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Biporous wicks are wicks with two distinguished characteristic pore sizes while monoporous wicks are
wicks with a single characteristic pore size. In this work three monoporous and 19 biporous wicks were
tested. Thermophysical properties for the biporous wicks were measured.

Thin biporous wicks distinguish from thick biporous wick by mechanism of heat transfer that occurs
inside the wick. Thin biporous wicks remove heat similar to monoporous wicks by evaporation from
menisci formed inside pores at liquid–vapor–solid interfaces. Thin biporous wicks were found to reach
higher critical heat flux (CHF) than monoporous wicks because they develop evaporating menisci not
only on top surface of the wick but also inside the wick. Thick biporous wicks were found to reach even
higher CHF than thin biporous wicks because they continue to operate although the vapor blanket (film
boiling) exists on the heated surface. This is possible because the top layer of the wick continues to supply
liquid to the evaporating menisci above the vapor blanket region and vapor jets form between large pores
of the wick and vent the vapor out of the wick. It was also found that for thick biporous wicks operating at
very high heat fluxes, the heat conducts radially into the wick.

The best monoporous wick tested had CHF at 300 W/cm2 (21 �C superheat), the best thin biporous wick
tested had CHF at 520 W/cm2 (50 �C superheat), and the best thick biporous wick tested had CHF at
990 W/cm2 (147 �C superheat). Thick biporous wicks can be used for 600–1000 W/cm2 applications
where high superheats and heat spreading into the wick are acceptable. For applications below 600 W/
cm2 are recommended thin biporous wicks and for applications below 300 W/cm2 are recommended
monoporous wicks.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The development of contemporary high technology systems de-
mands high performance heat transfer devices in order to accom-
modate increased rates of energy dissipation within these
systems. Such heat transfer devices are required to avoid thermal
damage due to high temperatures or temperature fluctuations. A
passive thermal device that can very effectively dissipate a great
deal of excess heat is a heat pipe. A highly isothermal character
of heat pipe evaporators has led to their wide use in electronic
cooling and other applications where an isothermal heat rejection
surface is desired. Furthermore, heat pipes can be made in very
small sizes and can very easily be implemented into an electronic
device. The heat fluxes for an average heat pipe range from several
tens to hundreds of watts per square centimeter and are limited by
a heat transfer crisis occurring in the evaporator. Further, the con-
denser region of the heat pipe can be much larger than the evapo-
rator making them very effective heat spreaders. The evaporator is
very critical element of the heat pipe and is the focus of this work.
ll rights reserved.
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nic).
The evaporator is a solid interface between the device that is
being cooled and the working fluid. It has three main functions:
(1) it conducts heat from the device that is being cooled to the
evaporating surface, (2) it supplies working fluid to the evaporat-
ing menisci by a capillary action, and (3) it allows the produced
vapor to escape. A high heat flux evaporator is made of a heat con-
ductive material with high capillarity, high liquid permeability,
and high vapor permeability. This is difficult for evaporators with
a single characteristic pore size (monoporous wicks) because the
small pores needed for high capillary suction trap vapor within
the evaporator. The vapor pockets block the fluid and prevent
rewetting. A local dryout starts to form and then spreads to the
entire evaporator.

A good compromise between high capillary pressure and high
vapor permeability is found in biporous wicks where there are
two separate and distinct pore size distributions. There are two
types of biporous wicks: the first type are made of clusters of small
particles, and the second are made of large rough particles with
small pores on the surface. Fig. 1 shows a scanning electron micro-
scope (SEM) micrograph of the first kind of the biporous wicks
used in our study (cluster size 586 lm and particle size 74 lm or
abbreviated 586/74). Several small pores can be seen between
the copper particles, large pores are seen between the clusters.
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Nomenclature

a value of a quantity
A area (m2)
B bias uncertainty
d particle diameter (lm), diameter (m)
D cluster diameter (lm)
k thermal conductivity (W/m K)
K permeability (m2)
p pressure (Pa, bar)
P precision uncertainty
R thermal resistance per unit area (�C/W/cm2)
q heat flux (W/cm2)
Q heat (W)
S standard deviation
T, t temperature (�C), Student’s t-distribution variable,

thickness (lm)
U uncertainty

Greek symbols
e porosity

l population mean
f calculated temperature (�C)

Subscripts
�a population mean
ave average
c center
e evaporator
eff effective
rad radial
s side
sat saturated
T temperature
x position
w wall, wick
1, 2 locations
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The two pore sizes allow the biporous wicks to yield improved per-
formance through separation of liquid and vapor phases.

During the operation of a biporous wick at high heat fluxes, the
liquid phase is pumped through small pores of clusters by capillary
action developed at the liquid/vapor menisci located on the sur-
faces of clusters. The vapor leaves the evaporator through the large
pores.

