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An ex per i men tal study of three dif fer ent cross-sec tions (cir cu lar, semi cir cu lar and
rect an gu lar) of mi cro heat pipes  hav ing same hy drau lic di am e ter (D = 3 mm) is car -
ried out at three dif fer ent in cli na tion an gles (0°, 45°, 90°) us ing wa ter as the work ing
fluid. Evap o ra tor sec tion of the pipe is heated by an elec tric heater and the con denser
sec tion is cooled by wa ter cir cu la tion in an an nu lar space be tween the con denser sec -
tion and the wa ter jacket. Tem per a tures at dif fer ent lo ca tions of  the pipe are mea -
sured us ing five cal i brated K type thermocouples. Heat sup ply is var ied us ing a volt -
age reg u la tor which is mea sured by a pre ci sion am me ter and a volt me ter. It is found
that ther mal per for mance tends to de te ri o rate as the  mi cro heat pipe is flat tened.
Thus among all cross-sec tions of the pipes cir cu lar cross-sec tion ex hib its the best
ther mal per for mance fol lowed by semi cir cu lar and rect an gu lar cross-sec tions.
More over max i mum heat trans fer ca pa bil ity of the pipes also de creases with de creas -
ing of its in cli na tion an gle. A cor re la tion is de vel oped us ing all the gath ered data of
the pres ent study to pre dict the heat trans fer co ef fi cient of mi cro heat pipes of dif fer -
ent cross-sec tions placed at dif fer ent in cli na tion an gles.
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In tro duc tion

