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Abstract-An experimental investigation of single-phase heat transfer in the closed tube thermosyphon 
inclined at various angles to the vertical is reported. With water as the filling fluid, the system is studied 
over a range of low Rayleigh numbers extending almost two orders of magnitude. Heat transfer data for 
a tube with equal heated and cooled lengths are presented and discussed along with a conceptual model 

of the internal flow. 

INTRODUCTION 

THE TUBULAR single-phase thermosyphon has re- 
ceived much attention in recent years [l-9]. In closed 
form it has many applications, ranging from the 
cooling of gas turbine blades to the improvement of 
waste heat exchangers. Perhaps its most widespread 
use is in a northern geotechnical context where it 
provides a means whereby the virtually infinite source 
of cold winter air may be employed to create and 
maintain frozen ground [l&12] or to generate exten- 
sive amounts of underwater ice [13, 141. Under such 
circumstances, colder temperatures along the upper 
section of the thermosyphon tube serve to promote a 
natural circulation within the tube, thus establishing 
an efficient heat withdrawal system. However, during 
the summer period the temperature field is inverted, 
thereby suppressing any natural convection and 
reducing the heat transfer efficiency to the much lower 
level of pure conduction. 

The first exploratory theoretical study of the 
vertical closed tube thermosyphon was undertaken 
by Lighthill [3] who used his description of open- 
thermosyphon behaviour to postulate similar behav- 
iour for the closed system. This suggestion was closely 
examined by Bayley and Lock [5] who proposed the 
model depicted in Fig. 1. In the lower section, heated 
fluid rises in an annulus adjacent to the tube wall while 
a replenishing core descends. In the upper section the 
flow is simply reversed, as indicated. It is therefore to 
be expected that the impeded and boundary layer flow 
regimes identified for the open system would also 
appear in the closed system, given that it may be 
described as a pair of coupled open elements. 

At the junction of the upper and lower sections, the 
flow system is very complex but usually contains one 
or more of the following features : thermal instability 
creating a convective turnover which results in 
material from the ascending annulus entering the 

ascending core, while a corresponding transfer takes 
place downwards ; mixing of the opposing annuli as 
they collide, particularly under turbulent conditions ; 
and reflux of each annulus into its own core par- 
ticularly for small temperature differences. These fea- 
tures have been examined by direct visualization [7], 
through heat transfer data [5, 71 and by means of 
internal temperature measurements [5, 6, 151. The 

complexity and variability of the coupling mech- 
anisms have seriously limited theoretical analysis of 
the closed tube thermosyphon [3, 8, 9, 161. 

Almost all of the investigations of thermosyphon 
tubes have been restricted to situations in which the 
tube has lain parallel to a body force field, assumed 
to be constant. Under rotating conditions it is obvious 
that non-uniformity in the centrifugal field, together 

FIG. I. Schematic Bow model for vertical, closed 
thermosyphon. 
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NOMENCLATURE 

d tube diameter [m] 

9 gravitational acceleration [m s ‘1 
k thermal conductivity [W m- ’ K- ‘1 

L tube length [m] 
Nu Nusselt number, Q/nk( TH - T,) L,, 

Pr Prandtl number, V/K 

Q heat flux [W] 
Ra Rayleigh number, flg( T,, - T,)d 3/vK 

T absolute temperature [K] 

t (Ra)diL. 

Greek symbols 

B thermal expansion coefficient [Km ‘1 

6 layer thickness 
8 inclination to vertical 
lc thermal diffusivity 

[m’ s ‘1 
V momentum diffusivity 

[m’ s- ‘I. 

