EXPERIMENTAL RESULTS FOR A SINGLE HEAT PIPE

AND DISCUSSIONS

In this chapter, paracteristics of the heat

pipes which contain F peras working fluid are

——

presented and discussed gking fluid, the effects

of fill ratio, hot and ination angle of the
pipe and temperature dg will be investigated
experimentally. Then ¢t will be presented as
well as compared with h e investigators.
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Table 5.1 The experimental conditions investigated

Parameters Range

Working Fluid Freon-113, Freon-22

Fill Ratio, %

9.3, 18.5, 30 for Freon-113,
(respect to total W _ v o 30 for Freon-22
Reynolds Number of GammEESSd | 00

Reynolds Number of “ﬁ \
Tilt Angle, degree
Temperature Differcg 4

(between hot and coj

5.2 Effect of Fill Ratio on ==
e i

In the prefdy ; 5 fluids have been
used, that is, Fresud

touch on each type. E ¥

From thg, tﬂ‘ti Mf eat pipe, the circulation
of the mrkingﬂm s ﬁﬂ £ ' E]:lﬁiation. A maximum
posaihleqi i i m t,ai . i "ﬂE]t transport
napm:it?; qﬂjﬁﬁﬂjﬁt ﬂﬁ:h ﬁmtl\a uid depends

on the physical properties of the working fluid and the tube geometry

M ding discussion will

and the operating conditions such as tilt angle. When a large
quantity of the working fluid is used, the two-phase mixture which
forms by pool boiling will overflow into the condensing section,
leading to a reduction in the condensation heat transfer area. On the

other hand, if the liquid £ill charge is too small, some of the heated
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evaporation surface may be dry. This adversely affects the
evaporation heat transfer coefficient. The optimum amount of the
working fluid is thus the amount that suffices to wet all the
evaporation surface and form a small liquid supply pool at the end of
the evaporation section.

The term "fill ratio" Jjjpis study is defined as the

percentage of the working fW : _ ared to the total heat pipe

inside volume. In order Sty te —;-t-a- the f£ill ratio, 6 heat
pipes have been const c | N Thee IS¢ Freon-113 as working
fluid, and the rest Fre |

In the case ofy an optimum amount of
Freon-113 the heat Dipgf JF e R ERIN fill ratio of 4.9%,

%

9.3%, 18.5% and 30% with respect to the

evaporator volume). The fcted at a tilt angle of

50 degrees with the hot and emeratures being 35 and 30,

ﬂx;r"
e

respectively. The s ».1-5.3. Figure 5.1

- -

shows the average “5‘-'" AX J average temperature

difference observed ' t'lmen it =+ surfaces ,.,- the evaporator and
condenser at e (ﬁ‘ t the@#ill ratio of 9.3, 18.5 and 30%,
the heat rata@ﬁeﬂ i]ﬂlnj flnjm, the observed
temperat W“f %ﬁjlﬂ ﬂo tﬁ ﬁ’ arge should
be arnundq‘:) +3%18% ﬁaﬁ f] ﬁ]g]ﬁ ﬁ

To comfirm the above analysis, the ratio of the effective
thermal conductivity of the heat pipe to that of an equal-size copper
rod (386 W/m°C) is plotted against the Reynolds number of the hot and
cold water in Figures 5.2 and 5.3, respectively. It can be seen in
Figure 5.2 that the heat pipe with 9.3% £ill ratio has the highest

effective thermal conductivity ratio (about 600-860 times of copper).
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Figure 5.3 Ratio of effective thermal conductivity versus Reynolds
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Although the effective thermal conductivity at the f£ill ratio of 4.9%
is also high in Figure 5.3 but the results are not so good in the
other cases. Thus it can be concluded that the optimum fill for Freon-
113 is in the range of 9.3-18.5%. The conclusion indicates that at a

large fill ratio, most of the evaporator is covered by the liquid pool

The depth of the pool
also tends to SUDPreSSmss LMH: 1} e - ¥v he otherhand, when the
fill ratio is suitable, i hid e iace 1s mostly covered by a
thin film. So the do o Fhakid “axmevapuratur may change

from thick film evapoy Maporation and nucleate

beiling in the supply 1y e liquid fill is too

small, part of the evipoygf: )p}'“"- . out leading to reduced
heat transfer.

