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Two Dimensional Numerical Modeling of a Micro Heat Pipe in
Steady State Operation
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Abstract: In this study, two dimensional numerical modeling has been used to investigate heat transfer and
fluid flow in a micro heat pipe. Water and water vapor is considered as liquid and vapor phases in two phase
flow investigation. For flow field analysis, the contours and diagrams for velocity, pressure and volume fraction
of each phase has been presented. Heat transfer analysis is presented by temperature diagrams. In addition,
effects of different geometries and various length scales have been considered by comparison of temperature
diagrams. High oscillations and instabilities have been observed by the results of velocity and pressure. The
instabilities are increased in evaporation and condensation region. High amount of phase change and
combination of flow in micro heat pipe are some important reasons cause these oscillations. Finally, Effective
heat transfer coefficient is calculated and has a well adoption with other numerical works.

Keywords: Heat transfer, Micro fluidic, Micro heat pipe, Phase changes

I.  Introduction

Micro scale heat exchangers are commonly used in so many important technological processes which
require greater heat transfer such as the electronic device, micro gravity environments, space craft thermal
control and micro power generator [1, 2]. The micro-power generators show better performance than
conventional batteries if only the efficiency is higher than 1%. The micro-power generator main part, namely
micro-combustor, has many problems different from the conventional combustion chambers [3-5]. Micro heat
pipe is closed channel with three parts, namely, evaporative, adiabatic and condenser section. Heat input
vaporized coolant in evaporative section then vapor passes through the adiabatic to the condenser section caused
by changing in pressure. In the condenser section, the vapor condensed and gets liquid. The liquid flows towards
the evaporative section, due to capillary effects between liquid molecules and substrates of channel. The net
capillary force is generated by the combined effect of the evaporating and the condensing menisci [6].
Practically, a micro heat pipe is a non-circular channel with a diameter of 10-500 um and length of 10 to 20
mm. Cotter first considered the concept of micro heat pipe, which is used as heat exchanger for the uniform
temperature distribution in electronic chips [7]. Micro heat pipes, which could be set in silicon substrate, have
been investigated by Mallik and Peterson [8], [9] and Peterson et al. [10] in several studies. They have also used
experimental verification on a micro heat pipes with a cross-sectional dimension of about one millimeter
charging with water as coolant. Babin et al. [11] have studied on a steady-state micro heat pipe to evaluate heat
transport capacity. Longtin et al. [12] have developed one-dimensional steady state model, which calculated
working fluid velocity, pressure and film thickness along the length of the micro heat pipe. Wu et al. [13] have
investigated on the maximum heat transfer and the minimum meniscus radius in triangular grooves. They also
used the Young-Laplace equation to analyze the fluid dynamics of such devices inside the channel [14].
Khrustalev and Faghri [15]studied on thermal analysis and limitations of a micro heat pipe. Xu and Carey [16]
have analyzed evaporation of thin film region of the meniscus for a VV-shaped micro groove surface based on
analytical model. Stephan and Busse [17] calculated the radial heat transfer coefficient in heat pipes with open
grooves. They have revealed that the assumption of an interface temperature equal to the saturation temperature
of the vapor leads to a large over-prediction of the radial heat transfer coefficient. Ravikumar and DasGupta
[18] presented the model to investigate V-shaped micro grooves [19, 20]. The model includes the evaporation
from the capillary and the transition region of the extended meniscus as a function of groove length. In recent
years, many researchers like Ma and Peterson [14] have investigated the concept of using micro heat pipes as
effective heat spreaders. Ha and Peterson [21] presented an analytical solution on a quadratic profile of the
evaporative heat flux for small tilt angles. Their studies showed design restrictions and utility of micro heat
pipes. Catton and Stroes [22] used one-dimensional, semi analytical model for prediction of the wetted length
supported by inclined triangular capillary grooves. Suman et al. [23] has studied on a generalized model of a
micro heat pipe of polygonal shape. They have performed detailed study of triangular and rectangular heat pipes
[24]. Technical investigations related to micro heat pipes, include liquid distribution and charge optimization
[25, 26], interfacial thermodynamics in micro heat pipe capillary structures [26] and micro heat pipe transient
behavior [27]. Machado studied on flat micro heat pipe using time dependent numerical modeling in which the
interface of two phases is indicated by interface tracking method [28]. Gebresilassie presented finite element
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method to investigate on heat transfers and flow field micro heat pipe [29]. Study of the flow and heat transfer is
very important in different devices [30, 31]. There are some recent numerical and experimental studies [32-35]
on heat transfer on homogeneous charge compression ignition (HCCI) engines in which the heat release rate and
pressure traces for a biofuel are investigated [36-40]. Experimental investigations of heat transfer behavior in
channels flows have been of interest [41]. CFD studies however cover a wide range of different industries, such
as sports [42], combustion, and engine studies. In present study two dimensional numerical modeling has been
used for analyzing the flow field and heat transfer in micro heat pipe. Temperature, velocity, phase and pressure
contours and diagrams have been presented in two-dimensional micro heat pipe. Also temperature and velocity
distribution for vapor and liquid phase has been obtained.