Subscripts 
C cooled 
d based on diameter 
H heated 
m mean. 

with the effect of Coriolis forces, does not satisfy the 
assumption of a uniform force field. According to the 
conventional wisdom, a simulation of the Coriolis 
effect may be created by inclining a static tube to the 
vertical [7, 17, 181. In a geotechnical context, it is 
a common requirement that thermosyphon tubes 
be inclined on berms or in the neighbourhood of 

foundations. 
This paper is a systematic experimental inves- 

tigation of the closed tube thermosyphon for incli- 
nations ranging from the vertical to the horizontal. 
The study is restricted to low Rayleigh numbers. Its 
principal purpose is to use a representative liquid in 
a representative geometry to describe the effect of 
inclination on the Nusselt number-Rayleigh number 
relation. To assist with this description, a conceptual 

section was heated electrically using resistive metal 
tape separated from the tube wall by a layer of fibre- 

ary to determine the net heat input. 

glass tape. The heater tape was divided into two equal 
sections, each of which was connected in series with a 
variable resistance. This provided some flexibility in 
the control of power levels and temperature in the top 
and bottom sections of the heated tube, but did not 
create isothermal wall conditions; this point will be 
discussed later. Power to the heater tapes was supplied 
from the building mains converted into direct current 

by a Hewlett Packard 6268A d.c. unit. The power was 
measured using a voltmeter and an ohmmeter. No 
attempt was made to measure the heat leaving the 
upper tube. As noted earlier, this heat is removed 
by cold tunnel air and since the experiments were 

conducted under steady conditions it was only necess- 
flow model is developed for laminar flow. 

EXPERIMENTAL CONSIDERATIONS %u 

The experiments were conducted in the FROST? 
Tunnel of the Department of Mechanical Engineering 
at the University of Alberta. This is a low temperature 
wind tunnel with a speed range of IO-60 m s- ’ and a 
temperature range of -20 to 10°C. The thermo- 
syphon tubes were installed in the octagonal wall 
panels of the tunnel as shown in Fig. 2. By means of 
a cylindrical hinge, the inclination of the tube could 
be set on any of a wide range of angles with respect 
to the normal to the tunnel wall. This arrangement 
provided a very convenient cooling system for the 
upper section of the tube which could thereby be 
studied at any inclination between the vertical and the 
horizontal. 

thermal insulation 

The thermosyphons were made from a 2 cm i.d. 
copper tube cut into two equal lengths of 20 cm, thus 
fixing the length-diameter ratio at 10: 1. The lower 

t An acronym for Fundamental Research on Solidification 
and Thawing. 

digital thermometer 

FIG. 2. Schematic of thermosyphon apparatus 
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Instrumentation and calibration Table 1. Test schedule 

It is evident from Fig. 2 that the lower tube was 

wrapped with thermal insulation so as to reduce the 
heat leakage to the air, inside and outside of the 
tunnel. Prior to beginning the experiments proper, the 
heated tube was filled with granular insulation and 
calibrated by plotting the heat then supplied against 
the difference in temperature between the tube wall 
and the ambient air. Superimposed on this linear (con- 

duction) plot are the incremental changes in power 
level produced by alterations in wind speed and tem- 
perature. This enabled the heat leakage under test 
conditions to be determined accurately and then sub- 
tracted from the gross power. Typically. the leakage 

power was of the order of 5% of the gross power. 

Mean temperature 
Inclination fd range range, T, 

Test (deg) t (log,,) (“Cl 

1 0 4.7764 5.842.9 
2 30 4.76.1 5.432.8 
3 45 4.9-5.9 7.8-27.4 
4 60 5.G5.8 8.5526.6 
5 80 4.9-5.9 8.lL30.1 
6 90 4.9-6. I 8.638.8 

t From the vertical. L,,/d = 10 : 1. L,/L, = 1 : 1. 

Temperatures were measured throughout using 
copper-constantan thermocouples connected via a 
switching box to a Fluke 2175A digital thermometer. 
The thermocouples were located in the room air, the 
wind tunnel air, and on the outside of the thermo- 
syphon tubes at 5 cm intervals in a plane containing 
the tube axis but perpendicular to the plane of tilt 
(on the stagnation lines for the cooled tube). These 
locations were chosen to provide the best estimates of 
average wall temperature, bearing in mind that the 
local wall temperature on the upper and lower sur- 
faces of the tube would be expected to vary, re- 
spectively, above and below the mean (measured) 
value as the inclination varied. For both upper and 
lower tubes, the thermocouple wires were led out 
axially ; on the lower tube they were installed prior 
to wrapping the tube with the fibreglass tape men- 
tioned earlier. 

