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We present a methodology for enhancing thermal performance of micro heat pipes (MHPs) by creating
wettability gradients on the inner surface of MHPs. We analyse the effect of wettability gradients on
MHP performance using a quasi one-dimensional mathematical model that accounts for axially-
varying solid–liquid contact angle. For our analysis, we consider MHPs with various wettability schemes,
such as uniform, step-variation, and linear variation in the contact angle. Our model predictions show
that increasing the wettability of the evaporator surface and reducing the wettability of the condenser
surface of MHP can lead to an increase in the heat transfer capacity of MHP by over 35%. We demonstrate
the favourable effect of wettability gradients on MHP performance for different working fluids over a
wide range of operating temperature and fluid charge. We also discuss the underlying physical mecha-
nism that leads to enhanced thermal performance of MHP with mixed wetting surfaces. We show that
the optimal choice of wettability gradient in MHP is governed by the competing effects of high liquid flow
resistance in the lower wetting condenser and high liquid mass in the higher wetting evaporator.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Continuous miniaturisation of electronics and increase in inte-
gration levels pose challenges in thermal management of micro-
electronic components [1,2]. As the failure rate of microelectronic
chips increases exponentially with the operating temperature [2],
cooling of chips is essential to ensure reliable operation. Micro heat
pipes (MHPs) offer an efficient means of passively removing heat of
order 10 W=cm2 from microelectronic equipment using phase
change phenomenon [3–5].

A typical MHP consists of a channel with sharp edges filled with
a working fluid. The sharp edges of the heat pipe allow liquid flow
due to capillary action, while the vapour flows through the inner
core of channel. Fig. 1 shows a typical triangular cross-section
MHP consisting of evaporator, adiabatic, and condenser sections.
Heat input to the evaporator section vaporises the working fluid.
The local increase in vapour pressure in the evaporator section
drives the vapour to relatively cooler condenser section. The
vapour condenses back to liquid in the condenser section and
rejects the latent heat. The loss of liquid in the evaporator section
results in reduced radius of curvature of the liquid meniscus.
Whereas, the increase of liquid in the condenser section causes
the local radius of curvature of meniscus to increase. Consequently,
a pressure gradient develops in the liquid which drives the liquid
from the condenser to the evaporator section, thereby completing
the cycle. Although MHPs offer a reliable and passive chip cooling
solution, MHP arrays in their current state can only transfer heat of
order 10 W=cm2 [6]. Therefore, any further improvement in the
maximum heat transfer capacity of MHPs will help in dealing with
growing challenges of thermal management of microelectronics.

The maximum heat transport capacity of an MHP depends on its
geometry, working fluid, and the wettability of its inner surface.
Since MHP relies on capillarity to transfer liquid from condenser
to evaporator section, variation in geometry can strongly affect
the performance of MHP. The capillarity of MHP can be enhanced
by making the corners of MHP small and sharp. However, the
reduced size of corners leads to higher hydraulic resistance to
the liquid flow. Therefore, as discussed by Ma and Peterson [7],
there exists an optimal geometry of MHP governed by the compet-
ing effects of capillary action and hydraulic resistance. Using an
experimentally validated mathematical model, Ma and Peterson
[7] showed that, for an MHP, an optimal groove size exists below
which increased hydraulic resistance deteriorates its maximum
heat transport capacity. Whereas, for groove size larger than the
optimal size, reduced hydraulic resistance is unable to compensate
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Nomenclature

�u mean velocity
_m mass flow rate
A flow area
a=2 groove side length
D hydraulic diameter
fRe Poiseuille number
hfg latent heat of vaporisation
L length
N number of grooves
p pressure
Q heat rate
R half of the hydraulic diameter
r radius of curvature
Rec radial Reynolds number in condenser section
Ree radial Reynolds number in evaporator section
x distance from beginning of the evaporator section

Greek symbols
c half of apex angle of groove

l viscosity
q density
r surface tension
h contact angle

Subscripts
a adiabatic section
b liquid block
c condenser section
e evaporator section
eff effective
in input
l liquid
max maximum
min minimum
v vapour

Fig. 1. Schematic illustrating operation of an MHP with triangular cross-section. (a)
Heat input to the evaporator section causes the liquid in the corners of evaporator
section to evaporate. The increased vapour pressure in the evaporator section drives
the vapour to the condenser via the adiabatic section. The vapour condenses to
liquid in the condenser section and rejects the latent heat. The increased amount of
liquid in the condenser section (d) leads to larger radius of curvature of liquid
meniscus compared with that in the evaporator (b) and the adiabatic sections (c).
Consequently, an axial gradient in capillary pressure develops which drives the
liquid back to the evaporator, thereby completing the working cycle of MHP.
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for reduced capillary pumping. Here, we note that the optimal
geometry of MHP is specific to the working fluid and the wettabil-
ity of inner surface.

