Università degli Studi di Genova

DIPTEM/Tec
Dipartimento di Produzione, Termoenergetica e Modelli Matematici
Sezione di Termoenergetica e Condizionamento Ambientale

Dott. Ing. Pietro Garibaldi

Single-Phase Natural Circulation Loops:
Effects of Geometry and Heat Sink
Temperature on Dynamic Behaviour and
Stability

Tutor: Prof. Ing. Mario Misale

Dottorato di Ricerca in Fisica Tecnica
XX Ciclo

“Simplicity”
(Henry Ford)

II

a Valentina

Acknowledgments
I would like to thank at first my master Mario for the example, the support and the
wise advices he gave me during these three years of PhD studies. I’m also grateful
to all those I had the pleasure to work with, in particulat to Mauro, Renato, Checco,
Patrizia, Glauber, Volf, Bobby, Dave and Gabriele.
Finally, with regards to the moral support, I take this opportunity to express all my
gratitude to my family and all my friends, the Cabella crew, our Wing Chun
family, the Blue Ship, the Golden Mustache and the Quaalude.

III

Abstract
Single-phase natural circulation inside rectangular loops is studied. Experiments
were performed on loops of different size: a large scale loop (internal diameter D
of 30 mm, total length Lt of 4.100 m) and two mini-loops (D of 4 mm and Lt of 628
and 854 mm, respectively). Power, heat sink temperature and loop inclination
varied during the experimental campaigns; water and FC43 were employed as
working fluids.
The large scale loop presented different dinamical behaviours (stable and unstable
flow with or without mass flow rate oscillations), while both mini-loops showed
always steady-state conditions at regime.
Flow velocities were evaluated by means of frequency analysis or with an
enthalphy balance in case of steady state flow, and analyzed as function of the
boundary conditions. The frequency analysis method was validated by means of a
comparison with UPDV and differential pressure measurements.
Vijayan’s correlation for steady-state flow, modified with a corrective parameter
which takes into account the loop inclination, was verified both with large-scale
loop and mini-loops data with good agreement.
A one-dimensional finite difference method was employed in order to simulate the
initial temperature and velocity transients in dependency on different boundary
conditions.
Finally, a one-dimensional linear stability analysis was performed following
Vijayan’s model; stability maps for the three loops were obtained applying the
Nyquist criterion. The method predicts correctly the behaviours of the mini-loops,
while it is too conservative and ineffective in case of the large scale loop.
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1. INTRODUCTION
1.1 STATE OF THE ART
Natural circulation is a simple phenomenon which occurs in a fluid in presence of
temperature and density gradients in a force field. In natural circulation systems
there are a heat source and a heat sink, with the former placed lower than the latter,
both in contact with a portion of fluid. As consequence of the heat fluxes, the
heated part of the fluid becomes lighter and rises, while the cooled part becomes
denser and is dropped down by gravity. These combined effects establish
circulation.
As it does not need any moving mechanical part, like pump or fan, natural
circulation is characterized by high reliability and low costs of maintenance. On
the other hand, it is very important the design of the systems which use natural
circulation as primary heat transfer mechanism in order to optimize the thermal
performances and to avoid unwanted dynamic behaviours, such as flow
instabilities or flow reversals.
Natural circulation loops (NCL) are used in a wide field of engineering
applications (Fig.1.1) and are characterized by very different size and attributes; in
particular, they are employed in nuclear power generation, geothermal processes,
solar heaters, cooling of internal combustion engines and turbine blades, and, as a
recent application, for cooling of small electronic devices, like computer
processors of new generation.

Fig.1.1 Engineering applications of NCL
In literature there are many reviews about single-phase natural circulation [1, 2].
Zvirin [1], for example, presented a survey on both theoretical and experimental
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works on natural circulation loops, with modeling methods used to describe steadystate flows, transient and stability characteristics. The thermosyphons analyzed
varied from small-scale simple geometry loops to large-scale systems used in
nuclear power plants. Greif [2] reviewed basic experimental and theoretical studies
on NCL, and analyzed overall performances and system testing as well.
Various models were proposed in literature (Fig.1.2). One of the first model was
introduced by Welander [3] (Fig.1.2a) and consisted in a loop made by point heat
source and point heat sink, both with imposed wall temperature, connected by two
adiabatic legs. Welander explained the presence of instabilities and flow reversal
with the “hot pocket” theory: when buoyancy forces and shear stresses are not in
phase, in case of specific boundary conditions, the presence of a temperature
discontinuity (hot pocket) may cause an initial velocity oscillation, which grows in
time and amplitude, eventually producing a flow reversal.
Different models are the toroidal and the rectangular loop (Fig.1.2b and c). The
toroidal loop [4] is typically cooled in the upper half and uniformly heated in the
lower half. Usually the wall temperature is imposed at the cooler, while the power
is imposed at the heater. Also the rectangular loop was widely analyzed in
literature [5-7]. It often presents mixed boundary conditions, with imposed power
at the heater, placed on the bottom of the loop, and imposed temperature at the
cooler on the top. This is the most common heat exchanger displacement, because
it is the most efficient, even if the less stable.

