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Overview on single-phase natural circulation loops 
 
 

 Mario Misale 
 

Abstract - Analytical and experimental studies on single-
phase natural circulation loops (thermosyphons - NCL ) have 
been  performed in the past years by several authors,. However 
the problem of the stability of the loops, that is of interest in 
many industrial applications, cannot be considered solved. The 
present paper is focused on the experimental aspects that could 
be interesting in the study of these thermal systems. In particular, 
the following NCLs aspects will be discussed:  applications,  
models, thermo-hydraulic behaviour, and influence of loop size. 
Finally a broad reference list is cited. 

Keyword – natural circulation, single-phase, instabilities, 
nanofluids) 

I.  Introduction  
In general, the essential hardware of a natural circulation 

system (known also as thermosyphon or natural convection 
system) consists in a heat source, a heat sink and the pipes 
connecting them in such a way that it forms a continuous 
circulation path filled with a working fluid. In a natural 
circulation system, fluid circulation starts automatically 
following the activation of the heat source under the influence 
of a body force field like gravity. With both the source and 
sink conditions maintained constant, a steady circulation is 
expected to be achieved. The fluid circulation is the result of 
buoyancy forces, which are the result of the density 
differences thermally induced by the heat transport  from the 
source to the sink. Usually, the heat sink is located above the 
source to promote natural circulation. The primary function of 
a natural circulation loop (NCL) is the heat transfer from a 
source to a sink. The main advantage of a natural circulation 
system is that no fluid moving machinery is needed, making 
the system less prone to failures and reducing the maintenance 
and operating costs. The motive force for the flow is generated 
within the loop simply because of the presence of the heat 
source and the heat sink. Therefore, natural circulation loops 
find several engineering applications in conventional as well 
as nuclear industries. Notable among these are solar water 
heaters, transformer cooling, geothermal power extraction, 
cooling of internal combustion engines, gas turbine blades, 
and nuclear reactor cores. 
Figure 1  schematically  shows  the   working  principle   of a 
NCL, i.e., due to the difference in densities between the 
vertical   legs  (ρc>ρh)  in   the  presence  of   a  body    force, a 
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pressure difference is created between stations a and b which 
is the cause of the flow. At steady state the driving buoyancy 
force is balanced by the retarding frictional force thus 
providing a basis for the estimation of the flow rate: 

ρ⋅
⋅

=ρ−ρ⋅⋅
2

WR)(Hg
2

hc                                                          (1) 

where g, R, and W are the acceleration due to the gravity, the 
hydraulic resistance, and the mass flow rate, respectively. 
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Fig. 1. Single-phase Natural Circulation Loop (NCL) 
 

Various authors used simple physical models capable of 
retaining the characteristic aspects of the phenomenon. 

Figure 2 shows some examples of such models with 
particular emphasis to their applications in the fields of solar, 
nuclear, and geothermal energy and cooling of electronic 
equipment. 

The solar heating plant show in Fig. 2-a is made up of a 
lower collector, connecting pipes and an upper storage tank. 
This system was studied in a preliminary work [69] in which 
the efficiency and the daily variations of flow rate and 
temperature values inside the various components were 
evaluated by theoretical and experimental procedures. A 
further refinement of the numerical method has been proposed 
in [70] while numerous experimental results are reported in 
[59]. These studies confirmed that natural circulation solar 
heaters offer stable flows within a wide range of working 
parameters. 

Figure 2-b shows a model, first proposed in [6], which was 
designed to point out both theoretically and experimentally 
that different solutions are possible under the same imposed 
thermal conditions [71, 72]. Significant functional instabilities 
with the possibility of flow reversal in some of the parallel 
channels were observed in [52, 53]. Finally, in [32], the 
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combinations of flow rate and imposed heat fluxes, which lead  
to unstable behavior in a simple loop (made up of only two 
parallel channels with rectangular section) were 
experimentally determined. 