In the case of Freole wo fill ratios, 16.4 and 30%
b

have been investigiWpd g, Figure 5.4. Figure

5.4 reveals that th “l

-q

RCluitable than 16.4%,

'f-- the case or Freon-1181 Althuogh the latent

::::;:*z:::zaﬁ ok (1) in)i AN
o e TN ST TV

5.3 Effect of the Inclination Angle of the Heat Pipe

The results of the experiments for the case of the Freon-113
heat pipe are shown in Figures 5.5-5.7. The experiments were
conducted on the heat pipe with fill ratio of 30% and at 30 °C and 25
Oc of hot and cold water temperatures. In Figure 5.5 the heat

transfer rate is plotted against the temperature difference between
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Figure 5.5 Heat rate versus temperature difference between the

evaporator and condenser surface at various tilt angle
o
(£il1l ratio 30%, T -T = 35-25 C).
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the hot and cold surfaces at each tilt angle. The results show that
the heat pipe which inclines at 50 degree from the horizontal can
transfer more heat than at the other angles. Figure 5.6, a plot of the
effective thermal conductivity ratio versus the hot Reynolds number,

shows the same result. That is a tilt angle of 50 degrees gives the

function of the tilt ang e =igufe & e effective conductivity
of the heat pipe ing " _ A 2 e increases up to 50
degrees. Further ing instead reduce the

geffective thermal cog¥ il E % angle, some of the

working fluid may overgicyf: o % S MSection resulting in a

reduction of heat pipe . tf?‘i?f'¢ FoRl&Eate of the thermosyphon

or wickless heat pipe gieyfiE. i = . the evaporator by the

gravity force. When the pip: :ﬂ'*giﬁﬁg he vertical force acting on

-y angle with respect

cimate return force will

the condensate w11

to the horizontal.

dF

increase as the tilt aﬁgle increases. Thus the heat transfer rate is

controlled naﬂum%ﬂwﬁﬂmmur than in the

condenser.

SR RIATAUHRITRUAFE 2o

the wettln% of the evaporator surface covers less area and a deep pool
is formed at the end of the evaporator. All these hamper heat transfer
rate in the evaporator, even if the condensed liquid is promptly
returned.

Besides the gravity force, the shear force resulting from the
counter flow of the vapor and liquid inside the thermosyphon also has

an effect on the condensate flow. In a properly inclined tube, the
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vapor tends to flow along the upper side of the tube while the liquid
is collected at the lower side, thus reducing the interface acted upon
by the shear forces, and liquid return is not hampered.

For the case of Freon-22, the results are shown in Figures

5.8-5.9, The trends are similar to those of Freon-113. It can be

concluded that the optimum i , both types of heat pipes is

about 50 degrees from t h‘f;;;

5.4 Effect of Flow &

For the ca r_;f ; 128 . . and the effect of the
water flow rates on ‘é :-"‘.= . ) » pipes, the effective
thermal conductivity V. . hy A\ he hot Reynolds number
and cold Reynolds numb A res 5.10 and 5.11. In
Figure 5.10, as the hof Mncreases, the effective

thermal conductivity decrgafss ound Rey = 2,300. Above and

A

implies that the trrjrl Jiff may be the cause. In

L L

below Reh = 2,300 ‘;f;;;;;;::iég___“":z;;;_..__.;., most constant. This

the case of incraaslgg cold Refna s number (Figure 5.11), the

ettective nfif 18 D PR %W’%ﬂ A constant, excpt

for a few dataqknlnts at Reh ‘hove 31, 50 . Again the hange in flow
resine f0) ] hY7 1 REY NW]’J‘/]EJ’]G 4

Figures 5.12-5.13 show that an increase in either the hot and
cold Reynolds number does not affect the percentage of the external or
outer film resistances compared to the total resistance. It can be
seen that the share of the heat pipe internal resistances is much
larger than that of the outer film resistances. This means the
internal mechanism of the heat pipe plays an important role here.

Figures 5.14-5.18 shuﬁ the effect of the Reynolds numbers on both the
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total and internal heat pipe resistances. We see that as the hot
Reynolds number increases, the total and internal heat pipe
resistances as well as the external resistances increase in such a
manner that keeps the share of the outer film resistances as well as

the internal resistances more or less constant.

change much. Thus it ‘he heat pipe is working

properly. The reason sinternal resistances is
an optimum. When the
hot Reynolds number i A s ‘“w WA enters the transition
region, thus adversel; | resistances. This in
turn causes the internﬁ, e to the changes in the
surface temperatures.

The results for Fre plar to those of Freon-113, as

2RI T
can be seen in FigirAaiSe . 4

(7 Y]
5.5 Effect of Tempeiiture Difference Across th¥ Heat Pipe

Three ﬂ ﬁ‘ ahwgw%JWﬁWﬂﬁtere investigated

to see their efiflects. For a temperature difference of 2G°C, the hot

e AT T AN AT

c; 35°Q versus 25°C is used for a temperature difference of 10°C

either 35 °C versus 30°C or 30°C versus 25°C is used for a temperature
difference of 5°C. The results for Freon-113 are shown in Figures
5.21-5.23. Figure 5.21 shows the effect of temperature difference on
the observed heat rate. Though the temperature difference of 20°¢C
generally gives a higher heat rate than those of 10°C and 5°C, the

trend is less clear when temperature differences of 5°C and 10 °C are
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compared. In any case it is clear that the heat transfer rate does not
increase linearly to the temperature driving force, but varies with
AT? where a is less than unity. Figures 5.22 and 5.23 clearly show
that in terms of effective conductivity the temperature difference of

5 °C is best since q 4 AT? and a ¢ 1. .

