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A copper foam based vapor chamber was designed, built and tested in this paper. The vapor chamber con-
sists of a top and bottom copper foam pieces which are sintered on the two copper plates. Several copper
foam bars directly contact the tip of the condenser and evaporator wicks. The surface temperature non-
uniformity was defined to characterize the temperature distribution on the condenser and evaporator
surfaces. It is found that the water and ethanol based vapor chambers have the best and worst thermal
performance, respectively, among the three working fluids of water, acetone and ethanol. The surface
temperature non-uniformity on the bottom (evaporator) surface are 3-5 times of those on the top (con-
denser) surface. Generally thermal resistances of vapor chambers are decreased with increases in heating
powers. Charge ratios and inclined angles are combined to influence the thermal performance of vapor
chambers. The maximum heating power attains 170 W, corresponding to the heat flux of 216 W/cm?
without the capillary or boiling limits reached. The minimum thermal resistance is 0.09 K/W. The signif-
icantly extended operation range of heat flux is due to the distinct nature of high porosity and multiscale
pore sizes of copper foams.
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1. Introduction

Miniaturization of electronic devices such as LED (light emitting
diodes) and computer chips leads to high heat flux to be dissipated.
As an effective flat plate heat pipe, a vapor chamber has a uniform
temperature distribution. A vapor chamber is a two-phase heat
transfer device. The inner wick on the bottom wall in contact with
the electronic chips serves as the evaporator, where the liquid
evaporates and carries heat away from the heating surface. The
upper wall functions as the condenser where the vapor condenses
and releases the latent heat, which is dissipated out through the
adjacent fin heat sink. The condensed liquid is recycled back to
the evaporator by capillary force.

The capillary wick in a vapor chamber pumps liquid to the heat-
ing surface. There are three kinds of capillary wicks in the litera-
ture: (1) the sintered powder wick provides large capillary force,
but large shear stress occurs during the counter-current flow of
vapor and liquid phases in porous pores; (2) the mesh wick can
control the thermal resistance by adjusting the combination de-
gree between wires. The shortcoming of the mesh wick is the large
temperature drop in the thickness direction of the mesh wick; (3)
the microchannel structure significantly decreases the shear stress
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at the vapor-liquid interface during the counter-current flow of the
two phases, yielding the enhanced heat transfer.

Wang and Vafai [1,2] studied the thermal performance of a flat
plate heat pipe, showing quite uniform temperatures along the
heat pipe wall surfaces. They indicate that the porous wick of the
evaporator section creates the main thermal resistance to yield
the largest temperature drop, consequently affecting the heat pipe
performance.

Wang and Peterson [3] proposed a novel flat plate heat pipe
design. Sintered copper screen mesh was used as the primary wick
structure, in conjunction with a series of parallel wires, which
formed liquid arteries. Water was used as the working fluid. The
maximum heat transport capacity was examined and the design
parameters of this particular design were optimized.

Cao and Gao [4] fabricated miniature heat pipes using the elec-
tric-discharge-machining (EDM) wire-cutting method. Axial
grooves can be created around the entire interior perimeters of
the miniature heat pipes. The effective thermal conductance of
the heat pipe is on the order of 40 times that of copper based on
the external cross-sectional area of the miniature heat pipe.

Hophins et al. [5] investigated the maximum heat transfer capa-
bilities of two copper-water flat miniature heat pipes (FMHP) with
diagonal trapezoidal micro capillary grooves and one copper-water
FMHP with axial rectangular micro capillary grooves. Maximum
heat flux on the evaporator wall of the 120 mm long axial grooved
heat pipe, with a vapor channel cross-sectional area of approxi-
mately 1.5 x 12mm? and rectangular grooves of dimensions
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Nomenclature
Ae wick surface area of the evaporator (m?)
Al cross-sectional area of the wick perpendicular to the li-

quid flow direction (m?)

ap and a; empirically determined constants for temperature dis-
tribution in copper block

b charge ratio

dy ligament diameter of metallic foam, m

d, pore diameter of metallic foam, m

degy effective pore diameter of the wick, m s
combined parameter for the porous wick, G = A:”A;Z:;

hig latent heat of evaporation (J/kg)

K permeability (m?)

k thermal conductivity of copper (W/(m K))

l ligament length of a unit cell of metallic foams, m

N combined parameter for working liquid, N = %f”g (W/
m?)

p pressure (Pa)

ppi number of pores per inch

q heat flux (W/m?)

q evaporator heat flux (W/m?)

