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Abstract

Considering the bimodal feature of the bubble size distribution in the heterogeneous regime, a recently developed

model for simulating direct-contact evaporators operating in the homogeneous regime was extended to the heteroge-

neous bubbling regime, enabling, thereby, the simulation of a direct-contact evaporator for any bubbling regime. The

proposed model includes a correction factor for isothermal gas hold-up correlations to account for heat and mass

transfer effects which arise in non-isothermal bubbling. The model predictions were shown to be in good agreement with

literature experimental data for the air–water system, considering four different gas superficial velocities.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In a direct-contact evaporator, liquid vaporisation is

brought about by the dispersion of a superheated gas in

the solution to be concentrated. The lack of any

walls separating the processing streams imparts many

advantages to direct-contact units in comparison with

the traditional shell-and-tube evaporators, such as

higher thermal efficiency, lower capital and operating

costs and greater simplicity of construction. In particu-

lar, the possibility to operate economically with highly

fouling and/or corrosive solutions has led to the suc-

cessful application of this kind of evaporator to a wide

variety of processing problems [1,2].

In a companion paper [3], an experimental investi-

gation of the heat and mass transfer processes in a bench

scale direct-contact evaporator was conducted. Contrary

to what was done in previously published works [4–6],

operation was not restricted to the homogeneous bub-
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bling regime, as some of the analysed gas superficial

velocities were high enough to enable operation in the

heterogeneous bubbling regime. Significant effects of

both the sparger and the gas flow rate upon the equip-

ment performance were verified and systematically

analysed.

Attention is now focused on the mathematical mod-

elling of direct-contact evaporators. In these units, for

semi-batch operation, the time interval required for the

quasi-steady-state regime to be achieved, at which the

liquid temperature and the evaporation rate remain

approximately constant, usually has the magnitude of

hours. On the other hand, the bubble residence time in

the equipment equals some seconds. Therefore, a time

scale decomposition can be performed in the modelling

of direct-contact evaporators [7], resulting in a distinct

dynamic model for each phase.

The consideration of a single bubble size in the dis-

persed phase seems to be a common feature of all

models which have been proposed so far for the simu-

lation of direct-contact evaporators [4–6,8–10]. Even

when the variation of the bubble size due to the density

increase, which comes from the steep decrease in the

gas temperature, is taken into account using either
ed.
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Nomenclature

CD drag coefficient

Cp specific heat at constant pressure

(J kg�1 K�1)

D mass diffusion coefficient (m2 s�1)

Dc evaporator inner diameter (m)

De evaporator outer diameter (m)

Disl external diameter of the insulated evapora-

tor (m)

de equivalent diameter of the sphere with the

same volume of the bubble (m)

dh hydraulic bubble diameter (m)

Eo E€otv€os number (gd2
e ðqL � qGÞr�1)

f1 correction factor for population effect

f2 correction factor for wall effect

f �
2 parameter defined by Eq. (13a)

FD drag force (N)

fo frequency of bubble formation at an orifice

(s�1)

g gravity acceleration (m s�2)

G volumetric flow rate (m3 s�1)

h heat-transfer coefficient (Wm�2 K�1)

Hb two-phase mixture overall height in the

evaporator (m)

Hc column height (m)

DHvap latent heat of vaporisation (J kg�1)

mb bubble mass (kg)

_mev bubble evaporation rate (kg s�1)

mev mass of vaporised liquid per bubble (kg)

mL liquid mass in the evaporator (kg)

M mass flow rate (kg s�1)

nsb number of ‘small’ bubbles needed to origi-

nate one ‘large’ bubble

No number of orifices in the sparger

qs total amount of sensible heat transferred to

the liquid per bubble (J)

Q heat-transfer rate (W)

r radial coordinate (m)

R bubble radius (m)

Re Reynolds number, (ubdem�1)

Rexp large bubble radius at the beginning of the

ascension stage (m)

t time (s)

T temperature (K)

ub bubble velocity (m s�1)

uG gas superficial velocity (m s�1)

utrans gas superficial velocity at bubbling regime

transition (m s�1)

U overall heat-transfer coefficient (Wm�2 K�1)

v radial velocity (m s�1)

V volume (m3)

X mass fraction in the liquid phase

Y mass fraction in the gas phase

Greek symbols

d unit impulse function (Dirac delta function)

