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ADBSTRACT

An experimental investigation has been made in order to study the heat transfer
performance of atwo-phase closed thermosyphon tube. A smaoth copper tube of total length
1500 me and 21 mm inside diameter is used as a container of the thermosyphon. Each of the
evaporator section and the condenser section has a length of 600 mm, while (he remaining part
of the thermosyphon tube is the adiabatic section. The working fluid used is R22. The effects
of heat transfer rate (100 W <Q< 300 W), filling percentage (30%5\1"5100%) and the
inclination angle of the thermasyphon (22.5°€0<90°) are studied. It is found that, the optimum
filling percentage and the best inclination angle values are 50% and 30°, respectively. The
overall heat transfer coefficient ratio (U/Usg) has been cotrelated in a dimensionless form as a

.

function of Kutateladze number, filling ratio, inclination angle, and reduced pressure ratic.

INTRODUCTION

A closed lhiermosyphon is a passive device, which is used to transfer a large amount of
heal rate, with small temperature difference, by evaporation of the working fluid through the
evaporator scction and condensing it in the condenser section. In practice, the effective
thermal  conductivity of thermosyphon (ken), exceeds that of copper 500 times [9]. The
ihermosyphon is widely used in many energy and industrial applications. Examples include
heal exchangers, solar collectors, cooling of electronic equipment, systems for the prevention
of ice formation on roads, and coofing of gas turbine rotor blades, preservation of permafrost
in arctic regions, and extraction of geothermal enerpy.

Sa. n considerable experimental and thearetical work had been done on the application
and design medilications  for improving thermosyphens performance. The heat transfer
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performance of a two-phase closed thermosyphon together with a simple theorelicat analysis
for its maximum heat transfer capacity were studied by Lee and Mital [1]. They used water
and RI1 as working fluids. The heat transfer in a two-phase closed thermosyphon with water
and ethanel as working fluids were studied by Imura et al. [2]. They found that the optimum
quantity of working fluid was 10-20 percent of (he tube inside volume and established an
empirical formula for the heat transfer coefficient in the evaporator seclion for a
thermosyphon installed in a vertical position. Nguyen-Chi et al. [3] invesligated
experimentally the performance of vertical closed two-phase thermosyphons and used water
as a working fluid, They investigated the influence of operating parameters on the maximum
performance either by dry-out or burnout limits. Nguyen-Chi and Gross [4] investigated
experimentally the influence of the surface roughness on the maximum thermosyphon
performance and used water as a working fluid. The optimum tilt angle was found to be of the
order of 40° to 60° and the optimum-filling percentage was of the order of 40 % to 70 %,
depending cn:operating conditions. Shiraishi et al. [5] studied experimentaily the heat transfer
characteristics of a two-phase closed thermosyphon and developed a simple mathematical
mode! lo predict the performance of such thermosyphons. They used water, ethanol and R113
as the working fuids. Hahue and Gross [6] performed an experimental investigation in order
to observe the effect of the inclination angle on the transport behavior of a closed two-phase
thermosyphon, The working fluid used was RU15. They concluded that the highest heat
transport rate eéxhibiled at an inclination angle around 40°. Negishi and Sawada [7] made an
experimental stuly on the heat transfer performance of an inclined two-phase closed
thermosyphon. They used water and ethanol as working fluids. They found that for high heat
transfer rales, it was necessary to fill between 25 to 60% of the evaporator volume with water
as a working fluid, between 40 to 75% for ethanol and the inclination angle must be between
20° and 40° for water, and more than 5° for ethanol. Gross and Hahne [8] studied
experimentally the effects of pressure, hieat flow rate‘and inclination angle on the internal heat
transport near critical state. They used R115 as a working fluid anr found that the optimum
inclivation angle was at about 40°. In experimental work [9], the eifects of pressure and
inclination augle on the infernal heat fransport over a wide range were studied. They used
RI3BI as a working [luid and found that the evaporation heat transfer coefficient was strongly
alTected by pressure and inclination angle. The condensation heat transfer coefficient
depended botlt on pressure and inclination. Terdtoon et al. [10] described the effect of the
Nuid’s properly on the heat transfer characteristics of the inclined thermosyphon by taking
into account the filling ratio. With the experiments taken very near (o the boiling point, the
ratic of Q. at any itclination angle to the Q. at 90" was determined as a function of the
inclination anple. They found that the ratio of Q./Qc.9 2t any inclination angle was higher
than that [or the vertical position. Negishi et al. [11] studied the influences of the filling ratio
and inclination angle on the heat transfer performance of a corrugated tube thermosyphon.
They found that the optimum-filling perceninge was found to be 40 %, The maximum
performance was obtained at an inclination angle of 30°. Park and Lee [12] made an
experimental study on the performance of stationary two-phase closed thermosyphons with
three working fluid mixtures (waler-glycerin, water-ethanol, and water- ethylene glycol). The
amount of the working fluid of any mixture percentage was about 20% of the total test tube by
volume. They found that for all values of filling ratio, the tested thermosyphon had a highest
performance at an angle of inclination of about 60" from the direction of the gravitational
farce. Gunnerson and Zuo [13] siudied lheoretically the heat transfer characteristics and
constraints of an inclined two-phase thermosyphon. The eflects of the inclination angle,
induced secondary circumferential liquid flow, minitmum working fluid,. {loeding limit
maximum heat transfer rale and meon heat wansfer coellicient of the thermosyphon were
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studied. They found that the highest flooding limit was at the inclination angle ranging from
30° to 45" Shiraishi et al.[14) conducted a flow visualization study of the inside flow
phenomena of an inclined two-phase closed thermosyphon at several angles. They used R 113
as a working Nuid. They found that the basic llow patterns inside an inclined thermosyphon

