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ABSTRACT

We consider single bubble mass transfer of an non condensible gas into a volatile liquid phase in indus
trial conditions, as observed for example in hydrocarbons liquid phase oxidation processes. Instantaneous
bubble size, shape and velocity are measured using image processing with a particle tracking method.
The mass transfer rate nitrogen into hot and pressurized liquid cyclohexane is deduced from the bubble
volume decrease rate and is compared to literature correlations valid under isothermal conditions.
Experiments are performed in a pressurized reactor for P = 20bar, 30° < T < 150°C and bubble
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Reynolds number Re = O(10 100). The analysis of bubble rise dynamics shows that the gas liquid sys
tem studied can be considered as a clean system. The mass transfer results are found to follow isothermal
correlations predictions excepted for ambient temperature for which liquid evaporation in bubbles is

shown to be coupled with mass transfer. This phenomena seems to be a consequence of having a high

Lewis number.

1. Introduction

Bubbly flows are commonly used in chemical industries for the
production of basic chemicals from hydrocarbons liquid phase oxi
dation such as oxidation of p xylene (dimethyl ester), cumene
(phenol, acetone), toluene (benzoic acid) or cyclohexane (cyclo
hexanone, cyclohexanol). In that kind of applications, usually per
formed in bubble columns or airlifts, gaseous oxygen transfers
from bubbles to the liquid bulk where the hydrocarbon oxidation
takes place at a temperature large enough to enable the chemical
reaction (T 100 200 °C). Such elevated operating temperature
condition requires to operate in pressurized bubble column to
reduce evaporation of the liquid phase in the reactors. As a result,
hydrocarbons liquid phase oxidation is usually conducted under
moderate operating pressures (P 10 100 bar). In addition, to
perform mass transfer and generate efficient species mixing in
the liquid phase, reactors are often operated at very large gas flow
rate with gas volume fraction often larger than 20%.

As pointed out recently by the detailed review of Rollbusch
et al. [1], the amount of studies on bubbly flow under pressurized

* Corresponding author at: LEGI, University Grenoble Alpes, France.
E-mail addresses: damien.colombet@legi.inp-grenoble.fr  (D.
legendre@imft.fr (D. Legendre).
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conditions is in fact to a small percentage of the whole literature
on bubbly flow. In the last thirty years, the effect of increasing
operating pressure on hydrodynamic and mass transfer of bubbly
flows has been mainly investigated at the scale of a bubble column.
For an air water bubbly flow in a bubble column, [2 4] found that
the increase of operating pressure results in an increase of gas vol

ume fraction for the same gas superficial velocity. The same behav

ior is found by [5] for a nitrogen nheptane bubbly flow or by [6] for
an air water/ethanol system. In the same time, [2] (air water) and
[7] (nitrogen water and nitrogen cyclohexane) observed a
decrease of the bubble size when increasing operating pressure.
Mass transfer in pressurized reactor has been investigated at the
scale of a bubble column using the sampling method in [3] or using
optical oxygen probes in [4]. For similar gas superficial velocities,
these works report an increase of the global mass transfer coeffi

cient (kya;) that results in both cases from the increase of gas vol

ume fraction with operating pressure. The effect of increasing
operating temperature on mass transfer in bubble column has been
investigated by [8] for various organic liquids or by [9] for an air

water system. Both works measured an increase of the global mass
transfer coefficient that is attributed to the liquid phase properties
variation with temperature and in particular to the increase of the
mass diffusion coefficient of the solute. In those previous works,
the study of the mass transfer was limited to the global mass trans



Nomenclature

Roman symbols

a minor semi axis of the ellipsoid, m

b major semi axis of the ellipsoid, m

CpL heat capacity of liquid phase at constant pressure,
Jkg ' K

C nitrogen mass concentration in the liquid phase
k, mg L™

! saturation mass concentration, g L™!

Cp bubble drag coefficient

Cum bubble added mass coefficient

Ct bubble lift coefficient

d bubble diameter, m

D diffusion coefficient of nitrogen in liquid cyclohexane,
m? s~!

g gravity constant, 9.81 m s—2

H bubble column height, m

He Henry’s constant for oxygen in water, Pa

J surface average mass flux, kg s™' m—2

M; molar mass of species i, kg mol™!

m,?,z mass of nitrogen inside bubble, kg

P operating pressure, Pa

Pc pressure in gas phase, Pa

ps saturation pressure of cyclohexane in gas phase, Pa

Pe Péclet number based on the equivalent diameter and U
(Pe  ReSc)

Pemax Péclet number based on the equivalent diameter and
Unax (Pemax ~ (Umax/U)Pe)

Sh Sherwood number based on the equivalent diameter

r bubble radius, m

Re Reynolds number based on the equivalent diameter

Sy bubble surface, m?

Sc Schmidt number (S¢c v, /D;)
operating temperature, °C

T! bubble surface average temperature, °C

t time, s

u bubble relative rise velocity, m s!

Umax maximum liquid velocity at the bubble surface, m s~!

v bubble volume, m?

xk molar fraction of specie i in phase k

yZ‘ mass fraction of specie i in phase k

Greek symbols

Ak thermal conductivity of phase k, W m™' K™!

My dynamic viscosity of phase k, Pa s

Vi kinematic viscosity of phase k, m? s~!

Pr density of phase k, kg m™>

o surface tension, N m™'

X aspect ratio (y  b/a)

Subscripts

G gas phase

L liquid phase

fer coefficient (k.a;) because the bubble populations were usually
polydispersed in size and non homogeneously distributed in the
bubble column volume.

Recently, for an isothermal flow, the works of Colombet et al.
[10,11] and Roghair et al. [12] on monodispersed dense homoge
neous bubble swarms have shown that in the limit of high bubble
Péclet number, the mass transfer in a dense bubbly flow can be
described by using literature correlations dedicated to single bub
ble for bubbly flows up to 30% of gas volume fraction. This partic
ular behavior at high Péclet number is mainly due to a mass
diffusion layer around bubbles much smaller than other character
istic length scales of the flow at such Reynolds number.

