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Abstract

The heat transfer limit of two control metal fit wicks and two step-graded metal felt wicks was measured and com-
pared to theoretical values. The wicks were planar and fabricated from 316 stainless steel. The working fluid was both
water and methanol. The non-graded control wicks were measured to be at or near the wick’s capillary heat transfer
limit. The step-graded wicks failed much earlier than the theoretical capillary limit for each wick. Additional tests
and analyses were conducted determining the failure to be caused from vapor formation within the step-graded wicks
whereas the fine top layer trapped the vapor, resulting in failure.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

A heat pipe is an evaporation—condensation device
for transferring heat in which the latent heat of vapori-
zation is exploited to transport heat over long distances
with a corresponding small temperature difference. The
heat transport is realized by means of evaporating a lig-
uid in the heat inlet region (called the evaporator) and
subsequently condensing the vapor in a heat rejection re-
gion (called the condenser). Closed circulation of the
working fluid is maintained by capillary action and/or
bulk forces [1]. The heat pipe was originally invented
by Gaugler [2] of the General Motors Corporation in
1944, but did not truly garner any significant attention
within the heat transfer community until the space pro-
gram resurrected the concept in the early 1960’s. Early
development of terrestrial applications of heat pipes pro-
ceeded slowly; however due to the high cost of energy,
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the industrial community has begun to appreciate the
significance of heat pipes in energy savings and design
improvements in various applications [3]. Most recently,
with heat densities of electronic components continually
increasing, there is a growing interest in using heat pipes
for transferring and spreading heat in conjunction with
cooling these components [4,5].

A simple constant conductance heat pipe consists of
a sealed case lined with an annular porous wicking mate-
rial. The wick is filled with a working fluid in the liquid
state. A heat load is placed in contact with the casing at
the evaporator end. Heat is transferred radially through
the case and into the wick. This causes the liquid to
evaporate, transferring mass from the wick to the vapor
core. This addition of mass in the vapor core increases
the pressure of the vapor at the evaporator end of the
pipe, thus creating a pressure differential that drives
vapor flow to the condenser end of the heat pipe. Heat
is removed via a suitable heat sink attached to the out-
side of the casing at the condenser end. This causes the
vapor to condense, replacing previously evaporated lig-
uid mass to the wick. In the absence of bulk forces (grav-
ity, centrifugal, etc) in the axial direction, capillary
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Nomenclature

A cross-sectional area of wick

Cep conductance of the copper plate

Cy conductance of the wick

g gravitational acceleration

heg enthalpy of vaporization

K liquid permeability

K, liquid permeability of the top layer of the
step-graded wick

K liquid permeability of the bottom layer of
the step-graded wick

ket effective thermal conductivity of the wick

L overall length of heat pipe

L, adiabatic length

L. condenser length

L. evaporator length

Ly effective length of the wick

m mass flow rate through the wick

7y mass flow rate through the top layer of the
step-graded wick

7y mass flow rate through the bottom layer of
the step-graded wick

P liquid pressure

P, pw saturation pressure of a bubble located at
the pipe-wick interface

P, pressure of the vapor

AP pressure differential

AP, liquid pressure differential through the top
layer of the step-graded wick

AP, liquid pressure differential through the bot-
tom layer of the step-graded wick

AP, bulk forces differential pressure

AP, capillary differential pressure

AP, pressured differential of liquid

AP, vapor differential pressure

0 heat transfer rate

0, heat transfer rate across the top layer of the
step-graded wick

Q2 heat transfer rate across the bottom layer of
the step-graded wick

Opmax  boiling heat transfer limit

Qcép,max capillary heat transfer limit

Ocp heat transfer rate conducted down the cop-
per plate

Qe heat transfer rate of the evaporator

Onet net heat transfer rate through wick

qe evaporator heat flux

R, thermal resistances, n =1 — 10

r radius of curvature of liquid—vapor
meniscus

s radius of a vapor bubble

Teff

TCl
TC2
TC3
TC4
TCS
TC6
TC7
TCS8

AT
AT,

t
h

43

Ufg
w

effective radius of the porous wick

radius of a vapor nucleus

critical radius or Lorenz radius

liquid temperature at the wall

temperature of the liquid at the evaporator
pipe-wick interface

saturation temperature at the pressure of the
liquid

temperature of the vapor

temperature of the liquid at the evaporator
wick—vapor interface

temperature of thermocouple located
0.127cm from end of evaporator
temperature of thermocouple located
5.207cm from end of evaporator
temperature of thermocouple located
7.747cm from end of evaporator
temperature of thermocouple located
10.287cm from end of evaporator
temperature of thermocouple located
15.367cm from end of evaporator
temperature of thermocouple located

20.447cm from end of evaporator
temperature of thermocouple located in
vapor space of the evaporator

temperature of thermocouple located in
vapor space of the condenser

temperature differential

temperature drop across the effective length
of the copper plate

thickness of wick

thickness of the top layer of the step-graded
wick

thickness of the bottom layer of the step-
graded wick

specific volume change from liquid to vapor
width of the wick

Greek symbols

3
&1
&2

porosity

porosity of the top layer of step-graded wick
porosity of the bottom layer of step-graded
wick

heat pipe tilt angle
dynamic viscosity
density

density of the vapor
surface tension
wetting  angle of
interface

liquid-solid—vapor
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forces “pump” the liquid axially through the wick, feed-
ing liquid back to the evaporator.

