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The model can predict the capillary limit as well as the heat transfer in the different
sections of the heat pipe. The thermal resistances of the evaporation and condensation
sections are calculated based on correlations for heat transfer, which are determined
from experiments. Two working nanofluids are considered: water/CuO and water/Al,0s.
The thermal performances are predicted for different concentrations and heat sink
temperatures, and the heat pipe is positioned horizontally. For both nanofluids, the
results indicate that augmenting the concentration of the nanoparticles leads to a
capillary limit increase reaching up to 14 % and 25 % for water/Al,O3 and water/CuO,
respectively, and an overall thermal resistance decrease reaching up to 51 % and 68 % for
water/Al,O3 and water/CuO. Moreover, decreases up to 24 %, and up to 18 % in the

Keywords: evaporator wall temperatures are obtained for water/CuO and water/Al,0; nanofluids,
Capillary grooves; electronics cooling;  respectively. The nanofluid water/CuO gives the best thermal performance whatever the
heat pipe; nanofluids; modeling nanoparticle concentration and heat sink temperature.

1. Introduction

Two-phase cooling systems are efficient cooling devices that allow the transfer of high heat
fluxes. Hence, they are one of the most promising technologies for the thermal control of electronic
components since they have high carrying heat capacity and they can reduce temperature gradients
and eliminate hot spots [1-3]. The enhancement of the heat exchange in two-phase cooling systems
requires the improvement of the heat transfer by evaporation and condensation. Improvements in
capillary structures are already widely explored. Therefore, new ways of optimizing two-phase
cooling systems must be studied. Some of them propose using active techniques such as
electrohydrodynamic effects, and other studies consider using new fluids [4,6]. Hence, during the last
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decay, the works have been oriented toward the exploration of the use of nanofluids in two-phase
cooling systems.

The nanofluids are dispersions of nanoparticles in a base fluid. One of the main parameters to be
considered to evaluate the potential of heat transfer is thermal conductivity. Indeed, the most widely
used fluids, such as water, have a low thermal conductivity when compared to that solids. Inserting
high conductive nanoparticles into a base fluid increases the effective thermal conductivity of the
mixture. However, nanofluids present drawbacks for some applications. Indeed, the presence of
nanoparticles decreases the heat capacity and increases the viscosity, which does not necessarily
make the use of these fluids advantageous in single-phase forced convection applications. On the
contrary, these drawbacks are much less influenceable in two-phase applications, for which the mass
flow rates are generally low and heat exchanges are carried out mostly by latent heat.

In this study, the use of nanofluids in heat pipes is explored. A theoretical model is developed to
determine the effects of the use of nanofluids on the capillary limit and the thermal performances of
a cylindrical helicoidally grooved copper heat pipe. The combined effects of the nanoparticle
concentration and the heat sink temperature are particularly highlighted.

2. Literature Survey on Studies Dealing with the Use of Nanofluids in Cylindrical Grooved Heat Pipes

Several research teams have studied the behavior of nanofluids in two-phase heat transfer
devices such as heat pipes, thermosyphons, and loop heat pipes. This research area is still in the
prototyping phase, to better understand the phenomena involved and the impact of the use of
nanoparticles on various parameters, especially on wettability and latent heat. Table 1 presents a
classification of experimental works dealing with cylindrical grooved heat pipes. The contribution of
nanofluids to these systems remains a debate in the scientific community. Indeed, some works
emphasize improvements in thermal performance while others report a deterioration of the heat
transfer in such systems.

The nanofluids which have been tested consist of nanoparticles of pure metals such as silver, and
copper [7-9,17,18,27]. Nanoparticles of metal oxides such as copper oxide (CuO), aluminum oxide
(Al,03), titanium oxide (TiO2) and silicon oxide (SiO) are considered [10,11,13-21,23]. Other
nanoparticles have been considered among them we distinguish carbon nanotubes (CNT), and
graphene [12,22,24,31]. Some studies have considered hybrid mixtures of nanoparticles combining
pure metals such as silver, copper, or iron with a metal oxide such as CuO or Al,03 [17,29,30]. Water
was selected as the base fluid in most studies. Some studies have considered alcohol or refrigerants
as base fluids [13,28].

