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The major factors limiting the thermal performance of passive two-phase heat-spreading
devices are the ability of the wick structures to transport liquid by means of capillary forces
and the thermal resistance posed by the wicks. Nanoscale geometric enhancements to the
wick structure, through the use of carbon nanotubes and metallic nanowires, promise to
enhance the capillary transport while at the same time decreasing the thermal resistance due
to their high intrinsic thermal conductivity. We analyze the performance of nanostructured
wicks in heat-spreading applications. We report that the flow resistance of nanostructures
constitutes a major barrier to their use as passive flow-conveying media and identify geometrical parameters that yield high rates of thin-film evaporation while minimizing the flow
resistance. The analysis shows that the use of nanostructures as the sole wicking element in
a two-phase thermal spreader restricts its footprint area to a size of 4 cm2 for heat flux inputs
as low as 1 W/cm2 due to the large flow resistance in the nanowick. To overcome nanowick
flow resistance, we propose a nanostructure-enhanced sintered particle wick microstructure
that leads to a decrease in the wick thermal resistance by 14% relative to the corresponding
wick with the same flow resistance and without nanostructures.
KEY WORDS: nanowick, carbon nanotubes, wick structure, heat pipe

INTRODUCTION
Vapor chambers [1, 2] (Figure 1a) and heat pipes are widely used as passive heat
spreaders in industry. Because the working fluid undergoes phase change by evaporation
or boiling, the effective thermal conductivity of vapor chambers is much higher than that of
solid-block heat spreaders. In a typical arrangement, the working liquid undergoes phase
change to vapor in the evaporator and is transported to the condenser where it condenses
back into liquid. The requisite pressure gradient is provided by the capillary action of a
wick structure, typically sintered copper particles, grooves, screen mesh, or a combination,
which carries the condensed liquid from the condenser back to the evaporator, thus completing the flow loop. For an operational vapor chamber, the sum of the liquid and vapor
pressure drops must be less than the available capillary pressure head of the wick structure
Received 22 July 2010; accepted 12 June 2011.
Address correspondence to Suresh V. Garimella, School of Mechanical Engineering and Birck
Nanotechnology Center, 585 Purdue Mall, Purdue University, West Lafayette, IN 47907. E-mail: sureshg@
purdue.edu
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flow cross-sectional area
base area of nanowick unit cell
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evaporative heat transfer coefficient
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CNT height
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Figure 1 (a) Schematic diagram of the operation of a vapor chamber heat spreader. CNTs/NWs are shown in
the evaporator region. CNTs/NWs are shown as vertical posts in (b) hexagonal- and (c) square-packed arrangements on a copper substrate. (d) Plan view of square-packed posts where D is the post diameter and p is the
nondimensional pitch (color figure available online).
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between evaporator and condenser sections. One of the major limits to vapor chamber
performance comes from the capillary limit [3] of the wick structure, which determines
the maximum heat input that the device can sustain without the occurrence of dry-out.
The performance is also adversely affected by the thermal resistance of the wick layer
[1, 4, 5]. Heat is transferred through the saturated wick medium by conduction and at
the liquid meniscus formed in the wick pores by evaporation. For macroscale wicks, the
thermal resistance of the wick medium tends to be the governing resistance to heat flow
[6]. However, the recent development of ultrathin nanostructured wicks may significantly
reduce this resistance; in this limit, the evaporative resistance may begin to compete. The
evaporative resistance scales directly as the liquid film thickness in the meniscus. The thinfilm region [7–9] of a liquid meniscus has been defined in different ways but generally
represents a liquid film less than 1 µm thick [10] near the solid–liquid contact line. Liquid
molecules in the thin-film region experience intermolecular attractive forces with the solid,
leading to a favorable pressure gradient for evaporation. Evaporation occurring from the
thin-film region of the meniscus has been shown to contribute as much as 60–70% of the
total heat transfer occurring from the meniscus [7, 10–12]. Hence, wick structures that lead
to a large thin-film area at a given heat load can decrease the overall wick thermal resistance
by decreasing the liquid film thickness. Nanostructures offer the possibility of engineering
wicks that can generate large capillary heads as well as support large thin-film areas.
Recently, Chen et al. [13] reported a 100% increase in the critical heat flux and
heat transfer coefficient during boiling of high surface tension liquids in silicon and copper nanowire (NW) arrays. They attributed these increases to the superhydrophilicity of
NWs, the large number of pores or cavities in the NW arrays, and their high wicking
capability. Carbon nanotubes (CNTs) were suggested as efficient wick structures for vapor
