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This paper analytically and experimentally investigates the thermal characteristics of disk-shaped, silicon
wafer-based thin vapor chamber (TVC) using de-ionized water as the working fluid. The maximum heat
transfer rate, the maximum temperature, and the thermal resistances of the TVCs were measured exper-
imentally. An analytical model based on the modified liquid pressure drop through a micro-pin-fin wick
and the capillary limit was developed to determine the maximum heat transfer rate. In addition, a ther-
mal resistance model was developed for the TVC that was used to calculate the maximum temperature
from the maximum heat transfer rate. The maximum temperature of TVCs is ensured to not exceed the
maximum allowable temperature of the electronic components. The silicon wafer-based TVCs, which
have an overall thickness of 1 mm and radii of 5 mm, 7.5 mm, and 10 mm, were manufactured by using
both deep reactive ion etching (DRIE) and lonic bonding. A laser heat source and an IR camera were used
not only to eliminate the effect of a thermal contact resistance between the heat source and the TVCs, but
they were also used to observe the burn-out phenomena in the TVCs directly. The analytical model was
shown to predict most of the measured data within +10%. The effect that key TVC design parameters, such
as the TVCs’ radius, the fin diameter, and the wick height, had on its maximum temperature and its
thermal resistance were illustrated with the model and the measurements.
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1. Introduction

Mobile devices such as smartphones and various kinds of
tablets having communication, video, audio, and game functions,
have massive heat dissipation due to the compactness of the appli-
cation processor (AP) [1]. Providing thermal designs that meet the
high heat dissipation rates associated with mobile devices have
been a challenge for some time [1,2]. One successful approach that
has been used to meet the high-performance cooling requirements,
while using the surroundings as a heat sink, is thin vapor chambers
(TVCs) [2-6]. However, a few design and measurement hurdles
must be overcome before TVCs can be ensured to meet the cooling
requirements of the newest mobile devices. The first is that the
vapor chamber needs to be very thin (less than 1 mm) [2,7,8] while
maintaining dimensional integrity during operation while the
internal pressure increases. This may cause a problem of bulging
and bending of thin-metal-walled (<1 mm) TVCs when internal
pressures exceed design limits. The second problem is that
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measurement techniques that rely on film heaters can potentially
introduce large measurement errors due to the thermal contact
resistance between the film heater and the surface of the TVCs.
Despite this, many investigations do not consider the contact
thermal resistance [9-11]. In addition, it is important to be able
to predict and to measure the maximum temperature of a TVC so
that it can be maintained below the allowable temperature of elec-
tronic components in the mobile device. Moreover, the maximum
heat transfer rate of the TVCs should be calculated by considering
both the capillary limit and the allowable maximum temperature
of electronic components in the mobile device. However, many
researchers experimentally or numerically present only the maxi-
mum heat transfer rate [12,13] without regard to the allowable
maximum temperature of the electronic components in the mobile
device.

The main objective of this study was to analytically and exper-
imentally investigate the thermal characteristics of disk-shaped,
silicon wafer-based TVCs. An analytical solution for the maximum
heat transfer rate was obtained by considering the capillary limit
and the modified liquid pressure drop through the micro-pin-fin
wick structure to predict the point where the wick runs dry. A the-
oretical model for thermal resistance of TVCs was also developed,
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Nomenclature

A area [m?]

dy fin diameter [m]

h height of vapor core [m]

h¢ wall thickness of TVCs [m]

hy, latent enthalpy of the working fluids [k] kg~]

hmc average height of liquid captured by wick structure at
the condenser [m]

hme average height of liquid captured by wick structure at
the evaporator [m]

hy height of the wick [m]

R film heat transfer coefficient [W m~! K]

k, thermal conductivity of the working fluid as liquid
phase [Wm2K™']

K permeability [m?]

n number of pin-fins at evaporator

p pressure [Pa]

Qmax maximum heat transfer rate [W]

r radius coordinate

T'emin minimum capillary radius of pin-fin wick structure [m]

R overall radius of a TVC [m]

Re radius of evaporator region at a TVC [m]

R thermal resistance [K W™']

Rey, Reynolds number based on height of vapor core [-]

s shortest distance between pin-fins [m]

T temperature [K]

u liquid velocity [m s™!]

0 vapor injection velocity at evaporator [m s™!]

Greek symbols

o liquid film thickness [m]

€ porosity [-]

o surface tension [N m™!]

u viscosity [Pa s]

v kinematic viscosity [m?s~!]