From this review, the main following conclusions can be drawn

i.  Some studies reported an increase in the capillary limit that reaches up to 60 % [18,30].
The majority of these studies reported also a decrease in the heat pipe thermal resistance
ranging between 1 % and 80 %. However, two studies reported an increase in thermal
resistance [17,29]. Moreover, the majority of the study found that the evaporator
temperature decreases in the range of 1 °C to 37 °C, except the work of Veerasamy et al.,
[31] on graphene-water nanofluid who reported an evaporation temperature increase
reaching up to 2 % when compared to that obtained with water-filled heat pipe.

ii. The heat transfer is enhanced by considering grooved capillary. However, the
optimization of the groove the size and geometry of grooves should be accomplished by
further experiments and theoretical simulations.
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iii.  The stability of the nanofluids and the nanoparticle concentration are critical parameters.
The nanofluid stability is ensured by reducing the nanoparticle size and considering the
appropriate surfactant.

iv.  The heat pipe inclination significantly affects the thermal performance of the nanofluid-
filled heat pipes. The optimum inclination depends on the heat pipe size and the working
fluid.

v. The use of hybrid nanofluids in heat pipes is not much effective as pure nanoparticle-
based nanofluids because hybrid nanofluids have high viscosity.

This work presents an efficient calculation tool to predict the thermal performance of a grooved
heat pipe filled with nanofluids. The heat transfer coefficients in the evaporation and condensation
sections, which are fundamental parameters in the thermal performance prediction, are determined
by considering experimental results from the literature that are assessed to propose correlations
based on the dimensionless analysis. The combined effects of the nanoparticle concentration and
heat sink temperature are highlighted, which constitutes the novelty of this work.

3. Description of the Modeled Heat Pipe

The heat pipe is a sealed system that functions thanks to the capillary pumping principle (Figure
1). Itis filled with a working fluid, commonly water, and its inner surface is lined with a wick structure,
which enables the capillary pumping. As heat is dissipated from the heat source (electronic
component) to the heat pipe wall, the working fluid is vaporized, and the vapor travels to the cooler
region of the heat pipe where it condenses by releasing the latent heat of vaporization. The capillary
wick then removes the condensate back to the evaporator section. This closed-loop circulation
continues as long as heat is applied.

Condenser Adiabatic Evaporator
zone

Fig. 1. Heat pipe operation principle

In this study, the heat pipe shape is cylindrical with 90 mm in length, and it is made of copper.
Lengths of the evaporator, adiabatic, and condenser zones are 60 mm, 70 mm, and 60 mm,
respectively. The capillary structure is composed of 75 helicoidally and trapezoidal grooves whose
geometrical characteristics are detailed in Figure 2 and their values are given in Table 2.
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Table 1
Literature survey on experimental studies on nanofluid-filled grooved cylindrical heat pipes

