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Energy recovery from low-grade energy resources requires an efficient thermal conversion system to be
economically viable. The use of a liquid-liquid-vapour direct contact heat exchanger in such processes
could be suitable due to their high thermal efficiency and low cost in comparison to a surface type heat
exchanger.
In this paper, the local volumetric heat transfer coefficient (Uv) and the active height (Hv) of a spray col-

umn three-phase direct contact heat exchanger (evaporator) have been investigated experimentally. The
heat exchanger comprised a cylindrical Perspex tube of 100 cm height and 10 cm diameter. Liquid pen-
tane at its saturation temperature and warm water at 45 �C were used as the dispersed phase and the
continuous phase respectively. Three different dispersed phase flow rates (10, 15 and 20 L/h) and four
different continuous phase flow rates (10, 20, 30 and 40 L/h) were used throughout the experiments.
In addition, three different sparger configurations (7, 19 and 36 nozzles) with two different nozzle diam-
eters (1 and 1.25 mm) were tested. The results showed that the local volumetric heat transfer coefficient
(Uv) along the column decreases with height. An increase in both the continuous and dispersed phase
flow rates had a positive effect on Uv, while an increase in the number of nozzles in the sparger caused
Uv to decrease. The active height was significantly affected by the dispersed and continuous phase flow
rates, the sparger configuration and the temperature driving force in terms of the Jacob number.

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

Population growth and the continuing deployment and devel-
opment of technology around the word require augmentation of
energy supplies. Currently, fossil fuels provide about 80% of the
gross energy needed. Only 11% of the total energy required is gen-
erated from renewable energy resources [1]. Therefore, many envi-
ronmental problems, such as air pollution and global warming may
continue to accelerate. Such problems necessitate novel solutions.
Accordingly, heat recovery processes, especially those that exploit
industrial and interfacial low-grade energy resources, have
received an increasing amount of attention. There are, however,
many obstacles still hindering the development of these processes.
In particular, the low thermal efficiency of the equipment used,
and specifically the heat exchanger, must be overcome. The high
capital cost of the heat exchanger can also significantly affect the
feasibility of the heat recovery plant. The low heat exchanger
efficiency is principally due to the presence of metallic barriers
that separate the hot and cold fluid streams. These surfaces impose
an additional, potentially large, heat transfer resistance and are
prone to corrosion and fouling. Consequently, the heat transfer
efficiency of the heat exchanger will reduce with time.

These problems could be mitigated by using direct contact heat
exchangers. The absence of the internal separating wall between
the fluid streams in the direct contact heat exchanger results in
many advantages over the traditional surface type heat exchanger.
For example, the direct contact device can be operated with a very
low temperature difference between the working fluids, even as
low as DT = 1 �C. The fouling and corrosion problems are all but
eliminated, as there is no heat transfer surface, and there is an
increase in the heat transfer rate between the fluids. Finally, the
direct contact exchanger has a low capital and operational cost
as it can be constructed from very cheap materials [2]. In this con-
text, Wright [3] found that the replacement of a surface type heat
exchanger that was used in a 5 MW power plant by a direct contact
heat exchanger could reduce the capital cost of the plant by 25%.
For these reasons, the direct contact heat exchanger, especially
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Nomenclature

A cross-sectional area of column, m2

Cpc specific heat of continuous phase, kJ/kg K
Jac Jacobs number
hfg latent heat of condensation, kJ/kg
Hv active height of heat exchanger, m
_md dispersed phase mass flow rate, kg/min
_mc continuous phase mass flow rate, kg/min
nz number of nozzle in the sparger
q heat transfer rate, kW
Qc volumetric flow rate of the continuous phase, L/h
Qd volumetric flow rate of the dispersed phase, L/h
Reo nozzles’ Reynolds number
Tc temperature of the continuous phase, �C
Td temperature of the dispersed phase, �C
DTlm log-mean temperature difference, �C
U relative velocity, m/s
Uv volumetric heat transfer coefficient, kW/m3 K

