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Abstract

A previously developed model for the heat and mass transfer of a single superheated bubble during the ascension
stage was extended to include the formation stage. It allows variable properties and bubble radius changes, solving

the gas conservation equations coupled to a bubble dynamics model. Its results were used to predict the existing
experimental data in a direct contact evaporator with good agreement. A correction factor for isothermal gas hold-
up correlations can be fully calculated by the model enabling good prediction of gas hold-up. The constant property

assumption overestimates the gas hold-up and should not be used. Experimental data for steam bubbling process
could be reasonably simulated using the superheated bubble model with some additional assumptions. 7 2000
Elsevier Science Ltd. All rights reserved.

1. Introduction

Direct contact evaporation consists of liquid vapor-

ization that occurs when kept in contact with a super-

heated gas without an intervening wall. This is usually

carried out in a shallow bubble column operated noni-

sothermally and can be used for several applications

[1]. The heat and mass transfer processes occur simul-

taneously, heating and vaporizing the liquid phase,

whose vapor leaves the column carried by the bubbles.

Due to the small gas hold-up values prevailing in

direct contact evaporators, the process may be ana-

lyzed through the solution of the simultaneous heat

and mass transfer problem in a single superheated

bubble [2]. For the simulation and design of a direct

contact evaporator, the bubble formation frequency
and the vaporized mass per bubble must be estimated.
Each bubble is formed at a submerged ori®ce,

detaches and then ascends through the continuous
liquid phase. For conditions without heat or mass
transfer, there exist several bubble formation models

[3±5] that can estimate the bubble size at detachment
and the corresponding bubble frequency. However, in
our knowledge, there is no model for the simultaneous
heat and mass transfer during the formation of super-

heated bubbles that can estimate both, the bubble for-
mation frequency and the vaporized mass per bubble.
There are some approximated analytical solutions that

assume a mean value for the bubble radius [6] or its
transient behavior [7]. They can estimate the heat and
mass transfer during bubble formation only for a given

bubble frequency and formation size.
The ascension stage is characterized by the bubble

residence time which is determined from the ascen-

sion velocity and column height. The ascension vel-
ocity may be calculated from the bubble force
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balance, using a correlation for the drag coe�cient

[8,9], from an empirical correlation for the bubble

swarm velocity [10], or even from the de®nitions of

the gas hold-up and super®cial velocity [11]. A

population correction factor [12], which depends on

the gas hold-up, is needed for large gas hold-up

values. The column height also depends on the gas

hold-up, which is considerably overestimated by iso-

thermal correlations [13±15].

Most existing heat and mass transfer models [15±18]

Nomenclature

a coe�cient in rule for constant property evalu-
ation

A dimensionless constant �RFhyp
U t
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=aref )

B transfer number �Cpref
�TR ÿ TI�=L1)

Bi Biot number �hRFhyp
=lref)
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0
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CD drag coe�cient
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i�1 YiCp

0

i )
Cpi speci®c heat of component i at constant press-

ure
D mass di�usion coe�cient

f frequency of bubble formation
g gravity
G dimensionless gravity �gR2

Fhyp
=arefU

t
Fhyp

)

h heat transfer coe�cient
H speci®c enthalpy
L latent heat of vaporization

Le Lewis number �a=D)
m evaporated mass per bubble
md mass of displaced liquid

mg mass of gas inside the bubble
_m bubble vaporization rate
M mass ¯ow rate
_M evaporator vaporization rate

N number of ori®ces
P system pressure
q di�usive heat ¯ux

Q volumetric ¯ow rate
r radius coordinate
R radius

S super®cial area
t time
T temperature
TR reference temperature for y de®nition �TR � TL

when TI 6� TL)
U bubble ascension velocity
n radial velocity

V volume
Y mass fraction
z axial coordinate

Z bubble column height
W radial di�usion velocity

Greek symbols
a thermal di�usivity
b dimensionless radius �R�t�=RFhyp

)

g dimensionless density �r=rref)
G dimensionless vaporization rate

� _m=4pRFhyp
rrefaref )

d unit impulse function (Dirac delta function)
e gas hold-up
z dimensionless axial coordinate �z=RFhyp

)

Z dimensionless radial coordinate �r=R�t�)
y dimensionlesstemperature ��Tÿ TI�=

�TR ÿ TI�)
k dimensionless thermal conductivity �l=lref)

l thermal conductivity
r density
t dimensionless time �aref t=R

2
Fhyp

)

