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Abstract
Energy usage is increasing around the world due to the continued development of technology, and population growth. Solar
energy is a promising low-grade energy resource that can be harvested and utilised in different applications, such solar heater
systems, which are used in both domestic and industrial settings. However, the implementation of an efficient energy conversion
system or heat exchanger would enhance such low-grade energy processes. The direct contact heat exchanger could be the right
choice due to its ability to efficiently transfer significant amounts of heat, simple design, and low cost. In this work, the heat
transfer associated with the direct contact condensation of pentane vapour bubbles in a three-phase direct contact condenser is
investigated experimentally. Such a condenser could be used in a cycle with a solar water heater and heat recovery systems. The
experiments on the steady state operation of the three-phase direct contact condenser were carried out using a short Perspex tube
of 70 cm in total height and an internal diameter of 4 cm. Only a height of 48 cm was active as the direct contact condenser.
Pentane vapour, (the dispersed phase) with three different initial temperatures (40°C, 43.5°C and 47.5°C) was directly contacted
with water (the continuous phase) at 19°C. The experimental results showed that the total heat transfer rate per unit volume along
the direct contact condenser gradually decreased upon moving higher up the condenser. Additionally, the heat transfer rate
increases with increasing mass flow rate ratio, but no significant effect on the heat transfer rate of varying the initial temperature
of the dispersed phase was seen. Furthermore, both the outlet temperature of the continuous phase and the void fraction were
positively correlated with the total heat transfer rate per unit volume, with no considerable effect of the initial temperature
difference between the dispersed and continuous phases.

Nomencluture
Ho Water level in the test section (m).
m˙

�

c
Continous phase mass flow rate (kg/min).

m˙
�

d
disprsed phase mass flow rate (kg/min).

R Mass flow rate ratio.
Qv Heat transfer rate per unit volume (kW/m3).
Uv Volumetric heat transfer coefficient (kJ/m3.s).
Tci Continous phase inlet (initial) temperture (°C).

Tco Continous phase outlet temperture (°C)
Tcond Temperature of the condensate (°C)
T c 1 −

4

Local temperature (position 1 to 4) along the test sec-
tion height (°C)

Tdi Disprsed phase in;et(initial) temperature (°C)
ΔTlmi Log-mean temperature difference of section (i) of the

test section (°C)
Subscript
c Continous phase
d Dispresed phase
i Initial (or inlet)
o Outlet

1 Introduction

The global energy situation is getting worse due to the reduc-
tion in fuel supplies, and increasing fuel costs. Nevertheless,
the demand for energy will continue to increase because of the
advancement of technologies in developing countries and
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continued population growth. Fossil fuels are still the main
energy source, providing about 80% of the global net energy
requirement, while renewable energy contributes only 11%
[1]. Accordingly, environmental problems, such as global
warming and air pollution will continue to increase. For these
reasons, it is important to seek new and more efficient energy
resources.

The utilisation of low-grade energy resources, such as
those that harvest direct solar energy (e.g. solar ponds and
solar water heaters) are promising and have recently received
more attention [2]. In both systems, direct solar radiation is
commonly converted to thermal energy, where the solar radi-
ation is absorbed by a body of water in the former, or directed
to heat a stream of fluid, which can be used later in another
heat extraction process, in the latter.

In solar heater applications, the exchange can be achieved
by flowing air under an absorbing surface in a configuration
like a surface type heat exchanger. However, a high heat trans-
fer resistance could impede the flow of heat from the absorb-
ing surface to the flowing air that is used as a working fluid
[3]. Consequently, the efficiency of the heat transfer process is
reduced, making it impractical. In another design, a surface
type heat exchanger is used to transfer the heat absorbed by a
working fluid to a water storage tank. The heat exchanger
should be manufactured from highly conductive materials,
such as steel, aluminium and copper. Different configurations
of the heat exchanger have been designed, but an immersed
coil in the storage tank, the shell and tube heat exchanger and
the mantel heat exchanger are the most widely used [2]. The
main obstacle still facing the exploitation of such low-grade
energy resources is the low efficiency of the equipments
(mainly the heat exchangers) that are used in the recovery
processes. The capital cost of these units, especially the heat
exchangers, is another reason. To overcome these obstacles, a
direct contact heat transfer process between two immiscible
fluids utilising sensible heat transfer has been suggested, such
as that studied by Hyun et al. [4]. In this process, the working
fluid could be lighter or heavier than water, but it must be
completely immiscible with water. In the case of a heavier
working fluid, the distributer is fixed at the top of the exchang-
er and vice versa.

