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This research was aimed to study the transport and thermal characteristics in a
cylindrical heat pipe using Al.Os-water nano fluid. Maxwell-Garnett, Hamilton
and Crosser, Jang and Choi, Chon et al. and Sitprasert et al. models were used to
determine the thermal conductivity. The non-Darcian transport approach was
used to determine the nanofluid flow in the liquid-wick section, while the mass
flow rate was used to describe the fluid flow at liquid-vapor interface. The non-
linear algebraic equations from finite volume method discretization were solved
by iterative segregation method and the SIMPLEC algorithm. The numerical
simulation results of axial outer wall temperature, centerline pressure, velocity
magnitude and nanofluid recirculation were found to be in good agreement with
the values obtained for the cylindrical heat pipe operation and earlier studies.
The results indicate that alumina oxide in 20 nm mixed with water can reduce the
thermal resistance of the cylindrical heat pipe by 5.7% in Maxwell-Garnett model
and Hamilton and Crosser model; 36% in Jang and Choi model; 3.7% in Chon et
al. model; 12.1% in Sitprasert et al. model; and 21.8% in Yu and Choi model
compared to pure water. The simulation result shows that the use of Al.Os-water
nanofluid increases the effective thermal conductivity in all models. Besides, the
evaporator and condenser heat transfer coefficients are found to increase in

models compared to that of pure water.

1. INTRODUCTION

The use of nanofluids in heat pipes have been studied by
many researchers. Maxwell-Garnett [1] developed an
equation to estimate the effective medium to treat the
effective transport coefficient of mixture and composites
for dilute and randomly distributed components.
Hamilton and Crosser [2] had derived an equation for
the effective thermal conductivity considering the effect
of shape of the solid particles. The Brownian motion of
the nanoparticle was considered to predict the effective
thermal conductivity of nanofluids by Bhattacharya et
al. [3] and Jang and Choi [4]. Chon et al. [5] proposed a
correlation to determine the thermal conductivity
depending on temperature of Al,O3 nanofluid. Sitprasert
et al. [6] analysed the thermal conductivity to nanolayer.
Choi and Zhang [7] numerically simulated laminar
forced convection heat transfer of Al,Os-water
nanofluid, as a single-phase fluid. Mahmoodi [8]
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performed numerical simulation of Cu-water nanofluid
in L-shaped cavities. The studies considered nanofluid
Newtonian, laminar flow and incompressible. It was also
assumed that the nanoparticles and the base fluid were in
thermal equilibrium and there was no slip between them.

Many experimental, analytical, and numerical
simulation studies on nanofluid heat pipes have been
carried out. Do and Jang [9] studied experimentally the
effect of Al,Os-deionized water nanofluid on a flat-
shaped grooved heat pipe. Jang and Choi model [4]
estimated the thermal conductivity. The viscosity of
nanofluid was considered by modified Einstein model
[10] with slip mechanism in nanofluids, and the density
of nanofluid was estimated by mixing theory [11]. The
permeability and the effective thermal conductivity of
the porous layer was modeled by Kaviany [12].

Mousa [13] investigated the effect of Al,Os-water
nanofluid concentration on the cylindrical-shaped screen
mesh heat pipe. The effective physical properties were
described by classical formulas in Das et al. [14]].

Shafahi et al. [15] investigated the thermal
performance of a screen mesh cylindrical heat pipe
using various nanofluids (Al,Os, CuO and TiO2-water)
with single phase model based on analytical model
given by Zhu and Vafai [16]. They compared the
analytical model with previous experimental results of
pure water screen wick heat pipe [17] reported by
Kavusi and Toghraie [18] and showed that 4% Al,Os
nanofluid concentration leads to decrease the
temperature  difference  between evaporator and
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condenser by 5% for Al,O; compared to pure water, as
shown in Figure 1. This two-dimensional analytical
model [16] takes into account the matching condition for
velocity and shear stress at the interface and non-
Darcian effects for the liquid flow and shows that the
coupling at the interface can be ignored. However, the
Darcy law can lead to significant errors in calculating
the pressure drop in the wick. The extended Darcian
transport terms lead to a more accurate estimation of the
pressure drop across the wick. So, for this study, the Pak

and Cho model [19] was used to estimate density and
Brinkman’s [20] model was used to obtain the viscosity
of nanofluid. The non-Darcian transport (Brinkman and
Forcheiner) was used to derive the momentum equation
in liquid-wick region. The effective thermal conductivity
of nanofluid related to porous wick was calculated by
Chi model [21] and the thermal conductivity of the
nanofluid was obtained using the Yu and Choi model
[22].

338 Fr————————
336

334 |
332 |
330 f
328 |
326 |
324f 2 —====-=
322 ;_ — — e —
320 f
318 f

T[K]

AL,O,

316:‘ " " 'l " " " e A "

0.6 0.8 1.0

x [m]

Fig. 1. Outer wall temperature distribution of Al203 nanofluids in a cylindrical heat pipe [15].

Alizad et al. [23] established a comprehensive
analytical solution for the thermal performance and
operational attributes of the startup characteristics of
various nanofluids (Al,Os;, CuO and TiOz-water) for the
flat-shaped and disk-shaped heat pipes. Dunn and Reay
[24] model was used to calculate the effective thermal
conductivity based on porous media.