W dimensionless radial velocity �RFhyp
n=aref)

f dimensionless temperature ��Tÿ TL�=
�TI ÿ TL�)

F dimensionless injected mass rate
�rIQI=4pRFhyp

rrefaref)
c dimensionless mass di�usion coe�cient

�D=Dref )
o dimensionless bubble ascension velocity

�U=U t
Fhyp

)

Subscripts
e� e�ective property
exp experimental

F bubble formation
g gas
hyp hypothetical bubbling process

i species i (1 for water vapor)
I injected gas
L liquid
orif ori®ce

r residence (at the end of bubble ascension)
ref reference state to evaluate physical properties

for dimensionless variable de®nitions

S surface

Superscripts

± mean property
0 pure component
t terminal velocity
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consider these processes only during the bubble ascen-
sion stage, even though there is some experimental evi-

dence that most of the bubble superheat is transferred
during its formation [19]. Moreover, the importance of
the e�ects of bubble contraction and variable physical

properties on the simultaneous heat and mass transfer
during bubble ascension has been shown only recently
[18]. In that work, a simpli®ed correction factor has

also been developed in order to apply isothermal gas
hold-up correlation to predict gas hold-up in non iso-
thermal systems. Comparison with experimental data

in a direct contact evaporator has shown good agree-
ment for the vaporization rate, but a larger dis-
crepancy for the gas hold up in the column [18].
This work extends the previous model with variable

gas-phase properties [18] to include the formation as
well as the ascension of a superheated bubble, incor-
porating inlet gas source terms in the gas-phase conser-

vation equations and coupling them to a bubble
dynamics model. This allows the evaluation of the con-
stant property assumption and the importance of the

heat and mass transfer during the formation stage. Ex-
perimental data in a direct contact evaporator and in a
steam bubbling process at elevated pressures have been

compared to their simulated results. The agreement
was very good for the direct contact evaporator data
and reasonable interpretation of the data could be
achieved for the steam bubbling process.

2. The superheated bubble model

Several hypotheses have been used to simplify the

simulation of the heat and mass transfer process
during the formation of a superheated bubble at a sub-
merged ori®ce and its ascension through the liquid col-

umn. The superheated bubble model consists of a gas-
phase heat and mass transfer model coupled to a
bubble dynamics model, a description of the heat and

mass transfer in the liquid phase and an interface equi-
librium model, which are described in the following.

2.1. Gas-phase heat and mass transfer model

The bubble is assumed to be spherical with spherical
symmetry for all ®eld variables. In order to simulate

the formation stage, it is postulated that a spherical re-
sidual bubble is formed at the ori®ce at the inlet gas
conditions, which grows radially during the formation

stage. The gas injected in the bubble is modeled
through a source located at the bubble center which
emits gas at the inlet conditions. Besides, the hydro-

static liquid column head is neglected in order to con-
sider the pressure inside the bubble constant during
the process, which is reasonable for the small column

heights usually employed in direct contact evaporators.
Other hypotheses are: the gas phase is an ideal binary

mixture of water vapor and air (or any other pseudo-
component), there is liquid±vapor equilibrium at the
bubble surface, the viscous dissipation is negligible, the

gravity is the only existing ®eld force, and bubble for-
mation is assumed to occur in the constant ¯ow rate
regime [20].

Using the above hypotheses, the gas phase model
consists of the continuity, energy and chemical species
conservation equations [21] in the form of a one-

dimensional transient problem with moving bound-
aries. The momentum conservation equation is elimi-
nated from the model by the assumption of constant
pressure. Consider VI to be the ®nite volume of the

injection source situated at the center of the bubble,
bounded by a surface of area SI, and let S to be the
bubble super®cial area. The mass and energy source

terms in the conservation equations are generated
through a limit process, where, ®rstly, the conservation
equations are integrated in the volume bounded by SI

and S, and then, VI is taken to be zero under the
assumption of no accumulation of heat and mass in
the injection volume. This procedure expresses the gas

injection as a point source of mass and energy at the
bubble center. The resulting conservation equations for
the bubble are
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where, for a binary ideal-gas mixture, the speci®c
enthalpy, the conductive heat ¯ux and the di�usion

