PERGAMON

International Journal of Heat and Mass Transfer 43 (2000) 179-189

International Journal of

HEAT ..« MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Simultaneous heat and mass transfer during the ascension
of superheated bubbles

F.B. Campos, P.L.C. Lage*

Programa de Engenharia Quimica, COPPEJ/UFRJ, CEP 21.945-970, C.P. 68502, Rio de Janeiro, Brazil

Received 21 April 1998; received in revised form 20 April 1999

Abstract

A model has been developed for the simultaneous heat and mass transfer during the ascension of superheated
bubbles in a liquid column, allowing variable gas physical properties and bubble radius. A correction factor for
isothermal gas hold-up correlations, based on bubble model results, has been derived in order to apply them to
nonisothermal systems. Results for the bubble volume and the evaporated mass per bubble are used in the
prediction of experimental data on gas hold-up and vaporization rate obtained in a direct contact evaporator with
fairly good agreement. It has been shown that the constant property and constant bubble radius assumptions lead
to overestimation of the vaporization rate and gas hold-up. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Direct contact evaporation can be used for several
applications [1], including solvent evaporation for
solute extraction. The simplest direct contact evapor-
ator is nothing more than a shallow bubble column
operated nonisothermally through the injection of
superheated gas. The heat and mass transfer processes
occur simultaneously, heating and vaporizing the liquid
phase. The vapor is generated at the interface, trans-
ferred to the interior of the ascending bubbles which
ultimately leave the column, carrying the produced
vapor. Thus, the solution for the heat and mass trans-
fer problem in a superheated bubble is the basis for
modeling direct contact evaporators [2].

The bubble residence time is usually divided into
two stages: its formation at a submerged orifice and its
ascension through the continuous liquid phase. Several
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models have been developed to estimate the frequency
of formation and the bubble size at the end of the for-
mation stage for conditions with no heat or mass
transfer. Among those, the Davidson and Schiiler
models [3,4] and the Gaddis and Vogelpohl model [5]
join simplicity and sufficient accuracy for usual appli-
cations. The bubble residence time during the ascen-
sion stage is determined from its ascension velocity
and column height. The ascension velocity is usually
calculated from the force balance on the ascending
bubble, using a convenient correlation for the drag
coefficient [6,7] and, when necessary, a correction fac-
tor for the population effect [8], or simply from an
empirical correlation for the bubble swarm velocity [9],
or even from the definitions of the gas hold-up and
superficial velocity [10]. It should be noted that the
population correction factor depends on the gas hold-
up. The column height also depends on the gas hold-
up, which can be estimated from correlations for iso-
thermal operation of bubble columns [11,12].

Most of the models developed for the heat and mass
transfer problem in superheated bubbles have neglected
these processes during the formation stage of the
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Nomenclature

A coefficient in rule for constant property
evaluation

B transfer number, Cp,_(Tr — To)/Li

c dimensionless mixture heat capacity,
Co/Cp,g .

¢ dimensionless mean specific heat of com-

ponent i, Cigr_/ Cos

specific heat at constant pressure
mass diffusivity

frequency of bubble formation
heat transfer coefficient
specific enthalpy

latent heat of vaporization
Lewis number, /D
evaporated mass per bubble
bubble vaporization rate

mass flow rate

evaporator vaporization rate
Biot number, /iRg/Awt

number of orifices

diffusive heat flux

volumetric flow rate

radius coordinate

radius

time

temperature

reference temperature for 6 definition
(TR =T when T() 75 TL)
bubble ascension velocity
radial velocity

volume

mass fraction

axial coordinate

bubble column height

radial diffusion velocity

ee]

NSO

NT RIS ZZEEIIL

=

SIS T~

Greek symbols

o thermal diffusivity

p dimensionless radius, R(#)/Rg

Y dimensionless density, p/p,¢

r dimensionless vaporization rate,
1 /AT RE P o Oref

& gas hold-up

n dimensionless radial coordinate, r/R(t)

0 dimensionless temperature, (7 — Ty)/(Tr —
To)