Fig.1.2 NCL models
Many aspects of natural circulation loops were experimentally and theoretically
investigated in order to better understand the phenomenon. Generally, aims of the
studies were performances optimization and stability analisys, which are both
influenced by different characteristics of the system, as for example geometry, pipe
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materials, working fluid thermo-physical properties, heat exchangers displacement,
loop inclination, concentrated pressure losses etc.
Vijayan et al. [8] studied and compared the dynamic behaviour of the same
rectangular loop with different displacement of heater and cooler. They found out
that the most stable configuration is the one with both vertical cooler and heater,
which never present instability, while the common one with both heat exchangers
on the horizontal sides, as written above, is the less stable.
During their studies on toroidal and rectangular loops, many authors [9,10]
introduced a tilt angle in order to study the effects of inclined heater and cooler on
the dynamic of the system. Acosta et al. [10], for example, studied the natural
circulation inside a square tilted loop and determined experimentally the flow rate
as function of the heat flux and the tilt angle, and confirmed experimentally the
multiplicity of steady-state velocities.
In rectangular loops also the influence of the aspect ratio, defined as the height to
width ratio, was sistematically analyzed. Chen [11] analitically found that the
stability of the system has a minimum for aspect ratio approaching the unity
(square loop). Therefore our loops were designed with aspect ratios between 0.84
and 1.47, very close to the critical one.
Also the influence of different materials of the pipes were analyzed. In particular it
was found that the more conductive are the pipes the more stable is the system,
because the temperature discontinuities are smoothed by the heat transfer between
fluid and tube walls [12, 13].
Chaotic analysis was introduced by many authors, following Lorenz’s model [14],
originally developed for studying and predicting the convective phenomena in the
atmosphere. Ehrhard and Mueller [15], for example, obtained a set of nonlinear
ordinary differential equations of Lorenz type from the physical 1D model.
Nonlinear effects and chaotic behaviour are recognized for different boundary
conditions. Moreover, Lorenz butterfly attractors can be experimentally obtained
from temperature and pressure readings in case of chaotic flow.
The loop inclination was investigated with the purpose of simulating reduced
gravity by decreasing the height between the top and the bottom of the loop, and
consequently the buoyancy forces acting on the fluid. This kind of analysis was
made by Misale et al. on a large-scale NCL [7], with particular attention to thermal
performances and stability fields of the system, and also on a mini-loop [16],
verifying the correlation of Vijayan et al.[17] also in case of an inclined minisystem.
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A new aspect of our research is the possibility of tuning the heat sink temperature
by means of a cryostat, which gives a new degree of freedom to the system.
Two sizes of NCL were experimentally analyzed: large-scale and mini-scale loops.
The study on the large-scale loop (Loop#2, “L2”) was focused on the effect of the
cooler temperature on the stability of the loop. Additional parameter investigated
was the loop inclination, while two working fluids were utilized (water and FC43),
characterized by very different thermo-physical properties. Aspects of chaotic
analysis are presented using preliminary experimental data, obtained by pressure
and temperature measurements.
On the contrary, as the small-scale devices (Mini-loop 1 and Mini-loop 2, “M1”
and “M2”, respectively) are intrinsically stable, the heat sink temperature was not
varied, while the research was focused on different transients and steady-state
performances due to different geometries, working fluids (again water and FC43)
and loop inclinations.
For both loop scales, Vijayan’s correlation [17] for stedy state flow was verified;
moreover, simulations by finite difference method were carried out, and stability
was analytically studied following Vijayan’s model [8].
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2. EXPERIMENTAL SET UP
In this study single-phase natural circulation in rectangular loops of different sizes
is analyzed. Experimental runs were performed both on a large-scale loop (L2, Fig.
2.1) and on two different mini-loops (M1 and M2), assembled to study circulation
phenomena in mini-scale devices (Fig. 2.2 and 2.3).

Fig.2.2 M1

Fig.2.1 L2

Fig.2.3 M2

L2 dimensions are one order of magnitude larger than those of the mini-loops;
however, L2 and M1 are characterized by similar aspect ratio (height to width),
while the aspect ratio of M2 is higher. Geometric characteristics of the loops are
summarized in Tab. 2.1.

D
W
H
Lheater
Lcooler
Lt
Lt /D
H/W

L2
30
1112
988
960
900
4100
136.7
0.88

M1
4
180
151
100
100
628
157
0.84

M2
4
180
264
100
100
854
213.5
1.47

Tab.2.1 Geometric dimensions [mm] and ratios of the loops
M2 was built with same internal tube diameter and mini-loop width, but taller
respect to M1. Purpose of this dissimilarity was to analyze the effect of an increase
in buoyancy forces on the thermal performances of the natural circulation mini-

7

system. The next sections present a more detailed description of the characteristics
of each apparatus.

2.1 LARGE-SCALE LOOP (L2)
The experimental apparatus (Loop#2, “L2”) consists in a rectangular loop where
the heater is placed at the bottom and the cooler on the top of the loop.
The Loop#2 is the third NCL realized at DIPTEM labs, after the MTT and the
Loop#1 [18]. All the three loops are characterized by similar aspect ratio and Lt /D
ratio, but different dimensions. Figure 2.4 shows a scheme of the loop.

Fig.2.4 L2 diagram
The two vertical tubes were insulated by means of an Armaflex® layer of 2 cm of
thickness (λ=0.038 W/mK at 40°C) and can be considered adiabatic [7]. At the
heating section the flux is imposed, while at the cooling section the heat sink
temperature (H.S. Temp.) is imposed. The vertical tubes and the four bends are
made of stainless steel AISI 304, while both the horizontal tubes are made of
copper (99.9%). The loop internal diameter D is 30 mm and it is constant over the
entire loop length; the loop height H is 0.988 m and the total length Lt, measured
on the tube axis, is 4.100 m, with a Lt/D ratio of 136.7.
The heater is made by an electrical nicromel wire rolled uniformly around the
copper tube, connected to a programmable DC power supply (Sorensen DHP 15033). On the upper part of the loop a coaxial cylindrical heat exchanger is connected
to a cryostat (Haake KT90), which is able to maintain constant temperature of
-20°C with cooling power of 1 kW, whereas it can remove up to 2.5 kW in a
temperature range between -10°C and +30°C. The coolant which flows throw the
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annulus is a mixture of 50% of water and 50% of glycol, with freezing point at
-40°C. An external pump is needed in order to reach a high coolant flow rate
(0.60kg/s), which minimizes (<1K) the temperature difference between inlet and
outlet section of the heat exchanger (constant temperature along the heat sink).
Both heater and cooler were thoroughly insulated. Experimental tests and CFD
simulations [19] demonstrated that heat losses from the heater to the environment
are lower than 5% of the total heat flux.
An open expansion tank connected to the top of the loop allows the working fluid
to expand as consequence of temperature growing up, keeping atmospheric
pressure inside the loop.

