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a b s t r a c t
We constructed a low thermal resistance, multi-artery heat pipe spreader vapor chamber by designing a
thin (monolayer) evaporator wick and distributed permeable columnar arteries supplying liquid (water)
to highly concentrated heat source region. The condenser wick is layered copper screens in intimate contact with the columnar arteries. The vapor chamber is sealed and externally surface-convection cooled on
the condenser side. For the evaporator wick and arteries, sintered, surface etched-oxidized copper particles are used to enhance wettability.
The measured evaporator thermal resistance is less than 0.05 K/(W/cm2) using a 1 cm2 heat source, and
the critical heat ﬂux is about 380 W/cm2. This is in good agreement with thermal–hydraulic network
models prediction, 389 W/cm2. The resistance is dominated by the small effective thermal conductivity
of the evaporator wick and by the small conduction path through the receding meniscus within it. This
resistance decreases nonlinearly with the heat ﬂux, due to a decrease in the radius of the receding
meniscus.
Ó 2010 Published by Elsevier Ltd.

1. Introduction
Heat pipes are widely used in the thermal management of highperformance electronic devices, as they offer simple, reliable and
passive cooling solutions. However, conventional heat pipe performance deteriorates under high heat ﬂux with concentrated heating, and its cylindrical geometry mismatches planar interface of
semiconductor devices and packages. So, thin, planar heat pipes
have been examined, mostly micro-fabricated silicon or metallic
wick structures capable of heat ﬂuxes below 200 W/cm2 [1–3].
However, many new semiconductor devices (e.g., dense array
power ampliﬁers for microwave and radio-frequency applications,
power-conditioning and switching devices for electrical propulsion
applications) dissipate heat ﬂuxes greater than 250 W/cm2 over
areas of the order of 1 cm2. This high ﬂux heat removal is limited
by the large thermal resistance of the liquid-ﬁlled evaporator wick
(small effective thermal conductivity), unless it is made very thin.
Thus, the optimal design requires an evaporator wick with strategic, distributed liquid supply, effective vapor removal, and a short
conduction path.
Biporous wicks [4,5] and multi-artery wick [6,7] allow for such
strategic liquid supply and vapor escape through high permeable
wicks and a large evaporation area. Similarly, small thermal–
hydraulic resistance has been used in the modulated-wick heat
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pipe [8] and in pool boiling [9] to enhance the critical heat ﬂux
(CHF). These enhancements are mainly limited by the fabrication
challenges in the modulation pitch and the height-to-base aspect
ratio, but fabrication advances continue to be made [10].
Here, we describe fabrication and testing of a multi-artery heat
pipe spreader (MAHPS), and extend the analysis [6] to include our
experimental observation of a receding meniscus inside the thin
evaporator wick. This meniscus recession makes for an extremely
low evaporator thermal resistance (which is many times larger in
the uniform artery vapor chamber [11]) in the pre-CHF regime.
2. MAHPS construction
The multi-artery heat pipe spreader (MAHPS) is a vapor chamber using posts as liquid artery, as shown in Fig. 1. Heat and liquid/
vapor ﬂow paths, from heat source to the external heat sink, along
with the evaporator, arteries, and condenser, are also shown. MAHPS has a thin evaporator wick and multilayer screen condenser
wicks connected by the capillary arteries. The capillary arteries deliver liquid from the condenser to the evaporator wick due to smaller meniscus radius at the evaporation sites. Water is used as
working ﬂuid for high capillary pumping pressure (surface tension)
and large heat of evaporation. Phase change occurs at the liquid–
vapor interface on the evaporator and condenser wicks, and the
generated vapor spreads and moves toward the condenser, where
it is uniformly condensed over a large area. The condensed liquid
returns towards the evaporator through the capillary suction.

