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Abstract

Heat pipes (HPs) are used in temperature profile flattening and cooling
process of the devices involved in thermal issues. Thermal performance of a
HP can be considered as a function of external and internal parameters. This
research develops a numerical model with @yverning equations to analyze
likely effects of a magnetic field on the thermal operation of a specific
cylindrical HP. In this model, we consider conservation of mass, momentum
and energy, in addition to the magnetohydrodynamic (MHD) equations. We
use the finite element method (FEM) to solve the system of stated equations.
To demonstrate the validity of numerical results, we compare our numerical
results with the results of other works in the absence of magnetic field.
Additionally, we develop an experimatal setup and show that our numerical
and experimental results are in good agreement. Our results show that
increasing the magnetic flux density from 0 to 0.2 Tesla results in three
important improvements on the HP operation: (a) 47% reduction of the
temperature difference, (b) reduction of the average temperature and
operation pressure, and (c) increasing the uniformity of temperature
distribution .

Keywords: Heat Pipe, €mperatureHeat TransferFluid Flow; Magnetic FieldMagnetohydrodynamic

1. Introduction
A HP is a container inside which a working fluid

of heat due to their effectiveness in transferring high rate of heat at low temperature differences. To transfer heat ir
HP, the internal worikg fluid is circulated between its two main sections: evaporator and condenser. Specifically, the
working fluid is first evaporated in the evaporator. The produced vapor is then collected and sent to the condenser
be condensed into fresh liquid. Finalthe fluid is returned to the evaporator to be used again for transferring the heat.
Phase changing of the working fluid together with the convection prbestise main role in transferring the heat.

In conventional HPs, the returning liquid needs @ilzay force provided by a porous medium, which is called wick.

A special type of wickless HPs is thermosyphon whose returning force is usually §irazjity

The development of HPs arthermosyphons has been started since about two centuries ago. An initial idea in
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thisfield is due to Jacob Perkifigl who invented a device for heat transfer, called Perkins tube, that its operation is
similar to those of present thermosyphons. However, the principal idea of HPs was suggested by3dbigieer
[4, 5], and Cottefs].

Numerical analysis of HPs involves a numbeissues for heat transfer, fluid flow and thermodynaimcOne
of the most important issues is coupling between velocity, temperature and operation pressure during the pha
changingg]. Reviews of HPs applicatis and their analysis are reported by Garimella and SdbhaDarbajal10]
and Sumaif11]. Xiao and Faghii12] analyzed a chamber of HP by considering heat transfer in vapor, liquid and solid
by coupling the velocity equations of the vapor andiflFaghri and Buck13] experimerally analyzed a HP for
single and multiple heat sources. Furthermore, Rice and Haglhmumerically analyzed the prementioned case with
no empirical correldons. A transient numerical analysis of a flat HP is proposed by Ranjan gtsjalA
comprehensive review of the recent studies conducted on the HPs can be foundiis).Ref.

Recently, an important issue is attracted the attention of researchers in HP applications. That is the effect ¢
magnetic field on the operation of HPs. The Heat transfer and fluid flow can be influenced by magnetic field.
Fundamentals of magnetohydrodynarfMHD) are described by Hosking and Dewar]. For detailed information
on the effect of magnetic field Ré1s, 19] could be onsulted. There are a few researches for evaluation of the effects
of magnetic field on the HP operation. Cingros applied a magnetic field on a FerroflujdoHmh his work
temperature distribution was measured, and an increase in the Response time was observed. Cingros believed tl
development of a mathematical model for such systems is complicated, thereforeated pmtotypes and
experimentally investigated their operations.

In another research, Aminfar et pl1] experimentally studied the effects of applying an external magnetic field
on the critical heat flux of flow boiling. Based on their results, enhancemeritigal heat flux values was occurred
both for pure water and Ferro fluids magnetic field imposement. For a nanofluid HP under magnetic field, Wang anc
Jiao [22] observed improvement of heat transfer rate in an experimental investigation. They reported that 19.2%
increase could be achieved in heat flux due to both using nanofluids and magnetic field appli¢statization of
fluid flow in a pulsating HP undenagnetic field was done by Kang et [@B]. More experimental researches, were
reported the effect of magnetic field on the HP operdtiens].

