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The average volumetric heat transfer coefficient in a spray column liquid–liquid–vapour direct contact
evaporator has been experimentally investigated. The experiments were carried out utilising a cylindrical
Perspex tube of diameter 10 cm and height and 150 cm. Saturated liquid n-pentane and warm water at
45 �C were used as the dispersed and continuous phases, respectively. Three different dispersed flow
rates (10, 15 and 20 L/h) and four different continuous phase flow rates (10, 20, 30 and 40 L/h) were used
in the study. The effect of different parameters, such as the initial drop size, continuous and dispersed
phase flow rates and sparger configuration, on the average volumetric heat transfer coefficient in the
evaporator was studied. The results showed that the average volumetric heat transfer coefficient was
reduced as the initial drop size increased. Also, both the continuous phase and the dispersed phase flow
rates have a significant positive impact on the average volumetric heat transfer coefficient.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The efficient design of an energy conversion system requires the
extraction of the maximum thermodynamic potential of the
energy source. This process is carried out by the heat exchanger,
where the thermal energy transfers between two different fluid
streams. Heat exchangers can be split into two main types: surface
types, such as the shell and tube heat exchanger and direct contact
heat exchangers, for example, the spray column.

In surface type exchangers, the two fluid streams (hot and cold),
are completely separated by a solid barrier through which heat is
transferred. Therefore, the ability of this type of exchanger to
extract the thermodynamic potential energy is constrained by
the heat transfer resistance of the surface. This surface is also
exposed to fouling, corrosion and thermal stresses, especially when
the exchanger operates over a large temperature range. Practically,
such problems are alleviated by different technologies, e.g. using a
chemical as a corrosion inhibitor, which raises the operational cost,
or the use of more expensive materials of construction, which
raises the capital cost. This, of course, hinders the applicability of
surface type heat exchangers in low-temperature processes. The
capital cost of a traditional surface type exchanger is also high
due to the large surface area required to overcome the low heat
transfer rate or heat transfer coefficient. The operational cost is
high mainly due to the expense of continuous maintenance, fouling
and corrosion. These problems and others could be solved by using
the second type of heat exchanger i.e. the direct contact heat
exchanger. These exchangers bring the fluid streams into direct
physical contact and therefore eliminate the need for physical
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Nomenclature

A cross-sectional area of column, m2

Cpc specific heat of continuous phase, kJ/kg �C
hfg latent heat of condensation, kJ/kg
_md dispersed phase mass flow rate, kg/min
_mc continuous phase mass flow rate, kg/min
_mv dispersed (vapour) mass flow rate, kg/min
Q heat transfer rate, kW
T temperature, �C
DTlm log-mean temperature difference, �C

U velocity of continuous phase, m/s
DZ sub-height along column, m

Subscripts
c continuous phase
d dispersed phase
i initial, or location
o outlet
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barriers. This elimination means that a direct contact heat exchan-
ger has many advantages over the surface type heat exchanger. In
practice, it has a very high heat transfer coefficient, especially
when it utilises a phase change. Also, there is much less corrosion
and fouling and it can be operated with a very low-temperature
difference [1]. Therefore, it can be used in different industrial appli-
cations, such as water desalination, solar energy applications and
power production from low-grade energy resources such as
geothermal energy, where surface type heat exchangers are ren-
dered uneconomic [2]. Nevertheless, the direct contact heat
exchanger has several obstacles to implementation. The most
important are: the two fluid streams must be immiscible to avoid
intimate mixing between them, which could be extremely expen-
sive if later purification of the contaminated stream is necessary.
Secondly, the two streams must be at the same pressure, which
is not a requirement of surface type exchangers.

Only limited attention has been paid to understanding the
effective parameters which control the performance of the liqui
d–liquid–vapour direct contact evaporator. Most of these studies
are theoretical, and they concentrate on the temperature distribu-
tion along the evaporator and the volumetric heat transfer coeffi-
cient. Bauerle and Ahlert [3] studied the volumetric heat transfer
coefficient and the holdup ratio of an evaporative spray column
direct contact heat exchanger, experimentally. They observed a lin-
ear relationship between the volumetric heat transfer coefficient
and hold-up ratio, up to a holdup 60%. Beyond this value, the vol-
umetric heat transfer coefficient increased rapidly towards the
flooding point and then decreased. The same trend in the variation
of volumetric heat transfer coefficient with the column holdup
ratio was also found experimentally and correlated by Plass et al.
[4]. They concluded that their correlations are an accurate predic-
tion of the volumetric heat transfer coefficient of the direct contact
spray column heat exchanger, and they could be used successfully
for design or sizing.

