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Abstract - In contemporary densified 5G base stations, different
categories of electronic components (power devices, digital ICs)
dissipate different levels of heat, inducing challenges in terms of
thermal segregation and temperature differences between
nominally identical transmission channels. In such cases, a
vapor chamber that acts as a passive two-phase heat transfer
device represents a potential solution by reducing the
temperatures and formation of temperature gradients across
the base station. This paper presents a method to accurately
determine the thermal performance of a wire mesh-type vapor
chamber (56 mm x 56 mm x 3 mm) for orientation angles
ranging from 0° (horizontal) to 90° (vertical), and heat source
sizes of 10 mm to 20 mm. In this method, an aluminium block is
configured as a calorimeter that is in contact with the centre of
the vapor chamber’s evaporator, providing input powers
ranging from 3 W to 60 W. One-dimensional axial conduction is
assumed to occur along the calorimeter, enabling the
quantification of heat flow using local temperature
measurements. The thermal performance of the vapor chamber
is recorded in terms of thermal resistance, R, which is a
standard metric to measure a material’s ability to resist heat
flow. For this experiment, R, is measured between the
evaporator and condenser, as a function of the range of input
power levels, for different vapor chamber orientation angles: 0°,
30°, 45° and 90°. Data are obtained for heat source sizes of 10
mm, 16 mm and 20 mm. In order to validate the performance of
the vapor chamber, the same tests were carried out on a copper
plate (56 mm x 56 mm x 3 mm). The results show that the vapor
chamber is highly isothermal at all orientations, for all heat
source-sizes. The overall Ry, of the vapor chamber reaches its
lowest and highest values at ~0.2 K/W and ~3.2 K/W,
respectively, throughout the entire experiment. These results set
a foundation for the deployment of vapor chambers in densified
5G base stations, providing a solution for effective thermal
extraction and isothermalisation of the structures.

Keywords: Vapor chamber, thermal characterisation,
heat spreading, isothermalisation, thermal segregation.

Date Received: 2024-03-01
Date Revised: 2025-01-20

Date Accepted: 2025-01-30
Date Published: 2025-02-12

1. Introduction

Mobile internet usage has increased to 4.6 billion
people (57% of the global population), with 32% of this
population covered by fifth generation (5G) mobile
networks at the end of 2022 [1]. However, the range of a
5G cell signal is ~100 times less than that of a fourth
generation (4G) cell, leading to a demanding >50
MC /km? (macro cells per kilometre squared) density for
5G infrastructure in comparison to ~4-8 MC/km? for 4G.
The upcoming sixth generation (6G) mobile networks
are expected to have an even lower cell range relative to
5G. In this context, there is a clear need for more compact
base stations for 5G and future networks [2-3]. Typically,
a base station features electronic devices that comprise
integrated circuits (ICs) with footprint areas of ~5-20
mm?. In particular, power amplifiers, which dissipate
the highest heat flux, are typically of area ~10 mm x 10
mm [4]. A challenge that arises with these base station
configurations is an uneven distribution of heat flux,
which results in thermal segregation from local
“hotspots” [5]. The thermal challenge is further escalated
when circuit boards are placed in a vertical orientation
to meet the form-factor and space-saving criteria of 5G
base stations. As hot air rises, a bottom-to-top positive
temperature gradient is introduced to the system, and
devices located near the top of the base station are
subjected to higher ambient temperatures.

To overcome this problem of non-isothermality, an
integrated heat spreader (IHS) is commonly introduced
to increase the effective surface area between the
electronic devices and ambient. Although novel IHS
materials are under development, copper (Cu) and
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Nomenclature

Symbol Description (unit)

A Heat source surface area (mm?)

d Diameter (mm)

I Current (A)

k Thermal conductivity (W /m.K)

kerr Effective thermal conductivity (W /m.K)

L Width of calorimeter (m)

Rip Thermal resistance (K/W)

T, Temperature difference at calorimeter (°C)

Ttip Temperature at calorimeter tip (°C)

T, —T; Temperature at calorimeter (°C)

Ty, Ty —Ti4 Temperature at vapor chamber (°C)

AT ona Temperature difference between
maximum and minimum temperature at
condenser (°C)

ATppap Temperature difference between
maximum and minimum temperature at
evaporator (°C)

T,cond Maximum temperature at condenser (°C)

T 0P Maximum temperature at evaporator (°C)

oo Minimum temperature at condenser (°C)

