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Effect of Geometry and Dimensionless Parameters dtieat
Transfer Characteristics of a Closed—end Oscillatig Heat-pipe at Vertical Position

S. Rittidech and K. Phalasin
Faculty of Engineering, Mahasarakham Universityailend

Abstract: This heat transfer characteristics of a closedeasuillating heat-pipe (CEOHP) depend on a
number of parameters. They are the number of tumngr diameter of the tube, aspect ratio and the
dimensionless parameters of heat transfer. The (EOlited to employ a copper tube with inner
diameter of 0.66, 1.09 and 2.03 mm. The lengththefevaporator, adiabatic and condenser sections
were equal and changed to 50,100 and 150 mm. Rié&bused as the working fluids with filling
ratio of 50% by total volume. The meandering tuofislO, 20 and 40.The evaporator section was
heated by hot water and the condenser section waked by distilled water. The experimental
inclination angles were 0, 20, 40, 60, 80 and 9@rele from the horizontal plane. The controlled
temperature at the adiabatic section of 50°C. Whan system reached the steady state, the
temperature and the flow rate of the cooling sulrgtawas recorded in order to calculate the heat
transfer rate of the CEOHPs. The experimental teslowed that the heat flux decreases with an
increasing number of turns and decreases with @easing aspect ratio. The heat flux increases with
an increasing inner diameter. A correlation to prethe heat transfer rate at vertical position ban
established.

Key words: Closed-end oscillating heat-pipe, heat transferatttaristics, geometry, dimensionless
parameter

INTRODUCTION

When a heat transfer device for high heat lode is
made, conventional heat pipes several limitatisnsh
as the capillary limit when the diameter of theepip
narrow and the entertainment limit. This problem

becomes especially crucial when using heat pipes to i i 1
cool electronic devices. Because of these limitetio

three different types of long capillary tubes are

commonly employed as shown in Fig. 1. The firsais CLOHP CLOHP/CV CEOHP

closed-loop oscillating heat pipe (CLOHP), which is
connected at both ends of the tube to form a closed o )
loop. The second is a CLOHP with a check valueFig. 1: Types of oscillating heat pipe
which makes the working move in a specified di@tti
.The last is a closed end oscillating heat pipe@8B), and its internal wickless structure. The heat fiems
which is closed at both ends. Of these OHPs theharacteristics of the CEOHP are usually showntdy i
CEOHP consist of a single long section of meanderin capability of transferring heat by area or heat flg) at
capillary tubing. The heat transfer of CEOHP occurs90 (vertical plane, when the condenser sections are
because of self-exciting oscillation of the workihgd. over evaporator section). Rittide@t al.! studied a
As the criterion to find the maximum inner diamedér  correlation to predict heat transfer charactessté a
a CEOHP;! assumed that where the vapor bubble isclosed-end oscillating heat pipe at normal opegatin
formed alternately with the liquid plug within tiebe,  condition (horizontal position). As the criterion find
depended on the properties of the working fluid as:  the In order to totally understand the heat transfe
characteristics of a CEOHP, systematic experimental
52\/7 Q) works must be conducted. However, there has been
e 0g little previous experimental research done on Hieat
in vertical position. In order to obtain the heatrisfer
The advantages of CEOHPs are its properties ofharacteristics and to find correlation in vertical
transferring heat in any orientation, its quickpmsse position of the CEOHP, more experiment research
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required. It is, therefore, the objective of trésearch to ’E‘
experimentally investigate the following aspectsaof Condenser  Thermo couples
CEOHP: cold bath T
[ I h [
*  To study the effects of the number of turns, inne Waler outlet q ml
diameter of the tube, aspect ratios and the Fots mater T Inlet I
dimensionless parameters on the heat transfer I
characteristics of a CEOHP in vertical position. — | sdiavatic | lData
*  Establish a correlation to predict the heat tfans ot bath | I i oagEt
characteristics of a CEOHP at vertical position. et
. . ‘Watelr"‘_ I [ ﬂ' '
Experimental setup and procedure:Figure 2 shows —
an experimental setup, which consists of a CEOHR wi Inlet ~ J N
a heating bath for the evaporator section and éngpo ‘

. Evaporator Thermo couples
bath for the condenser section. The CEOHPs were a >

made of copper tubes. The temperature of evaporator

and condenser section was controlled at 80 and 20°Ei9- 2: Experimental setup
respectively. The data logger (Yokogawa DX 200 with .

