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The heat transfer and flow phenomena during phase separation of partially miscible liquid solvent sys-
tem were investigated experimentally. The experiments were conducted with a three components sys-
tem which has an upper critical solution temperature, using critical and off-critical compositions of
the solvent mixtures. The convective heat transfer rates were studied for laminar flow in a small diameter
horizontal tube and for free convection from its outer surface. It was found that with phase separation the
forced convective heat transfer can be augmented by up to 130% compared to heat transfer rates obtained
in single phase flow (without phase separation). However, for low quenching rate and depth associated
mainly with experiments conducted with critical compositions, deterioration of the heat transfer rates
was observed. The free convection heat transfer coefficients were found to be augmented up to 100%.
Macro- and micro-flow visualization were also conducted to follow the flow phenomena during the
phase separation, and the mechanisms responsible to the heat transfer enhancement are discussed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Boiling heat transfer is common in various industrial applica-
tions, including mini and microelectronic systems, which are char-
acterized by high heat transfer rates. The high heat transfer rates
during heterogeneous boiling are commonly attributed to the
pumping mechanism due to the bubble detachment from the
heated surface [1,2]. Bubble detachment results in inflow of fresh,
cold liquid into the thermal boundary layer, thus increases the rate
of heat removal from the surface. However, the heat transfer effi-
ciency is deteriorated when the detaching bubble size is of the
order of the channel diameter. In such cases, earlier dry out occurs,
causing a significant drop in heat transfer rates, below the rates ob-
tained in single phase liquid flows. Hence, using phase change
mechanism for cooling is inefficient in small diameter channels,
which are typical in cooling devices of mini-electronic systems
[3–5].

To overcome the above limitations of boiling in small diameter
pipes, while preserving the ‘pumping effect’, the possibility of
using phase separation of liquid solutions, instead of evaporating
systems, for enhancing heat transfer rates has been tested in this
study. The liquid solutions used are partially miscible solvent sys-
tems, with a Critical Solution Temperature (CST). Such systems can
alter from a state of a single liquid phase, to a state of two sepa-
rated liquid phases, by a small change of temperature. In solvent
systems that are characterized by an Upper Critical Solution Tem-
perature (UCST), the transition from a single phase to two phases is
ll rights reserved.
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brought about by reducing the temperature. In other solvent sys-
tems, which are characterized by lower CST (LCST), the phase sep-
aration occurs with increasing the temperature. A detailed list of a
variety of binary and multi-component systems possessing a criti-
cal temperature was collected by Francis [6].

Thermodynamic equilibrium of solvent system is a well-known
subject, which can be found in many textbooks [7,8]. A system of a
well-defined composition will separate into two phases only if the
Gibbs free energy, G, of the separated two phases is lower than that
of the original mixture (Fig. 1a). This behavior characterizes only
non-ideal solutions. The locus of the compositions of the separated
phases in equilibrium is denoted as the coexistence (or binodal)
curve (see Fig. 1b).

The spinodal curve (Fig. 1b) represents transition between
meta-stable and unstable regions. The meta-stable region extends
between the spinodal and binodal curves. A solution having com-
position in this region would be stable to small changes in temper-
ature, pressure and concentration. However, a sufficiently large
perturbation can lead to a spontaneous phase separation to two li-
quid phases with compositions determined by the coexistence
curve (e.g. points a and h in Fig. 1a). The different regions of stabil-
ity are sensitive to temperature changes (only slightly to pressure).
Referring to the phase diagram shown in Fig. 1b, a maximum tem-
perature at which phase change can occur exists, and is denoted as
the Upper Critical Solution Temperature (UCST). In a three-compo-
nent system, the equilibrium temperature–composition relations
are more complicated [7,8]. The equilibrium data of the two coex-
isting phases can be represented by a 3-dimensional surface,
reflecting the variation of temperature and the compositions of
two of the components (see Appendix A). When the relation
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Fig. 1. (a) Gibbs energy of mixing for binary systems as a function of solvent system
composition, (b) coexistence curve and spinodal curve.

Nomenclature

A surface area [m2]
AF augmentation factor, Eq. (5)
Cp specific heat [J kg�1 �C�1]
D tube inner diameter [m]
d drop diameter [m]
G Gibbs free energy [J]
Gij binary interaction parameter (calculated)
g acceleration due to gravity [m s�2]
h heat transfer coefficient [W m�2 �C�1]
Hmix heat of mixing [J kg�1]
k thermal conductivity [W m�1 �C�1]
L length of the tube test section [m]
NuD Nusselt number, dimensionless
Pe Peclet number, UD/a, dimensionless
Pr Prandtl number, dimensionless
Q heat transfer rate [W]
R universal gas constant [J K�1 mol�1]
RaD Rayleigh number, dimensionless
ReD Reynolds number, dimensionless
StD Stanton number, dimensionless
T temperature [�C, K]
DTlm log-mean temperature difference [�C]
t time [s]

U fluid average velocity [m s�1]
_V volumetric flow rate [m3 s�1]
v lateral velocity [m s�1]
x mol fraction

Greek symbols
a thermal diffusivity [m2 s�1]
aij interaction parameter (symmetric)
c activity coefficient
k binary interaction energy [J mol�1]
l viscosity [N s m�2]
q density [kg m�3]
r surface tension [N m�1]
sij interaction parameter (asymmetric)

Subscripts
1, 2 phases index
b bulk
cp cloud point
f film
i, j phases index
sp single phase
w wall
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between composition, temperature and Gibbs free energy is
known, the critical temperature and the equilibrium compositions
at various states can be estimated. To this aim, several well-known
models/correlations for calculating the chemical potential (e.g.
UNIQUAC, NRTL, Van Leer) can be found in the literature [7].

As previously stated, phase separation of CST mixtures can be
induced by temperature change. In general, there are two types
of phase separation: spinodal decomposition (SD) for systems that
are in an unstable equilibrium state, and nucleation for systems in
the meta-stable state. When an UCST mixture experiences a tem-
perature quench, depending on the overall composition and the
quench depth, three different cases are considered: with a mixture
of a critical composition, any quench below the coexistence curve
will lead to the unstable region, and therefore to SD; With solu-
tions of off-critical compositions, a ‘shallow’ quench will results
in meta-stable decomposition (nucleation), and a deep quench of
off-critical compositions will lead the system to the unstable SD
region.

