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This paper presents an experimental study of the phase change phenomenon in a porous medium. The
tested working fluids are pure water and butanol aqueous solutions with different concentrations. In con-
trast to ordinary fluids, the surface tension of self-rewetting fluids exhibits a positive gradient beyond a
certain temperature value. The experimental results indicate that the use of self-rewetting fluids (water/
butanol) as working fluid significantly improves the performance of the capillary evaporator by decreas-
ing the casing temperature. To explain the heat transfer enhancement mechanism, the phase change phe-
nomenon is visualized for the two working fluids. It is shown that as the applied power increases, the
shape of the vapor pocket that developed within the porous wick also increases for pure water until it
reaches a stable shape. With respect to self-rewetting fluids, the shape of the vapor pocket decreases with
increasing applied power allowing more efficient mass and heat transfers. Wettability, capillary pressure
and Marangoni forces are the factors related to surface tension and contact angle that seem to be respon-
sible for this heat transfer improvement for self-rewetting fluids.
1. Introduction

The capillary pumped loop (CPL) and loop heat pipe (LHP) are
passive two-phase heat transfer systems used for cooling elec-
tronic devices. These devices utilize the fluid circulation and vapor-
ization phenomena that occur inside the porous wick to transport
large heat loads without the need for a mechanical pump [1–5].
CPL and LHP systems are composed of an evaporator, a condenser,
reservoir (compensation chamber), and vapor and liquid lines (see
Fig. 1).

The evaporator, as shown in Fig. 2, is the major component of
such devices, which is responsible for fluid circulation in the com-
plete loop thanks to the capillary pressure generated inside the
porous wick.

During steady-state or transient operations, a two-phase heat
transfer system can encounter several heat transport limitations
such as capillary limit, boiling limit and overheat limit. The capil-
lary limit during the operation of the CPL and LHP is reached when
pressure losses in the whole loop exceed the maximum capillary
pressure generated inside the porous wick.
Dptot P Dpcap;max ð1Þ

Assuming a spherical liquid/vapor interface, the maximum capillary
pressure is defined by the Young-Laplace equation:

Dpcap;max ¼
2r cos h

rp
ð2Þ

where rdenotes the surface tension, rp denotes the pore radius and
h denotes the contact angle between the liquid and the wick. As for
conventional heat pipes, the capillary limit is essentially related to
the physical properties of the working fluid, particularly to the sur-
face tension and to the wettability. For this reason, the choice of
working fluid is important to overcome the abovementioned limita-
tions and improve the thermal performance of two-phase heat
transfer systems.

For ordinary fluids, surface tension always decreases with tem-
perature, which has a detrimental effect on the thermal perfor-
mance of two-phase heat transfer systems. However, for binary
mixtures of fluids, called self-wetting fluids, the variation in sur-
face tension as a function of temperature shows a positive slope
from a certain temperature [7]. In the literature, many efforts have
been devoted to study the influence of self-rewetting fluids on heat
transfer systems performance. Savino et al. [8] studied numerically
and experimentally the thermal performance of innovative heat
pipes using binary mixtures. Their results indicated that heat pipes



Fig. 1. LHP design [6].