chambers by Vadakkan et al. [14]. They studied the wettability of CNT arrays with fluids such as FC-72, a perfluorinated dielectric liquid, and pointed out the benefits of dense
CNT wicks over microstructured wicks. In another study, Ujereh et al. [15] performed
pool boiling experiments on CNT-coated Si and Cu surfaces. They observed increases
of 45 and 6%, respectively, in the critical heat flux for fully CNT-coated Si and Cu surfaces. Nanowicks have been proposed as miniature wicking elements for liquid delivery
and potential microfluidic chemical analysis devices. Zhou et al. [16] proposed nanowick
strips composed of dense arrays of CNTs for applications such as microchromatography,
rate control of microcombustion, and microchip cooling.
Nanostructured wicks, or nanowicks, fabricated from CNTs and NWs are promising
for the following reasons:
1. Nanowicks have a significantly higher number of wick pores per unit substrate area than
conventional wicks, thereby increasing the thin-film area available for evaporation and
potentially offering a significant increase in nucleation sites. Excellent boiling properties (higher critical heat flux and heat transfer coefficient) have been reported for CNTand NW-coated surfaces [13], making nanowicks ideal candidates for dissipating high
heat fluxes.
2. The nanoscale pores of wetting nanowicks can lead to high capillary pressure, which
may increase the capillary limit of vapor-chamber heat spreaders. The hydrophilicity
of NWs and CNTs with water has been widely reported in the literature [13, 17–19].
Sessile-drop experiments performed by Ebbesen [20] with water on a CNT bundle
showed complete wetting of the capillary channels between nanotubes. Rossi et al.
[19] observed the liquid menisci inside straight, Chemical Vapor Deposition (CVD)fabricated CNTs using environmental scanning electron microscopy (ESEM). They
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reported a water–CNT contact angle varying between 5 and 20◦ . Similar observations regarding the hydrophilicity of CNT surfaces were made by Kim et al. [21].
Hydrophilicity and wetting contact angles can be expected to support the generation
of high capillary pressure.
3. CNTs have been reported to have a high thermal conductivity [22–26]. Wick thermal
resistance, a significant bottleneck to vapor chamber performance, may be significantly
reduced by such highly conducting nanostructures.
However, though CNT and NW structures may offer high capillary pressures and
large thin-film areas, a significant challenge in their use is their relative impermeability.
The high liquid pressure drop that results hinders the establishment of continuous flow in
the vapor chamber devices.
In this article, we assess the feasibility of using nanowicks (carbon nanotubes and
metallic nanowires grown on a smooth copper substrate) as wick materials in vapor
chambers for thermal management. We determine optimal geometric arrangements of the
CNTs/NWs necessary to obtain satisfactory thermal performance.
MODELING APPROACH
Three factors compete to determine whether nanowicks are viable for use in vapor
chambers: capillarity, permeability, and wick thermal resistance. We develop theoretical
and numerical models for these three parameters to analyze the performance of nanowicks
under the following assumptions:
1. CNTs are idealized as vertically aligned posts in both hexagonal (Figure 1b) and squarepacked (Figure 1c) arrangements on the substrate. Figure 1d shows the plan view of the
square-packed posts, and p denotes the pitch nondimensionalized by the diameter of the
CNT. It should be noted that CNT arrays are characterized by varying pore sizes and
packing arrangements. However, the present analysis based on an idealized arrangement
of CNT pillars holds for arbitrarily grown CNT forests that have the same spatially
averaged pore radius as the idealized case, at least in terms of the essential trends of
behavior.
2. The contact angle (θ ) of water with the CNT surface is assumed to be 15◦ , based on the
range of contact angles observed by Rossi et al. [19] and Kim et al. [21].
3. Continuum approximations are made in determining the liquid meniscus shape in the
wick pore and the liquid flow and heat transfer at the scale of CNTs and NWs (diameter
range = 40–300 nm). Kim et al. [21] compared their experiments on capillary filling
and the evaporation and condensation of water in CNTs (diameter range = 300–800 nm)
with simple models based on continuum theories and found good agreement. Moreover,
the hydrodynamics of water passing through CNT arrays has been studied numerically
by Walther et al. [27], and the predicted drag coefficients were found to be in reasonable
agreement with macroscopic theory. In other experiments, Fradin et al. [28] concluded
that the surface tension of water with its vapor remains unchanged down to a length
scale of 10 nm. These studies support the choice of a continuum approach in our work.
The number density & and the diameter D of the CNTs or NWs are varied in the
present study to obtain optimal parameters for the best performance of the nanowick. The
quantities &, D, wick porosity ε, pitch p (Figure 1d), and base area of the unit cell Ab
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Table 1 Wick porosity, pitch, and base area of unit cell in terms of CNT number density (per
cm2 ) and diameter (D)
Parameter

