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An experimental investigation of single- phase liquid in the toroidal thermosyphon inclined 
at various angles to the horizontal is reported. With water as the filling fluid, the system is 
studied over a range of low Rayleigh numbers. The study included the effect of heated 
length- tube diameter ratio, heated- cooled length ratio, diameter of torus- tube diameter ra-
tio and angle of inclination on the heat transfer rate. The data show that both heated 

length- tube diameter ratio and heated- cooled length ratio have monotonic effect on the 
heat transfer rate. The effect of torus diameter is to change the heat transfer rate by eleven 
percent for the thermosyphon considered in the experimental study. The correlations ob-
tained fit the experimental data for all variable parameters adequately. The experimental re-
sults obtained from the present study are compared with other results in case of vertical 
toroidal plane. The comparison is fairly well. 

فى هذى اهاحث ىمه دىاهة اصىئه اىتقاهاا حىىتةهاح ى ا حهحدىتقطهر ىتةلهاحفىن هةا ىةهصىى انشه ى ا له عحى هاحقى ة ه د ىةه عى ها فحىى ه
 هن ى ح ه ىير  ه ىةهدىشهاصىثئهفىنةهاحدث ى ه حى هفىنةه قى ه احى ه ىةهدىشهد ىةهاحصى انشه عى ها فحى هن ىير   داهة اصىئه ىير  هه دع تً 

احد رفهناصثئهفنةهاحدث  ه حى هقفى هراثىنلهاحصى انشهناصىثئهاححفى هاح عحى هحعصى انشه حى هقفى هراثىنلهاحصى انشه عى هد ىة اهاا حىتةه
 هفنةهاحد رىفهناصىثئهفىنةهاحدث ى ه حى ههقفى هراثىنلهاحصى انشهد دترىةه ث شهدشهاحة اصئهرشه ير  ه ةهاصثئهفنةهاحدث  ه حهاح  ا ح 

ن  دىىةه عىى هاحاىىتشهد ىىةةهاا حىىتةهاح ىى ا حهثم ىىتةحه ىىةهدا دىىت هن ىى ح هم ىىتةحهاححفىى هاح عحىى هحعصىى انشه  دىىةه عىى هم ىىتةحهد ىىةةهاا حىىتةه

 هن ى ه03ه-03ح ى ا حهفى ه ىةنةهننجةهر ضتهًرشهراصلهمان ئهد ةهحعص انشه  ف هر ثى هد ىةةها ا حىتةهاه% 11اح  ا حهف ه ةنةه
اح انةه عى هد تةحىئه ج  ث ىئه ثى شه ىير  ه ىةهدىشهمان ىئهد ىةهاحصى انش هاصىثئهفىنةهاحدث ى ه حى هقفى هراثىنلهاحصى انشهناصىثئهفىنةه

ن دىاهدحت اىئهاحا ىتق هه  قى هاتصىعاه عى هقى   احى هاحدث  ه ح هفنةهاحد رفهناححف هاح عح هحعص انشه ح هقفى هراثىنلهاحصى انشهن قى ه
ه تح ئهثا تق ها ث تمها   لهف ه تحئهاحنضطهاح رص هحعص انشهاح  ا لهنقةهنجةاهرا تهدفتثحئهدطهالآ   ش اح
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1. Introduction 
 

Thermosyphons are devices heated at 

locations below the points of cooling so that 

mass and heat transfer around the loop is 

transported through natural convection proc-

esses. For the single-phase thermosyphon and 
in the presence of gravity, buoyancy forces 

due to thermal expansion of a working fluid 

maintain the flow. Thus a circulation is 

created which transfers energy by convection 

from the heated section of the loop to the 
cooled one. 

 The toroidal thermosyphon consists of a 

closed loop of tubing in the form of a tours. 

The tube is filled with a fluid and heated over 

a part of its length and cooled over the other 

part. 
 The steady and time dependent behavior of 

closed natural circulation loops is important 

for several engineering applications. For 
instance, in solar thermosyphon hot water 

heaters, the heat transfer fluid is heated at the 

solar collector and rises through a pipe to an 

elevated storage tank. Here, it transfers heat 

to the water in the tank, and consequently 

falls back down to the collector. Natural 
circulation may also arise in the emergency 

cooling of nuclear reactor cores, e.g., when a 

pump failure occurs. Other applications 

include cooling of internal combustion engines 

and turbine blades, geothermal power 
production, thermosyphon reboilers, heat 

exchanger fins, permafrost protection, ice 

production, computer cooling, green houses, 

arctic and climate applications. 