An advantage of a heat pipe over other conventional
methods to transfer heat, such as a finned heat sink, is
that a heat pipe can have an extremely high thermal con-
ductance in steady state operation. Hence, a heat pipe
can transfer a high amount of heat over a relatively long
length with a comparatively small temperature differen-
tial. Heat pipes with liquid metal working fluids can
have a thermal conductance of a thousand or even tens
of thousands of times greater than the best solid metallic
conductors, silver or copper [1]. Heat pipes, such as
those studied in this work that utilize water as the work-
ing fluid, can have a thermal conductance tens of times
greater than the best metallic conductors. This is because
the heat transfer in a heat pipe utilizes the phase change
of the working fluid, where a high amount of heat can be
transferred with very little temperature difference be-
tween the source and sink.

There are generally at least five physical phenomena
that will limit, and in some cases catastrophically limit,
a heat pipe’s ability to transfer heat. They are commonly
known as the sonic limit, the capillary limit, the viscous
limit, the entrainment limit, and the boiling limit [6].

The work of this study determined the impact of the
wick on both the capillary and boiling limits within low
temperature heat pipes utilizing water or methanol as
the working fluid. The specific class of wicks studied are
generically referred to as metal felts. Metal felts may have
some unique advantages compared to other wick materi-
als such as wire screens or packed powders. Specifically,
wire screens and packed powders are generally restricted
to a specific packing geometry such that the pore size and
porosity (void volume fraction) and substrate character-
istic length (diameter for spheres and wires) cannot be
independently varied. Mono-diameter packed powders
stably pack over a fairly narrow porosity range of 0.36—
0.44 [7], regardless of powder diameter. Screens that use
standard manufacturing techniques are limited to pore
diameters down to about 40 um (625 mesh) and porosity
in the narrow range of about 0.6-0.7. Whereas metal felts
can be manufactured with pore diameters down to about
10 um over a porosity range of 0.1-0.95 or higher [8,9]. It
was a hypothesis of this work that the heat transfer limit
can be increased with the selection, engineering, and gra-
dation of the pore structure (porosity, fiber diameter,
pore diameter and pore diameter distribution) and geom-
etry of the wick. This was accomplished by step-grading
the wick to provide a high permeable base layer topped
by a low effective radius top layer.

2. The capillary heat transfer limit

Chi [6] proposes a pressure balance amongst the wick
and vapor core within the heat pipe as expressed in Eq. (1).

AP, = AP, + AP, + AP, (1

Similar to the analysis of Chi [6], except for a flat plat
heat pipe in cartesian coordinates, and substituting the
Young-Laplace equation for AP., Darcy’s law for AP,
hydrostatic pressure due to gravity for APy, and the
steady state closed system energy equation to relate mass
flow rate and heat transfer rate and re-arranging yields:

0, = 2(&) (hfgap cos((9)> <1 _ rpgLsin(¢) APV)

7Legr u 20 cos(0)
(2)

The pressure drop of the vapor can be expressed
using the appropriate correlation such as Hagen—Poiseu-
ille flow for the geometry of the vapor space within the
heat pipe. Chi, [6], and many others, define the effective
wick length as 0.5L, + L, + 0.5L..

Eq. (2) represents the heat transfer rate as a function
of wick properties, represented by the first bracketed
term, working fluid properties and its interaction with
the wick’s solid surface, represented by the second
bracketed term, and the impact of bulk forces, repre-
sented by the third bracketed term. For a given wick,
working fluid (assuming constant properties) and heat
pipe orientation, Eq. (2) has one independent variable,
r. As the heat transfer rate is increased, the capillary ra-
dius changes, becoming smaller as it adjusts to the in-
crease pressure differential across the liquid-vapor
interface. The radius adjusts until the surface tension
can no longer support the pressure differential and the
meniscus collapses. The failure normally happens at
the far end of the evaporator first, drying out the wick
from the evaporator towards the condenser. The failure
causes a reduction in the heat transfer in the evaporator,
driving up evaporator temperature and ultimately causes
the heat pipe to stop functioning. Mechanistically, this
phenomenon has been described in at least two ways.
Silverstein [10] describes a failure mechanism in which
vapor is forced into the wick, causing the wick to dry
out, leading to large and rapid reduction in the ability
to transfer heat into the evaporator. Pruzan et al. [11]
describe a failure mechanism in which the capillary pres-
sure is no longer sufficient to feed the evaporator, or in
other words, the mass flow rate of vapor leaving the
evaporator exceeds the mass flow rate of liquid feeding
the evaporator, causing the evaporator to dry out. The
evaporator dry out leads to large and rapid reduction
in the ability to transfer heat into the evaporator. In
either case, it is the wick that is limiting the heat transfer
rate of the heat pipe. This limit on heat transfer is often
called the capillary limit [1,6], hydrodynamic limit [3],
wicking limit [10], or dry out heat flux [12].

