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Abstract. In this work, a CFD model is developed to simulate the working of a 6mm diameter
two-phase closed thermosyphon using water as the working fluid. At each section (evaporator,
condenser, adiabatic) of the thermosyphon, lumped equations have been developed to calculate
the temperatures at corresponding sections. In order to process two phase flow inside the
system, a user-defined function (UDF) has been developed and integrated with the CFD model.
The volume of fluid (VOF) method is used to carry out the simulations in Ansys FLUENT 15
and the lumped equations are solved in MATLAB 2013a. Volume fractions and temperature
profiles obtained from CFD simulations and the lumped parametric estimations are found to be
in good agreement with the experimental results available in literature.

Introduction

Thermal management plays a critical and essential role in maintaining high efficiency and reliability
of electronic components. Heat pipe technology that utilizes the phase change latent heat of working
fluid and transfers the high heat flux from hot side to cold side is a very promising thermal
management solution. A themosyphon is a gravity assisted wickless heat pipe. A thermosyphon is a
complex system which involves pool boiling, film condensation, convection, solid conduction and
vapour flow, and is a formidable mathematical problem to solve.

Once the heat is supplied to evaporator wall, the liquid pool gets heated. Due to latent heat of
evaporation of the working fluid phase change takes place at the evaporator, and the vapour thus
generated at the evaporator moves in the upward direction due to density difference where it rejects
the heat. The vapour gets condensed and falls back along the length of the condenser wall. A certain
volume of evaporator is filled with the working fluid and the effect of filling ratio has been studied by
Shabgard et al.[1]. The ratio of initial liquid pool volume to the evaporator volume is known as the
filling ratio in a thermosyphon system. Jouhara and Robinson [2] carried out an experimental study on
small diameter two-phase closed thermosyphon charged with water, FC-84, FC-77 and FC-3283. Out
of all the working fluids water was seen to give better thermal performance. Fadhl et al. [3,4] carried
out similar studies for simulating the two phase closed thermosyphon system by using water, R134a
and R404a. For a wicked heat pipe Ferrandi et al. [5] developed a lumped parameter model to study
the transient behaviour of the heat pipe. For small diameter tubes, Chowdhury et al. [6] developed
correlations for boiling heat transfer. To predict the heat transfer coefficients within the evaporator
pool empirical correlations are generally used. The heat transfer coefficient between the wall and the
pool has been given among others, by Shiraishi et al. [7]. The heat transfer coefficient in the
evaporator region and in the condenser region have been predicted by researchers in the past [see, for
example 8,9].

For low filling ratio the evaporator part dries out easily while for higher fill ratio the active condenser
area is not sufficient for heat removal. Based on these conditions an optimum filling ratio has to be
used for better thermal performance of the heat pipe. In the present work, (i) a lumped model has been
developed together with CFD simulation for capturing finer details of the flow and heat transfer.
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Water has been used as the working fluid and the results are validated with experimental results
available in literature. Because of the limitation on the Courant number at the interfaces in VOF
model, the time step used in the computations is 0.0001 s. For the system to reach steady state, the
VOF model takes an inordinately long CPU time. Hence, there is a need for developing a tool to which
reduces the computational time. With a lumped parametric model this can be achieved.

Model

A copper tube with a length of 200mm, having 12mm outer diameter and thickness is 3mm used as a
closed thermosyphon system. The diameter which is considered in the present study is 6mm, can be
considered as quite small compared with the thermosyphons reported in the literature. A
thermosyphon consists of evaporator section of length 40mm, 100mm of the adiabatic section and
60mm of condenser section. The geometry is the same as the one used Jouhara and Robinson [2] and
hence their experimental results are used to validate the present numerical work. The geometrical
details of the model and key thermophysical properties used are given in Table 1.
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Figure 1. Two phase closed thermosyphon[3]