The SD of critical composition mixture is characterized by the
formation of non-localized concentration fluctuations, with no def-
inite separating interfaces. These domains of different concentra-
tion grow rapidly, leading to fast phase separation [9]. Their size
and concentration varies with time. The typical domain size is de-
scribed by power law time dependence, tn, where n � 1/3 is char-
acteristic of a diffusion dominated process, while with n � 1
convection dominates. Moreover, due to the rapid separation,
and in the absence of definite boundaries, the growth rate is not af-
fected by presence of surfactants [10–14]. On the other hand, the
meta-stable decomposition is characterized by nucleation and
growth of droplets, and was found to be rather slow compared to
the separation rate associated with SD [15,16]. With a deep quench
of off-critical composition, the separation starts as a meta-stable
decomposition, which is then followed by the SD. It is important
to note, that the whole phase separation process is accelerated as
the quench is deeper [17].



S. Gat et al. / International Journal of Heat and Mass Transfer 52 (2009) 1385–1399 1387
The SD is associated with isotropic convective motion, gener-
ated by non-equilibrium capillary forces, with a characteristic
velocity between 0.1 and 1 mm/s [18]. Such a convective motion
with droplet velocity of about 0.5 mm/s was also reported by Arce
et al. [19]. At the final stage of the SD, the domain size becomes
large and the convective motion and phase separation are domi-
nated by gravity. The convective motion during the SD was shown
to increase the heat transfer rates in a closed cell above those ob-
tained by heat conduction [20].

Based on the phenomena associated with the phase separation,
it can be postulated that the process can be beneficially used for
enhancing convective heat transfer in flowing systems in compar-
ison to single-phase flow. On the other hand, in comparison to va-
por–liquid systems, partially miscible solvent systems are
characterized by a very low surface tension and heat of solution.
Thus, in comparison to vapor–liquid phase change, the heteroge-
neous separation of a CST mixture is expected to be characterized
by a formation of smaller drops at higher rates for a given heat flux.
In particular, due to the formation of small liquid droplets (rather
then larger bubbles), the phase separation can be beneficially used
for enhancing heat transfer rates in small diameter channels,
where the dry out phenomenon limits the efficiency of boiling heat
transfer.

Enhancement of heat transfer rates can also be expected in free
convection. The later is generally driven by density difference. In
pure component single-phase systems, or in solvent systems above
the cloud point, the density difference is solely due to density–
temperature variation. In this case, a small temperature gradient
results in a small density difference, and hence, relatively low heat
transfer rates. On the other hand, by using a CST solvent system, a
higher density difference can be achieved for the same tempera-
ture driving force. Therefore, an improved free convection heat
transfer coefficient may be expected.

This study is aimed at testing the feasibility of enhancing con-
vective heat transfer rates, while maintaining a low temperature
driving force, via liquid–liquid phase separation. The experimental
work is concentrated on forced convection heat transfer in hori-
zontal pipe flow. Additional test were conducted also on free con-
vection heat transfer from surfaces.
2. Experimental setup and procedure

2.1. The solvent system

An ‘upper CST’ three-component solvent system, composed of
water–ethanol–ethyl acetate (WEA) was used. This solvent system
was selected as its components are non-toxic and can be safely
used also in large volumes. Three basic systems, related to three
different sets of tie-lines, were used. These correspond to sets of
tie-line a, b, c in Fig. 2a, which possesses a maximal complete mis-
cibility temperature (denoted by CST) of 50, 37 and 28 �C, respec-
tively (Fig. 2b and c). With these solvent systems, experiments
were conducted with critical and off-critical (organic-rich and
water-rich) compositions (see Table 1a and Fig. 2). The variation
of the cloud point temperature, Tcp, with composition for each of
the three systems was obtained experimentally based on the equi-
librium compositions calculated with the NRTL model at the low-
est tested temperature (20 �C or 7 �C). The experimental
procedure and the explanation of the way the equilibrium data is
presented in Fig. 2 are given in Appendix A.

Note that, because of the relatively high volatility of the organic
solvents and working temperatures above the ambient, the compo-
sition, and hence the cloud point of the solvent mixture varied dur-
ing the experiments. Therefore, the mixture was routinely sampled
during the experiment and its cloud point was monitored. When
significant changes where detected, the composition was read-
justed. The change of composition due to solvent evaporation
was detected mainly in the free convection experiments, where
the solvents were kept in unsealed container. Therefore, the free
convection experiments were conducted mainly with water-rich
compositions and at relatively low temperatures.

2.2. Experimental setup for forced convection heat transfer

The schematic description experimental setup is shown in
Fig. 3. A 20-L glass tank of a 28-cm diameter is used as a heat-
ing/cooling environment. In the convective heat transfer experi-
ments the tank contains cooled water. The tank is covered with a
Teflon plate to minimize losses due to evaporation. The heating
element, temperature controller, stirring rod and mixing baffles
are mounted on this cover. The forced convection experiments
were studied in a U-shaped stainless steel (316) tube with an out-
er diameter of Do = 4 mm and an inner diameter of D = 2 mm. The
vertical sections of the U tube are isolated, and the heat transfer is
studied in the 16 cm length horizontal section of the tube.

A temperature controlled circulating bath is used for circulating
the solvent through the tube. The temperature of the water in the
tank, the inlet and outlet temperatures of the solvent mixture flow-
ing in the tube and the tube surface temperature at eight locations
are measured by T-type thermocouples (with accuracy of ±0.1 �C,
which was achieved by a careful calibration). A stirrer is used to
mix the water in the tank and thus to maintain a uniform temper-
ature outside the pipe. The temperature was controlled by using
both heating and cooling elements. The data acquisition system
uses A/D card and the LabView software.