The radius, r, that can support the maximum differ-
ential pressure across the liquid-vapor interface is
often referred to as the effective radius, r.s. The effective
radius is a property of the wick and the method of the
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determination of the value is described by Williams and
Harris [13]. Setting r equal to rey in Eq. (2) yields an
expression for the capillary heat transfer limit, O, ax:

_ KA Iy UPCOS(H))
=2 :
Qcap-,max (re(fLelT) ( K

rerpgLsin(¢)
x <1 ~ 2acos(0) 7APV)

3)

The ability of a heat pipe to transfer heat can be lim-
ited by the properties of the wick. The wick’s pore struc-
ture is a governing parameter in determining
permeability and effective radius. The above analysis is
based on the assumption of isotropic wick properties.
It is postulated that the capillary limit is a function of
the liquid permeability in the longitudinal (axial) direc-
tion and the effective radius in the transverse (normal)
direction. Metal felt wicks may provide an additional de-
gree of freedom, possibly allowing for high longitudinal
permeability while achieving a low effective pore radius
in the transverse direction. In particular, engineering
the pore structure for anisotropic wick properties and/
or grading the porosity in the transverse direction may
allow for achieving a wick structure that has an increase
in the ratio of K/r.y, thus increasing the capillary limit
per Eq. (3). This increase in the ratio of K/r.g may also
allow for a decrease in wick thickness ¢, thus lowering
the heat transfer resistance, and hence, the operating
temperature.

2.1. The boiling heat transfer limit

The primary mechanism of the heat transfer within
the evaporator of the heat pipe is evaporation of the lig-
uid at the liquid-vapor interface [6]. Fig. 1 is a diagram
of the wick geometry, temperatures and pressures in the
evaporator of a flat plate heat pipe. The wick is shown as
evenly spaced spheres for illustrative purposes, but could
be any substrate with any packing arrangement. It is fur-
ther assumed that there is some intimate contact of the
substrate particles with adjacent substrate particles.

Vapor, T, P,

!
O O O

T, P

O
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Dunn and Reay, [14], among others, propose a sim-
ple conduction model using Fourier’s Law for the heat
transfer from the heat pipe wall to the surface of the
wick. This can be expressed in rectangular coordinates
as:

Qe:keff#(pr_va) (4)
Eq. (4) can also be expressed in terms of evaporator

heat flux g., by dividing through by the area normal to

heat transfer, L. times w, yielding:

QC:?(TPW_TWV) (5)

Eq. (5) yields some interesting insight. Evaporator
heat flux can be increased by increasing the effective
thermal conductivity of the wick or by decreasing the
thickness of the wick. The effective thermal conductivity
of various wick structures has been studied fairly exten-
sively [3,15,16]. In general, the correlations that have
been developed are some combination of the thermal
conductivity of the substrate, the thermal conductivity
of the fluid within the wick, and the porosity of the wick.
These correlations vary with the type of porous media
and the effective thermal conductivity is certainly a func-
tion of pore structure. In other words, for metal wicks
with non-metal or low thermal conductivity working flu-
ids, the more intimate contact within the wick structure,
the more thermally conductive the wick.

For a given wick design and working fluid, both ke
and ¢ are fixed; therefore, the evaporator heat flux varies
directly with the temperature difference of the liquid
across the thickness of the wick. At low heat fluxes,
many investigators [17-19] have observed the linear rela-
tionship between heat flux and temperature difference.
However at high heat fluxes, the mechanism of heat
transfer changes, sometimes increasing, but ultimately
decreasing the effective heat transfer coefficient, and lim-
iting the heat flux that a given design can sustain. The
mechanism often described that causes the decrease in
the heat transfer coefficient is the nucleation of bubbles
within the wick structure followed by a trapping of

Wick Substrate

Liquid

© O O

]

4

A A a4 4 1

4/ 4
7

Constant Heat Flux Tpw, Pi

Vapor Bubble, Pu;pw

Pipe Wall

Fig. 1. Wick bubble nucleation.
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vapor at the pipe wall. The vapor essentially insulates
the wall from the liquid, increasing the resistance to heat
flow, leading to high wall temperatures if heat flux is
maintained at the high value. This is similar to critical
heat flux that is observed in pool boiling [20]. The heat
flux corresponding to the heat flux at which marks the
onset of nucleation is known as the heat pipe’s boiling
heat transfer limit.