Q effective heating power (J)

R thermal resistance (K/W)

T temperature (K or °C)

r cylindrical coordinate (m)

U surface temperature non-uniformity (K/W)

u liquid surface velocity (m/s)

z axial coordinate (m)

%| f temperature gradient at the junction location (K/m)

Ap pressure drop (Pa)

Ax distance for the liquid flow path (m)

Greek symbols

o wetting angle

€ porosity

o liquid surface tension (N/m)

u viscosity (kg/(m s))

o density (kg/m?3)

Subscripts

ave average

bot bottom surface

c capillary

eff effective

g gravity

] junction between vapor chamber and heating copper
block

l liquid

max maximum

min minimum

S solid

sat saturation condition

top top surface

% vapor phase

vC vapor chamber

0.20 mm wide by 0.42 mm deep, exceeded 90 W/cm? in the hori-
zontal orientation and 150 W/cm? in the vertical orientation.

Vasiliev [6] pointed out that the micro grooved flat plate heat
pipes have large heat transfer coefficients and heat transfer area
for the fluid per unit volume. They compared the sintered powder
wick, micro grooved capillary wick, and screen mesh wick struc-
tures used in flat plate heat pipes. They concluded that the sintered
powder wick is the most effective, and optimization of the sintered
powder parameters is important to improve the thermal perfor-
mance of flat plate heat pipes.

Lu et al. [7] tested a vapor chamber using high thermal conduc-
tivity and permeability graphite foam as the wick structure. The
vapor chamber can reach a heat flux of 80 W/cm? with ethanol
as the working fluid. Effects of the capillary limit, boiling limit,
and thermal resistance in restricting the overall performance of a
vapor chamber were analyzed. Their modeling results show that
the vapor chamber performance using graphite foam is about twice
that of one using a copper powder wick structure.

Wong et al. [8] invented a novel vapor chamber and studied its
performance. Parallel grooves are made on the inner surface of the
top plate, with inter-groove openings, to replace the conventional
porous wick. The inner surface of the bottom plate is sintered a
layer of porous wick as the evaporator. The peaks of the groove
walls directly contact with the wick so that the grooves function
as vapor path, condenser and structural supporters simulta-
neously. Good performances with low vapor chamber resistance
and large heat load limit were obtained under different
orientations.

Metallic foam is a new kind of heat transfer material that has
been received great attention in recent years. It behaves large ther-
mal conductivity and ultra light. Besides, it has large porosity such
as 0.95 used in this study. Single-phase liquid/gas heat transfer in
confined channels and boiling heat transfer under pool or forced
convection conditions have been reported in the literature.

However, there are no reports on the metallic foam based vapor
chambers in the open literature, to the authors’ knowledge.

The motivation of the present study is to pursue the possibility
that metallic foam can be used as the capillary wick in vapor cham-
bers for high heat flux dissipation. The vapor chamber consists of a
top and bottom copper foam pieces which are sintered on the two
copper plates. Several copper foam bars directly contact the tip of
the condenser and evaporator wicks. Three working fluids of water,
acetone and ethanol are tested. Charge ratios are changed from
0.15 to 0.45, and inclination angles are from horizontal to vertical
orientations. A new parameter, i.e. the surface thermal resistance
was defined to characterize the temperature uniformity on the
condenser and evaporator surfaces. Effects of working fluids,
charge ratios and inclination angles on the thermal performance
of vapor chambers were discussed and analyzed. The capillary lim-
it or boiling limit was not reached at the heating power of 1770 W,
corresponding to the heat flux of 216 W/cm?, which is significantly
larger than those reported in the references.