3 dimensionless radial velocity, Rgv/ ot

K dimensionless thermal conductivity, 1/A.s

A thermal conductivity

p density

T dimensionless time, ot/ R2

I'4 dimensionless mass diffusivity, D/ D¢

Subscripts

exp experimental

F bubble formation

g gas

hyp hypothetical bubbling process

i species i (1 for water and 2 for air)

L liquid

orif orifice

r residence, at the end of bubble ascension

ref reference state to evaluate physical proper-
ties for dimensionless variable definitions

S surface

0 initial

Superscripts
mean property
0 pure component

bubble [13—15], even though there is experimental evi-
dence that most of the bubble superheat is transferred
during this stage [16]. In these models, the bubble is
assumed to be instantaneously formed at the volume
predicted by a bubble formation model without heat
and mass transfer [3—5]. Some approximated analytical
solutions have been developed for the simultaneous
heat and mass transfer during the formation of super-
heated bubbles by simplifying the problem using a
mean value for the bubble radius [17] or by, a priori,
assuming that its transient behavior is known during
the formation stage [18]. However, these models still
use the approximation of constant physical properties

for the gas phase which may lead to erroneous predic-
tions for the final bubble radius and evaporated mass
per bubble.

During the formation and ascension of a super-
heated bubble, the bubble mass increases due to the
vaporization but the bubble density increases as the tem-
perature drops to that of the liquid phase. The static
pressure also decreases during the bubble ascension,
but its effect on the gas density is much smaller than
the temperature change for the usual column heights
found in direct contact evaporators. Thus, the bubble
radius would change during the formation and ascen-
sion stages, which can only be predicted by allowing
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variable physical properties. The bubble radius changes
also affect the gas hold-up, which is considerably over-
estimated by the isothermal correlations [14].

This work has developed a comprehensive model for
the simultaneous heat and mass transfer during the
ascension of superheated bubbles which allows variable
properties for the gas phase and considers the interdif-
fusion term in the energy conservation equation. The
bubble is assumed spherical and to be instantaneously
formed at the final formation volume predicted by the
Davidson and Schiiler model [3]. During bubble for-
mation, the heat and mass transfer is neglected in the
present model. Since the time dependence of the
bubbles radius is part of the solution, this is actually a
free boundary problem. The main objectives are to
evaluate the accuracy of the constant property and
constant bubble radius assumptions and to use the
model results to interpret available experimental data
of direct contact evaporation. Thus, a simplified analy-
sis is used to develop a correction factor for gas hold-
up isothermal correlations which is able to explain the
discrepancy between experimental gas hold-up values
and their predictions through the isothermal corre-
lations [14]. Moreover, the model predictions for the
vaporized mass per bubble with and without the con-
stant property assumption are used to obtain the
values for the vaporization rate which are then com-
pared to the experimental data.

2. Heat and mass transfer model

The complete description for the heat and mass
transfer phenomena associated with the ascension of a
superheated bubble should take into account the simul-
taneous solution of the continuity, momentum, energy
and chemical species conservation equations. In order
to simplify the problem, it is assumed that the internal
pressure gradient is very small, so that the momentum
conservation equation does not have to be solved.
Since small column heights are usually employed in
direct contact evaporators, this constant pressure
assumption introduces only a few percent error in the
model results.

The continuity, energy and species conservation
equations for a multicomponent mixture, as shown in
Ref. [19], can be simplified to Eqgs. (1)-(3), shown
below, by using the following hypotheses: the bubble is
spherical, there is spherical symmetry with no circu-
lation inside the bubble, the hydrostatic liquid column
head is neglected in order to consider the pressure
inside the bubble constant during the whole process,
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, there is
no heat source, the viscous dissipation term is

neglected and the gravity is the only existing field force.
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The diffusive fluxes, including the interdiffusion heat
transport, are given by
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The boundary conditions at the bubble surface for
Eqgs. (1)—(3) are given by the mass and energy surface
balances, which can be derived from the conservation
equations through a limit process [19] and are
expressed as

m dR
—WZPSQS—E), r=R(t) (5)
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For the binary ideal-gas mixture, the specific
enthalpy is given by

2
H(T) =) Y:H)(T) ®)
i=1

Assuming constant mean specific heats for the gas-
phase components over the whole domain of tempera-
ture, the energy conservation equation can be trans-
formed to

9 19/, 19,07
E(pCpT) + 725(” vapT> = r—25<r )»E)
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Since the specific heats of the gas phase components
do not depend strongly on temperature, this hypothesis
has very little effect on the model predictions.

