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Heat Transfer Performance of a Two Phase Closed
Corrugated tube Thermosyphon
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Abstract

The two phase closed Thermosyphons are highly sufficient heat transfer
element. At present, however, actual applications are mostly limited for
thermosyphon using smooth tube as 11s container. In the present work, a corrugated.
whe was used as its conlainer with distilled water as the waorking fluid. The
corrugated lube container is flexible and has several features to allow the
thermosyphon 10 be used in a wide range of applicalions.r‘lhe influence of liquid
filling ratio, inclination angle, evaporator heat flux and condenser to ¢vaporator length
ralio on the heat transfer performance was experimentally studied The cxpcnmenur
are carried out for values of heat flux of 11, 20.5, 32.8, 44 kW/m’¢ Filling ratios of
20, 40, 60, 80 and 100 % with respect to evaporator volume [or each thermosyphon
configuration are used. The effect of inclination angles of zero, 20, 40, 60, 80 and 90
degrees measured from the vertical axis is examined. Three different values for length
ratios between condenser 1o evaporator of 1, 1.5 and 3 are used. According to the
measured values of problem parametlers, the mean heat transfer coefficient is
calculated. It is found that the optimum filling ratio is in the range of 40-60 % for both
smooth and corrugated tubes. [n addition, the maximum performance is obtained at
inclinationjangle of 40 degree Moreover, a comparison is miade between corrugated
tube and smooth tube al the same tested parameters.

Nomenclature
A Area o
d Tube diameter m
L  Thermosyphon length m
q Heat Mux W/m®
Q Heat transfer rate W
T  Temperature 2%
U Mean heat transfer coefficient kW/m>.°C
X Axial coordinate of the tested tube m

Greek symbols:

3 Filling ratio

& Inclination angle Deg.

Subscripts:

c Condenser

e Evaporator
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1. Introduction

The thermosyphons are heat
transfer devices of relatively Thigh
thermal conductivity. During the last 40
years, several configurations of the
thermosyphon  are  proposed  and
developed, often as an altemative o the
heat pipe. They are of interest for
different fields such as heat exchanger,
turbine  blade cooling, electronic
componeant cooling, heat recovery
systems, devices for solar energy
utilization, permafrost stabilizalion and
numerous  industrial and  space
applications. Imura er. af [1983] studied
experimentally the critical heat flux in a
closed two-phase thermosyphon, The
effect of inside diameter, heated length,
working flmd, fill charge and inside
temperature on the critical heat flux are
investigated. They found that the critical
heat flux is increased with increasing
the fill charge in a region called dry-out
region, since the dry area appears as a
result of the film breakdown. Sawada et
al [1983 and 1995) presented an
experimental study on the heat transfer
performance of an inclined 1wo-phase
closed thermosyphon. The amount of
working fluids and the inclination angle
are experimentally studied It s
concluded that, in order 1o obtain a
steady high heat wansfer rate it is
necessary to fill between 25-60% of the
evaporator inner volume with water as
the working fluid. Also, the inclination
angle must be between 20° and 40° for
working fluid. The heat transfer in the
heating and cooling zones of a closed
thermosyphon tube 1$ studied
experimentally by Gross and Hahne
[1985]. Refrigerant-115 15 used as z
working fluid in the near eritical state. It
is found that the optimum inchnation
angle is obtained at about 40° form the
vertical position. Visual observation of
flow patterns in the condenser and heat
transfer measurements arc obtained by