. were classified as an annular flow and a stratified flow. An annular flow could be observed at
the veriical position, while a stratified flow could be seen at other angles. Terdtoon et al. [15]
investigated the effect of aspect ratio (ratio of evaporator section length to diameter) and Bond
number on the hLeal 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 Lhe aspect ratio and Bond number did not affect the angle at which the highest heat
transfer tate occurred. The heat transfer in a vertical annular two-phase closed thermosyphon
has been studied experimentally with distilled water as a working fluid by Abdel-Aziz [16].
The effects of heat flux, liquid fill charge, and evaporator to condenser length ratio on the
overall heat transfer coefTicient, was investigated. He showed that the maximum overall heat
transler coefficient occurred at an evaporater to condenser length ratio ranged between 0.33 to
1.0, and the liguid fill charge was about 16% which based on the total thermosyphon inside
volume, A correlation between the above three parameters was suggested to calculate the
overall heal transfer coefficient. The effect of thermosyphon inclination angle is not taken into
consideration. Hussein et al.[17] studied theoretically and experimentally the thermosyphon
Nat-plate solar collecior under transient conditions. The governing equations of the different
parameters of the collector are presented and generalized in dimensionless forms. The finite
difference technique is used to solve the set of dimensionless governing equations by means
of simulation program. For verifying the simulation program, a thermosyphon flat —plate
collector is designed, constructed, and tested at transient conditions, different mass flow rates
of cooling water, and different inlet cooling water lemperatures. The experimental results are
compared with their corresponding simulated ones. The comparison showed a considerable
agreement between the experimental and simulated results. In addition, the simulation model
proved to be an effeclive tool for the design of a thermosyphon flat-plate solar collector and
the prediction of its transient the'mal behavior.

From the available literature review, one may observe that a limited number of
working fluids have been used and some of these working fluids are rarely used, such as R22.
In addition to that, the paramelers suggested to have some effects on the performance of the
two-phase closed thermosyphon still need more work in order to satisfy a quite acceptable
agreement of the results,

In this work, the performance of the two-phase closed thermosyphan is studied with
R22 asa working fluid, and the heat transfer rates are 100 W, 200 W, and 300 W. The filling
percentage used are 100%, 80%, 60%, 50%, 40%. and 30%. The inclination angle existed are
90" (vertical position). 60", 45°, 37°, 30", and 22.5" measured from the horizontal level.

EXIERIMENTAL APPARATUS

The schematic diagrams of the experimental test rig and test section are shown in Fig.
1 and Fig. 2. respectively. The thermosyphon (1) is made of a smooth copper tube, of inside
diameter 21 mm. 2 mm thickness, and a total length of 1500 mm. The length of the evaporator
scelion is 600 mm. adiabalic scetion is 300 mm, and condenser section is 600 mm, R22 is
used as a working fuid {22). A prespix glass tebe “water jacket” (5) surrounds the he
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condenser section, and ihe cooling water is flowing through the annular passage. The cooling
water enters from the bottom section in langential direction to the inside surface of the jacket
so as to prevent the thermosyphon from direct exposure to the water flow. A constant head
tank (9) is placed 2 m above the head of the thermosyphon tube and connected to the cooling
section through a plastic tube (10). The make-up water provides the constant head tank by a
float valve (8) to ensure that the flow of water is neatly steady. Also, an over flow tube (6)
allows the exceeding water to lfow to the drain. The flow rate of cooling water is controlled
by a valve (7) and is measured by a rotameter (11).