 A major advantage of these devices is that 

efficient heat removal is achieved by a flowing 
fluid without the need for a pump. Flow in a 

toroidal thermosyphon is driven by buoyancy 
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forces created by heating and cooling of the 

internal fluid. The motion of the fluid is 

opposed by frictional shear forces between the 
fluid and the wall of the torus. For fixed heat 

addition and heat removal conditions, the 

steady-state flow rate in the thermosyphon is 

the value for which buoyancy and frictional 

forces are balanced. The circulatory flow is 

enhanced by larger heat addition rates 
because the fluid density differences within 

the thermosyphon are increased. 

 Most studies on the toroidal loop have 

considered one of the following modes of 

heating: 
a. Known heating flux over a part of the loop 

and convective cooling with constant heat 

transfer coefficient and known wall tempera-

ture over the remaining part. 

b.  Known heating flux over the whole loop. 

c. Convective heat transfer with constant 
coefficient and known wall temperature over 

the whole loop. 

 Other treatments have considered the tem-

perature change in the cooling heat exchanger 

or property variations [1]. 
 Generally speaking, experimental work has 
approximated heating mode (a). Creveling et 

al. [2] studied the nature of motions in a tor-

oidal thermosyphon oriented in the vertical 

plane. A constant wall flux inwards for nega-

tive angle  (the lower half of the torus), and 

constant Tw for positive angle . They found 

that steady flow solutions of the one-dimen-

sional model equations agreed with experi-
ments only if the wall- stress parameterization 

in terms of the mass flux is varied with the ap-
plied heating rate (q). For low heating rates, 

frictional drag was proportional to q, while at 

higher values the actual internal motion ap-

peared to be turbulent and the stress seemed 
to follow a q1.5 law. Using these friction laws 

they computed the stability of the predicted 

steady flows by deriving a transcendental 

characteristic equation for the linear growth 

rates that had an infinite number of roots. The 

stability results gave partial agreement with 
experiments. Damerell and Schoenhals [3] 

studied the predicted and observed steady 

flow in a toroidal thermosyphon with angular 

displacement of heated and cooled sections. A 

one- dimensional, steady- state analysis pre-

dicted that the mass flow rate would decrease 

monotonically with increasing the tilt angle. 

However, it was found experimentally that for 

small tilt angles, the flow rate did not vary sig-
nificantly with tilt angle. The discrepancy was 

attributed to the regions of streamwise flow re-

versal which were once again observed near 

the entrance to the cooling section. Good 

agreement was obtained between analytical 

predictions and measurements for large val-
ues of the angular displacement of the heated 

and cooled sections. Greif et al. [4] integrated 

the one- dimensional thermosyphon model 

with linear drag using a finite- difference 

representation in the angle  to obtain further 
information about the predicted transient be-
havior of the simple loop. These two studies 

have been extended to other situations of 

practical importance. Mertol et al. [5] studied 

the transient daytime and night time perform-

ance of a thermosyphon solar water heater 

with a heat exchanger in the storage tank. It 
was found analytically that the flow reverses 

during the night but the magnitude of the re-

verse flow is reduced when high viscosity flu-

ids, such as propylene glycol are used. It was 

also observed that low viscosity fluids have 

strong oscillations during the night. Mertol et 
al. [6] analyzed the steady- state, transient 

and stability behavior of a toroidal loop. The 

loop was oriented in a vertical plane which is 

heated over the lower half and cooled by main-

taining a constant wall temperature on the 
upper half. The conservation equations were 

averaged over the cross section and an 

analytical solution was derived for the steady 

state condition. A numerical method was used 

to obtain the transient flow and heat transfer 

by solving simultaneously the momentum and 
energy equations. The results include stable, 

as well as unstable, configurations and also 

revealed multiple solutions. Mertol et al. [1] 

studied the heat transfer and fluid flow in a 

natural convection loop. This study was con-
cerned with the transient, steady-state, and 

stability behavior of a toroidal thermosyphon. 

The thermosyhon is heated over the lower half 

and cooled over the upper half by an annular 

parallel flow heat exchanger. The results in-

clude the efficiency of the heat exchanger and 
the pressure drop along the heat exchanger as 

well as the detailed temperature distributions 

and velocity variations. Studies have been car-
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ried out for stable and for unstable conditions. 

Hart [7] tackled a general heating flux, includ-
ing heating mode (a), under certain symmetry 

conditions. His assumption of symmetry, not 
only in the heating flux but also in the 

temperature field, permitted him to decouple 

three “master” equations from the rest. The 

basic assumption of temperature symmetry is, 

however, difficult to justify since numerical 
calculations [4] show distinct asymmetry 

about a vertical diameter even if the heating is 

symmetrical. The mass flux is determined 

solely by the master problem. In the strongly 

non- linear regime, it is argued that only 

steady or chaotic flows, not periodic ones, are 
possible. The sensitivity of the one-dimen-

sional model predictions to various wall-stress 

parameterizations is described. Mertol et al. 

