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Abstract

The performance of venturi scrubbers is expressed in terms of the pressure drop and dust collection efficiency. The model of Azzopardi et
al. (Trans. Inst. Chem. Eng. 69 (1991) 237) which incorporates many of the phenomena of gas–liquid flow in the venturi has been extended
in this work to include dust removal prediction based on inertial collection. Pressure drop and dust removal predictions of this and previous
models are compared to extensive data for the two main types of venturi with either liquid injection at the throat or a wetted approach. The
results show the current model gives significantly improved predictions compared with previous models over a wide range of venturi sizes
and operating conditions. The effect of uncertainty in the major model parameters are investigated to identify the requirements for further
work in this area. q 1997 Elsevier Science S.A.
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1. Introduction

Venturi wet scrubbers find applications in removal of par-
ticulate matter from gas streams such as downstream of solid
fuel combustors. In the venturi the gas and particles are accel-
erated through the throat and liquid injected into the gas
stream, the high relative velocity between drop and particle
means high collection efficiencies can be achieved for small
particle sizes. The particle collection performance isachieved
at the expense of pressure drop through the venturi and the
accurate prediction of pressure drop and collection efficiency
is vital to the optimal design of these systems to achieve
required environmental standards.

Two alternative types of venturi are in common use: (a)
the wetted approach type where liquid is introduced onto the
walls before the convergence and (b) where liquid is injected
through nozzles into the throat. In the wetted approach type
drops are formed due to the gas shear on the liquid film,
particularly in the high velocity throat region, although a
portion of the liquid remains as a film on the walls. The
injection of liquid into the throat in the second type ensures
high atomization into the gas stream but at the expense of
having to maintain the spray system.

In this paper, following the initial work of Teixeira et al.
[1], the venturi model of Azzopardi et al. [2] is extended to

U Tel.: q44 115 9514176; fax: q44 115 9514181; e-mail:
richard.pulley@nott.ac.uk

incorporate particle collection prediction and validated
against extensive pressure drop and particle collection data
for wetted approach type of venturi scrubber from Rudnick
et al. [3] and for throat injection type from Yung et al. [4].
Comparison is also made with the predictions of pressure
drop and collection efficiency for venturi scrubbers using the
models of Ripperger and Dau [5], Yung [6] and Boll [7].
All experimental data from the above studies use air as the
gas and water as the scrubbing liquid.

2. Venturi scrubber models

The performance of a venturi scrubber is specified in terms
of the pressure drop and particle collection efficiency.

2.1. Pressure drop predictions

Azzopardi et al. [2] have shown their model (see
Appendix A) to give superior predictions of pressure drop
through venturi scrubbers particularly in the divergence
region of the venturi where pressure recovery occurs. The
model uses the one-dimensional model of Azzopardi and
Govan [8] in the convergence and throat (where this pro-
duced good predictions of pressure drop) and a boundary-
layer model in the diffuser section which incorporates growth
of the boundary layer and separation of the flow. The two-
phase region of the venturi is divided into small sections and
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Fig. 2. Comparison of pressure drop predictions with data of Rudnick et al.
[3] (see Section 2.1 for experimental details). h Azzopardi et al. [2], s

Boll [7], m Ripperger and Dau [5]. (a) Data for 0.032 m and 0.054 m
venturi throat diameters, and (b) data for 0.076 m venturi throat diameters.

Fig. 1. Comparison of pressure drop predictions with data of Yung et al. [6]
(see Section 2.1 for experimental details). h Azzopardi et al. [2], s Boll
[7], m Ripperger and Dau [5].

entrainment from the liquid film in each section forms a group
of droplets of a given size. The velocity and flow of each
group of droplets are calculated along the venturi taking into
account deposition of droplets from the gas to the liquid film.
The method of predicting drop size is discussed in Sec-
tion 2.2 with regard to particle collection.

