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Abstract—The paper presents the results of an experimental investigation of the heat transfer characteristics
of the cranked, tubular thermosyphon under single phase conditions. Using water in a small scale rig, data
have been obtained for 10°° < Ra < 107, and have been plotted in the usual form of Nu vs Ra. The effect
of Rayleigh number on Nusselt number suggests three flow regimes: for Ra £ 10%°, a laminar, impeded
regime is generally indicated ; for Ra > 107'°, the data suggest a turbulent boundary layer regime ; between
these regimes is a third which has the characteristics of a short-lived fully-mixed turbulent regime.

INTRODUCTION

EvER SINCE the Perkins tube established the concept
of the tubular thermosyphon a century ago [1], the
device has seen an increasing number of applications.
In essence, all of these take advantage of a single
simple feature; namely, the ability of the device to
transmit along its length convective fluxes which are
much greater than the conductive flux under the same
thermal boundary conditions. It is well known that
the convective fluxes are attributable to circulation in
the tube, and that this circulation is caused by thermal
or Archimedean buoyancy forces.

Many of the early applications, and indeed many
current applications, are based upon a straight tube
heated at one end and cooled at the other. This simple
arrangement limits use to situations in which the heat
source and sink may be thus connected. There are
other situations in which the size, shape and location
of the source and sink demand the use of nonlinear
tubes. In a cold region context, these include the freez-
ing of soil around piles and poles [2] ; beneath roads,
airstrips and berms [3] ; de-icing of marine structures
(4] ; de-icing of bridges [5]; and the storage of food
[6].

Very little, if any, work has appeared on the cranked
or offset thermosyphon illustrated schematically in
Fig. 1. Asindicated, it consists of two parallel sections,
one heated and one cooled, separated by a third which
is neither heated nor cooled. To the best of our knowl-
edge, no study has been made of its heat transfer
characteristics in either the single-phase or two-phase
form. To help repair this deficiency, the present paper
provides the results of an experimental study of the
cranked thermosyphon in its most conservative form;
namely, under single phase conditions. The purpose
of the paper is to determine the basic thermal behav-
iour of a water-filled device in relation to a suggested
flow model, and to explore the effect of thermosyphon
geometry on this behaviour.
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F1G. 1. Schematic of a cranked, tubular thermosyphon.

THE RIG

The rig is shown schematically in Fig. 2. It was
constructed from two 80 cm lengths of 1.98 cm inner
diameter copper tube having a wall thickness of 2 mm.
The cooled (upper) section was surrounded by four
equal and independent cooling jackets through which
water from the building mains flowed. No attempt
was made to measure the rate of heat extraction by the
cooling jackets ; under the steady conditions studied, it
was equal to the net heat supply rate.

The heated (lower) section was also divided into
four equal lengths, each being wrapped with electric
heating tape. As indicated, these were wired in parallel
and supplied with electricity from the building mains.
This arrangement permitted adjustments in the local
heat flux, and thus provided some control of axial
variations in wall temperature. Before winding on the
heating tape, the bare copper tube was wrapped in
electrical insulating tape. After the heating tape was
installed, the entire section was enclosed in a thick
cylinder of fibreglass insulation.
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D tube diameter

k  thermal conductivity
L tube length

Nu  Nusselt number

0 heat flux

Ra Rayleigh number

T  temperature.

NOMENCLATURE

Greek symbols
B thermal expansion coefficient
k  thermal diffusivity
v momentum diffusivity.

Subscripts
A adiabatic
C cooled
H  heated.

Extending 6 cm beyond the open ends of the heated
and cooled sections were short elbow pieces between
which was fitted the adiabatic section. As indicated in
Fig. 2, the adiabatic section and elbow pieces were
also wrapped in a thick insulating cover. The offset,
or length, of the adiabatic section, measured between
the vertical tube centerlines, was altered by simply
changing the distance between the elbow pieces. The
lengths of the heated and cooled sections were
changed by altering the length of styrofoam pistons
or plugs inserted as shown in the figure. Each piston
ensured that the thermosyphon was shut down over
the length it occupied.