velocity of each species are, respectively, given by
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The boundary conditions for Eqs. (1)±(3) at the

bubble surface are given by mass and energy surface
balances, being the same deduced in [18]. For the sake
of completeness, they are given below.
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Since the speci®c heats of the gas-phase components
do not depend strongly on temperature, constant mean

speci®c heats for these pure substances, Cpi
0, can be

used over the whole domain of temperature. Thus, Eq.
(3) can be transformed into
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Since pressure is assumed to be constant in the
model, the velocity pro®le inside the bubble is a conse-

quence of bubble dilation or contraction, and it can be
calculated from the continuity equation [22]. The radial
integration of (1) gives

n�r, t� � ÿ 1

r2r�r, t�
�r
0

@r�x, t�
@ t

x2 dx� rIQI

4pr2r�r, t� �11�

where the contributions due to bubble dilation and gas
injection are shown in the right-hand side.

It can be shown that the ®rst term in Eq. (11)
vanishes when r tends to zero. Thus, for the ascension
stage, QI vanishes and the radial velocity is zero at the

bubble center. On the other hand, during the for-
mation stage, the ®nite ¯ow rate QI should pass
through an in®nitesimal area around the center of the

bubble, resulting in an in®nite velocity. The usage of a
staggered grid, as explained in Section 4, overcomes
this di�culty.

2.2. Liquid phase and interface models

Since the liquid phase is assumed to be pure water,

no mass transfer occurs in it and the heat transfer
modeling is restricted to the evaluation of the heat
transfer coe�cient used in Eq. (9). In this work, the

bubble-liquid heat transfer coe�cient was estimated by
the heat and mass transfer analogy using the Calder-
bank and Moo-Young correlation for the mass trans-

fer from small bubbles [23]. Moreover, as the gas is
considered ideal, the interfacial equilibrium can be

determined from Raoult's law using Wagner's equation
to calculate the water vapor pressure [24].

2.3. Bubble dynamics model

Bubble dynamics is a�ected by the heat and mass
transfer processes due to bubble mass and volume
changes, which, in turn, modify bubble formation and

residence times, which a�ects the heat and mass trans-
fer process, making the problem fully coupled. Thus, a
bubble dynamics model must be added to the heat and
mass transfer model for both the formation and ascen-

sion stages. Using the same simpli®cations originally
made by Davidson and SchuÈ ler [3,4] (low pressure and
gas ¯ow rate values, spherical bubble, quiescent liquid,

no e�ect of previous formed bubble on new forming
bubble, negligible gas momentum and one-dimensional
trajectory), the force balance and bubble position

equations during the formation stage are given by:

dz

dt
� U �12�

11

16

�
dU

dt
� 3

U

R

dR

dt

�
� g �13�

The bubble grows up and accelerates, starting from
rest �t � 0, z � 0,U � 0�, until the detachment criterion
�z � R� Rorif , t � tF� is reached, when the ascension

stage begins. During the ascension stage, the force bal-
ance becomes�
mg � 1

2
md

�
dU

dt
�
�

dmg

dt
� 1

2

dmd

dt

� p
2
R2rLUCD

�
U � 4

3
pR3ÿrL ÿ �rg

�
g �14�

where the gas and displaced liquid momenta are con-
sidered. The initial conditions for the ascension stage
are equivalent to the conditions at the end of the for-

mation stage �z � R� Rorif , t � tF, U � UF� and the
process ends at the top of the liquid column �z �
Z, t � tr, U � Ur�:
The drag coe�cient, CD, has been calculated

through Karamanev's correlation [9], using the liquid
properties evaluated at the bulk liquid temperature,
except for the viscosity and the surface tension, which

are calculated at the ®lm temperature. Due to the
small gas hold-up values observed in direct contact
evaporators, no population correction factor is applied

to the ascension velocity.
The coupling of the bubble dynamics model to the

heat and mass transfer model allows the predictions of
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the bubble formation volume, the bubble formation
frequency and the bubble ascension velocity under

heat and mass transfer conditions, which, to the
knowledge of the authors, has not been done before.