+0.1°C accuracy, 20 channel input and -200 to 1€00 The variable parameters were:
measurement temperature range) was used with type K
thermocouples (Omega wittl°C accuracy) attached to
the inlet and outlet of the cooling jacket, to ntonithe
different temperatures. In order to calculate tkath
transfer characteristics using the calorific metheight
sets of thermocouple were attached to the outside
surface wall of the CEOHPs and data were recorded.
These were 3 points_ on j[he evap(_)rato_r, 3 po_inthén RESULTS AND DISCUSSION
condenser and 2 points in the adiabatic sectioho®

bath (TECHNE TE-10D with an operating range of -40 It was necessary to change the heat transfer {Q) o

to 120C and+0.01°C accuracy) was used to pump hoty CEOHP in vertical position, i.e., heat fluxdgand
water into the heating jacket at the temperatures ousing the following equation (3):

80°C. While the cold bath (EYELA CA-1111, volume

6.0 L with an operating temperature range of 20 to o
30°C and+2°C accuracy) was used to pump the cooling® ~a,
water into the cooling jacket. The inlet temperatof

the cooling water was maintained at°@0and the The effects of geometry and dimensionless
floating Rota meter (Platon PTF2 ASS-C with apsrameters on the heat transfer characteristica of

measure flow rate of 0.2 L/min to 1.5 L/min) waedis CEOHP at vertical position will be discussed togeth
to measure the flow rate of the cooling medium.iByr  with the correlation.

the experiment the mass flow rate set at 1.3 Liwith
angle was set at 0-20When steady state was achieved,gfrect of geometry:
the temperature and flow rate of the cooling wates  Effect of number of turns: In this experiment, the

recorded. Using the calorific method, as the follywv  effect of the number of turns (n) on the heat fabxa
equations; used them to calculate the heat tramafer CEOHP in vertical positions was considered. The

Number of turns 10, 20 and 40 (to observe the
effect of number of turns).

Tube inner diameters of 0.66, 1.09 and 2.03 mm.
(to observe the effect of bond number).

Aspect ratios (k/d) of 25 to 227 (to observe the
effect of aspect ratios).

3)

of the test CEOHPs: experimental results clearly present the effectthef
number of turns on heat flux in Fig. 3. This figure
Q=g (T~ Ta) (2) shows the relationship of the number of turns am th

heat flux of a CEOHP with an inner diameter of Q.66
In order to thoroughly study the effect of all 1.09 and 2.03 mm. The lengths of evaporator ofl80,

parameters to Q controlled parameters are: and 150 mm. (The lengths of the evaporator, ad@abat

Controlled parameters were: and condenser sections were equal). R141b wasassed
the working fluid. It was seen that the numberwhs

*  Working temperature of 50°C. increased, the heat flux increased, in the rang@dsn

*  Working fluid R141b. 10, 20 and 40 turns. The heat flux increased from

*  Filling ratio of 50% (by total volume). 21,648 W/, 30,098 W/riand 65,080W/f when the

* Inclination angle of 9@egrees. number of turns 10, 20 and 40 respectively.
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Fig. 3:Relationship of the number of turns andt fiei LeD

of CEOHP Di 0.66,1.09 and 2.03 mm, R141b
Fig. 5: Relationship of the Aspect ratios and Hkeet of
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Fig. 4: Relationship of the Bond number and heax fl 1 o We 10000 000000

