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Ahstrnet-The rotating heat pipe is a device which utilises a two-phase heat-transfer cycle. Rotation about 
the lon~tudi~l axis generates a centrifugal force fiefd and a component of this acting along the tapered 
wall pumps the condensate back to the evaporator. 

A theoretical Nusselt type analysis is proposed for the condensate film taking into account the drag 
effects of contra-flowing vapour. A performance prediction relates rates of heat transfer, rotational speeds, 
temperature diRerences across condensate films, fluid properties and heat pipe geometry. 

Experimental investigation tests the analysis with good agreement for the two Arcton 113 and 21 
fluids but no ag~em~t with water. An explanation for this is proposed. 

NOMENCLATURE 

cross-section area at entrance to the 
condenser; 
specific heat at constant pressure; 
friction factor; 
force; 
gravitation acceleration; 
latent heat of variation; 
h,,+Q35CpBs; 
average cond~sa~on heat-transfer 
coefficient ; 
local condensation heat-transfer coefficient; 
length of condenser section; 
mass flow rate of vapour; 
mass flow rate of ~ndensate at section x 
for unit periphery; 
mass flow rate of condensate at x = L per 
unit periphery; 
pressure; 
vapour pressure; 
heat-transfer rate; 
local heat flux; 
average condenser radius; 
saturation tem~~ture; 
condenser wall temperature; 
vapour velocity; 
liquid condensate velocity; 
liquid condensate velocity of y = 6; 
mean liquid condensate velocity; 
position co-ordinate; 
position co-ordinate; 
characteristic dimension of the 
liquid-vapour interface. 

Greek symbols 

a, taper angle; 

P, liquid density; 

PlJ* vapour density; 

*Senior Lecturer. 
TResearch Assistant. 

H liquid dynamic viscosity; 

lull? vapour dynamic viscosity; 
6, condensate layer thickness; 
2, shear stress; 

; 
shear stress of liquid vapour interfact?; 
temperature difference (ts - tw); 

W, angular velocity. 

Dimensionless groups 

Sh, Sherwood number; 

Dr, friction number; 

Nu, Nusselt number; 
Rm, two-phase Reynolds number; 
Ref, liquid film Reynolds number; 
Red, vapour Reynolds number. 

INTRODUCTXON 

THE “HEAT PIPE" was originally patented in 1944 by 
Gaugler [ 1 J as a self-contained evaporating-condens- 
ing device with recycling of the fluid by capillary 
action. The first paper on heat pipes came in 1964 
and was given by Grover et al. [2]. Since that time 
interests has grown to such an extent that whole 
conferences have been devoted to the subject [3]. 

A capillary heat pipe is a seaied tube whose inside 
wall is lined with a porous wick which is saturated with 
a working liquid. ‘Ihe tube is heated at one end causing 
the liquid to evaporate and the vapour condenses at the 
other end giving up its latent heat. In an operating heat 
pipe there is continuous flow of vapour from evaporator 
to condenser and the liquid is continuously re-cycled 
by capillary action in the opposite direction back to the 
evaporator. 

The following references [4-4] give a full report on 
the instruction, limits of operation and characte~sti~ 
of capillary heat pipes. 

The rotating heat pipe is a sealed hollow shaft (see 
Fig. 1) with a slight internal taper along its axial length 
and contains a tixed amount of working fluid. Rotating 
heat pipes are similar to capillary heat pipes in that they 
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FIG. 1. Schematic diagram of wickless rotating heat pipe. 

consist of three longitudinal sections, viz. evaporator, 
adiabatic and condenser sections. Heat is transferred 
from an external source through the walls of the 
evaporator to the working fluid causing evaporation. 
The vapour flows towards the condenser where it 
condenses and ultimately transfers its latent heat 
through the condenser layer and wall to an external 
cold sink. The adiabatic section separates the 
evaporator and condenser and provides only a passage 
for the fluid. Rotation about the longitudinal axis 
generates a centrifugal force field. A component of 
this force along the tapered wall pumps the condensate 
from the smaller diameter condenser section back to 
the larger diameter evaporator to complete the cycle. 
Some of the limitations imposed by the failure of a 
wick capillary structure to provide sufficient pumping 
force for the continuous retlirn of the condensate to 
the evaporator are therefore eliminated by the use of the 
centrifugal force field. 

The rotation of the heat pipe has a profound effect 
on basic heat- and mass-transfer mechanisms involved 
in its operation. Gray [7] in the first article published 
on rotating heat pipes arbitrarily divided the heat pipe 
into the following components: rotating boiler, rotating 
condenser, two-phase annular flow transfer pipe and a 
centrifugal pump. Gray et al. [8] in their paper on the 
rotating boiler indicated that high centrifugal 
acceleration produced smooth, stable inter faces 
between liquid and vapour during the boiling of water 
at one atmosphere with heat fluxes up to 257 W/cm2 
and accelerations up to 400g. Boiling heat transfer 
coefficients at high accelerations and high heat fluxes 
are roughly the same as at 1 g; however the burn out or 
critical heat flux does increase at high accelerations. 
Costello and Adams [9] obtained a theoretical relation 
which suggests that critical burn out flux varies with 
one fourth power of acceleration. 

The rotating condenser component maintains a very 
high condensing coefficient by virtue of the efficient 
removal of the condensate from the cooler surface by 
the pumping action. The thermal resistance of the 
condensate layer is quite small since the high centrifugal 
force applied causes its thickness to decrease 
appreciably. This is in contrast to the capillary type 
heat pipe where a sizeable internal thermal resistance 

exists due to the internal wicking material and the 
relatively thick layer of liquid permeating it. 

In the adiabatic zone the vapour and liquid flows are 
transferred counter-currently with the vapour in the 
centre of the annulus flowing at a much higher velocity 
than the liquid along the wall. 

