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Abstract

Heat transfer characteristics of a heat exchanger for low temperature waste heat recovery

using oscillating capillary tube heat pipe (OCHP) were evaluated against the charging ratio

variation of working fluid and various working fluids. R-142b, R-22 and R-290 were used as

working fluids. The heat exchanger was composed of heat pipe with capillary tube bundles,

having a 26 mm in outside diameter, .4 mm in inside diameter with 101 m length and 140

turns. Charging ratio of working fluid was 40% and 50%. Water was used as secondary fluid.

Inlet temperature and mass velocity for each secondary fluid were 297 K, 200 K and 9~27

kg/mgs. respectively. From experimental results, it was found that heat transfer performance

of R-22 was higher than those of R-142b and R-290 and it was proportional to Figure of

Merit for thermosyphon. As a result, it was thought that R-22 was the most reasonable

working fluid of waste heat recovery for low temperature waste heat recovery.

Nomenclature

D diameter [m]
H : length [m]
hy © latent heat of evaporation [J/kgl
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. heat transfer rate [W]
. thermal resistance [K/W]
* Reynolds number

. temperature [K]

Greek symbols

¢ figure of Merit

* surface tension [N/m]

* density [kg/m’]

¢ thermal conductivity [W/mK]
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Subscripts

¢ . capillary
¢ ' condensing
¢ | evaporation
{ ! inside
{ ¢ liquid
fot : total
v . vapor
1 : heat Pipe
2 thermosyphon

1. Introduction

The temperature of bath in fish culture
largely influence on the growth rate of fish.
For this reason, in domestic fish farms, water
was supplied to fish farm after water tem-
perature of 7C was risen to 21C using boiler
during winter. Thus, boiler is also operated to
raise water temperature. Like this, expense
used to maintain temperature appropriately is a
main reason of rise of cost price with labor
cost of cultivation,” Therefore, there are many
demands to develop waste heat recovery of
high performance can be applied to conven-
tional fish breeding system for saving fuel ex-
penses. Heat exchanger was used to recover
waste heat as the general form of waste heat

' In waste heat recovery of fish

recovery.”
farm, shell & tube type and plate type heat
exchangers are being used to recover waste
heat. In recent, heat exchanger system apply-—
ing principle of heat pipe is being considered
as a method for recover waste heat effectively.

In heat pipe type heat exchanger, because
additive power source was not needed for the
circulation of primary fluid and secondary fluid
of high and low temperature side flow outside
of tube, pressure drop is low and required pow-
er can be reduced. And, as heat transfer coef-
ficient was high compared with heat transfer
area, miniaturization of heat exchanger is pos-

sible. And, first of all, a large quantity of heat
can be transported with low tem;;)erature[3 o
using heat pipe heat exchanger.

Especially, oscillating capillary tube heat pipe
(OCHP) recently developed can be made flex-
ible and it stand high pressure as well as it
can be made to low cost and short process.
5 6

Therefore, in this study, based on heat trans—
fer performance to evaluate influence of work-
ing fluid and its charging ratio on heat trans-
fer of OCHP heat exchanger, it was intended
to obtain basic data to develop waste heat re-
covery of high performance which can recover
waste heat of low temperature using OCHP.

2. Operation principle and conventional
studies for OCHP

OCHP is a device to transport heat by the
self-excited oscillation of fluid. At this time,
working fluid was not returned to evaporating
part by wick, which was widely used to return
liquid of condensing part to evaporating part in
conventional heat pipe. Its structure was made
up of closed loop of capillary copper tubes
shown in Fig. 1.

Its basic operation was due to irregular cir—
culation and the self-excited oscillation to axial
direction of working fluid and vapor within the
loop. Nucleate boiling was occurred as much
as heat rate given to the heating part. Bubbles
occurred by nucleate boiling were coalesced
and its flow pattern was changed to the slug
flow of vapor and liquid. Slug flow induced

N

Condensing Evaporating
Part Vapor Part

Fig. 1 Basic concept of OCHP.
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oscillation to the axial direction as well as oc-
currence of the pressure wave. Convective heat
transfer and latent heat were occurred owing

to vapor bubbles.®”

. . [CIREB!
Nishio et al.

conducted experiments and
analysis for heat transfer performance to charg-
ing ratio and working fluids in OCHP com-
posed of glass and copper tube when distilled
water, cthanol and R-141b were used as work-
ing fluids. It was reported that heat transfer
performance of QCHP was superior when the
charging ratio was 30~60 (vol.%) and there was
little difference in heat transfer performance to
variation of working fluid. But. the more the
ratio of capillary ascending length to inside
diameter ( D,/H.) of working fluid was large,
the higher heat transfer rate was.