Maezawa and Takuma [1988] using a
vertical annular thermosyphon
Refrigerant-1 15 is used also as a working
fluid. It 15 shown that ripples [interfacial
waves] are generated on the condensate
film surface. Ueda e al [1989)
performed an experiment with vertically
arranged closed two-phase
thermosyphon The condensation heat
transfer coelficient of the cooling section
shows 2 trend to decrease with increasing
wall temperature difference. Tanaka and
Koshino [1994] performed a scries of
experiments with a  copper-waler
wickless heat pipe The influence of
working fluid charge and inclination
angle on the heat transfer coefficients of
the evaporator and the condenser 15
studied. The experimental results
indicated that as the heat transfer
coefficient in the case of the hiqud film is
larger than that in case of liquid pool, Lin
and Shyu [1995] studied experimentally
the geyser boiling in a vertical annular
closed two-phase thenmosyphon. It is
indicated that it ocecurred more frequently
and irregularly at high heat load. Shalaby
et. al [2000] presented an experimental
study on the heat transfer perfonmance of
low temperature two-phase closed
thermosyphon using R22Z as a working
fluid. The effect of liquid charge ratio
and inclination angle on the heat transfer
performance was studied. Sultan et al
[2003] investigated expenimentally the
viberated two-phase closed
thermosyphon using R134a. The effect of
heat flux, filling ratio, viberation
frequency and  amplitude  were
experimental parameters. K. Negishu
[1991] studied experimentally  the
evaporator performance of corrugated
tube thermosyphon with water as a
working fluid. The influences of liquid
charge ratio and inclination angle on the
heat transfer performance were studied. .
Park and Lee [1992] made an
experimental study on the performance
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of two-phase closed thermosyphens with
three working fluid mixtures {(waler-
glycerin, water-cthano), and waler-
ethylene glycol). They found that for all
values of filling ratio, the tested
thermosyphon  had the highest
performance at an inchination angle of
sbout 60° from the direction of the
gravitatonal force. Gunnerson and Zuo,
[1995] studied theoretically the heat
transfer characienistics of an inclined
two-phase thermosyphon. Shiraishi et
al.,[1995] conducted a flow visualization
study of the inside flow phenomena of an
inclined two-phase closed thermosyphon.
They used R113 as a working fluid.
Terdtoon et al. [1996] investigaled the
effect of aspzct ratio (ratio of evaporator
section length to diameter) and Bond
number on  the  heat  transfer
characteristics of an inclined two-phase
closed thermosyphon. They used R22,
ethanol, and water as working fluids, and
a filling percentage of 80%. They found
that the aspeci ratio and Bond number
did not affect the angle at which the
highest heat transfer rate occurred, The
heat transfer in @ verlical annular two-
phase closed thermosyphon has been
studied  experimentally  with  distilled
waler as & working fluid by Abdel-Aziz,
[1996]. The effects of heat flux, liquid
fill charge, and ¢vaporator to condenscr
lenglh  ratio on  the heat transfer
coefficient, was investigated. He showed
that the maximum overall heat transfer
coefficient occurred at an evaporator (o
condenser length ratio ranged between
0.33 to 1.0, and the hiquid [ill charge was
about 16% based on the t(otal
thermosyphon  inside volume. Abou-
Ziyan, et al. [2000] made an
experimental study of a two- phase
closed thermosyphon to predict ifs

charactenstics. They used
waler and R134a as working Auwds. They
investigaled the effects of the filling
ratio, and the length of adiabatic section

on the output heat flux for a wide range
of inpul heat flux with water as a
working fluid for stationary experiment.
They investigated also the effects of
vibration on the outpul heat flux using
water and R134a as working fluids. The
frequency range was varied from 0 1
3.33 Hz. Ferguson and Lilleteht, [1996]
presented a model of therm-vibrational
convegtion in a2 vertical cylindrical
cavity, and stuied the frequency
dependence of heat transfer rate through
the system at several Rayleigh numbers,
and vibrated Grashof number. Shiraishi
et al,, [1996] investigated experimentally
the critical heat transfer rate in an
inclined 1wo-phase closed thermosyphon.
They investigated the effects of the ratio
of evaporator length to inner (ube
diameter, fill charge, working fluid
property, and operating pressure. Shalaby
el al., [2000] presented an experimental
study on the heat transfer pecformance of
low temperature  two-phase  ¢losed
thenmwsyphon.  Thelr experpnents were
performed to investigate the effect of
heat Mux, filling ratio (volume of the
working fluid to the evaporator volume),
and the angle on the performance of low
temperature two-phase closed
thermosyphon. They used R22 as a
working fuid. Rosler et al, [1987)
presenied an experimental and theoretical
investigation of  heat transfer
characteristics of a  wvertical annular
closed wo-phase thermosyphon. They
used R 113 as a working fluid

