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Abstract

The research was undertaken to study the effsct of rotational acceleration of
radially rotating heat pipe (RRHP) on its intermal fow pattams. The studied RRHP
amployed transparent glass lube as the whole part of evaporator seclion and lower half of
the adiabatic section o enabis ths visualization of the internal flow patidm. The remaining
part of condenser section and also upper half of the adiabatic section wés made from
copper tube. The selected internal diameter was 11 mm, R123 was used as working fluid
with the filling ration of 60% (of evaporator section), The aspect ratios were 5 and 20. The
RRHP lied with the axis of rotational radius (80 degres). The selected rotational
acceleration was corresponded 1o 0.2g, 1g, 3g and 7g respsctively (g=9.81 mis’), The
working temperature was controfied at 90°C and the inclination angles were 90, 50 and 0
degree. Electrical heater was employed as heat source at the evaporator section while the
candenser section was naturally cooled. Digital camera was used fo record the intemnal
flow pattern at any specified time but the continuous flow pattern was monitored by a
video camera. Heat transfer rate was obtained from the heat Input and the heat lost from
the heat pipe itself. it is found from the experimental results that the inclination angle
affects the intemal flow pattems of the RRHP. As the angle decreases from 80 fo 0 deg,
the flow pattern at the upper part of the evaporator section ramains at annular flow with
the film thickness decreases. It Is found that the inclination angle of 50 degree iz an
important position. As the angle decreases from 50 1o 0 deg, the flow patterns at the
middia and the lower parts approaches tha annular flow. However, as the angle increases
from S0 to 90 deg, the flow patterns are bubble flow with the vapor sizes decreases, |e.
Bond number decreases, resulting in higher heat fwx. The effect of the rotational
acceleration on the internal Mlow pattemn can be explained as, the higher the g, the




smallar the bubble sizes as well as the retuming condensate ie thinnar resulting in higher
heat transfer rate. The aspect ratio affects the [ntermal flow pattems such that, the higher

the aspect ratio, the vapor bubbles |n liguld pool tend to merge with each other and
escape from the liquid pool resulting in lowsr heat flux.

Keywords: Radiafly rotating heat pipe, Heal transfer characteristics, Rotational
acceleration
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ABSTRACT

The effect of rotational accelerations on internal flow patterns of a radially rotating
heat pipe (RRHP) at normal operating condition is considered in this paper, The used RRHP
employed a glass tube for evaporator and a half of adisbatic section, and copper tube for
condenser and a half of adiabatic section. The internal diameter of the RRHP was 11 mm. The
aspect ratio was 20. The horizontal RRHP lied with the radial axis of rotation. R123 was used
as working fluid with a filling ratio of 60 % of evaporator volume. The selected rotational
acceleration was corresponded to Ig and 7z The working temperature was 90 °C. The
experiments were conducted at the inclination angles of 90, 50 and 0 degree from harizontal
axig. Heat was removed from the condenser section by natural convection, while electrical
heating was employed to supply heat to the evaporator section. A video camera was used to
record all the flow parterns, while 2 still camera was used to record the internal flow patterns
al specific times, Heat transfer rate was obtained by means of the input electrical power and
the heat loss at the evaporator section. It is found from the experimental results that, the
inclination angle has affected internal flow patterns of RRHP. Namely, at the upper part of
evaporator section, the flow pattern was annular flow with the film thickness decreased when
the inclination angle decreased. At middle and lower parts, when the inclination angle
increased from 50 to 90 degree, the flow patterns was bubble flow with the vapor sizes
decreased ie. Bond number decreased. At the middle and lower parts, when the inclination
angle decreased from 50 to 0 degree, the flow pattern was annular flow. The effect of the
rotational scceleration on the intemal flow patterns was; the internal flow patterns were
bubble flow and annular flow. But at high rotational acceferation the condensate quickly
returned to evaporator section and swept the liquid film at all time.

Keywords: Radially rotating heat pipe; Heat transfer characteristic

I. INTRODUCTION

Radially rotating heat pipe (RRHF) is an appropriate device for the rotary equipment. The
RRHP employs evaporating and condensing process of working fluid, which uses the
centrifugal force that generated by the rotation of the RRHP for the retumn of the liquid
condensate from the condenser to evaporstor section. The advantages of RRHP are, its
properties of transferring heat in any types of rotary equipments, any orientations, its
quicker response, and simple construct since its without the internal wick structure. The heat
tranifer characteristics of the RRHP depend greatly on the internal flow patterns. Such as,
slug flow has the heat transfer rate more than bubble flow [1]. Geometry, filling ratio, some
working fluid and an inclination angle of a RRHP results in changes internal flow patterns
and heat transfer characteristics. Moreover, the rotational acceleration has affected heat




transfer characteristics of the RRHP (2], At present, the internal flow patterns of RRHP still
cannot be clearly explained by any investigator.