The CST mixture was heated in the circulating bath, where the
temperature was controlled to the required operating temperature
(above the cloud point). The temperature of water in the tank was
kept at a constant and uniform temperature below the cloud point.
In principle, three modes of operation are possible. In the first mode,
the CST mixture enters the test section of the tube with temperature
below the cloud point, resulting in two-phase flow of the separating
phases throughout the test section. In the second mode, the CST
mixture enters the test section above the cloud point and exits it be-
low the cloud point temperature. If the wall temperature is above
the cloud point, a third mode become possible, in which the CST
mixture flows as a single phase throughout the test section. In all
these three modes, the heat transfer rates were tested for different
flow rates (measured with 5% accuracy). In all the experiments con-
ducted, the flow in the pipe was laminar, with Reynolds number
varying in the range of Re = 260–1100. The reported results corre-
spond to steady state conditions, which were typically achieved
after at least five liquid content replacements in the pipe.

The experimental convective heat transfer coefficients can be
calculated using the following equations:

Q ¼ q � _V � ðDHsensible þ DHmixingÞCST mixture; h ¼ Q
Ain � DT lm

ð1:1Þ

DHsensible ¼ Cp � ðTin � ToutÞ; DHmixing ¼ Hin
ex � Hout

ex ; ð1:2Þ

where the density and the heat capacity of the solvent mixture, q
and Cp, were calculated based on the overall composition and the
average temperature, Ain is the internal surface area of the tube test
section, Tin and Tout are the inlet and outlet temperatures of the sol-
vent mixture, _V is the volumetric flow rate and DTlm is the log-mean
temperature difference between the wall surface and the bulk of the
flowing mixture. The enthalpy change due to mixing, DHmixing is
given by the difference between the excess enthalpy, Hex, of the
inlet and outlet streams, where Hex is the difference between the
enthalpy of the mixture and that of an ideal mixture. Unfortunately,
reliable values of the heat of mixing for the WEA 3-component
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system are not available, and cannot be derived based on the avail-
able NRTL model parameters for this solvent mixture (see Appendix
A). Based on the regular solution model [8] fitted to the UCST of the
WEA solvent system (assuming a pseudo 2-C system), an
estimate of the heat of mixing was obtained. This estimate yields
DHmixing > 0 � (5 � 10%) DHsensible. In the absence of reliable values
of DHmixing, the heat transfer rates were determined based on the
sensible heat only, which therefore results in conservative values
for the experimental heat transfer coefficient. The errors in the
experimental heat transfer coefficients resulting from the tempera-
ture and flow rate measurements, solvent composition and physical
properties calculations were estimated to be in the range of 10–30%
(the higher values are associated with experiments with small
temperature difference).



Table 1a
Mixture compositions used in the experimentsa

Tie-line Water-rich Critical comp. Organic-rich Water-rich Critical comp. Organic-rich

Mole percentage (%mol) Volume percentage (%vol)

a Water 74.7 (74.7) 64.2 39.3 (40.0) 28.0
Ethyl Acetate 13.6 (13.8) 22.4 39.3 (40.0) 53.0
Ethanol 12.4 (11.5) 13.4 21.4 (20.0) 19.0
Tcp (�C) 42 (46) 50 42 (46) 50

b Water 77.1 69.5 28.0 44.0 34.0 21.0
Ethyl acetate 11.0 16.6 55.0 34.0 44.0 58.0
Ethanol 11.9 13.9 17.0 22.0 22.0 21.0
Tcp (�C) 32 37 32 (29) 32 37 32 (29)

c Water 81.0 50.0
Ethyl acetate 9.0 30.0
Ethanol 10.0 20.0
Tcp (�C) 19 (18) 19 (18)

a The data are related to the following experiments: cloud points, forced and free convective heat transfer, flow pattern visualization and macro-scale visualization. The
values in the brackets refer to cloud point experiments in which the compositions were slightly different.

Fig. 3. Schematic description of the experimental setup.
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The experimental setup and calculation procedure for obtaining
the convective heat transfer coefficient were tested by conducting
control experiments using single phase water flow and single
phase flow of the CST mixture (above the cloud point). As shown
in Fig. 4 the results were found to be reasonably predicted by using
a well-established correlation [21] for the convective heat transfer
in the thermal developing region (the flow in the test section is as-
sumed to be fully developed laminar pipe flow):

NuD ¼ 3:66þ 0:0688ðD=LÞPe

1þ 0:04½ðD=LÞPe�2=3 ð2Þ

where D is the tube inner diameter and L is the length of the test
section – the horizontal sections of the U-tube.

2.3. Experimental setup for free convection heat transfer

The same basic setup was used to conduct experiments on ‘free
convection’ heat transfer from a cylindrical surface, namely the
outer surface of the horizontal section of the U-shaped stainless
steel (316) tube (outer diameter of 4 mm). When ‘free convection’
is being tested, the tank contains the solvent system, while water is
circulated through the tube. The transparent tank enables visualiz-
ing the flow phenomena associated with the ‘free convection’.

Although both the free convection and convective heat transfer
experiments were conducted in the same apparatus, a different
experimental procedure was used in the two cases. In the free con-
vection experiments, the CST mixture in the tank was heated to a
uniform temperature above the cloud point, Tcp using the temper-
ature controller and the stirrer. To minimize evaporation losses the
solvent mixture composition with the lowest UCST (�28 �C) was
used (set of tie-lines c in Fig. 2). The bulk temperature of the CST
mixture in the bath was in the range of 23–26 �C.

The surface of tube was cooled by circulating cooling water
through the tube, resulting in an average wall temperature in the
range of 14.5–24.2 �C. Phase separation on the tube outside surface
occurred when the wall temperature was below the cloud point.
The overall composition of the CST mixture in the experiments
was off-critical water-rich with 0.81 water, 0.09 ethyl acetate
and 0.10 ethanol, molar fractions. It corresponds to cloud point
temperature of about 17 �C. However, as a result of solvent evapo-
ration during the experimental runs and recurrent composition
adjustments, the actual cloud point varied between 17 and 21 �C.
Obviously, the stirrer was switched off before starting the cold
water circulation in the tube. However, since the heat capacity of
the solvent mixture in the tank is relatively very high, its bulk tem-
perature was practically maintained constant throughout the
experimental runs.

