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Both grooved-type and copper foam-type vapor chambers are explored and in-
vestigated. The overall performance of vapor chamber depends on both axial and
spread thermal resistance mutually. The copper foam-type vapor chambers
achieved the lowest axial thermal resistance less than 0.2 K/W. The grooved-type
sample presented the lowest spread thermal resistance, indicating better temper-
ature uniformity. The visual experiment demonstrated that the evaporating sur-
face of the copper-foam vapor chamber was dominated by the thin film evapora-
tion mechanism at low charging ratio while dominated by the pulsed pool boiling
mechanism at large charging ratio. For the grooved-type vapor chamber, the
pool boiling mode was observed at any charging ratio.
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Introduction

Vapor chamber (VC) has been widely used in the field of electronic devices. The
phase-change process in VC offers a possibility of high efficient heat transfer in mini space.
The heat flux from the hot spot could be effectively dispersed uniformly across the VC.

The wick structure has a significant influence on the performance of VC. Excellent
capillary structure can effectively enhance the liquid evaporation and provide the capillary
pressure for liquid supply. Great progress [1, 2] has been made in the research of VC in recent
years. Boukhanouf [3] compared the diffusion thermal resistance between the copper-powder-
sintered VVC and copper plate with the same size. The dimension of tested VC was 250 mm x
200 mm x 2 mm, and the heating area was 100 mm x 50 mm. The working fluid was water.
The temperature difference of condensation surface was found less than 3 K from the infrared
photography. The VC is only one fortieth in the diffusion resistance of the copper plate at the
heat flux of 28 W/cm?2. In the paper [4] introduced a kind of multi-scale foamed copper wick
made by the electroplating method, containing various sizes of pores in the range of 5~300
um. Such a kind of wick structure can reduce the flow resistance and increase the liquid sup-
ply, compared with traditional capillary structure. In the paper [5] proposed Bi-layer com-
pound capillary wicks to alleviate the contradiction between capillary force and flow re-
sistance. This consideration has also been widely used up to now [6, 7]. In the paper [8] ap-
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plied the sintered copper-powder pillars in the VC design to shorten the return path of con-
densate. Its heat transfer limit increased to about 380 W/cm?. The lowest evaporation thermal
resistance is 0.05 K/W. In the paper [9] studied heat transfer mechanism of coexistence of
boiling and condensation in a limited space. Experimental observation shows that boiling and
condensation process influences each other significantly, include the interaction between va-
por bubbles and the condensate liquid film and liquid drops. The condensation heat transfer
process plays a crucial role in the heat transfer ability of the confined phase change chamber.
In the paper [10] found that the boiling mode was related by the charging rate. Too large
charging rate resulted in pool boiling mode on the evaporation surface of VC while too small
transform into the thin liquid film evaporation mode. It is easy to cause the evaporating sur-
face to dry up.

The current research progress of VC lie in as follows. The thinner VC Zhaoshu et al.
[11] puts forward high requirements for the manufacturing process, the compound capillary
wicks [12, 13] are applied to alleviate the contradiction between the capillary force and flow
resistance in VC, and the wick optimization and matching between the evaporating and con-
densing surface Xianbing [14].

In this paper, both the grooved-type and copper foam-type VC were studied. Both
types of VC were investigated in detail, including axial and spread thermal resistance perfor-
mance. The visual observation also was carried out to understand the operating mechanism in
the VC.

Fabrication of vapor chambers

The VC, with size of 100 mm X 100 mm X 4.5 mm, is made by oxygen-free copper.

The degassed and deionized water is used as the working medium. For two grooved-type sam-
ples, grooves along the radial direction serve as the wick structure, transporting the condensate
to the evaporation area in the bottom. The chamber height is 1.8 mm, and the wall thickness of
the upper and bottom plate is 1.2

Table 1. Structural parameters of grooved vapor chambers mm and 1.5 mm, respectively. The
Upper | Grooved | Grooved II rectangular grooves are processed
plate | Bottom plate | Bottomplate | by CNC machine. The structural

Total thickness 3 15 15 parameters are depicted in tab. 1.

