Chemical

Engineering
ELSEVIER Chemical Engineering Journdl 67 (1997) 9-18 Journal
Modelling the performance of venturi scrubbers
R.A. Pulley *
Department of Chemical Engineering, Nottingham University, University Park, Nottingham NG7 2RD, UK
Received 3 June 1995; accepted 27 January 1997
Abstract

The performance of venturi scrubbers is expressed in terms of the pressure drop and dust collection efficiency. The model of Azzopardi et
a. (Trans. Inst. Chem. Eng. 69 (1991) 237) which incorporates many of the phenomena of gas-iquid 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 inthisarea. © 1997 Elsevier Science SA.
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1. Introduction

Venturi wet scrubbers find applicationsin removal of par-
ticulate matter from gas streams such as downstream of solid
fuel combustors. Intheventuri the gasand particlesareaccel-
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
particlesizes. The particlecollection performanceisachieved
a 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 dternative types of venturi are in common use: (&)
the wetted approach type where liquid isintroduced onto the
wallsbeforethe convergenceand (b) whereliquidisinjected
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, athough 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 Teixeiraet al.
[1], the venturi model of Azzopardi et al. [2] isextended to
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incorporate particle collection prediction and validated
against extensive pressure drop and particle collection data
for wetted approach type of venturi scrubber from Rudnick
et a. [3] and for throat injection type from Yung et al. [4].
Comparison is aso made with the predictions of pressure
drop and collection efficiency for venturi scrubbersusing 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 aventuri scrubber isspecifiedinterms
of the pressure drop and particle collection efficiency.

2.1. Pressuredrop predictions

Azzopardi et a. [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 inthe diffuser section whichincorporatesgrowth
of the boundary layer and separation of the flow. The two-
phase region of the venturi is divided into small sectionsand
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Fig. 1. Comparison of pressure drop predictionswith dataof Yungetal. [ 6]
(see Section 2.1 for experimental details). (1 Azzopardi et al. [2], O Ball
[7], A Ripperger and Dau [5].

entrainment fromtheliquid filmin each sectionformsagroup
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 dropletsfrom the gasto theliquid 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 athroat 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
gasflow rateratios of 1to 3.3 1/m?®.

Fig. 2(a) and (b) show the comparison with the data of
Rudnick et al. [3] for awetted approach venturi, again pre-
dictionsfrom the other modelsabove areincluded. Threetest
venturiswereused with dimensionsshownin Table 1. Throat
gas velocities ranged from 20 to 161 m/s and volumetric
liquid to gas flow rateratiosfrom 0.2 to 3.7 |/m?.

Thetest datatherefore represents aseveretest of themodel
over awide range of geometries and conditions. The results
show that the model of Azzopardi et a. [2] gives good
prediction of pressure drop over thewholerange of datawith
aconsistent small overestimation. Theother models, although
giving better predictions under certain conditions, were not
as consistent, particularly at higher pressure drops.

2.2. Particlecollection

The model of Azzopardi et a. [2] is now extended to
estimate the particle collection, and hence the particle con-
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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). O Azzopardi et . [2], O
Boll [7], A Ripperger and Dau [5]. (a) Data for 0.032 m and 0.054 m
venturi throat diameters, and (b) datafor 0.076 m venturi throat diameters.

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

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

de  1.5mWeucp,

= 1
dz  WgDvpp )
The contribution to the particle collection of each droplet

group is calculated from Eg. (1), summed together, and the

differentia equation integrated numerically with the other
model equations.
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Tablel
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

Theprediction of collection efficiency (7)) of dropsineach
group isbased on theinertial impaction mechanismonly. The
calculationsby Langmuir [ 10] of particletrajectoriesaround
spheres in potential and viscous flow fields have been con-
firmed by later investigators ([11,12] ). Inertia collectionis
characterised by the dimensionless Stokes number (Stk)
which is defined as:

_Ceppdu
ouD

Stk (2)
The impaction parameter, usually defined as Stk/2, is aso
used.

