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Summaxy,

The results of an experimental programme devised to study the heat
transfer performance of a partioular form of rotating mixed convection
thermosyphon are presented. Actual experimental work was performed with
water and 100% glycerdl, Generally it was shomm that the performance of the
dovice was enhanced with increases in rotational speeds Empirical
correlations of the data are presenteds

On the basis of the results cbtained with the particular rotating
geometry tested, these devices offer a campact, reliabie meothod of cooling
rotating components operating in high temperature environmmentse Thay are
particularly useful for applicatlons where the location of the couponent
mekes direct cooling aswkward if not impossible. Finally suggestions for
further investigations are made,
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Introduction

Although mmerous thermosyphon systems may be devised they may be
broadly defined as fluid systems where circulation of the fluid is effected
sdlely as a consequence of heat transfer and the action of a body force field
on the system. In other words the motion of the fluid is achieved without
the use of a mechanical agency.

Investigations into the performance of thermosyphon systems have
malnly been concerned with the so~called open or closed free convection
thermosyphon where the motivation has been to assess their potential as
cooling systems for the rotor blades of gas turbines., HNotable contributions
in this field are exemplified by reference to the work of Schmidt(1),
Lighthili(2), Martin%} )y Martin and Cresswell(5), Martin and Cohen(6),
and Gohen and Bayley 75.

However there exists another class of thermosyphon device referred
to by Morris(8) and Morris and Davies(9) as the mixed convection thermosyphon
where, owing to the nature of the geametry of the containing vessel and the
relative location on the boundary where heat transfer ocours, the presence
of a net difference in potential energy gives rise to a predaminantly
unldirectional circulation of the fluide With a mixed convection thermosyphon
the fluid is physically contained in & closed loop of conduit and, depending
on the geometry of the loop, numerous configurations may be postulated, &gain
when these devices are oconsidered for the projected coocling of rotating
canponents the location of the loop in relation to the axis of rotation
permlts further variations on the basic theme to be made,

It has been suggested by Foster(10) that a particular form of the
mixed convection thermosyphon may be used to limit the temperature of the
vanes of a radial flow turbine especially when the turbine forms part of a
back-to-back centrifugal campressor-radial turbine unit, Also this form of
thermosyphon has been proposed as a cooling system for the rotor conductors of
lerge electrical machines, see Morris and Davies(9)e Clearly the possibility
of incorporating thermosyphonic cooling into certain rotating components has
been recognised for a number of years, Suprisingly however, little or no
experimental work appears to be currently available which givea quantitative
information concerning the behaviour of these devices when actually rotating.
It is the purpose of this paper to present the results of a limited
experimental programme, the object of which was to determine the influence of
rotation on the heat transfer performance of one particular mixed convection
thermosyphon geometrye.

Details of the configuration tested are shown in Fig.1 where it is
seen that the fluid eircuit is basically of rectangular form and is arranged
to rotate shout a vertical axise Actual leading dimensions are given in
Table 1. The outer limb is heated electrically and the inner limb is cooled
by means of an internally fitted coil through which mains water was circulated,
The actual apparatus has been described elsewhere (see (8) and (9)) but the
rudiments of the construotional detalls may be observed by reference to
Figs.2, 3 and 4. Thermocouples installed along the heated 1limb of the circuit
permitted the temperature at a mumber of points to be measured vis & miniature
instrumentation slip ring attached to the main rotor assembly. The temperature
of the fluid at entry to and exit from the heated limb was also measured using
thermocouples,
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With the system operating steadily measurements of the heater power
consumption, fluid temperaturez, heated limb temperature and rotational speed
were made for a number of conditions, Two experimental prosrommes were
undertaken one nsing wabter as the primery fluid and the other using 100%
glycarcl. The range of rotational speeds covered was 0 - 300 rev/min which
for this geometry 1s egquivalent to a centripetal acceleration om the centre
line of the heated limb in the renge 0 - 15 g.

Results
Tt may be easily shown by dimenszional arguments that the heat transfer

performance of the mixed convection thermosyphon being studied may be expressed
as

L H
Nu — Q[ Grr,-},Pr,AO, E, E} L X. ¥ 3 (1)
where
N q
u = SIRTT Nusselt mmber
w
HOP fpPa AT
Grr = 5 LJ Rotational Grashoff number
H
a°a
J = _Er.g Rotational Reynclds number
u
He
Pr = IT;E Prandtl number
Ac = Egi Acceleration ratio

As the test data is restricted to only one geometric configuration the
equation (1) simplifies to

Nu = @L Grr,J,Pr,Ac] aes (2)

The actual circulation rate of the fluid within the thermosyphon loop
is not required in equation (2) owing to the fact that this parameter is a
dependent variable, The steady flow rate achieved at a given operating
condition adjusts itself so that a balance exists between the net difference of
potential energy over the entire circuit (referred to the body forces acting on
the system) and the combined influence of wall shear stresses, bends and
changes in cross section of the loop.
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If the heating and coadling of the axially located limbs is uniform
then it can be shomn (see (8)) that the circulation rate, expressed as
Reynolds number, is related to the Nusselt number, rotational Rayleigh number
and Prandt] mumber by an implicit expression which has the form

Nu Ha

Pﬁr =F4}ﬁﬂ}%[m3%ﬁ{ké eee (3)

This implies, because of the heat flux assumption, that no ciroculation is
produced when the thermosyphon is stationary., F4 is a function of the geometrie
cshape of the circuit and F2 is a function which accounts for the fact that the
flow resistance of the circult when rotating will itself be dependent on the
rate of flow, rotation and heat transfer. Although equation (3) implies that no
circulation is achieved at zero speed this is virtually impossible to achisve in
& real system. One may however consider equation (3) as a suggestion for the
correlation of test datas Thus, for the data obtained with water, Fig.5 shows a
Ku Ra

P;r"'Z

plot of agalnst Re.