It is our objectives to experimentally Investigate the following aspects of RRHP. To
clarify the internal flow phenomena and confirm many parameter in correlation of the RRHP
by Waowaew et al. [3] ;

- Effect of inclination angle on the internal flow patterns of RRHP at normal operating
condition.
- Effect of rotational scceleration on the intemal flow patterns of RRHP at narmal operating
condition.

2 EXPERIMENTAL SETUP AND
PROCEDURE

Figure | shows an  experimental setup of the RRHP. The electric power was
employed to heat by means of silicone oil at the evaporator section and at the condenser
section heat was naturally released by air. The evaporator and s half of adiabatic section were
made of glass tube, and copper tube for condenser and a half of adisbatic section. The
operating temperature of RRHP was controlled at 90 °C. A still camera was used to record
the internal flow patterns at specific times, while a video camers was used 1o record the
continuous internal flow patterns of the RRHP. The data logger (Comark CB510 with +0.2 %
accuracy, 10 channel input and =100°C to 1300 °C measurement temperature range) was
used with type K thermocouples (Omega with +1°C accuracy) with one point attached to
silicone oil at the evaporator section, one point to adiabatic section, two points to the
condenser section and five points to the heat loss at the evaporator section. Ohm’s- law was
used to calculste the heat transfer rate that had already been minuses the heat loss. The
inverter (Omron 3G3JV, maximum applicable motor capacity 3.7 kW, frequency control
range 0,1 to 400 Hz, frequency precision X 0.01%) was used to adjust the motor speed. The
rotational speed detector (Photo Type DT245P + 0.05 % accuracy) was used to measure the
rotational speed. During the experiment, the angle was adjusted between to 90°, 50° and
ﬂ’#mﬁmnmhlmuﬂngndiﬂuk.WhmMﬂnnwumth
temperature, rotational speed, DC voltage, DC Ampere and internal flow patterns were
recorded, They were used to calculate the heat transfer and also the thermal resistance of the
test RRHP by using the Ohm’s law, as the following equations; -

gﬂﬂﬁt .ﬂh-ﬂi— {n

Qu = El @)

and the Q. of evaporator section of RRHP was evaluated from the Fourier's law of
conduction,

In order to thoroughly study, the effect of all parameters to internal
flow patterns, the controlled parameters were as follow:

- working temperature of 90°C
- working fluid of R123
- filling ratio of 60% (by evaporator
volume)
- internal diameter of 11 mm.
- Aspect ratio (Le/d) of 20
The variable parameters were as follow;
- inclination angle of 0°, 50 and 90°. (respect 1o the horizontal axis)




- rotational acceleration of equal 1o gravitational acceleration and seven times of
mﬂﬂmﬂmﬂuﬁmmu]ﬂdmnﬁﬁnwlynm&:ﬁhﬂufmuﬁmﬂ
acceleration on the flow patterns of the RRHP.,

Hum,mmmmnmwmﬂﬂnmmhumﬁng.
breaking, expanding, collapsing and swaying of the vapor bubbles with the flow
m.mnwmmummmmwmm
ﬁaqumﬂymcwﬂhﬁdmmﬁhhhughﬂrh:ﬂbmfumnfmm
mmltswmmmewhﬂhighurﬂmthempuﬂmﬂfrﬂulmﬁhﬂﬂﬂ?
performance [3]. But the heat transfer rate of the RRHP in this result has the same
uuﬂmﬂhﬁun&mcxpﬁhnnmm.su.itmhmﬁmﬂnmm
with each other. .

3. RESULTS AND DISCUSSIONS

To clarify the effect of inclination angle and rotational acceleration on internal
fow pattern of the RRHP, experiment results of di = 11 mm, Le/d = 20, inclination
angle of 90°, 50° and 0°, rotational acceleration = 1 and 7 times of gravitational
m:lmﬁnnwﬂlbcnmﬁdmﬂhurdnﬂn:lnulymﬂm:md,ﬂrpmuﬁcrﬁmmll
h:dﬁiglﬂtﬁdﬂlm.midﬂlﬂﬂnduppﬂpuummmmhmﬂﬁlﬂlhe
pnﬁﬁumufth:hdtn&dﬂﬂﬂ?milib:mﬂuduﬂunindhuﬂhmﬂwh&h:iﬁng
:i:;i:.[nmﬂnmdmﬂymﬂnﬂudﬂmdiﬂhmmﬂnmﬂqunmﬂﬂhcdﬁmdu
inFigm:E.Th:phMogmphsm&mmmtedatinnﬁnuiunufnmlr?ﬂm..