Vr radial velocity component, rad
Vh tangential velocity component, rad
Z axial position, m
DZ sub-height along column, m

Greek symbols
qc density of continuous phase, kg/m3

qv density of dispersed phase vapour, kg/m3

h angle, rad

Subscripts
c continuous phase
d dispersed phase
i initial, or location
o outlet
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the three-phase direct contact heat exchanger, has received con-
siderable attention in many recent experimental and theoretical
investigations. These investigations were presented within the
context many different industrial processes, such as water desali-
nation, power generation from geothermal energy and heat recov-
ery from low-grade energy resources [4,5].

It has been shown previously [6,7] that the heat transfer charac-
teristics of the spray column heat exchanger can be represented
clearly by the volumetric heat transfer coefficient. Despite this,
only a limited number of studies have actually reported the volu-
metric heat transfer coefficient. Bauerle and Ahlert [8] observed
an increase in the volumetric heat transfer coefficient of the spray
column heat exchanger with dispersed phase hold-up until the
flooding limit of the exchanger was reached. There was a subse-
quent decline in heat transfer coefficient. The same trend in the
volumetric heat transfer coefficient in a spray column heat exchan-
ger was noted by Plass et al. [9]. Their results were correlated and
accurately fitted with the data over a range of hold-ups. The effect
of the initial diameter of the dispersed phase droplets can signifi-
cantly affect the volumetric heat transfer coefficient in the spray
column direct contact heat exchanger, by affecting the interfacial
heat transfer area. Sideman et al. [10] ascertained that there is a
decrease in the volumetric heat transfer coefficient of the spray
column heat exchanger with an increase in the initial drop diame-
ter. This observation was confirmed numerically by Cabon and
Boehm [11] and Jacobs and Golafshani [12].

There are few analytical models for the volumetric heat transfer
coefficient available in the literature. Only that of Mori [7] is
prominent. The difficulty in deriving and solving analytical models
is because of the complexity that arises due to the large number of
interacting parameters that control the heat transfer in the spray
column. However, Mori [7] was able to exploit the expression for
the heat transfer coefficient for single drop evaporating in an
immiscible liquid [13] as a starting point for his analytical solution.
He succeeded in finding both the local and the average volumetric
heat transfer coefficient of the spray column direct contact heat
exchanger.

In contrast to the few studies that have investigated the volu-
metric heat transfer coefficient, much research has been directed
toward the temperature distribution along the spray column direct
contact heat exchanger, both experimentally and theoretically
[14–17,11,12,18]. All of these studies have confirmed that the exit
temperature of the dispersed phase increased with exchanger
height, while it decreases in the case of the continuous phase.
Interestingly, and surprisingly, Siqueiros and Bonilla [19] observed
that when the initial temperature (inlet temperature) of the con-
tinuous phase (water) ranged between 75 and 88 �C and the inlet
temperature of the dispersed phase (pentane) 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. Although, no other study has confirmed these results,
they are in accord with the expectation that latent heat controls
the direct contact heat exchange process. Recently, Mahood et al.
[20] studied analytically the distribution of the temperature of
both the dispersed and continuous phases along a spray column
direct contact condenser. The temperature of the dispersed phase
was shown to increase with exchanger height and with decreasing
drop size. Wang et al. [21] found that the volumetric heat transfer
calculated in respect to the dispersed-continuous phase tempera-
ture interface was significantly greater than that calculated based
on the average dispersed phase-continuous phase bulk tempera-
ture difference. Recently, Jiang et al. [22] noted that the size of a
spray column direct contact heat exchanger could be considerably
reduced when using packed materials, as the volumetric heat
transfer coefficient was significantly increased. Mahood et al.
[1,4,23–29] investigated the heat transfer characteristics of a bub-
ble type three-phase direct contact condenser. Different effective
parameters, such as the mass flow rates of the dispersed and con-
tinuous phases, and the initial temperature of the dispersed phase
on the transient [4] and steady state temperature distributions
along the condenser [23], the transient [24] and steady volumetric
heat transfer coefficient [25], the condenser efficiency and ulti-
mately cost were studied [1]. In addition, the conditions under
which the direct contact condenser flooded and its heat transfer
performance under these conditions were determined [26]. Fur-
thermore, the feasibility of implementing the three-phase direct
contact heat exchanger in the applications of water desalination
and power generation was investigated [27,28]. Finally, a new
model for the drag coefficient exerted on the bubbles as they move
through a real three-phase exchanger was developed [29]. More
recently Baqir et al. [30] measured the average volumetric transfer
coefficient and the dispersed phase holdup in a liquid-liquid-
vapour heat exchanger. The effect of the initial drop size, the heat
exchanger active height, and the sparger configuration on the aver-
age volumetric heat transfer coefficient was tested. They observed
that average volumetric heat transfer coefficient was significantly
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affected by the change in the drop size, the holdup ratio and the
heat exchanger active height. On the other hand, the sparger con-
figuration had a very slight impact.