Fig. 1 shows the comparison of pressure drop predictions
from the Azzopardi et al. [2] model with the data of Yung
et al. [4] for a venturi with liquid injection at the throat.
Pressure drop predictions from the models of Boll [7] and
Ripperger and Dau [6] are presented for comparison. The
test venturi had a throat diameter of 0.078 m and four throat
lengths from 0.12 to 0.58 m. The inlet and outlet pipe was
0.2 m inside diameter, convergence length was 0.28 m and
the divergence was 0.5 m long. Operating conditions ranged
from 32 to 71 m/s throat velocity and volumetric liquid to
gas flow rate ratios of 1 to 3.3 l/m3.

Fig. 2(a) and (b) show the comparison with the data of
Rudnick et al. [3] for a wetted approach venturi, again pre-
dictions from the other models above are included. Three test
venturis were used with dimensions shown in Table 1. Throat
gas velocities ranged from 20 to 161 m/s and volumetric
liquid to gas flow rate ratios from 0.2 to 3.7 l/m3.

The test data therefore represents a severe test of the model
over a wide range of geometries and conditions. The results
show that the model of Azzopardi et al. [2] gives good
prediction of pressure drop over the whole range of data with
a consistent small overestimation. The other models, although
giving better predictions under certain conditions, were not
as consistent, particularly at higher pressure drops.

2.2. Particle collection

The model of Azzopardi et al. [2] is now extended to
estimate the particle collection, and hence the particle con-

centration, along the venturi (hereinafter referred to as the
‘current model’). The method uses the size and velocity of
each droplet group already calculated for pressure drop
prediction.

The particle concentration is obtained from a material bal-
ance on the dust over a small increment of venturi length
which leads to the following equation [9]:

dc 1.5hW ucrE g
y s (1)

dz W Dn rg D l

The contribution to the particle collection of each droplet
group is calculated from Eq. (1), summed together, and the
differential equation integrated numerically with the other
model equations.
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Table 1
Venturi dimensions from Rudnick et al. [3]

Venturi Inlet/outlet pipe diameter (m) Convergence length (m) Throat length/diameter (m) Divergence length (m)

Small 0.127 0.251 0.032/0.032 0.556
Medium 0.127 0.203 0.051/0.054 0.435
Large 0.127 0.138 0.076/0.076 0.305

2.2.1. Prediction of inertial drop collection efficiency
The prediction of collection efficiency (h) of drops in each

group is based on the inertial impaction mechanism only. The
calculations by Langmuir [10] of particle trajectories around
spheres in potential and viscous flow fields have been con-
firmed by later investigators ([11,12]). Inertial collection is
characterised by the dimensionless Stokes number (Stk)
which is defined as:

2C r d uc pStks (2)
9mD

The impaction parameter, usually defined as Stk/2, is also
used.

Langmuir [10] presented his results in the form of corre-
lations and it is convenient to use these in the model.

For potential flow around a spherical drop (drop Reynolds
number ReD™`):

2Stk
h s (3)p 2(Stkq0.5)

For viscous flow (ReD™0):
y2

0.75ln(2Stk)
h s 1q (4)n ≥ ¥(Stky1.214)

In most applications it is possible to select a flow field
which is appropriate to the situation, for example in a spray
tower the drops quickly accelerate to high Reynolds numbers
relative to the gas and the potential flow equation is used. In
the venturi scrubber the drops initially have a high relative
velocity to the gas but are then accelerated towards gas veloc-
ity and in the diffuser can overtake the gas to provide addi-
tional collection of dust. The flow field therefore changes as
the drop passes through the venturi. Langmuir [10] sug-
gested an interpolation formula for the transition between
viscous and potential flow to estimate the collection effi-
ciency due to inertial impaction:

[h qh (Re /60)]n p D
h s (5)l [1q(Re /60)]D

This equation assumes that the collection efficiency is the
arithmetic mean of hp and hv at a Reynolds number of 60.
This figure was chosen because it was noticed that on a log–
log plot of drop size against terminal velocity, the straight
line asymptotes at each end of the curve intersect at this point.
Langmuir proposed that the collection efficiencies would
behave in the same way. Herne [11] had this to say about
the interpolation: ‘‘Eq. (5)«may well have an element of

truth in it, but it is quite impossible to justify it rigorously.’’
When only considering dust collection in the throat use of the
potential flow equation for collection efficiency is justifiable
as the relative velocities in this region are high. However this
work estimates collection throughout the venturi and consid-
eration of different flow fields is required so Eq. (5) is used.
It is shown below that there can be significant collection in
the diffuser section of the venturi.

