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Heat Transfer Characteristics in a Heat Pipe Using
Water-Hydrocarbon Mixture as a Working Fluid.
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Abstract

The heat pipe is a very effective device in heat transport, therefore it is used in many
industrial applications especially in cooling systems. In the present experimental work,
wickless heat pipe(thermosyphon)is designed and constructed from a copper tube of
inside and outside diameters (13.5) and (15.5)mm respectively with total length of
(600)mm divided into three sections evaporator; adiabatic section and a finned air
cooled condenser simulating the actual applications in practice of this device. Pure
water, pure hydrocarbon fluid (acetone) and mixtures of the two fluids at different
ratios by weight were used as working fluid to investigate the effect of a working fluid
type and mixture ratio on the performance of the device. Results show that using pure
fluid is more effective than using mixture. Comparison between results of the present
work and a theoretical correlation shows a good agreement especially when using pure
fluid.
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Nomenclature

Sym | Meaning Unit Sym | Meaning Unit

A Area m° P | Vapor Saturated Pa

Bo Bond number Py Vapor Pressure Pa

C Constant used in Eq.3 Pr Prandtl number

Co Specific heat capacity J/kg.°cC q Heat flux W/m*

f1,f2,f3 | Factor used in Eq.1 Jikg.°C Qin Input power W

G Gravitation acceleration m/s” Qmax | maximum heat flux W/m*

h heat transfer coefficient W/m?.° Te evaporator outside °C

Nexp Experimental heat transfer | W/m?.° Tad adiabatic temperature | °C
coefficient C

Nig Latent heat of vaporization | J/kg Ts Saturation temperature | °C

ID Inside Diameter m P Liquid density kg

k Thermal conductivity w/m.°C Pv Vapor density kgﬁ

Ko Factor used ineq.1 I Liquid viscosity kgq

L Evaporator length m viL Vapor viscosity kg/m.

oD Outside diameter m o Surface tension N/m

Patm atmospheric Pressure Pa v Kinematics viscosity m°/s

1-Introduction

Due to advancing technology in electronic equipment and other applications such as air
space crafts, air conditioning and refrigeration systems where heat dissipation is very
important, the use of heat pipe is very effective. The heat pipe is very superior in heat
transport from the source to the sink[1,2].The conventional heat pipe is a closed end tube
with a wick lining on its inside surface or without wick in case of wickless heat pipe
(thermosyphon). The heat pipe is charged with a certain amount of a working fluid. It is
divided into three sections; the evaporator where heat is supplied to the device from a heat
source, adiabatic section and a condenser where heat is dissipated to heat sink. The heat pipe
operating principles are based on evaporation of working fluid where heat is carried by
vapors to the condenser and rejected out due to condensation. The condensate fluid returns
back to the evaporator due to the wick structure or by gravity. The amount of heat that can be
transported through the use of latent heat is several order of magnitude greater than
transported by sensible heat for a geometrically equivalent system [3]. Considerable number
of experimental and theoretical works have been carried out on the design and application of
heat pipe concerning the performance and the important affecting parameters such as,
material, diameter, working fluid ,filling ratio, range of temperature ,critical heat flux and
orientation. Ngugen-chi etal [4] investigated experimentally the performance of a vertical
two-phase close thermosyphon (wick less heat pipe) with water as a working fluid. They
studied the maximum performance of the device. Nutaphan etal[5] carried out a set of
experimental tests to investigate the critical heat flux due to flooding limit of wickless heat
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pipe (theromsyphon) using mixturs of working fluid. They concluded that the use of mixture
of working fluid such as trithylene glycol-water mixture can extend the heat transport
limitation compared with pure water. Bezrodly and Alekseenko [6] in their study,
recommended the liquid fill should be at least (50%) of the evaporator volume to avoid the
dry out condition. Akachi etal [7]reached almost the same conclusion. Noi[8]investigated the
effect of three parameters :input heat transfer rates, the working fluid filling ratios and the
evaporator lengths (aspect ratio) on a two-phase closed thermosyphon performance. He
concluded that the optimum filling ratio at which the thermosyphon operates at its best for a
certain aspect ratio. Jouhara and Robinson[9]carried out an experimental investigation of the
performance of thermosyphon charged with water and dielectric heat transfer liquids.
Generally, they found that the water charged thermosyphon was outperformed the other
working fluids in both the effective thermal resistance as well as maximum heat transport
capabilities. Almost all available experimental researches in studying the heat pipe
performance adapted water cooled condenser and in general they used pure fluids as a
working fluid.