In the present study, measurements of the local volumetric heat
transfer coefficient along and the active height of the three-phase
direct contact evaporator were carried out. The effect of the contin-
uous phase flow rate, the dispersed phase flow rate, the sparger
configuration and the diameter of the injection nozzles on the vol-
umetric heat transfer coefficient and the active height were
examined.
Fig. 2. Sparger configurations used in the present work. Specifically, spargers with
(a) 7 nozzles, (b) 19 nozzles and (c) 36 nozzles, were used.

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

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 (Pa 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
2. Experimental work

2.1. Experimental setup

In Fig. 1 is shown a schematic diagram of the experimental rig
that was used in the present work. The apparatus is comprised of
the direct contact column (test section), dispersed phase supply
system, continuous phase supply system, measuring devices and
auxiliary equipment, such as the data logger and thermocouples.
The direct contact column (test section) consists of a 100 cm long
cylindrical Perspex tube with a 10 cm diameter. Six equidistant
holes along the test section were made to fix six calibrated
K-type thermocouples (average error ±1 �C). A circular shaped
sparger with an outer diameter of 49 cm is fixed at the bottom of
the column. Three different sparger configurations (7 nozzles, 19
nozzles and 36 nozzles), with two different nozzle diameters were
used during the experiments. In Fig. 2 is presented a schematic dia-
gram of the sparger configurations. The test section is connected to
the dispersed and continuous phase supplies via inlet tubes from
its bottom and top respectively. The dispersed phase supply unit
comprises a 20 L plastic storage tank, peristaltic pump, pipes, fit-
tings and valves. Liquid pentane (99% purity) was used as the dis-
persed phase. Table 1 shows the properties of pentane at 1 bar and
saturation temperature.
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Fig. 1. Schematic diagram o
The continuous phase system supply is made up of a 500 L con-
stant temperature water bath with a temperature controller, water
pump, pipes, fittings and valves. The water bath is heated by three
electric heaters (3 kW each). The pressure in the water bath is con-
trolled by a safety relief valve (1.5 bar operating pressure). Distilled
water was used as the continuous phase. It was heated using a
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10 mm outer diameter 2.5 m long copper coil which was com-
pletely immersed in the constant temperature water bath. The flow
rate of both the dispersed phase and the continuous phase were
measured before entering the test section using suitable rotame-
ters with an error of ±1.25%.