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

For potential flow around aspherical drop (drop Reynolds
number Rey — )

Stk*

T Sk +05)? @
For viscous flow (Re; — 0):
[, . 0.75In(2Stk) ]‘2

”_[1+(Stk—1.214) (4)

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 isused. In
the venturi scrubber the drops initially have a high relative
velocity to the gasbut arethen accel erated towardsgasvel oc-
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 dueto inertial impaction:

_[m +mp(Rep/60) ]
" [14 (Rep/60) ]

()

This equation assumes that the collection efficiency isthe
arithmetic mean of 7, and 7, a a Reynolds number of 60.
This figure was chosen because it was noticed that on alog—
log plot of drop size against terminal velocity, the straight
lineasymptotesat each end of the curveintersect at thispoint.
Langmuir proposed that the collection efficiencies would
behave in the same way. Herne [11] had this to say about
the interpolation: **Eqg. (5)...may well have an element of

truth in it, but it is quite impossible to justify it rigoroudly.”’
When only considering dust collection in thethroat use of the
potential flow equation for collection efficiency isjustifiable
astherelative velocitiesin thisregion are high. However this
work estimates collection throughout the venturi and consid-
eration of different flow fieldsisrequired so Eq. (5) isused.
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 wm diameter is interception due to the size of the
particle bringing it into contact with the collecting drop even
though itscentre, aspredicted by theinertial collectionmech-
anism, isoutsidetheareacollected. Compensation of thedrop
collection efficiency for interceptionwasbuiltintothecurrent
model using the method developed by Pulley and Walters
[12]. Results from the model indicate that interception hasa
small effect (up to 2%) onthe 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
a. [2] are compared with two earlier models by Yung [ 6]
and Ball [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] isin
the form of asingle 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 whichissimilar to Eq. (2) andwas
fitted to their experimental data.

Boll’s model [7] assumes complete liquid atomization at
injection but considers particle collection aong all of the
venturi. His origina 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.

the drop collection efficiency given in Section 2.2.1isused
in Boll’smodel.

Both models areintended primarily to model venturiswith
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

Animportant parameter in predicting the dust collectionis
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 processis
reasonable, however, in the wetted approach type of venturi,
atomization due to entrainment from the liquid film takes
placeall aong the venturi and so thisassumptionislessvalid.
Inthe Azzopardi model, whenliquid isinjected into thethroat
the correlation of Ingebo [15] (Eg. (6)) isconsidered more
appropriate and for drops produced by the shearing action of
the gas on the wall film an equation suggested by Azzopardi
[16] (Eqg. (7)) derived from datafor annular two-phaseflow
in vertical pipesis used:
D=37D,(WeRe) ~** (6)

3.50pgWe

Fig. 3 givesacomparison of thedrop size predictionsfrom
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
predictionsare comparableat lower throat vel ocitiesbut devi-
ate significantly at high velocities and large liquid to gas
volumetric ratios.

3. Resaults

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 overal fit of each
model is cal cul ated 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 a. [4], 58 measurementsin total. Fig. 5(a)—(d)
show the comparison of modelsfor arange of throat lengths
and gas and liquid flows The datarefersto aventuri 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 thefigures, isconfirmed 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

D=5.4AWe, 8+ (7 S SN
pWy model indicates that at least 95% of the collection isin the
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Fig. 4. Model predictions of particle penetration data from Yung et a. [4] for venturis with liquid injection at throat. (a) Current model, (b) Boll’s model,

and (c) Yung'smodel.
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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) flowsin kg/s.
Current model, - - - Yung [6]. -+ Ball [7].
throat due to the drops formed where the liquid enters. The Again the current model appears to give more consistent
model of Yung et al. [6] assumesall collectionisinthethroat predictions of penetration with a consistent over prediction
and so the penetration predictionsare similar, the differences in most cases. The poorest results in both Figs. 6 and 7 are
being mainly dueto the method of cal culating drop vel ocities. for data from the venturi with the small throat diameter. The
goodness of fit isconfirmed by themean squared error values:
3.2. Venturi with wetted approach current model, 0.186; Boll’s model, 0.485; Yung's model,
0.280.