In practical applications, the heat pipe condenser is cooled by natural or forced
convection. For this reason in the present work, the forced convection is used to cool the
finned tube condenser and mixture of water hydrocarbon fluid (acetone) is used as a working
fluid. Pure water and pure acetone were also used separately as a working fluid for
comparison. The heat pipe used is a copper tube with inside diameter (13.5) mm, the outside
diameter (15.5) mm and the total length is (600) mm. Finally, comparison between the
present work results and a theoretical correlation is made.

2- Operating limits

There are three limits which can reduce the performance of the heat pipe
(thermosyphon). These limits are:

2.1-Flooding limit: this phenomenon occurs at high operating temperature [4]and when the
working fluid charge is higher than (50%)of the evaporator volume. Critical heat flux of this
phenomenon can be calculated according to the following equation proposed by ESDU[10] :

Qmax. = fl fz fB/IAcs [go-(p/ - p, )]0.25 . pvo,s ______ (1)

f, = 0.0331B2 +0.8161B, + 302134

0.5
B,=Bond number=ID [M]

(o)
f=k, 0t if  kp<40000
P
K, = - 05
[g O-(;DK — Py )]
f,=0.615 if  k,>40000
fa=1 if the pipe is vertical
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2.2-Dry out:
This limit occurs when the working fluid charge is very small . The Critical heat flux
can be predicted by the following expression[2]:

0.6
Quax =0.012hfgp{"' “’V} ......... 2)

v

This phenomenon can be avoided when the working fluid charge is large. So in this work the
dry-out is unexpected since the fluid charge is (90%) of the evaporator volume.

2.3-Boiling limit:

This limit occurs when there is a large working fluid charge and high radial heat flux
generating a blanket of bubbles coating the inside tube surface which reduces dramatically
the heat transfer rate and finally reduces the heat pipe performance[2].

Flooding and boiling limits were avoided by using low heat fluxes. All the
experimental results showed that the two limits have not been reached.

3-Experimental Setup:
3.1. Heat pipe Test Section

The heat pipe is constructed from a copper tube with inside and outside diameters of
(13.5) and (15.5) mm respectively. The total length of the heat pipe is (600) mm, divided into
three sections; evaporator (200) mm, adiabatic
section (100) mm and finned condenser (300)
mm. The evaporator and adiabatic sections are
insulted by (50) mm thick asbestos layers. } -

| Pressure gauge
Valve

Eleven calibrated(copper-constantan)
thermocouples were inserted into the outside
surface of the heat pipe along its total length to
measure the temperature. The evaporator is g

g
+
Fins

(300mm)
gI

heated by an electrical coil wrapped around its 3
outside surface. The power input is varied and e—
measured by variac and a wattmeter. A fan is

used to cool the condenser with air velocity of —hd

(0.225 to 0.25)m/s measured by an air velocity

meter (Model WILD MTR28). Insulation o'= N9

temperature and ambient temperature were g N

measured by using Two calibrated = §..—... Z

thermocouples as shown in figure (1). Pure N\ .Z g

water, pure acetone and filling mixture ratios N =

(30%, 50%, 70% and 85%) acetone/mixture by = 3\\?

weight were investigated. Input power ranged E.E ;‘?i‘% g s -
from (125) W to (250)W with an interval of = Sé\g—:g 20
(25)W. Heat losses from the evaporator and l N \g i—, : :
adiabatic section was calculated from insulation L, —e S—
outside surface temperature and ambient —_ g L; g
temperature. B

In general heat losses did not exceed (10%) Figure (1) experimental set-up
of the input power.
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In this work the investigation is concentrated on the heat transfer rate in the evaporator
section and the heat transfer coefficient is calculated by the following equation [ 9] :

h — Qin
P axODxLx(T, -T,,)