2. The test section and experimental setup
2.1. Design of the copper foam based vapor chamber

Fig. 1a shows the piece components which can be combined to
form a vapor chamber, consisting of top copper cap (1), copper
foam piece (2), copper foam bar (3), copper foam piece (4), minia-
ture copper cylinder (5), copper foam skirt (6), and copper
substrate (7). The grey and red colors represent the copper mate-
rial and copper foam material, respectively (see Fig. 1a). The copper
foam piece (2) was sintered on the inner surface of the top copper
cap (1), and the copper foam piece (4) was sintered on the inner
surface of the copper substrate (7). The top and bottom copper
plates were welded together to form the vapor chamber. The four
miniature copper cylinders (5) support the whole vapor chamber
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Fig. 1. The vapor chamber structure (a) pieces for vapor chamber, (b) photo of the copper foam sintered on the evaporator surface, (c) photo of the copper foam (1: top copper
cap, 2: copper foam piece, 3: copper foam bar, 4: copper foam piece, 5: miniature copper cylinder, 6: copper foam skirt, 7: copper substrate, the gray color indicates the copper
material and the red color represents the copper foam material in Fig. 1a). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

to prevent the structure deformation during the vacuum process of
the vapor chamber. The foam bars (3) directly contact the tip of the
top and bottom foam pieces. In conventional vapor chamber, liquid
is returned from the chamber side wall to the heater location.
However, the copper foam bars significantly decrease the liquid
flow path, helping to recycle the liquid from the condenser to the
evaporator wick.

Fig. 1b shows the photo of the copper foam sintered on the in-
ner copper substrate surface. The copper foam has a porosity of
0.95 and ppi of 90 (see Fig. 1c). The foam has an open-celled struc-
ture, having 12-14 pentagonal or hexagonal faces. The cross-
section of ligaments depends on porosity, and changes from a cir-
cle at £=0.85 to an inner concave at &£ =0.97 ([9]) Fig. 2 shows a
unit foam cell, with the assumed tetrakaidecahedron shape. The
ligament length is | with its diameter of dy. The circumcircle diam-
eter of the foam cell is v/10l, which can be regarded as the pore
diameter of d,, i.e. d, = V10l (not considering the ligament thick-
ness). In the present study, the pore diameter of d, equals to

\

o

Fig. 2. A unit of foam structure.

0.772 mm. We visualized the minimum pore diameter as
0.09 mm, which is also regarded as the effective pore diameter of
deto affect the liquid suction. Coexistence of large and small pores
in foams is helpful for the vapor release from the large pores and
liquid suction in small pores, improving the vapor chamber perfor-
mance. The ligament length | and diameter dy are 0.299 mm and
0.064 mm, respectively.

2.2. The vapor chamber assembly for experiment

The vapor chamber and the heating copper block was welded
together to form the vapor chamber assembly, thus there is no
any contact thermal resistance between them (see Fig. 3). The
vapor chamber has a diameter of 100 mm and a thickness of
8.0 mm. The wall thickness of the vapor chamber is 1.2 mm. Both
the two copper foam pieces sintered on the inner surface of the
vapor chamber have the thickness of 2.0 mm. There is a capillary
tube connected with the side wall of the vapor chamber, acting
as the vacuum port and liquid charge port. Before charging liquid
into the vapor chamber, the vapor chamber was vacuumed to a
pressure of 6 x 1073 Pa. After the vapor chamber was charged with
liquid, the pressure in the vapor chamber consists of the pressure
due to the non-condensable gas and the vapor-liquid phase equi-
librium pressure. The later component depends on the charged
liquid and the environment temperature. For example, the phase
equilibrium pressure for ethanol is 7.83 k Pa at the environment
temperature of 25 °C, which is three orders higher than the non-
condensable gas pressure. Thus the non-condensable gas pressure
has less influence on the vapor chamber performance.

The heating copper block was machined with the bottom part
as a prism, the central part as a pyramid, and the top part as a
cylinder, ensuring uniform heat conduction in the cylinder part
along the axial direction. The 10 mm diameter cylinder was
welded on the vapor chamber surface centrally. Totally 18 K-type
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Fig. 3. The assembly of vapor chamber and heating copper block.

thermocouples were welded on the top and bottom surfaces of the
vapor chamber. They are numbered from 1 to 10 on the top surface,
and from 11 to 18 on the bottom surface. The distance between
two neighboring thermocouples is 10 mm. In order to accurately
evaluate the heat flux and temperature at the junction between
the heating cylinder and the vapor chamber surface, three thermo-
couple wires, which are numbered from 19 to 21 in Fig. 3, are
inserted in 1 mm diameter holes of the cylinder. Then the holes
are filled with glue having a 200 °C temperature tolerance and
58.7 W/m K thermal conductivity.