Many investigators have pointed out that the volumetric heat
transfer coefficient, the holdup ratio and the heat transfer rate
are affected strongly by the dispersed phase flow rate, while the
continuous phase has no significant impact (e.g., [5–9]). An inverse
effect of the initial drop diameter on the average volumetric heat
transfer coefficient was observed experimentally by Sideman
et al. [10].

Siqueiros and Bonilla [6] illustrated promising results when
they studied the inlet and the outlet temperatures of both the dis-
persed (pentane) and the continuous phases (water) during the
direct contact evaporation process. They observed that when the
initial temperature (inlet temperature) of the continuous phase
ranged between 75 and 88 �C and the inlet temperature of the dis-
persed phase between 23 and 38 �C, the continuous phase outlet
temperature was between 70 and 84 �C and the dispersed phase
outlet temperature between 72 and 85 �C. Battya et al. [11] numer-
ically studied the temperature distribution of both the continuous
and the dispersed phases along the direct contact evaporator. A
general numerical solution was carried out by Core and Mulligan
[12], Summers and Crowe [13] and Brickman and Boehm [14].
They investigated the temperature distribution along the height
of a direct contact spray column evaporator. Brickman and Boehm
[14] concentrated on the possibility of maximising the three-
phase, direct contact heat exchanger output by solving the one-
dimensional, continuity, momentum and energy equations using
a Runge–Kutta technique. Birkman and Boehm’s [14] results
revealed that the optimal performance is achieved when the dis-
persed phase is injected at its saturation temperature. Similarly,
Coban and Boehm [15] and Jacobs and Golafshani [16] predicted
the temperature distribution of the dispersed and the continuous
phase along the column height. Tadrist et al. [17] developed a
numerical solution including the coalescence of the evaporating
drops and carried out experimental measurements of the temper-
ature distribution and holdup ratio in the liquid–liquid–vapour
direct contact spray column evaporator.

Analytical models describing a liquid–liquid–vapour heat
exchanger are very rare because of the many complex interacting
phenomena. In this context, and based on an expression for the
heat transfer coefficient for a single drop evaporating in an immis-
cible liquid developed previously [18], an analytical solution for
the local and the average heat transfer coefficient for multiple
drops evaporating in a spray column direct contact heat exchanger
was developed by Mori [19]. Recently, Mahood et al. [20] have
derived analytically the temperature distribution of both continu-
ous and dispersed phases along a three-phase direct contact evap-
orator. Most recently, Wang et al. [9] accurately measured the
interface temperature of the continuous phase, and accordingly
they calculated the heat transfer coefficient of n-pentane drops
evaporating in direct contact with hot water. The temperature
driving force for evaporation was accordingly the difference
between the interface temperature and the drop saturation tem-
perature. They concluded that the value of the heat transfer coeffi-
cient calculated based on the interface temperature was
significantly greater than that calculated using the continuous
phase temperature. Jiang et al. [21] observed that the effective
height of the direct contact evaporator is reduced by up to 25%
when using packing material, under temperature differences less
than 8 �C. Also, a significant increase in the associated volumetric
heat transfer coefficient was recorded.

Finally, Mahood et al. [1,2,23–25] have investigated the heat
transfer characteristics of the vapour–liquid–liquid direct contact
condenser both experimentally and theoretically. In general, the
mass flow rate ratio was noted to have a significant impact on
the direct contact heat transfer process with no considerable effect
from the initial temperature of the dispersed phase. An increase in
the temperature (both transient and steady state) of the continu-
ous phase with height was observed experimentally and predicted
analytically [2,22]. Also, the volumetric heat transfer coefficient
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during transient and steady state condenser operation was mea-
sured [23,24]. The thermal efficiency of the condenser and accord-
ingly the condenser cost were also evaluated and compared with
the shell and tube condenser [1]. A relatively high efficiency with
a low mass flow rate ratio and a significantly lower cost were
noted. Furthermore, the flow limitation due to flooding and the
associated volumetric heat transfer coefficient of the three-phase
direct condenser were evaluated experimentally [25].