The analysis of the boiling limit involves the theory
of bubble nucleation and growth. The development of
a heat pipe’s boiling heat transfer limit is attributed to
Chi [6], except Chi’s analysis has been modified for a flat
plate heat pipe in cartesion coordinates. The analysis
yields and expression for the heat transfer rate of the
evaporator required to support a nucleate bubble as:

. keﬂ'LeW TV (20’ )
= v (22 Ap, 6
0. C e\ (6)

Nucleation theory dictates that there is a minimum
value for the initial radius of the vapor bubble [21]. This
is dependent upon fluid properties and surface condi-
tions. If the radius of the vapor bubble is smaller than
the radius required to sustain bubble growth, the vapor
bubble will collapse. If the radius is larger than the ra-
dius required to sustain growth, the bubble will grow.
Setting the ry, equal to the bubble radius required to sus-
tain nucleation, r,, yields an equation in which the heat
flux is just large enough for nucleation. Now assuming
all nucleation is detrimental to the heat transfer per-
formance, or, at the onset of nucleation the wick of
the heat pipe rapidly becomes filled with vapor, the fol-
lowing relationship is developed for the boiling limit,

Qb.max :

. keffLeW TV 20
= = _ AP, 7
Qbmax ¢ hfgpv (rn ) ( )

Chi [6] recommends conservatively using a value on
the order of 0.25-25um for r, for heat pipes that use
copper wicks and water as the working fluid (also called
copper water heat pipes). If the working fluid is clean
and degassed and the heat pipe internals are very clean,
a value on the order of 0.025 to 0.25 pm can be used [6].
The theory of Lorenz [22] predicts that the larger nucle-
ation sites are the first to become active; therefore, con-
servatively the highest value of r, should be chosen.
Alternately, the theory of Lorenz [22] could be used to
directly calculate the appropriate value. In any case,
the boiling limit as described by Eq. (7) can be increased
by taking steps such as degassing and cleaning to lower
the value of r,,.

Some investigators have observed an improvement in
heat transfer at the onset of bubble formation [23,24].
These works suggest that some wick structures can sup-
port some level of nucleate boiling prior to reaching the
boiling heat transfer limit. In these studies, the heat

transfer rate is measured to be higher than that predicted
by evaporation alone, further supporting the mechanism
of simultaneous evaporation and nucleate boiling heat
transfer.

3. Step-graded wick description

Twelve screening samples of metal felts were initially
evaluated for bulk porosity, in-plane and cross-plane
effective radius, and in-plane and cross-plane liquid per-
meability as reported in Williams and Harris [13]. The
wicks used within the present work were selected from
these twelve screening samples. Two sets of wicks were
evaluated in the present work. Each set consisted of an
un-graded control and a step-graded wick. The step-
graded wicks were fabricated with a high permeability
base layer against the pipe wall and a low effective radius
top layer against the vapor space. The properties of the
step-graded wick were approximated as one dimensional
fluid and heat flow within the wick. This approach is
adequate since only the bulk-mass averaged properties
were being sought. Additionally, this approximation
has been used by other investigators for the analysis of
composite wick performance [3,14].

3.1. Bulk porosity

The porosity of the step-graded wick was calculated
from the individual porosities and volumes with the fol-
lowing equation:

et + &t
b=

(8)

3.2. Cross-plane effective radius

The purpose of step-grading was to provide a wick
with a small cross-plane effective radius at the liquid
vapor interface while providing a highly permeable base
layer for longitudinal flow of the liquid as it is trans-
ported from the condenser to the evaporator. The
cross-plane effective radius was taken to be identical to
the cross-plane effective radius of the top layer.

3.3. In-plane liquid permeability

The in-plane liquid permeability of the step-graded
wick was calculated by modeling the wick as two parallel
flow paths as defined by ¢, K; and ¢,, K,. The mass flow
rate through the wick is the sum of the mass flow rate
through each individual flow path, yielding:

= 1y + i 9)

Expressing Darcy’s Law in terms of mass flow rate
and substituting into Eq. (9) yields:
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APK[)IW o APlKlptlw + APszptzw
UL UL KL

Recognizing that the mass flow rate will balance such
that the pressure drop across each flow path is identical,
or AP = AP, = AP,, eliminating the other like terms in
Eq. (10), and then rearranging, yields an expression
for the in-plane permeability of a step-graded wick in
terms of the geometry and permeability of the two
layers:

(10)

Kit) + Kt
K — |1Jtr 153 (11)

3.4. Graded wick property measurements

The two graded wicks and two corresponding non-
graded base layers for use as controls were manufac-
tured by Technetics, Inc. and are described in Table 1.
Graded wick A (Graded A) was manufactured with a
base of screening sample 4A and a top of screening sam-
ple 3A. Control wick A (Control A) was manufactured
with a base of screening sample 4A only. Graded wick
B (Graded B) was manufactured with a base of screen-
ing sample 4B and a top of screening sample 3B. Control
wick B (Control B) was manufactured with a base of
screening sample 4B only. These wicks were then meas-
ured for porosity, cross-plane effective radius, and in-
plane permeability using the techniques described in
Williams and Harris [13]. The results of the measure-
ments along with the theoretical values as calculated
from Egs. (8) and (11) are also shown in Table 1. The
properties used to calculate the theoretical values were
based on the measurements of the corresponding screen-
ing sample. There was good agreement between the the-
oretical and measured valve for both Control A and
Graded A with the exception of cross-plane r.g for the
control wick. There was not was good agreement be-
tween the theoretical and measured valve for both Con-
trol B and Graded B. It was also believed that the
thickness (when compared to the screening samples) of
these wicks was not sufficient to establish homogeneity
in the packing. In any case, the actual measured values

Table 1
Step-graded sample measurements

were used to calculate the heat transfer limits within this
study.