As noticed, all the aboveeviewed works on investigation of the effects of magnetic field on the HPs were
experimental. To the best knowledge of the authorsomagprehensivaumerical study has been reported yet on this
issue. Specifically, one of the stated works has taken into account fluids flow, heat transfer and MHD governing
equations, which are considered in a numerical analysis. In contrast to the previous studies, the present study propo
a numerical model to analyze the likelyexfts of magnetic field on the performance of a specific cylindrical HP. To
demonstrate the validity of the proposed numerical model, an experimental test rig was developed to compare tt
results obtained from the numerical model and the experimentaRessilts show that increasing the magnetic flux
density from 0 to 0.2 Tesla results in three important improvements on the HPs operation: (a) 47% reduction in th
overall temperature difference (b) lowering the average temperature as well as the opeesSarepand (c)
increasing the uniformity of temperature distribution.

2. The cylindrical HP under analysis

In this section, we introduce a specific cylindrical HP in magnetic field that is heated by an electric heater and
cooled in the ambient air. The general structure of this HP is shown in Figblé. 1 gives dimensions of the HKs
it is observegdthe tbe is made of glass and, the wick is a porous media made by sand. Seven distinguished parts al
marked of Fig. 1. Parts 1, 3, 5 and 7 are the adiabatic zones. Part 2 is the evaporator that heats the HP using an ele
heater. Part 4 lies between the sosémagnetic field generator, where its cross section is shown in Fig. 2. The voltage
of the electrodes 10 V.Part 6 is the condenser that is naturally cooled by atmospheric air at an ambient temperature
of 21.3C.

3. Mathematical model
The operatiorf the HP depends on its dimensions, its wick porosity, the rates of heat transfer in its evaporator

and condenser parts, the magnetic flux density, and the material used in its construction. In this section, the governi
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equations of the mathematicalneotl o f t
mass conservation, momentum conservation, energy conservation, and some additional equations of heat trans
mass transfer and phase changing. The governing equatioh fitwe¢e parts of the HP, i.e., the wall (tube), wick

and vapor domains are as follows (more details can be found ifsR=.30]).

he HP’' s

operation

describe

Let r, be the electric charge density. FurthermoreHetB and J denote the vectors of electric field strength,
magnetic flux density, and current density, respectively. Then the LorentzRpraghich is the MHD force exerted

due to the magnetic field is defined as folldag:

F,=rE 4 B.
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Fig. 1 General structure of the HP under analysis

Table 1 Dimensions of the HP under analysis
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Fig. 2 Cross section of part 4 of the HP under analysis

To calculate the terms of the Lorentz force, we I
law and AmperéMa x we l | s | aw) , Ohm’'s | aw[a#lhdTber Gaunssconkaw
.. 14
pé =, 2
)

whereb and g, are divergence operator and the vacuum permittivity (that its value in&8% 10 12[F m '1]),
respectively. The Faraday'’'s |l aw is defined as

pse =, (©)
ut
wheret is the time. The Amper®laxwell's law is given by
pob md Ml @
pt
where 1 is the vacuum permeability and its value in SHs® 107[H m '1].
The current conservation equation is given by
pOd =t E, )
Mt

which is simplified using the Gauss’'s law as foll ow
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s _MWe
DO =—=. (6)
it
Lets be the electrical conductivity. The Ohm' s | aw
J=s(E 4 B), v

Where u denotes velocity vectoihe notation; shows the porosity stating the volume of the voids in the porous
media per total volume of the medm):

volume,;
- void . (8)
volume, gy

The value of; is 0O for the tube domain, 1 for the vapor domain, and 0.39 for the wick domain where is measurec
by a test.

Dar c y inpordusanvediunis given by
K

u=(BP)(-—), C)
Jj m

where P , K and m are pressure permeability of the porous mediunand dynamic viscosityof the fluid
respectively

Let r and g denotedensityandgr avi t at i onal accel eaddiitrd.i cBhe 4 ke
(see Fig.1). Theontinuity equation for the vapor and wick domains is

(10

P e na W upo o
lJ-(rur)"' H(r o,u;) I-(r u,)  +— = éru ou
r K rru ru =

r x r
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&(ru )+—(r n,u,) +—‘fr wu,) +—/—“ =

r

lue : B g e duy uud @ (12
0 g

- )'I_(U) PN LN ot F,+ F |,

rxg 8 r WETEE T x BT e

whereF, and F, arethe source terms due to fluid flow in the porous medisp, Fy, and F, arethe two

components of Lorentz force in theandx directions, respectively.