Hexagonal packing
π
1− √
2 3p2
!
2 10−4
√
D
3φ
√
3 2 2
p D
4

Wick porosity (ε)
Pitch (p)

Downloaded by [University of California Santa Cruz] at 18:03 25 August 2011

Base area of unit cell (Ab )

Square packing
1−

π
4p2

1
D

10−4
φ

!

p2 D2

are related to each other for the hexagonal and square-packed arrangements in the manner
shown in Table 1.
Nanowick Capillarity Model
The capillary pressure !Pcap generated by a wick depends on the mean curvature of
the liquid meniscus H formed in its pore and the surface tension γ LV of the liquid, as given
by the Young-Laplace equation [29]:
!Pcap = γLV

"

1
1
+
r1
r2

#

= 2HγLV

(1)

We obtain the mean curvature of the liquid meniscus in a nanowick pore under prescribed
constraints (liquid volume, contact angle) using the surface energy minimization program
Surface Evolver [6, 30]. The meniscus shape depends on the geometry (CNT diameter,
wick porosity) and the solid–liquid contact angle. The CNT diameter and wick density are
varied over 40–300 nm and 106 –1010 per cm2 , respectively, to study the effect on !Pcap .
These values are in keeping with values obtained in typical fabrication processes [31–33].
Figure 2a shows the shape of the water meniscus in a nanopore formed in the case of
square-packed posts for given geometrical parameters (p = 2, hm = r); hm is the height of
the liquid meniscus in the nanopore.
Nanowick Permeability Model
Because established correlations for the permeability of short nanowicks on a substrate are not available in the literature, we model liquid flow across nanowicks using
FLUENT, a finite volume–based flow solver [34]. Low Reynolds number flow with Re
= 0.1 (Reynolds number, Re = ρuD/µ; u is liquid velocity, and µ and ρ are liquid
dynamic viscosity and density, respectively) is modeled for both hexagonally and squarepacked vertical posts. A two-dimensional model with a unit-cell representation of CNTs is
developed. A periodic flow boundary condition is used at the liquid inlet and outlet boundaries. Computed contours of the pressure P around a CNT are shown in Figure 2b. The
permeability (K) is obtained using Darcy’s law [35]
∇P = −

µṁ
KAρ

in which A is the flow cross-sectional area and ṁ is the liquid mass flow rate.

(2)
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Figure 2 (a) The shape of the water meniscus in the nanopore formed between square-packed CNTs. The meniscus surface is puckered, exhibiting anticlastic curvature in the narrower spaces between two adjacent posts, and
the surface is synclastic in the central pore region. (b) Pressure contours (Pa) are shown in the liquid flow region
around a square-packed post (D = 100 nm, p = 1.4). The permeability of the nanowick is computed using
Darcy’s flow model for porous media. (c) Temperature contours (K) during evaporation of water from the meniscus formed in a nanopore (square-packed posts) under saturated vapor conditions (wall superheat = 2.5 K, θ =
15◦ , Tvap = 298 K). Only one quarter of the nanopore domain (in a square-packed CNT array, D = 50 nm, p = 2)
is considered. (d) Two-dimensional representation of wicking length (Lw ) across the CNT array with input heat
flux q!! on the evaporator side of the vapor chamber (color figure available online).