ﬂ" Minimum temperature at evaporator (°C)

Teonda Averaged temperature at condenser
surface (°C)

Qin Heat input across calorimeter (W)

Qs Power supply (W)

% Voltage (V)

x Length of calorimeter (m)

0 Angle of frustum tip (°)

aluminium (Al) are typically used as solid heat spreader
materials due to their economical cost and high thermal
conductivity, k. Prior work has shown that there is a
threshold in the scale of heat spreaders above which
solid materials such as Cu and Al (k ~102 W/m.K)
should be replaced with Vapor Chambers (VCs), as
shown in Figure 1, a planar two-phase heat transfer
devices with very high effective thermal conductivity
(kefr > 103 W/m.K) [6-9]. For a heat source of area 10
mm x 10 mm, thermal network modelling [10] has
shown that VCs progressively outperform Cu as spreader
areas exceed 20 mm x 20 mm.

A VC is a two-phase heat transfer device that is
typically square or rectangular in cross-section and
consists of an internal chamber constructed with a
porous medium (wick) along the internal top and bottom
walls, as illustrated in Figure 1. The inner wall that is in
contact with the heat source is referred to as the
evaporator, whereas the wall in contact with the
adjacent heat sink is the condenser [11]. The wick
structure, being the key component, provides capillary
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pressure to drive the condensate back to the evaporator
and an enhanced interface for liquid-vapor phase change
[12]. At the evaporator, the working fluid evaporates and
carries the heat away from the source surface in both the
normal (y-axis) and in plane (x- and z-axis) directions of
the VC. The vapor then condenses at the condenser,
releasing latent heat that is ultimately dissipated by the
heat sink. The circulation is completed when the
condensed liquid is recycled back to the evaporator
through the porous wick via capillary force. Note that the
two-phase flow circulation in VCs depends on the
capillary pressure and permeability of the wick.
Although there are multiple types of wicks - sintered
powder wicks, mesh wicks, grooved wicks, and
composite wicks - it is important to select a VC with a
suitable wick for the required application. Much of the
recent VC literature, from year 2020 onwards, focuses on
composite wick structures [13-15], wickless VCs [16-
17], ultra thin VCs [18-20] and embedded heat source
VCs [21] for aerospace applications.

However, most reported characterisations have
been performed on either sintered copper powder
wicked VCs, or composite wicked VCs that involve a wire
mesh as part of their design [11-13], [19], [22-26], [28].
To the authors’ knowledge, there are very few published
studies on VCs with coarse wire mesh wicks which are
the most common type of wick used. In addition, for the
characterisation process, the heat source is typically not
at a similar size to that of the power amplifier (~100
mm?). Several studies on the characterisation of VCs
have applied heat sources with contact areas in the range
of 225 to 900 mm?, but only three previous studies used
heat sources of ~100 mm? [11], [22-23]. Of these three,
only one employed a calorimeter approach, and this was
on a sintered copper powder wicked VC [11]. Hence,
there is a requirement to understand the thermal
performance of wire mesh wicked VCs with small-scale
(~10 mm x 10 mm) heat sources. Moreover, in the
context of base station applications, it is important to
understand the influence of orientation. Several studies
[11], [13], [25-26] have shown that a vertical (90°)
placement resulted in higher thermal resistances
compared to a horizontal (0°) placement, however most
of these studies focused on sintered copper powder
wicked VCs. There are studies [12], [13], [26-28] that
addressed mesh wicks, but they were either in flat heat
pipes or VCs with composite wicks, rather than a pure
wire mesh wicked VC. Attia et al. [27] went to an extreme
where no wick was included in their VC fabrication in
order to investigate the performance of various working



Cooling Block / Condenser yA

Condensation

Wick

Heat Source

Evaporation Working fluid

Figure 1. [llustration of a typical VC and its internal structure, showing coordinate system for the x and z direction (in-plane)
and y direction (normal to the plane) of the VC.

Table 1. Previously published thermal characterisation studies of VC performance. Note that only three of these studies
applied calorimetry and all of the studies used custom-made VCs instead of an off-the-shelf device, as was used in this paper.