Fig. 2. Capillary evaporator [6].
filled with binary mixtures of fluids exhibit better thermal perfor-
mance compared with heat pipes filled with pure water. Later,
Savino et al. [9] experimentally studied the effect of Marangoni
flow on the dry-out limit in heat pipe systems. Flow visualization
has been performed for self-rewetting fluids, ordinary working flu-
ids, and binary solutions having no minimum in surface tension.
But, they reveal the difficulty of thermal measurement as well as
the visualization of the phase change phenomenon. Fumoto et al.
[10] studied the use of binary fluids in oscillating heat pipes. Exper-
imental results showed that these working fluids greatly improve
the maximum heat transport capacity and reduce thermal resis-
tance. Leping Zhou et al. [11] studied the enhancement of pool
boiling heat transfer in a porous structure formed by spherical
glass beads. Experimental results showed that the bubble dynam-
ics in water and aqueous n-butanol solution are different and var-
ies with the applied power. The authors also showed that the
superheat in the porous structure decreases with binary fluids
owing to the unique interfacial properties of these fluids. Di
Francescantonio et al. [12] analyzed the effect of heptanol aqueous
DOI : 10.1016/j.ijheatma
solution on the thermal performance of a heat pipe. They demon-
strated that the use of an aqueous solution of heptanol as working
fluid increases the dry-out limit of the heat pipe and considerably
improves its thermal performance. The heat transfer enhancement
is due to the Marangoni forces caused by the temperature gradient
and concentration gradient, which provide an additional mecha-
nism for the return of liquid from the condenser to the evaporator,
other than capillary forces. Yanxin Hu et al. [13] studied the heat
transfer enhancement of micro-oscillating heat pipes (MOHPs) by
using binary fluids as a working fluid. Their experimental results
showed that MOHPs filled with self-rewetting fluids (water/hep-
tanol) exhibit low thermal resistance compared with water. Cecere
et al. [14] conducted an experimental investigation of a flat plate
pulsating heat pipe (FPPHP) under variable gravity conditions.
Two working fluids were studied: an ordinary fluid (water) and a
binary mixture (water/butanol). The authors demonstrated that,
even at low heat flux, the FPPHP filled with pure water is not able
to work under low gravity conditions owing to the evaporator dry-
out. On the other hand, an FPPHP filled with self-rewetting fluids
sstransfer.2019.03.016 2



still works during the microgravity phase and exhibits good ther-
mal performance. Zhao et al. [15] studied the mechanism of heat
and mass transfer of a large-scale oscillating heat pipe filled with
self-rewetting fluid. They found that using self-rewetting fluid as
a working fluid increases the heat transfer limit and reduces the
thermal resistance of the heat pipe under large heating load, com-
pared with water and ethanol. Naresh et al. [16] carried out exper-
imental investigations on the thermal performance of internally-
finned wickless heat pipes filled with different self-rewetting flu-
ids. The authors concluded that all the self-rewetting fluids exhibit
better performance compared with pure water. They also found
that there is an optimum concentration that leads to the best per-
formance of heat pipes for all working fluids. Peyghambarzadeh
et al. [17] studied the heat transfer enhancement of circular heat
pipes using self-rewetting fluid. Their results showed that heat
pipes filled with aqueous solutions of butanol exhibit better ther-
mal performance compared with those filled with water. Recently,
Wu [18,19] carried out an experimental study on the influence of
butanol aqueous solutions on the performance of LHP. The exper-
imental results demonstrated that self-rewetting fluids reduce
the operating temperature and total thermal resistance of LHPs,
and improve heat transport capacity.

This paper presents an experimental study focusing on the
impact of self-rewetting fluids (water/butanol) on heat and mass
transfers in the porous wick of a two-phase capillary pumping
loop. The novelty of this work lies in the analysis of the physical
phenomena responsible for the improvement of heat and mass
transfers inside the porous wick with self-rewetting fluids. The
phase change phenomenon was visualized for aqueous solutions
of butanol and pure water. If other works analyzed the effect of
self-rewetting fluids on the global performance of two-phase heat
transfer devices [20], in our work we studied separately the effect
of such working fluids on the evaporator performance.
2. Experimental setup

2.1. Experimental procedure

The sketch of the experimental setup is shown in Figs. 3 and 4. It
consists of a porous wick of copper foam and a grooved brass block
to represent the flat evaporator section of a capillary two-phase
loop. The experimental configuration also includes a transparent
sapphire window. An infrared camera (FLIR SC7000 series (System
overview:SC7200� 7500/SC7300), 320 � 256 pixels, 30 lm detec-
tor pitch, range 1.5–5.1 lm) is installed in front of the sapphire/-
Fig. 3. Experimen
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porous interface that enables the visualization of the phase
change on the surface (see Appendix A). To obtain a readable infra-
red image we have to respect 50 mm focus length following the
macro 50 mm used Lens. Sapphire range transmission varies from
0.17 lm to 5.5 lm which is in a coherence to be transparent with
the used IR camera. The upper surface of the porous structure is
heated using a grooved brass block with cartridge heaters. Further-
more, the evaporator is heated from above and the vapor escapes
upwardly (see Fig. 3). The heat losses due to the ambient environ-
ment are negligible since the heating block is thermally insulated
with multilayered insulation materials (Bakelite, glass wool and
polystyrene). The evaporator is connected to a constant-level
reservoir to supply subcooled fluid to the wick under the same
conditions. The hydrostatic pressure drop is controlled by the ele-
vation Dh, the distance between the upper surface of the porous
structure, and the water level in the reservoir. The liquid inside
the reservoir is at ambient temperature, and thus a heating film
is used to heat the liquid before it enters the porous wick. Two
K-type thermocouples were used to measure the casing tempera-
ture TC and the temperature of the fluid at the wick inlet TW;in.
The fluids considered in the present study are water and aqueous
solutions of butanol with different concentrations.

