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Abstract
Due to the reduced dimensions of electronic equipment and the need for thermal management of these equipment, In order to
increase efficiency and longevity of component, heat sinks with micro aspects are very important. In this study, heat transfer of
micro heat pipe has been studied experimentally. For this purpose, firstly the micro heat pipe that is suitable for industrial
conditions and restrictions for the production of very small size triangular section was designed and built. According to the very
small size of the primary copper tube, the manufacturing process requires precision and advanced technology. In such a way, at
first the samples of fine copper tube available in the market was provided and during the process of heat and tension was brought,
at the same time, to the desired thickness and diameter and then by using provided wedge the appropriate cross section is
achieved. To apply thermal load, a set of various thermal flux was applied to the evaporator and temperature distribution achieved
via five thermocouples which were installed on the body in accordance with the set-up and heat resistance was measured. Water
and different solution mixture of water and ethanol were used to investigate effect of the electric double layer heat transfer. It was
noticed that the electric double layer of ionized fluid has caused reduction of heat transfer. So that the effect of the double electric
layer causes 20% drop in the thermal performance of heat pipe. However, when the operating fluid was normal water or a mixture
of water and ethanol, the temperature difference between the evaporator and the condenser was higher thanwhen purewater used.
This was due to the fact that the dual electrical layer led to a disruption in the flow path inside the pipe. Micro heat pipe
performance was affected due to the small size of the micro pipe as well as the ions in the fluid, causing a higher temperature
difference between the evaporator and condenser sections.

Keywords Heat transfer . Micro heat pipe . Electrical double layer . Magnetic field

Introduction

In recent decades, with the advent of micro scale manufactur-
ing technology, many facilities for working with fluids in Nano

liters scales have been created, and investing of the fluid flow
has got high importance. Most famous of this equipment are
micro heat pipes which are very small equipment that transfers
thermal energy through phase changing. (Rahmat and Hubert
2010) The nominal diameters of these pipes, which are used to
remove the heat of the small electronic packages, are 1.2 to
1.5mm, and their length is about a few centimeters. Micro heat
pipes are capable of not only transferring a large amount of
heat but also creating uniform temperature which is because
there is a two-phase fluid flow inside them.

As the volume of the liquid is decreasing in relative to its
environment, some physical phenomenon like surface tension
and surface charge are bolding which are negligible when they
are in ordinary magnitude. Creating surface charge in the con-
tact surface of solid and liquid causes an electrical double
layer and non-uniform distributing of liquid ions near to sur-
face. The electrical double layer forming and moving its
charges with operating liquid, in transferring an electrolyte
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by means of the pressure-driving method inside a micro heat
pipe, lead to Streaming phenomenon along the pipe
(Mohiuddin Mala et al. 1997). M. Groll et al. have investigated
several articles about the application of micro heat pipes for heat
control of electrical equipment (Groll et al. 1998). M. Ivanova
et al. studied micro silicon heat pipes characteristic with a trian-
gular cross section (Ivanova et al. 2003). Saman et al. analyzed
the performance of the micro heat pipes with a polygon cross-
section. They showed that critical input heat decreases with
increasing number of edges which lead to increase in friction
coefficient, decreasing the velocity of flow and Capillary
pumping capacity (Suman and Hoda 2005; Suman et al. 2005).

S. H. Moon et al. accomplished a complete survey about
heat transferring in micro heat pipes. Their survey results
about for micro copper pipe with triangular and square cross
section illustrated that difference between the temperature of
the evaporator and condenser increases as heat charge in-
creases in special temperature. This is because vapor flow
velocity increases with increasing of heat charge. Therefore,
drag force in liquid-solid interface and pressure drop in fluid
flow increases. Since the space for vapor flow in micro heat
pipes is smaller than ordinary heat pipes, pressure drop result-
ed from friction in the liquid-vapor interface can extremely
affect the performance of the micro heat pipes (Moon et al.
2004). Bhatti et al. investigated the entropy generation on
electro-kinetically modulated peristaltic propulsion on the
magnetized nano fluid flow through a micro channel with
joule heating both theoretically and mathematically. (Bhatti
et al. 2017a) Recently several authors investigated the effect
of nanoparticles on heat transfer. (Sheikholeslami and Bhatti
2017a; b; Lei et al. 2017; Bhatti and Rashidi 2016; Vedavathi
et al. 2017; Ren et al. 2001; Shahid et al. 2018; Heydari and
Shokouhmand 2017; Shokouhmand et al. 2008).