Type of VC g:'enagr:) Spreader- VC R,
(Wick and Size) g Source Ratio  Orientation (K/W)
Technique
Copper rod
. o calorimeter with
Jietal, Cylindrical, copper foam, ) . ] 0°,30°60° - _
2012 [11] 3100 mm x 8 mm cylindrical top 1:100 and 90° 0.09 - 0.38
surface of 10 mm
(Qin = 0— 170 W)
Square, copper screen Copper block with
Liuetal, mesh wick with copper square top surface ) o -
2022 [12] sheet, of 4 cm? 1:12.25 0 0.11-0.41
70mmx70mmx1.5mm  (Q;, =5-240W)
Tang et al Square, sintered copper Sogfreertk())locsl;:\f,;tc:
201% (3] powdered wick, o(f11 e ;nd W o 1:81and 1:5.06 0° ~0.35-0.95
90 mm x90 mm x 3 mm (Qi = 60 - 300 W)
Cylindrical, gradient .
Xia et al, sintered aluminium Copper rod with top ) o
2019 [15] powdered wick surface of $20 mm 1:30.25 0 ~0.15-0.20
$110 mm x5 mm (Qn = ~6—62W)
. Copper rod
Maetal, S?)l\i?(;;Z:in\S\fircid copper calorimeter with i 0°,10°,20° 045 - 0.55
2014 [17] 17)0 mm x 80 mn,l <6 mm cylindrical top and 30° ' '
surface
Rectangular, copper mesh .
Zhao et al. . Heating block 0°,30°,60°
! and copper foam wick, 104 - ’ P ~0.33-1.15
2023 [19] S S g (Qn=~2-52W) and 90
Attia et al Cylindrical, no wick, Nickel chromium
2012 [20]" varying working fluid wire film heater - 0° ~12-115
@70 mmx 2 mm (Qin=2-65W)
Square, composite wick Coppgr block .
Lietal (sintered copper powder calorimeter with
- . pperp square top surface 1:81 0° ~0.15-0.47
2019 [21] and wire mesh) of 1 cm?

90 mm x 90 mm x 2.5 mm (Qsn = 30 - 180 W)

41



fluids in a VC. The relevant literature is summarised in
Table 1, based on the parameters of interest to this
paper.

Robinson et al. [10] compared the performance of
solid IHSs (copper) and VCs (sintered copper powder
wick) of the same size in terms of thermal resistance,
R;y, where one of the comparisons focused on the base
size of the heat spreader under a fixed heat load (80 W).
A mathematical model was developed for a ‘stacked’
arrangement, beginning at the heat source, followed by
thermal interface material (TIM) TIM1, IHS (or VC), TIM2
and a convective heat sink. In their paper, the thermal
resistance was viewed from two perspectives: the
overall thermal resistance of the stack, R3t%“¥, and the
thermal resistance of the IHS and VC themselves, R;,.
The area of the heat source was fixed at 10 mm x 10 mm
and the base size of both IHS and VC were increased from
10 mm x 10 mm to 20 mm x 20 mm and so on up to 100
mm x 100 mm for a 2 mm thickness. For both solid IHS
and VC, the R%°* decreases with increasing “base size-
to-heat source size” (spreader-source) ratio in terms of
planar area. Based on Robinson’s result, the RSL** of
both solid IHS and VC remains the same until the
spreader-source ratio reached 1:4, after that the VC
outperformed the solid IHS. When the thermal
resistance, Ry, of a solid IHS and VC were observed
independently from the stack, the R;,of the solid IHS
increased with increasing spreader-source ratio,
whereas for VC, its Ry, decreased with increasing
spreader-source ratio. The result showed that a solid IHS
could outperform a VC for spreader-source ratios of less
than 1:16, but that VCs were progressively superior for
greater ratios. This is because the solid heat spreader
resistance increases with base size due to the increased
lateral conduction resistance, whereas the reduction of
VC spreader resistance remains quite constant with
increasing base size.

In this paper, an off-the-shelf wire mesh wicked VC
with an estimated charge ratio of 30% is thermally
characterised using a calorimeter, where the tip
dimensions of the heat sources tested are 10 mm, 16
mm and 20 mm square in order to represent the typical
sizes of power amplifiers in a base station. Thermal
characteristics are obtained for a range of tilt angles of
the VC, from horizontal (0°) to vertical (90°), between 3
to 60 W to quantify how performance may be affected in
tilted base stations. The characterisation processes are
repeated by replacing the VC with a copper plate of the
same dimensions in order to provide a baseline and to
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investigate the effect of contact resistance on the
performance of the heat spreaders.

2. Experimental Method

This section describes the experimental setup
including the frustum-tipped calorimeter and the
location of the surface temperature measurements on
the VC. The thermal characterisation technique and an
uncertainty analysis are also presented.