P density [m> kg~3]

0 contact angle [radians]

0] square root of the ratio of the evaporator area to the
TVC’s surface area [-]

Subscript

b bottom

C condenser

e evaporator

1 liquid

max maximum

t top

v vapor

w wick

Superscript

+ dimensionless quantities

which was used along with the maximum heat transfer to predict
the maximum temperature of TVCs. The maximum allowable tem-
perature limit is defined as the maximum temperature permitted
for normal operation of electronic components. If the maximum
temperature as calculated from the models exceeds the maximum
allowable temperature, then the reported maximum heat transfer
rate of TVCs was reduced to match that which is associated with
the maximum allowable temperature. The dominant factors which
strongly affect the thermal characteristics of the TVCs were analyt-
ically identified. For silicon wafer-based TVCs, the deep reactive
ion etching (DRIE) and lonic bonding manufacturing process
eliminates the effects of bulging and bending due to over-
pressure. The measurements showed that the key parameters
affecting the maximum temperature and the thermal resistances
of the silicon wafer-based TVCs were the overall radius, the pin-
fin diameter, and the wick height. A laser was used as a heat source
to eliminate the effect of contact thermal resistance that would
have occurred with an attached film heater. In addition, the
burn-out phenomenon was noninvasively and directly observed
with an IR camera. The predictions from analytical models were
mainly within £10% of the experimental results. Finally, the analyt-
ical and experimental effect of varying key engineering parame-
ters, such as the overall radius of the TVC, the fin diameter and
the height of the micro-pin-fin in the wick structure, on the max-
imum temperature and the thermal resistance are presented.

2. Theoretical approaches

Fig. 1 shows a schematic of the governing heat transfer mecha-
nisms, which are basically those of a heat pipe, and the overall
structure of the TVC that is analyzed in this study. The schematic
shows the evaporator region where the chip to be cooled is fixed.
The heat that is produced by the chip is removed by the evapora-
tion of the fluid retained in the wick structure of TVCs by

surface-tension forces. The vapor generated by the evaporator is
condensed onto the condenser region as shown in Fig. 1.

2.1. Analytical model of maximum heat transfer rate of TVCs at the
capillary limit

Vafai et al. [13] have developed one of the first analytical solu-
tions for the vapor phase and the liquid phase velocity and pres-
sure distributions for disk-shaped heat pipes which were similar
to the overall geometry shown in Fig. 1. The maximum heat trans-
fer rate was governed by the surface-tension driven flow pressure
distribution as described by the Young-Laplace equation. Recently
Kim et al. [14] modified the boundary condition and corrected
several typos in the Vafai et al. [13] solution to analytically obtain
the pressure drop. The vapor pressure distribution presented by
Kim et al. [14] and used in this paper is:
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pi(0) % {FEReik | ()
[R" <1t <R']
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The nondimensional parameters are:
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where A, h,p,,p;, 1.7, R,R", Rep, v1, Vo, py, p, and ¢ respectively are
the evaporator area, the height of vapor core, the vapor pressure, the
dimensionless vapor pressure, the radial coordinate, the dimension-
less radial coordinate, the overall radius of the TVC, the dimension-
less radius of the TVC, the Reynolds number, the vapor injection
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Fig. 1. Schematic view of a silicon-based TVC with pin-fin wick structure.

velocity at the evaporator (0 < r* < @R"), the kinematic viscosity of
vapor, the liquid density, the vapor density, and the square root of the
ratio of the evaporator area to the surface area of the TVC.

Vafai et al. [13] also provide an analytical solution for the liquid
pressure distribution through the wick by using the Darcy equa-
tion, which does not account for the no-slip condition at the wall.
Considering that the maximum heat transfer strongly depends on
the liquid pressure drop through the micro-pin-fin wick, the Vafai
et al. [13] solution was modified to account for the no-slip condi-
tion with the use of the Brinkman-Darcy equation:

dapry wp v et (1 ouS Py Py
dr+ KT (h:—v) Re reort ort? | gyt

The nondimensional parameters are:

+ Di +_ul +_vl +_K + +_y
Pz—rv%7ul—v—lv" _v_,,’K ~h hy=7yv"=3 4
where hy, h),, K,K*, p,, i, w, uf,y.y*, & v, and v* respectively are the
height of the wick, the dimensionless height of the wick, the perme-
ability, the dimensionless permeability, the liquid pressure, the
dimensionless liquid pressure, the liquid velocity, the dimensionless
liquid velocity, the y- coordinate, the dimensionless y- coordinate,
porosity, the kinematic viscosity of liquid, and the dimensionless
kinematic viscosity. The permeability (K) and the porosity (&) of the
micro-pin-fin wick structure is given by Kavinary [15]:
andg = Ve _ S A @27 o)

Vtotal (5 + df)
where drand s are the fin diameter and the shortest distance among
pin-fins, respectively. The requirement that the pressure profiles be
continuous at r = R", i.e., the vapor and liquid pressures are equal at
r=R", can be written in dimensionless form as:

2T &
K = oosocadf41

1
piR) = (4 Jpi®), ©)
Mass continuity for the region with the evaporator

(0<r*<@R") and the region with only condensers
(q)R+ < r* < R") can be written as:
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Integration of Eq. (7) with respect to y* and r* yields the dimen-
sionless liquid velocity at each region:

+ y;r — y;r + + +
u; :W (0<r* < @RY)
8)
v () - (R
T L

Substitution of Eq. (8) into the governing equation, i.e., Eq. (2)
and integrating, results in the dimensionless liquid pressure distri-
bution through the wick:
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where p* is dimensionless density. Eqgs. (1) and (9) were used to

calculate the maximum heat transfer rate of the vapor chamber

analytically, while using the Young-Laplace equation at r=0

(capillary limit) [13,16] as:
20

Te mm(o)

where r¢ min and ¢ are the minimum capillary radius of pin-fin wick

structure and the surface tension, respectively. The minimum
capillary radius of pin-fin wick structure is given by:

4cos0
s

P,(0) - P,(0) =

(11)

Temin(0) = (12)
where s and 0 are the distance between pin-fins, and the contact
angle, respectively. Eq. (11) can be rearranged using dimensionless
parameters as:

2
ELcos(9 st =3PV (13)

P.(0) - s* Re? oh’

PP (0) =
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where s* is the dimensionless smallest distance between pin-fins.
Substituting Eqgs. (1) and (9) into Eq. (13), the equation can be rear-
ranged using the Reynolds number, Re, to obtain the maximum
heat transfer rate Q,,q:

i, Achg (—B+ VB — 4AC
Qmax - h 2A (14)
(4 9 Y (5¢*-3)(¢*-7) 3| 1
A= (52—902) {2ln(p+ 16¢? +Z} (h')?
vt @? } 1

B=-J{_ In (15)

{ 227 iy Wy

2
C= ~5 cos 0

where hg, Qq¢ and pt,, are the latent enthalpy of the working fluids,
the maximum heat transfer rate at the capillary limit, and the vis-
cosity of vapor, respectively. The contact angle between the silicon
wafer and the water has been typically reported as between 45° and
50° [17]. However, this value does not account for the effect of
roughness. In order to account for the surface roughness of the DRIE
produced surface, a contact angle of 85° between the etched silicon
and DI water was used in analytical model [18]. In addition, a sur-
face tension of 6.78 x 102 N m~' [19] was used for the water.

2.2. Thermal resistance model and maximum temperature of TVCs

The thermal resistance model, which consists of three parts as
shown in Fig. 2(a), is developed in this section. The first step was
to model the thermal resistance of the evaporator region, and the
second step was to model the thermal resistance of the vapor core
in the TVC. The final step was to model the thermal resistances of
the condenser region. The thermal resistances can be combined to
obtain the complete model for the TVC as:

R[h,mtal = Rth.evap

1
1 n 1
Rth,cund_bottom Rth,vapur,mre + (1 /Rth,cond,top +1 /Rrh.cz)nd—buttom)71
(16)

where Rth.cond—batmmv Rth,cand—upv Rth,evupy Rth,vapar_corey and Rth,total are the
thermal resistances of the condenser region at the bottom surface,
the condenser region at the top surface, the evaporator region, the
vapor core region, and the total thermal resistance, respectively.
The thermal resistance of the vapor core region was neglected
because it generally is much smaller than other thermal resistances
[20]. In order to develop each thermal resistance model, the repre-
sentative elementary volume of the micro-pin-fin wick structure at
evaporator and condensor regions is shown in Fig. 2(b and c).