Rudnick et al. [3] presented extensive datafor the wetted Errorsin the experimental data presented by Rudnick etal.
approach venturis specified in Table 1 and arange of air (G) [3] are indicated to be of the order of +50% when the
and water (L) flow rates. The particles in this case were penetration is as low as 0.1 (i.e. small concentrations of
atomised cooking oil. Fig. 6(a)—(c) show the comparison particlesin the exit gas). Values of penetration greater than
for the three models with 790 measurements of particle pen- 1.0 at small particle sizes also show the difficulty in accurate
etration. In addition groups of data have been selected that measurement of dust concentration.
represent a wide range of operating conditions for the three The current model predicts significant collection taking
venturi configurations to thoroughly test the models' per- placein the convergence and diffuser aswell asthethroat for
formance and the results are presented in Fig. 7(a)—(i). the wetted approach configuration. For the range of condi-
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tionsexamined, although over 70% of the collection hastaken
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, becauseit ismorefundamentally based on
the phenomenaoccurring 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 thereis 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)

Current moddl, ------ Boll [7],---Yung [6].

show the change in predicted penetration for venturis with
liquid injection at the throat, the experimental conditionsand
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%, adecreasein drop size created at injection producing
asignificant 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 isrel-
atively insensitive to the rate of deposition of liquid from the
gas to the wall. It is normally assumed that al the liquid
injected is atomised at the injection point, Fig. 8(c) shows
how the collectionisreduced if not al 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 initia velocity
to besmall. The dropsin 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]. Asbefore
asmaller 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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to 10% of the gasvelocity asthiswas observed by Azzopardi
[17] to be the approximate velocity of the waveson aliquid
film in annular flow. Fig. 9(c) shows the entrainment rate
from thewall film to be an important parameter. Theentrain-
ment and deposition from and to the wall uses the method
proposed by Whalley and Hewitt [18] for annular flow in

pipes, extraentrainment at the beginning and end of thethroat
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
a. [19] have made measurements on the fraction of liquid
flow entrained along aventuri (54 mm throat diameter) with
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the liquid entering at the start of the throat through aslot 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 theliquid flowsinthefilm
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 datafor 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 awide range of operating conditions,
particularly when the accuracy of the experimental datais
considered. The model provides areliable method of venturi
scrubber design for optimal performancein termsof 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
extraentrainment that may take place at the entry and exit to
the throat.

6. Nomenclature

c Dust concentration

C. Cunningham correction factor to Stokes Law for
particle slip between gas molecules, dimensionless

d Particle diameter

D Drop diameter

D, Liquid injection orifice diameter

g Acceleration due to gravity

G Gasflow (kg/s)

L Liquid flow (kg/s)

Re,  Drop Reynolds number (D pq u/ )

Re Reynolds number based on orifice diameter

(Do pr v/ 1)
Stk Stokes number defined by Eq. (1)
u Relative velocity between gas and drop
Up Drop velocity
Vg Gas velocity
We Weber number based on orifice diameter
(Do po®/ )

We,, Modified Weber number (A p, v?/0)
We Entrained liquid mass flow rate

Wy Gas mass flow rate

z Distance along venturi

n Collection efficiency

n; Inertial collection efficiency

Mo Inertial collection efficiency in potential flow

"y Inertia collection efficiency in viscous flow
A Taylor length scale (v/(o/gp;))

n Gas viscosity

W Liquid viscosity

Py Gas density

) Liquid density

Po Particle density

o 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 a.
[21], Lyrio et a. [22] and Ferziger et a. [23]. The main
changes for two phase application are: (i) allowing for the
additional effect of the drops in considering the momentum
of thecoreand (ii) thefilm acting asarough wall to the gas.
The momentum integral equation for boundary layer flow in
conical diffusers can be written as

de 1 dU..

—+[20+ 85 —8(1—§&)] ——=

20 (1=81 7
§ 1dp 6dR 7, G

U2pgdi Rdv pl 2 1)
where the term ¢, suggested by Baldina et a. [21], alows
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 gasand droplet
groupsin the core:

_dP_WodU.. Wi dUp,

=—9—=4
A A dr XA dr

(2"

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

E — S* — ’
RU dX[RUoo(8 6%) ] =Ey (3)

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

U d (4B & Rde )
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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 arough surface to the gas:

U=27Ir(x)—8.5UT+%[l—co ﬂ)] (5')
K \€ 2 1)

Asexplained by Bardinaet a. [21], the non-dimensional
variables, A and h arerelated by thevelocity profile, Eq. (5'),
in an approximate linear form which can be used as a shape-
factor correlation:

2

\%
h=1.5A+O.179VT+0.3217T (6')
where V; isobtained by integrating the Coles’ velocity profile
equation over the boundary-layer:

1-24
Vi= (7"

' [Ir(R—e*) In(R +1485]
1 —In(Re,) .