Volume of fluid (VOF) model

The VOF formulation relies on the fact that two or more fluids (or phases) are not interpenetrating.
The sum of the volume fractions of all the phases in each control volume is equal to unity. The
interface between the phases are not stationary, and in view of this the physical properties changes at
the interfaces, thereby leading to an enormous amount of computational time to calculating them.

a; = 1; if each cell is filled with water.

a; = 0; if each cell is filled with vapour.
The sum of liquid volume fraction a; and vapour volume fraction ay equals unity at the interfaces
[10]. Fadhl et al. [3, 4] expressed the density and surface tension of water as functions of temperature.
The following equations are used for the calculation of surface tension along the liquid vapour
interface and the density of the liquid respectively [11].
oLy = 0.09805856 — 1.845 x 107> T — 2.3 x 1077T? (1)

p, = 859.0083 + 1.252209T — 0.0026429T2 )
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Table 1. Input parameters for numerical modelling as in Jouhara and Robinson [2]

parameter value Unit

Evaporator length 40 mm

Adiabatic length 100 mm

Condenser length 60 mm

Inner diameter 6 mm

Wall thickness 3 mm
Thermal conductivity of copper 350 W/mK
Specific heat of copper 385 J/KgK
Thermal conductivity of water 0.67 W/mK

Viscosity of water 22x10™*  Pas

Governing Equations
The following governing equations are used for the full numerical (CFD) model
Conservation of mass
22+ V- pil = Sy
Conservation of Momentum
%(pﬁ) + V- (pug) = pd— Vp + v-[y(vﬁ + vaT) — guv-u1]+5ﬁ-

ay p1Cy Vay+aypyCiVay
prtpy

Where Sg; is continuum surface force: Sg;= 207,

o0y, 1s surface tension coefficient, a is volume fraction.

Conservation of energy
2 (pe) + V - (petd) = V - (k- VT) + V- (pid) + Sg

3)

4

)

In the above equations, S;, is the mass source used to calculate mass transfer during the evaporation
and the condensation, S; is the energy source term used to calculate heat transfer during the
evaporation and condensation and / is the unit vector. The source terms which are used in the

UDF(user defined function) [3] for the simulation are given by

Mass transfer in evaporation:

Tomix—T. -
Sy = —0.1pLaL%ts‘” For liquid phase
sa
Tomix—T.
Sy = 0.1pLaL%ts‘” For vapour phase
sa
Mass transfer in condensation:
Toat—Tmi -
Sy = 0.1p,aq, 2" For liquid phase
sat
Tsat—Tmix

Sy =—0.1p,a, For vapour phase

sat

Heat transfer in evaporation:

SE = —0.1pLaL@ LH

sat

(6)
(7

®)
)

(10)
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Heat transfer in condensation:

Sg = 0.1p,a, 22 Tmix 1fy (11)
Tsat

Where LH is the latent heat 2455 klJ/kg, Ts,: is the saturation temperature, Tp,;, 1S mixture
temperature. In the UDF, the latent heat and saturation temperature of water are defined, the saturation
temperature of water varies with inside saturation pressure. The boundary conditions are heat flux at
the evaporator and the heat transfer coefficient at the condenser. These are obtained from experimental
results reported in literature [2]. S), the mass source and Sg the energy source as defined in the UDFs,
are added to the mass and energy equations in FLUENT 15 respectively.

The lumped parameter model

A lumped parameter model [Figure 1] is used to compare its performance with experimental results.
The resistance network model for the fluid involves lumps that are connected to each other by
resistances and capacitive elements. The assumptions are one dimensional flow, the properties of
vapour can be calculated by ideal gas equation, the phase change phenomenon (evaporation and
condensation) are confined to their particular zones. For lumped modelling three zones are taken
evaporator, condenser and adiabatic zone. All are connected by resistances.