Shafahi et al. [25] studied the thermal performance
of rectangular and flat-shaped heat pipes using various
nanofluids (Al,Os, CuO and TiO.-water) by analytical
solution. Gavtash et al. [26] simulated the effect of
various nanofluids (Al.Os, CuO and TiO,-water) on a
cylindrical heat pipe by single phase model. Mashaei et
al. [27] simulated a cylindrical heat pipe using Al,O3
nanofluid as working fluid. They found that increased
velocity affected on the higher liquid flow in wick and
pressure drop. Poplaski et al. [28] simulated cylindrical
heat pipe and assumed that the liquid, Al,O3 nanofluid
and wick structure are in local thermal equilibrium.
Herrera et al. [29] proposed the hydrodynamical model
for Al,O3 nanofluid simulation. Their result showed that
the capillary limit occurrence is delayed by Al,Oz-water
nanofluid at 0.5% wi/w optimal concentration. Maddah
et al. [30] indicated that increasing CuO nanofluids
results in the reduction of the wall temperature and the
temperature difference between the evaporator and the
condenser. Hassan and Harmand [31] simulated three-
dimensional transient model for vapor chamber (flat heat
pipe) and the effect of various nanofluids (Al,Os;, CuO
and TiO.-water) on its performance. The 3D transient
thermal model was used to calculate the vapor chamber
temperature and a 3D transient hydrodynamics model
was used to predict pressure and liquid velocities. The
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non-Darcian transport (Brinkman and Forcheiner) was

used to determine liquid flow in porous media. The

Maxwell model [1] was employed to predict the

effective thermal conductivity of the wick based on

nanofluid. An implicit finite difference method was used
to solve the numerical model.

These above-mentioned studies show that
nanofluid heat pipe studies are a challenge to thermal
management.  The  numerical  simulations  for
performance evaluation of nanofluid heat pipes use
different assumptions to predict the effective thermal
conductivity of nanofluids, including the nanofluid
effect on thermal resistance, liquid pressure, velocity
magnitude, and there are gaps in these numerical models
for cylindrical heat pipes using nanofluids. To address
the gaps in
. estimating and profiling the vapor pressure of

cylindrical nanofluid heat pipe, and.

. analysing (and comparing) the thermodynamic
properties of nano fluids using the models
developed by Maxwell [1], Hamilton and Crosser
[2], Jang and Choi [4], Chon et al. [5], Yu and
Choi [20], Sitprasert et al. [6],

a numerical model was developed and used in a

simulation study that used pure water as the working

fluid in a copper cylindrical heat pipe assuming steady
state laminar incompressible flow in liquid-wick and

ideal gas incompressible flow in vapor section [32].

Noting the interest in Al,Oz-water nanofluids due to its

(popular) use and is one of the cheaper nanofluids, as

well as due to the fact that it enhances the thermal

performance and reduces the thermal resistance of heat
pipes [33], it is important to estimate the thermal
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conductivity of the nano fluid through a numerical
model to study the axial outer wall temperature,
centerline pressure and velocity magnitude using Al,O3-
water nanofluid in a cylindrical heat pipe.

Thus, the objective of this research was to predict
the axial outer wall temperature taking into
consideration the thermal resistance, centerline pressure
and centerline velocity magnitude using various thermal
conductivity models, and to compare the nanofluid
cylindrical heat pipe thermal resistance of Al,Os-water.
Two concentrations of Al,Os-water nanofluid were
considered (0 and 2% v/v) and the nanoparticle size is
20 nm. For the numerical simulation, the viscosity and
density values were estimated using the Brinkman
model [20] and Pak and Cho model [19], respectively.
Maxwell-Garnett [1], Hamilton and Crosser [2], Jang
and Choi [4], Chon et al. [5] and Sitprasert et al. [6]
models were used to determine the thermal conductivity
of nanofluids. The finite volume method was used to
discretize the governing equations of non-Darcian
transport (Wang and Cheng) [34] to obtain the algebraic
equations. The Simi-Implicit Method Pressure Link
Equation-Consistent (SIMPLEC) algorithm was used to
solve the algebraic equations [35]. The results were then
compared with the analytical results of Yu and Choi
model [22] to estimate the effective thermal conductivity
of nanofluids and pure water.

2. NANOFLUID AND ITS PROPERTIES

For this study, twenty nm Al,O3; mixed with water
(Al,0s-water nanofluid) was chosen as the working fluid
for the cylindrical heat pipe and this nanofluid was
assumed to maintain single phase due to its ultrafine and
being easily fluidized nature [36]. As described above,
the Brinkman model [20] was used to determine the
viscosity and Pak and Cho model [19] was used to
estimate density of nanofluids. Maxwell-Garnett [1],
Hamilton and Crosser [2], Jang and Choi [4], Chon et al.
[5] and Sitprasert et al. [6] models were used to estimate
the thermal conductivity for nanofluids.