2.3. The experimental setup

Fig. 4a shows the experimental setup. The vapor chamber
assembly was attached on the base surface of a fin heat sink, with
glue filled between them. The fin heat sink has exactly the same
diameter of 100 mm as that of the vapor chamber. There are totally
23 fins, each having a thickness of 2.0 mm and height of 53 mm.
The gap between two neighboring fins is 2.5 mm. There is a cooling
fan arranged at the top of the fin heat sink. Fig. 4b shows the ther-
mocouple arrangement on the top surface of the vapor chamber.
For each thermocouple wire, there is a 1 mm-diameter hole on
the fin base, from which the thermocouple wire can be penetrated
to the hardware external.

Three cartridge heaters were used, each having a maximum
heating power of 100 W at the AC voltage of 220 V. The three car-
tridge heaters are driven by a power supply system, consisting of a
voltage stabilizer, an AC voltage transformer and a power-meter.
The voltage stabilizer significantly minimized the voltage oscilla-
tion versus time. By adjusting the voltage transformer, one can
obtain a stable voltage output in the range of 2-220V, resulting
in controlled adjustable heating power up to 300 W.

Before the welding process of the vapor chamber, all the pieces
were rinsed by methanol liquid. The vacuum and charging proce-
dures were performed using a special facility fabricated in our lab-
oratory. The vapor chamber was filled with the working fluid and
sealed. The final net liquid charged in the vapor chamber was the
weight difference before and after the vapor chamber was charged
with liquid. Such weight measurement was performed by an elec-
tronic balance with the accuracy of 0.01 g. The total inside volume
of the vapor chamber was 34.5 ml. The charge ratio (b) is defined
as the liquid volume occupied by the total inside volume of the

vapor chamber. The charge ratio is estimated to have an uncer-
tainty of 0.5%.

2.4. Data reduction and uncertainty analysis

It is noted that the cooper block under the vapor chamber is
wrapped by the insulation material. Heat flux can be determined
at the junction surface between the vapor chamber and the copper
block, which can be written as g = —k ¢, based on the one-dimen-
sional assumption, where k is the temperature dependent thermal
conductivity of copper, 4| E is the temperature gradient at the junc-
tion location, z is the coordinate perpendicular to the junction sur-
face (see Fig. 3). A least square correlation of temperatures versus z
was written as T = ag + a;z, where ag and a; are the constants cor-
related based on Ty, T2 and T (see Fig. 3). The junction temper-
ature (T;) is the maximum temperature at the bottom vapor
chamber surface and can also be decided in terms of such correla-
tion. The calculated heating power is about 92% of that measured
by the power meter. In order words, the heat loss is about 8%.
The difference between T; by the liner curve correlation with T4
and Tis is increased with increases in the heating powers. For
example, T; deviates from T14 and Ty5 by 2.7 °C at Q=100 W, and
deviates from T4 and T;5 by 3.6 °C at Q=150 W.

It is necessary to evaluate the thermal resistance of the vapor
chamber, which is defined as
Tj - Tuve,top

0 M
where Ty 0p i the average temperature at the top condenser sur-

face of the vapor chamber, which is expressed as (see Fig. 3)

10
ST
Ta ve,top — 1176 : (2)

Rye =

In order to characterize the uniformity of the temperature dis-
tribution on the top and bottom surfaces of the vapor chamber,
we define the new parameters of surface temperature non-unifor-
mity, which are expressed as

Tmux top — Tmin.top
e TP 3
2 3)

Us.top =

T max,bot 1 min,bot
; 4

Us,bot =
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Fig. 4. The experimental setup.

where Usop and U o are the surface temperature non-uniformity
at the top and bottom surfaces of the vapor chamber, respectively,
Tmax,mp =max(T;-Tyo), Tmin,top = min(T;~Tyo), Tmax,bot = max(T11-Tig),
Trminpor = Min(Ty1-Tyg), see Fig. 3. Physical meaning of the surface
temperature non-uniformity is the maximum temperature differ-
ence per unit heating power. Heat flux q is defined as the heating
power divided by the junction heater area.