Fig.2.5 Siting of main thermocouples, L2
All the calibrated thermocouples (±0.1 K) used for this apparatus are shielded
T-type with external diameter of 0.5 mm, and are positioned as depicted in Fig.2.5.
Twenty thermocouples measure the fluid temperature in 4 sections (A to D) placed
142 mm far from the axis of the closest horizontal tube. In each section one
thermocouple is located on the vertical pipe axis, while the other 4 are radially
placed at a distance of half radius (7.5 mm) from the tube wall and distributed one
each 90°. The temperatures at the inlet and outlet section of the secondary flow of
the heat exchanger are evaluated by two thermocouples (tc.27 and 28), and an
auxiliary thermocouple checks the internal temperature of the cryostat as well. Two
shielded thermocouples (tc.29 and 30) are positioned at the top and at the bottom
of the loop and measure the room temperature. In addition, eighteen
thermocouples are placed inside the heater insulation in order to investigate natural
convection phenomena in porous media [19]. For simplicity, only a few of them
(tc.21-26) are depicted in Fig.2.5.
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Experimental data were acquired over a period of 21600 seconds (6 hours) and
stored by mean of a high-speed data acquisition system by National Instruments
(PCI-1200, SCXI-1000, SCXI-1102, SCXI-1303). Acquisition time interval was 1
second and each data was averaged on 100 readings per second.
The loop can assume different inclinations (α), from 0° (vertical) to 60° by step of
15° and from 60° to 90° (horizontal) by step of 5°. Figure 2.6 shows the loop
inclined at α=60°. As loop inclination decreases the buoyancy forces by a cos(α)
factor, it is possible to simulate reduced gravity conditions [20].
In the present campaigns the analyzed angles were α=0° (vertical), α=60° (Fig.
2.6) and α=75°, with a gravity field of 1 g, 0.5 g and 0.26 g, respectively.

Fig.2.6 Inclined loop (L2), α=60°
In case of loop inclination it is possible to obtain an average temperature over the
five thermocouples at each measurement section in order to compensate the threedimensional effects [21], which occur in particular at α=75°.
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2.2 MINI-LOOPS (M1, M2)
The experimental set up for the study of single-phase natural circulation in minisystems consists of two rectangular mini-loops. Geometric dimensions of the two
devices were previously summarized in Tab.2.1, while Fig.2.7 shows a generic
scheme of a mini-loop and a picture of M2.

Fig.2.7 Scheme of the mini-loops and photograph of M2
M2 was realized after the M1. The same external structure, heater, cooler and glass
bends of the M1 were maintained, while the vertical pipes were substituted with
longer ones. All the tubes are made of copper and are connected by means of four
glass bends. The heater, placed at the bottom side of the loop, is made by a
nichromel wire rolled around the horizontal copper tube, connected to a power
supply (Electronic Measurements TCR 80S13). The cooler is a coaxial heat
exchanger at the top of the loop, and it is connected to the same cryostat of L2
(Haake KT-90) by means of a parallel connection. The cryostat provides a mixture
of 50% water and 50% glycol at 0°C.
Differently from large-scale natural circulation loops, where circulation
instabilities occur and depend also on the heat sink temperature [22], in natural
circulation mini-loops the dynamic behaviour is always stable. A preliminary
campaign executed on M1 showed that the only effect of tuning the cryostat
temperature was a slight variation in fluid velocities, with similar temperature
trends. Therefore, differently from the experiments on L2, the heat sink

11

temperature was not chosen as an experimental parameter, but it was set constant at
0°C for the whole campaigns.
In order to minimize the heat losses to the ambient, all parts of the system were
thoroughly insulated by Armaflex®. The heat transfer rate through the insulation,
evaluated on the basis of usual heat transfer correlations, was always less than 5%
of the total power input. The boundary conditions are the same of L2: imposed flux
at the heater, imposed uniform temperature at the cooler (as the coolant flow rate is
relatively high, about 1 lt/min) and adiabatic vertical legs.
The loop was equipped with four calibrated (±0.1°C) shielded K-Type
thermocouples (0.2 mm OD). Two additional calibrated (±0.1°C) T-Type
thermocouples were used to measure the room temperature and the cryostat bath
temperature, respectively. The presence of just one thermocouple at each section
reduces the cross sectional area of 3.2%, which is a value sufficiently small to
neglect the consequent increase in pressure losses [23]. An opened tank at the top
of the mini-loop allows fluid expansions as consequence of the increase of the fluid
temperature.
Also the mini-loops were positioned on a plate which can rotate around the
horizontal axis. As already explained, the decrease of buoyancy forces due to miniloop inclination can be used for simulating reduced gravity conditions. In case of
mini-loops, as the internal diameter of the pipes is very small, 3D effects in
temperature distribution should be neglegible also in case of almost horizontal
inclination.
Data are stored by means of a high speed data acquisition by National Instruments
(PCI-1200, SCXI-1000, SCXI-1102, SCXI-1303). The data acquisition system
permits to run tests both on L2 and on a mini-loop separately and at the same time,
with independent controls. Figure 2.8 depicts the Labview 6.1 front panel, which is
the user interface and illustrates interactive inputs and outputs of the virtual
instrument (in our case inputs are channel choices, controls, file paths, while
outputs are temperature values, acquisition time, error messages etc.). The Block
Diagram Window is shown in Fig.2.9. It is the graphic representation of the
structure of the acquisition system and shows all the connections among inputs,
outputs and controls.
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Fig.2.8 Labview front panel window

Fig.2.9 Labview block diagram window
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3. EXPERIMENTS
3.1 LARGE-SCALE LOOP
Natural circulation in large-scale loop was experimentally investigated on L2. In
particular, the dynamic behaviour of the loop was analyzed as function of the
following parameters: the power transferred to the fluid, the cooler temperature and
the loop inclination. Two experimental campaigns were completed, the first one
with water and the second one with FC43. The thermo-physical properties of these
fluids are very different, as shown in Tab.3.1 (at 25°C, 1 atm). The third column of
the table reports the ratio between the properties of FC43 and those of water.