4. Wick heat transfer limit measurements

Many investigators study wick performance by build-
ing actual heat pipes and subjecting them to heat loads
while measuring external temperatures. This method
has the advantage of simplicity, but is limited by that
which can be inferred from the external measurements,
making it difficult to distinguish between cause and ef-
fect. Several investigators have attempted to improve
upon the external measurements by placing the wick in
an environmentally controlled test chamber. Some
methods tested include Pruzan et al. [12], Noda et al.
[25], and McCreery [26].

Fig. 2 is a schematic illustration of the wick test stand
designed and utilized within this work [27]. It consisted
of a copper wick mounting plate to which a test wick
was mechanically clamped. A coarse (4 mesh) stainless
steel screen was utilized to ensure the wick was held
against the wick mounting plate. Thermally conductive
epoxy was used to attach two Kapton heaters to the cop-
per plate at the evaporator end to provide the heat
source. A recirculating water chiller provided cooling
at the condenser end of the plate. This was accomplished
by cooling channels that were drilled into the copper
plate. Twelve holes were drilled into the side of the plate
for the insertion of Type E thermocouples. Small,
0.25mm diameter thermocouples were potted into the
holes utilizing a thermally conductive epoxy. The wick
mounting plate was made as thin as possible in the evap-
orator and adiabatic section in order to minimize ther-
mal conduction down the length of the plate, while
still maintaining enough thickness for structural stabil-
ity. The mounting plate’s surface was treated using the
oxidation process per [28]. Surface treatments such as
this are often used in heat pipes to improve the wettabil-
ity of the pipe and wick materials [14].

The wick mounting block and insulation block were
place inside a vacuum chamber that consisted of a vac-
uum tee, a thermocouple feed through, a power feed

Sample Thickness (mm) total/top Theoretical Measured
€ Cross-plane In-plane K (um?) € Cross-plane In-plane
et (pm) e (pm) K (pm’)
Control A 0.43/0.0 0.85 190 891 0.85 500 859
Graded A 0.63/0.20 0.86 28 619 0.87 44 792
Control B 0.53/0.0 0.74 93 151 0.79 211 391
Graded B 0.71/0.18 0.74 12.6 115 0.81 35 170
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Fig. 2. Schematic of wick test stand: (a) side view, (b) end view.

through, a chill water, fill and vent, and pressure trans-
ducer feed through, and a Pyrex globe. The evaporator
end of the wick was positioned such that it was visible
through the cylindrical Pyrex globe. Guard heaters and
external insulation were utilized to account for parasitic
heat losses.

The wick test stand of the present work has several
advantages of those described in the open literature
[12,25,26]. First, the wick test stand could be operated
in any orientation with respect to the gravity plane. Sec-
ond, the wick test stand was readily adaptable for flow
visualization studies of the evaporator region. Third,
the wick test stand was well instrumented to record axial
temperature profiles and account for parasitic heat losses.
Forth, it isolated the wick from other vapor core specific
phenomena, such as the vapor phase pressure drop and
sonic limit, which are influenced by the heat pipe geome-
try and not wick properties. Finally, the wick test stand

was easily compatible with wide range wick types and
thickness and most low temperature working fluids.

4.1. Wick performance measurement procedure

The wick test stand and wicks were thoroughly
cleaned. Upon installation of the wicks, the system
was leak checked, leveled, and filled with degassed work-
ing fluid. The system was overfilled with approximately
100ml of liquid. To ensure that the system was not lim-
ited by the ability to condense the fluid at rate sufficient
to feed the evaporation, the temperature set point of the
guard heaters was adjusted as necessary to maintain the
condenser heat load as measured by the calorimeter to
approximately 0.25W greater than the evaporator input
power as measured by the power supplies. This essen-
tially operates the heat pipe in a slightly overfilled con-
dition with respect to the wick volume. This is a
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common operating condition of actual heat pipes [10].
The temperature set point of the guard heaters was
determined to have a negligible effect on the temperature
distribution within the wick base plate.

All tests were completed with the chiller at a set point
of 20°C. This provided an average condenser tempera-
ture as measured by TC6 of about 21 °C. After the estab-
lishment of the condenser power to a value above the first
evaporator power set point (normally 2 or 3 W), the hea-
ter power was set. Each heater was operated at the same
power level to provide the total evaporator heat load.
The temperatures were monitored until steady state
was achieved. Two minutes of temperature data were
averaged to determine the steady state value. Normally,
two sets of data were recorded about Smin apart. Once
the data was recorded at the given power level, the guard
heater set point was raised and the test was repeated at
the next power level. This procedure was repeated until
failure was observed as indicated by a marked increase
in the end temperature of the evaporator, TC1. In most
cases, several more power increases were made to collect
additional data. Visual observations were made and re-
corded at each power level by inspecting the wick using
a low power (10x or 20x) binocular microscope. Upon
completion of the test in the horizontal orientation, the
system was allowed to cool back to steady state while
the tilt angle was changed to the adverse tilt condition.
The test was then repeated in the adverse tilt condition.