Figure 2-c represents a model similar to that studied in [3]; 
such model is well suited to the analysis of the heat transfer 
conditions which bring about fluid motion in the loop from the 
rest state. Further studies regarding geological applications are 
reported in  [61, 68]. 

From the examples mentioned so far it follows that four 
different aspects of the analysis of natural circulation loops 
may be developed: a) the onset of motion from the rest state 
and subsequent transient; b) the steady-state; c) instability of 
the steady-state with oscillations and flow reversals; d) 
multiple steady-state solutions.  

The models shown in Figs. 2-d and 2-e are the most 
exhaustively studied today, following some theoretical and 
experimental works which provided correct definitions of the 
main variables for the analysis of single-phase natural 
circulation loop behavior [9, 13, 14, 28, 31, 64, 67]. 

The model in Fig. 2-d consists of a lower heat exchanger 
(point heat source), capable of providing a finite heat flux and 
a cooler located at higher elevation (point heat sink), which 
cools the fluid. The two parallels pipes that connect the lower 
heat source to the upper heat sink are, for the sake of 
simplicity, considered adiabatic. 

Figure 2-e shows a toroidal loop consisting of a heated 
lower semicircular portion and an upper one cooled by means 
of external jacketing with constant wall temperature. 

Finally, Fig. 2-f may be interpreted as a generalization of 
the loop depicted in Fig. 2-d: the heat sources have been 
replaced by pipes of finite length, imposing different heat 
boundary conditions (imposed temperature at the cooler Tc, 
imposed temperature at the heater Th or imposed heat flux). 

 
II. Thermo­hydraulic behaviour of NCLs 

Natural circulation systems are susceptible to several kinds 
of instability. Although instabilities are common to both 
forced and natural circulation systems, the latter is inherently 
more unstable than forced circulation systems due to   the  
nonlinear   nature   of   the natural convection  process and its 
low driving force. Because of the not in phase between the 
buoyancy and friction forces   of the natural circulation 
process, any   disturbance  in the driving force will affect the 
flow which in turn will influence the driving force, leading   to   
an   oscillatory behaviour even in cases where eventually a 
steady state is expected. In other words, due to the strong 
coupling between the flow and the driving force, a 
regenerative feedback is inherent in the mechanism which 
causes NCL flow. As a result, single-phase natural circulation 
systems often exhibit instability  

Four thermal-hydraulic behaviours could appear  in a  
single-phase   natural circulation loop: stable (Fig. 3a)  (steady 
temperature difference across the   heat sinks), neutral stable 
(Figs. 3b) (oscillations of the  temperature  differences  across  
the heat sinks  without amplification but characterised by the 
same sign), neutral   unstable (Fig. 3c) (oscillations of the 
temperature differences across the heat sinks without 
amplification but characterised by positive and negative sign),  
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Fig. 2. Single-phase Natural Circulation Loops: applications 
(a, b, c) and models (d, e, f) 

and unstable (Fig. 3d)  (amplification  of   the   oscillations  of 
the temperature differences across the heat sinks and flow 
reversals).   

As well known the instability depends on the interaction 
between the buoyancy force generated by density difference  
and the friction  along the loop. However, only in [67] a 
physical explanation of the instability is reported. In steady 
motion, viscous and thermal dissipation seem to oppose any 
change in the flow rate. In fact, any increase  in flow rate 
would cause and increase in friction and a decrease in total 
buoyancy. These two restraining effects may not be in phase 
and an overshooting can then occur, eventually producing 
growing oscillations.   

According the Welander’s model,  a hot pocket of fluid, 
due to any thermal disturbance of the system, may emerge 
from the heated section slightly hotter than its normal steady 
state temperature. This hot pocket accelerates the flow while 
ascending along the hot leg because of larger buoyancy force 
thus created, and is not completely cooled at the heat sink 
because of the lower residence time due to larger velocity. 
Thus the hot pocket emerges from the cooler at a higher 
temperature than its normal steady state temperature. An 
opposite phenomena occurs if a cold pocket emerges from the 
heater. As the cold pocket ascends along the hot leg and the 
hot pocket descends along the cold leg, the flow gets 
decelerated with the result that the hot  pocket  emerges hotter  
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Fig. 3. Thermo-hydraulic behaviour of NCL: (a) stable, (b) 
neutral stable, (c) neutral unstable, and (d) unstable. 