The aspect ratio of the micro-

Groove depth 0.5 0.5 0.5 .

_p groove is about 1.0~2.0. Both
Groove width 2 03 05 grooved-type samples have the
Number of grooves 18 48 60 same groove distribution in the

condensation surface. The groove
distribution of grooved-type 1 is shown in figs. 1(a) and 1(b). Evenly-distributed support col-
umns in the upper plate ensure the structural strength of the VVC after evacuation.

Copper foam-type VC has the same size as the grooved-type ones. The SEM pho-
tos for both copper foam wicks are shown in fig. 2. Thin copper foam with a thickness of
0.6 mm is selected as the capillary wicks of evaporation and condensation surface. Its poros-
ity is 65% and 85%, respectively. The main fabrication processes includes: cleaning, two-
step sintering, leak detection, water-charging, vacuuming, and charge-tube sealing. Before
sintering, carefully cleaning process is required to ensure no oxidative deterioration. Two-
step sintering processes includes: in the first step, the copper foam wick and top (or bottom)
plate are sintered together, then, the upper plate, bottom plate, and charging tube are inte-
grated totally.
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Figure 1. Radial grooved VC; (a) upper plate and (b) bottom plate

2BkY

(a) (b)

Figure 2. Micro-structure of both copper foam wicks with 100 times magnification;
(a) copper foam | (porosity: 65%) and (b) copper foam Il (porosity: 85%)

Experimental system

Performance measuring system

The performance measuring system consists of a pressure loader, the testing bench,
electric heating source, water cooler, and data acquisition module. The measuring bench is
shown in fig. 3. The pressure loader compresses the water cooler tightly on the VVC to reduce
in-between contact thermal resistance, and its spring dynamometer could indicate the magni-
tude of the ballast force. The water cooling method is applied to figure out the heat transfer
rate dissipated by the condensing surface. The cooling water is supplied by a constant temper-
ature water bath. The heat source is simulated by a heating copper block with four electric
heating rods. The input power of heating rod, adjusted by the transformer, is measured by an
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intelligent electricity meter. A Bakelite jacket is
wrapped around the heated copper block to en-
sure good thermal insulation. The heater area is
9cm2,

Five K-type thermocouples were inserted
to measure the temperature distribution of con-
densation surface, and the other two K-type
thermocouples to measure the copper block

i . ) temperature along the heat flux direction. Two
E?%;:t%r,T;sftItﬂ%r?q%nc%zgre?/giinsulation, PT100 sensors were placed near the inlet and
4 — vapor chamber, and 5 — cooler outlet of the water cooler to monitor fluid tem-

peratures. All measured temperature data were
real-time transformed by a data acquisition module and then recorded in computer by the
MCJS software.
The calibrated K-type thermocouple have a temperature measurement uncertainty of
10.5 K. The uncertainties of flow rate, input heat power are *1%, and =0.5%, respectively.
The fluid temperatures of the cooler inlet and outlet are measured by two Pt100 with uncer-
tainties of £0.3 K. The relative uncertainty of both axis and spread thermal resistance is esti-
mated below 5% by the standard error analysis method.

Visual system

The purpose of the visual experiment is to view the boiling process inside the VC,
which is helpful to understand its operation mechanism. The visual system is displayed in fig. 4,
chose copper foam-type 2 and grooved-type 2 as the study objects. The visualized VC is made
of an upper cover plate, a stainless steel frame, and a copper-based bottom plate, as shown in
fig. 5. The upper plate, processed from the transparent acrylic material, is combined with the
bottom plate by bolts. The BNR O-ring seal ensure enough sealing between the upper and bot-
tom plate. Two cuboid water jackets are arranged on both sides of the bottom surface. Before
packaging, the acrylic cover plate is coated with a hydrophilic film to reduce the interference of
condensation droplets in observation. Evacuation and water-charging process are carried out in
due order after packaging. The internal operation state of the VC was captured by the Olympus
high-speed camera. The heater area in the center region is 2.25 cm? or 9 cm?,

Figure 4. Experimental system for visualization Figure 5. Visualized VC
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Table 2. Charge ratio of each vapor chamber