(m�3)

e gas hold-up

# ratio between the bubble and the column

diameters

k thermal conductivity (Wm�1 K�1)

m kinematic viscosity (m s�2)

q density (kgm�3)

r surface tension (Nm�1)

w ratio between the real and hypothetical gas

volumes

Subscripts

1 isolated bubble in an infinite medium

amb evaporator surroundings

asc ascension stage

c evaporator wall

cond condensate stream in the upper region of the

evaporator

d sparger

ev evaporated from the liquid phase

ext outside the bubble

feed evaporator feed stream

form formation stage

G gas

hyp hypothetical isothermal bubbling process

I injected gas

i species i (1 for water vapour)

isl evaporator insulating material

L liquid

lb large bubble

out evaporator outlet stream

p losses to the surroundings

res residence in the evaporator

s superheated gas

sb small bubble

sur surface

Superscripts

–– mean property

� partial mass property

0 pure component

fb freeboard region of the evaporator

lb large bubble

sb small bubble
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experimental bubble sizes [6] or incorporating such effect

in the model for bubble formation and ascension [10],

the identity of the bubble is kept constant throughout

the process. These hypotheses represent well the pattern

observed in the homogeneous bubbling regime, in which

there is no great difference between the size of the bub-

bles and the breakage and coalescence phenomena are

negligible. Industrially, however, the homogenous re-

gime is less likely to prevail, owing to the high gas flow

rates employed, which favour the heterogeneous bub-

bling regime, whose intrinsic characteristics, that is, wide

range of bubble sizes and non-negligible frequencies of

breakage and coalescence, invalidate the consideration

of a single bubble size.

In this paper, a mathematical model for the dynamic

simulation of direct-contact evaporators operating in the

heterogeneous bubbling regime is presented. Its main

feature is the representation of the heterogeneous regime

using a simplified fluid dynamic approach, originally

proposed by Vermeer and Krishna [11] for bubble col-

umns, which is based upon the division of the bubble

population into two classes. The adoption of this sim-
growing detachment
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Fig. 1. Direct-contact evaporator model: (a) stages of the bubbling

representation of the analysed unit, indicating the mass (continuous l
plified approach was encouraged by the favourable re-

sults exhibited by some semi-empirical gas hold-up

models which employ this concept [12–15].
2. Model development

The proposed model actually constitutes an extension

to the heterogeneous regime of the model developed by

Campos and Lage [10] for direct-contact evaporators

operating in the homogeneous bubbling regime. Its basic

assumption is the division of the dispersed phase into

two bubble sizes which do not interact: the ‘small’

bubbles, generated by the sparger, and the ‘large’ bub-

bles, produced by the coalescence of the former. For

each bubble size, the heat and mass transfer rates are

determined for the respective residence time within the

equipment, which are, then, weighted to give the results

associated with the dispersed phase.

The differences between the bubbling processes re-

lated to each kind of bubble are portrayed in Fig. 1a.

Assuming that the sparger orifices are sufficiently
ent ascension
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spaced, coalescence is restricted to the ascension stage,

so that the formation stage (growing+detachment) is

the same for both kinds of bubbles. Once the formation

volume has been achieved, the ‘small’ bubble detaches

and the ascension stage commences. As regards the

‘large’ bubble, the volume at the end of the formation

stage is the same but, after the detachment, the occur-

rence of an instantaneous coalescence process is postu-

lated for the formation of the ‘large’ bubble, which,

then, ascends in the column. The size of the ‘large’

bubble has to be experimentally determined and con-

stitutes an input parameter of the present model.

2.1. Dispersed phase model

Experimental evidences [9,16–18] indicate that the

major resistance to heat and mass transfer lies within the

bubbles and, hence, the dispersed phase modelling has

drawn considerable attention. As a result, many models

for describing coupled heat and mass transfer in bubbles

have already been elaborated, either for the formation

[19–24] or the ascension stage [4–6,8,9,25–27]. However,

to the authors’ knowledge, the only available model

valid for both the formation and ascension stages is the

one proposed by Campos and Lage [28], which was,

hence, chosen for representing the heat and mass

transfer phenomena in the bubbles.

In the formation stage, there is no difference what-

soever between the two kinds of bubbles and, as a result,

the model of Campos and Lage [28] is directly applied. It

is constituted of the following simplified forms of the

continuity, species and energy conservation equations

for the bubble, which is assumed to be a binary mixture:

oqG

ot
þ 1

r2
o

or
ðr2qGvÞ ¼ qIGIdðrÞ ð1Þ

o

ot
ðqGYiÞ þ

1

r2
o

or
r2qG Yiv

��
� Di

oYi
or

��
¼ qIGIYiIdðrÞ ð2Þ

o

ot
ðqGCpGT Þ þ

1

r2
o

or
ðr2qGvCpGT Þ �

1

r2
o

or
r2kG

oT
or

� �

� ðCp01 � Cp02Þ
1

r2
o

or
r2TqGD1

oY1
or

� �

¼ qIGIdðrÞ
X2

i¼1

YiICp
0
i TI ð3Þ

being the index 1 related to water. Eqs. (1)–(3) are

subjected to the following boundary conditions:

� _mev

4pR2
¼ qG v

�
� dR

dt

�
at r ¼ RðtÞ ð4aÞ

qGD1

oY1
or

����
r¼RðtÞ

¼ _mev

4pR2
ð1� Y1Þ at r ¼ RðtÞ ð4bÞ
� kG

oT
or

����
r¼RðtÞ

¼ _mev

4pR2
DHvapðT Þ þ hextðT � TLÞ

at r ¼ RðtÞ ð4cÞ

as well as the following initial conditions

qGðr; 0Þ ¼ qI; Y1ðr; 0Þ ¼ Y1I ; T ðr; 0Þ ¼ TI 8r ð5Þ

being hext calculated using the correlation of Calderbank

and Moo-Young [29].