The spray column direct contact heat exchanger is suit-
able for this application because it does not require adjust-
ment of the liquid-liquid interface as in coalescence devices
containing packing materials [4]. Figure 1 shows two pos-
sible configurations of a hot water heater utilising a direct
contact heat exchanger with no phase change of working
fluid.

Because the configurations discussed above are based on
the principle of the transfer of sensible heat (i.e. with no phase
change) between the working fluid (heating media) and water,
the heat transfer efficiency of these configurations is low. This
is because the heating process needs a high mass flow rate of

working fluid and hence a large exchanger size, which in-
creases the cost of the process. Therefore, the use of a work-
ing fluid that is completely immiscible with water, and has
low or relatively low boiling point could enhance the heat
transfer process by utilising the latent heat in addition to the
sensible heat. This can reduce the volume of working fluids
needed by orders of magnitude, making the process more
economically attractive. Furthermore, Peng et al. [5]
claimed that the heat transfer coefficient for direct contact
heat transfer between two immiscible fluids with a phase
change could be greater than that of a single phase by 20–
200 times. Thus, the working fluid could be condensed in a
water column or tank after being vaporised in a suitable
solar collector. The rapid heat transfer should increase the
water outlet temperature and reduce the heating time. From
this point of view, the assessment of the direct contact con-
denser under different operational conditions becomes im-
portant for developing an efficient heat transfer process
utilising the solar energy.

In contrast to a conventional surface type heat exchanger,
such as the shell and tube heat exchanger, the contacting fluids
in the direct contact heat exchanger come into intimate phys-
ical contact. Therefore, it has a high heat transfer rate, an
absence of corrosion and fouling problems, a lower cost, a
simple design and has the potential to work with a very low
temperature driving force (ΔT ≈ 1°C). Accordingly, they can
potentially be exploited in many other applications, such as
water desalination, geothermal power generation, and nuclear
reactor safety [6].

Depending on the purpose of the heat transfer process
the three-phase direct contact heat exchanger can be de-
signed as an evaporator or a condenser. Attention has been
mostly directed toward the three-phase direct contact evap-
orator rather than the condenser (see [7–10]). There is
therefore a distinct lack of mathematical design equations,
or even experimental data on the three-phase direct contact
condenser. The direct contact condensation of a single bub-
ble in an immiscible liquid, which represents the basis of
the three-phase direct contact condenser, has been
researched widely [11–17]. However, only very few studies
can be found regarding multi-bubble [18–21] systems, and
bubble-trains [22]. These are of course more representative
of a real direct contact condenser.

Recently, Mahood et al. have investigated extensively the
heat transfer characteristics of the three-phase direct contact
condenser, both experimentally and theoretically. The effect of
various operational parameters, such as the mass flow rates of
both the continuous and dispersed phases and the initial tem-
perature of the dispersed phase on the different heat transfer
parameters, such as the axial steady state [23, 24] and transient
temperature distributions [25]. Additionally, the volumetric
heat transfer coefficient in transient [26] and steady-state op-
eration [27, 28] of the condenser was examined. The heat
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transfer efficiency and capital cost of the condenser [29] and
reverse flow limitation [30, 31] were calculated. These works
have not however reported the heat flux associated with the
condensation of the bubbles in the direct contact condenser.

In this paper, the heat transfer rate per unit volume of the
three-phase direct contact condenser is studied experimen-
tally. The effects of different operational parameters, such
as the mass flow rate ratio, initial temperature of the dis-
persed phase (working fluid) and the working fluid void
fraction, on the total heat transfer rate per unit volume of
the condenser are investigated. In addition, the total heat
transfer rate per unit volume along the condenser height is
studied.