[8] studied the steady-state and transient 

pressure variation in a closed toroidal natural 
convection loop. This work differs from previ-

ous studies by introducing the pressure distri-

bution in the analysis. Limiting analytical ex-

pressions have also been derived for the 

steady-state pressure distributions. The re-

sults showed that the static pressure is up to 
four orders of magnitude greater than the dy-

namic pressure. Therefore, the total pressure 

is essentially hydrostatic. Sen et al. [9] studied 

the behavior of a toroidal thermosyphon with 

known heat flux around the loop. Criteria 
were first established for steady-state solu-

tions. The transient governing equations were 

then transformed to an infinite set of ordinary 

differential equations. The flow velocity was 

determined from a set of three equations 

which decouple from the rest. The existence 
and stability of the critical points of these 

equations were examined, and typical numeri-

cal solutions for different values of the govern-

ing parameters were presented. Chaotic solu-

tions were shown to be possible. Theoretical 
analysis on the inclined toroidal loop has been 

made by Sen et al. [10] in order to obtain an 

exact expression for the steady-state velocity. 

The analysis was devoted to a torodial geome-

try which is heated with constant heat input 

over a half of its length and cooled by means 
of a heat exchanger with constant heat trans-
fer coefficient (h) and wall temperature Tw on 

the other half. The heated and cooled sections 

were inclined at an angle  with respect to the 

horizontal plane. The results demonstrated 

that the flow can have zero, one, two, or three 

steady-state velocities. It was found also that 
the maximum velocity is not always attained 

for zero angle of inclination. Experiments per-

formed on the studied geometry confirmed the 

salient features of the one-dimensional analy-

sis, especially regarding the velocity-inclina-

tion diagram. In particular, stable steady-state 
velocities have been observed in all four quad-

rants of the diagram. Lavine et al. [11] per-

formed a three dimensional analysis of the tor-

oidal thermosyphon, with all velocity compo-

nents included. The results confirmed the ex-
perimental observations of three dimensional-

ity, streamwise flow reversal, and secondary 

motion. Regions of streamwise flow reversal 

were predicted for cases of low tilt angle. It 

has been concluded that the flow reversals re-

duced the wall friction and buoyancy forces, 
and consequently have a strong effect on the 

average axial velocity. 

 There are important differences in the one-

dimensional modeling of thermosyphons with 

single and multiple loops. This has been dis-
cussed by Sen and Fernandez [12] for a gen-

eral configuration of tubes having arbitrary 

shape starting from one point and ending at 

another. For single loops, either axially heat-

conduction or axially non-heat-conduction en-

ergy equations can be used. However, for the 
problem of (n) branches starting from one 

point and meeting at another, two important 

special cases can be treated using the conduc-

tive or non-conductive model. The effect of 

small differences between seemingly identical 

branches on the steady-state operation of the 
thermosyphon has yet to be fully determined. 

Sen et al. [13] studied the steady-state natural 

convection in a toroidal loop with a heated 

diametrical branch and cooled side branches. 

The loop was rotated to vary the tilt angle of 
the diametrical branch. A one dimensional 

analysis was carried out to provide the fluid 

velocities and temperature distributions in the 

loop. The effect of axial conduction was exam-

ined. It was reported that, with increasing tilt 

angle from the vertical, the fluid in the lower 
side branch slows down and reverses. The flow 

through the central branch increases and the 

return path is through the upper side branch. 

For small tilt angles around the horizontal, 
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multiple steady states exist. Comparison of ex-

periments on a water filled glass loop was in 

qualitative agreement with the analysis and 
multiple steady states are observed. 

 The purpose of the present study is to 

investigate the variation in steady flow rate of 

the closed toroidal thermosyphon for inclina-

tions ranging from the vertical to the horizon-

tal. The study is restricted to low Rayliegh 
numbers. A toroidal geometry is heated over 

different sections of its area and cooled over 

the remaining area of the loop. The effects of 

fluid properties, system dimensions and heat 

transfer rate on the Nusselt number have been 
thoroughly discussed. The comparison be-

tween the results obtained from the present 

study and previous investigation is also made. 

 

2. Analysis 

  
For single-phase thermosyphons the 

steady- state, one-dimensional models are 

considered. The closed loop has a torus shape 

with a prescribed circular cross sectional area. 

