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Abstract

In the present work, experimental and theoretical investigations have been conducted on a copper/water wire plate micro heat pipe
(MHP). The experimental results show that its effective thermal conductivity is improved by a factor 1.3 as compared to the empty MHP
array. A numerical model is used to predict the fluid distribution along the MHP axis, the temperature field and the maximum heat flux
corresponding to the MHP célary limit. The 1D, steady-stathydrodynamic model is based on the cenation equations for the liquid
and vapour phases. The wall temperatures are calculated from the thermal resistance network of the wall and the liquid film. A good
agreement between the theoretical and experimental data is achieved. The effect of various parameters—contact angle, fluid type, corne
angle, fill charge—is theoretically investigated.
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1. Introduction gions that involves the fluid flow from the condenser back to
the evaporator.

Micro heat pipes (MHPs) are efficient cooling systems, Due to their small size, special techniques should be
which allow to transfer high heat fluxes and to reduce the used to manufacture MHPs. Microgrooves have been ma-
temperature gradients. They are one of the most promisingchined in metallic foils [2] or metallic plates [3] with a di-
technologies in the field of thermal management of elec- amond saw. Another technique consists of bonding an array
tronic components [1]. The MHP is a heat pipe in which the of parallel metal wires sandwiched between two thin metal
interfacial radius of curvaterhas the same order of magni- sheets [4]. These MHPs may have enhanced thermal perfor-
tude than the tube hydraulic radius. The tube, of non-circular mance or not; it all depends on the brazing material in the
cross-section, has a transversal dimension of about 10 um tayrooves formed between the wires and the plates [5]. For
1 mm and a length of a few centimeters. The heat flux ap- lower sizes, the MHP arrays are usually etched into silicon
plied to the evaporator region vaporises the working fluid wafers. Parallel grooves [6—8] or radial grooves [9] of trian-
and the resulting vapour flows to the condenser through thegular or trapezoidal cross-sectional shapes are obtained by
adiabatic region of the heat pipe. The vapour then condensesanisotropic etching in a KOH aqueous solution, and 3D rec-
releasing the latent heat of condensation. In a transversatangular grooves by deep plasma etching. The channels are
cross-section, the interfacial forces pull the liquid in the closed by molecular or eittic bonding of a silicon wafer.
sharp angle corners, forming menisci. Due to the evaporation In the present work, a wire plate MHP was developed
and condensation processes, the liquid—vapour interface curusing the diffusion welding fabrication process. The MHP
vature varies continuously from the condenser to the evapo-has been experimentally tested at the Federal University of
rator. This results in a pressure difference between both re-Santa Catarina (Brazil). A numerical model of this wire plate

MHP array has been developed at the Centre of Thermal
— _ Sciences of Lyon (France). One objective of this study is

Corresponding author. 4 to validate the numerical model with the experimental data.
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Nomenclature
A sectionarea.............ccoiiiiiiii.. m 1 shearstress...........ccoiiiiiiiiinnnnn., Pa
g gravitational constant ................. -3n? 10 angle definedinFig. 3................ degree
hiv latent heat of vaporisation............ kgt gc half angle of the corner defined in Fig. 3 degree
l minimum spacing between two wires. ... ... m .
L length. ... ..o m Subscripts
Ma Mach number a adiabatic section
P PreSSUIe. ..ottt i Pa c cooled zone
0 heattransferrate......................... W C corner
q lineic heatflux...................... wit d dry-out
R meniscus curvatureradius................. m f flooding
Rin thermal resistance ................... AV o h heated zone
r copperwireradius. ....................... m interface
T temperature............ ..o o, K| liquid
u VelOCity ... sl m melting
X absCissa . ......ooiiiii M ax maximum
Greek symbols min minimum
o contactangle ..........ooveuieiiii. degree Sat saturation
0 inclinationangle ..................... degree V vapour
0 density . ......ooviiiiii kg3 t total
o surface tension .............oounn.... it w wall

so that, as the temperature increases, the applied pressure
also increases.