filling. The schedule is shown in Table 1 from which 

it is evident that the data cover a range of Ra,, or t, 
extending over almost two orders of magnitude, 
and a full range of angles 6 between the vertical 
and the horizontal: t, = (Ra)d/L,, where d is the 
tube diameter, L, its heated length, and Ra,, = 
/Jq(T,, - T,-)d3/w, in which b is the fluid coefficient of 
thermal expansion, g the gravitational acceleration, v 
and K the fluid momentum and thermal diffusivities, 
respectively, and T+,, T, represent the heated and 
cooled wall temperatures, respectively. 

FLOW DEVELOPMENT 

Procedure and schedule 
The experiments were conducted as follows. The 

tunnel was started up and the temperature set at a pre- 
determined value ; the wind speed was always fixed at 
38 m s- ‘. While the tunnel was approaching a steady 
state the electrical power to the heater tape was 
switched on and adjusted to some value in the antici- 
pated range for the run (O-100 W). Periodic moni- 
toring of the tube wall temperatures showed that at 

least 3 h were required for the entire system to ap- 
proach close to steady conditions. When this period had 
elapsed the following readings were taken : tube wall 
temperatures, room air temperature, wind tempera- 
ture, and gross power. The power was then altered 
and the measurement process repeated. For each 

data point, the local wall temperatures were used to 
calculate an average for the heated and cooled tube 
walls; these values were then used together with the 
wind and room air temperatures in estimating the heat 
leakage and hence the net power supplied. As noted 
earlier, isothermal walls were not attained, par- 
ticularly in the region where the heated and cooled 
sections were joined. This fact, although limiting accu- 
racy, does not compromise the data, as the results of 
previous work demonstrate [ 161. 

Flow patterns in the inclined tube thermosyphon 
are nothing if not complex. Perhaps the easiest way 
to analyze them is by considering them divided into 
three distinct but interrelated regions: main flow, 
coupling, and end flow. In the vertical position, the 
main flow may often be treated as an axisymmetric 
counter-flow system, except in the mid-height region. 
This is illustrated in Fig. 1 which reveals that the main 
flow in the cooled upper section is simply the mirror 
image of the main flow in the heated lower section. 
The effect of inclination is to destroy the axisymmetry 
in both sections, anti-symmetrically [19-211; the axis of 
the replenishing core in the lower section is displaced 
beneath the tube axis in the plane of the tilt, and a 
secondary flow is established in the form of a pair of 
vortices moving away from the closed end above the 
core. The reverse situation occurs in the upper section, 
so that the secondary motions across the coupling 
region are in opposite directions. 

The test series was conducted with water as the 

The complexity of flow in the coupling region is 
best treated in relation to the behaviour in the vertical 
position, where axisymmetry is preserved only outside 
of the coupling region. In principle, the mixing and 

refluence mechanisms mentioned earlier are not 
incompatible with axisymmetry but they do not 
demand it ; moreover, the advective exchange process, 
which is not compatible with axisymmetry, is seldom 
an insignificant part of the overall thermal exchange 
process. In the open system [22], it has been observed 
that the emerging annular stream necks down into an 
axisymmetric jet shortly after leaving the mouth of 
the device. By way of compensation, the entering core 
material splits into several discrete streams which 
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pierce the exiting material at several locations around 
the mouth thereby creating egg-shaped holes. The 
effect of placing a cooled tube over the mouth of a 
heated (open) thermosyphon tube would be to confine 
the emergent jet as a core, and to re-align the radial 
ingress of cold material more or less vertically from 
above. In other words, the egg-shaped holes would 
then lie in the junction plane of the two tubes, thus 
permitting a modified form of advective exchange 
between the two thermosyphon tubes. 