 
 

Fig. 4. Unidirectional pulsing  oscillations 
 
 

from the heater and the cold pocket emerges colder from the 
cooler with every passing cycle. This amplification process 
continues until the buoyancy force experiences a reversal in 
sign causing the flow to reverse. The amplification process 
above described then continues in the reverse direction, 
causing the flow to change its direction repeatedly from 
clockwise to anticlockwise and vice- versa. Thus, the flow 
oscillations are mainly due to creation of hot and cold density 
pockets which get amplified with time in the system. 

A different type of flow oscillation is defined as 
unidirectional pulsing. The temperature differences at the 
heater and cooler of a rectangular loop are drawn in Fig. 4. 
The unidirectional pulsing is characterised by the same sign of 
the temperature differences but more regular trend of the 
neutral stable.  These type of oscillations appear in the case of 
reduced buoyancy force or increased friction, typically in the 
case of very low heat flux or high value of loop inclination 
(reduced gravity). 

 
III. Experimental aspects investigated 

 
The  thermo‐hydraulic  behaviour  of    a  single‐phase 

natural  circulation  loop  depends  by  a  numerous 
parameters such as: 

1.  Influence of wall thermal conductivity 
2.  Influence of power and loop inclinations 
3.  Effect of heater and cooler orientations 
4.  Stabilisation  of  the  loop  by  localised  pressure 

drops or nanofluids (?) 
5.  Influence of geometrical dimensions (mini‐loop)  
 
The above parameters are now shortly discussed.  
 

III. 1. Influence of wall thermal conductivity 
 
In many NCL models the thermal conductivity of the 

tubes is negligible. Only a first attempt to understand the 
influence of this parameter was reported in [74] where a 1D 
model analysed the different behaviours of a rectangular loop 
where the vertical legs was made by cooper or pirex. The 
presence of higher thermal conductivity shows reduction of 
amplitude oscillations. 

Recently, a systematic study was made on the influence of 
thermal conductivity of the material employed in the assembly 
of the loop [26]. The authors constructed three toroidal loops 
under the same boundary conditions; the first one was made of 
a copper tube (Loop 1), the second one was fabricated with a 
top cooper half and a bottom glass half (Loop 2), and the third 
one was made of a glass tube (Loop 3).  In Tab. 1  reports the 
characteristics of the three loops. 

 
 

Tab. 1. Characteristics of the three loops 
 

 Upper half Lower half 
Loop 1 Copper Copper 
Loop 2 Copper Glass 
Loop 3 Glass Glass 
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A simply scheme of the toroidal loop is shown in Fig. 5. 

 
Fig. 5. Schematic configuration of the toroidal loop. 

 
The liquid flow along the loop is driven by buoyancy due 

to the negative vertical temperature gradient formed by 
heating from below and cooling from above. 

The influence of the pipe thermal conductivity is depicted 
in Fig. 6. The Loop 3 is the only NCL that shows unstable 
flow; moreover, its upper limit of heat flux is lower (about 400 
W)  than the others two loops 

Since the properties of the two fluids are different, the 
power dissipated at the heater is lower in the case of FC43 
than water. Moreover, the loop inclinations start from vertical 
(0°) and varied at 30°, 60°, and very close to 90° (quite 
horizontal).  

Two different results were observed for the two liquids 
used during the experiments. The water runs showed stable or 
unstable behaviour (Figs. 7,8), whereas the FC-43 runs always 
showed  unstable behaviour (Figs. 9,10). In particular,  when 
the fluid was water and the vertical pipes was made of 
stainless steel, the stable behaviour was soon achieved, even 
tough, at the start of the tests, some temperature oscillations 
were detected. These  transients  went out  more  rapidly when 

glass-glass

copper-glass

copper-copper

glass-glass

copper-glass

copper-copper

 
Fig. 6. Heating power range for the different behaviours 
observed for the three loops. 