ρ
µ
β
cp

[kg/m3]
[kg/ms]
[1/K]
[J/kgK]
Pr

WATER [24]
997.1
8.9e-4
2.5e-4
4183
6.3

FC43 [25]
1859
5.4e-3
1.2e-3
1042
85.0

FC43/WATER
1.86
6.08
4.8
0.25
13.6

Tab.3.1 Thermo-physical properties of water and FC43 (25°C, 1atm)
Comparing FC43 to water at 25°C, the dynamic viscosity, the isothermal
expansion coefficient and the Prandtl number are one order of magnitude higher,
while specific heat is about one quarter and density is almost twice, respectively.
Therefore FC43 is supposed to be much more reactive and chaotic than water and
different stability thresholds are expected.

Vertical loop (α
α=0°)
The vertical inclination was widely investigated, with different values of power
and heat sink temperature, in dependency on the thermo-physical properties of the
working fluid. During the first campaign with water the power transferred to the
fluid varied by step of 0.5 kW between 0.5 kW and 2.5 kW, which was the singlephase limit for water at high heat sink temperatures (+30°C). Also for the second
campaign with FC43 the power step was set to 0.5 kW. However, because of the
low specific heat of FC43, the maximum power applied was 1.5 kW, in order to
avoid high fluid temperatures. Therefore additional runs were performed also at
very low power (0.1 kW and 0.25 kW), only at the extreme heat sink temperatures
(-20°C and +30°C), respectively.
The heat sink temperature (H.S. Temp.) varied by steps of 10°C between -10°C
and +30°C in case of water and between –20°C and +30°C in case of FC43,
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respectively. The lower temperature limit depended generally on the cryostat
cooling capacity and, in case of water at low power, also on the risk of freezing.
The upper limit was due to cryostat working range, which excludes high
temperatures. Experimental runs with vertical inclination are summarized in
Tab.3.2.
WORKING FLUID
WATER

POWER RANGE [kW]
0.5 to 2.5

H.S. TEMP. [°C]
-10 to +30

FC43

0.1 to 1.5

-20 to +30

Tab.3.2 Experimental campaigns with vertical loop (α=0°)

Inclined loop (α
α=60°; 75°)
The inclination angles investigated during both experimental campaigns were
α=60° and α=75°. Two different power levels were chosen (1 and 2 kW for water,
0.5 and 1 kW for FC43), because, as demonstrated with the vertical runs, the two
fluids have different heat removing capacity. Two different heat sink temperatures
were set for each power and inclination combination (Tab.3.3).
WORKING FLUID
WATER
FC43

POWER RANGE [kW]
1.0; 2.0
0.5; 1.0

H.S. TEMP. [°C]
-10; +20
-10;+20

Tab.3.3 Experimental campaigns with inclined loop (α=60°;α=75°)

Experimental procedure
Each run consisted in a power step from stagnant condition with a different heat
sink temperature. Loop inclination, power and coolant temperature were
maintained constant for the entire test.
Before starting each run, the loop was inclined at the fixed angle and the
temperature of the cryostat was set. Then stagnant condition was verified, with no
motion state and uniform fluid temperature (differences among the thermocouples
in the fluid lower than 0.5 K). Finally, at the same time data acquisition started,
power supply was switched on and cooling flow rate started. As written above, the
operating parameters were maintained constant for 6 hours, until data acquisition
stopped. Then power supply and cryostat were switched off.
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In order to avoid freezing in the upper part of the loop (in case of water at H.S.
Temp. lower than 0°C) only the internal bath of the cryostat reached the desired
temperature before starting the acquisition, while the coolant side of the heat
exchanger remained at room temperature. However, since the cryostat contains
about 85% of the coolant of the system and the flow rate is high (0.60 kg/s), when
the circulation pump is switched on the heat exchanger reaches the required
temperature after a few minutes of transient. The connection between cryostat and
L2 heat exchanger is sketched in Fig.3.1.

Fig.3.1 Experimental set-up, secondary flow

3.2 MINI-LOOPS
Experimental study on mini-loops started with a campaign performed with M1
using water as working fluid. During the first campaign the combined effect of
power and loop inclination was analyzed, with three different inclinations and three
power levels for each angle (Tab.3.4).
ANGLE α [°]

POWER [W]

0
30
75

5, 15; 25
2.5; 7.5; 10
2.5; 7.5; 10

Tab.3.4 First experimental campaign (M1, water)
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Subsequently, a second campaign was performed adopting the same boundary
conditions (angle, power), but with a different working fluid (FC43). Thermophysical properties of the two working fluids were already presented in the
preceding section (Tab.3.1).
As in mini-loops the stability is guaranteed by high shear stresses, induced by
small geometric dimensions (particularly by small internal diameter), the choice of
a different working fluid should not modify the stability of the systems (differently
from what happens in case of large-scale loops). However different dynamic
behaviours are expected. In particular FC43 is supposed to be characterized by
higher velocity and higher mean fluid temperature than water at same boundary
conditions, with lower initial temperature overshoot due to faster circulation.
During the third campaign water was used again as working fluid, but in a different
mini-loop (M2, described in Chapter 2). As M2 is characterized by longer vertical
pipes respect to M1, while all the other dimensions are the same, buoyancy forces
should be higher than in M1, and consequently better thermal performances than
those of M1 are expected. Therefore heat fluxes of the M2 campaign are double
than those of the previous ones, while the loop inclinations of the first campaign
are maintained. The boundary conditions of the three mini-loop campaigns are
summarized in Tab.3.5.
Angle α [°] Campaign #1;#2(M1), Power [W] Campaign #3(M2), Power [W]