If the very sharp angle between a plate and a cylinder can  To guarantee a good welding, the wires and the flat plate
be welded without blocking the groove, the angle can work must be cleaned with a 10% sulphuric acid solution to
as an efficient porous medium for heat pipe applications. remove any oxidation that could block the copper diffusion,
This can be done by diffusion welding. before the thermal cycle. Flowing water is used to rinse the

The solid state diffusion is a welding process in which wires and the plate, for about 10 min.
atomic diffusion, activated by high temperature levels and  After the welding, acetone is introduced in the MHP
controlled by the pressure applied between the surfacesto wash the grooves. The MHP is then vacuum tested
induces a very strong junction. The main disadvantage of theusing a leak detector, charged with the selected working
diffusion welding, when compared to the traditional welding fluid and sealed. After the chging, the MHP is ready for
processes, is that the thermal cycle necessary for a propeexperimental study.
welding can be too long. That is why the production is
limited and its costs is high. Another limitation concerns the
geometry of the surfaces to be welded [10,11].

Typically, the diffusion is realised between 0.580,
where Ty, is the melting temperature of the basis material. 3.1. MHP array geometry
For copper, the process shows optimum results for temper-
atures ranging between 450 and 820C, depending on The investigated MHP array, consisting in three individ-
the geometry of the samples, the applied specific pressureual MHPs, is 78 mm long, 10 mm wide and 2.05 mm thick.
and the welding time [12]. The atmosphere is also an impor- The wire diameter is 1.45 mm and the plate thickness is
tant parameter. Usually, copper plates are welded in high-0.3 mm. Due to the welding, a 1-%alue is estimated for
vacuum environment, but an inert or reduced atmosphere carthe corner angles. The MHP is filled with 143 ridistilled
also be used. water, a volume equivalent to 23% of the MHP internal vol-

For the MHPs investigated, the selected temperature forume (at 20C). A cross-sectional view of the MHP array is
diffusion welding is equal to 85TC [5]. The vacuum level  shown in Fig. 1.
is about 104 mbar. The pressure to be applied depends  With a hydraulic diameter greater than 1 mm, this
on the geometry of the MHP and a special device was heat pipe can be considered as a mini heat pipe [13].
designed and constructed for the MHP welding. This device Nevertheless, this system operates like a micro heat pipe,
takes the advantage of the difference between the thermalusing the sharp corners formed between the wires and plates
expansion properties of the copper and of the stainless steehs capillary structure. The MHP is tested in a horizontal

2. Fabrication process

3. Experimental study
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position where the effect of the gravity forces can be the heated zone to the cooled one, with a low temperature
neglected. The heated section has a length of 25 mm. Thegradient. The better is its performance, the higher is its
heat input is delivered by means of an electrical resistance,thermal conductivity. Comparing the temperature gradients
wound around the evaporator. The heat flux is uniformly of the empty and the charged MHP (Fig. 2), the overall
imposed along the axial heating length. The adiabatic thermal conductivity of the charged MHP array is shown to
section, 20 mm long, is thermally insulated with glass fiber be 1.3 times greater than the empty array one.
and the cooled section length is 33 mm. For the condenser,
the inlet cooling water tempature, controlled by a thermal
bath, is kept constant and equal to 300.01 K. 4. Numerical model

The wall temperature along the tube is measured by
means of six T-Type thermocouples (Fig. 1), which are set Many models have been developed in the literature to
on kapton tapes. The uncertainty of the temperature measureredict the capillary limit and the optimum fill charge of

is+1K. MHP arrays. Isothermal hydrodynamic models are based
on the conservation equations of each phase. Among the
3.2. Experimental results various cross-sectional geometries of the MHP investi-

gated, the most usual one is the triangular shape [14-17],

The experimental temperature distributions of a charged but also square [18] and trapezoidal cross-sections [19]
MHP array and an empty one with no working fluid are have been studied. Recently, Wang and Peterson [4] de-
shown in Fig. 2 at steady state. The experimental conditionsVveloped a steady-state, one-dimensional liquid—vapour flow
are the same in both tests. The performance of a MHP model to predict the capillary limit of a wire-bonded alu-
array is characterised by itapacity to transfer heat from minium/acetone MHP array, sifar to the MHP investigated
in this study.