The aim of the present work is to
study experimentally the flow and heat
transfer in a closed two-phase cormugated
tube thermesyphon. Liguid filling ratio,
inclination angle, heat flux and length
ratio are considered as tested parameters.
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2. Experimental Apparatus at®

A schemabc layout of the e j‘_‘[[F )

experimental work test rig is -.L}"'

shown in figure (1). The - | Evaporsior tobe

thermosyphon tube consists of A PG o e,

three main parts:  evaporator, A =T e Z-Copper baseo

condenser and adiabatic tubes. The 3-Condenser mibe

threc main parts are made of a 1 —=

copper corrugated tube of 1000 J ] T

mm total length, 32 mm inside . L $-Condenser outer lube

diameter, 1.5 mm wall thickness &-Hollow disk.

and 5 mm corrugation pitch with 2 o

mm wave height f;-: s 7-Adiabalit tube
The evaporator tube is 315 e = ik §-Evaporator (wbe end,

mm effective length. The bottom o il

of which is also welded to a small Y A O

copper lube having a thermocouple il ¥0-Lower thanmacouple,

wire 1o measure the tlemperature at g

the center of the evaporator. - :L;';:_.:é

Fectom Thde Wiew B-R
Figure (2) Details of evaporator section
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The evaporator is divided nto
three equal parts snd heated by three A
C. separated elecincal heaters of 1.5 kW
maximum power. The heater in each
section is also divided into three identical
heater elements each with max power of
0.5 kW as shown in figure (2). The
heaters are mounted on the evaporator
ouler surface by means of bolts. A
reflective aluminum foil sheet is used to
enclose the evaporator with the heaters lo
ensure maximum reflection of heat
generaled by the heaters 1o the

gvaporator surfoce, A layer of thermal
msulation  followed by  additional
reflective  aluminum  foil  sheet s
wrapped on the outer surlnce.

The elecirical power supplied 1o
the evaporator healers is measured in the
usual way wilh an  ammeter and
voltameter. The wvalue of stabilized
voliage can be adjusied by using a
vaniable wvoltage power supply The
connection and the disconnection of the
leaters in each section, in  parallel
manner, vary the evaporator length, and
consequently the value of the adisbatic
length. The heat lost to the atmosphere &
estimated by measuring the lemperature
of the insulation outer layer and ambieni
temperature.

Referring 1o figure (1), the
condenser is of double-pipe type.
which the inner corrugated pipe is the
upper section of the thermosyphon with
315 mm effective length. The ouler pipe
is made of copper tube of 50 mm outer
diameter with city waier as coolant. The
top of the condenser is welded (o o valve,
and the valve is connected 1o a T-shape
joint one of ir's end is attached with the
oressure gauge and the other end is fitted
10 & vacuum line and the charge line.
Also, it is welded 10 a small ube baving

a thermocouple 10 measurc tie vapor
temperature inside the condenser tube.

A number of mine thermocouples
(lype T} are used (o measure the

temperature  disinbution slong  the
evaporalor  outer surface of the
evaporator.  Similarly,  temperaure

distribution along the ower surface of the
mner pipe of the condenser section is
measured by  six  thermocouples.
Temperature 15 measured on the adiabatic
tube by two thermocouples A protractor
mechanism is desipned snd constructed
to perform the inclination angle of the
thermosyphon. This mechanism allows
the thermosyphon to ult in a vertical
plane coniaining the evaporator and the
condenser with 10" mnimum reading.
Positive inchnahion angle s defined as
the clockwise tili. The thermosyphon is
evacualed using vacuvum pump and
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the nbility of the tube to transport heat),

The overall heat transfer coefficients of

the thermasyphon, the evaporaior

section, and the condenser section are

delined, respectively, as:

U= g Ton Tewd = 1A &« L'My (1)
b A Tn- T et
b= g{Tun - Toud R]]

Correction is made for the outside
surface tube temperntures to obtain the
inside surface and i found
10 be less than 0.04"C.