Il.  Theory

A flat micro heat pipe heat sink consisting of an array of micro heat pipe channels used as a compact
heat dissipation device that can effectively remove heat from an electronic chip. Each channel in the array
performed as an independent heat transport device. The micro heat pipe consists of a heated evaporator section,
adiabatic and a condenser section. The hot and the cold end denote the farthest end of evaporative and the
condenser region, respectively. Due to capillary pumping, the liquid will be pushed towards the hot end. The
liquid will travel along the corners and the vapor passes through the open space. Dimensions and boundary
condition for each part of micro heat pipe have been shown in Fig. 1 and Table 1, respectively.

Tablel. Boundary condition

Boundary Type of boundary Thermal boundary condition
AG Wall Constant heat flux
DI Wall Constant heat flux
GH Wall Q=0
1 Wall Q=0
AD Wall Q=0
BC Wall Q=0
HB Wall Convection
JC Wall Convection
Gl Interface Coupled
HJ Interface Coupled
‘ Heat in Adiabatic Heat out ’
A 3cm (.3 4em 'T' 3cm B
1} ]
2mm| p L. ... _. i _______________ _l ,,,,,,,,,,,,,,, 4F

Figure 1- Geometry, dimensions, and boundary conditions of 2D micro heat pipe

The flow and heat transfer processes are governed by the continuity, momentum and energy equations
for the liquid and vapor phases. As phase change occurs, the local mass rates of the individual liquid and vapor
phases are coupled through a mass balance at the liquid-vapor interface. The cross-sectional areas of the vapor
and liquid regions and the interfacial area vary along the axial length, due to the progressive phase change
occurring as the fluid flows along the channel. In this study continuity equation, momentum equation and the
energy equation have been investigated for analyzing the flow field and heat transfer in micro heat pipe.

The continuity equation for mixture in micro heat pipe is presented by (1):

a -
o V. =0
at(pm)+ (pmvm)

@)
Where Vi is the mass- averaged velocity which presented by (2):
n -
v = Zkzlakpk Vi
m
Pr )
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Where % and Pk is volume fraction and density of phasek , respectively. P could be obtain by (3):

n
pm = Zakpk
k=1 (3)
The momentum equation for the mixture can be obtained by summing the individual momentum equations for
all phases. It can be expressed as

0 - > o> - - -5 o n > o

at(pm Vm)+v(pm Vi ij = _Vp +V'{ﬂm(vvm+VVmT]+ Pn 9+ F+V'[Zakpk Vdr‘k Vdr,kj (4)
k=1

Where n is the number of phases, F is a body force, and Hm s the viscosity of the mixture:

/um = Z ak/uk
k=1

®)
Vark js the drift velocity for secondary phase k which obtained by (6):
- - -
Viark =Vk ™V ©)
The energy equation for the mixture takes the following form:
a n n >

EZ(akpkEk)+V-Z(ak v (P E + p)jzv-(keﬁVT)+SE

(7)

The first term on the right-hand side of (7) represents energy transfer due to conduction. Sg includes any other
volumetric heat sources. In (7), E, could be presented as (8) for compressible phase

2
V,
E . =h - PY
P 2 (8)
And, for incompressible phase
B =N ©
Where b, is the sensible enthalpy for phase k.
k
¢ff is effective thermal conductivity which presented by (10):
keff = Sin T
A
(10)

Where @n is heat input to evaporator, A. is cross section area of micro heat pipe, L is length and T.-T, is the
temperature difference between evaporator and condenser section.