2.2.2. Interception collection
In the absence of electrostatic fields the other major col-

lection mechanism that may be significant for particles of
around 1 mm diameter is interception due to the size of the
particle bringing it into contact with the collecting drop even
though its centre, as predicted by the inertial collection mech-
anism, is outside the area collected. Compensation of the drop
collection efficiency for interception was built into the current
model using the method developed by Pulley and Walters
[12]. Results from the model indicate that interception has a
small effect (up to 2%) on the predicted overall dust removal
in the venturi and this is considered insignificant compared
to the overall accuracy of the model. To reduce the compu-
tational load of the model, the results presented here use the
droplet collection efficiency calculation based on the inertial
mechanism only.

2.2.3. Alternative venturi models
Results from the extended venturi model of Azzopardi et

al. [2] are compared with two earlier models by Yung [6]
and Boll [7] that predict dust collection.

The Yung model [6], developed from the previous work
of Calvert [9], only considers collection to take place in the
throat of the venturi and assumed the liquid is atomised at
injection into monosized droplets. Yung’s model [6] is in
the form of a single equation for penetration (the fraction of
particles entering the venturi that are not removed). It uses
the equation of Walton and Woolcock [13] to predict the
drop collection efficiency which is similar to Eq. (2) and was
fitted to their experimental data.

Boll’s model [7] assumes complete liquid atomization at
injection but considers particle collection along all of the
venturi. His original model predicted drop collection effi-
ciency using theoretical calculations based on potential flow
around the collector, however any method of prediction could
be used with the basic venturi model equations describing
gas and liquid drop dynamics. Therefore, to give a better
comparison between the models, the method of calculating
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Fig. 3. Comparison of dropsize correlations. Ingebo [15] and Nukiyama
and Tanasawa (N–T) [14] fluid properties for air/water system.

Fig. 4. Model predictions of particle penetration data from Yung et al. [4] for venturis with liquid injection at throat. (a) Current model, (b) Boll’s model,
and (c) Yung’s model.

the drop collection efficiency given in Section 2.2.1 is used
in Boll’s model.

Both models are intended primarily to model venturis with
liquid injection at the throat as they do not account for any
significant liquid flowing on the walls.

2.2.4. Prediction of drop sizes
An important parameter in predicting the dust collection is

the drop size generated in the venturi. Yung and Boll both
use the Nukiyama and Tanasawa [14] correlation to predict
a single drop size for the liquid injected. Where liquid is
injected into the venturi throat this model of the process is
reasonable, however, in the wetted approach type of venturi,
atomization due to entrainment from the liquid film takes
place all along the venturi and so this assumption is less valid.
In the Azzopardi model, when liquid is injected into the throat
the correlation of Ingebo [15] (Eq. (6)) is considered more
appropriate and for drops produced by the shearing action of
the gas on the wall film an equation suggested by Azzopardi
[16] (Eq. (7)) derived from data for annular two-phase flow
in vertical pipes is used:

y0.4Ds37D (WeRe) (6)o

3.5lr Wg Ey0.58Ds5.4lWe q (7)m
r Wl g

Fig. 3 gives a comparison of the drop size predictions from
the two correlations used for throat atomization. The Ingebo
correlation is calculated for a 2 mm orifice, the Nukiyama
and Tanasawa correlation is independent of orifice size but
includes the liquid to gas volumetric flowrate ratio. The two
predictions are comparable at lower throat velocities but devi-
ate significantly at high velocities and large liquid to gas
volumetric ratios.