The size of mi cro pro ces sors has been re duc ing day by day with the de vel op ment of elec -
tron ics. Con se quently, the num ber of ac tive semi-con duc tor de vices per unit chip area has been in -
creas ing. In the last de cade, the num ber of ac tive semi-con duc tor de vices per unit chip area has al -
most qua dru pled [1]. The min i mum fea ture size in mi cro pro ces sors has re duced from 0.35  m in
1990 to 0.25 mm in 1997 and which will go down fur ther to 0.05 mm by the year 2012 [2]. This has
in creased the heat dis si pa tion den sity for desk top mi cro pro ces sors. The cur rent heat dis si pa tion
rates for some of desk top com put ers are ap prox i mately 25 W/cm2. It is ex pected that mi cro pro ces -
sor chips for some of the next gen er a tion work sta tions will dis si pate 50-100 W/cm2. Thus re duc -
tion in size also brings se vere lim i ta tions to the con ven tional cool ing tech niques [3]. De vel op ment 
of ef fi cient ther mal man age ment scheme is es sen tial to dis si pate these high heat fluxes and main -
tain suit able op er at ing tem per a ture of the de vice. Mi cro heat pipes (MHP) are in creas ingly fill ing
this role. To keep up with to day’s ther mal so lu tion chal lenges, MHP must im prove ef fi ciency and
in te grate re mote heat trans fer into ther mal man age ment so lu tions. Re cent re search is go ing on
sev eral dif fer ent types of MHP other than sim ple tu bu lar form. Flat MHP is one of them. The sig -
nif i cance of flat MHP over tu bu lar MHP is its abil ity to dis trib ute the work ing fluid over a wide
sur face area. There fore it can pro duce a sur face with very small tem per a ture gra di ents across it.
This near iso ther mal sur face can be used to even out and re move hot spots pro duced by the heat ers
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[4]. Also, by mount ing a num ber of heat gen er at ing com po nents on a flat MHP, they can be op er -
ated at sim i lar tem per a tures be cause of the fact that the va por space will be at a fixed uni form tem -
per a ture. Thus flat MHP al low a num ber of heated sur faces to be mounted. Zhuang et al. [5] com -
pared the per for mance of MHP placed at dif fer ent in cli na tion an gles in terms of max i mum heat
trans fer ca pac ity us ing three dif fer ent struc tural wicks. It is found that all struc tures of wicks have
lit tle in flu ence on the heat trans fer ca pac ity of min ia ture heat pipes work ing with the aid of grav -
ity. Un der the con di tion of anti-grav ity, the struc ture of wicks has ob vi ous in flu ence on the heat
trans fer ca pac ity of min ia ture heat pipes. Zhang [6] stud ied the heat trans fer and fluid flow in an
ide al ized MHP. The ide al ized MHP is a rect an gu lar heat pipe, the top por tion of which is made of
a non-wet ting ma te rial and the bot tom por tion is a wet ting ma te rial. The lower por tion is filled by a 
liq uid, and the up per por tion is filled by its va por. It is found that the in ter face can be sep a rated into 
two re gions, an in ner re gion near the wall where evap o ra tion oc curs and an outer re gion away
from the wall. Yamamoto et al. [7] stud ied the high-per for mance MHP. It was found that pipe di -
am e ters have sub stan tial ef fects on its per for mance such that larger the pipe di am e ter, greater the
max i mum heat trans fer rate. More over, high per for mance type heat pipe ex hib its greater ef fects of
im prove ments in the max i mum heat trans fer rate com pared to con ven tional heat pipes. A wick less
net work MHP for high heat flux study spread ing ap pli ca tions was de vel oped by Cao et al. [8].
Yuichi et al. [9] ex per i men tally con firmed steady-state heat trans fer char ac ter is tics of flat MHP in
de tail and pro posed a method for de ter min ing its max i mum heat trans fer rate. Moon et al. [10]
stud ied the per for mance of tri an gu lar MHP mounted hor i zon tally and found its heat trans port limit 
6-15 W/cm2 for the op er at ing tem per a ture rang ing from 45-80 °C. Sreenivasa et al. [11] ex per i -
men tally de ter mined the op ti mum fill ra tio of min ia ture heat pipes and found that it is not re quired
to fill the evap o ra tor sec tion 100% rather if it is filled around 50% then also its per for mance is sim -
i lar as 100% fill ra tio. Akhanda et al. [12] tested an air cooled MHP and in ves ti gated the ef fects of
work ing flu ids and in cli na tion an gles on its ther mal per for mance. Ac cord ing to Babin et al. [13],
max i mum heat trans port ca pac ity of a MHP with 0.01-0.5 mm hy drau lic ra dius was 0.03-0.5 W
and cor re sponded to 1 W/cm2 in the heat flux based on the sur face area of the evap o ra tor. Wu et al.
[14] also re ported that Qmax = 4-5 W for a flat mi cro heat pipe of 1 mm hy drau lic di am e ter. The ob -
jec tive of this study is to carry out an ex per i men tal in ves ti ga tion to com pare ther mal per for mances 
of MHP of three dif fer ent cross-sec tions (cir cu lar, semi cir cu lar, and rect an gu lar) hav ing same hy -
drau lic di am e ter (D = 3 mm) placed at three dif fer ent in cli na tion an gles (0°, 45°, 90°) us ing wa ter
as the work ing fluid. It may be men tioned here that a num ber of re search works on MHP have been 
car ried out but very lim ited re search works have been done so far to de ter mine ef fects of MHP
cross-sec tions on its ther mal per for mances. That’s why this study has been taken.

Fab ri ca tion of MHP

Clean ing of con tainer

Dis tilled wa ter is passed through the MHP twice or thrice to en sure that there is no for -
eign mat ter in side the tube which may hin der cap il lary ac tion or may cre ate in com pat i bil i ties.
Then the MHP is heated for some time to make it dry again.

Fit ting of wick

Clean ing of the MHP is best car ried out be fore in ser tion of the wick, as it is then easy
to test the wick for wettability. As the mesh wick layer is not bonded to the pipe wall, a coiled
spring is in serted to re tain the wick against the wall. This is done by coil ing the spring tightly
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around a man drel giv ing a good in ter nal clear ance in the MHP. When the spring holds the wick
against the wall nicely, then the spring along with the man drel is taken out of the pipe.