Grooved-type | Grooved-type Il | Copper foam-type | | Copper foam-type Il

Charge quantity 19 1 6 5
Charge ratio 110.0 50.0 90.0 65.0

Results and discussion

Axial thermal resistance

In the experiment, the charging amount of each uniform temperature plate should be
determined by the wick porosity (or volume percent of microgrooves), exhibited in tab. 2. The
liquid-charging ratio of the samples ranges from 50% to 110%. The charging ratio is defined
as the ratio of the charging liquid volume to the total pore volume of capillary wick. The per-
formance test of each sample starts from 20 W and increases 10 W per time and each stabili-
zation time is about 30 minutes. Once the thermal resistance will increase shapely, it indicates
the heat transfer limit of tested VC.

The axial thermal resistance of the VC is defined [15]:

R=Tn"Te 1)
Q
where Th is the center temperature of the bottom surface, T — the average temperature of the
condensation surface, and Q — the input heating power.

The axial thermal resistance of each grooved-type sample is shown in fig. 6. From
the overall trend, the grooved-type | presents lower thermal resistance than the grooved-type
1. The thermal resistance of the grooved-type Il ranges between 0.1~0.2 K/W. Both of sam-
ples bear the similar heat transfer limit, close to 120~130 W. Figure 7 shows the variation of
thermal resistance of copper-foam samples with the heat flux. Both copper-foam samples
have the similar performance in thermal resistance, especially in Q > 60 W. Overall, the cop-
per foam-type VC presents slightly lower in thermal resistance than the grooved-type ones.
The wick permeability and capillary pressure are referred in tab. 3 according to the structural
parameters of samples. If the vacuum degree is the same, the performance of VC is mainly af-
fected by the permeability, capillary pressure and charging rate. Largest capillary force ac-
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Figure 6. Axial thermal resistance of Figure 7. Axial thermal resistance of

grooved-type VC copper foam-type VC
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Table 3. Parameters for all VC

Porosity Hydraulic diameter Capillary pressure Permeability
[%] [m] [Pa] [m~]
Copper foam | 65 1.2.10* 2055.9 1.49-10°%
Copper foam 11 85 2.0-10* 12335 1.82-10°°
Groove | 18 2.31-104 1068.0 5.07-10°1°
Groove Il 21 3.33-10* 740.9 2.35-10°°

counts for excellent heat transfer performance of copper foam-type 1 in spite of its low per-
meability. Therefore, it infers that the capillary pressure is a more important factor for per-
formance. This is also evidenced by both grooved-type cases. Because of the smaller channel
hydraulic diameter, the larger capillary pressure could drive enough condensation liquid back
to evaporation region, which improves the performance of the grooved-type VC. The thermal
resistance of the grooved-type Il, with the maximum channel number, is unexpectedly large
though having large permeability. It may be related to its low water-charging rate. The influ-
ence of charging rate needs further research.

Spread thermal resistance

The heat diffusion performances of tested samples were also explored. The spread
thermal resistance is defined as the temperature difference between the center point of bottom
surface and the corner point of upper surface. It follows Reay et al. [15]:

R= Th—Ta (2)
Q
Raxis 7. where Th is the center temperature of the bottom
surface, Ta — the corner temperature of the con-
7, T.., densation surface, and Q — the input heating pow-
—] ——* er.
Rspread The thermal resistance network is illustrated
: in fig. 8. It is mainly composed of axis and spread

thermal resistance in a parallel relationship. Dif-
ferent from heat pipe, the heat diffusion effect is
of great importance for VC. The heat diffusion
performance could be weighed by the spread thermal resistance [15].