Gi et al
teristics to variation of charging ratio of R-
142b after making OCHP of loop and non-loop
type using teflon tube of inside diameter 2mm

conducted heat transfer charac-

and 4mm and reported that maximum heat
transfer rate was obtained when charging ratio
was 50~60 (vol.2%) in case of loop type and
charging ratio was 30 (vol.%) in case of non-
loop type.

(6)
" conducted heat trans-

In recent, Lee et al.
fer performance when R-141b was used as a
working fluid in OCHP which was composed
of aluminum extruded tube and reported that
heat transfer performance was excellent when

the charging ratio was about 40 (vol.%).
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Fig. 2 Schematic diagram of heat exchanger
for low temperature waste heat recovery.

3. Experimental apparatus and methods

3.1 Experimental apparatus

In Fig. 2, the schematic diagram of waste
heat recovery of low temperature using OCHP
made in this study was represented. The ex-
perimental apparatus was composed of waste
heat recovery, the circulation part of heating
and cooling water to supply heat rate to
evaporating and condensing part, and data
acquisition system. Waste heat recovery was
composed to the serpentine of outside diameter
2.6 mm, inside diameter 14 mm, total length
101 m, and the turn number 140. The length of
heat pipe was 077m and the length of
evaporating and condensing part was 0.38m,
respectively. And, the baffles of each 8 pieces
were installed to evaporating and condensing
part to conduct heat transfer effectively. Heat
exchanger was sufficiently insulated to prevent
from heat loss to outside.

Before charging working fluid within heat
pipe, inside of heat pipe was evacuated to 6.8
% 107" torr. using high vacuum system, which
was connected rotary and diffusion pump in se-
ries. The charging cylinder was used to charge
working fluid properly.

The experimental apparatus was composed of
test section, secondary flow part to supply he-

Test section Data acquisition
section
Cooling Heating
section section

'd ™ 1
o0 °0

Cool water Hot water
bath bath

Fig. 3 Schematic diagram of experimental ap-
paratus.
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ating and cooling water of constant tempera—
ture and flow rate to test section and data ac—
quisition system as shown in Fig. 3. Thermo-
couples of two pieces were installed at the
inlet and outlet of evaporating and condensing
part to measure temperature of secondary flow.
T type thermocouples of 16 pieces were instal-
led on surface of heat exchanger to measure
the surface temperature of tube, each 7 pieces
of which was installed to evaporating and
condensing part and two pieces were installed
to adiabatic part.

Data acquisition system was composed of
Hybrid recorder (DR230, Yokogawa Co.) and
computer to measure temperature needed to un-
derstand heat transfer performance and after
surface temperature of tube outside was stabi-
lized, data was detected with intervals of 2
second for 20 minutes and they was processed
with computer. And, volumetric flow meter
(Dwyer Co.) of float type was used to measure
flow rate of secondary flow.

3.2 Experimental methods

In wate circulation part, heating and cooling
water of constant flow rate were supplied
using flow rate control valve after maintaining
to constant temperature using constant tempe-
rature water bath to supply constant heat rate.
The heating and cooling water of 297 K and
280 K was supplied to the secondary fluid part.
Mass flow rate supplied to condensing and
evaporating part was varied from 2kg/min to
6 kg/min.

In Table 1, the flow rate of secondary flow

supplied to evaporating and condensing part
was converted to mass velocity and Re.