Author's personal copy

2663

G.S. Hwang et al. / International Journal of Heat and Mass Transfer 53 (2010) 2662–2669

Nomenclature
A
D
d
F
g
K
k
L
p
Q
q
R
T

(cross-section) area (m2)
diameter (m)
(column) diameter (m)
constant
gravitational acceleration (m2)
permeability (m2)
thermal conductivity (W/m-K)
length (m)
pressure (Pa)
heat ﬂow rate (W)
heat ﬂux (W/m2)
resistance (K/W)
temperature (K)

thickness (m)
viscosity (Pa-s)
density (kg/m3)
surface tension (N/m)

d

l
q
r

Subscripts
a
apparent
c
capillary, column, condenser
e
evaporator
eff
effective
f
ﬂuid
p
particle or pore
lg
liquid–gas phase change, or saturation
s
surface or solid
w
wick

Greek symbols

porosity

Evaporator and artery wicks are fabricated by sintered copper
powders, and then surface etched-oxidized for improved wetting.
Small particles dp;e ¼ 60 lm are used in the evaporator for a low
thermal resistance, whereas large particles, dp;c ¼ 150 lm are used
in the posts for large permeability. The evaporator wick extends
beyond the heater area, up to approximately 8 cm2 [6]. No wick
is used outside this area, so all liquid delivery is through the permeable arteries to the evaporator wick. An array of 12 arteries is
used, and their diameter is optimized including the fabrication
constraints [6]. The condenser wick is fabricated by two layers of
145  145 mesh copper screen, covering an entire area (Fig. 1). In
addition, another two-layered strips of the same mesh screen in
1.9 cm width are used along the central line (rather than whole
layers) to minimize the total amount of screen being used without
hydraulically limiting the performance. The vapor chamber is
made of two copper plates (CDA-101), welded after wick fabrication to form a sealed vapor space. The heater size is 1  1 cm2,
and the condenser size is 12  7 cm2. Dominant heat transfers
through the evaporator wick with small heat spreading, and this
leads to evaporation mostly at the base of the arteries [6].

3. Experiment
3.1. Heat ﬂow and wick superheat measurement
MAHPS is tested in a set up shown in Fig. 2, with Joule heating
provided through a copper block with embedded four cartridges
capable of up to 1 kW (controlled by a Variac). Heat then ﬂows
through a 1 cm2 rectangular pedestal extending from MAHPS.
Two thermocouples in the pedestal are used to determine the heat
ﬂow rate q with the Fourier law, and the evaporator surface temperature (beneath the evaporator wick, T s ) by extrapolation. The
vapor (saturation) temperature T lg is measured with a thermocouple spaced in the vapor space, and assuming thermal equilibrium.
The wick superheat is T s  T lg .
MAHPS is insulated using Kaowool™ insulation. However, there
are heat losses from the heater and heater–pedestal interface, causing measurement uncertainties both in the heat ﬂow and wick
superheat. An uncertainty analysis is performed by considering the
precision uncertainty of the DAQ system (assumed negligible by
averaging every 10 samples), the uncertainty in the thermocouples,
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Condensation
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dc
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Fig. 1. A schematic of MAHPS. The thin evaporator wick, liquid arteries, multiple screen layer condenser wick (including central strips), are shown. Phase change, heat, liquid
and vapor ﬂow paths, and key dimensions are also illustrated. Images of monolayer evaporator wick, liquid artery posts, and screen condenser wick are also shown.
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Condeser Water Controller, T = 40°C

MAHPS

Fig. 2. A schematic drawing and image of the test section. The heater block, rectangular pedestal, MAHPS, condenser water cooler, and thermocouple placements are also
shown.

±0.06 K (determined through constant temperature bath calibration), the distance measurement in caliper, 0.001 in, and the thermal conductivity of copper, ±0.5% [12]. These uncertainties are
summed to attain a total bias uncertainty for q = 100 W, 200 W,
and 400 W, varying from 0.8% to 1.7%. This uncertainty decreases
with increasing ﬂux, but even maximum values are too small to account for differences found amongst tests. Further investigation
shows that the dominant source of uncertainty results from the
clamping of the heater to MAHPS. From 10 individual tests at
q = 100 W, the standard error, Dqs , is found to be 3.3 W/cm2 relative
to the difference between the vapor and condenser temperatures.
The corresponding bias uncertainty is then 6.6 W/cm2, using the
given relation [12]

Dqe ¼ F Dqs ;