 Mass conservation in the loop indicates 
that: 
 

uA= m = const.        (1) 

 

 The momentum balance equation in the 

loop can be written as: 
 

 guk
dx

dP

dx

du
u f  .      (2) 

 

 The term on the LHS of the equation repre-
sents an inertia force while those on the RHS 

are the pressure, frictional and gravity forces, 

respectively. In eq. (2) we have assumed that 

the frictional force is a linear function of the 

velocity, thus we have: 

 

A
k f

8
 .          (3) 

 

 The one- dimensional energy equation 

takes the form: 

 

gmq
dx

)ui(d
m L

 


2

2

.      (4) 

 

 Where i is the fluid specific enthalpy and 

Lq is the heat inflow per unit length along the 

loop. Using eqs. (1) and (2), and the definition 

of enthalpy i= e + P/, the energy equation can 

be conveniently written as:  

 

2uAk
dx

duAP
q

dx

de
m fL 




 .    (5) 

 

 The first term on the RHS indicates that 
the fluid internal energy changes due to exter-

nal heat sources or sinks. The second and 

third can be identified with the internal energy 

changes due to pressure work and viscous 

dissipation respectively. One must observe 
that the integral of the energy eq. (4), over the 

entire loop gives: 

 

 
L

L .dx)x(q0 0 .        (6) 

 

Which merely indicates that for a steady- 

state solution to be possible, the total heat in-

put in the system must balance the heat out-

put. 
 We consider the Boussinesq approxima-

tion in which the fluid properties are assumed 

constant except for the body force term where 

we will consider a linear variation of the den-

sity with temperature: 
 

=o [1- (T-To)].        (7) 

  

Here o the density at a reference tempera-
ture To, taken to be that at x=0. 

 The momentum eq. (2) reduces to: 

 

 )TT(guk
dx

dp

dx

du
u oof   1 .  (8) 

 

 We will consider that viscous dissipation 

and compressibility effects are negligible com-

pared to the heat input, so that energy eq. (5) 

becomes: 

 

Lq
dx

dT
cm  .         (9) 

 Where we have considered e= cT. From 

this equation: 
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X

Lo xd)x(q
cm

TT 0

1


.         (10) 

 
Integrating eq. (8) around the loop, we 

have: 

 

 
L
o

L
of gTdxudxk 0 .          (11) 

  
It should be noticed that the integral of the 

inertia force is zero. Substituting eqs. (1), (3) 

and (10) into (11) leads to the following 

expression for the mass flow rate: 

 
21

0 0

22

8

/

L x
L

o dx)xd)x(q)(x(g
Lc

A
m












 




 .     (12) 

 

Depending on the value of the integral 
term;  

 

 
L x

L dx)xd)x(q)(x(gI 0 0
, 

 

two distinct steady - state solutions are 
possible. For I<0, no real solutions exist but 

the real solutions exist when I > 0, which indi-

cates that the heating section should be at a 

lower position than the cooling section for the 

steady-state solution to exist. 

3. Experimental considerations  

 
3.1. The test rig and instrumentation 
  

A schematic diagram of the experimental 

apparatus is shown in fig. 1. The thermosy-

phon was fabricated from a copper tube in the 

form of a torus with a major diameter of 63 cm 

and a constant minor diameter of 1.96 cm. It 
was filled with distilled water. The lower sec-

tion of the toroidal thermosyphon was heated 

electrically using resistive tape. A layer of 

fiberglass tape is wrapped around the outer 

surface of the torus before the heating element 
is positioned. To study the effect of heated-
cooled length ratio (Lh/Lc) and heated length-

diameter of tube ratio (Lh/d) on the heat trans-

fer rate, the heated length is changed by wind-

ing the heater at different lengths of 27, 36, 

63, 87 and 99 cm of the torus length. 

 Electric power was supplied to the heater 
through a variable transformer. The power 

delivered to the heater was measured using a 

voltmeter and an ammeter simultaneously.  

 Power input values ranged from 30 to 180 

Watts for the experiments. The heated portion 
of the torus was wrapped on the outside with 

insulation to minimize heat losses to the sur-

roundings. 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 
 
 