Since the early 60s, it is known that bubble dynamics and mass
transfer rate can be drastically influenced by the solutal Marangoni
effect resulting from surface active contaminants accumulation at
gas liquid bubble surface. For a clean system with no impurities or
surfactant at the bubble surface, the terminal rise velocity of a
spherical bubble can be accurately predicted by using the relation
of Mei et al. [13]. For a fully contaminated surface, the terminal rise
velocity of a spherical bubble can be determined with the correla
tion established by Schiller and Nauman [14] for solid particle. As
for mass transfer, with a clean interface system, mass transfer rate
is usually based on the Higbie’s penetration theory [15] with a con
tact time defined as the ratio of the bubble diameter to the bubble
rise velocity which is also known as the Boussinesq solution for a
single spherical bubble [16]. Numerical simulations [17,18] have
shown that this analytical solution appears to be very accurate to
describe interfacial mass transfer for a single clean spherical bub
ble rising in a still liquid, at large bubble Reynolds and Péclet num
bers. Some corrections based on results for a single bubble have
been introduced by Winnikow [19], Takemura and Yabe[17] or
Colombet et al. [20] to account for the effect of a finite Reynolds
number. For a fully contaminated bubble, the mass transfer rate
can be described using the mass transfer relation established for
a solid spherical particle [21 23]. For partially contaminated bub

ble surface, bubble dynamic [24]| and mass transfer [25,26] can be
estimated from normalised drag coefficient proposed by Sadhal
and Johnson [27] based on the stagnant cap model.

Since in oxidation processes the chemical reaction in liquid
phase induced non isothermal flow conditions, it is presumed that
some interactions may occure between the mass transfer of a
solute and the phase change of the hydrocarbon liquid or vapor.
In the literature, the study of gas/liquid transfer interaction with
phase change has been mainly conducted for two different bubbly
flow configurations: for bubble growth under boiling in the pres
ence of non condensible gases and for bubble growth in supersat
urated liquids. For boiling, at least since the 50's, it is admitted that
dissolved gas interact with phase change mechanism affecting
mainly the global heat transfer. It is shown from experimental
studies that dissolved gas tend to increase the heat transfer coeffi
cient compared to degassed liquids cases [28 30]. This enhance
ment of global heat transfer can be attributed to a larger number
of active nucleation sites especially for nucleate boiling conditions
[30]. As a consequence, to get reproducible results when studying
phase change in bubbly flows, it is necessary to control the non
condensible gas concentration in the liquid phase and to degas
the liquid if only phase change is studied. The dynamic of mass
transfer in supersaturated liquid due to a rapid decompression
has been studied by Payvar [31] or Bisperink and Prins [32] for des
orption of carbon dioxide in liquids. By neglecting vapor pressure
compared to noncondensible gas pressure in the bubble, Payvar
found a good agreement with a model based on radi evolution
from Rayleigh equation for the case of rising bubbles, while for
the case of bubble growth from a cavity, Bisperink and Prins [32]
found that applying the penetration theory to predict interfacial
mass flux from Fick’s law is sufficient to predict bubble growth
rate. In both works where interaction of solute transfer and phase
change should be present, the effect of the vapor pressure on the
mass transfer is neglected. For the same application, Divinis et al.
[33] have studied bubble growth in supersaturated solutions from



a fixed bubble formed on a micro heater in reduced gravity
condition. The authors make the comparison between measured
growth rate and predicted bubble growth from a model based on
concentration and enthalpy conservation equations for a given
bubble temperature. Their results seem to show that during the
transfer, the bubble temperature decreases with time so that the
transfer takes place in non isothermal conditions due to phase
change. As a mater of fact, even if some previous studies have been
conducted on the interaction betwen solute mass transfer and
phase change for the particular case of boilling and gas desorption,
one still suffer from a lack of knowledge of the mechanisms
involved during bubbly flow mass transfer with the presence of
phase change. To make progress on the subject, some new under

standings are required.

Firstly, for process such as hydrocarbons liquid phase oxidation
towers, it is of great interest to know if the gas liquid systems in
industrial conditions can be considered as a clean system or rather
as a contaminated system. Secondly, even if the operating pressure
counterbalances liquid evaporation, in those process, a significant
amount of vapor remains inside bubbles. As observed during this
work and shown in Fig. 1, this liquid/vapor equilibrium may induce
heat transfer around bubbles that can make very complex the
description of mass transfer. An important issue is thus to know
if mass transfer correlations cited above and established for
isothermal conditions can directly be applied to the case of mass
transfer in presence of a volatile liquid phase.

The objective of the present study is to investigate single bubble
dynamics and mass transfer in presence of a volatile liquid phase
for bubble Reynolds number in the range Re  O(10 100). For this
purpose, instantaneous measurements of bubble diameter, shape,
rising velocity are first performed for the nitrogen cyclohexane
gas liquid system at P 20 bar and 30 < T < 150 °C, with a vapor
molar fraction in the bubble ranging from 0.8% to 27%. The mass
transfer is analysed by measuring transfer rate from the bubble
volume decrease.

The paper is organized as follows. Sections 2 describes the
experimental set up. Section 3 presents results concerning bubble
dynamic and mass transfer. Section 4 discuss mass transfer results
regarding the effect of liquid evaporation into bubbles. Section 5
summarizes the main conclusions.

(b)

Fig. 1. Viewing of refractive index modification around bubbles thanks to an
indirect lighting atT 150°C(Re =~ 175): (a) original image, (b) normalised image.
This refractive index variation can have been either generated by a modification of
liquid composition (nitrogen transfer) or temperature (cyclohexane evapora-
tion/condensation) in the liquid phase.

2. Experimental set-up and instrumentation

In this section, the experimental installation is first described.
Then, the experimental methods used for the determination of
the bubble size, shape, velocity and mass transfer are presented.