Date Author Overall dimensions Groove Number Nanofluid Concentration (%) Nanoparticle Effects on the Effects on thermal Effects on the
(Diameter —Length) dimensions of diameter capillary limit resistance evaporator
(in mm) (Width-Depth) grooves (in nm) temperature
(in mm)
2005 Park et al., [7] 6—-300 nc nc Ag-H.0 0.4 (vol) nc not studied decrease not studied
2005 Wei et al., [8] 6—200 nc nc Ag-H.0 5-10-15 ppm 10 not studied -30to-70% not studied
2006 Kang et al., [9] 6—200 0.211-0.217 nc Ag-H20 1-50 ppm 10-35 not studied -50 % (10 nm) not studied
-80 % (35 nm)
2008 Naphon et al., [10] 15-600 nc nc TiO2-H20 0.01-0.05-0.1- 21 not studied not studied not studied
TiO2- Alcohol 0.5-1.0 (vol)
2008 Yangetal., [11] 8-350 0.25-0.2 nc CuO-H20 0.5-2.0 (wt) 50 not studied -15t0-39% from-1°Cto-13 °C
2009 Liuand Lu [12] 8-350 0.25-0.2 60 CNT-H.0 1.0to 2.5 (wt) 15 +25% -20% from -0.5 °C to -6°C
2009 Naphon et al., [13] 15-600 nc nc TiO2-R11 0.01-0.05-0.1-0.5 21 not studied not studied not studied
-1.0vol%
2010 Liu et al., [14] 8-350 0.20-0.25 nc CuO-H20 0.5-2.0 (wt) 50 +35% -33% decreased
2010 Teng et al., [15] 8-600 nc nc Al,03-H20 0.5-1.0-3.0 (wt) 20 and 30 not studied not studied not studied
2010 Wang et al., [16] 8-350 0.16-0.20-0.14* 70 CuO-H20 0.5-2.0 (wt) 50 +27-40 % -50 % from -1°C to -9°C
2011 Han and Rhi [17] 12 -500 1.0-1.0 12 Ag-H20 0.005-0.05-0.1 27 (Ag) not studied +40 to +50% not studied
Al,03-H,0 vol% 89 (Al203)
Ag/Al,03-H,0
2011 Liu et al., [18] 8-350 0.16-0.20-0.14* 70 Cu-H.0 0.063 - 0.25 (wt) 20 and 40 +60 % (Cu-40nm) -60 % (Cu — 40 nm) not studied
CuO-H20 0.11-0.44 (wt) 20 and 50 +16 % (CuO-
SiO-H.0 0-2 (wt) 30 50nm)
Not studied
2015 Ghanbarpour and 6.35-250 0.17-0.21* nc Al203-H,0 1-2.4 vol% 235 nm not studied not studied not studied
Khodabandeh [19] TiO2-H.0 120
2015 Yousefi and Heidari ~ 6-220 0.14-0.22 nc Al203-H20 0.5 wt% 15 not studied -23t0-31% -2°Cto-37°C
[20]
2016 Aly et al., [21] 15.87 - 550 nc-0.3 nc Al,03-H20 3.0 vol% 20 not studied -18.2% from -1°C to -9°C
2016 Mebhrali et al., [22] 10-300 0.25-0.3 75 Graphene-H,0 0.01-0.02-0.04- nc not studied -60 % from -0.2 °C to -10°C
0.06 (wt)
2018 Thosre et al., [23] 13 -850 nc nc Al203-H20 0.05-0.10-0.15 nc not studied not studied not studied
vol%
2018 Zhao et al., [24] (8-14) **-1600 nc nc Graphene-H.0 0.01- 0.025-0.05- 0.8-1.2 not studied not studied not studied
0.075 (wt)
2019 Gupta et al., [25] 18 -350 nc nc CeO2-H,0 0.5-1-1.5 vol% 40-60 not studied decreased not studied
2019 Sézen et al., [26] 13 -1000 nc nc (Na,K,Ca)2- 2 (wt) nc not studied -9.63% -t0-26.31% not studied
3Al3(Al,Si)2Si13036
-12H,0 -H.0
2019 Zhou et al., [27] 1.9-130 0.17-0.22 12 Cu-H20 0.5 to 1.5 (wt) nc not studied -54.5% not studied
2020 Aydin et al., [28] 15-400 nc nc CaMg(COs)2/ 2 (wt) nc not studied -17% to -22% not studied
CsHeO2
2020 Martin et al., [29] 15-1000 nc nc Fe+CuO-H.0 2 (wt) 30-40/38 not studied +16.91% decreased
2020 Pandya et al., [30] 10.5-1000 0.79-13 28 CeO2+MWCNT - 0.25-1.75vol% nc +61.27% -30% not studied
H20
2020 Veerasamy et al., 9.5-200 nc nc Graphene-H.0 0.6, 0.75 vol% 150-200 not studied -1.1% to -53.1% +2%

[31]

* Trapezoidal grooves: height-bottom width-top width, ** 8 for the evaporation section and 14 for the condenser, (vol): volume concentration, (wt): weight concentration
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Fig. 2. Geometrical characteristics of the grooves

Table 2

Geometrical characteristics of the heat pipe

Parameters Values
Heat pipe length, L: 190 mm
Evaporator length, Le 60 mm
Condenser length, Lc 60 mm
Outer diameter, Do 15.87 mm
Wall thickness, tw 0.58 mm
Number of grooves, Ny 75
Groove height, Dy 0.3 mm
Groove width at the bottom of the groove, Wy» 0.266 mm
Groove width at the top of the groove, Wy 0.599 mm
Angle between the groove and the heat pipe axis, o 20°
Angle S 29

4. Modeling of the Capillary Limit and Heat Transfer
4.1 Modeling of the Capillary Limit

A heat pipe operates properly when the capillary pumping, 4P, is efficient to compensate for the
pressure losses in the liquid and vapor phases, AP, and APy, as well as the hydrostatic pressure, APy,
according to

AP, > AP, + AP, + AP, (1)

The driving capillary pressure can be expressed by

4P, =20 cos(6) (= - =) 2)

Tce Tec

ois the surface tension and @is the contact angle. ree and rec are the minimum and the maximum
capillary radii in the evaporator and condenser sections, respectively (Figure 2). They are given by
the following expressions (Appendice 1)

_ Dg
Tee = 1+sin(f+6) (3)

Dg tan(f)+0.5 W gp
T. =
ce cos(B+0)

(4)
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The pressure losses in the liquid and vapor phases are expressed as [32]

