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Abstract

Heat pipes are one of the modern solutions for heat release from hot sources or for heat
homogeneity in liquid or solid reservoirs. The interactions between the two phases of its working fluid
are suggested classically by researchers and still not discovered deeply. In this study about 480
experimental and numerical tests are carried out to confirm the previous published observation of spatial
flow patterns of the two phases inside a wickless copper Thermosyphon Heat Pipe THP partially filled
with water. Numerical results are gotten from a three dimensional transient Computational Fluid
Dynamics 3DCFD numerical solution. Different factors are included into 3DCFD model to reach reality
in results and suffering from complex calculation procedures and increase simulation running time. The
high agreement percentages between the experimental and 3DCFD for the temperatures distribution
profile and magnitudes confirm the 3DCFD results. 3DCFD solution contours of steam volume fractions
SVF show that both phases flow in a 3D spatial, non-steady and non-continues flow streams. Both phases
suffering phase change and heat transfer from each to other during flow up (steam) and flow down
(condensate). Thermal performance increase about (+ve. (10%)) due to inclination from vertical to 60°
then falling to (-ve. (15%)) at 15° (for filling ratio 50% and heat supplied 200W). that’s because
inclination lead the complex spatial flow to be a uniform circulation flow, hence it’s lead to non-
homogeneity in evaporation and condensation processes and finally result in reduction of thermal
performance.

Keywords: Two-phase thermosyphone, Heat pipe, Performance, Experimental, Computational fluid
dynamics (CFD), Flow pattern modelling, Inclination, Evaporation, Condensation, Water.

Abbreviations

Symbol Description and Units
C Coefficient of surface curvature (-)
Cu, Specific heat (kJ/kg K)
E Energy (kJ)
g Gravitational acceleration (m/sec?)
HP Heat Pipe
[ Unit tensor
P Pressure (pa)
Q Supplied heat (W)
R Thermal resistance (K/W)
SE Energy source parameter
s Phase change (mass source) term used to estimate the mass transfer from one
m phase to another during evaporation and condensation.
T evap.avg. Average temperature of evaporator section (K)
T cond.ava, Average temperature of condenser section (K)
THP Thermosyphon Heat Pipe
t Time (sec)
\Y Velocity vector
o Liquid volume fraction (-)
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Oy Vapor volume fraction (-)

U Dynamic viscosity ( N sec/m?)
p Density (kg/m®)

c Surface tension (N/m)

1. Introduction

One of the modern devices for high rate of heat transfer are Heat pipes [1]. They are depending
on passive techniques for heat transfer of standalone continues cycles of evaporation and condensation
[2]. Where heat transferred to the working media at evaporator section leads the liquid to evaporate and
travel to condenser section by buoyancy forces to release heat and condensate, then return to the
evaporator by gravity forces. Also they are one of the modern solutions for high rates of heat transfer due
to its simplicity , low manufacturing cost and no-maintenance required [3]. Due to the above mentioned
advantages, heat pipes are used in a very wide range of applications [4], [5] such as cooling of electronic
devices [6]-[10], solar applications [11], solar heat storages [12] , cooling of wind towers [13],and space
applications [14], [15], [16].

Thermosyphon or Wickless Heat Pipes THP from its early discovered in 1960th[3], divided
normally into three working sections: Evaporator section, Adiabatic section and Condenser section as
shown in Fig. 1 [3]. The working fluid (water in our study) absorb heat from evaporator wall and
evaporate (as a steam) then move due buoyancy forces towards condenser section through adiabatic
section. This movement suggested classically being in the core of the heat pipe. In condenser section, the
steam releases its heat to condenser wall and condensate then return to the evaporator section by gravity
forces. This return suggested classically being at the wall of the heat pipe.

Many engineering tools and applications has been developed rapidly when using Computational
Fluid Dynamic CFD numerical solutions to predict their actual or simulated working behavior and data
[17]-[19]. Also the rocket development of high speed calculating processors and capabilities of
computers lead CFD programmers to add more and more calculating parameters to reach reality in results
with a minimum percentages of errors [18], i.e. increase CFD solutions accuracy, efficiency, universality
and flexibility. Finally minimize the experimental tests needed for tools and devices development, and
experimental work results data used to validate and confirm CFD results.
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Figure (1): Classical schematic diagram of THP [3]

