates the
drag that accelerates the drops. The energy spent in this process is lost in form of gas
pressure drop. Drops can be also decelerated in the diffuser. However, the deceleration
of drops is slower than that of the gas, due to their higher inertia. In any event, it is
possible that some pressure can be recovered due to the deceleration of drops in the
divergence.

(c) Momentum change of the filithe fraction of liquid flowing as a film can be also
accelerated, mainly caused by the drag film-gas. The energy spent in this acceleration
is lost as gas pressure drop as well.

(d) Friction. The flow of a fluid in a pipe generates pressure drop due to the friction
gas-walls. In this case, pressure drop will be increased by the effect of the film. The
film forms a wavy surface that produces higher friction than a normal smooth wall.

(e) Gravity. If the equipment is built in such a way that the flow is not horizontal there is
some small static pressure change. However, gravitational effects in venturi scrubbers
are very small compared to inertial.

The relative importance of all these terms depends on the specific situation. In general,
the energy lost due to mechanisms (c) and (e) is relatively small when compared to the
others. These terms can be neglected with no significant error. In situations of practical
interest mechanism (b) accounts for 50-85% of total pressure drop. As this is usually the
main mechanism, it is not surprising that some models only include the pressure drop spent
in the acceleration of the drops. Mechanism (d) can be very significant if the section of
the venturi is small or the quantity of water atomised low. This last situation is likely to
occur when the liquid to gas ratio is low or most of the liquid is flowing as a film. This is
not unusual in laboratory-scale and pilot-scale venturi scrubbers, particularly when liquid
is introduced as a film [13]. The importance of mechanism (a) increases with the angle of
the divergence. It is usual to work with a divergence half-angle’ af drder to minimise
the effect of mechanism (a). If a venturi is not well designed this mechanism of pressure
drop can be very important.

Fig. 2 shows the results of the simulation of pressure drop for two venturis of different
scale, using the model of Boll [4]. This figure illustrates the relative importance of pressure
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Fig. 2. Relative importance of mechanisms causing pressure drop, drop acceleration and friction of gas with wall
or film. Calculations were performed using model of Boll [4].
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Fig. 3. Contribution of the three mechanisms of pressure drop in a venturi scrubber. Simulation performed us-
ing model of Azzopardi et al. [6], for the venturi of Allen and Van Santen [18}, = 89 m/s, liquid to gas
ratio= 1.01 I/m.

drop caused by drop acceleration and friction. Fig. 3 shows a typical profile of pressure
drop along a venturi scrubber [6]. The profile of mechanisms (a), (b) and (d) are included
as well. Total pressure drop is obtained by the addition of the values of all the mechanisms.

3. Description of models
3.1. Equation of Calvert

The equation developed by Calvert[1,15] is probably the most popular among engineers.
The success of his work is mainly due to its simplicity. Calvert [15] assumed the following
hypothesis:

e The acceleration of drops at the throat is the main term of pressure drop. The other
mechanisms discussed, plus the acceleration and deceleration of drops in the divergence
can be neglected.
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All the liquid introduced is atomised into drops.

There is no mass exchange between phases.

All the drops have no initial axial velocity.

Drops reach the velocity of the gas at some point in the throat.

The velocity of the gas in the throat is constant.

The flow is one-dimensional, incompressible and adiabatic.

Following these assumptions, a momentum balance for a differential of volume in the
throat gives

L
—dP = pL UGE dUp (1)

whereUg andUp are, respectively, the gas and drop velocitiedenotes the pressure,
the liquid densityl. andG are, respectively, the liquid and gas volumetric flow rate. Eq. (1)
leads, upon integration, to

L
—AP=P1—P2=,0|_U(235 2)

Calvert [1] observed that Eq. (2) “predicts roughly a 15% higher pressure drop than exper-
imentally measured except at low liquid rates”. For this reason, it has been suggested
[16] that Calvert intended his equation to be used with a 0.85 multiplier factor. Most authors
[17-19], however, do not add this factor when using or referring to Calvert’s model [1], a
procedure also adopted in the present paper.

New equations were proposed starting from Calvert’s model [1], keeping the main as-
sumptions, but refining the acceleration of drops. All of them considered drop acceleration
as the only contribution to pressure drop. Yung et al. [2] and Leith et al. [20] are two
illustrative examples, which will be described briefly here.