ð1Þ

3.2. Characterization of evaporator wick
Fig. 3(a) is a SEM micrograph of the monolayer, sintered nonoxidized copper powder evaporator wick. The wick effective thermal conductivity is predicted hkw;e i using a relation for bulk porous
media [13]

hkw;e i ¼ kf

 0:2800:757 logðw;e Þ0:057ðks =kf Þ
ks
;
kf

ð2Þ

where w;e is the porosity of wick, kf and ks are the thermal conductivities of water and copper. Since we have a monolayer, we also use
a relation for the half-diameter region adjacent to planar surface
[14]

hkw;e i
1  w;e
¼ w;e þ
:
kf
2/w þ 2 kf

ð3Þ

3 ks

where F is a constant, and F = 2 is used because we have 10 tests.
This corresponds to an overall uncertainty in heat ﬂux of ±9%. This
uncertainty is also propagated through to the extrapolated evaporator temperature and eventually to the wick superheat. However, the
resulting superheat uncertainty is neither constant in magnitude or
percentage, varying from 2% to 6% for wick superheat ranging from
3 to 20 °C.
For heat removal, an aluminum water cooled block is mechanically fastened to the condenser side of the MAHPS with a graphite
foil thermal interface. The cooling water is kept a constant ﬂow
rate of 12 gph and a constant inlet temperature of 40 °C throughout the test. The coolant ﬂow rate is chosen to minimize calorimetry uncertainties and to allow for a nearly constant coolant
temperature across the condenser, which is DT  5  C at 250 W/
cm2. The condenser temperature is measured at six different locations. MAHPS is tested where the axial direction of the arteries is
perpendicular to gravity vector (no gravity effect is expected due
to the small Bond number).

Using Eqs. (2) and (3), hkw;e i ¼ 10 and 4.6 W/m-K, assuming w;e =
0.4. We expect the effective thermal conductivity of the monolayer
to be between these two and use hkw;e i ¼ 6 W=m-K.
The wick permeability K is measured using the liquid rising rate
caused by capillary suction [15,16]. The relation is [15,16]

z



dz
K
2r
 qgz ;
¼
dt w;e ll rc;min

rc ¼

rp
;
cos hc

ð4Þ

where K is the permeability, w;e is the porosity of the evaporator
wick, and r c;min is the effective capillary meniscus determined by
the pore radius rp and the contact angle of the wick surface hc ,
and z and ll are the rising height and the viscosity of the liquid.
Wicks (1 cm  5 cm) are placed along the gravity vector above a
liquid pool. The upper part of the wick is held by a sample holder
connected to the z-stage. The wick is slowly lowered using the
z-stage and upon touching the reservoir the liquid rises quickly.
Methanol is used as the test liquid. The contact angle of water
on unoxidized Cu surfaces is too large to achieve spontaneous
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and the choice of test liquid does not affect the ﬁnal results. For
ease of visualization (contrast between dry and wet regions),
0.1% (by weight) Fluorescein is premixed with the methanol, and
the wick surface is illuminated using a LED lamp (Philips Luxeon
3). Upon the bottom tip of the wick touching the liquid surface,
the rise of the three-phase contact line (transient capillary height)
is recorded using a high speed camera (Fastcam MC2, Photron)
with 500 fps. The light intensity distribution is also measured to
quantify the rising height. The recorded height-time data are curve
ﬁtted using Eq. (4), and the magnitude of K=rc is obtained from the
best ﬁt which minimizes the mean absolute deviation (M.A.D.,
average value of ðt m  tc Þ=t c  100ð%Þ, tm is the measured value,
and t c is the calculated value). We also use porosity w;e ¼ 0:5 [image analysis from Fig. 3(a)]. The methanol properties at T = 23 °C
are used [17], as summarized in Tables 1 and 2.
Fig. 3(b) shows snap shots for the rising liquid. Due to the small
contact angle of methanol, liquid rises quickly through the wick.
The contact line shows some ﬁngering, because of the heterogeneities in the wick. The reﬂected light intensity distribution is averaged along the width of the wick to minimize the effect of this
nonuniformity. Initially, a macroscopic meniscus forms at the tip
of the wick, and the maximum height of the meniscus is estimated
as 2.4 mm, using the following relation [18]

100 µm

(a)

8 mm

zmax ¼

z

t = 0, s

0.1

0.2

0.3
(b)

6

0.4

0.5

0.6

Liquid Methanol

Test Liquid: Methanol
T = 23 oC

5

z, mm

4

Experiment
3



2r
qg

1=2

ð1  sin ha Þ1=2 ;