In the present numerical model, both the hydrodynamic
model of Wang and Peterson [4] and a heat transfer model
in the MHP wall, have been developed for a wire plate
copper/water MHP array. This model is used to predict the
capillary limit and the temperature profile along the MHP as
a function of the boundary conditions (imposed heat flux in
the heated zone, third kifebundary condition in the cooled
zone) and of the fill charge.

Micro heat pipe

Cooling bath

Electric
resistance

Thermocouple locations,

10 mm 4.1. Hydrodynamic model

A-A section Q Q Q ( 2.05 mm In the present hydrodynamic model, the conservation

equations account for the axial variation of the liquid and
£=725 um llfﬁm vapour cross-sectional area and of the meniscus curvature

‘ radius. The MHP is divided into small control volumes of

Fig. 1. Schematic view of the wirelgte MHP array and thermocouple  length dc for which the conservation laws are applied. The

locations. modelled geometry shown in Fig. 3 takes into account the
140 L heated zone | | cooled zone
1201 ® filed MHP
100 *E 4 A empty MHP
L A [ ]
G 80 + i
60 ¢ N
40 ¢ : 2
20 +
0 +—— : t —t t : : t
0 20 40 60 80
X (mm)

Fig. 2. Comparison of the axial tempéure distributions for the charged
and empty MHPs. Fig. 3. Cross-sectional view of the liquid meniscus.
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MHP symmetries. The hypotheses of the present model are4.1.2. Mass balance

those of Longtin et al. [16]: For the liquid flow, the mass balance is expressed by:
o . . Cluy dR ¢
— the liquid—vapour flow is incompressiblklé < 1), Al—— + Bu— 8)
dx dc  piaw
— the vapour and wall temperatures only vary along the
axial direction {-axis), whereg = %ﬁ'( )~1. ¢ is the heat flux, equal t@ /L, in
— the heat flux is uniformly distributed along the heated the heated sectlon 0 in the adiabatic section @njd.; in
zone. the cooled section.
For the vapour flow, the mass balance is expressed by:
4.1.1. Geometrical parameters q
In the conservation equations, geometrical parameters areAv—— d — Puv—— dx ,0th 9)
v

needed, like the liquid and vapour cross-sectional atea,
and Ay, respectively, the liquid—vapour interfacial arda 4.1.3. Momentum balance

and the wall surface area in contact with the liquid and  For the liquid phase, the momentum balance can be
the vapour, Ay, and Ay, respectively. These parameters \yritten:
depend on the contact angle and the corner angle. The cross-

dRr dp
sectional area of the liquid is: 201u1 A — d + ,3,0|u|2 o + Al— g !
X
. dAw .
- ifo>gc = BiR|ti| + o = | Tiw| — p1g Al Sing (10)
A= 4{r2[tan<p —tanpc — ¢ + cl whereg; is defined in Eq. (7) and for the vapour phase:
dMV 2dR dPV
Rz[cosZw Ty sinZI/” W 2putvAv e — P g AV
T Avw .
tang 2 2 = —BiRIT| = |7l = pvg Aysing (12)
V=¢p+a«a
- ifo <gc 4.1.4. Laplace-Young equation
co(gc + o) The first curvature radius of the meniscus is given by the
A= 4{R2[L Laplace—Young equation:
tangc
T Sin2(¢c + o) dn _dpv i o (12)
- E_QDC_“_# (2) dx dx dx

The second curvature radius, along the MHP axis, is as-
with r the copper wire radiusR the meniscus curvature sumed to be infinite.