In 1961 Sparrow and Hartnett [lo] carried out a 
theoretical analysis of a cone rotating in a space filled 
with vapour at saturation temperature with the 
condensate forming a laminar film over the cone. A 
boundary-layer approach was employed with the mass 
momentum, and energy conservation, as the governing 
equations. Their similarity solution applied only to 
cones that are not too slender and in a region 
sufficiently removed from the apex where the thickness 
of the boundary layer is constant. Marto et cd. [ll] 
applied this similarity solution to the inside of a rotating 
heat pipe condenser section (i.e. a rotating truncated 
cone) and concluded that their solution had the follow- 
ing two restrictions (a) it only applied to large cone 
angles (b) the velocity profile of the condensate layer 
did not satisfy the boundary condition that the velocity 
must be zero at the beginning of the condenser wall. 
In an effort to overcome the restrictions Ballback [12] 
performed a Nusselt [14] type analysis for film conden- 
sation on the inside of the rotating truncated cone. He 
found an expression for the condensate velocity which 
he could solve by making the following assumptions 
(a) the condensate film was very thin, (b) the slope of 
the condensate film was much less than the angle of the 
truncated cone, and using a boundary condition that 
the film thickness must be zero at the beginning of the 
condenser he arrived at a film thickness distribution 
for the whole condenser. By neglecting the thermal 
resistance of the condenser wall and outside cooling 
mechanism Ballback derived an expression for the total 
heat-transfer rate in the condenser. In later work 
Daley [ 131 modified Ballback’s analysis to include the 
thermal resistance of the condenser wall and outside 
cooling mechanism, this gave heat-transfer rates 
37-507; higher than those predicted by Sparrow over 
a rotational speed range of 80&3200 rev/min. because 
of the thinner condensate film predicted by Daley. 
When comparing Ballback’s own analysis with Daley 
the latter gives 10 per cent higher heat-transfer rates. 
Both Ballback and Daley have in their theoretical 
work neglected the drag due to vapour friction on the 
contra flowing condensate film. Neither carried out any 
experimental investigations to substantiate their 
theoretical predictions. The following analysis takes 
into account the drag due to vapour friction and the 
subsequent experimental work tests this theoretical 
analysis. 

THEORETICAL ANALYSIS OF THE 
CONDENSATION PROCESS 

The heat pipe is in a steady-state condition when the 
evaporation rate and condensation rate are in 
equilibrium. Therefore the performance of the heat pipe 
is strongly related to the efficiency of the condensation 
process. 



Factors affecting a rotating heat pipe 963 

FIG. 2(a). x-Direction forces on the element considered. 
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FIG. 2(b). y-Direction forces on the element considered. 

FIG. 2. Velocity and temperature distribution in the condensate layer, and 
coordinate system. 

An analysis for laminar fihnwise condensation of 
pure vapour on tubes and plates was first obtained by 
Nusselt in 1916 [l&J. He analysed the case of a 
continuous fihn of condensing liquid of increasing 
thickness flowing down a vertical plate under the effect 
of gravity. The basic principles of Nusselt’s analysis 
will be followed though some of the conditions are 
different. (a) the driving force for the condensate is 
usually centrifugal, (b) the condensation is taking place 
on the inside surface of the rotating condenser section, 
(c) the vapour is flowing in the opposite direction to 
the condensate flow. 

When the vapour velocity is high the condensate 
film is subjected to a drag force which is the result of the 
vapour friction on the liquid vapour interface and also 
a momentum drag as the vapour condenses on the 
slower moving liquid film. Nusselt neglected the effect 
of these forces while the present analysis takes into 
account both forms of the drag following the approach 
of Mayhew et al. [15] in their analysis of a vertical 
stationary condensing section. 

In developing the theoretical analysis the following 
assumptions are made (a) filmwise condensation 
(b) laminar condensate film flow (c) temperature 
distribution within the film is linear (d) the vapour 
space is at constant pressure (e) fluid properties are 
assumed constant (f) the density of the fluid is much 
greater than that of the vapour (g) velocity gradients 
in the circumferential directions are negligible (h) the 
analysis refers to the upper half of the heat pipe 
relative to the centre line (i) due to the small taper 
angle a mean radius is taken for the condenser (i) the 
condenser wall surface temperature is assumed to be 
uniform over its length. 

Using the above assumptions and the co-ordinate 
system shown in Fig. 2 a force balance in the x and 
y direction can be made on the shaded element. 

All forces are to be taken per unit periphery the x 
direction momentum equation Fig. 2(a) 

the ydirection momentum equation Fig. 2(b) neglecting 
the vapour centrifugal head since p >> pv 

CFY = 0 = -~-p(w’r-g)cosa (2) 

the two boundary conditions used in determining the 
equation for the condensate film velocity distribution 
are 

and 

u=O at y=O 

‘c = ,ufi= -T~WSU -$+4,cossl+u~) at y = 6. 
8Y 

Integrating equation (2) between limits y and S where 
the pressure is P and P, yields 

P = P”Sp(w2r-g)cosa(6-y). (3) 

Differentiate (3) with respect to x assuming dPu/dx = 0 
and substituting in equation (1) gives 

This can now be integrated twice to obtain U by 
applying the above boundary conditions. 

u = ~(cu%-y) 

Pf 
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When the value of u,, the vapour velocity is high in 
comparison with ud, the liquid vapour interface 
velocity, the latter may be neglected, but when they are 
comparable values then an allowance for u6 must be 
made. 

The temperature distribution within the condensate 
film is assumed to be linear. Rohsenow [ 161 has shown 
that for Prandtl numbers above one (ordinary fluids) 
the non-linear dist~bution of temperature through a 
thin fifm due to energy convection is hardly distinguish- 
able. Therefore at any section x at which the film 
thickness is 6 the rate of heat transfer per unit periphery 
is 

~onside~ng the change of phase and ~su~ng that 
h?, is the average enthalpy change of the vapour in 
condensing to a liquid and sub-cooling to the average 
liquid temperature of the condensate film. 

h,-, = h,,+0.35 cpes, [16] 

dQ = hSedm (7) 

combining equations (6) and (7) gives the rate of 
condensation with distance x 

dm k8s 
-_=-. 
dx h?, 

Eliminating dm/dx from equation (5) and since the slope 
of the condensate film is assumed to be much less than 
tan c(, cos c1 dS/dx cc sin CL 

2 

24 = f(c0’r-&sina y6-5 ( ) TV cos a 
-y- 

I 

k0sUvcosa 
----------y. (9) 

PhTsa 

The mass flow rate of the condensate m can now be 
determined using 

d 
m= 

s 
pudy. 