The temperature measurements involve the maximum uncer-
tainty of 0.2 K. The power-meter gave an accuracy of 0.5% for the
heating power. The thermal resistance for the vapor chamber
depends on the temperature and heating power measurements.
The standard uncertainty analysis gives

2
(F6) 2

onc>2 ) (ava )
ARyc = — | AT} +
ve \/( 8T] J aTaue,mp 8Q

Substituting the expression of the thermal resistance defined in
Eq. (1) into Eq. (5), we have the relative error for the thermal resis-

tance as
2 2
) )

2
AT? .+

ave.top

ARVC

AT,
T] - Tave,top

ATa ve.top
T] - Ta ve,top

Ry. (6)

3)
=] +
(s

Eq. (6) gave the uncertainty of 6.1% for the thermal resistance of
the vapor chamber. Similarly, the standard uncertainty analysis
gave the uncertainties of 10.5% and 6.3% for the surface temperature
non-uniformity on the top and bottom vapor chamber surfaces.

3. Results and discussion
3.1. Analysis of vapor chamber performance

For the steady operation of a vapor chamber, the capillary pres-
sure (Ap,) created by the wick structure is the driven source for the
fluid circulation in the closed volume. Ap, should be larger or equal
to the sum of the liquid pressure drop (Ap,), vapor pressure drop
(Ap,), and gravity induced pressure drop (Ap,), i.e.

Ap. > Ap, + Ap, + Ap, (7)

where Ap, is

_4ocosa

Cc

Ap 8)

deg
where ¢ is the surface tension of liquid, o is the wetting angle, deis
the effective pore diameter of the wick, which is dependent on the
minimum pore diameter of the metallic foam.

Because the liquid flow velocity and pore diameter are very
small, Reynolds number for the liquid flow is very small and the
flow is in laminar flow region. The pressure drop for the liquid flow
can be estimated in terms of the Darcy’s equation:

Mlul AX

K ©)

where g is the liquid viscosity, u; is the liquid surface velocity, K is
the porous permeability, which can be expressed as

Ap, =
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and Ax is the distance for the liquid flow path. In this study, the
copper foam bar directly contacts the evaporator and condenser
surface, greatly decreasing the flow path for the liquid flow.

The following energy equation gives the relationship between
the evaporator heat flux and required liquid flow

q'Ae = p1 i Arhyg (11)

where ¢’ is the evaporator heat flux, A, is the wick surface area of
the evaporator, p; is the liquid density, A, is the cross-sectional area
of the wick perpendicular to the liquid flow direction, which is filled
with liquid, hye is the latent heat of evaporation. The evaporator heat
flux can be reached based on Egs. (8)-(11), by neglecting the vapor
pressure drop and gravity pressure drop:

K (10)

;1
q= gNG (12)
where N = 2" is completely dependent on the working fluid and

My
G= A,sdlzJ cos o
T TAcAxdyy

from the G parameter that a good vapor chamber performance can
be obtained using a large pore diameter d,, a low wetting angle «,
and a small effective porous diameter d.; Metallic foam behaves
such characteristics, thus it is an ideal porous media material used
in vapor chambers. Fig. 5 shows the surface tension, viscosity, and N
number versus liquid temperature. Among the three working fluids
of water, acetone and ethanol, water has the largest N number,
which is about 12-17 times of acetone and ethanol. It would be ex-
pected that the water based vapor chamber has the best thermal
performance.