At the evaporator region, the thermal resistance can be modeled

as:
1 1 1!
Rth.evap = R1 +R2 T R3 + R4 T RS (1 7)
he hime 1 he hin e

Ri=— Ry=7m Ry=— Rg=—< Rs=1m 18
! kgA1 2 ksAl 3 hﬂlmAZ 4 kSA3 > k[Ag ( )
2 2 Al
Al = n(Re) (] - 8)7 AZ = 7l:df(hw - hm.e)n7 A3 = TE(Re) (8)7 n= W
4-f
(19)

where A;, Ay, As, df, he, hime, hy, Eﬁ,m, n and R, respectively are the
cross-sectional area of pin-fin wick at the evaporator, the side-
surface area of pin-fin wick at the evaporator, the liquid area at

Q/ﬁ

out

N TC, vapor
Py

th .cond _top

T

¢, vapor

R:h ,cond _bottom

Q""" Tc, vapor Q""’ ‘ TC. vapor

(a) Total thermal resistance model of a TVC

Liquid Film

Liquid Film

(c) Thermal resistance model at ith condenser (i = ¢, b)

Fig. 2. Total and partial thermal resistance models for a TVC.

evaporator, the fin diameter, the wall thickness of the TVC, the aver-
age height of the liquid captured by the pin-fin wick structure at the
evaporator, the height of the wick, the film heat transfer coefficient,
the number of pin-fins at evaporator, and the radius of the evapora-
tor region. Also, it was assumed that the average height of liquid
captured by the pin-fin wick structure at the evaporator ()
was h,,/10. The film heat transfer coefficient at the evaporator used
for the model was taken from Chi [21]:

ki

g = 0.185d; (20)

where k; is the thermal conductivity of the working fluids as the lig-
uid phase.

As shown in Fig. 2(c), the remaining thermal resistance models
to be developed are for the condenser regions at the top and the
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bottom surface. The thermal resistance model at the condenser

region of the top surface is given by:

Fin-structure

i

. Inner Cavity
Silicon
wafer

»

1) Cavity fabrication 2) Detail process

Hole

4) Making charging 3) Oxide Film Coating

hole and bonding

(a) Manufacturing processes

(b) Top view of TVC

Symmetric
1

I TVCs' radius (5Smm, 7mm and 10mm)
|

(c) Geometry of a TVC

Fig. 3. Silicon wafer-based TVC.

1 1 1!
cond.top = Rt,l I Rr,z + Rt,3 + Rr,4 (21)
_hc+hw _ 0 _hm,c _ he
Rt,l - kgA4 s B2 = k[A4’ Rt,3 - k[As’ R[‘4 - ksAS (22)
— 2 2 _ 2 2
As=T(R* —R)(1 —¢), As = T(R® — R2)e (23)

where A4, As, hy, and 6 respectively are the cross-sectional area of
pin-fin wick at the condenser region of the top surface, the liquid
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Camera Laser
— Heat Source
Q (Max. 15W)
= I
7
"’
il =c==p
Bath ==
oolin,
(RW-10256) Sectiof Notebook PC
DAQ
(37940A)

(a) Schematic of measurement system for
temperature distribution of TVCs

Cooling
Tube Line

Laser
Heat Source

(b) Test section

Fig. 4. Photograph of measurement devices for thermal characteristics of TVCs.

Table 1
Geometry of fabricated TVCs.
. L . . Vapor Core Total
Radius Fin diameter Wick height . .
Case Thickness Thickness
(mm) (um) (um)
(pm) (pm)
1 5 50 50
2 7.5 50 50
3 10 50 50
300 1000
4 10 150 50
5 10 50 75
6 10 50 100
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area at the condenser region of the top surface, the average height
of the liquid captured by the pin-fin wick structure at the condenser
and the liquid film thickness. In addition, it was assumed that
hpme=hyw [20], 6 =5pum and [22]. Also, the thermal resistance
model at the condenser region of the bottom surface can be
obtained by:

1 1 -1
R = + 24
cond,bottom va1 T vaz va3 T Rb,4 ( )
_ hf + hW _ 6 _ hm.c _ hL‘
Rp1 = KA Ry, = KA Rps = KAy Rps = kA (25)
Ag = mR*(1 — &), A; = R%¢ (26)

where Ag and A; are the cross-sectional area of the pin-fin wick at
the condenser region of the bottom surface and the liquid area at
the condenser region of the bottom surface, respectively.

