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Abstract

A detailed mathematical model predicting the effect of contact angle on the meniscus radius, thin film profile and heat flux distribution
occurring in the micro-trapezoidal grooves of a heat pipe has been presented. The model can be used to determine the maximum evap-
orating heat transfer rate in the evaporator including the effects of disjoining pressure and surface tension. The equation of meniscus radii
calculation in the evaporator at given heat load based on the liquid wicks configuration has been put forward. The numerical results
show that while the capillary limitation governs the maximum heat transport capability in a grooved heat pipe, the thin film evaporation
determines the effective thermal conductivity in a grooved heat pipe. The ratio of the heat transfer through the thin film region to the
total heat transfer through the wall to the vapor phase decreases when the contact angle increases. The superheat effects on the heat flux
distribution in the thin film region also have been conducted and the results show that the disjoining pressure plays an important role in
this region. The current investigation will result in a better understanding of thin film evaporation and its effect on the effective thermal

conductivity in a grooved heat pipe.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many electronic systems often generate very high heat
flux, and heat generated must be dissipated in order to keep
temperature distribution uniformity, maintain its operating
temperature limit and peak performance. When the heat
pipe technology is used as a cooling strategy for those mod-
ern systems, the further increase of the effective thermal
conductivity of the heat pipe is the key for the high-heat
flux applications. As a high heat flux is added on the evap-
orating section of the heat pipe, the thin film evaporation
heat transfer plays an important role to keep its operation.
A better understanding of the heat transport mechanisms
in the thin film region will directly help the designs of
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highly efficient heat pipes and advanced thermal manage-
ment systems.

A number of previous investigations [1-4] have been
conducted on the thin film evaporation and heat transport
occurring in micro-grooves, and indicate that most of the
heat is transferred through the region where the thickness
of the liquid layer is extremely small. Based on the heat
transfer rate, the liquid film around this thin film region
is often divided into three regions, namely, the equilibrium
non-evaporating film region, evaporating film region, and
meniscus region. In the evaporating film region, the disjoin-
ing pressure plays key role and affect the interface temper-
ature and heat transfer rate through the thin film. Ma and
Peterson [5] found that the evaporating heat transfer coef-
ficient through the thin film region depends on the menis-
cus radius and the superheat. Previous investigations [6,7]
show that when the heat flux level added on the thin film
region increases, the contact angle increases resulting in a
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Nomenclature

Hamaker constant, J
constant in Egs. (4) and (9)
constant in Egs. (4) and (5)
half width of wick’s top wall in Fig. 1, m
height of groove wall, m
latent heat of vaporization, kJ/kg
height defined in Fig. 1, m
conductivity, W/m K
length of evaporator, m
number of grooves
pressure, N/m?>

disjoining pressure, N/m?
heat transfer, W

heat flux, W/m?>

gas constant, J/kg K
radius at o = 30° or 60°, m
radius, m

coordinate, m

temperature, K

width, m

coordinate, m

coordinate, m

coordinate, m
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Greek symbols
o contact angle, °
p angle defined in Fig. 1, °

film thickness, m
0 non-evaporating film thickness, m
n coordinate, m
0 angle defined in Fig. 1, °©
p density, kg/m’
o surface tension, N/m

Subscripts
B-B  B-B thin film region in Fig. 1

C-C  C-C thin film region in Fig. 1
D-D  D-D thin film region in Fig. 1
e evaporating

g gas

| liquid

Iv liquid—vapor interface

men meniscus

micro micro-region
macro macro-region
sat saturated

th thickness

tot total

v vapor

w wall

(2) z coordinate

decrease of the evaporating heat transfer coefficient, which
presents a limitation of heat transport capability in a high
heat flux heat pipe [8]. Recently, Jiao et al. [9,10] developed
a model focusing on the curved surface effect on the thin
film profiles and heat flux distributions in the evaporator
of a flat heat pipe.

In the design of heat pipe, a number of heat transfer lim-
itations [11-18] should be taken into consideration. Those
limitations determine the maximum heat transport occur-
ring in a heat pipe. In order to meet the new requirements,
however, it is necessary to further increase the effective
thermal conductivity of a heat pipe. The primary thermal
resistances in a grooved heat pipe, for example, are from
the evaporating thin film and the condensation heat trans-
fer. As indicated above, when the heat flux is high, the
increase of the contact angle in an individual evaporating
thin film will increase the thermal resistance and directly
affect the total effective thermal conductivity. In current
investigation, a detailed mathematical model predicting
the effect of the thin film region on the evaporating heat
transfer in trapezoidal grooves of a grooved heat pipe
has been developed in order to find the maximum
evaporating heat transport capacity through the thin film
region.