The effect of inclination angle on internal flow patterns of RRHP will be
firstly discussed.

3.1 Effect of inclination angle on internal flow patterns of RRHP.

Figure 3 shows internal flow patterns of the RRHP witha di = 11 mm, Le/d =
20, inclination angle of 0° 350° and 90° rotational acceleration of 7 times of
gravitational acceleration. From the visualization results, it was found that, the flow
patterns could be mainly divided into 2 categories.

3.1.1 At inclination angle of 90 to 50 degree

Figure 3A. shows the internal flow pattern of RRHP. It can be observed that
at vertical position, and a heat flux of 23.6 kW/m’, the flow patterns in lower and
middl:pmtxufwupnnmrmhuhbl:ﬂuwwhﬂ:ﬂmuflhtuppﬂputnfm
is annular flow. Boiling is violent and small size vapor bubbles occupies the majority
of the evaporator section and quickly swayes from the wind buffet to wind trailing
gide at about l.ﬁthms!mcdmtu:ffmtufirwﬁ:fmu[liquid.muppﬁpuﬂ.
although, the annular flow dominates but it can be observed that the liguid film of the
condensate from the condenser that returns to evaporstor section is not smooth.
Droplets fell down directly to the liguid pool because the effect of rotational
acceleration as in Figure 3A.,

At inclination angle of 50 degree, it can be observed that, the flow patterns in
lower and middle parts of evaporator are bubble flow while that of the upper part of
evaporator annular flow dominates, at heat flux of 19.22 kW/m®. Boiling is violent
andfmu:i::ﬂpmhuwuwuapu:uwhdmiﬁngddnnfhwqpmcfwm
section. After that vapor bubbles distribute all over middle part of evaporator section.
But the vapor bubbles are large and liquid - vapor interface is not smooth when
mmpnmvﬂthihemidd}:pmufwmsmﬁmmmﬂmpuﬁﬁunuiﬂﬁgum
3B.




3.1.2 At inclination angle of 50 to 0 degree

At inclination angle of 0 degree, It can be observed that there is no liquid in
evaporator section. quulmmnwufhwnpmﬂfwmmmﬁun as in
Figure 3C. The flow pattern is annular flow. The heat transfer of RRHP cannot be
measured because the vapor temperature continually decreases. The cause of this
dryout is due to inertia force of liquid is smaller than rotational acceleration force.
Th:liquidﬂmpamnrtutailytmpma,bmhmndmnmmmmm
evaporator section. It can be illustrated as a graph in Figure 4,

Comparing this qualitative results with the obtained correlation or the
quantitative research of Waowaew et al.[3], it is found that the inclination angle
affects the heat transfer of RRHP, which the inclination angle affects liquid film
thickness that of return to evaporator section or Bond number as in Figure 4A-
4C.Figure 4A shows the effect of inclination angle on flow pattern of RRHP. The x-
axis is inclination angle from 0 to 90 degree. Selected 50 degree was presentation due
to 50 degree corresponding to the flow pattern as shown in Figure 3B. The y-axis is
flow pattern, it divide three region of evaporator section. At the upper part of
evaporator section, the flow pattern is annular flow with the film thickness slightly
decreases that indicate as ammow line b when the inclination angle decreases, At the
middle and lower parts, when inclination angle increases from 50 to 90 degree, the
flow patterns are bubble flow with the vepor size decreases ie. Bond number

= a
[Hn = {___ﬂ[p.u P"]] ]slighﬂy decreases that indicate as amrow line ¢ due to it is
direct proportion on diameter of vapor bubble, As inclination angle decreases from 50
to 0 degree, the flow patterns at middle and lower pant of evaporator section are
anmular flow with the film thickness of upper side quickly decreases as shown in
Figure 4A. Figure 4B connects the flow patterns in Figure 4A to the heat flux
corresponding to each flow pattem. The effect of the inclination angle on the heat
fluxs so a graph was plotied heat flux and inclination angle of RRHP. At the upper
part of evaporator section, the heat flux increases when the inclination angle decreases
from 50 to 0 degree as armow line B and the heat flux increases when the inclination
angle increases from 50 to 90 degree, droplets fell down directly to the liquid pool and
sweep the liquid film at upper part of evaporator section. This causes increasing of
heat flux. It represented by arrow light line C as shown in Figure 4B. The A and B
line indicate heat flux increasing that corresponding to & and b line in Figure 4A.