AP, = FyLer Q (5)

APy = FL.s@Q (6)
Ler is the effective length which is defined as L, + 0.5 (Le + Lc) where Ly, Le, and Lc are the lengths

of the adiabatic, evaporation, and condensation zones, respectively. F, and F; are the friction

coefficients in the vapor and liquid phases, and Q is the heat input power.
The axial and radial hydrostatic pressures are calculated as follows [32]

APg,axial = Pnr& L Sin (l,b) (7)
APg,radial = Pnr & Dy cos @) (8)

ponfis the nanofluid density. yis the tilt angle with respect to the horizontal, and D, is the vapor
diameter. g is the acceleration of gravity.
Referring to Eq. (1), the capillary limit can be expressed as

Q — (APC_APg,radial)iAPg,axial (9)
max (F1+Fy) Legt

The positive sign in the numerator of Eq. (9) corresponds to the thermosyphon orientation for
which the condenser is raised to the evaporator, while the negative sign coincides with the anti-
gravity configuration for which the evaporator is mounted above the condenser.

The vapor friction coefficient, F,, is defined as follows [32]

_ Ky
Fv a Ky Ay py Ahy (10)

A, is the mean vapor cross-section. p, and u are the vapor density and dynamic viscosity,
respectively, and Ky is the permeability for the vapor flow [32]
pz, . 44
K, = S with Dy, = —= (11)

ov 12

Dpy is the hydraulic diameter of the vapor phase, and Po, is the Poiseuille number which is equal
to 16 since the vapor flow is assumed to be circular. py is the perimeter wetted by the vapor phase.
The liquid friction coefficient, Fj, is computed as follows [32]

Fj=—*to (12)
Kg A1 pnrdhy

Linf and pns are the dynamic viscosity and density of the nanofluid, respectively. A, is the mean
liquid cross-section, and Ky is the groove permeability which is given by the following relation [32]

_ DI%I(I)g . _ ﬂ
Kg = —ZPU] with Dhl = o (13)
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Dp corresponds to the hydraulic diameter of the liquid phase, and p; is the perimeter wetted by
the liquid. ¢y is the groove porosity which is given by

0.5 Wyp, + Dg/tan(m/2—p)

$g - - (14)
The Poiseuille number for the liquid flow, Po, is calculated as follows [33]
if Dg/Wyp (1.5
Po,=y, + ax exp(-bX a) +cX «a
(Vo = 6.391 901721
a = 137-5.00860 + 0.07312 6% — 0.0003808 03 (15)

b = 4901 + 0.01448 0
c = -0.8141 + 0.1416-2.762736* — 1,758-56°

if Dy/Wqp ) 1.5
Po = a x exp(-0.5 x (log(a/x,)/b)?)

a = 11.23 90.09313
{b = 2.406 9001303 (16)
x, = 19.29 03836
The liquid flow areas of the liquid and the vapor phases depend on the meniscus radius of
curvature. In Eq. (10), Eq. (11), Eq. (12), and Eqg. (13), mean values of A;and A, are considered. These
values are estimated by integrating the local cross-sectional areas along the FMHP, considering that
the curvature radius varies linearly between the value taken in the evaporator zone (re) and that
taken in the condenser zone (rcc). A; and A4, are expressed as (Appendice 1)

Ay =a;— b (1 + 1 Tee +75) (17)
A, = ay + b, (rG + Tee Toe +74) (18)
a; = N, ((ng + Dy tan(p) ) Dg) (19)
b =b, = Ng (<p—605(¢3))sin(<p)) (20)
a,="2 (21)
¢ =5-(B+6) (22)

The perimeters p;and py are defined by

2D
p =N, (ﬁ + Wop) (23)

py =T D, (24)
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4.2 Modeling of the Heat Transfer

The heat transfer mechanisms in a heat pipe are various and the thermal resistance network
depicted in Figure 3 can sketch them. Hence, the thermal resistances that are implied in this network
are: (1) R1 and Rz which correspond to the radial conduction through the evaporator and the
condenser walls, (2) Rs which is due to the axial conduction along the heat pipe wall, (3) R2 and R,
which correspond to the evaporation and condensation, (4) Rz and Rs due to the heat exchanges by
phase change at the liquid-vapor interfaces, and (5) Rs due to the exchanges by convection between
the vapor and the heat pipe wall.