3.3 Figure of Merit of and choice of working
fluid

As the choice of working fluid is very im-—
portant to stable operation both wick type heat
pipe and thermosyphon, it was decided by the
thermo physical properties. Figure of Merit? to
working fluid of wick type heat pipe and ther-
mosyphon can be expressed to equation (1) and
(2), respectively. And, these are used to evalu-
ate the effectiveness of various working fluids
at the specific operation temperature. But until
now, because evaluation index for OCHP was
not established, these kinds of evaluation index
cannot be directly applied to OCHP. But, in
this study, some working fluid was represented
using evaluation index for thermosyphon to un-
derstand thermal characteristics of working fluid.
This is considered that each tubes composing
OCHP is real inter-connected tube and capil-
lary tube thermosyphon of wickless type.

h
0, = —"——f:’d (1)
0.25

(2)

o _[ h/gfllgpzz
g =
Hy

Figure 4 showed the evaluation index when
methanol, acetone, R-22, R-290, R-600, R-600a,
R-141b and R-134a were used as working flu-
ids. Comparing evaluation index of each work-
ing fluid around operation temperature 290K,
the evaluation index of methanol, acetone and

Table 1 Mass velocity and Reynolds number

Flow rate (kg/min) Mass velocity (kg/m’s)

Re No. of heating water

Re No. of cooling water

2 9.04
3 13.56
4 18.09
5 2261
6 27.13

392.7 246.6
589.1 370.0
785.8 4955
982.2 616.9
1178.5 740.2
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R-22 was high, in order. But, since boiling
points are 351 K and 337 K, in case of acetone
and methanol, respectively and it was 305K in
case of R-14lb, it is inappropriate for ap-
plication when inlet temperature of heating
water flow to evaporating part was decided to
297 K. Therefore, considering these points,
thermal characteristics of R-22 were superior
to compared with other refrigerants. This is
the reason that thermal conductivity and
density of liquid phase of R-22 is higher than
those of another fluids although the latent heat
of evaporation of R-22 was smaller than those
of another working fluids used in this studv.
Thus, among the working fluids of boiling
point lower than 297 K, R-22 of high density
of liquid phase, R-290 of large latent heat of
vaporization, and R-142 of large viscosity of
liquid phase were chosen as working fluids in
OCHP and heat transfer performance was eval-
uated to working fluids. At this state, when
the charging ratio of working fluid was 40
(vol.26) and 50 (vol.%6)
ance was excellent from former OCHP re-
searches. Therefore, 40 (vol.%) and 50 (vol.%)

heat transfer perform-

were chosen as the charging ratio of working
fluid and heat transfer was evaluated for each
charging ratio. And, bottom heating mode was
chosen as heating mode in this study.

350 / Methanol
300 - ‘
§ Acet ;’
NE ' >_\
s ™ R22
B
&
9 200}
s
*ﬁ.:_ _— ey R-600
190 Egﬁg ‘#\
100 . " . L .
270 280 300 310 320 330 340
Tempernture x)

Fig. 4 Figure of merit for different working
fluids in thermosyphon.

4. Expenimental results and consideration

4.1 Wall temperature distribution of heat pipe

When the charging ratio was 40 (vol.%) and

50 (vol.%) of R-22, the surface temperature dis-
tribution of axial direction of heat pipe was
represented in Fig. 5(a) and (b} as a function
flow rate of secondary fhud

Generally, as the flow rate of secondary flow
supplied to evaporating and condensing part
was increased, surface temperature at evapora-
ting part was ascended and surface tempera-
ture at the condensing part was descended and
surface temperature at the adiabatic part was
ascended.

40
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— —- Cooling water

Evaporating section
32+

Temperature (°C)

. N L PRI " n n .
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(a) Charging ratio : 40 (vol.%)

40
36 [ —— Heating water
——- Cooling water
32 —o— 9 kg/m s
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e 28t — - 18 kg/m’s
g Evaporating section —o-— 22 kg/m’s
2 u —a - 27 kg/m’s
£ - —
g w E—Te—e—
E 16+ <= Adiabatic section
12} )
8t Condensing section =4

0 70 140 210 280 350 420 490 560 630 706 770
Axial length (mm)

(b) Charging ratio : 50 (vol.%)

Fig. 5 Variation of wall temperature with
mass velocity of secondary fluid.
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4.2 Heat transfer performance evaluation to
working fluids and their charging ratio

When R~-22, R-290, and R-142 were used as
working fluids and their respective charging
ratio was set to 40 (vol.%) and 50 (vol.%), heat
transfer characteristics were represented in Fig.
6 {(a) and (b) as a function of mass velocity of
secondary flow which was supplied to evapo-
rating and condensing parts.