Where, g, U, A, T and T are he
genemaled bhear rale, the mean  heat
transfer coefficient of thermosyphon, the

parameters, cantrolling the system on the
heat transfer process is discussed.

-

&
| - - L] L] L]
Py B s %

b- Length ratio = 1.5
Figure (4) Effect of filling ratio on mean
hlmmhrm

3.1 Temperature Distribution
Figures (3a-b) show the
temperature distribution for smooth tube
and corrugaled tube respectively along
the evaporstor and condenser walls for
different values of heat flux and length
ratios, “ratic between condensers (o
heated length” of 3 for filling ratio 40%,
and 40° inclination angle. These figures
indicate that the value of temperature at
all  measuring points  is  directly
proportional to the value of heat flux. I
increases also with the increase of the
evaporator length. Also it's clear that the
temperature distribution for the smooth
tube is lower than that of corrugated tube
and this is because the smooth surface of
the smoolth tobe allows the retum
condensale 10 the evaporator casily bul
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the corrugation surface of the corrugated

M. 21
increase of the heat Mux and the length

tube makes the condensate relumn slowly. ratlo in case of (20%) filling ratio this
small amount of water could not reach

the end of the evaporator and dry-oul. On

3.2 Effect of Filling Ratio the other wise for large filling ratios (30
Figures (da-b) indicate the and 100 %) another phenomenon
relation between mean heal transfer appearcd that is the working flud

coelficient (U) and filling ratio (g) for
beat fluxes of 11, 20.5, J2.8 and 44.03
kW/m® with length ratios of 1.5, and 3
and 60° inclination angle. It is clear that
the mean heal transfer coefficient
decreases with increasing the filling ratio
till # reaches 1o s maximum at filling
ratio 60% in case of length ratios 3 and
40% for length ratios of 1.5 and 1. It is
clear also that the mean heat wransfer
coelTicien! increases with the increase of
the heat flux. For length ratios 1.5 (and 1)
partial dry-out appeared at filling ratio
20%5 for hugh heat fluxes, is because the

Nooding making a strange sound like

smacks,

3.3 Effect of Inclination Angle

Figures (5a-b) represent  the
relation between the menn hent ransfer
coefficient and inclination angle for
filling ratios of 20, 40, 60, 80 and 100%,
and a heat flux of 20.5 kWim’ for length
ratos of 3 and 1 in case of comugated
fube. Tt is clear thst the mean heat
transfer coeffictent is increased with the
increase of the inclination angle ull it

e
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Figure (5) Effect of inclination angle on Lewn et ciie
menn heat transfer coefficient for length b-4=0°

Figure (6) Effect of length ratio on mean

ratio 3; corrugated tube
heat  transfer  coefficient  for  40°

inclination angle; corrugated tube.
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reaches a maximum value at 40°
inclination angle then it decreases once
more. For length ratio 1, it is clear that it
have the same trend as the length ratio 3
but the mean heat transfer coefficient on
the case of length ratio 3 is higher than
that at the length ratio 1. This is because
the decreasing of the length ratio affects
the return condensate and make the
increases of surface temperature.
3.4 Effect of Length Ratio