ð5Þ

where ha represents the apparent contact angle. In order to separate
this tip wetting effect from the internal wicking, the maximum
height of the meniscus is subtracted from the data (with the associated time), and then ﬁtted while removing the initial 100 ms data,
to minimize the dynamic effect caused by the macroscopic meniscus formation.
Fig. 3(c) shows the measured rising height as a function of the
time, and also compares with the discussed best ﬁt. The sampling
rate is 500 fps. The magnitude of M.A.D. is 3%. Each measurement
is repeated three times, and the average value of K=r c;min is measured as 1:56  107 m with 2:52  109 m standard deviation.
Since the monolayer wick has a free surface with a measured, zero
contact angle, we use the particle radius as the effective capillary
meniscus [19], i.e., rc;min ¼ rp where r p ¼ 30 lm. As a result, we
have K ¼ 4:68  1012 m2 . This value is used for the network model
[6].
3.3. Oxidization of evaporator wick

2

Prediction, Eqs. (4) and (5)

1
0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

t, s
(c)
Fig. 3. (a) SEM micrograph of monolayer, sintered, non-oxidized copper powder
evaporator wick (on copper substrate), showing large void spaces. The liquid
initially ﬂoods the wick, and as the heat ﬂux increases, the meniscus recedes. (b)
Snap shots of liquid methanol rising through an evaporator wick, front view. The
width of each image is 8 mm. (c) Measured liquid rise height as a function of time,
and comparison with the best ﬁt using Eqs. (4) and (5).

capillary rise. Methanol wets both unoxidized and oxidized copper
surfaces very well and provides acceptable optical contrast between dry and wet regions. We note that the capillary rate of rise
experiment was conducted to characterize permeability (K) and
pore radius ðrp Þ. Both factors are determined by the wick geometry,

Copper is a choice wick material for its high thermal conductivity and favorable processing properties. At moderate temperatures,
water is the liquid choice of its low cost, ease of handling and high
ﬁgure of merit [8]. However, poor wettability of water-copper
ðha  90 Þ hinders high performance and should be remedied.
We apply a thermal oxidation process to enhance wetting of the
evaporator copper wick. Oxidizing a copper surface is a convenient
way to enhance the wetting by changing both the surface energy
and roughness. During the thermal oxidation process, a Cu2O layer
ﬁrst forms on the copper surface, and when this Cu2O layer reaches
Table 1
Methanol properties for capillary rise in the evaporator wick, at T = 23 °C [17].
Parameter

Quantity

Magnitude

q
r

Density
Surface tension
Viscosity
Contact angle
Apparent contact angle

788.1 kg/m3
22.43 mN/m
5.706  104 Pa-s
<5°
0°

ll
hc
ha
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Table 2
Geometric parameters for MAHPS design.
Parameter

Quantity

Magnitude

Ah
Ac
Lc
Lp
Ls;e
Ls;c
dp;e
dw;e
dc
ml

Heater area
Condenser area
Column height
Pitch of arteries
Evaporator wall thickness
Condenser wall thickness
Evaporator wick particle diameter
Evaporator wick thickness (ﬂooded)
Column diameter
Fluid charge mass

1  1 cm2
12  7 cm2
2.6 mm
3.52 mm
1 mm
1 mm
60 lm
60 lm
2.2 mm
2.55 g

a critical thickness of about 90–300 nm [20], a CuO layer begins to
grow. It has been reported that the CuO layer grows only at the elevated temperature of about 260 °C [20].
Investigation of the effect of temperature (150–250 °C) on the
wettability and the morphology of a copper surface has shown that
higher temperatures induce larger wettability enhancement and
higher roughness factor [21]. However, the oxide layer grown at
high temperatures tends to peel off, because of induced thermal
stress [21]. We thermally oxidize a sintered copper powder at
150 °C to avoid this thermal stress problem. To enhance the oxidation rate, the oxidation is conducted under wet condition [22].
First, we fully saturate the wick with water, and then heat to
150 °C in an oven, until the wick is completely dry. The wick is continuously heated at 150 °C for 1 h and saturated with water every
5 min. The saturation-drying cycle is repeated 12 times.
Fig. 4(a) and (b) show SEM micrographs of a copper particle in
the evaporator wick before and after oxidation. Magniﬁed images
are also shown in the insets. Fig. 4(c) and (d) also show water droplets placed on the wick surfaces. The apparent contact angle on the
wick surface is measured using a droplet (4 ll) of water placed on

