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Abstract
This study evaluates the effect of using alumina  (Al2O3)-water nanofluids stabilized by sodium dodecylbenzene sulfonate 
(SDBS) on the thermal performance and capillary limit of a screen mesh heat pipe. Nanofluids were prepared using three 
 Al2O3 concentrations (0.1 mass/%, 0.5 mass/%, and 1.0 mass/%) and two SDBS concentrations (0.064 mass/% and 0.32 
mass/%). The stability of the nanofluids was studied by means of UV-absorbance measurements prior to the experimental 
test. The results show that the thermal resistance of the heat pipe decreased by up to 50% with  Al2O3 and SDBS at concen-
trations of 0.5 mass/% and 0.32 mass/%, respectively. Nevertheless, the capillary limit was reduced between 25 and 45 W 
compared to the operation with water. Finally, the capillary limit was improved by 5 W (compared to water) using an  Al2O3 
concentration of 0.1 mass/% and no surfactant.
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Introduction

Heat pipes are widely used to enhance thermal energy recov-
ery and utilization [1–3], because their heat transfer rates 
are higher than those of energy transport systems. Said heat 
pipes take advantage of the latent heat transfer of vapori-
zation at low temperature gradients [4]. Additionally, they 
operate under the principle of evaporation and condensation 
of a working fluid, whose liquid phase flows by capillary 
pumping through a porous medium [5]. Heat pipes have been 
widely implemented in different engineering devices, mainly 
electronic systems and heat exchangers, due to their construc-
tive flexibility and outstanding thermal performance [6, 7].

Nevertheless, the behavior of heat pipes depends on the 
thermo-physical properties of the working fluid, the use 
of capillary material, operating conditions, and geometric 
arrangements, which determine their thermal performance 
and operating limits [8]. Such limits constrain their maximum 
heat transfer rate and cause failures in their operation. One of 
the most common operating limits of heat pipes is the capil-
lary limit, which refers to the heat flux in the evaporator at 
which the capillary pumping capacity of the porous medium 
is lower than the pressure drops of the liquid and the vapor. In 
the evaporator, the liquid–vapor interface disappears, causing 
a temperature rise [9] that, in turn, results in a deterioration 
of the thermal performance by the increase in thermal resist-
ance of the heat pipe, which stops operating [10]. Therefore, 
efforts have been made to produce heat pipes with superior 
capillary limits and thermal performance.

A common method to increase the thermal performance 
and capillary limit of heat pipes is to use of nanofluids [11, 
12], which are colloidal suspensions of solid nanoparticles in 
a base fluid [13] that enhance the thermal properties of con-
ventional fluids [14, 15]. Some researchers have focused on 
the experimental and theoretical determination of the effect 
nanofluids have on capillary limit and thermal performance. 
For instance, Poplaski et al. [4], and Brahim and Jemni 
[16], in their numerical study, demonstrated that the ther-
mal resistance of a heat pipe in a horizontal position could 
be reduced up to 79% using  Al2O3-, CuO-, and  TiO2-based 
nanofluids. Furthermore, the utilization of nanoparticles in 
the working fluid increased the capillary limit.

Hassan and Harmand [17], Kamyar et al. [18], and Putra 
et al. [19] experimentally achieved a superior thermal perfor-
mance using Cu, CuO, and  Al2O3 nanofluids. They managed 
to decrease the thermal resistance by up to 65% in the case 
of  Al2O3 nanofluids and attributed the reduction in thermal 
resistance to the fact that nanoparticles tend to float on vapor 
bubbles during their formation. As a result, the nucleation 
size of vapor bubbles is smaller, and the thermal resistance of 
the heat pipes is lower than when the working fluid does not 
contain nanoparticles. Other authors such as Ghanbarpour et 

at. [20, 21] have attributed the improvement in thermal per-
formance and capillary limit to the deposition of nanoparticles 
on the mesh and heat transfer surface in the evaporator sec-
tion, which increases the heat transfer area and the capillary 
pumping capacity. They established that the thermal resistance 
decreased as the concentration of nanoparticles increased. 
Similarly, Kim and Bang [9] investigated the effect of using 
graphene oxide nanofluids. They found that the capillary limit 
increases with nanofluids compared to DI-water since nano-
particles deposited on the mesh enhanced the wettability and 
capillary radius; consequently, the capillary pumping was 
increased, and the thermal resistance was reduced by 25%. 
Nevertheless, although Kim et al. [22] also found that the 
deposition of nanoparticles on the mesh enhanced wettability 
and capillarity, in their case, the thermal resistance increased 
as well as the concentration of nanoparticles increased.

