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I 1976 Bézrudn?i* M.K. and Beioivan, A.I. (4) studied the
dependence of maximum heat transfer capacity on the tube diameter,
heated length, operating pressure, amount and physical properties of
the heat carrier, and condenser size. Water, Ethanol and Freon-12 were
used as the working fluids.

Bezrodnyi, M.K., Fainzil'berg, S.N. and Beloivan, A.I.,(5)

also studied the maximum heat transfer of two-phase closed



thermosyphons to explore their utilization in the evaporation-cooling
systems of blast furnaces. The experimental apparatus had devices for
applying heat and for cooling the condenser with flowing water.
Chemically pure water ﬁas used in the tests. The relation of maximum

heat flow density to the pressure for various lengths of pipe with 20

it being filled with liguid,

éded significantly on the

dependent of the heating

mm. inner diameter and to the
indicated that the maximg
pressure in the thermosymm
zone length. According g | PSsethe average thickness of
the liquid film washi be siphon was about 0.5
mm. With the level oy 1atian to the heating
zone, the maximum heat
Bezrodnyi, H.!{:. (6) also carried out

experiments to clarify ¢ MM 1ing heat transfer in

thermosiphons having dlffe"'— = ical, physical and reginme

(™ £ experimentally to

correspond to the % '3 ‘[1- aximum heat flux no

parameters. The

[l
longer depended on tne heat carrier amount. Th®fsiphons were built of

stainless ste assing electric
current directﬁ uaugﬁhe :E! wam fl ments with Freon-
11 at 1q not depend
on the th§rmosiphon qeoﬂmdlam amen:ll dﬁtm- heating

section) or the degree of filling. For the conditions of nondeveloped

boiling, the data could be correlated using Nu = 1.14 Ra” 3

., Where Nu
and Ra are the Nusselt and Rayleigh numbers, respectively. The data
for the deﬁeluped boiling region were given as a plot that indicated a

certain intensification of the heat transfer compared to the

corresponding value for boiling in a large volume.



In 1976 Gorbis, Z.R. and Savchenkore, G.A., (7) investigated
the heat transfer performance of low temperature two-phase closed
thermosyphon. Their thermosyphons were 5, 9, 10, 14 and 22 mm. in
inside diameter, all 500 mm. long. The cooled lengths were 150, 200

and 250 mm. Water, Ethanol, Freon-113 and perfluorodibutyl ether were

the working fluids. The filliRflgaction (2.9-60 %), inclination
effect (4-90°) and noncongdeis . éon (0.6-100 %) were varied

‘ specific heat load were
constant. The results thick-wall cylinder
methed. Their data owved that boundary
conditions affect hg two phase closed
thermosiphons. Condensftigh e ‘ e IR N E\the cooling zone of the

thermosiphon obeyed the length of the

noncondensable gas reglion@as
In 1977 Bezrodnyi, M Xe— D.V. (8) studied the

boiling heat transf¥ ) ig. The experiments

with sufficient chuudy e characteristics of

[
heat transfer, that %¢ underdeveloped and devesoped boiling. Visual

observations ‘ﬁ : fﬂ v, d that in the
underdeveloped ﬂxﬂre iﬂEMi m ﬂh es turbulized the
region nqr lmdj' i ‘ ‘ ﬁmﬁ atiﬂlaca due to
the evapnqﬁﬂﬁhe sup ZEAJT ]mu:l rom e near-to-wall laver

(the vapor bubbles moving upward became large and became vapor
missiles of considerable size). In the developed boiling region,
vapor bubles were formed immediately in a superheated near-to-wall
layer over the whole heating surface, the heat transfer intensity
being affected by the turbulizing effects of the bubbles on the

liquid.