Wicking Length along the Nanowick
The vapor pressure drop in the chamber may be assumed to be insignificant compared to the liquid pressure drop in the wick. The capillary pressure head generated by the
wick structure must be greater than the liquid pressure drop in the wick in order to prevent
dry-out. The wicking length is a useful parameter with which to assess the performance of
nanowicks. We define it as the length to which a given mass flow rate can be transported by
the action of wick capillary pressure. It is obtained by equating the wick capillary pressure
with the liquid pressure drop for a given liquid mass flow rate in the configuration illustrated in Figure 2d. For a given input heat flux, q!!, the incoming liquid mass flow rate ṁ
per unit width of the nanowick is represented as:
ṁ! =

q̇!!
hfg Lw

(3)

The liquid mass flow rate per unit width of the nanowick can also be represented in terms
of the flow pressure drop using Eq. (2), as follows:
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ṁ! =

KLCNT ρ!P
µLw
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(4)

The wicking length (Lw ) can then be written as a function of wick thickness (or CNT height
LCNT ), !Pcap and K as
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Lw =

!

KLCNT ρ!Pcap hfg
µq̇!!

(5)

in which hfg is the latent heat of vaporization of water. Equation (5) is obtained by equating
the mass flow rates in Eqs. (3) and (4) with !P = !Pcap .
Higher wicking lengths are desired for designing vapor chambers that resist dry-out.
Evaporation Model
The evaporative resistance of the liquid meniscus formed in the nanopore is computed numerically using an evaporating meniscus model [36] developed previously.
Evaporation at the liquid–vapor interface in the nanopore is computed for a given wall
superheat under saturated vapor conditions using the relation given by Schrage [37].
Temperature contours in the liquid and solid domains for one such case are shown in
Figure 2c. The evaporative heat transfer coefficient (hevap ) at the liquid–vapor interface
is obtained using these simulations.
Thermal Resistance Model of the Nanowick
The thermal resistance of the nanowick is estimated using the resistance network
model shown in Figure 3a and 3b. The thermal resistance from the substrate to the vapor
consists of three resistances, viz. the conduction resistance through the liquid (R1 and R2 )
and the evaporative resistance at the liquid meniscus, R3 . R1 depends on the shortest path
for heat conduction from the CNT wall to the meniscus, and R2 depends upon the liquid
meniscus height, hm . To calculate R3 , an evaporative heat transfer coefficient of 8.7 × 105
W/m2 K at the liquid meniscus is obtained from the evaporation model discussed above.
The area-averaged shortest distance of the meniscus from the CNT wall and the meniscus
area are both obtained from the capillarity model.
We now discuss results obtained from the various models presented above.
RESULTS AND DISCUSSION
Capillary Pressure and Permeability of the Nanowick
The variation of !Pcap and K of the nanowick are studied as functions of the wick
density, porosity, and CNT diameter. Figure 4a shows the variation of !Pcap with & and D
for both hexagonal- and square-packed arrangements. The capillary pressure increases with
increasing CNT density &. When the number of CNTs per unit substrate area increases, the
wick pore size decreases, leading to an increase in !Pcap . For a given &, the wick porosity
depends on the CNT diameter. A larger diameter leads to smaller porosity (Table 1), again
leading to an increase in !Pcap . For & > 109 per cm2 , !Pcap (which is > 105 Pa) is
two to three orders higher than that of a typical sintered particle wick, which is on the
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Figure 3 (a) The thermal resistance network model is illustrated for hexagonally packed CNTs on a substrate.
R1 and R2 are the conduction resistances in the liquid in the nanopore from the CNT surface and the substrate,
respectively; R3 is the evaporative resistance of the water meniscus. Twall , Tvap are the substrate and vapor temperatures, respectively. hm represents the meniscus level in the nanopore. (b) Path for heat transfer from substrate
to vapor (color figure available online).

order of 103 Pa. The permeability K is normalized with r2 and its variation with wick
porosity for both packing arrangements is plotted in Figure 4b. K increases with increasing
wick porosity ε. Alternatively, K decreases with increasing nanowick density &. D and
ε are varied from 100 to 1,000 nm and 0.3 to 0.99, respectively, to obtain permeability
correlations for different porosity ranges using a least-squares curve fit as follows:
K=

0.0722r2 ε4.68
Hexagonal packing
(1 − ε)1.62

(6)

0.4191r2 ε5.48
Square packing
(1 − ε)1.1

(7)