of CEOHP Di 0.66,1.09 and 2.03 mm, R141b
_ _ _ . 6: Relationship of the Weber number and hieat f
This experiment cannot be compared Wlittbecause of CEOHP
they were conducted with 5 to 42 turns. For thiglgt
if the number of turns is high, the value of hdakf |, g5 0,57, 0.95 and 1.77 the maximum heat fluxes
increases. It can be concluded that, if the nundfer o0 24,145 W/fh 12,079 W/rhand 65,080 W/
turns increases the heat flux increases respectively. For this study, if there is a Bo are
, , increasing, the valve of heat flux increases. Tikis
Effect of inner diameter: Bond numbers represents the because, Bo is the ratio of buoyancy force to serfa
ratio of buoyancy force and surface tension for¢e.  ionsion force working fluid, if the Bond number hég
this experiment, the effect of the Bond numbers)@v 145 one, it could be boiling phenomenon and cbeld
the heat flux of a CEOHP in the inclination angléd®  pigher heat transfer, in the other hand at the ®eet
from horizontal ~plane was considered. They,an gne it could be lower boiling phenomenon and |
experimental results clearly present the effecti® o5 fiyx occurs. However if Bo is one, it showattthe
Bond numbers to heat flux in Fig. 4, this figur@es 41 of puoyancy force to surface tension force
th_e relationship oBo on the heat flux of a CEOHP working fluid, it will be equal. Could not boiling
with Bo numbers of 0.57, 0.95 to 1.77 and number ofhenomenon and cannot heat flux occur. It can be
turns 10, 20 and 40 respectively. R141b was usédeas .oncuded that, it was found from that the experitne
working fluid with filling ratio of 50% of the int®@al |\ hen the Bo increases the heat transfer rate slight
volume of the tube. The lengths of the evaporator .reases.
adiabatic and condenser sections were equal and
varying the l/d. It can be seen that when the Bondggrect of aspect ratios: In this experiment, the
numbers increases from 0.57, 0.95 to 1.77 theyaporator, adiabatic and condenser were of equal
maximum heat fluxes slightly increased. length. This paper will concentrate on study thieaf
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of aspect ratios (Le/d) on heat flux of a CEOHPe Th there was a fixed pattern for all the data as shown
experimental results clearly present the effecagfect Fig. 6 and 9. Furthermore, n, Bo and Le/d had a
ratios on heat flux. Figure 5 this figure shows therelationship to the heat flux because there waigea f
relationship of the aspect ratios to the heat faix pattern for all the data as shown in Fig. 3, 4 &n@lhus
CEOHPs with an inner diameter of 0.66, 1.09 an® 2.0n, Bo, Le/d, We, Pr, Ja, Ku and(v¥/c%p,) can be used
mm and number of turns 10, 20 and 40. R141b waso formulate a correlation for heat flux of a CEOEP
used as the working fluid with filling ratio of 50%f  vertical position.

the internal volume of the tube. The lengths of the
evaporator, adiabatic and condenser sections et e
and varying the Le/d from 25 to 227. It was seet, th ORittidech ctal. (R123)  aRittdech et al. (Ethanol)
the maximum heat flux of each inner diameter was 1000000 7 oRindech et el (Water)  OR141b

obtained at minimum Le/d by 25, 46 and 76. The
maximum heat fluxes were 65,080 W/ri1,840 W/rA N

and 15,455 W/ffor an inner diameter of 2.03, 1.09 & 10000 - E = % é
and 0.66 mm respectively. This experiment resudts c

be compared with the data {#], which used R123,
ethanol and water, it can be seen that the Lefdases
from 25 to 227, the heat flux slightly decreaseBisT
may be because, when the very small Le/d thengpili
phenomenon approaches pool boiling and at pool
boiling high heat flux occurs. On the other handaa 1 10 100
high Le/d, the boiling phenomenon approaches hpilin Ta

inside a confined channel at which low heat fluguws.

2)
@

@

q90 (W/m

100 4

Fig. 7:Relationship of the Jacob number and hieat f
Effect of dimensionless parameters: The of CEOHP
dimensionless parameters, It will have the effectre
heat flux of a CEOHP at vertical position includes t
Weber numbers (We), Prandtl numbers (Pr), Jacob
numbers (Ja), Kutaeladze numbers (Ku) and the
oscillations of the working fluid waso(iv¥/c%p,).We is
the ratio of dynamic force to surface tensiorcéoand - é § g
the working liquid. It represents the counter flow
phenomena between the free surfaces of liquid diha
vapor bubbles in the tube. This may occur when the
vapor bubble moves to the condenser section then th
liquid film, which is formed around the internal Nya
flow in the opposite direction to the vapor bubiie.is ! - -
the ratio of momentum diffusivity to thermal diffuiy 1 R onons
of vapor bubbles. They represent the convectiort hea , )
transfer phenomena in the tube and this may occyri9- 8:Relationship of the PrandIt number and Hieat
when the vapor bubble moves from the evaporator to of CEOHP
condenser sections and the medium of convectioh hea
transfer Therefore, the size and amount of vapbblzu DRitidechtal (R123)  aRiridech et al (Ethanol)
which flow to the condenser section change slighitty
is the ratio of sensible heat to latent heat ofwbeking
fluid. Ku is the ratio of heat flux of a CEOHP thet O
critical heat flux of the working fluid. It represes the 60000 1
pool boiling phenomena of working fluid in the
evaporator sections of a CEOHP. Andut*c?p,)
represents the self-excited oscillation happenedhby

pressure movement of pressure wave because if occur 20000 A m
pool boiling phenomena at an evaporator sectioa of