Evaporator Condenser
Qin
T, Toe
(imepasde)
R1 R7
T“'l:"l in I i ?‘h' [

R2 R R6

R3 RS
1
-

T:c.rrv Ra T’"""’

Fig. 3. Thermal resistance network illustrating the heat
exchanges in the heat pipe

The heat pipe’s overall thermal resistance, Ru: is given by
Repe = Zi7=1 R; (25)

Rt is calculated by hypothesizing that the thermal resistance Rs due to the axial conduction along
the heat pipe is elevated so that all the heat input power is supposed to be transferred within the
heat pipe by phase change.

The thermal resistances Rs and Rs are calculated as [32]

R; =R = Tsary 27 T Tsar (2-a) 28
Pnf Ahy a

ais the accommodation coefficient (generally equal to 1), and ris the gas constant (r = 462 J/kg.K
for the vapor). Tsq: is the saturation temperature, and 4hy is the latent heat of vaporization.
The thermal resistance Ra is given by [32]

_ TsatAPv

v pv Ahy, Q (27)
The wall thermal resistance, Ru, is given by
1 D,
Ru = 7o (3) (28)
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Do and D; are the outer and inner diameters, respectively. Ay is the wall’s thermal conductivity.
For the evaporator section, Rw = R1for which / = L., and for the condenser section, Ry = Ry for which
I =Le.

Rz and Re are determined according to

R, = (29)

R6 = he Ag (30)

hey and hc are the heat transfer coefficient of evaporation and condensation, respectively. A.y and
Ac are the evaporator and condensation heat transfer areas, respectively.

The heat transfer coefficients of evaporation and condensation can be determined by the
following correlation [34]

Nu = ARe™ prmz Ja™sK ™ (31)
In Eq. (31), the dimensionless numbers are defined as follows

(i) the Reynolds number

Re=—2% (32)
Unf T Dy Ahy

where Q is the heat flux rate.

(ii) the Prandtl number

UnfC
pr = P (33)
)lnf

Conf and Anf are the specific heat and the thermal conductivity of the nanofluid, respectively.

(iii) the Nusselt number

hL
Nu = E (34)

h is the heat transfer coefficient in the evaporator or condenser section, and L is a reference
length which is expressed as

For evaporation

bew = \ (Prs=pv)g (35)

For condensation
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2 1/3
Vnf

vif is the kinematic viscosity of the nanofluid.
(iv) the Jakob number

p_”f cpnf 7.;‘31‘

Jax= o " Ahy (37)
(v) The Kutateladze number

_ Psat'L(eV)
K, = — (38)

Psqt is the saturation pressure.

A, m1, mz, and ms are constants, which are determined from the experimental results. For the
evaporation heat transfer, relation (31) is calculated by taking the liquid physical properties at the
saturation temperature and the vapor physical properties at the film temperature (Tf = (Tsart Tw)/2).
For the condensation heat transfer, the liquid and vapor physical properties are determined by
considering the film and saturation temperatures, respectively.

The constants of Eqg. (31) are obtained from the experimental data by linear regression analysis,
for the evaporation and the condensation phenomena [34]. It is found that the heat transfer law
proposed by Eq. (31) and the experimental results are well correlated when considering A = 339.3,
mi =-0.978, m, =-0.968, m3 = 0.205, and m4 = 1.586, for the evaporation phenomenon, and A =10.1,
mi1=0.384, my =-1.738, m3 =-1.099, and m4 = 0, for the condensation phenomenon. The validity of
Eqg. (31) is insured for the dimensionless numbers ranging in the intervals which are listed in Table 3.

Table 3

Interval range for the dimensionless numbers in correlation
(31) [25]

Evaporation Condensation

1<Re<16 0.2 <Re<3.6
2.7<Pr<6.6 29<Pr<75

108 < K, < 980 1.4<K,<7.5

127 <Ja*< 11,628

4.3 Thermophysical Properties of the Nanofluids

In this section, we present the main models adopted in the literature to determine the main
thermophysical properties of nanofluids. The models of thermal conductivity, dynamic viscosity,
density, and specific heat are highlighted. Although the surface tension and the latent heat of
vaporization are important parameters in heat pipe applications, their models are still a debate by
the scientific community since the experimental results relative to the determination of these
parameters in the case of nanofluids are contradictory.