2 Experimental setup and procedure

A detailed description of the experimental setup and the ex-
perimental procedure can be found in the previous published
work [29, 30]. In outline, the experimental set up is shown in
Fig. 2. In addition to a direct contact condenser (test section), it
includes two loops. The first loop is a dispersed phase circu-
lation loop. It consists of a small liquid pentane storage tank, a
vaporisation vessel, a circulation pump, ball valves, a non-
return valve, a pressure gauge and connection pipes. The sec-
ond, continuous phase loop consists of a large water storage
tank, a pump, flowmeters and connection pipes. Furthermore,
eight calibrated thermocouples were used to measure the tem-
perature distribution along the test section (condenser), the
temperature of the water at the inlet, the condensate, and the
temperature of the dispersed phase at its injection point into
the test section. Tap water and high purity n-pentane were
used as the continuous phase and the dispersed phase, respec-
tively. The vaporising vessel is a large pool type vaporiser
with a long copper coil for carrying and vaporising the dis-
persed phase.

The set of experiments began with the preparation of the
continuous phase (19°C). The large storage tank and short
duration of an individual experimental run helped to

maintain the temperature of the continuous phase at a con-
stant value. Concomitantly, the heating vessel was warmed
by increasing the electrical power to the two heaters (3 kW
each) gradually until the desired temperature was reached.
Liquid pentane was pumped from its storage tank to the coil
of the vaporising vessel. Liquid pentane was vaporised in
the coil, and injected into the direct contact test section
when it reached the desired temperature via a short exter-
nally heated pipe (by a trace heater), a calibrated injection
valve, and sparger. The injection pressure and the vapour
temperature were measured using a pressure gauge and a
thermocouple. At the moment of vapour injection, the tem-
perature distribution along the direct contact test section
was measured and read directly on a PC using an 8 channel
data logger. Due to gravity, the condensate formed after
each run as a separated layer at the top of the test section.
It was collected and sent back to the liquid pentane storage
tank during continuous operation, or stored and used in
another run in batch mode. A separating conical flask was
used for separating the condensate (if any) from the
draining water. The dispersed phase mass flow rate was
calculated using a mass balance for each individual run.
The collected condensate (liquid pentane) was weighted
and divided by the run duration. The initial conditions of
the experiments are shown in Table 1. The uncertainty of
the thermocouple measurements is given in Table 2. The
total error in the measurements has also been calculated.
The inaccuracy of the dispersed phase mass flow rate was
estimated and found to be about ±11%.

3 Results and discussion

A calculation of the total heat transfer rate per unit volume
throughtout a three-phase direct contact condenser has been
carried out. The calculation is based on the experimental axial
temperture mesurements, and the previous experimental
values of volumetric heat transfer coefficient [27].
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Fig. 1 Liquid-liquid (sensible
heat transfer) direct contact heat
exchanger arrangement for solar
water heating [4]
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Direct contact condensation utilising bubbles or drops offers
a large interficial heat transfer area, and in general, the heat
exchange process throught this area takes place by convection.
Hence, the heat rate can be found via the well-known formula:

Qvi ¼ UviΔTlmi ð1Þ

Where Qvi, Vi, Uviand ΔTlmi denote, for a sub-volume, the
total heat transfer rate per volume, the direct contact volumet-
ric heat transfer coefficient, and the log-mean temperature
difference, respectively.

The axial distribution of the total heat transfer rate per unit
volume along the column, for three different initial dispersed
phase temperatures is shown in Figs. 3, 4 and 5). In all cases,
the total heat transfer rate per unit volume, (independent of the
mass flow rate) falls from its highest value at the dispersed
phase inlet towards the top of the heat exchanger. This could
be attributed to the fact that close to the injection point, the hot
vapour bubbles move with a higher velocity due to the buoy-
ancy force. Here, the density of the bubbles is minimal and the
injection pressure is still effective. The desity of the bubbles
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Fig. 2 Schematic diagram of the experimental rig