the wick and then image of droplet is recorded and analyzed using
a goniometer (First Ten Angstroms, FTA 4000A). Because of the
nonuniform distribution of sintered copper powder, the contact
angle is measured at 10 different locations and the averaged value
is used with the standard deviation. Before the oxidation, water
does not wet the wick well and the apparent contact angle was
measured to be 93.9 ± 5.8°. After this oxidation, the contact angle
decreases to 42.8 ± 5.7°, however, in general oxidation results in
even better wetting. So, this contact angle is larger than in the permeability experiments (near ideal wetting with methanol in Section 3.2). It should be noted that wetting may improve in the
geometrically conﬁned pores, and these overlapping surface forces
results in more hydrophilic-like wetting. Thus, we assume ideal
wetting in our modeling (Section 4).
In general, wetting is enhanced by increases both in surface energy and surface roughness. However, we believe that the increase
in surface roughness is not the primary cause of the improved wetting. The effective contact angle ha by surface roughness given by [23]

cos ha ¼ fr cos hs ;

ð6Þ

where hs is the contact angle of a smooth surface, and fr is a roughness factor (fr ¼ Ar =Ag , Ar is real surface area and Ag is smoothed surface area). In our individual contact angle test [21], the measured
contact angle of air-exposed smooth copper substrate is hs  85 ,
and even with 50% increase in the roughness factor ðfr ¼ 1:5Þ, the
predicted apparent contact angle change is negligibly small,
ha  82:5 . This implies that the signiﬁcant increase in surface wettability results from the increase in surface energy, and not the increase in the surface area.
Indeed, a thermal oxidation process creates a thin, oxidized layer
on the wick surface, which in turn increases a thermal resistance.
However, the overall increase is expected to be small because of
its thin layer, 0.2 lm. This oxidize layer also improves wetting,
which in turn enhances CHF by increasing capillary pressure. Our

Fig. 4. A droplet (4 ll) of water placed on a sintered copper powder wick, (a) before ðha ¼ 93:9  5:8 Þ, and (b) after oxidation ðha ¼ 42:8  5:7 Þ. SEM micrographs of a
sintered copper particle, as a part of the evaporator wick, (c) before, and (d) after oxidation. Magniﬁed images are also shown in insets.
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the heat transfer rate, Dhlg is the enthalpy of vaporization.In the
hydraulic limit, the liquid pressure drop reaches the maximum capillary pressure.CHF is expected to occur when the base of the central
liquid arteries dries out due to the largest hydraulic resistance.Although qCHF depends on the hydraulic resistance of condenser, arteries, evaporator wick, the evaporator wick dominates,
Rl;e =Rl;t ¼ 0:8 due to small permeability and cross-section
ðRl;a =Rl;t ¼ 0:05 and Rl;c =Rl;t ¼ 0:15Þ where Rl;e ; Rl;a ; Rl;c are the resistance in the evaporator, artery, condenser wicks, respectively.Rl;t
is the total resistance of the central liquid artery ðRl;t ¼ Rl;e þ
Rl;a þ Rl;c Þ.For the wick cross-sectional area Aw;e , the wick thickness
hdw;e i ¼ 18 lm [assumed, effective wick thickness when considering meniscus receding at high heat ﬂuxes prior to CHF, Fig.5(b)] is
used to predict CHF. The model predicts qCHF;p ¼ 389 W=cm2 , and
shows good agreement with the experimental result of 387
W/cm2.Here, this suggests that the hydraulic limit is reached ﬁrst
prior to the wick superheat limit due to no signiﬁcant hydraulic
transition behavior in the experimental data.As a reference, we also
show the plain-surface pool boiling CHF, qCHF [13], and this notes
that the arteries are much more effective than the liquid–vapor
counter ﬂow of pool boiling. This is because the arteries effectively
separate the liquid and vapor phases, and allow for strategic, local
liquid delivery.
The measured evaporator thermal resistances Ah Rk;e , deﬁned as
dDT=dq here [as indicated in Fig. 5(a)], vary with the heat ﬂux. This
is due to the receding meniscus in the evaporator wick, represented by a heat ﬂux-dependent effective wick thickness
hdw;e ðqÞi. The proposed three regimes, related to the meniscus recesses, are shown in Fig. 5(b), starting with the ﬂooded wick for
q = 0. At the hydraulic limit qCHF;p , the effective wick thickness
reaches a minimum value where the contact line recedes and its
radius decreases. These combined mechanisms are proposed for a
nonlinear decrease in the wick thickness, with increasing q, and
here for simplicity we use a quadratic relation