Maxwell [1] had estimated the effective thermal
conductivity of a solid-liquid mixture consisting of
spherical particles. The effect of nanolayers has been
studied by Sitprasert et al. [6] by modifying the model
of Leong et al. [37]. This modification takes into
consideration the effect of temperature on the thermal
conductivity and thickness of nanolayer. The equational
form of the mathematical models for viscosity, density
and thermal conductivity are given in Table 1, and the
results of thermal conductivity using different models in
the liquid phase, vapor phase and in the wick region are
shown in Table 2.

Table 1. Estimation of viscosity, density, and thermal conductivity of Al.Os-water nanofluids by various models.

Models Viscosity/ Density/Thermal conductivity
. _ Moy
Brinkman [20] bnf = A gyzs 1
Pak and Cho [19] Pnf = Pup® + (1 — B)ppy (2)
(1 = @) (kpp + 2kpr) + 30k,

knr=k 3
Maxwell [1] nf = o | T = 0) (hp + 2hyy) + 30Ky ®
Hamilton and = Kpp[(knp + (0 = Dkyp + (0 = DO (kny — k)] 4
Crosser [2] " knp + (0 = Dk = 0(knp — ks

. dbf 2
Jang and Choi [4]  kny = Okyy + (1 — D)ky + 3C, d—kbeedPrbf(?) (®)
np

k 0.3690 k 0.7476
Chon et al. [5] .~ 1 + 64.7¢07460 [ 22 Inp pr0-9955 p 12321 ©)

kbf dnp kbf

ks

Sitprasert et al. [6]

_ (knp - klr)ler[Zﬁl3 - 303 + 1] + (knp s 2klr)ﬁ13 [¢BO3(klr - kbf) + kbf] (7)

.813(knp + Zklr)(knp - klr)®[ﬁ13 t :803 - 1]
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Table 2. Thermal conductivity estimation of Al.Os-water nanofluid in vapour phase, liquid phase and wick by various

models.

Description and model used Symbol and unit Value
Thermal conductivity of nanofluid in vapor phase (Maxwell-Garnett model)  kf,,, W/m.K 0.0236
Thermal conductivity of nanofluid in vapor phase (Hamilton-Crosser model) k., W/m.K 0.0236
Thermal conductivity of nanofluid in vapor phase (Jang-Choi model) kg p WiMK 0.742
Thermal conductivity of nanofluid in vapor phase (Chon et al. model) kg py WiM.K 0.162
Thermal conductivity of nanofluid in vapor phase (Sitprasert model) kg py WiM.K 0.159
Thermal conductivity of nanofluid in liquid phase (Maxwell-Garnett model)  k,f,;, W/m.K 0.695
Thermal conductivity of nanofluid in liquid phase (Hamilton-Crosser model)  k,f,;, W/m.K 0.695
Thermal conductivity of nanofluid in liquid phase (Jang-Choi model) kg WIM.K 1.364
Thermal conductivity of nanofluid in liquid phase (Chon et al. model) kg WIMK 0.657
Thermal conductivity of nanofluid in liquid phase (Sitprasert model) kg py WiM.K 0.791
The effective thermal conductivity of wick (Sitprasert model) kerrr Wim.K 0.990
The effective thermal conductivity of wick (Jang-Choi model) kerrr Wim.K 1.626
The effective thermal conductivity of wick (Chon et al. model) kerrr Wim.K 0.841
The effective thermal conductivity of wick (Hamilton-Crosser model) kerr, Wim.K 0.883
The effective thermal conductivity of wick (Maxwell model) kerr, Wim.K 0.883

3  GOVERNING EQUATIONS

The governing equations and related equations are given
in cylindrical coordinates and velocity components in r,
0, z directions, respectively:

3.1 Liquid-wick Region

The nanofluid flow through porous wick (liquid-wick
region) also uses the assumptions presented earlier [38],
[48], [50]. They create compact vector notation form, as
follows [29]:

2o eV
V(pmeV)=—£VP+V(8O—-&%F—
B €3 pnsCr |I7|l7 (8)
VK
The Cr can be calculated from [51],
1.75 9)

F_ V150¢3

The permeability of screen wick structures is given by
the following equation [21].

dZ e
we” 10
122(1 — o)? (10)
g=1—<ﬂ%?ﬁﬁ) (10.a)

3.2 Liquid-vapor Interface

The mass balance equation in the r - direction at the
liquid-vapor interface yields:

pnf,lAivnf,l = pnf,vAivnf,v (11)
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The blowing velocity and suction velocity at
liquid-vapor interface can be calculated from the
following equations [16], [39]-[45]:

QL = m.nf,ihfg.nf = ,an,UAian:ihfglnf (12)
Vo= Qi,e

Le ZﬂRiLe,an,vhfg.nf (13)

Vie=0 (14)

Vie = e (o)

+
ZnRichnf,vhfg,nf

The mass flow rate per radian applies for the inlet
boundary condition at liquid-vapor interface for
evaporator, adiabatic section and condenser, as follows:

m.i,e = —[pnf‘v(aniLe)Vi,e]/ZT[ (16)
m;, =0 (17)
M; e = +[pnrrCURLIV; ]/ 21 (18)

The negative sign refers to outflow liquid-wick
region and the positive sign for inflow liquid-wick
region.