In general, thermal performance and capillary limit 
parameters can be improved using nanofluids because they 
produce phenomena such as increased wettability, changes 
in surface tension and heat transfer surface, and nanoparti-
cle deposition. However, the use of nanofluids also presents 
limitations that include stability because nanoparticles are 
in constant Brownian motion and subject to van der Waals 
forces that promote their agglomeration and sedimentation 
[23–25]. This poses problems when nanofluids are employed 
in heat pipes because large agglomerates can cause a clog-
ging of the pores of the capillary material and generate addi-
tional thermal resistance [26, 27]. Therefore, multiple dis-
persion methods have been used; for instance, the addition 
of chemical agents such as surfactants, which may increase 
the dispersion of nanoparticles in base fluids [28].

Menlik et al. [29] investigated the effect of MgO-water 
nanofluids on the thermal performance of a wickless heat 
pipe using Triton X-100 as surfactant. They found that the 
thermal performance was increased by 26% at a power 
input of 200 W. Additionally, Sözen et al. [30] obtained an 
increase in the thermal performance of a wickless heat pipe 
using fly-ash and  Al2O3 nanofluids and Triton X-100 as the 
dispersion method. The thermal resistance was reduced by 
30.1% with fly-ash nanofluids and by 5.2% with  Al2O3 nano-
particles in concentrations of 2.0 mass/%.

The effect of surfactants on the capillary limit and ther-
mal performance of heat pipes has been studied superficially, 
but several authors indicate that they contribute to stability 
and increased wettability due to a reduction in surface ten-
sion. As a consequence, surfactants may noticeably change 
the phenomena of heat transfer by boiling and convection 
[31, 32]. Although the literature in this field includes exper-
imental studies in which nanofluids have been used with 
surfactants to improve nanoparticle dispersion, they have 
not taken into account the effect of the surfactant on the 
performance and capillary limit of heat pipes. This study 
was divided into two stages: first, the stability of several 
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nanofluids was evaluated using conventional methods 
(UV–Vis absorbance and visual inspection); and, second, 
six nanofluids were selected for experimental evaluation.

Materials and methods

Experimental setup

Alumina  (Al2O3) nanoparticles supplied by Sigma-Aldrich 
Pty. Ltd (Purity: 99.8% based on trace metals analysis) 
were used to prepare the nanofluids. Nanoparticles were 
observed to have sizes in the range between 12 and 50 nm 
approximately. Deionized (DI < 18.2 MΩ cm resistivity) 
water/Al2O3-based nanofluids were produced with concen-
trations of 0.1 mass/%, 0.5 mass/%, and 1.0 mass/%. Ani-
onic surfactant sodium dodecylbenzene sulfonate (SDBS 
in chemical grade, Sigma-Aldrich Pty. Ltd.) was selected 
as dispersing agent in two mass percentages: 0.064 mass/% 
and 0.32 mass/%. Nanofluids preparation and stability have 
been previously investigated and carried out by the authors 
[33] employing a  32 random experimental design with two 
replicates, as shown in Table 1. Thus, the nanofluids with 
the highest temporal stability and one unstable dispersion 
(detailed in Table 2) were selected for heat pipe tests.

Figure 1 shows the average hydrodynamic size of the 
 Al2O3 dispersed in water after the nanofluid preparation, 
which was obtained with the dynamic light scattering tech-
nique (DLS) at a Zetasizer Nano ZS (Malvern Instruments 
Inc., UK); Average sizes were between 196 and 241 nm, 
except the nanofluid with a  Al2O3 concentration of 0.5 
mass% and SDBS 0.064 mass%, this result could be attrib-
uted to high agglomeration rate and sedimentation of the 
particles [33]