K=

Wicking Length and Thermal Resistance of the Nanowick
An input heat flux (q!! ) of 1 W/cm2 and LCNT of 100 µm are assumed in obtaining the wicking length along the nanowick. As shown in Figure 4, the wicking length
first increases and then decreases with increasing nanowick density &. Both the available
capillary head (!Pcap ) and the liquid flow resistance (i.e., the viscous pressure drop determined by K) increase with increasing &. From Eq. (3), Lw2 is proportional to K!Pcap .
The product K!Pcap therefore first increases and then decreases with increasing wick
density. The trade-off between !Pcap and K leads to a maximum in Lw at a nondimensional pitch p ∼ 5 (this pitch corresponds to the peaks observed in Figure 4c and 4d

PASSIVE TWO-PHASE HEAT TRANSPORT
102

106

Hex-packed
Square-packed

101

105
K/r2

104
103

101
107

108

109

Hex-packed

10–2

Square-packed

1010

10–3

1011

0.4

0.8

0.6

CNT density φ (per cm2)

Porosity

(a)

(b)
40 nm
100 nm
300 nm

Wicking Length Lw (m)

0.02

0.015

0.01

0.005

106

100
10–1

40 nm
100 nm
300 nm
40 nm
100 nm
300 nm

102

100
106

Wicking Length Lw (m)

Downloaded by [University of California Santa Cruz] at 18:03 25 August 2011

Capillary Pressure ∆p (pa)

107

187

107
108
109
1010
CNT density φ (per cm2)

(c)

1011

40 nm
100 nm
300 nm

0.02
0.015
0.01
0.005
0

105

106
107
108 109
1010
CNT density φ (per cm2)

(d)

Figure 4 Variation of (a) !Pcap and (b) permeability with & for hexagonal- and square-packed posts. Variation
of wicking length with CNT density for various diameters for (c) hexagonal and (d) square packing, where the
peaks indicate the optimum CNT density required for maximizing the wicking length.

for various CNT diameters) for all cases of CNT diameters in both packing arrangements. The optimum pitch is determined to be approximately 5D for any CNT diameter.
Also, wicking lengths are very small (Lw |max = 2 cm for D = 300 nm) even for a modest input heat flux of 1 W/cm2 . For higher heat fluxes, Lw would be even smaller. This
suggests that nanowicks on a smooth substrate would perform poorly in the evaporator
section of typical heat spreaders for microelectronics thermal management, which have
footprint areas larger than 4 cm2 . The primary shortcoming of nanowicks is the liquid flow
resistance.
The variation of thermal resistance with & and D is shown in Figure 5a (hexagonal
packing) and Figure 5b (square packing). The wick thermal resistance depends on the liquid level hm in the wick pore, which is varied to study its effect on thermal resistance. It
is observed that the thermal resistance of the nanowick (on the order of 1 K mm2 /W) is
much smaller than the wick resistance of typical sintered or screen-mesh wicks, which is
on the order 1 K cm2 /W [3–6]. Also, the wick resistance becomes independent of the
CNT density, diameter, and liquid level for large densities (>108 per cm2 ). The wick
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Figure 5 Variation of wick resistance with & for (a) hexagonal- and (b) square-packed posts.

resistance calculation does not account for the CNT-Cu interface thermal resistance. Cola
et al. [38, 39] reported this interface resistance to be on the order of 1 K mm2 /W for moderate applied pressures. Therefore, the interfacial thermal resistance of nanowicks would
be equivalent to the conduction resistance of the liquid and the evaporative resistance of the
meniscus combined. Even with this added interface resistance, it is clear that nanowicks
would significantly outperform existing commercially available wicking materials in terms
of thermal resistance.
Nanostructure-Enhanced Microstructured Wicks
As discussed above, nanowicks have excellent thermal properties for use in vapor
chambers. However, the capillary head generated by the nanopores is not sufficient to support liquid flow over a distance greater than 2 cm. To overcome the difficulties posed by
the low nanowick permeability, we propose an alternative wick design with high permeability and enhanced evaporation characteristics. We now study a case where the surface
of a sintered copper particle wick structure with high permeability (K ∼ 10−10 m2 ) [3]
is enhanced using CNTs or NWs. Such a design for the wick structure is inspired by the
use of biporous wick structures [40] and integrated nanostructured wicking surfaces [41]
to enhance wick permeability and reduce its thermal resistance. Heat pipes made with
sintered particle wick structures have been shown to sustain high heat fluxes of up to
100 W/cm2 [42]. Moreover, theoretical models [6] have shown that sintered particle wick
structures possess the highest wicking capability among common wick structures and provide enhanced thin-film evaporation. If CNTs are grown on the particles in the wick, the
number of wick pores for evaporation heat transfer would be enhanced. In this work, we
utilize simple theoretical and numerical models to estimate the maximum and minimum
gains in thermal performance of sintered particle wick structures due to nanostructuring
using CNTs.
An increase in the thin-film area due to the CNTs present on the sintered particles is
estimated using the capillarity model. The meniscus area in a given particle arrangement
and solid–liquid contact angle is again computed using the program Surface Evolver [30].
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Figure 6 Illustration of CNT-enhanced sintered copper particle wick (not to scale, 2D representations of the 3D
calculations shown here): (a) particles with no enhancement, (b) particles with nonwicking CNTs, and (c) particles
with completely wicking CNTs. Cases (b) and (c) represent the extreme scenarios for the wicking ability of the
CNT forest (color figure available online).

