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Abstract

The evaporation of a single n-pentane drop in another warm flowing liquid (water) medium has been studied experimentally. A
Perspex column with an internal diameter of 10 cm and height of 150 cm was used throughout the experiments. N-pentane liquid
at its saturation temperature and warm flowing water with flow rate of 10, 20, 30 and 40 L/h were employed as the dispersed and
continuous phases, respectively. The active height of the continuous phase in the column (i.e. the level of the continuous phase in
the column) covered only 100 cm of the column’s height. A Photron FASTCAM high-speed camera (~ 65,000 f/s) was used to
film the evaporation of the drop, while AutoCAD was used to analyse the images from the camera. The diameter ratio (diameter
of growing two-phase bubble to initial drop diameter) of the two-phase bubble formed because of the evaporation of the pentane
drop in direct contact with the water was measured. Also, the vaporisation ratio (x), the open angle of vapour (/3), the total height
for complete evaporation and the total evaporation time were measured. The effects of the continuous phase flow rate and the
temperature difference between the contacting phases, in terms of Jakob number (Ja), on the measured parameters were inves-
tigated. Furthermore, a statistical model to fit the experimental data was developed. The experimental results showed that the
diameter of the two-phase bubble is strongly influenced by varying the continuous phase flow rate. The final size of the
evaporated vapour bubble was unaffected by the flow rate of the continuous phase, while both the total height required for
complete evaporation and hence the time required was significantly influenced. A similar impact was observed for the
vaporisation ratio and the open angle of vapour.

Nomenclature m Ratio of liquid to vapour density in the two-phase
a Radius of two-phase bubble (m) bubble (kg/m3)
D Diameter of two-phase bubble (m) N Constant appears in Eq. (2)
D, Initial diameter of drop (m) P1  Constant appears in Eq. (2)
d.  Diameter of column (m) 0.  Volumetric flow rate of continuous phase (m>/s)
C,  Spesific heat of continuous phase (kJ/kg. K.) Re  Reynolds number
Ja  System Jakob number (p.C(T. — T,))/ patiss) T, Temperature of continuous phase Co
H,  Total height required for complete evaporation (m) T, Saturation temperature of dispersed phase ('C)
hg  Latent heat of evaporation of dispersed phase (kJ/kg) U Velocity of continuous phase (m/s)
VR  Ratio of vapour volume to total volume of
tow-phase bubble

V;  Radial velocity component (m/s)
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1 Introduction

Developing a greater understanding of the heat transfer
characteristics during evaporation of one fluid in contact
with a second immiscible one is vital for the develop-
ment of the three-phase direct contact heat exchanger.
Such an exchanger has many advantages over traditional
exchangers, and therefore has begun to receive signifi-
cant research interest. The absence of a physical barrier,
such as the tube wall in traditional shell-and-tube or
plate heat exchangers, between the contacting hot and
cold fluids can significantly reduce the heat transfer
resistance and therefore increase the overall heat transfer
coefficient and the contact area over which heat transfer
can occur. Furthermore, problems such as corrosion and
fouling are virtually eliminated. These factors mean that
the total capital and operational costs of direct contact
exchangers is significantly lower than traditional surface
type exchangers. Beyond this, the ability to work with a
very low temperature driving force makes these ex-
changers ideal for use in systems with low-grade heat,
such as industrial waste heat or solar thermal collectors.
Accordingly, direct contact heat exchange can be found
in many different fields, such as water desalination by
freezing, power generation from geothermal brine, and
ocean thermal energy conversion [1]. However, the di-
rect contact heat exchanger still has some disadvantages.
For example, the two working fluids must be complete-
ly immiscible; otherwise an additional separation pro-
cess is necessary, which increases the cost of the
process.