Table 1 The initial conditions of the experiments

Tdi(
°C) Tci(

°C) Ho(m) ṁc
kg
min

� �
R ¼ ṁd

ṁc
� 100%

40 19 0.48 0.05 16.00 31.00 49.60 58.50 66.60

0.1 11.00 14.00 18.20 22.40 32.60

0.2 7.30 10.00 13.70 14.80 19.00

0.28 5.40 7.50 9.00 10.50 14.30

0.38 4.80 6.00 7.40 8.40 9.40

43.5 19 0.48 0.05 15.30 11.50 8.10 4.80 4.00

0.1 29.00 17.30 9.40 7.50 4.50

0.2 37.20 25.60 11.40 8.80 5.00

0.28 41.60 26.70 14.20 10.50 6.80

0.38 52.70 30.00 18.60 14.00 8.40

47.5 19 0.48 0.05 3.90 5.70 7.70 11.30 13.20

0.1 4.70 8.70 9.50 11.60 12.60

0.2 7.90 10.60 15.60 17.70 19.30

0.28 11.60 16.90 22.90 26.70 28.60

0.38 25.40 30.30 35.50 45.20 54.40
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will increase with condensation progressing along the column
since the condesate accumulates within the bubbles. Hence the
upward bouyancy force declines and thus the bubbles will
decelerate. A very thin boundary layer forms around the bub-
bles, i.e. there is a low heat transfer resistance, at this stage
(bottom of the column) and it extends over the whole surface
of the bubble, while the bubble condenses which results in
further deceleration [19].

The temperature diference between the two phases is an-
other important reason that could account for the observed
behavior of the rate of heat transfer per unit volume over the
column height. The temperature difference, actually, repre-
sents the driving force for the heat exchange process between
the two phases in the direct contact column. Practically, its
maximum value can only be achieved at the bottom of the
column and it will decrease with the column height due to
the cooling effect produced by the direct contact between of
the vapour bubbles and the subcooled continuous phase.
Rapid heat exchange can take place at the bottom of the col-
umn and it gradually slows down along the column.

A considerable part of the total heat transfer occurs during
the two-phase bubble formation period [32], which is included
in this lower section of the column. It is unsurprisng therfore
that a decrease in the total heat transfer per unit volume occurs
directly after the bubbles have passed through the first part of
the column.

Depending on the continuous phase mass flow rate, there
are then three distinct behaviours of the total heat transfer rate
per unit volume at the second half of the column, as can be
seen in Figs. 3, 4 and 5). For low continuous phase mass flow
rates ṁc ¼ 0:05 kg=minð Þ the (Qv) decreases as described
above to reach its lowest value at a position near at the middle
of the column. The heat transfer rate then increases towards
the top of the column (see Fig. 3). This behaviour of the (Qv)
clearly also depends strongly on the dispersed phase mass
flow rate, or the mass flow rate ratio (R). The curvature in
the profile of the heat transfer rate is more pronounced at a
high dispersed phase mass flow rate (or high R), with the
profiles flattening out significantly as the dispersed mass flow
rate (or R) is decreased. At high mass flow rate ratios (i.e. high
dispersed phase mass flow rates and low continuous phase
mass flow rates), the condensation of vapour in the bubbles
is not completed through the first half the column. Therefore
the two-phase (vapour-liquid) bubbles formed still exist until
they reach the last part of the column due to inadequate
cooling phase or continuous phase being avaialble. Therfore,
the uncondensed vapour in the two-phase (vapour-liquid)

Table 2 Inaccuracy of
the thermocouples T(°C) Inaccuracy %

Tc1 ±0.4

Tc2 ±0.5

Tc3 ±0.3

Tc4 ±0.3

Tcond ±0.6

Tdi ±0.5

Tci ±0.3
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bubbles, which still has latent heat, could be liberated due to
further condensation in the upper region of the column where
the continuous phase is at its coolest . Furthermore, bubble-
bubble interactions in the upper part of column, which takes
place due to the decceleration of the two-phase bubbles be-
cause of the recuduction in buoyancy forces, could result in
enhanced heat transfer. The probabilty of interactions is in-
creased with increasing two-phase bubble size, which is ex-
pected to occur at high dispresed phase mass flow rates.
Therefore, the two-phase bubbles will break down and split
into smaller separated vapour bubbles and liquid drops. This
would result in a distortion of the boundary layer and an in-
crease in interfacial area thereby allowing further condensa-
tion by direct contact with the cooling liquid.