The main heater (24) of evaporator section is made of a nickel-chrome wire. The main
heater is wound around the evaporator section at equal pitches. Before winding the main
heater, the bare smooth copper tube is covered by an electrical insulating tape (23). After
winding the main heater, it is covered by an electrical insulaling tape again followed by a semi
cylindrical glass wool insulation of 4.0 cm thick (25). The guard heater (26) isused to
eliminate the heat loss from the main heater to the environment, so the power input to the
main heater is converted to heat and transferred completely to the evaporator section. The
adiabatic section (21) is covered by a semi-cylindrical glass wool insulation.

For measuring the outside wall temperatures of the thermosyphon, 10 copper-
constanan thermocouples (T-Type) of 1-mm diameler are used, 4 for the evaporator section, 3
for the adiabatic section, and 3 for the condenser section. The thermocouples are embedded in
slots and glued Ly a high conductive epoxy. All thermocouples are connected to a digital
lemperalure recorder (16), which has an inaccuracy of £ 0.1°C. Two autotransformers (14) are
used to control the power input to bath main heater and guard heater individually. The power
input to both main and guard heaters are calculated from the vaiues measured by two analogue
ammeters (12). and two analogue voltmeters (13} with an inaccuracy of £ 0.01 A,and £ 0.1 V
respectively. A stabilizer (15) is cannected with the two autotransformers to ensure that the
input power fluctuations during the experiment are negligible. The thermosyphon is fitted to a
vertical holder (4) by a special clamp and can be turned to have different angles of inclination
in a verlical plane. A pointer (2) and a protracter (3) ate used to indicate the inclination angle.

CALCULATION PROCEDURE
In (his research, the overall heat transfer coefficients of the thermosyphon (U), the

convective heat transfer coefficient of both evaporator (hy), and condenser sections (hg),
respectively [12]. are defined as the following:

U = q/{Teave- Teave) = 1/(1/0e + L*/he) )
he= q’r(.r&:\v:— Ta.ave) 2)
he=gq L' (Tame— Teave) . )

The heat transfer coelficients e and he are calculated using Ty ave instead of Tqp as used
in cqualions (2) and (3) because the value of Top is more or less, equal T e 25 in [18] when
L=l

RESULTS AND DISCUSSION

Experimental tuns are performed 1o study the effect of heat transfer rate Q. filling
percentage V'(volume of (he working fluid o the evaporalor volume), and the inclination
angle 0. an (he perfarmance ol low lemperature two-phase closed thermosyphon.
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Temperatare Distribution along the Thermosyphon

Figure .3 shows the temperature distribution along the thermosyphon at a filling
percentage of V" = 50% in a vertical position at different heat transfer rates. It is clear that the
local temperature in the condenser increases with position while in the adiabatic section
decreases with position. The local temperature in the evaporator is nearly uniform. Also, the
local temperature increases with increasing the heat transfer rate for all positions.

Figure 4 shows the temperature distribution along the thermosyphon at a heat transfer
rate of Q = 200W in a verlical position at different filling ratios. 1t is clear that the local
temperature in the condenser increases with position while in the adiabatic section decreases
with pesition. The local temperature in the evaporator is nearly uniform (£3% deviation a
mean value).

Figure 5 shows tiie variation of local lemperature distribution along the thermosyphon
al a heat fransler rate of Q = 200 W, and a filling percentage of 50% and at different
inclination angles. It is clear that the local temperature al sng the evaparator section increases
with lenglh to a certain value and then decreases. The adiabatic section shows that, the local
temperature decreases with the lenpth, meanwhile in the condenser section, the local
temperature increases with  length. It is also seen that the local temperature along the
evaporator section is decreased with the decrease ol the inclination angle. On the other side, in
the condenscr section, the local temperature distribution increases with the decrease of the
inclination angfe, but at the highest point on the condenser, the local temperature decreases
with ihe deciease of inclination angle. While in the adiabatic section, the local temperature is
mgre or less, equal constant with decreasing the inclination angle.

Effect of {lcat Transfer Rate on the Temperature

Figure 6 shows the effect of heat. transfer rate on the average temperature of both
evaporator and condeser at a filling percentage of 50% in a vertical position. It is clear that
witll increasing the heat transfer rate, the average temperature of both evaporator and
condenser increases. Also. the evaporator-condenser average temperature difference increases
will incrensing the heal transfer rate.

Effcct of the Operating Temperature

Figure 7 shows the relation between the overall heat transfer coefficient (U) and
operaling tewperalure (T,,) (which is the saturation temperature corresponding to the
operating pressure) at a [illing percentage of 50%. and the incliration angle 8 = 90°. The
overall heat transfer coelficient varies from 854 to 998.5 W/m’°C for the operating
temnperature between 30.5°C and 36.9°C. The overall heat transfer coefficient increases with
increasing the operating temperature. This is because the boiling heat transfer coefficient
increases with pressure.