In all expressions that follow in Table 4, the subscripts “fb” and “np” are referred to as base fluid
and nanoparticle, respectively. ¢ represents the volume concentration of the nanoparticles.
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Table 4

Models of the thermophysical properties of the nanofluid

Physical parameter/Expression

Reference

Thermal conductivity

Aﬂ _ Anp"' Zﬂ.fb—z c (}Lfb_ﬂ-np)
)Lfb Anp+2/1fb+2 c ()Lfb—lnp)

Anp=Anf Arb=Anr | _
¢U (Anp‘f'zlnf + (1 ¢1J) Afb+2)“nf =0
ALf _ App+ (0D App—-(n-1) ()Lfb_/lnp) bv
Afb Z—np + (n-1) ﬂ.fb+(1’l—1) (Afb_ﬂ-np) [

For spherical particles,n=3
For cylindrical particles, n=6

(39)
(40)

(41)

Maxwell [35]
Bruggeman [36]

Hamilton and Crosser [37]

Dynamic viscosity

#nf = #fb (1 + 25 ¢v)
_ 1
Hng = Hrb (—(1_%)2.5)
g =ty (1 + 0 by + ky PF)

kn is the Huggins coefficient.
for spherical particles, n =2.5and kn = 6.5

Bnf _ 2. 45 !
T S [ TS Y

(42)
(43)
(44)

(45)

dnp and h are the diameter of the particle and the distance between the

particles, respectively.

Einstein [38]
Brinkman [39]

Batchelor [40]

Graham [41]

¢y \1Pm Krieger and Dougherty [42
Hnf = Ugp (1 _E) (46) g gherty [42]
Density
Pur = Py Prp + (1-0,) piy (47) Maron and Pierce [43]
Specific heat
Comp = By Conp + (1-0y) o0 (48)  Pak and Cho [44]
(pc, )nf = ¢, (p Cp)np +(1-¢,)(p cp)fb (49)  Xuan and Roetzel [45]
Latent heat
(p Ah, )nf = (1'¢v) (Ahv)fb + ¢, (Tb,fb/Tb,np) (Ahv)np (50) Zhouetal, [46]
Ty is the boiling point
Surface tension
ony = (1-¢,) 05p (51) Venkatachalapathy et al.,

[47]

5. Results and Discussion

In this section, we present the simulated results obtained for two nanofluids: CuO (pnp, = 6450
kg/m3, cpnp = 561 J/kg.K, Anp = 20 W/m.K) and Al>O3 (pnp = 3960 kg/m3, cpnp = 561.5 J/kg.K, Anp = 37.1
W/m.K) under different nanoparticle concentrations and heat sink temperatures. The main output
parameters are the capillary limit, the heat pipe thermal resistance, and the evaporator wall
temperature. They are compared to those obtained when the heat pipe is filled with pure water.
Besides, the capillary limits reached with water/CuO nanofluid are compared to those obtained with
water/Al;,03 nanofluid. Since the contact angle affects the results, its value is fixed to 40 ° in these

simulations [30].

The variations of the capillary limit, Qmax, as a function of the heat sink temperature, Tis, are
depicted in Figure 4, for different CuO concentrations (Figure 4(a)) and Al,O3 concentrations (Figure
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4(b)). For both nanofluids, and a given nanoparticle concentration, the capillary limit increases with
the heat sink temperature. Similarly, for a given heat sink temperature, the capillary limit increases
with the nanoparticle concentration.

The increase of the capillary limit with the heat sink temperature is due to the reduction of the
pressure losses in the liquid and vapor phases caused by the decrease of the dynamic viscosity with
temperature. It should be noted that the driving capillary pressure also decreases with the heat sink
temperature due to the reduction of the surface tension with the temperature. However, this
decrease is less significant than that of the pressure drops in the liquid and vapor phases.
Consequently, the maximum heat transport capacity of the heat pipe is enhanced.

As the nanoparticle concentration increases, the density and the dynamic viscosity increase. The
liquid friction coefficient, F;, which is expressed by (Eq. (12)), decreases because the increase in
density is greater than that of the dynamic viscosity, and the latent heat is hardly affected by the
nanoparticle concentration. Thus, the pressure losses in the liquid phase, which are more
preponderant than those in the vapor phase, decrease. The vapor pressure losses are not affected
by the nanoparticle concentration since the vapor friction coefficient, F,, depends mainly on the
vapor thermophysical properties. Thus, the overall pressure losses decrease, and consequently, the
capillary limit increases.