0 

Substituting for u from equation (9) 

p2(W2r-q)sina# p~,cosa6~ m=_---- _-~- 
p 3 p2 

Equation (8) can now be integrated remem~~ng the 
assumption that the film thickness 6 = 0 at x = 0 

x = p2(o?r-g)sinahf,64 p~,hr~cosa6~ - ~_ . ..- 
4pkBs 3bkt’s 

PI*” cos a b2 - 
4P 

. (11) 

The film thickness distribution along the condenser 
section is therefore given by 

Where 

Sh, = 
p2(w2r -g) sin ahJsx3 

4pk0s 
Sherwood type number 

Dr, = 
PTS, hj, x2 cos a 

pkt)s 
friction number 

Uvx cos a 
Rev, = p ____ two phase Reynolds number 

!’ 

at any section x in the condenser since heat is 
transferred through the condensate layer by conduction 
only the local heat flux Qx = kOs/6 and equation (12) 
can be re-arranged as follows 

(13) 

This equation relates the main three parameters 
controlling the rotating heat pipe operation assuming 
fixed geometry and a certain working fluid. They are 
the local heat-transfer flux from the condenser section 
Qx, the rotational speed w and the difference between 
the saturation temperature and the condenser wall 
temperature @s = (ts-tw). The method used to 
calculate the temperature difference 6s when the 
rotational speed w and the heat transfer Q are known 
is shown in Appendix A. 

It is possible to develop a similar expression in 
dimensionless form by defining the average Nusselt 
number Nu for the condenser section in the following 
manner 

Q = hFs.mL. (14) 

Where mL is the condensate mass flow rate/unit 
periphery at x = L and from the definition of the 
average heat-transfer coefficient 

Q = h . L . f3s (per unit periphery) (15) 

hL hT,,m, 

N”=k=-. kC3s 

The condensate flow rate mL may be obtained from 
equation (lo} which on substitution into (16) gives 

where suffix L refers to quantities evaluated at the end 
of the condenser section x = L. 

It should be emphasised that in all the equations 
derived so far the Reynolds number Rev has been 
defined in terms of two phase quantities. The 
condensate film is assumed to be in Iaminar motion 
and the value of the film Reynolds number must be 
below the transition point. Carpenter and Colbum [17] 
deduced from experiments with long stationary tubes 
this transition occurs at film Reynolds number of 240. 
Cannon and Kays [18] conducted experimental 
investigations on the effect of tube rotation and found 
that it had a stabilising inguence so that a higher 
through flow Reynolds number is obtained before 
transition occurs. 



Factors affecting a rotating heat pipe 965 

The total volume (charge) of working fluid required 
for the operation of the rotating heat pipe to transfer 
a certain heat fluid at a prescribed rotating speed con- 
sists of a vapour and liquid phase contribution. The 
liquid contribution is assumed to be the volume of 
liquid contained in the condensate film building up 
along the inner walls of the condenser and adiabatic 
sections. To calculate the condenser contribution, the 
heat flux, rotational speed (either assumed or from an 
experimental run), and heat pipe dimensions must be 
specified. Equation (13) is solved to obtain the 
temperature difference 6s which is then substituted with 
the parameters mentioned above into equation (11) to 
obtain the condensate film distribution along the 
condenser section. An average value of the film 
thickness may now be calculated using 

6av = L 

s 

L 

Lo 
6x dx 

and the condenser liquid contribution estimated. The 
value of the condensate film thickness at exit to the 
condenser is assumed to be a constant along the 
adiabatic section and its contribution estimated. In 
the present analysis the liquid contribution in the 
evaporator section is assumed to be small enough to be 
neglected, this will counter balance the over estimate in 
the adiabatic section. The vapour space in the heat 
pipe is assumed to be filled with dry saturated vapour 
at an assumed pressure level corresponding to the 
heat flux. Knowing the inner volume of the heat pipe 
enables the vapour contribution to be determined. 

A computer programme has been developed for the 
evaluation of all the results. For a varying geometry 
heat pipe containing a known working fluid and an 
input of the fixed parameters Q and o the computer 
will print out values of es, Rev, Nu and 6 distribution 
for the condenser. The programme will also evaluate the 
required volume of the working fluid charge split in the 
form of liquid and vapour contribution. 

The foregoing analysis can be used to provide 
information for the initial design of the heat pipe as 
the computer programme can explore theoretically the 
effect of varying the geometry of the heat pipe. It is 
also possible to produce performance trends of the heat 
pipe operating with different fluids at different heat 
loads and with varying rotational speeds. 

The heat pipe dimensions (taper angle tl, length of the 
condenser section L and the average radius of the 
condenser section r) have a considerable influence on 
its performance. Using four rotational speeds Fig. ‘3 
shows that the heat transfer rate increases with taper 
angle which is a consequence of the increase in the 
component of centrifugal force (w% sin a). The effect of 
increasing values of the condenser length L also gives 
higher rates of heat transfer simply because of the 
increase in heat-transfer area. Increasing the average 
radius r has a similar effect as it increases both the area 
and the component of the centrifugal force. 

The dimensions used in obtaining theoretical results 

showing how the different parameters affect the heat 
pipe operation are those used later during the 

8, = 5.5QC 

Working fluid=Arctonll3 
200- 

a0 
I I I I I I 

2 4 6 8 IO 12 14 

Taper angle, a0 

FIG. 3. Effect of taper angle. 

experimental phase of the investigation (viz. taper angle 
2”, condenser length L = 152mn-1, average radius r of 
the condenser sections 16.9 mm total length of heat pipe 
325mm). The heat transfer rate and rotational speed 
values are assumed and the working fluid properties are 
those of ARCTON 113. 