T s T. T
[ | |
Ripe Rips Ripe
Rlp" n!m Te
i} P N Py, i -
« = _Im el solid wall
Rips ' T Rig:
TEva ‘ Tf
Heat source Heat sink
QIN o:hA(Tamh'Tw)

Figure 2. Network scheme for (solid model) present study

Table 2: Input parameters to lumped model for the present study following Jouhara and Robinson [2]

Symbol Type
Ripe , Rope Radial resistances offered by evaporator wall
Ripa, Ropa Axial resistances offered by solid wall
Ripe, Rope Radial resistances offered by condenser wall
Ripy Axial resistance offered by evaporator pool
Rjpa Radial resistance offered by adiabatic wall
R,,R¢ Radial resistances offered by pool at evaporator and fluid at
condenser
C. Evaporator thermal capacitance
C. Adiabatic thermal capacitance
C. Condenser thermal capacitance.

The heat balance equations for the wall and the fluid are
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dly_ o TeTa__TeTy
€dr Qi Ripa  RapetRp (12)

Where Q;y is the heat input, T, is evaporator wall temperature, T, adiabatic wall temperature, T;, pool
temperature, the node T, is representing for entire pool temperature, R, is radial resistance between

evaporator wall and pool, R, = 1/ hA® where h is boiling heat transfer coefficient [7].

AT, _ Tg=Tc , Ty=Tc  Tc=T
c.%Le - Zale v=lc _ _fc7If 13
¢ dat Rzpa  Rapc  RipctRy (13)
Where Ry is convection resistance at condenser, Tr is external fluid temperature at condenser, T; is
ke
condenser wall temperature. Ry, is Radial resistance offered by condenser wall = zmzz
c
ATy _ Te=Ta _ Ta=Tc _ Ta=Ty (14)
2 at Ripa Rapa R3pa
aly _ Te=Tp  Tp=Ty
Cy dt ~ RypetRp  Ripy (15)
_y-lThap
T, = y P, dt (16)
c, % = M, — (M, + M,) (17)
v dt - e Cc a
Where P, is vapour pressure
The rate of evaporation of from the evaporator pool is given by
M, _ Tp-=T,
dt  Ripy (18)
The rate of change in the pool mass is
am
d_tpz M¢ + Mg) — M, (19)
The rate of accumulation of vapour is
am
dtv =M, — (M. + Mg) (20)

Where M, is condensed fluid mass in kg/s, M, is evaporated fluid mass in kg,s, M, is mass in
adiabatic section in kg/s.

The rate of mass transfer in the adiabatic section is

aM Ty,—T,
a — i v a (21)
dt R3pa
Positive sign is used if T, < Ty, and negative sign is used if T, > Tgq¢. The resistances and
capacitances used in the above equations are defined in Table 2.

Numerical procedure

To solve the above system of equations numerically, all the unknowns are placed in the form of a

column vector
T
y = {Te,Ta,Tp,TC,Tv,Tf,Me,Ma, M., Mp} (22)

The set of conditions for the ordinary differential equation is
dy
—_ t
= =ftY)

y(to) = Yo (23)
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By using finite difference Euler’s method, the equations are discretised explicitly as

y™t =y +hf(" ™) (24)
For the full numerical simulations of the thermosyphon system (i.e. CFD simulations) the VOF model
has been used. An optimum mesh size of 40,256 (computational mesh number in fluent) quad, map
cells was selected for present study. The Euler-Euler approach has been adopted here because it uses
the phasic volume fraction. Transient simulations have been carried out with a time step of 0.0001s.
The SIMPLE algorithm for pressure velocity coupling and second order upwind scheme for
momentum and energy, Geo-Reconstruct and PRESTIO for volume fraction and pressure are used in
the simulations. In this study, the residuals are set to a value of 10” for convergence for all the
equations.