2.4. Physical property evaluation

Correlations for the speci®c heat, dynamic viscosity

and thermal conductivity of air and water developed in
[25], based on experimental data [26], have been used
in this work. The density of the gas mixture was calcu-

lated by the ideal gas law. The gas mixture speci®c
heat was obtained from the ideal solution behavior
and the mixture thermal conductivity was estimated by

the Wassiljewa's equation [24]. Correlations for the
water latent heat of vaporization and for air±water
vapor binary di�usion coe�cient was also derived

from Lage and Rangel's [25] work. The mean speci®c
heat for each component was obtained from its de®-
nition, using the gas inlet and the liquid temperatures
as the limits of integration:

Cpi
0 � 1

TI ÿ TL

�TI

TL

C 0
pi

dT �15�

3. Gas hold-up in nonisothermal systems

The correlations commonly used to predict the gas
hold-up in isothermal systems [13,14] fail when they
are applied to nonisothermal bubble columns. The

lower gas hold-up values observed in nonisothermal
systems, such as in the direct contact evaporators [15],
could be explained through the heat and mass transfer

during the bubble formation and ascension stages that
a�ects bubble volume, frequency of formation and
residence time. In a previous work [18], the idea of
incorporating a correction factor for nonisothermal

conditions to well-know isothermal gas hold-up corre-
lations has been developed. The basic idea is to use a
superheated bubble model to calculate the total gas

volume in the bubble column with and without the
heat and mass transfer process. The latest case is a
hypothetical bubbling process which corresponds to

the gas holp-up estimates given by the isothermal cor-
relations. The correction factor is calculated through
[18]:

e
1ÿ e

�
 

�b
�bhyp

!3
forif tr

forifhyp
trhyp

ehyp

1ÿ ehyp

�16�

where

�b � 1

zr

�zr

0

b�z� dz �17�

is the mean dimensionless bubble radius along the pro-

cess. For not too shallow columns, it is possible to use
the ®nal values of b, br, in the place of �b to obtain an
approximated value for the correction factor. Eq. (16)
is a slight modi®cation of the form given in [18],

because �bhyp 6� 1 when the bubble formation is con-
sidered in the integration of (17).
The superheated bubble model can be used to calcu-

late the bubble formation frequency, its residence time
and mean equivalent diameter, during the formation
and ascension stages, for the nonisothermal and the

hypothetical process, without heat and mass transfer.

4. Numerical procedure

The free boundary problem given by Eqs. (1), (2)
and (10) and their boundary conditions, Eqs. (7)±(9),

has been transformed into a ®xed domain through the
de®nition of a new radial coordinate, Z, and a new
dimensionless radius, b, to simplify the numerical sol-

ution. The conservation equations and their boundary
conditions can be written in the following dimension-
less form
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For the formation stage, the bubble dynamics model

are given in dimensionless forms by

do
dt
� 3

o
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ÿ 16

11
G � 0 �24�

dz
dt
ÿ Ao � 0 �25�

where the initial conditions are t � 0, z � 0, o � 0,
and the detachment criterion is given by z � b� borif

at t � tF: For the ascension stage, the dimensionless

force balance is given by

1
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whose initial conditions are those at the bubble detach-

ment and the ascension stage ®nishes at z � zr, t � tr,
o � or:
The numerical model given by Eqs. (18)±(23) has

been solved by the method of lines using ®nite-volume
spatial discretization. Eqs. (19) and (20) have been dis-
cretized in Z-coordinate using a staggered nonuniform

grid, where the velocity grid points are placed at the
volume interfaces. The power-law interpolation func-
tion given by Patankar [27] was used to evaluate the
convective±di�usive terms. When it was necessary, this

scheme was slightly modi®ed to calculate the values of
the dependent variables at the volumes interfaces. The
terms where db=dt appears explicitly and the interdi�u-

sion term in the energy equation have been incorpor-
ated in the source terms of the discretization scheme
[27]. The boundary conditions given by Eqs. (22) and

(23) and the symmetry conditions at the bubble center
can be directly incorporated in the discretized
equations. The integration of Eq. (18) over the Z-coor-
dinate allows the calculation of the dimensionless

radial velocity pro®le inside the bubble as soon as the
dimensionless temperature and concentration pro®les
are calculated during the simulation. The resulting sys-

tem of nonlinear ordinary di�erential equations and
the dynamic model, Eqs. (24)±(26), have been numeri-
cally integrated using the DASSL routine [28], with

automatic error control. Typically, an absolute toler-
ance of 10ÿ8 and a relative tolerance of 10ÿ6 are used
in the mixed tolerance convergence criterion of

DASSL. Eq. (17) was integrated using the trapezoidal
rule in order to determine �b: The mass of vaporized

water per bubble, m, is also calculated through trape-
zoidal integration along the transient simulation.
Enough time intervals are taken to obtain these values

with an accuracy greater than 1%. The dimensionless
mean value of the gas density in the bubble volume,
�gg, is obtained through a simple integration using the

control volume density values.