2. 1. Experimental systems

The experimental setup is illustrated in Figure 2.
Twelve type-K thermocouples (RS PRO, 0.2 mm tip
diameter) were attached to the surface of the VC (T} - Ty
and T,), as shown in Figure 3(a) and (b), and embedded
into the calorimeter (T; - T3), as shown in Figure 4. All
temperature outputs were recorded by the Laboratory
Virtual Instrument Engineering Workbench (LabVIEW)
software, with measurement uncertainty of 0.1 K. A
wire mesh wicked VC (56 mm x 56 mm x 3 mm, T-Global
Technology) with an estimated 30% charge ratio (given
by manufacturer) of water as working fluid and
maximum operating power, Qu, of ~110 W, was
characterised in this experiment. The VC was initially
tested in a horizontal orientation (0°) where the plane of
the VC was perpendicular to gravity. The orientation of
the setup was subsequently set via an adjustable angle
mounting plate (AP180/M, Thorlabs GmbH) for 30°, 45°
and 90° testing. Figure 3(a) shows the heating surface
located at the evaporator centre of the VC and labelled as
Ttip, with four thermocouples (T, - T;) attached to the
corners equidistant from the heat source. A set of
thermocouple attachment pads were used to attach the
thermocouples to the surface. Five thermocouples (T, Tg
- T11), as shown in Figure 3(b), were attached to the
condenser surface of the VC. To ensure good surface
contact between the VC and the cooling block, narrow
trenches were machined into the cooling block surface to
allow for a snug fit for thermocouple attachment.
Between all surface contacts, a layer of non-silicone
thermal grease (nominal thermal impedance of 0.012 K-
mm 2/W, RS PRO) was applied to ensure low contact
resistance. Three ceramic cartridge heaters (ED3 24V)
were inserted into the bottom section of the calorimeter,
allowing a maximum thermal loading of 120 W. The
testing power was limited by the operating temperature
of the insulating block (RS PRO-PLA PRO+) and the
thermal grease at 150 °C. To enhance the structural
stability of the calorimeter and to prevent direct contact
between the hot aluminium and the PLA enclosure, 304
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Figure 2. Schematic of the experimental system with cross-sectional view of the clamping setup.
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Figure 3. Thermocouple locations (a) on the evaporator surface and (b) on the condenser surface, and (c) image of the
enclosure showing the clamping setup.
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stainless steel plates were used as the base and the lid.
Insulating wool was used to fill the empty space around
the heating calorimeter to minimise heat loss. Heat
removal was achieved through surface contact between
the VC and a stainless-steel cooling block. A cooling bath
(Huber with Pilot ONE - Ministat-230) was used to
provide constant temperature liquid cooling, where the
inlet of the cooling block was set to a constant value of
10 °C. The stainless-steel lid was fabricated with a space
that could snugly fit the cooling block at the centre,
helping to adjust the position between the attached VC
and the calorimeter. A clamping mechanism was applied
between the stainless-steel base and lid using screws at
each corner, which were spring-mounted to ensure a
consistent compression for surface contact between all
the pieces, as shown in Figure 3(c). In order to ensure
consistency of the data collected, the LabVIEW was
programmed to increase heat input, Q;, to its
subsequent value (up to 60 W with an interval of 5 W)
when steady state was achieved throughout the entire
system: steady state was defined as a temperature
change of no greater than 0.1 °C consistently for 5
minutes in Ty;;, and Ty - T4 for this characterisation.

2. 2. Design of frustum tip calorimeter

The characterisation process was carried out using
a calorimeter manufactured from an aluminium alloy
(6082T6) to ensure light weight and high thermal
conductivity (k ~ 160 - 175 W /m.K). The size of the tip
was designed to be 10 mm in a square cross section to
replicate the size of a power amplifier. Because the tip is
small, the conventional ASTM D5470-06 standard [29]
characterisation that uses a uniform cross section up to
the calorimeter tip was not suitable for this experiment,
since a calorimeter with such a small cross section would
make the experimental setup tall and complicated [25].
In order to address this structural challenge, the
calorimeter for this paper was designed with a frustum
tip, where the calorimeter body (A to B) was designed
with a wider square cross section as shown in Figure 4
to allow the application of standardised calorimetry
techniques while not compromising the structural
stability of the setup. Temperature T, in Equation 1
represents the temperature difference between T; and
T; of the calorimeter. The temperature T, in Equation 2
was extrapolated based on the ASTM D5470-06
standard, and the temperature, Ty, was calculated

through integration [10]:
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(1)
(2)