Nine calibrated K-type thermocouples were used to measure
the temperature distribution of the continuous phase along the
test section and the inlet and outlet dispersed phase temperature.
These thermocouples were connected to a 64 channel Data Logger
(Delta-T Devices Ltd) and PC. A surface-type condenser was used to
condense the dispersed phase vapour produced at the top of the
test section during the experiments.
2.2. Experimental procedure

Once the continuous phase reached the temperature desired for
the experimental run, it was circulated throughout the test section
to maintain a constant temperature. The active height of the con-
tinuous phase was selected, and the temperature and the flow rate
were measured. The dispersed phase (n-pentane liquid) at its sat-
uration temperature was then injected into the test section via a
sparger, at a specified flow rate. Pentane drops were formed at
the sparger and then subsequently detached and rose up along
the test section of the column. There was therefore counter-
current contact between the dispersed phase moving up the col-
umn and the continuous phase moving down. Accordingly, the cold
dispersed phase drops absorbed heat from the hot continuous
phase and evaporated as they rose. Two-phase bubbles (liquid-
vapour) formed (see Fig. 3) when the dispersed phase drops first
come into direct contact with the continuous phase [31–35]. These
bubbles consist of liquid n-pentane, which is immiscible with the
aqueous continuous phase and the n-pentane vapour produced
by evaporation. The two-phase bubbles existed along the majority
of the column’s height, and only become 100% vapour when they
reached the end of the active height. The active height is the max-
imum section of the column over which the phase change of the
dispersed phase drops occurred. 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
Non-evaporated 
Liquid pentane 

Vapour 

U

Fig. 3. Configuration of a two-phase bubble evaporating in an immiscible liquid (a
represents the two-phase bubble radius, U denotes the continuous phase velocity,
Vr and Vh are the radial and tangential velocity components, h is the angle in
spherical coordinate).
superheated. As a consequence of the direct contact heat exchange,
the continuous phase cools down while it moves down from the
top of the column to the bottom. To perform the process as effi-
ciently as possible the continuous phase should be drained out
with minimum energy content. The continuous phase temperature
profile was measured using the thermocouples and directly dis-
played on a PC via the data logger. The dispersed temperature
was measured at only two points: the inlet and outlet. The vapour
produced at the top of the column was condensed using a surface-
type condenser and sent back to the dispersed phase storage tank
to use again in another run. The conditions of the experiments are
shown in Table 2.

3. Results and discussion

The local volumetric heat transfer coefficient along a three-
phase spray column direct contact evaporator was studied experi-
mentally. The calculation of the volumetric heat transfer coeffi-
cient was based on an energy balance, whilst assuming that
latent heat dominated over sensible throughout the process. It
was further assumed that there were no heat losses to the environ-
ment and that the flow rates of both the continuous and dispersed
phases were constant. This is because of using a thick Perspex tube
as a spray column, which is a poor conductor of heat, is likely to
minimise the heat losses over the short duration of the
experiments.

The local volumetric heat transfer coefficient can be found by:

Uvi ¼ qi

ADZiðDTlmÞi
ð1Þ

where (DTlm)i, qi, A and DZi denote the log-mean temperature dif-
ference for each sub-volume, the total heat transfer rate for each
sub-volume, the direct contact condenser cross-sectional area and
the height of a sub-volume, respectively.

The energy balance can be written as:

qi ¼ _mcCpc Tco � Tcið Þi ¼ _mdihfg ð2Þ
where _mc, is the mass flow rate of the continuous phase, Cpc is the
specific heat capacity of the continuous phase, Tco and Tci are the
temperatures of the continuous phase as it leaves the and enters
the sub-volume, _mdi is the rate at which the dispersed phase evap-
orates in the sub-volume and hfg is the latent heat of vaporisation.
The temperature difference between the contacting phases inevita-
bly varies nonlinearly along the length of the column due to the
effects of the nonlinear drop size distribution and back-mixing. This
back-mixing is the main problem that hinders the direct contact
heat exchanger. The use of the log-mean temperature difference
accounts for these effects. For counter-current flow with latent heat
dominating, the log-mean temperature difference is:

DTlm ¼ Tci � Tcoð Þ
ln Tci�Td

Tco�Td

� � ð3Þ

Combining Eqs. (1)–(3) results in the local volumetric heat
transfer coefficient:
Table 2
Conditions of experimental operations.