The heat transfer rates were tested for various temperature dif-
ferences between the tube surface and the bulk of the solvent mix-
ture. As a reference, experiments were also conducted for similar
temperature differences, however, when both the bulk and the
pipe surface temperatures were above the cloud point tempera-
ture; namely, without phase separation. The experimental free
convection heat transfer coefficients were calculated using the fol-
lowing equations:

Q ¼ ½q � Cp � _V � ðTout � T inÞ�water; h ¼ Q
Aout � ðTb � TwÞ

ð3Þ

where _V is the volumetric flow rate, Aout is the tube outer surface
area, Tin, Tout are the inlet and outlet temperatures of the flowing
water, Tw is the surface (average) temperature and Tb is the far field
temperature in the tank. The water physical properties (q and Cp)
were calculated at the average temperature.

The experimental setup and calculation procedure were tested
by conducting control experiments for free convection heat trans-
fer from a horizontal section of the U-tube while the tank is filled
with pure water instead of the CST mixture. The results were found
to compare well with the following well-established correlation for
free-convection heat transfer form a constant surface temperature
of a horizontal cylinder [22]:

NuD ¼ 0:6þ 0:87Ra1=6
D

½1þ ð0:599=PrÞ9=16�8=27

( )2

;

RaD ¼
gDqD3

o

la
; 10�5 < RaD < 1012 ð4Þ

A complementary experiment was conducted to study the ‘free
convection’ from spherical geometry. A stainless steel ball with a
thermocouple placed in its center was cooled in an incubator to
a temperature below the cloud point, Tcp. The isothermal ball
was then dipped in the stagnant hotter solvent system (above
Tcp) and the flow around the ball was visualized.

2.4. Flow visualization

The transparent tank enables visualizing of flow phenomena
associated with the natural convection from a cooled surface
(cylindrical tube or sphere) immersed in a solvent mixture at a
temperature above its Tcp. The flow phenomena associated with
the free convection was recorded by a SONY CCD camera model
DCR-TRV50E. To enable a better visualization of the flow of the
two phases, which only slightly differ in their refraction index, a
stripped background (white/pink) 3 mm wide was placed in the
background.

2.5. Two-phase flow patterns

The characteristic flow pattern during isothermal flow of the
analyzed solvent system in the pipe was also investigated in order
to broaden the understanding of the experimental results. A simple
experimental setup was designed in order to enable visualization of
the flow pattern. A solvent system of a known composition and
cloud point temperature was separated into two phases. The sepa-
rated two phases are kept in 10-L containers equipped with valves.
The flow rates were controlled by two rotameters (GILMONT
Instruments) equipped with micro-capillary valves. Each of the
rotameters was calibrated separately for the particular liquid phase.

The flow of the two-phases from the container is gravity driven,
and they are introduced through a Y junction to the glass tube. The
test section consists of a horizontal tube, of 70 cm length,
ID = 2.3 mm and OD = 3.7 mm. The data were recorded by the
CCD camera (SONY, model DR-TRV50E), augmented by external
10-fold magnifying lens. The pictures were taken 50 cm down-
stream the tube entrance to ensure developed flow. Similar flow
visualization experiments were conducted in the horizontal sec-
tion of a U-shaped glass tube, with the same geometry of the tube
used in the convective heat transfer experiments. Under the same
operational conditions the observed flow patterns were practically
the same in the long horizontal tube and the U-shaped tube.

The solvent system used in the isothermal flow pattern visual-
ization experiments correspond to set of tie-lines (a) with an UCST
of 50 �C (see Fig. 2). The experiments were carried out isothermally
at room temperature of 22 �C. The density and viscosity of the hea-
vy (water-rich) phase were 935 kg/m3, and 1.74 mPa s, and of the
light (organic-rich) phase 890 kg/m3, and 0.90 mPa s, respectively.
Although the surface tension is low (�0.004 N/m), due to the small
tube diameter the system Eotvos number is estimated to be
(EoD = DqgD2/r) � 0.7, hence the two-phase system is considered
to be a capillary system [23]. The range of flow rates tested was
3–45 ml/min for each of the phases.
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Visualization of the flow pattern during phase separation under
non-isothermal (cooling) conditions was also attempted. To this
aim, the glass U-tube was immersed in a square glass container
(with flat walls to minimize optical distortion) filled with water
at room temperature (T = 20 �C). Here too, a stripped background
was used to facilitate the distinction between the two phases.
The solvent system of set of tie-lines (a) (see Fig. 2), with a volu-
metric composition of 40% water, 40% ethyl acetate and 20% etha-
nol, was used. This corresponds to a water-rich off-critical
composition. The solvent system was heated above the Tcp

(=42 �C) to form a single phase. Then, it was introduced into the
cooled (T = 20 �C) glass tube. The CCD camera (SONY DR-TRV50E)
was used to visualize the flow.

2.6. Micro-scale visualization

To follow the separation process in the micro-scale, a Brightwell
Technologies-Micro-Flow Imaging (MFI) model DPA4100 was
used. The MFI platform integrates micro-fluidics, optical assem-
blies, digital image acquisition, and patented image analysis algo-
rithms. The time interval between the images is controllable. The
MFI is designed for characterization of particles in liquids and is
used for particle analysis tasks (e.g., drug formulations, cell studies,
drinking and waste water analysis). It is most effective for charac-
terization of dilute slurries, and has never been used before to
characterize the dynamics of particles growth in time. Therefore,
the original working procedure [24] was adjusted for the present
study purposes, and the system was operated under non-flowing
conditions.

The test cell used is 400 lm in depth and 1760 � 1400 lm FOV
(Field of View). The heated solution was inserted as a single phase
to the test cell after it was thoroughly washed with the working
solution and de-aerated. Then, its both ends were sealed tightly
and the solvent was let to cool to the ambient temperature. Data
were collected until the separation was completed, using a time
interval of 1.2 s between two subsequent images. Droplet growth
rate was estimated based on averaging the diameter of about 30
droplets of the ‘same age’. The solvent mixture in the single phase
stage was used as a reference in the image processing of the phase
separation process.

As the MFI automatic image analysis is limited to dilute disper-
sion, it was used only as a mean for visualization and photo record-
ing. The image analysis was conducted using Adobe Photoshop CS3
software. A standard sizing calibrated micro-sphere was used for
sizing the drops.