radius,« the contact angleyc the half-angle of the corner

formed between a plate and a wire apdhe angle defined  4.1.5. Boundary conditions

in Fig. 3.¢ can be expressed as a function-afnd R as: Egs. (8)—(12) constitute a set of five coupled non-linear
differential equations with five unknown variable®; u,

1R . 1R . \* R .Thei i i
o= arctar(—é— sina + \/(5_ sma) LR COSa) 3) uy, P and P,. The integration begins at the cooled zone end
r r

r (x = Lt) and ends at the heated zone éng= 0). At x = Ly,
the boundary conditions are as follows:
The cross-sectional area of the vapour is:

R|Lt = Rmax
Ay = A — A ullp, =uyl, =0
, (4 ] Pl = PsalT) (13)
Ay=r°[4—nm — A(tangc — gc) | + 2rl — A Pl = Pul, —

Rmax

whereA is the MHP total cross-sectidil| + Ay) andl the  where Rmax is the radius of the inscribed circle in the MHP

minimum spacing between two copper wires. cross-section. The set of equations is solved numerically
The liquid-wall, vapour-wall contacting surface areas ysing the fourth order Runge—Kutta method. The program is

and the interfacial area,Ally, dAvw and d4;, respectively,  stopped wherR = Rmin. The position where this condition

are expressed for a control volume of length d is reached corresponds to the dried lengti Lg. In this
region, the liquid does not flow anymore and the wall

dAw = 4[2r(tang + ¢ — ¢c) dx | (5) temperature increases rapidly.

dAvw = 4[277 + 21 + 2r)] dx — dAp (6) The fluid mass is calculated in each control volume and

the values are added to yield the MHP fill charge. The
dAi =4[z — 2(p — ) |Rdx = p; Rdx (7) predicted fill charge is thenompared to the experimental
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one: if it is too small, a flooded length; is considered,; if corner angle @c is equal to 17 and the fluid fill charge is
it is too large, theRmax curvature radius at the cooled zone 143 mn¥. The contact angle is varied until the experimen-
end is decreased. According teetfixed fill charge and heat tal and predicted temperature profiles agree. A value df 64

flux, both dry-out and flooding may occur. is found, that is in good agreemtanith the literature data:
Babin and Peterson [21] found a5&ontact angle and Na-
4.2. Heat transfer model gai et al. [22] a 60 value for copper/water systems. Using

these input data, the predicted dried length is of 30 mm and
The temperature profiles along the MHP are predicted the flooded length of 16 mm (Fig. 4). Due to the dry-out, the
by a heat transfer model [20]. The vapour temperatures arewhole adiabatic section acts as an evaporator, by heat con-
determined from the vapour pressure profile by considering duction along the copper wall. Thus, in these operating con-
a liquid—vapour equilibrium stat The wall temperatures are  ditions, the evaporator length is &f, + Ly — Lg =15 mm
calculated from the thermal resistance network of the wall and the condenser one d&f. — L; = 17 mm. The liquid
and the liquid film. As the dried area is large, the conductive cross-sectional area increases continuously from the evapo-
heat transfer in the copper wall is the most important heat rator to the condenser sections, in the same manner than the
transfer mechanism. meniscus curvature radius (Fig. 5). In Fig. 6, the liquid and
vapour pressure variations along the MHP are shown. The
liquid pressure drops are high, especially near the evapora-
5. Results tor end. In this region, the liquid—wall friction forces become
predominant, due to the large liquid surface area in contact
The hydrodynamic model output data are the meniscuswith the wall in comparison with the liquid cross-sectional
curvature radiusk, the vapour and liquid pressures) area, which is very small. The vapour pressure drops are
and Py, the vapour and liquid velocitiesy and uy. The much smaller than the liquid ones. The vapour and liquid
dried lengthLg is also an output data of the hydrodynamic

model. The flooded lengths is adjusted until the predicted | | heated zone | . cooledzone |
and experimental fill chargeare identical. The thermal E dry-out evaporation condensation. ~ flooding
model output data are the temperat@ig: and the wall 104

temperatures. The unknown parametersand Rmax are

adjusted so that the predictadd experimental temperature &
profiles are in good accordance. The following results are s o4 |
given for water as working fluid, except in Section 5.2.2,in % |