R.R. Williams, D.K. Harris | International Journal of Heat and Mass Transfer 48 (2005) 293-305

temperatures labeled on Fig. 3 correspond to those
measured in the wick test stand. The average evaporator
temperature was taken to be the mean of TC1 and TC2.

Neglecting the fact that the system was operated with
a slight bias with respect to the condensation rate, a stea-
dy state heat balance yields:
Qnel = Qe - Qcp (12)

The conducted heat load through the copper plate
can also be expressed as:

Qcp = CCPATCP (13)
where AT, = ((TC1 + TC2)/2 — TC6) is the tempera-
ture drop across the effective length of the plate. The
copper plate conductance was empirically determined
by operating the wick test stand evacuated and filled,
but with no wick. The temperature difference of Eq.
(13) was measured as a function of heat load. A least
squares fit of the data to a line provided the slope, or
Cep, to be 0.31W/°C. Combining Egs. (12) and (13)
and substituting the value for C., yields an expression
for the net heat transfer rate through the wick as a func-
tion of measured values to be:

Qnet = Qe - 031AT(—P (14)

The net heat transfer rate through the wick can be ex-

pressed as:
4.2. Wick heat transfer limit data reduction AT
. AT,
. Qnet ) (15 )
The thermal system of the wick test stand was mode- S R,
led by the resistance network illustrated in Fig. 3. The n=2
Vapor
TC7 *  TC8
Wick
rc1 |° TC2 Wick Mounting Plate ' 106
S
Heaters Condenser
TC7 TC8
Rs Rs Ry
Qner T R7 Rs
Rs Rio R
TCI+TC2
> A%AYA% TC6

Cu

o |

Fig. 3. Wick test stand thermal network.
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The resistances across the liquid—vapor interface, Ry
and R4, were small and generally can be ignored [6].
Additionally, the resistance of the copper plate, R, and
Rg were negligibly small due to the location of TCI,
TC2, and TC6, and the high thermal conductivity of
the copper. The resistance of the vapor, Rs, was also
negligibly small due to the large vapor space. Neglecting
all the negligible resistances and rearranging Eq. (15)
yields and expression for the wick’s conductance as:

_ Qﬂct
Co =57 (16)

where Cy, = (R; + Ry~ L.

5. Experiment results and discussion

The two control wicks and two graded wicks were
tested to determine the conductance and heat transfer
limit of the wicks. Each wick was tested in the horizontal
orientation and with an adverse tilt (evaporator higher
than the condenser) of 3°. Water was initially used as
the working fluid, however there was difficulty in re-wet-
ting the Graded A wick upon its initial dryout. It was
determined that the water was not as wetting as origi-
nally assumed. The wetting angle of water on the stain-
less steel wick was subsequently measured to be 70°
using a sessile drop and an optical comparator similar
to the technique described by Adamson [29]. This re-
sulted in using methanol for the complete test. Both
the partial results with water as the working fluid and
the full results with methanol as the working fluid are
presented below.

A simple method to compare the results of perform-
ance of each wick was to plot the net heat transfer rate
of the wick, O, versus temperature difference between
the evaporator and condenser, AT,. Fig. 4 illustrates
the performance for a typical control and graded wick.
Table 2 lists the average measured conductance of each
wick with both working fluids. The average measured
conductance was the mean value of the measurements,
but did not include any data from the region of marked
improvement through failure.

As illustrated in Fig. 4, the conductance (as indicated
by the slope) was not measured to be constant, especially
for the control wicks. The general trend in these wicks
was an improvement, and in some cases a marked
improvement in conductance as the heat transfer rate
was increased. This marked increase in the heat transfer
rate actually resulted in a drop in temperature with in-
creased heat transfer rate as illustrated in Fig. 4. This
phenomenon was also noted by Mighal and Plumb
[30]. In their work, using R-11 as the working fluid at
atmospheric pressure, they postulated that some nucle-
ate boiling occurred at superheat values (the difference

12

s
3]
&
=
HH

Modeled Capillary
Limit = 10.2 Watts

=) o
L

Net Heat Transfer Rate (W)

0 f t f
0 5 10 15 20

Temperature Difference (°C)

—
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~

Modeled Capillary | |
Limit = 38.8 Watts

y = 1.04x
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(b) Temperature Difference (°C)

Fig. 4. Net heat transfer rate versus temperature difference,
methanol, horizontal: (a) base B, (b) graded B.