MHP fill ing

Af ter fit ting the wick with the wall prop erly, one open ing of the pipe is sealed per ma -
nently and the other end is tem po rarily sealed with plas tic cap. Open ing the cap, wa ter is put into 
the pipe by a sy ringe. The amount of wa ter in serted into the tube is equal to the to tal vol ume of
the evap o ra tor (100% fill ra tio). Af ter putt ing the de sired amount of fluid, the pipe is heated so
that the amount of air in side the pipe is re placed by wa ter va por and in this con di tion the open
end of the MHP is also sealed per ma nently. Then it can be as sumed that there is no air pres ent in -
side the MHP but the fill ra tio is not 100%. Sreenivasa [11] con cluded that heat pipe with fill ra -
tio 85 and 100% gives more or less same re sult. There fore fill ra tio a bit less than 100% will not
sig nif i cantly al ter the ther mal per for mance of the MHP.

Ex per i men tal setup and test pro ce dure

The sche matic di a gram of the ex per i men tal setup is shown in fig. 1. It mainly con sists
of four parts – the MHP (evap o ra tor sec tion, con dens ing sec tion, and adi a batic sec tion), heat
sup ply sys tem, mea sure ment sys tem, and data ac qui si tion sys tem. De tailed di men sions of the
mi cro heat pipe are shown in fig. 2. 

The MHP of three dif fer ent cross-sec tions (cir cu lar, semi cir cu lar, and rect an gu lar) hav ing
same hy drau lic di am e ter are used in this study which are shown in fig. 3. Wa ter is used as the

work ing fluid to trans port heat from evap -
o ra tor to con denser. Per for mance tests for 
each cross-sec tions of MHP are car ried
out at three dif fer ent in cli na tion an gles
0°, 45°, and 90°. 

Fig ure 4 shows a lay out of the test rig.
As shown in fig. 4, the MHP is pro vided
with a Ni-Cr thermic wire heater for heat
in put. In su lated Ni-Cr thermic wires hav -
ing di am e ter of 0.28 mm (10 W/m) are
wound around one side of the evap o ra tor
wall at a con stant in ter val of 1.5 mm. This
setup is done in a way as to re pro duce the
mode of MHP heat ing ap pli ca tions close
to re al is tic. Tem per a tures at dif fer ent lo ca -
tions of MHP are mea sured us ing five cal i -
brated K type thermocouples. Lo ca tions of 
thermocouples are shown in fig. 5.

Elec tri cal power sup ply and tem per a -
tures are mea sured dur ing each ex per i -
men tal run. Us ing these data, ther mal per -
for mances of MHP of dif fer ent cross-
-sec tions and ori en ta tions are mea sured in 
terms of heat trans fer co ef fi cient.
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Fig ure 1. Sche matic di a gram of
ex per i men tal setup
1 – heat pipte, 2 – power sup ply
unit, 3 – el e vated wa ter tank, 4 –
wa ter jacket, 5 – evap o ra tor, 6 –
thermocouples, 7 – mea sur ing cup

Fig ure 2. De tailed
di men sions of MHP 
(di men sions are in
mm)



Re sults and dis cus sions

Us ing col lected data, var i ous
curves are plot ted as shown from
fig. 6 to 13. Re sults of Moon et al.
[10], Sreenivasa et al. [11] and
Akhanda et al. [12] are in cluded in
some of these plots to com pare their 
re sults with re sults of the pres ent
study.

Fig ures 6(a) to 6(f) show the ax -
ial wall tem per a ture dis tri bu tion for
dif fer ent cross-sec tions of MHP
placed at dif fer ent in cli na tion an -
gles. Com par ing figs. 6(a) and 6(b)
it is ev i dent that at 90° in cli na tion
an gle wall tem per a ture of evap o ra -
tor sec tion is higher when there is a
wick struc ture in side it. More over,
the tem per a ture of the evap o ra tor
sec tion is low est for cir cu lar
cross-sec tion un der iden ti cal work -
ing con di tion, while com par ing figs. 
6(b) and 6(c). Fig ures 6(c) and 6(d)
in di cate that at a par tic u lar heat in -
put, the tem per a ture of evap o ra tor
sec tion is higher when MHP is
placed at a lower in cli na tion an gle.
From these fig ures it is also pos si ble 
to find out the max i mum heat trans -