In other hand Fig. 2 presents the experimental setup 
employed in this study. It consists of a copper heat pipe 
with inner and outer diameters of 9.525 ×  10–3  m and 
12.7 ×  10–3 m, respectively, and a length of 0.44 m. The 
cooling system comprises a nylon water jacket, with an 
inner diameter of 70 ×  10–3 m and a length of 0.2 m, which 
is connected to a container filled with water cooled by 
a circulating thermostatic bath (TC-502, Brookfield) to 
maintain a constant temperature of 23 ± 1.4  °C at the 

jacket inlet with a mass rate of 0.0298 ± 0.0011 kg  s−1. The 
heating system includes an electrical coil wrapped around 
0.15 m of the evaporator section, which is controlled by 
two DC power supply units (BK 1672, TEquiment LLC 
Company, USA) connected in series. The evaporator and 
adiabatic zone are covered with fiber glass and Rubaflex 
insulation.

A data acquisition system (DAQ 5203) was directly 
connected to twelve T-type thermocouples located along 
the heat pipe, as shown in Fig. 3a. Thermocouples T1 to 
T7 were placed in the evaporator; T8 and T9, in the adi-
abatic zone; and T10 to T12, attached to the condenser. 
Heat pipe tests were conducted in the horizontal position, 
and a stainless-steel mesh with 200 openings per inch was 
used as capillary material. Such mesh was installed inside 
the tube, ensuring that it covered three turns and it was in 
full contact with the inner walls of the tube (Fig. 3a and 
Fig. 3b).

Experimental procedure

A vacuum pressure of − 74,500.6 Pa was applied to the heat 
pipe using a vacuum pump (ME 1C, VACUUMBRAND) 
with the aim of removing non-condensable gases (NCG) 
inside it and avoiding the thermal resistance associated with 
them. Subsequently, the heat pipe was filled with the quan-
tity of fluid necessary to saturate the porous medium, which 
was calculated using Eqs. (1) to (5) [34, 35]. Porosity (ɛ) was 
calculated using Eq. (1).

where N and dc are the number of openings per lineal meter 
and the thread diameter, respectively. The mesh number 
was 7936  m−1 (#200), and Fig. 4 shows the diameter of the 
thread, i.e., 4.6 ×  10–5 ± 1.3 m, a value close to the 5 ×  10–5 m 
mentioned by the ESDU [34].

(1)� = 1 −
1.05� ⋅ N ⋅ d�

4
Table 1  Experimental design of the nanofluids preparation

Experimental design

Factor Experimental domain

Low level Middle level High level

Al2O3 concentration 0.1 mass/% 0.500 mass/% 1.00 mass/%
SDBS concentration 0.0 mass/% 0.064 mass/% 0.32 mass/%

Table 2  Nanofluids for heat pipe tests

Nanofluid 
preparation 
order

Nanofluid 
designation

Al2O3 concentration/
mass/%

SDBS concen-
tration/mass/%

1 NF-1 0.1 0.064
2 NF-2 0.1 –
3 NF-3 0.5 0.320
4 NF-4 0.1 0.320
5 NF-5 0.5 –
6 NF-6 1.0 –
7 NF-7 0.5 0.064
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Likewise, the permeability (K) was calculated by solv-
ing Eq. (2) [34].

The vapor-core radius  (rv) was given by Eq. (3).

where ∅in is the inner diameter of the heat pipe and e is the 
mesh thickness, with a value of 8 ×  10–5 m. The mesh vol-
ume can be obtained using Eq. (4).

(2)K =
d�

2
⋅ �

3

122 ⋅ (1 − �)
2

(3)r
v
=

∅in − 4(e ⋅ Turnof themesh)

2

where the heat pipe height ( h ) was 0.44 m. Finally, the over-
all volume of the voids in the mesh was calculated by solv-
ing Eq. (5) and using porosity.

The quantity of fluid necessary to fill the system was 
estimated at 4.0 X  10–6  m3. Additionally, an excess of 10% 
was added in order to avoid an early dry-out of the mesh. 
Therefore, the amount of water or nanofluid used in each 
test was 4.4 X  10–6  m3. The filling process was carried out 
in four steps, as shown in Fig. 5: (1) water or a nanofluid 
was poured into a burette to measure its volume, (2) the 
burette was attached to the heat pipe using low-porosity 
hoses and a pneumatic fitting, (3) surgical forceps were 
used to avoid air infiltrations into the pipe, and (4) the 
burette valve was opened.