Another way of improving the heat transport capacity of an
MHP is by using the right working fluid [8,9]. The operating char-
acteristics of MHP depends on the thermo-physical properties of
the working fluid, such as surface tension r, liquid density ql,
latent heat of vaporisation hfg and liquid viscosity ll. The effective-
ness of the working fluid in MHP is usually characterised by a
dimensional constant ðrqlhfgÞ=ll, termed as the Merit number
[8]. The Merit number can be considered as a product of two terms,
r=ll and qlhfg . The first term r=ll has the dimension of velocity
and can be interpreted as the circulation rate of the working fluid
[10]. Whereas, qlhfg is the latent heat of evaporation per unit vol-
ume. Therefore, higher Merit number for a working fluid indicates
better performance of the heat pipe. The thermo-physical proper-
ties of the working fluid and hence the Merit number are strongly
dependent on the operating temperature. This affects the choice of
working fluid for heat pipes operating at different working temper-
atures. For example, based on the Merit number, Reay and Kew [8]
have shown that for operating temperatures below 323 K ammonia
as a working fluid yields better performance than water. Whereas,
water is preferable over ammonia as the working fluid above
323 K.

Besides the MHP geometry and working fluid, the heat trans-
port capacity of MHP can also be increased by changing the wetta-
bility of inner surface of MHP. As shown experimentally by Wu and
Peterson [11] and theoretically by Khrustalev and Faghri [12], the
performance of MHP is enhanced if the working fluid wets the
inner surface of MHP. This is because the capillarity increases
when the liquid–vapour interface makes smaller contact angle
with the solid surface. Most of the studies on the effect of wettabil-
ity of surface on MHP performance have been limited to the case
where the MHP surface has axially uniform wettability [9,12–15].
Recently, Hu et al. [16] experimentally demonstrated that heat
pipes with axially varying wettability can yield enhanced heat
transport capacity, compared with heat pipes with axially uniform
wettability. Hu et al. chemically treated the inner surface of a
grooved heat pipe to create a step variation of contact angle in
evaporator, adiabatic, and condenser sections. Based on their
experiments with water as the working fluid, Hu et al. [16] demon-
strated that the heat pipe with a positive contact angle gradient
from evaporator to condenser section (that is, higher wetting evap-
orator and lower wetting condenser), outperforms the heat pipe
with uniformly higher wetting inner surface.

Using wettability gradients in MHP is particularly interesting
because it can yield enhanced heat transport capacity over and
above the thermal performance obtained by optimising MHP
geometry and selection of appropriate working fluid. Moreover,
wettability gradients can be generated on a variety of surfaces,
such as using alkali surface oxidation [17] and laser etching [18]
of copper, silane diffusion [19,20] on silicon wafers, and contact
printing of octadecyltrichlorosilane [21] on oxidised silicon wafers.
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Improved performance of heat pipe with higher wetting evapora-
tor and lower wetting condenser can be qualitatively explained
as the working liquid prefers to move to higher wetting evaporator,
thereby prolonging dry-out. Hu et al. [16] gave similar qualitative
arguments to explain improvement of heat transport capacity in
their experiments on grooved heat pipes with wettability gradient.
However, to best of our knowledge, we know of no theoretical
model which quantifies the effect of wettability gradient on heat
transfer performance of an MHP. Such a model will help in eluci-
dating the physical mechanism governing the enhancement of heat
transport capacity of MHPs with wettability gradient. Moreover,
mathematical modelling of MHPwith axially-varying contact angle
can provide the optimal wettability gradient for maximising heat
transport capacity of the MHP.

To this end, we present a one-dimensional mathematical model
to investigate the effect of wettability gradients on the steady state
performance of an MHP. Our model accounts for axial variations in
solid–liquid contact angle and corresponding variation in the fric-
tion factor. Moreover, our model takes into account the tempera-
ture dependence of thermo-physical properties of working fluid.
We validate our model with published experimental data [11] on
operating characteristics of MHP with axially uniform wettability.
Thereafter, we quantify the effect of wettability gradient on perfor-
mance of MHP by considering several strategies of varying contact
angle along the MHP axis, including step and linear variation.
Importantly, we elucidate the physical mechanism underlying
the enhancement of heat transport capacity of MHP with higher
wetting evaporator and lower wetting condenser. Our model pre-
dictions show that MHPs with wettability gradients can yield
enhanced thermal performance for different working fluids and
operating temperatures compared with similar MHPs with uni-
formly wetting inner surface.