5. Results and discussion

The numerical implementation of the superheated
bubble model allows the simulation of three di�erent
models. The ®rst one, called Model I, is the super-

heated bubble model for the formation and the ascen-
sion stages. The solution of bubble dynamics coupled
to the heat and mass transfer model makes Model I

capable of predicting the bubble volume at detach-
ment, and its frequency of formation. The second
model, called Model II, is also valid for the formation
and ascension stages but it ignores the heat and mass

transfer e�ect on the bubble formation volume. In this
case, the detachment is supposed to occur when the
bubble volume is that predicted by a pure dynamical

model [3,4] �R � RFhyp
� Rorif�, leading to a formation

frequency that can be di�erent from that predicted by
the pure dynamical model. During the ascension stage,

it is supposed that the bubble assumes instantaneously
its terminal velocity, as given by Karamanev corre-
lation [9]. The last model, called Model III, ignores

completely the bubble formation, assuming that the
bubble is instantaneously formed at the ®nal bubble
volume as predicted by a pure dynamical model
(Davidson and SchuÈ ler model [3,4]), with no e�ects of

the heat and mass transfer process. Thus, the initial
bubble volume and the formation frequency are equal
to those for the hypothetical bubbling process. Model

III corresponds to the model developed in our previous
work [18].
Table 1 gives the simulation conditions used to

obtain the results presented in Tables 2 and 3 and in
Fig. 1. In this table, Cases 1±5 use the same mass ¯ow
rate of gas through the ori®ce and the same ori®ce di-
ameter, which has been made very small, in order that

the spherical bubble approximation be adequate. Cases
6 and 7 are related to the experimental direct contact
evaporator data of Queiroz [15]. The values of the

bubble formation radius for the hypothetical bubbling
process without heat and mass transfer, RFhyp

, calcu-
lated by the Davidson and SchuÈ ler model [3,4], are

also shown in Table 1.
Case 1 was used for a consistency check of the nu-

merical model, where the gas is at the equilibrium con-
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ditions, leading to simulations with no change in tem-

perature and water concentration pro®les during the

process, as physically expected. The numerical model

was also checked by comparing its results with those

of another numerical model that had been previously

developed for droplet vaporization, using the orthog-

onal collocation method [29]. Both models were

slightly modi®ed to solve a spherically symmetric mov-

ing-boundary heat transfer problem, with speci®ed

heat ¯ux at the sphere surface and constant physical

properties. Results for the transient behavior of the

surface temperature for both models were in excellent

agreement, validating the present numerical model.

Fig. 1 shows the convergence characteristics in a

nonuniform grid of Models I and II in terms of the

transient behavior of the dimensionless radius and the

mass of vaporized water for the conditions of Case 2.

Although 11 ®nite volumes seem to be enough to

assure the convergence of these variables, a nonuni-

form grid with 81 ®nite volumes has been used to

obtain all the results shown below, in order to guaran-

tee convergence of the radial pro®les of temperature

and concentration. The peak that appears in the

dimensionless radius transient pro®le represents the

end of bubble formation stage, where the gas injection

is instantaneously stopped as the bubble detaches the

ori®ce. Fig. 1(a) also shows the transient behavior of

the dimensionless bubble radius predicted by the

Davidson and SchuÈ ler model [3,4]. Comparing the

simulated results for Model I and Davidson and SchuÈ -

ler model, both with the same detachment criterion, it

is clear that the heat and mass transfer process greatly

a�ects bubble formation volume, whereas the bubble

formation frequency is less a�ected. The results for

Model II show clearly that the detachment criterion

used by this model is not adequate.