While the fluid filled the low-porosity hoses located above 
the surgical clamps, a vacuum pump was used to remove air 
bubbles present in both the fluid and the hoses; this pro-

cedure avoids non-condensable gases (NCG). Finally, the 
surgical forceps were opened and then closed when the exact 
volume of fluid had filled the heat pipe.

Heat was applied using a variable resistance heater with 
a variation of the input power controlled by the DC power 
supply. The amount of applied power was increased by 5 W 
every half an hour until the capillary limit was reached, 
which was evident when the evaporator section overheated 
due to the dry-out phenomenon because the liquid fluid was 
unable to return from the condenser to the evaporator as a 
result of pressure losses.

The presence of NCG was not considered in the assess-
ments because the experimental data of each replica showed 

(4)Vc =

(

�

4
⋅∅in

2 − � ⋅ rv
2

)

⋅ h

(5)Vt,c = Vc ⋅ �
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Fig. 1  Particles size distribution measurement based in the DLS of 
each nanofluid
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Fig. 2  Schematic diagram of the experimental setup
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no statistically significant difference. Additionally, Reay 
and P. Kew [35] have indicated that copper–water tests in 
heat pipes could be conducted over long periods (more than 
20,000 h) at low temperatures without degradation or NCG 
generation, and stainless steel-water tests could generate 
NCG only after long periods of time.

After the heat pipe tests, the deposition and roughness of 
the nanoparticles were measured using a FE-SEM and an 
atomic force microscopy (AFM), respectively. An AFM can 
continuously track the topography of a surface or sample. In 
this paper, an AFM (Park systems–NX20 300 mm) was used 
in order to investigate changes on the surface of the meshes 
after operating inside the heat pipe with each nanofluid. Six 
different wires of each mesh were analyzed over an area of 
8 ×  10–6 m X 8 ×  10–6 m at a scan rate of 1.5 Hz.

The overall thermal resistance, R, of the heat pipe was cal-
culated using Eq. (6).

where Te and Tc are the average temperatures of the evapora-
tor (T1–T7) and the condenser sections (T0–T12), respec-
tively, and Q̇in denotes the heat input controlled by the DC 
power supply. In addition, the heat transfer coefficient was 
calculated by solving Eq. (7).

where he is the heat transfer coefficient and Ae is the evapo-
rator’s heat transfer area. The temperature difference in the 
evaporator ( ΔTe) was calculated using Eq. (8).

where Tv is the temperature of the saturated vapor (equal 
to the temperature in the adiabatic zone). Additionally, 
the uncertainty of the experimental results was calculated 
using the manufacturer’s specifications of each device. Equa-
tions (9), (10), and (11) are implemented to calculate the 
uncertainty of the heat input, temperature difference, and 
overall thermal resistance, respectively [11]:

(6)R =
Te − T�

Q̇��

(7)h� =
Q̇�n

A�ΔT�

(8)ΔT� = T� − T�

(9)ΔQ

Q
=

√

(

ΔV

V

)2

+

(

ΔI

I

)2
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Fig. 3  Distribution of thermocouples along the heat pipe a and mesh positioning b 

70.5 µm

46 µm

X 500 15.0 kV LED 10 µm

Fig. 4  FE-SEM image of the screen mesh size
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Table 3 shows several uncertainty values that were cal-
culated. Furthermore, mass flow uncertainty was obtained 
by means of the immersion pump flow and the difference 
between the measurements in 0.1 L and 0.05 L test tubes.

(10)ΔT =

√

√

√

√

√

(

�ΔT�

�T�

ΔT�

)2

+

(

�Δ��

�T�

ΔT�

)2

(11)ΔR

R
=

√

(

ΔQ

Q

)2

+

(

Δ(ΔT)

ΔT

)2

Results and discussion

Thermal performance and capillary limit of the heat 
pipe

On the one hand, Fig. 6 details the change in thermal resist-
ance of the heat pipe caused by input power variations. The 
thermal resistance clearly represents the thermal perfor-
mance of the heat pipe and the points where the capillary 
limit appears for each nanofluid used as working fluid. The 
operation limit was detected when the thermal resistance 
at the evaporator exhibited a sudden increase, as a result 
of a dry-out in the evaporator. These circumstances did not 
allow the heat pipe to achieve a steady state after the power 
change, which represents high thermal resistance and high 
uncertainty in the results. At that point, the test was consid-
ered finished, and, for that reason, many of the points (nano-
fluids) in the figure are shown only up to low power levels.