In order to predict the moment of detachment, Eqs.

(1)–(3) have to be solved together with a dynamic model

for bubble formation. In this work, as done by Campos

and Lage [28], the dynamic model of Davidson and

Sch€uler [30] was used in view of the recommendations of

Pinto [22]:

dub
dt

þ 3
ub
R

dR
dt

¼ 16

11
g � 72

11

mLub
R2

ð6Þ

In the ascension stage, the conservation equations are

obtained by eliminating the injection terms from Eqs.

(1)–(3), that is, by setting the right-hand side of these

equations to zero. The boundary conditions at the

bubble surface are the same as the ones for the forma-

tion stage, Eqs. (4a)–(4c).

The differences between the two kinds of bubbles lie

in the initial conditions for solving the conservation

equations. For the ‘small’ bubble, as ascension takes

place immediately after formation, the profiles associ-

ated with the end of the latter naturally constitute the

initial conditions of the former, that is:

Rð0Þjasc;sb ¼ RðtformÞ ð7aÞ

qGðr; 0Þjasc;sb ¼ qGðr; tformÞ
Y1ðr; 0Þjasc;sb ¼ Y1ðr; tformÞ
T ðr; 0Þjasc;sb ¼ T ðr; tformÞ 8r

ð7bÞ

However, with regard to the ‘large’ bubble, the coa-

lescence process which occurs after the detachment

produces two modifications. First and more evidently,

the bubble radius changes. Moreover, as a result of the

intense internal mixing which should accompany a

coalescence process, there is a perturbation in the pro-

files established in the formation stage. As a limit case,

this mixing is assumed to be high enough to eliminate all

internal temperature and concentration gradients. Con-

sequently, at the beginning of the ascension stage, both

the temperature and the vapour concentration inside the

bubble do not depend upon the radial position, being

equal to the corresponding mean of the values at the end

of the formation stage:

Rð0Þjasc;lb ¼ Rexp ð8aÞ
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Y1ðr; 0Þjasc;lb ¼
Z RðtformÞ

0

qGðf; tformÞY1ðf; tformÞf2 df

�
Z RðtformÞ

0

qGðf; tformÞf2 df

� ��1

8r ð8bÞ

T ðr; 0Þjasc;lb

¼
Z RðtformÞ

0

qGðf; tformÞCpðf; tformÞT ðf; tformÞf2 df

�
Z RðtformÞ

0

qGðf; tformÞCpðf; tformÞf2 df

� ��1

8r ð8cÞ

Once the new values of Y1 and T are known, the bubble

density is computed using the ideal gas model. It ought

to be emphasised that the radius of the ‘large’ bubble at

the beginning of the ascension stage, Rexp, is an input

parameter of the model.

Whichever the kind of the bubble, its dynamics in the

ascension stage is described by a force balance taking

into account inertial, added mass, buoyancy and drag

forces:

d

dt
mb

��
þ 4

6
pR3qL

�
ub

�
¼ 4

3
pR3gðqL � qGÞ � FD ð9Þ

In Eq. (9), ub represents the ‘real’ bubble velocity,

corrected for population and wall effects, both of which

were not considered by Campos and Lage [28] in their

original model. Therefore, in the calculation of the drag

force, FD, an expression including these two effects has

to be employed. In the literature, however, the common

approach to account for such effects is to apply a cor-

rection factor for the velocity of the isolated bubble,

ub1, so that these factors had to be manipulated in order

to obtain an expression for the corresponding drag

force.

When the bubble reaches its terminal ascension

velocity, the buoyancy and drag forces become equal.

Since buoyancy does not depend on wall and population

effects, one concludes that, once the terminal velocity has

been achieved, the drag force will be the same for either

the isolated or ‘real’ (subjected to population and wall

effects) bubble. Expressing the drag force using the for-

mula of Karamanev [31], which explicitly includes the

shape of the bubble by means of the ratio between the

equivalent diameter (de) and the hydraulic diameter of

the bubble (dh), one has:

FD ¼ 0:5pR2qLu
2
bCDðReÞðdh=deÞ2 ð10Þ

Considering that ub ¼ ub1f1ðeÞf2ð#Þ, where f1ðeÞ and
f2ð#Þ are, respectively, the correction factors for popu-

lation and wall effects, it can be seen that, if the drag

force is the same and the differences in the bubble shape

factors are neglected, the reduction in the value of ub has
to be compensated by an increase in the CD value, so

that the product u2bCD remains the same. Hence:
CDðReÞ ¼ CDðRe1Þ½f1ðeÞf2ð#Þ�2 ð11Þ

The drag coefficient for the isolated bubble was cal-

culated using Karamanev’s correlation [31], whilst the

shape factor was estimated utilising the correlation of

Vakrushev and Efremov recommended by Clift et al.