Sheikholeslami et al. examined the nanofluid hydrothermal
behavior in existence of external electric field and showed
influence of electric field on forced convection improvement
is more sensible for lower Re. (Sheikholeslami and Bhatti
2017a). Jhorar et al. presented a theoretical and mathematical
study on pumping peristaltic through an asymmetric channel
through an asymmetric channel. They showed that, with the
increment in electro-osmotic parameter the potential function
elevates whereas it opposes the velocity of the fluid. Phase
difference reveals converse behavior on velocity profile where-
as it significantly enhances the potential function (Jhorar et al.
2018). A few more studies on the EDL effect can be found
from the references. (Gong et al. 2008; Bhatti et al. 2017b;
Ganchenko et al. 2018; Sadiq and Joo 2009; Lee et al. 2010).

Governing Equations

Performance of the micro heat pipes resembles ordinary type.
Evaporating of liquid absorbs heat from a thermal source in

the evaporator. The vapor moves to condenser and conden-
sates and releases heat. Micro heat pipes in contrast to ordi-
nary ones instead of using sintered wick use sharp edges and
grooves to bringing back liquid from evaporator to condenser.
The solving area consists of liquid and vapor phases. Also,
created electrical areas are effective in the whole solving area.
There are two solving methods for liquid-vapor interface
namely Lagrange and Euler. Lagrange method is limited to
fluids with no incredible change of surface shape. Euler meth-
od has lower accuracy in relative to the Lagrange method, but
it is capable of simulating fluids with a complicated interface
and noticeable change in interface.

One of the most famous methods for solving a multiphase
problem is VOF, which is also known as volume fraction
method. This method allows the possibility of using the free
surface of the interface between the two fluids and covering
issues that exist in such matters, such as discontinuity or in-
terfacial adhesion effects. In this method, a scalar function
between zero and one is defined by the volume fraction func-
tion and is used to distinguish each of two phases. (Lei et al.
2017) (Figs. 1, 2, and 3).

Continuity Equation

∂ρ
∂t

þ ∇∙ ρvð Þ ¼ 0 ð1Þ

Momentum Equation

Momentum equation in the multi-phase environment is writ-
ten in two forms. In the first form, it is derived separately for
each phase based on the volume fraction of each phase and
then equations are discretized and solved together (McGrath
2009; Mikelić 2009; Stevanović et al. 2007). In the second
form which is known as fluid volume estimation (Youngs
1982), average density and viscosity according to volume
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Fig. 1 The Schematic of themicro heat pipe function and utilizing groove
to return the fluid from the evaporator to the condenser

318 Microgravity Sci. Technol. (2019) 31:317–326



fraction for vapor and liquid phase are used, and only one
momentum equation including density and viscosity is de-
rived (Yan and Che 2010; Delnoij et al. 1998).

∂
∂t

ρvð Þ þ ∇∙ ρvvð Þ ¼ −∇pþ ∇∙ μ ∇vþ ∇vT
� �� �þ ρg þ F þ σk∇ n* ð2Þ

Where ρ and μ denote the density and the dynamic viscos-
ity, respectively. The last term of Eq. (2) represents the surface

tension force, withk,σ and n* denoting the curvature (viewed
from the gas phase), the Dirac delta function, and the unit
normal vector of the interface (outward from the gas to liquid
phases), respectively.