The origin of this advective coupling in the closed 
thermosyphon appears to be associated with thermal 
instability in the vicinity of the junction plane [5]. The 
existence of a bundle of fluid filaments moving thus 
in opposite directions has been clearly demonstrated 
by Japiksc et al. [7, 231 who observed that the number 
(or spacing) and stability of the bundle depends upon 
fluid properties, the Prandtl number in particular: 
lowering the Prandtl number tends to increase the 
number of filaments but decrease their stability, at 
least for non-metallic fluids. The existence of these 
filaments has been demonstrated numerically [9] for 

viscous liquids under laminar impeded conditions. 
Continuity requirements demand that the total 

filament mass flux in one direction must equal that in 
the opposite direction. In many circumstances, this 
fact, coupled with periodicity around the tube cir- 
cumference, leads to an even number of filaments 
distributed in alternating fashion around an annular 
region in the junction plane. Apparently, the effect of 
inclination is to re-organize the filament distribution 
[7]. Near the vertical position, the effect will simply 
be a small displacement of each filament essentially 
in the plane of the tilt: cold filaments move down, 
especially around the ‘upper’ surface of the tube per- 
imeter; the reverse is true for hot filaments near the 

‘bottom’ of the perimeter. 
The lateral stability of the filaments is evidently 

not great, and is most likely constrained by the tube 
diameter, which limits their potential excursions. 
Thus, several small cold filaments moving away from 
the upper part of the perimeter may easily join to- 
gether to form a larger cold filament and thereby pro- 
vide space above for several hot filaments following a 
similar tendency. By the same token, hot and cold fila- 
ments near the vertical parts of the perimeter may alter 
their places and perhaps consolidate. With increasing 
inclination, the effect increases. A smaller number of 
larger filaments is gradually created, with the hotter 
filaments naturally tending towards the ‘upper’ part 
of the tube. Eventually, there are only two filaments, 
one moving in each direction. This situation appears 
to be well established long before the tube is hori- 
zontal: Japikse et a/. [7] observed two filaments in 
water when 0 = 6-. 

Figure 3 is a schematic representation of advective 
exchange in the coupling region ; for simplicity, only 
two filaments are shown. It indicates how the upward- 
flowing annulus may consolidate on one side (here 
drawn on the left) into a single filament which enters 

junction 

plane 

FIG. 3. Advective exchange in coupling region. 

and becomes the core of the upper section, while the 
downward-flowing annulus consolidates on the other 
(right hand) side before flowing into the lower core. 
Given that the temperature of the lower section TH is 
greater than the temperature of the upper section Tc, 
it is easy to see how the opposed annular layers would 
meet, begin to flow radially inwards, and then follow 
the dictates of thermal buoyancy ; the hotter annulus 
is able to move inside the cooler annulus and vice 
versa. However, the process is not entirely advective, 

as the two refluent circulations indicate; and, of 
course, the creation of any local turbulence would be 
accompanied by mixing. The existence of this two- 
filament structure has also been observed numerically 
[20, 241 in a vertical thermosyphon under laminar 
impeded conditions. 

Flow near the ends of the tubes may also depend 
upon the influence of ( TH - T,) by introducing a 
potential Rayleigh instability [3, 24, 251. For low 
values of (T,, - T,), the axial temperature gradient at 
the end of a vertical tube may give rise to an axisym- 
metric ring vortex, as illustrated in Fig. 4(a). The effect 

of inclination is twofold ; it destroys the axisymmetry 
and weakens the vortex. As indicated in Fig. 4(b), the 
inertia of the descending core ultimately, or perhaps 
initially, enables it to penetrate to the bottom where 
it creates a stagnation point, the location of which 
moves towards the lower corner as the inclination 
increases. Only a vestige, if anything, of the ring vortex 
then remains in the upper corner. Figure 4(b) illus- 
trates the ‘lowering’ of the descending core (C) and 
the refluence (R) which occurs over the ‘bottom’ sur- 
face of the tube. 

A composite flow for the entire thermosyphon may 
be obtained by combining the characteristics of the 
main flow. coupling and end flow. The resulting pat- 
tern is shown in Fig. 5 using two-filament coupling. 
This model, although speculative, is consistent with 
numerical predictions for other related systems [20, 
21, 241 which have revealed that each filament con- 
tains a pair of vortices. The existence of this secondary 
vertical motion is crucial to the understanding of heat 
transfer performance, as discussed later. 