3.3 Vapor Region

The generalized Navier-Stokes equations to simulate the
vapor flow inside vapor region uses the previously noted
assumptions [38], [46]-[50]

These assumptions help to formulate the
generalized Navier-Stoke equations in compact vector
notation form in the vapor region, as follows [51], [53]:

V. (pnssVV) = —VP + V. (1) (19)
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3.4 Total Enthalpy Equation

The nanofluid cylindrical heat pipe uses total enthalpy
equation in liquid-wick region, vapor region and
cylindrical heat pipe container, as follows:

3.4.1Liquid-wick Region

The total enthalpy equation in liquid-wick region used to
obtain the temperature profile inside liquid-wick region
of cylindrical heat pipe is presented in compact vector
notation, as follows [51], [53]:

V. (pnfiEVho) = V. (kopfAT) + (e7): VW

op (20)
—+S
+ & ot + h
1
hg=1i+ +=@W?+v?+w? (20.a)
Pnrr 2

The effective thermal conductivity of screen wick
and source terms can be calculated by the following
equation [54], [42].

_ knf[(knf + ks) -(1- 5)(knf - kS)]

err = [(kng + k) + (1= &) (knp — k)] 1)
_ Qi,e

S = m((R; + tw)* — R)L, #2)

S,=0 (23)

S.=+ Qic (24)

T[((Ri + tw)z - Riz)Lc

The source term of evaporation has a negative sign,
referring to the heat loss in evaporator liquid-wick

region, and the source term of condensation has a
positive sign, referring to heat received in condenser
liquid-wick region.

3.4.2Vapor Region

The total enthalpy equation used to obtain temperature
profile inside vapor core of cylindrical heat pipe, is
given as [51]-[53]:

R - 0
V- (bu7ho) = V. (kuy oAT) + (O: 97 + 22 (25)

3.4.3Nanofluid Cylindrical Heat Pipe Container

This study uses the total enthalpy equation to indicate
heat transfer at the container of nanofluid cylindrical
heat pipe. The total enthalpy equation is given by the
following equation [51]-[53]:

V. (k,AT) = 0 (26)

4. COMPUTATIONAL DOMAINS AND
CALCULATION PROCEDURE

The geometry of the water-alumina oxide cylindrical
heat pipe used in this study has the dimensions shown in
Figure 2a. The three-dimensional framework of the one
segment geometry in r, 6, z coordinates consist of
evaporator (A), adiabatic section (B) and condenser (C)
and is shown in Figure 2b. The grid for a portion of the
segment in three dimensions is generated by two-
dimensional grid extrusion method using the CFD-
GEOM program and shown in Figure 2c. The generated
grid in r, 0, z coordinates is quadrilateral, and the
number of total nodes is 1,244,400. The grid points are
38 x 30 x 1,360 in the radial, circumferential, axial
direction, respectively.

890

690

600 —>

YN
Evaporator—=>l--=-===momemim o
a1 A A

Condenser Section

Adiabatic Sections

9.55

Evaporator Section

(a) Cylindrical heat pipe model used for the numerical simulation [15], [16].
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(b) 3D one segment cylindrical heat pipe geometry in r,6,z coordinates.

(c) 3D one segment cylindrical heat pipe grid in r, 6, z coordinates.

Fig. 2. The dimensions and structure of the cylindrical heat pipe model used for the numerical simulation [15], [16].

The flow and heat transfer of nanofluid cylindrical
heat pipes are obtained by the finite volume method.
This uses the finite different equations, which has both
non-linear and linear equation forms in 3D steady state,
laminar flow. An iterative segregation and the
SIMPLEC algorithm were employed to solve the non-
linear algebraic equations. The conjugate gradient
squared (CGS) with enthalpy and velocity
preconditioner and algebraic multigrid (AMG) solver
were applied to solve the linear equation at the end of
the previous iteration for pressure correction. The
number of iterations and the details convergence results
for each thermal conductivity models are given in Table
3. The table also shows that the residual plot for
enthalpy, velocity and pressure component is four orders
of magnitude drop from the peak residual. The mass

www.rericjournal.ait.ac.th

flow summary is small relative to the mass incoming
value as fifteen orders of magnitude and total heat
imbalance is not more than 1% of heat input. These
results guarantee that grid system, problem definition
and the numerical solution for this analysis is valid.

5. NUMERICAL METHOD AND BOUNDARY
CONDITIONS

The nanofluid cylindrical heat pipe numerical solution is
solved by finite volume method. The finite volume
method is used to discretize the governing equations of
non-Darcian transport (Wang and Cheng) [31] to obtain
the algebraic equations. The details of boundary
conditions, working fluid properties and finite volume
method are presented as follows:
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Table 3. Summary of convergence results and the residual plots of the various models.