Temperature
of the
continuous
phase
(water) inlet

Temperature
of the
dispersed
phase
(n-pentane)
inlet

Pressure
at the
top of
test
section

Volumetric
flow rate
of the
continuous
(water) phase

Volumetric
flow rate of
the dispersed
(n-pentane)
phase

45 �C ± 1% 36 ± 0.5% 1 atm 10–40
L/h ± 1.5%

10–20
L/h ± 1.5%
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Uvi ¼
_mcCpc

A � DZi
ln

Tco � Tdð Þi þ _mdi
_mc

� �
hfg
Cpc

Tco � Tdð Þi

2
4

3
5 ð4Þ

where Td denotes the temperature of the dispersed phase at each
individual sub-volume (i.e. the saturation temperature).

It is well-known [6,7,10,12] that heat transfer in the direct con-
tact device is dominated by transfer across the liquid-liquid inter-
face. As the dispersed phase moves up the column, more vapour is
produced within the two-phase bubble as a result of evaporation.
Consequently, the liquid-liquid interface becomes smaller and
the amount of energy that can be absorbed by the bubble as latent
heat becomes lower. Therefore, the liquid fraction of the dispersed
phase has to be specified along the column. By using the energy
balance, the local non evaporated dispersed phase mass flow rate
can be found using Eq. (2) above:

The evaporator height has been divided into six equally sized
sub-volumes. From Eq. (4) above, only the outlet temperature of
the continuous phase of each sub-volume and the mass flow rate
of both phases are important to calculate the local volumetric heat
transfer coefficient. Accordingly, the local temperature along the
column height has been measured using thermocouples. The tem-
perature of the dispersed phase was as assumed to be its saturation
temperature.
3.1. Local volumetric heat transfer coefficient

The variation of the local volumetric heat transfer coefficient for
three different sparger configurations and four different continu-
ous phase flow rates is shown in Figs. 4 and 5. It is clear from
the figures that the local volumetric heat transfer coefficient
decreases monotonically upon moving up the exchanger. This is
because of the decrease in the temperature driving force as the
evaporating drops move upward, and the reduction of dispersed
phase liquid to act as a heat sink. The decrease in the liquid content
within the drops (i.e. the non-evaporated dispersed phase) as a
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Fig. 4. Variation of the local volumetric heat transfer coefficient along the exchanger he
flow rates for a sparger with 7 nozzles.
result of evaporation also results in a reduction in the liquid-
liquid interface. Thus, the internal heat transfer resistance in the
drops increases because of the poor thermal conductivity of the
vapour. Consequently, the local heat exchange and the local volu-
metric heat transfer coefficient are reduced.

The impact of the continuous phase flow rate on the local volu-
metric heat transfer coefficient is clearly demonstrated in Figs. 4
and 5. As expected, a higher continuous phase mass flow rate
results in a higher volumetric heat transfer coefficient over the
entire height of the exchanger. The continuous phase is the only
the energy source that is responsible for the evaporation of the dis-
persed phase drops. A higher continuous phase flow rate means
that there is sufficient energy which can be transferred to the dis-
persed phase drops and therefore the heat transfer coefficient of
the process is increased, whilst the temperature difference
between the contacting phases is maintained. It is also interesting
to note that the effect of increasing the continuous phase flow rate
on the volumetric heat transfer coefficient is lessened somewhat at
higher flow rates. This effect is most evident at the lowest dis-
persed phase flow rate (10 L/h) in Figs. 4 and 5, but can be seen
at the higher flow rates too. These observations would indicate that
there are diminishing returns on increases in the continuous phase
flow rate, with the optimum value depending on the dispersed
phase flow rate. This is an important point to note when consider-
ing the most economic mode of operation for the exchanger.