Simply, the direct contact heat transfer is achieved by
injecting drops or bubbles of one fluid, as a dispersed
phase, directly into another immiscible liquid as a con-
tinuous phase. The temperature of the continuous phase
is higher or lower than the saturation temperature of the
dispersed phase depending on whether evaporation or
condensation of the dispersed phase is desired. The
mechanism of heat transfer in both systems is nearly
identical [2—4], where a two-phase bubble/drop is
formed immediately when the dispersed phase first con-
tacts the continuous phase as it leaves the injection de-
vice. Two distinctive regions within the unique structure
of the mother drop (in case of evaporation) are pro-
duced as the heat transfer process proceeds. These re-
gions are in thermal equilibrium, and are made up of
the vapour and liquid components. Due to the effect of
gravity, the growing vapour phase is concentrated at the
top of the two-phase bubble, while the liquid phase,
which is being depleted, is found at the bottom.

It has been extensively reported [5—11] that the heat
transfer during the evaporation of a drop in direct con-
tact with an immiscible liquid is complex. This is
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because of the wide range of interdependent parameters
such as phase temperatures, velocities, the physical and
thermodynamic properties of the two phases and the
system holdup. In addition, the immobility of the two-
phase bubble wall, the changing shape as the bubble
evolves due to the evaporation and the presence of im-
purities, regardless of which phase they are in, make
this process complicated.

Despite this complexity, reasonable effort has been directed
to the investigation of the evaporation of a drop in an immis-
cible liquid medium. The majority of these studies were the-
oretical, with only a few experimental studies having been
performed. A complete understanding of this complex heat
transfer process remains elusive. As direct contact heat ex-
changers have shown a dramatic increase in utility in recent
years, this necessitates the construction of a more thorough
body of precise experimental data to help in the development
of empirical correlations for use in the design process. Due to
the difficulty of deriving analytical solutions, simulations or
numerical models are also crucial.

Despite the large body of work alluded to above, which has
focussed on the direct contact evaporation of a drop in an
immiscible liquid, very little attention has been paid to the
instantaneous change of the two phase bubble’s size. Such a
parameter is crucial in understanding the fluid mechanical
interaction of the drop with the immiscible medium, and of
course to the mechanisms controlling heat transfer to the bub-
ble. Sideman and Taitel [12] developed an experimental tech-
nique and a theoretical model to study the direct contact evap-
oration of single drops of pentane and butane in warm seawa-
ter and distilled water. Their analytical model was limited to
producing an expression for Nusselt number. Their experi-
mental data were correlated with a wide range of parameters
including the velocity, heat transfer coefficient, total drop
evaporation time and drop size. When considering the growth
of two-phase bubbles, they observed that nucleation and evap-
oration are slower when the drops are smaller. These processes
are also faster in seawater rather than in distilled water.
Sideman and Isenberg [13] studied the basic mechanism of
drop evaporation or bubble collapse (i.e. condensation) in im-
miscible liquid media. They developed an analytical expres-
sion for the change in the size of the drop due to evaporation or
condensation. Both the heat transfer coefficient and the evap-
oration time were also modelled. Mukhtarzahah and Al-
Shirbini [14] developed a numerical model to investigate the
evaporation of a drop in immiscible liquid media. Their model
involved the numerical solution of momentum, continuity and
energy equations for a spherical drop as it moves and evapo-
rates simultaneously in a cylindrical column of, warm, quies-
cent water. The importance of the initial (i) velocity, (ii) tem-
perature and (iii) size of the drop on the evolution of the drop,
as well as its motion and heat transfer characteristics were
tested by the model. Thereafter, Battya et al. [1] solved
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numerically the energy and momentum equations for single
volatile drop evaporation while rising in an immiscible liquid.
Their parametric study involved the diameter ratio of the drop
and the dimensionless velocity. Different operational condi-
tions, such as the initial Reynolds number, Froude number,
Peclet number and Jacob number were tested and good agree-
ment with the experimental data was achieved. Similarly a
numerical study for the diameter ratio of an evaporating drop
has been developed by Wanchoo et al. [15]. The same param-
eters that Battya et al. [1] considered were tested and the
results showed a good agreement with the available experi-
mental data. Mahood [16] modelled analytically the diameter
ratio and the heat transfer coefficient of single drop evaporat-
ing in another immiscible liquid. The model, based on the
solution of the energy equation with a concentric spheres con-
figuration, included heat transfer by both convection and con-
duction from the continuous phase to the drop. The same
effective parameters found by Battya et al. [1] were tested to
assess the accuracy of the model, which showed a good agree-
ment with literature values. Recently, Kulkarni and Ranade
[17] conducted an experimental investigation in to the prob-
lem of a drop evaporating in an immiscible liquid. The exper-
iments were carried out using a two-dimensional transparent
experimental rig. They estimated the dimensions of the two-
phase bubbles, their rise velocity, the distance travelled and
the vapour fraction in the drop. A simple model was devel-
oped to simulate their experimental data.