At a moderate continuous phase mass flow rate
ṁc ¼ 0:2 kg=minð Þ, the (Qv) decreases slightly upon moving
from the bottom to the top of the column (see Fig. 4). Only at
the highest dispersed phase mass flow rate considered
ṁd ¼ 0:038 kg=min or R ¼ 19%ð Þ does the (Qv) increase
over the second half of the column. Even then, the effect is
very small. As above, the dispersed phase mass flow rate (or
R) seems to significantly affect the value of (Qv). The higher
the dispersed phase mass flow rate (R), the higher the (Qv) due
to the increased heat load being carried in by the bubbles.

Finally, at higher continuous phase mass flow rates
ṁc ¼ 0:38 kg=minð Þ, generally the (Qv) decreases with the
column height for all of the dispersed phase mass flow rates
studied (see Fig. 5). This could be reasonably justified by
insufficient dispersed phase (heating media) being present,
in comparison with the continuous phase (cooling media).

The dependancy of the heat transfer rate per unit volume on
the mass flow rate ratios (variable dispersed phase mass flow
rate to a constant continuous phase mass flow rate), for three
different initial temperatures of the dispersed phase is shown
in Figs. 6, 7 and 8). It is clear from these plots that the higher
the mass flow rate ratio, the higher is the heat transfer rate per

unit volume. This could be expalined by the fact that the
higher the mass flow rate ratio contributes to an abundance
of the heat source (hot vapour bubbles) in the column.
Consequently, there is an increase in the magnitude of the
exchange of heat between the two direct contact phases.

Additionally, it is also clear that when the continuous phase
mass flow rate is increased, so too does the heat transfer rate
per volume. This could be simply justified by the fact that with
an adequate amount of the cooling phase in the column, the
condensation process will be improved. So, this improvement
would definetly result in a high energy transfer as heat be-
tween the contacting phases. What is also noteworthy is that
the improvement in heat transfer rate per unit volume as the
continuous phase flow is increased diminishes at higher mass
flow rates. It is evident from all three figures that the diference
between the highest two continuous phase flowrates shown is
almost negligible. This could be attributed to the complete
condensation of vapour bubbles by an adequate amount of
cooling phase, with any further cooling provided by additional
continuous phase having little effect on the overall perfor-
mance, as it only removes sensible heat.
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Figure 9 shows the variation of the total heat transfer per
unit volume with the initial temperature difference between
the dispersed and continuous phases, for four different dis-
persed phase mass flow rates. It is clear from the figure that
the total heat transfer decreases slightly upon increasing the
initial temperature difference. A high-dispersed phase flow
rate clearly resulted in an increase in the total heat transfer
per unit volume of the condenser. This is of course unsurpris-
ing given that there is more heating medium present in the
system, and also greater mixing due to the higher injection
velocity and number of bubbles. The amount of thermal ener-
gy that can therefore be absorbed by the cooling phase (con-
tinuous phase) as a result of the condensation of the bubbles is
high. Furthermore, Fig. 9, indicates that the total heat transfer
rate per unit volume is slightly decreased when the initial
temperature difference between the two phases is increased.
In the present experiments, the initial temperature difference
between the two phases was achieved by varying the initial
temperature of the dispersed phase whilst the initial tempera-
ture of the continuous phase was held constant. However, the
increase of the initial temperature of the dispersed phase
(bubbles) could result in a high condensation rate even during
bubble formation. Two-phase bubbles are immediately
formed at the sparger just after the dispersed vapour first
touches the continuous phase and the liquid condensate then
accumulates in the bubbles.