Temperature was measured throughout with copper
constantan thermocouples, the signals from which
were measured on a digital thermometer connected to
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F1G. 2. Schematic of rig.

the sensors via a switching box. Thermocouples were
located on the outside of the heated and cooled section
tubes every 2 cm on four equidistant rows around the
circumference. Each tube wall temperature was taken
as the average of twelve or more representative local
values. The room air temperature was also recorded.
Gross electrical power for each of the four lengths
of heated section were measured in the usual way with
an ammeter and voltmeter.

PROCEDURE

Prior to undertaking the main series of experiments,
the heated section was calibrated in order that heat
leakage from each length could be calculated under
given conditions. This was accomplished with the
heated section filled with a styrofoam piston, the
power then supplied being lost entirely to the atmo-
sphere. A plot of power thus supplied versus the tem-
perature difference between the tube wall and the
room air provided a quantitative estimate of the heat
leakage. This quantity was subtracted from the gross
supply rate during an experiment, the net value being
taken as the heat transfer rate to, through, and from
the thermosyphon. Since the leakage was found to be
only a small fraction of the supply rate, and the tube
wall temperature is furthest from the room tempera-
ture, no attempt was made to estimate the heat lost
or gained in the insulated ‘adiabatic’ section.

The procedure for the experiments proper was as
follows. With the adiabatic length chosen and
installed along with the styrofoam pistons appropriate
to selected lengths of the heated and cooled sections,
the apparatus was filled with water. The cooling jacket
water valves were then opened and the electrical power
set at a low value. The system was allowed to stabilize
for a period of about one hour after which the tem-
perature and power levels were scanned. As a result
of these observations, fine adjustments were made in
the cooling water flow rates and power supply levels
so that a better approximation to isothermal tube
walls could be made. A further period of at least
two hours was then allowed and the adjustment pro-
cedure repeated if necessary. After the elapse of a
sufficient time, typically about four hours, the tem-
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Table 1. Test schedule

Ly Le¢ Ly
Test (cm) (cm) (cm)

1 40 40 4
2 40 40 8
3 40 40 20
4 40 40 4
5 20 20 8
6 80 80 8

D=19cm, 10* < Rau < 107%, 3.2 < Pr<6.4.

perature and power levels were recorded. The pro-
cedure was then repeated following an increase in the
power supplied. Relatively large increases in power
enabled the full range of the test to be spanned quickly
following which successively lower readings were
taken at intermediate points. In this way, not only
could a sufficient number of points be generated to
create a continuous curve but the possibility of hys-
teretic behaviour could be checked ; hysteresis was not
observed.

The data were plotted in the usual form of Nusselt
number versus Rayleigh number where

.9
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3
Ra = P92 @)
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in which Q is the net heat flux, 0 = T,,— T, is the
overall temperature difference, Ly, is the length of the
heated section and D is the tube (inner) diameter. The
range of conditions covered and the tube geometries
studied in six runs are given in Table 1. A formal error
analysis was also undertaken. Uncertainty bands thus
calculated are superimposed on the data presented in
graphical form later.

DISCUSSION OF RESULTS

Flow models

Before attempting to interpret the experimental
data it is worthwhile discussing the fluid circulation
pattern within the thermosyphon. No previous studies
have uncovered this pattern and no visualization
experiments were attempted here. On the other hand,
flow within the linear tubular thermosyphon has been
studied extensively for orientations which vary
between the vertical and the horizontal {7-10]. From
these it has been established that vertical and near-
vertical tubes exhibit a bipartite flow pattern : near the
closed ends, the primary circulation consists of an
annular refluent flow in which a central core moves
towards the end while a surrounding annulus moves
away from it; in the mid length region, however, the
flow is bifilamental, each filament being created by an
annulus gradually transforming into a core moving

in the same direction. This pattern is illustrated in
Fig. 3.