3. Results

Comparison of model and experimental results is shown
in two ways for each type of venturi in Figs. 4 and 5 for the
data of Yung et al. [4] (throat injection) and Figs. 6 and 7
for the data of Rudnick et al. [3] (wetted approach). In each
case measured and predicted particle penetration are plotted
against each other for all available data, then penetration is
plotted against particle size for a selection of experimental
conditions. A statistical measure of the overall fit of each
model is calculated based on the mean squared error from the
experimental data.

3.1. Venturi with liquid injection at throat

Fig. 4(a)–(c) show the particle collection predictions of
the current and earlier models outlined above, with the data
of Yung et al. [4], 58 measurements in total. Fig. 5(a)–(d)
show the comparison of models for a range of throat lengths
and gas and liquid flows The data refers to a venturi scrubber
with water injection at the throat removing fly ash particles
from air (see Section 2.1 for more details). The superior
prediction of particle collection by the current model, evident
from the figures, is confirmed by looking at the mean squared
error values: current model, 0.651; Boll’s model, 2.02;
Yung’s model, 1.07.

With liquid injection at the throat the majority of the col-
lection takes place in this section, examination of predicted
dust concentration profiles in the venturi using the current
model indicates that at least 95% of the collection is in the
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Fig. 5. Model predictions of particle penetration data from Yung et al. [4] for venturis with liquid injection at throat. Air (G) and water (L) flows in kg/s.
———— Current model, - - - Yung [6]. ∆∆ Boll [7].

Fig. 6. Model predictions of particle penetration data from Rudnick et al. [3] for wetted approach venturis. (a) Current model; (b) Boll’s model; (c) Yung’s
model.

throat due to the drops formed where the liquid enters. The
model of Yung et al. [6] assumes all collection is in the throat
and so the penetration predictions are similar, the differences
being mainly due to the method of calculating drop velocities.

3.2. Venturi with wetted approach

Rudnick et al. [3] presented extensive data for the wetted
approach venturis specified in Table 1 and a range of air (G)
and water (L) flow rates. The particles in this case were
atomised cooking oil. Fig. 6(a)–(c) show the comparison
for the three models with 790 measurements of particle pen-
etration. In addition groups of data have been selected that
represent a wide range of operating conditions for the three
venturi configurations to thoroughly test the models’ per-
formance and the results are presented in Fig. 7(a)–(i).

Again the current model appears to give more consistent
predictions of penetration with a consistent over prediction
in most cases. The poorest results in both Figs. 6 and 7 are
for data from the venturi with the small throat diameter. The
goodness of fit is confirmed by the mean squared error values:
current model, 0.186; Boll’s model, 0.485; Yung’s model,
0.280.

Errors in the experimental data presented by Rudnick et al.
[3] are indicated to be of the order of "50% when the
penetration is as low as 0.1 (i.e. small concentrations of
particles in the exit gas). Values of penetration greater than
1.0 at small particle sizes also show the difficulty in accurate
measurement of dust concentration.

The current model predicts significant collection taking
place in the convergence and diffuser as well as the throat for
the wetted approach configuration. For the range of condi-
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Fig. 7. Model predictions of particle penetration. Data from Rudnick et al. [3] for wetted approach venturis (see Table 1) Particle sizes in microns. Air (G)
and water (L) flows in kg/s. ———— Current model, ∆∆ Boll [7], - - - Yung [6].

tions examined, although over 70% of the collection has taken
place by the end of the throat, up to 40% can take place in
the convergence, particularly for larger dust particle sizes.
The larger the venturi throat the greater the proportion of the
collection that takes place in the diffuser and less in the
convergence and throat.

Overall the results show that the current model, presented
here, gives superior predictions of particle collection to pre-
vious models and, because it is more fundamentally based on
the phenomena occurring in the venturi, it should be superior
for extrapolation to industrial size equipment for design pur-
poses. It should be noted that the parameters in the model,
such as entrainment and deposition rates and drop size cor-
relations, have not been adjusted to improve the model fit. At
present these are based on other geometries such as annular
flow in pipes, hence there is scope for further tuning of these
factors as data becomes available.