2. Mathematical modelling

We present a one-dimensional mathematical model to analyse
the effect of wettability gradients on steady-state characteristics
of a regular-polygonal shaped MHP with N corners. Here, we focus
on the capillary limit which typically limits the performance of an
MHP [22]. The contact angles used in the present study are rela-
tively small (10� to 50�) and hence both evaporation and conden-
sation occur in the filmwise mode in the MHP. As shown by the
previous studies [23–25], surface wettability does not have a sig-
nificant effect on the evaporation and condensation processes for
the contact angle magnitudes between 10� and 50�. Hence we
did not consider the effect of wettability on evaporation and con-
densation in the present model. For our analysis, we make several
simplifying assumptions that are routinely employed while mod-
elling thermal performance of MHPs [10,14,26,27]. Firstly, we
assume that the operating temperature is axially uniform. This
assumption is reasonable as axial variation in temperature of a typ-
ical MHP is around 1 K [27,14] owing to high conductance of MHP.
Moreover, we assume that the liquid and vapour phases are at sat-
urated conditions [26] corresponding to the operating tempera-
ture. We also assume that the uniform heat flux is distributed
identically among all the corners of MHP. Consequently, the work-
ing liquid is distributed evenly among all the corners of MHP.

For axially-uniform heat flux along the evaporator and con-
denser section, the dependence of heat transport rate QðxÞ on the
axial distance x from the beginning of the evaporator section
ðx ¼ 0Þ is given by

QðxÞ ¼

x
Le
Q in; 0 6 x 6 Le

Qin; Le 6 x 6 Le þ La

Qin 1þ LeþLa�x
Leff ;c

� �
; Le þ La 6 x 6 Le þ La þ Leff ;c;

8>><
>>:

ð1Þ
where Qin denotes the total heat input and L denotes the length of
corresponding sections of MHP. The subscripts e, a, and c denote
evaporator, adiabatic and condenser sections, respectively. We note
that QðxÞ is the net heat added to the MHP up to the distance x, and
not the local heat input at location x. Therefore, QðxÞ is non-zero in
the adiabatic section. In the above equation we have used the effec-
tive condenser length Leff ;c instead of the actual condenser length Lc
to account for the liquid block. As shown in the Fig. 1, the liquid
block results due to the overcharging of MHP and resists heat trans-
fer from vapour to condenser walls. The effective length of the con-
denser section in presence of liquid block of length Lb is given by

Leff ;c ¼ Lc � Lb: ð2Þ
Under steady state conditions, the liquid and vapour mass flow

rates at a given section are equal in magnitude. The mass flow rate
of liquid and vapour at every section of the heat pipe can be
obtained using energy balance [28] as

_ml ¼ � _mv ¼ QðxÞ
hfg

; ð3Þ

where _m is mass flow rate, hfg is latent heat of vaporisation and sub-
scripts l and v denote liquid and vapour phases, respectively. Know-
ing the mass flow rate of liquid and vapour, we can calculate the
axial variation of pressure in liquid and vapour phases using the
equations for momentum conservation. The pressure variation in
liquid and vapour phases also depends on the liquid level in the
MHP, which can be obtained by using the Young–Laplace equation
to relate the pressure jump across the liquid–vapour interface with
the curvature of liquid interface.

Liquid flow in an MHP is characterised by low Reynolds number
ðRe � 1Þ, where inertial effects can be neglected. Moreover, long
and slender geometry of the grooves through which liquid flows
in an MHP ensure that the flow is quasi one-dimensional. The pres-
sure in the liquid pl is therefore given by the lubrication approxi-
mation of Navier Stokes equations [28],

dpl

dx
¼ 2ll fRe _ml

qlAlND
2 ; ð4Þ

where q and l respectively denote the density and dynamic viscos-
ity of the fluid, and fRe is the Poiseuille number defined as the
product of friction factor and Reynolds number at the given cross-
section. The Poiseuille number fRe is a function of solid–liquid
contact angle, and therefore in this work we use the correlation
derived from the numerical results of Ayyaswami et al. [29]. In
Eq. (4), Al denotes the local cross-sectional area of liquid in one
groove and D denotes the corresponding hydraulic diameter. For a
triangular corner with corner half-angle c and contact angle h as
shown in Fig. 1(c), the liquid flow area Al and hydraulic diameter
D depends on the radius of curvature of the liquid–vapour meniscus
r as (see Appendix A)

Al ¼ br2; where

b ¼ N cotðcþ hÞ � p
2
� cþ hð Þ

� �
þ cotðcþ hÞ cosðcþ hÞ sinðhÞ

sinðcÞ
� �

;

ð5Þ

D ¼ Al

2r cosðcþ hÞ : ð6Þ

While arriving at Eq. (4), we have neglected the contribution of
momentum change of liquid associated with evaporation and con-
densation, which is small compared with change in momentum of
the bulk liquid. However, this assumption is not valid for vapour
flow, as the momentum change associated with mass addition
and removal due to phase change is not small compared with the



Table 1
Geometrical parameters of the MHP used in the current work.