2. Meniscus radius and thin film region evaporation heat
transfer

When heat is added on the evaporating section of a
grooved heat pipe, the heat will transfer through solid
regions of groove wall and reach the working fluid. For
the groove configuration of a heat pipe shown in Fig. 1,
most of the heat will transfer through thin film regions.
When the heat load is low, there exist two thin film regions,
i.e., C-C, D-D zones, and due to the groove symmetry, the
C-C thin film region is the same as the D-D thin film
region. But when the heat load reaches the maximum heat
load, in which the thin film thickness of point B (dg) is
equal to g, a new thin film region B-B [4,9] will be formed.
Because there is no vapor-solid interface in the B-B thin
film region, the contact angle in this region should be equal
to zero. If the heat load continues increase, the thin film
region B-B will rupture and divide into two thin film
regions, in which the total length of the thin film regions
will be shorter than that of region B-B due to the contact
angle effect. Therefore, the heat transfer performances of
heat pipe will become worse and directly result in the tem-
perature difference increase dramatically as the heat load
continuously increases. The heat load at dg = dy is the
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Fig. 1. Schematic of tube heat pipe with micro-trapezoidal liquid wicks configuration.

maximum heat transport capacity of the heat pipe, which is
the focus in the current investigation herein. For the thin
film evaporation heat transfer, the liquid—vapor interface
temperatures on those thin film regions can be depicted
by the Clausius—Clapeyron equation:

dp\  _ hig
@Jm Tl (1/p0) — (1/p0)] M

Integrating from the saturated temperature T, to the
interface temperature 73, results in a relationship between
the interface temperature and the saturated vapor temper-
ature, i.e.,

Ty = T[1 + (Ap/pyhee)] (2)
where Ap can be found from
Ap=6/re + pa (3)

where the second term, py, in Eq. (3) can be estimated by
pq = —A/d for nonpolar liquids and p; = —4/° In(5/5,)
for polar liquids. Because the Hamaker constant 4 and
the reference length J, both depend on the solid-liquid
properties, it is difficult to accurately determine these val-
ues for polar liquids such as water. To overcome this diffi-

culty, the relationship developed by Holm and Goplen [1],
ie.,

Pa = PRI sy ln(aéb) (4)

was utilized, where, a« = 1.5787,b = 0.0243. In the non-
evaporating film region, as shown in Fig. 1, the curvature
effect can be neglected due to the absence of vaporization.
The interface temperature at this region will be equal to the
wall temperature due to the interface thermal resistance.
Substituting Eqs. (3) and (4) into Eq. (2), the film thickness
in this region can be obtained as

60 = exp{[(T/T. — 1)(hy/RT.,) — Ina)/b} ()

Based on the contact angle « and dimensions shown in
Fig. 1, the meniscus radius, r(. can be written as

W24 (h - 6,)cig2

"o = cosp+ (1 — sin B)ctg2y ©6)
where

ﬁ:a—(g—%}) (7)
hv = ht — [5y + r<z>(l — smﬁ)} (8)

When the Bond number is very small, the meniscus radius
shown in Eq. (6) only depends on the contact angle, the
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thickness of non-evaporating oy, and the groove configura-
tion. Based on the geometry dimensions of the trapezoidal
shape and the definition of contact angle, the film thickness
for both the C—C and D-D regions can be calculated by:

dcc =0pp
w
= S+ ag20(h —y) =\ == (g =8 ()
where
y= I"(Z>(1 — Sil’lﬁ) =+ 50
o <y <rp[l —sin ] + & (10)
0=20¢, ro—oo, Tsy=Ty ats=0

The film thickness variation for the B-B region can be
found as

5B—B = (r(z> —|— 50) — }"%Z) —x2 (11)

where
— 1@z cos f < x < ri;ycos f
0 = &y, Fg — 00, (12)
Tsv=Ty, atx=0
Heat transfer through the thin film region can be consid-
ered as one-dimensional heat conduction. Based on this

assumption, the heat flux and total heat transfer through
three thin film regions can be calculated by

kA P Tt (13)

— Ty Ty — Ty
ALY dx+/ kilLeds]
0 511

5BB

Cue - {
(14)

The second term on the right side of Eq. (14) can be
expressed by:

Y
- / K
y[1-+cos(20+a)]+dg

3. Heat transfer through macro-region

T _Tlv

—_— 1
dc_c sin 29 (15)