Sintered particles are assumed to have a square-packed arrangement with ε = 0.56 and
particle diameter = 100 µm (Figure 6a). The CNTs are assumed to be square-packed
vertical posts on the surface of the particles. The CNT density & is varied from 106 to 4 ×
1010 per cm2 with a CNT diameter D = 50 nm and a CNT height LCNT = 1 µm. The area of
the liquid meniscus covering the particle is computed using the capillarity model, but only a
film thickness smaller than LCNT (1 µm) is considered because only CNT pores that are not
fully submerged contribute to the enhancement of the thin-film area. The number of such
CNT pores is computed based on the given CNT density. For each CNT pore, the meniscus
area is computed using the nanowick capillarity model, assuming a CNT–water contact
angle of 15◦ [19, 21]. The number of CNT pores that contribute to the enhancement of the
thin-film area depends on the wicking ability of the CNT forest. We study two extreme
cases: (1) when CNTs are nonwicking (Figure 6b) and (2) when the CNTs are completely
wicking (Figure 6c) and all CNT pores on the particle surface contribute to enhancement
in thin-film area.
The thermal resistance of the CNT-enhanced sintered particle wick is computed
using a resistance network model, shown in Figure 7a and 7b. This is an approximate
resistance model that accounts for conduction and evaporation through the wick structure. This model does not apply when estimating the wick thermal resistance at high heat
inputs (when boiling occurs in the wick structure) and/or when there is high contact resistance between the particles of the wick structure. We used a similar model [6] to estimate
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Figure 7 (a) Thermal resistance network and (b) path for heat transfer from a nanostructure-enhanced
microstructure wick.