In the present study, measurement of the average volumetric
heat transfer coefficient within the liquid–liquid–vapour direct
contact evaporator was carried out. The effects of the continuous
phase mass flow rate, the dispersed phase mass flow rate, the spar-
ger configuration and the initial drop diameter on the volumetric
heat transfer coefficient were examined.

2. Experimental setup and procedure

Fig. 1a shows the experimental rig used in the present study. It
consists of three main parts: the test section (direct contact evap-
orator), the continuous phase supply system and the dispersed
phase supply system. The test section is a 150 cm long Perspex
tube with a 10 cm internal diameter. Twenty holes were made
along the column, which were used to fix 20 calibrated K-type
thermocouples (inaccuracy ±1 �C). The distance between each
thermocouple is 7.5 cm. The test section is connected to the dis-
persed phase supply at the bottom via a sparger. The continuous
phase inlet tube is at the top of the test section. Three different
sparger configurations, with the same nozzle diameter (7 nozzles,
19 nozzles and 36 nozzles) were implemented throughout the
experiments (see Fig. 1b).

The continuous phase supply system is comprised of a large
constant temperature water bath with a controller, water pump,
pipes, fittings and valves. The water bath capacity is 500 L, and it
is heated by three electric heaters (3 kW each). A pressure safety
valve (set to 1.5 bar) is used to control the pressure in the water
bath. Distilled water was used as a continuous phase fluid. It is
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Fig. 1a. Schematic diagram
supplied from a large storage tank (5 m3) via copper tubing and
heated using a 10 mm outer diameter 2.5 m long copper coil,
which is completely immersed in the constant temperature water
bath. The coil is connected to a 4.8 mm inside diameter, and
1.6 mm bore silicone tube that is used to pump the hot water via
a peristaltic pump (30 L/h maximum flow rate) to the test section.
The water flow rate was measured before entering the test section
using a rotameter (±1.5% inaccuracy).

The dispersed phase supply system consists of a plastic 20 L
capacity storage tank, peristaltic pump, pipes, fittings and valves.
Liquid n-pentane was used as a dispersed phase because it exhibits
a high net cycle efficiency, very low fluid losses and relatively low
turbine costs.

Its properties appear in Table 1. The mass flow rate of the dis-
persed phase (n-pentane) and its temperature are measured using
a rotameter and a calibrated thermocouple just before injection
into the test section.

Twenty calibrated K-type thermocouples are used to measure
the temperature distribution along the test section, including the
inlet and outlet of both phases. These thermocouples are con-
nected to a digital data logger and PC. Also, a surface coil type con-
denser is used to condense the dispersed phase vapour produced at
the top of the test section.

The experiments began with the preparation of the continuous
phase by heating the water to the desired temperature using the
water bath. It was then injected directly into the test section from
the top. Its temperature and flow rate were measured. The hot
water was circulated throughout the test section to maintain a
constant temperature in the test section. The dispersed (n-
pentane liquid) phase was then injected by the peristaltic pump
into the bottom of the test section via the sparger. The temperature
and flow rate of the dispersed phase were measured.

Dispersed liquid pentane drops were formed at the sparger.
These drops rose in the column due to the buoyancy force. There-
after, a direct counter-current contact between the dispersed
phase and the continuous phase took place along the column.
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Fig. 1b. Sparger configurations, (a) 7 holes, (b) 19 nozzles and (c) 36 nozzles.

Table 1
The physical properties of n-pentane at 1 bar and saturation temperature.

Property Values

Saturation temperature (�C) 36.0
Molar mass (kg/kmol) 72.15
Thermal diffusivity (m2/s) 7.953 � 10�8

Specific heat of liquid (kJ/kg K) 2.363
Specific heat of vapour (kJ/kg K) 1.66
Thermal conductivity of liquid (W/m K) 0.1136
Thermal conductivity of vapour (W/m K) 0.015
Kinematic viscosity (m2/s) 2.87 � 10�7