[32]. The correction factor for the population effect

varied according to the bubbling regime. For the

homogeneous regime, the expression developed by

Behringer [33] was used on account of its agreement with

experimental data from different authors [34–37]. On

the other hand, for the heterogeneous regime, when

Eo > 40, the relation proposed by Krishna et al. [38] was

utilised, whereas, if Eo6 40, the correction factor was

assumed unitary, since no correlation for its estimation

was found in the literature. Hence:

f1 ¼

1� e if uG 6 utrans
1 if uG > utrans and Eo6 40

2:73þ 4:505ðuG � utransÞ
if uG > utrans and Eo > 40

8>><
>>: ð12Þ

With regard to the correction for the wall effect, for

Eo < 40, its value was calculated using the heuristic

formula presented by Clift et al. [32], while the relation

of Collins [39] was adopted for EoP 40, both of which

were shown to agree well with the experimental data of

Krishna et al. [40]. The parameter f �
2 , related to the

possibility of neglecting the wall effect, was evaluated

according to Clift et al. [32].

f �
2 ¼

1 if Eo < 40 and #6 0:06 and Re6 0:1
1 if Eo < 40 and #6 0:08þ 0:02 log10 Re

and 0:16Re6 100

1 if Eo < 40 and #6 0:12 and Re > 100

1 if EoP 40 and # < 0:125
0 otherwise

8>>>>>><
>>>>>>:

ð13aÞ

f2 ¼

1 if f �
2 ¼ 1

ð1� #2Þ3=2 if Eo < 40 and f �
2 ¼ 0

1:13e�# if EoP 40 and 0:1256#6 0:6
0:62#�1=2 if EoP 40 and # > 0:6

8>><
>>:

ð13bÞ

At the end of the ascension stage, the total mass of

vaporised liquid, mev, and the total amount of sensible

heat transferred to the liquid, qs, associated with each

kind of bubble are evaluated. For the ‘small’ bubbles, as

there is no identity loss in the transition from formation

to ascension, Eq. (4a) and the definition of hext are used

to give:

msb
ev ¼ 4p

Z tres

0

R2qGsur
vsur

�
� dR

dt

�
dt ð14Þ

qsbs ¼ 4p
Z tres

0

R2hextðTsur � TLÞdt ð15Þ
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where tres ¼ tform þ tasc.
As regards the ‘large’ bubbles, the preceding inte-

gration has to be divided into the terms related to

the formation and ascension stages, since the coales-

cence process leads to a change in the calculation basis

used for each stage. From a mass balance, the number

nsb of ‘small’ bubbles needed to originate, by coales-

cence, one ‘large’ bubble equals nsb ¼ ðmlb;form=msb;formÞ ¼
ðRexp=RformÞ3ð�qG;asc;lb=�qG;form;sbÞ, where �qG;asc;lb ¼
qGðT ðr; 0Þjasc;lb; Y1ðr; 0Þjasc;lbÞ (see Eqs. (8b) and (8c)) and

�qG;form;sb is the mean density of the small bubble at the

end of its formation. As a result, the quantities associ-

ated with the ‘large’ bubble are

mlb
ev ¼ 4p nsb

Z tform

0

R2qGsur
vsur

��
� dR

dt

�
dt

þ
Z tasc

tform

R2qGsur
vsur

�
� dR

dt

�
dt
�

ð16Þ

qlbs ¼ 4p nsb

Z tform

0

R2hextðTsur
�

� TLÞdt

þ
Z tasc

tform

R2hextðTsur � TLÞdt
�

ð17Þ
2.2. Continuous phase model

A schematic representation of the direct-contact

evaporator considered in this work is presented in Fig.

1b, in which the mass and heat-transfer rates are evi-

denced. Apart from the feed (Mfeed), outlet (Mout) and

evaporate (Mev) streams, there is the condensate stream

coming from the column freeboard (Mcond) due to heat

losses from the outlet stream to the surroundings. As for

the heat-transfer rates, not only the superheated gas (Qs)

but also the sparger (Qd) provides energy for the liquid,

part of which is inevitably lost to the surroundings (Qp).

Assuming the liquid to be perfectly mixed due to the

vigorous bubbling-driven mixing, which has already

been experimentally verified by different authors

[5,6,41,42], and the entrainment of liquid in the gas

phase to be negligible, the following mass and heat

balances can be written for the continuous phase:

dmL

dt
¼ Mfeed þMcond �Mev �Mout ð18Þ

dðmLXLÞ
dt

¼ MfeedXfeed �MoutXL ð19Þ

d½mLCpLðTL � TfeedÞ
dt

¼ Qs þ Qd � Qp þMcondCp0LðTev � TfeedÞ

�Mev
eCpLðTL � TfeedÞ �MoutCpLðTL � TfeedÞ ð20Þ

in which the feed temperature is adopted as reference for

enthalpy calculation and the variables CpL;Cp0L and eCpL
are, respectively, the heat capacity of the solution, the