experimental results show that this beneﬁt of thin oxide layers surpasses its small parasitic thermal resistance.
4. Results and discussion
Fig. 5(a) shows experimental results for variations of the heat
ﬂux q (up to the critical heat ﬂux qCHF ) with respect to the evaporator wick superheat T s  T lg . It should be noted that a full liquid
(water) charge (fully-ﬂooded wicks) was used. The theoretical
ideal charge is complete wick saturation without excess liquid. If
the total volume of liquid is less than the wick void volume, CHF
will not be maximized due to insufﬁcient liquid supply to the evaporator. If signiﬁcant excess liquid exists, effective condenser area is
reduced, resulting in a larger condenser resistance and testing has
also shown adverse effects on evaporator resistance. To ensure
optimal liquid charge, the total void volume was estimated based
on wick porosity, and the MAHPS is initially charged with 120%
of this liquid volume. The MAHPS is tested at 4 different charges
to identify the minimum liquid charge, which did not reduce the
CHF. This charge, 2.55 g, is used for all experimental results presented throughout this paper. The experiments were repeated
three times for repeatability, and only one set of data is shown
for clarity. The wick superheat increases almost linearly with heat
ﬂux up to q = 150 W/cm2, and then nonlinearly up to 250 W/cm2,
i.e., a decrease in thermal resistance. As q further increases, the
wick superheat remains constant (or decreases) up to q = 350 W/
cm2, and then increases till dryout qCHF;e ¼ 387 W=m2 . A decrease
in the superheat with an increase in heat ﬂux is also observed in
a looped heat pipe using a biporous wick [4]. As discussed below,
CHF is due to the hydraulic limit (capillary-viscous chocking), as
compared to the wick superheat limit (bubble forming inside the
wick). For the hydraulic limit, we predict qCHF;p using the network
model [6] and the Darcy relation [19]

pc;max P

ll M_ l
_l¼M
_ lg ¼ Q ;
L ; where M
qlAw;e K e
Dhlg

ð7Þ

Ah Rk;e ¼

where pc;max is the maximum capillary suction pressure, ll is the li_ l is the liquid mass ﬂow
quid viscosity, Le is the ﬂow path length, M
rate, ql is the liquid density, Aw;e is the wick cross-sectional area, K is
_ lg is the evaporation rate, Q is
the monolayer wick permeability, M

hdw;e ðqÞi
;
hkw;e i

where hdw;e ðqÞi ¼ dw;e ðq ¼ 0Þ  aq2 ;

where dw;e ðq ¼ 0Þ is the ﬂooded-wick thickness and a is the constant. It should be noted that Eq. (8) is oversimpliﬁed, and a
fourth-order ﬁt is more suitable (because it is necessary to consider

rc ,min

500

kw,e = 6 W/m-K
Experiment
Prediction, Eq. (7)

400

AhRk,e

300

q , W/cm2

ð8Þ

w,e

200 AhRk,e(q = 0) =
w,e (q = 0)

qCHF,e = 387 W/cm2

qCHF,p = 389 W/cm2

Dryout

q
θc

rc

0 K/(W/cm 2)
= 40 μm

Meniscus
Recess

δw,e

q

0.1 K/(W/cm 2)

Thin Liquid Layer

= 60 μm
Pool Boiling, qCHF

100

Flooded Wick
Uniform Wick, 0.2 K/(W/cm2), [11]

0
0

5

10

15

Ts - Tlg, K

(a)

20

25

30

Copper Particle

q

Liquid

(b)