Model I was used to analyze the e�ects of consider-

ing constant properties and the interdi�usion term in

the energy conservation equation, as in our previous

work [18]. It has been found that the interdi�usion

term e�ect is negligible but the variable property e�ect

is quite pronounced, a�ecting bubble size, water vapor-

ization per bubble, bubble formation time and the tem-

Table 1

Conditions for simulations

Case TI (K) TL (K) Y1I
(%) Morif (mg/s) Qorif (cm

3/s) Rorif (mm) RFhyp
(mm)

1 323 323 7.97 1.038 1.000 0.10 1.76

2 900 323 1.96 1.038 2.689 0.10 2.61

3 900 353 1.96 1.038 2.689 0.10 2.61

4 400 323 1.96 1.038 1.793 0.10 2.22

5 400 353 1.96 1.038 1.793 0.10 2.22

6 1066 350 7.59 17.90 56.78 0.65 8.88

7 742 350 7.59 17.90 39.52 0.65 7.70

Fig. 1. Convergence analysis during the bubble formation and

ascension for Model I �tF � 24 ms, tF � 0:51� and for Model

II �tF � 51 ms, tF � 1:06): (a) dimensionless radius and (b)

mass of vaporized water.
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perature and concentration pro®les, which is in agree-

ment with the results previously obtained with Model
III [18].

Simulations of Cases 2, 3, 4 and 5 have been carried
out with Model I to verify how the disperse and con-
tinuous phase temperatures a�ect the mass of vapor-

ized water. It has been found that a 300 K increase in
the initial gas temperature leads to an increase of 8%

in the mass of vaporized water, while a 30 K rise in
the liquid temperature is responsible for a 730%
increase in the mass of vaporized water. The gas phase

temperature a�ects the vaporization mainly in the
beginning of the process, where a larger temperature

di�erence between the phases produces larger vaporiza-
tion rates. This means that the gas inlet temperature is

an important design variable only for direct contact
evaporators with shallow columns.
The lack of available experimental data on direct

contact evaporation has restrained our analysis to the
Queiroz's experimental data [15], which was obtained

using the direct contact evaporator unit in the Ther-
mo¯uid Dynamics Laboratory at PEQ/COPPE. The

evaporator diameter was 57 cm, and the gas distri-
bution system was composed of 288 ori®ces of 1.3 mm
diameter, each. The data on gas hold-up and water

vaporization rate used here corresponds to the oper-
ational conditions that are characterized by Cases 6

and 7 in Table 1. In those cases, the mean liquid col-
umn height during mass vaporization measurement
was 55.8 cm. Although Queiroz [15] has used combus-

tion gas, the calculations shown in the following analy-
sis have been carried out using the physical properties

of a water vapor±air mixture. A comparison of speci®c
heats at constant pressure and thermal conductivities

for the di�erent substances allows the estimation of

the error involved in this approximation to be around

4%. The inlet gas temperature of 1066 K (Case 6) was

measured by a thermocouple located approximately at

150 cm after the gas burner and about 80 cm ahead of

the gas distribution system. Correction for thermal

losses through the gas admission tube has led to the

temperature 742 K (Case 7). Since the heat loss was

estimated, the corrected temperature could be in error.

Thus, simulations were performed using either the

measured temperature or the corrected temperature.

In Table 2, Queiroz's experimental data for gas

hold-up and global mass vaporization rate are com-

pared to predictions obtained by using Models I, II

and III, for the experimental conditions of Cases 6 and

7. The experimental errors shown for _M and e are

basically due to the imprecision in water level measure-

ments in the evaporator. The estimated values for _M

have been obtained by multiplying the predicted

bubble formation frequency at an ori®ce by the num-

ber of ori®ces in the gas distribution system (giving the

global bubble formation frequency, f ) and by the pre-

dicted evaporated mass per bubble at the end of the

process, mr: The gas hold-up estimates are calculated

by known isothermal correlations and Eq. (16) using

the predicted values for b, tr and forif : The values for

the uncorrected (hypothetical bubbling process) and

corrected gas hold-up using the Akita and Yoshida

[13] (A&Y) and the Hikita et al. [14] (H) correlations

are listed in Table 2. The dimensionless bubble radius

at the end of the process, br, is also shown in Table 2

for the cases analyzed. Its values are practically equal

to the �b values due to the largest rates of heat and

Table 3

Heat transfer during the steam bubble formation in saturated water �TI ÿ TL � 150 K)