1 1 )
Ltanf—-x Ltan@

k(T = Teip) = Quntan? 6 (

In the above expressions, Q;, is the thermal load
across the calorimeter, x is the ordinate in the direction
of the heat transfer, and L and 6 are defined in Figure 4.
Tt;p was inferred as the temperature of the heat source
in contact with the evaporator of the VC, Heat losses from
the sides of the calorimeter were considered to be
negligible. The application of Equation 2 does not apply
to the calorimeter tip sizes of 16 mm and 20 mm since,
in these cases, the calorimeters were fabricated with
uniform cross sections up to the tip, and direct
application of the conventional ASTM D5470-06
standard was used to extrapolate Ty,

16 mm
‘ 10 mm‘ |
xT f.-,- Tti'p 60\}1\-‘._ Tx | 6 mm
A T, | 5mm
Thermocouples L —
| 5mm
(T1-T3) |
| 5mm
| 5mm
Cartridge
Heaters
Figure 4. Schematic of the frustum-tipped calorimeter

2. 3. Thermal characteristics

The performance of a heat spreader can be
evaluated based on the total thermal resistance, which
combines the one-dimensional and spreading
resistances. One-dimensional resistance occurs from the
evaporator face to the condenser face, where the size of
the heat source is the same size as the heat spreader.
Spreading resistance is the additional, multi-
dimensional resistance associated with a concentrated
heat source [10]. In this context, the total thermal
resistance, Ry, in this experiment is recorded as



(3)

where T,,,4 is the average temperature of the condenser
surface of the VC, which can be defined as (refer to Figure

3(b)):

Teona =

%=18 Ti + TO (4_)
BE—
Contact resistance is an important factor that influences
the characterisation of a VC, especially when spreader-
source ratio is relatively small, as shown in Figure 3(a)
and Figure 4. To evaluate the isothermality of the VC, the
uniformity of the temperature distributions of the
evaporator and the condenser surfaces of the VC is
expressed as maximum temperature difference across
the condenser surface, AT.,,4 and evaporator surface,
AT,yqp, based on five measured temperatures of each
surface:

ATconag = TT?I(ZITQLCd - Trfg;:d (5)
ATevap = T;l’()z‘alcp - Trfgzp (6)

2. 4. Calibration and uncertainty analysis

The overall uncertainties in the heat input and
thermal resistance of the VC were quantified as functions
of the uncertainties in the primary measurands. Table 2
lists the uncertainties reported in previous studies for
comparison.

Table 2. Uncertainties reported in relevant literature.
Uncertainties (%)
Heat Input, Q Thermal
’ Resistance, R;;,

Tang et al. [11] - < 17.00
Liu et al. [13] - < 15.00
Ma et al. [19] - +5.00
Jietal [22] - +6.10
Xia etal. [23] +4.85 +11.00
Zhao et al. [26] +5.00 +7.80
Attia et al. [27] - +6.80
Lietal. [28] +0.20 +4.36 — 13.72

All the uncertainties listed in Table 2 were
analysed using the Kline and McClintock [31] method,
and the uncertainties in each derived quantity for this
paper were obtained using the Type B evaluation of
uncertainty [32] that is equivalent to that of Kline and
McClintock. In this paper, the heat transferred into the
VC was quantified using the calorimeter, Q;,. Although
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the heat delivered by the power supply, Q,, was not used,
it is analysed here to provide a comparison with most
reported techniques that utilised the direct application
of Q. The voltage, V and current, I were supplied by a
Multicomp Pro-MP711057 programmable bench power
supply with uncertainties of +0.01V and +0.001 A4
respectively. Based on Equations 1 - 6, the main variables
of interest are the dimensions of the calorimeter and
vapor chamber (x and L), and the temperature
measurements, T. In this regard, all relevant measured
dimensions (L and x) had +0.1 mm uncertainties.
Additionally, the calorimeter block was machined with
high precision and the uncertainty in the diameter of the
drilled holes was within +0.1 mm. The diameter of the
holes was 1.10 mm to allow a snug fit of the
thermocouples (@ 1.00 mm), and each thermocouple
was spaced 10 mum apart. The thermal conductivity, k, of
the 6082T6 aluminium alloy can be represented using
Woodcraft’s [30] temperature-dependent model. In the
current study, the average temperature of T; and T3, of
the calorimeter, at each power input was used in the
evaluation of the thermal conductivity, which can be
ascribed with a +2.0 % uncertainty. The calculated
values of k range from 160.0 — 175.0 W/m.K over a
temperature range of 21.6°C—1325°C. The
thermocouples were calibrated against a Fluke 1504
temperature reference probe (uncertainty +£0.002 K at
298 K) in a Grant Instruments GD120 controlled water
bath. Nine temperature points across 25 to 95 °C were
measured and a fourth order polynomial curve was
fitted, with root mean square error (RMSE) magnitude of
0.066. Each thermocouple was then ascribed +0.1 K of
uncertainty. The uncertainties in the measured variables
and derived quantities are presented in Table 3.