As mass velocity of secondary fluid was
increased, heat transport was also increased in
three refrigerants. The heat transport of R~22
was higher than of those of R-290 and R-142b
in same mass velocity. In heat transfer rate,
there is a little difference in remaining two

1200
1100
1000
500 +
800 -
708 -
600
580 -
400
300 -
100
100

Py 2 T

B 10 12 14 16 18 20 22 24 26 8 30
Mass velocity of secondary fluid (kg/m’s)

Heat transfer rate (W)

_.,“ R-ZZ vol.%
40 vol. %
= R-142 40voL" 3

{a) Charging ratic : 40{vol.%)

B0
100

ol = EB
% Vol
100 + e R-142] 50vol.=}c)

Heat transfer rate (W)
g

8 10 12 14 16 18 ;e 22 13 26 28 30
Mass velocity of secondary fluid (kg/m’s)

(b) Charging ratio : 50 {vol.%)

Fig. 6 Heat transfer rate with mass velocity
of secondary fluid.

kinds of working fluids. This is agreed well
with the results of Figure of Merit above refe-
rred and this suggested that Figure of Merit of
thermosyphon could be applied to OCHP. But,
it was difficult to compare with the ratio of
inside diameter to capillary ascending length of
working fluid proposed by Nishio et al'”
because capillary ascending length of working
fluids used in this study was not measured.

In Fig.
to kinds of working fluid, their charging ratio
and mass velocity of the secondary fluid, which
was supplied to evaporating and condensing
part. Thermal resistance is widely used as an

7, thermal resistance was represented

index to represent heat transfer performance of
heat pipe and it can be expressed to equation
(3). Where, T. and T. are the average surface
temperature of evaporating and condensing part
of heat pipe.

Ry = (T85 Te) (3

As seen in experimental results, thermal re-
sistance of charging ratio 40 {vol.2%4) of work-
ing fluid was lower than that of charging ratio
50 (vol.%). In case of R-22 of high perform-
ance evaluation index, thermal resistance was
much lower than those of other working fluids.
And, it was reconfirmed that heat transfer per-
formance of R-22 was higher than those of

0.030
—u— R-22, 40 {vol%
g R 25h 301.")
005 | | —a— R-mi; ({.,L 3
g J b R29bL 53"«,1 '22
h
soz0 b & R-142 (vel.%e)
" &
- 00t D—-—‘_..._w? ............. n“"“‘*‘“*—i'*/“'::.c
L e .l N
E 2.010 .__,_,.___..._.w—_——.—-.—-o--—-*'—“’"—*-—«——»ﬂ
2
E ooos}
0.000 2

L] 19 I; l; ;6 18 28 22 24 6 28 30
Mass velocity of secondary fluid (kg/m’s)
Fig. 7 Thermal resistance with mass velocity
of secondary fhid.
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two other refrigerants. And, there was not ex-
isted large difference in thermal resistance of
R-141 and R-290 and this agreed to tendency
given at Figure of Merit,

So, it was judged from that Figure of Merit
can be used as an index for choice of working
fluid because Figure of merit of working fluid
for thermosyphon was proportion to heat trans-
fer performance when bottom heating mode
was applied to OCHP.

4.3 Comparison between experimental results
and values predicted by correlation

When bottom heating mode was used to
operate OCHP, even if gravity was not affect
heat transfer performance in small sized tube,
to some degree, gravity affect return process
of condensed liquid to evaporating part from
condensing part such as thermosyphon. And,
as shown in above mentioned, condensed liquid
in OCHP was returned to evaporating part not
by wick but oscillation of working fluid.