2.1. Reactor design and gas liquid system

The bubble column used in this work has been previously
developed and used by Schafer et al. [7,34] for the study of bubble
size distribution and reaction kinetic of the cyclohexane liquid
phase oxidation process. As depicted in Fig. 2a, the experimental
set up consists in a one meter high stainless steel vessel with a
square cross section equipped with 20 sapphire windows placed
at five different levels. To better control bubble column geometry,
a 90 mm high glass cylinder of 53 mm inner and 55 mm outer
diameters is placed in the centre of the vessel. The vessel is filled
with cyclohexane up to the fifth windows. As shown in Fig. 2b,
bubbles are formed using a home made glass capillary of 12 cm
length, 0.7 mm inner and 0.12 mm outer diameters. The glass cap
illary is fixed and sealed by a PTFE tube on the gas injector duct.
Two pressure regulators [PR] and a needle valve [NV] placed before
the gas injection enable to control accurately the gas flow rate.
Nitrogen bubbles are formed gently at the glass capillary tip and
rise in the column. A small condenser is installed at the top of
the column to condense any vapor present in the exhaust gas.
Finally, the exhaust gas is burned by flowing on a Bunsen bumer
[B]. The vessel is pressurized using a secondary gas inlet at the
upper flange [MF]. The pressure is controlled by a pressure regula
tor placed on the exhaust gas line. If the pressure is higher than 50
bar a safety valve [SV], placed at the top flange, can open itself to
evacuate the liquid in large water tanks. In addition, various check
valves [CV] have been placed strategically on the installation to
avoid any back flow. The vessel is heated up using two silicon oil
heating circuits passing trough the vessel walls [Hy,H,]. Before
each experiment, the temperature homogeneity is checked using
two thermocouples at the bottom and the top of the bubble col
umn [Ty, T]. Experiments have been performed for a temperature
difference smaller than 3 °C between lower and upper part of the
bubble column for T 30,50°C, and respectively smaller than
2°C and 0.5°C for T 100°C and 150°C. In addition, between
experiments, during each heating step, the gas inlet was stopped
to prevent liquid saturation in nitrogen.

It is important to notice that present reported experiments
under pressure and at elevated temperature have been performed
with special care since, as any hydrocarbons, cyclohexane is highly
flammable with a closed cup flash point of 20°C and a lower
(resp. upper) flammability limit of 1.3% (resp. 8.4%) in volumetric
percentage of air at ambient conditions. In addition, considering
different previous industrial incidents, the mixture of cyclohexane
hot vapor with oxygen is known to be explosive. For that reason,
experiments were performed in a deflagration resistant vessel spe
cially designed for the study of cyclohexane bubbly flows. More
over, the bubble column was placed under a hood, in a
continuously ventilated room equipped with cyclohexane vapor
detectors.

2.2. Bubble size, shape and velocity measurements

The imaging set up consists of a high speed CCD camera
(PCO1200HS, Fig. 2a) equipped with a fixed focal lens (Nikon
macro 105 mm) and an extension ring (Nikon 27.5 mm) to visual
ize a window of 19.2 x 15.3 mm located at the centre of the col
umn at the level of the glass capillary tip. The spacial resolution
is 66.6 px mm . The camera is operated at 433 images per second
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Fig. 2. (a) Experimental set-up (H heat exchanger, C condenser, MF mass flowcontroler, PR pressure regulator, B gas burner, T thermocouple, NV needle valve, CV check valve,

SV safety valve, BL back lighting), (b) glass capillary injector.

with an exposure time of 0.3 ms. Lighting is supplied by diode
backlight panels of 65,700 or 70,000 cd m 2 (Phlox).

Geometrical characteristics of bubbles such as the instanta
neous major b and minor a semi axis, aspect ratio (y b/a)
and bubble rise velocity U have been measured using detection
and tracking methods similar to those presented in Borchers
and Eigenberger [35], Colombet et al. [10,11] and Bouche et al.
[36]. The recorded images are processed by using Matlab®. The
bubble edges are detected by applying a threshold to the grey
level gradients of raw images. To insure the isotropy of gradient
operator the gradient filter proposed by Marmottant and Viller
maux [37] has been used. Examples of a tracked bubble are

o ®

P ! r P r

drawn on typical raw images in Fig. 3 for different times. As
reported by Maxworthy et al. [38], with gas/liquid system having
a low Morton number such as the present one (Mo 0(10 M),
note that even if bubble are slightly deformed their trajectories
remain straight because as shown in Section 3.2 the bubble
Weber number is lower than the critical value of We. ~2.30
(Fig. 7b) that corresponds to the appearance of zig zag or spiral
motion due to vortex shedding in bubble wake. In addition, using
the relation proposed by Clift et al. [23] (p. 233), it has been
checked that wall effects can be neglected in our experiments
because bubble diameters are much smaller than bubble column
diameter.

e el e | e | e

Fig. 3. Example of image processing applying particle tracking (T 30°C/P 20 bar), shifted on the right side of the bubble: — bubble contour and + gravity center.



0.615 mm

T =150°C

(a) 23 ms (b) 41 ms

(c) 60 ms

Fig. 4. Example of nitrogen gas bubble dissolution into cyclohexane at P 20 bar.

2.3. Mass transfer measurement

One objective of this work is to measure the mass transfer of
nearly spherical bubbles rising and dissolving in liquid cyclohex
ane. The mass transfer is here deduced from the decrease of the
bubble diameter (see Fig. 4) as previously performed by Takemura
and Yabe [17,25] and Vasconcelos et al. [39] under ambient condi
tion. Prior to estimate the mass transfer, we discuss liquid/vapor
equilibrium of cyclohexane, transfer equilibrium of nitrogen and
bubble composition.

2.3.1. Nitrogen concentration at the bubble surface

For the considered binary system and operating conditions, the
bubbles are composed of an non condensable gas: nitrogen (N>)
and a condensable gas: cyclohexane (RH). Thus, the mass transfer
equilibrium of cyclohexane vapor in the bubble results from
Raoult’s law while the mass transfer equilibrium of nitrogen at
the bubble surface results from Henry’s law. Because of the low
thickness of the gas liquid interface, those two equilibrium are ful
filled at the bubble surface. According to Raoult’s law, for the liq
uid/vapor equilibrium, the cyclohexane vapor molar fraction in
the gas phase x§, can be given as x5, (®P* /Pc)xky ~ ®P* /P,
where P stands for the saturation pressure of cyclohexane that
depends on the temperature. P; is the gas phase pressure and
xky ~ 1 is the liquid phase cyclohexane molar fraction. @ is the
fugacity coefficients ratio that takes into account the non ideality
of the gas phase in Raoult’s law and varies in the range
1.23 < ® £ 1.3. Thus, since we have a binary mixture (N»,RH),
assuming that liquid/vapor equilibrium is settled, the molar frac
tion of nitrogen in the bubble x is simply

P

Pg

€ 1 G 1 1)
The concentration jump at the interface of a noncondensible specie
is given by Henry's law. Considering a low solubility of nitrogen in
cyclohexane, Henry's law gives the relation between the nitrogen
molar fraction in the gas phase x, and in the liquid phase xj at
the bubble interface