2. Literature survey

Many review articles about HPs has been printed and published and all of them assuming the
same classical flow pattern of steam and condensate [2]-[5], [20], [21] that shown in Fig 1. Some
attempts are made by researchers to visualize heat transferred and temperature distribution such as R.
Boukhanouf et.al. in 2006 [22] visualize the distribution of heat on a flat evaporator of HP using IR
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thermal imaging camera and compare the heat distribution with a solid copper flat plate . Nemec et.al in
2010 [23] visualize heat transfer from the HP walls using a thermos-camera and compare temperature
distribution along HP with various types of capillary structures. During the last 10 years, researchers has
start to use the benefit of high performance computers to solve and monitor the complex fluid flow
problems, such as Wang and Jung Chang in 2012 [24], they use a 3-dimensional 3D Ice Pak software to
simulate the flow behavior over a single flat and 3 imbedded HP used to cooling a VGA card and validate
the results with experimental tests with error of 5%. A. Eidan et.al. in 2016 [25] study numerically and
experimentally THP performance for 6 different working fluid at a range of filling ratios and supplied
heat. The numerical solution carried with FORTRAN code, neglecting phase change and velocity profiles
with a constant classic phase's distribution. The agreement between numerical and experimental results
less than 10%. H. Jouhara et.al. in 2016 [26] use ANSY S/Fluent software to simulate the boiling regime
of water and R134a refrigerant near the evaporator wall of THP at low power supplied (geyser boiling).
Their results show that the CFD can highly simulate the phase change and heat transfer of working fluids.
Peterson G. et.al. in 2014 [2], show that the inclination from vertical (90°) increase thermal performance
till inclination of (~70°) then the performance fall rapidly. In addition, this behavior is related to the Bond
No. BO of the working fluid (i.e the relation between gravitational and surface tension forces). Alammar
A. et.al in 2016 [27] study experimentally and numerically using ANSY S/Fluent software the effect of
filling ratio and inclination angle on THP thermal performance. They found that at low filling ratio and
low inclination angle there is a significant increase in evaporator temperatures. In addition, the maximum
deviation between CFD and experimental results for temperatures distribution is 4.2% S. Aswath et.al.
in 2017 [11] study the difference in THP performance for solar heating numerically using ANSYS for
the same geometry with water and ammonia as working fluid. The CFD results show that ammonia
creating a better temperature distribution along THP than water. A. Temimy et.al. in 2019 [28], set up a
CFD model configurations using ANSYS R19 / Fluent software based on Volume Of Fluid VOF model
to simulate the temperatures distribution , two-phases interactions and flow behaviors of vertical THP
partially filled with water at various heat supply and filling ratios. The simulation results show that the
two phases move up-ward (steam) and downward (condensate) at a complex spatial flow behavior
compared to the classical suggestion of the flow for the steam to be at the core and the condensate at the
wall.

Two goals are suggested for this study, first one is to validate the 3D CFD results
[28]experimentally based on temperatures distribution results along the THP in transient and steady state
conditions at various filling ratios and heat supply. Second, one is to simulate and study the effect of
inclination angles on thermal performance of THP.

Governing equations

The governing mathematical equations used in the CFD calculations to get transient and steady
states thermal parameters, velocities and volume fractions of each phase are as follows [29]-[31]:

2.1. Continuity equation

Since the volume fractions VR of each phase keep change during operation of THP. So that to
find out the VOF equations of each phase of the working fluid at each time interval, the equation of
continuity has the following form based on the coincide conservation of masses of both phases:

vV = -2 0

Equation 1 initially solved to track the change in volume fractions of primary phase (v-vapor).
Then egn. 2 can track the change in volume fractions of the other phase (I-liquid) as follow:

0
V(¢ pV) = —%(“z p)+ Sm (2)

To get the accurate solution for primary phase volume fractions, the following egn. should have

satisfied:
n

o, = 1 (3)

v
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A mixture of the phase's v and | exists when the cell is not wholly full with primary phase (v) or
with the secondary phase (I). So that, the mixture density is calculated as the averaged density volume
fraction as follow:

p =0 p+ (1 —)p, 4)
2.2. Momentum equation

In VOF model the main forces acting on the fluid phases are surface tension, pressure,
gravitational, and friction. To calculate the effect of surface tension along the interface of two phases,
the parameter continuum surface force (CSF) has been added to the 3D momentum equation

X ple \ a, + o, val \ a
Fesp = 20 )
P1 + Py
The momentum equation will be as follows when considering the FCSF forces into VOF model:

d 2
5 PV +V- (PVVT)=pg—Vp+V- [M(VV + ()7 - FH(V V)I] + Fesp (6)
The dynamic viscosity u calculated as follow:

po=0o g+ (1 —cc)u, (7
2.3. Energy equation
The energy equation has the following form for the VOF model:

)
o (PE) + V- (pEV) =V (kVT) + V- (pV) + S (8)

Where energy source parameter SE is used to compute the heat transfer during condensation and
evaporation.