3.2. Model of Yung et al.

The model of Yung et al. [2], co-signed by Calvert, had its origin on the observation that
drop do not always reach the velocity of the gas at the throat. In a real case, the velocity
of drops at the end of the throat is lower than that of the gas at that point. This fact would
explain why Eg. (2) would tend to overestimate pressure drop.

Using the correlation proposed by Hollands and Goel [21] for the drag coefficient of
drops, and the correlation from Nukiyama and Tanasawa [22] for drop diameter, assuming
drops of a single diameter, injection as jets at the beginning of the throat, and immediate
atomisation of the liquid, Yung et al. [2] calculated analytically the velocity of drops at the
end of the throatWpy):

Upt = 2Uc(1— X? + VX4 — X?) (3)
whereX is a dimensionless parameter defined as

_ 3ltCpapc

= 1 4
16Dp oL * “)
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whereCp, is the drag coefficient for the drops in accelerated movemenbarid the drop
diameter. Defining a dimensionless paramgtas

B =21- X%+ /x4— X2 (5)

we can write the equation of Yung et al. [2], applicable by definition to jet injection at the
beginning of the throat, in this form

L
—AP = fp U (6)

3.3. Model of Leith et al.

Leith et al. [20] extended the work presented by Yung et al. [2] in order to include the
pressure recovery due to the deceleration of drops in the diffuser. Their final equation is

L Uct Uct 2
—AP = p U= <1——>+(—> 7
oG [ﬁ Uat) " \ Vs ")
whereUgs andUg; are, respectively, the gas velocity at the end of the diffuser and at the
throat of the venturi scrubber, ads defined by Eq. (5).

3.4. Correlation from Hesketh

The correlation proposed by Hesketh [3] is portrayed here as one of those empirical
equations that try to fit experimental data without any excessive theoretical justification.
His equation is

L 0.78
—AP = 190pcUE A3 <5> (8)

where the pressure drapP is obtained in kPa ipg is in kg/m?, Ug is in m/s, the throat
areah is in m? andL/G is a dimensionless liquid to gas volumetric ratio.

3.5. The model by Boll

Boll [4] was the first author to develop numerical solution to the problem of pressure
drop in venturi scrubbers. As a result of this sophistication he was able to eliminate some
restrictive assumptionsincluded in the equation proposed by Calvert [1]. His modelincluded
a real integration of pressure drop along the equipment.

His model assumes three of the five mechanisms previously discussed, namely accel-
eration of the gas, acceleration of drops and friction wall-gas. From the assumption of a
one-dimensional flow he proposed this differential equation for the momentum balance
along the scrubber:

dp + Dfuzd d
= =UGdUG+mUGdUD+u

9
PG 2De ®)
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wherepg is the gas densitynthe dimensionless liquid/gas mass ratidenotes the friction
factor usedinthe calculation of the shear stress gas/walDarepresents the duct hydraulic
equivalent diameter.

It can be observed from Eq. (9) that Boll [4] assumed complete atomisation of the liquid.

In order to calculate the friction wall-gas he proposed the hypothesis of one-phase flow
with average fluid densityn{ + 1)pc. Boll [4] discussed briefly the fact that drops are
continuously deposited and entrained onto and from the walls. This observation would
suggest an additional term in his momentum equation, but he argues that his third term in
Eq. (9) should be higher than the real friction, compensating the lack of additional terms in
his equation.

The integration of Eq. (9) can be performed numerically along the scrubber, and not only
the throat. The model allows for the possibility of liquid injection at any point, convergence,
throat or diffuser. The atomisation of liquid is considered immediate. The calculation of the
velocity of the gas is performed assuming incompressible flow and neglecting the effect
of the growth of the boundary layer. The drops are assumed mono-dispersed spheres of
diameter given by the equation from Nukiyama and Tanasawa [22]. The drag coefficient on
the drops is calculated from the standard drag coefficient for spheres. Boll [4] discussed in
detail these hypotheses concluding that they are reasonable except the drop diameter. As
there was no better estimation for the drop size he was forced to use the equation proposed
by Nukiyama and Tanasawa.

3.6. The model by Hollands and Goel

Although the model proposed by Boll [4] was a clear advance compared to the equation
proposed by Calvert [1], it required a certain effort in terms of numerical integration. This
problem was at that time not so easy to solve as it is nowadays. This reason motivated that
Hollands and Goel [21] solved Boll's model [4] in terms of dimensionless numbers and
presented the data in charts ready to use for the engineer. This tool allowed the possibility
of using Boll's model [4] without the requirement of the numerical integration.