In 1978 Semena, M.G. and Kiselev, Yu.F., (9) examined heat
transfer of Cu-thermosiphons with inside diameters 6-24 mm., and
filled with 2-50 % of Freon-11, Freon-113, Freon-142 and ethanol as
the working fluid. The heat flux density was tD.3-4D1x103 Hfmz. Air

and water cooling were used in the experiment. The inclination angle

ion of the calculated data from
9 % for inclination angles
15-90° and 5-15° respeocumms = Theghes madcr processes in the heat
supply zone was also =tya® 7 ','EH'_ gace of the heat transfer
coefficient on the heag £ ; \ 8, cooling conditions and
saturation pressure Ws: £ 8] == \ %7 ifer ¢nefticien£ is not
affected by the length iﬁand the bed height, but

by the inside diameter. K‘w\ hhis studies were carried

. 9
out with heat flux (0.1f '9, 2 \ egree of filling of heat
' i

input zone 1-40%, the data art———==
e
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in the boiling regime
where Nu = Nusselt number, Re = Reynolds number, Pr = Prandtl number,
Pe = Peclet number, 1 = heat-input-zone length, d = diameter, Kp = the
pressure number.

In 1978 Kamotani, Yasuhiro (10) studied theoretically the

performance of a gravity assisted heat pipe operated at small tilt
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angles, including the vapor-shear effect. The vapor shear created a
backflow region at the surface of the puddle and, thereby, degraded
the pipe performance. The performance of the pipe was strongly
affected when the fluid charge exceeded a certain amount; the pipe

operation became unstable at a relatively small heat transport.

In 1979 Feldman, K., , and Munje, S. {(11) carried

out experiments on gravidy pipes with and without

circumferential groovosss ere 91.4 cm. long with

with 40 grooves/cm., the

1.27 cm. outside diametcs Y

maximum thermal conducg anY/degree, and the heat

transfer coefficients g ‘ ndenser vere 4,700 and

11,992 W/m’-degree pipe without grooves,

the thermal conductaiice ¢ respective evaporator

and condenser heat-transigh %e 1,000 and 1,500 sz K.

In 1979 Imura, H. 3 2) studied the heat transfer

in a closed ther-' 7ater as the working

fluid. The heat "'d heating zone was

independent of the wflume ratio (V of liquics®ube and of the length

ratio of heat ‘ﬂm m ‘.] the heat-transfer
coefficient dﬂeg m? ﬂ n at ‘F+ > 0.25, the
liquid qw ﬂ iﬂw red.

80 Bezr I‘Il, ml., ﬁpl 1. m 1ga.teu:l the

maximum heat transfer of a thermosyphon using various heat carriers.
The maximum heat flux at a given pressure depended on the vapor
velocity in the adiabatic zone and the type of heat carrier, but was
independent of the thermosiphon dimensions. The dependence of the
eritical heat flux on pressure was analogous to that of the eritical

heat flux during boiling in large liquid volumes.
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In 1980 Andros, F.E. (3) studied the heat transfer
characteristics of thermosyphon using Freon-113, ethanol and water as
the working fluid. Visual observations were used to interprete the
heat transfer characteristics as determined from temperature and

pressure measurements for various liquid fill gquantities, heat rates,

condenser temperatures and L4 g oled length ratios. The flow of

condensate and dry-out : hservad. He found that

condenser heat transf 1qu1d fill charge. The

accepted condensation ; Y 15‘ th Nusselt's theory.
f 2y __

Evaporator results wey r, - pool boiling for
various quantity and gy .

In 1980 Harads ) 4} studied the heat
transfer of large th’er:k:‘ heat exchanger for a
blast furnace. Their 1f g -l : bide diameter of 50.8 mm.
and length of & m. The 3 esults showed that a slight
“ithe heat-transfer

characteristics. 'V;, -'»h nt was 25-30%. The

inclination from |

evaporative heat tra fer coefficient was nof™much affected by the

) ﬁiﬁﬂﬂ (e AL L0 D
e IWTH YRV T e

In 1981 Prenger, F.C., Jr., and Kemme, J.E. (15) studied the
performance limits of gravity assisted heat pipes using volume of the
working fluid and tilt angle as the independent variables. Two limits
were identified : an entrainment limit which results in overheating of
the evaporator wall near its midpoint and a pressure drop limit

resulting in overheating at the base of the evaporator. The former is
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a function of the vapor flow characteristics and was observed to be
independent of the liquid volume and tilt angle, whereas the latter is
related to both the tilt angle and the liquid inventory in the heat
pipe.