P¢
X, e
where He (here in Pa) the Henry constant of nitrogen in cyclohexane

is mainly depending on temperature. From Eq. (1), the molar frac
tion jump is

P ©P™
— 3)

The nitrogen saturation mass concentration is related to the
nitrogen molar fraction as

XN, @)

X,

(d) 78 ms () 97 ms
My, My, (P ©P™)
C' P M_RHXN2 L MR:{ Ty (4)

with My, and Mgy the molar mass of nitrogen and cyclohexane
respectively. Note that some variations of the operating pressure
has a direct effect on the saturation concentration since it modifies
the gas phase pressure P¢. A variation of operating temperature also
affect the saturation concentration by modifying the liquid cyclo
hexane density (p, p, gy). Moreover, the average temperature at

the bubble surface T' fixes the nitrogen Henry constant He and
the vapor saturation pressure P**.

2.3.2. Vapor saturation inside the bubble

Dry gaseous nitrogen is injected through a glass capillary to
form single bubbles in cyclohexane. Thus, during bubble formation,
cyclohexane is flashed (fast evaporation) inside the bubble to fulfill
Raoult liquid/vapor equilibrium. The question is to know if the
bubbles are saturated or not with vapor at their departure. To clar
ify this point from image processing we have measured the bubble
formation time range ty,, 0.2 0.3 s.The time required for filling
the bubble with vapor has been estimated considering isothermal
vapor mass transfer inside a fixed bubble of same departure diam
eter as t;x 0.41 6(d/2)2/DG,RH =~ 0.03 s [20], where D¢gy is here
the gas phase mass diffusion coefficient of cyclohexane in gaseous
nitrogen. Thus, the time for isothermal vapor mass transfer inside
bubble is found to be one order of magnitude smaller than the time
required for the bubble formation. In addition, since evaporation
process is usually faster than mass transfer process, it is also
assumed in the following that bubbles are continuously vapor sat
urated during their rise. In other words, liquid/vapor equilibrium is
assumed to be reached inside the bubble at any time. Finally, the
average temperature at the bubble surface is considered to stay
close to the operating temperature thus T' ~ T. Moreover, because
of the both bubble size and the length of tracking (19.2 mm),
Laplace pressure jump and hydrostatic pressure effect can be
neglected in our experiment since both p,g(H z) and 40 /d are
less than 1% smaller than the operating pressure. As a result, con
sidering the system properties and operating conditions the molar
fraction of nitrogen in the liquid phase lies between
Xy (P 20bar,T 30°C) 1.5%and xy (P 20bar,T 150°C)

1.7%. The saturation concentration in the liquid phase C' (Eq. (4))
is calculated with the nitrogen Henry constant He and the vapor
saturation pressure P** based on operating liquid bulk tempera
ture T. To take into account compressibility effects, the gas phase
densities of nitrogen and cyclohexane vapor are calculated consid
ering the ideal gas law (p; PcM/(RT)) valid for the operating
pressure condition.



2.3.3. Duffusion coefficient of nitrogen into cyclohexane

The measurement of the Sherwood number requires the knowl
edge of the diffusion coefficient of nitrogen into liquid cyclohex
ane. In the literature, different relations can be found to estimate
the mass diffusion coefficient of nitrogen in cyclohexane. To our
knowledge, only one experimental work has tried to measure the
diffusion coefficient of nitrogen in cyclohexane for a large temper
ature range (19.8 141 °C). Using wetted sphere absorber method
[40] the diffusion coefficients are found to be much larger than
the prediction from usual correlations [41,42]. Due to the lack of
a consensus on the diffusion coefficient of nitrogen in cyclohexane,
the calculation of the diffusion coefficient is based here on the
Stokes Einstein relation as

kT
kamp, G

with the Boltzman constant k; 1381 x 10 2 J K ' and the nitro
gen molecule diameter ¢ 3.749 x 10 '® m. In this approach, the
solute molecules are assimilated to spherical particles displacing
in the liquid under thermal molecular motion so that k, 3 (Stokes
law). Note that using nuclear magnetic resonance method, for
3 <T <114°C, Jonas et al. [43] have shown that Eq. (5) is able to
describe the auto diffusion coefficient of cyclohexane with
k,  1.8. In this work, the original constant k, 3 is considered.

©)
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2.3.4. Sherwood number calculation

Sherwood number is first determined from the bubble volume
decrease considering only the mass balance of nitrogen at the scale
of the bubble. The volume variation of the bubble due to the trans
fer of nitrogen from gas to liquid can be describes from the concen
tration difference at the bubble surface and in the liquid bulk

(€ (C)) as follow

d(pcVs) dmgn, Pc
i Sl e (6)
where V, 4mr3/3andS, mA4r? are respectively bubble instanta

neous volume and surface, p; and pg , are respectively gas mixture
and gaseous nitrogen densities. The mass transfer coefficient k; that
is used to define the Sherwood number Sh  k;d/D where D is the
diffusion coefficient of nitrogen in the liquid phase and d 2r is
the bubble diameter. By rearranging Eq. (6), the Sherwood number
can be obtained from the time variation of bubble radius as
2rdr  Pen,

o D dt(C (C)) @

To measure the Sherwood number under isothermal condition,
the same relation has been used by Takemura and Yabe [17,25] for
oxygen dissolution in silicon oil and carbon dioxide mass transfer
in water, respectively. Note that, since gas phase pressure variation
are very small along the bubble path, gas densities variations with
pressure can be neglected. Finally, since the gas inlet was closed
during each step of operating pressure and temperature increase,
the average concentration of nitrogen in the liquid phase is first
assumed to stay close to the saturation concentration of nitrogen
in liquid cyclohexane at storage conditions (C)(T 20°,P
1bar) 0.14kgm 3.

3. Bubble dynamics
3.1. Bubble size and deformation
The time evolution of the bubble equivalent diameter deduced

from the images is presented in Fig. 5 for the pressure P 20 bar
and the four temperatures considered in the study

0.05

0 005 01 015 02 025
t[s]

Fig. 5. Bubble equivalent diameter versus time for x T 30°C,A T 50°C,O
T 100°C,OT 150°C; — Eq.(8), ——Eq.(21).