Fig. 5. (a) Variations of measured heat ﬂux q up to the critical heat ﬂux qCHF;p , as a function of the evaporator wick superheat T s  T lg using a full liquid charge. The predicted
qCHF using the network model [6], and temperature-dependant pool boiling qCHF [13] are also shown. Prediction using the heat ﬂux-dependent wick thermal resistances Ah Rk;e ,
and the wick thicknesses hdw;e i at qCHF;e is shown. The wick thermal resistance of the uniform wick [11] is also shown. (b) Physical models of the meniscus (contact line)
receding into the wick, showing ﬂooded, receding, and dryout regimes. The contact angle is nearly zero for treated copper particle-water, and the meniscus radius of
curvature r c is also shown.
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nonlinear recesses along with the complex meniscus morphologies
on the particle surfaces). This study is left for future. Using this heat
ﬂux-dependent average meniscus location (and assuming local
thermal equilibrium which is not easily justiﬁable), the relation between heat ﬂux and wick superheat is

q¼

hkw;e i
ðT s  T lg Þ:
dw;e ðq ¼ 0Þ  aq2

ð9Þ

The value of a ¼ 1:322  10 cm=W ﬁts the experimental data at
the low heat ﬂux and results in qCHF;p predicted CHF with a zero
thermal resistance (dryout) as shown in Fig. 5(a). For q = 0, this wick
is ﬂooded and the thermal resistance is predicted as
Ah Rk;e ¼ 0:1 K=ðW=cm2 Þ for hdw;e i ¼ 60 lm (one particle diameter),
whereas it is close to 0 K/(W/cm2) at CHF. Assuming no signiﬁcant
change in the effective evaporation area and wick thermal conductivity, it corresponds to hdw;e i ¼ 40 lm using Eq. (8). This is reasonable considering that: (a) for an ideal wetting (contact angle of
zero), and (b) meniscus recesses to r c;min , where is r c;min ¼
0:41rp ¼ 24 lm [19].
This variable evaporator resistance predicts the experimental
trend relatively well. However, it does not predict the decrease in
the superheat prior to CHF. This is due to the lack of detailed
mechanics and heat transfer of meniscus relocation inside the
wick. To account for the moving (receding) meniscus in a heterogeneous wick requires a more detailed model of the meniscus-solid
(including stochastic features of the pore distribution and presence
of thermal non-equilibrium among phases) than given here.
The variation of the evaporator wick with an increase in heat
ﬂux results in signiﬁcant changes in meniscus topologies, once
the meniscus drops below the line passing through the particle
centers. This can explain the reduction in the superheat at high
heat ﬂux. We have not yet thoroughly analyzed this, and instead
have used the simpliﬁed effective wick thickness given by Eq. (8).
Fig. 6 shows effects of the heat ﬂux increase/decrease increment
in experiments Dq, as well as hysteresis, using the full liquid
charge. The data for Dq ¼ 50 W=cm2 (increasing branch) shows a
nonlinear increase in the wick superheat up to CHF,
qCHF;e ¼ 344 W=cm2 . It is repeated using Dq ¼ 25 W=cm2 (increasing branch), showing similar results to Dq ¼ 50 W=cm2 . The data
for Dq ¼ 25 W=cm2 also shows no hysteresis. These suggest no
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bubble formation within the wicks and arteries at high heat ﬂuxes
(in pool boiling, trapped bubbles cause hysteresis [24]), so we suggest that the observed CHF is controlled by the hydraulic chocking.
The average of three experiments, qCHF;e ¼ 387 W=cm2 with
Dq ¼ þ25 W=cm2 is marked in Fig. 6.
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15

20

25

Ts - Tlg, K
Fig. 6. Variations of measured heat ﬂux q up to the critical heat ﬂux qCHF;p , as a
function of the evaporator wick superheat T s  T lg using a full liquid charge and
heat ﬂux increment Dq ¼ 25 and 50 W/cm2. For Dq ¼ 25 W=cm2 , both increasing
and decreasing branches for hysteresis test are also shown. The marked qCHF is from
Fig. 5.

We fabricate and test a MAHPS, focusing on small thermal resistance in a thin (monolayer) evaporator wick and low hydraulic
resistance in the distributed liquid arteries and the evaporator
wick. We ﬁnd a hydraulic-limit CHF of about 380 W/cm2. The evaporator wick resistance is the smallest at high heat ﬂuxes and
reaches about Ah Rw;e ’ 0:05 K=ðW=cm2 Þ. This is much better (smaller thermal resistance and higher CHF) than the uniform artery
heat spreader. We explain the low thermal resistance using a heat
ﬂux-dependent meniscus recess model (quadratic relation). We
ﬁnd no signiﬁcant hysteresis.
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