Letd be the diameter of the particles in the porousiméethen the permeability of the wick, denotedikyyis
defined as follow$3s, 34]:

2.3
K=_97" (13
150(1+ ¥

With d =0.7[mm] andj =0.39,Kis equalto5 . 203°m?].letCc, denote the Ergun’s
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function of shape factors of the particles of the wick. That is assumed to be@®@@u287[35]. The swibscr
indicates the wick lHotmheénl i quniddtihe sBhéswrchtddmain.
in the wick, in the directionsandx are written, respectively, as

Cg/f rju ]
Cy/ rju ]
Fu, = E{/f“ |u|x ni/ulx. (15

Here the first terms offy,  and F,, arethe inertial terms, and their second terms are the viscous teefris; L

and k, denotethermal conductivities of solid and liquid @ées in the wick, respectively.

Then the thermlaconductivity of the wick,k,, , could be determined §3s]:

:kl[kl+ks 1 Ak, k§)]
Yk tks) €L )k, kg)

Letc, andT denot¢ he specific heat capacity anid ithedrpcea taet ut

(16)

vapor domains, respectively. The energy conservation equations for the tube, vapor and wick domains are
respectively, as follows:

T 1 & Tu o, T
(re0) kg nE T, 82 &
T el auT r
(’Cp)vuﬁJ'r_i(( Cp)\,(rurT)) TI( C’p)\, (“xT)) Icvg?_r%l_r %;X"‘z § (18)
N = 3 Z‘T
greo), B rall )+ [l ea) o)) e E G a9

In the HP under analysis, tteeare five terms of pressure head that are balanced as
DPyp + #yD P& [P, (20)

where DRy, , DR, and DR, arethe pumping heads of magnetic field, capillary and gravity forces, respectively.

Furthermore,DP, and DR,, are the pressutlesses of the fluidlow in the vapor and wick domains, respectively.

4. Boundary conditions
By the prementioned equations in the previous section, solving the problem is possible, if the boundary

conditions (B.C.skxist Based on Fig. 1 the B.C.s of the domains are deflndtie outer layer of the HPs, there are
three types of B.C.s as follows:

1) Adiabatic or insulated parts: for parts 1, 3, 5 and 7, we need to impose the following equality:

-k, el e o (21)
&dr H
2) Constant heat flux in the evaporator sectionfor part 2, then the B.C is as follows:
edT g
-kig— o Hi.- 22
‘ar | (22

whereqj denotes the heat flux.
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3) Convection in parts 4 and 6these parts are in the ambient air, henceneeal to impose the following equality:
edT g
- kt gd_l’ H :hconv(T T'ambien) . (23)
t

In the interface boundary of the wick and the tube domain, there sass transfer. The only Heat transfer
mechanism in this boundary is just heat conduction. So, the conditions of this boundary are as follows:

edT g dTe
-k, ¥— S =k — , 24
‘Bar H " d€, (29
u=0. (25)

There are mass transfer goldase changing in the interface boundary of the wick and vapor doraing;
and hfg denotethe mass flux and latent &g respectively. So, the B.Gzan be assumed as follows:

mi

U| :,__! (26)
|

u, = 27
o T ~ ~

g ek g B @9

5. Numerical solutions
Using the governing equations and boundary conditions, a numerical solution is considered. Finite elemer

method (FEM) is used to discrete the governing equatibims.equations are solved coupled airdultaneously
Also, an average of thmagnetic force on the circle circumference cross section of the HP is used. To the best
convergence in solving process, the following three steps are considered:

Step 1Modeling the HP, assuming the wick is filled by liquid and ignoring the porous madize iabsence of
any magnetic field,

Step 2Modeling the HP, considering the porous media in the wick but no magnetic field,
Step 3Modeling the HP, considering the porous media in the wick and applying the magnetic field (full model).
In the solution, ifs assumed that:

1 the vapor and liquid flow are compressible (Mach<0.3)
1 the operation is in the steady state condition
1 viscous dissipation is negligible (due to low velocities)
9 vapor is an ideal gas
1 the wick is saturated with liqui@the wick domain is jusfilled by liquid and the cavity domaiis filled by vapo)
1 radiation heat transfer is negligible
Using Eqg. (27), the interface temperature of wick amghor domain T; ) can becalculated, also, its

correspondingressure P, ) can beevaluated by ClausiuSlapeyron equation, as folloWs7]:

eéhy, 81 1 ¢
P =P EXPée— @— — & 29
i ref pgR_ g T E (29
where, P andT ; denotethe reference values and can be evaluated from thermodynamic tables for saturated wate