3.7. The model of Azzopardi and coworkers

The model of Azzopardi and coworkers [5—7] was basically developed in two stages.
In the first stage the knowledge acquired by Azzopardi and Govan in annular two-phase
flow was adapted to venturi scrubbers [5]. Annular flow is characterised by the existence
of a film flowing on the walls of the equipment and a gas with drops flowing in the core.
Azzopardi and Govan [5] observed that the nature of hydrodynamics in venturi scrubbers
could be described in a similar manner.

The main feature in this model is the exchange of liquid between film and gas core. New
drops are continuously stripped off from the film, called entrainment, while other drops are
deposited onto the film. Taking this into account they were able to develop mass balances
for film and liquid in the core, being able to estimate the split film-gas core at each position
along the scrubber. Their mass balance on the film leads to

dWs

E = WD(Fdep— Feny (10)
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whereW; is the mass flow rate of the liquid filnl) the duct diametelFgep andFen are,
respectively, the flux of deposition of liquid onto the film and the flux of liquid entrained
from the film, andx denotes the distance along the venturi axis.

The initial flow of film is introduced as a parameter into the model, and it will depend on
the liquid injection arrangement. From this point the model is able to calculate the fluxes
of entrainment and deposition by means of equations of this kind

F= KCdrops (11)

whereK is a constant of mass transfer obtained from empirical data in two-phase annular
flow and Cgyrops denote the concentration of drops. After the calculation of the fluxes of
entrainment and deposition it is possible to evaluate the liquid film flow using Eqg. (10). A
numerical integration of these equations leads to the estimation of film flow at any point
along the venturi.

Additionally, their model allows for the existence of drops of different sizes depending
on the point and manner they were created. The velocities of the drops are different for each
groupn. If the mechanisms of film acceleration and gravity are neglected this momentum
balance is obtained:

dr dUg dUp,; 4wy

n
= peHeUc—2 Hn :Up — 4+ — ™%
o pcHacUG . +PL§ D.iUDi — + o

(12)

whereHg denotes the holdup or volumetric fraction of gdls,; andUp ; are, respectively,

the volumetric fraction and the velocity of drops of graup, denotes the shear stress at the

interface gas/filmge is the duct equivalent diameter taking into account the film thickness.

Azzopardi et. al. [6] observed that the model performed reasonable well up to the end of
the throat, but did not predict so accurately in the diffuser. Pressure recovery in the diffuser
was lower than what their model suggested. Following this, Teixeira [23] and Azzopardi
et al. [6] extended the model in order to include the effect of the growth of the boundary
layer in the diffuser. The resultis a lower pressure recovery in the divergence than compared
to their previous model, or that of Boll [4], as illustrated in Fig. 7.

This model represents the flow in a venturi scrubber quite realistically. On the other
hand, it requires many equations and needs more complicated algorithms than those models
presented so far. A detailed description of this model can be found in the work of Pulley
[7].

This phenomenological model and some of its intrinsic correlations were developed
specifically for the cylindrical geometry and therefore its authors do not recommend its
application to rectangular venturi scrubbers. In this paper, however, a condsgtrafilic
equivalent venturi scrubb€HEV) was used in order to apply this model to a rectangular ge-
ometry. An hydraulic equivalent venturi scrubber is defined here as a cylindrical equipment
which has the following characteristics:

e The inlet, throat and outlet diameters are the equivalent hydraulic diameter of the inlet,
throat and outlet rectangular cross-sections, that is, equal to four times the cross-section
area divided by its perimeter.

e The gas and liquid flow through the HEV is such as to maintain the same throat gas
velocity and volumetric liquid-to-gas ratio as in the rectangular venturi.
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3.8. Model of Viswanathan et al.