Parameter Value unit

Evaporator section length, Le 13 mm
Adiabatic section length, La 31 mm
Condenser section length, Lc 13 mm
Groove side length, a=2 0.33 mm
Half angle, c 30�

Number of grooves, N 4

Table 2
Wettability schemes used in the current work to illustrate the effect of wettability
gradients on thermal performance of MHP.

Wettability scheme Contact angle ðhÞ
Evaporator Adiabatic Condenser

Uniform 50� 50� 50� 50�
Uniform 10� 10� 10� 10�
Step variation 10�–50�–50� 10� 50� 50�
Step variation 10�–10�–50� 10� 10� 50�

M. Singh et al. / International Journal of Heat and Mass Transfer 104 (2017) 400–408 403
bulk momentum change of vapour. Moreover, unlike in liquid flow,
the Reynolds number for vapour flow is not small. For a known
heat input, the pressure drop in vapour flow inside a heat pipe tak-
ing into account the effects of evaporation and condensation has
been modelled by Faghri et al. [30]. Here, we use the analytical
expressions developed by Faghri et al. [30] for vapour pressure
drop in various sections of the heat pipe,

dpv
dx

¼

2 �8jReej � 16
3 Re2e

� �
l2
v

qvR
4

� �
x; 0 6 x 6 Le

�8lvuv ;a
R2

� �
; Le 6 x 6 Le þ La

2 �8jRecj � 16
3 Re2c

� �
l2
v

qvR
4

� �
x

þ 16
3 jRecj � 8

� � lvuv ;a
R2

� �
; Le þ La 6 x 6 Le þ La þ Leff ;c;

8>>>>>>>><
>>>>>>>>:

ð7Þ
where R represents half of the hydraulic diameter of vapour region.
The hydraulic diameter is defined as four times the ratio of vapour
flow area and perimeter of the cross section of the vapour region. In
this equation, Ree and Rec are dimensionless numbers respectively
denoting radial Reynolds number in evaporator and condenser sec-
tion, and uv;a is the mean vapour flow velocity in the adiabatic
section,

Ree ¼
_mv;a

2pLelv
; Rec ¼

_mv;a

2pLclv
; uv;a ¼

_mv;a

qvpR
2 : ð8Þ

During the operation of MHP, the mass of working liquid in the
evaporator section decreases, while that in the condenser
increases. The maximum heat transport capacity of an MHP corre-
sponds to the heat input at which the evaporator section drys out.
Therefore, it is necessary to obtain the mass distribution of liquid
in the MHP. The amount of liquid present in the MHP at any section
depends on the local cross-sectional area of the liquid, which in
turn depends on the radius of curvature of liquid–vapour interface
r through Eq. (5). The axial variation of the radius of curvature of
interface can be obtained by relating it with pressure jump across
the liquid–vapour interface, using the Young–Laplace equation

pv � pl ¼
r
r
; ð9Þ

where, r denotes the surface tension of the liquid. Here, we have
neglected the axial principal radius of curvature as it is significantly
smaller than the lateral principal radius of curvature r, shown
schematically in Fig. 1. Next, differentiating Eq. (9) with respect to
x we obtain a differential equation for axial variation of interface
curvature,

drðxÞ
dx

¼ rðxÞ2
r

dpl

dx
� dpv

dx

� 	
: ð10Þ

To solve Eq. (10) for a given heat input Qin, we first calculate liq-
uid and vapour mass flow rates using Eq. (3). We then calculate the
pressure gradients in liquid and vapour phases using Eqs. (4) and
(7). Finally, we integrate Eq. (10) to obtain the axial variation of
interface curvature. In practice, we solve Eq. (10) numerically using
the fourth-order Runge–Kutta scheme in a domain (length of the
MHP) discretized with 5700 grid points. We note that solution of
Eq. (10) requires the value of radius of curvature at the beginning
of evaporator, rð0Þ ¼ rmin. The value of rmin can be chosen iteratively
such that the total mass of working fluid is equal to actual fluid
charge of MHP. In certain cases, the value of radius of curvature
in the condenser section can exceed the maximum value rmax at
which the liquid completely wets the groove. This maximum
radius of curvature is given by (see Appendix A),

rmax ¼ a
2

sinðcÞ
cosðcþ hÞ ; ð11Þ
where a=2 is the length of groove as shown in Fig. 1. If the radius of
curvature exceeds rmax at a particular location we assume that,
beyond this location, a liquid block fills the condenser. Lastly, the
maximum heat transport capacity Qmax of the MHP is given by that
value of heat input Qin for which the radius of curvature of interface
at the beginning of evaporator rð0Þ attains a vanishingly small
value. Because substitution of r ¼ 0 in Eq. (10), leads to a singularity
in the right hand side of Eq. (10), we choose a very small value of
rmin to solve for the dry-out condition. For our calculations we
choose the minimum radius of curvature at dry-out as
rmin ¼ 0:02� rmax. Our calculations show that choosing a smaller
value of rmin than 0:02� rmax at dry-out does not affect the value
of maximum heat transport capacity Qmax of MHP.
3. Results and discussion