Authors [1–5] compared performances of biporous wicks with
monoporous wicks at high heat fluxes and they concluded that
biporous wicks perform better. Rosenfeld and North [6] were able
to reach a heat flux of 150 W/cm2 using 9 cm2 large biporous wick
evaporator. Merilo et al. [7] made and tested a biporous wick that
was able to handle a local heat fluxes of 310 W/cm2 at a superheat
of 18 �C. Semenic et al. [8] removed 495 W/cm2 at 130 �C superheat
using a thick biporous wick with an evaporator area of 0.7 cm2.
North [9] used biporous powder covered post arrays with the aid
of screen arteries in the evaporator and was able to remove
930 W/cm2 locally at superheat of 85 �C and 600 W/cm2 at 55 �C
superheat for the second run. Although preliminary knowledge
Fig. 1. SEM photograph of 586/74 biporous wick (magnification 50-times).
about fluid flow and vaporization heat transfer in biporous wicks
is available, it is far from being well understood and implemented
in commercial heat pipes. An optimal biporous evaporator is able
to reach a very high heat flux at low superheat. The objective of
this work is to study different biporous wicks and to find a wick
that is capable of removing 1 kW/cm2 at low to intermediate
superheat. The approach of the work is to:

– manufacture copper biporous wicks with different particle and
cluster diameters, wick thickness, and evaporator areas,

– measure thermophysical properties of the wicks,
– test the wicks at different heat fluxes using water as working

fluid, and
– find a wick with optimal wick geometry capable of removing

1 kW/cm2 at low to intermediate superheat.

2. Thermo-hydraulics of monoporous and biporous wicks

Hanlon and Ma [10] developed a model for predicting heat
transfer capability of a monoporous wick. The model is valid for
the case where the fluid level is not above the top of the wick.
The heat applied to the evaporator conducts through the evapora-
tor wall and saturated wick made of sintered particles and passes
through a thin film region that consists of three regions: the none-
vaporating thin film region, the evaporation thin-film region, and
the meniscus thin film region. The evaporation occurs in the thin
film region on top surface of the wick where the liquid–vapor–so-
lid interface exists. Thin film evaporation at the solid–liquid–vapor
interface decreases dramatically when the fluid temperature inside
the wick becomes superheated and bubble nucleation starts (boil-
ing limit of the wick). The vapor generated at the base of the wick
forms a blanket, increases wick thermal resistance and prevents
re-entry of the wetting fluid. The film evaporation can also be
interrupted if the capillary flow in the wick is interrupted due to
insufficient capillary pumping (capillary limit of the wick). Capil-
lary pumping is determined by effective capillary radius of the
wick and wick permeability (wetting fluid flow resistance). Thin
film evaporation can provide significantly higher overall heat
transfer coefficients than boiling heat transfer, but it is limited by
the capillary force and by the onset of bubble nucleation. Hanlon
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and Ma [10] pointed out that high heat flux wicks should have the
geometric parameters optimized to maximize thin film evapora-
tion at the top surface of the wick. At the same time, the wick ther-
mal resistance has to be minimized by minimizing wick thickness
and by maximizing thermal conductivity of the wick. Thin wicks
can have very low thermal resistance, but have, on the other hand,
very high liquid flow resistance.

Rosenfeld and North [6] proposed a thermo-hydraulic model of
a biporous wick. They argued that at low heat fluxes, the large
pores of a biporous wick are filled with the working fluid and heat
is removed from the wick by conduction through the saturated
wick and evaporation from the top of the wick. At higher heat
fluxes, the large pores become filled with vapor and the liquid is
returned to the evaporator wick through the small pores within
the clusters. The liquid is evaporated from the surface of the liquid
saturated clusters in the interior of the wick. The produced vapor is
vented out of the wick through large pores between clusters. At
very high heat fluxes, the capillary pressure developed at the
menisci of the small pores is insufficient to drive the liquid and
the dryout of clusters begins.

Wang and Catton [11] proposed a physical model for vaporiza-
tion in thick biporous wicks. The heat transfer mechanism within a
thick biporous wick was divided into four stages:

First evaporation stage: at low heat fluxes, heat is conducted
through the wick and evaporation occurs on the top of the wick.
Evaporating menisci exist in small and large pores of the bipor-
ous wick. Heat transfer performance is worse than for a compa-
rable monoporous wick due to much lower effective thermal
conductivity of the biporous wick.
Heat pipe effect stage: when the heat flux is increased, the super-
heat at some portion of the wick is high enough to initiate
nucleation. The growing bubbles start merging into vapor col-
umns. Temperature decreases as one move from the heating
surface toward the top of the wick, therefore, bubbles formed
at the heated surfaces condense inside the wick and the vapor
channels act as little heat pipes. The thermal capillary force dif-
ference between the lower and the upper region of the vapor
column causes the liquid to circulate leading to very high effec-
tive thermal conductivity.
Boiling stage: with increasing heat flux, the pressure inside the
vapor columns increase and in some columns it is high enough
so that the vapor reaches the top of the wick. Some vapor col-
umns remain active and some gets flooded with the liquid
and the above process repeats.
Second evaporation stage: vapor escapes from the wick and the
evaporating surface increases leading to an almost isothermal
heat flux increase. Liquid is sucked inside the small pores. Heat
is conducted through the liquid saturated clusters and is taken
away by evaporation from the liquid–vapor interfaces in small
pores.
Vapor blanket formation near the wall: near the wall the boiling
is the most intensive and vapor blanket starts to form inhibiting
downflow of the liquid. The vapor blanket grows and the dryout
starts to spread.

Wang and Catton [11] also suggested a model of vaporization in
thin biporous wicks. In the thin biporous wicks, at low heat flux,
the heat is removed by conduction and evaporation. At moderate
heat flux, the menisci in large pores recede resulting that many
small pore menisci start to interface the vapor space and become
active. At high heat flux, all the liquid is sucked into small pores
and all large pores are clear of liquid. A thin vapor blanket may
form on the heated surface at high heat fluxes and may result in
a dryout of the wick. Wang and Catton [11] explained that a thin
biporous media model is to be used if the wick is thin enough so
that the bubble nucleation does not occur and the menisci recede
into the large pores. A thick biporous wick, on the other hand is
a wick where bubbles start to form inside the wick and to form va-
por jets.

This work tested three monoporous and 19 biporous wicks.
Biporous wicks had different particle diameters, cluster diame-
ters, and wick thicknesses. Thermophysical properties such as
porosity, capillarity, permeability, and thermal conductivity were
measured for all biporous wicks tested. An optimal biporous wick
is expected to have high liquid permeability through the clusters,
high thermal conductivity, high capillary potential, and high va-
por permeability through the large pores between the clusters.
It is also expected that a thick biporous wick will transport more
liquid and be able to reach higher critical heat flux (CHF), how-
ever, the critical superheat for the thick biporous wick is expected
to be very high as well.

3. Experimental method

Raw spherical copper powder produced by high-pressure water
atomization was sieved with standard US sieves into the following frac-
tions: 32–45 lm (�325/+450), 53–63 lm (�230/+270), 63–75 lm
(�200/+230), 63–90 lm (�170/+230), 75–90 lm (�170/+200), and
90–106 lm (�140/+170). Different fractions of powders were sintered
into thin monoporous layers and ground into clusters. Produced clus-
ters were sieved into fractions: 250–355 lm (�45/+60), 500–710 lm
(�25/+35), and 710–1000 lm (�18/+25). Clusters were sintered on
smooth oxygen free copper bases for wick performance tests. Samples
with the same cluster (particle) diameter were sintered at the same sin-
tering conditions. All the samples were manufactured by Advanced
Cooling Technologies, Inc.

From the theory of sintering it is known that the pore size,
smoothness and interconnectivity of the pores depend strongly
on particle diameter and variance, material properties, tempera-
ture, and sintering time. With proper sintering, optimal bonding
between particles is achieved and results in many small size, fully
connected pores, with acceptable strength. Since we were dealing
with particles with a size distribution, sintering diagrams could
only be used as guidance. Furthermore, some materials such as
copper do not sinter by a single independent mechanism. Conse-
quently, inclusion of multiple effects adds to the errors in calcu-
lations and the overall sintering rates had to be determined
experimentally. A scanning electron microscope (SEM) was used
to monitor all stages of wick production and to determine proper
overall sintering rates for particle sizes of interest. The most opti-
mal particle neck size ratio was found to be around 0.4. Particle
necks are welds or bonds between particles and the neck size ra-
tio is defined as a neck dimension divided by the particle
diameter.

The test wicks were sintered on the copper bases shown in
Fig. 2. The heat source area was equal to the neck cross-section
area of the copper base. The purpose of the wick sintered around
the heat source (sintered on the collar of the copper base) was to
supply the working fluid to the evaporator and to avoid side vent-
ing of the vapor. The wick material on the collar of the copper base
assured that the vapor flow through a thick biporous wicks was in
direction from the heat source to the top of the wick and not side-
ways where it could block the liquid supply to the evaporator wick
(above the neck).