The relationship between the heat-transfer rate Q and 
the temperature difference 0s for different rotational 
speeds “o” is shown in Fig. 4. These results were 

600rev/mln 

Working fluId Arcton II3 

Heat-transfer rote 0 , W 

FIG. 4. Theoretical heat-transfer rate Q vs 0, for different 
speeds. 

obtained by solving equation (13). The graphs show 
that for a fixed temperature difference 0s higher heat- 
transfer rates are achieved as the rotational speed 
increases. This is caused by the centrifugal. force 
increasing and hence providing higher condensate flow 
rates needed for the higher heat pipe performance. A 
further important fact is that as the centrifugal force 
increases the thickness of the condensate film decreases 
thus reducing the thermal resistance and yielding higher 
heat-transfer coefficients. Figure 5 illustrates the 
relationship between the two phase Reynolds number 
Rev and the Nusselt number Nu both evaluated at the 
end of the condenser section. It is essentially a re- 
exposition of Fig. 4 in dimensionless form as well as 
being a graphical interpretation of equation (17). The 
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FIG. 5. Theoretical Rev vs Nu for different rotational speeds. 

Reynolds number increases as the vapour velocity 
increases and since this also has the effect of thickening 
the condensate layer the Nusselt number decreases for 
constant rotational speed. However for fixed Reynolds 
numbers the condensate film thickness decreases as 
speed increases yielding higher heat-transfer co- 
efficients. The figure also shows that Nu approaches 
zero at very high values of Rev where the vapour 
velocity u, and the vapour drag are very high, thus 
causing failure of the heat pipe to transfer any heat. 

The effect of the vapour drag forces is shown in 
Fig. 6. The solid lines represent the case when local 
friction number Drx and Reynolds number Revx 

terms are neglected in equation (13). Although the 
vapour drag forces increase with heat-transfer rates Q 
Fig. 6 shows that they are important at high heat- 
transfer rates only. To demonstrate the effect of 
rotational speed the significance of the vapour drag 
forces at 300 or lOOOrev/min are shown. The effect of 
these forces is most significant at the lower speed since 
the body force (Sherwood number Sh) term in equation 
(13) increases rapidly with increasing “(u” thus 
cancelling out the effect of the vapour drag terms Dr 

and Rev. 

IC I I 
J 203 1000 2coo ? 

0, w 

FIG. 6. Q vs 0, with and without the effect ofdrags 
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FIG. 7. Comparison of theoretical results with that of 
Ballback. 

Finally Fig. 7 shows a comparison between the 
present analysis results with those proposed by 
Ballback [12]. The plot shows that the difference in the 
analyses increases at the lower rotational speed of 
3OOrev/min due to the fact that Ballback neglected 
gravitational effects which become significant at lower 
speeds. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

A photograph of the general arrangement of the 
experimental apparatus is shown in Fig. 8. It consists 
essentially of the heat pipe, the slip ring assembly for 
the power supply and thermocouple pick up, the motor 
drive arrangement, the pressure gauge and safety valve 
and the power, speed and temperature measuring 
instruments. 

A schematic view of the rotating heat pipe is shown 
in Fig. 9. The heat pipe is of fixed geometry machined 
out of solid copper. The overall length was 325mm 
the condenser end diameter was 30mm, whilst the 
evaporator end was 55 mm. The taper angle used was 
2”. It was decided that an evaporator heat input of 
2 kW was required and hence a stainless steel sheathed 
heating cable (Pyrotenax) was wound round the outside 
of the evaporator section for an evaporator length of 
50 mm. This length of heating cable used was estimated 
to produce a maximum radial heat flux of 83 W/cm2 
equivalent to 76 kW. The power was supplied to the 
heater cable via copper to copper slip rings on the 
shaft. 

In fixing the length of the condenser section it was 
essential that the condensate film should not become 
turbulent but remain laminar over its entire length. A 
low critical liquid film Reynolds’ number of 240 was 
used and resulted in a condenser length of 152mm 
for Arcton 113 at a maximum rotational speed of 
2OOOrev/min for the heat pipe. This was found to be 
an adequate length for all other working fluids 
considered. 
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FIG. 8. General arrangement of the experimental apparatus. 

Water in 

FIG. 9. Schematic view of rotating heat pipe. 

The heat sink used for the condenser section 
consisted of a water jacket which was held stationary. 
Two “Weston” running seals which were a push fit at 
both ends of the jacket provided sealing and support for 
the jacket relative to the rotating heat pipe. Cooling 
water was supplied to the jacket from a constant head 
tank. The length of the adiabatic section remaining was 
123mm which was considered to be reasonable in 
comparison with the evaporator and condenser. 

The selection of the suitability ofworking fluid for the 
heat pipe can be determined from examining firstly the 
figure of merit 

p2h?,k3 

( > c1 

for the liquid derived in Appendix B, and secondly by 
considering the fluid’s compatabi~ty with the heat pipe 
metal so that corrosion and non-condensable gas 
generation does not occur. Arcton 113, Arcton 21 and 
water have low, medium and very high figures of merits 
respectively and since copper is below hydrogen in the 
electromotive series the possibility of hydrogen 
evolution and wall corrosion with these three selected 
fluids is therefore remote. These three fluids were 
selected on that basis for the experimental work. 

The filling and deaerating procedure for the heat pipe 
was as follows. The pressure gauge and the safety plug 
opposite were removed and the heat pipe was 
evacuated. A known quantity of working fluid (plus 
a predetermined extra quantity to allow for deaeration) 
was then drawn into the heat pipe. The exclusion of air 
from the heat pipe was then ensured by partial 
evaporation of the charge and bleeding off some of 
the gas before the heat pipe was sealed and tested for 
leaks. Arcton 21 fluid was more difficult to use due to 
its low boiling point 8~9°C. This fluid was forced into the 
heat pipe under nitrogen pressure before the deaerating 
procedure. 