0
30
75

5; 15; 25
2.5; 7.5; 10
2.5; 7.5; 10

10; 30; 50
5; 15; 20
5; 15; 20

Tab.3.5 Mini-loop experimental campaigns

Experimental procedure
The experimental procedure is similar to that of L2. Every run starts from stagnant
condition, with the working fluid at room temperature and the cryostat at 0°C.
Acquisition begins, and after 100 seconds power is supplied and, at the same time,
cooling flow rate starts. As the secondary flow rate is high (about 1 lt/min) and the
thermal inertia of the heat exchanger is negligible, the transient at the cooler is very
fast (a few seconds). Power and cooling flow rate are maintained constant for 5400
seconds, then data acquisition stops, power and cooling flow rate are switched off
until the system comes back to initial state. Acquisition frequency is 1Hz, and
temperature data are averaged on 100 readings each.
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4. LARGE-SCALE LOOP RESULTS
The experimental campaigns performed on L2 are reported and analyzed in this
section. The first paragraph illustrates the experiments in case of vertical loop
(α=0°), while the second one analyzes the inclined runs (α=60°, 75°).
At first the experimental data are examined and compared using the mean between
the temperature difference across the heater and that across the cooler. Then the
thermo-hydraulic behaviour of the system is described as function of loop
inclination, power input and heat sink temperature. Subsequently the frequency and
velocity analysis is presented; the fluid velocities were calculated from the
circulation frequency in case of unstable flow, or by means of the enthalpy balance
across the heater in case of steady-state flow. At last, in order to check the validity
of the frequency method, the circulation velocities are compared with the results of
preliminary tests with an Ultrasound Pulsed Doppler Velocimeter and a differential
pressure transducer.
Differential pressure measurements offer the opportunity to study the NCL as a
three dimensional dynamical system of Lorenz type [14]. Influence of boundary
conditions on the dynamic behaviour of the system are presented qualitatively with
regards to the shape and the dimension of the attractors obtained experimentally.

4.1. VERTICAL LOOP (α
α=0°)
Data analysis
Fluid temperatures were averaged at the four thermocouple sections (Fig.2.5) in
order to compensate three-dimensional effects [21]. The assumption of adiabatic
legs is confirmed by the same temperature reading at the top and at the bottom
measurement section of each leg. By analyzing the temperature differences across
heater and cooler it is possible to recognize different flow regimes.
Experimental data are shown in Figs.4.1-4.9, one for each power input with
different heat sink temperatures. Temperature signal (∆T) is the average between
temperature difference across heater and cooler (the difference between the two
∆Ts in case of stable flow was always lower than 1K).
Water data (Fig.4.1-4.5) are plotted versus a time scale of 1800 seconds, while the
time scale of FC43 data (Fig.4.6-4.9) is 900 seconds because, as Fichera et al.
observed [22], at same power FC43 is characterized by an almost double
circulation frequency (and consequently velocity) respect to water.
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Fig.4.1 ∆T at 0.5 kW for different H.S.Temperatures (water)

Fig.4.2 ∆T at 1 kW for different H.S.Temperatures (water)
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Fig.4.3 ∆T at 1.5 kW for different H.S.Temperatures (water)

Fig.4.4 ∆T at 2 kW for different H.S.Temperatures (water)
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Fig.4.5 ∆T at 2.5 kW for different H.S.Temperatures (water)
Flow reversals are frequent at low heat flux, with a few small oscillation
amplifications (for example Figs.4.1-4.2). On the contrary, with increasing power,
the number of oscillations between two consecutive flow reversals grows too,
stabilizing the system at high values of coolant temperature (Figs.4.3-4.5).
Runs at same power show that, between two consecutive reversals, the signal
oscillates around the same ∆T values, which are symmetrical respect to zero and
correspond to the steady-state temperature differences. At high power it is possible
to identify long series of oscillations; in case of unstable flow these oscillations
lead to a flow reversal after an long amplification period (for example 2 kW, H.S.
Temp.=0°C, the red line in Fig. 4.4), while, if the amplifications extinguish, the
loop reaches stability.
Comparing steady-state data at same power (water at 2.0 kW and 2.5 kW), with
increasing coolant temperature it is possible to note a slight reduction in ∆T and a
consequent increase of fluid velocity. In this case the phenomenon can be
explained with the reduction of shear stresses due to higher fluid temperature.
In case of water, flow reversals are frequent only at low heat flux, when low heat
sink temperatures operate. As soon as power or heat sink temperature increase,
small amplifications appear and flow reversals become infrequent. With increasing
power the amplitude and the frequency of the temperature oscillations grow. As the
frequency is related to the fluid velocity it can be observed that at higher power
also the fluid velocity is higher.
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Fig.4.6 ∆T at 0.1-0.25 kW for different H.S.Temperatures (FC43)

Fig.4.7 ∆T at 0.5 kW for different H.S.Temperatures (FC43)
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Fig.4.8 ∆T at 1 kW for different H.S.Temperatures (FC43)

Fig.4.9 ∆T at 1.5 kW for different H.S.Temperatures (FC43)
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The FC43 campaign is plotted in Figs.4.6-4.9. Power has the same effect on
amplitude and oscillation frequency observed in case of water. The flow path is
however less differentiate compared to that of water, and also at high power the
flow reversal frequency remains high (order of magnitude 0.01 Hz compared to
0.001 Hz of water).
At same boundary conditions, as expected, FC43 is more unstable than water. In
fact the amplitude of the temperature oscillations grows fastly with time and even
at high heat flux just a short series of amplifications is sufficient to reach the flow
reversal. Such an unstable behaviour can be explained with the different thermophysical properties described in Tab.3.1, in particular with the low specific heat
and low thermal conductivity, which favourite the grow of temperature
discontinuities.