4-Results and Discussion

4.1-

Effect of power Input and Filling Ratio:

Pure water, pure acetone and mixture of water and acetone tests were carried out at different

power inputs ranging from (125) to
(250) W with an interval of (25)W.
Figures (2-7) show the variation of
temperature along the heat pipe at the
above conditions. Figure (2) shows
the temperature distribution with
distance for pure water from the
bottom end of heat pipe. The
temperature starts increasing
gradually to reach a maximum value
at the middle of the evaporator, and
then it begins to decrease through the
rest part of the evaporator and
adiabatic section. The temperature
decreases sharply at the condenser
section and remains almost constant
along it. The temperature profile is the
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—&— Power=125W
/D N O~ Power=150W
s .\D\ —v— Power=175W
A = —7-- Power=200W

—
v~ ¥ Y —m— Power=225W
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Distance from evaporator end(mm)

figure(2): variation of HP wall temperature vs distance at

different power inputs for pure water.

same for all power inputs but values of temperature increase as the power inputs increase.
The maximum temperature at the middle of evaporator is (150)°C when the power input is
(250)°C. The minimum temperature is (105) "C at the same point when the power input is

(125) °C.

Figure (3) shows the profile of
temperature throughout the heat pipe
when the fluid mixture ratio is (30%).
As it is noticed from the figure, the
temperature profiles are identical for
all power inputs especially across the
evaporator and adiabatic section with
maximum temperature (105) °C when
the power input is (250) W and
minimum temperature (120) °C at
power input (125) W.

For fluid mixture ratio (50%),
Figure(4),the temperature distribution
along the evaporator is different from
the previous cases and it can be
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Figure(3): Varaition of HP wall temperature vs distance at

different power inputs for mixture ratio 30%.
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described as follows; the maximum 180

temperature is at the end of the Mixture ratio: 50%

behavior but it can be attributed to
the very complex mechanism of the
heat transfer when a mixture is used
as a working fluid. This mechanism
of heat transfer includes:

. 160 —
evaporator, not at the middle as seen ~ —— power1zsw
before. The other thing noticed is that o 'Q v power175W
the temperature decreases gradually 5 [\ x \g\\z\ o Power—zzow
at power inputs (250 and 225)W. & ] \v AN = —0 - Power=250W
There is no clear reason for this £ N

£

0 50 100 150 200 250 300 350 400 450 500 550 600 650

e Two phaSe -two fluid heat Distance from evaporator end (mm)
transfer.
e Evaporation and condensation of Figure(4):Varaition of HP wall temperature vs distance at

two different fluids with different different power inputs for mixture ratio 50%.

properties especially the boiling point and the latent heat of evaporation.
e Counter flow of two phase vapor and two phase condensate liquid.

All above mechanisms make it difficult to explain clearly what is going on inside the heat
pipe. But the temperature oscillation can be attributed to the increasing level of the liquid
pool in the evaporator temporally by the returning condensate flow from the condenser till a
certain level is reached, then the vapor moves upward carrying with it liquid from the bottom
of the evaporator to the condenser until it forms a plug there. When the weight of the plug
becomes high enough it returns back to the evaporator again. This phenomenon causes
variation of the temperature even during the thermosyphon steady state operation [4].

In general, the behavior shown in

inputs and the profile of the
temperature is almost identical, figure
(6).The temperature at each point
decreases in a uniform way as it is

seen from the figure.

figure (4) can be seen in figure (5) Mixture ratio: 70%
where the fluid mixture ratio is (70%). o /D\
H H —&— Power=125W
As the acetone increases in the ol Dme g 5 Poware1sow
mixture  (85%), the maximum g N Y- Power-L7sW
< —v-- Power=
temperature becomes clearly at the g 2| \%/)}\ -\\ s —m Power=225W
middle of the evaporator for all heat & ~ N \ O PonerszOW
g o
3
2

. 0 50 100 150 200 250 300 350 400 450 500 550 600 650
For pure acetone as a working

fluid, figure(7), the profile of
temperature  distribution is almost Figure(5): Varaition of HP wall temperature vs distance at
identical to that of pure water different power inputs for mixture ratio70%.

especially at the high power input but with lower values at low power input (125)W.