In 1982 Bilegan, I.C. and Fetcu, D. (16) investigated the heat

transfer characteristics of sisted aluminum extruded heat

heat recovery systelds

In 1982 La the heat transfer

performance of { -m\iin an air-to-air

heat recavery.QWEg!,plpe Has ?ﬂle frﬁm a thlck Halled copper tube;

’“ﬂ“iﬁ"’m‘ﬂ‘ﬂ‘im'ﬁ‘[ﬁ“ Ty - ™
5 m., jzlm

internal &imensions were: length 1 diameter 24 The two
fluid used were water and refrigerant 22 , over a temperature range
from 20°C to 100°C. The tests were conducted by varying the £ill
quantity of the working fluid and heat flux. The heat pipe was
inclined at 5° to the horizontal. Temperature profiles and heat
transfer coefficients were given for heat fluxes from 500 watts to

1,100 watts. The results showed that the condensing coefficient
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decreased as the fluid temperature and heat flux increased, while the
evaporating coefficient increased as heat flux and fluid temperature
increased. The fill quantity did not have a significant effect on the
heat transfer performance. The grooved surface improve the overall

heat transfer. In the case of refrigerant 22, grooved surface gave

better overall heat transfer k& while water was superior at
temperatures above 50°C.

Negishi, K. aireeeses : s died the interactive

thermosyphon. mm. standard copper

tube. The tube was 30040 SR AR W, on. I.D., with a wall

\

concerned with the heat Fans———= silbf this device, two glass

thickness of 1 mm. In "‘».,_- detailed phenomena

windows were fitted at hot_];l,

o

J—w the;mnsyphnn. In addition, a

_Q was prepared. Two

Ir‘

jackets were set ol _'.-- =, heating jacket for

glass thermosyphof.4

the evaporator and ®he other as cooling jac®t for the condenser.
Distilled wat EF%WB %’w ! fluid. The mean
temperature nfq:gunq water waﬂept aﬁjﬂﬁe heating water
e R AT TN TR B
evaporatof]) of the working fluid was vari:;mnn E:T:ﬁ. e angle of
the thermosyphon was in the range between 90° and -10° from the
horizontal. The overall heat transfer coefficient was found to vary
from 2.4 x 103 H!nz.x to 3.0 x 103 sz.lt in the case of water and
from 0.9 x 10° W/m?.K and 1.1 x 10° W/m?.K for ethanol. To obtain a

high heat transfer rate, the fill ratio should be between 25 and 60 %

for water and between 40 and 75 % for ethanol. Also the inclination
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angle should be between 20° and 40° for water, and more than 5° for
ethanol.

In 1983 Gross U.(19) studied the heat transfer in the heating
zone and cooling zone of a closed thermosiphon tube. Refrigerant R115

was used as working fluid. Fluid pressure, heat flow rate and

inclination angle of the . ied. The £ill quantity of £luid

was varied so that the &% I ¢ volume was obtained. 1In

-d

subcritical states themeswes- NOils p the heating zone and
condensation in the cocls -/« . Rd. on the pressure, there

were 3 regimes of boi 40 / i ag, nucleate boiling in

a transition region, tilt, large heat flow
rates, and high press for a large heat

£

transfer coefficient; ‘ omote transition to film

boiling. In the thermosji Wlaminar and turbulent film
condensation, respectlvelr- =t heat transfer coefficients

Friall heat flow rates,

.

were obtained in the)

with inclination ‘V ssures, caused by a

growing disturbance * smooth film surface wi%h increasing pressure.

In the super ﬁ 5 hy single-phase
natural ccnve:a:pﬂ ﬂﬂ?ﬂ rﬁH)jl s were largest near
crltlcaqm ﬁww ﬁ’ﬂ and large
inclinatign angles thnmmuhan subcritical omes.