T 30,50, 100, 150°C. The bubble diameter is normalized using
the initial bubble diameter dy. It is found to decrease with time
for the four cases considered indicating that the dominant mecha

nism is the transfer of nitrogen to the liquid. As shown in this fig

ure, the bubble diameter is found to linearly decrease with time
and can be described by

(d_do)

kst, 8
-~k ®
with ky(T 30°C) 0.25s '.ks(T 50°C) 053s ! ky(T
100°C) 1.10s '.ks(T 150°C) 1.35s '

This linear decrease is in agreement with the evolution
observed by Takemura and Yabe [1725] but it differs from the

classical d* evolution of the form
& df kat 9)

observed for situations controlled by diffusion such as for example
droplet evaporation. According to Eq. (7), relation (9) is obtained if
the Sherwood number is constant while a linear evolution (Eq. (8))
should result from an evolution of the form Sh « d. In fact the lin
earization of Eq. (9) gives (d do)/do ~ kat/2 indicating that both
evolutions are equivalent for small diameter reductions and then
ks = 2ksd5. The decrease of bubble volume resulting from the nitro
gen gas transfer to the liquid, the bubble diameter evolution is
directly connected to the Sherwood number evolution (see Eq.
(6)) where the bubble Péclet number is varying with both the bub
ble diameter and velocity. Since the bubble velocity depends on its
diameter a complex coupling between these parameters results in
the bubble diameter evolution. These evolutions are addressed in
the following and the time dependence of the bubble diameter will
be clarified.

The instantaneous aspect ratio y measured with the image pro
cessing described in Section 2.2 is presented in Fig. 6. One can
notice in this figure that for T 30°C and 50 °C, the aspect ratio
remains rather constant and close to unity (y < 1.03). For
T 100°C and 150°C, bubbles are weakly deformed
(1.03 > x > 1.10) with a maximum around t ~ 0.02 s correspond
ing to the maximum in the bubble velocity. Then the bubble defor
mation decreases due to the bubble volume decrease as it will be
explained below. For present operating conditions, the Morton
number Mo gvpiAp/c® lies in the range 3x10 <
Mo < 2 x 10 ', As shown by Legendre and Zenit [44] from exper
imental measurements, the deformation of bubbles having a simi
lar Morton number Mo  0(10 ' 10 ') and a constant volume
is described by the following relation:
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Our experiments for bubbles with a time dependent diameter are
compared with Eq. (10) in Fig. 6. Relation Eq. (10) is found to fairly
reproduce the time variation of the bubble aspect ratio.

3.2. Bubble velocity

The evolution of the bubble velocity is reported in Fig. 8. The
bubbles are tracked from their departure. As shown in this figure,
the rise of a bubble presents two successive parts. First, under
the action of buoyancy, the bubble accelerates to reach an almost
constant rising velocity. The bubble deformation is here maximum.
Then, the bubble begins to smoothly slow down due to the
decrease of its volume (see Fig. 5). At large Reynolds number, the
relaxation time of a bubble having a constant volume can be esti

mated by 7, ~ d’/(72v,) (this relation is obtained considering the
added mass coefficent Cy 1/2 and the drag -coefficient
Cp 48/Re[45]). For t = 51,, the velocity of a bubble having a con
stant volume is close to its terminal rising velocity. We have
reported this characteristic time in Fig. 8 for each case. One can
notice that thetimet 57, describes the end of the first phase cor
responding to the bubble acceleration. The corresponding instanta
neous bubble Reynolds number Re Ud/v; and bubble Weber
number We p,U%d/c are presented in Fig. 7. As observed for
the bubble velocity, both the Reynolds and Weber numbers varia
tions follow two parts: first a fast increase up to their maximum
value due to buoyancy and then a slow decrease due to the diam
eter reduction. Because of the fluid properties evolutions with tem
perature, the order of magnitude of the Reynolds and Weber
numbers significantly varies with the temperature. After the bub
ble acceleration phase, we observe the following orders of magni
tude: Re ~ 20, 40, 100, 170 and We =~ 0.04, 0.09, 0.25, 0.5 for the
temperatures T 30, 50, 100, 150 °C, respectively.

The trajectory of a bubble with volume variation can be
described by the following force balance [46,47]:

du dv
CupVogr p.Veg  2mu,df(Re)U CMp‘Tth
—at —_ —,

Fg Buoyancy Fp Drag

Fas Addedmass acceleration Fay Added mass volume change

(11)

where Cy is the added mass coefficient and f(Re) is a correction
function of the drag coefficient defined as C, f(Re)16/Re. The his
tory force has been neglected because the bubble Reynolds number
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Fig. 7. (a) Bubble Reynolds number (Re Ud/v;) and (b) Weber number
(We plUZd/a) versus time for x T 30°CA T 50°CO T 100°C,O
T 150°C; — solving trajectory equation for a deformed bubble (Egs. (11), (14),
(15), (10)).

is much larger than unity [48]. For a spherical clean bubble, the drag
correction can be accurately estimated using the relation proposed
by Mei et al. [13]

16+ 3.315Re'’? + 3Re
Re 12
J(Re) 16 + 3.315Re'’? + Re (12)
while the added mass coefficient is
Cu 1/2. (13)

The effect of slight deformation on the drag and added mass forces
can be considered using the following relations proposed by Moore
[49] and Lamb |50}, respectively:

H(y)
ke 36(00)(1+54). (14)
(1+e*)(1 ecot 'e) 12
“ T are)d ect e e ¢ D7, (13)

with G(y) and H() functions of the bubble aspect ratio and given in
[49]. Eq. (11) has been solved using an explicit 4th order Runge

Kutta method considering both spherical bubbles (Eqs. (12) and
(13)) and deformed bubbles (Egs. (14) and (15)). The aspect ratio
is calculated from Eq. (10) that fits experimental observations. As
shown in Fig. 8, Eq. (11) clearly reproduces the two parts observed
for the velocity evolution. ForT 30°CandT 50 °C, results for a
spherical bubble () are very close to those for a deformed bubble
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for a deformed bubble with Cp, from Moore's relation [49] (Eq. (14)), Cy from Lamb [50] (Eq. (15)) and y from Legendre and Zenit [44] (Eq. (10)), ... 5T,.