While bent tubes have not been studied visually, the
linear flow model has shown that it may be adapted
to non-linear situations. In the elbow thermosyphon,
for example, bifilamental flow in a heated, horizontal
tube may be reconciled with annular refluent flow in
a cooled. vertical tube to create a composite pattern
[11]. at least under laminar conditions. A similar
adaptation for the cranked thermosyphon is suggested
in Fig. 4(a). The vertical tubes, here taken equal in
length, are assumed to contain a basically annular
flow while the horizontal adiabatic length provides an
anti-symmetric reconciliation in the form of a bifila-
mental coupling flow in which the hotter fluid lies
above the cooler. Each horizontal filament is thus
formed from the annulus of one section but is trans-
posed into the core of the other. Thus, as the lower
and cooler horizontal filament approaches the mouth
of the vertical heated section it turns downward to
aliow rising fluid from the annulus below to flow
round behind it.

Also noted under laminar conditions [11], was the
effect of tilting back the elbow thermosyphon, its
orientation changing from an L to a V. This enabled
the hot tongue leaving the initially-horizontal, heated
section to remain close to the inner surface of the tube
wall and thus oppose, and eliminate, the descending
annulus in that region of the cooled section. A bifila-
mental loop filling the entire thermosyphon was thus
produced. Figure 4(b) suggests this form of cir-
culation in a cranked thermosyphon. More will be
said about these patterns later.

Flow regimes

Figures 5 and 6 show the effect of Rayleigh number
on Nusselt number for various tube geometries. In
Fig. 5, the length-diameter ratio was fixed at 20:1
while the offset ratio L,/D was varied in the range
2 < Lo/D < 20. Also shown in the figure is a line
representing experimental data obtained in a straight
vertical tube (i.e. L, = 0) filled with water and having
the same length—diameter ratio [12]; these data were
obtained with L,/L- = 2, but the effect of heated-
cooled length ratio is weak, particularly for L,;/L < 2
[12, 13]. For lower Rayleigh numbers, e.g. Rz < 1053
the curves are steeper. This is consistent with the grad-
ual development of a laminar impeded regime as the
Rayleigh number is lowered further. Such a regime
has been clearly identified in the linear thermosyphon
[7, 14, 15), and is attributable to the gradual propa-
gation of viscous effects beyond a thin boundary layer
until they fill the entire cross section of the tube; the
buoyant motion of near-wall fluid is then impeded by
the core flowing in the opposite direction.

Given the experimental uncertainty indicated, it is
evident that the offset ratio has little effect on per-
formance for L,/D <4 when 10%® < Ra< 107
Under these conditions, the Rayleigh number also has
little effect, thus signalling a brief regime of fully-
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F1G. 3. Flow model of tilted linear thermosyphon.

mixed turbulence. Under comparable conditions,
Martin [14] noted the transition from laminar-
impeded flow to fully-mixed turbulence in a water-
filled, linear open thermosyphon. Fully-mixed tur-
bulence is characterized by slow, large-scale eddy
motion in the absence of a well-defined mean circu-
lation. Turbulent diffusion thus takes place over the
entire cross section of the tube, suggesting a ‘turbulent
impeded’ regime, except that longitudinal thermal
energy exchange is mainly attributable to eddy
motion; the heat transfer rate is essentially pro-
portional to the temperature difference.

For Ra < 10%?, the steep slope suggests entry into
a laminar impeded regime, while above Ra=10""*
the slope of approximately 0.33 appears to indicate a
turbulent boundary layer regime. This differs from the
fully-mixed regime because the turbulence intensity is

a) composite
circulation

b) bifilamental
circulation

FIG. 4. Suggested flow models for cranked thermosyphon.

greater while the scale of turbulence is less ; turbulent
diffusion is largely restricted to near-wall boundary
layers. Such a bifilamental structure is evidently cre-
ated by the stronger stratification in the horizontal
adiabatic length as the Rayleigh number increases.
It was found that the data for Ra > 107'® correlate
roughly in the form

0.007Ra'?