The solvent mixtures used were those of tie-line set (b) (see
Fig. 2). The separation processes associated with three composi-
tions along this set of tie-lines were studied: critical composition,
organic-rich and water-rich off critical compositions (see Table 1b).

3. Results and discussion

3.1. Convective heat transfer experiments

To obtain the convective heat transfer coefficient during phase
transition, several experiments were conducted following the
Table 1b
Mixture composition used for the micro-visualization experiments

Water rich Critical comp. Organic rich

Water (%mol) 80.7 69.2 55.0
Ethanol (%mol) 11.2 13.6 16.5
Ethyl acetate (%mol) 8.1 17.2 28.5
Separation temperature (�C) 28.5 36.8 29
experimental procedure outlined in Section 2.1. The experimental
results correspond to various flow rates of the solvent system in
the pipe and different inlet temperatures and wall temperatures.
The experimental heat transfer coefficient was calculated using
Eq. (1.1).

The convective heat transfer was studied using two solvent sys-
tems with different UCST (sets of tie-lines a and b in Fig. 2). With
these two systems the experiments were conducted with critical
and off-critical (water-rich and organic rich) compositions (see
Fig. 5). Table 1a summarizes the cloud points and the overall com-
positions of the mixtures used in the different experiments. The
physical properties of the various solvent mixtures used in the
experiments, at different temperatures, are calculated according
to mixture compositions using available empirical relations (see
Appendix B). Different phase separation mechanisms may be ex-
pected when the critical or off-critical compositions undergo tem-
perature quench. In the former, the temperature quench is into the
unstable region, resulting in spinodal decomposition. When cool-
ing a mixture of off-critical composition below the cloud point,
two successive mechanisms may occur: nucleation growth in the
meta-stable region, which is then followed by spinodal decompo-
sition (see Section 1). The quenching induced in the experiments
was up to about 15 �C below the cloud point, Tcp.

The experimental results for the heat transfer coefficients were
compared with the single phase Nusselt number (Nusp). The latter
were calculated using Eq. (2) and correspond to the values which
would be have been obtained without phase separation using the
same solvent mixtures and at the same working temperatures.
The augmentation of the heat transfer coefficient due to phase sep-
aration is defined by:

AF ¼ Nu
Nusp

¼ h
hsp

ð5Þ

Such presentation of the results enables to clearly display the heat
transfer enhancement due to the phase separation process.

Obviously, the overall phenomena resulting from phase separa-
tion, including the secondary flows, the simultaneous primary
flow, and the associated heat and mass transfer processes are
rather complicated. However, it is known that in addition to the
separation mechanism (spinodal vs. nucleation), the ’quenching
depth’ and the ‘quenching rate’ affect the rate of droplet growth
and their velocities [18], and therefore, also the heat transfer rates.
In the experiments conducted, the quenching depth is represented
by (Tcp � Tout) and the quenching rate by (Tin � Tout)U/L, where L/U
is the residence time in the test section. The corresponding dimen-
sionless time (normalized by D2/a) is represented by (Pe � D/L)�1.
The temperature differences are normalized by the maximal po-
tential quench (Tcp � Tw) associated with the phase separation for
the specific mixture composition and wall temperature. Using
these dimensionless variables, the experimental results for AF were
found to be represented by the following empirical (dimension-
less) correlation:

AF ¼ 0:111
T in � Tout

Tcp � Tw

D
L

Pe
� �0:75

exp 1:9
Tcp � Tout

Tcp � Tw

� �3:6
" #

ð6Þ

All the experimental data used for deriving the parameter values
of Eq. (6) correspond to conditions for which the phase separation
took place throughout the entire text section, namely Tin < Tcp. Part
of the data was left for the correlation validation. It is worth noting
that the D/L in Eq. (6) evolves from the normalization of the resi-
dence time. However, as all the experiments correspond to the
same D/L, its effect on AF could not be extracted from the data.

The comparison between the value predicted by Eq. (6) and the
experimental AF is shown in Fig. 6a. The applicability of this corre-
lation was tested via using AF 	 hsp to predict the outlet mixture
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temperature (Fig. 6b). The latter validation is important, since the
heat transfer coefficient is now dependent also on the quench rate,
and therefore on the outlet temperature. Consequently, the calcu-
lation of Tout requires solving an explicit algebraic equation (see Eq.
(1.1)).

Generally, as shown in Fig. 6a, the phase separation affects the
convective heat transfer coefficient compared to the corresponding
single phase values. The largest AF values are obtained for organic-
rich compositions, where phase separation augments the heat
transfer coefficient by 50% to 130%. With the water-rich off-critical
compositions the AF values are lower (in some case lower than 1).
On the other hand, with a critical composition, in most of the cases
the phase separation was found to attenuate the convective heat
transfer coefficient (AF < 1). As may be noticed, the agreement of
data of the critical composition with correlation Eq. (6) is less
favorable. This may be expected, as the phenomenon involved in
phase separation of mixtures with critical compositions is quite
different from that associated with separation of off-critical mix-
tures (spinodal decomposition vs. nucleation growth). Indeed, the
empirical correlations for the AF could be improved if different
parameter values are fitted to the critical composition (results
are not reported here).

It can be postulated that augmented heat transfer rates during
phase transition result from the lateral (in addition to the axial)
velocity component induced by the motion of the separating and
growing droplets during the phase separation process. Assuming
the existence of such a lateral velocity component (), the ratio be-
tween the associated convective heat transfer to that obtained un-
der single phase flow conditions (represented by Eq. (2), with
St = Nu/Pe) can be approximated by AF � v/(USt). Using the experi-
mental U, St and AF yields values of of about 1 to 5 mm/s for the
cases of AF > 1.

As discussed above, with off-critical composition, the phase
separation during temperature quench is a dynamic process, asso-
ciated with droplet growth and movement. The movement of the
small droplet (smaller than the capillary length,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gDq

p
, of the

order of 1 mm) is not gravity dominated, but driven by the chem-
ical potential gradient [25]. The measured velocity of the micro-
droplets in the unstable region was reported to be in the range
of = 0.1–1 mm/s [18,19,26], with droplet growth proportional to
t. These droplet velocities are of the same order of magnitude as
the lateral velocities required for obtaining AF > 1.