Using  Al2O3 nanofluids at 0.1 mass/%, 0.5 mass/%, and 
1.0 mass/%, the capillary limits were found at 80 W, 75 W, 
and 70 W, respectively, as shown in Fig. 6a. Furthermore, 
each one of those concentrations produced a maximum 
thermal resistance reduction of 30%, 29%, and 43%, respec-
tively. The general consensus in the literature is that the use 
of nanoparticles enhances the thermal properties of the base 
fluids and, thereby, improves the thermal performance and 
the capillary limit of heat pipes [4, 9]. Such enhancement is 
attributed to the presence of nanoparticles on the mesh and 
the heat transfer surface since roughness, nucleation sites, 
and capillary pumping change in the presence of deposited 

1 2 3 4
Low porosity

hose

Vacuum
pump

Open
valve

Surgical
forceps

Open surgical
forceps

Fluid

Burette

Closed
valve

Low
porosity
hoses

Open
valve

Pneumatic
fitting

Heat pipe
section

Fig. 5  Heat pipe filling procedure

Table 3  Associated uncertainty of some experimental variables

Variable Associated uncertainty

Thermocouples  ± 0.3 K
Heat pipe input  ± 0.6%
Temperature difference  ± 3.7%
Thermal resistance  ± 0.61%
Mass flow  ± 0.0011 kg  s−1
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nanoparticles, which modify the heat transfer mechanism 
[36]. However, in this study, the capillary limit was affected 
when the nanoparticle concentration was increased to 0.5 
mass/% and 1.0 mass/%, which was attributed to the reduc-
tion of flow channels due to the obstruction of the capillary 
mesh by deposited nanoparticles [37].

On the other hand, Fig. 6b shows that the thermal resist-
ance of the heat pipe was consistently reduced when SDBS 
was added to the nanofluids, and the combination that pro-
duced the highest temporal stability was a 0.5 mass/% con-
centration of  Al2O3 and 0.32 mass/% of SDBS. This con-
firms that stable nanofluids are suitable to be used in heat 
pipes because longer stability reduces operation uncertainly 
and guarantees nanofluids with highly dispersed nanoparti-
cles during and after operation. However, this situation is 

possible only at low power levels (below 25 W), since the 
capillary limit was reached between 35 and 55 W. This may 
be due to the reduction in surface tension produced by the 
presence of surfactant, which deteriorates the operation of 
the heat pipe by limiting the amount of fluid that is pumped 
from the condenser to the evaporator by capillarity [38].

Figure 7 shows the heat transfer coefficient (HTC) of 
the evaporator with respect to the heat flux using water and 
nanofluids as working fluid. In the interval between 15 and 
50 W, there is a statistically negligible difference between 
each test, except for concentrations of 0.1 mass/% and 0.5 
mass/% with 0.32mass/% of SDBS, as shown in Fig. 7b, 
which are characterized by the presence of a high concentra-
tion of surfactant that, as mentioned above, reduces the sur-
face tension of the nanofluid and favors the deterioration of 
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the operation of the heat pipe. The phenomenon associated 
with the deterioration of the thermal performance can be 
noticed outside such interval because, when the temperature 
and thermal resistance increased (as shown in Fig. 6), the 
HTC decreased [39].

Above 50 W, Fig. 7a shows the best result was produced 
with a concentration of 0.1 mass/% of nanoparticles and 
no SDBS; in that case, the HTC was 17% higher than with 
water. This HTC increase might be caused by changes in 
the evaporator’s surface and the mesh due to the presence 
of nanoparticles since surface area and roughness increase 
convection heat transfer mechanisms and capillary pumping 
capacity [39].

Furthermore, the phenomenon of progressive dry-out 
of the wick was reduced due to an improvement in wick 
wettability. Nevertheless, excessive nanoparticle concentra-
tions (e.g., 1.0 mass/%) may reduce the HTC due to large 
numbers of deposited nanoparticles that create additional 

thermal resistance caused by clogging of the capillary chan-
nels [19, 40, 41].