For the upper surface of VC, the temperature at the center point is generally higher
than those at the corner points. The spread thermal resistance of grooved-type samples is plot-
ted against heat power in fig. 9 and that of the copper foam-type ones in fig. 10. The grooved
samples shows lower spread thermal resistance than the copper foam ones in the same heating
power. It indicates that the grooved wick facilities temperature uniformity. Interestingly, the
grooved-type 1 presents the lowest heat spread resistance of all samples, but not guarantees
the lowest axis thermal resistance. It is speculated that the radial distribution of micro-grooves
accounts for its excellent temperature uniformity. The radial design is helpful for the heat dif-
fusion performance along the evaporation surface. By contrast, the copper foam-type | is not
superior in heat diffusion performance, but has the lowest axis thermal resistance of all sam-
ples. In terms of thermal resistance network, overall thermal resistance of VVC is composed of

Figure 8. Thermal resistance network of VC



Wang, L., et al.: Heat Dissipation Performance of Grooved-Type and ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 2B, pp. 1357-1366 1363

the axis thermal resistance and spread thermal resistance in parallel. The overall performance
of VC is determined mutually by both axis and spread thermal resistance. There is a wax and
wane relationship between the two.
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Figure 9. Spread thermal resistance of Figure 10. Spread thermal resistance of
grooved-type VC copper foam-type VC
Visual observation

The internal evaporation process in the copper foam-type | was examined at different
water-charging rate. The heater area is 9 cm?. It was first conducted on the case of the 30%
charging rate. The observation results are shown in fig. 11 at g = 7 W/cm?. In the center region
of the evaporation surface, the dry-out phenom-
enon was clearly observed. With the increase of
heat flux, the boundary line of drying out region
moves outwards and the original wet area be-
comes dry. As the heat flux reaches 12 W/cm?,
the speed of drying out becomes faster. The
pool boiling process is not observed instead of a
typical thin film evaporation phenomenon.
Then, the case of 100% liquid-charging rate is
further on. If the heat flux is less than 8 W/cm?,
the evaporation surface is dominated by the thin
film evaporation mechanism. But after q > 8
W/cm?, the result is shown in fig. 12. The white
spots represent the reflection of water droplets ]
to the incident LED light, the black ones repre- '9ure 11. Dry-outarea of evaporating surface
sent the pores of the wick structure, and the gray
ones mean the skeleton of the structure. Intermittent flash occurred in a specified white pore
region with a cycle period 0.026 seconds in operation. The high-speed photography system
takes pictures at a speed of 500 times per second. The liquid level fluctuation in the pore region
infers the pool boiling mode in the evaporation surface. The rise and fall of the liquid level is
caused by the expansion and rupture of bubbles in the porous structure.

For the grooved-type | sample with a charging rate of 100%, the internal process
was also studied. The heater area is 2.25 cm?. While the input heating power was 10 W/cm?,
the condensate was found to be sucked into the channel and accumulated in the center of

Drypit
zone

Boundary

Wet
zone
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evaporation surface. And up to 30 W/cm?, some bubbles were generated continuously and the
pool boiling process was dominated. At q > 40 W/cm?, bubbles were produced at a very rapid
rate, fig. 13. At the same time, the condensing rate around the acrylic plate also becomes very
fast. A vigorous pool boiling phenomenon occurred in the evaporation surface.

“4‘\ fi:ﬁ.'; g

Figure 13. Boiling process of grooved VC



Wang, L., et al.: Heat Dissipation Performance of Grooved-Type and ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 2B, pp. 1357-1366 1365

Conclusions

Both kinds of VC were extensively investigated in this study. Key findings from
present study are summarized as follows.

e The copper foam-type VC presents slightly lower in thermal resistance than the grooved-
type ones. The axis resistance of VC is mainly affected by the permeability, capillary
pressure and charging rate. Maximum capillary force accounts for excellent heat transfer
performance of copper foam-type | in spite of its low permeability.

e The grooved-type | presented the lowest heat spread resistance of all samples, but not
guaranteed the lowest axis thermal resistance. The copper foam-type | is not superior in
heat diffusion ability, but has the lowest axis thermal resistance of all samples. There is a
wax and wane relationship between both kinds of resistances.

e For the copper-foam VC, the evaporation surface is mainly dominated by the thin film
evaporation mechanism at low charging rate while it transformed to the pool boiling
mechanism at high charging rate. For the grooved VC, the heat transfer process on the
evaporation surface is mainly dominated by the pool boiling mechanism regardless of the
charging rate.

This study would pave the ways for further understanding the operating mechanism
of thinner VC.
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