() since the aspect ratios remain close to unity (y ~1). For
T 100°C and T 150°C, the bubbles are more significantly
deformed (1.03 > y > 1.10) and the corrections (Eqs. (14) and
(15)) taking into account the effect of the deformation improve
the comparison. Such good agreement confirms that history force
can be neglected in present situation.
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Fig. 9. Example of force balance variation versus time solving trajectory equation
for a deformed bubble at T 100 °C : () F buoyancy force, O Fj, drag force, added
mass force contributions: A Fus bubble acceleration and * F,y bubble volume time
variation, —— 5t,.
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Fig. 9 reports the detail of the forces experienced by a bubble at
T 100-°C. Initially, at bubble departure, the buoyancy force Fj is
balanced by the added mass force F4, induced by the bubble accel
eration so that the bubble initial acceleration is dU/dt ~ g/Cpy.
Due to the bubble velocity increase, the drag force Fp increases
up to a maximum when the bubble velocity is maximum. Then,
due to the bubble volume decrease, the buoyancy force Fy slowly
decreases. In the same time, added mass force due to acceleration
gradually vanishes. The contribution of the added mass force Fyy,
induced by the bubble volume variation (last term in Eq. (11))
slightly increases the bubble velocity but its contribution remains
very small compared to the over forces (Fay/Fs =2 3%). For
t > 5t,, the buoyancy force almost balances the drag force
(Fs/|Fp| =~ 98%) resulting in a force balance similar to the case of
a bubble of constant volume because the interfacial velocity
|dR/dt| is much smaller than the bubble rise velocity U [46]. For
the present experiments (see Table 1), we have
|dR/dt|/U = 0.1 0.5% and a quasi static rise is then observed for
all the considered cases. As a consequence, for t > 5t,, it is possible
to access directly to the drag coefficient considering in Eq. (11)
only the balance between drag and buoyancy as

4 Apgd
G~ 3 ;77[72— (16)
The corresponding drag coefficients deduced from our experiments
are reported in Fig. 10 versus the Reynolds number for t > 57,.
Experimental results are compared to the relation (12) (spherical



Table 1

Experimental characteristic times and dimensionless numbers for t > 57, (except : for the whole rising time).

T(°C) T, (ms) Tp (ms) Re dRjae* Sc Pe x10° Pr pett Le
30 19 31 20-22 0.07-0.10 720 14-16 12 240-264 60
50 3 25 34-41 0.15-0.27 382 13-16 10 340410 38
100 59 19 84-111 0.20-0.35 105 9-12 7 588-777 15
150 84 17 156-196 0.20-0.43 39 6-7.6 6 936-1176 6.5
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Fig. 10. Bubble drag coefficient versus Reynolds number for X T 30°C,
AT 50°C, (] T 100°C, o T 150°C; — clean spherical bubble (Eq. (12),
fap 180°), -.- fully contaminated spherical bubble ([14], fap ©°), .. partially
contaminated spherical bubble according to stagnant cap model with
Omp  90—110 — 130°, —— clean deformed bubble (Egs. (14) and (10)).

bubble), the relation (14) (slightly deformed clean bubble) and the
relation of Shiller and Nauman [ 14] (fully contaminated spherical
bubble). In addition, we have also reported in this figure the drag
coefficient for a partially contaminated bubble using the normalized
drag coefficient proposed by Sadhal and Johnson [27] with drag cor
relations of Mei et al. [13] and Shiller and Nauman [ 14] as reference
drag coefficients for clean and fully contaminated bubble, respec
tively. A similar drag description for a partially contaminated bub
ble at moderate Reynolds number has been previously validated by
Takemura and Yabe [25] with experimental measurements and by
Dani et al. [51] with numerical simulations. As shown in Fig. 10,
the drag coefficient is closer to the evolution of a clean bubble than
to the evolution of a contaminated bubble. For T 30 °C and 50 °C,
experimental data are matching with correlation of Mei et al. [13],
the bubbles being spherical. For T 100 °C and 150 °C, experimen
tal drag coefficients are described by Moore’s relation [49], the bub
bles being weakly deformed. One important conclusion is that the
gas/liquid system studied here (nitrogen/cyclohexane) is therefore
a clean system. This behavior is mainly explained by the fact that
cyclohexane molecules are non polar. Indeed, contrary to water,
non polar impurities possibly present and dispersed in the liquid
phase, do not accumulate preferentially at the bubble gas liquid
interface, as observed for bubbles in silicon oil [17].

4. Nitrogen mass transfer

The nitrogen mass transfer at the bubble surface is determined
using relation (7). Because of time fluctuation in the diameter mea
surements (see Fig. 5), the estimation of the Sherwood number is
performed considering the mean bubble volume decrease rate from
Eq. (8) so that dr/dt ksdy/2. The corresponding time evolution
of the Sherwood number is reported in Fig. 11. We observed that

t [s]

Fig. 11. Bubble sherwood number evolution versus time for X T 30°C,
AT 50°C,[JT 100°C,oT 150°C, —— 1p ~17-31ms,...571, 10—40ms.

the transfer decreases with the time due to the reduction of the
bubble surface. Note that we do not observe different stage in the
transfer. In fact, for a steady bubble rise, the time corresponding
to the transient evolution of the mass transfer can be estimated
considering the work of Figueroa and Legendre [18]. The time evo

lution of the transfer of a ellipsoidal bubble suddenly released at its
terminal velocity in a liquid at rest is reported for conditions close
to the one considered in our study (Re 300,Sc 10and y 1.2).
The mass transfer is shown to reach a steady state for a time larger

thant, ~ 10/(U/(d:;x/8)1/3). For the experiments performed in this
work, we get Tp 17 31 ms so that mass transfer should be in
steady state very shortly after the bubble departure from the capil
lary. 7p and 57, are reported in Fig. 11 and in Table 1. They have the
same order of magnitude and for t > 7 and t > 57,, a quasi steady
state is reached for both bubble dynamic and mass transfer. The
corresponding Sherwood numbers are plotted against the Reynolds
number in Fig. 12. For the different experiments, the Sherwood
number evolves between 55 (T 150°C) and 119 (T 50°C).
One need to mention here that the reproducibility of the measure
ments presented in Fig. 12 for one bubble has been checked for four
consecutive bubbles.