Viscosity (kg/m s) 1.735 � 10�4

Latent heat of vaporisation (kJ/kg) 359.1
Density of liquid (kg/m3) 621
Density of vapour (kg/m3) 2.89
Surface tension (N/m) 0.01432
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Due to the temperature difference between the two phases, the
dispersed drops absorbed the heat from the continuous phase
and evaporated as they moved up the column. The temperatures
of the continuous phase along the column height were measured
and directly displayed on the PC. Two-phase bubbles were
observed along almost the entire height of the column, which is
consistent with e.g. [14,26]. The pentane evaporated completely
before the bubbles reached the top surface of the water; the sec-
tion of the column over which the phase change occurred is termed
the active height. After the pentane was evaporated, there
remained a driving force for heat transfer to the bubbles, and so
the vapour collected at the top of the column was in fact slightly
superheated. The superheated vapour was collected and con-
densed using a surface type condenser and returned to the liquid
pentane storage tank. The operational conditions of the experi-
ments can be seen in Table 2.
3. Results and discussion

To calculate the average volumetric heat transfer coefficient in
the three-phase direct contact heat exchanger, the column height
was divided into seven equal sub-volumes. An energy balance over
each individual sub-volume was performed based on the following
assumptions:
Table 2
Conditions of experimental operations.

Inlet water
temperature

Inlet dispersed
temperature

Pressure at
top of pipe

Water
volume flow
rate

n-pentane
volume flow
rare

45 �C 36 �C 1 atm 10–40 L/h 10–20 L/h
– Latent heat is dominant during the process; therefore, the effect
of sensible heat can be neglected.

– The dispersed phase (liquid pentane drops) enters the heat
exchanger at its saturation temperature, which is constant
along the direct contact heat transfer process (i.e. the effect of
hydrostatic pressure variation is ignored).

– No heat losses from the direct contact heat exchanger to the
environment.

– The continuous and dispersed phase flow rates are constant
because there is no mixing between them throughout the col-
umn height. Also, there is a constant hold-up along the exchan-
ger [16].

Using the first assumption above, the energy balance over a
sub-volume of the liquid–liquid–vapour heat exchanger can be
written as [27]:

Qi ¼ _mcCpcðTco � TciÞi ¼ _mdihfg ð1Þ
where Tci and Tco represent the temperature of the continuous phase
as it enters and leaves the sub-volume, respectively.

The volumetric heat transfer coefficient is obtained as:

Uvi ¼ Qi

ADZiðDTlmÞi
ð2Þ

where ðDTlmÞi, Qi, A, _mc; _mdi and DZi denote the log-mean tempera-
ture difference for each sub-volume, the total heat transfer rate for
each sub-volume, the direct contact condenser cross-sectional area,
the continuous phase mass flow rate, the dispersed mass flow rate
that condenses in the sub-volume and the height of a sub-volume,
respectively.

To avoid the uncertainty in the temperatures that arises due to
backmixing and non-linear drop size and distribution in the col-
umn, the log-mean temperature difference is used, as:

DTlm ¼ ðTci � TcoÞ
ln Tci�Td

Tco�Td

� � ð3Þ

Combining Eqs. (1)–(3) yields the volumetric heat transfer
coefficient:

Uvi ¼
_mcCpc

A � DZi
ln

ðTco � TdÞi þ _mdi
_mc

� �
hfg
Cpc

ðTco � TdÞi

2
4

3
5 ð4Þ

where Cpc, Td, Tco and hfg denote specific heat of the continuous
phase, the temperature of the continuous phase at each individual
sub-volume outlet, the temperature of the dispersed phase at each
individual inlet sub-volume (saturation temperature) and the latent
heat of condensation, respectively.

The amount of dispersed phase mass flow rate evaporated in
each sub-volume can be calculated as:
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_mdi ¼ Qi

hfg
ð5Þ

Different effective parameters such as the initial drop size, the
continuous phase mass flow rate, the dispersed phase flow rate,
the hold-up and the continuous active height on the average volu-
metric heat transfer coefficient have been studied experimentally.
The effects of these parameters are discussed, in turn, below.
3.1. Effect of initial drop size and sparger configuration

It was noted earlier that the volumetric heat transfer coefficient
in a spray column direct contact evaporator is inversely affected by
the initial diameter of the drops of the dispersed phase [10]. How-
ever, few experimental data [10] and limited theoretical evidence
[14–16] describing this relationship are available.