Finally, it is worthwhile briefly discussing the alter- 
ations to this flow pattern which result from a tran- 
sition to turbulence. A full treatment of the topic [23] 
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FIG. 5. Composite flow pattern. 

is beyond this paper, and it is sufficient to note that 
transition in shorter vertical tubes is more likely to 
occur in the laminar boundary layer regime, e.g. 
t,, >> 105, whereas in longer vertical tubes it may occur 
in the laminar impeded regime. A boundary layer 
transition would not alter the basic flow pattern sug- 

gested above; diffusive transport is simply replaced 
by a macroscopic, small scale, mechanism. On the 
other hand, transition in the impeded regime, where 
velocities are much lower, may lead to a large scale, 
low intensity type of turbulence which introduces ran- 
domness ; not on a local scale, but on the scale of the 
tube diameter, thereby destroying rather than altering 
the flow pattern. 

DISCUSSION OF RESULTS 

Comparison with other work 
Before considering the effect of inclination it is 

worth comparing various results obtained with a ver- 
tical tube. Using heat transfer data in the form Nu, 

vs tCl, where Nu,, = Q/xk(T, - T&2,, Q is the total 
(net) heat transfer rate, and k the fluid thermal con- 
ductivity, these are shown in Fig. 6 from which it 
is immediately apparent that the present results are 
substantially lower than other experimental data. It is 

clear from the error bars, determined from a formal 
error analysis, that the difference cannot be explained 
by random experimental error. A careful re-exam- 
ination of the experimental technique confirmed that 

1 I I I I I 

o present study. LH/d=lO. 2<Pr<9 

ARef. [7], LH/d=4, lXPr<6.1 

n Ref. 151, L+,/d=3.75, 1 <Pr<lO 

*Ref. [5]. LH/d=7.5, l<Pr<lO 

- advectwe model 
1.6 - -- mixing model 

I 

Ref. [16] 

-..- refluent model 

1.2 - 

-0.4 - L”/L,=l 

-0.0 I I I 4 I , 
4.0 4.4 4.8 5.2 5.6 6.0 6.4 6.8 

L”%Otd 

FIG. 6. Comparison with other work : vertical tube. 
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no systematic error had been made. It must therefore 
be concluded that the difference is the result of some 

systematic physical effect. 
The four sets of experimental data shown in Fig. 6 

were obtained over essentially the same tempera- 

ture range, i.e. (tlOO”C, and therefore (r,, - rc) is 
not significantly different among them. As indicated, 
they were all obtained with L,/L, = 1.0 and 3.75 < 

L,/d< IO. It would therefore appear that the geo- 
metrical differences were not too great although it 
must be noted that the tube diameters were different, 
the present experiments being conducted with nar- 
rower tubes. The difference between the ref. [5] data 
sets, is easily explained by the doubling of L,/d but 
the difference between their data for L,/d = 7.5 and 
the present data for LH/d= 10 cannot be explained 

completely by the same trend. 
Most of the data shown in Fig. 6 arc in the range 

IO’ 2< t, < IO’ [S]. Under laminar boundary layer 
conditions, the thickness (5 of the annulus is given by 

6 1 
d=j:” 

Using t,, = 10” as a representative value in the region 
of data overlap, it is evident that (5 = O(d/30) and 
Ru, = O(l0’). No theoretical predictions or flow visu- 
alizations are currently available for these conditions. 
However, for Ra,, 6 IO” in shorter cavities the flow 
field may not be unique. or at least its marked tor- 
tuosity may be very sensitive either to the initial con- 
ditions of the experiment or to the boundary con- 
ditions. Thus, small temperature fluctuations, or the 
imposition of slightly different heating and cooling 
arrangements, particularly near the ends and junction 
region, may have been sufficient to create a different, 
but stable, flow under the same nominal conditions 
used elsewhere. Given the ambiguity in the equations 
governing a symmetric system heated from below [26], 
perhaps this behaviour is not surprising at lower Ray- 
leigh numbers where refluence is likely to become 
increasingly important. This explanation is consistent 

with the numerical predictions [16] shown in Fig. 6 
and suggests that the two-filament How model of Fig. 
5 may not always apply when the tube is vertical. 