∂
∂t

ρvð Þ þ ∇∙ ρvvð Þ ¼ −∇pþ ∇∙ μ∇vð Þ þ ∇vð Þ∙∇μþ ρg þ F þ σκ∇ n* ð3Þ

Fluid Volume Method Equation

Equation of based on volume fraction,α is written as:

∂α
∂t

þ ∇∙ vαð Þ ¼ 0 ð4Þ

Physical specification of the mixture is illustrated in Eq. (5)
and (6):

ρ ¼ αρl þ 1−αð Þρg ð5Þ

μ ¼ αμl þ 1−αð Þμg ð6Þ

Euler method of fluid volume method based on volume
fraction transfer α and velocity of liquid and vapor phase
velocity is written as follow (Cerne et al. 2001; Zhang and
Qiu 2008)):

∂α
∂t

þ ∇∙ vlαð Þ ¼ 0 ð7Þ

∂ 1−αð Þ
∂t

þ ∇∙ vg 1−αð Þ� � ¼ 0 ð8Þ

Where l and g illustrate the velocity of the liquid and vapor
phase respectively,

v ¼ αvl þ 1−αð Þvg ð9Þ

The integrated equation for fluid volume method in the
two-phase area of liquid and vapor is obtained as:

∂α
∂t

þ ∇∙ vαð Þ þ ∇∙ vrα 1−αð Þ½ � ¼ 0 ð10Þ

Energy Equation

∂
∂t

ρcpT
� �þ ∇∙ v ρcpT þ p

� �� � ¼ ∇∙ keff ∇T
� �þ Sh ð11Þ

In the above equation, Sh is any heating source including
radiation and keff is Effective Thermal Conductivity. T illustrates
temperature which is calculated for liquid and vapor phase like:

T ¼ αT l þ 1−αð ÞTg ð12Þ

Conductive Heat Transfer(Wall)

The wall has Conductive heat transfer whose equation is ob-
tained as:

q
0 0 0 þ ∇ ks∇Tð Þ ¼ ρCp

� �
s

∂T
∂t

ð13Þ

Where q′ ′ ′ is heat generated by the thermal source is, ks is
the thermal conductivity coefficient of the wall and Cp is
specific heat.Fig. 3 Cross section of the micro heat pipe (triangular curves type)

ACTUAL 
INTERFA

CE
VOF

Fig. 2 The contact area of two phases in real mode (right) and by Eulerian
VOF method (left)

Table 1 Specification of the micro heat pipe in experimental test

Cross section type Triangular Rectangular

Total length 50 (mm) 50 (mm)

Evaporator section length 10(mm) 10(mm)

Adiabatic section length 15(mm) 15(mm)

Condenser section length 25(mm) 25(mm)

Operating fluid Water/water and
ethanol mixture

Water/water and
ethanol mixture

Number of corners 3 4

Micropipe material Free-oxygen cupper Free-oxygen cupper
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Effect of Body Forces

If ϕ is external electrical potential on micro heat pipe, body
force generated by it is obtained as (Zhang and Qiu 2008):

f 1 ¼ ρeE ¼ ρe∇ϕ ð14Þ

ρe ¼ εε0k
2ψ1 ð15Þ

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

εRT
∑
i
z2i ci;0

s
ð16Þ

In the above equation, k is the inverse of Debye length,
F is the Faraday constant, R is the universal gas constant, T
is the absolute temperature and ci, 0 is the bulk concentra-
tion of the ith ion. Respectively ψ1the potential of the wall
recharge. Ψ2 is the electric potential and ρe volumetric
charging of the double electrical layer, resulting from liq-
uid and solid contact with the symmetry condition, are

expressed by (Ren et al. 2001; Gong et al. 2008; Bhatti
et al. 2017b).