LA 0.226 "
(] +’5)

This assumes that the numerator represents behaviour
when the offset is zero, but no data were obtained for
L,/D = 0. It is not certain that the effect of L,/D is
monotonic in this range but it is evidently very small.

As the offset ratio is increased further, the short,
constant Nusselt number section of the curve becomes
even shorter and appears to vanish entirely for
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Fi1G. 5. Effect of offset on heat transfer.
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F1G. 6. Effect of length~diameter ratio on heat transfer.

LA/D = 20. However, the laminar impeded regime
and the turbulent boundary layer are both retained.
Indeed Ra ~ 107'® appears to define the lower extent
of the turbulent boundary layer regime and therefore
Ra ~ 107 may mark the point of transition to tur-
bulence when the offset ratio is high. The flow models
suggested in Fig. 4 both imply that the overall heat
transfer rate between the two vertical sections would
decrease with increasing offset ratio because lateral
conduction between the two horizontal filaments
grows with their length and thickness. Not surpris-
ingly, the thicker filaments associated with laminar
impeded flow produce a more rapid deterioration.
This trend is seen in Fig. 5, and evidently continues
until L,/D = 20 when the upper limit of the impeded
regime has been raised to Ra = 1071,

It is important to note that all the data for
Ra > 107° contained fluctuations exhibited as small
oscillations in the heated wall temperature near the
adiabatic section. No oscillations were evident for
Ra < 107°. At the same time, fluctuating conditions
were invariably associated with a marked reduction
in the power level of the heated length furthest from
the adiabatic section. Typically, the power from this
distant heater was only 5-10% of the other heater
power. This type of behaviour is reminiscent of that
observed in the linear thermosyphon at low Rayleigh
numbers when a stagnant pool exists at the closed end
[15]. The resolution of this paradox is suggested in Fig.
4(b) which depicts a purely bifilamental flow driven
at high Rayleigh numbers by two mechanisms: the
indirect buoyancy force created by the horizontal tem-
perature gradient in the adiabatic section; and the
direct buoyancy force acting in the reduced effective
length of both vertical sections.

Such a pattern, in which flow in the adiabatic sec-
tion is stably stratified, evidently accounts for the
vigorous monotonic increase in Nusselt number seen
in Fig. 5 when the Rayleigh number is increased

beyond 107. The annular refluent pattern shown in
Fig. 4(a) is difficult to justify in the presence of tur-
bulence. Experience with the linear, vertical tube [7)
indicates that a turbulent boundary layer flow does
not occur unless the laminar-turbulent transition
occurs in the laminar boundary layer regime, but the
horizontal adiabatic section dramatically alters the
situation in the cranked thermosyphon by crealing
stable stratification. Without this stratification, the
destabilizing effect of the tongues of fluid entering the
vertical sections leads to turbulence in both the core
and the annulus, thus giving rise to fully-mixed flow.
The turbulent boundary layers in the adiabatic
section, however, exert a controlling influence on the
overall flow pattern and, in particular, inhibit the
onset of a fully-mixed flow.

Effect of tube geometry

In addition to the length of the adiabatic section
discussed above, the full description of the tube
geometry requires the specification of the heated and
cooled section lengths. The effect of these lengths on
system performance may, in general, be phrased in
terms of two ratios: the heated~cooled length ratio
Ly/Lc, and the heated length-diameter ratio L, /D.
In linear thermosyphons, the effect of the former is
typically slight and its effect in a related study of
the elbow thermosyphon was found to be completely
absent [13]. For these reasons, it has not been studied
here.