Similarly, to study the effect of
length ratio (Lc/Le) which in turn
clarifies the effect of adiabatic length, the
mean heat transfer coefficient (U) is
plotted versus the ratio (Lc/Le) for
different values of the filling ratio and a
heat flux of 32.8 kW/m? and inclination
angles of 0°and 40° shown in figures (6a-
b). The analysis, of the obtained data
reveals that, the mean heat transfer
coefficient increase with increasing
length ratio (increasing adiabatic length)
for the tested filling ratio. At filling
ratios, rather than optimum ( 40% for
corrugated tube and 60% for smooth
tube), and length ratio of 3 the mean heat
transfer coefficient is decreased sharply.
It is clear that, as the length ratio
increases the descending condensate in
the cooled section will be thicker than the
heated .ascending one "due to the
increased capability of the condenser” |
this cases relatively reasonable feeding
by working fluid to the heated section.
On the contrary, as the length decreases
at relatively greater heated length the
condensate will be thin and the scattering
of the liquid on the adiabatic section
should be significant. This leads to the
dryness of the evaporator section, which
can be viewed as a tendency toward
increasing the overall thermal resistance
of the system.
3.4 Comparison between Smooth and
Corrugated Tube Thermosyphon

Figures (7a-b) illustrate a
comparison between the smooth tube and

36
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o 20 40 60 60 100 120

Filling Rabo ¢ %
b- Length ratio Le/Le=1.5
Figure (7) Mean heat transfer coefficient
for Smooth tube and corrugated tube
thermosyphon for inclination angle of 60°

corrugated tube thermosypbon for heat
flux of 32.8 kW/m® and 60° inclination
angle at different values of filling ratios
and length ratios. It is indicated that for
length ratio 3 the smooth tube
thermosyphon have max mean heat
transfer coefficient at 40% filling ratio
and the corrugated tube at 60% filling
ratio. This is expected, since the use of
corrugated tube increases overall flow
resistance. On the contrary, for both
length ratios 1.5 (and 1) the smooth tube
thermosyphon have its maximum mean
heat transfer coefficient at filling ratio of
60%, and the corrugated tube at 40 %
filling ratio.



Mansoura Engineering Journal, (MEJ), Vol. 33, No. 4, December 2008. M. 23

Correlating the Experimental Data

The present experimental dala
was correlated in a dimensionless form.
This corrclation represents the Nusselt
number as a function of filling ratio (V7),
and reduced pressure (P/Py). The
empirical heat transfer correlation for
thermosyphon was correlated as:

Nu=2382 |(e' Y (Ku)*™' (PP,)*¥
fore'>e'y  (4)
Nu =3144|(e )*"™ (Ku)™"" PP, ")
fore'<e',, (5
Where:
Nu Nusselt number,= U d, /k,
Ku Kutateladze number =
(QEDL/Y(hgy [0 g 0o - p2)]™)
¢' filling ratio
& opt Oplimum filling ratio

P/P reduced pressure
and 1276.25q<6331 W/m®, 0.3<¢e “).0,
0.23<P/P.<0.3

The maximum deviation between the
present  experimental data and the
deduced correlations are £ 7.0% and %
8% respectively.

Conclusion

Based on the results obtained in
the present investigation it is found that,
the smooth tube having higher mean heat
transfer coefficient than the corrugated
tube. In order to obtain high heat transfer
performance, it is necessary to fill
between 40% and 60% of the evaporator
inper wvolume. For most examined
conditions, inclination angle, measured
from vertical axis, of 40° for corrugated
tube and 60° for smooth tube improves
the mean heatl transfer performance. For
the tested filling ratios and inclination
angles, the length ratio of 1.5 gives
maximum heat transfer coefficient. An
excessively low charge (20%) of the
working fluid into the thermosyphon
results in evaporator dry-out, causing a
jow heat transport. On the other hand, an

excessively high charge (80-100%) of
working fluid results in reduction of
effective  condensation  heat-transfer
surface, also causing a lower heat
transport.

The obtained empirical correlations
may be considered as a helpful tool for
studying the rate of heat transfer from the
thermosyphon. The agreement between
these correlations and the obtained
experimental results is quite good.
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