heat capacity of the pure solvent and the partial mass

heat capacity of the solvent in the solution. Substitution

of Eq. (18) into Eq. (19) gives:

mL

dXL

dt
¼ MfeedðXfeed � XLÞ þ ðMev �McondÞXL ð21Þ

Considering the heat capacity of the continuous

phase to be constant and equal to the value associated

with the pure solvent (CpL ¼ Cp0L, hence eCpL ¼ Cp0L)
and using Eq. (18), Eq. (20) may be rewritten as:

mLCpL
dTL
dt

¼ Qs þ Qd � Qp þMcondCpLðTev � TLÞ

�MfeedCpLðTL � TfeedÞ ð22Þ

an expression which is only valid for dilute solutions or

pure liquids, since the hypothesis of a heat capacity

independent of solute concentration clearly does not

hold for concentrated solutions. In the calculation of

both Qd and Qp the corresponding overall heat-transfer

coefficients, Ud and Up, are used, both of which consti-

tute input parameters of the model and should, there-

fore, be estimated or experimentally determined.

The evaporation and sensible heat-transfer rates are

evaluated based on the weighting of the results for the

two kinds of bubbles obtained with the dispersed phase

model. In this model, the mass of vaporised liquid per

bubble, the amount of sensible heat transferred per

bubble and the frequency of bubble formation at the

orifices are all calculated, so that, knowing the number

of orifices in the sparger, No, one may compute the

evaporation and sensible heat-transfer rates associated

with each kind of bubble. For the ‘small’ bubbles, for

instance, we have:

Mev;sb ¼ Nof sb
o msb

ev; Qs;sb ¼ Nof sb
o qsbs ð23Þ

In the homogeneous regime, since one single bubble

size is admitted, Eq. (23) already gives the values related

to the dispersed phase, as done by Campos and Lage

[10] in their model. Nevertheless, in the heterogeneous

regime, the effective contribution of each kind of bubble

has to be taken into account. The ‘large’ bubbles derive

from coalescence phenomena, whose extension grows

with the gas flow rate. In addition, the formation of

these bubbles only commences when the homogeneous

regime becomes unstable, that is, when the gas super-

ficial velocity, uG, exceeds its transition value, utrans.
These two facts are consistent with weighting the data in

terms of the fraction of the gas superficial velocity which

surpasses utrans, a criterion which has already been used

in the elaboration of gas hold-up models for the heter-

ogeneous regime [12–15,43]. Thus, the rates Mev and Qs

are given by the following relations:

Mev ¼ Nou�1
G f sb

o msb
evutrans


þ f lb

o mlb
evðuG � utransÞ

�
ð24Þ
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Qs ¼ Nou�1
G f sb

o qsbs utrans


þ f lb
o qlbs ðuG � utransÞ

�
ð25Þ

where f sb
o ¼ 1=tform and f lb

o ¼ f sb
o =nsb. No relation was

found in the literature for estimating the transition

velocity in direct-contact evaporators. As a result, the

prediction of the regime transition point was based on

the correlation developed by Reilly et al. [44] for iso-

thermal bubble columns, whose adequacy for pure liq-

uids has been recently confirmed by Krishna et al. [45].

With the aim of estimating the condensing rate in the

upper region of the equipment, it is assumed that only

latent heat is lost and, therefore, the condensate tem-

perature remains equal to the evaporate one and the

condensation rate is equal to Mcond ¼ Qfb
p =DHvapðTevÞ,

where Qfb
p is the heat-transfer rate from the outlet gas

stream to the surroundings in the freeboard region of the

evaporator. The Qfb
p value was estimated assuming uni-

dimensional, steady-state heat transfer and considering

the conduction resistances of the evaporator wall and

insulating layer, as well as the resistance associated with

free convection to the surroundings:

Qfb
p ¼ 2pðHc � HbÞðTev � TambÞ

k�1
c lnðDe=DcÞ þ k�1

isl lnðDisl=DeÞ þ ðDislhambÞ�1

ð26Þ

In Eq. (26) the ambient convective heat-transfer coeffi-

cient, hamb, was computed using the relation recom-

mended by Kreith [46] for laminar free convection

outside cylindrical vertical ducts.
2.3. Gas hold-up

The prediction of the overall height of the two-phase

mixture, a key parameter in the simulation of a direct-

contact evaporator, requires the determination of the

gas hold-up in the unit. Even though a vast number of

correlations for predicting the gas hold-up in isothermal

bubble columns has already been published, a revision

of which may be found in the works of Shah et al. [47]

and Saxena and Rao [48], these correlations fail con-

siderably when applied to direct-contact evaporators, as

shown by Queiroz [5]. For the homogenous bubbling

regime, Campos and Lage [27,28] presented a general

correction factor for these relations which accounted for

heat and mass transfer effects and enabled their appli-

cation for non-isothermal bubbling. Thus, completing

the evaporator model, an expression for this correction

factor in the heterogeneous regime is proposed in this

section.