fer rate of a MHP of cer tain cross-sec tion, placed at a par tic u lar in cli na tion an gle. From these
fig ures it is ev i dent that the slope of evap o ra tor wall tem per a ture dis tri bu tion with heat in put is
al most same up to a cer tain limit of heat in put but be yond that limit the slope changes sud denly.
This sud den change in the slope in di cates the sei zure of MHP op er a tion (this sit u a tion is also
known as dry out con di tion of MHP). There fore, max i mum heat trans fer ca pa bil ity of a MHP is
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Fig ure 3. Dif fer ent cross-sec tions of MHP (all di men sions are in mm)
(a) cir cu lar, (b) semi cir cu lar, (c) rect an gu lar

Fig ure 4. Lay out of the ex per i men tal rig

Fig ure 5. Lo ca tions of thermocouples on MHP sur face 
(all di men sions are in mm)



de fined as the max i mum heat in put to it up to which no dry out oc curs and this limit is known as
sta ble op er a tional zone of the MHP. Within sta ble op er a tional zone, heat trans fer co ef fi cient in -
creases with in creas ing of heat in put. In dry out con di tion rate of va por trans port through the va -
por space is so higher than the rate of con den sate trans port through wick that evap o ra tor be -
comes empty and liq uid slug starts to de posit in the con denser sec tion.

Figures 7(a) to 7(c) show the ef fects of cap il lary struc ture in a MHP when it is placed at 
90° in cli na tion an gle. It is ev i dent that within sta ble op er a tional zone, over all heat trans fer co ef -
fi cient of MHP with wick is lower than that of MHP with out wick. This im plies that the MHP
work ing with the aid of grav ity is mainly af fected by the ra dius of va por space and the in flu ence
of wick is even worse.
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Fig ure 6. Ax ial tem per a ture dis tri bu tions of MHP



Fig ures 8(a) to 8(c) show ef fects of MHP in cli na tion an gles on over all heat trans fer co -
ef fi cient. From all these fig ures it is ev i dent that over all heat trans fer co ef fi cient of cir cu lar
MHP is high est at 90° in cli na tion an gle within the sta ble op er at ing zone and for any MHP
cross-sec tions over all heat trans fer co ef fi cient de creases with de creas ing of in cli na tion an gle.

Figures 9(a) to 9(d) show the ef fect of MHP cross-sec tions on evap o ra tor heat trans fer
co ef fi cient. From all these fig ures it is ev i dent that evap o ra tor heat trans fer co ef fi cient of cir cu -
lar MHP is higher than any other cross-sec tions at any in cli na tion an gle. 

Figure 9(a) shows that within sta ble op er a tional zone at max i mum heat in put sit u a tion
and at 0° an gle, evap o ra tor heat trans fer co ef fi cient of cir cu lar MHP is 24% and 30% higher
than that of semi cir cu lar and rect an gu lar cross-sec tions, re spec tively. 
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Fig ure 7. Vari a tion of over all heat trans fer 
co ef fi cient in MHP

Fig ure 8. Vari a tion of over all heat trans fer 
co ef fi cient with heat in put at dif fer ent in cli na tions



From fig. 9(b) it is ev i dent that within sta ble op er a tional zone at max i mum heat in put
sit u a tion and at 45° an gle, evap o ra tor heat trans fer co ef fi cient of cir cu lar MHP is 56% and 60%
higher than that of semi cir cu lar and rect an gu lar cross-sec tion, re spec tively. 

At 90° in cli na tion an gle evap o ra tor heat trans fer co ef fi cient of cir cu lar MHP is 38%
and 68% higher than that of semi cir cu lar and rect an gu lar cross-sec tions, re spec tively, as shown
in fig. 9(c). 

In case of MHP with out wick, evap o ra tor heat trans fer co ef fi cient for cir cu lar
cross-sec tion is 27% and 55% higher than that of semi cir cu lar and rect an gu lar cross-sec tion, re -
spec tively, within the sta ble op er a tional zone and at max i mum heat in put sit u a tion, as shown in
fig. 9(d). 