2.2. Surface tension measurement

The surface tension of aqueous solutions of butanol and water
was measured in the temperature range 20–105 �C with the Kruss
drop shape analyzer DSA30S using the pendant drop method (see
Appendix B). This method is based on the Young-Laplace equation
which relates the surface tension to the droplet shadow shape.

2.3. Contact angle measurement

The contact angles were measured for water and aqueous buta-
nol solution at ambient temperature and for a substrate tempera-
ture of 60 �C with the Kruss drop shape analyzer DSA30s, using the
sessile drop method. Two substrates were tested: smooth copper
substrate and porous copper substrate.

2.4. Error analysis

The temperatures of the liquid at the wick inlet and the casing
were measured using K-type thermocouples. Measurement uncer-
tainties are �0:5 �C. With respect to the applied power, the relative
uncertainty is estimated as 1.1%, which was determined using the
following equation [21]:
tal setup [6].

ransfer.2019.03.016 3



Fig. 4. Experimental setup in real site [6].

Table 1
Porous media properties.

Mean pore diameter (mm) 0:635
Porosity (%) 96
Permeability (m2) 1:238 10�6

Effective thermal conductivity (W/mK) 16:24
d/
/

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dV
V

� �2

þ dI
I

� �2
s

where / denotes the applied heat load, V is the voltage and I is the
current.

For contact angle measurements, the uncertainty is estimated
as �3 deg.

2.4.1. Thermal resistance
In order to describe the thermal performance of the evaporator,

we define the evaporator thermal resistance as follows:

RE ¼ TC � TW;in

/
ð3Þ

where / denotes the heat flux applied to the evaporator, TC denotes
the casing temperature and TW;in denotes the liquid temperature at
the wick inlet.
3. Results and discussion

3.1. Porous media properties

The real sample of the copper wick structure is shown in Fig. 5
(the photo is taken by ESC microscope CCD camera). The dimen-
sions of the porous wick are 50� 50� 15 mm3. The properties of
the wick are listed in Table 1. The effective thermal conductivity
and permeability are respectively by thermal parallel model and
Kozeny-Carman correlation.
Fig. 5. Wick image.

DOI : 10.1016/j.ijheatma
3.2. Surface tension

Fig. 6 shows the evolution of the measured surface tension for
water and self-rewetting fluids (water/butanol) at different con-
centrations of butanol. The surface tension of water always
decreases with temperature. However, for aqueous solutions of
butanol, the surface tension has a positive slope when the temper-
ature exceeds 52 �C. It can also be seen that the surface tension
varies with concentration. In particular, the surface tension
decreases when we increase the butanol concentration.
3.3. Heat transfer characteristics

Fig. 7 shows the variation in the casing temperature as a func-
tion of the applied power for pure water and aqueous solutions
of butanol with different concentrations as working fluids. This fig-
ure shows that as the heat load increases, the temperature of the
evaporator also increases. For butanol aqueous solutions, the cas-
ing temperature is always lower than that of water. During the
operation of an evaporator filled with a self-rewetting fluid, the
casing temperatures are approximately 120 �C and 143 �C for the
3% and 5% concentrations respectively; for the water, the temper-
ature is approximately 154 �C for a heat load of 82 W. The self-
rewetting fluid with a concentration of 3% exhibits the best perfor-
mance. The overheat in the evaporator casing is higher for water
because the vapor pocket that developed inside the porous wick
is larger.

Fig. 8 describes the temperature evolution of the casing temper-
ature for different working fluids at steady state. It can be seen that
the difference in temperature between butanol aqueous solutions
and water increases with the heat load. This can be explained by
the fact that the surface tension for water always decreases when
the temperature increases.

The variation in the thermal resistance as a function of the
applied power for butanol aqueous solutions and water is shown

sstransfer.2019.03.016 4



Fig. 6. Surface tension measurements for water and aqueous solutions of butanol.