Stability fields
In case of vertical loop, with both working fluids, only two different thermohtdraulic behaviours were observed (Fig.4.10):
-steady-state (stable) flow (a): after an initial transient, ∆T reaches a constant value
characterized by small perturbations;
-bidirectional pulsing (unstable) flow: the flow pulses alternatively in one and in
the opposite direction (b). There may be long oscillation series with amplification
between two following flow reversals (c), which occur with chaotic frequency.

Fig. 4.10 Flow regimes of vertical loop: (a) stable, (b)-(c) unstable
The occurence of different dynamic behaviours is analyzed in relationship with the
boundary conditions (power and heat sink temperature). For both fluids the loop
shows similar behaviour, with two ranges of stability:
-at low heat power and low heat sink temperature (laminar flow)
-at high heat power and high heat sink temperature (turbulent flow).
Between these two regions the flow is always unstable with bidirectional
pulsations. Flow reversals are more frequent at low heat fluxes (Fig. 4.10b), and
become rare when the system approaches the turbulent stability threshold
(Fig.4.10c), with long time (up to 4000 seconds for water) of small temperature
oscillations around the stable value. At high power there is a smooth transition
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between unstable and stable behaviour, with limit conditions which can be
considered “meta-stable”.
The stability fields of the loop with vertical inclination are summarized in Tab. 4.1
(water) and in Tab. 4.2 (FC43), as function of power input and heat sink
temperature. The boundary conditions corresponding to the dashed grey cells in
Tab. 4.2 were not experimentally tested.
WATER

HEAT SINK TEMPERATURE [°C]

Power [kW]

-10

0

10

20

30

0.5

S

US

US

US

US

1

US

US

US

US

US

1.5

US

US

US

US

US

2

US

US

US

S

S

2.5

US

US

S

S

US

Tab.4.1 Stability fields, water, α=0° (S=Stable, US=UnStable)
FC43

HEAT SINK TEMPERATURE [°C]

Power [kW]

-20

0.1

S

US

0.25

S

US

0.5

US

US

US

US

US

US

1

US

US

US

US

US

US

US

US

US

S

S

1.5

-10

0

10

20

30

Tab.4.2 Stability fields, FC43, α=0° (S=Stable, US=UnStable)
As shown in Tables 4.1-4.2, the most important effect of the control of the heat
sink temperature is the crossing of stability threshold which may take place both at
low and high power. With FC43, for example, at 0.1 kW and 0.25 kW, varying the
heat sink temperature, two different flow regime occur: stable flow (H.S. Temp=20°C) and bidirectional pulsing flow with a few small periodic amplifications
between two following flow reversals (H.S. Temp=+20°C). On the contrary at 1.5
kW the system reaches stability from bidirectional pulsing regime with chaotic
amplifications when the heat sink temperature grows from +10°C to +20°C. With
water the values of boundary conditions are different, but the behaviour is similar.
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It is interesting to observe that with water at 2.5 kW with +30°C at the cooler the
system is unstable, while it is stable with lower heat sink temperature and power.
Therefore this run (and all the other runs in transition regions), was repeated
several times, but it always showed unstable behaviour.

4.2 INCLINED LOOP (α
α=60°, α=75°)
Data analysis
The previous analysis is now applied to the tests of the inclined runs. The loop
inclination angles analyzed were α=60° and α=75°, with 2 power levels and 2 heat
sink temperatures for each angle and each working fluid. Power input in case of
water is double than in case of FC43 because of its different thermo-physical
properties, which permit better thermal performances with similar mean fluid
temperatures, as explained in the preceding paragraph. Also in this case the time
scales are different for different fluids [22].
The averages between the temperature differences across heater and cooler are
depicted in the following figures: runs with inclination angle α=60° are reported in
Figs. 4.11-4.15, and those with inclination angle α=75° are shown in Figs. 4.154.18, respectively. In each figure, tests with same fluid and power input but
different heat sink temperature are plotted together.
The α=60° inclination is the most unstable among the three angles investigated.
For both fluids at low power there are a few amplifications between two following
flow reversals, with the exception of FC43 at low heat sink temperature,
characterized by monodirectional pulsing (it never occurs with vertical inclination).
With high power the amplification series appear and reversal become less frequent,
in particular with water at high heat sink temperature. However the system never
reaches stability for the operative parameters investigated.
On the contrary, with the α=75° inclination, stability is frequently achieved (Figs.
4.15-4.18). In this case the buoyancy forces, and consequently the fluid velocities,
are highly reduced (0.26g) respect to the vertical configuration.
At low heat fluxes the system is stable for both fluids. It can be noted the direct
effect of heat sink temperature on the value of ∆T. The higher is the cooler
temperature, the lower is ∆T, and consequently the higher is the fluid velocity.
With almost horizontal inclination, differently from what happens with the vertical
loop, the increase in power has a destabilizing effect. In case of FC43 in particular
it switches the flow pattern from stable to mono-directional pulsing (Figs. 4.174.18). Therefore it is not possible to define the absolute effect of a single boundary
condition on the dynamical behaviour of the system, but the interaction among the
investigated parameters has to be considered.
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Fig.4.11 ∆T at 1 kW for different H.S.Temperatures, α=60° (water)

Fig.4.12 ∆T at 2 kW for different H.S.Temperatures, α=60° (water)
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Fig.4.13 ∆T at 0.5kW for different H.S.Temperatures, α=60° (FC43)

Fig.4.14 ∆T at 1 kW for different H.S.Temperatures, α=60° (FC43)
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Fig.4.15 ∆T at 1 kW for different H.S.Temperatures, α=75° (water)

Fig.4.16 ∆T at 2 kW for different H.S.Temperatures, α=75° (water)

29

Fig.4.17 ∆T at 0.5 kW for different H.S.Temperatures, α=75° (FC43)