Figures 10(a) to 10(d) show the ef fect of MHP cross-sec tions on its con denser heat
trans fer co ef fi cient. From all these fig ures it is ev i dent that con denser heat trans fer co ef fi cient of 
cir cu lar MHP is higher than any other cross-sec tions at any in cli na tion an gle. But com par ing
with evap o ra tor heat trans fer co ef fi cient as shown in fig. 9 it is clear that the ef fect of MHP
cross-sec tion is more sig nif i cant in the con denser sec tion com pared to evap o ra tor sec tion. It im -
plies that the chan nel height re duc tion tends to im pede the ther mal per for mance of the con -
denser sec tion more sig nif i cantly. 

Figure 10(a) shows that within sta ble op er a tional zone, at max i mum heat in put sit u a -
tion and at 0° an gle, con denser heat trans fer co ef fi cient of cir cu lar MHP is 16% and 28% higher
than that of semi cir cu lar and rect an gu lar cross-sec tion, re spec tively. 

From fig. 10(b) it is ev i dent that at 45° an gle, the con denser heat trans fer co ef fi cient of
cir cu lar MHP is 8% and 15% higher than that of semi cir cu lar and rect an gu lar cross-sec tion. 
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Fig ure 9. Vari a tion of evap o ra tor heat trans fer co ef fi cient in MHP with heat input



At 90° in cli na tion an gle con denser heat trans fer co ef fi cient of cir cu lar MHP is 19%
and 26% higher than that of semi cir cu lar and rect an gu lar cross-sec tion as shown in fig. 10(c). 

Sim i larly, in case of MHP with out wick, con denser heat trans fer co ef fi cient of cir cu lar 
cross-sec tion is 10% and 38% higher than that of semi cir cu lar and rect an gu lar cross-sec tion re -
spec tively, as shown in fig. 10(d). 

Fig ures 11(a) to 11(d) show the ef fect of MHP cross-sec tion on its ef fec tive heat trans -
fer co ef fi cient. Fig ure 11(a) shows that within sta ble op er a tional zone, at max i mum heat in put
sit u a tion and at 0° an gle, ef fec tive heat trans fer co ef fi cient of cir cu lar MHP is 20% and 27%
higher than that of semi cir cu lar and rect an gu lar cross-sec tion, re spec tively. 

From fig. 11(b) it is ev i dent that within sta ble op er a tional zone, at max i mum heat in put 
limit and at 45° an gle, ef fec tive heat trans fer co ef fi cient of cir cu lar MHP is 19% and 26% higher 
than that of semi cir cu lar and rect an gu lar cross-sec tions, re spec tively. 

At 90° in cli na tion an gle ef fec tive heat trans fer co ef fi cient of cir cu lar MHP is 28% and
37% higher than that of semi cir cu lar and rect an gu lar cross-sec tions, re spec tively, as shown in
fig. 11(c). 

There fore com par ing figs. 11(a), (b), and (c) it can be con cluded that the ef fect of
MHP cross-sec tion on ef fec tive heat trans fer co ef fi cient is much higher at 90° in cli na tion an gle. 

In case of MHP with out wick ef fec tive heat trans fer co ef fi cient for cir cu lar cross-sec -
tion is 9% and 30% higher than that of semi cir cu lar and rect an gu lar cross-sec tion, re spec tively,
as shown in fig. 11(d). 
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Fig ure 10. Vari a tion of con denser heat trans fer co ef fi cient in MHP with heat in put
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Fig ure 11. Vari a tion of ef fec tive heat trans fer co ef fi cient in MHP with heat in put

Figure 12. Variation of effective thermal resistance in MHP with heat input



Figures 12(a) to 12(d) show the ef fects of MHP cross-sec tions on ef fec tive ther mal re -
sis tance. Re sults of Moon et al. [10], Sreenivasa et al. [11], and Akhanda et al. [12] are in cluded
in these plots to com pare their re sults with re sults of the pres ent study. 

Figure 12(a) shows that, within sta ble op er a tional zone, at max i mum heat in put sit u a -
tion and at 0° an gle, ef fec tive ther mal re sis tance of cir cu lar MHP is 21% and 31% lower than
that of semi cir cu lar and rect an gu lar cross-sec tions, re spec tively. 