From the continuity equation for secondary phase p, the volume fraction equation for secondary phase P can be
obtained as (11):

a - - n 0 O
E(appp)+v-(appp ij = —V-(appp Vdr'pj+2(mqp—mqu
o=l (11)

Where M is the mass transfer from phase q to phase p and M= is the mass transfer from phase p to phase g.

I11.  Numerical Modeling

The analysis presented here considered an individual channel and studied on heat transfer and fluid
flow. The individual micro heat pipe channel analyzed in the present work has a characteristic length of 10 mm.
The channel is fabricated on a silicon substrate and the working fluid is ultrapure water. A two-dimensional
model is used for the analysis due to the geometry of the channels. The two dimensional analysis for fluid flow
helped to understand phase change phenomenon at the micro scale within the micro heat pipe. Velocity, volume
fraction and pressure contours are showed at ABCD section. Computation is performed for heat input equal to
1.5 W in the evaporator and it is supposed that vapor converted to water in condenser by releasing its latent heat.
The values of heat transfer coefficients in the condenser is set to 20 W/m2-K obtained through forced air
convection with an average temperature of 20 C and the specific latent heat of vaporization set to 2430500 J/kg.
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Condensed vapor at the end of the channel returned to evaporation section by capillary force. In present two
dimensional model, capillary effects is simulated by source terms of surface tension. In addition, for
initialization of the numerical solving, it is assumed that liquid phase is located under the EF line in Fig. 1 where
the vapor phase is accumulated the upper side of the EF line.

The computational process proceeded in steady state, as indicated by constant temperature value
throughout. It was assumed that the thermo-physical properties of the working fluid both in the liquid and vapor
phases did not vary significantly with temperature, within the operating range investigated. However, the
variation of vapor density with temperature was incorporated in the computational scheme by interpolating from
available thermo-physical property data. Based on the control volume method, the SIMPLE algorithm is
employed to deal with the problem of velocity and pressure coupling. A first order upwind scheme and un-
structured triangular uniform grid system are used to discretize the main governing equations. In order to obtain
satisfactory solutions, a grid independence study is conducted in the analysis by adopting different grid
distributions of the whole geometry. The numerical computation is ended if the residual summed over all the
computational nodes satisfies the criterion less than 10 .

IV.  Results and Discussions
In the present study, proper operation of the micro heat pipe has been shown by contours of volume
fraction for each phase. In addition, the contours and diagrams of velocity, pressure and temperature have been
presented. Finally, the effects of various length scales on temperature and pressure distribution have been
obtained along the micro heat pipe.

4.1. Micro heat pipe volume fraction

The validity of applied numerical model was first investigated by using volume fraction of each phase
in each part of entire micro heat pipe. Based on the literature liquid phase is accumulate the parts near the wall
and also at the end of the micro heat pipe in condenser section as well as the vapor phase is passed through the
middle parts of the entire channel. Since, filling ratio of the micro heat pipe is set to 40% and heat input equal to
1.5 W, Fig. 2 and 3 present volume fraction of each phase in evaporator section and condenser section. From
the contour presented in Fig. 2, warm colors illustrated vapor phase and cold colors presented liquid phase. Up
and bottom side of the contour illustrates higher amount of liquid instead of vapor, as expected. Volume fraction
amount at the top and bottom equals to unity which guarantee proper performance for micro heat pipe. Micro
heat pipe stop working when liquid volume fraction in evaporation section equal to zero. Vapor phase is passed
through the middle side of the channel. It was expected that the amount of vapor in evaporator section is higher
than water which the contour of volume fraction for evaporation section correctly predicted that. The contour of
Fig. 3 shown that the amount of liquid phase increased and vapor decreased at the end of the channel. Cold color
indicates liquid phase and warm color indicates vapor in the condenser section of micro heat pipe. The phase
changes between liquid and vapor are observed at the end of the channel by some colors between red and blue in
spectrum bar. In this position vapor condensed on the substrate and liquid pumped to evaporator by capillary
effects. Because of opposite direction of liquid and vapor the interfaces are more complicated at the end of the
channel.
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Figure 2- Water- vapor volume fraction in evaporator section
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Figure 3- Water- vapor volume fraction in condenser section