The variations of the increase in the capillary limit obtained with the water/CuO nanofluid with
respect to that obtained with pure water are presented in Figure 5(a). For a heat sink temperature,
Ths = 25 °C, the capillary limit improvement varies between 4 % for ¢, =1 % and 20 % for ¢, =5 %,
whereas it varies from 5 % to 25 % for Ths = 55 °C. For water/Al,O3 nanofluid, the capillary
improvement is lower (Figure 5(b)). Indeed, for Ths = 25 °C, it varies from 2.4 % to 11.8 % when ¢
increases from 1 % to 5 %, whereas for Ths = 55 °C, it varies from 2.7 % to 13.8 % for the same
concentration range. Figure 6 compares the values of Qmax obtained with water/CuO nanofluid and
those obtained with water/Al,03 nanofluid for different nanoparticle concentrations and heat sink
temperatures. For a given heat sink temperature, Tis, the capillary limit obtained with water/CuO
nanofluid is higher than that obtained with water/Al,03 nanofluid, and the relative gap increases with
the concentration and heat sink temperature. Thus, for Txs = 25 °C, the relative gap varies from 1.5 %
to 7.1 % when ¢ increases from 1 % to 5 %, while for Ths = 55 °C, the relative gap increases from 2.1 %
to 8.8 % when ¢ increases from 1 % to 5 %. The water/CuO nanofluid allows for better performance
than water/Al,03 because the thermophysical properties (density and dynamic viscosity) of CuO
allow for a lower liquid friction coefficient.
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T —a—Water+2%CuO T —a— Water +2 % Al203
I —%— Water +3 % CuO i —— Water +3 % Al203
. 170 + —+—Water+4%CuO 170 + —— Water +4 % Al203
S F —%— Water +5% CuO i —0— Water +5 % Al203
<150 + = g 150 |
dg’ : / OE' :
130 - 130
110 - 110
90 + 90 +
20 30 40 50 60 20 30 40 50 60
Ths (°C) Ths (°C)

Fig. 4. Variations of the capillary limit with T, for different nanoparticle concentrations: (a)
water/CuO, (b) water/Al,03
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Fig. 5. Comparison between the capillary limit obtained with the nanofluid and that
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Fig. 6. Comparison between the capillary
limit obtained with water/CuO and that
obtained with water/Al,O3

Figure 7 depicts the variations of the heat pipe thermal resistance, R, as a function of the heat
sink temperature, Ths, for water/CuO nanofluid (Figure 7(a)) and water/Al>O3 nanofluid (Figure 7(b)),
for different nanoparticle concentrations. For a given nanoparticle concentration, the thermal
resistance decreases with the heat sink temperature. Similarly, for a given heat sink temperature, Ths,
the thermal resistance decreases with the nanoparticle concentration. For a given temperature, Ts,
the reduction in the heat pipe thermal resistance obtained with the nanofluid increases with the
nanoparticle concentration (Figure 8). Thus, for the water/CuO nanofluid, and Txs = 25 °C, the
reduction in the heat pipe thermal resistance increases from 24.6 % to 64.8 % when the nanoparticle
concentration increases from 1 to 5 % (Figure 8(a)). For the water/Al,O3 nanofluid, this reduction is
smaller and increases from 16.1 % to 48.7 % under the same conditions (Figure 8(b)). Moreover, it
should be noted that for a given nanoparticle concentration, this reduction is hardly affected by the
heat sink temperature for both nanofluids. For Ths = 55 ° C, and the water/CuO nanofluid, it varies
from 26.9 % to 67.9 % when ¢, increases from 1 % to 5 %, whereas for the water/Al>O3 nanofluid, it
varies from 17.2 % to 50.7 % under the same conditions. The variations of the relative difference
between the heat pipe thermal resistance obtained with the water/CuO nanofluid and that obtained
with the water/Al>O3; nanofluid are depicted in Figure 9. The heat pipe thermal resistance obtained
with water/CuO nanofluid is lower than that obtained with water/Al,O3 nanofluid. The relative
difference values that are plotted in Figure 9 are absolute. For Tps = 25 °C, the relative difference
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increases from 11.3 % to 45.7 % when the nanoparticle concentration increases from 1 % to 5 %. This
relative difference also increases with the heat sink temperature, Tys. Indeed, for Ths = 55 °C, it varies
from 13.3 % to 53.5 % when the nanoparticle concentration increases from 1 % to 5 %. The low
thermal resistances obtained with water/CuO nanofluid are mainly attributed to the high heat
transfer coefficient of evaporation and condensation obtained with this nanofluid.