Descriptions Pure water Nanofluid Nanofluid Nanofluid Nanofluid Nanofluid
(Maxwell- (Hamilton (Jang and (Chonetal) (Sitprasert et
Garnett) and Crosser) Choi) al.)
Convergence 9,530 11,770 11,770 6,616 iterations 12,177 10,798
iterations iterations iterations iterations iterations
Residual plot 1E-004 1E-004 1E-004 1E-004 1E-004 1E-004
for enthalpy
(Absolute error
in the solution
of a enthalpy)
Residual plot 1E-004 1E-004 1E-004 1E-004 1E-004 1E-004
for velocity
(Absolute error
in the solution
of a velocity)
Residual plot 1E-004 1E-004 1E-004 1E-004 1E-004 1E-004
for pressure
(Absolute error
in the solution
of a pressure)
Inflow-outflow  1.35E-020 6.78E-021 6.78E-021 6.78E-021 6.78E-021 6.78E-021
imbalance
Total heat Less than Less than Less than Less than 1% Less than Less than 1%
imbalance 1% of heat 1% of heat 1% of heat of heat input 1% of heat  of heat input
input input input input

5.1 Boundary Conditions and Working Fluid
Properties

The CFD-ACE+ solver software is used to obtain
boundary conditions and nanofluid properties. The
boundary conditions for the model are given in Figure 3
and the working fluid properties (Al.Os-water nanofluid)
are given in Table 4. These include nanofluid diameter,
density, thermal conductivity, and specific heat, and the
nano fluid density, specific heat and viscosity in liquid
and vapour phase.

Figure 3a shows the outer wall boundary condition,
in both 2 and 3D domains. The simulation assumes a
455W [16] uniform heat input at the evaporator (4+Q,),
representing the heat generated by an electronic device.
The convection heat transfer in the condenser (—Q.) can
be calculated from mass flow rate, cooling water
entering temperature and the convective heat transfer

coefficient [16]. The adiabatic wall and zero static
pressure boundary conditions are the input to the
evaporator end cap (A), while the opposite end cap has
only the adiabatic wall boundary condition. The
symmetrical boundary condition is assigned to the
surface (B) and its opposite side including centerline
©).

Figure 3b shows, the container (A), liquid-wick
region (B) and vapor region (C) boundary conditions:

The wall-liquid interface boundary condition is
assigned to conjugate heat transfer problem with no-slip
condition. The liquid-vapor interface boundary
condition is assigned to the outflow mass flow rate
(=, ) and inflow mass flow rate per radian (+m;.)
with no-slip condition.

The screen wick characteristics and other data
shown in Table 5 are inputs to CFD-ACE+.

Table 4. Summary of nanofluid properties used for the simulation.

Descriptions Symbol and unit Value
Nanoparticle diameter dp,nm 20
Nanoparticle density pp » kg/m? 3,880
Nanoparticle thermal conductivity k, , W/m?.K 36
Nanoparticle specific heat Cpp » Jkg.K 773
Nanofluid density (liquid phase) Pns » kg/m® 1,038.35
Nanofluid specific heat (liquid phase) Conpi1 » Jkg.K 4,118.72
Nanofluid viscosity (liquid phase) Uny,, Pas 0.000453
Nanofluid density (vapor phase) Pnfv - kgIM® 77.759
Nanofluid specific heat (vapor phase) Conrw IKgK 1,472.72
Nanofluid viscosity (vapor phase) Unf o, PaS 1.118E-005
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(a) Boundary conditions in the 3D computation domains.

Condenser Adiabatic section Evaporator
A
]
"-L .
j +mi.c 'mi.e
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Wall-liquid interface Liquid-vapor interface
Centerline

(b) Boundary conditions in the 2D computation domains.

Fig. 3. Boundary conditions of the cylindrical heat pipe model shown in different computation domains.

Table 5. The Al20z-water nanofluid working fluid properties and characteristics of liquid-saturated wick structure
[19], [20].

Descriptions Symbol and unit Value
Saturation pressure (base fluid) P, Pa 24,400
Saturation temperature (base fluid) T,, K 338.15
Latent heat (base fluid) hsg, JIkg 2,496,025
Vapor density (base fluid) P, kg/m® 0.162
Vapor dynamic viscosity (base fluid) Uy, Pas 0.00001063
Specific heat for vapor (base fluid) C,, Jkg.K 1,850
Thermal conductivity (base fluid) k,, Wim.K 0.0222
Liquid density (base fluid) p1, kg/m® 980.354
Liquid dynamic viscosity (base fluid) u;, Pas 0.0004306
Specific heat for liquid (base fluid) C;, Jkg.K 4,186
Thermal conductivity (base fluid) k;, Wim.K 0.657
Wick porosity £, - 0.9
Wick permeability K, m? 1.5E-009
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6. RESULTS AND DISCUSSIONS assumptions used. Accordingly, the simulation results
obtained from this study on the outer wall temperature
using water was compared and validated with previous
experimental results in [17] and reported by Kavusi and
Toghraie [18], as shown in Figure 4.