Further studies have been carried out regarding the
direct contact evaporation of a drop in an immiscible
liquid, but these studies excluded the drop growth due
to evaporation. For instance, [18-21] theoretically stud-
ied the instantaneous velocity and heat transfer coeffi-
cient of a drop evaporating while rising in a stagnant
water column Wanchoo and Raina [22] developed an
analytical model to investigate the instantaneous two-
phase bubble velocity and the drag coefficient of drop
evaporating in a less viscous continuous phase. The
drag coefficient was found to increase with increasing
two-phase bubble velocity.

It is obvious that all previous studies have considered evap-
oration of a drop in a quiescent warm immiscible liquid col-
umn. Therefore, the effect of the continuous phase velocity on
the development of the size history was not considered. A
flowing continuous phase is the most likely situation found
in a practical direct contact heat exchanger, in which there is a
counter-current flow of the contacting phases. To close this
gap, this paper describes the study of a single drop evaporating
in another flowing immiscible liquid. The effect of the tem-
perature driving force, expressed in terms of Jacob number,
and the continuous phase flow rate on the two-phase bubble
size were investigated experimentally using n-pentane and
warm flowing water as the dispersed and continuous phases,
respectively.

2 Experimental setup and procedure
2.1 Experimental apparatus

Figure 1 shows schematically the experimental rig used in the
present research. It consists of three parts: the test section, the
dispersed phase delivery system and the continuous phase de-
livery system. The test section is a cylindrical Perspex tube of
10 cm diameter and 150 cm height. Only 100 cm is used as the
active height of the continuous phase in the column. The tube is
connected to the injection nozzle at the bottom (for the injection
of the dispersed phase) and with the continuous phase inlet tube
at the top. The injection nozzle is made of copper tubing with
0.75 cm internal diameter and about 10 cm in height. The dis-
persed phase fluid, i.e. liquid n-pentane, is supplied to this noz-
zle from a 20 L plastic storage vessel via a peristaltic pump.

Four holes were made in the test section wall at heights of
20 cm, 40 cm, 60 cm and 80 cm to fix four K-type thermo-
couples. These measure temperature to an accuracy of +1%. A
rectangular Perspex jacket of width 20 cm is used to maintain
the temperature of the continuous phase in the test section at a
constant level and to minimize distortion during photography.
Hot water at a constant temperature is circulated through the
jacket for this purpose. The continuous phase, distilled water,
flows from a 500 L plastic storage water tank via a peristaltic
pump, valves, rotameter and plastic connection tubes.

A Photron FASTCAM SA1 high-speed camera (about
65,000 frames per second) and 1/2000 per second shutter,
with movable stand was used to record the evaporation of
the n-pentane droplet. The vertical progress of the drop was
calibrated using a vertical scale.

The experimental procedure started by circulating the con-
tinuous phase through the test section to achieve a uniform
temperature. Simultaneously, hot water at the same tempera-
ture as the continuous phase was circulated throughout the
jacket to maintain temperature control. The maximum temper-
ature difference between the inlet and outlet of the continuous
phase was measured as less than 0.1 °C. Upon stabilisation of
the continuous phase level and temperature, the dispersed
phase (liquid pentane) was pumped via a low flow rate peri-
staltic pump through a plastic tube to a pool type heat ex-
changer, where it was warmed to its saturation temperature
(36 “C). Tt was then injected into the test section as a single
droplet via a single copper nozzle. The growth and rise veloc-
ity of the two-phase drop formed was recorded by the high-
speed camera from the moment of detachment from the nozzle
tip to the end of evaporation.