Most of the droplets growth and droplet velocities reported in
the literature refer to two-component systems, or pseudo two-
component systems (i.e., minute concentration of the third
component); nevertheless, similar results were observed during
the separation of the three-component solvent system used in
the present study. Fig. 7 shows typical pictures obtained for
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off-critical and critical quench into the unstable region taken by
the Micro-Flow Imaging (MFI) apparatus. The pictures shown
are part of sequential set of pictures, which enable an estimation
of the droplet velocity and its growth rate. In the case of critical
composition, we could not measure the ‘domains’ size during the
initial stage of the phase separation, and the data shown in Fig. 8
correspond to the late stage of phase separation, where the
boundaries of the domains could be clearly identified (t > 250 s).
For off-critical quench, two different stages of droplets growth
were definitely observed. In agreement to the rates reported in
the literature (see Section 1), the initial growth rate (diffusion
stage) was found to be characterized by d proportional to t1/3,
and d proportional to t1 in the second (convective) stage (see
Fig. 8). The corresponding growth rate in the second stage (deriv-
ative of the radii with time) is about 0.1 lm/s for both the off-
critical and critical compositions. This value is in a general agree-
ment with the findings reported by Poesio et al. [18] for low
quenching rates. The latter demonstrated a strong dependence
of the droplet growth rate on the quenching rate. Unfortunately,
the MFI measurement system does not allow a control of the
quenching rate, which was rather low (gradual cooling to the
ambient temperature). However, with the quenching rates typical
to the convective heat transfer experiments of the present study
(1–7 �C/s for off-critical compositions) the drop growth rate is ex-
pected to be much (two orders of magnitude) higher. It is worth
noting that part of the large drops (of about d = 100 lm) were ob-
served to adhere to the walls of the measurement test cell and re-
mained motionless. The growth rate of those drops was found to
be proportional to t0.5.

Visual inspection of the sequential pictures enables an estima-
tion of a typical value for the droplet movement velocity in the
bulk of the separating mixtures during quenching of off-critical
mixture composition (see for example Fig. 7b). The movement
velocity was found to be of the order of 0.1 mm/s, which is in the
lower range of the velocities reported in the literature, as men-
tioned above. Similarly to the slow growth rate, this may also be
a result of the low quenching rate in the MFI apparatus. However,
it is worth noting that the drop velocity could be measured only for
frames containing a small amount and of relatively large droplets,
and may not be representative of the droplet velocity throughout
the entire separation process.

Similar visual inspection of the sequential pictures taken for
(close to) critical composition (that is associated with the maxi-
mum temperature of tie-line set (b) (see Fig. 2) revealed a different
structure of the growing domains of the separating phases (snap
shots are shown in Fig. 7a); in this case, droplets similar to those
observed during separation of off-critical compositions cannot be
observed, although a pattern of interconnected domains (as re-
ported in the literature [18,19]) cannot be clearly visualized in
the pictures either. A growth stage of d proportional to t1 (similar
to that observed with the off-critical compositions for the convec-
tive stage) was identified, but the initial growth stage could not be
characterized with the MFI apparatus. It is important to note that
the domains appeared to be rather motionless during most of the
separation period. This finding can explain the fact that heat trans-
fer rates were the lowest for the mixture of a critical composition,
and that phase separation in some cases may have an adverse ef-
fect (AF < 1) on the heat transfer rates compared to single-phase
flow.

The highest heat transfer amplification was obtained for the
case of organic-rich off-critical composition (see Fig. 6a). Unfortu-
nately, at this stage no definite explanation for this finding was
found. The differences between the AF values corresponding to
water-rich and organic-rich are relatively small. They may be re-
lated to different heat of mixing associated with the water-rich
and organic-rich compositions of the solvent system studied
(which was not accounted for in the heat transfer calculations).
Different lateral droplets velocities during the separation of off-
critical organic-rich and water-rich compositions may also affect
the AF. However, since we were able to measure the droplet veloc-
ities only during the late stages of the phase separation, we could
not substantiate this hypothesis via a comparison of the droplets
velocities of off-critical organic-rich and water-rich compositions.
Another reason could be the identity of the phase covering the wall
following phase separation. However, picture taken in the pipe
during phase separation (e.g. Fig. 9b) could not shed light on this
issue.

Although the empirical correlation (Eq. (6)) implies that the AF
is reduced at long residence time (low PeD/L), the heat transfer
phenomena associated with a very long residence time (i.e., long
test section) was not tested in the present study. While it is ex-
pected that the effect of phase separation diminishes in long tubes,
the heat transfer coefficient will not be the same as that obtained
in single phase flow (i.e., AF = 1). With the resulting liquid–liquid
two-phase flow, the heat transfer coefficient is dependent on the
two-phase flow pattern, which in turn, is dependent on phases
flow rates and properties.
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3.2. Two-phase flow characteristics

The characteristic flow patterns (under isothermal conditions)
observed in horizontal tube for various phases flow rates are
shown in Fig. 9a. The flow patterns observations were made at
the same total flow rate range of the heat transfer experiments,
and for various heavy-to-light phase flow rate ratios. In most of
the cases, the observed flow pattern corresponds to bubbly flow,
or elongated-bubble flow, with bubbles length ranging from a size
smaller than the tube diameter, to very long bubbles, of the order
of the test section length. The observed flow patterns can be cate-
gorized into four main flow patterns: plug flow (elongated light
phase bubbles), bubbly flow (light phase bubbles), inverted plug
flow (elongated heavy phase bubbles) and inverted bubbly flow.

Nevertheless, the flow pattern in the test section of the convec-
tive heat transfer experiments is not expected to be the same as
that obtained under isothermal conditions even for the same total
mixture flow rates. This is due to the continuous phase separation
throughout the test section. Fig. 9b shows a typical picture of the
flow pattern observed in the glass tube during phase separation.
The small droplets formed during the phase separation actually oc-
cupy the entire tube and the flow pattern appears as a mist.