III. 2. Influence of power and loop 
inclinations 

In this paragraph the influence of the power transferred to 
the liquid as well as the loop inclination are reported [46].  In 

particular, different combinations between the working liquid 
and tube materials were investigated in a rectangular single-
phase natural circulation loop. . Two different working fluids 
are considered, i.e., water and FC43 [75]. 
The thermo-physical properties of these fluids are reported in 
Tab. 2. 
 
Tab. 2. Thermo-physical properties of water and FC43. 
 

 
 
the power was increased. At the beginning of the experiment, 
thermal conduction through the vertical legs probably plays an 
important role: when the power is increased, the amount of 
heat conducted through the pipes is greater, thus causing an 
"extension" of  the heating surface of  the lower heat source; at 
the same time, this can be interpreted as a virtual reduction in 
the distance between the heater and the cooler. However, to 
better understand the loop behaviour, thermal conduction in 
the vertical pipes should be coupled with the proprieties of the 
liquid used in the experiments. These results confirm that the 
thermal conductivity of pipes can not be neglected both in the 
theoretical models and in numerical simulations.   

Indeed, loop behaviour was always unstable when FC-43 
was utilized, also in the case of pipes made of stainless steel. 
Only for the loop inclination close to 90° (horizontal) the 
results obtained  for water were similar to those measured for 
FC-43. When the loop is almost horizontal, the buoyancy 
force is at its minimum, and the friction force always induces 
stability in the loop independently on the liquid/pipe material 
combinations. 

Finally, the apparent similarity between the dynamic 
beahviours found in our hydraulic loop and those showed by 
the Lorenz model suggests the possibility of adapting it  to 
analyse the rectangular sigle-phase natural ciculation loops 
(Fig. 19). 

 
Fig. 7. Temperature difference across the heater ∆Theater vs. 
time for two connecting materials, colours background 
correspond to different loop inclinations. (P=500 W, H2O). 
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Fig.  8. Temperature difference across the heater ∆Theater vs. 
time for two connecting materials, colours background 
correspond to different loop inclinations. (P=3000 W, H2O). 

 
Fig. 9. Temperature difference across the heater ∆Theater vs. 
time for two connecting materials, colours background 
correspond to different loop inclinations. (P=500 W, FC43). 

 
Fig. 10. Temperature difference across the heater ∆Theater vs. 
time for two connecting materials, colours background 
correspond to different loop inclinations. (P=1000 W, FC43). 

 
Fig. 11 Trajectories of average temperature difference bottom 
left vs. average temperature difference bottom right (P=1000 
W, H2O). 
 
 

Figure 11 shows the water data at P=1000 W, when the 
connecting tubes are made of Plexiglas for different values of 
loop inclinations.  In the x-axis the temperature differences 
between the average temperature at the bottom right and the 
ambient one are reported, whereas on the y-axis  the 
temperature differences between the average temperature at 
the bottom left and the ambient one are reported. In order to 

better represent the data at inclination of 30°, 60°, and close to 
horizontal, the temperature differences are shifted of a ∆ value 
of 5°C, 10 °C, and 15 °C, respectively. 

As it can be deduced from Fig. 11, the trajectories   are   
those   typical   of   chaos.  In   particular,    after   the   
extinction   of   the initial transient, the   graphs   show   the   
typical  chaotic attractors, in case of  0° (vertical), 30°, and 
60°, whereas when   the    loop is almost horizontal (pink line) 
the oscillations in the flow disappear 

III. 3. Effect of heater and cooler 
orientations 

A deeper study on the effect of heater and cooler orientations 
is reported in [66]. Four heater-cooler combinations have been 
considered. 
 