A copper base with a porous wick was sealed to the test rig
(Fig. 3) with a silicone o-ring and six brass screws. The body of
the test rig was made of Oxygen free copper. The heater consisted
of a copper block with three 750 W cartridge heaters that were
connected to a stepper motor controlled variable power supply.
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The heater block had a 3 mm deep hole with diameter 20.5 mm to
facilitate soldering of the heater to the copper base.

Twelve calibrated thermocouples (K-type, 36AWG, PFA insula-
tion) were carefully glued with a high temperature resistant metal
filled epoxy adhesive at locations T1, T2, T3, T4, Tc1, Ts1, Tc2, Ts2, Tc3,
Ts3, Tc4, and Ts4. In Fig. 2, a plane that goes through Ts3, Ts4, Tc3, Tc4 is
perpendicular to a plane that goes through Tc1, Ts1, Tc2, Ts2 and is
therefore not shown. A K-type Inconel 600 sheathed thermocouple,
1.6 mm diameter, was placed inside the test rig, approximately
10 mm above the wick to monitor saturation temperature. A pres-
sure transducer was inserted into the test rig to measure saturation
pressure inside the test rig.
Once all thermocouples were in place, the test rig was sealed
with a viewing window on the top and evacuated. The wick was
saturated with distilled water through a charging port of the test
rig. The heater was soldered to the copper base and electrically
ground. Both the copper base and the heater were insulated with
an amorphous silica blanket (thermal conductivity 0.05 W/m K at
250 �C). The thickness of the insulation around copper base was
50 mm. A condenser with a cooling coil was located on the body
of the test rig. Water, at a constant temperature 40 ± 0.25 �C, was
circulated through the cooling coil.

The heater was turned on and set to a medium high heat flux
and let run for approximately 10 min. Next, the vacuum pump
(Alcatel SD2005 two stage rotary vane vacuum pump) was run
for approximately 10 min to reach a vapor pressure of 6773 Pa
(0.068 bar). This way most of the non-condensable gases from
the wick and the test rig were removed. Water level was adjusted
right below the top of the wick (see Fig. 3). The power to the heater
was turned off and the wick was allowed to cool down and to fully
saturate for 6 h. After 6 h the stepper motor controlled power sup-
ply was turned on and the heat being supplied to the heater was
gradually increased. Temperature readings were taken at several
steady states with a Personal Daq/56 USB Data Acquisition System
from IOtech Inc. Steady state was reached in 20 min and tempera-
tures were recorded for 5 min for each steady state heat flux. It
took total of 13 h to test one wick.

Once all data were taken, 50 temperature readings were aver-
aged for each steady state. Steady state was assumed when the
temperature did not rise for more than 0.5 �C in 5 min. A linear
regression on temperatures T1 to T4 was made and temperature
gradients for all heat fluxes were found. Knowing temperature gra-
dients inside copper bases and temperatures of the copper collars
at locations Tc, and Ts, the net heat flux going into the evaporator
wick was calculated as:

q ¼ 1
Aneck

ðQ total � Q radial � Q lossÞ ð1Þ

Since the thickness of the collar was only 0. 8 mm, we assumed
that the temperatures measured underneath the copper collar
were equal to the temperatures in the middle of the copper collar
thickness (0.4 mm underneath the wick). Temperature of the insu-
lation, Tins, increased from 25 to 40 �C as the temperature of the
copper base got increased. By assuming one-dimensional Fourier’s
law of heat conduction and dimensions from Fig. 2, the net heat
flux in the evaporator, was determined from

Q ¼ kðTaveÞ �
dT
dx
� p � 0:02032

4

 !
� 2pkðT 0aveÞ � 0:008 � ðTc � TsÞ

ln 22:6
6:4

� �
� 2pkðT 00aveÞ � 0:03 � ðTave � T insÞ

ln 60:2
10:2

� �
q ¼ Q

p�0:0642

4

� �
ð2Þ

where k(Tave) is thermal conductivity of copper base, k(T0ave) is ther-
mal conductivity of copper collar, and k(T0 0ave) is thermal conductiv-
ity of the insulation. The thickness of the insulation was 50 mm for
all the cases. To account for uncertainties in attaching thermocou-
ples underneath the copper collar, eight thermocouples were used.
For each pair of Tc and Ts one radial heat flux was calculated. From
the four radial heat fluxes an average radial heat flux, with its cor-
responding uncertainty, was computed. Knowing temperatures in
copper base and the net heat flux into the evaporator, the wall tem-
perature, Tw, was calculated. The wall temperature was defined as
the interface temperature between the wick and the copper base
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(Fig. 2). Once wall temperatures and heat fluxes were obtained, the
wick resistances, Rwick, were computed from:

Rwick ¼
ðTw � TsatÞ

q
ð3Þ

Tsat is saturation temperature and it was measured with a thermocou-
ple located above the wick. Tsat was also obtained from steam tables
using measured vapor pressure The radial heat flux into the wick
above the copper collar was neglected since the product of thermal
conductivity of the wick times thickness of the wick was at least
10-times smaller than a product of thermal conductivity of the cop-
per times thickness of the collar. Thermal conductivity of the copper
was taken to be 401 W/m K at 300 K and 393 W/m K at 400 K, and
thermal conductivity of biporous wicks 4–22 W/m K (see Table 1).