Fig. 1. Schematic diagram of experimental apparatus. 
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 Heat was removed by an annular cooling 

jacket which surrounded the remaining por-

tion of the torus. Filtered tap water was used 
as the coolant fluid. The tap water flow rate 

was measured, and temperature at both the 

inlet and the outlet of the cooling jacket was 

measured. Since the temperature of the tap 

water was very close to ambient room tem-

perature. By insuring that the flow rate of 
cooling water was much greater than the flow 

rate of the water inside the thermosyphon, a 

close approximation to constant wall tempera-

ture cooling was provided. Under these condi-

tions, the temperature change experienced by 
the coolant, while passing through the jacket, 

was much smaller than the temperature 

change experienced by the internal fluid as it 

is passed through this section. Two Chromel–

Alumel thermocouples were installed inside 

the thermosyphon to measure the tempera-
tures at the two locations just upstream and 

downstream of the heated section to know the 

maximum power added before the water is 

turned into vapour. Using these measured 

temperatures, the measured power input and 
the known specific heat of the internal fluid, 

the flow rate for the thermosyphon was calcu-

lated from an energy balance for each test run 

in which the flow was steady. Measurements 

of heat input and temperatures at locations 

just upstream and downstream of the heated 
section were made by using precise instru-

ments with adequate accuracy (Within 5 per-
cent). 

 To measure the wall temperatures along 

the toroidal thermosyphon (for heated and 

cooled portions) the twenty two Chromel- Alu-

mel thermocouples were fixed on the surface 
of torus. 

 To study the effect of the torus diameter 

on the heat transfer rate, different torus have 

been made from copper tubes with the same 

internal diameter 1.96 cm and different 
diameters of torus of 30,34, and 55 cm. 

 To provide inclination of the torus, the en-

tire apparatus has been mounted on a stand 

provided with cylindrical hinges. The stand 

enables the inclination angle to be adjusted to 

the desired value measured from the horizon-
tal. This arrangement provided a very conven-

ient cooling system for the upper section of to-

rus which could thereby be studied at any 

inclination between the vertical and the 

horizontal. 

 Temperature has been measured at vari-
ous locations by means of thermocouples lo-

cated inside the torus and along the 

thermosyphon heated and cooled sections 

walls at intervals of 9 cm a part. The torus 

thermocouples were installed on the outside of 

the wall before they have been wrapped with 
the fiberglass tape. The wires have been led 

out along insulated sleeves wherever possible 

and have been connected to a digital milli-

voltameter via a switching box. 

 During the tests, adjustments in the power 
being supplied to the heater made it possible 

to control the axial variation in tube wall tem-

perature. Prior to the tests, the heated section 

was calibrated in order to determine its heat 

loss which had to be subtracted from the 

gross electrical power being supplied. The 
heated and cooled sections have been insu-

lated with glass wool (5 cm thick, k= 0.04 

W/m k). The mass flow rate of the cooling wa-

ter has been measured with a calibrated flow-

meter. The flow rate has been fixed at a suffi-
cient value to insure a fairly uniform tube wall 

temperature both circumferentially and axi-

ally. No attempt has been made to estimate 

the heat lost from the cooled section by 

convection, since it was assumed to be equal 

to the net heat supplied to the heated section 
under the steady conditions studied. 

  
3.2. Procedure and test schedule 

 

 After the calibration runs, experiments 
have been conducted as follows. The water is 

forced through an annular cooling jacket 

which surrounds the cooled section. The tem-

peratures are set to the predetermined values. 

The tube heaters are switched on and the 

power is set at some level within the antici-
pated range of the run (30- 180 Watt). Pipe 

temperatures at various locations on both the 

heated and cooled sections are then monitored 

and adjusted periodically in order to obtain an 

acceptable degree of uniformity. Then the sys-
tem was allowed to operate under such fixed 

conditions for a sufficiently long time period to 

allow transient effects to fade out. This proce-

dure was continued for a period of 1-2 hours 

by the end of which the system reaches a 
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steady-state condition. For each experiment 

the heat input, cooling water flow rate and tilt 

angle of the heated and cooled sections were 
adjusted to prescribed values. 

 When all readings attain satisfactory 

steadiness and the values were recorded, the 

power level was then altered and the proce-

dure was repeated, without changing the cool-

ant water conditions. At the end of a run, the 
entire system was shut down and the 

thermosyphon torus is either exchanged or 

modified for the next run. Modifications in-

cluded changes in heated length, cooled 

length, diameter of torus or inclination angle. 
For each data point, the local wall tempera-

tures have been used to calculate an average 

value for the heated and cooled pipe wall tem-

peratures, these values have been then used 

to calculate the total heat transfer coefficient 

as follows: 
 

hi
a

Ld

Q
q


 ,            (13) 

 

and  

 

)TT(kL

Q

K

d.h
Nu

chh

i





 .         (14) 

 
4. Results and discussion 

 

 The heat transfer characteristics of in-

clined torodial thermosyphon are shown in fig. 