Since there is no circulation inside the bubble, the
radial velocity is caused by the bubble dilation. Thus,
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it can be calculated from the integration of the conti-
nuity equation [20]:

1 J" 3P0 22 4

1)y =—
D= men b o

(10)

The heat and mass transfer model is completed by
predictions of the bubble formation diameter, bubble
formation frequency, bubble ascension velocity,
bubble-liquid heat transfer coefficient and interfacial
equilibrium. For the bubble formation diameter and
frequency estimates, the correlation of Davidson e
Schiiler [3] has been used, due to its simplicity and ac-
curacy for low viscosity solutions. The bubble is
assumed to be always at the terminal ascension vel-
ocity of an isolated bubble, which has been calculated
through the Karamanev correlation [7], using the
liquid properties evaluated at the bulk liquid tempera-
ture, except for the viscosity and the surface tension,
which are calculated at the film temperature. Due to
the small gas hold-up values experimentally observed
in direct contact evaporators, no population correction
factor is applied to the ascension velocity. The bubble—
liquid heat transfer coefficient was estimated by the
heat and mass transfer analogy and the Calderbank
and Moo-Young correlation for mass transfer from
small bubbles [21]. The interfacial equilibrium is deter-
mined from Raoult’s law and from the Wagner’s
equation for the water vapor pressure [22].

Experimental data for the physical properties of the
gas phase components (water and air) [23] were corre-
lated by Lage and Rangel [24] as functions of tempera-
ture and pressure. These correlations for the specific
heat, dynamic viscosity, thermal conductivity, water
latent heat of vaporization and for the binary diffusion
coefficient have been used in this work. The density of
the gas mixture was given by the ideal gas law. The
gas mixture specific heat was obtained from the ideal
solution behavior and the mixture thermal conductivity
was estimated by the Wassiljewa’s [22]. The mean
specific heat values for the mixture components, which
have been used to simplify the energy conservation
equation, were obtained from the mean specific heat
definition, using the gas inlet temperature and the
liquid temperature as the limits in the integration pro-
cess:

- 1 Ty
Cpi(’:ij cldr 11)

3. Gas hold-up in nonisothermal systems

The usual correlations for gas hold-up estimation
[11,12] do not give good predictions for nonisothermal

bubble columns, as in the case of direct contact evap-
orators [14]. It is believed that the discrepancies
between experimental results and predictions are
mainly due to the nonisothermal behavior of the super-
heated bubble during its formation and ascension
through the column. Although the previously described
numerical model includes only the bubble ascension
stage, the reasoning for a general correction procedure
for gas hold-up estimation in nonisothermal systems is
developed below. The basic idea is to incorporate a
correction factor to well-known correlations for gas
hold-up.

From the gas hold-up definition, it can be derived
that

= (12)

where the liquid phase volume can be considered
invariant for a hypothetical bubbling process where
there is no heat and mass transfer and for the actual
nonisothermal process at the same liquid and gas tem-
peratures. On the other hand, the gas phase volume is
obtained from the mean bubble volume, the number of
orifices in the gas distribution system, the mean fre-
quency of bubble formation at these orifices, fiqf, and
the mean bubble residence time, as shown below.

Vg = I_/foriler = I_/flr (13)

where f is the bubble formation frequency in the col-
umn.