The dispersed phase flow rate exhibits a similar effect on the
volumetric heat transfer coefficient. This is more obvious at the
bottom of the column as shown by Table 3 (Z = 5 cm at the bottom
and Z = 65 cm at the top). This could be explained by the fact that
at the bottom of the column, significant convective direct contact
heat transfer between the two phases occurs. The heat exchange
is slower higher up the exchanger due to the high internal heat
transfer resistance that exists in the drop, which in turn reduces
the impact of the dispersed phase flow rate. This is consistent with
observations by Sideman and Taitel [36] for a single pentane drop
evaporating in direct contact with hot water. They observed that a
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Fig. 5. Variation of the local volumetric heat transfer coefficient along the exchanger height for four different continuous phase flow rates and three dispersed phase flow
rates for a sparger with 19 nozzles.

Table 3
The effect of the dispersed phase flow rate on the local volumetric heat coefficient at a
point close to the injection point (Z = 5 cm) and near the top of the column
(Z = 65 cm). Values for three different sparger configurations are shown.

Z (cm) Qc (L/h) nz 7 19 36
Qd (L/h) Uv Uv Uv

10 51.47 50.2 45.73
5 40 15 69.42 63.22 60.69

20 84.82 82.3 78.43

10 26.96 26.8 26.59
65 40 15 35.83 34.52 34.27

20 42.82 42.4 42.13
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substantial proportion of a drop evaporated over only a short
distance from the injection point.

The effect of the flow rates of the two phases on the average
volumetric heat transfer coefficient can be clarified by considering
the flow rate ratio as shown by Fig. 6 for two different sparger
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Fig. 6. Variation of the average volumetric heat transfer coefficient with flow ratio of the
nozzles and (b) 19 nozzles.
configurations. It is obvious from the figure that the volumetric
heat transfer coefficient increases with increasing the flow rate
ratio. This behaviour could be attributed to the fact that the
increase in the mass flow rate ratio means an increase in the heat-
ing medium in the heat exchanger. Consequently, the heat transfer
rate will rise due to the high energy content available.

It is also evident that the rate of increase of heat transfer coef-
ficient with the flow rate ratio does decrease as the ratio increases.
This is most likely because as the rate of the continuous phase is
increased relative to the dispersed phase, the change in tempera-
ture of the continuous phase is smaller, hence there is less of a
reduction in driving force for heat transfer. It is unclear whether
an optimum value is approached asymptotically, or a true maxi-
mum is evident within the range of the flow rate ratios used.

The uncertainty in estimates of the volumetric heat transfer
coefficient was calculated using the method suggested by Coleman
and Steele [37]. The results indicate that the uncertainty strongly
depends on the error in the continuous mass flow rate rather than
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volumetric heat transfer coefficient along the exchanger height for three different
continuous phase flow rates.
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the other parameters, such as dispersed phase mass flow rate and
log-mean temperature difference. However, the maximum uncer-
tainty was found about ±3%.

The effect of the sparger configuration on the local volumetric
transfer coefficient of the exchanger for three different dispersed
phase flow rates was studied and the pertinent results are pre-
sented in Fig. 7. The local volumetric heat transfer coefficient does
show a slight decrease when the number of nozzles in the sparger
is increased. This is especially apparent near the bottom of the col-
umn. Towards the top of the column the differences between the
heat transfer coefficient for different nozzle numbers effectively
vanishes. This can be explained by the fact that at the same dis-
persed phase flow rate and nozzle diameter, the dispersed phase
injection velocity is increased when there are fewer nozzles in
the sparger. Consequently, a smaller two-phase bubble is formed
at the sparger because the drop/bubble formation time is short-
ened, and the velocity relative to the continuous phase is
increased. Therefore, the convective heat exchange between the
two phases is increased. Towards the top of the column the motion
of the bubbles is dominated by buoyancy forces and so the effect of
the injection velocity on the heat transfer is substantially lessened.
What these results clearly show is that the injection velocity and
hence bubble formation significantly affects the heat transfer in
the three-phase direct contact heat exchanger. This is in accord
with that has been found by Mahood [38]. He recommended that
the two-phase bubble velocity is the most important factor that
must be incorporated directly or indirectly in any quantitative
description of heat transfer in a three-phase direct contact
exchanger.