08§

which three types of fluid are investigated. < 04
5.1. Axial distribution of the thermo-hydraulic parameters 02
along the MHP 00 & R (T N
_ N _ . 0 20 40 60 80
In this part, the boundary conditions fixed in the model  (mm)

are identical to the experimental ones. The maximum menis-
cus curvature radius at the cooled zone dhgy is set to Fig. 5. Liquid cross-sectiohaarea axial distribution @ = 10 W, fill
0.75 mm (radius of the inscribed circle in the MHP), the charge= 143 mn?, a = 64°, Rmax=0.75 mm, Zc = 17°).

heated zone | cooled zone | 9 heated zone | i . coqled ZOfI]lC .

81 dry-out evaporationicondensatiot  flooding dry-out evaporation condensation  flooding

7+ I Py

6+ I —
B gl
g€ 57 =
= 4 =)
~ ~
@ 31 7- i

24

1 __ -

0 [ 1 1 1 } 1 1 I 1 1 } 1 1 I 6 1 1 1 { 1 1 i 1 1 : 1 1 1

0 20 40 60 80 0 20 40 60 80
X (mm) X (mm)

Fig. 4. Meniscus curvature radius axial distributigh £ 10 W, fill charge: Fig. 6. Axial distribution of the liquid and vapour pressurés= 10 W, fill

143 mn?, o« = 64°, Rmax= 0.75 mm, 2c = 17°). charge= 143 mn?, o = 64°, Rmax= 0.75 mm, 2c = 17°).
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6 heated zone cooled zone 140 heated zone | cooled zone |
i dry-out evaporationicondensation  flooding c__ dry-out evaporation condensation.  flooding
- 120 £ ® 1
51 F
C 100 §
44 r
» ~ 80+
) r
EE = .
3 & 60 £
2 40 —E ® experimental MHI;'\““"E-:—-—._A.
14 I — calculated Sesy AT
T 20 + 4 experimental
r I — calculated }ﬁIICd L
O 1 1 I } 1 1 t 1 ! t 1 ! 1 0 1 L 1 - L 1 L : L L 4
0 20 40 60 80 0 20 40 60 80
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Fig. 7. Vapour velocity axial distributiond = 10 W, fill charge= Fig. 9. Comparison of the experimentaid calculated temperatures for the
143 mn?, o = 64°, Rmax= 0.75 mm, e =17°). charged and empty MHP®(= 10 W).
20 | heated rone | L Co‘t?led rone - | In the previous investigations, it was assumed that the
[ dry-ou cvaporation condensation - fooding MHP array was perfectly thermally insulated. Thus, the
161 whole heat input (10 W) is transferred through the MHP.
I In the experimental conditions, there might be some heat
=124 losses to the environment. The calculated heat losses are
g I about 5% of the heat input. With these heat losses and for
5 084 2¢c = 17° and Rmax = 0.75 mm, the contact angle is varied
I until experimental and predetl temperatures agree. The
04+ predicted contact angle is of 6éhstead of 64 for a 10 W
I heat input. Therefore, the effect of heat losses on the results
00 +— — N presented here is negligible.
0 20 40 60 80
X (mm) 5.2. Prediction of the MHP capillary limit