Fig.4.18 ∆T at 1 kW for different H.S.Temperatures, α=75° (FC43)
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Stability fields
Switching from vertical to inclined loop, different new flow regimes appear. In
particular, respect to the vertical loop, characterized only by stable (S) or unstable
(US) flow, both mono-directional pulsing (MDP) and bi-directional pulsing (BDP)
can take place. The different flow regimes are summarized in Tabs.4.3-4.6 as
function of loop inclination, power and heat sink temperature.
WATER, α=60°

HEAT SINK TEMPERATURE [°C]

Power [kW]

-10

20

1

US

US

2

US

US

Tab.4.3 Stability fields, water, α=60°
FC43, α=60°

HEAT SINK TEMPERATURE [°C]

Power [kW]

-10

20

0.5

MDP

BDP

1

US

US

Tab.4.4 Stability fields, FC43, α=60°
As written in the preceding section, with the α=60° inclination stability is never
achieved. However, in case of FC43 at low heat flux, mono and bi-directional
pulsing occur (Fig. 4.13), with periodic repetitions of similar temperature
pulsations. At high fluxes the system behaviour is chaotic, with oscillation
amplifications and random flow reversals.
WATER, α=75°

HEAT SINK TEMPERATURE [°C]

Power [kW]

-10

20

1

S

S

2

BDP

S

Tab.4.5 Stability fields, water, α=75°
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FC43, α=75°

HEAT SINK TEMPERATURE [°C]

Power [kW]

-10

20

0.5

S

S

1

MDP

MDP

Tab.4.6 Stability fields, FC43, α=75°
With the inclination α=75° the system reaches easily stability, with the sole
exceptions of water at high power and low heat sink temperature (bi-directional
pulsing) and FC43 at high heat flux (mono-directional pulsing). With same thermal
boundary conditions the vertical loop is always unstable. Therefore a very high
reduction in buoyancy forces due to loop inclination (α=75°) can be considered a
stabilizing factor for the system, in particular at low power. On the other hand the
reduction in drag causes also a reduction in fluid velocities, with a consequent
reduction in thermal performance. The fluid velocities for the different thermal
boundary conditions and loop inclinations are presented in the next paragraphs.
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4.3. FREQUENCY ANALYSIS
The frequency analysis is based on the “hot pocket” model proposed by Welander
[3]. The “hot pocket” is a small portion of fluid where a hot temperature
discontinuity takes place; on the opposite side of the loop a corresponding “cold
pocket” is present. Flow instabilities may occur if the hot fluid plug becomes hotter
and hotter after each round of the loop. Eventually, the flow reversal happens when
the difference of the buoyancy force between the “cold leg” (where the hot fluid
pocket is coming down from the cooler) and the “hot leg” is sufficient to decelerate
the mass flow rate up to no-motion state. Then the flow starts in the opposite
direction. Afterthat another hot fluid pocket grows up causing a new oscillation
amplification and at the end a consequent flow reversal.
Each time a hot fluid pocket passes close to a thermocouple, the measured
temperature signal rapidly increase and consequently a peak in the temperature
difference is registered. Therefore, the time period between two following peaks
corresponds to the hot pocket circulation time. If flow oscillations occur (with or
without amplifications) the temperature difference signals ∆T can be analyzed by
means of a Fast Fourier Transform (FFT). In case of steady-state flow, hot fluid
pockets may exist (Fig.4.10a for example), but do not grow during the time. In this
case it is possible to obtain the hot pocket circulation time directly by FFT,
otherwise it can be calculated by means of the enthalpy balance across the heater.
In case of unstable flows, it is possible to find out the circulation frequency
applying the FFT to the parts of the signal between two following flow reversals.
For both fluids only in case of runs at low power (0.5 kW or lower), where
oscillation amplification almost does not occur, the flow reversals take place with
approximately constant frequency; on the other hand, at high power, amplification
phenomena start, and there is no deterministic way to predict when the next
reversal could happen. Chaotic analysis [14] with Lorenz model can be used to
study this aspect of the dynamic of the system
On the basis of the above considerations, the fluid circulation frequencies are
depicted in Figs.4.19-4.21, one each loop inclination. In every plot, circulation
frequencies are reported for both fluids as function of power and heat sink
temperature, respectively. The right axis indicates the fluid velocity, calculated as
the product of the circulation frequency and the total length of the loop. Figure
4.19 depicts the circulation frequencies of the two working fluids for the vertical
configuration.
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Fig.4.19 Frequency and fluid velocity vs. power for different H.S.Temperatures,
α=0°
As it can be noted, FC43 is characterized by a circulation frequency which is
almost double than that of water at same power. The phenomenon can be explained
with the different thermo-physical properties (Tab.3.1), which make the former
more reactive than the latter. Differently from the flow reversal frequency, which is
almost random if amplification occurs, the circulation frequency strongly depends
on power.
The heat sink temperature has generally a slight effect on circulation frequency,
with increasing velocity for increasing coolant temperature due to lower friction.
This phenomenon is enhanced when the loop crosses the laminar stability threshold
(in the runs with water, with power of 0.5 kW and heat sink temperature from –10
to 0°C, and with FC43 with power of 0.1 kW and 0.25 kW, and heat sink
temperature from –20°C to +30°C, as shown in Fig.4.19). In this case the steadystate flow is induced by high shear stresses, due to low mean fluid temperature,
which also reduce the circulation rate. On the contrary in case of transition between
stable and unstable behaviour in turbulent flow the system passes through metastable states, and the circulation rate varies smoothly as function of the heat sink
temperatures.
With vertical configuration (α=0°), the fluid velocities vary for water from 0.03m/s
(0.5 kW) to 0.11m/s (2.5 kW), and for FC43 from 0.025 m/s (0.1 kW) to about
0.16 m/s (1.5 kW). As written above, the velocity was calculated from the
circulation frequency or from an enthalpy balance in case of steady-state flow
without oscillations. The Figures 4.20-4.21 depict the circulation frequency of the
two fluids with inclination angle α of 60° and 75°, respectively.
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Fig.4.20 Frequency and fluid velocity vs. power for different H.S.Temperatures,
α=60°.