2.3. Maximum heat transfer rate of TVCs at the capillary limit and
allowable maximum temperature limit

With the thermal resistance model and the maximum heat
transfer rate at the capillary limit, the maximum temperature
can be obtained as:

max — + Tc (27)

th,total

where Ty, and T, are the maximum temperature and the average
temperature at the condensor region, respectively. It should be
ensured that the maximum temperature of the TVC that is associ-
ated with the maximum heat transfer rate at the capillary limit does
not exceed the allowable temperature limit of the electronic
components. For the present study, the allowable maximum tem-
perature limit is 70 °C. If the maximum temperature of the TVC at

Input power: 6W

the maximum heat transfer (capillary limit) is larger than the allow-
able maximum temperature of the electronic components, then the
maximum heat transfer rate of TVCs should be recalculated as:

Qi = 1 Te 28)
th,total

where Tyr is the allowable maximum temperature which is 70 °C,
respectively.

3. Experimental approach
3.1. Manufacturing processes of TVCs

The silicon-based TVCs with the pin-fin wick structure were
fabricated following the processes shown in Fig. 3(a). To manufac-
ture the TVCs with radii of 5 mm, 7.5 mm and 10 mm, and depth of
150 pm, two silicon wafers were etched using deep reactive ion
etching (DRIE) [23]. To make pin-fin wick structure with wick
heights of 50 um, 75 pm, and 100 pm, and fin diameters of 50
pm and 150 pm, the inner surface of the cavity was also etched
by DRIE. As shown in Fig. 3(a), two holes for charging working
fluids were manufactured using laser machining at the bottom of
the silicon wafer and the oxidation film was formed on the silicon
surface before the two wafers were bonded together. The two
silicon wafers were joined using anodic bonding.

To remove the non-condensable gas from the working fluids in
the present study, the working fluid (DI water) was boiled in a
pressure vessel and then dipped into liquid nitrogen to extract
the non-condensable gas from working fluids. The fabricated TVCs
were evacuated to 10> Pa to eliminate the non-condensable gas.
After that, the TVCs were filled with working fluids to a volume
of approximately of 140% of wick pore [24]. Six TVCs with DI water
as the working fluid were manufactured for this study. Fig. 3(b)
and Table 1 provides the detailed geometry for the fabricated TVCs.

Input power: 10W

Fig. 5. Maximum heat transfer rate of case 4, TVC (TVC radius of 10 mm, fin diameter of 150 pm, wick fin height of 50 um).



532 S.B. Kim et al./International Journal of Heat and Mass Transfer 127 (2018) 526-534

Maximum Temperature [ °C ]

26 1 ® MaximumTemperature of TVCs
Fin Diameter: 50 pm, Wick Height: 50 um, Porosity: 0.54

Input Power = 3W, Condenser Temerature =21 °C
25 T T T [ — — 1

5 6 7 8 9 10 11
Radius of TVCs [mm]

(a) Effect of the TVCs’ radius on the maximum temperature

0.9 4
0.8 Input Power: 3 W
= i Fin Diameter: 50 pm, Fin Height: 50 pm
5 0.7 4 Porosity: 0.54
— | Thermal Resistance Model
§ 064 @ Experiments Results
<
2
% 0.5 4
g o
=
g 04
2
H
0.3
0.2 T T T T T T T T T T T T 1
4 5 6 7 8 9 10 11

Radius of TVCs [ mm ]
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Fig. 6. The effect of the TVCs’ radius on the thermal performance of TVCs.

With the six TVCs, the effects of TVCs’ radius, the fin diameter, and
the wick height on the maximum temperature and the thermal
resistance were experimentally determined.

3.2. Experimental apparatus

Fig. 4 shows the experimental apparatus for measuring the tem-
perature distribution on the TVCs and the maximum heat transfer
rate. To minimize the contact thermal resistance between the
evaporator and the surface of TVCs, a laser with maximum power
of 15 W was used as the heat source. The maximum heat transfer
rate and the surface temperature distributions were obtained using
an IR (Infrared) camera. The benefit of the IR measurement is that
it's a direct measurement of the working fluid temperature and it
visually records the dry-out phenomenon through the IR-
transparent silicon wafer [25]. These advantages make it possible
to measure the maximum heat transfer rate of TVCs with IR. The
emissivity of the IR camera was set to the emissivity of water
(0.96). Also, the copper cooling block connected to the thermal
bath was used to maintain the condenser region of TVCs at a low
temperature.