4. Model parameter sensitivity

The effect of uncertainty in the major model parameters
have been examined for each type of venturi. Fig. 8(a)–(c)

show the change in predicted penetration for venturis with
liquid injection at the throat, the experimental conditions and
data are the same as Fig. 5(b). In Fig. 8(a) the drop size
predicted by the correlation by Ingebo [15] is changed by
"50%, a decrease in drop size created at injection producing
a significant increase in the dust collected (decrease in pen-
etration) due to the smaller drops having a higher collection
efficiency. Fig. 8(b) indicates that the dust collection is rel-
atively insensitive to the rate of deposition of liquid from the
gas to the wall. It is normally assumed that all the liquid
injected is atomised at the injection point, Fig. 8(c) shows
how the collection is reduced if not all liquid is entrained.

Fig. 9(a)–(c) show the change in predicted penetration
for the wetted approach type venturi, experimental conditions
and data are the same as for Fig. 7(d). Fig. 9(a) and (b)
show the effect of changing the drop size and initial velocity
to be small. The drops in this case are generated all along the
venturi by entrainment from the wall film and their size is
predicted from the correlation of Azzopardi [16]. As before
a smaller drop size gives an increase in dust collection. The
initial velocity of the drops formed from the wall film is set
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Fig. 8. Effect of model parameters on particle penetration data for venturi with liquid injection at throat from Yung et al. [4]. Throat lengths0.286 m, gas
flows0.229 kg/s, liquid flows0.382 kg/s.

Fig. 9. Effect of model parameters on particle penetration data for wetted approach venturi from Rudnick et al. [3]. Gas flows0.1984 kg/s, liquid flows
0.2216 kg/s.

to 10% of the gas velocity as this was observed by Azzopardi
[17] to be the approximate velocity of the waves on a liquid
film in annular flow. Fig. 9(c) shows the entrainment rate
from the wall film to be an important parameter. The entrain-
ment and deposition from and to the wall uses the method
proposed by Whalley and Hewitt [18] for annular flow in

pipes, extra entrainment at the beginning and end of the throat
is included using the equation suggested by Azzopardi and
Govan [8] which considers the component of film velocity
towards the centre after the change in wall angle. Koehler et
al. [19] have made measurements on the fraction of liquid
flow entrained along a venturi (54 mm throat diameter) with
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the liquid entering at the start of the throat through a slot and
onto the wall of the venturi. Comparison of results for the
entrained fraction from the venturi model of Azzopardi et al.
[2] show that the model overestimates the entrained flow by
2–3 times. Further investigation of the liquid flows in the film
and gas are required to improve model performance.

5. Conclusions

The model of Azzopardi et al. [2] has been shown to give
good agreement with available pressure drop data for venturis
using both wetted approach and liquid injection at the throat.
Extending this model to include particle collection in the
venturi, based on the inertial mechanism only, gives signifi-
cantly improved prediction of dust removal, compared with
previous models, over a wide range of operating conditions,
particularly when the accuracy of the experimental data is
considered. The model provides a reliable method of venturi
scrubber design for optimal performance in terms of pressure
drop and dust removal.

Important mechanisms that require further experimental
investigation to improve the model include drop size and
entrainment at liquid injection and entrainment and deposi-
tion from the liquid film along the venturi, including any
extra entrainment that may take place at the entry and exit to
the throat.

6. Nomenclature

c Dust concentration
Cc Cunningham correction factor to Stokes Law for

particle slip between gas molecules, dimensionless
d Particle diameter
D Drop diameter
Do Liquid injection orifice diameter
g Acceleration due to gravity
G Gas flow (kg/s)
L Liquid flow (kg/s)
ReD Drop Reynolds number (D rg u/m)
Re Reynolds number based on orifice diameter

(Do rl v/m1)
Stk Stokes number defined by Eq. (1)
u Relative velocity between gas and drop
vD Drop velocity
vg Gas velocity
We Weber number based on orifice diameter

(Do rgv
2/s)