The equivalent thermal conductivity k calculated as follow:
k=0 ky+ (1 =)k, )

Also the mass averaged calculation for energy E are applied as follow:

< pr B} + x E
E = 1P Ey v PvLly (10)
X pr + Xy Py
Finally, energy terms for each phase based on specific heats and temperatures will be calculated

as follows:

E = U,l(T - Tsat) (11)

E, = Cv,v (T - Tsat) (12)
2.4. Thermal resistance

The thermal performance of THP is usually represented in different ways that used to compare
different configurations for one application [1], [3], [5], [21], [32]. One of these is the thermal resistance
of THP that represent the ratio of the difference between averaged temperatures of evaporator and
condenser sections to the supplied heat as given in (13) bellow
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Tevap.avg. - Tcond.avg. (13)

Q
So that, the lower thermal resistance THP is the best between many configurations for the same
heat supplied.

Rip =

3. Model geometry and dimensions

The THP dimensions and working conditions for the CFD model and test rig are selected based
on common library testing dimensions and working conditions [25]-[27], [33]-[36], [37]-[39][40]-[43],
and they are as follow:

a- Material: copper

b-  Working fluid: water

c- Pipe OD/ID: 19.05mm /17.4 mm

d- Length: 600mm (Evaporature:250mm, Adiabatic:150mm, Condenser: 200mm)
e- Jacketed condenser ID: 50 mm (along condenser section)

f-  Filling ratios: 40%, 50%, 60%, 70% (of evaporator volume)

g- Heat supply: 50, 75, 100, 150, 200 Watt

h- Inclination angles: 15°,30°,45°,60°,75°,90° with horizontal

i- Cooling water flow rate: 3 lit./min

The model geometry and its dimensions is shown in Fig. 2 below.
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Figure (2): Model geometry and dimensions

4. CFD model setup

ANSYS / Fluent R19 software used to get the 3D CFD solutions for the present experimental
work [28]. The model arranged and it dimensions are set as shown in Fig. 2 above including water jacket
heat exchanger using Fluent — Geometry software. A mesh with about 2 Million nodes are arranged as
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shown in Fig. 3. Inflation module has been used to concentrate the mesh nodes near the inner and outer
pipe surfaces to capture phase change and heat transfer in boundary layers. Mesh non-independency
procedure with error less than 1% are used till this 2M nodes are select as a proper mesh.

The 3D CFD solution set as transient and pressure based solution and gravitational acceleration
activated with (-9.81N/sec2) in Y direction. In modules window, a multiphase Euler-Euler solution
procedure with 2-phases are selected [30], vapor (steam) as primary phase and liquid (water) as secondary
phase. VOF model with explicit volume fractions parameters and local phase discretization with value
of (1) are selected [29], [31]. Water and copper are selected from the built-in materials library of Fluent.

Figure (3): 3D CFD Model Mesh, about 2 Million nodes

Vapor set as primary phase and liquid set as secondary phase. All the model are set initially at
25C°. Supplied heat flux set at outer surface of the evaporator. Zero heat flux set at adiabatic section
outer surface i.e. insulated surface. Inlet cooling water flowrate set at 3lit./min. at constant temperature
of 25C° and the outlet set as atmosphere. All other surfaces are set thermally coupling. Adapting
procedure used to set the filling ratio. Time step of 10-4 sec are set to insure that Courant number less
than unity. Auto-save case and data file set at each 10 time steps i.e. each 0.01 sec to trace and monitor
the phases interaction and the variations of other required parameters for study comparison and
validation. When the heat absorbed by cooling water equal the heat supplied, then steady state condition
was satisfied and stop the calculation for the case [28]. Time required to complete one run was about 50
hours, and number of time steps recorded of the case steady from start-up till steady state was about
12*106 time step, i.e the simulated time for the case study is about (10-4 sec* (12*106 ) time step)~20
minutes.

5. Experimental work

The experimental part is used to validate the 3D CFD solution results and to verify the
disagreement if any noticed. A test rig was built to get the experimental data for study cases based on
model configuration and working parameters discussed previously. The test rig and its components
definitions are shown in Fig.4 below.
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1-THP 10- Cooling water outlet
2-Injection valve 11- Supply power current meter
3-Suction valve 12- Supply power voltmeter
4-Vacuum motor 13- Heating elements
5-Vacuum gauge 14- Data logger + Memory card
6-Injection syringe (100) ml. 15- Supply power

7-Flow meter 16- Variable resistance (Variac)
8-Cooling water control valve 17- Thermocouples wires

9-Cooling water inlet
Figure (4): Test rig arrangement and components

A copper THP was made and 11 type (k) thermocouples are attached to it to get temperatures
distribution. Thermocouples arranged as follows: (1,2,3,4,5) at evaporator section; (5,6,7) at adiabatic
section; (7,8,9) at condenser section; (10) cooling water inlet; (11) at cooling water outlet. Six
longitudinal heating elements arranged and fitted around the evaporator section. To insure homogeneous
heat flux supply to the evaporator section, a thermal clay was applied and fill the gaps between the heating
elements. The THP and attached thermocouples are thermally insulated with one-inch thickness of glass
wool and taped with insulated tape. All experimental instruments and devices are calibrated based on
standard calibration procedure for each one.