2.2 Image analysis
The size and position of the two-phase bubble along the test

section were captured from the moment of detachment from
the nozzle until the drop had completely evaporated. These
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Fig. 1 Schematic diagram of the
experimental test rig

Constant
temperature

water bath

Water tank

pictures were transferred for analysis into a PC using the cam-
era software, V.3.21. The following procedure was used to
determine precisely the actual size of the two-phase bubble
evaporating along the column (see Fig. 2a).

For each run, an image of the two-phase bubble at actual
size was imported into AutoCAD. The volume of the two-
phase bubble was then determined by tracing the border of

e e

Fig. 2 a Schematic representation of the image analysis procedure for the
two-phase bubble (run 1). b Configuration of a two-phase bubble
evaporating in an immiscible liquid (a represents the two-phase bubble
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the bubble. By rotating about the vertical axis, a 3-D model of
the bubble was generated. This, of course, assumes that the
bubbles are axisymmetric. The volume of this virtual bubble
could then be straightforwardly generated by the software.
This procedure was repeated for each individual run (drop)
and therefore an accurate history of the volume of the two-
phase bubble was constructed.

radius, U denotes the continuous phase velocity, V,. and V are the radial,
tangential velocity components, 6 is the angle in spherical coordinate and
[ is the opening angle of vapour phase in the two-phase bubble)



Heat Mass Transfer

3 Results and discussion

The effect of the flow rate and temperature driving force on
the evolution of the diameter ratio of the two-phase bubble
was investigated. The experimental measurements revealed
that the shape of the two-phase bubble was similar to that
observed earlier [12]. That is to say, as the evaporation process
proceeded, a distinctive vapour layer accumulated at the top of
the drop/bubble while the liquid drained toward the bottom, as
shown by Fig. 3. The liquid content within the drop can only
be identified by this visual method for a vaporization mass
ratio (i.e. the mass of the vapour phase to the total mass in
the two-phase bubble) of up to 8%. Thereafter, the non-
vaporised liquid occupied only a relatively small proportion
of the volume of the bubble.

A sloshing motion of the liquid inside the two-phase bub-
ble was observed, beginning at a vaporisation ratio of about
0.1%, and increasing gradually until it dissipated at a
vaporisation ratio of about 8%. Of course, as it rose, the shape
of the growing two-phase bubble varied depending on the
mass ratio. It was completely spherical over the first few cen-
timeters of the test section (on average for about the first 5—
8 cm of rise from the nozzle) and then changed to spheroid,
large spheroid and finally to a spherical-cap. No effect of the
continuous phase flow rate on the sequence of shape transition
of the two-phase drop-bubble was observed under the present
experimental conditions, which are summarised in Table 1.

The image processing technique described above was used
to analyse the pictures obtained by the high speed camera. As

Fig. 3 Evaporation process of n-

Table 1 Parameters ranges through the experiments
Parameter value
Initial diameter, D,, 3.3 mm

1.6,5.5and 11.8 °C
10, 20, 30 and 40 L/h

Temperature difference, AT
Flow rate of continuous phase, Q

discussed previously, this innovative technique can accurately
determine the total volume of the two-phase drop or bubble.
Due to the difficulty of identifying precisely the vapour and
liquid interface within the bubble, a simple mass balance of a
constant mass two-phase bubble was used [19] to establish the
vaporisation ratio. Depending on the diameter ratio measured,
(the diameter is taken as diameter of a sphere of equivalent
volume) this mass balance can be used to determine the
vaporisation ratio of the two-phase bubble. The following
formula is used [22]:

x= ((D/Da)3_l>(m_l)l (1)

where x and m represent the vaporisation ratio and the ratio
of liquid to vapour density in the bubble. Thus, the open angle
of the vapour (3), which represents the opening angle of the
vapour phase in the two-phase bubble (see Fig. 2b), can be
predicted using the empirical correlation of [23]:

= N"'-(tan(0.7854VR))®**-yR0:032 (2)

End of evaporation

pentane drops with D, =3.3 mm

= y

81.5%

27.3%

13.45%

0.14%

0.0022%
v
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Where

_ 1.82 o B 2. Par 13 Doﬂag
N= T@C PuVR(papar)) (P:lL + VR(Pdv’Pdv)) 02P<2> (3)
P1 =-0.0079D,—0.1565 4)

VR= ratio of vapour volume to the total volume in the two-
phase bubble

All other variables are listed in the nomenclature.

The variation of diameter ratio of the growing two-
phase bubble with dimensionless time is shown in
Fig. 4 for three different Ja (the ratio of sensible heat
to latent heat absorbed during the drop evaporation in
an immiscible liquid (Ja = p.C,(T. — T3)/ pavhy)) and four
different continuous phase Reynolds number (4Q0.p./
wd.p.). It is clear that the diameter ratio increases with
time for all cases under study. Although, the final di-
ameter ratio of the two-phase bubble has the same value
for different Ja, the time required for complete evapo-
ration does not. Obviously, the higher the average Ja,
the less time is required for evaporation due to the
increased driving force for heat transfer. In general,
the final two-phase bubble diameter ratio was found to
have approximately the same value for all experiments
performed, (about 6). This is in agreement with others
[1], who stated that the final diameter ratio of a drop
which has evaporated in direct contact with an immis-
cible liquid depends only on the density ratio of the
vapour and liquid of the evaporating fluid, i.e.:

D _ <%> 1/3 (5)
DO Pay

Eq. (5), for the n-pentane used in these experiments,
predicts the final diameter ratio of the bubble at the end
of evaporation is 6.03, which is consistent with the
measured value.

In addition, Fig. 4 illustrates the effect of the contin-
uous phase Reynolds number on the temporal develop-
ment of the diameter ratio of the two-phase bubble at
constant Ja. It is clearly that the continuous phase Re
has a substantial effect on the time needed for complete
evaporation of the drop. It is once again clear that there
is no effect of Re on the final diameter ratio of the
bubble. It can be seen that the higher the continuous
phase Re, the shorter the time required for complete
evaporation. This could be due to the high relative ve-
locity produces by the countercurrent flowing continu-
ous phase. The high relative velocity, however, in-
creases the heat transfer coefficient of evaporating two-
phase bubble in the column consequently enhances the
direct contact heat transfer process. In addition, the
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flowing continuous phase tends to result in a uniform
temperature due to enhanced mixing. The effect of the
continuous phase Re being more pronounced at higher
Ja. Where, the higher the Ja, the higher the effect of
continuous phase Re.

Practically, the heat transfer is significantly affected
by the change of phase in the two-phase bubble.
Thus, information about the vaporisation ratio in the
two-phase bubble represents the key factor for accu-
rate prediction of heat transfer during the evaporation
process. As the evaporation progresses, the vapour
content confined to the drop will increase on account
of the evaporating liquid content. Thus, the liquid-
liquid contact area which is responsible for the major-
ity of the heat exchange between the warm continuous
phase and the two-phase bubble will decrease. When
combined with the poor thermal conductivity of the
vapour phase, the heat transfer rate to the evaporating
drop tends to reduce. Furthermore, it is generally as-
sumed in the literature that there is a spherical shape
for both the vapour and liquid sections in the mother
bubble. This assumption is seriously flawed due to
the significant distortion of the spherical shape over
the course of evaporation. Nonetheless, the spherical
shape can be represented by a narrow range of
vaporisation ratios (less than 0.2%). Therefore, one
can be concluded that both assumptions above would
involve inevitable error. Hence, accurate measure-
ments of the evaporation ratio (x) should provide an
accurate basis for design.