2. The experimental data presented fall in the 

low range of Rayleigh number where slowly 
varying Nusselt number behaviour is found to 

decrease  abruptly at the low end. It is noticed 
that increasing Td would increase the effective 

Nusselt number. For high Ra the slope of the 
Nu- Td curves tend to decrease. For small val-

ues of Ra, the variation of slope is attributed 
to radial temperature gradient which is steep 

near the wall and shallow in the interior re-

gions occupied by the returning core. The ax-

ial temperature gradient steepens as the 

points of intersection between the heating and 

cooling sections are approached, where it at-
tains a maximum. The magnitude of the maxi-

mum value increases with the tube radius. At 

the wall, the axial temperature gradient 

reaches its greatest value. Therefore, near the 

wall the presence of a thermal instability is felt 

first and has a strong effect. 
 In the absence of a thermal instability, the 

fluid would tend to a purely refluent system, 

the heat transfer between the two sections is 

then mainly by conduction across the junction 

plane. It is hypothesized that such a coupling 

mechanism would continue until a critical 
(transitional) value of Ra* has been attained. 

For Ra> Ra*, the lower (hot) annulus of rising 

fluid must somehow cross through the upper 

(cold) descending fluid, and vice versa. This 

advective breakthrough occurs at a value of 
Ra much greater than the value associated 

with convective turnover. Equally important is 

the fact that the advective mechansim will be 

associated with a secondary mixing process, 

the vigour of which will depend upon Ra and 

the size of the region within which the advec-
tive process occurs. The presence of advective 

process improves the heat exchange by 

conduction.  But, secondary mixing can be ex-

pected to have a deleterious effect. These two 

opposing effects cancel each other and thereby 
render the overall Nusselt number essentially 

independent of Ra, at least up to 106. How-

ever, for Ra 105 in shorter cavities, the flow 
field may not be unique, or at least its marked 

tortuosity may be very sensitive either to the 

intial conditions of the experiment or to the 

boundary conditions. Thus, small temperature 
fluctuations, or imposing slightly different 

heat and cooling arrangements, may have 

been sufficient to create a stable flow. This is 

particularly true near the junction region. 

Consequently, the heat transfer rate is 

changed dramatically. Further, it could be 
suggested that thickest point of the boundary 

layer interfere with narrowest point of core re-

sulting in destabilization of the flow. The flow 

exhibits unstructured motion, which creates a 

choking stagnation mechanism. The motion of 
the flow is reestablished in either the impeded 

or laminar regime. The global circulation is 

upwards over the heated and cooled wall and 

is downwards along the core. This circulation 

would be partially reversed due to the choking 

stagnation, should this situation prevails at 
low Ra, the rate of heat transfer declines rap-

idly. 
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Fig. 2. Variation of heat transfer rate with Rayleigh number. 
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4.1. Effect of geometry 

 

 The effect of geometry on the heat transfer 
performance of the toroidal thermosyphon has 

been investigated at low Rayleigh numbers. 

Fig. 2 reveals that torus geometry has a 

significant effect on the location of transitional 

regime. This dependency would be expected if 

the transition spanned only a narrow range of 
Ra, essentially determined by the low Rayleigh 

number range. 

 The effect of heated- cooled length ratio 
Lh/Lc is shown in fig. 3. Whenever this ratio 

departs from unity the longitudinal symmetry 

of the system is lost and the flow system in 
the upper and lower sections will no longer be 

mirror images. For any given heat flux, the 

thickness of the annular stream and core, in 

each section, will generally be different across 

the junction plane, thus, altering the details of 
the coupling process in accord with the torus 

geometry. Such changes must be compatible 

with corresponding changes in the flow system 
deep within each section. As Lh/Lc is de-

creased from the limiting value, the rate of 

conduction increases as the cooled pipe sur-
face increases, but it is not until an adjective 

breakthrough occurs that the thermal ex-

change mechanism and the corresponding 

heat transfer efficiency change significantly. 
An increase in Lh/Lc may thus be viewed as a 

tendency towards increasingly refluent behav-
ior, thereby increasing the overall thermal im-

pedance of the system. This reduction in per-

formance is detectable in fig. 3. It appears 

from the figure that the greater the increase in 
Lh/Lc, the greater is the reduction in heat 

transfer. 
 The effect of heated length- diameter ratio 
Lh/d on heat transfer is much greater than the 

effect of heated- cooled length ratio Lh/Lc, 

exhibited in two ways. Firstly, the location of 
the transitional Td range is lowered as Lh/d in-

creases, this is consistent with the proposed 

effect on inversion. Secondly, the Nusselt 
number is decreased as Lh/ d is increased, 

again in accord with the suggested coupling 

processes. These monotonic effects are in ac-

cord with previous studies of the closed tube 

thermosyphon. 