The features of the thermocouple slip ring units used 
were basically the same as used by Tarr Cl97 in his 
investigation on methods of connection of revolving 
thermocouples. The temperature distribution along the 
heat pipe was measured by copper constantan thermo- 
couples placed at positions 1-9, Fig. 9, the outputs of 
these thermocouples passing along leads through the 
hollow centred shaft to a series of slip rings. The 
tem~ratures were read off in “C directiy from a 
“Cormack” inst~ment which had a resolution of @1”C. 
The distribution of the thermocouples was as follows: 
1,2 and 3 are in the evaporator section. 1 is placed on 
the central axis of the heat pipe giving the core vapour 
temperature. The adiabatic section wall temperature is 
read by thermocouples 4 and 6, and the condenser wall 
temperature was given by 7, 8 and 9. The surface 
temperature of the lagging was measured by 5. The 
shaft of the condenser had a narrow passage leading to 
a small pressure gauge which could be observed with 
the aid of a strobascope. The pressure measurements 
were not regarded as being accurate but provided a 
guide to the behaviour of the heat pipe. The true 
vapour pressure inside the heat pipe was taken as the 
saturation pressure corresponding to the vapour 
temperature reading of thermocouple No. 1. There 
must be a small pressure drop between evaporator and 
condenser. 
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The energy baknceacross the condenser water jacket 
was required for the estimation of the heat output from 
the condenser section. The water flow rate was 
measured by a Rotameter and checked by collecting a 
certain volume of water and measuring the time 
required. The tota amount of heat transferred to the 
water in the jacket consists of two parts. The major 
contribution comes from the heat transferred during 
the conduction process. A minor cont~bution comes 
from the heat generated by friction in the water seals. 
This heat generation in the seals was predetermined 
by rotating the heat pipe through its range of speeds 
without supplying heat to the evaporator, e.g. the heat 
generated at 300 rev/min was 20 W, and at 1400 rev/min 
it was 50 W. In analysing the experimental results the 
heat rate was subtracted from the total amount of heat 
generated by the condenser jacket water. 

The following experimental procedure was carried 
out to test the foregoing proposed theory. The heat 
pipe was first filled with the required volume of working 
fluid. The slip rings and brushes were then thoroughly 
cleaned with acetone and lubricated with oil containing 
carbon in suspension. The heat pipe was then rotated 
at a preselected speed and power was supplied to the 
evaporator heater. Steady state operating conditions 
were achieved when the vapour pressure and the 
various temperature readings stabilized at their 
respective levels. This usually took 45 min to achieve. 
Once these steady state conditions were established the 
thermocouples and vapour pressure were read and the 
water flow rate from the condenser water jacket was 
noted to complete the run. The power supplied to the 
heater was then increased to a p~etermined level 
whilst the rotational speed was kept constant. The same 
procedure was then followed and repeated for several 
higher levels of power input until super-heated vapour 
was generated. This was detected by the rapid increase 
in the evaporator wall temperature (thermocouple No. 
2) indicating a dry wall condition. This condition was 
accompanied by the rapid divergence between the 
reading of therm~ouple No. 1 measuring the vapour 
core temperature and the saturation temperature cor- 
responding to the vapour pressure reading recorded. 
The same procedure was repeated for the different 
rotational speeds, different fluid charges and different 
working fluids. To ensure the reproducability of the 
results some runs were repeated by keeping the power 
input constant and varying the rotational speed. 

Before the heat pine was charged the inside surface 
was thoroughly cleaned and degreased using acetone. 
An inspection of the inside surface was made 
periodically to ensure that there was no build up of any 
deposit. This routine was repeated when the working 
fluid was changed. 

EVALUATION OF EXPERIMENTAL RESULTS 

The rotating heat pipe was normally operated at four 
different rotational speeds, 600, 800, 1000 and 
1200 rev/min (corresponding to mean ~nt~fugal 
accelerations of 68, 12.1, 18.9 and 27.3 g respectively). 
For each speed a range of evaporator heat inputs was 

employed, the maximum heat load input was 1600 W 
(equivalent to a heat flux of 20 W/cm2). Three different 
working fluids, Arcton 113, Arcton 21 and water were 
used with different charges as a further independent 
variable. 

Theory indicated the paramount importance of the 
minimum fluid charge required in the operation of the 
heat pipe. The effect of exceeding this minimum 
quantity by a sibilant amount is discussed later. It is 
therefore necessary to explain how the two phases of 
this quantity are assessed both experimentally and 
theoretically. When heat is applied to the evaporator 
of a charged heat pipe the liquid evaporates and a 
certain Ieve of vapour pressure is established at steady 
state conditions. A proportion of the fluid will exist as a 
liquid the remainder as a vapour which is assumed to 
be dry saturate. This assumption enables an 
estimation of the vapour phase contribution to the total 
volume of the measured fluid charge in the heat pipe to 
be made. The theoretical fluid charge however can only 
be calculated by first determining the liquid film 
thickness contribution on the walls of the condenser 
and adiabaticsections. This is then added to the vapour 
contribution which exists at the particular saturation 
pressure achieved in an ex~rimental run. Theory 
indicates that the liquid phase contribution increases 
with increasing heat flux in order that the higher heat- 
transfer rates can be promoted, and therefore this 
quantity will vary even with constant rotational speed. 
The main outcome of this is that while it is only 
practical to use a constant charge of working fluid in 
a series of experimental runs, theoretically the 
indication is that the charge should be varied. This 
factor will be discussed later when it is seen to have a 
critical effect on the empirical results obtained. 

The major proportion of the experimental pro- 
gramme used Arcton 113 as a working fluid. Theory 
predicted that 12cm3 represented a high level of total 
charge of Arcton 113 and 6 cm3 was a low level, tests 
were thus conducted using 12,8 and 6 cm3 respectively. 
The charges of Arcton 21 and water were determined 
in a similar manner yielding values less than those 
for Arcton 113 due to their higher values of “hJg)l. 

Tests were conducted with 30 cm3 charge of Arcton 
113 to determine the effect of over filling. The experi- 
mental results disagreed with the theoretical prediction. 
Increasing the rotational speed of the heat pipe had a 
negligible effect on the heat transfer Q in the condenser 
and the experimental results of 0s vs Q (similar to those 
shown in Figs. 11 and 12) for a speed range 600-1400 
rev/min all lay on a very narrow band. From the 
subsequent experience of operating the heat pipe with 
lower charges such as 12cm3 it becomes obvious that 
the required heat input to the evaporator has to 
produce a slight superheat in the vapour. For the 
30cm3 charge it was impossible to supply this heat 
through the slip ring heater cabie arrangement of the 
present apparatus. Theory and experiment agreed when 
the liquid film of the evaporator was being completely 
vapourised producing a slightly superheated vapour 
core. 
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Experimental results of Arcton 113 

, 

50 165 

Distance along the heat pipe, mm 

FIG. 10. Typical surface temperature distribution along the 
heat pipe (constant rotational speed). 