In this researchP,; =3160PaJandT ; = 298K ]Jareassumed. Furthermark denotes the gas constant.
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Let a denotehe accommodation coefficient. It is set to be 0.035 in this study based dasRéfhe mass flux
in this interfacéboundary (M) canbe extracted by kinetic theofgs-41]

Ld2a & 1 P,

P
e @ — -
Ge-4a ¢\¢237FQ CN'v \/F:
The sign ofmj in the above equation is the criterion to determine which of the condensation or evaporation
process is occurred in the phase changing. Based on this equaBpp,ff, is greater tharP, /|fT; , thenmii will

cgeo

mi (30)

1

be positive, it means condensation of the vapor is happened. On the contran®, Befhggreater tharP, /\fT,
makes then| negative, so, evaporation of the liquid is happened.

In the numerical solution, the pressure in the HP is divided into two parts
P=Py 5. (3D

wherethefirst term (P,, ) is the momentum pressure, which is a function of location and in the solution process is
calculated by momentum conservation equation. Furthermore the second®igrisi the operation pressure. It is just

time dependent. This pressure does not change with location and can be calculated by the ideal gas assumption
follows:

vapor,

ar
P, =m,R & LA 32
0 v a gai: (32

The temperature dependency of the latent heat h f g is defined as fdipws

hyg =3372.6-5.7223T+.0115T -.00001. (33

Electric and magnetic properties of the liquid are listed in Table 2. ThBhysical properties of the materials
are listed in Table 3The problem is steadstate, but toconsiderthe temperature differences and for better
convergence in the solution process, the properties are considered as a function of temperature.

6. Experimental setup
In this section, we describe how the HP under analysis is manufactured and maddegnerator is described.

Then, we introduce the used devices and their arrangement in the experimental setup.

Based on Fig. 1 the structure of the HP is manufactured. Rounded glass and wick at the both ends of the HP &
ignored. Because necbndensable gases make bad effects on the operation of any HP, we evacuate the HP unde
analysis as shown in Fig. 3 (item D that these gases are extracted from the HP, using the vacuum pump (item 2),
a pressure gauge is used (item 3) to measure the pressure, and the working fluid is rather injected inside the HP frc
the storage tank (item 4). Water is used as the wofkiidy To control the manufacturing process, four valves (item
5) are installed in the piping paths. The process is completed by sealing the HP. The model of the pressure gauge (it
3) is Pfeiffer (model TPR 280) and its accuracy for pressure rangeis oéskarch is 3 mbar.

Fig. 4 shows the manufactured generator of magnetic field and explains how the HP is installed in the gap create
in the core of this generator. As can be seen, the generator consists of two solenoids and one core. The magnetic f
density is adjustable from 0 to 0.25 Tesla in this generator. We use three magnetic flux densities 0, 0.1 and 0.2 Tes
in the tests and simulation8(=0, 0.1 T, 0.2 T).

Table 2 Electric and magnetic properties of the liquid42, 43
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Relative Relative

permittivity permeability

Electrical

conductivity [S/m]

80.0 1.0

0.1

Table 3 Thermo-Physical properties of the used material§44, 45|

Thermal conductivity [W/m.K]

Viscosity [Pa.s]

Glass
Water liquid
Water vapor

Sand

Air

1.8
-0.7522 +007R -6 §)°
-(1.32 -2) @04 4
1.241+ .006

0003+ (@ -5) 8 &°2

3.82- 27 -252.33
-(3.02 -6) {4.02 g

(2-6) & 8 (2 13°

Fig. 3 Proposed piping system for construction of the HP under analysis
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Fig. 4 Magnetic field generator ((a) The generator of magnetic field used in thexperimental setup (b) Installing the HP under
analysis in the magnetic field)

Fig. 5 shows the experimental setup and introduces the devices used in the experiment and their arrangeme
The stated devices are the followings:

1) Solenoids of thenagnetic field generator
2) Core of the magnetic field generator
3) DC power suppliers for the magnetic field generator
4) HP
5) Electric heater in the evaporator section (the outer side of the heater is insulated)(Q=5 W)
6) Power supplier for the electric heater
7) Voltageregulator
8) Electric circuit
9) Power supplier
10) Cooling fan for core and solenoids
To start the experiments, heat is first applied at the evaporator part. The working fluid circulation is started, unde
the effect of magnetic field, gravity and capillary forc@he condenser part is cooled at the room temperature
(21.3C). Temperature values are measured by pt100 sensors that are installed in the outer wall and inside of the H
The measurement accuracy is £#G.2The operation pressurerieeasured by the pressure gauge.