4. Experimental results and discussion of the results

First, thermophysical properties for all biporous wicks were
measured. Second, three monoporous and 15 biporous wicks with
different cluster/particle diameters and wick thickness were
tested. Third, one biporous wick was sintered into four different
wick thicknesses and tested at different heat fluxes.

Table 1 summarizes cluster porosities, e, wick porosities, ew,
maximum capillary pressure of clusters (also known as bubble
point pressure), Dpmax, liquid permeability of clusters, Kl, vapor
permeability of the wicks, Kv, thermal conductivity of clusters, kc,
and thermal conductivity of the wicks, kw. Details about the ther-
mophysical properties testing methods can be found in Semenic
et al. [12]. The first number in Table 1 is average cluster diameter,
the second number is average particle diameter, and, the third
number is the wick thickness. The results of Table 1 show that
porosity of biporous wicks does not depend on cluster and particle
size. Liquid and vapor permeabilities increase with pore (particle/
cluster) size while capillary pressure decreases with pore (particle)
size. Thermal conductivities of the particles/clusters seem to be
only a function of porosity and not the size of the clusters/particles.
Fig. 4 shows heat flux vs. superheat, Tw � Tsat, for three monopor-
ous wicks. The first number in the legend represents particle diam-
eter and the second number the wick thickness. The Fig. 4 shows
that the best performs 107/500 wick. Unfortunately, all three
monoporous wicks dried out above 250–300 W/cm2. We can also
see that the pressure inside the test chamber increased with the
heat flux from 0.06 to 0.1 bar. Above 300 W/cm2, the vapor tem-
perature measured with the thermocouple was higher than the
Table 1
Thermophysical properties for biporous wicks.

D (lm) d (lm) t (lm) e ew Dpmax (Pa)

302 41 1000 0.36 0.67 –
586 41 2000 0.68
892 41 3000 0.67
302 58 1000 0.27 0.63 16,299
586 58 2000 0.66
892 58 3000 0.66
302 72 1000 0.29 0.61 12,193
586 72 2000 0.65
892 72 3000 0.63
302 74 1000 0.28 0.63 15,179
586 74 2000 0.65
892 74 3000 0.65
302 83 1000 0.28 0.51 11,571
586 83 2000 0.64
892 83 3000 0.64
455 63 800 – – 15,428
455 63 1400 –
455 63 2000 –
455 63 3000 –
saturation temperature calculated from saturation pressure. This
indicates that the vapor state above 300 W/cm2 was superheated
vapor. Average uncertainties in measuring heat fluxes were less
than ±20%. The primary source of errors was thermocouple contact
resistance and the secondary source, the displacement error of
thermocouples Tc and Ts.

Figs. 5–7 show heat fluxes vs. superheats for 15 biporous wicks.
The first number in the legends represents average cluster diame-
ter, the second number, the average particle diameter, and the
third number, the wick thickness. By comparing a monoporous
wick 302/1000 from Fig. 4 with any of the biporous wicks on the
Fig. 5, we can see that biporous wicks can handle heat fluxes above
300 W/cm2. We can define a critical heat flux (CHF) of a monopor-
ous or a biporous wick as the heat flux with a minimum wick ther-
mal resistance, Rw. For example, the CHF for the 302/1000 wick is
280 W/cm2 (Rw = 0.09 �C/W/cm2) while the CHF for the biporous
wick 302/58/1000 in Fig. 5 is 293 W/cm2 (Rw = 0.126 �C/W/cm2).
Fig. 5 also shows that, the same wick 302/58/1000 still operates
at 513 W/cm2 (Rw = 0.132 �C/W/cm2) and a superheat of 67 �C.

High critical superheats of biporous wicks indicate that at CHF a
part of the biporous wick is already in film boiling regime. By com-
paring measured vapor temperature with calculated vapor temper-
ature from the measured pressure, we could see that the vapor
state above the wick is still saturated vapor; however, the vapor in-
side the wick is most probably superheated. Table 2 lists CHFs for
Kl (m2) Kv (m2) kc at 42 �C (W/m K) kw at 86 �C (W/m K)

3.00 E�13 2.0 E�10 145 –
5.2 E�10 6
8.7 E�10 4

1.50 E�12 1.8 E�10 146 15
5.1 E�10 8
9.3 E�10 7

1.60 E�12 1.7 E�10 147 22
5.0 E�10 10
8.4 E�10 8

1.50 E�12 1.9 E�10 139 21
5.4 E�10 10
9.2 E�10 9

2.40 E�12 1.3 E�10 132 16
4.5 E�10 9
8.4 E�10 6

1.58 E�12 – – –
– –
– –
– –



Fig. 6. Heat flux vs. superheat for biporous wicks with average cluster diameter
586 lm.