P (bar) Morif (g/min) VF (mm3) forif (s
ÿ1) fF forif

Experimental data 40 3.0 150 32 0.35 0.88

9.0 300 55 0.54 0.95

80 3.0 72 32 0.41 0.83

9.0 146 45 0.57 0.95

Simulation (Model I) 40 3.0 136 30 0.71

9.0 474 24 0.82

80 3.0 73 33 0.71

9.0 273 27 0.85

Simulation (Model I with experimental frequency) 40 3.0 128 32 0.71

9.0 218 55 0.84

80 3.0 76 32 0.71

9.0 149 45 0.86

Simulation (Model I with experimental frequency and leff � 20l) 40 3.0 122 32 0.35

9.0 212 55 0.53

80 3.0 75 32 0.40

9.0 149 45 0.59

F.B. Campos, P.L.C. Lage / Int. J. Heat Mass Transfer 43 (2000) 2883±2894 2891



mass transfer that take place in the beginning of the

process.
In order to show the importance of considering vari-

able properties, Table 2 also lists some results obtained

through simulations using constant properties, which
have been evaluated at �T � TI ÿ a�TI ÿ TL� and �Y1 �
Y1I
ÿ a�Y1I

ÿ Y �1� where Y �1 is the water vapor equi-
librium concentration at TL: Following [18], the arith-
metic mean �a � 1=2� and the one-third rule �a � 1=3�
have been used. For Model III with the constant prop-
erty assumption, the gas density must be kept at the
initial conditions to be consistent with the bubble for-

mation model. On the other hand, for Models I and II
with constant properties, the density may be either

evaluated at the initial conditions or at the mean con-
ditions. Both the conditions have been tested and some
results are presented in Table 2. For comparison, pre-

vious results obtained with Model III with constant
properties [18] are also shown in Table 2.
The Akita and Yoshida [13] and the Hikita et al.

[14] correlations are the most commonly used for gas
hold-up estimation in bubble columns. Originally

developed for isothermal conditions, they fail to pre-
dict the value of the gas hold-up in nonisothermal
bubble columns. Table 2 (hypothetical bubbling pro-

cess) shows that the gas hold-up is overestimated by
100±180% by these correlations for the experimental
conditions of Cases 6 and 7. The correction factor

values predicted by all models with variable properties
lead to smaller values for the gas hold-up, showing the

trend for the heat and mass transfer e�ect in the
present case. However, only Model I using variable
properties is really successful in determining the gas

hold-up for a nonisothermal system. Its gas hold-up
prediction for Cases 6 and 7 using both correlations
are within 16% of the experimental value, which is

much smaller than the experimental error (60%).
Using variable properties, the worst estimates for the

gas hold-up are obtained with Model III, which is
caused by the neglect of heat and mass transfer during
the bubble formation stage [18].

The _M results obtained for Cases 6 and 7 and using
Models I and II with variable properties are all in

good agreement with the experimental data, being
basically within its experimental error. This shows
that, in this case, the mass vaporization rate is quite

insensitive to the gas inlet temperature and to the for-
mation stage extension. Model III shows poorer results
due to the neglect of the bubble formation stage.

There are two possible explanations for the dis-
crepancy in the experimental data and the _M predic-

tion by Model I with variable properties. Firstly, since
the evaporator was not perfectly insulated, there
should exist some condensation inside it which would

led to a lower vaporization rate. Secondly, the inlet
gas ¯ow rate had a 10% measurement error. When a

10% reduction of the inlet gas ¯ow rate is used in

Model I with variable properties, it predicts that _M �
5:5 kg/h, which agrees remarkably well with the exper-
imental data. It should be noted that the corrected gas

hold-up is practically not a�ected by this ¯ow rate re-
duction. From the agreement obtained for the gas
hold-up and mass vaporization rate, Model I (with

variable properties) o�ers the best representation of
the superheated bubble process for this direct contact

evaporator data.
We now turn to the analysis of the constant prop-

erty simulations. Comparing the results obtained using

the constant property assumption for all models, it can
be seen that there is no convenient rule for calculating

the physical properties that leads to good predictions
of both, e and _M: Models I and II evaluating all prop-
erties at �T and �Y1 using a � 1=2 give good _M predic-

tions but too large values for e (42±160% larger than
the experimental value). The a � 1=3 rule leads to
worse _M and e values for Models I and II, but better

values for _M using Model III [18]. The evaluation of r
at the initial conditions in Models I and II has not

a�ected the predicted _M values, but the e predictions
have become worst.
In order to make a more rigorous test of Model I

predictions, it has also been applied to simulate the ex-
perimental data obtained by Schmidt [19] for the heat
transfer during the bubbling of superheated steam in

saturated water at very high pressures. Due to the
ideal gas hypothesis used in our model, only the data

obtained for 40 and 80 bar have been simulated. Even
for these conditions, a reasonable error is expected due
to the nonideal gas behavior. The experimental con-

ditions chosen to be simulated are those corresponding
to bubble formation at a 3 mm diameter ori®ce
through the injection of steam at mass ¯ow rates of