7. Results and Discussion
In this section, the results obtained from the experimental and numerical tests are discussed. To demonstrate t
validity of the numerical solution (in the presence aoirking fluid in the porous media of the HP and in the absence
of magnetic field), we compare our results with those of Faghri and Bugkand Rice and Faghlri4]. In these two
works, the valug of r;, ry andr, are assumed as 12.7, 11 and 10.25 mm, respectively. The total length of the HP is
1000 mm, the length dheevaporator is 63.5 mm, the condenser length is 300 mm and the other parts are in adiabatic
condition. The comparison is dof@ power input of 90 W.

This comparison is shown in Fig. 6. As can be observed, there is a good agreement between the results. T
effects of magnetic field on the temperature distribution, velocity profiles of working fluid, pressure distribution and
hea transfer in the HP are examined. The results of the numerical solution are compared to the present experiment
results. The results are presented in following.
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Fig. 5 Arrangement of the experimental setup ((a) Real photo (lschematic))
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Fig. 6 Comparison of the results with the results of Faghri and Buckfil3] and Rice and Faghri[14]

7.1 The heat transfer ability of the HP under analysis
In this subsection, two cases are considered: The first, modelling a HP without any working fluidszod itk
a HP containing a working fluid. Both HPs are checked. Temperature contours of both HPs are shown in Fig. 7, ai
temperature distributions along the axis of the HPs are shown in Fig 8.

It is observed that the temperature on the axis of the HRgeesuniform in the presence of the working fluid.
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From Fig. 7 and Fig. 8 it is observed that presence of the working fluid leads to reducing the maximum temperatur
from 1080 to 92.% as well. The temperature difference along the HP is reduced fromidl®&L. This considerable
improvement of temperature difference reduction is due to the circulation and phase changing of the working fluid
confirming the HP ability in transferring heat.

7.2. Effects of magnetic field on the velocity profiles in the HP
Fluid flow in HPs which dictates the operation of the HP, is affected by parameters like: power input in the
evaporator, condenser conditions, adiabatic section conditions, material of the working fluid, wick porosity; HP
geometry, and external forces. tinis subsection the effects of magnetic flux density on the velocity is shown.
Circulation of the fluid in the HP consists of two parts:

1 Vaporflow in the vapor domain,
1 Liquid flow in the wick.

For the presented model, the fluid flow is shown in Fig. &d&l on this figure, liquid in the wick is moving
down from the condenser to the evaporator part, then it is evaporated in the bottom section of the HP (the evaporatc
andthe evaporated fluid moves to the top and is condensed in the condenser. Tite wedtars are magnified and
normalized for better clarity.

Experimental results:

* Maximum temperature 92.5 degC
* Minimum temperature 85.2 degC

(@) (b)

Fig. 7 Temperature profiles along the HP ((a) With working fluid (b) Without working fluid))
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Fig. 8 Temperature distributions along the axis of the HP ((a)Vith working fluid (b) Without working fluid))
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Fig. 9 Fluids flow through the HP

Fig. 10a shows the radial velocity of vapor at x;=LL, + Ls. The maximum velocity is on the centerline of the
HP and it is decreased to the zero value at the edge of the vapor domain. Based on this figure, by increasing
magnetic flux density, the vapor velocity will be increased, showing the effect of eXtmoekxerted by magnetic
field. The velocity contour of the vapor domain éhfferent magnetic flux densitiés shownin Fig. 10b10d Because
of evaporation and condensation along the HP, the velocity in the middle of the HP is larger than thettommor
parts.