Starting from the gas hold-up definition, the gas and

liquid volumes in the mixture are related by

ðVG=VLÞ ¼ eð1� eÞ�1
which, for the model with two

bubble sizes, may be divided into two terms:

ðV sb
G =VLÞ ¼ esbð1� eÞ�1; ðV lb

G =VLÞ ¼ elbð1� eÞ�1 ð27Þ
The total gas volume is a function of the number of

orifices in the spargers, the mean volume of the bubbles

in each class, their frequency of formation and their

residence time, being the last three influenced by heat

and mass transfer processes, which justifies the gas hold-

up differences between isothermal and non-isothermal

bubbling. The gas volume associated with each kind of

bubble is given by

V sb
G ¼ NoVsbf sb

o tsbres; V lb
G ¼ NoVlbf lb

o tlbres ð28Þ

In view of the fact that the available correlations for e
refer to isothermal processes, a hypothetical bubbling

process is considered, in which the liquid volume and the

temperatures of both phases are identical to the ones

related to the real process, but neither heat nor mass

transfer occurs. Upon applying Eq. (27) to these two

processes and computing, for each kind of bubble, the

ratio between the obtained relations, one gets:

esb
1� e

¼ V sb
G

ðV sb
G Þhyp

esb
1� e

� �
hyp

elb
1� e

¼ V lb
G

ðV lb
G Þhyp

elb
1� e

� �
hyp

ð29Þ

where the subscript hyp refers to hypothetical bubbling.

The sum of the two relations given by Eq. (29) yields a

relation between the gas hold-up for the real and

hypothetical processes:

e
1� e

¼ V sb
G

ðV sb
G Þhyp

esb
1� e

� �
hyp

þ V lb
G

ðV lb
G Þhyp

elb
1� e

� �
hyp

ð30Þ

The application of Eq. (30) is restricted to that lim-

ited fraction of the available isothermal correlations for

which the gas hold-up is divided into terms associated

with the two kinds of bubbles. However, defining w as

the ratio between the real and hypothetical gas volumes,

Eq. (30) can be rewritten in the following form:

e
1� e

¼
wsbðesbÞhyp þ wlbðelbÞhyp

ðesb þ elbÞhyp
e

1� e

� �
hyp

ð31Þ

With Eq. (31), given a model for the isothermal gas

hold-up which distinguishes the contributions of ‘small’

and ‘large’ bubbles, any gas hold-up correlation for

isothermal bubbling can be tested for calculating the gas

hold-up in a direct-contact evaporator operating in the

heterogeneous regime. Thus, Eq. (31) constitutes the

expansion, to heterogeneous regime, of the correction

factor proposed by Campos and Lage [27,28].

The ratio w is calculated by applying Eq. (28) to

‘small’ and ‘large’ bubbles, respectively, considering the

real and hypothetical bubbling processes. For the

hypothetical process, since there is no heat and mass

transfer, the parameters Vb, fo and tres are computed with

the solution of the dynamic models for the formation
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(Eq. (6)) and ascension (Eq. (9)) stages, whereas, for the

real process, these parameters are given by the model of

the dispersed phase. In the case of the ‘small’ bubbles,

the relation developed by Campos and Lage [28] applies:

wsb ¼
ðRresÞ3f sb

o tsbres

ðRresÞ3f sb
o tsbres

h i
hyp

ð32Þ

On the other hand, for the ‘large’ bubbles, the con-

tributions of the formation and ascension stages have

to be calculated separately:

wlb ¼
ðRformÞ3f sb

o tsbform þ f lb
o ðRascÞ3tlbasc

ðRformÞ3f sb
o tsbform þ f lb

o ðRexpÞ3tlbasc
h i

hyp

¼ ðRformÞ3 þ f lb
o ðRascÞ3tlbasc

ðRformÞ3 þ f lb
o ðRexpÞ3tlbasc

h i
hyp

ð33Þ
3. Numerical procedure

As detailed by Campos and Lage [27,28], the dis-

persed phase model was written in a dimensionless form

and then solved by the method of lines using finite-vol-

ume spatial discretisation. Eqs. (18), (21) and (22), which

comprise the continuous phase model, were integrated

using the DDASPG routine from the IMSL library.

During this integration, the dispersed phase model

periodically updates the values of Qs, Mev and e. In the

case of e, the contributions of ‘small’ and ‘large’ bubbles

for the isothermal gas hold-up in Eq. (31) were evaluated

utilising the model of Ellenberger and Krishna [14]. The

calculation parameters of the dispersed phase model,

such as number of discretization points, time integration

tolerance and number of quadrature points in the

determination of Qs and Mev, were varied to assure that

convergence was obtained in the results. The results

discussed herein were determined with a degree of

accuracy higher than 0.1%.

The model was tested against experimental data for

the air–water system. To perform the simulations, air

and steam physical properties, as well as water viscosity

and water latent heat of vaporisation, were estimated

using the correlations of Lage [49]. The equation pre-

sented by Reid et al. [50] was employed in the estimation

of water vapour pressure, being the data given by Hol-

man [51] used for the other necessary water properties.