Analysis of the deposition of nanoparticles 
on the mesh after operation

Figure 8 shows the FE-SEM image of each screen mesh after 
the heat pipe tests with the SDBS-free nanofluids. Deposi-
tion occurs when nanoparticles come into contact with a 
surface and due to agglomeration and sedimentation pro-
cesses, which could improve the heat pipe’s performance 
because capillary pumping may take place due to a reduction 
of the effective capillary radius [39]. Thus, the deposition of 
 Al2O3 nanoparticles and some agglomerates can be observed 
on the wires of the mesh. Using  Al2O3 concentrations of 
0.1 mass/%, a uniform distribution of nanoparticles over 
the mesh was obtained after the heat pipe operation; this 
could explain the higher capillary limit compared to water. 

Water

0.1 mass/% Al2O3

0.5 mass/% Al2O3

1.0 mass/% Al2O3

Fig. 8  FE-SEM images of the meshes after the operation with SDBS-free nanofluids
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However, large agglomerates and blocked mesh pores were 
obtained with  Al2O3 concentrations of 0.5 mass/% and 1.0 
mass/%, which prevented the fluid from being pumped from 
the condenser back to the evaporator. This could explain 
the early failure of the heat pipe operating with these two 
concentrations because, at high input powers, vapor produc-
tion and the return of condensate to the evaporator increase, 
which could be unbalanced due to blocked pores [19, 37, 
42].

Wettability could change with the use of nanofluids 
because large numbers of nanoparticles on the mesh modify 
the wetting angle between the mesh and the working fluid. 
Furthermore, the reduction in wetting angle improves the 
thermal performance of the heat pipe because the capillary 
pressure is strongly dependent on the wettability of the fluid 
on the capillary medium [43]. In previous research, Herrera 
et al. [44] investigated the wetting angle of water and  Al2O3 
nanofluids at concentrations of 0.1 mass/%, 0.5 mass/%, and 
1.0 mass/% over a stainless-steel screen mesh. They found 
that the wetting angle decreased as the  Al2O3 nanoparticle 
concentration increased. Therefore, the deposition of nano-
particles on the mesh surface could improve wettability and 
capillary limit because the maximum capillary pumping is 
directly proportional to the wettability of the working fluid; 
however, large numbers of deposited nanoparticles deterio-
rate wettability and wetting angles increase.

In this study, an  Al2O3 concentration of 0.5 mass/%, an 
SDBS concentration of 0.32 mass/%, and input powers lower 
than 25 W produced a lower thermal resistance than water 
because, under that operating regime, there is a better wet-
tability of the mesh, which improves the heat transfer area 
and the convection heat transfer mechanism, increasing 
the velocity of the fluid’s return from the condenser to the 
evaporator [11]. Similarly, the use of surfactant improved 

the reproducibility of the nanofluid tests at low input pow-
ers because there was a better dispersion of the particles 
deposited on the mesh, which prevented the formation of 
large agglomerates that can block the pores of the capillary 
medium, as shown in Fig. 9.

In order to verify the findings above, the wetting angle 
of the  Al2O3-SDBS nanofluids was measured employing a 
Drop Shape Analyzer (DSA25E–Krüss Inc.), and a sample 
of a stainless-steel screen mesh was used as contact surface. 
The results shown that SDBS becomes completely hydro-
philic on the sample mesh, as opposed to water and SDBS-
free nanofluids. Additionally, when the concentration of 
surfactant (SDBS) was 0.32 mass/%, the mesh became wet 
faster than when using 0.064 mass/% because the nanofluid 
was distributed over the entire sample mesh in 1.57 s and 
0.57 s with nanoparticle concentrations of 0.1 mass/% and 
0.5 mass/%, respectively. With SDBS and  Al2O3 concen-
trations of 0.064 mass/% and 0.1 mass/%, respectively, the 
time it took the mesh to be completely wet was 4.24 s. Thus, 
nanofluid wettability was improved with high concentrations 
of both  Al2O3 and SDBS. This is due, first, to the reduction 
of wetting angle with the use of nanoparticles and, second, 
to the moisturizing property of the surfactant because, by 
reducing the surface tension of the nanofluid, the attraction 
of the fluid to the surface of the mesh is promoted through 
the mechanism of polar attraction [45].