To highlight the effect of wettability gradient on the steady
state performance of MHPs, we solved the governing equation
(Eq. (10)) for a trapezoidal MHP by considering different wettabil-
ity gradients. For our calculations, we considered a trapezoidal
shaped MHP having geometric parameters given in Table 1 and
water as the working fluid. The geometrical parameters given in
Table 1 correspond to the MHP used in the experimental work
by Wu and Peterson [11]. Previous experimental and modelling
studies on the MHP with these geometric parameters have shown
that the steady state thermal performance of this MHP is limited
by the capillary limit [22]. Therefore, in the current work we focus
only on the capillary limit of MHP. We analysed the effect of five
wettability gradients, including uniform, step variation, and linear
variation of contact angle (shown in Table 2) on the performance of
this MHP for varying operating temperatures and the fluid charge.
In addition, we performed calculations for maximum heat trans-
port capacity of MHP for uniform contact angle of 55� to validate
our model with experimental results of Wu and Peterson [11] for
the same MHP. Lastly, we consider the effect of different working
fluids, such as ammonia, heptane, methanol, and acetone on the
heat transfer capacity of the MHP in presence of wettability gradi-
ents. For all our calculations, we used thermophysical properties of
working fluids from NIST chemistry webbook [31]. Until and unless
specified, throughout the discussion in the paper, sections of MHP
with contact angle of 10� and 50� are respectively termed as higher
and lower wetting surfaces. The MHP with uniform contact angle
Linear variation 10�–50� 10� in evaporator to 50� in condenser
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of 10� is termed as higher wetting MHP, while the MHP with uni-
form contact angle of 50� is termed as lower wetting MHP.
3.1. Effect of wettability gradients on liquid distribution in MHP

We begin by considering the steady state distribution of work-
ing liquid in the MHP for different wettability schemes shown in
Table 2. We performed calculations for operating temperature of
333 K, fluid charge of 1 mg and heat input of 0.08 W. Fig. 2(a)
shows the axial variation of the radius of curvature of the liquid–
vapour meniscus for different wettability schemes. At steady state,
the radius of curvature of the meniscus increases monotonically
along the MHP axis, as the liquid recedes from the evaporator sec-
tion and accumulates in the condenser section. The radius of curva-
ture of the meniscus increases steeply for the lower wetting MHP
(h ¼ 50�), whereas the meniscus curvature varies gradually along
the MHP axis for higher wetting MHP (h ¼ 10�). Such trends are
expected, because the liquid spreads more on surfaces with higher
wettability.

Another way of describing the difference in behaviour of lower
wetting and higher wetting MHPs is by noting that, for same
meniscus curvature, the liquid flow area Al ¼ br2 given by Eq. (5)
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drop in the lower wetting sections of the MHP, as shown in Fig. 2
(b). The reduced flow area in the lower wetting sections of the MHP
also leads to redistribution of working fluid to the higher wetting
sections. For example, redistribution of working fluid from lower
wetting to higher wetting sections in MHPs with wettability gradi-
ents (10�–10�–50� and linearly varying h from 10� to 50�) leads to
larger radius of curvature of the meniscus at the evaporator inlet
compared with that in uniformly higher wetting MHP (uniform
contact angle of 10�). The large quantity of working fluid in the
evaporator section indicates better thermal performance as more
heat can be added to the MHP before dry out occurs in the
evaporator.

In general, the thermal performance of MHPs with higher wet-
ting evaporator and lower wetting condenser is governed by the
competing effects of high liquid flow resistance (and liquid pressure
drop) in the lower wetting condenser and high liquid mass (and
radius of curvature of meniscus) in the higher wetting evaporator.
A comparison of the results presented in Fig. 2(a) and (b) shows that
among the various wettability schemes considered here, linearly
varying contact angle (10�–50�) and wettability gradient (10�–1
0�–50�) yields highest radius of curvature of the meniscus at the
evaporator inlet and comparatively lower pressure drop. Therefore,
theMHPwithwettability gradient (10�–10�–50�) and linearly vary-
ing contact angle (10�–50�) are expected to show dry-out at higher
input heat flux compared with other wettability schemes.
3.2 mg of water as the working fluid.
3.2. Effect of wettability gradients on maximum heat transfer rate of
MHP