As mentioned above, the image processing technique
employed herein to measure the size of the two-phase
bubble is unable to measure the evaporation ratio in
the two-phase bubble directly with sufficient accuracy.
However, a mass balance technique does provide an
acceptable alternative. From the principle of conserva-
tion of mass, the vaporisation ratio (x) is directly re-
lated to the two-phase bubble diameter ratio, as shown
by Eq. (1).. These calculated values are show in
Fig. 5, which represents the variation of the
vaporisation ratio with time at a specific Ja and four
different continuous phase Re.

Clearly, the variation of the continuous phase Re
was not observed to influence the completion of
vaporisation. The only impact is upon the time re-
quired for complete vaporisation. These observations
might be justified by that the increase of Ja improves
the direct contact heat transfer between the contacting
two phases, as discussed above (Fig. 4). Consequently,
the amounts of vapour produced due to the convective
evaporation will accordingly rise during a shorter time.
This is same for the continuous phase Re, since the
direct contact heat transfer enhances by increasing the
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Fig. 4 The variation of the drop/bubble dimensionless diameter with dimensionless time at three different average Jacob numbers (Ja) and continuous
phase Reynolds number (Re): a) Re =3250 b) Re =6500 c) Re = 9700 d) Re = 13,000

continuous phase Re, as discussed above. Again, and
unsurprisingly, the effect of the continuous phase Re
becomes more obvious with increasing the Ja.

From the results above, it is apparent that the contin-
uous phase Re and Ja have impacted the time, and
hence total height required to complete the droplet
evaporation. Practically, the height required for

evaporation represents the most crucial factor in deter-
mining the cost of the direct contact heat exchanger [24,
25]. It was found by Bagqir et al., [25] that the total
height of a real direct contact heat exchanger is de-
creased by increasing of the flow rate of the continuous
phase. The same behaviour is evident in Fig. 6 for the
single two-phase bubble evaporating in this work. Both
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Fig.5 Effect of continuous phase flow rate on the vapour content in the drop/bubble for four different continuous phase flow rates and a)

Ja=6.1b) Ja=23 c) Ja=463

Ja and the continuous phase Re significantly influenced
the total height for complete evaporation of the droplet.
Higher Ja again means that there is a higher tempera-
ture difference between the contacting phases, and thus
there is a more rapid evaporation of the liquid within
the droplet. As a result, the evaporation is completed
closer to the injection nozzle.
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With respect to the structure of the two-phase bubble, it
should be recalled that the vapour concentrates at the top of
the bubble and liquid (unevaporated fluid) settles at the bot-
tom under the influence of gravity. The geometry of this split
can be summarised with the open angle () of vapour, which
evolves as the evaporation progresses, varying from zero to
27. Due to the rapid oscillations in the shape of the two-phase
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bubble, the direct measurement of the open angle is challeng-
ing and involves a significant error [10]. Therefore, an indirect
method has been implemented here to estimate the values of
the open angle (). This method was described by [23], who
measured and correlated the surface areas and the open angle
of vapour for a two-phase bubble evaporating in an immisci-
ble liquid.

Figure 7 shows the variation of the open angle of
vapour with time for four continuous phase Re and
three different Ja. In all cases, () increases from its
lowest value (4=0) where is no contact between the
dispersed drop with the continuous phase towards the
maximum value at the end of evaporation process (G~
6 rad). The behaviour of ((3) is identical for all Ja and
continuous phase Re. One can also distinguish three
distinctive regions of () for all cases: (i) the convective
evaporation zone, (ii) the steady slow evaporation zone
and (iii) the fast convective evaporation zone. In the
first zone, the open angle of vapour rises suddenly from
zero to an angle value nearly equal to 3 ~ 1 rad. This
represents the intensive convective evaporation of the
drop. At this stage, the temperature difference between
the contacting fluids is a maximum therefore a high
heat exchange rate is take place. This is in agreement
with the observation [26, 27] for the direct contact con-
densation of two-phase bubbles in a countercurrent con-
denser. Furthermore, the injection of the drops at their
saturation temperature could result in a sudden evapora-
tion once they first contact the warm continuous phase.