Elfect of the Inelination Angle

Figure 8 shows the dependence of (he overall heal Iransfer coefTicient (U) on the
inclination angle () at a filling percentage 50% and different heal teansfer rates. It is clear
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that the overall heat transler coefTicient increases with increasing the inclination angle having
its maximum value of 1104 W/m’C, wlhich corresponds to an inclination angle of 30°
“measured (rom horizontal position” and Q = 300 W. Atinclination anples “greater than
30, the overall heat transfer coefficient decreases. This is because the difference in the
potenlial encrgy between the condenser and the evaporator is largest and the flying-up
distance of the fluid along the tube axis caused by the expansion of the boiling bubbles of the
same energy level becomes smaller. Also, in‘a vertical tube, the film fows downward in axial
direction with an approximately constant film thickness around the circumference but in an
inclined tube, the condensate flows along a curved path to the lower part of the cross-section,
where it accumulates and flows back to the evaporator. For small inclinations (8 { 30°), the
reduction of axial gravity component is minimum (due to the behavior of the sine function)
but the secondary circumferential flow can provide a large relief for the returning liquid film
flow, Even when the topside liquid film is retarded, the liquid can still migrate to the
underside via the secondary circumferential low, which makes the underside film thickness
{cerrespendinply the gravitational force) large enough to overcome the shear forces. Also as
the thermosyphon is tilted, the flooding limil at first increased due to the effect of secondary
citcumferential liquid flow. However, for large inclinations, the reduction of axial gravity
component is significant and the fooding limit steeply dreps. Also, the overall heat transfer
coellicient increases with increasing the heat transfer rate. This is because with increasing
heat Mux, more bubbles generate and flying-up to the surface where it is converted to vapor.
The growth and movement of these bubbles tends to increase the overall heat transfer
coelficient,

Effect of the Filling Ratio

Figure 9 shows the variation of the overall heat transfer coefficient (U) with the filling
percentage (V') at an inclination angle 8 = 30°“optimum inclination angle”, and different heat
transfer rates. It is obvious that the overall heat transfer coefficient increases with increasing
the flling ratio and reaches a maximum value of 1104 W/m.°C which corresponds to Q =
300 W at a flling percentage of 50% alter which it begins to decrease again. Alse, the overall
heat transler coefMicient increases with increasing the heat transfer rate.

Corrclating the Experimental Data

The present experimental data (108 points) are correlated in a dimensionless form, to
represent the overall heat transfer coefficient ratio (U/Ugp) as a function of Kutateladze
number (Ku) which represents ratio of the heat (lux to the critical heat (lux, filling ratio (v,
inclination angle (0), and reduced pressure (P/P). By the mathematical statistical analysis
method (least square methed), the present experimental data are correlated as:

[1.01 Z(KU)_ ﬂ.UlS(V-r }0.009 (Sin 0y 0.099 (P;Pcr)n-o?l] , for V+>Vgpt

_ 4)
90 | [1.004(Ku)- 0-033(\/+)-0.021 (gin o)~ 0. 101(P/P r)tll&','}, for V+5V;pl
C

Clc.

Where 2526.3< $7578.8. 0.3< V'£1.0, 22.5°< 0<90°, and 0.23<P/P, 0.3
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Figures 10 and 11 show the deviation between present experimental data and the
present correlation when V>V’ and V*'<V'y,, respectively. The maximum deviation
between the present experimental data and the present correlation is * 4.5% and + 5%
respectively. !

CONCLUSION

Study of the heat transfer performance of a two-phase closed thermosyphon tube with R22
as a working fluid is presented. This study is concerned to investigate the effect of heat
transfer rate, filling percentage, and angle of inclination. The main results can be summarized
as follows:

o Increasing heat transfer rate, the thermosyphon wall temperatures, the operating temperature,
and the evaporator-condenser tempesature difference increase.

o Increasing operating temperature, the overail heat transfer coefficient increases.

o The optimnum-filling percentage is found to be 50%,

« The maximum performance is obtained at an inclination angle . £ 30°,

o The obtained correlation is a helpful tool for studving closed type of thermosyphons.

NOMENCLATURE Subseripts

d diameter, m a adiabatic

g gravitational acceleration, m/s” ave  average

h convective heat transfer coeff., W/m’C c condenser

hp  latent heat of evaporation, J/kg cr critical

k tliermal conductivity, W/mC e evaporator

L length, m eff  effective ,
L length ratio = L¢/L. i inside

P pressure, bar | liquid

q heat flux, W/m? op aperating

Q licat transfer rate, W opt  optimum

T temperature, °C v vapor

u overall heat transfer coeff., W/m?.°C 20 vertical position
V*  [illing percentage

Dimensionless Groups

Greck Symbols Ku  Kutateladze number

g inclination dngle, degree =(Q/ndilL.)/ {hfg[o'gpvz(pl— o)l IM}
p density, kg/m’

o surface tension, N/m
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