We now consider the effect of various wettability schemes,
shown in Table 2, on the maximum heat transfer rate Qmax of the
MHP. The maximum heat transfer capacity of the MHP is defined
as the heat input at which dry-out first occurs at the evaporator
inlet. That is, at dry-out, the radius of curvature of the meniscus
at the evaporator inlet attains its minimum value. For our calcula-
tions, we assumed a dry-out condition of rð0Þ ¼ 0:02� rmax, where
rmax is the maximum radius of curvature of the meniscus given by
Eq. (11). In Fig. 3, we present the maximum heat transfer rate of
the MHPs with different wettability schemes at varying operating
temperatures. For these calculations, we assumed that MHPs with
different surface wettabilities contain equal mass (3.2 mg) of the
working fluid. In Fig. 3, we also present experimental data of Wu
and Peterson [11] for maximum heat transfer rate of copper MHP
having same geometry, working fluid, fluid charge, and a uniform
contact angle of 55�. The maximum heat transfer rate predicted
by our model for MHP with uniform contact angle of 55� agrees
well with the experimental data of Wu and Peterson [11]. Irrespec-
tive of the wettability scheme, the maximum heat transfer rate of
MHP increases with the operating temperature, as shown in Fig. 3.
This is because, for water as the working fluid, the Merit number
ðrqlhfgÞ=ll increases with the operating temperature [8].

Consistent with our discussion in Section 3.1, the results pre-
sented in Fig. 3 show that among MHPs with uniform wettability,
the higher wetting MHP (h ¼ 10�) shows better thermal perfor-
mance compared with the lower wetting MHP (h ¼ 50�) at all oper-
ating temperatures. The MHPs having wettability gradients with
step variation of contact angle (10�–10�–50�) and linear variation
of contact angle (10� in the evaporator to 50� in the condenser)
show even higher heat transfer capacity than higher wetting MHP
with h ¼ 10�. For example, at an operating temperature of 333 K,
treating the MHP for linear (10�–50�) and step (10�–10�–50�)
variation in contact angle yields more than 35% and 25% increase
in heat transfer capacity, respectively, compared with higher wet-
ting MHP (h ¼ 10�). Similarly, the MHP with 10�–50�–50� variation
in contact angle shows better thermal performance than the lower
wetting MHP (h ¼ 50�). We note that the experimental data on
thermal performance of heat pipes with wettability gradients is
limited to that by Hu et al. [16] for grooved heat pipes. We know
of no experimental study on evaluating the effect of wettability gra-
dients on MHP performance with which we can quantitatively val-
idate our calculations. However, we note that our modelling
predictions for MHPs with wettability gradients are in qualitative
agreement with experimental data of Hu et al. [16] for grooved heat
pipes. In particular, the results presented in Fig. 3 show that MHP
with hydrophobic condenser and hydrophilic evaporator can yield
higher heat transfer capacity than a similar heat pipe with uni-
formly hydrophilic or hydrophobic inner surface.

In Fig. 4 we present the effect of fluid charge on maximum heat
transfer capacity of MHPs with different wettability schemes, for a
fixed operating temperature of 353 K. The inset plot in Fig. 4 shows
the same data for schemes (10�–10�–50�) and linear variation
(10�–50�), but for a wider range of fluid charge. For all wettability
schemes considered here, the maximum heat transfer capacity
increases with the fluid charge. However, at higher mass of work-
ing fluid (around m ¼ 3:2 mg), the improvement in heat transfer
capacity of heat pipes with uniformly less-wetting surface
(h ¼ 50�), uniformly high-wetting (h ¼ 10�), and step variation
10�–50�–50� reduces with an increase in the mass of working fluid
as shown in Fig. 4. This suggests that, the heat pipes with uni-
formly less-wetting surface (h ¼ 50�), uniformly high-wetting
(h ¼ 10�), and step variation of 10�–50�–50� in contact angle attain
their optimal fluid charging around m ¼ 3:2 mg. This saturation of
maximum heat transfer capacity can be attributed to the formation
of liquid block in the condenser section when the MHP is loaded
with an excess of working fluid.