Roughness analysis of meshes after heat pipe 
operation

Figure 10 shows the roughness of each mesh after the oper-
ation with nanofluids. Roughness can be obtained as two 
different indicators, i.e., Ra and Rq, which are both used 
to calculate surface roughness through the measurement of 

0.1 mass/% Al2O3
and 0.064 mass/% 

SDBS 

0.5 mass/% Al2O3
and 0.32 mass/% 

SDBS

Fig. 9  FE-SEM images of the meshes after the operation with some nanofluids mixed with SDBS
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microscopic peaks and valleys. However, Ra is calculated 
as the mean arithmetic deviation; and Rq, as the root mean 
square.

The results show that the nanofluids with  Al2O3 concen-
trations of 0.1 mass/%, 0.5 mass/%, and 1.0 mass/% (NF-
2, NF-5, and NF-6, respectively) significantly increase the 
roughness of the meshes compared to water. Additionally, 
the distribution of nanoparticles over the meshes was non-
uniform, as indicated by the error bars and confirmed in 
the FE-SEM images in Fig. 8. The results obtained with 
 Al2O3 concentrations of 0.1 mass/% and 0.5 mass/% may be 
affected by the non-uniformity of the nanoparticle distribu-
tion, and this might be the reason why the roughness results 
are apparently similar in spite of the fact that the FE-SEM 
images confirm the presence of large agglomerations when 
an  Al2O3 concentration of 0.5 mass/% was employed. How-
ever, because of that similar roughness, the thermal perfor-
mance values of the two concentrations were close to each 
other in the range from 10 to 60 W, as shown in Fig. 6. After 
60 W, large agglomerations in the mesh reduced the capil-
lary capacity in the heat pipe when an  Al2O3 concentration 
of 0.5 mass/% was used, as show in the FE-SEM images in 
Fig. 8. A similar result was found by Kole and Dey [36] and 
Ghanbarpour et al. [11], that is, deposited nanoparticles can 
improve surface wettability, surface roughness, and capil-
lary action; however, a layer of aggregated and agglomer-
ated nanoparticles negatively affects the surface roughness 
and heat transfer mechanism by reducing the wettability and 
blocking mesh pores.

The SDBS improved the distribution of the nanopar-
ticles over the meshes, as shown in Figs. 9 and  10. Said 

surfactant also helped to enhance the temporal stability of 
the nanofluids, as confirmed by the absorbance analysis of 
 Al2O3 and SDBS at concentrations of 0.5 mass/% and 0.32 
mass/% (NF-3), respectively. During the operation, the use 
of SDBS promoted the distribution of nanoparticles over the 
mesh because the nanofluids presented improved wettabil-
ity and nanoparticle deposition with respect to nanofluids 
with  Al2O3 only; this is due to the polar attraction mecha-
nism mentioned above. Nonetheless, the use of surfactant 
decreases surface tension. Therefore, in this study, the use of 
surfactant improved the heat pipe’s performance until 40 W, 
but it reduced the capillary capacity of the mesh because of 
the surface tension decrease.

Figure 11 shows the 3D roughness plots of the results. 
The values of the mesh used in tests with water are close 
to 0 nm. In turn, the mesh that was in contact with  Al2O3 
nanoparticles (0.1 mass/%, 0.5 mass/%, and 1.0 mass/%) 
presents high agglomerations, specially at an  Al2O3 con-
centration of 1.0 mass/%; for that reason, the AFM analysis 
revealed a thick and uniform layer. However, with the use 
of SDBS, after the operation, the meshes exhibit a high dis-
tribution of nanoparticles; thus, more peaks and valleys are 
formed, which confirms the results above and increases the 
heat transfer surface.

Influence of surface tension on capillary limit 
and thermal performance

Figure 12 presents the surface tension results of water and 
the nanofluids. In order to separately analyze the effects that 
nanoparticles and surfactant have on this property, SDBS-
water mixtures prepared at surfactant concentrations of 
0.064 mass/% and 0.32 mass/% were also measured. Com-
pared to DI-water,  Al2O3 concentrations of 0.1 mass/%, 0.5 
mass/%, and 1.0 mass/% caused surface tension increases 
of 10%, 9%, and 12%, respectively. Such increases could 
be explained by the fact that van der Waals forces between 
particles at the liquid–gas interface could increase surface 
free energy, leading to higher surface tension.