Fetcu, D. (20) performed experimental investigations to find
the optimum heat pipe orientation and fluid inventory in the case of
using methanol and acetone as working fluid. He found that the maximum
heat transfer rate was obtained at the inclination angle (with respect

to horizontal) between 40 - 60° for methanol and about 40° for

acetone. The optimum £ill ratio (compared with total volume) for the
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methanol heat pipe was about 0.03 for temperature differences less
than 50°C and 0.09 for greater temperature differences. In the case of
acetone heat pipe the optimum fill ratio was 0.12 for low temperature
difference and 0.09 for high temperature difference. From these

experimental results, some fairly large heat pipes were constructed

and tested for use in the manld of heat exchangers. The heat
pipes were tested in liqug P 2uid or gas-gas syétens. The
results show that thess : }
employed in the manufaci

Singh, G. an A7 F S B \ Reerimentally studied the
heat transport capaby . . Seel gravity-assisted
axially grooved heat pj Mg fluid. The experiments
were performed on the' Jads N - .in diameter heat pipe
using the heat inmput to r  -7 tia8 inclination angle and the
mass of the working Eluid:_ acters. The heat pipe offered

maximum heat tran i3

\Z

'lues of 60 W while
Y]

operating at 18° . and at 12° with n

= 5 mg.

[l |

Feldm ﬂ ‘ﬁﬂ 1 %{’Wﬂ ﬁ investigated the
influence of :.ﬂ a:qg!;, iquiﬂﬂ charge n operating temperature
on the axm ﬁ F mhﬂ Elﬁ a‘gﬁd out on a
21 ft lonq, 3/4 i@: 1HMarmusr1n.

They concluded that the optimum liquid fill was in the range
of 18 to 22 percent of the thermosyphon volume. The heat transfer
performance improved with the increase in operating temperature and
tilt angle. The optimum tilt was not obtained because the tilt angle

was varied only up to 20° from the horizontal. A performance

correlation for the heat transfer limit of the thermosyphon was

016162



16

ohta;ned from the experimental results. The experimental values
deviated less than + 20% from the correlation.

Yaopu, Wen and Shun, Guo (23) studied the heat transfer
performance with emphasis on the effects of heat input and saturated

pressure. The tests were conducted on Cu thermosyphon of three inner

diameters (10, 13, 20 mm.) us acetone and Freon-12 as

working fluid. The therno® 1 m. long. Heat input

—wamiod from 0.5-16 W/mZ,

saturated pressure from . gilt angle from 1° to 90°

supplied by an electr

from the horizontal. increased gradually

while the coolant wasgffia ff i Rt temperature, and to

observe the effect o ¥on the heat transfer

L)

coefficients another cogls W%e examined at the same

conditions. The working igui CEEE he Mbsyphon was about 30% of
the evaporator volume.

From the ejoir gaf"\the heat flux had a

more significant j_'_ef‘_._ fficient than the

saturated pressure amd temperature, the evaporsfion coefficient being

proportional tgm ‘ﬁ _ ﬁ ut the heat flux
was not so imﬁﬂﬂn tﬂﬂmn afi ﬂ:jtnjhe condensation
caetficiﬁt Qﬂ?ﬂiﬁ - 1-1 “w j Ueﬁicient rose
quickly ag H:Ttl t 'angle varied ﬂm\ ? toﬂn aﬂ reached the
maximum in the range of 15°-30° and had the lowest values at 90°.
Empirical correlations for determining the evaporation and
condensation coefficient were presented. The two correlations were in

good agreement with the experimental data for acetone and Freon-12,

but had a significant deviation in the case of water.
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Groll, M. and Spendel, Th. (24) studied the effect of
inclination angle on the maximum performance and effective thermal
conductance of four different types of thermosyphons, i.e., smooth
surface, grooved inner surface, smooth tube with concentric perforated

tube as flow separator, grooved surface with flow separator. The tubes

Finally, they concluded ?ﬁ__ AR vo-phase thermosyphons

In 1983 Tokuwti, Masao and et.al.(25)
shear stress apdfi ‘ﬁ Wﬂ the condenser of
the two-phase @ﬂaﬂne mm ‘n. n a jfl;jad on the Nusselt
theory o 5a i ‘ﬂ ,’» “W ﬂ/ experiments
were caﬂm. tims' sm?hat Emin EJacial shear

stress caused by rising vapor made the condensate film thicker and

#-udied the effects of

that the condensation heat transfer coefficient and heat transfer rate
decreased, though they were larger than analytical results.