The maximum heat transfer capacity for heat pipes with wetta-
bility gradient (10�–10�–50�) and linearly varying (10�–50�) also
increases with the fluid charge, as shown in Fig. 4(b). However,
due to redistribution of liquid from condenser to evaporator sec-
tion due to hydrophilic evaporator and hydrophobic condenser
leads to higher optimal fluid charge (around 8 mg). For a wide
range of fluid charge (up to 4.2 mg) the heat pipe with linearly
varying contact angle (10�–50�) has higher heat transfer capacity.
However, at higher fluid charge, the heat pipe with (10�–10�–50�)
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Fig. 4. Effect of surface wettability on the maximum heat transfer capacity of MHP
for varying mass of working fluid. The improvement in thermal performance of
MHP with an increase in fluid mass diminishes at higher mass of working fluid due
to the formation of liquid block. The relative thermal performance of MHPs with
different wettability gradients is same as that in Fig. 3 for the fluid charge range 0–
4.2 mg. As shown in the inset, at higher mass of working fluid, 10�–10�–50� shows
better thermal performance than the MHP linear (10�–50�) wettability gradient.
These calculations were performed for operating temperature of 353 K.
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variation in contact angle yields the highest heat transfer capacity.
Notwithstanding the above change in order of best wettability
scheme with an increase in fluid charge, the results presented in
Figs. 3 and 4 confirm that MHPs having evaporator with higher
wetting surface and condenser with lower wetting surface exhibit
enhanced heat transfer capacity compared with MHPs with uni-
form surface wettability.
Fig. 5. Effect of wettability gradient on thermal performance of MHPs charged with
different working fluids. (a) The maximum heat transfer capacity of MHP with
uniform contact angle of 10� for varying operating temperatures. MHPs with
ammonia and water show the best thermal performance below and above 328 K,
respectively. (b) The maximum heat transfer capacity of MHP with linearly varying
contact angle (10� in evaporator and 50� in condenser) for varying operating
temperatures. For all working fluids, the MHP with linear wettability gradient
yields better heat transfer capacity than that with uniformly higher wetting surface
shown in (a). For these calculations, we assumed a fixed working fluid mass of
3.2 mg.
3.3. Effect of wettability gradients on MHP performance for different
working fluids

Till now we have shown that MHPs with wettability gradients
can lead to higher heat transfer capacity compared with MHPs
with uniform wettability. However, our analysis was limited to
MHPs using water as the working fluid. As the thermo-physical
properties of the working fluid also affect the thermal performance
of MHP [8], it is essential to evaluate the effect of wettability gra-
dients on MHP performance for different working fluids. The rela-
tive effectiveness of different working fluids in MHPs can be
characterised approximately by the Merit number; the variation
of Merit number versus temperature for different working fluids
is provided in Reay and Kew [8]. We note that, the Merit number
does not account for the actual variation of meniscus curvature,
and hence liquid and vapour pressures, along the MHP axis. There-
fore, to evaluate the effect of thermophysical properties of working
fluid on MHPs with different wettability gradients, it is necessary
to calculate the maximum heat transfer capacity of MHPs, rather
than relying solely on the Merit number. To this end, we calculate
the maximum heat transfer capacity of MHPs with uniform contact
angle (h ¼ 10�) and linearly varying contact angle (10� in evapora-
tor to 50� in condenser), when charged separately with water, ace-
tone, ammonia, heptane, and methanol. For these calculations, we
assumed that the mass of working fluid is 3.2 mg.

Fig. 5(a) shows the predicted values of maximum heat transfer
capacity of MHP with uniform wettability (h ¼ 10�) at various
operating temperatures for different working fluids. For all work-
ing fluids, except ammonia, the maximum heat transfer capacity
increases with the operating temperature as temperature depen-
dence of their thermo-physical properties results in higher Merit
number ðrqlhfgÞ=ll at higher temperatures. Whereas, the Merit
number for ammonia decreases with an increase in temperature,
and hence the maximum heat transfer capacity of MHP decreases
with the operating temperature. The results shown in Fig. 5(a) sug-
gest that ammonia is better suited as a working fluid below 328 K,
above which water yields the highest heat transfer capacity.

When a wettability gradient is introduced in the MHP such that
the constant angle varies linearly from 10� in the evaporator to 50�
in the condenser section, the maximum heat transfer capacity of
MHP increases for all working fluids (Fig. 5(b)). This suggests that,
wettability gradients can be employed to enhance the thermal per-
formance of MHPs and other heat pipes irrespective of the working
fluid. The differential increase in heat transfer capacity for different
working fluids also leads to a change in the temperature above
which water becomes preferable working fluid over ammonia.
For example, for linear wettability gradient (Fig. 5(b)), the temper-
ature above which water becomes preferable working fluid over
ammonia is 338 K compared with 328 K in the case of higher wet-
ting MHP (Fig. 5(a)).



Fig. A.6. Geometry of cross-section of the liquid-filled groove of MHP.
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4. Conclusion

We have described a methodology for improving the thermal
performance of MHPs by creating gradients in the wettability of
inner surface of MHPs. To quantify the effect of wettability gradi-
ents on heat transfer capacity of MHPs, we have developed a
one-dimensional mathematical model for MHP which accounts
for axial variations in solid–liquid contact angle. We considered
different wettability schemes, including uniform, step-variation,
and linear variation in wettability of the inner surface of MHP.
Our model predictions show that among the uniformly wetting
MHPs, higher wettability surfaces show better thermal perfor-
mance than the lower wetting surfaces. Interestingly, our calcula-
tions show that MHPs with higher wetting evaporator and lower
wetting condenser can exhibit even better thermal performance
than the MHP with corresponding uniformly higher wetting sur-
face. Qualitatively, these trends are applicable over a wide range
of operating temperature and mass of working fluid. We also
showed that the enhancement in maximum heat transfer capacity
of MHP due to wettability gradients occurs for a variety of working
fluids such as water, ammonia, heptane, acetone, and methanol.