To obtain the surface temperature distribution of TVCs, the tem-
perature distribution of working fluids measured by IR camera is
calibrated using 36-gauge T-type thermocouples which were
attached to the surface. For the temperature range of 20-60 °C,
the maximum uncertainty in the temperature calibration was

30
S
o
g ® Maximum Temperature of TVCs
g 5 Radius of TVSs: 10mm, Wick Height: 50 um, Porosity : 0.54
E Input Power = 3W, Condenser Temperature = 20.8 °C
T
= 4
g6 +
=
25 T ¥ T L T L T T 1
40 60 80 100 120 140 160
Fin Diameter [ pm ]
(a) Effect of the fin diameter on the maximum temperature
0.5
Input Power: 3 W
Radius of TVSs: 10 mm, Wick Height: 50 pm
- Porosity : 0.54
§ 0.4+ Thermal Resistance Model
= ® Experiments Results
Q
g
S 034
E
4
=
E 02
2 -10%
jam)
0.1 T T T T T

—
40 60 80 100 120 140 160
Fin Diameter [ um |

(b) Effect of the fin diameter on the thermal resistance

Fig. 7. The effect of the fin diameter on the thermal performance of TVCs.

approximately +0.5 °C for a 95% confidence level and are shown
as error bars on Figs. 6-8.

4. Results and discussions
4.1. Maximum heat transfer rate of TVCs

The maximum heat transfer rate of a disk-shaped TVC was pre-
dicted by the present analytical model (Eq. (28)) while considering
a no-slip condition at the wall of the pin-fin wick structure for cap-
illary limit and the maximum allowable temperature limit. Each of
the test TVCs had a fixed evaporator region (5 mm diameter)
regardless of the overall radius of the TVC. Measurements for the
TVC for case 4 (radius of 10 mm, fin diameter of 150 pwm, wick
height of 50 um, laser power up to 15 W) were used to validate
the maximum heat transfer rate prediction. Fig. 5 shows that the
TVC operates without dry-out up to an input power of 10 W. How-
ever, dry-out occurred in the TVC at a point between 10 W and 11
W, as evident by the temperature of the working fluid in the cavity
dramatically increasing from 30.9 °C to 40.6 °C while the tempera-
ture distribution in the cavity was uniform for the 11 W condition.
Dry-out is associated with all of the DI-water in the cavity being
vaporized, resulting in pure conduction and a uniform surface tem-
perature. Therefore, the best estimate of the maximum measured
heat transfer rate, which occurs just prior to dry out, was approx-
imately 10 W for case 4. This measurement is within approxi-
mately 6% of the prediction of 9.39 W for case 4. By using the
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Fig. 8. The effect of the wick height on the thermal performance of TVCs.

last-observed, properly-operating TVC as the maximum perfor-
mance prior to dry out, overall, the analytical model predicts the
experimental data to within +10%. The maximum heat transfer
predicted by the analytical model for the manufactured TVCs are
given in Table 2 at both the capillary limit and the allowable max-
imum temperature limit. As shown in Table 2, the maximum tem-

Table 2

perature at the maximum heat transfer rate is smaller than the
allowable maximum temperature limit for all cases. Also, Table 3
shows theoretically results of the maximum heat transfer of TVC
with optimized fin diameters and porosity for fixed h,, and h.
Table 3 shows that the maximum temperature exceeds the maxi-
mum allowable temperature when the TVCs have a fin diameter
larger than 50 pm with a wick height of 41.6 pm and a radius less
than 5 mm. As a result, the maximum heat transfer rate for the
TVCs was recalculated using Eq. (28) to ensure that the maximum
allowable temperature of the electronic components was not
exceeded.

4.2. Maximum temperature and thermal resistance of TVCs

4.2.1. Effect of TVC radius on the maximum temperature and the
thermal resistance

TVCs for Case 1, 2 and 3 as shown in Table 1 are used to inves-
tigate the effect of the TVC radius on the maximum temperature
and on the thermal resistance of the TVCs. The TVCs all have the
same wick geometry (fin diameter = 50 um, wick height = 50 pm)
and the same input laser power of 3 W. As shown in Fig. 6(a), the
maximum temperature is obtained from the temperature distribu-
tion on the surface as measured by the IR camera. The uncertainty
for the thermal resistance was approximately +10% for the 95%
confidence level and are represented as error bars on Figs. 6-8.
The maximum temperature decreases as the radius of the TVC
increases. This shows that a larger condenser area plays an impor-
tant role in reducing the total thermal resistance. As shown in
Fig. 6(b), the analytical model of the thermal resistance is within
+10% of the experimental data. Fig. 6 shows that both the thermal
resistance and the maximum temperature decrease as the radius of
the TVC increases. Consequently, the radius of a TVC should be
carefully designed to be large enough so that its temperature
remains below the allowable maximum temperature of the elec-
tronic component and to ensure that the maximum heat transfer
rate can be met.