Namely, The thin liquid film is easily evaporating, this causes high heat transfer, D
lin¢ indicates the heat flux increasing that of affects from vapor bubble size
decreasing i.e, Bond number decreases. Figure 4C shows the effedt of inclination
angle on heat flux of the RRHP, which is all the experimental results or quantitative
part of Waowaew et al.[3]. It can be seen that, when the inclination angle increases
from 40 to 90 degree, the heat flux increases from 4.8 to 5.2 k'W/m?® and when the
inclination angle decreases from 40 to 10 degree, the heat flux increases from 4.8 io
4.9 kW/m’. But at inclination angle of 0 degree the heat flux is lower than 10 degree.
Because of initial dryout is occurrence, which it can be seen from the condenser
temperature is difference decreasing of 12 °C. Comparing the Figure 4B and 4C, it
can be seen that, the effect of inclination angle on the heat flux both results have the
similar trend. Namely, when the inclination angle increases from 40 to 90 degree, the
heat flux increases from 4.8 to 5.2 kW/m® and when the inclination angle decreases




from 40 to 10 degree, the heat flux increases from 4.8 to 4.9 k'W/m®. Although, at the
inclination angle of 0 degree of Figure 4C the heat flux is lower than 10 degree. But
this cause is initial drvout, if not initial dryout occur the heat flux increases as follow
a line light. It can be seen that, the qualitative results as in Figure 4B support the
previous quantitative conclusion.

3.2 Effect of rotational acceleration on internal flow patterns of the RRHP,

Figure 5 shows internal flow patterns of the RRHP with a di = 11 mm, Le/d = 20,
inclination angle of 90°, rotational acceleration of 1 and 7 times of gravitational
acceleration. From the visualization results, it is found as follows.

3.2.1 At low the rotational acceleration

Figure 5A shows the internal flow pattern of RRHP st rotational acceleration of 1
times of gravitational acceleration. It can be observed from video movie that, the flow
pattemns in lower and middle part of evaporator section depend on the rotating
position of the RRHP. Namely, vapor bubbles slowly sway from the wind buffet to
wind trailing side about 0.6 times/sec. But when the RRHP rotates to quadrant of 1,
bubble flow at wind trailing side changes to intermittent slug flow, A heat flux is 7.7
kWim’, Boiling is not violent and large size vapor bubbles occupy the majority of the
evaporator section comparing with the rotational acceleration! of 7 times of
gravitational acceleration. The flow pattern in upper part of evaporator section is
annular flow and rivulet liquid film slowly flows down to liquid pool. When the
RRHP rotates to quadrant | mﬂlm:liqmd-vapurinwfmamﬁm'sm&ng;
bauk%mﬂandfumwdmrdingmfh:dimcﬁmufmmﬁm-mmnndumshup
rising of liquid wave in the middle of the tube. The crest of this sharp and high wave
is easy to break into many droplets, which will finally return to pool. The vapor
bubbles sway from the wind buffet to wind trailing side, when the RRHP rotated pass
angle of 90 and 270 degree.

3.2.2 At high the rotational scceleration

Figure 5B shows the internal flow pattern of RRHP at rotational acceleration of 7
umes of gravitational acceleration. It can be observed that, the flow patterns in lower
and middle parts of evaporator are bubble flow, While at the upper parl of evaporator
the pattern is annular flow. At a heat flux of 23.6 kW/m?, boiling is violent and small
size vapor bubbles occupy the majority of evaporator section and quickly sway from
the wind buffet to wind trailing side at about 1.6 times/sec. At upper part, although the
annular flow dominates, but it can be observed that the liguid film from the condenser
section is not smooth. Droplets fell down directly 1o the liquid pool, because the effect
of rotational acceleration as in Figure 5B. The liquid - vapor interface is smooth when
compared with the liquid - vapor interface of the rotational acceleration of | times.
Liquid pool level of RRHP at rotational acceleration of 7 times of gravitational
acceleration is higher than that of at rotational acceleration of 1 times of gravitational
acceleration about 17 % of evaporstor section. This is because at rotational
acceleration of 7 times of gravitational acceleration, the amount of condensate that
returns to evaporator is higher than that of at 1 times of gravitational aceeleration and
it can returns to evaporator section at quicker rate than that of the rotational

acceleration of 1g.
Comparing this qualitative results with the quantitative research of Waowaew
et ak[3], it is found that the rotational acceleration affects the heat transfer of RRHP,




which the g affects the vapor bubble size and include liquid return to evaporator
section as in Figure 6A-6C,