In Fig. 11a absolute value of liquid axial velocity in the wick is shown (for 8.15 mm <r < 8.40 mm). Furthermore,
in Fig. 11b the contour of this velocity is shown. By changing the magnetic flux density, the variations of the liquid
velocityin the wickaresmall, because of the low velocity values of the liquid. The radial velocity of the vapor profile
on the common boundary of the wick and the vapor domains and its cigbown in Fig. 12. In this figure, negative
velocity indicates thevaporation, it means that the vapor is generated and entered in the vapor domain, on th
contrary, positive velocity indicates the condensation. It is observed that condensation and evaporatoa rates
increased as the magnetic flux density is increéase

Note that in all the above mentioned velocity contours, the dimensions of the HP are magnified for better clarity

mm/s
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u_vapor (mm/s)

L . L L L !
0 1 2 3 4 5 6 v 15xi0%
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(a) For different B values (b))B=02T
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Fig. 10 Axial velocity for the vapor phasehrough the HP
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Fig. 11 Absolute value of axial velocity for the liquid phase through the wick of the HP
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Fig. 12 Radial velocity for the vapor phase along the HP on theick-vapor boundary

7.3 Effects of magnetic field on the temperature distribution in the HP
Fig. 7a and Fig. 13 show the temperature contours and Table 4 shows the temperature paradiétentor
magnetic flux densitieS hey show that, the temperature distribution gets more uniform along the HP by applying and
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increasing the magnetic fluedsity.

By increasingB from 0 to 0.2 T, the temperature difference along the HP, is reduced frant@.8C (47%
reduction), furthermore, the maximum temperature is reduced fronC3.88.9C. Also, it is shown that, the average
temperature of the HR® reduced in the presence of magnetic field. This is due to higher vapor velocities along the
HP, as declared by Fig 10. This effect was also exgthin the previous subsection.

degC degC
As97 As89

Experimental results: Experimental results:

* Maximum temperature 90.0 degC
* Minimum temperature 85.1 degC

+ Maximum temperature 89.2 degC
* Minimum temperature 85 degC

(a)B=0.1T (b)B=0.2T
Fig. 13 Temperature contours of theHP for different B values

Table 4 Temperature parameters for different B values

Magnetic flux density [T]

B=0 B=0.1 B=0.2
Maximum temperature in the HP (degC) 92.2 89.7 88.9
Average temperature in the HP (degC) 88.1 86.9 86.6
Minimum temperature in the HP (degC) 84.7 84.9 84.9
temperature gradient in the HP (degC) 7.5 4.8 4.0
Appearance thermal conductivity (W/(m.K)) 997.8 1561.7 1890.8

By reversing the direction of the magnetic field, the magnetic force is thersisting the working fluid flow
in the HP, so the temperature of the HP would be increased. Temperature contours of the HP are shown in Fig 14
the reversed magnetic field direction.

By defining “apparent credidthecHt over the tgniperawse gradigmtealony the t
HP, it is shown that the apparent thermal conductivity is increased about 89% (from 997.8 to 189818 \Woyn
increasingB from 0to 0.2 T.

Fig. 15 shows the temperature profile in the evaporator part of thatkP L1 + L,/ 3. Based on this figure, in
the rdirection, the temperature is not much different in the vapor domain (from r = 0 to 6 mm), however, it is increase
across the wick thickness (from r = 6 to 9 mm) and across the tube thickness (from r = 9 to 11 nontheluneat
resistance of these domains. The temperature profile indineation becomefatter by increasing the magnetic flux
density. The temperature values are also lowered by this effect.

Fig. 16 shows the temperature distribution along the axagfr the HP. It is seen that the temperature along
the axis is approximately uniform, this is due to high vapor velocity in this region. If the magnetic flux density
increases from 0 to 0.1 Tesla, the average temperature is reduced frant8®BA.9C, and in case of B=0.2 T this
temperature is reduced to 8&6
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Fig. 17 shows the temperature distribution along the outer surface of the diffei@nt magnetic flux densities
It is observed that the highest temperature for a specified magnetic flukyderstated on the evaporator and the
lowest on the condenser. Close agreements are observed between the experimental data and the simulated results.
small mismatch could be the result of many parameters, among them a few but not all are: the pfeseat
amount of norcondensable gases in the HP, accuracy of the measuring tools, simplifications made in the numerice
simulation and etc.

degC degC
A932 A0S
92 92
a1 a1
%0 [0
89 89
88 88
87 87
86 86
85 85
V847 V846
()B=0.1T (b) B=0.2 T

Fig. 14 Temperature contours of the HP for reversed direction odiifferent B values

T (degC)
\
\
T (degC)

0 2 4 6 8 10 0.1 0.2 03 04 0.5
r (mm) z(m)

Fig. 15 Radial temperature distributions in the evaporator Fig. 16 Vapor temperature profiles for different B values
section for different B values along the axis of the HP

7.4. Effects of magnetic field on the pressure distribution in the HP
Based on the prementioned governing equations, the pressure in the HP is carhpeeguhrts: momentum
pressure (i) and operation pressuredjPIn Fig. 18 the momentum pressure contour in the wick is showBHd2
T. The dimen®ns of the HP are magnified 20 times idirection for more clarity.