Because the groove dimension as shown in Fig. 1 isin a
range of 0.1-0.3 mm and the Bond is much less than 1, the
temperature distribution in the macro-liquid film region
can be described by the two-dimensional, steady-state heat
conduction equation,

T T

FEREril (16)

Although the geometry is not regular, the solution for Eq.
(16) can be readily obtained by the FLUENT software, and
the total heat transfer through the macro-region can be
easily obtained. In this region, the effect of disjoining pres-
sure on the interface temperature can be neglected. The
interface temperature can be determined by

o
Tw=T,1+ > 17
: < o) Pyl 17

A number of grid numbers have been employed in order to
obtain the grid-independent solutions, and finer grids near
the evaporating thin film region were used. Using Eq. (17)
for the liquid—vapor interface temperature, the heat trans-
port QOmacro through the macro-region of liquid for a given
superheat can be calculated. The total heat transport from
the solid wall to the liquid can be determined by

Qtot = Qmacro + Qmicro (18)

where, QOnicro can be calculated by Eq. (14) for a given
superheat. During the iterative calculation, when the error
is less than 0.1 W, the calculation is considered as the con-
verged results.

4. Results and discussion

The disjoining pressure and interface curvature signifi-
cantly affect the film thickness variation, interface temper-
ature, and heat flux distribution. In order to better
illustrate effects on the meniscus radius, heat flux distribu-
tion and heat transport capacity, a trapezoid groove, simi-
lar to the one shown in Fig. 1, with dimensions of
W =0.000262 m, i, =0.000195 m, L =0.03 m, 2¢=75.8°,
and a groove number of 60, was considered. The thermo-
physical properties of copper and pure saturated water at
60 °C are utilized in the current investigation.

Fig. 2 illustrates the contact angle effect on the meniscus
radius including the superheat effect on the non-evaporat-
ing film thickness. As shown, the meniscus radius increase
nonlinearly as the contact angle increases. For example,
when the contact angle changes from o = 0° to o = 30°,
the radius change slowly and the ratio of the meniscus
radius at o = 30° to the one at o = 0° is equal to 1.12, while
the ratio of the meniscus radius at o = 90° to the one
o = 60° is 3.07. It shows that when the contact angle is less
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Fig. 2. Meniscus radii versus contact angle.



A.J. Jiao et al. | International Journal of Heat and Mass Transfer 50 (2007) 2905-2911 2909

—ac=10) ---acc20”
i’

o300 - (XC-c=499'

o) Pat CC&D-D .7
Nl Wi
& 2
£ Y
9 o
= .7
= e
£ 2
[ S
P 7% - - =102 o =400
= e Part B-B
.0'
f"‘r’
o
T T T T T T T T T
0.0 3.0x10°  6.0x10° 9.0x10°  1.2x10°
x (or S) (m)

Fig. 3. Contact angle effect on liquid film profiles.

than 30°, the further decrease of the contact angle will not
significantly further reduce the meniscus radius.

Fig. 3 shows the contact angle effect on the thin film pro-
files in both the C—C (or D-D) and B-B regions. As shown,
the thin film thickness profile in the C—C (or D-D) region
largely depend on the contact angle, while the thin film pro-
file in the B-B region is almost unchanged as the contact
angle varies from 10° to 40°. If the cut-off film thickness
for the thin film region is ¢ = 1 pm, for example, the thin
film region length decreases from 13.5 pum to 13.4 pm for
the B-B region as the contact angle increases from
o = 10° to 40°. When the contact angle further increases,
however, the thin film profile for the C—C (or D-D) region
varies very sharply. With the same cut-off film thickness of
0=1pm for the thin film region, the thin film length
decreases from 4.8 pm to 1.33 pm as the contact angle
increases from o = 10° to 40°. As shown in Fig. 3, the thin
film region length of the B-B region is about 2.8-10 times
of the one in the C-C region.