Figure 6A shows the effect of Froude number ie. @’R/g or rotational
acceleration on flow pattern of RRHP, The x-axis is Froude number of 1 and 7 due to
in Figure 5 the flow pattem presentation at Froude number of 7 and 1 to see the flow
pattern difference. The y-axis is flow pattern, it divide three region of evaporator
section. At Froude number of 1, the upper part of evaporator section, the flow pattern
is annular flow. At the middle and lower parts are churn flow and bubble flows. When
Froude number increasing of 7. At the upper part of evaporator section, the flow
pattern is annular flow. At the middle and lower parts are bubble flows with vapor
bubble size decreases as shows an arrow line. This is because at high Froude number
or high initia force so high liquid density of working fluid, this cause affects mixing
of vapor bubble and quicker rate of condensate return 1o evaporator section. Figure 68
connects the flow patterns in Figure 6A to the heat flux corresponding to each flow
pattern. Froude number increases the heat flux increases too. This is because high
Froude number or high liquid density of working fluid or high liquid pressure or high
boiling point affects supplies heat of RRHP and to keep operating temperature of
RRHP. The heat flux increasing connects to the vapor bubble size decreasing refer to
Bond number decreases too (see section 3.1) and the distance of evaporator section is
small vapor bubble size higher than that of low Froude number.

Figure 6C shows the effect of Froude number on heat flux from the
experimental results or quantitative part. The x-axis is Froude mumber of 0.2 to 7. The
y-axis is a experimental heat flux of Waowaew et al.[3], which is power function form
relationship of q and Fr. Comparing a Figure 6B and 6C, it can be seen that, the heat
flux trend increases when Froude number increases. An arrow line of & heat flux
increasing trend as in Figure 6B is linear line because it is prediction from an arrow
line of vapor bubble size decreases and the condensate quickly returns to evaporator
section as in Figure 6A. The effect of the rotational acceleration on the internal fiow
patterns is, when the rotational acceleration of 1g change to 7g as shown in Figure 6A
the internal flow patterns of bubble flow, chum flow and annular flow change to
bubble flow and annular flow. The condensate quickly returns to evaporator section.
The effect of the rotational acceleration on the heat fluxes is: the heat flux increases,
when the rotational acceleration increases as shown in Figure 6B-6C. It is
corresponding to the Froude number term in a correlation of Waowaew et al.[3].
Namely, when the omega in Froude number term In a correlation increases the heat
flux increases too.

Figure 7 shows the conclusion of the qualitative experimental results obtained
from section 3.1 and 3.2. Figure 7A shows the effect of inclination angle on flow
pattern of RRHP, which is imbrication of Figure 4A and 6A at the rotational
acceleration of lg and 7g. This Figure is constructs to conclusion the effect of
inclination angle and the rotational acceleration on the flow pattern of RRHP and
introduce construction Figure 7B that of connects the flow patters in Figure 7A to
the heat flux corresponding to each flow pattern and inclination angle. Decreasing rate
of thin liquid film line at the upper part of evaporator of 7g (as an arrow line a) is
higher than that of 1g (as an arrow line d), as thin liquid film line at the inclination
angle of 0 to 50 degree (s an armow line b and &). Because of Froude number of 7 has
more inertia than Froude number of | which directly affects liquid film. The stable
bubble flow arrow line (g line) is indication that the inclination angle approach to
vertical position. The flow pattern is continuously bubble flow. The stable annular
flow arrow line (f line) is indication that the inclination angle approach to horizontal




and intemal flow patterns of RRHP then we will be shoulder correctly condition in
mathematical model establishment. It was found from the experiment results that:
The effects of inclination angle on internal flow patterns of RRHP can be divided 3
region.
| 1. At the upper part of evaporator section, the flow pattern is Annular flow
2. A1 middle and lower parts, when the inclination angle increases from 50 1o
90 degree, the flow patierns is bubble flow with the vapor sizes are decreases ie.
Bond number is decreases,
3. At middle and lower parts, when the inclination angle decreases from 50 to
0 degree, the flow patterns is annular flow.
The effect of the rotational acceleration on the internal flow patterns is; the internal
flow patterns are bubble flow and annular flow. But at high rotational acceleration the
Mquicﬂymmmmmﬁmmdwhliqﬂqﬁhnnuﬂm
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Figure 2, The angles reference of RRHP
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Figure 3 Internal flow patterns of RRHP at 7g |

Evaporator section
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Figure 4.Comparison qualitative and quantitative part
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Figure 5 Internal flow patterns of RRHP at 90 degree
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Figure 6. Comparison qualitative and quantitative part
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Figure 7. Concluding qualitative part