is a combined parameter for the porous wick. It is seen

3.2. The surface temperature non-uniformity

Fig. 6 shows the surface temperature distribution for the liquid
charged vapor chamber, empty (non-liquid filled) vapor chamber,
and copper plate. The copper plate has exactly the same overall
size and material as those of the vapor chamber. As shown in
Fig. 6a-b, very uniform temperature distribution can be seen at

the condenser surface of the liquid filled vapor chamber, i.e. top
surface (referring to T;-Ty in Fig. 3). The maximum temperature
difference on the condenser surface is only 1.1 °C at the heating
load of 150 W. On the bottom surface of the vapor chamber, tem-
peratures (T;1-T;g in Fig. 3) are larger at the center area and are de-
creased with increases in the r coordinate (away from the center
area). For the copper plate, however, significant non-uniform tem-
perature distribution is identified, especially at the bottom surface
of the copper plate. For instance, the copper plate has a tempera-
ture of 91 °C at the location having 5 mm distance away from the
center of heating area for the heating power of 150 W. But the va-
por chamber has only the temperature of 71 °C at the same loca-
tion and heating power (see Fig. 6b). Generally, the center
location has higher temperatures than the side locations for the
copper plate.

The non-uniformity of the surface temperatures is greater for
the empty vapor chamber than the liquid charged vapor chamber
and copper plate. The empty vapor chamber has lower tempera-
tures at the center area than that at the side area on the top surface
(see Fig. 6¢), due to the heat conduction from the side wall to the
center area. The bottom surface of the empty vapor chamber has
much higher temperatures than the liquid charged vapor chamber
(see Fig. 6d). For instance, the center area of the empty vapor
chamber has a temperature of 102 °C, but the liquid charged vapor
chamber has the temperature of 77 °C at Q=90 W.

The surface temperature non-uniformity give the temperature
uniformity information on the two surfaces for the vapor chamber.
Fig. 7a and b shows the surface temperature non-uniformity
dependent on the working fluids at the horizontal orientation
(0 =0°) and charge ratio of 0.30. The empty vapor chamber has sig-
nificantly large surface temperature non-uniformity on both sur-
faces than the copper plate and liquid charged vapor chamber.
Both the empty vapor chamber and copper plate have nearly con-
stant surface temperature non-uniformity, due to the heat conduc-
tion mechanism. Among the three working fluids of water, acetone
and ethanol, the water and ethanol charged vapor chamber have
the smallest and largest surface temperature non-uniformity,
respectively. Effect of working fluids on the surface temperature
non-uniformity is consistent with the N number analysis, i.e. water
has the largest N number to have best thermal performance. For all

.08 .0014 r 5e+11
-.0012
- 4e+11
.06
-.0010
e e o water
A A A acetone sestt
- 3e+
. = m = ethanol | o008 — =
c red color for surface tension %) g
> .04 blue color for viscosity & N
‘6’ pink color for N ~ =~
-.0006 = <
- 2e+11
- .0004
.02 4
1e+11
.0002
0.00 T T T T T 0.0000 -0
0 20 40 60 80 100

Te (°C)

Fig. 5. The surface tension, viscosity and N number versus saturation temperature for water, acetone and ethanol.
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Fig. 6. Temperatures at the top and bottom surfaces for copper plate, empty vapor chamber and liquid charged vapor chamber.

the cases tested, the surface temperature non-uniformity on the
bottom surface of the vapor chamber are significantly larger than
those on the condenser surface, indicating the major contribution
of the evaporator resistances to the whole resistances of the vapor
chamber.

Fig. 7c gave the surface temperature non-uniformity on the con-
denser surface of water charged vapor chamber. The smallest
charge ratio of 0.15 gave the lowest surface temperature non-uni-
formity. The high charge ratio may result in the top copper foam
piece partially filled by liquid, increasing the surface temperature
non-uniformity on the top surface. The situation is changed on
the bottom surface of the vapor chamber (see Fig. 7d). The high
charge ratio of 0.45 leads to small surface temperature non-unifor-
mity on the bottom surface for Q < 75 W. However, when the heat-
ing power exceeds 75 W, the moderate charge ratio of 0.30 has the
lowest surface temperature non-uniformity. Because the thermal
resistances on the bottom surface are several times of the top sur-
face, it is recommended to select the optimal charge ratio based on
the performance of the bottom surface.