HHHC D Horizontal Heater – Horizontal Cooler 
HHVC D Horizontal Heater – Vertical Cooler 
VHHC D Vertical Heater – Horizontal Cooler 
VHVC D Vertical Heater – Vertical Cooler 
 

In Fig. 12 and in Tab. 3 the four scheme and their 
geometrical quotations are reported, respectively.  

The HHHC loop was considered as a symmetric loop, 
whereas the HHVC, VHHC, VHVC was considered 
asymmetric loop. 
 
Tab. 3. Geometrical dimensions of the HHHC, HHVC, 
VHHC, and VHVC loops. 

 
Reading the quotations reported in Tab. 3, it is possible 

observe that only in the strictly geometrical sense the HHHC 
loop is symmetric, because, L1 and L2 should have the same 
dimension as well as L3 and L4, or in other words the four 
dimension must be equal to assure the exactly vertical 
symmetry. 

It is our opinion that, even if the difference among the 
four lengths are very small, some particular kind of flow 
oscillations could depend on these small geometrical 
asymmetry.   

 
Fig. 12. Different heater and cooler orientations. 
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Typical flow initial transients observed with different 
orientations are shown in Fig 13. With horizontal heater, flow 
beginning is more oscillatory than that with vertical heater 
(compare Fig. 13a to with d) and a stagnant period is also 
observed before initiation of flow. Flow was found to start 
either in the clockwise or anticlockwise direction with 
horizontal heater. Stable steady state flow in both directions 
was only possible for the orientation with both horizontal 
heater and cooler. With horizontal heater and vertical cooler, 
stable flow was obtained only in the clockwise direction. For 
this orientation, even if the flow initiated in the anticlockwise 
direction, it was found to reverse automatically leading to 
steady flow only in the clockwise direction (Fig. 13). 

Only HHHC loop showed an unstable behaviour. In 
particular different types of oscillations were observed. In 
Figure 14 these oscillatory modes are reported.  The 
predominant oscillatory modes are unidirectional pulsing 
(UDP) and bi-directional pulsing (BDP), both of which are 
nearly periodic.  Between these two, an oscillatory mode with 
chaotic switching (CS) between unidirectional and bi-
directional pulsing (intermittency) is observed (Fig. 14a and 
b). UDP is characterised by periodic high flow pulses in the 
same direction followed by a period of near stagnant flow and 
is observed only at low powers (see Fig. 14c). Bidirectional 
pulsing (BDP) is characterized by the occurrence of alternate 
clockwise and anticlockwise flow pulses (Fig. 14c). 

 

 
Fig. 13. Flow initiation for different orientations. (a) Flow 
initiation in the anticlockwise direction at 102 W, (b) flow 
initiation in the anticlockwise direction at 128 W, (c) auto 
flow reversal in case of initiation in the clockwise direction at 
257 W and (d) flow initiation in the anticlockwise direction at 
530 W. 
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Fig. 14. Various unstable oscillatory modes observed with 
change in operating conditions for the HHHC orientation. 

The steady-state data could be analysed adopting an 
analytical correlation developed by Vijayan [66].  

In case of stable flow, the gravitational forces balance the 
shear stresses and it is possible to develop a correlation 
between Ress, the steady state Reynolds number, and Grm, a 
modified Grashof number, which depends on heat flux, 
geometry and mean fluid temperature: 

ν
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=Re                                                                    (6) 
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For brevity the analytical method is not reported. The final 
correlations are respectively: 
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where NG is a geometrical parameter related to the total length 
and the internal diameter of the loop. 
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f
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D
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G +=                                                      (10) 

The data in term of Ress and Grm are reported in Fig. 15. 
 

 
 

Fig. 15. Steady state natural circulation data 
 

Even if in [66] the effect of heater and cooler orientations 
was studied analytically and experimentally, another possible 
thermal boundary condition is the imposed temperatures at the 
heater and  at the cooler. Usually, the thermal boundary 
conditions are uniform heat flux at the heater and imposed 
temperature at the cooler. The latter condition was achieved 
using tap water; only recently in [49], the temperature of the 
cooler was controlled by a cryostat (temperature range –
20°C,+30°C).  