3.3. Free convection experiments

Some experiments were performed to test the potential of heat
transfer enhancement in the case of free convection following the
procedure described in Section 2.2. The experiments were limited
to water-rich composition corresponding to tie-line set (c) (see
Fig. 2 and Table 1a). A picture showing the flow phenomenon asso-
ciated with the free convection from a cylindrical surface during
phase separation (on the tube outer surface) is given in Fig. 10a.
A distortion of the background (white/pink) stripes indicates the
location of the two liquid phases of different refractive indexes.

It is worth recalling that in the experiments, an UCST solvent
system was used, and therefore, in these experiments, the cylinder
surface temperature is lower than the solvent bulk temperature. As
long as the surface temperature is kept above the cloud point
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temperature (Tcp), a conventional free convection due to tempera-
ture difference takes place. This temperature induced free convec-
tion could not be observed or pictured. However, when the
temperature of the wall is equal or lower than Tcp, the inception
of phase separation is visualized. A thin film of the heavy phase
is formed over the tube surface, which drains down to form a thin
‘curtain’ that can easily be observed in the picture (Fig. 10a). This
visualized flow phenomenon resembles that observed in vapor
condensation over a cooled tube surface. However, in the phase
separation experiments, the formation of the heavy phase ‘curtain’
is accompanied by separation of the light phase, which moves up-
ward. The separated light phase does not form a continuous ‘cur-
tain’, and is more difficult to be visualized. Indeed, as off-critical
composition with water-rich composition was used, the volume
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of the heavier, water-rich phase, during separation is much larger
than that of the lighter, organic-rich phase (see Fig. 12(a)).

A similar flow phenomenon was obtained when a cooled sphere
was introduced into the hotter solvent mixture (see Fig. 10b). In
this geometry, the upward flow of the separating lighter phase
can be more easily detected. Visualization experiments were re-
peated with another solvent composition of a higher CST of
42 �C, and basically the same flow phenomena were observed.

The experimental Nusselt number obtained in free convection
from the cylindrical surface vs. the difference between the bulk
temperature and the average wall temperature is depicted in
Fig. 11. In this figure, a distinction is made between cases where
the wall temperature was above the cloud point (no phase separa-
tion took place), cases where the wall temperature along the whole
test section was definitely below the cloud point (phase separation
took place over the entire surface), and cases where the average
wall temperature was close to the cloud point (the temperature
of only part of the surface was below the cloud point). For a refer-
ence, the corresponding calculated values for single phase free con-
vection (Eq. (4)) are also shown for water (curve A). Two
experimental points obtained for free convection in water sur-
rounding for the maximal and minimal experimental temperature
difference range are also shown, indicating the reliability and
validity of the experimental setup and procedure.

Curve B in Fig. 11 shows the theoretical free convection Nu
numbers obtained for the single-phase of the three component
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(Tb � Tw > 5.5 �C in the experiments), its extension outside of this
range is represented by dashed line. Fig. 11 shows that the free
convection Nu number in case of phase separation is reasonably
predicted by considering the density difference between the sepa-
rated phases as the process driving force. Obviously, the experi-
mental results in the case of phase separation exhibit a larger
scatter as compared to single phase conditions. This should be ex-
pected, since the free convection driving force is sensitive to vari-
ations in the CST mixture binodal curve (see Fig. 12) and the wall
temperature that differ in the various experimental runs. Again,
these variations of the driving force are not represented by the ab-
scissa of Fig. 11. This inherent scattering is also characterizing the
calculated values (Eq. (4)), and consequently curve C actually rep-
resents a curve fit to some scattered calculated values. Note that
the liquid properties (used in Eq. (4)) were calculated based on
the overall CST mixture composition at the film temperature
(although the liquids around the tube surface are separated
phases).

The results of this experimental study show that on the macro-
scale, the free convection heat transfer phenomena (in contrast to
the convective heat transfer) are dominated by gravity, even in the
case of phase separation. The observed enhancement of the heat
transfer rates is related to the increased effective density difference
during phase separation.
4. Conclusions

In this study convective heat transfer and flow phenomena dur-
ing liquid–liquid phase separation were investigated experimen-
tally. These phenomena involving heterogeneous phase
separation and the associated heat transfer mechanism have not
been yet investigated in the literature. The heat transfer rates ob-
tained with phase separation were compared with those obtained
under the same flow conditions of single-phase liquid of the sol-
vent system. The results support the premise that heat transfer
coefficient can be augmented by inducing liquid–liquid phase
separation.

The heat transfer rates were studied for convective heat transfer
in a small diameter horizontal tube and free convection from its
outer surface. It was found that with phase separation the forced
convection heat transfer coefficients can be improved by up to
130%. Higher augmentation of the forced convection heat transfer
rates were obtained with off-critical compositions; whereas with
mixtures of critical compositions the heat transfer coefficient
may even be deteriorated during phase separation. The free con-
vection phenomena from the outer surface were studied only with
an off-critical mixture. In this case the heat transfer coefficients
were found to be augmented by up to 100% compared to free con-
vection in single phase liquid.
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Macro- and micro-flow visualization were also conducted to
follow the flow phenomena during the phase separation. These
experiments show that the phase separation of the 3-component
system resembles the universal droplet growth rate, namely, pro-
portional to t1/3 in the initial growth (diffusion) stage, and propor-
tional to t1 in the second (convective) stage. The characteristic
surface tension driven droplet velocity was also observed.

In forced convection heat transfer in horizontal pipe flow, the
heat transfer augmentation is attributed mainly to the lateral
movement of the separating droplets, which affects mixing of the
fluid near the heat transfer surface. This lateral velocity is not nec-
essarily gravity dominated, in particular for small droplets, as it is
driven by the chemical potential gradients existing under non-
equilibrium conditions. Indeed, an estimate of the lateral velocity
scale required to yield the measured heat transfer augmentation,
resulted in velocities that are of the same order of magnitude as
those measured in non-flowing conditions (closed cells [20]). On
the other hand, the augmentation of the free convection from the
outer surface is found to be mainly gravity driven. The augmenta-
tion is a result of the larger density difference of the separating
phases, as compared to single phase free convention for the same
temperature difference.
Appendix A

A three component system is represented by a three dimen-
sional surface, reflecting the variation of temperature and the com-
positions of two of the components. The equilibrium compositions
of the two separated phases at a given temperature are repre-
sented by tie-lines. Any mixture with an overall composition along
a tie-line will separate into two coexisting phases, and their equi-
librium compositions are represented by the two external points of
the tie line. The length of the tie lines varies with the overall com-
position and vanishes at the plait point. The equilibrium composi-
tions of the coexisting phases are temperature dependent and can
be represented by a different set of tie lines for each temperature.
The tie-lines of UCST systems become shorter as the temperature is
elevated (see Fig. 2(a)).