An alternative explanation may be found in the 
work of Martin [27] who concluded that the flow in 

a water-filled open thermosyphon underwent a tran- 
sition to turbulence just below the point where the 
boundary layer regime meets the laminar impeded 
regime. If such a transition were to occur at this point 
in a closed system, it would have the effect of creating 
a turbulent impeded flow with characteristically lower 
and invariant Nusselt numbers. Thus, the existence of 
a scale of turbulence comparable with the smaller tube 
diameter used here may explain the departure from 
previously observed boundary layer behaviour seen 
in Fig. 6. 

In addition, it should be mentioned that the water 
temperature spanned the inversion point (4°C) in 

1.6 I 

2<Pr<9 

1.2 

I 
0.6 

t 
‘[) 

1 0.4 - 

Y 

O- 

horizontal 

vertical 

-0.8 ’ I I I I 
4.4 4.6 5.2 5.6 6.0 6.4 

L”glOtd 

FIG. 7. Heat transfer characteristics of inclined tubes. 

some tests; the data thus affected are marked with a 
tag in Fig. 7 and a circle in Fig. 8. With the cold wall 
temperature in the range 0°C < r,. < 4’C, it is to be 
expected that the circulation in the cold section would 

be partly reversed ; in the extreme, as Tc - 0°C the 
global circulation may be upwards over the entire 
wall, heated and cooled, and downwards along the 
entire core [28]. This reversal in the upper section may 
account, in part, for the rapid decline in heat transfer 

rate at the lowest values of td measured. However, the 
heated wall temperature was never below IO’C even 
in these special cases, and hence the overall effect on 
circulation was not likely to be very great, as suggested 
by the fact that $ = (4- rc)/(r,, - rc) was always 
less than 0.32 while 4 & 0.5 is necessary for a sig- 
nificant inversion effect [29]. 

The qfect of indination 
The heat transfer characteristics of inclined tubes 

are shown in Fig. 7 from which it is apparent that the 
data may be grouped in two categories : near vertical 
and near horizontal. The main effect of inclination is 

1.6 

near vertical near horizontal 

-0.6 I I I I I I I I 

0 10 20 30 40 50 60 70 60 60 

Inclination from vertical plane, 0 

FIG. 8. Effect of inclination on heat transfer rate. 
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to raise the heat transfer rates above the value 

obtained for a vertical tube. This is seen more clearly 

by using the smooth curves drawn through the 
Nu, N t, data to construct cross plots. The result is 
shown in Fig. 8 along with water data from Japikse 
et al. [7]. It is immediately obvious that the heat 
transfer efficiency initially increases with inclination 
from the vertical, a trend which appears to be counter- 
intuitive because the longitudinal component of the 
body force field driving the system decreases with 
increasing inclination. However, the effective body 
force field has two components, both of which are 
evidently important in amounts which vary with incli- 
nation. 

Using the model developed above, it is to be 
expected that as the tube is inclined from the vertical 

the initial effect under laminar conditions would be 
complex but slight. The annular refluent zones would 
shrink slightly as the two-filament coupling mech- 
anism evolved. These filaments would be subject 
increasingly to the organizing influence of a component 
of gravity acting normal to the tube axis; that is, 
secondary motion would appear. Opposing the gain 

attributable to a secondary motion is the decrease in 
longitudinal buoyancy. Overall, the increase in heat 
transfer rate is small, and slightly non-linear; this 
is consistent with previous observations [7] which 
were, however, believed to be for boundary layer 
conditions. It is suggested that a more plausible ex- 
planation follows from the assumption that the near 
vertical data were mostly in a turbulent impeded 
regime extending down to the lowest values oft, where 
transition to a laminar impeded regime occurs. This 
assumption accounts for Nusselt numbers which are 
low and almost constant. 