Once the thin film profile is given, the heat flux distribu-
tion through the thin film regions shown in Fig. 4 can be
obtained. As the interface temperature at the liquid-vapor
interface varies from 7}, = T, at the non-evaporating film
region to Ty = T[1 + 6 /(r()p,hs)] in the evaporating thin
film region, the effect of the disjoining pressure diminishes
to zero. In the C-C or D-D thin film region, the contact
angle variation directly affects the thin film profile and
the heat transfer rate through the thin film region.
Although the highest heat flux is nearly the same, the total
heat transfer through the thin film region increases as the
contact angle decrease. As shown in Fig. 4b, the effect of
contact angle on the heat flux profile and maximum heat
flux can be negligible for the B-B thin film region. Compar-
ison of the results shown in Fig. 4a with those in Fig. 4b
indicates that the heat flux distributions for the B-B and
C-C regions are similar. The heat fluxes for both regions
are initially zero at the origin point where the film thickness
is equal to Jy, and then increase dramatically as the film
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Fig. 4. Contact angle effect on heat flux distributions (7, — 7. = 1 K). (a)
C—C or D-D thin film region, (b) B-B thin film region.
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Fig. 5. Contact angle effect on Quicro/ Qrot-

thickness increases. After reaching the maximum heat flux,
the heat flux through the thin film decreases quickly along
the x (or s) direction until it reaches the meniscus region.
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Fig. 5 illustrates the superheat effect on the ratio of the
heat transfer through the thin film region, Qnicro, to the
total heat transfer, Q.. As shown, when the superheat
increases, the ratio,QOmicro/QOior, decreases and it also
depends on the contact angle. When the contact angle
increases from 10° to 30°, for example, the ratio Omicro/ Otot
decreases from 87.0% to 75.9% for a superheat of 2.0 K.
The main reason is that the thin film region in the C-C
or D-D region has been extended and heat transfer
through those regions enhanced when the contact angle

C-C& D-D

B-B

Fig. 6. Isotherms in the liquid film (temperature difference between two
isotherms is 0.05 K) at AT =1 K.
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Fig. 7. Superheat and disjoining pressure effects on the heat flux
distribution at o = 30° (a) C-C(D-D) parts, (b) B-B part.

decrease. The temperature distribution and heat transport
through the macro-region from the wall to the vapor phase
can be obtained by the FLUENT software. Fig. 6
illustrates the liquid film profile and the temperature distri-
bution in the macro-region of the liquid film. The temper-
ature difference between two isotherms is equal to 0.05 K.
As shown in this figure, the large temperature gradient
existing in the thin film evaporation region creates an
ultra-high heat flux and the thin film region in the B-B
zone is much large than that of C-C and D-D zones.

As shown in Fig. 7a and b, the effects of superheat and
disjoining pressure drop on the heat transfer in thin film
evaporation are critical at the same contact angle. With
the temperature difference between the groove wall and sat-
urate vapor increases, the heat flux increases and the heat
transfer through regions B-B, C—C or D-D enhances. On
the other hand, the temperature difference between the wall
temperature (7,) and interface temperature 7j, of liquid
and vapor flow, as shown in Egs. (2) and (3), decreases
due to the disjoining pressure drop effect in the thin film
region. The heat flux profiles in the region from the inter-
line to the highest heat flux directly illustrate that the dis-
joining pressure plays more important role in the thinner
film region since thinner film thickness creates a larger dis-
joining pressure.

As presented above, the B-B thin film region plays an
important role and the total heat transfer through this
region is much larger than that through the C-C or D-D
region. Therefore, the B-B thin film region should deter-
mine the total evaporating heat transfer in the evaporator,
and the total effective thermal conductivity of the whole
heat pipe. In addition, the contact angle has a little effect
on the B-B thin film region and can be neglected. The effects
of contact angle on the thin film profile and heat flux distri-
bution for the C—C or D-D region, however, is significant.

5. Conclusions

A mathematical model predicting the meniscus radius
and its effect on the thin film profile has been developed.
The model includes the effects of disjoining pressure and
surface tension on the interface temperature and heat flux
distribution in the evaporating thin film region. The model
can be used to predict the maximum heat transport capacity
for a given grooved heat pipe with micro-trapezoidal
grooves. The disjoining pressure effect on the thin film evap-
oration cannot be neglected. The results indicate that for a
given superheat, Ty, — T, the effect of contact angle on the
thin film profile and heat flux distribution for the C—C or D-
D thin film region is significant, while it can be negligible for
the B-B region. For a given contact angle, the ratio of the
heat transfer through the thin film region to the total heat
transfer, i.€., Omicro/ Qior» decreases with the superheat,
Ty — T.. For the grooved heat pipe investigated here, the
total heat transfer through the B-B thin film region is much
larger than that through the C—C or D-D region, and the
B-B thin film region plays an important role in determining
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the maximum heat transport capability. The current inves-
tigation will result in a better understanding of thin film
evaporation and its effect on the effective thermal conduc-
tivity in a grooved heat pipe and contribute to the optimiza-
tion design of conventional grooved heat pipes.
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