Fig. 7. Temporal evolution of the casing temperature for water and self-rewetting fluids.

Fig. 8. Evolution of the casing temperature for water and self-rewetting fluids.
in Fig. 9. It can be seen that the use of self-rewetting fluids reduces
the thermal resistance of the evaporator. Indeed, for an applied
power of 82 W, the thermal resistance for the aqueous solution
of butanol (wt 3%) is approximately 28% lower than that of pure
water.
DOI : 10.1016/j.ijheatmasst
3.4. Vapor pocket dynamics

In order to understand the enhancement of the thermal perfor-
mance of the evaporator with self-rewetting fluids, the liquid/va-
por phase change was visualized. Infrared emissivities of liquid,
ransfer.2019.03.016 5



Fig. 9. Thermal resistance for water and self-rewetting fluids.
vapor/solid are different at a given temperature. By consequence, it
induces different temperature ranges colors on the IR detector,
which enables the location of the liquid/vapor interface by IR ther-
mal imaging. Fig. 10 depicts the evolution of the vapor pocket as a
function of the applied power for water and aqueous solution of
butanol (wt 3%) as working fluids. It can be seen that the size of
the vapor pocket increases with the applied power until it exhibits
a nearly stable shape for water, regardless of the heat load applied
(d)

Fig. 10. Comparison of the vapor pocket for water a

DOI : 10.1016/j.ijheatma
to the evaporator envelope. This result can be explained as follows.
The increase in the heat load causes a higher vapor mass flow rate
at the outlet of the evaporator. As a result, the mass flow rate of the
liquid at the outlet of the reservoir also increases, resulting in a
lower liquid temperature at the inlet of the wick. Both of these
effects tend to stabilize the vapor pocket within the capillary struc-
ture. This result is in agreement with the numerical results of Bou-
baker [22] and Ren [23]. The vapor pocket that developed within
nd self-rewetting fluids water/butanol (wt 3%).

sstransfer.2019.03.016 6



Fig. 11. Marangoni effect.
the porous wick causes high thermal resistance, which promotes
overheating of the evaporator casing and affects the thermal per-
formance of the evaporator. Unlike water, the vapor zone, compris-
ing the depth and diameter, decreases within the wick with
increasing the applied power for 3% butanol aqueous solution.
Thus, the thermal resistance of the vapor pocket inside the capil-
lary structure decreases, which explains the decrease in the casing
temperature of the evaporator and the increase in thermal perfor-
mance of the evaporator when it is filled with a self-rewetting
fluid.

3.5. Phenomena responsible of improving heat transfer with self-
rewetting fluids

The improvement in the thermal performance of the evaporator
for the water-butanol binary mixture comes mainly from the phys-
ical phenomena associated with the surface tension and contact
angle: capillarity, Marangoni forces, and wettability.

3.5.1. Capillary forces
Capillary forces play a very important role in the operation of

two-phase pumped loops; they are responsible for the circulation
of fluid in the whole loop. As mentioned above, the capillary pres-
sure is proportional to the surface tension. When the surface ten-
sion is high, the capillary pressure is large and the vapor pocket
is small.

For 3% butanol aqueous solutions, the surface tension of the
self-rewetting fluid exceeds that of water when the temperature
exceeds 99 �C. From this temperature, capillary pumping is more
important for butanol aqueous solutions (wt 3%). This explains
the decrease in the size of the vapor pocket as a function of the
applied heat load for the self-rewetting fluid (Fig. 10). When the
vapor pocket is small, the evaporator casing becomes much less
isolated from the subcooled liquid feed, which enhances the heat
transfer inside the porous wick and decreases the casing
temperature.

3.5.2. Marangoni forces
The Marangoni effect takes place when there is a surface ten-

sion gradient which can be the result of the existence of a temper-
ature and/or concentration gradient. The Maranogoni convection is
Table 2
Contact angle (deg).

Tsub ¼ 20 �C

Fluids Smooth copper Porous cop
Water 79:4 71:3
Water/Butanol wt 5% 36:5 20:5

DOI : 10.1016/j.ijheatmasst
called thermal Marangoni in the case of a temperature gradient,
and solutal Marangoni in the case of a concentration gradient.
The thermal and solutal Marangoni convection are respectively
characterized by the following dimensionless numbers:

MT
a ¼ � dr

dT
Lc
laDT

MS
a ¼

dr
dC

Lc
lDB

DC

where r denotes the surface tension, Lc denotes the characteristic
length, a denotes the thermal diffusivity, l denotes the dynamic
viscosity, and DB denotes the diffusion coefficient.