It is now possible to compare our experimental results to the
correlations from the literature. In most of studies on mass transfer
in bubble columns, the rate of transfer is estimated by using the
Higbie’s penetration theory | 15] where the contact time is defined
as the ratio of the bubble diameter to the bubble rise velocity. The
corresponding correlation is equivalent to the analytical solution
obtained earlier by Boussinesq [16] by considering that the flow
around the bubble can be approximated by the potential flow
and that the transfer occurs across a very thin concentration layer
at the bubble surface

2

Sh Wpe”z, (17)
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Fig. 12. Sherwood number (Eq. (7)) versus Reynolds number for X T 30°C,
AT 50°C,[]T 100°C, o T 150°C; ... solution of Boussinesq [16] Eq. (17);
-.-.- Eq. (18) [19]; -.-.- Eq. (19) [17]; — Eq. (20) [20]; — — — Fully contaminated
spherical bubble Eq. (22) [23]; « Eq. (24)with Ja 0.006 (AT 0.1 °C) and Nusselt
number estimated from Eq. (25).

with the Péclet number Pe  ReSc where Sc v /D is the Schmidt
number of nitrogen in liquid cyclohexane. The corresponding values
for both Pe and Sc are reported in Table 1. This relation is supposed
to be valid in the limit of both large Re and Pe. Various improve

ments have been proposed to account for the effect of moderate
Reynolds number and the effect of bubble deformation. Considering
the flow approximation of Moore [52], Winnikow [19] derived the
following expression valid for Re > 50 [18]

2 28912,

Sh —[1 =—| Pe'” 18
v [ \/Re] -

Measuring the mass transfer of almost spherical millimeter sized

bubbles from volume variations, Takemura and Yabe [ 17] proposed

the following relation for 0.03 < Re <100 and Pe > 1,

1/2

2 2 1

Sh —[1 Z——| (25+Pe'”? 19

Nz [ 301 +o.09Re2/3)3"‘] ( ) 2

which is in good agreement with both experiments and numerical
simulations at moderate Re and large Pe. Relation (19) has been val
idated by direct numerical simulation up to Re 1000 [18].
Recently, Colombet et al. [20] showed that the relevant Péclet num
ber for the description of the mass transfer at a clean interface is the
Péclet number Pepax based on the maximal velocity Unax  Uf(Re)/2
of the liquid at the interface (Eq. (12), [53]) instead of the bubble
rise velocity U. Based on this results the following relation is able
to describe the mass transfer for a spherical bubble whatever the
value of Re and Pe

4 2/3 3/4
sh 1+ [1 " (—) 2 Pe,,m)m] , 20)
3n

When Pe,,, tends to zero, relation (20) tends to the diffusive solu
tion Sh(Re 0) 2 while it tends towards the Boussinesq solution
(17) when Re and Pe become very large compared to unity. This
relation is also in agreement with the experiments of Takemura
and Yabe [17] and numerical simulations from various previous
works [20].

These relations are reported in Fig. 12. For experiments with hot
cyclohexane at T 50°C,T 100°Cand T 150 °C, experimental
measurements are fairly in agreement with relation (18) (20) ded

icated to mass transfer under isothermal conditions. One can
notice that relations (18) (20) give in fact very similar values for
Sh. Since the Reynolds numbers are in the range 20 196, relation
(17) [16] over predicts experimental results, as expected. The
agreement with transfer under isothermal conditions suggests that
the transfer is not affected by cyclohexane evaporation at the inter
face. The time variation of the bubble diameter can now be
explained. First, since we get at first order CD o 1/Re o< 1/(Ud),

the force balance show us that U x d? (Eq. (16)). Secondly, since
we get at first order Sh  Re'/? o U'2d"”?, one can thus show that
Sh  d*?. Then, the mass transfer balance at the bubble scale fol

lows Shx  dd (Eq. (7)) so that the expected evolution for the bub
ble diameter would be

d do(1

The linearization of this relation recovers the experimental evolu
tion given by Eq. (8) with ks ks /2. As reported in Fig. 5 (red' dash
line), a good agreement is found with Eq. (21).

However, for experiments closer to ambient temperature
T 30°C, the measured Sherwood number is found to be much
lower than the prediction obtained with correlations mentioned
above considering isothermal conditions. This strong underestima
tion of the Sherwood number is concomitant to the observation of
a much lower bubble volume decrease rate (see symbols x in
Fig. 5).

We have first checked as a possible explanation for the differ
ence observed at T 30 °C, a possible effect of interface contami
nation. The drag evolution clearly show that experiments were
conducted for mobile (clean) interfaces. To confirm this, we com
pare our results with the relation used for the description of the
transfer at an immobile (fully contaminated) bubble surface [23]

1/3
Sh 1 +4Sc'/Re®* (1 + PIE) (22)

kst)? (21)

Eq. (22)is valid for 1 < Re < 400 and 0.25 < Sc < 100. This relation
is reported in Fig. 12 (dash lines) and is clearly far to describe the
transfer. Both bubble dynamic (Fig. 10) and mass transfer measure
ments (Fig. 12) show that bubble surface is not contaminated. Dis
crepancy found for T 30 °C can not be explained by the bubble
surface contamination.

The reason of the discrepancy found atT 30°Cis explained in
the next section.

5. Discussion: on the evaporation effect on the mass transfer

In Section 2.3.2, we estimated that the bubbles are saturated in
vapor at departure by calculating saturation time under isothermal
conditions. If evaporation is present during the bubble formation
we can not consider isothermal conditions and bubbles can not
be considered as saturated with vapor at their departure. For
non isothermal conditions, it is quite difficult to estimate the time
required to reach vapor saturation since the bubble interface tem
perature during liquid evaporation is an unknown parameter. Thus
our estimation of the saturation time corresponds to a lower limit
of this time since the heat transfer from the liquid to the interface,
required for evaporation, should increase the time necessary for
saturation. So at lower temperature, evaporation is lower and we
need to explore if the liquid phase is still evaporating in the bubble
after departure.