As shown in Figures Ou. 4 similar results are obtained

for Freon-22.

5.6 Surface Temperatunrs “be Heat Pipe

Surface tempe Sobhe heat pipe length is

shown in Figures 5.27, and in Figures
5.33-5.35 for the ca San be seen that the
temperature distrihﬁt,} ratios has the same
characteristics. For Freg ion is more uniform than

that of Freon-22, which is mesmossof g Within each section.

]
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-

5.7 Comparison witls, .
J l! ¥
Table 5.2 colfipares the optimum condi®™ons obtained in the
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Table 5.2 Comparison of the present results with published results

Dimension Working Fluid Optimum Fill Optimum Tilt

Copper tube Water 25-60% of 20-40 ©
I.D. 13 mm. vaporator from horizontal

Length 33 cm.

Thickness 1 mm.

(18)

Steel tube 40-45 ©
I.D. 4 cm. from vertical
Length 2 m. 45-50 ©

Thickness 2 mm. from horizontal

(45)

o - = ———

Aluminum alloy tb?;: ) y 30 ©
TR

(axially grooved)

2= f U NENTNYING

RN T NNINGA Y

from horizontal

Carbon steel tube Methanol 3% of 40-60 °
I.D. 12 om. total volume from horizontal
Length 2 m.

Thickness 2 mm. (20)




Table 5.2 (cont.)
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Comparison of the present results with published

results

Dimension Working Fluid Optimum Fill Optimum Tilt
Brass tube 40 °

0.D. 32 mm. from horizontal
Length 2 m.

Thickness 2 mm.

(20)

o e e o

Stainless steel tub

{axially grooved)
0.D. 25.5 mnm.
Length 42.5 cm.

(21)

Steel pipe

12-18 °©

from horizontal

Water 18-22 ™ -

o FIUEI’J‘VI’EWI‘?W?J*ITI‘T

Length 21 ft

ann

- ammmmumwmaﬂ

The present study

Freon-113 9.3-18.5 % of 50 ©
total volume from horizontal
Freon-22 30 % of 50 ©

total volume from horizontal
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It can be seen from Table 5.2 that the optimum tilt angle
obtained in the present study is 50 © from the horizontal while most
of those reported by other investigators are in the range of 40-60 <
except for the sta:i.nlless steel heat pipe with water as working fluid.

It can be said that the optimum tilt angle in the present study

agrees well with other publishgs

In the case of ‘ gof Freon-113, the present
results also agree withe — ith water, Freon-113 and
methanol as working £11 Freon-22, the optimum
fill ratio is rather _gfcs 4 & Bnthe required amount of
working fluid not onlgFd @ gr Wi, properties of working
fluid but also depen '3.1 and the operating
conditions. To ﬁEEign'E Faa ,qu Rhin other conditions, the
optimum £ill ratio should e, ‘ She experiments.

5.8 Heat Transfer|COnESlStlORSuTOENERENE
in‘, ?
m -

a. Inside Evapo™tor Section

The he - i U W ator section are
surface qvapnrﬂﬂﬁiﬂ%ﬂ?&nﬂmnl iling. In the present
v = /s
o QRTINS NA T e =™

boiling s§ould have an important role. The correlations obtained in

y J ngle Heat Pipe
i

i

this study are in the form of Rohsenow's pool boiling correlations as
shown below:
ColTyni~Ts) = Cgp [O/A [ 40¢ . (5.1)

A prs BA [ glp-py)
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Here the constant cﬁt and exponent r have been obtained by the
(logarithmic) least square method.
. For Freon-113 (tilt angle 50 degrees, fill ratio 30 %) (see
Figure 5.36)

7.021x1073

Cof

r 0.962

For Freon-22 PE£ill ratio 16.4 %) (see

Figure 5.37)

csf

r

section. In the N AcSRENSEUGVENIGHES fijide surface of the
copper tube is spirfWE} f; nns have to be found.