Marangoni convection implies flows to the zone where the sur-
face tension is high. Fig. 11 shows that in the case of pure water,
such flow will be from hot region to cold region because the sur-
face tension always decreases as a function of temperature (nega-
tive dr

dT). This flow will increase in the temperature of the fluid
inside the porous wick and the casing temperature of the
evaporator.

For self-rewetting fluid, in contrast to the ordinary liquid, the
surface tension has a positive gradient from 50 �C (see Fig. 6: pos-
itive dr

dT). In this case, the reverse Marangoni flow drives liquid from
cold regions to hot regions. As shown in Fig. 11, the surface tension
gradient along the liquid-vapor interface, caused by both the tem-
perature and concentration gradients, induce a flow that feeds the
liquid-vapor interface with cold liquid. Therefore, the size of the
vapor pocket that developed inside the porous wick decreases
and the casing temperature is significantly reduced.

3.5.3. Wettability
In order to explain the improvement of the heat transfer in the

porous medium with self-rewetting fluids, an additional experi-
ment was carried out to evaluate the effect of the working fluid,
the nature of the substrate, and the substrate temperature on the
contact angle. Table 2 shows a comparison of contact angle
between water and the water/butanol binary mixture (wt 5%) at
two different substrate temperatures for smooth and porous cop-
per substrates. Experimental data indicate that the addition of a
small amount of alcohols, particularly butanol, significantly
Tsub ¼ 60 �C

per Smooth copper Porous copper
53:7 77:8
23:9 Spontaneous spreading

ransfer.2019.03.016 7



decreases the contact angle and improves the wettability of the
self-rewetting fluids with metals, regardless of the nature of the
substrate: smooth or porous substrate. Wetting surfaces lead to
high conduction of heat between the solid and working fluid, and
enhances heat transfer inside the porous wick.

It was difficult to measure the contact angle of the water-
butanol binary mixture for the porous copper substrate at 60 �C.
Indeed, a drop of the self-rewetting fluid spreads easily and quickly
on the porous substrate, which means that the contact angle for
water-butanol (wt 5%) at 60 �C is zero.

4. Conclusion

In this work, we experimentally investigated the impact of self-
rewetting fluids (water/butanol) on heat and mass transfer in the
porous media of two-phase heat transfer devices. In order to
improve the understanding of heat transfer enhancement with
self-rewetting fluids, the liquid/vapor phase change was visualized,
and an additional experiment was carried out to measure the sur-
face tension and contact angle for water and binary mixture water/
butanol. The broad conclusions from this work are as follows:

1. The use of self-rewetting fluids decreases the casing tempera-
ture and thermal resistance of the capillary evaporator.

2. The temperature of the evaporator increases with increasing
the concentration of butanol in aqueous solutions of butanol.

3. The size of the vapor pocket that developed inside the porous
wick for pure water increases with increasing applied power
until it reaches a stable shape.

4. For self-rewetting fluids, the vapor pocket size decreases with
increasing applied heat load, which explains the significant
enhancement of the evaporator thermal performance.
Fig. A.12. Technical F

DOI : 10.1016/j.ijheatma
5. The addition of butanol considerably improves the wettability
between self-rewetting fluids and the wick structure, and
enhances the heat conduction between liquid and solid.

6. The origin of the different behaviors of water and self-rewetting
fluids comes mainly from the phenomena of capillarity, Maran-
gani and wettability associated with surface tension and con-
tact angle.

7. If adding butanol concentration will enhance the thermal per-
formance of the fluid compared to the water one, qualifying
the optimum value of this concentration is not evident. Indeed,
increasing butanol concentration improves wettability but
deteriorates the surface tension and thermo-physical propri-
eties. New experiment has to be set with several concentrations
of n-butanol aqueous solutions to identify the optimal concen-
tration leading to the best thermal performance.
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Appendix A. Technical FLIR specification

See Fig. A.12.
LIR specification.
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Appendix B. KRUSS chamber for surface tension measurements

See Fig. B.13.
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Fig. B.13. KRUSS chamber for surface tension measurements.
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