 The effect of diameter of torus on the heat 
transfer performance is shown in fig.4. It is 

noticed that, the heat transfer rate increases 

with the increase of torus diameter and the 

percentage of change is equal to eleven per-

cent in the range of diameter change of the to-
rus (30-63 cm). This is attributed to that the 

transition is more likely to occur in the lami-

nar boundary layer regime for small diameter 
of torus D. Whereas in large D, the transition 

may occur in the laminar impeded regime. 
Moreover, for small D, the operating tempera-

ture difference within the thermosyphon loop, 
which is the difference between the maximum 

and minimum temperatures, is small com-

pared to the temperature difference between 

the loop fluid and the heat exchanger fluid. 
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Fig. 3. Effect of heat-cooled length ratio on heat transfer rate at D/d= 33. 
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Fig. 4. Effect of diameter of  torus on heat transfer rate at Lh/Lc= 1. 

 
 As D decreases, the temperature differ-

ences between the loop and the exchanger 

fluid increases. This leads to two opposing 

processes. The first of then is the increase in 

buoyancy forces which is proportional to the 

operating temperature difference. The second 

is the enhanced production of hot and cold 
pockets inside the loop. Thus, as D decreases, 

the ratio of the operating temperature differ-

ence to the destabilizing temperature differ-

ence decreases, which leads to a more unsta-

ble system. 
 The larger the diameter D is the system be-

comes more stable. As cooling becomes more 

efficient, the operating temperature difference 

now increases while the destabilizing tempera-

ture difference decreases. This results in a 

more stable system. 

 
4.2. Effect of inclination 

 

 The heat transfer characteristics of in-

clined torus are shown in fig. 5. The main ef-

fect of inclination is to raise the heat transfer 
rates above the value obtained for a vertical 

plane. This is seen more clearly by using the 
smooth curves drawn through the Nu- Td data 

to construct cross plots. It is immediately 

obvious that the heat transfer efficiency ini-

tially increases with inclination from the verti-
cal, a trend which appears to be counter intui-

tive because the longitudinal component of the 

body force field driving the system decreases 

with increasing inclination. However, the effec-
tive body force field has two components, both 

of which are evidently important in amounts 

which vary with inclination. 

 It is to be expected that as the torus is in-

clined 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 

mechanism evolved. These filaments would be 

subject increasingly to the organizing influ-

ence 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 obser-

vations [14,15] which were, however, believed 

to be for boundary layer conditions. It is 

suggested that a more plausible explanation 

follows from the assumption that the near 

vertical data were mostly in a turbulent im-
peded regime extending down to the lowest 
values of Td where transition to a laminar im-

peded regime occurs. This assumption ac-

counts for Nusselt number which is low and 

almost constant.  

 For inclinations greater than 45 the situa-
tion changes substantially as fig. 5 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 
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Nusselt number evident between 45 and 60  
with respect to a vertical plane. Normal to the 

tube axis, g sin increases with inclination 

increases with respect to a vertical plane, 

giving rise to a vigorous secondary circulation 

in the form of a vortex pair in each filament 
[16,17]. This evertive augmentation is 

evidently the cause of the significant rise in 

heat transfer for  between 45 and 60. It is 
also evident that this secondary motion will 

continue to increase in strength as the 

inclination increases further. However, the 

longitudinal component of gravity g cos   

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 indi-

rect buoyancy effect dependent upon the 

horizontal temperature gradient. The opposi-

tion of a strengthening secondary flow and a 
weakening primary flow results in the maxi-

mum displayed in fig. 5. Beyond the maxi-

mum, the strength of the primary circulation 

is diminishing which causes the decrease in 

heat transfer rate. 
 When the torus is horizontal, annular 

refluence ceases to exist and the system con-

sists simply of a horizontally driven, two – fila-

ment primary loop superimposed on which is 

a vertically- driven secondary flow consisting 

of two pairs of longitudinal vortices with oppo-
site signs, and one above the other [16,17]. 

The primary circulation does not change 

significantly over a wide range of inclinations 

near the horizontal [17], this therefore corre-

sponds to a transitional shift from the near-
vertical value to a new value valid for large 

inclinations and determined from the near 

horizontal flow field. The transition was al-

ways steeper than expected because the low-

est points were taken with the cooled section 

wall temperature below the inversion tempera-
ture but this did not appear to alter the 

distinction between the low and high  transi-
tions. 

 The correlation equation obtained fit the 

experimental data for all variable parameters. 

The empirical correlation equation is in the 

form: 
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 It is noticed that the exponents in the 

previous equation reflect the substantially in-
creased influence of torus geometry in defining 

the coupling mechanism in the laminar 

boundary layer regime.  