At 45° in cli na tion an gle, ef fec tive ther mal re sis tance of cir cu lar MHP is 25% and 28%
lower than that of semi cir cu lar and rect an gu lar cross-sec tions, re spec tively, as shown in fig.
12(b). 

Figure 12(c) is for 90° ori en ta tion of MHP which shows that, ef fec tive ther mal re sis -
tance of cir cu lar MHP is 21% and 37% lower than that of semi cir cu lar and rect an gu lar
cross-sec tions, re spec tively. Sim i larly, incase of MHP with out wick, ef fec tive ther mal re sis -
tance of cir cu lar MHP is 9% and 32% lower than that of semi cir cu lar and rect an gu lar cross-sec -
tions, re spec tively, as shown in fig. 12(d).

Cor re la tion of ther mal per for mance

In this study an em pir i cal cor re la tion has been de vel oped which cor re lates all the ex -
per i men tal data within ±7% by the fol low ing equa tion:
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Graph i cal rep re sen ta tion of cor re la tion
is shown in fig. 13.

Con clu sions

The fol low ing con clu sions can be
drawn from this in ves ti ga tion.

At a par tic u lar in cli na tion an gle and at
a par tic u lar heat in put, ther mal per for -
mance of cir cu lar MHP is the best fol -
lowed by semi cir cu lar and rect an gu lar
cross-sec tions.

For a par tic u lar cross-sec tion of MHP
and at a par tic u lar heat in put, ther mal per -
for mance of MHP is better at 90o in cli na -
tion an gle com pared to other in cli na tion
an gles.

At 90° in cli na tion an gle, ther mal per for mance of MHP with out wick is better than that
of MHP with wick and it is true for any cross-sec tions of MHP.

Among all cross-sec tions of MHP, cir cu lar MHP placed at 90° in cli na tion an gle pos -
sesses max i mum heat trans port ca pa bil ity.

Steady-state tem per a ture of evap o ra tor sec tion in creases with in creas ing of heat loads.
For all cross-sec tions and at a par tic u lar heat in put, wall tem per a ture of evap o ra tor sec -

tion goes higher when MHP is placed at lower in cli na tion an gles and wall tem per a ture of the
evap o ra tor sec tion de creases as in cli na tion an gle in creases. 
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Fig ure 13. Graph i cal rep re sen ta tion of the 
cor re la tion equa tion



Dry out point var ies with the vari a tion of in cli na tion an gles and cross-sec tions. Among 
all MHP cross-sec tions and ori en ta tions cir cu lar MHP placed at 90° in cli na tion an gle ex pe ri -
ences dry out at max i mum heat in put and rect an gu lar MHP placed at 0° in cli na tion an gle ex pe ri -
ences dry out at min i mum heat in put. 

Ex per i men tal data are sat is fac to rily cor re lated within ±7% de vi a tions.
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No men cla ture

Ac –  condenser surface area, [m2]
Ae –  evaporator surface area, [m2]
D –  hydraulic diameter, [mm]
Fi –   proposed dimensionless number, (= H/D), [–]
H –  profile height, [mm]
h –  overall heat transfer coefficient,

–  [kWm–2°C–1]
hc –  heat transfer coefficient of condenser,

–  [kWm–2°C–1]
he –  heat transfer coefficient of evaporator,

–  [kWm–2°C–1]
heff –  effective heat transfer coefficient,

–  [kWm–2°C–1]

P –  power input, [W]
Pmax –  maximum power input, [W]
Reff –  effective thermal resistance, [°CW–1]
Sk –  proposed dimensionless number, 

–  (= 1 + sinf), [–]
T1, T2, –  thermocouple readings at locations
T3, T4, T5 –  shown in fig. 5, [°C]
Tc –  average temperature of condenser

–  section, [°C]
Te –  average temperature of evaporator

–  section, [°C]
Tsat –  saturated vapor temperature, [°C]
f –  inclination angle of MHP, [deg]
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