4% each rotational speed separate curves could be detected., If the
resistance which the circuit offers to flow is not dependent on speed of
rotation thenF2 1s a functiom of Reynolds number and ome would expect data at
all speeds to correlate on a single unique curve, It has been demonstrated by
Morris (11) and Barua (12) that the separate limbs which comprise the complete
thermosyphon being studied experience an increase in resistance when these limbs
aru rotated, That is the function Fo should increase as the rotational speed 1s
inoreased. This feature is clearly exhibited by Fig.5 on observation of the
relative spacing of the curves. The results with water could be correlated with
& root mean square deviation of #15% by the equation reported in (9) as

Nu Ra
5 L . 0,15054c02 732 pe2et? oen (&)
Pr

The test data is shown plotted in Fig.6 without reference to the
Reynolds number in the form of Nusselt number against rotational Reyleigh number,
The data, it is seen, may be correlated by & series of parallel lines for each
rotational speed. When plotted in this manner the data obtained at zero
rotational speed cannot be included, Nevertheless following the suggestion of
squation (2) the following equation correlated the data,

Nu = 1417 Ra 0.188

0,188  ,0.043
. + 0.69% Ra_ J ses (5)

Again following the suggestion of eqation (3) the test data obtained
with 100% glycerol as the primary fluid are shown in PFig.7 for rotational speeds
of 50, 100 and 200 rev/min., Similar tendencies as those obtained with water are
evident although in this case wider data scatter was noteds The glycerol data
could be correlated by

Nu BRa
r

Pr2

= {4082 %0'685 393‘55 ees (6)
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When using glycerpol as the convective fluid it was not possible to
detect lines of comstant speed when Nu was plotted against Re, as may be seen

by reference to FigsB8e. This is probably because the influence of Coriolls
forces on the conveotion inside the loop is less pronounced with the high
viscosity fluid. Note that the rotational Reynolds number may be thought of
as a relative measure of coriolis fo viscous forces,

The discussion of the results so far has been mainly converned with
the internal characteristics of the thermosyphon. However an overall
appraisal of its performance may be made by reference to Figs,? and 10. Here
the actual dimensional heat transfer rate is plotted against an overall
temperature difference, being the maximum heater wall temperature minus the
mean secondary coolant temperature, With both convective fluids used the
heat transfer increases with speed for a given overall temperature difference,

It is possible to think of a rotating thermosyphon as an artificial
stresk of highly conduective material loocated within the component to be
cooled. It is interesting therefore to compare the curves of heat flux agalmnst
overzll temperature difference to that obtained by assuming that solid copper
rods operating with the same overall temperature difference replace the radial
limbs of' the thermosyphon. The dotted line in Fig.9 shows this result for
water and clearly rotation of the thermosyphon results in very significant
improvement in the performance of the system as a cooling device., The
effectiveness of the device may be highlighted by reference to iigs11 which
shows a cross plot of the water data from Fig.9 expressed as a relative
conductivity based on the value of coppers Effective conductivities up 1o
50 timss that of copper may occur even at the low rotational speed range testeds

Concluding Remarks and Suggestions for Further Work

On the evidence of the results presented in this paper, 1t appeara
that the rotating mixed conveotion thermosyphon offers an attractive method far
cooling the rotating components of certain machines. This is especially true for
cases whers the location of the component mekes direct cooling inconvenient or
impossible. The thermosyphon circuit in this instance may be strategically
located so that the eventuol rejection of heat to the secondary coolant is
effected at a more accessible locatlon,

The overall performance of & rotating mixed convection thermosyphon 1s
intimately linked to the problems of flow inside rotating limbs from which its
circuit is made up, With detailed knowledge availshle conscerning the
influence of rotation on the general problem of flow inside rotating ducts the
prediction of thermosyphon performance is but a straightforward step. It 1a
the present author*s opinion therefore that there is a strong case for the
fundamental problems of flow inside rotating ducts to be investigated in detall
not only because of their thermosyphon application but also because of their
importance in the general field of cooling rotating componentse
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Symbols

cP specific heat at constant pressure

d diameter of heated section

g local gravitational acceleration

H outer radius of circuit

k thermal conductivity

L length of heated section

w mean velooity in heated section

4 heat flux

ﬂrw maximum mesasured wall temperature on heated section -

mean fluid temperature in heater

B volume expansion coefficient

H absolute viscosity

[ density

Q angular velocity

Dimensional Parameters

Mu Nusselt number (ﬁ/%LkAEw)

Gr,, Rotational Grashoff number (Hﬂaﬁp’d?ﬁm u?)
J Rotational Reynolds number (d°p/2u)

Pr Prandtl number (ucp/k)

Ac Acceleration ratio (HO?/g)

Ra., Rotational Rayleigh mumber (Pr.Grr)

Rag Gravitational Rayleigh number (Rar/Ac)

Re Reynolds number (wdp/p)
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TABLE 1

Leading Dimensions of Thermosyphon Circult

Length of heated and cocled section 12.00"
Radius of centre line of heater 6.,00"
Bore diameter of heater and radial limbs 0.25"
Bore diemeter of cooling section 2.50"
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