In 1983 Suriyashay, €. (26) investigated the fabrication
method of heat pipes in a laboratory. The successfully developed

method was one in which heat pipes were heated by immersion in an oil
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bath kept at 110°. The heat pipes were made of pyrex glass, with inner
diameter of 8 and 10 mm., respectively and approximately 1 ft long.
The wicks were made of 3-layer copper screen (80 mesh) and the working
fluid was distilled water.

To test the performance of these heat pipes, the experiments

were carried out in the anti- e | irection at various angles: 14,
16, 18 and 20 degrees Hi*,i¥, WA ® _norizontal. From the test
results, it was found - : t transfer was of the
capillary action type, 4 ¢ ‘;'ﬁx‘ s;L}ts agreed with their

ge thermal conductivity
of the heat pipes was gficj =T 1k114 degrees and at the

Mbermal conductivity was

Pichiansophon, § (27)

tube with water as ri; BNt re made of 3 layers

4e carried out in the

anti-gravity ﬁ'ﬂ'ﬂ?'ﬁyw {WU;]TT‘E““H from the

horizontal.

NLRLE Y (1015} N
surface wqp agree very wel t the heat

rate is significantly deviated from the experiments. Because the

of brass screen (15(+fnesh). The experiments

equation for calculated the wick resistance is suitable for only the
liquid metal working fluid. To corrected the wick resistance, the n
factor were presented. The new calculated values agreed very well with
the experiments within + 16% error. In addition, they also

investigated the limiting heat transfer on the same type of heat pipe,
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and found that the controlling heat transfer limit was the limit of
the capillary action.

In 1984 Dikii, N.A. and et.al. (28) studied the limiting heat
flux as a function of the size, degree of filling (£€), pressure, and

the type of intermediate heat-transfer agent. The dependence of the

heat flux density on &€, the and the ratio of the internal

/)is presented graphically.
A

ndMse~=powees® heating zone area are
%___-_x g

conderser area to that of
The optimum € and ratbwes
65.75 % and 1.3-1.6, res

In 1985 Gross hetudied the effects of

the working fluid (R12 bar; p/p. = 0.4-1.0)

and the pipe inclinaty® % on the heat transfer

capacity of a wickles SMaverage heat-transfer
i \

coefficient in the evapoj re 'ly on p and not on«, but

it depended on p and « inTe=—+= aser. Favorable operating

conditions are p;‘ A ‘ __ 1m boiling, small

inclination angle ad : ,'..' ‘[: to be expected and

large inclination ang®e with a turbulent condewhate film.

¢ .
In 198 ﬂ]ﬂﬁﬂ W‘i{wg’lﬂﬁ the flow pattern
of the wurkinqql;f id in a glass wickless ‘ea pipe via direct

. : € e Qv
AN TR AR IV i
rate was qtiuat& hrough c asélhcation of the heat-transfer region

on the basis of heat transfer mechanism. The calculated heat-transfer
rates agreed with the experimental data. The heat-transfer resistance
of the wickless heat pipe decreased with inecreasing inclination angle
and the heat transfer rate had a maximum at inclination angle 30-60°.
In 1986 Hlavacka, V. and et.al.(31) presented the heat

transfer characteristics of Freons, ammonia, methanol , ethaneol,
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dimethylketone, water, ethylbenzene, phynylbenzene, and a mixture of
26.5:73.5 diphynyl-diphynyloxide. The heat pipes were positioned at
75-90° to the horizontal plane. Grooves improved the flow
distribution and increased the heat transfer by { 30 %

In 1986 Takuma, Masao and et.al.(32) conducted visual

spdenser and made heat transfer

I’ using a vertical annular

were generated on the

observation of flow patterns g
measurement for heat inp a. :
device with R113 as w ;'
condensate film surface Miilm Reynolds number was
over 20 and condensatig Bgnoted. A theoretical
analysis was presented g4 § interfacial waves and

vapor drag were consiy - very well with

experimental results. ‘ guantity was not large

enough, the two phase b po1ling did not reach the
condenser.