Other models and equations are available in order to calculate pressure drop in venturi
scrubbers. Among those, the model proposed by Viswanathan et al. [18] is one of the
most interesting. Following the ideas of Azzopardi and coworkers [5], Viswanathan et al.
[18] tried to describe the flow in a venturi scrubber in a very similar manner to that of
two-phase annular flow. This model also includes the feature of film flow, with part of the
water flowing as drops in the gas core and the rest as a film on the walls of the equipment.
This model appears simpler to implement than that of Azzopardi and coworkers [5-7].
Unfortunately, Viswanathan et al. [18] did not provide any tool for the estimation of the
fraction of liquid flowing as a film. In fact, they introduced this parameterin their model using
their own empirical data. Consequently, unless the film flow is measured experimentally, or
the fraction of water is estimated somehow (e.g. using model of Azzopardi and coworkers)
there is a parameter lacking in order to implement this model. In any event, it appears quite
clearly that the importance of the fraction of water flowing as a film is necessary if accurate
estimations of pressure drop are required. Some improvements concerning this aspect have
been recently presented, although further work in this direction is still necessary [13,14].

4. Methods and performance

In order to evaluate correctly the different models it appears necessary to compare them
against empirical data from venturi scrubbers of different sizes, liquid injection systems and
operating conditions. Experimental results of pressure drop obtained by the present authors
in their laboratories, together with data presented in other works has been collected for
this purpose. Table 1 summarizes the operating conditions for each set of data. A detailed
description of these experiments can be found in the original references.

In order to measure quantitatively the performance of a model, two simple performance
indexes were defined. The first index, called deviation index, is a measure of how close
the model predictions are to the experimental values, on an average.ttie number of
experimental data points obtained, then

Deviation index

B Y !_,[abgEstimatedA P — ExperimentalA P)/(ExperimentalA P)]; (13)

n

Table 1

Main geometric characteristics and operating conditions of data employed for the comparison to models

Author Geometry Injection Throat Throat Ug (m/s) L/G (I/m3)
system area (cr) length (cm)

Gongalves et al. [24] Cylindrical Film and jets 2.84 15,64 50-90 0.5-2.0

Yung et al. [2] Cylindrical Jets 47.66 12.1,425 41.1-65.3 1.1-3.0

Allen and Van Santen [19] Cylindrical Film 201.06 20.6 45-115 0.2-1.1

Gongalves et al. [25] Rectangular Jets 8.40 6.3,9.0,14.0 58.3,74.6 0.08-0.3
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The second index, called tendency index, measures the tendency of a model to overestimate
or underestimate the experimental data. If the tendency index is positive, the model tends
to overestimate the data, and if it is negative, to underestimate:

Tendency index

_ Yi—q[(EstimatedA P — ExperimentalA P)/(ExperimentalA P)]; (14)
n

5. Results and discussion
5.1. Case 1: small-scale cylindrical venturi scrubber

The experimental data of Gongalves et al. [24], who studied the effect of two different
liquid injection arrangements in a small-scale cylindrical venturi scrubber, was compared
to the models of Calvert [1], Boll [4], Yung et al. [2] and Azzopardi and coworkers [5—7].
Results can be observed in Figs. 4 and 5, and the performance indexes are listed in Table 2.

In a small venturi when liquid is introduced as a film the fraction of water atomised
is typically as low as 5-25%. [13]. In consequence, it can be expected that those models
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Fig. 4. Estimations of total pressure drop predicted by the models of Boll [4], Yung et al. [2] and Azzopardi and
coworkers [5—7] against experimental data of Gongalves et al. [24], for film injection (a, b), jet injection (c, d),
and throat lengths of 1.5¢cm (a, ¢) and 6.4cm (b, d).
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Table 2

Deviation and tendency model performance indexes for the small-scale cylindrical venturi scrubber

Model Index Film injection  Filminjection  Jetinjection Jet injection

smaller throat  longer throat smaller throat  longer throat

Boll [4] Deviation 0.57 0.60 0.13 0.13
Tendency +0.57 +0.60 +0.03 +0.10

Yung et al. [2] Deviation 0.20 0.22 0.37 0.29
Tendency —0.02 +0.09 -0.37 —0.29

Azzopardi and Deviation 0.46 0.33 0.11 0.07

coworkers [5-7] Tendency +0.44 +0.33 —0.02 +0.05

assuming total atomisation of the liquid considerably overestimate pressure drop due to
drop acceleration. You can observe in Fig. 4(a) and (b) and in Table 2 that Boll's model [4]
significantly overestimates the experimental data.