Table 3. Uncertainty analysis for measured variables and
derived quantities.

Measured Variable Uncertainty
Temperature, T +0.1 K
Length, L +0.1mm
Width, x +0.1mm
Diameter, d +0.1 mm
Current, / +0.001 A
Voltage, V +0.01V
Thermal Conductivity, k +2.0%
(W/m.K)
Derived Quantities Uncertainty (%)
Power, Q, (W) +0.1—-0.5
Heat Input, Q;,, (W) +3.2-18.3
Thermal Resistance, Ry, (K /W) +3.3-18.3



Note that the higher uncertainties in the derived
quantities all apply in the low power input range of ~3 -
15 W. Aside from the low power input (< 15 W), the
uncertainty for Ry is around +3.3%, showing a more
accurate characterisation result compared to the
literature in Table 2. Since temperature difference is the
function of all the derived terms, the total uncertainties
decreased with increasing heat input into the system.

3. Results and Discussions

This section details the characterisation of the
wire mesh wicked VC and the copper plate IHS for a
range of heat inputs, orientations and heat source-sizes.
Data for thermal resistance, R;,, and temperature
differences, ATy gy and AT,,pq are discussed to show the
effect of gravity and thermal interface resistance on the
thermal performance and isothermality of the VC.

3. 1. Effect of thermal interface resistance

Figure 5(a) and (d) show the thermal resistance,
R:p, of the VC and copper plate (both are of dimensions
56 mm x 56 mm x 3 mm) respectively, for a range of
orientations from 0° to 90° with an initial heat source
size of 10 mm. In comparison, the overall R, of the VC is
lower than that of copper plate, reaching a minimum
value of ~ 0.7 K/W at the maximum power level. This
trend is similar to what is reported in the literature,
where the R;, of a VC reduces with increasing Q;,,. The
R;p, of the VC increases with tilt angle, with the vertical
(90°) orientation having the highest R;;, due to the net
effects of the motion of the liquid phase against gravity.
Note that the VC’s resistances at 30° 45° and 90°
converge gradually as the heat input increases, showing
that orientation has a larger impact on thermal
performance at lower heat loads. Above 20 W, the
difference in thermal resistance between the horizontal
VC and the other orientations is ~0.4 K/W, around
32.3%. The data are, however, affected by thermal
interface resistance associated with the small contact
area of the 10 mm heat source. Although gravity
influences the motion of the fluid within the wick, the
thermal contact between the calorimeter and the VC is
also likely to vary with orientation angle due to practical
aspects of the test rig. All parts in the rig were clamped
together in a top-down direction hence, when the rig was
tilted (especially to 90°), the clamping force may have
featured an offset, which would affect the interface
resistance - an effect which would be exacerbated due to
the size of the calorimeter tip (10 mm).
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Nevertheless, thermal interface resistance is a
prevalent challenge for small- and medium-sized ICs,
which would also afflict VCs in practical base station
applications. The variation in the R, of the copper plate
under different orientations, as shown in Figure 5(d),
proves that the small contact area does affect the thermal
interface resistance as for a solid copper plate there
should be no influence of orientation on R;j. In order to
investigate this further, the experiment was repeated
using the same copper plate, but the size of heat source
(calorimeter tip) was increased to 16 mm and 20 mmas
shown in Fig. 5(e) and (f). According to the data, Ry, is
largely invariant with orientation for increasing Q;,,
which is the expected behaviour for a solid conductor.
With this foundation, the characterisation of VC was
further tested using the 16 mm and 20 mm heat sources.