Based on our model predictions, we have also discussed the
physical mechanism underlying enhanced thermal performance
of MHPs with mixed wetting surfaces. We showed that increasing
the wettability of evaporator surface and reducing the wettability
of condenser surface causes the working fluid to redistribute from
condenser to evaporator. This enables the MHP to sustain higher
heat input before the evaporator dries out. However, making con-
denser and adiabatic sections highly less wetting leads to higher
resistance to liquid flow, which can deteriorate the thermal perfor-
mance of MHP. Therefore, the thermal performance of MHPs with
mixed wetting surfaces is governed by the competing effects of
high liquid flow resistance in the lower wetting condenser and
high liquid mass in the higher wetting evaporator. Among the var-
ious wettability schemes considered in the current work, for a
large range of fluid mass, linear variation in contact angle with
higher wetting evaporator and lower wetting condenser yields
the best thermal performance of MHP. In particular, compared
with an equivalent MHP having uniformly higher wetting surface
ðh ¼ 10�Þ, the MHP with linearly varying contact angle from 10�
in evaporator to 50� in condenser shows over 35% increase in heat
transfer capacity. However, we find that for high fluid mass the
MHP with 10�–10�–50� variation in contact angle yields the best
thermal performance among all the wettability schemes consid-
ered in this work. Here, we note that the wettability gradients
schemes used in the current work are only for illustrating the effect
of wettability gradient on enhancement of heat transfer in MHPs.
To find the optimal wettability gradient which will yield the high-
est heat transfer in MHP would require detailed optimisation,
which we will present in a future work. Finally, we note that, cre-
ating wettability gradients is a relatively less explored way of
enhancing thermal performance of MHPs. Wettability gradients
are particularly interesting because they can be employed for
performance enhancement of MHPs over and above the improve-
ment due to geometry optimisation and choice of proper working
fluid.
Appendix A. Liquid cross-sectional area andmaximum radius of
curvature

Here, we provide the derivations for Eqs. (5) and (11) for the
cross-sectional area of liquid flow and the maximum possible
radius of curvature, respectively. Fig. A.6 shows the geometry of
the cross-section of a groove filled with the liquid. From Fig. A.6,
we have,
\ACD ¼ c; \DBC ¼ h; \CDB ¼ p� ðcþ hÞ;
\ADB ¼ 2ðcþ hÞ; \AOB ¼ p� 2ðcþ hÞ: ðA:1Þ
From 4AOM,

AM ¼ r sin
p
2
� cþ hð Þ

� �
¼ AC sinðcÞ; ðA:2Þ

which simplifies to

r ¼ AC
sinðcÞ

cosðcþ hÞ : ðA:3Þ

The radius of curvature of the meniscus reaches its maximum
value when the groove with side-length a=2 is completely filled,
which gives

rmax ¼ a
2

sin c
cosðcþ hÞ : ðA:4Þ

To calculate the liquid flow area in a single groove ðA0
lÞ, we note

from Fig. A.6 that,

A0
l ¼ Area of ACBDþ Area of 4 ADBþ Area of 4 AOB

� Area of circular segment ANB; ðA:5Þ
where,

Area of ACBD ¼ r2
cotðcþ hÞ cosðcþ hÞ sinðhÞ

sinðcÞ ;

Area of 4 ADB ¼ r2 cotðcþ hÞ cos2ðcþ hÞ;
Area of 4 AOB ¼ r2 cosðcþ hÞ sinðcþ hÞ;
Area of circular segment ANB ¼ r2

p
2
� cþ hð Þ

� �
:

ðA:6Þ

Using these expressions in Eq. (A.5) we get

A0
l ¼ r2 cotðcþ hÞ � p

2
� cþ hð Þ

� �
þ cotðcþ hÞ cosðcþ hÞ sinðhÞ

sinðcÞ
� 	

:

ðA:7Þ
The total liquid flow area ðAlÞ in all the N grooves is given by

Al ¼ NA0
l. That is,

Al ¼ br2; where

b ¼ N cotðcþ hÞ � p
2
� cþ hð Þ

� �
þ cotðcþ hÞ cosðcþ hÞ sinðhÞ

sinðcÞ
� �

:

ðA:8Þ
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