Distance from evaporator end (mm)
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Wall temperature (°C)
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Figure(6): Varaition of HP wall temperature vs distance at Figure(7): variation of HP wall temperature vs distance at
different power inputs for mixture ratio 85%. different power inputs and pure acetone.

Figures (8 and 9) show the variation of heat transfer coefficient of the evaporator with
respect to the mean evaporator temperature at different ratios of working fluid mixtures.
Figure (8a) shows the heat transfer coefficient of the evaporator for pure water.
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Figure (8):heat transfer coefficient. vs. evaporator outside surface temperature for:
a- Pure water b- 30% acetone.  c- 50% acetone.
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It is clear from the figure that the heat transfer coefficient increases as the temperature
increases due to the increase of the power input and the decrease in temperature difference
between the evaporator and the adiabatic section. The maximum heat transfer coefficient
obtained is (1380) W/m.°C when the power input is (250) W. The addition of acetone to
water decreases the value of heat transfer coefficient as it is noticed when the mixture ratio is
(30%), figure (8b). When the mixture consists of two equal volumes of acetone and water
(50%),the heat transfer coefficient becomes lower, ranging between (700)to(750)W/m?2.°C as
shown in figure(8c).

In figure(9a)when the mixture ratio becomes (70%)the heat transfer coefficient increases
gradually as the temperature of the evaporator increases to reach a value of about
(1100)W/m2.°C. This can be applied to the case when the mixture ratio is (85%), figure (9b).
For pure acetone (100%), the value of the heat transfer coefficient is (980) W/m?.°C. When
the temperature ranging between (73) and (92)°C and starts to increase until it becomes
(1100)W/m2.°C and stays almost constant inspite of the evaporator temperature increase,
figure (9c).
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Figure(9):Heat transfer coefficient vs. evaporator outside surface temperature for:
a- Acetone 70%. b- Acetone 85%. c- Pure acetone.

135



Ahmad: Heat Transfer Characteristics in a Heat Pipe Using Water-Hydrocarbon

5-Comparision Between the Present Work Results and a Theatrical
Correlation.

Fig. (10) shows the comparison between the heat transfer coefficients of the present work
results and that obtained by using Labuntsov correlation [11,12] for pure water and pure
acetone at different power inputs.

Labuntsov correlation is:

% 2 %
h., =C|1+10 — 2 K g3 (4
' P, — Py vo(T, +273.15)

h — Qin
P axODxLx(T, -T,,)

From Eq. 3:

By taking C=0.04 for water and e .
0.06 for acetone instead of 1600 4o Labuntsov-acetone
P \(
C=0.075 assumed by Labuntsov, _ 15004 237 ioicc.
1 1 OU || —%— 30% acetone
good agr_eement is achieved for < La0p 4 B 3Waceione 2
both fluids(water and acetone) S 100 & To% acelone o~
. . = 85% acett
especially at low input powers but  Z 1200 acefone ’3///4/
the disagreement increases as the & ;. - _ =
. . 5 g — = &= — g
power input increases. The % | _ . —
deviation is due to that this < _ | O" - _ —
correlation is based on data that =T —
- 800 - ~ o
covers nucleate pool boiling g T T &
- - 700 -
performed on a horizontal, thick hd
H H 600 T T T T T T T
metal plate of copper while this 100 120 140 160 180 200 220 240 260

work is performed on a

Input Powe,Q, (W)
thermosyphon.

Figure(10):Comparison of heat transfer coefficient the
present experiment and theoretical correlation results
at different power inputs for different mixture ratio of

6- Conclusions: fluids.

e Generally the temperature of
the evaporator outside surface increases from the bottom and reaches a maximum value at
almost the middle of the evaporator and starts to decease through the rest part of the
evaporator and adiabatic section.

e Oscillation of the temperature along the evaporator is mainly due to the complex
mechanism of the evaporation and condensation of working fluid in addition to the
counter flow of vapor and condensate liquid.

e The maximum heat transfer coefficient is obtained when water is used as a working fluid
and lower heat transfer coefficient is obtained when a mixture is used as a working fluid
with a ratio of 50%.

e The temperature along the condenser is almost steady and isothermal.
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