A typical surface temperature distribution of the wall 

of the heat pipe is shown in Fig. 10 for different 
evaporator heat input levels at a constant speed of 
rotation 6OOrev/min for 12 cm3 charge Arcton 113. 
There is a substantial temperature drop in the axial 
direction between evaporator and condenser. This 
temperature drop is very high when compared with that 
experienced with conventional heat pipes. This may 
well be due to a high temperature drop between the 
vapour core in the heat pipe and the condensate liquid 
film surface. The outside condenser wall surface is 
purposely being kept low by the coolant flow thus 
producing a comparatively cold sink. The vapour 
temperature distribution for the 800 W case is shown 
as a dotted line. This is the temperature drop as 
recorded by thermocouple No. 1 on the centre line in 
the evaporator and the saturated temperature in the 
condenser estimated from the pressure gauge reading 
taken at that point. This is not regarded as being very 
accurate but the pressure gauge readings were such that 
the corresponding ts values were 335°C consistently 
lower than thermocouple No. 1 for steady state 
conditions of operation. 

Figures 11 and 12 show the relationship between the 
condenser heat-transfer rate Q and the temperature 
difference 0s (where 6s is the difference between 
saturation temperature ts and condenser wall 
temperature tw) for different rotational speeds and 
working fluid charges. For each graph the theoretical 
values of the temperature differences are obtained as 
follows. Measured values of the heat transferred from 
the condenser section Q, rotational speeds w, heat pipe 
dimensions, and the properties of the working fluid of 
the saturation temperature prevailing in the system are 
all fed into the computer programme. Thus equation 
(13) is solved and yields the corresponding theoretical 
values of the temperature difference OS. The experi- 
mental values of 8s were obtained from ts read by 
thermocouple No. 1 and tw and the average of thermo- 
couple readings No. 7, 8 and 9. Figure 11 shows that 
for a working fluid charge of 12 cm3 experimental and 
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FIG. 11. f& vs heat transfer Q for different rotational 
speeds (Arcton 113, 12 cm3). 
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FIG. 12. OS vs heat-transfer rate Q (Arcton 113,8 LX?). 

theoretical data are in general agreement. When 0s is 
constant increasing the rotational speed produces 
increases in the centrifugal forces and consequently 
higher condensate flow rates resulting in larger heat- 
transfer rates. Increases in the centrifugal force 
decreases the condensate film thickness which in turn 
yields higher heat-transfer coefficients and hence lower 
temperature differences for a fixed heat-transfer rate. 
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When a working fluid charge of 8 cm3 was investigated 
a similar behaviour in the experimental results was 
observed. However in this case greater deviations 
occurred between the experimental data and the 
theoretical curve. An explanation for this is assumed 
to be that the theoretical analysis predicts a minimum 
fluid charge directly related to the heat transfer Q and 
the rotational speed w. Therefore for all the lower 
ranges of heat transfer Q the theoretical quantity of 
fluid charge required within the system was much less 
than the 8cn-1’ experimental charge. All the experi- 
mental results to the left of the theoretical curves are 
those related to an excess of liquid trapped within the 
system. The vapour produced is likely to be wet and 
the condensate film thickness is likely to be excessive 
causing a higher value of 6s than predicted theoretically 
due to the increased thermal resistance of the con- 
densate film. For a charge that is slightly less than the 
theoretical value a small degree of superheating may 
ensue without breakdown of the two phase system. 
Good agreement occurs between experimental and 
theoretical results for both the 12 and 8cm3 charges 
when theory predicted the charge to be 12 and 8 cm3 
respectively and when slight superheat was observed 
in the experimental readings. When the low level charge 
of 6cm3 was used the experimental 6s values were far 
higher than the theoretically predicted values over the 
entire range, thus indicating very low heat-transfer 
coefficients. Though the 6cm3 fluid charge was 
predicted theoretically at some points in the theoretical 
curves the failure to produce compatible results can 
only be explained by the inability of the small fluid 
charge to completely wet the condensing and evaporat- 
ing surfaces, which is essential for the two-phase heat 
transfer cycle to operate satisfactorily. Similar trends to 
this were observed when water was used on the working 
fluid and will be discussed later. 

Examination of the experimental results Figs. 11 and 
12 shows that the rate of increase of heat transfer with 
rotational speed tends to fall off as the higher speed 
ranges are approached. This suggests that there is an 
upper envelope for lines of constant speed above which 
no increase in heat transfer occurs with increase in 
speed. The following physical explanation of this can be 
made. Theoretically the liquid condensate film 
decreases with increase in rotational speed. Assuming 
that the level of resistance to the flow of condensation 
is influenced by the surface finish of the wall it will 
therefore disturb the thinner layers rather than the 
thicker layers. Consequently insufficient circulation of 
the condensate might be induced for the adequate 
removal of heat. Morris [20] carried out experimental 
and theoretical work on a rotating single phase thermo- 
syphon and observed similar trends in the heat-transfer 
characteristics which he attributed to the increase in 
resistance to flow caused by the speed of rotation. 

Some of the foregoing results are plotted non- 
dimensionally as Nusselt numbers Nu vs two phase 
Reynolds number Rev see Fig. 13. The Nusselt number 
is seen to be nearly constant with the theoretical curves 
passing through the midst of the points of any particular 
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FIG. 13. Nu vs Rev for Arcton 113 (12cm’ charge). 

speed run. Again the agreement depends on the 
compatability of the working fluid charge in the 
experiments with the theoretical values. 

Besides Arcton 113, Arcton 21 and water were used 
to investigate the effect of working fluid properties on 
the heat pipe performance. In this respect the para- 
meter under examination is the fluid property group 
defined by 

The property group for water was 2000 times greater 
than Arcton 113 whilst that of Arcton 21 was only 
5 times as great. In view of this the performance of the 
heat pipe using water should be superior to those of the 
other two fluids with Arcton 21 being better than the 
113 fluid. 

The results for the Arcton 21 substantiated this 
improvement whilst remaining similar in form to the 
Arcton 113 results. 