3.0 and 9.0 g/min, which is kept at 150 K over the
saturated water temperature. The experimental data

for the bubble formation volume, VF, bubble for-
mation frequency, forif , the dimensionless temperatures
of the inlet gas, forif , and of the gas bubble at the end

of formation, fF, are shown in Table 3. The inlet
steam temperature was directly measured in the gas
distribution chamber and it is somewhat lower than

the steam temperature fed to the apparatus [19]. These
dimensionless temperatures are a measure of the super-

heating level of the vapor. Thus, the fraction of the in-
itial available vapor superheat that is transferred
during the formation stage is estimated by 1ÿ
fF=forif :
Model I with variable properties has been used to

simulate the steam bubbling process described above,
where the gas inlet temperature was calculated from
the forif values. Table 3 shows the simulated results for

the bubble formation volume, frequency of formation
and dimensionless bubble temperature at the end of
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formation, fF, obtained with Model I, and a variant
of Model I where the experimental frequency of for-

mation has been used. This modi®cation has been
employed because the bubble dynamics model was not
capable of predicting the corrected values for VF and

forif for the largest gas ¯ow rate (9.0 g/min), although
for the lowest ¯ow rate (3.0 g/min), the prediction is
quite good. The neglect of the gas momentum in the

bubble formation model should be responsible for
these inaccurate predictions. Simulations using the ex-
perimental frequency improves the VF prediction for

the largest mass ¯ow rate with little e�ect on the other
results.
The results obtained for fF using the experimental

frequency are not in agreement with the experimental

data. This can be caused partially by the pressure
levels, where the ideal gas hypothesis is violated, and
partially by the establishment of an e�ective mixing

mechanism inside the bubble for the experimental con-
ditions analyzed. These e�ects are not considered in
the present model which has been developed to study

direct contact evaporation. In order to verify if a mix-
ing mechanism (circulation or turbulent mixing) is re-
sponsible for the discrepancies in model predictions,

the concept of an e�ective thermal conductivity has
been used. Table 3 also shows such results, where the
e�ective thermal conductivity was assumed to be 20
times the gas conductivity. The simulated fF values

are in very good agreement with all experimental data,
and the increase in the thermal conductivity has hardly
a�ected the bubble formation volume. This indicates

that an e�ective mixing mechanism is in e�ect inside
the bubble.

6. Conclusions

This work developed a superheated bubble model
which consists of the mass and energy conservation

equations inside the bubble coupled to a bubble
dynamics model, taking into account variable physical
properties in the gas phase. This model is able to simu-

late the formation and ascension stages of a super-
heated bubble, allowing the estimation of bubble
detachment volume, bubble formation frequency and
heat and mass transfer rates during the bubbling pro-

cess.
Experimental data of gas hold-up and mass vapori-

zation rate in a direct contact evaporator have been

used to validate the model and analyze some of its hy-
potheses. The model is able to accurately predict gas
hold-up and mass vaporization rate values. The gas

hold-up estimates are obtained through a correction
factor for nonisothermal systems, which is applied to
isothermal gas hold-up correlations. It was shown that

the heat and mass transfer process during bubble for-
mation is responsible for the low gas hold-up values

measured in nonisothermal bubble columns. The rel-
evance of considering variable physical properties is
also shown, becoming clear that the constant property

assumption should not be used.
The model has also been used to interpret some ex-

perimental data on superheated steam bubble for-

mation in saturated water at higher pressure. After
imposing the experimental frequency of formation and
an e�ective thermal conductivity to the model, it was

capable of giving estimates in good agreement with the
experimental data, showing that there should exist an
e�ective mixing mechanism inside the bubble during its
formation for the conditions analyzed.
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