For the lower gas superficial velocity, at which the unit

operates in the homogeneous bubbling regime, the iso-

thermal gas hold-up was calculated utilising the corre-

lation of Luo et al. [52], whereas, for the other values of

uG, the correlation of Ellenberger and Krishna [14],

developed for the heterogeneous regime, was applied.
4. Results and discussion

The validity of the proposed model for dynamic

simulation of direct-contact evaporators was assessed by

means of a comparison between its predictions and some

of the experimental data reported by Ribeiro and Lage

[3] for the air–water system in semi-batch operation.

Following Campos and Lage [10] procedure, the thermal

capacitance of the evaporator (8.80 · 103 JK�1) was

added to the liquid-phase thermal capacitance in Eq.

(22) for taking into account, in a simplified manner, the

thermal inertia of the evaporator. The overall heat-

transfer coefficients used in the simulation were deter-

mined based upon the experimental heat-transfer rates

reported by Ribeiro and Lage [3]. The Ud values with

their 95% confidence intervals were calculated as

(10.1 ± 0.3), (17.7 ± 0.4), (19.0 ± 0.6) and (21.4 ± 1.2)

Wm�2 K�1 for uG ¼ 2:2, 4.4, 6.6 and 12.1 cm/s, respec-

tively. As Up does not depend upon the gas superficial

velocity, the value determined for uG ¼ 6:6 cm/s, namely

(1.6 ± 0.2) Wm�2 K�1, was used for all simulations. The

‘large’ bubble radii at the beginning of the ascension

stage, Rexp, were taken as the experimental ‘large’ bubble

radii in the column reported by of Ribeiro and Lage

[53], being 5.3, 7.5 and 8.0 mm, for uG ¼ 4:4, 6.6 and

12.1 cm/s, respectively. For uG ¼ 2:2 cm/s, there is only

the ‘small’ bubble class.

For the perforated plate sparger analysed by Ribeiro

and Lage [3], the predicted values of liquid temperature,

bubbling height and evaporation rate are compared with

experimental data in Figs. 2–5. Also included in these

figures are the results of the model elaborated by Cam-

pos and Lage [10] for operation in the homogenous

bubbling regime.

In the specific case of the lower gas superficial

velocity, as the evaporator operates in the homogeneous

regime, both models provide the same results, for the

proposed equations constitute an extension to the het-

erogeneous regime of the original formulation of Cam-

pos and Lage [10]. An excellent agreement between

experimental data and simulation results for both bub-

bling height and evaporation rate is exhibited in Fig. 2.

With regard to the liquid temperature, the deviations are

somewhat higher but still quite satisfactory, confirming,

thus, the adequacy of the model of Campos and Lage

[10] for an evaporator operating in the homogeneous

bubbling regime.

However, differences between the predictions of the

two models arise when the other gas superficial velocities

are considered. These differences are small as far as the

liquid temperature is concerned, with both models giv-

ing results consonant with the experimental data. As

regards the bubbling height, the discrepancies between

the models increase a little but are still in the range of the

experimental error associated with this variable. In fact,

the main distinctions are related to the evaporation rate.
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Initially, for uG ¼ 4:4 cm/s, since operation takes place

at the beginning of the regime transition region and the

fraction of ‘large’ bubbles in the mixture is small, the

evaporation rate obtained with the proposed model is

only slightly smaller than the one predicted by the

homogeneous regime model, and both predictions seem

to represent the experimental data well. Nonetheless, as

uG increases, the contribution of the ‘large’ bubbles

grows, so that the evaporation rate curves for the two

models become progressively different. From Figs. 4b

and 5b it is clear that, for the higher gas superficial

velocities, the quasi-steady-state evaporation rates pre-

dicted by the model of Campos and Lage [10] exceed the

experimental ones, whereas, with the proposed model,

values in better agreement with the experimental data

are obtained. Being the evaporation rate an essential

parameter of any evaporator, these results demonstrate

that the proposed model is more appropriate for repre-

senting the operation in the heterogeneous bubbling

regime. By neglecting coalescence effects in the ascension
stage, the model of Campos and Lage [10] considers a

greater interfacial area and, at the same time, a greater

residence time, both of which favours mass transfer

from the liquid phase to the bubble, which justifies the

higher evaporation rates predicted by this model.

In order to complete the model validation, the ade-

quacy of the correction factor for the gas hold-up was

evaluated. Fig. 6 presents a comparison of the experi-

mental data for the perforated plate sparger [3] with

both the values predicted with Eq. (31) and the ones

given by the isothermal correlations considered in this

work. For the sake of clarity, the error bars are only

shown for one data set for each uG value.