Applying the least ?- i Experimental data, the

fuu“m:u:m:rﬁawﬂqlt angle ?ﬂgrﬂeﬂ f:.E ratm 30%) (see
s ARAIN TN INGINY

hie = 1.705x107% |gp(p-p )ax’| 0-744

M A(Tg=Tyei) Ly
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BOILING CORRELATION
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Figure 5.36 Heat transfer correlation of evaporator section for

case of Freon-113 (tilt angle = 50 degrees,

30%).
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BOILING CORRELATION
FREON22 g o

0.001

LELELEL S

0.0001
0.01

ﬂuEJ’JVIEH% Iik]

¢ Ap gi - p ]

QW?ﬁ\iﬂ‘imllW]’mEﬂﬁﬂ

Figure 5.37 Heat transfer correlation of evaporator section for the

case of Freon-27 (tilt angle = 50 degrees, fill ratio

16.47%).
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CONDENSATION CORRELATION
FREON-113

10““ k ¢ 1 1 1 1 L1 L
1.000E+12 T 1.000E+1& 1.000E+14

AUL INENTNYIANS

IR TUNRTIVIN AT

Figure 5.38 Heat transfer correlation of condenser section for the

case of Freon-113 (tilt angle = 50 degrees, fill ratio

30%).
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For Freon-22 (tilt angle 50 degrees, fill ratio 30%) (see
Figure 5.39)
kj 0.558

hye, = 5.331x107% [ gp (p-p)n

.fu' l:TS Hﬂlj L]J.

coefficients are quite SWeoemena inside the jacket

is very complex. Sig r ‘ : i }T” ps are available, the

correlations have to 4 Bhperimental results as

follows.

For Evapuratof
(5.4)

For Condensef=f

"l uﬁ’?ﬂﬂﬁﬁw BIne =
ﬁW“fﬂ'ﬂﬁﬁfﬁW BT

compared Wth the experimental data in the following section.

5.9 Comparison with the Experimental Results

The thermal resistance in each section of the heat pipe has
been calculated using the correlations mentioned previously. The
calculated results are listed in Appendix E. Comparison of the

calculations with the experimental results are shown in Figures 5.42-
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CONDENSATION CORRELATION
FREON—
= 10000 |
1000 T
1.000E+12 1.000E+14
ﬂ 12 El M El 1 5%1&13@5

QW"lﬁQﬂ‘imﬁJWYJVIEJ'IﬁEJ

Figure 5.39 Heat transfer correlation of condenser section for the
case of Freon-22 (tilt angle = 50 degrees, fill ratio of

16.4%).
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$:52.

It can be seen that the predicted results agree quite well
with the experiments, except for the outer film resistances (R; and
Ry) on both sides. As seen from Figures 5.43 and 5.44 the calculated

values of Ry and R4 tend to be overestimated when the Reynolds number

number 1s large. The d;: \Il) 7 riments are too widely
pemeiieynolds number used in
the experiment falls aci . ® 1 'H'Ef" %ﬂansitinn flow regions.
l cition region is highly
unstable and unpredict, '; ' \  = Ye gupanying heat transfer

rate.

AULINENINEINg
ARIANTAUNNIINGIAY
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with the experimental value for the case of Freon-113

L 1 1 L

1

(tilt angle = 50 degrees, fill ratio 30%).
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F:T.gu e 5.43 Comparison of the calculated internal thermal resistance
with the experimental value for the case of Freon-113

(tilt angle = 50 degrees, fill ratio 30%).
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U FREON—113
jEET 0.01 E ’
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0.001 ﬂUﬂ?VWﬂaﬁﬂqﬂi 0.1
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the evaporator section with the experimental wvalue for

the case of Freon-113 (tilt angle = 50 degrees,

ratio 30%).

fill
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the condenser section with the experimental value for the
case of Freon-113 (tilt angle = 50 degrees, fill ratio

30%).
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water with the experimental value for the case of Freon-

113 (tilt angle = 50 degrees, fill ratio 30%).
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Figure 5.47 Comparison of the calculated bulk temperature of cold

water with the experimental value for the case of Freon-

113 (tile angle = 50 degrees, fill ratio -3ﬂi).
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Figur§@ 5.48 Comparison the calculated total thermal resistance
with the experimental value for the case of Freon-22

(tilt angle = 50 degrees, fill ratio 16.47%).
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Figure 5.49 Comparison of the calculated internal thermal resistance
with the experimental value for the case of Freon-22

(tilt angle = 50 degrees, fill ratio 16.4%).
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the evaporator section with the experimental wvalue for

the case of Freon-22 (tilt angle = 50 degrees, fill ratio

16.4%).



0.1 ¢

FREON—22

0.001

o ﬂﬂ%lmtlm(y;ﬁ’m‘i
s QRARNTIANTIN B T -

the condenser section with the experimental value for the

case of Freon-22 (tilt angle = 50 degrees, fill ratio

16.4%).
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water with the experimental value far the case of Freon-22

(tilt angle = 50 degrees, fill ratio 16.4%).
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water with the experimental wvalue for the case of Freon-22

(tilt angle = 50 degrees, fill ratio 16.4%).
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