O Rittidech et al. (R123) & Rittdechet al. (Bhanol)

1000000 1 & Ritticechet al (Water) ©R141b 1

qu [%1m)

00

80000 T oRittidech et al.(Watar) ORI141b

2)

40000 A

g0 {Wim

CEOHP as shown in Fig. 10. From the consideratfon o o I : :
each parameter, it was found that the Ja, Pr and 0 0.01 0.02 0.03 0.04
(opv3/o®p,) were scattered as shown in Fig. 7, 8 and Ku

10. However, the important parameters had a _ _
relationship to the heat flux of a CEOHP. Suchwils, Fig. 9:Relationship of the Kutateladze number hedt
and Ku had a linear relationship to the heat flagduse flux of CEOHP
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important dimensionless parameters, n, BgD| We,
Ja, Pr andcfuv®/c®p,) on the heat flux of a CEOHP at

O Rittidechet al. (R123) A Rittidechet al. (Bhanol)

< Rittidech et al. (Wat er) aRi#1b vertical position as shown in Fig. 12. This figwteows
_ the relationship (BS)(L</D) %" (n)®*{we)>® (Ja)-*’
",BE_ (PrY* 1 (opwv®lo%p,) ®%* of and Ku of the tested CEOHP
E g E 8 < in this research and the dtat vertical position .The
correlation had a coefficient of determination chilR

this equation of 0.7. In the interval of 8.69%%0(Bo)
2(Le/D)-O.67(n) 0.93(We) 2.09(Ja)l.37 (Pr)-O.lQ ((Duv3/02pu)
00%<5.73%x10"%, Ku varies from 0.00053 to 0.02885. It
was found from the dimensionless analysis Ku isgrow
function of (Bo)? (LJ/D) %" (n)*{we)**° (Ja)**" (Pry

(couv3/elp)

Fig. 10: Relationship of the Self-excited osciltatiand

heat flux of CEOHP 019 (uvo?p,) *O as shown in Eq. (4):
O Ritickchetal (R123) & Ritickchetal (Blercl -0.67 011
< Ritdechetel (Wter) o Ridlb 2 i 0.93
10 (Bo) (Dj (n)
Ku,, = 0.000 oo (4)
W 2.09 J -137 p - 019 WH,
) (we) (39 Py X
e 5 o
Rmeisg
L ZEr From this equation, the meaning of each parameter

N can be discussed as follows.
Kug indicates the ratio of heat flux of critical heat
flux for the vertical position.
102 Bo indicates the boiling phenomenon at the
evaporator section of a CEOHP as shown in Fighe T
Bo higher than one, it could be boiling phenomenon
nd low heat flux occurs. However if Bo is one, it
hows that the ratio of buoyancy force to surface
tension force working fluid, it will be equal. Caluhot
boiling phenomenon and heat flux cannot occur.
LJ/d indicates the geometric size of a CEOHP.
When the Le/d increases. The geometric size of a
- hiae - CEOHP is high size and thin, the boiling phenomenon
o= ! o et approaches boiling inside a confined channel whogh
104 L& El heat flux occurs. When the Le/d decreases .The
1000 a8 2y geometric size of a CEOHP had short size and fiat, t
e —f3ok boiling phenomenon approaches pool boiling and at
pool boiling high flux occurs.
N indicates the number of capillary tubes which ar
connecting the evaporator and the condenser seation
. a CEOHP, it represents the number of turns of a
100 10 10000 CEOHP. If the number of turns increases the heat fl
Gy (W) will increases.
) ] ] L. We have indicated the counter flow phenomena
Fig. 12: The relationship betweeprediction and  petween the vapor bubble moves from the evaporator
experimentsfa CEOHP into the condenser section of liquid film occur dense

From the discussion of all concerned dimensionlesd! ﬂt1_e co::cdensejr sectmr:jrett#rni flotwﬂm th_e evag:crj
parameters, it can be concluded that the importaritcolon- T We Incréased, the heat Tux increased .
dimensionless parameters which have an effect ah heShOWS as the I|qU|_d f.|lm. is cannot flow W'th vapor