Figures 10 and 11) illustrate the variation of the total heat
transfer rate per unit volume with the continuous phase outlet
temperature for three different initial temperatures of the dis-
persed phase. In general, the heat transfer rate increases with
increasing the continuous phase outlet temperature and de-
creases with increasing the initial temperature of the dispersed
phase. This supports the hypothesis, discussed previously, that
latent heat dominates the direct contact condensation process
[23]. The higher outlet temperature of the continuous phase
indicates for a good heat transfer process. Therefore, the

amount of energy transferred through the direct contact con-
densation process is high. Furthermore, a lower initial temper-
ature of the dispersed phase has a slight effect the direct con-
tact condensation. The lower the initial dispersed phase tem-
perature, the higher the heat transfer is. This is in complete
agreement with the basic knowledge of convective heat trans-
fer mechanisms as the temperature driving force for conden-
sation is larger.

The effect of the void fraction on the heat transfer rate per
unit volume for three different disprsed phase initial tempera-
ture is shown by Figs. 12 and 13). It is clear that the total heat
transfer rate increases almost linearly with the void fraction
with a slight effect of the dispresed phase initial temperature.
This could be justified by the fact that the increase in the void
fraction is a result of an increasing in the heating medium in
the condenser, which enhances the heat exchange process. In
addition, the increase in void fraction leads to a slowing of the
rise velocity of the bubbles and hence an increase in the bub-
ble residence time in the heat exchanger. The bubble-bubble
intraction will also increase which results in bubble fragmen-
tation or spliting. Thus, the surface area of the bubbles that is
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exposed to heat exchange is increased and so and more latent
heat will be liberated by enahancing the direct condensation.
Accordingly, the heat transfer rate is increased.

The uncertainty in the heat transfer rate per unit volume
was calculated in a manner similar to [33] and it was found
that, in general, it was more than the systematic error of the
theromocouples. The maximum uncertainty in the (Qv) mea-
surements were ±4.3 at R = 7.3% when ṁc ¼ 0:2 kg=min.

Finally, the volumetric heat transfer coefficient indicates
how the heat transfer process is efficient. It is well known that
the volumetric heat transfer coefficient of the the three-phase
direct contact heat exchanger is much more than that of the
single phase surface heat exchanger. However, different pa-
rameters can affect the volumetric heat transfer coefficient of
the three-phase bubble type heat exchanger. Most of these
paarameters have been previously studied by Mahood et al.
[21, 23–30]. Thus, the volumetric heat transfer coefficient as a
function of the total heat transfer rate per unit volume for three
different dispersed phase intitial temperatures is shown by
Fig. 14. It is clear that the volumetric heat transfer coefficient

of the condenser increases almost linearly with the total heat
transfer rate. This behaviour is expcted according to the ex-
pression discripes this relationship, which is simply represent-
ed by Eq. (1) above. This can be simply justified by the fact
that the high heat transfer rate refers to an efficient heat ex-
change process and hence a higher value of the coefficient.

A very slight effect of the dispersed phase initial tempera-
ture on the volumetric heat transfer coefficient can be shown,
especially at a high total heat transfer per unit volume. This
confirmsour previous conclusion that the latent heat is domi-
nant throughout the direct contact condensation process.

4 Conclusions

The total heat transfer rate per unit volume in a three-phase
direct contact condenser has been measured experimentally to
investigate the possiblity of using it in solar energy applica-
tions, specifically a solar water heater. According to the re-
sults, the following useful conculssions can be made:

& The direct contact condensation process is an efficient heat
ransfer process as a result of eleminating the barrier heat
transfer resistance.

& The direct contact condensation process is a latent heat
dominant process, which gives an indication that the initial
temperature of the vapour dispersed phase has no signifi-
cant effect on the process efficiency. This is completely
different from a sensible heat transfer process, such as that
used by Hyun et al. [4] for a solar heater application,
where the initial temperature of the dispersed phase is
the key parameter for the process.

& The direct contact heat transfer process is achieved with a
low dispersed phase mass flow rate. This reflects
postitively on the capital cost of the process by reducing
the pumping cost.

0

50

100

150

200

250

300

350

400

450

0.02 0.03 0.04 0.05 0.06 0.07

Q
v
(k
W
/m

3 )

Void Frac�on (-)

Tdi(oC)=40 43.5 47.5

Fig. 13 Heat transfer rate per unit volume versus holdup ratio, for a
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