A different approach was proposed in a theoretical study 
[7] adopting, for a rectangular loop,  both constant temperature 
at the heater and constant temperature at the cooler. The 
simply scheme of the model is drawn in Fig. 16. 
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Fig. 16. Rectangular natural circulation loop: TH (heater 
temperature) and TC (cooler temperature).  

 

The main quantities considered were: 

the modified Grashof number 

)A1(a
Vr)TT(g4G b

2b
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b1
CH

m
+⋅ν⋅

⋅⋅−⋅β⋅⋅
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−+
                                          (11) 

the friction parameter 

)A1(Vr
WaF b
ref

b1

b

+⋅⋅

ν⋅⋅
=

+
                                                         (12) 

the aspect ratio 

H
WA =                                                                                  (13) 

the friction coefficient 

bRe
af =                                                                                (14) 

Different aspect ratios were considered: A=1, 10 or 1/10, 5 
or 1/5. For each value a neutral stability curve was calculated 
for laminar or turbulent flow. 

In Fig. 17 the neutral stability curves are depicted. As it can 
be seen, the worst aspect ratio value is A=1, as it corresponds 
to the greater unstable zone both for laminar and turbulent 
flow. Some considerations could be done for A=10 or 1/10 
and A=5 or 1/5. 

(a)

(b)

(a)

(b)

 
Fig. 17. Neutral stability curves in F, Gm coordinates: 

(a) laminar flow; (b) turbulent flow. 
 
Even if the friction along a loop characterised by  A=10 or 
1/10 is almost the same, the buoyancy force in the case of  a 
taller loop (A=1/10) should be higher than in case A=10. For 
this reason it is very strange that the neutral curves for A=10 
or 1/10 are the identical. The same consideration can be 
applied for A=5 or 1/5.   

II. 4. Stabilisation of the loop by  localised pressure 
drops or nanofluids (?) 
 

The aim of the researchers involved in the study of single-
phase natural circulation loop is that to achieve the 
stabilisation of the loop or at least to reduce the flow 
instabilities without reducing the mass low rate.  

In this paragraph two different techniques are illustrated: 

a) localised pressure drop [40]  
b) utilisation of  nanofluids [in press ETFS]  

 

Experiments were focused on the behaviour of a rectangular 
loop with localized pressure drops realized by two sharp-
edged orifices located in the middle of the vertical legs. It is 
necessary to localise two orifices, one for each vertical leg, 
because the vertical symmetry of the rectangular loop must be 
maintained. The scheme of this experimental apparatus as well 
as its geometrical dimensions are reported in Fig. 18 and Tab. 
4, respectively. 

 
Fig. 18. Sketch of the rectangular loop. The  localized pressure 
drops (orifices of different diameter) are placed in the middle 
of vertical legs.  

Tab. 4. Geometrical dimensions of the rectangular loop used 
in this study and those of MTT1 loop (dimensions in mm). 

 
During the experiments, the internal diameter of the orifices 

was increased from 10 mm up to 36 mm and the input power 
was varied from 500 W  up to  3400 W. 

The main conclusions can be summarized as follows (Figs. 
19, 20): 
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⇒ the pressure drops could stabilize the loop behaviour; the  
smallest orifice diameters D0=10 mm and 22 mm  
stabilize the loop, while the orifice diameters D0=26 mm, 
30 mm and 36 mm  are not able to induce the stabilization 
of the loop. However, the oscillations observed with 
D0=26 mm are quite different from those measured with 
D0=30 mm and D0=36 mm: no flow amplification was 
detected during each test, whereas the amplitude and the 
frequency increase when the power level increases 

⇒ during the initial transient, in case of the 10 mm orifices, 
after a single peak (overshoot), there is an increasing 
trend of the temperature up to the stationary level 
temperature difference, while in the other configurations 
the temperature oscillates around the steady-state value; 

⇒ the amplitude of oscillations in the initial transient 
decreases with the increase of pressure drops, as well as 
the time needed for their damping. 
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Fig. 19. Comparison between tests with smooth pipes and 
pipes with orifices (P=500 W). 
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Fig. 20. Comparison between tests with smooth pipes and 
pipes with orifices (P=2500 W). 
 