3. 2. Thermal resistance behaviour of the VC

Similar to the trend shown in Figure 5(a),
decreasing R,y values with increasing Q;,, are observed
in Figure 5(b) and (c). By comparison, the changes in R;,,
for the 16 mm and 20 mm heat sources are relatively
small. The largest difference in R;; between the vertical
(90°) and horizontal (0°) orientations for the 16 mm and
20 mm heat sources occurs at ~4.5W are ~0.075 K/W
(16.7%) and ~0.115 K/W (23.4%) respectively. These
differences are considered low for a heat spreader
performance (~0.14 K/W (77.8%) recorded by Ji et al.
[11] with a @10 mm heat source) - an advantage in the
context of tilted 5G base station applications.

The relatively small differences in thermal
resistance of the VC across all orientations, including the
vertical, is consistent with the results of Zhao et al. [13]
and Ma et al. [25]. It is postulated that this is due to the
presence of working fluid in the wire mesh wick due to
capillary action before heat is introduced into the
system, as shown in Figure 6(a), which is consistent with
the prediction of Zhao et al. [13]. Counterintuitively, the
working fluid may not be ‘collected’ at the bottom of the
VC for the vertical orientation; instead, it spreads across
x-z plane (refer to Figure 1) of the VC and partially covers
the inner wick of both evaporator and condenser of the
VC. The level of the working fluid could also have reached
the center of the evaporator where the 16 mm and 20
mm heat sources are placed, allowing heat to spread
without the consequence of working against gravity
(unlike in a vertical heat pipe). Zhao et al. [13] mentioned
two points: (1) the effective distance (in the normal
direction) from the evaporator to the condenser of the
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VC is short and (2) when inclination took place, it
reduced the liquid film thickness in the evaporator
region of the VC. This reduced the mass transport of fluid
and enabled a more effective phase change, decreasing
the overall thermal resistance of the VC. Additionally, the
presence of columns (~@2.5mm each) in the VC, as
shown in Figure 6(b), function as heat-conducting media
normal to the plane of the VC, and also act as surfaces for
the condensed liquid to return from the condenser to the
evaporator. By taking these into consideration, it is
postulated that the combination of these factors - the
relatively small spreader-source ratio (1: 12.3 for the 16
mm heat source and 1 : 7.8 for the 20 mm heat source),
the reduced working fluid mass at the evaporator, and
the conduction and liquid transport associated with the
columns - provide an explanation for the largely

copper

—4

mes

supporting
columns

copper casing

invariant R, of the VC. However, if Ry, is the sole factor
that is considered, a copper plate is a better heat
spreader for Q;, values below 20 W, for both the 16 mm
and 20 mm heat sources. For the 16 mm heat source, the
copper plate outperforms the VC at Qi < 20 W
(comparing Figure 5(b) and (e)). Robinson et al. [10]
explains that this phenomenon is due to the VC that is
operating under conduction mode, which is before phase
change occurs. Considering that heat conduction is via
the copper casing, mesh wick and the working fluid,
across the void of the VC, the effective thermal
conductivity could be lower than that of copper plate at
low power input. The VC begins to outperform the
copper at power levels greater than 20 W due to phase
change that should occur in the wick structure of the
evaporator.
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(b)

Schematic of VC including (a) an illustration of the working fluid in the wick due to capillary action in the wire mesh

and (b) cross-section of the VC via X-ray tomography (u-CT) using a Versa XRM-500.
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Considering that the mass transport of fluid (and
associated heat transfer) of the VC at low Q;;, is driven by
the temperature difference, the low magnitude of
difference (< 2°C between the top and bottom surface of
the VC) contributes to its inferiority in comparison to the
bulk conduction through the copper plate IHS. For the 20
mm heat source, even though a similar pattern can be
seen, the overall R, of both the VC and the copper plate
are nearly the same (comparing Figure 5(c) and (f)). This
could be because 1D-conduction normal to the plane of
the VC is predominant, significantly reducing the
influence of the superior heat spreading ability of the VC.
This is consistent with the prediction of Robinson et al.
[10] that a copper plate IHS will outperform a VC when
the spreader-source ratio is below 1: 20.3. In this paper,
the ratios for the 10 mm, 16 mm and 20 mm heat source
are1:31.4,1:12.3 and 1: 7.8 respectively. Hence, for
low power applications and larger heat source-sizes
(relative to the base size of an IHS), a copper plate could
be a better and cheaper option for heat spreading
applications.