The experimental results using water as the working 
fluid were not as expected. The maximum fluid charge 
that was calculated for the experiments based on a 
maximum evaporated heat input of 1.8 kW was found 
to be 5cm3, a relatively low value which was a 
consequence of the very high fluid property value. For 
all runs using this charge no agreement was achieved 
between the empirical or theoretical data. AS a typical 
example at a rotational speed of 8OOrev/min and 
condenser heat-transfer rate of 540 W the observed 
temperature difference 6s between condenser wall and 
saturation value was 80°C whilst that predicted 
theoretically was of the order of 3°C. 

The experimental data for water was similar to that 
obtained in tests performed utilizing the 6 cm3 charge of 
Arcton 113 and the reason for the difference between 
theory and experiment must be the case. There is 
insufficient water fluid to establish a stable evaporation 
and film condensation cycle. A further feature of the 
heat pipe operating in this condition was that more 
heat was conducted axially through the adiabatic 
section, in some cases it was calculated to be as much 
as double that in the Arcton 113 runs. The experimental 
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FIG. 14. Nu-Rev relationship (Arcton 113, 12cm3). 

22_<l 
0 IO00 
A I200 

Theoretical results 
(Solid lines) 

I 1 I I I I I 
02 03 0.4 05 0.6 

Rev x 16' 

FIG. 15. Nu vs Rev relationship for different working fluids. 

performance of the rotating heat pipe using water as a 
working fluid cannot be assessed using the present 
apparatus because of the small fluid charge used. It 
was not possible to increase the charge substantially 
due to the inability of the evaporator heater to provide 
the necessary heat fluxes. 

For the optimum operation of the heat pipe with 
stable two phase transfer cycle there is a unique working 
fluid charge for a particular set of conditions (i.e. heat 
flux and rotational speed). Theoretical curves of Nusselt 
number Nu vs Reynolds number Rev can be drawn. 
Superimposed on the curves are marked lines which 
link points of constant fluid charge, e.g. in Fig. 14 fluid 
charge lines for 10, 12 and 15cm3 are shown. From 
the experimental results for the 12 cm3 charge the values 
of the Rev nearest to those of the theoretical points are 
plotted and show good agreement. The effect of the fluid 
property group is illustrated in Fig. 15 for Arcton 21 and 
113. Lines of constant charge of 8cm3 have been 
extracted from Nu-Reo theoretical curves with experi- 
mental points marked in. Again there is good agreement 
and also the superior heat-transfer properties of Arcton 
21 over Arcton 113 is clearly demonstrated. 

CONCLUSIONS 

From the theoretical and experimental investigations 
carried out the following conclusions can be made. 

The rotating heat pipe which utilizes the vapour- 
ization condensation cycle is a feasible system for 
transferring heat efficiently. Its equivalent conductivity 
when compared with a copper rod of similar geometry 
was several hundred times higher. 

The rotating heat pipe performance may be predicted 
using a Nusselt type analysis applied to the condenser 
section which relates the heat-transfer rate, rotational 
speed, working fluid properties and geometry. The 
analysis enabled the prediction of the effect of vapour 
drags which was found significant only at high heat 
fluxes. It was also possible to examine the influence of 
the heat pipe geometry on the performance and it was 
found that increasing the length of the condenser, taper 
angle or average radii improved the heat transfer. The 
fixed geometry heat pipe tested was designed for 
moderate heat fluxes lower than the boiling limit values. 
The entrainment and sonic limits familiar to stationary 
heat pipes were not attained since the extremely high 
vapour velocity required can only be obtained using 
very high heat fluxes. Vapour drags were not significant 
due to the same reason. 

The agreement between experimental and theoretical 
results depends upon the following three conditions 
(a) compatability of the working fluid charge existing 
in the apparatus with that predicted theoretically; 
(b) the existence of sufficient fluid charge to provide 
surface wettability and hence establish a vapourization- 
condensation cycle; and(c) the heat-transfer rate should 
be suitable to provide vapour at near dry saturated 
conditions. 

The rotation of speed enhances the heat transferring 
capability of the heat pipe due to the decrease in 
thermal resistance of the condensate film brought about 
by the reduction in its thickness. However over the 
speed range employed it appears that the rate of 
increase of heat transfer with speed tends to decline thus 
indicating an upper speed limit. 

It was demonstrated theoretically that fluids with 
higher values of the “property group” should be more 
effective for the heat pipe operation and therefore both 
water and the Arcton 21 should be superior to Arcton 
113. In the experiments conducted and as predicted 
Arcton 21 yielded higher Nusselt number values than 
Arcton 113 but in the case of water this was not so. 
The reason is believed to be the insufficient water 
charge for establishing a vapourization-condensation 
cycle. Higher fluid charges were not possible due to 
the inability of the present heating element to provide 
higher heat fluxes. 

Practical applications of the rotating heat pipe have 
already been reported in two recently published papers 
by Polasek [21] and Groll et al. [22]. Polasek has 
conducted experimental work on cooling the shaft of an 
AC motor using a heat pipe configuration and found 
that the temperature of the rotor and stator windings 
was considerably reduced. The machine output could 
then be increased by 15 per cent. Groll et al. reported 
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utilizing the rotating heat pipe principles for 
temperature flattening of rotating drum surfaces. 
Plastic wires and fibres are stretched on hot rotating 
drums whose surface was kept isothermally at 250°C 
rotating at 4ooo-6ooo rev/min. In the future there will 
undoubtedly be many further new applications of this 
relatively simple device. 
Acknowledgements-The authors wish to express their 
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APPENDIX A 

Method used to Calculate the Temperature Dij’erence 8, 
when the Rotational Speed w and the Heat-Transfer Rate 

Q are known 
The method used to solve equation (13) when w, and Q, 

heat pipe dimensions, and working fluid properties are 
known is summarized as follows. 

Equation (13) Qx4+dRevx 

(a) Neglect the drag terms, i.e. the second and third terms 

an expression for the average heat-transfer rate may be 
obtained by using 

1 L 
Q=- Qxdx=$Q, 

s L 0 

(b) Substitute Q = $Q,_ to obtain an equation which 
relates Q, o, and 0s. 

(c) Substitute the known values of Q and o and solve 
for 0s. 

(d) From the known Q value calculate the vapour velocity 
a, and the vapour shear stress as follows 

Q=&h,, ti =p”u,A, hence u,. 