In Figs. 19 and 20 the temperature differences at the heater 
are depicted in case of presence of localised pressure drops. It 
is important to remember that the maximum fluid temperature 
is an important parameter that should be controlled . The 
presence of the orifice could cause the stabilisation of the 
loop, but the temperature of the fluid increases  up to the 
transition temperature between single and two phase flow. 
Finally, in Tab. 5 are represented the different combinations 
between power and orifice diameters. 

Tab. 5. Thermo-hydraulic behaviour of LOOP#1 as function 
of power level and orifice diameter. 
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A new technique to stabilise the flow in a NCL is  the  

addiction of nanofluids in the liquid [76]. As well known, the 
presence of nanofluids (Al2O3, CuO) causes the increment of 
some thermo-physical properties such as density, thermal 
conductivity, and viscosity [77]. 
The nanofluids are engineered colloids made of a base fluid 
and nanoparticles (1-100 nm). Nanofluids have higher single-
phase heat transfer coefficients than their base fluids. In 
particular, the heat transfer coefficient increases the mere 
thermal-conductivity effect, and cannot be predicted by 
traditional pure-fluid correlations such as Dittus-Bolter’s. In 
nanofluid literature this behaviour is generally attributed to 
thermal dispersion and intensified turbulence, brought about 
by nanoparticle motion. 

In [76] have considered seven slip mechanisms that can 
produce a relatively velocity between the nanoparticles and the 
base fluid. These are inertia, Brownian diffusion, 
thermophoresis, diffusophoresis, Magnus effect, fluid 
drainage, and gravity. The main conclusion is that of the 
seven, only Brownian diffusion and thermophoresis are 
important slip mechanisms in nanofluids.   

The classic rectangular loop depicted in Fig. 21, is filled 
with nanofluids (Al2O3) at different concentrations (0.3-2 % 
by wt. , particle size 40-80nm). 

 
Fig. 21. Schematic of experimental facility. 

 
In Fig. 22 the steady-state flows in the loop are shown. As it 

can be easily observed, the presence of nanofluids cause an 
increase of mass flow rate between 20 and 35 % depending on 
the concentration of nano powder and operating condition. 
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Fig. 22. Variation of steady state flow rate with different 
concentration of nanoparticles. 
 

It is still more interesting the results showed in Fig. 23, 
where the tests performed without nanoparticles are compared 
with those performed with nanoparticles, for the same thermal 
conditions.  The most significant finding was that the flow 
instabilities are suppressed even with a low concentration of 
0.3 % by weight of Al2O3 nano powder.  

 

 
Fig. 23. Suppression of flow instability with nanofluids during 
power raising and set back process. 

III. 5. Influence geometrical dimensions 
(mini­loop) 

  
Another parameter which influences the dynamic of NCL is 

the dimension of the loop. Most researchers focused their 
attention on large scale systems, with particular consideration 
to performance optimization and stability analysis, while there 
are only a few studies about natural circulation inside small 
scale devices, which were studied until now only in case of 
two-phase flow, particularly for computer cooling 
applications. 

Two preliminary papers considered the thermo-hydraulic 
behaviour of a single-phase natural circulation mini-loops [17, 
48]. 

The experimental set up consists of two rectangular single 
phase natural circulation mini-loops (ML1, ML2). Fig. 24 
shows a scheme of the mini-loops, whereas the  geometrical 
dimensions of ML1 and ML2 are summarised in Tab. 6. 
 

 
 
Fig. 24. Scheme of the mini-loops  

Tab. 6. Geometrical dimensions [mm] and characteristics of 
the mini-loops. 