3. 3. Isothermal properties of the VC

Figure 7 and Figure 8 present the temperature
distributions on the evaporator and condenser surfaces
of the VC respectively, for all heat source-sizes, under
different orientations (at Q = ~30 W). For all sizes of heat
source and orientation, the condenser side of the VC is
highly isothermal. For the 90° orientation, all plots show
slightly higher temperatures at all data points,
demonstrating the effect of gravity. At the evaporator,
temperatures peak at T;, for all orientations and heat
source-sizes (maximum of 88.8 °C, 54.1 °C and 66.7 °C for
10 mm, 16 mm and 20 mm heat sources respectively) in
Figure 7(a), (b) and (c) and with corresponding
maximum AT,,,, temperatures of ~30°C, ~9°C and
~6 °C respectively. However, the value of AT,,,, for all
heat source-sizes is no greater than 4 °C, demonstrating
the VC’s isothermality (Figure 8(a) to (c)). In order to
compare the isothermality of the VC with that of the
copper plate, the temperature profiles for the 16 mm
heat source are shown in Figure 9(a) and (b). The ATg,,qy
to AT,onq values of copper plate are ~11°C and ~5°C
respectively, which shows a significant weaker
isothermality than the VC (Figure 7(b) and Figure 8(b)).
Furthermore, the evaporator of the copper plate shows
the presence of a ‘hotspot’ at T, relative to Tg to Ty,
unlike that of VC. The isothermal characteristics of both
the copper plate and the VC are further revealed in a
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Figure 7. Temperature distribution at the evaporator
surface (refer to Figure 2 for thermocouple location) of VC for
(a) 10 mm, (b) 16 mm and (c) 20 mm heat sources at Q =
30 W under different orientations. Note that the range in the
y-axis of the 10 mm heat source plot is larger.
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surface and (b) condenser surface of the copper plateat Q =30
W and heat source size of 16mm (under different
orientations).

comparison of Figure 10(a) and (c), and Figure 10(b) and
(d): ATeyqp of both the copper plate and the VC increase
with increasing Q;,, (Figure 10(a) and (c)) demonstrating
the influence of the ‘hotspot’, which is T;;,. However,
AT;ona of VC shows very little change with increasing
heat input whereas AT, for the copper plate increases
(mainly due to difference between T, and Ty) (Figure
10(b) and (d)), highlighting that VCs could be a solution
to ‘hotspot’ formation.
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(c)) and condenser ((b) and (d)) surfaces of VC and copper
plate at heat source size of 16 mm (under different
orientations).

4. Conclusion
The thermal performance of a wire mesh wick VC

was studied under different orientations (0°, 30°, 45°

and 90°) and heat source-sizes (10 mm, 16 mm and 20

mm). By taking a copper plate as a reference, the thermal

resistance, Ry, temperature difference at the condenser,

AT.onq, temperature difference at the evaporator,

ATeyap, and the spatial temperature distributions, were

analysed. The conclusions are as follows:

1) Across all sets of parameters (input power,
orientations and heat source), the wire mesh VC
shows low Ry, values (~0.2-3.2 K/W). At input
powers of > 20 W, the R, drops below 1.4 K/W,
demonstrating a competitive thermal resistance
compared with other heat spreading structures.

2) For all orientations at all heat source sizes (10 mm,
16 mm and 20 mm), the R, of the VC decreases by
~30 - 70% for increasing power inputs of 3 - 60 W.
The values of Ry for the 16 mm and 20 mm heat
sources remain in the range of 0.25 - 0.42 K /W and
0.21 - 0.46 K/W respectively, which demonstrates
excellent heat spreading capabilities.

3) For the 10 mm heat source, thermal resistance
increases with increasing tilting angle and peaks for
the vertical (90°) orientation, showing the impact of
thermal interface resistance for small heat sources (a
universal challenge for small components).



However, the temperature differences across the
evaporator (AT,,q,) and condenser (AT¢onq)
surfaces suggest that the VC itself is highly
isothermal, regardless of orientation. This result
shows that VCs can provide a solution to the
formation of ‘hotspots’, and can be practically
applied in vertically-oriented 5G base stations.

The VC performance is at its best at power inputs >
20 W, making it a suitable heat spreader for ICs in 5G
base stations, especially for power amplifiers that
dissipate high thermal loads. For a low power
application (< 20W), a copper plate IHS could be
sufficient to dissipate heat instead of investing in a
VC of higher cost. However, this is valid only if
isothermal performance is not a significant factor in
the application.
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