Fig. 7. Heat flux vs. superheat for biporous wicks with average cluster diameter
892 lm.

Fig. 5. Heat flux vs. superheat for biporous wicks with average cluster diameter
302 lm.

Table 2
CHF, critical superheat, and critical wick thermal resistance for biporous wicks.

D (lm) d (lm) t (lm) CHF (W/cm2) DTCHF (�C) Rwick,CHF (�C/W/cm2)

302 41 1000 244 36 0.146
586 41 2000 304 47 0.154
892 41 3000 420 63 0.150
302 58 1000 293 37 0.126
586 58 2000 293 56 0.192
892 58 3000 325 56 0.172
302 72 1000 311 54 0.173
586 72 2000 360 41 0.114
892 72 3000 316 43 0.136
302 74 1000 321 38 0.117
586 74 2000 303 48 0.157
892 74 3000 454 75 0.164
302 83 1000 334 65 0.195
586 83 2000 232 38 0.163
892 83 3000 236 41 0.175
455 63 800 523 49 0.095
455 63 1400 428 53 0.125
455 63 2000 589 100 0.171
455 63 3000 990 147 0.148

Fig. 8. Heat fluxes at 90 �C wall temperature for different cluster and particle
diameters.

5118 T. Semenic, I. Catton / International Journal of Heat and Mass Transfer 52 (2009) 5113–5121
all the biporous wicks tested. The highest CHF among the first 15
biporous wicks was measured for the 892/74/3000 biporous wick
(CHF = 454 W/cm2, Rw = 0.164 �C/W/cm2).
Data in Table 2 were used in an optimization algorithm to look
for biporous wick geometrical parameters (cluster diameter, parti-
cle diameter, and wick thickness) that yield minimum wick resis-
tance and maximum CHF. No clear relationship was found.
Following, heat fluxes at constant wall temperature were interpo-
lated from data in Figs. 5–7 and used to develop a correlation be-
tween wick geometrical parameters and the heat fluxes. For
example at the wall temperature of 90 �C, the most optimal bipor-
ous wick had the geometrical parameters: 400 lm < D < 600 lm,
60 lm < d < 70 lm, and 1000 lm < t < 2000 lm (Fig. 8).

Following the trend in Fig. 8, four biporous wicks with average
cluster diameter 455 lm and average particle diameter 63 lm
were sintered into four different thicknesses and tested. Fig. 9
shows that 455/63/800 wick performs better than the rest of the
wicks for heat fluxes below 600 W/cm2. Table 2 shows that the
CHF for this wick is 523 W/cm2. Fig. 9 also shows that 455/63/
2000 and 455/63/3000 wicks still operate at very high superheats
�140 �C. This is most probably because the radial heat conduction
into the wick at very high heat fluxes and superheats can no longer
be neglected and results in radial spreading of the evaporation
front into the wick. However, if the application allows heat spread-
ing into the wick then thick biporous wicks can be used for heat
fluxes as high as 700–1000 W/cm2.
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Fig. 10 shows a comparison of heat fluxes at different super-
heats for a thin monoporous wick and a thin biporous wick. There
are three characteristic points on each of the curves in Fig. 10. The
first point is where the gradient on the curve starts to increase, the
second point is where the wick resistance is minimal (defined as
CHF) and the third point is the beginning of dryout. For monopor-
ous wicks, the first point could physically represent the increase of
the evaporating menisci. As the heat flux increases above �20 W/
cm2, the menisci profiles start to vary and the contact angle of
the menisci starts to decrease resulting in an increase of the evap-
orating thin film regions. As the heat flux approaches CHF at the
second point, the contact angle reaches its minimum and the evap-
orating menisci start to recede. The area of the evaporating thin
film regions starts to decrease rapidly. The third point (beginning
of dryout), is determined either by a capillary or a boiling limit
of the wick.