ε is the dielectric coefficient, n0 is the bulk ionic con-
centration, z is and the valence of ions, e is the charge of a
proton, kb is Boltzmann’s constant, and T is absolute tem-
perature. Body force generated by an electrical double lay-
er between the liquid and solid phase is calculated as:

∇2ψ2 ¼ −
2n0ze
ε

sinh −
zeψ2

kbT

� �
ð17Þ

ρe ¼ −ε∇2ψ2 ¼ −2n0zesinh −
zeψ2

kbT

� �
ð18Þ

f 2 ¼ ρeE ð19Þ

Fig. 6 The location and installation of thermocoupleFig. 5 Vacuum chamber which used in the test

V

A

Vacuum
Pump

Data 
Logger

Personal
Computer

3.3 3.3 3.3
7.5 7.5

8.3 8.3 8.3

Evaporator
Heater

10

Adiabatic
Section

15

Condenser
25

Unit: mm

Vacuum chamber 

Constant 
temperature bath

Power 
supply

Fig. 4 Set-up used in research
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E is the electro viscous force. Double electrical layer force be-
tween liquid and vapor phase can be written as (Nakajima 2011):

ð20Þ

μS ¼ μ−S þ qψ3 ð21Þ

In the above relation, μS is the chemical potential of ions at
the contact level and q is the charge of the ion. In this study we
have different electronic forces which have a strong effect on
the field of gravity .all of these forces are:

F¼ f 1þ f 2þ f 3 ð22Þ

The Setup Used in Research

Micro heat pipe manufacturing was complicated because of
having small dimensions. In this investigation, two types of
copper micro pipes with triangular and rectangular cross-
section were used. Cross section and diameter of pipes were
reached to specified values before reforming by heating and
applying tension (Table 1).

After designing and producing micro pipe, we had to fill in
the pipes with operating fluid. Non-condensable gases in heat
pipe could disrupt fluid flow and heat pipe performance. In the
worst situation, fluid circulation ceased, and heat pipes missed
their performance and acted as a conductive. To avoid this
problem when manufacturing of required samples, at first
the end of sample micro heat pipes, more than the length
required had to block and evacuating might be done from
another end. Subsequently, 20% of the micro heat pipes vol-
ume was filled with fluid; after cutting redundant part and
blocking the beginning, leakage test was done. Micro heat
pipe experiment device consisted of vacuum chamber, a heat
transforming system for the cooling condenser, the evaporator
with a heater, made up of a wire with 0.36 diameter and 10M/
X resistance per meter for providing constant heat charge, data
acquisition system and thermocouples for measuring temper-
ature (Fig. 4). The vacuum chamber was made of acrylic to
reduce heat waste as shown in Fig. 5.

Type K thermocouple (0.08 mm) was placed by soldering
in two sections in the evaporator wall, one point in the adia-
batic section, and two points in the condenser (Fig. 6). The
locations of this thermocouple are shown as X in Fig. 4. The
micro heat pipe was made of oxygen-free copper and had a
wall thickness between 0.27 and 0.28 mm.

Pure water, ordinary water and in the next step a
various mixture of water and Ethanol were used as an
operating fluid, with a relatively large surface tension
and a special latent heat between 30 to 160 degrees
Celsius.

Fig. 8 Meshing that used for
boundary conditions

Fig. 7 Micro heat pipe adapter
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20% of Micro heat pipe volume was filled with fluid.
The blocking region of the liquid in which the vapor was
not possible could be created in the condenser. Heat trans-
ferring could not be completed by changing the fluid phase
in the closed area of the fluid. The temperature in the con-
denser end was 5 to 20 degrees Celsius less than the area
adjacent to the condenser and the heat transfer rate of the
micro-heat pipe was reduced due to fluid blockage.
Therefore, the inactive amount of operating fluid due to
blockage of fluid should be considered in the design stage
of the micro heat pipe to calculate the fluid filling ratio. An
adapter as one shown in Fig. 7 was used to calibrate the
sensors aiming to display their values.

Heat Transfer Characteristics of the Micro
Heat Pipe

The heat pipe could transmit a large amount of heat with a
small temperature difference between the evaporator and
the condenser. Measuring the temperature difference be-
tween the evaporator and the condenser was an indicator
to check whether there was a non-condensable gas in the
heat pipe or heat pipe worked well. However, we might
remember that each heat pipe has a special temperature
difference. High precision technologies were needed in
the production process of small heat pipes like present
study, because the presence of non-condensable or pollut-
ing gases, even at a low amount, could be detrimental to
the performance of the heat pipes.