Regardless of the gas superficial velocity, there is

always an increase in the gas hold-up at the very

beginning of the operation, followed by a decrease, after

which an equilibrium value is reached in the quasi-

steady-state regime. According to the results in Fig. 6,

neither this dynamic behaviour nor the quasi-steady-

state value is well represented by the employed gas
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hold-up isothermal correlations. With the application of

the correction factor for non-isothermal bubbling, a

substantial improvement in the prediction of the gas

hold-up quasi-steady-state value is observed, demon-

strating, thus, the adequacy of Eq. (31). For the lowest

gas superficial velocity, even the gas hold-up dynamic

behaviour seems to be well predicted, whereas, in the

other cases, the prediction of the dynamic behaviour

remains unsuccessful. The correction factor was less

than 1 for all gas superficial velocities, indicating that

the shrinking effect due to the significant drop in the gas

temperature outweighs the mass increase due to va-

porisation, which is consonant with the findings of

Moody [8] and Campos and Lage [27].

As previously discussed by Ribeiro and Lage [3], the

initial gas-hold increase observed in Fig. 6a–d might be

related to the establishment of the liquid circulation

pattern in the column. Since gas hold-up correlations are

developed using data from columns whose liquid circu-
lation pattern is already established, it is natural that

such correlations do not enable one to predict this initial

increase.

As regards the region of gas hold-up decrease,

Ribeiro and Lage [3] have demonstrated that its occur-

rence is associated with the evolution of bubble coales-

cence and breakage phenomena and the resulting

temporal change of the bubble size distribution which is

brought about by the augmentation of the liquid tem-

perature. Therefore, the accurate calculation of the gas

hold-up dynamic behaviour in a direct-contact evapo-

rator will require the knowledge of the temporal evolu-

tion of the bubble size distribution in the equipment.

Apart from the perforated plate, Ribeiro and Lage [3]

have also reported experimental data for a porous plate

sparger. In the case of this distributor, the only bubble

formation model available in the literature, namely the

one proposed by Bowonder and Kumar [54], predicted

bubble formation diameters much smaller than the

experimental volumetric mean bubble diameters deter-
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mined by Ribeiro and Lage [3], which was attributed to

coalescence at the formation stage. Therefore, the for-

mal application of the developed evaporator model for

the case of the porous plate sparger would require a new

bubble formation model. As a simpler alternative, it was

decided to specify the bubble diameter at the end of the

formation stage and then verify whether or not the

model would provide good estimates of the evaporator

performance.

Thus, for simulating the evaporator with the porous

plate as sparger, the Davidson and Sch€uler [30] model

for bubble formation was maintained, being the experi-

mental volumetric mean bubble radius at the quasi-

steady conditions specified as the detachment criterion.

The number of effective orifices in the porous plate was

calculated according to the assumption of a close hexa-

gonal packed arrangement of the formed bubbles,

adopted in the original Bowonder and Kumar’s formu-

lation [54]. Since the bubble formation diameter for the

isothermal process was not calculated, the correction

factor for gas hold-up could not be estimated, and the

prediction of an isothermal correlation had to be directly

employed. In view of the fact that bubble interaction
phenomena during the ascension stage eliminate the

sparger effect for the high gas superficial velocities [3],

simulation was only performed for uG ¼ 2:2 cm/s. In this

case, the gas hold-up correlation of Luo et al. [52],

developed for perforated plates, was substituted by the

one presented by Sotelo et al. [55] for porous plates,

being all gas properties evaluated at the liquid temper-

ature. Also, the heat-transfer coefficient for the porous

plate sparger had the larger value of (11.7 ± 0.5) W/

m2 K. The obtained results are compared with experi-

mental data in Fig. 7.

As far as the evaporation rate and the liquid tem-

perature are concerned, the predictions of the evapora-

tor model are in good agreement with the experimental

data, corroborating, therefore, the adequacy of the heat

and mass transfer modelling. The dynamic gas hold-up

behaviour, shown by Ribeiro and Lage [3] to be related

to a temporal variation of the bubble size distribution, is

not well represented, as such effect was not considered in

the development of the used isothermal correlation.

These differences are reproduced in the bubbling height

curve. The quasi-steady-state gas hold-up, however, is

consonant with the experimental measurements.
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5. Conclusions

A two-bubble class model for the dynamic simulation

of direct-contact evaporators operating in the hetero-

geneous bubbling regime was proposed. Its predictions

of evaporation rate, bubbling height and liquid tem-

perature transient profiles were shown to be in good

agreement with the experimental data for the air–water

system reported by Ribeiro and Lage [3] for four dif-

ferent values of gas superficial velocity using a perfo-

rated plate sparger.
As a part of this model, a general correction factor

due to heat and mass transfer effects was developed for

isothermal gas hold-up correlations in order to enable

their application to direct-contact evaporators operating

in the heterogeneous regime. Comparison with experi-

mental data confirmed the inadequacy of the isother-

mal gas hold-up correlations and demonstrated the

adequacy of the proposed correction factor, whose

application led to a good prediction of the gas hold-up

quasi-steady-state value for all gas superficial velocities

considered by Ribeiro and Lage [3].

The proposed model with an experimental mean

bubble size was also capable of simulating the experi-

mental data for the air–water system in the homo-

geneous bubbling regime reported by Ribeiro and Lage

[3] for a porous plate sparger.
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