Using Egs. (12) and (13) for both the hypothetical
and nonisothermal processes in a bubble column with
the same liquid and gas phase temperatures and the
same liquid volume, we can derive

& — anﬁf Iy < & > (14)
I—¢ (Vf;)rifzr)hyp l—¢ hyp

where ‘hyp’ indicates the hypothetical bubbling process
with no heat or mass transfer.

The bubble volume, the frequency of bubble for-
mation and the bubble residence time are different for
the hypothetical and nonisothermal processes due to
the heat and mass transfer during the superheated
bubble formation and ascension. Using the model
described in the last section, the effect of the heat and
mass transfer can be evaluated only during the bubble
ascension stage. Thus, no information of this effect on
the frequency of bubble formation can be obtained.
However, the bubble volume and residence time can be
evaluated by the present model for the hypothetical
and nonisothermal processes, giving rise to a correc-
tion factor in the form
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& _ 33 b ey

1—¢ Try 1 — enyp

(15)

where f is the mean dimensionless bubble radius
during the ascension stage given by

_ 14
= EL B(z) dz (16)

In the bubble residence time evaluation, a homo-
geneous bubbling regime is assumed. The residence
time for the hypothetical case is simply given by
Z/Unyp + tr, where Uyy, is the bubble ascension vel-
ocity relative to a fixed frame of reference and is calcu-
lated using the bubble formation radius, Rg, and fg is
the time for bubble formation (tg = 1/fonf). For the
nonisothermal case, the model uses the bubble ascen-
sion velocity to determine the bubble instantaneous lo-
cation during its ascension and, consequently, the
bubble residence time. Thus, for a bubble column in a
semi-batch operation, the residence time of the bubble
is calculated by

2(ty) = J[‘ Udi=Z (17)

I

where U is approximated by the terminal velocity of
the bubble using its instantaneous conditions.

Since the column height, Z, depends on the gas
hold-up, the correction factor for the gas hold-up cor-
relation given by Eq. (15) has to be calculated by iter-
ation when Z is not known. Moreover, the heat and
mass transfer processes usually occur quite early in the
bubble residence time, enabling the usage of the final
value of B, f., in the place of § to obtain an approxi-
mated value for the correction factor. This substitution
cannot be done for very shallow columns.

4. Numerical procedure

In order to simplify the numerical solution of the
free boundary problem given by Egs. (1), (2), (5)—(7)
and (9), the physical domain was transformed to a
computational fixed domain through the definition of
a new radial coordinate, 5, and a new dimensionless
radius, f. Using several dimensionless variables which
are defined in the Nomenclature, the dimensionless
conservation equations and their boundary conditions
can be written as:

0 A (r8) = 0 (18)
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The numerical model given by Egs. (18)—(23) has
been solved by the method of lines using finite-volume
spatial discretization. Eqs. (19) and (20) have been dis-
cretized in 1 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 [25] was used to evaluate the
convective-diffusive terms. When it was necessary, this
scheme was slightly modified to calculate the values of
the dependent variables at the volumes interfaces. The
terms where dfi/dt appears explicitly and the interdif-
fusion term in the energy equation have been incorpor-
ated in the source terms of the discretization scheme
[25]. The boundary conditions given by Egs. (22) and
(23), and the symmetry conditions at the bubble center
are directly incorporated in the discretized equations.
The integration of Eq. (18) over the 5 coordinate
allows the calculation of the dimensionless radial vel-
ocity profile inside the bubble as soon as the dimen-
sionless temperature and concentration profiles are
calculated during the simulation. The resulting system
of nonlinear ordinary differential equations have been
numerically integrated using the DASSL routine [26],
with automatic error control. Typically, an absolute
tolerance of 107% and a relative tolerance of 10~® have
been used in the mixed tolerance convergence criterion
of DASSL. Egs. (16) and (17) were integrated using
the trapezoidal rule in order to determine f and ¢,.
The final value for the mass of vaporized water, m;,
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was also calculated through trapezoidal integration
along the transient simulation of the bubble ascension.
Enough time intervals were taken to obtain these
values with an accuracy better than 1%.