, . bubble. Therefore, liquid film on the wall tubecdn be
flux of a CEOHP at vertical position are n, Bo, d.e/

3 2 returns flow to the evaporator section.
We, Pr, Ja, Ku,duv’/c’p,). These parameters were Ja indicates the liquid film moves down from the

used to establish a correlation to predict the heatondenser to evaporator section at the wall tubsas
transfer characteristics of CEOHP. occurred latent and buoyancy moves up to the
. ) . condenser section with vapor bubble. Liquid film#l w
Correlation of heat flux at vertical position: The depress slightly than the heat flux decreased. B=ca

correlation of dimensionless parameters can benhe volume of liquid film flow returns to heat soer it
evaluated from the discussion of the effect of thewill decrease.

1497
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Pr indicates the ratio of momentum diffusivity to
thermal diffusivity of the vapor slug if the valof Pr is

authors express their sincere appreciation foofathe
support provided.

very high, the heat transfer of vapor willrbach:

3

Higher than the momentum transfer i.e. the vaporcp_
slug will be able to transfer the thermal energythte d=
condenser section efficiently. Therefore, the vahie ~—
Ku or heat flux will be high.

(o3 /0%, ) indicates the oscillation phenomena of

A=
Bo=

3

WUy
2

a’p,

{(Bo){%]’w(n>°”(vve>2°9( ey

hfg:
Ja=
the working fluid in the CEOHP. The phenomena will Ky=
be occurs when the heat pipe obtains heat at the
evaporator section. L=

The heat flux of a CEOHP at vertical position can|_ =
be easily evaluated from the Eq. (4) and compaoed tL Jd
the heat flux from the experiment as shown in Fig. .
12.This figure shows the comparison of heat flloafr
the experiment to heat flux from the predictiongsf. 1=
(4) the tested CEOHP in this research and those dfr=
Rittidech et dF. Good agreements were achieved. AllQ=
data in this figure are similar to the resultsig.A2. A 4=
solid line which is inclined at 45 degrees from theT=
horizontal axis represents the equation line tltaucs
when the heat flux from the prediction of Eq. (8¢&n
be seen that the standard deviation (STD) of heair
the experiment from the prediction of Eq. (4) 1s
30%. Thus Eq. (4) can be used to predict the Hexat f
of a CEOHP at vertical position.

It can be seen that the correlation of heat flfia o

T

CEOHP at vertical position or the correlation of &ud k=
(BO)Z (LJD2-0'67 (n)O.QS(We)Z.OQ (Ja)l.37 (Pr)-O.lQ p=
(opv¥6?p,)*® is the Eq. (4) and the coefficient of p=

determination (B of this equation is 0.7. It can be seenc=
that the data closely follow the solid line repragsy
Eq. (4). Sub

e
CONCLUSION I

From all of the results obtained, it can beV
concluded that: !

*

0
As the number of turns increased, the heat fluxgg

increased.
* As the inner diameter increased, the heat flux
increased. 1
* As the aspect ratio increased, the heat flux—
decreased:
~0.67 0.11
(o) () (" 2.
Ku90=0‘000 3 0.01
W 2.09 J -1.37 p -019g WM,
(we)'™ (29" (| L
Was derived as a correlation to predict heat fitux
vertical position. 3
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in —
We=
op,Yo?p, Oscillation phenomena of the working fluid

Nomenclature

Outside surface area of condens@,{.n) (nf)
Bond number = Di (g § - p.)/o))%>
Specific heat capacity, Constant pressure
(kJ/kg°K)
Diameter (m)
Gravitational acceleration(m)s
Latent heat of vaporization (kJ/kg)
Jacob number =¢h/ G, T,
Kutateladze number (=
PP
Length (m)
Length of condenser sections (m)
Aspect ratio
Mass per unit time (kg/s)
Number of turns
Prandtl number 3u( C,)/k;
Heat transfer rate (W)
Heat flux (W/m)
Temperature®C)

Outlet temperature at condenser secti@) (

a/gpv[og(pr

Inlet temperature at condenser secti@) (
Weber number =%p, h,D° c)

Greek symbols

Thermal conductivity(W/m.K)
Viscosity (Pa.s)

Density (kg/m)

Surface tension (N/m)

scripts
=Evaporator
=Liquid
=Vapor
=Inside
=Qutside
=Inclination angles (degree)
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