  ML1 ML2 
D 4 4 
W 180 180 
H 151 264 

Lh=Lc 100 100 

Ltot 662 888 
Ltot /D 166 222 
H/W 0.84 1.47 

 
 

Particular attention must be devoted to the instrumentation 
used to measure the fluid temperature. In  case of mini-loops, 
the fluid temperatures were measured by four shielded 
thermocouples (O.D. of  0.2 mm), placed in the vertical legs in 
the middle of the cross sections at a distance of 40 mm from 
the horizontal tubes axis (Fig.34). The presence of 
thermocouples inside the tube reduces the cross sectional area 
of 3.2%. This value is sufficiently small to neglect the 
consequent increase in pressure losses [40]. 

For each mini-loop two parameters were studied: the power 
transferred to the fluid and the mini-loop inclination. In Tab. 9 
as example the first experimental campaign is described.  

The mini-loop thermo-hydraulic behaviour was stable 
(steady temperature difference across the heat sinks), i.e., after  
quiescent  state, when  thermal   conductivity   in the fluid is   
the dominant  heat   transfer   mechanism, the flow   starts   
circulating  through the loop,  showing an initial temperature 
overshoot followed by a successive stabilisation caused by the 
total friction losses along the loop. The quiescent state 
duration increases as the power decreases and the loop 
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inclination increases, whereas the temperature overshoot 
increases as the power and loop inclination increase. 

The loop inclination influences the temperature of the fluid 
only when the angle is 75°. When the loop inclination is 0° 
(vertical) or 30° the effect is quite negligible even as observed 
for a large scale natural circulation loop [49]. 

In the Figs. 25-27 the transient behaviours of ∆Th data, for 
the three mini-loop inclinations, are compared together. 

 
Fig. 25. Transient behaviours of ∆Th for α=0°. 
 

 
 
Fig. 26. Transient behaviours of ∆Th for α=30°. 

 
 
Fig. 27. Transient behaviours of ∆Th for α=75°. 
 

Since all data are stable, they were analysed with the 
Vijayan’s model [66] developed for large scale natural 
circulation loops. The parameters involved are just introduced 
above (see III. 3. Effect of heater and cooler orientations 
section), and they were applied to the mini-loop. The 
corrective parameter cos(α) term is introduced in Grm (see Eq. 
7) to take into account the reduction in buoyancy forces due to 
the mini-loop inclination α: 

)cos(g
cA

HPDGr
p

3

23

m α⋅⋅β⋅
⋅µ⋅

⋅⋅ρ⋅
=                                (14) 

All data regarding both mini-loops and two different fluids 
(water or FC43) are depicted in Fig. 28. 
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Fig. 28. Comparison between experimental data and Vijayan’s 
correlation 

The same analysis developed with water and FC43 was 
conducted filling the ML2 mini-loop with  Al2O3 nanofluid  
[78]. The experiments were conducted varying both the 
volumetric concentration of nanofluid (0.5 % and 3 %). And 
the heat sink temperature. In [78] are reported the formulas 
used to evaluate the thermo-physical properties of the 
nanofluid. The representation of the experimental data are 
depicted in Fig. 29. 

 
Fig. 29. Comparison between experimental data and Vijayan’s 
correlation. 
 

IV. Final Remarks 

OPEN QUESTIONS 
 

The main open questions in the study of single-phase NCLs 
are: 
 
The instrumentation should be able to measure the velocity 
and the temperature of the fluid without disturbance on 
the measurements: 

⇒ Magnetic flow meter 
⇒ Ultrasound Pulsed Doppler Velocimetry 
⇒ Liquid crystal  
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The thermo-hydraulic behaviour of a single-phase natural 
circulation loop depends on: 
⇒ Interaction between the fluid properties and material 

utilised to construct the loop (pipe material) 
 
Thermal performance of complex loop: 
⇒ Heaters and coolers displacement and numbers 
⇒ Horizontal parallel channels (new nuclear reactors) 
 
Thermal performance of mini-loop 
 
Stability map able to take into account the pipe materials, 
loop inclination 
 
Numerical simulation 
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