5. Results and discussion

Table 1 shows the conditions used in the simulations
whose results will be discussed below. In the simu-
lation cases 1 to 5, the gas is ejected at the same mass
flow rate through very small orifice diameters in order
to generate bubbles that can be adequately approxi-
mated by spheres. Cases 6 and 7 are related to the ex-
perimental conditions utilized by Queiroz [14], whose
data in Table 1, except R, are taken from the exper-
iments. The corresponding equivalent bubble radius
values, R, calculated by the Davidson e Schiiler corre-
lation [3], are also shown in Table 1. Preliminary
evaluations of gas-phase physical properties at 71 and
To have shown large variations. Gas density changes
are equal to 180% for case 2, 203% for case 6 and
115% for case 7. Thermal conductivities of water
vapor and air vary about 70, 60 and 45% and mass
diffusivities of these components change around 85, 90
and 75%, for cases 2, 6 and 7, respectively. On the
other hand, specific heat changes with temperature are
only about 10-15% and have been neglected in the
model. Thus, a large variable property effect is to be
expect for the cases shown in Table 1.

In the conditions of case 1, there is no mass or heat
transfer and this case has been used to check the con-
sistency of the developed numerical model, which
behaved as physically expected, with no change of tem-
perature, water concentration or bubble radius. The
conditions of case 2 have been used to show the con-
vergence characteristics of the numerical model, which
are shown in Fig. 1 for the dimensionless radius and
for the mass of vaporized water. It can be seen that
convergence in the space discretization has been
achieved by using 161 finite volumes in a nonuniform
grid. This large number of finite volumes is necessary

Table 1
Conditions used in the simulations
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Fig. 1. Convergence analysis: (a) dimensionless radius and (b)
mass of vaporized water.

Case Ty (K) T (K) Y1, (%) Ourit (cm’/s) M oie (mg/s) Rt (mm) Rp (mm)
1 323 323 7.97 1.000 1.038 0.1 1.76
2 900 323 1.96 2.689 1.038 0.1 1.76
3 900 353 1.96 2.689 1.038 0.1 1.76
4 600 323 1.96 1.793 1.038 0.1 1.76
5 600 353 1.96 1.793 1.038 0.1 1.76
6 1066 350 7.59 56.8 17.9 0.65 8.88
7 742 350 7.59 39.5 17.9 0.65 7.70
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due to the extremely steep gradients that are developed
near the bubble surface.

The effects of considering variable properties and
the interdiffusion term in the energy equation were
analyzed for the conditions of case 2 given in Table 1.
Fig. 2 shows some results for the complete numerical
model developed in this work (variable properties), for
this model with the interdiffusion term eliminated from
the energy equation by imposing the hypothesis of
equal specific heats for the two components, water
vapor and air, (constant C,) and for the same model
with all the physical properties considered constant
(constant properties). For the constant C, case, the
mixture specific heat was evaluated at conditions given
by the mean arithmetic temperature and water vapor
concentration between the gas inlet and the gas—liquid
equilibrium conditions. For the constant property
simulations, all properties but the gas density have
been evaluated at convenient mean conditions given by
T= T()—A(To—TL) and 71=Y10—A(Y10—YT),
where Y] is the water vapor equilibrium concentration
at Tp. The one-third rule (4 = 1/3) has shown to be
better than the arithmetic mean (4 = 1/2), as will be
seen in the following. The gas density is evaluated at
Ty, and Y;, in order to keep consistency with the
bubble formation model that uses this gas density
value.

Fig. 2 shows the transient behaviors of the dimen-
sionless bubble radius and the mass of vaporized water
and the radial profiles of the dimensionless tempera-
ture, the water vapor mass fraction and the dimension-
less radial velocity. From these results, it can be seen
that the effect of the interdiffusion term is small for the
conditions analyzed. Simulations for other initial con-
ditions have also shown the same behavior leading to
the conclusion that this term can be neglected in the
energy equation. On the other hand, the consideration
of constant properties seriously overestimates the
bubble radius and the mass of vaporized water.