The numerical simulation was done in two phases.
Firstly, the simulation was carried out using water as the
fluid and the observations of the simulation results were
compared with experimental results of a similar set up.
This was to validate the numerical procedure and the
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Fig. 4. Outer wall temperature profile along the axial direction of a cylindrical heat pipe: Experimental results of pure
water [17] given by Kavusi and Toghraie [18] compared with the simulation results of the present work.
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Fig. 5. Outer wall temperature distribution of a cylindrical heat pipe: Simulation results of Al.Os-water nanofluid using
different models and pure water.
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6.1 The Outer Wall Temperature Distribution

Then, the study was conducted using Al,Os—water
nanofluid. A numerical simulation study for Al,O3; with
water nano fluid cylindrical heat pipe considering non-
Darcian transport was conducted by assuming a heat
input of 455W [15],[16] to the evaporator of the heat
pipe. The results of the simulation in terms of the wall
temperature, vapor temperature and pressure, liquid
pressure drop, and velocity distribution are discussed in
this section.

The outer wall temperature using nanofluid and
pure water obtained has been compared with analytical
and experimental observations [15],[16]-[18], and is
shown in Figure 5 and Table 6 The simulation results
shows very good agreement with the experimental
results using water [16], [17], and in good agreement
with analytical results using nanofluids [15]. In addition,
the calculation using all the effective thermal
conductivity models of nanofluid has lower temperature
distribution compared to that of pure water. The heat
pipe performance in terms of thermal resistance
reductions have been compared to pure water using the
thermal conductivity models of Maxwell, Hamilton and
Crosser, Jang and Choi, Chon et al., Sitprasert et al., and
Yu and Choi model reported by M. Shafahi et al. [15].
The thermal resistance reductions were observed to be
5.7%, 5.7%, 36%, 3.7%, 12.1% and 21.8%, respectively.
Following the results obtained for the study on water,
investigations of the heat transfer performance of copper
cylindrical heat pipe using Al,Os—water nanofluid with
2% v/v showed that the thermal resistance of heat pipe
decreases with the use of Al,Os—water nanofluid by 36%
(maximum) in Jang and Choi model to a minimum of
3.7% in Chon et al. model compared with pure water.
This decrease was due to the effective thermal
conductivity increase by 56.2% (maximum) in Jang and
Choi model to 3.9% minimum in Chon et al. model
compared with pure water as 38,003.97 W/m. K. The
thermal resistance using Al,Os—water nanofluid is less

339

compared to CuO-water by 20.1% in Jang and Choi et
al. model, 2.4% Yu and Choi model, and it is more than
17.7% in Maxwell-Garnett model, 20.1% in Chon
model, and 9.8% in Sitprasert et al. model.

The effective thermal conductivity of cylindrical
heat pipe using Al,Os—water nanofluid is more by using
CuO-water by 25.2% in Jang and Choi model, 2.5% in
Yu and Choi model, and it is less than 15% in Maxwell-
Garnett model, 16.8% in Chon et al. model, and 8.9% in
Sitprasert model.

It is observed that the evaporator and condenser
heat transfer coefficients are increased due to the
increase of the effective thermal conductivity and the
reduction of the temperature difference between the wall
temperature and the centerline vapor temperature of
evaporator and condenser section of cylindrical heat
pipe. The evaporator heat transfer coefficient is more
than the condenser heat transfer coefficient. This is
because the heat flux at evaporator (12,632.9 W/m?) is
less than the heat flux at condenser (37,898.6 W/m?2). In
addition, the evaporator and condenser heat transfer
coefficient of Al,Os—water nanofluid are increased by
11.4% (minimum) in Yu and Choi model to 178.6%
(maximum) in Jang and Choi model compared with pure
water.

6.2 The Centerline Vapor Temperature Distribution

The simulation was done to profile the centerline vapor
temperature distribution along the axial distance and was
done using two working fluids — water and Al,Os—water
nanofluid. The results are shown in Figure 6.

The centerline vapor temperature distribution along
the axial distance using water is in very good agreement
with experimental observations [16]. Also, the centerline
vapor temperature considering the effective thermal
conductivity of nanofluids is lower than that of pure
water because the operating and evaporator temperature
reduction leads to the decrease of vapor temperature
[55], and its temperature is constant at 330.15 K.
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337

336

335

334

Chon et.al., 2005 @ 2% v/v
------ Jang and Choi, 2004 @ 2% v/v

Vapor temperature (K)

333

= = = Maxwell-Garnett, 1904; Hamilton and Crosser. 1962 @ 2% v/v
Sitprasert et.al., 2009 @ 2% v/v

332

Numerical result of pure water (Present work)
Experimental result of pure water (Huang et.al., 1993)
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Fig. 6. Centerline vapor temperature distribution in a cylindrical heat pipe: Simulation results of Al.Os-water nanofluid
using different models and pure water.
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6.3 Liquid Pressure Drop and Velocity

The liquid pressure and velocity using nanofluid and
pure water obtained from this work was compared with
the previous numerical results, and analytical studies
[15], [16], and the results are shown in Figure 7.

The liquid pressure drop using pure water and
Al;,Os—water nanofluid in the liquid-wick region sharply
decreases from condenser through adiabatic to
evaporator sections as shown in Figure 7a. The porous
media causes that liquid pressure drop is much higher
than the vapor pressure drop. This result is in good
agreement with the previous studies [15], [16].