0,30 X —— Water 0,30 X —eo— Water
(@) —&— Water + 1% CuO c(b) —— Water + 1% Al203
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Fig. 7. Variations of the heat pipe thermal resistance with Ty, for different nanoparticle
concentrations: (a) water/Cu0O, (b) water/Al,03
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Fig. 8. Comparison between the heat pipe thermal resistance obtained with the nanofluid and that
obtained with pure water: (a) water/CuO, (b) water/Al,03
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The variations of the evaporator wall temperature, Twes,, as a function of Ty, for different
nanoparticle concentrations, ¢, for the two nanofluids, are shown in Figure 10. For a given
nanoparticle concentration, the evaporator wall temperature rises with the heat sink temperature.
Nevertheless, for a given heat sink temperature, the temperature of the evaporator wall decreases
when the nanoparticles are added. The variations in the reduction of the evaporator wall
temperature obtained with a nanofluid when compared to that obtained with pure water are shown
in Figure 11. For a given heat sink temperature, Tis, this reduction increases with the nanoparticle
concentration; however, for a given nanoparticle concentration, it decreases with Ths. Thus, with a
1 % concentration of CuO nanoparticles, and for Ths = 25 °C, the reduction in the wall temperature of
the evaporator is 9.3 %; whereas this reduction is 5.5 % for Ths = 55 °C (Figure 11(a)). A CuO
nanoparticle concentration of 5 % allows us to obtain relative reductions of 24.3 % and 14.6 % for Ths
= 25 °C and 55 °C, respectively (Figure 11(a)). For 1 % concentration for Al,O3 nanoparticles, the
evaporator wall temperature reduction is 5.8 % for Tps = 25 °C and 3.6 % for Ths = 55 °C (Figure 11(b)).
For a concentration of 5 %, the decrease in the evaporator wall temperature is more significant. It is
18.1 % for Ths =25 °Cand 10.7 % for Ths = 55 °C (Figure 11(b)). The variations of the relative difference
between the evaporator wall temperature obtained with the water/CuO nanofluid and that obtained
with water/Al>O3 nanofluid are shown in Figure 12. The values reported in this figure are absolute
since the evaporator wall temperatures obtained with CuO nanoparticles are lower than those
reached with Al,O03 nanoparticles. For a given, T, this difference increases with the nanoparticle
concentration. For a given nanoparticle concentration, the variations of this relative difference are
not monotonous. Indeed, for nanoparticle concentrations less than 2 %, the relative difference
diminishes as the heat sink temperature increases. For nanoparticle concentrations greater than 2 %,
this relative difference exhibits a minimum indicating the existence of an optimum heat sink
temperature allowing to obtain a minimum evaporator wall temperature.
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6. Conclusions

A mathematical model is presented to study the capillary limit and the heat transfer
performances of a nanofluid-filled cylindrical copper heat pipe including a capillary structure
composed of helicoidal and trapezoidal grooves. Two nanofluids are considered: water/CuO and
water/Al;0Os.

The capillary limit is determined by analyzing the liquid and vapor pressure drops along the heat
pipe. The friction factors, which are considered in the pressure drop analysis, are a function of the
Poiseuille numbers that are calculated from expressions issued from the analytical model of Kim et
al., [33]. The capillary radii in the evaporator and condenser regions are determined based on
geometrical considerations.

The heat transfer analysis is determined by considering the different thermal resistances. The
evaporator and condenser thermal resistances are the highest ones and they are calculated from
correlations determined from experiments with the same dimensions and including the same
capillary grooves as those for the modeled heat pipe. These correlations include dimensionless
numbers of which the values ranges are still valid for the studied nanofluids in different operating
conditions.

The results indicate that compared to the water-filled heat pipe, the nanofluid-filled heat pipe
allows for up to 25 % and 14 % increase in the capillary limit for water/CuO and water/Al,O3
nanofluids, respectively. Also, reductions up to 68 % and up to 51 % in the heat pipe thermal
resistances are obtained for water/CuO and water/Al>0s nanofluids, respectively. Moreover,
decreases up to 24 %, and up to 18 % in the evaporator wall temperatures are obtained for
water/CuO and water/Al,03 nanofluids, respectively. Besides, the thermal performances obtained
with water/CuO nanofluid are higher than those obtained with water/Al,03 nanofluid.

More research is needed to design, develop, and optimize the thermal performance of the
nanofluid-filled heat pipes.

i.  More theoretical studies must be carried out to optimize the input parameters such as
heat input power, tilt angle, fill charge, nanoparticle concentration, and size of
nanoparticles.

ii.  Theuse of hybrid nanofluids in heat pipes is in the early stage. Therefore, more theoretical
studies should be conducted in future research to simulate the heat pipe thermal
performance filled with hybrid nanofluids.

iii.  Predictive methods based on machine learning methods like artificial neural networks
(ANNSs), can be used to provide reliable and strong predictions of the nanofluid-filled heat

pipe.
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