For inclinations greater than 45” the situation 
changes substantially as Fig. 8 reveals. The extent of 
the annular refluent zone would be further reduced, 
but it is believed that this is not the main cause of the 
rapidly increasing Nusselt number evident between 
45“ and 70”. Again referring to Fig. 5, it is evident 
that as the annular refluent zones shrink towards the 
tube ends, the length of the two opposed filaments 
increases. Normal to the tube axis, g sin 0 increases 
with inclination, giving rise to a vigorous secondary 
circulation in the form of a vortex pair in each filament 
[19-211. This evertive augmentation is evidently the 
cause of the significant rise in heat transfer for 0 
between 45” and 70”. 

It is also evident that this secondary motion will 
continue to increase in strength as the inclination 
increases further. However, the longitudinal com- 
ponent of gravity g cos 0 continues to decrease as the 
horizontal position is approached. The primary flow 
is thus driven by a weakening field which is eventually 
replaced by the much smaller indirect buoyancy effect 
dependent upon the horizontal temperature gradient. 
The opposition of a strengthening secondary flow and 
a weakening primary flow results in the maximum 
displayed in Fig. 8. Beyond the maximum, it is dimin- 

ishing the strength of the primary circulation which 

causes the decrease in heat transfer rate. 
When the tube is horizontal, annular refluence 

ceases to exist and the system consists simply of a 
horizontally-driven, two-filament primary loop super- 
imposed on which is a vertically-driven secondary flow 
consisting of two pairs of longitudinal vortices with 
opposite signs, and one above the other [19-211. 
Under these conditions, the cold core shown in Fig. 
4(b) runs along the bottom of the tube and Fig. 5 is 
modified accordingly ; no stagnation point then exists 
on the end faces. The Nu, N td data at, or near, the 
horizontal position reveal a positive slope which, in 
the upper reaches, e.g. t, > 105.4, is approximately 
equal to 0.2, the value normally associated with lami- 
nar boundary layer natural convection over hori- 

zontal surfaces. 
Finally, it is worth recalling the alterations in the 

location of the lower td ‘transition’ noted earlier. This 

evidently represents a change to laminar impeded flow 
[3, 5, 211. Figure 7 indicates that the near-vertical 
transitional point is quite separate from the point 
associated with large inclinations, the latter being vir- 
tually independent of angle. It is suggested that the 
near-vertical (0 < 30”) transition is essentially con- 
trolled by the near-vertical (and probably turbulent) 
flow field in the annulus and core. For positions nearer 
the horizontal, and especially for 0 2 45”, the two- 
filament model of Fig. 5 suggests a marked change in 
the flow fields. Apparently, the primary circulation 

does not change significantly over a wide range of 
inclinations near the horizontal [20,21] ; this therefore 
corresponds to a transitional shift from the near-ver- 
tical value to a new value valid for large inclinations 
and determined from the near-horizontal flow field. 
The transition was always steeper than expected 
because the lowest points were taken with the cooled 
section wall temperature below the inversion tem- 
perature but this did not appear to alter the distinction 
between the low and high Q transitions. 

CONCLUSIONS 

The experimental data presented fall in the low 
Rayleigh number range where slowly varying Nusselt 
number behaviour was found to end abruptly at the 
low end. It is suggested that this transition marks the 
upper limit of a laminar impeded regime which is 
different in near-vertical and near-horizontal tubes, 
the difference reflecting the marked alteration in the 
primary flow field. 

To explain the complex behaviour of the system a 
flow model has been developed from related numerical 
studies in the laminar impeded regime. Essentially, 
this is based on the reconciliation of three flows : the 
main flow in each tube, the end region flow, and the 
flow pattern which couples the heated section to the 
cooled section. The axisymmetric main flow which 
occurs in a vertical tube is thus modified to account 
for secondary motion and core displacement at both 
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ends. In the coupling region, the mode1 accommodates 
the effect of thermal buoyancy as the source of a 
pattern of interlaced streams, or filaments, which cross 
through each other. In this way it is possible to 
account for the influence of both the advective and 
refluence mechanisms, the balance between deter- 

mines the overall efficiency of the system. 
Near the vertical position, the flow system may be 

more complex than the two-filament flow model 
indicated in Fig. 5. One suggestion is that multi- 

filament coupling may then exist; the flow pattern 
may not be unique, thus leading to the possibility of 
branching in the heat transfer rate. Alternatively, a 

turbulent impeded regime may have been entered. In 
any event, the results suggest the gradual emergence 
of a more efficient two-filament flow which accom- 

panies increasing inclination and more than offsets 
the effect of a decrease in the longitudinal component 
of the gravitational field. 