Fig. 8. Liquid velocity axial distribution@ = 10 W, fill charge= 143 mn¥,

o = 64°, Rmax— 0.75 mm, Zc = 17°). The maximum heat fluxQmax corresponding to the

capillary limit is reached when the liquid distribution in the

MHP is such that the meniscus curvature radius is minimum
velocities are shown in Figs. 7 and 8. The vapour velocity at the heated zone beginning £ 0) and maximum at the
increases linearly in the evaporator, due to the liquid vapori- cooled zone endx(= L¢). In this configuration, where no
sation (uniform heat flux), andecreases linearly in the con-  dry-out and no flooding occur inside the MHP, the fluid fill
denser. The maximum vapour velocity is about 5.2Th. charge is optimal. In the model, the maximum curvature
From the condenser end, the liquid velocity increases alongradius at the cooled zone end is fixed to 0.75 mm anhd
the condenser, due to the increasing mass flow rate. A slopds varied until reaching the minimum curvature radius at
discontinuity of the velocity occurs at the transition between the heated zone end. The corner angle is set toahd the
the condenser and the evaporator. In the evaporator, the massontact angle to 64 The predicted maximum heat transfer
flow rate and the liquid cross-sectional area decrease simul-rate is 1.5 W (0.61 Wem~2) and the optimum fill charge is
taneously. Thus, the variation of the liquid velocity will de- of 25 mn?.
pend on the relative variations of these parameters. Near the The corresponding temperature profile of the charged
evaporator end, ad| decreases more rapidly than the mass MHP, which is deduced from the calculated vapour pressure,
flow rate, u; decreases too. The liquid velocity reaches a is very flat (Fig. 10). This temperature profile is compared
maximum value of about 1.6 csT! in the evaporator. to the temperature profile of an empty copper MHP and of

A comparison between the experimental data and thea pure copper bar with identical external dimensions. The

theoretical results for the temperature distribution along the maximum temperature diffences along the empty heat pipe
MHP is shown in Fig. 9. In this figure, the experimental data and the bar are 14 K and 9 K, respectively (Fig. 10). It
agree very well with the model for the charged MHP. This is clearly shown that, under these operating conditions, the
agreement is not so good for the adiabatic zone of the emptythermal performances of the charged heat pipe are better
MHP. The maximum wall temperatures for the filled and and allow to transfer heat fluxes with low temperature
empty MHPs are about of 12@ and 13T C, respectively. differences.
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Fig. 10. Comparison of the calculated temperatures for the charged MHP,
the empty MHP and a pure copper bar £ 1.5 W).
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Maximum heat transfer rate (W)

15 20

Corner angle (°)

Fig. 11. Effect of the corner angle on the MHP capillary limit.

5.2.1. Effect of the corner angle on the capillary limit

The effect of the corner angle on the MHP capillary
limit is shown in Fig. 11. TheQmax value of 1.5 W is
reached for corner angles ranging between 17 afid Rdr
decreasing corner angled@ < 17°), Omax decreases due to
increasing liquid—wall frictia forces in the region located
near the corner apex. For increasing corner angie 2

505

30
water
251

20 4

methanol

ethanol

Maximum heat transfer rate (W)

30 50

contact angle (°)

Fig. 12. Effect of the contact angle on the MHP capillary limit, charged with
water, methanol or ethanol.
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g I ] 2
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108 1 {20
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s A b et ed ka paa et g
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Fill charge (mml)

Fig. 13. Effect of the fluid fill charge on the maximum wall temperature and
on the maximum wall temperature differeng@ £ 10 W).

In addition, for ethanol, the liquid dynamic viscosity and
consequently, the liquid pressure drops, are greater than for
methanol. These curves alsashthat the selection of a fluid
depends on its contact angle. If the copper/water contact
angle is equal to 84, the methanol and ethanol MHPs would
have better performances than water if their contact angles

24°), Omax decreases due to the decreasing cross-sectionapre lower than 52and 42, respectively.

area available for the liquid, inducing a decreasing liquid
mass flow rate in the corner region.