In Fig. 8 when R-22 was used as working
fluid and its charging ratio was 40 (vol.%) and
50 (vol.%), heat transfer rate measured in this
study was converted to heat flux based on in-
side area of heat pipe and then it was com-
pared with prediction correlations'™ for eritical
heat flux for thermosyphon which was pro-

6000 [ —
o R-22(40 vol.%
w0 2 R22(50 vorss)
5000 0
':E — —- Sakhuja
4500 Tien&Chung
L]
E ~— — Imurs .
4000 . ) e
é soof . |
- 3000 ______,_,._,_,.——:—-A-A—»—-'——“—“_‘"’
_g 2500 a
g 2000 :
2 00 . N
g 1000 | — T e e e e e e e e
= 00

° . . I

278 280 282 284 286 288 290 292 294 196 298
Operating temperature (K)

Fig. 8 Comparison of heat flux between ex-

perimental results and other correlations.

posed by Katto, Sakhuja, Tien & Chung and
Imura et al.

By the way, the charging ratio of working
fluid applied to these correlations was not de-
cided to values at the optimal operation con-
ditions in which thermosyphon showed maxi-
mum heat flux. That is to say, if the optimal
charging ratio range of working fluid of OCHP
were 30~60 (vol.26),"* " ysually, an optimal
charging ratio of thermosyphon was decided at
the small range compared with this range. Be-
cause of this reason, there is a difference on
the heat transfer rate.” So, at the different
optimal charging ratio state, it is unreasonable
to compare critical heat flux of OCHP and
thermosyphon. This is due to the difference of
charging ratio of working fluid affecting di-
rectly to critical heat flux. Here, measured
average surface temperature of adiabatic part
was chosen as operation temperature, is a com-
parison basis. Inside diameter, the length of
evaporation and condensing part were the
same as conditions used in this study.

Within the operation temperature range 287~
289K, as a result of comparing predicted val-
ues bhased these correlations to experimental
results, there is little difference between two
values. But, among the predicted values, values
predicted by Katto and Imura showed similar
to this experimental results. This is the reason
that correlations of Sakhuja, Tien & Chung
were obtained on the assumption of incom-
pressible vapor flow, constant liquid film thick-
ness and homogeneous model at one dimen-
sional steady state and thus is was a little
different form real flow. On the other hand, In
case of Imura’s correlation which was well
known for correlation to predict critical heat
flux of thermosyphon within the low charging
ratio, predicted value was about 10% as small
as the experimental value when the charging
ratio of working fluid R-22 was 40 (vol.%).
But, the experimental result when the charging
ratio was 50 (vol.%) was well agreed with
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value predicted by Katto within 5%, It was
judge that this is the reason that the value
predicted by Katto showed similar value to
some degree with this experimental result be-
cause Katto’'s correlation can be predicted very
well when the charging ratio of working fluid
was high. But, considering that heat transfer
rate obtained through experiments when the
charging ratio of R-22 was 50 (vol.%) was
smaller than that of 40 (vol%), critical heat
flux of thermosyphon is a little small compared
with oscillating heat pipe and as above men-
tioned, it was judged that this is due to the
difference of charging ratio of working fluid to
satisfy optimal operation condition of heat pipe.

5. Conclusions

The following conclusions were obtained
through this study.

(1) Heat transfer performance when the
charging ratio of working fluid 40 (vol.%) was
higher than that of 50 (vol.2%) in all working
fluids.

(2) The heat transfer performance of R-22
was higher than those of two other refrige-
rants when R-142, R-22 and R~290 were used
as working fluids of oscillating capillary tube
heat pipe for low temperature.

(3) Heat rate of about 100 W per unit tem-
perature difference was transported and based
on this result, heat exchanger using OCHP
developed in this study can be applied to
waste heat recovery of low temperature differ-
ence for sea water and fish farm.

(4) It was found that to some degree, heat
transfer performance of OCHP for low temper—
ature is correlated to Figure of Merit, the per-
formance evaluation index of working fluid for
thermosyphon.

(5) Comparing heat transfer rate at the opti-
mal state of OCHP with predicted value of
critical heat flux of thermosyphon when R-22
was used as working fluid, heat transfer rate

of oscillating heat pipe was a little higher than
that of thermosyphon. But, to obtain more ac-
curate result, many reviews are needed for
thermal conditions and optimal flow of working
fluid, of which heat transfer was the best.
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