The model of Azzopardi and coworkers [5-7] does not assume complete atomisation.
Consequently, the predictions obtained using this model are not as high as those predicted
by Boll [4]. The equations proposed by Azzopardi and coworkers [5—7] still predict a higher
film fraction, around 50% compared to values of around 25%. [13]. This could explain quite
simply why this model would still tend to overestimate pressure drop, but not as much as
Boll [4].

The good predictions of the model of Yung et al. [2] observed in Fig. 4(a) and (b) seem
fortuitous in this specific case. This model assumes complete atomisation of the liquid
as the model proposed by Boll [4]. In contrast, it does not consider the stress wall-gas.
Consequently, neglecting the stress wall-gas compensates the overestimation of pressure
drop due to liquid acceleration.

As it has been noted, the pressure loss due to friction gas-wall, or gas-film, is quite signif-
icant in small-scale venturi scrubbers. This last conclusion appears very clearly observing
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Fig. 4(c) and (d), where liquid was introduced as jets. This arrangement provided higher
fractions of liquid atomised, typically between 50 and 80% [24]. For this particular case it

is quite likely that Yung et al. [2] equation would predict correctly the mechanism of drop
acceleration, but neglecting the stress gas-wall leads to noticeable underestimation of the
total pressure drop. It appears clear that the stress wall-gas, or gas-film, cannot be neglected
in small-scale venturis.

The models of Azzopardi and coworkers [5—7] and Boll [4] are approximately equivalent
in the case of jet injection as it can be observed on Fig. 4(c) and (d). Both models give
satisfactory predictions in this case.

Fig. 5 illustrates the poor predictions of the equation proposed by Calvert [1] for small
venturis. His equation ignores the stress wall-gas, assumes complete atomisation of liquid,
and finally that all the drops are accelerated to the velocity of the gas. All of those hypotheses
are not reasonable in this case. The same figure shows that the water injection arrangement
is an important factor on pressure drop, ignored by the models of Calvert [1], Yung et al.
[2] and Boll [4]. The model proposed by Boll [4] gives better estimations for the case of
jetinjection, while Yung et al. [2] produces values usually lower than those obtained using
Boll's model [4].

5.2. Case 2: medium-scale cylindrical venturi scrubber

The experimental results from Yung et al. [2], obtained in a venturi of medium size, with
water injected as jets are compared in Fig. 6 against the predictions of various models for
two different throat lengths. The corresponding performance indexes for each model are
listed on Table 3.

The model proposed by Calvert [1] overestimates pressure drop once again, as previously
observed in the case of small-scale venturis. You can observe in Fig. 6(a) that for a longer
throat the predictions from Calvert [1] are slightly better, but still not satisfactory. The model
by Calvert [1] does not include any geometrical parameter in the equation. In any event, a
longer throat means more length for the liquid to accelerate close to the velocity of the gas.
In this condition the hypotheses of Calvert [1] are more likely to be true.
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Fig. 6. Comparison of the predictions of models of Yung et al. [2], Calvert [1], Boll [4], Hesketh [3] and Azzopardi
and coworkers [5—7] to experimental data of Yung et al. [2], for lengths of throat of 42.5cm (a) and 12.1 cm (c).
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Table 3
Deviation and tendency model performance indexes for the medium-scale cylindrical, pilot-scale and small scale
rectangular venturi scrubbers

Model Index Medium-scale Medium-scale Pilot-scale Small-scale
cylindrical cylindrical cylindrical rectangular
longerthroat  shorter throat

Boll [4] Deviation 0.11 0.18 0.13 0.10

Tendency  +0.10 +0.11 +0.02 —0.04

Yung et al. [2] Deviation 0.07 0.14 0.14 0.61

Tendency  —0.04 —-0.01 +0.06 —0.61

Azzopardi and Deviation 0.21 0.26 0.25 0.11

coworkers [5-7] Tendency  +0.21 +0.26 +0.25 —-0.07

Calvert [1] Deviation 0.30 0.92 0.31 0.43

Tendency  +0.29 +0.92 +0.29 -0.43

Hesketh [3] Deviation 0.43 0.15 0.15 0.68

Tendency  —0.43 -0.15 -0.12 —0.68

The empirical correlation proposed by Hesketh [3] gives reasonable predictions for the
short throat (Fig. 6(b)), but it fails for the longer throat (Fig. 6(a)). It is a usual problem with
empirical correlations the possibility of failure when extrapolated to conditions far from
those where they were obtained.