5.2.2. Effect of the contact angle on the capillary limit

5.3. Effect of the fill charge on the temperature profile

The effect of the fill charge on the MHP maximum

This investigation aims to study the contact angle effect wall temperature is shown in Fig. 13, f@ = 10 W. This

on the MHP performance. Bhmaximum heat transfer
rate corresponding to the capillary limit is calculated as

heat transfer rate is above the capillary limit that has been
previously calculatedQmax = 1.5 W. As a result, whatever

a function of the contact angle, for water, methanol or the fluid fill charge, a more or less large part of the evaporator
ethanol as working fluids (Fig. 12). For the three fluids, the section is dried out. When the fill charge increases, the
maximum heat transfer rate increases as the contact anglalried surface area decreases and the evaporator thermal
decreases but in the case of methanol and ethanol, the curveresistance too. But, simultaneously, the liquid in excess is

level off at low contact angles. For a given contact angle, the

blocked at the condenser end, leading to an increase of the

MHP capillary limit is higher using water than the alcohols, flooded region, which does not participate in heat transfer.
due to their thermophysical properties. Especially, the latent Thus, the condenser thermal resistance increases. In the
heat of vaporisation of water is greater than the methanol studied fill charge range, the maximum wall temperature
one, that is itself greater than the ethanol one. For a samedifferenceAT decreases with an increag fluid fill charge,

fluid flow rate, the heat trasfer rate decreases with,,.

pointing out a decrease of the MHP total thermal resistance
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increase, leading to a MHP timal resistance increase for
high heat fluxes. The thermal resistance of the empty MHP
and the copper bar are equal to 10 and 7 KW~1, re-
spectively. Consequently, for heat fluxes greater than 6 W, a
MHP presents no interest compared to a copper bar.

Tmax (°C)

6. Conclusion

In this work, a copper/water wire plate MHP array, of ex-
ternal dimensions 7& 10 x 2 mn®, which has been fab-

40 60 80 100 . . o . . .

_ s ricated with a diffusion welding process, has been investi-

Fill charge (mm’) gated. This new technology is promising, due to the quality

Fig. 14. Effect of the fluid fill charge on the maximum wall temperature ‘?f th.e corners obtqlned. Experimental and numerical inves-
(0 = Oma). tigations were carried out to study the thermal performance
of this device. The results have shown that its effective ther-

10.00 £ U — mal conductivity is improved by a factor 1.3 as compared to

7.00 frorrere e .
- the empty MHP array. A numerical model has been devel-

i oped to predict the capillary limit and the temperature profile
1.00 £ of the MHP array for fixed boundary conditions, at a fixed
' fill charge or at the optimum fill charge. A good agreement
between the theoretical and experimental data has been ob-
0.10 ¢ tained.

s This MHP geometry is interesting, since it is able to op-

Ry (K/'W)

i erate with low wetting fluids (contact angle 60-2y.0How-
0.01 ————"————F——— S E— ever, the maximum heat flux corresponding to the capillary
0 2 4 6 8 10 limit is low in this case, 0.61 Wem 2. Thus, further devel-
QW) opments are necessary to improve the MHP performance, by
optimising its geometry or using other fluids.

Fig. 15. Effect of the heat input on the MHP thermal resistance.

(Fig. 13). As the condenser wall temperature does not vary pefer ences

with the fill charge, the maximum wall temperature of

the evaporator decreases too. For higher charges, as thep;) m. Lallemand, V. Sartre, A review of the recent research and
condensing surface area becomes smaller and smaller, the  development on micro heat pipes, in: Compact Heat Exchanger
condenser thermal resistance increase will be greater to the =~ Symposium, Grenoble, France, August 24 2002.

decrease of the evaporator one, leading to a MHP thermal [2] D. Plesch, W. Bier, D. Seidel, KSchubert, Miniature heat pipes for

. . . . heat removal from microelectronidreuits, in: Micromech. Sensors,
resistance increase. The condenser is totally flooded for fill -~ ©" = "~ ° Systems ASME-DSC. vol. 32, 1991, pp. 303314,

charges greater than 273 mm ) [3] L.H. Chien, M.H. Kuo, Experiments and prediction of capillary
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