However, some conflicting surface tension results have 
been reported in the literature [46]. While some authors 
have shown that surface tension increases with the addition 
of nanoparticles [47, 48], others have found the opposite 
behavior, even in nanofluids based on the same fluid and 
nanoparticle type [49].

In this study, the increase in surface tension could also 
explain the improved capillary pumping capacity produced 
by an  Al2O3 nanoparticle concentration of 0.1 mass/% 
because the capillary pumping pressure is a physical variable 
that depends directly on surface tension, and it is inversely 
proportional to the effective capillary radius. Therefore, 
when surface tension rises and the effective capillary radius 
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is reduced due to the deposition of nanoparticles on the mesh 
wires, the capillary limit is improved, as show in Fig. 8.

During the tests with  Al2O3 concentrations of 0.5 mass/% 
and 1.0 mass/%, the capillary limit was reached earlier 
than with water despite exhibiting increases in surface ten-
sion as a result of the presence of large agglomerates of 

nanoparticles and blockages of flow channels due to the high 
concentration of nanoparticles, as shown in Fig. 8. However, 
the effect of surfactant concentration becomes more impor-
tant than that of nanoparticle concentration when the surface 
tension of nanofluids is measured. Thus, nanofluids with 
 Al2O3 concentrations of 0.1 mass/% and 0.5 mass/% and an 

Water 0.1 mass/% Al2O3
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SDBS concentration of 0.064 mass/% presented surface ten-
sion reductions of approximately 41% and 29%, respectively, 
compared to water. Nevertheless, the surface tension of the 
nanofluid with 0.5 mass/%  Al2O3 and 0.064 mass/% SDBS, 
which was described above as the most unstable nanofluid, 
exhibited a high uncertainty with respect to the recommen-
dation provided by the manufacturer of the tensiometer 
(deviation under 0.1 mN  m−1).

The  Al2O3 nanofluids at 0.1 mass/% and 0.5 mass/% and 
SDBS at 0.32 mass/% reduced the surface tension by approx-
imately 48% compared to DI-water. This result is consistent 
with those reported in the literature since surfactants reduce 
the surface tension of the base fluid between 50 and 70% 
[49, 50]. In this study, the heat pipe tests presented prob-
lems at high input powers using nanofluids with surfactant, 
mainly with SDBS at 0.32 mass/%. This occurred because 
of the reduction in capillary pumping caused by a surface 
tension decrease; therefore, the amount of condensed fluid 
that returns from the condenser to the evaporator is unbal-
anced and the nanofluids with SDBS reach their capillary 
limit earlier. In this experiment, the use of SDBS and  Al2O3 
concentrations of 0.1 mass/%, 0.5 mass/%, and 1.0 mass/% 
enabled an improvement in the thermal performance of the 
heat pipe at a power input of 40 W with respect to water. 
However, above 40 W, the heat pipe was unable to operate 
normally due to the capillary limit.

Conclusions

This study experimentally evaluated the thermal perfor-
mance and capillary limit of a heat pipe using nanofluids 
with alumina nanoparticles and SDBS as dispersion method. 
According to the results, the following conclusions can be 
drawn:

The capillary limit of the heat pipe using nanofluids with 
nanoparticles at a concentration of 0.1 mass/% and no SDBS 
was higher than using water. Additionally, the thermal per-
formance of the heat pipe improved as nanoparticle con-
centration increased, which was attributed to the increased 
surface tension, wettability, and roughness generated by the 
presence of nanoparticles in the fluid and their deposition 
on the capillary mesh and heat transfer surface. However, 
high nanoparticle concentrations produce an adverse effect 
because the pores of the wick are blocked, which prevents 
the return of fluid from the condenser to the evaporator.

In this case, the use of surfactant caused reductions in 
surface tension; therefore, when it was added to the fluid, the 
heat pipe reached its capillary limit faster than when water 
or SDBS-free nanofluids were employed. The heat pipe 
achieved its best thermal performance below 25 W using 
the nanofluid with 0.5 mass/%  Al2O3 and 0.32 mass/% SDBS 
(the most stable nanofluid) since it improved properties such 
as nanoparticle distribution on the meshes, wettability, and 
roughness.
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