Fig. 9 Thermal contour for input
current
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Fig. 10 Temperature distribution in the axial length of 50 mm in the
micro pipe - working fluid of ordinary water
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Simulated Model with Software

Due to the operation conditions of the research sample and also
equations developed in the second section, the results of soft-
ware simulation are presented in the following. It was worth
noting that Electrical double layer effects were not considered
by the software. AutoCAD software was used to draw the
geometry of micro pipe and then mentioned geometry was
imported to fluent software as a DXF standard output format.
Excel software was used to draw curves. Figure 8 shows the
mesh used for analysis.

Figure 9 shows Temperature distribution in the axial length
of 50 mm in micro heat pipe with a triangular cross-section.

The test micro heat pipe had a curved triangle cross-section
with a filling ratio of 20% to the total internal volume. The
heat was only dissipated in the condenser by conduction. The
temperature after the steady state area was averaged to reduce
fluctuation error.

As shown in Fig. 10, the temperature of the micro heat pipe
walls increased with increase in heat charge which indicated
that uniform temperature from the evaporator to the condenser
was truly established. The temperature difference between the
evaporator and the condenser in different heat charge was
shown in the following figures.
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Fig. 12 Compare experimental and theoretical graph of wall temperature,
water and ethanol 0.018 as working fluid, 1 W
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Fig. 13 Compare the experimental and theoretical graph of wall
temperature, water and ethanol 0.018 as working fluid, 4 W
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Fig. 15 Compare the experimental and theoretical graph of wall
temperature, water and ethanol 0.054 as working fluid, 2 W
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Fig. 14 Compare the experimental and theoretical graph of wall
temperature, water and ethanol 0.054 as working fluid, 1 W
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However, when the operating fluid was normal water or a
mixture of water and ethanol, the temperature difference be-
tween the evaporator and the condenser was higher than when
pure water used. This was due to the fact that the dual electri-
cal layer led to a disruption in the flow path inside the pipe.
Micro heat pipe performance was affected due to the small
size of the micropipe as well as the ions in the fluid, causing a
higher temperature difference between the evaporator and
condenser sections.

Discussion and Conclusion

Micro heat pipes with polygon cross-section usable in elec-
tronic devices were produced and tested. High profitability
and easy production procedure are considered for future ap-
plication. Micro heat pipes with pure water showed uniform
temperature characteristic through the pipe, and the
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Fig. 17 Compare the experimental and theoretical graph of wall
temperature, water /water and ethanol 0.18 as working fluid, 1 W
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Fig. 16 Compare the experimental and theoretical graph of wall
temperature, water and ethanol 0.054 as working fluid, 4
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Fig. 18 Compare the experimental and theoretical graph of wall
temperature, water /water and ethanol 0.18 as working fluid, 2 W
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temperature water /water and ethanol 0.18 as working fluid, 4 W
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temperature difference between the evaporator and the con-
denser was between 11 to 16 degrees Celsius.

The effect of the slope angle on the thermal performance was
low and the thermal characteristics were stable. The effect of
length was noticeable on the thermal performance of the micro
heat pipe. Wall temperature was higher when normal water was
used. This indicated the effect of the dual electric layer in the case
of using ordinary water. In the present study, the heat dissipation
capacity was high, and also it was showed that in the pipes with
small dimensions, the effect of the double electric layer causes
20% drop in the thermal performance of heat pipe.

It could be widely used in integrated electronic devices as a
cooling unit. In order to verify the used layout and compare
the results with the references and previous studies, the heat
pipes set was tested with the same fluids as a reference (Moon
et al. 2004) and the accuracy of the heat pipes set performance
was confirmed (Fig. 11).