For greater inclinations, the flow model was found 
to be very helpful in interpreting the heat transfer 
data. In particular, it suggests that further increases in 
the heat transfer rate are attributable to the increasing 

evertive augmentation associated with secondary cir- 
culation in each of the two filaments. It also provides 
an explanation of the maximum. Beyond this point, 
the continued increase in secondary motion is more 
than offset by the decrease in the primary circulation 
which is eventually driven solely by the weak effect of 
horizontal temperature gradients ; the heat transfer 

rate then decreases. 
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QUELQUES CARACTERISTIQUES DUN THERMOSIPHON INCLINE, FERME, DANS 
DES CONDITIONS DE FAIBLE NOMBRE DE RAYLEIGH 

R&urn&On decrit une analyse experimentale du transfert de chaleur en monophasique dans un thermo- 
siphon tubulaire ferme, incline avec plusieurs angles par rapport a la verticale. Avec de I’eau comme fluide 
de remplissage, le systeme est etudie pour un domaine de faibles nombres de RAYLEIGH, s’ttendant sur 
deux ordres de grandeur. On presente les donnees de transfert thermique pour un tube ayant des longueurs 

&gales de chauffage et de refroidissement et on discute ri l’aide d’un modtle de I’koulement interne. 

UNTERSUCHUNGEN AN EINEM GENEIGTEN GESCHLOSSENEN THERMOSYPHON 
BE1 KLEINEN RAYLEIGH-ZAHLEN 

Zusammenfassung-Es wird iiber eine experimentelle Untersuchung des einphasigen Warmetransports in 
einem geschlossenen Thermosyphon berichtet, der unter verschiedenen Winkeln gegeniiber der Senkrechten 
geneigt ist. Als Arbeitsstoff wird Wasser verwendet. Das System wird in einem Bereich kleiner Rayleigh- 
Zahlen untersucht, der sich iiber fast zwei GroBenordnungen erstreckt. Es werden Ergebnisse fiir den 
Warmeiibergang in einem Rohr vorgestellt, bei dem Heiz- und Kiihlzone gleich lang sind. Diese Ergebnisse 

werden auf der Grundlage einer Modellvorstellung iiber die interne Striimung diskutiert. 

HEKOTOPbIE XAPAKTEPRCTHKM HAKJIOHHOI-0 3AMKHYTOF0 TPYEgATOI-0 
TEPMOCB@OHA I-IPM HM3KMX %ICJIAX P3JIEII 

z‘,,,,IOTZU,“P~KCnepHMeHTa.JIbHO HCCJIenycTCII OLlHO~a3HbIii TenJIOnepeHOC B 3aMKHyTOM Tpy69aTOM 

TepMOCH@OHe IIpI, pa3AH’tHbIX ,‘UIaX HaKJ‘OHa OTHOCHTeJTbHO B‘?pTkUWIH. B KaWCTBi? pa6Odi mA- 

KOCTB BCnOJIb3yeTCSI BOAa. kiCCAeAOBaHHe llpOBOA!iTCfl B JlHaIIa30He MiUIbIX 3HaqeHIifi YUCJIa PWIeB, 

IxcnIoYaIomeM novTa nBa nopnmta BenIwiHbI. AaIoTcn AaHHble no rennonepenocy B Tpy6e c y9acTKahi8 

HapBa B OXJIaXeHHll OAHHaKOBOii LUIIiHbI, II o6cymnaeTcn KOHUeIITyaJTbHaR MOAeJIb BHyT&WHHerO 

Te9eH”II. 