Wem Modified Weber number (l rl v2/s)
WE Entrained liquid mass flow rate
Wg Gas mass flow rate
z Distance along venturi
h Collection efficiency
hi Inertial collection efficiency
hp Inertial collection efficiency in potential flow

hv Inertial collection efficiency in viscous flow
l Taylor length scale (6(s/grl))
m Gas viscosity
ml Liquid viscosity
rg Gas density
rl Liquid density
rp Particle density
s Surface tension

Appendix A. Model equations of Azzopardi et al. [2]

This model assumes that drops travel mainly in the gas
core. Drops are deemed to pass through the boundary layer
only when they are entrained or when the are on their way to
the film to deposit. In the convergent and throat sections, the
boundary layer is assumed to be negligibly thin. Boundary
layer growth is calculated in the diffuser section by means of
a momentum integral approach. The model also calculates
the rates of entrainment of liquid as drops and their re-depo-
sition on to the wall film.

The momentum integral equations are a modified version
of those developed by Ghose and Kline [20], Bardina et al.
[21], Lyrio et al. [22] and Ferziger et al. [23]. The main
changes for two phase application are: (i) allowing for the
additional effect of the drops in considering the momentum
of the core and (ii) the film acting as a rough wall to the gas.
The momentum integral equation for boundary layer flow in
conical diffusers can be written as

du 1 dU`Uq[2uqd yd(1yj)]
dx U dx`

d 1 dp u dR t Cw fy q s s (19)2 2U r dx R dx r U 2` g g `

where the term j, suggested by Baldina et al. [21], allows
for the effects of asymmetry in the flow caused by separation
on one part of the diffuser circumference. The pressure gra-
dient is obtained from the contributions of the gas and droplet
groups in the core:

ndP W dU W dUg ` lEi Diy s q (29)8dx A dx A dxiy1

The gas entrainment equation, which describes the rate at
which the inviscid core fluid is entrained into the boundary-
layer, for conical geometries takes the form:

1 d U[RU (dyd )]sE (39)` blRU dx`

In addition, the equation of continuity for the core can be
written as:

1 dU 2 dB 2 dR`s y (49)
U dx (1qB) dx R dx`
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The velocity profile equation used is a modified form of
the Coles ‘wall-wake’ velocity profile which allows for the
film acting as a rough surface to the gas:

U y U pyt bUs ln y8.5U q 1ycos (59)tž / ≥ ž /¥k e 2 d

As explained by Bardina et al. [21], the non-dimensional
variables, L and h are related by the velocity profile, Eq. (59),
in an approximate linear form which can be used as a shape-
factor correlation:

2V Ths1.5Lq0.179V q0.321 (69)T
L

where VT is obtained by integrating the Coles’ velocity profile
equation over the boundary-layer:

1y2L
V s (79)T URe

ln yln(Re )q1.485e≥ ž / ¥L

After eliminating the pressure gradient term in Eqs. (19) and
(29), the resulting equations can be combined with the shape-
factor correlation, Eq. (69), and the skin-friction correlation,
Eq. (79) and after appropriate substitutions (dVT/dx and
dh/dx) and simplifications, a final system of two ordinary
differential equations is obtained.

dB dL
a qa sb (89)11 12 1dx dx

dB dL
a qa sb (99)21 22 2dx dx

The coefficients of which are:

j
1yhqC (1yB)qB 5y3hq22 ž /L

a s11 B(1yB)

a syC (109)12 1

(1qB) B
a s a sy (119)21 22(1yB) L(1yL)

jCf 2 2yhq yC2ž /L2 dR
b s q1 BR R dx

n1 1 W dU LElEi Di bly b s (129)22 8L r U A dx R(1yL)g `is1

with
2

V VT TC s 1.5y0.321 q 0.179q0.4621 ≥ ž / ¥ ž /L L

y1UV ReT
= y2 ln yln(Re )q1.485 (139)ež /≥ ž / ¥L L

VTC s2 URe
ln yln(Re )q1.485e≥ ž / ¥L

VT
= 0.179q0.642 (149)ž /L

To close the system of equations the entrainment parame-
ter, Ebl, is calculated from a simple correlation which was
presented by Ferziger et al. [23], and is specially designed
for diffuser flows:

y2.5E s0.0083(1yL) (159)bl

Although this agrees well with experimental data for
unstalled or diffusers with small regions of stall, it is not so
accurate for detached flows. To overcome these problems,
Bardina et al. [21] introduced two physical limits on Ebl after
detachment, requiring that (1) U` can never increase in the
diffusing section and (2) Cf can never increase in the diffus-
ing section.