Fig. 2 shows the variation of the average volumetric heat trans-
fer coefficient with initial drop diameter for different continuous
phase volumetric flow rates and three different sparger configura-
tions. Experimentally, the average initial drop size was measured
using FastCam SA1.1 Ultra High-Speed Video camera (up to
65,000 fps).

In general, the average volumetric heat transfer coefficient
decreases with an increase in initial drop diameter, which agrees
with previous theoretical findings [e.g. 5,16,19] and experimental
data [10]. Clearly, when the initial drop diameter is small, for a
given flow rate, the total interfacial heat transfer area will be large,
and consequently more heat transfer between the two phases will
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Fig. 2. Variation of the average volumetric heat transfer coefficient with average initial d
sparger configurations.
take place. Also, the probability of coalescence of the small bubbles
is low in comparison with large drops. Coalescence tends to reduce
the active interfacial heat transfer area, which is reflected in the
average volumetric heat transfer coefficient of the evaporator [21].

Simultaneously, the figures clearly illustrate a rise in the aver-
age volumetric heat transfer coefficient, over the entire range of
drop size considered, as the continuous phase flow rate is
increased. The higher continuous phase flow rate increases the
energy source in the evaporator, and hence enhances the heat
transfer. This is primarily as a result of maintaining a large temper-
ature driving force for heat transfer. The energy removal from the
continuous phase results in a small temperature decrease when
the flow rate is high. It is also conceivable that the higher continu-
ous phase flow rate might result in a smaller drop rise velocity due
to the large drag force on the drops as they move along the column.
In addition, the figure reveals there is no effect of the continuous
phase flow rate on the average initial drop size.

Sparger configuration is another factor that could affect the heat
transfer performance of the direct contact heat exchanger. It is
responsible for the initial size and distribution of the drops, which
affect the heat exchange process in the heat exchanger, as shown
above.

Three different sparger configurations, with the same nozzle
diameter were studied; 7, 19 and 36 nozzles (see Fig. 1b), have
been tested through the experiments. Fig. 3 illustrates the variation
of the average of the volumetric heat transfer coefficient with the
sparger configuration for four different continuous phase flow
rates. Surprisingly, the results revealed that for a constant dis-
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persed phase flow rate, there was only a very slight effect of the
sparger configuration on the average volumetric heat transfer coef-
ficient. As shown by Fig. 2, a smaller the drop size results in a
higher volumetric heat transfer coefficient. For a constant nozzle
diameter, smaller drops will be produced with a lower number
of nozzles because of the high dispersed phase velocity at the noz-
zles, which reduces the drop formation time. In addition, a smaller
number of drops is associated with a smaller interfacial heat trans-
fer area. These two effects could be balanced in the present exper-
iments, which are results in a small effect of sparger configuration
on the average heat transfer coefficient.
3.2. Effect of continuous flow rate

It was shown above (see Fig. 2) that the continuous phase flow
rate significantly affected the average volumetric heat transfer
coefficient by altering the initial drop size. The dependency of
the average volumetric heat transfer coefficient on the continuous
flow rate at three different dispersed flow rates is shown by Fig. 4.
From the figures, it is obvious that the average volumetric heat
transfer coefficient increases with an increase of the continuous
phase flow rate. As justified above, the high continuous phase flow
rate means abundant energy is available in the evaporator. With
the assumption of no heat loss from the evaporator, the law of con-
servation of energy implies a high heat transfer rate between the
two phases in the evaporator.

In addition, the figure reveals the dependency of the average
volumetric heat transfer coefficient on the dispersed phase flow
rate. It is obvious that the average heat transfer coefficient
increases upon an increase of the dispersed phase flow rate. Also,
and as mentioned above, the higher dispersed phase flow rate pro-
duces a smaller drop size by affecting the velocity at the sparger.
This will lead to increase the heat transfer area and consequently
increase the direct contact heat transfer. Furthermore, it is clear
[e.g. 27] that the direct contact evaporation in the three-phase
spray column heat exchanger exclusively relies on the area of liq-
uid–liquid interface. This area decreases as evaporation progresses
and it would reach its minimum value (zero) when the drops have
completely evaporated. The internal heat transfer resistance also
develops within the drops due to the poor thermal conductivity
of the vapour formed. Therefore, the heat exchange rate, and sim-
ilarly the average volumetric heat transfer coefficient, decreases as
evaporation continues and it could be entirely hindered at the end
of drop’s evaporation.