This value of the vapour velocity u, should be multiplied 
by cos tl due to the tapered condenser wall 

5,=+f.p”.u; where f is the friction factor. 

If vapour flow is laminar Red < 2000 ,f = ‘6 
Red 

0.079 1 
If vapour flow is turbulent Red > 2OOOf= ~ 

(Red)“” 

where Red = y 

A, = nr2(r = radius at entrance to the condenser). 

Since u, is multiplied by COSG( therefore z, is implicitly 
multiplied by cosc( when the vapour flow is laminar and 
by (cos ~1)~“~ when the flow is turbulent. 

(e) Substitute 0s and II,, t, into equation (13) in its 
complete form. This results in an equation relating the 
local heat-transfer flux Qx to the distance along the 
condenser section x. 

(f) The equation obtained from step (e) relating Qx to x 
may now be solved using Newton-Raphson method quoted 
in [23] and applying Simpson’s rule an average value of Q 
is obtained. 

(g) The average value Q obtained from (f) is compared 
with the initially known Q value. One of the following 
situations is now possible. 

(i) If the difference between the two Q values is within 
the required accuracy, the temperature difference 6s 
value from step (c) is a correct solution for the 
particular set of values of 0, w, dimensions and 
fluid properties. 

(ii) If the difference between the two 0 values is not within 
the acceptable limits then 6s from step (c) is not a 
correct solution and one of the following steps should 
be taken. 
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If the calculated value of Q is higher then the known these combine to give 
value OS from step (c) is too high. A new value of OS 

4 which is lower than before is therefore assumed and 
the procedure is repeated starting from step (e). 

Q” = Sh, +& 
[ I 

If the calculated value of Q is lower then the opposite 
of (iii) above is executed. 

from equation (12) 

-. p*(&-gq)sinah:.L3 

913 

(iii) 

(iv) 

Sh, =. 
,- 

APPENDIX B 4pkOs ’ 

Derivation of the Property Group hence 

A dimensional property group which determines the figure 
of merit of a working fluid may be derived from the Q4 = 

theoretical analysis as follows. 
From Appendix A Therefore the property group is 

and Q =$QL 

ETUDE DES FACTEURS QUI AFFECTENT LE FONCTIONNEMENT 
D’UN TUBE ECHANGEUR ROTATIF 

R&urn&Le tube khangeur rotatif est un dispositif qui utilise un cycle thermique 1 deux phases. La 
rotation autour de I’axe longitudinal engendre un champ de force centrifuge dont une composante 
agissant le long des parois effil&es aspire le condensat vers l%vaporateur. 

Une analyse thtorique du type de celle de Nusselt est proposk pour le film condenst, elle tient compte 
des effets de train& dans la vapeur circulant en sens inverse. Une prtvision du fonctionnement permet 
de relier entre eux, les taux de transfert thermique, vitesses de rotation, diff&ences de temptrature g 
travers les films condens& propri&s du fluide et gtomktrie du tube. 

L’Ctude exptrimentale permet de tester l’analyse et fournit un bon accord pour les deux Arcton 113 et 
21 fluides mais aucun accord n’est obtenu pour I’eau. Une explication de ce fait est propos&e. 

UNTERSUCHUNG DER FAKTOREN, DIE DIE LEISTUNG EINES 
ROTIERENDEN HEIZROHRES BEEINFLUSSEN 

Zusammenfassung-Das rotierende Heizrohr arbeitet mit einem Zwei-Phasen-Kreislauf fiir die Wiirme- 
iibertragung. Die Rotation urn die Lingsachse erzeugt ein zentrifugales Kriiftefeld mit einer Komponente, 
die entlang der konischen Wand wirkt und das Kondensat zum Verdampfer zuriickbringt. 

Fiir die Untersuchung des Kondensatfilms wird ein Ansatz nach Nusselt vorgeschlagen, wobei die 
mitreiBende Wirkung des in Gegenrichtung strb;menden Dampfes beriicksichtigt wird. Eine theoretische 
Beziehung fiir die Leistung korreliert Wiirmeiibertragungsverhaltnisse, Drehgeschwindigkeit, Temperatur- 
differenzen quer zum Kondensatfilm, Stoffwerte und Geometrie des Heizrohres. 

Eine experimentelle Auswertung der Untersuchung zeigt gute ubereinstimmung fiir die Stoffe 
Arcton 113 und 21, aber keine ubereinstimmung fiir Wasser. Eine ErklLung dafiir wird vorgelegt. 

MCCJIEAOBAHME @AKTOPOR, BJIkiJll-OolllMX HA PEKMM PA60Tbl 
BPAUIAlOIlJEfiCFI TEI-IJIOBO~ TPYLKM 

AtmoTauwi - Bpamammancn TenJlOBaR rpy6xa npenCTaB,IHeT co6oii yCTpOtiCTB0 C nByX+a3HblM 

UHKJIOM TennonepeHoca. BpalueHHe no npononbHofi OCH o6pasyer none ueHTpo6emHbix C&WI, a 

COCTaBJlRKILLlaR 3THX CHJI, aeCiCTBytOlIlaR BnOJlb KOHH’IeCKOii CTeHKH, HarHeTaeT KOHIleHCaT Ha3aa 

B ncnapHTenb. 

npeanaraeTCR -reopeTnrecK&4 aHanH3 wna HyCCenbTa nnn nneHKH Kowewa-ra c yseToM cwibl 

TOpMOmeHHa o6paTHoro Te’ieHIlR napa. 

Onpenenenne pemwa pa6OTbl cBa3blBaeT cKopoc~~ TennonepeHoca, CKOP~CTH spametlnn, pas- 

~0CTki TeMnepaTyp no TonuniHe nneHKH KoHneticaTa, ceoAcTBaMH mHnKocw II reoMeTpAei4 -rennoBofi 

Tpy6KH. 

IlpoBeneHHble onbwbl Ha ~BYX ~HnKocTax (APKTOH I13 c( 21) nancI xopomee cornawe c -reopneii. 

MCKJlKWeHHe COCTaBllJlM OnblTbl C BOIlOk npWBOI(MTCF4 06bnCHeHbi.2 3TOTO HeCOOTBeTCTBHR. 