The model proposed by Yung et al. [2] gives good predictions for both throat lengths.
When the diameter of the venturi increases the mechanism of stress wall-gas becomes less
important, and the results of Yung et al. [2] approximate those of Boll [4]. However, it must
be noted that the equation proposed by Yung et al. [2] was validated using his own data,
and it must not be surprising the good performance for this particular case.

Once again you can see that the model of Boll [4] and that of Azzopardi and coworkers
[5-7] produce similar results, with a tendency of the model of Azzopardi and coworkers
[5-7] to give slightly higher predictions. The difference between both models can be ob-
served in Fig. 7. On that figure you can see the profile of pressure drop along the scrubber
for these two models, for the venturi of Yung et al. [2] with the longer throat.

Boll [4] assumes complete atomisation of the liquid, while Azzopardi and coworkers
[5—7] predict that 10% of the liquid will be flowing as a film in this particular case. As a
result, only 90% of the liquid will be used in the calculations of pressure drop due to drop
acceleration, compared to 100% for Boll's case [4]. Apart from this, it must be remarked that
these models use different correlations for the estimation of drop size and drag coefficienton
the drops. All these reasons explain why the curves in Fig. 7 begin to diverge at the entrance
of the throat, where the liquid is injected. As a result, Boll [4] predicts higher pressure
drop at the end of the throat. In the diffuser these two models differ considerably. Boll's
model [4] allows for the total recovery of the kinetic energy of the gas, while Azzopardi
and coworkers’ model [6,7] considers the effects of the boundary layer in the diffuser and
produces lower pressure recovery. At the end of the equipment Azzopardi and coworkers
[5-7] predicts a total pressure drop slightly higher.
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Fig. 7. Comparative example of pressure drop profile predicted by models of Boll [4] and Azzopardi and coworkers
[5-7], venturi of Yung [2], with a length of throat of 42.5cm.

The model of Azzopardi and coworkers [5—7] describes the flow in a more realistic way
than the one proposed by Boll [4]. On the other hand, it relies on a number of semi-empirical
equations and parameters in order to estimate the growth of the boundary layer [23], size
and initial velocity of drops, fraction flowing as a film, among others.

5.3. Case 3: pilot-scale venturi scrubber

Fig. 8 shows the predictions of the models by Yung et al. [2], Calvert [1], Boll [4],
Hesketh [3] and Azzopardi and coworkers [5—7] against the experimental data of Allen and
Van Santen [19] for the case of a pilot-scale venturi. The performance indexes for each
model are listed in Table 3.

As the diameter of the venturi increases, the mechanism of pressure drop due to drop ac-
celeration becomes more predominant. Both in the case of jet injection and film injection the
fraction of water flowing as a film is quite low, usually below 10% for a scrubber of this size.

Although the hypothesis of the equation of Calvert [1] are more likely to be true, it
still overestimates pressure drop significantly, as it can be observed in Fig. 8. Even if the
performance indexes for the model of Calvert are multiplied by the 0.85 factor, they will still
be higher than those of Boll’'s model, for example. The model of Azzopardi and coworkers
[5—7] also tends to overestimate slightly pressure drop, probably due to some of the reasons
previously mentioned.

Hesketh [3] tends to underestimate the experimental data of Allen and Van Santen [19],
but not as much as in the previous examples (Fig. 6(a)). The estimations of Boll [4] and
Yung et al. [2] are spread around the line of perfect agreement. The non-inclusion of the
stress wall-gas does not appear to be important in this case.
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Fig. 8. Predictions of models against experimental data from Allen and Van Santen [19].

5.4. Case 4: small-scale rectangular venturi scrubber

Fig. 9 shows the performance of the models of Calvert [1], Yung et al. [2], Hesketh [3],
Boll [4], Azzopardi and coworkers [5—7] in their capacity to predict the data reported by
Gongalves et al. [25] for a small rectangular venturi scrubber. The performance indexes for
each model are listed on Table 3. The concept of HEV as described in the theory was used

in order to make possible the application of the model of Azzopardi and coworkers to the
rectangular geometry.
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Fig. 9. Predictions of models against experimental data from Gongalves et al. [25].
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Besides the rectangular geometry, this venturi was characterised by its small size and
low amount of liquid utilised. Under these conditions, friction is the most important mech-
anism for the total pressure loss of the equipment. Through the use of Boll's model [4] the
contribution of the mechanism of friction to the pressure loss was estimated to be between
47 and 75% in all runs. The jet injection system made possible low film fractions, whereas
the long throat lengths used in some runs allowed the drops to accelerate to final velocities
not too far from the throat gas velocity.