Fig. 3 shows the effect of the continuous and dis-
persed phase temperatures on the transient behavior of
the mass of vaporized water in the conditions of cases
2-5 of Table 1. While a 300 K increase in the initial
gas temperature leads to an enhance of 9% in the
mass of vaporized water, a 30 K raise in the liquid
temperature is responsible for a 730% increase in the
mass of vaporized water. This kind of behavior is typi-
cal for gas—liquid systems where the interfacial equi-
librium is a nonlinear function of temperature.

Due to the lack of other experimental data on direct
contact evaporation in the reviewed literature, the
analysis of the gas hold-up and vaporization rate in
nonisothermal systems is restricted to Queiroz [14] ex-
perimental data. Moreover, Queiroz [14] presented
data only for a narrow range of operational conditions

of the direct contact evaporator, which can be charac-
terized by cases 6 and 7 of Table 1.

Actually, cases 6 and 7 refer to one set of exper-
imental conditions used by Queiroz [14], where the
liquid column height was 55.8 cm. The initial tempera-
ture of 1066 K (case 6) represents the gas temperature
measured by a thermocouple located approximately at
150 cm after the gas burner and about 80 cm ahead of
the gas distribution system. In case 7, the gas initial
temperature of 742 K is a corrected temperature,
obtained from an energy balance considering thermal
losses through the gas admission tube and using a
radiation correction for the thermocouple reading. It is
worth to say that, in obtaining the value for the cor-
rected temperature, the thermocouple radiant proper-
ties were estimated. Since the value of the correction
factor is quite dependent on the thermocouple emissiv-
ity, large errors may exist in the correct temperature.
Thus, both the actual temperature reading and the cor-
rected temperature are used in the following analysis.
The evaporator used by Queiroz [14] has 57 cm in di-
ameter with a gas distribution system composed by
288 orifices, each one with 0.65 mm in diameter.

Although Queiroz [14] has fed the evaporator with
combustion gas, the calculations shown in the follow-
ing analysis have been carried out using the physical
properties of a water vapor—air mixture. This implies
in considering that the residual oxygen and the pro-
duced carbon dioxide have properties similar to those
of nitrogen. A comparison of specific heats at constant
pressure and thermal conductivities allows the esti-
mation of the error involved in this approximation to
be around 3-4%.

The developed model does not allow the prediction
of the volume with which the bubble begins its ascen-
sion. Since the gas distribution system of the direct
contact evaporator was built with special care to allow
that the bubble formation occurs in the constant flow
rate regime [14], the Davidson and Schiiler model [3]
was used to determine the bubble formation volume
from the volumetric flow rate of the injected gas
accounting for the residual gas volume at the orifice.

Table 2 shows some results obtained by the numeri-
cal model for the superheated bubble ascension, using
variable properties or constant properties with different
rules to evaluate T and Y, that enables the calculation
of the correction factor for isothermal gas hold-up cor-
relations as given by Eq. (14). From Table 2, it can be
seen that the values of the dimensionless bubble mean
radius, B, and those for the dimensionless bubble
radius at the end of the process, f,, are practically
equal. As commented above, this occurs because the
largest rates of heat and mass transfer take place in
the beginning of the process, enabling the use of the f,
value to calculate the gas hold-up correction factor.
However, in this case the column height is known ex-
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Fig. 2. Effects of considering variable properties and the interdiffusion term in the energy equation: (a) transient behavior of the
dimensionless radius, (b) transient behavior of the mass of vaporized water, (c) dimensionless radial velocity profiles and (d) dimen-
sionless temperature and concentration profiles.
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Fig. 3. Effect of injected gas temperature and liquid phase
temperature in the mass of vaporized water per bubble.

perimentally and f§ can be determined by the numerical
model without iteration.

Comparing the dimensionless radii at the end of the
process for cases 6 and 7 obtained with the variable
property assumption, given in Table 2, it can be seen
that the largest bubble contraction, observed by the
smallest value for f5., occurs for the largest initial tem-
perature and it is due to the accentuated increase of
the gas density caused by bubble temperature re-
duction.