To answer to this question, we consider that the bubble volume
evolution is now controlled by both nitrogen gas/liquid mass trans

! For interpretation of color in ‘Fig. 5', the reader is referred to the web version of
this article.



fer and liquid/gas evaporation of cyclohexane at the bubble sur
face. To do that, we rewrite the bubble mass balance considering
these two contributions. Eq. (7) is then corrected as follow

d(pgVs) Pe gk (o) +

Pc_ SpHL
dt PG,

(T Ty (23)

pG‘vap

where T! is the temperature of the liquid at the bubble surface and
(T.) the temperature in the bulk of the liquid phase. H; is the heat
transfer coefficient between the bubble and the liquid under phase
change. L stands for the latent heat of evaporation of the liquid
cyclohexane. The difficulty here is that T} is unknown and can not
be measured in the experiment. By introducing the heat conduction
coefficient 4;, the heat transfer coefficient is linked to the Nusselt
number as H;  Nu/;/d. For bubble phase change, the Nusselt num
ber is usually calculated from the Jakob number
Ja  p,Co((T) T})/(Pguel) that compares the sensible heat in
the liquid phase to the latent heat required for evaporation
[54,55]. By rearranging Eq. (23), one can show that in presence of
evaporation, the Sherwood number becomes

2r dr> PG,
(

where the Lewis number Le D!"/D compares heat diffusion to
mass diffusion of a solute (nitrogen) in the liquid phase. Here,
D" J1/(p,Cp) stands for the thermal diffusivity (heat diffusion
coefficient) in the liquid phase. For Ja 0 (AT (T;) T, 0), Eq.
(24) is equivalent to Eq. (7). In the same way, considering the
absence of dissolved gas in the bubble (i.e. a pure vapor bubble),
Sh 0 and Eq. (24) reduces to the enthalpy balance induced by
phase change as considered for the description of nucleate boiling.
For the temperature range considered in this study, the thermal dif

fusivity of liquid cyclohexane decreases proportionally with the
temperature so that D'h; « T while the mass diffusion coefficient
is proportional to the temperature divided by the dynamic viscosity
D o< T/, (see Eq. (5)). As a result, the evolution of the Lewis num

ber with the temperature is, at first order, very similar to the one of

the dynamic viscosity Le o g, oc 10", For the present experi

ments with cyclohexane (see Table 1), the Lewis number is found
to significantly decrease with the temperature from
Le(T 30°C) 60toLe(T 150°C) 6.5.There is on order of dif

ference between T 30°C and T 150°C. This behavior can
explain why for T 30° experimental results for Sherwood number
are not correctly described using Eq. (7) because the evaporation is
more important after bubble departure for larger temperature. The
use of Eq. (24) for the determination of the Sherwood number needs
the determination of the temperature difference AT (T;) T,
responsible of the phase change at the interface. Since we can not
measure this value in the experiments, we estimate the value of
AT from the diameter evolution.

For this estimation we first consider that the Sherwood number
follows Eq. (20). Secondly, to estimate the Jakob number and the
corresponding overheat AT, a description of the evolution of the
Nusselt number for growing bubble under phase change is
required. Using the relation of Scriven [55] or its approximation
given by Labuntsov et al. [56], it is easy to show that for our exper
imental conditions (evaporation in a bubble filled with a non
condensible gas), the Jakob number is small (Ja < 0.05) so that
the heat transfer is controled by the heat difussion/advection at
the gas/liquid interface and not impat by the bubble volume
expansion due to phase change. The Nusselt number is then given
by the correlation proposed by Ruckenstein [57]

2

1/2
N, %Pe”‘ (25)

where Pe  RePr; is the thermal Peclet number reported in Table 1.
For experiment at T 30 °C, the thermal Peclet number is close to

Pe™ ~ 250 during the bubble rise which corresponds to a Nusselt
number of N, ~ 18 (Eq. (25)). With this value, as reported in
Fig. 12, Eq. (24) matches experimental measurements for a Jakob
number of Ja 0.006 and a corresponding superheat of
AT 0.1 °C. This estimation of the induced superheat seems to be
realistic.
Note that the bubble trajectory equation (Eq. (11)) is not mod

ified because the effect of evaporation is already taken into account
through the bubble volume variation.

6. Conclusion

In this work, we have considered the mass transfer of a single
nearly spherical bubble in presence of a volatile liquid phase. The
nitrogen cyclohexane gas liquid system was chosen with a pres
surized set up at P 20 bar under four different operating temper
atures T 30 50 100 150°C. Bubbles of pure nitrogen were
formed and released in a vessel filled with cyclohexane. In a first
part, the bubble dynamic has revealed that the gas liquid system
was clean. After the phase of acceleration, a quasi static evolution
was observed and drag coefficient was found to be described by the
drag coefficient for spherical or weakly deformed bubbles [13,49].

In a second part, by assuming that bubbles were vapor
saturated at departure, the Sherwood number considering an
isothermal mass transfer were presented and compared to litera
ture correlations for a clean bubble. This approach is similar to
the one previously used by Takemura and Yabe [17] for the mea
surement of mass transfer from oxygen spherical bubbles in silicon
oil at ambient temperature. For experiments with hot liquid
(T 50,100,150 °C) a fairly good agreement was found with cor
relations dedicated to mass transfer at finite Reynolds number
[19,17,20]. However for experiments near the ambient tempera
ture (T 30°C) the measured Sherwood number appears to be
around 50% lower than the predicted values from isothermal rela
tions. This discrepancy resulted from a lower bubble volume
decrease during mass transfer. This discrepancy was attributed to
bubble not vapor saturated at departure. The bubble volume is
then considered to be controlled by both the gas/liquid transfer
of noncondensible nitrogen (bubble volume decrease) and the liq
uid/gas transfer due to the phase change of liquid cyclohexane
(bubble volume increase). From the diameter evolution the Jakob
number was estimated to be Ja ~ 0.006 corresponding to an inter
face superheat of AT = 0.1°. This results on the importance to con
sider the effect of liquid evaporation during the transfer for low
Lewis number. For example, considering nitrogen as solute with
other fluids of interest in hydrocarbons liquid phase oxidation like
p xylene (Le(30 150°C) 60 10), cumene (Le(30 150°C)
66 14)or toluene (Le(30 150°C) 39 8), the Lewis number also
decrease very quickly with the temperature with a dependence on
the variation of the liquid viscosity as Le « y, and the thermal dif
fusivity also evolves quite linearly with the temperature (D™ « T).
As a result, with those fluids usually operated in pressurized vessel
a similar defect with isothermal theory may be expected at low or
moderate operating temperature.

It can be thought that a similar approach (Eq. (24)) can be done
to study the effect of noncondensible gas mass transfer on bubble
growth under phase change for the calculation of Nusselt number.
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