In order to measure the effect of a dual electric layer on
the heat transfer inside the micro pipe, due to the effect of
alcohol concentration in water and alcohol solution, in the
experimental tests and numerical studies, different solu-
tions of water and alcohol were used. Due to the very small
dimensions of the micro heat pipe, producing of the heat
pipe and injecting the fluid into it had special complexities
which have been coped with carefully by allocating a large
amount of time.

By comparing experimental and simulation results where
input power was 1 watt and using a water-ethanol mixture
with 1 drop of ethanol equal to 0.018 g, were observed that
the average difference between the results was less than 0.7
degree and the highest difference was 4% in the adiabatic
region (Fig. 12). By increasing the input power from 1 to 4
watts, it was observed that the difference between the exper-
imental and simulation results increased so that the least
difference was more than 2% and at most it reached 17%
(Fig. 13). In this case, for an input power of 1 and 2 watts,
dual electric layer effect caused no significant difference.
But in the power of 4 watts, in addition to the difference
between the experimental and simulation results due to the
presence of the dual electric layer, the temperature difference
between the evaporator and the condenser also increased by
27% (Fig. 13).

Regarding this fact that dual electric layer effect was ex-
pected to increase with an increase in alcohol concentration;
ethanol concentration was increased to 3 times by using
0.054 g of alcohol. In power input of 1 watt, the difference
in experimental and simulation results increased so that the
average difference was 5% (Fig. 14). This difference was ob-
served in all diagrams and power ranges.

According to Fig. 13, in comparison with the ethanol
concentration of 0.018, the temperature difference between
the two ends of the micro heat pipe increased in experi-
mental and simulation tests (Figs. 15 and 16). This

difference was more noticeable at the power of 4 watts
and it reached 30% which could be due to this fact that
the larger flow the larger phase change. In the highest con-
centration with 0.18% of alcohol, as shown in the dia-
grams, theoretically, there was a lower temperature differ-
ence between the evaporator and the condenser in all input
power ranges. As the input power increased, this difference
also increased (Figs. 17, 18 and 19).

Nomenclature v, Velocity (m/s); vl, Velocity of the liquid (m/s); vg,
Velocity of the vapor (m/s); vr, The difference between the velocity of
the liquid phase and the vapor phase velocity VL − vG (m/s); t, Time (s); P,
Pressure(Pa); T, Matrix transpose; g, Acceleration of gravity (m/s2); F,
Body force (N); f1, The force caused by an external electric potential (N);
f2, Body force generated by an electrical double layer between the liquid
and solid (N); f3, Body force generated by an electrical double layer
between the liquid and vapor (N); E, Electro viscous force (N); k, The
curvature (viewed from the vapor phase); k, The inverse of Debye length
(m−1); kb, Boltzmann’s constant (1.3 × 10

−3); n* , The unit normal vector
of the interface (outward from the gas to liquid phases); Sh, Any heating
source including radiation and (W/m3); keff, Effective thermal conductiv-
ity (W/(m.K)); T, Temperature (K); q′ ′ ′, Heat generated by the thermal
source (W/m3); ks, Thermal conductivity coefficient of the wall
(W/(m.K)); Cp, Specific heat (J/(kg.K)); k, Inverse of Debye length
(1/m); F, Faraday constant (9.65 × 104); R, Universal gas constant
(8.314 × 103 J/(mol.K)); ci, 0, Bulk concentration of the ith ion; n0,
Bulk ionic concentration,; z, Valence of ions; e, Charge of a proton; q,
Charge of the ion; l, Liquid; g, Gas
Greek Symbol ρ, Density (Kg/m3); ρe, Volumetric charging of the dou-
ble electrical layer (C/m2); μ, Dynamic viscosity (Pa.s); σ, Coefficient of
contact surface tension (N/m); α, Volume fraction; ϕ, External electrical
potential (V); ψ1, Potential of the wall recharge (V); ψ2, Electric potential
(V); ε, Dielectric coefficient (C/m3); μS, Chemical potential of ions at the
contact level (J/mol)
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