On the other hand, the effect of length—-diameter
ratio is typically strong. In general, it alters the heat
transfer rate in two ways: through the change to an
impeded regime when the tube becomes particularly
long ; and through the change in coupling mechanism
in the mid-length region. Figure 6 uses the curve gen-
erated with L,/D =4 in Fig. 5 to explore the effect
of the vertical tube length—diameter ratio. The lower
slope section near Ra = 107 is evidently retained for
an increased value of Ly,/D but almost vanishes when
L, /D is decreased. This again suggests that Ra ~ 107
marks the onset of instability with the result being a
short-lived regime of fully-mixed turbulence for
longer tubes but a direct transition to boundary layer
turbulence for shorter tubes. In either event, the data
for lower Rayleigh numbers again indicate laminar-
impeded flow while those above indicate turbulent
boundary layer flow. This leads to the suggestion that
the principal effect of changing the length—diameter is
to displace the overall curve in a monotonic fashion,
but has little effect on the coupling mechanism. Apart
from the fully-mixed flow in the vicinity of Ra = 107,
the advective coupling mechanisms shown in Fig. 4
continue to apply ; the composite pattern for laminar-
impeded flow and the bifilamental pattern for tur-
bulent boundary layer flow.

The strong monotonic effect of L,,/D seen in Fig. 6
is evidently the result of changes to the heated surface
area in the Nusselt number. Given the flow pattern in
Fig. 4(b), this area exerts little, if any, further influence
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on the heat flux in the turbulent boundary layer regime
once the flow fails to penetrate to the end of the tube.
Only in the laminar impeded regime would L,,/D exerl
an cffect on the heat flux. This explanation carries
with it the implication that the Nusselt number should
be inversely proportional to L, when L, is large.
Correlation of the data in Fig. 6 for Ra > 10"""
reveals that

D 119
Nu= 0.164Ra"'3<z > o)
H

supporting the hypothesis of a turbulent boundary
layer flow which does not penetrate into the deep
region of the tube where circulation is much reduced.

CONCLUSIONS

The paper presents the results of an experimental
investigation ol the cranked, tubular thermosyphon.
Using a configuration in which two diabatic, vertical
tubes were separated by an adiabatic horizontal tube,
data which reveal the heat transfer characteristics
of the single phase device have been obtained. The
data were plotted in the form of Nusselt number vs
Rayleigh number with the latter being in the range
10%? < Ra < 10™%. A systematic attempt was made
to uncover the effect of the system geometry as
represented by the offset ratio L,/D and the heated
length—diameter ratio Ly/D.

The heated length—diameter ratio was found to have
the expected monotonic effect : the heat transfer rate
decreased as the length—diameter ratio increased, the
precise relationship suggesting turbulent boundary
layer flow for Ra = 107°,

The effect of the offset ratio was more complex.
With L,/D < 4, the parameter had little effect on heat
transfer rate. The Nu—Ra curve then appeared to be
divided into three different flow regimes. For
Ra < 10%°, the steepness of the curve suggested the
upper reaches of a laminar impeded regime in which
the flow pattern consists of annular refluence in the
vertical sections coupled through a bifilamental pat-
tern in the horizontal section. Although not confirmed
visually, this composite circulation pattern is con-
sistent with similar adaptations in linear and non-
linear thermosyphons operating in the laminar im-
peded regime.

For Ra 2 107, the slope of the curves suggested a
turbulent boundary layer flow in which the primary
flow is a single (bifilamental) loop extending part way
into each vertical section. Again unconfirmed visually,
this pattern is consistent with observed reductions in
the heat supplied to the deep regions of the vertical
tubes ; it also offers an explanation of the steepening
slope of the Nu-Ra curve as Ra increased beyond
107.0'

Between the laminar impeded regime and the tur-
bulent boundary layer regime was a third. This is a
brief regime, the extent of which varies with both
Ly/D and L,/D. The Nusselt number varied little in
this regime suggesting chaotic behaviour and large
scale turbulence originating in instability in the upper
reaches of the laminar impeded regime; at higher
Raylcigh numbers this evidently degenerates into
small scale turbulence in the turbulent boundary
layer regime, as dictated by the stably-stratified bifila-
mental flow in the adiabatic section.
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