Fig. 7e-f illustrates the surface temperature non-uniformity
versus a set of heating powers and inclination angles, noting that
0=0° and 90° represent the horizontal and vertical orientations,
respectively. The general trend is that the horizontal (0 = 0°) and
slightly inclined angles (0 = 30°) have smaller surface temperature
non-uniformity on the top surface of the vapor chamber (see
Fig. 7e). The surface temperature non-uniformity are not much dif-
ferent on the bottom surface of the vapor chamber for different
inclination angles. The inclination angle of 60° has the smallest
surface temperature non-uniformity for Q <75 W, corresponding

to g =101 W/cm?2. But the horizontal orientation (0 = 0°) gave the
lowest surface temperature non-uniformity for Q > 75 W.

3.3. The thermal resistances of the vapor chamber

Effects of working fluids, inclination angles and charge ratio of
liquids on the thermal resistances of the vapor chamber were sys-
tematically studied here. Fig. 8a shows the thermal resistance ver-
sus a set of heating powers and working fluids. The empty vapor
chamber and copper plate have constant thermal resistances ver-
sus heating powers, which have the thermal resistances of
0.65 K/W and 0.25 K/W, respectively. The ethanol charged vapor
chamber at the charge ratio of 0.30 has poor thermal performance,
i.e. the thermal resistance is even larger than that for the empty va-
por chamber for Q<70W, possibly due to the delayed phase
change heat transfer in the vapor chamber. Water and acetone
charged vapor chambers have similar thermal resistances for
Q<70 W. However, the water charged vapor chamber has the
smallest thermal resistances for Q > 70 W. Fig. 8b demonstrates
the thermal resistances versus heating powers and inclination
angles. At any inclination angles, the water and ethanol based
vapor chambers have the smallest and largest thermal resistances,
respectively. The water filled vapor chamber has the smallest ther-
mal resistances at the vertical orientation for small heating powers,
but has the best thermal performance at the horizontal orientation
for large heating powers.

For the water charged vapor chamber, the thermal resistances
are smallest with the horizontal orientation at the small charge ra-
tio of 0.15 (see Fig. 9a). The evaporator wick is immersed in liquid,
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Fig. 7. surface temperature non-uniformity dependent on the working fluid, charge ratio and inclination angle.

while the condenser is filled by vapor. Nucleate boiling is domi-
nated in the evaporator wick while the condenser has low thermal
resistance. Increases in the inclination angles decrease the liquid
content in the evaporator wick. The differences among different
inclination angles become weak at high heat loads, due to the en-
hanced fluid circulation inside the vapor chamber. When the
charge ratio is increased to 0.30, the thermal resistances are smal-
ler for the inclined orientations than that for the horizontal orien-
tation (see Fig. 9b), due to the improved two-phase circulation at
low heating loads such as less than 45 W. At high heating loads,
the thermal resistances are smallest at the horizontal orientation
among the different inclined angles. The charge ratio of 0.45 means
nearly half of the vapor chamber internal volume is occupied by
liquid, yielding a best thermal performance at the inclination angle

of 60° (see Fig. 9c). Both the horizontal and vertical orientations
worsen the thermal performance.

3.4. Comparison with other studies

The conclusion on the effect of working fluids on the thermal
performance of the vapor chamber is consistent with that drawn
by Wong et al. [10]. Here we only compare the thermal resistances
of the water charged vapor chamber with those reported in the lit-
erature. For most cases tested, the thermal resistances of the vapor
chamber are decreased with increases in heating powers. The
tested maximum heating power is 170 W at the charge ratio of
0.30 with the horizontal orientation. This corresponds to the heat
flux of 216 W/cm?, at which the minimum thermal resistance is
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0.09 K/W (see Fig. 10). Both the capillary limit and the boiling limit
are not reached under such circumstance.

Wong et al. [8] studied the performance of a novel vapor cham-
ber, showing smaller liquid flow resistance and hence high anti-
dryout capability. Fig. 10 re-plots the thermal resistances versus
heat fluxes for the heating area of 1.1 cm by 1.1 cm with water
as the working fluid. The charged water has a weight of 3.4 g.
The minimum thermal resistance of 0.16 K/W is reached at the
heat flux of 124 W/cm?, which is defined as the transition point,
beyond which the thermal resistances are sharply increased, indi-
cating the capillary limit or the boiling limit reached. Wong et al.
[10] reported the similar vapor chamber design and tested the
thermal performance. As shown in Fig. 10, the curve of thermal
resistances versus heat fluxes has a transition point at q =67 W/
cm? and Ry¢= 0.21 K/W, beyond which the thermal resistances will
be increased.