Figure 4- Experimental capturing of two phase in micro heat pipe [43]

Fig. 4 illustrates experimental capturing of two phases in micro heat pipe. Water phase could be
observed on up and downside and also at the end of the channel as mentioned in contours of figures 2 and 3.
Contours have an appropriate adoption with experimental results. The behavior of liquid phase in entire micro
heat pipe is shown in figure 5. As mention before, liquid phase, which mentioned by warm color in this contour,
concentrated in the up and bottom side and vapor (cold color) situated in the middle of the ABCD section. The
amount of volume fraction for whole channel showed the position of each phase in channel. Also, the interface
of the phases and mass transfer rate which indicate the rate of phase change could be observed in the contour.
The latent heat is directly related to the amount of heat transfer capacity. However, the beginning of the
condenser and evaporator sections corresponded to high values of phase change rate. The liquid entered the
evaporator in the sharp corners followed by an important rate of vaporization from heat input at the beginning of
the evaporator section. The evaporation process started at the corners and continued towards the middle of the
micro heat pipe. The condensation process took place at the beginning of the condenser. The perturbation could
be observed at the end of the condenser section which expressed high amount of phase changes occurred in this
position. Fig.6 presented contour of volume fraction in adiabatic section. In the adiabatic section, the rate of
phase change phenomenon was negligible and uniform passes of liquid and vapor phase could be seen in
contours.

Contours of Volume Fraction
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Figure 5- Volume fraction of liquid phase for entire channel
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Figure 6- Water- vapor volume fraction in adiabatic section

4.2. Micro heat pipe velocity distribution

Results for axial velocity of vapor phase in evaporation and condensation part of micro heat pipe have
been shown in Fig. 7 and 8. As the results for ABCD cross section shown, the velocity is high at the middle part
of the section and decreased near the wall and equal to zero at the substrate. Some swirling flow can be
mentioned in frontier parts of evaporator section. The liquid which came from condenser evaporates in this part
and passes through the middle part of channel to condenser. The velocity of vapor decreased when vapor
entered to condenser section and then began to condense in condenser. Contour of axial velocity in condenser
section showed exactly what happen to vapor in condenser. According to the velocity contours for each part, it
could be understood that phases traveled in opposite path along the micro heat pipe. While the liquid phase runs
from the condenser to the evaporator, the vapor passes through the middle of the channel and returns from the
evaporator to the condenser. The contour shown in Figures 7 and 8 clearly demonstrates the similar behavior.
The cold colors illustrate velocity of liquid passes from condenser towards the evaporator and prove that in up
and down of channel the fluid is moving towards the evaporator. However, the warm colors indicate vapor
velocity which passes from the evaporator to the condenser at the middle of the channel and show that the flow
in the middle of the channel passed towards the condenser. This phenomenon helped the circulation processed
until all of the liquid water in evaporation section disappeared. In this situation, dry-out phenomenon took place
and micro heat pipe operation is terminated.

Contours of Mixture Velocity
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Figure 7- Velocity distribution of phases in evaporator section

Contours of Mixture Velocity
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Figure 8- Velocity distribution of phases in condenser section
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Further investigation for velocity distribution in micro heat pipe is presented in Fig 9. Some oscillation
could be observed in velocity distribution diagram. In the evaporator, the vaporized liquid moves from up and
down towards the central regions of the channel and lead to a complicated flow pattern in the central regions of
the channel which caused high oscillation in mixture velocity in evaporation part. As can be seen, the oscillation
vanished in adiabatic and condenser section and the velocity equal to zero at the end of the channel. This
phenomenon could be explained by Fig. 10. Stresses between two phases and continues phase changes in
evaporator and condenser are the most significant reason for unsteadiness and oscillations of velocity result.
These parameters could be observed in schematic micro heat pipe presented in Fig 10.
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Figure 9- Vapor velocity along EF line in ABCD section
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Figure 10- Schematic view of micro heat pipe