Through the second zone, the two-phase bubble is
growing with time, as does the heat transfer resistance
due to the increasing vapour fraction and reduced the
liquid-liquid interface. Consequently, the rate of heat
exchange is slowed. The temperature difference between

the evaporating drop and the continuous phase is re-
duced since the drop has warmed up. The evaporation
process and hence the open angle of vapour increase
steadily. This region encompasses almost all of the
evaporation process, which is consistent with [26] ob-
servation for condensation. If the efficiency of the evap-
oration process is to be improved therefore, it is this
region that should receive the bulk of the attention.
Interestingly, this zone ends for virtually all of the cases
considered at the same value 3 ~ 2 rad. The evaporation
is completed in a final zone, where a fast convective
evaporation process can be seen. In this zone, the
two-phase bubble rapidly evaporates and the open angle
of vapour increases sharply to its final value. At this
point of the evaporation, the surface area of the two-
phase bubble has increased dramatically due to the high
vapour content. Thus, the shape of the two-phase bub-
ble begins changing and the sloshing phenomenon ob-
served in the liquid layer, which greatly enhances
mixing and hence heat transfer, can be seen to occur
more dramatically. Furthermore, at this stage the proba-
bility of collisions amongst the large two-phase bubbles
is increased and hence the splitting of the two-phase
bubbles into small liquid drops and vapour bubbles
could occur to a more significant degree. This helps to
increase the direct contact between the warm continuous
phase and the unevaporated drops and hence increases
the evaporation rate in the drops.

Fig. 7 also shows as the effect of Ja on the open
angle of vapour at invariant continuous phase Re. It is
obvious that Ja has positively affected (3). The higher
the Ja, the faster the evaporation process is.
Consequently, () will reach it is maximum value at
shorter time.
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Fig.7 The variation of the open angle with time at three different average Jacobs number (Ja) and four continuous phase Re: a) 3250 b)

6500 ¢) 9700 d) 13,000

4 Conclusions

An experimental study which measured the changing
size of a single two-phase bubble (n-pentane) evaporat-
ing in a warm flowing immiscible liquid (water) has
been carried out. A Photron FASTCAM high-speed
camera, with software version V3.31.2, coupled with
AutoCAD for post-processing the camera images were

@ Springer

used. The effect of the continuous phase Re on the
growth rate of the two-phase bubble was investigated,
this is in contrast to previous studies hat studied the
growth of a two-phase bubble in a stagnant liquid. A
novel image processing technique was applied to fit
calculate the size of the evaporating two-phase bubble.
From the reported experimental results, the following
conclusions can be drawn:
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Similarly to a drop evaporating in a stagnant liquid, a drop
which evaporates in a flowing immiscible medium starts
as a spherical drop and then becomes a spheroid, a large
spheroid, a spheroid- spherical cap and ends as a
spherical-cap bubble.

Sloshing can be seen in a manner similar to that which
appears in a stagnant system. It was found that the
sloshing of liquid within the two-phase bubble being af-
fected significantly up to 8% of mass ratio.

The continuous Re was found to have a significant impact
on the two-phase bubble growth. This was more pro-
nounced with increasing Ja.

Similarly, the continuous phase Re affected the
vaporisation ratio as well as the open angle of vapour.
This impact again was more obvious with increase in Ja.
The continuous phase Re was found to have a consider-
able effect on the total height required to complete the
evaporation of the drop. This finding shows there is prom-
ising potential to reduce the cost of a three-phase direct
contact heat exchanger by reducing the size.

The AutoCAD assistance image processing technique
seems to produce an accurate measuring for the volume
of the growing two-phase bubble in an immiscible
flowing liquid. And the AutoCAD processing can be per-
fectly suggested to exploit in such system and even for
another isothermal system.
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