Horiuchi [11] developed the vapor chamber using the micro-
channel wick instead of the conventional sintered powder wick.
They achieved the minimum thermal resistance of 0.17 K/W at
the heat flux of 135 W/cm?, beyond which the thermal perfor-
mance of the vapor chamber becomes worse.

Chen et al. [12] developed a vapor chamber using the diamond-
copper composition as the wick structure. There are three types of
diamond-copper powder volume ratio as 1/4, 1/6 and 1/8 consid-
ered in fabrication of the wick sheets and columns. They stated
that the wick material of diamond-copper composition can effec-
tively prevent the shortcoming of dry-out at high heat flux. As
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Fig. 9. Effects of inclination angles and charge ratios on the thermal resistance of
the vapor chamber.

shown in Fig. 10, the tested heat fluxes are less than 57 W/cm?,
covering a narrow range. The thermal resistances begin to rise
when the heat flux exceeds 38 W/cm? for one type of wick with
the diamond to copper powder volume ratio of 1/6.

From the above comparison, it is seen that the copper foam
based vapor chamber significantly extends the range of heat fluxes
(~220 W/cm?) without the capillary limit or the boiling limit oc-
curred. The minimum thermal resistance can reach 0.09 K/W. Such
high heat flux dissipation using vapor chambers was less reported
in the literature, to the authors’ knowledge. The significantly
extended heat flux range is based on the following mechanisms.

3.5. The high porosity

The copper foam has a high porosity of 0.95, which is larger
than the porosity of 0.3-0.6 for conventional porous media. The
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high porosity ensures a larger foam thickness used and decreases
the flow resistance of the two-phase circulation in the vapor cham-
ber. Besides, the copper foam vapor chamber provides significantly
larger extended heat transfer area than the microchannel based va-
por chamber.

3.6. The multiscale pore size

Due to the distinct nature of the metallic foam, multiscale pore
sizes existed. The larger pores help to release the created vapor
while the smaller pores help to suck the liquid toward the heater
surface, decreasing the shear stress at the vapor-liquid interface
for the counter-current flow.

3.7. The shortcut of the flow path

The copper foam bars directly contact the tip of the top and bot-
tom copper foam pieces to significantly decrease the liquid flow
path from the condenser surface to the evaporator wick.

4. Conclusions

We presented the experimental study on the vapor chamber
performance using copper foam as the capillary wick. The conclu-
sions are summarized as follows.

(1) The theoretical analysis on the working principle of the
vapor chamber using porous media as the wick structure
yields two parameters. One refers to the geometry structure
for the wick, the other is the N parameter, relating to the
physical properties of working fluids. Water and ethanol
have the largest and smallest N numbers, among the three
working fluids of water, acetone and ethanol.

(2) Except the thermal resistances defined in the literature, the
surface thermal resistance is newly defined to characterize
the temperature uniformity on the evaporator and

condenser surfaces. The surface temperature non-uniformity
on the bottom evaporator surface are several times of those
on the top condenser surface.

(3) For most cases, the surface temperature non-uniformity on
the evaporator and condenser surfaces display parabola
shape, i.e. they will be increased, attain the maximum value
and then decreased with continuously increases in heating
loads. Generally, the working fluid of water, horizontal ori-
entation, and charge ratio of 0.30 gave the lowest surface
temperature non-uniformity.

(4) At the small charge ratio of 0.15, thermal resistances of the
vapor chamber are smallest with the horizontal orientation.
For the moderate charge ratio of 0.30, the inclined or vertical
orientations improve the thermal performance at low heat-
ing powers, but the horizontal orientation has the lower
thermal resistances for large heating powers. Inclined or ver-
tical orientations have smaller thermal resistances at the
high charge ratio of 0.45.

(5) The maximum heating power of 170 W corresponds to the
heat flux of 216 W/cm?, with the minimum thermal resis-
tance of 0.09 K/W, under which the capillary limit or boiling
limit is not reached. The significantly extended heat flux
range is due to the distinct nature of high porosity and mul-
tiscale pore sizes of copper foams.
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