4.3. Micro heat pipe pressure distribution

In this part the results of the pressure field in the ABCD plate are presented in Fig.11 for entire
channel. The plus and minus amount of pressure in contour illustrated the pass line of vapor and liquid phase,
respectively. Three main colors along the axial direction of the micro heat pipe show that the pressure gradient
in each section of the micro heat pipe is small, while there is a pressure difference between different sections. In
addition, it could be understood that, vapor pass through the condenser while water bypass to evaporator section.
The pressure distribution for the mixture through the EF line has been presented in Fig.12. Mixture pressure
changed from 2.5 Pa at x = 0 to -0.5 Pa at x = 10 mm. The reduction of pressure from the evaporator to the
condenser indicated the direction of vapor flow in the channel. The steady state pressure difference between
evaporator and condenser guaranteed a continuous flow of the vapor. A small pressure drop in the adiabatic
section was caused by pressure losses within the channel. The results for another length scale of L/D=100 and
L/D= 25 are presented by Fig. 13 and 14.
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Contours of Mixture Pressure
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Figure 11- Pressure distribution for entire channel
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Figure 12- Pressure distribution along EF line for L/D=50

Evaporator ——— Pressure for (LUD=25)

-

Adiabatic

~

)
o T T T T

Condenser

Pressure (pa)
=) »d A N o N

L
b3

I R T I R |
0.01 0.02 0.03 0.04 0.05

Length (m)
Figure 13- Pressure distribution along EF line for L/D=25

\
~

DOI: 10.9790/1684-1306055869 www.iosrjournals.org 65 | Page



Two Dimensional Numerical Modeling of a Micro Heat Pipe in Steady State Operation

Evaporator

Pressure for (L/D=100)

Condenser

Adiabatic

Pressure (pa)
P
T

011
Length (m)
Figure 14- Pressure distribution along EF line for L/D=100
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4.4. Micro heat pipe temperature distribution

Temperature distribution result for length scale equal to 50 has been presented in Fig. 15. The mixture
temperature varied from 355 k to 320 k at downside of the micro heat pipe. Results for length scale set to 25 and
100 were presented in Fig. 16 and 17. It could be observed that the temperature in evaporator section increased
by increasing length of micro heat pipe. In this situation, dry-out phenomenon will be occurred and the hot spot
in evaporator section rose up the temperature. Additional analysis on dry-out phenomenon has been made by
investigation on volume fraction contour for this case. Volume fraction contour for length scale equal to 100 has
been shown in Fig. 18. It is so noticeable that, water phase couldn’t cover the entire substrate of evaporator
section and hot spot caused increasing in temperature.
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Figure 15- Temperature distribution along EF line for L/D=50
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Figure 17- Volume fraction of phases for L/D=100

Effective thermal conductivity is an appropriate index to study on proper operation of micro heat pipe.
Based on (10), effective thermal conductivity has been obtained 3088 W/m-k for length scale equal to 50 and
heat input set to 1.5 W which is eight times higher than copper. It is obvious that with increasing heat flux in the
evaporator, liquid water in the evaporator is replaced with the vapor with higher temperature and the effective
thermal conductivity of the micro heat pipe decreases. Based on the micro heat pipe dimension [43] and the
mixture theory, an effective thermal conductivity of 3158 W/m-k was calculated for micro channels investigated
by Duncan and Peterson [25] and [10] The difference between the effective thermal conductivities obtained
from this model and the previous studies was 4%, which indicates the validity of the model to quantitatively
investigate the thermal performance of micro heat pipes.

V.  Conclusion

The single micro heat pipe was investigated by using of two- dimensional numerical model. For the
single micro heat pipe, the phenomenon of liquid accumulation in the corners and the phase change process
within the micro heat pipe were accurately captured. Based on numerical model, the velocity field, vapor
pressure gradient and temperature distribution were obtained for various length scales. Capturing two-phase
flow in the interconnected geometry helped to understand the phase separation in the micro heat pipe. Two-
phase circulation of the working fluid illustrated the proper operation of the micro heat pipe. Results of this
work demonstrated the abilities of two dimensional approach to simulate two-phase flow and heat transfer of
micro heat pipes. By improving the assumptions such as properties of liquid and vapor, boundary conditions by
considering heat flux through the side walls of the micro heat pipe and the input parameters like temperature
dependent properties definitely leads to more realistic simulations. Finally, it can be concluded that two
dimensional approach is so useful for observing the interaction of phases in flow field and defined the
performance of micro heat pipe correctly.
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