6. Results and discussion

Fig.5 shows the temperature distribution contours using 3D CFD for vertical THP, 50% filling
ratio, and 200W heat supply. Results confirm previous results given in [28] and used here as a case study.

In addition, the steam volume fraction contours at vertical center and cross sectional planes, gave
the same look for the spatial non-homogenous flow patterns and steam-condensate inter-actions as shown
in Fig.6 (a-n). Were the steam move up due-to buoyancy forces near the wall due its high temperature
and low density of fluid in the boundary layer, and the condensate flow down due to gravitational forces
near the wall due to condensation on the wall. When the phases face each other, the high momentum
phase continue its flow and shift the other phase from its way. However, due to high shear stresses results
from the interaction, both phases affect each other flow streams and lead to the spatial flow patterns of
both.

Experimental data are gathered and calibrated based on calibration curves of the instruments and
devices used in tests. Since we repeat each case three times, the average readings are used. The
temperature distribution results of experimental tests confirm the 3D CFD results and they are plotted
together as shown in Fig.7 (a-f) for filling ratio 50%. As shown in Fig.7 (a-f), both experimental tests
and 3D CFD give the same temperature distribution profile along THP. But 3D CFD is with relatively
higher temperatures. This behavior may be due experimental heat losses to the surroundings during
experimental tests, so that the actual heat supplied and absorbed by cooling water is less than the supplied

351



Journal of University of Babylon for Engineering Sciences, Vol. (27), No. (3): 2019.

power. While into 3D CFD simulation, the absorbed heat by cooling water is assumed equal to that of
the supplied heat. The error deviation calculated for the temperature distribution for all tested cases was
less than 10%.
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Figure (5): 3D CFD temperature distribution results sample
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Figure (7(a-f)): Experimental and 3D CFD temperature distribution results sample

To study the effect of inclination angle on thermal performance or thermal resistance of THP see
Figs.8,9,10 for filling ratio 50%. The lower thermal resistance position represents the high thermal
performance. It’s clear that thermal resistance decreased due to the increase in the supplied heat. This
behavior is a known traditional behavior for the THP due to increasing of input heat with limited
temperature difference between evaporator and condenser sections (see eqn.13). Also the thermal
resistance of THP was decreased about 10% due-to inclination from 90° to 60°, but its raise up rapidly
about (-15%) when THP go to semi-horizontal position at 15°,( this results confirm other researchers
results [2], [3]). The inclination was suggested by the researchers will make a more stable circulation of
the two-phases inside THP. However, the 3D CFD and experimental tests results gave a variable result
for the effect of inclination. 3D CFD steam volume fractions contours of inclined THP clarify the reasons
of this variable behavior as shown in Fig11 (a-f).

0.24
—=—EXP 90’

= 0.22 A
) —e—EXP 75’
9 021 5
2 018 4 —a—EXP 60'
E 0.16 —o—EXP 45
£ 0.14 - —x—EXP 30'
o
£ 012 - — —EXP 15

0-1 L] L] L] L] T L] L] L] L] T L] L] L] L] T L] L] L] L] T L] L] L] L]

0 50 100 150 200 250

Input Heat W

Figure (8): Experimental Thermal Resistance for filling ratio 50%
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Figure (9): 3D CFD Thermal Resistance for filling ratio 50%
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Figure (11(a-f)): Steam volume fraction contours at different inclination angles for
filling ratio 50%

As shown in Fig.11 (a-f), as THP become more nearer to horizontal position, the circulation of
the two-phases become more and more stable, i.e. generated steam flow near the upper surface from
evaporator to the condenser, and condensate return from condenser to the evaporator at the lower surface.
But this streams distribution lead to a non-homogeneity in evaporation and condensation processes. This
is because evaporation occurs at a portion of evaporator surface, and condensation occurs at a portion of
condenser surface. This lead to drop the evaporation and condensation processes efficiency and finally
drop the thermal performance of THP due to farther inclination.

Conclusions

3D CFD Numerical solutions was a very good tool to predict and simulate variation of THP
variables during transient and steady state conditions. The high agreement percentages between 3D CFD
and experimental results can give an alternative to the experimental work, and make optimization of
different configurations of THP easy and faster. Also 3D CFD simulation clarify the real reasons that
leads to the drop in the thermal performance of THP due to inclination from vertical toward horizontal
position. The simulation shows that due to inclination of THP the evaporation occurs at a portion of
evaporator surface and condensation occurs at a portion of condenser surface, and lead finally to drop
the efficiency of evaporation and condensation processes, hence lead to reduce the overall THP thermal
performance.
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