It is seen that the momentum pressure is changed from 1.96 kPa in the conddn86ridiBa in the evaporator.
The magnetic field, gravity and porosity in the wick are responsibkhi®pressure gradient. In table 5 the operation
pressure in the HP fdifferent magnetic flux densitids shown. Increasing the magnetic flux density enhances the
fluid flow and heat transfer in the HP, resulting in the reduction of the average teim@arad the operation pressure,
because the operation pressure is a function of temperature, as discussed in Eq. (31). In this table results of b
experimental work and numerical simulation are taledaGood agreement is observed.

7.5. Effects of magnetic field on heat transfer and energy balance in the HP
To show the heat transfer mechanism in the HP, a resistance network is considered as shown in Fig. 19. The h
transferring can be decomposed into two pariar@ Q. The Q is the major part of #htransferred heat in the HP,
due to the convection and phase changing. Thie Reat losses along the HP. The transferred heat in the HP for each
partis shown in Table 6. Based on this table more than 99% of the heaBis&pplying a magnetic fielon the HP,
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the convection term becomes greater such that the percentage of the transferredshirate@sed.

kPa

A 196
il s e
o B=0.2T (experimental)
9 B=0.1T (experimental)
93 S o B=0 (experimental) 1
_ 0.5
E 0
-0.5
= 1
81
9 0.05 0.1 0.15 25 03 04 0.5 -15
z(m)
V¥ -1.96
Fig. 17 Temperature profiles for different B values along the Fig. 18 Momentum pressure contour through thewick of the
outer side of the HP HPforB=0.2T
Table 5 Operation pressure of the HP for different B values Table 6 Details of heat transfer process in the HP for
[kPa] different B values
Magnetic flux density [T] Magnetic flux density [T]
B=0 B=0.1 B=0.2 B=0 B=0.1 B=0.2
: Input power [W] 5.000 5.000 5.000
Numerical 65.59 63.01 62.23
Qi [W] 4.956 4.963 4.965
Experimental 65.77 63.04 62.07 Percentage oD, 99.12 99.26 99.30
Q2 [W] 0.044 0.037 0.035
Percentage d®, 0.88 0.74 0.70

> v A'A ] ;
Evaporator liquid—vapor :R4(° égfrre%% e)Rs Condenser vapor-liquid

interface registance - interface redistance
Evaporator wick J Condenser wick
(radial resigtance) <’R3 Ry (radial regigtance)
Evaporator wall Q,TJ Condenser wall
(radial resistance) <R, Q R19 Rg (radial resistance)
MWV
Outgide source—evaporator WQH] and, yick Outgide gink—condenser
contact resistance (axial resistance) contact registance
Qin Qout
Heat source Heat dink
(Evaporator) (Condenser)

Fig. 19 Thermal resistance network of the HP [16]

8. Conclusions
This research investigated the likely effects of magnetic field on the operation of a specific cylindrical HP from

both numerical and experimental points of view. Based on the analysis, the follmwiclgsions are drawn:

(1) Increasing the magnetic flux density increases the velocity of fluid flow in both vapor and liquid phases,
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hence, improves the circulation of the working fluid in the HP.

(2) The HP maximum and average temperatures are rediictth magnetic flux density is increased.
Furthermore, it leads to reduce the temperature difference along the HP. Therefore, the presence of magnetic fie
helps to increase the uniformity of temperature distribution.

(3) The *“ appar etytisircreased asathe magoeatidfluxcdeniity is increased and hence more
heat transferring.

(4) Increasing the magnetic flux density is associated with reduction of the operation pressure of the HP, ensurin
more safe condition for its operation.

It is worth mentioning that, by reversing the direction of the magnetic field, all the mentioned conclusions get
reversed. l.e., the velocity of fluid flow in both vapor and liquid phases is reduced, the HP maximum and average
temperatures are increased, the appathermal conductivity is reduced, and the operation pressure of the HP is
increased.
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