4.2.2. Effect of fin diameter on the maximum temperature and the
thermal resistance

Case 3 and Case 4 show the effect of the fin diameter on the
maximum temperature and on the thermal resistance of TVCs.
The TVCs both have a radius of 10 mm and a wick height of 50
pm, but have different fin diameters of 50 pm and 150 pm. The
input power was fixed at 3 W. Fig. 7 (a) shows the maximum tem-
perature as a function of the fin diameter of the wick structure.

Predicted maximum heat transfer rate of the manufactured TVCs under both the capillary limit and the allowable maximum temperature limit (70 °C).

Case Radius (mm) dy (um) € hy, (um) h (um) s (um) Qmax (W) Ren (W/K) Timax (°C) (Tc = 35 °C)
1 5 50 0.54 50 300 15 22.06 0.54 46.91
2 7.5 50 0.54 50 300 15 15.23 0.35 40.33
3 10 50 0.54 50 300 15 12.46 0.285 38.55
4 10 150 0.35 50 300 15 9.39 0.21 36.97
5 10 50 0.54 75 300 15 18.31 0.31 40.68
6 10 50 0.54 100 300 15 23.76 0.34 43.08
Table 3

Predicted maximum heat transfer of TVCs with optimized fin diameter and porosity under both the capillary limit and the allowable maximum temperature limit (70 °C).

Radius (mm) dr (pm) e hy, (pm) h (pm) Qmax (W) Rin (W/K) Tmax (°C) (Te =35 °C)
16 60 0.66 416 416 11.75 2.98 Limited by 70 °C

4 150 0.58 416 416 62.12 0.56 Limited by 70 °C

8 70 0.80 416 416 45.85 0.41 53.72

10 70 0.80 416 416 4244 0.35 49.99

15 80 0.80 416 416 38.14 0.30 46.40




534 S.B. Kim et al./International Journal of Heat and Mass Transfer 127 (2018) 526-534

Although not the most significant effect, Fig. 7 (a) shows that the
maximum temperature decreases as the fin diameter increases.
Also, as shown in Fig. 7 (b), the thermal resistance of TVCs
decreases as the fin diameter increases. This implies that the
porosity, which only depends on the fin diameter under the fixed
separation distance between the fins, affects the effective thermal
conductivity of the wick structures and its thermal resistance. So,
as the fin diameter is increased the porosity is decreased. There-
fore, the maximum temperature and the total thermal resistance
both decrease because the effective thermal conductivity
increases.

4.2.3. Effect of wick height on the maximum temperature and the
thermal resistance

Cases 3, 5 and 6 show the effect of wick height on the maximum
temperature and the thermal resistance. As shown in Fig. 8(a),
larger maximum temperatures are associated with taller wick fin
heights. For all other geometry parameters being fixed, Fig. 8(b)
shows that taller wick fin heights induce larger thermal resis-
tances. Consequently, low wick fin heights are desirable to avoid
exceeding the maximum allowable temperature of electronic
components.

5. Conclusion

The thermal characteristics of disk-shaped silicon-wafer-based
TVCs (Thin Vapor Chambers) heat pipes were analytically and
experimentally investigated using DI-water as working fluids.
Analytical models for the maximum heat transfer rate of the TVC
were developed using both the capillary limit and the allowable
maximum temperature limit. Six silicon wafer-based TVCs were
manufactured using DRIE (deep reactive ion etching) and anodic
bonding. The measurements of the maximum temperature and
the thermal resistances of the TVC showed the effect of TVC radius,
the fin diameter, and the wick fin height on the TVC performance. A
laser heat source and an IR camera were used to eliminate the
effect of contact thermal resistance and to observe the behavior
of burn-out phenomena in silicon wafer-based TVCs. Based on
the results, it was shown that the analytical model for maximum
heat transfer rate predicts the experimental data to within +10%.
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