Numerical Results:

For a power level of 120.5W the volume fractions of the pool boiling in the evaporator and film
condensation over the surface of the condenser are shown in Figs 3 and 4. The blue colour indicates
the fluid, while the red colour indicates the presence of vapour. In fluent water vapour is taken as
primary phase (phase 1) and water liquid is taken as secondary phase (phase 2). The contours which
are shown in figure 3 are phase 1 volume fractions. In the legend view if the value is one (red colour),
it means complete vapour and if the value is equal to zero (blue colour), it means complete liquid. At
the beginning, 60% volume of evaporator is filled with water. Constant heat flux boundary condition
is applied at the evaporator section. Once the fluid temperature reaches the defined saturation
temperature in the UDF, the liquid starts to change phase. After 5 s the vapour slowly enters into the
adiabatic region, and as time progress the vapour reaches the condenser. A thin layer of liquid film has
been observed during the process of condensation as shown in Fig 4.

Temperature contours during the operation of thermosyphon system are shown in Fig 5 for a input of
120.5W. Because of the evaporation, the temperature contours are seen to “grow” due to the
movement of vapour in upward direction which can seen at 10s. After 20s, there is not much variation
in temperature inside the as seen in Fig 5. The performance of the thermosyphon is characterized by its
thermal resistance. The overall heat transfer rate is given by

Q:

The CFD simulation results reach steady state around 60s and lumped simulations reach to steady state
around 120s . The temperature distribution along the outer wall of thermosyphon for two heating
power levels of 120.5W and 220W are shown in figs 6 and 7 respectively. The distance between 0 and
40mm indicates the evaporator section, the distance between 40mm and 140mm indicates the adiabatic
section, the distance between 140mm and 200mm indicates the condenser section. Six different
positions have been used to monitor the temperatures for the evaporator, condenser and adiabatic
sections. For a power level of 180W, both CFD and lumped analysis are done. The CFD simulation
results and lumped parametric estimations showed the same trend as the experimental data. From fig 6
the average relative error of evaporator, adiabatic and condenser average temperatures in the full
numerical (CFD simulations) are 2.09%, 3.17% and 2.41% respectively, in lumped are 1.19%, 1.44%
and 2.4% respectively. The lumped parameter model and CFD results are in good agreement with the
experimental results. Because of the small time step CFD model takes enormous amount of
computational time, this calls for the need to develop a more simple and quick computational tool to
simulate the characteristics of a thermosyphon system. This is achieved by lumped modelling, though
this is a little compromise on the accuracy.

T evaavg_Tconavg (25)
Rth

Fig 8 shows the variation of thermal resistance for three different power levels of 120.5, 180, and
220W. As the value of power level increases the total thermal resistance of the thermosyphon will
decreases, as expected which indicating better thermal performance. Results which are shown in
figures 6, 7 and 8 are steady state results.
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Figure 3. Pool boiling in evaporator at different times for 120.5W power level (Phase-1 volume
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Figure 4. Liquid film condensation at the condenser section for 120.5W power level (Time in s)
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Figure 5. Temperature contours at different time steps for 120.5W power level
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Conclusions:

This paper presented the results of a numerical investigation of small diameter two phase closed
thermosyphon system by using both full numerical simulations (CFD) and lumped modelling. The full
numerical solutions (CFD) consist of phase change simulations at evaporator and condenser. UDFs
that calculate mass and energy source terms were input to ANSYS Fluent in order to simulate phase
change phenomenon. With the VOF model and UDF functions, the phase change process has been
successfully simulated. Because of small time step size due to limitation of Courant number, the
computational times are enormous. Hence, lumped equations were developed at various sections of the
thermosyphon system and these equations are discretised by using finite difference method. The
system of equations was solved to study the transient behaviour of the heat pipe.

Numerical results obtained from both the approaches are compared with experimental results available
in literature and it was seen that good agreement exists between numerical and experimental results.
For calculation of gross quantities like thermal resistance and axial variation of temperature across the
thermosyphon, the lumped model would suffice. However, to get finer details like liquid fractions
contours and flow velocities, the full CFD model is required. The two can be intelligently used in
tandem to critically evaluate the thermal performance of the thermosyphon with a view to optimizing
it.
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