After eliminating the pressure gradient termin Egs. (1") and
(2"), theresulting equations can be combined with the shape-
factor correlation, Eq. (6"), and the skin-friction correlation,
Eqg. (7') and after appropriate substitutions (dV+/dx and
dh/dx) and simplifications, a final system of two ordinary
differential equationsis obtained.

dB dA
ana*‘alza:b] (8)
dB dA
azla"‘azza:bz (9)
The coefficients of which are:
1—h+C2(1—B)+B(5—3h+2/—é;)
= B(1-B)
ap=—C (10/)
(1+B) B
=2 2 11’
(2531 (1-B) [(25%) A(l—A) ( )
G 2(2—h+§)—c2
A
" BR R dx
1 1 2 WgdUp, AEy
_— b, = 12’
Angi,.;A dv ° R(1—A) (12)
with
2
=115-0321{—] |+(0.179+0.462—
C, [5 0.3 (A)] (079 06/1)
V; Re*) ]_1 )
X(A 2)[In(A In(Re,) +1.485 (13")

V.
C2= T
[Ir(R—e*)—ln(Re )+1 485]
A € '
Vr
X (0. 179+ 0.6427) (14")

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

Ey=0.0083(1—A) 25 (15')

Although this agrees well with experimental data for
unstalled or diffusers with small regions of stall, it isnot so
accurate for detached flows. To overcome these problems,
Bardinaet al. [ 21] introduced two physical limitson E,, after
detachment, requiring that (1) U.. can never increase in the
diffusing section and (2) C; can never increasein the diffus-
ing section.

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

Wi

dx

=27R(D—E) (16")

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

E=kee (17"

where k, a mass transfer coefficient, is a function of surface
tension and c, the equivalent concentration, is afunction of
amodified Weber number Wez= 7m/ o). 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:

/=( tane/ vVlF_W/IFC) (18/)
1+tand’)\ 27RAx

where W, is given by

Wire= 7R( VIPl)O'S(U'dtpl)o'25 (19"

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

D=kc (20")

The changes in drop velocity are calculated through the
accel eration equation using asimple drag law and neglecting
all other forces:

dUp, U.—Up) | U,.—Up;
Dl=0~75CDi&( o) | Dil

(21')
dx 1Y dp;Up;

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] isused

dyy 154 3.5pWie

A WESE T W,

(22')

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

A.1. Notation for Appendix

A Local cross-sectional area of the diffuser (m?)
B Blockage (=68*/R) (—)

c Drop concentration (kg/m?)

Cp Drag coefficient (—)

Cs Skin-friction coefficient ( —)

ds Sauter mean diameter (m)
dp Droplet diameter (m)

d, Local diameter of channel (m)

D Flux of liquid deposition (kg/m?s)

E Flux of liquid entrainment (kg/m?s)

Ey Boundary-layer gas entrainment rate

h Shapefactor (=1—0/86%) (—)

k Deposition or entrainment mass transfer coefficient
(m/s)

p Pressure (N/m?)

R Local diffuser radius (m)

Re* Displacement thickness Reynolds number
(=U8%v) (—)

Re. Reynolds number based on roughness ( = U..€/ v)
(=)

U Velocity (m/s)

Ug Wake amplitude (m/s)

U, Shear velocity (m/s)

Up Droplet velocity (m/s)

U.,. Mean velocity of the core (m/s)

Ve Non-dimensional shear velocity (=U./kU..) (—)

Wy Gasflow rate (kg/s)

Wie Entrained liquid flow rate (kg/s)

Wiee  Liquid film flow rate at start of entrainment (kg/s)

Wie Liquid flow rateinwall film (kg/s)

We  Modified Weber number ( = p,U2A+/0) (—)

We:  Modified Weber number for entrainment ( = im/gs)

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

o Boundary-layer thickness (m)

o* Boundary-layer displacement thickness (m)
€ Roughness parameter (m)

0 Boundary-layer momentum thickness (m)
0’ Half angle of convergence (°)

K Von Karman constant (=0.41) (—)

- Taylor length scale (=/(o/gp1))
Boundary-layer blockage fraction (= 8%/6) (—)

v Kinematic viscosity (m?/s)

p Density (kg/m®)

o Surface tension (kg/s%)

T Shear stress at gas/film interface (N/m?)
Tw Wall shear stress (N/m?)

Subscripts

i ith group of drops

Lg Liquid or gas property
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