Changes in liquid distribution between film and drops are
calculated by a mass balance on an element of liquid film:

dWlFs2pR(DyE) (169)
dx

Following the work of Whalley and Hewitt [18], E is
specified by

Eskc (179)E

where k, a mass transfer coefficient, is a function of surface
tension and cE, the equivalent concentration, is a function of
a modified Weber number WeEstim/s). At the start of the
throat there is assumed to be extra entrainment because the
liquid travelling along the convergence is trying to carry on
inwards although the wall has changed direction. The equa-
tion suggested by Azzopardi and Govan [8] is used:

tanu9 W yWlF lFCE9s (189)ž /ž /1qtanu9 2pRDx

where WlFC is given by

0.5 0.25W spR(n r ) (sd r ) (199)lFC l l t l

Deposition is calculated using the approach of Whalley
and Hewitt [18]:

Dskc (209)

The changes in drop velocity are calculated through the
acceleration equation using a simple drag law and neglecting
all other forces:

dU r (U yU )NU yU NDi g ` Di ` Dis0.75C (219)Didx r d Ul Di Di

Drop size is specified as a Sauter mean diameter by an
equation appropriate to the manner of creation. For drops
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produced by the shearing action of the gas on the wall film,
an equation suggested by Azzopardi [16] is used

d 15.4 3.5r W32 g lEs q (229)0.58l We r WT l g

This equation was derived from data taken with annular two-
phase flow in vertical pipes.

A.1. Notation for Appendix

A Local cross-sectional area of the diffuser (m2)
B Blockage (sdU/R) (y)
c Drop concentration (kg/m3)
CD Drag coefficient (y)
Cf Skin-friction coefficient (y)
d32 Sauter mean diameter (m)
dD Droplet diameter (m)
dt Local diameter of channel (m)
D Flux of liquid deposition (kg/m2s)
E Flux of liquid entrainment (kg/m2s)
Ebl Boundary-layer gas entrainment rate
h Shape factor (s1yu/dU) (y)
k Deposition or entrainment mass transfer coefficient

(m/s)
p Pressure (N/m2)
R Local diffuser radius (m)
ReU Displacement thickness Reynolds number

(sU`dU/n) (y)
Ree Reynolds number based on roughness (sU`e/n)

(y)
U Velocity (m/s)
Ub Wake amplitude (m/s)
Ut Shear velocity (m/s)
UD Droplet velocity (m/s)
U` Mean velocity of the core (m/s)
VT Non-dimensional shear velocity (sUt/kU`) (y)
Wg Gas flow rate (kg/s)
WlE Entrained liquid flow rate (kg/s)
WIFC Liquid film flow rate at start of entrainment (kg/s)
WIF Liquid flow rate in wall film (kg/s)
We Modified Weber number (sr1U lT/s) (y)2

`

WeE Modified Weber number for entrainment (stim/gs)
(y)

x Axial distance (m)
y Distance normal to the diffuser wall (m)

Greek letters

d Boundary-layer thickness (m)

dU Boundary-layer displacement thickness (m)
e Roughness parameter (m)
u Boundary-layer momentum thickness (m)
u9 Half angle of convergence (8)
k Von Karman constant (s0.41) (y)
lT Taylor length scale (s6(s/gr1))
L Boundary-layer blockage fraction (sdU/d) (y)
n Kinematic viscosity (m2/s)
r Density (kg/m3)
s Surface tension (kg/s2)
ti Shear stress at gas/film interface (N/m2)
tw Wall shear stress (N/m2)

Subscripts

i ith group of drops
l, g Liquid or gas property
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