In Table 2, &, is the experimental value of the gas
hold-up and ey, represents the value obtained from
two gas hold-up correlations using the gas initial con-

Table 2
Correction factor analysis for gas hold-up correlations®

Akita and Yoshida Hikita et al.

Case

BB

tr (S) enyp & Ehyp &

Variable properties
6  0.8200.8092.0640.1410.091 0.1320.085
7 0.9190.9122.1210.1120.094 0.1070.089
Constant properties at 7 and Y, with 4 = 1/2, except p (at
T() and Yln)
6  1.0961.0991.7930.1410.172 0.1320.162
7 1.0951.0991.9180.1120.138 0.1070.131
Constant properties at 7 and Y, with 4 = 1/3, except p (at
To and Yln)
6  1.0971.0991.7940.1410.172
7 1.0961.0991.9180.1120.138
exp = 0.0540.03

0.1320.162
0.1070.131

* ty,, (case 6) = 1.872's and t,,, (case 7) = 2.004 s.

ditions (Akita and Yoshida [11] and Hikita et al. [12])
that assume no heat and mass transfer. The corrected
gas hold-up calculated by Eq. (14), is given by ¢ for
each one of these correlations. It should be noted that
the enyp value is the gas hold-up estimate for super-
heated bubble models that do not allow bubble radius
changes caused by the heat and mass transfer process.

The Akita and Yoshida [11] and Hikita et al. [12]
correlations are the most commonly used for gas hold-
up estimation in bubble columns. Originally developed
for isothermal conditions, they fail to predict the value
of the gas hold-up in nonisothermal bubble columns as
can be seen in Table 2, where the predicted gas hold-
up value closest to the experimental value, which
is between 2 and 8%, is the 10.7% value obtained by
the Hikita et al. correlation [12] in the conditions of
case 7.

From Fig. 2a, when the gas phase properties are
considered constant, the bubble radius suffers a small
increase due to the water vapor formation. This effect
is also seen in Table 2 for the constant property cases,
where > 1. For each case, although the residence
time decreases (I < fy,,) due to the larger bubble size,
the resulting correction factor implies an increase in
the gas hold-up values in relation to those predicted by
the correlations. Thus, comparing the ey, and ¢ values
to the e, value, the constant property and constant
bubble radius assumptions lead to a severe overesti-
mation of the gas hold-up. For the gas hold up evalu-
ation, the rule used to evaluate 7 and Y; is immater-
ial.

For the variable property simulations, the correction
factor based on the change of bubble residence time
and on the bubble volume reduction, both due to the
heat and mass transfer process, leads to smaller values
for the gas hold-up. Using this correction factor, the
maximum predicted value for ¢ is 9.4%, and the mini-
mum one is 8.5%. These values are not yet within the
experimental error range obtained by Queiroz [14].
However, the correction factor reduces the value pre-
dicted for the gas hold-up towards the low values ex-
perimentally observed. The error in the gas hold-up
predictions drops from 114-180% to 70-88% with the
usage of the correction factor. This indicates that the
effect of heat and mass transfer on the bubble resi-
dence time and on the bubble volume are partially re-
sponsible for these low experimental gas hold-up
values in nonisothermal bubble columns. It is believed
that a change in the bubble frequency caused by the
heat and mass transfer process during the bubble for-
mation stage, which has been neglected in this work,
should be responsible for a further decrease in the pre-
dicted gas hold-up values.