In 1986 Tafil) lyestigated the heat

transfer performan V e heat pipe was made

of pyrex glass, 1 ni‘ in diameter, and 370 mm®™long, using distilled
water as worki j fﬂ design the heat
pipe heat exchﬂﬁ’aﬂ :YEB ﬂ H ’Iﬂ xchanger was also
construc d-] ﬂiﬂ ﬁm QT lues of UA
nhtainedian th:ﬂests Emyﬂ 9" ﬂ heﬁﬂ and the

average heat transfer rates were 3-16 W per heat pipe.

In 1986 Tanthapanichakoon, W. and Komolpamorn, W. (34, 35)
studied the thermal performance of closed-loop type thermosyphons. Two
loop type thermosyphons, one without and one with special packings in
the evaporator section were designed and constructed. Both

thermosyphons were made of pyrex glass. In order to investigated these
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thermosyphons, both transient response test and steady state heat flow
test were carried out. In the transient response test, both
thermosyphons had the fastest response time when their evaporator
sections were placed horizontally, and the conventional thermosyphon
without packings had quicker times because its total mass was less,

and the optimal filled volume iga® i #imately 30% of the evaporator

volume. In steady state i # " _showed that the heat flow
rate and the proportic - e P m—— nvironment was increased
as the heat input incrg ckings were also found
effective in enhancing @nabout 22% when the two
thermosyphons were cong® k& itions. The closed-loop
thermosyphons can tra ‘ i 100% better than the
conventional thermosyph J “a il = B TS al. In particular, the
copper closed-loop the I .—;F_;-# __ arg@ort axial heat at a rate
above 464 watts, and had :;‘“W ®ermal conductivity about 157
times of copper rqdy

In 1987 Fukdd ) ¢ studied the relation

between the flow pterns inside a vertica tharnusyphnn and the
operating lim m m the diameter of
the thermsypﬂuﬂk d E]!ﬂl ﬂf’]ﬁ ‘ilg:.d and the system
pressu asn i amount of
crltlcal¢mgﬁﬂmmﬁly kin EJ‘ ﬂ:yphans with

the height of liquid pool and the bubble rising velocity as variables.
The agreement of the correlation with experimental data was better
than that of R.K. Sakhuja for flooding correlation and that of H.
Inura.

In 1987 Ogushi, T. and Yamanaka, G. (37) studied the effects

of fluid inventory and tilt angle on the capillary pumping limit of
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axial grooved aluminium heat pipe using R-11 as working fluid. A model
predicting the temperature rise in the evaporator and the heat
transfer capacity was developed. The flooding limit and the evaporator
and condenser film coefficients in case of gravity-supported operation

were also investigated and compared with the performance of the closed

ﬂ studied the condensation

=wmgwen#® heat flux (200-3500 W.),

two-phase thermosyphons.
In 1987 Gross, U.
heat transfer of a the

inclination angle (0-80 i reduced pressure (0.4-

0.98). The thermosyphg with 40 mm. diameter

and 765 mm. cooling 1 Mhvas favorable when the

pressure was low, 7i lination large and the

condensate film in lami pressure is high, the

heat flux large, the incl and the condensate film

wavy or turbulent.

In 1987 gxperimentally and

e e -
e
L d
1

theoretically exami™& as working fluid and

he critical heat flux at™%hich dry-out occurred

£ill ratio of 2-40%.

increased franﬁ:ﬂ E] qwm%{w Ej;m Sx 10* w/n? at 40%

£ill ratio.
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