 The comparison between the present exp-

erimental data and the previous results ob-
tained with a vertical plane is shown in fig. 6. 

It is seen from the figure that the present re-

sults are in agreement with other experimen-

tal data. The four sets of experimental data 

shown in fig. 6 were obtained over essentially 

the same temperature range between 0-100C 
and therefore (Th-Tc) is not significantly 

different among them. As indicated, they were 

all obtained with Lh/Lc = 1.0 and 3.75 < Lh/d  

52. Most of the data shown in fig. 6 are in the 

range of 105  Td  107. The existence of a 

scale of turbulence comparable with the 

smaller tube diameter used here may explain 

the departure from previously observed 

boundary layer behavior seen in fig. 6. 

Fig. 7 shows the present data compared 
with other previous data at different Raleigh 

numbers and different inclination angles. It is 

noticed that, the main flow which occurs in a 

vertical plane is thus modified to account for 

the secondary motion. In the coupling region, 

the model accommodates the effect of thermal 
buoyancy as the source of a pattern of inter-

laced streams, or filaments, which cross 

through each other. In this way it is possible 

to account for the influence of both the advec-

tive and refluence mechanisms, the balance 
between them determines the overall efficiency 

of the system. 
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Fig. 5. Effect of inclination angle on heat transfer rate. 
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Fig. 6. Comparison with other work with a vertical plane. 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 
Fig. 7. Comparison with other work at different inclination 

angles. 

 

Near the vertical position, the flow system 
may be more complex than two-filament flow. 

One suggestion is that multi- filament cou-

pling may then exist, the flow pattern may not 

be unique, thus leading to the possibility of 

branching in the heat transfer rate. Alterna-
tively, 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 accompanies increasing 

inclination and more than offsets the effect of 

a decrease in the longitudinal component of 
the gravitational filed. 

For greater inclinations, the flow model 

was found to be very helpful in interpreting 

the heat transfer data. In particular, it sug-
gests that further increases in the heat trans-

fer rate are attributable to the increasing ever-

tive augmentation associated with secondary 

circulation in each of the two filaments. It also 

provides an explanation of the maximum. Be-

yond this point, any further increase in secon-
dary motion is more than offset by the de-

crease in the primary circulation. Eventually, 

This circulation is driven mainly by the weak 

effect of horizontal temperature gradients. 

Then the heat transfer rate decreases. 
 

5. Conclusions 

  

The experimental results of this study 

have revealed some interesting and important 

characteristics of the flow and heat transfer in 
a toroidal thermosyphon. The most significant 

of these are: 

1- The effect of heated length- tube diameter 

ratio and heated- cooled lengh ratio is mono-

tonic on the heat transfer rate. 
2- The heat transfer rate decreases with in-

creasing both of heated- cooled length ratio 

and heated length- tube diameter ratio. 

3- The heat transfer rate increases with torus 

diameter increase. 

4- The maximum heat transfer rate is ob-

tained in the range of 30-45  of inclination 
angles to horizontal plane. 

5- A correlation equation is obtained for all 

variable parameters. 

6- The comparison of the present data with 

the previous data is fairly well. 

 
Nomenclature 

 
A cross- sectional area, m2, 

c specific heat, J/kg. K, 

d diameter of tube, m, 

D diameter of torus, m, 

e specific internal energy, J/kg, 
g gravitational acceleration, m/sec2, 

h heat transfer coefficient, W/m2.K, 

i specific enthalpy, J/kg, 

Kf proportionality factor for the frictional 

force, kg/m3. sec, 
K thermal conductivity, W/m.K, 

L tube length of the loop, m, 
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m  mass flux, kg/sec, 

P pressure, Pa, 

Q heat transfer rate, W, 
qa heat per unit area , W/m2, 

qL heat per unit length, W/m, 

T temperature, K, 

U longitudinal velocity, and m/sec, and 

X longitudinal coordinate. 

 

Greek symbols   

 inclination angle rad, 

 thermal expansion coefficient   1/K, 

 dynamic viscosity  Pa. sec, 

 momentum diffusivity   m2/sec, 

 density kg/m3, and 

 diametrical tilt angle rad. 
 

Subscripts 

 
c cooled, 

d based on diameter, 

h heated, 

i internal, and 

o refernce state. 

 

Superscripts  

 

- mean, and 

* transitional. 

 
Dimensionless groups  

 

d

D  torus- tube diameter ratio, 

d

Lh  heated length- tube diameter ratio, 

c

h

L

L  heated – cooled length ratio, 

Nu Nusselt number 
k

d.h
, 

Ra Rayleigh number g c(th-tc)d3/ K, 
Td Ra. d/Lh, 
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