207

The liquid pressure distribution shown in Figure 7a
affects the velocity magnitude sharply and decreases in
the condenser due to condensation, and this decrease is
nearly uniform at the adiabatic section due to small
temperature  difference, and sharply increases at
evaporator zone due to evaporation. This phenomenon is
due to energy conservation and the change from
potential energy to Kinetic energy. Figure 7b shows the
liquid velocity magnitude of nanofluid is similar to that
of pure water. These results are also in good agreement
with earlier studies [16], [22].
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(a) Comparison of liquid pressure profile of Al2Os—water nanofluid and pure water.
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(b) Comparison of liquid velocity trend of Al2Os—water nanofluid and pure water.

Fig. 7. The liquid pressure and liquid velocity distribution along the axial direction of cylindrical heat pipe using Al203—
water nanofluid (using different models) and pure water.

6.4 The Centerline Vapor Pressure and Velocity
Distribution

The centerline vapor pressure distribution using water as
working fluid shows very good agreement with earlier
experimental results [16]. This result indicates that the
effective thermal conductivity of nanofluid models is
higher than that of pure water.

The rate of vaporization in the evaporator and
condensation is assumed to be uniform. This produces a
linearly increasing centerline velocity magnitude in the
evaporator, and a linearly decreasing centerline velocity
magnitude in the condenser, when considering pure
water and nanofluids. This is shown in Figure 8a-c.
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Figure 8a shows the vapor pressure for the
effective thermal conductivity of nanofluid model have
higher values when using pure water. The vapor
pressure is found to be constant at 24,495 Pa, which is
due to the incompressible flow occurring along the
vapor flow path. These results show good agreement
with earlier study [16].

Figure 8b shows that the saturation pressure is
24,494 Pa at the vapor region. The contour of pressure
shows no difference at vapor zone and at centerline in r-
z plane. As shown in Figure 8c, the temperature of water

24500

vapor at vapor zone and at centerline is constant at
330.15 K (57°C).

Figure 8d-e shows that the centerline velocity
magnitude of nanofluid is much less than that of pure
water. This result relates to centerline pressure
distribution shown in Figure 8a. That is, the velocity
magnitude increases when pressure is decreased, and the
velocity magnitude decreases when pressure s
increased. This phenomenon is in good agreement with
earlier numerical results [16], [22].
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(c) The contour of temperature using pure water in r-z plane.
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Fig. 8. The centerline vapor pressure and velocity distribution of Al2Os—water nanofluid and pure water in a cylindrical
heat pipe.

6.5 The Velocity Contour

The contour of velocity magnitude obtained from
numerical simulation for the two cases - Al,Os—water
nanofluid and pure water - is shown in Figures 9a-c.

The contours of velocity magnitude in the
symmetry plane and in the r-z plane using Al,Os—water
nanofluid (Maxwell model) and pure water is similar to
that of pure water at the different velocity magnitudes.
The highest velocity magnitude occurs near the
centerline of cylindrical heat pipes in the adiabatic
section. The velocity magnitude is found to be linearly
increasing at the evaporator, and to be linearly
decreasing at the condenser. The velocity magnitude at
the adiabatic section increases from near wall volume

condition to centerline boundary condition. The zero-
velocity magnitude occurs at the wall volume condition
and at the end caps of the cylindrical heat pipes.

7.  CONCLUSIONS

A model for the nanofluid cylindrical heat pipe was
developed considering flow and thermal field in
nanofluid as single phase incorporated with the non-
Darcian transport [32]. The Brinkman and Pak and Cho
model were used to obtain the viscosity and density of
nanofluids, respectively. The Maxwell-Garnett [5],
Hamilton and Crosser [6], Jang and Choi [8], Chon et al.
[9] and Sitprasert et al. [6] models were used to estimate
the thermal conductivity in nanofluids.
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VelocityMagnitude - m/s
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(a) The contour of velocity magnitude using nanofluid in symmetry and in r-z plane.
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(b) The contour of velocity magnitude using pure water in symmetry and in r-z plane.
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Fig. 9. The contour of velocity magnitude of Al2Os—water nanofluid and pure water in a cylindrical heat pipe.

The results of this study indicates that the proposed
model using the viscosity and density of the Brinkman
and Pak and Cho models and thermal conductivity
model from the earlier studies [5], [6], [8]-[10] can be
used to show the axial outer wall temperature profile,
centerline velocity magnitude, centerline pressure and
thermal resistance of cylindrical heat pipe in
circumferential heat. The proposed model also shows
that the thermal resistance of the Al,Oz-water nanofluid
cylindrical heat pipe has lower thermal resistance
compared to water cylindrical heat pipe. However, the
thermal conductivity models from the earlier studies [5],
[6], [8]-[10] give different results of the axial outer wall
temperature profile, especially in the condenser section
of the cylindrical heat pipe.