Table 2
Average measured and modeled conductance, error £ 10%

Wick/fluid

Average measured conductance (W/°C)

Control A/water 4.6
Graded A/water 2.7
Control B/water 3.6

Control A/methanol 1.4
Graded A/methanol 2.1
Control B/methanol 1.4
Graded B/methanol 0.9

between plate temperature and saturation temperature
in the evaporator) as low as 1 °C, resulting in an increase
in the conductance. Then, when sufficient superheat
exists (about 6°C in [30]), Mighal and Plumb [30]
postulated that nucleation was initiated over the entire
wick, resulting in a marked temperature drop. This is
similar to the overshoot commonly observed at the
incipience of nucleation in pool boiling. Although not
shown in the steady state data of Fig. 4(b), the indica-
tion of incipience was noted in transient data for the
graded wicks, indicating an unstable operating condi-
tion. As the heat transfer rate was further increased, a
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Table 3
Comparison of measured heat transfer limit and modeled
capillary limit

Wick/fluid/angle Measured Modeled Modeled
heat capillary %
transfer limit (Eq.  difference
limit (W) (3)) (W)

Control A/water/0 26.7%1 13.5+£7.7 —-494

Control A/water/3 151%1 0+31 —100

Graded A/water/0 11.5+1 364 £ 192 3065

Control B/water/0 22.1%1 183+98 —17.2

Control B/water/3 18.8£1 80+9.0 -574

Control A/methanol/0 6.3 %+0.5 7.5+22 19.0

42+0.5 0+0.7 -100
Graded A/methanol/0 42+05 132+£29 3040
Graded A/methanol/3 33+0.5 116£27 3415
Control B/methanol/0 10.3+0.5 102+24 -1.0
Control B/methanol/3 5.6+0.5 52+1.7 =71
Graded B/methanol/0 28+0.5 38.8+8.6 1285
Graded B/methanol/3 22+0.5 351%x8.0 1495

Control A/methanol/3

marked increase in surface temperature was observed in
both the present work and by Mughal and Plumb [30]. It
was postulated in [30] that this was due a vapor film
blanketing the surface of the wick mounting plate. The
heat transfer rate at which the temperature was observed
to increase was taken to be the wick’s heat transfer limit.
Table 3 list each the measured heat transfer limit of each
wick and the capillary limit as calculated from Eq. (3).

The capillary or boiling heat transfer limits of a heat
pipe are normally determined by incrementing the evap-
orator heat load while measuring the external surface
temperature of the end of the evaporator as was the
method employed by Noda et al. [25] and Moss and
Kelly [31]. When a marked increase in this temperature
was observed, the dry out of the wick is assumed to have
occurred and the heat transfer rate was deemed the limit.
In the case in which the wick is fully enclosed in an oper-
able heat pipe, such as in [32], the actual failure mecha-
nism cannot easily be determined and is often taken to
be the capillary limit. In the present work, it was origi-
nally assumed that boiling would not occur within the
wick at the operating conditions of the experiment,
and the heat transfer limit would be the capillary limit.
However, the results illustrated Table 3 challenged the
validity of that assumption. Specifically, heat transfer
limit of the graded wicks was measured to be more than
an order of magnitude less than the capillary limit pre-
dicted by the model, while there was good agreement
for the control wicks. The measured heat transfer limit
was based on the average value of the net heat transfer
just prior to failure and the value when failure was de-
tected. The uncertainty placed on the measured heat
transfer limit accounts for the fact that the net heat
transfer rate at failure was not specifically measured.
The uncertainty is higher for the water compared to

methanol due to the fact that total power was incre-
mented at a higher step. The larger uncertainty for the
modeled capillary limit of water is primarily driven by
a large sensitivity to the wetting angle at high wetting
angles.

Table 3 shows that the measured heat transfer limit
and the modeled capillary limit fit fairly well for the con-
trol wicks. Assuming the measured heat transfer limit
was indeed the capillary limit, there was a tendency of
the model to under-predict the capillary limit, especially
with adverse tilt conditions. The model’s under-predic-
tion of the capillary limit may be explained by the
non-homogeneous nature of the base wicks, especially
Control A. The wick was characterized by an reg of
500 um; however there were many smaller intercon-
nected pores within the wick. When operated at the ad-
verse tilt, it was visually observed that initially only the
largest pores drained, and most of the wick still sup-
ported liquid, whereas the model assumes the entire wick
would drain. This effect was less pronounced with the
more homogeneous Control B wick.

Conversely, Table 3 shows that the measured heat
transfer limit and the modeled capillary limit do not fit
well for the graded wicks. Three hypotheses were pro-
posed and investigated to explain the cause of the failure.
The first hypothesis was that the wick was not well
sealed, resulting in an exposed pore much greater in size
than the measured r., causing a premature capillary heat
transfer limit failure. The second hypothesis was that lig-
uid receded into the graded top layer of the wick, result-
ing in significant vapor flow through this layer, causing
an unaccounted for vapor pressure drop and a premature
capillary heat transfer limit failure. The third hypothesis
was that nucleate boiling occurred within the wick,
resulting in a boiling heat transfer limit failure.

The first two hypotheses were tested and determined
not to be the likely cause of the low heat transfer limit
[27]. The analysis of the nucleate boiling hypothesis is re-
ported below.