In a thin biporous wick, the evaporating interface consists of
evaporating menisci of large pores and evaporating menisci of
small pores. The first point in thin biporous wicks could physically
mean the heat flux where the contact angle of large menisci starts
to decrease and the evaporating menisci of large pores start to in-
crease. As the heat flux increases, the contact angle of large pores
reaches a minimum and the menisci of large pores start to recede.
When the menisci in large pores start to recede, the number of
menisci in small pores starts to increase. This could explain why
the CHF for a thin biporous wick is at higher heat flux than the
CHF for a monoporous wick. It is expected that at point two, the
Fig. 10. Heat flux vs. superheat for a monoporous wick and a thin biporous wick.
large pores are completely clear of liquid and the maximum num-
ber of small pores become active. Overall heat transfer coefficient
for a thin biporous wick is proportional to a number of evaporating
menisci meaning that it reaches its maximum when the number of
the evaporating menisci is the highest. This is the case at the CHF.
After passing the point two or the CHF, the small pores menisci
start to recede into the pores. Dryout of a thin biporous wick is
determined by boiling or capillary limit of small pores.

Heat transfer mechanism for thick biporous wicks is more com-
plex than for thin biporous wicks. During the test of thick biporous
wicks it was visually confirmed that at medium high-to-high heat
fluxes, there exist vapor columns between the clusters (boiling
stage of a thick biporous wick). Large pores on top of the 455/63/
2000 and 455/63/3000 (Fig. 9) biporous wicks (thick biporous
wicks) that did not develop vapor columns were filled with work-
ing fluid throughout the entire test (up to 1 kW/cm2). Very high
superheats at heat fluxes above 600 W/cm2 indicate that the center
of the wick above the heated surface was already in film boiling
regime (vapor blanket formation stage), however, the top of the
wick was still saturated. This means that the heat conducted from
the heated surface through the film-boiling region to the liquid–
vapor interface inside the wick. The vapor was produced at evapo-
rating menisci of small pores and the vapor columns developed
between some of the large pores and ducted the vapor to the top
surface of the wick. Smaller pores between clusters were more
likely to remain filled with liquid and to supply liquid to clusters
around larger pores filled with vapor columns. As the heat flux
approached 1 kW/cm2, the vapor blanket started to spread from
the center of the wick to the entire wick. The second evaporation
stage with almost isothermal heat flux increase reported in [11]
was not seen. The heat flux increase from 600 to 900 W/cm2 at rel-
atively low temperature difference increase for the 455/63/2000
and 455/63/3000 wicks is more likely to appear due to radial con-
duction into the wick and three dimensional spreading of the evap-
oration front into the wick.
5. Uncertainty analysis

Temperatures were measured using a Personal Daq/56 with
PDQ2 extension mode data acquisition instrumentation and a 22-
bit A/D converter. The unit has built in cold-junction-compensa-
tion with an accuracy of ±0.5 �C [13]. The acquired voltage was
automatically converted into compensated linearized temperature
readings. Temperatures were measured with K-type thermocou-
ples at a sampling rate of 0.19 Hz and averaged over 310 ms inter-
vals. IOtech Inc. [13] specify the accuracy in measuring
temperature at 0 �C at 310 ms intervals to be at least ±0.4 �C.

Mills and Chang [14] define the precision uncertainty, P, as the
magnitude of the error that will yield a 95% confidence that the
true value, atrue, of a measurement ai lies within the interval ai ± P.
Assuming a normal population, we can obtain the population
mean, l, a best approximation of the atrue, using the following
relationship:

l ¼ �a� tm;%S�a; ð4Þ

where �a is the mean of a sample with sample size N, calculated
using

�a ¼ 1
N

XN

i¼1

ai ð5Þ

Here S�a is the standard deviation of the sample mean obtained from

S�a ¼
Saffiffiffiffi
N
p ¼ 1ffiffiffiffi

N
p 1

N � 1

XN

i¼1

ðai � �aÞ2
" #1=2

ð6Þ
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where tm,% is the Student’s t-distribution variable. The quantity Sa in
Eq. (7) is the sample standard deviation. The variable t depends on
the degrees of freedom, m = (N � 1), and the confidence level, %. t95

values for different degrees of freedom are tabulated in the litera-
ture, for example [14].

Precision uncertainty for a sample of 31 points in measuring ice
and boiling water was measured ±0.03 �C and ±0.04 �C, respec-
tively. To demonstrate how the precision error affected the heat
flux measurements, the actual data for the 586/72/2000 biporous
wick at a heat flux of 300 W/cm2 were used. For example precision
error of temperature T1 at this heat flux for 50 temperature read-
ings is ±0.08 �C. By taking the worst possible scenario, where tem-
peratures T1 and T4 are replaced with (T1 � 0.08 �C) and
(T4 + 0.08 �C), the resulting heat flux is 296 W/cm2, which is at
most 1% lower.

Total bias uncertainties will be divided into bias uncertainties in
calculating the neck heat flux, Bneck and bias uncertainties in calcu-
lating radial heat flux, Brad.