Table 3 shows the final values for the mass of vapor-
ized water per bubble, m,, for the experimental con-
ditions of cases 6 and 7, obtained by the numerical
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model with and without the constant property assump-
tion using two rules for T and Y;. The frequency of
bubble formation at all orifices of the gas distribution
system, f, is the total volumetric flow rate divided by
the bubble formation volume. The theoretical global
mass vaporization rate in the direct contact evapor-
ator, M, is the product of the evaporator bubble fre-
quency by the mass of vaporized water per bubble. In
Table 3, the experimental quasi-steady value for the
global mass vaporization rate, M exps 18 presented with
its experimental error which is basically due to the
imprecision in the measurement of the water level
changes in the evaporator. Comparing the results
obtained through the simulations of cases 6 and 7 with
variable properties to the experimental value, it can be
noted that the model is predicting a vaporization rate
16% larger than the experimental value. However, if
the 10% experimental error associated with the inlet
gas flow rate measurement is taken into account, the
results agree with the experimental data. This can be
seen by reducing the inlet gas flow rate in 10%, which
results in M predictions of 5.85 kg/h for case 6 and
5.83 kg/h for case 7. On the other hand, the M predic-
tions obtained using the constant property assumption
using the rule with 4 = 1/2 are too high, being 54 and
38% larger than the experimental value for cases 6 and
7, respectively. This difference is too large to be
explained by the gas flow rate experimental error.
Using 4 = 1/3, the errors drop to 29 and 21% for
cases 6 and 7, respectively, which shows why this rule
for the mean property evaluation has been used before
and considered better than the arithmetic mean.
However, the constant property assumption is still
worse than the variable property results.

Table 3
Evaporator mass vaporization rate prediction by the super-
heated bubble model

Case 6 7

Ve (cm®) 294 191
Ourie (cm®/s) 56.8  39.5
/(10° bubbles/h) 20.1 21.4
Variable properties

m; (1077 kg) 324 3.03
M (kg/h) 6.50 6.48
Constant properties at 7 and Y, with 4 = 1/2, except p (at
Ty and Yy,)
m; (1077 kg) 428 3.62
M (kg/h) 8.61 7.74
Constant properties at 7 and Y; with 4 = 1/3, except p (at
T() and Ylu)
m; (1077 kg) 3.59 3.17
M (kg/h) 722 6.77

M o (kg/h) = 5.6 £0.5

Comparing the predicted values for M using vari-
able properties, it is clear that there is no difference in
considering the actual temperature reading or the cor-
rected temperature. While the higher temperature of
the inlet gas leads to a larger mass of vaporized water
per bubble, the smaller temperature originates smaller
bubbles at the orifices, due to the volumetric flow cor-
rection, which results in a larger number of bubbles.
These opposite effects tend to cancel each other in the
M calculation. However, which temperature is chosen
for the model simulation is important in the gas hold-
up prediction, as can be seen in Table 2, where a 4—
10% difference exists between the gas hold-up values
calculated for cases 6 and 7. For the constant property
simulations, the gas temperature change does lead to a
10% difference in the M values. This difference is due
to the lack of bubble contraction in this case, which is
larger when the inlet gas temperature is higher.

The usage of T and Y; instead of T, and Y, to
evaluate p for the constant property simulations has
shown to lead to almost the same results for M and e.
The rule given by 4 = 2/3 has also been tested but it
has led to poorer results.

6. Conclusions

This work has developed a comprehensive model for
the simultaneous heat and mass transfer during the
ascension of superheated bubbles which allows variable
properties for the gas phase. The model has been used
to interpret gas hold-up and vaporization rate data for
a direct contact evaporator. For the available exper-
imental data, it has been shown that the gas hold-up
and the quasi-steady mass vaporization rate can be
fairly well predicted using the results simulated by the
numerical model. The gas hold-up prediction is based
on well-known correlations for isothermal bubble col-
umns and on a correction factor developed in this
work, which can be partially calculated from the
present developed model. A superheated bubble model
including the bubble formation stage is necessary to
completely evaluate this correction factor, which can
explain the discrepancy that still exists between simu-
lated and experimental results.

Then, it was concluded that the discrepancies
between experimental gas hold-up values in non-
isothermal bubble columns and their predictions
through isothermal correlations are due to the heat
and mass transfer phenomena occurring in the super-
heated bubble. It has also been shown that the
assumptions of constant gas phase properties and con-
stant bubble radius in the superheated bubble model
lead to erroneous gas hold-up predictions and to an
overestimation of the mass vaporization rate.
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