Fig. 5 shows the effect of the sparger configuration on the aver-
age volumetric heat transfer coefficient at three different dispersed
phase flow rates. In general, the average volumetric heat transfer
coefficient is very slightly decreased by an increase in the number
of nozzles in the sparger. This is in agreement with previous obser-
vations presented in Fig. 3.

At the same dispersed phase flow rate and nozzle diameter, the
larger number of nozzles in the sparger could result in a reduction
in the injection velocity of the dispersed phase. Consequently, large
drops will be produced due to the large formation time that is ini-
tiated by lower pressure drop across the sparger. Fig. 5 reveals the
very slight decline in the average volumetric heat transfer coeffi-
cient with an increase in the number of nozzles in the sparger that
was not clearly shown in Fig. 3.
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3.3. Effect of hold-up

Hold-up was calculated depending on the continuous phase
height in the exchanger before and after the dispersed phase was
injected, using the simple expression:
/ ¼ L� Lo
Lo

ð6Þ
where L and Lo represent the continuous phase height in the
exchanger before and after dispersed phase injected.
It was observed that the hold-up is mainly dependent on the
dispersed phase flow rate that causes the change in the continuous
phase level in the exchanger [3]. Fig. 6a shows the variation of
hold-up with dispersed phase flow rate for three different sparger
configurations. An approximately linear relationship between the
hold-up and the dispersed phase is obvious, as shown in Fig. 6a.
This is consistent across all three configurations considered herein.

Furthermore, the relationship between hold-up and the average
volumetric heat transfer coefficient is shown by Fig. 6b, for three
different sparger configurations. It is obvious that the higher the
hold-up, the higher the average volumetric heat transfer coeffi-
cient. This could be due to the fact that the high hold-up means
abundant dispersed phase in the exchanger, which enhances the
direct contact heat transfer in the exchanger according to the sim-
ple energy balance, and as justified above. Again, a very slight
effect of sparger configuration on the average volumetric heat
transfer coefficient is noted.
3.4. Effect of active height

A direct contact heat exchanger can be operated at different
active heights. This height significantly affects the exchanger’s cost
[1]. Put simply, the active height represents the minimum contin-
uous height that can be used to achieve complete evaporation of
the dispersed phase drops. Many parameters, such as the initial
drop size, the dispersed phase flow rate, the continuous phase flow
rate and exchanger diameter can directly affect the active height.

Fig. 7 shows the variation of the average volumetric heat coef-
ficient with the active height of the direct contact heat exchanger,
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for three different sparger configurations. Interestingly, the figure
shows that the active height affects the average volumetric heat
transfer coefficient. The lower the exchanger active height, the
higher is the average volumetric heat transfer coefficient. This
could be explained by the fact that the long active height is associ-
ated with a slow heat exchange between the contacting fluids
hence a reduced average volumetric heat transfer coefficient. No
notable impact of the sparger configuration on the average volu-
metric heat transfer coefficient is clearly shown by the figure,
which confirms the previous observation above (see Fig. 3).
4. Conclusions

The average volumetric heat transfer coefficient of a liquid–liq
uid–vapour direct contact evaporator has been studied experimen-
tally. The impact of different operational parameters, such as the
initial drop size, the dispersed phase flow rate, the continuous
phase flow rate, the sparger configuration, the hold-up and the
exchanger active height on the average volumetric heat transfer
coefficient in the evaporator were investigated. According to the
results, it can be concluded that a high heat exchange was
achieved, especially at the beginning of the direct contact heat
transfer process. The heat transfer process was strongly affected
by the initial drop size and the progress of evaporation of the
drops. The smaller the initial drops size, the higher was the
volumetric heat transfer coefficient. The progress of evaporation
tends to reduce the liquid–liquid interface within the drop, which
controls the heat transfer area, and increases the drops internal
heat transfer resistance. Also, both dispersed phase and continuous
phase flow rates have positive effects on the average volumetric
heat transfer coefficient. No notable impact of the sparger
configuration on the average heat transfer coefficient was seen.
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In addition, the hold-up is linearly increased with the dispersed
phase and it similarly affected the average volumetric heat transfer
coefficient.
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