The models of Calvert [1], Yung et al. [2] and Hesketh [3], which do not take friction into
account, grossly underestimate the data (Fig. 9). The deviation indexes for these models
ranged between 40 and 68%, which is of the order of magnitude of the relative importance
of friction.

The models of Boll [4] and Azzopardi and coworkers [5—7] performed very well, with
deviation indexes of the order of 10%. The predictions of these two models were very similar
for this venturi. It was a surprise to see the good performance of the model of Azzopardi
and coworkers [5-7] for the rectangular geometry. This indicates that the use of the HEV
concept may allow the use of this model for a rectangular geometry. However, more studies
are needed before final conclusions are drawn.

6. Conclusions

From this analysis it can be concluded:

1. The geometric characteristics of the equipment must be considered. An equation like the
one proposed by Calvert [1], ignoring geometry, can lead to quite inaccurate predictions.

2. The fraction of liquid atomised is an important parameter to take into account. The
fraction of water flowing as film depends on the liquid injection arrangement and the flow
conditions. Only the model by Azzopardi and coworkers [5—7] provides an estimation
of this parameter.

3. Empirical correlations are not valid for the whole range of operating conditions of prac-
tical interest.

4. The model of Azzopardiand coworkers [5—7] presents atendency to overestimate slightly
pressure drop in the cases studied here. This result suggests a revision of the methods
the model uses for the estimation of the fraction atomised, drop size and the parameters
involved in the calculations in the boundary layer growth [13].

5. The scale of the venturi influences the relative importance of the different mechanisms
producing pressure drop.

For the engineer, in a practical case we suggest:

1. Not to use the equation by Calvert [1], unless an initial estimation of the order of mag-
nitude of the pressure drop is necessary.

2. The model proposed by Yung et al. [2] fails seriously in the case of small venturis. Its
performance improves as scale increases. Even in this last case, it shows a tendency to
underestimate pressure drop. This tendency is potentially risky in a practical case, as
it will predict a more optimistic scenario than the real situation, and it will be possible
that the scrubber will not be able to achieve the conditions scoped in the design. For this
reason we do not advise the use of this model.
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3. Ifthefraction of liquid atomised is high (>75%), which should happen normally in venturi
scrubbers of medium and higher scale with liquid introduced as jets, the model proposed
by Boll [4] works satisfactorily. The numerical and computational effort required by the
model of Azzopardi and coworkers [5—7] is not justified in these conditions.

4. When it is necessary a general model that would give acceptable results for cylindrical
venturi scrubbers in all operational conditions and would rarely underestimate pressure
drop it is necessary to use the model of Azzopardi and coworkers [5-7]. For rectangular
venturi scrubbers the model can be used with caution, applying the HEV concept defined
in this paper.

Nomenclature

A area of the section of the throat{n

Cpba drag coefficient used by Yung

Cdrops concentration of drops (kgfn

de equivalent diameter in the model of Azzopardi and Govan, taking into
account film thickness (m)

Dp drop diameter (m)

De equivalent diameter of the duct (D) Dt duct diameter (m)

f friction factor used in the calculation of the shear stress gas/wall

Fdep flux of deposition of liquid onto the film (kg/As)

Fent flux of liquid entrained from film (kg/rAs)

G volumetric flow of gas (1#s)

Hp.i volumetric fraction of drops of group

Hg volumetric fraction of gas

HEV hydraulic equivalent venturi scrubber

K constant of mass transfer in Eq. (11) (m/s)

L volumetric flow of liquid (n¥/s)

m mass ratio liquid/gas

P pressure (Pa)

Ups velocity of drops at end of throat (m/s)

Up velocity of drops (m/s)

Up.i velocity of drops of group (m/s)

Ugt velocity of gas at end of diffuser (m/s)

Uct velocity of gas at throat (m/s)

Ug velocity of gas (m/s)

Wi mass flow of film (kg/s)

X distance along axis of the venturi (m)

X dimensionless parameter of throat

Greek letters

B dimensionless parameter in Eq. (5)

pc density of gas (kg/M)

o density of liquid (kg/nd)

Tw  shear stress at the interface gas/film (Rym
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