By knowing the positions of thermocouples, xi, and temperature
Ti at location xi, we can perform a least squares curve fit and obtain
a linear correlation:

fi ¼
dT
dx

� �
xþ c ð7Þ

We can define a standard error for the curve-fit as:

ST ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 2

XN

i¼1

ðTi � fiÞ2
vuut ð8Þ

and calculate a standard error in the temperature gradient, Sneck, as:

Sneck ¼
S2

T

Sx

 !1=2

ð9Þ

where Sx is given as:

Sx ¼
XN

i¼1

x2
i �

1
N

XN

i¼1

xi

 !2

ð10Þ

The corresponding bias uncertainty in calculating the neck heat
flux, Bneck, is:

Bneck ¼ tm;%Sneck ð11Þ

where tm,% is the Student’s t-distribution variable with m = N � 2. The
bias uncertainty in qneck is calculated for all wicks and heat fluxes
using Eqs. (8)–(12).Bias uncertainties in calculating radial heat flux,
Brad, is calculated as:

Brad ¼ tm;%Srad;ave ð12Þ

where Srad,ave is the standard deviation of the mean of the radial
heat flux calculated from

Srad;ave ¼
1ffiffiffiffi
N
p 1

N � 1

XN

i¼1

qrad;i � qrad;ave

� �2

" #1=2

ð13Þ

where qrad,ave is the average radial heat flux and qrad,i, the ith radial
heat flux calculated from the ith pair of (Tc, Ts). The total bias uncer-
tainty, B, is calculated as the sum of both bias uncertainties,
B = Bneck + Brad. The total uncertainty in measuring the heat flux is
defined as

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 þ P2

q
ð14Þ

The average relative uncertainty, defined as Ui/qi
* 100, for heat

fluxes, qi, and corresponding uncertainties, Ui, from Table 2, is
±15%. Uncertainties in our data neglect precision uncertainty, since
B >> P.
Besides uncertainties in heat flux, there is also uncertainty in
the wall temperature, which is calculated in the same manner as
Bneck. Average uncertainty in Tw at 90 �C is 8 �C with a minimum
of 2 �C for the 302/41/1000 wick and a maximum 16 �C for the
892/74/3000 wick.

In general, precision uncertainty does not depend on a heat flux,
while qrad becomes worst at high heat flux. On the other hand, qneck

and Tw, have higher uncertainties at low heat fluxes and lower
uncertainties at high heat fluxes.

The uncertainties in calculating qneck and Tw could be reduced
by making a copper base longer than 20 mm and by measuring
the temperature gradients inside the copper base with more than
four thermocouples. Uncertainties in measuring radial heat fluxes
could be reduced by placing more than eight thermocouples
underneath the copper collar.

6. Concluding remarks

This work tested 19 biporous wicks and three monoporous
wicks. Monoporous wicks are wicks with one characteristic pore
size while biporous wicks are wicks with two characteristic pore
sizes. Thermophysical properties (capillary pressure of clusters,
liquid permeability of clusters, vapor permeability of the wicks,
thermal conductivity of clusters, and thermal conductivity of the
wicks) were measured for the biporous wicks. Wicks were tested
at different heat fluxes using degassed distilled water. The best
monoporous wick tested had CHF at 300 W/cm2 (21 �C superheat),
the best thin biporous wick tested had CHF at 520 W/cm2 (50 �C
superheat), and the best thick biporous wick tested had CHF at
990 W/cm2 (147 �C superheat). Thin biporous wicks were distin-
guished from thick biporous wicks by using a criteria of [11] where
thin biporous wicks are defined as wicks that are thin enough so
that the bubble nucleation does not occur inside the wick and
the menisci recede into the large pores of the wicks. A thick bipor-
ous wicks, on the other hand, are wicks where bubbles start to
form inside the wicks and to form vapor jets.

Monoporous wicks and thin biporous wicks were found to re-
move heat through evaporation from liquid–vapor menisci. Thin
biporous wicks can reach higher CHF than monoporous wicks be-
cause they have active evaporating menisci not only on top surface
of the wick but also inside the wick. Thick biporous wicks can reach
even higher CHF than thin biporous wicks, because at very high
heat fluxes even though the center of the wick above the heated
surface is in film boiling regime (vapor blanket formation above
the heated surface), the top layer of the wick continues to supply li-
quid to the evaporating menisci inside the wick above the vapor
blanket. Also at high heat fluxes, the heat spreads from the heated
surface radially into the wick increasing the area of the evaporation
front inside the wick. Thick biporous wicks can be used for 600–
1000 W/cm2 applications where high superheats and heat spread-
ing into the wick are acceptable. For applications below 600 W/
cm2 are recommended thin biporous wicks and for applications be-
low 300 W/cm2 are recommended monoporous wicks.
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