5.1. Analysis of nucleate boiling hypothesis

The underlying assumption that was made prior to
wick testing was that no nucleate boiling would occur
if the nucleation radius, r,, was small, and the wick
was thin, such that the amount of evaporator wall super-
heat was kept to a minimum. Unfortunately, within the
open literature, the appropriate range of values of r, for
a given wick structure is both unreliable and contradic-
tory [17]. However, it is clear that if vapor were to form
within the base structure of an edge-sealed wick, it
would rapidly displace the liquid and result in a failure
of the heat pipe. Several additional experiments and
analyses were conducted to test the hypothesis that
nucleate boiling or vapor formation within the wick
structure was the cause of the heat transfer limit failure.
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The heterogeneous nucleation of vapor bubbles on a
surface was studied by Lorenz et al. [22]. The nucleation
requires a site or cavity to initiate and sustain bubble
growth. Lorenz et al. [22] determined that a given some-
what idealized cavity would be active if its radius r,, is
greater than a critical radius, called the Lorenz radius
or r* given by:

_ 20Tsznvfg
hfg(Tl - Tsat)

r*

(17)

In the evaporator of a heat pipe, T, was taken to be
the vapor temperature, 7,. Assuming the nucleation oc-
curs at the wick pipe wall interface, (77 — T,) was the
amount of liquid superheat or simply the temperature
drop across the wick in the direction normal to the heat
transfer.

Eq. (17) can be used to calculate the r* for given
operating conditions of a heat pipe, such that if there
are sites characterized by a radius r, > r*, nucleation will
occur. Without the ability to measure r,, within a wick, it
was difficult to determine if conditions for nucleation ex-
isted. However, making the assumption that the meas-
ured heat transfer limit as shown on Table 3 was a
result of the activation of sites characterized by the
radius, r,, the value of r, was calculated by using the
model FLATPIPE [27] by iterating Eq. (7) on r, until
thmax equaled the measured heat transfer limit. For that
particular condition of fluid properties and liquid super-
heat, r* was calculated. Fig. 5 is a graph of r, versus r*
for all wicks, both working fluids, and both tilt angles.
The calculated points that fall above the line r, = r*
were predicted to be active sites. The two points that fall
in the shaded area below the line r,, = r* were predicted
not to be active. These two wicks were Controls A and B
with water at a 3° adverse tilt. All graded wicks with
both fluids were predicted to have active nucleation sites
by this analysis. Additionally, the amount of liquid
superheat present at the point of failure was predicted
to be very low, on the order of 1-5°C. The observed
level of superheat is consistent with the data presented
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Fig. 5. Calculated nucleation radius versus Lorenz radius.

by both Afgan et al. [33] and Rosenfeld [23], where
vapor formation was observed at superheats as low a
1.0°C in water and methylamine, respectively.

The mechanism of nucleate boiling causing dryout of
the graded wicks due to inability of vapor to escape was
additionally tested by the evaluation of wick Graded B
with methanol, but without sealing the edges of the
wick. It was postulated that there would be improved
performance compared to the sealed wick, as vapor
would be allowed to escape from the edges. The ex-
pected overall gain in the capillary limit vanishes with-
out the edges sealed, but this allowed the hypothesis to
be further tested.

Comparing results of an unsealed wick to those
found in Fig. 4(b), there was a marked improvement
in both the measured conductance and the heat transfer
limit of the non-sealed wick compared to the sealed
wick. The measured conductance increased by a factor
of 1.5 while the heat transfer limit increased by a factor
of 2.5. Additionally it was noted that the failure was
measured to be more gradual rather than sudden.

These observations were supported by the work of
Mughal and Plumb [30]. In their work, they added
grooves to the base of foam metal wicks to provide
paths for the vapor to escape and measured an increase
in both the conductance and heat transfer limit as
grooves were added. They also noted the more gradual
failure with the presence of the grooves.

The analyses and observations presented above all
support the formation of vapor within the wick as the
source of the low heat transfer limit of the graded wicks.

6. Conclusions

The heat transfer limit of the step-graded metal felt
wicks was measured to an order of magnitude lower
than the capillary limit for these wicks. Three hypotheses
were proposed and evaluated for the cause of the low
measured heat transfer limit of the graded wicks. The
mechanisms of a leak in the edge seal and vapor pressure
drop due to liquid recession were found not to be the
cause of the premature failures. The mechanism of
nucleate boiling or vapor formation was determined to
be the cause of the failure. It was apparent from the
analyses, that vapor formation was likely to exist in all
the wicks; however the control wicks were tolerant to
the presence of vapor. It is not evident that the failure
of the control wicks was due exclusively to either the
capillary limit or the boiling limit. However, the vapor
formation that occurred in the graded wicks not only re-
duced the conductance of these wicks, but ultimately re-
duced the heat transfer limit by an order of magnitude
compared the to expected value. Leaving the edges open
made the graded wick more tolerant to vapor formation
and improved the conductance and heat transfer limit,
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however, the heat transfer limit still fell well short of the
expected value.

The level of gradation used in this work was aggres-
sive, creating an intolerable resistance for vapor to es-
cape from the wick. Additional work is proposed to
determine if less aggressive gradation will provide an
improvement to the capillary limit while still allowing
vapor to escape, thus providing an overall increase in
the wick’s heat transfer limit.
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