These models predict the outer wall temperature
distribution, velocity magnitude, pressure, while the
thermal performance of nanofluid cylindrical heat pipe
agrees with previous study [2], [26]. It was also found
that the alumina oxide in 20 nm mixed with water can
decrease thermal resistance of the cylindrical heat pipe
by 5.7% in Maxwell-Garnett model, 5.7% in Hamilton
and Crosser model, 36% in Jang and Choi model, 3.7%
in Chon et al. model, 12.1% in Sitprasert et al. model
and 21.8% in Yu and Choi model reported by Shafahi et
al. [15] compared to that of pure water. In addition, it
was observed that the use of Al,Oz-water nanofluid

increases the effective thermal conductivity in all
models. Besides, the evaporator and condenser heat
transfer coefficients are found to increase in Maxwell-
Garnett model and Hamilton and Crosser, Jang and Choi
model, Sitprasert et al. model and Yu and Choi model
compared to that of pure water.
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NOMENCLATURE
A; interface area (m?)
Cr quadratic drag factor (-)
C, proportionality constant (-)
dps diameter of the base fluid molecule (nm)
dnp diameter of the nanoparticle (nm)
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wire diameter (m)

specific total enthalpy (J/kg)

bulk latent heat of evaporation of
nanofluid (J/kg)

internal energy (kJ)

effective thermal conductivity of saturated
wick (W/m.K)

permeability (m?)

thermal conductivity of nanofluid
(Wim.K)

thermal conductivity of nanofluid
(W/m.K)

thermal conductivity of wick structure
(W/m.K)

thermal conductivity of base fluid
(W/m.K)

thermal conductivity of nanolayer
(W/m.K)

thermal conductivity of nanoparticle
(W/m.K)

thermal conductivity of nanoparticle
including the effect of the Kapitza
resistance (W/m.K)

thermal conductivity coefficient of solid
(W/m.K)

thermal conductivity coefficient of vapor
(W/m.K)

thermal conductivity of wick material
(W/m.K)

adiabatic length (m)

condenser length (m)

evaporator length (m)

interface mass flow rate (kg/s)

interface mass flow rate per radian for
evaporator at liquid-vapor interface(kg/s.m)
interface mass flow rate per radian for
adiabatic section at liquid-vapor interface
(kg/s.m)

interface mass flow rate per radian for
condenser at liquid-vapor interface (kg/s.x)
Mesh number (1/m)

empirical shape factor (-)

static pressure (N/m?)

saturation vapor pressure (N/m?)
saturation vapor pressure (N/m?)

Prandtl number (-)

Prandtl number of saturated base fluid (-)
heat input at outer adiabatic section surface
(W)

heat input at outer evaporator surface (W)
heat input at outer condenser surface (W)
heat input per second at liquid-vapor
interface (W)

heat input per second at liquid-vapor
interface of evaporator (W)

heat output per second at liquid-vapor
interface of condenser (W)

Reynolds number (-)

liquid-vapor interface radius (m)

the original particle radius (m)

radial coordinate (m)

www.rericjournal.ait.ac.th

Sa source term in adiabatic section (W/m?)

S source term in condenser section (W/m?3)

S, source term in evaporator section (W/m?3)

Sh source term for total enthalpy (W/m3)

T temperature (K)

T, solid temperature (K)

T, vapor temperature (K)

t nanolayer thickness (nm)

tw wick thickness (m)

u circumferential angle velocity (m/s)

V velocity vector (m/s)

Vpr kinematic viscosity of the base fluid (m?/s)

Var Brownian velocity of nanoparticles (m/s)

V; liquid-vapor interface velocity (m/s)

v radial velocity (m/s)

Via interface velocity for adiabatic section at
liquid-vapor interface (m/s)

Vie interface velocity for evaporator at liquid-
vapor interface (m/s)

Vie interface velocity for condenser at liquid-
vapor interface (m/s)

Vg nanofluid velocity in liquid phase (m/s)

Vagw nanofluid velocity in vapor phase (m/s)

w axial velocity (m/s)

w nanolayer thickness (nm)

z axial coordinate (m)

Greek Symbols

g nanofluid viscosity (Pa.S)

Hnf) nanofluid viscosity in liquid phase (Pa.S)

Hnfy nanofluid viscosity in vapor phase (Pa.S)

)] nanoparticle concentration is

Volume of nanoparticles

Volume of nanoparticles+Volume of base fluid (
vIv)

Ups base fluid viscosity (Pa.S)

Pnf nanofluid density (kg/m3)

Do base fluid density (kg/m?)

Y ratio of nanolayer thickness and original
particle radius (-)

Bo Function in Loeng et al.’s model, 1+y

P Function in Loeng et al.’s model, 1+§

Prf.w nanofluid density in vapor phase (kg/m?)

Pnf.i nanofluid density in liquid phase (kg/mq)

A delta

v divergent operator

€ wick porosity (-)

6 circumferential angle coordinate (degree)

d partial difference

dp static pressure gradient in time

at _

/i pi

T shear stress tensor (N/m?)

Subscripts

a adiabatic

bf base fluid

c condenser

e evaporator

eff effective
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(1]
[2]

(3]

[4]

(5]

[6]

[7]

(8]

(9]

h total enthalpy

i liquid-vapor interface

i,a liquid-vapor interface for adiabatic section

i,c liquid-vapor interface for condenser
section

ie liquid-vapor interface for evaporator
section

nf,l nanofluid in liquid phase

nf,v nanofluid in vapor phase

nf nanofluid

np nano particle

s saturation, solid

w wire, wick
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