Fig. 7 also clearly shows a significant increase in the local volu-
metric heat transfer coefficient when the dispersed phase flow rate
is increased. As mentioned above, the higher dispersed phase flow
rate can enhance the heat transfer process due to the increased
interfacial area and the higher relative velocities of the phases.

In addition to the number of nozzles in the sparger affecting the
performance, it is likely that the diameter of the nozzles will also
have an effect. In Fig. 8 is presented a comparison of the local vol-
umetric heat transfer coefficient along the direct contact exchanger
for two different nozzle diameters and so two different nozzle Rey-
nolds numbers. It is once again evident that regardless of the dis-
persed and continuous phase flow rates, the local volumetric
heat transfer coefficient decreases slightly when the nozzle Reo
(nozzle diameter) is decreased from 1760 to 1410), which corre-
sponding to the change in the nozzle diameter from 1 mm to
1.25 mm. In fact, the increase in the nozzle Reo results in an
increase in the dispersed phase drops injection velocity, which
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Fig. 7. The effect of sparger configuration on the local volumetric heat transfer
coefficient. The variation of the heat transfer coefficient with height in the column
is shown for three different dispersed phase flow rates and for spargers with 7, 19 or
36 nozzles.
enhances the volumetric heat transfer coefficient [17]. This could
be due to the improved mixing caused by the faster moving drops
as well as the reduction in thickness of the boundary layer sur-
rounding the drops. At the same time, the increase in the diameter
of the nozzles significantly influenced the drop size, which affected
the interfacial heat transfer area. The larger nozzle diameter, the
larger the drop size, and hence the lower the heat transfer area
[30]. This results in a low heat transfer rate.

Fig. 9 shows the effect of the continuous phase temperature in
terms of Jacob number (Ja) on the average volumetric heat transfer
coefficient of the heat exchanger, for three different sparger config-
urations and dispersed phase flow rates. The continuous phase Ja
was calculated as:
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Fig. 9. Effect of the continuous phase Jacobs number on the average heat transfer
coefficient for three different dispersed phase flow rate and three different nozzle
configurations.
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Ja ¼ qcCpc Tc � Tdð Þ
qvhfg

ð5Þ

In general, the average volumetric heat transfer coefficient was
found to increase with Ja. The temperature difference, in fact, rep-
resents the main driving force that drives the direct contact heat
transfer process. Accordingly, increasing the driving force (DT)
increases the heat exchange between the two phases and of course
increases the volumetric heat transfer coefficient, which enhances
the performance of the heat exchanger. Similar to above findings,
the increase in the dispersed phase flow rate results in an increase
in the average volumetric heat transfer coefficient. Again, the
increase of number of nozzles in the sparger results in a reduction
in the average volumetric heat transfer coefficient.

3.2. Heat exchanger active height

The active height can be simply defined as the minimum height
of the continuous phase in the column that can lead to a complete
evaporation of the dispersed phase drops. Therefore, it directly
affects the cost of the heat exchanger by influencing its volume.
Also, the hydrostatic pressure variation would be increased with
an increase of the active height, which would result in a reduction
in the mixing rate [39]. Fig. 10 shows the variation of the heat
exchanger active height with the continuous flow rate at three dif-
ferent dispersed phase flow rates. For a constant dispersed phase
flow rate and sparger configuration, the active height was found
to decrease with the continuous flow rate. This could be explained
by the fact that at the higher continuous phase flow rate, the
amount of energy available in the heat exchanger is adequate to
completely evaporate the dispersed drops over a very short dis-
tance from the injection point. On the other hand, at a constant
continuous phase flow rate the active height was significantly
affected by an increase in the dispersed phase flow. The higher
the dispersed phase flow rate, the higher the heat exchanger active
height. This is because the increase flow of the dispersed phase
requires a larger volume of the continuous phase for complete
evaporation of the drops.
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The sparger configuration was found to have a significant effect
on the active height of the heat exchanger. As shown by Fig. 11 the
active height was significantly increased by increasing the number
of nozzles in the sparger. As mentioned above, this could be as a
result of the slower heat transfer between the drops and the hot
water.