the thermal resistance of sintered particle wicks. An octahedral volume around a spherical particle in the wick is chosen as the representative unit cell. A three-dimensional
packing of spheres with N layers is assumed. The particles are hexagonally packed in
each layer and arranged in a simple cubic packing in the vertical direction. Heat flows
from the hot substrate wall to the liquid–vapor interface by conduction. Convection in
the liquid may be ignored in comparison to conduction through the solid sintered material. Also, thermocapillary convection is not considered because its effect on heat transfer
has been shown to be negligible at small superheats [36]. Heat transfer from the liquid
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to vapor occurs by evaporation at the liquid–vapor interface formed in the top layer of
the wick pores. The temperature varies along the liquid meniscus because of the variation in evaporation rates resulting from the variation in film thickness [36]. Hence, two
separate paths are considered, viz. the thin-film path and the intrinsic meniscus path (or
the non-thin-film path), for heat transfer from the top layer of spheres to the vapor [6].
A separate heat transfer path through the meniscus formed in the nanopores of the CNTs
is included in the network. The seven thermal resistances R1 , R2 , R3 , R4 , R5 , R6 , and R7 ,
shown in Figure 7a, result from (1) R1 : the conduction resistance due to (N − 1) layers of spheres (solid) and interstitial liquid; (2) R2 , R3 , R6 : the thermal resistance offered
by the liquid for conduction from the top layer of spheres to the menisci formed in the
thin-film region, the intrinsic region, and the CNT pores, respectively; and (3) R5 , R4 ,
R7 : the evaporation resistance of the liquid menisci formed in the thin-film region, the
intrinsic region, and the CNT pores, respectively. These resistances can be represented
in terms of the meniscus area, the thin-film area, and the shortest path to the meniscus from the sphere surface (for conduction resistances), computed from the capillarity
models [6]. The total wick thermal resistance due to conduction in the liquid and evaporation at the liquid–vapor interface (network shown in Figure 7b) is computed for varying
CNT density. We note that the enhancement in thin-film area will depend on the number
of CNT pores. The maximum number of such CNT pores depends on the unsubmerged
surface area of the particles and is determined by the meniscus level h in the wick
pore (Figure 7a). We vary the meniscus level h to determine its effect on the total wick
resistance.
The evaporation heat transfer coefficients at the liquid menisci formed in the particle
and CNT pores are computed using the evaporation model [36] as discussed before. The
particle (copper)–water contact angle is assumed to be 30◦ [3] and the CNT–water contact
angle is taken as 15◦ [19, 21]. The effective thermal conductivity of the saturated sintered
particle wick determines the thermal resistance due to underlying particle layers (R1 ) in the
sintered wick and is assumed to be 5 W/mK [3, 43].
The enhancement of a particle surface with CNTs leads to a decrease in the wick
thermal resistance, as shown in Figure 8. The minimum wick resistance is realized for the
case when h/rp = 0.6 and the CNTs are completely wicking. For h/rp = 0.6, the number
of CNT pores on the particle surface is larger than those for h/rp = 1 and 1.4. It can be
concluded that growing CNTs on the particle surface will lead to a decrease in the thermal
resistance of the wick for all cases (wetting/nonwetting CNTs) except when & > 3 × 1010
per cm2 (corresponding to p < 1.15). For very high CNT densities (& > 1010 per cm2 ), the
thermal resistance of the CNT-enhanced wick starts to increase mildly. This is because an
increase in CNT density leads to a larger number of nanopores on the particle surface. It is
accompanied by a decrease in the meniscus area formed in each nanopore. The total area of
the liquid menisci formed in the CNT nanopores is found to first increase with increasing
& and subsequently decreases when & > 1010 per cm2 . This leads to a mild initial decrease
in the total wick thermal resistance as the CNT density is increased. The minimum thermal
resistance is observed at a CNT density equal to 109 per cm2 . The maximum decrease in
wick thermal resistance (h/rp = 0.6, & = 109 per cm2 for completely wicking CNTs) is
14% compared to the no-CNT case (Figure 6a). For the case of nonwicking CNTs, the maximum decrease in thermal resistance due to CNTs is approximately 3%. Completely nonwicking CNTs lead to an increase in the wick thermal resistance for & = 4 × 1010 per cm2 .
From this study, we conclude that hydrophilic CNTs of moderate densities (& = 108 –1010
per cm2 ) on sintered particles can decrease the thermal resistance of the wick structure by
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Figure 8 Thermal resistance of CNT-enhanced sintered particle wick obtained from the thermal resistance network (Figure 7a and 7b) plotted for varying CNT number density. The liquid level in the wick pore is varied from
h/rp = 0.6 to 1.4. Resistance values for the three cases shown in Figure 6a–6c are plotted for comparison (color
figure available online).

3–14% depending upon the wicking ability of the CNTs. The extent of wicking in the CNTs
determines the enhancement in thermal performance of the wick structure. Our earlier
analysis shows that hydrophilic CNTs will be able to wick the liquid all along the exposed
particle surface by capillary action because the required Lw in this case is only 0.2 mm.
CONCLUSIONS
In the present work, we have assessed the feasibility of using nanowicks (carbon
nanotubes and metallic nanowires grown on a planar copper substrate) as wick materials
in heat spreading devices such as vapor chambers for passive fluidic transport and thermal
management. We have developed models based on continuum analyses to predict capillarity, permeability, and thermal resistance of nanowicks. Nanowicks, due to their small
dimensions, can generate much higher capillary pressure than typical commercially available wicks. However, the permeability of these wicks is very small, leading to very high
resistances to liquid flow. An optimum pitch (center-to-center distance between CNTs) of
approximately five times the post diameter can achieve the maximum wicking length in
nanowicks. Our analysis shows that the use of nanowicks can lead to a decrease in the
wick thermal resistance by two orders of magnitude compared to commercially available
wicks. To overcome the limitations due to low permeability, we propose a CNT-enhanced
sintered particle wick microstructure and show that hydrophilic CNTs can lead to a 14%
decrease in the thermal resistance of the wick.
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