In general, the NRTL equation (Eq. (7)), or a similar model, can
be used to obtain the coexisting concentrations of the two liquid
phases:

ln ci ¼
Pm

j¼1sjiGjixjPm
l¼1Glixl

þ
Xm

j¼1

xjGijPm
l¼1Gljxl

sij �
Pm

n¼1xnsnjGnjPm
l¼1Gljxl

� �
;

sji ¼
ðgji � giiÞ

RT
; Gji ¼ expð�ajisjiÞ

sii ¼ sjj ¼ 0; Gii ¼ Gjj ¼ 1

ð7Þ

Experimental data for the water–ethanol–ethyl acetate system,
as well as the NRTL and UNIQUAC model parameters are reported
in the literature [27–29]. However, the data do not cover the com-
binations of temperatures and compositions used in the present
experiments. Moreover, using the reported NRTL (and UNIQUAC)
model parameters fails to predict the existence of phase transition
(in most cases), in few cases the cloud point temperature is largely
over predicted. Therefore, we conducted a series of experiments to
obtain data on the composition of the coexisting phases and the
phase transition temperatures for solvent compositions used in
our experiments. It is worth noting that direct measurement of
the composition of solvent system that contains water is difficult
to conduct with a Gas-Chromatograph, which is the conventional
analytical tool used for concentration measurement of organic
solvents.
Analysis of equilibrium compositions predicted by the NRTL
model for a specified overall composition revealed that all tie lines
associated with this composition (at different temperatures) are
practically parallel (namely all these tie-lines share a common
plane, see Fig. 2(a)). This observation enables to adopt a simplified
and convenient procedure to obtain the equilibrium compositions
at different temperatures for various overall compositions of the
solvent system that are associated with a specified set of tie-lines
(which share a common plane).

The procedure is based on the well-known and reliable cloud
point experiment. The latter is conducted in the following way:

a. Preparing a mixture with a known composition.
b. Heating, while mixing, and recording the temperature at

which the solution becomes clear (Tcp).
c. Validation of the Tcp, by cooling the mixture and recording

the temperature for which the solution becomes opaque.

Based on the finding that the tie-lines are parallel at different
temperatures, it is sufficient to have data on the equilibrium compo-
sitions of one tie-line at a single temperature. Accordingly, the
following procedure was used to obtain the equilibrium composi-
tions corresponding to the set of tie-lines (at different
temperatures):

a. A mixture of known overall composition is prepared and
well mixed at a temperature of 20 �C (or 7 �C for set of tie-
lines (c)), and then the two coexisting phases are separated
(in a separating funnel).

b. Their composition was determined using the NRTL model for
which reliable data and parameter values are available at
20 �C. The NRTL model parameters at different temperatures
can be found in the literature [27–29].

c. Different mass ratios of the two-phases were taken to obtain
different compositions along the tie-line.

d. For each of those compositions, a cloud point experiment
(see above) was conducted to define its Tcp. The results of
the variation of the water and ethyl acetate compositions
with temperature are depicted in Fig. 2b and c for three dif-
ferent set of tie-lines used in our experiments. The maximal
phase transition temperature of the solution is different for
each set of tie-lines and is considered here as the ‘‘CST”, sim-
ilarly to the CST of binary systems.

The procedure was verified by using freshly prepared solutions of
compositions obtained in step (c) (and differ from that of step a) and
checking its Tcp independently. The so-obtained cloud point was
found to be the same (within the error bounds affected by weight
and temperature measurement errors) to that obtained in step (d).

In fact, the procedure used enables obtaining equilibrium data
based on a limited reliable data of equilibrium compositions of
the system at a single temperature.
Appendix B

The physical properties of the pure components at different
temperatures were calculated based on empirical relations [30–
39]. The empirical relations are summarized in Table B1. The prop-
erties of the mixtures were calculated based on the mass fraction
of the components. The mixture viscosity was corrected according
to [40]. The mixture density was not corrected for the mixing effect
as the excess molar volumes of the components at the experimen-
tal compositions and temperatures are negligible [40].



Table B1
Empirical relations for the pure components physical properties at different temperatures [30–39]

Property Empirical relations

Water
q (kg m�3) 1000 (1 � (T + 288.9414)/(508929.2 � (T + 68.12963)) � (T � 3.9863)2), T (�C)

Cp (J kg�1 �C�1) Cp;wðT
CÞ
Cp;wð15 
CÞ ¼ 0:996185þ 0:0002874 Tþ100

100

� �5:26 þ 0:011160� 10�0:036 T (�C)

Cp,w (15 �C) = 4185.5 k
k (W m�1 �C�1) kw = �0.00000517T2 + 0.0020083T + 0.559900, T (�C)
l (N s m�2) lw = 0.0014793e�(0.0190798�T), T (�C)

Ethyl acetate
q (kg m�3) qEtAc = 1.99860 � 6.24971 � 10�3T + 8.53568 � 10�6T2, T (K)
Cp (J kg�1 �C�1) Cp,EtAc = 0.0143T2 + 1.8552T + 1875.6, T (�C)
k (W m�1 �C�1) kEtAc = �0.000288T + 0.148622, T (�C)
l (N s m�2) lEtAc = 0.0005323e� (0.0094982�T), T (�C)

Ethanol
q (kg m�3) qEtOH = �0.0013T2 � 0.778T + 805, T (�C)
Cp (J kg�1 �C�1) Cp,EtOH = 0.0891T2 + 6.7708T + 2228.7, T (�C)
k (W m�1 �C�1) kEtOH = �0.000266T + 0.169548, T (�C)
l (N s m�2) lEtOH = 0.0016276e�(0.0163210�T), T (�C)
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