Finally, the effect of the temperature driving force, as charac-
terised by the Jacob number (Ja), on the active height was studied
and is shown in Fig. 12, for three different dispersed phase flow
rates. The dependency of the active height on Jawas similar to that
already found for the case of the effect of the continuous phase
flow rate on the active height, (Fig. 10). It is obvious that the energy
content of the continuous phase increases with its flow rate. There-
fore, the temperature driving force is increased accordingly. The
amount of energy available in the continuous phase still high
whatever how much the dispersed phase absorbed. Also, it is clear
from the figure, that the active height is significantly affected by
the dispersed phase flow rate. The higher the dispersed phase flow
rate, the higher the active height. This is as expected, where the
higher dispersed phase flow rate needs more energy for complete
evaporation.
4. Conclusions

In the present study, the local volumetric heat transfer coeffi-
cient and the active height of a spray column direct contact heat
exchanger were measured. The experimental study was performed
under various operating conditions; specifically, the continuous
phase flow rate, dispersed phase flow rate, sparger configuration
and temperature difference between the contacting fluids were
all varied. With these data, the performance of the spray column
direct contact heat exchanger under the influence of various oper-
ational conditions was obtained. The results show that the flow
rate of the dispersed phase has more pronounced effect on Uv than
that of the continuous phase and both phases flow rates have pos-
itively influenced Uv. The influence of both phases, however,
becomes more obvious at high flow rates of the two phases. The
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Fig. 11. The variation of the active height with the continuous flow rate for different dispersed flow rates and sparger configurations.
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maximum average Uv was 59.05 kW/m3 K at continuous and dis-
persed phase flow rates of 40 L/h and 20 L/h, respectively. The
number of nozzles in the sparger has no significant impact on
the average Uv. The Uv was 59.05, 58.0 & 56.5 kW/m3 K for nz = 7,
19 & 36 respectively, with the same above flow rates of the contin-
uous and dispersed phases. The local volumetric heat transfer coef-
ficient was inversely affected by increasing the diameter of the
injecting nozzle and number of nozzles in the sparger. In both
cases this resulted in a reduction in Re for the injection of the dis-
persed phase. The lower relative velocity of the injection leads to a
lower rate of convective heat transfer, as one would expect intu-
itively. The temperature driving force in term of Ja had a significant
positive impact on the volumetric heat transfer coefficient. This
impact was significant at a high dispersed phase flow rate, where
Uv varied almost linearly with Ja and the maximum average Uv

nearly doubled It was changed from 27.78 to 59.06 kW/m3 K,
27.337–58.0 kW/m3 K and 26.3–56.6 kW/m3 K, when Qd = 20 L/h
and for nz = 7, 19 & 36, respectively.
Furthermore, the results indicated that the active height of heat
exchanger was significantly affected by the flow rate of both
phases. The higher the continuous or dispersed phase, the lower
the active height of the exchanger for a similar effect was observed
for the temperature driving force, while the number of injecting
nozzle had the opposite effect.

In summary, with the absence of adequate data or theoretical
results, the present experimental results could be helpful in the
design of spray column direct contact heat exchangers. These data
could help to improve the operational method in order to produce
an efficient and low cost spray column direct contact heat exchan-
ger for utilising in energy recovery from low-grade resources.
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