Fig.4.21 Frequency and fluid velocity vs. power for different H.S.Temperatures,
α=75°.
Also for inclined loop, FC43 is characterized by a circulation velocity which is
about twice than that of water at same power. The influence of the heat sink
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temperature usually produces a small enhance in fluid velocity at higher cooler
temperature. The only exceptions are the tests with FC43 at 1 kW (Fig.4.14),
where the circulation frequency of the run with low cooler temperature is slightly
higher than that with high temperature.
At α=75° the system is mostly stable. Exceptions are mono-directional pulsing
flow (FC43 at 1 kW, both H.S. Temp.) and bi-directional pulsing (water at 2 kW
with -10°C at the cooler). Comparing the velocity of the last case with that of the
corresponding stable velocity (2 kW +20°C at the cooler), it can be observed that
bi-directional pulsing is a very ineffective heat transfer mechanism, as the motion
stops and changes direction at each round of the loop (Fig.4.16). Therefore the
associated time-averaged flow velocity is about one half than that of the run with
same power but high H.S. Temp., which is stable and never affected by flow
reversals.
When the loop is inclined, the velocity of water varies from 0.03m/s (1 kW,
α=75°) to 0.07 m/s (2 kW, α=60°), whereas FC43 velocity is higher and varies
from 0.04 m/s (0.5 kW, α=75°) to 0.1 m/s (1 kW, α=60°).
A comparison among the trends of experimental circulation frequencies at same
power inputs but different loop inclinations is presented in Fig.4.22 for water and
in Fig.4.23 for FC43. There is a velocity reduction from vertical to inclined loop
due to the decrease in buoyancy forces. This phenomenon is more evident in
particular in case of unstable runs (all the tests at α=60° and the test with water at
α=75°, 2 kW of power and -10°C at the cooler). It is interesting to note the good
performance of the α=75° inclined loop at 2 kW, where with +20°C at the cooler
the flow is stable and the velocity reaches almost the same value (80%) of that of
the vertical configuration. With FC43 there is a significative difference in
velocities between the vertical and the α=75° configuration. The velocities at
α=60° are close to those at α=75° at low power, and approach the vertical
velocities at high power.
Concluding, the velocities of inclined loop are generally lower than those of the
vertical configuration, in particular in case of instabilities. However, the gap is
reduced in case of steady-state flow. In particular, with the α=75° inclination the
stability can be reached easily, and performances are not so far from the vertical
ones.
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Fig. 4.22. Circulation frequency at different loop inclinations, water

Fig. 4.23. Circulation frequency at different loop inclinations, FC43
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4.4 PRELIMINARY UPDV MEASUREMENTS
This section describes a preliminary test made using the UPDV technique, applied
to the validation of the fluid velocity measurement method based on the frequency
analysis. This part of the work is the result of a collaboration with Prof. G.S.
Barozzi and Ing. L. Tarozzi (Dipartimento di Ingegneria Meccanica e Civile
DIMeC, University of Modena and Reggio Emilia) under the National Research
Project PRIN 2005.

Working principles of UPDV technique
Velocity measurements were performed by means of the Signal Processing
DOP2000 equipment [26]; the instrument is an Ultrasound Pulsed Doppler
Velocimeter (UPDV), which is able to measure the instantaneous velocity profile
along the test probe axis. The UPDV technique is based on the emission of an
ultrasound pulse along the measuring line by means of an ultrasound transducer,
which receives the echo reflected from the surface of microparticles suspended in
the liquid. The echo contains all the velocity profile information; in particular the
position x from which the ultrasound is reflected results from the time delay t
between the start of the pulse burst and its reception:

x=

ct
2

(4.1)

where c is the speed of the sound. Simultaneously the velocity results from the
Doppler shift frequency fd at that instant t:

w=

cf d
2 f0

(4.2)

where f0 is the frequency of the emitted ultrasound. Analysing the echo signal it is
possible to derive the instantaneous frequencies at each instant and thus the
velocity profile.
The UPDV technique has been applied to fluid dynamics since the last 20 years;
further details on working principles of the technique and examples of flow
configuration where UPDV was successfully applied can be found in literature [2729].
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Experimental set-up
The experimental set-up previously described was modified: the two stainless steel
vertical tubes were substituted with two tubes made of Plexiglas® with same
internal diameter (D = 30 mm) and wall thickness of 5 mm, in order to have a
lower acoustic impedance and to obtain better measurements (acoustic impedance
of stainless steel Zss=45.7 MRayls, acoustic impedance of Plexiglas® Zpl=3.08
MRayls [26, 30]). The working fluid was distilled water, containing Griltex 2A
seeding particles with an average size of 3 µm [31] in a fraction of 2g/l of water.
The UPDV probe was positioned in contact with the external wall of the vertical
tube and inclined of 54° ± 2° respect the vertical (χ); in order to improve the
quality of measurements the UPDV probe was immersed in a water bath. A
diagram and a photograph of the measurement section are given in Fig.4.24.

Fig.4.24 Position of UPDV probe, vertical tube of the loop and water bath.

Results
UPDV data were averaged over the tube section, obtaining the time evolution of
the mean fluid velocity, and compared with the mean velocity of the frequency
analysis method. Figure 4.25 depicts the comparison of the velocity data of the two
methods, obtained for a test with heat flux of 2 kW and heat sink temperature of
+10°C. The circulation frequency value obtained with Plexiglas® vertical pipes is
similar to the one achieved in case of stainless steel vertical pipes (Fig. 4.19). The
velocity is positive for upward flow. Table 4.7 reports the numeric values of the
mean velocity of the flow measured with UPDV and frequency analysis. The
UPDV mean velocity uncertainty was estimated considering the uncertainty of the
UPDV instrument and the uncertainty on the determination of the probe inclination
angle
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Fig.4.25 Comparison of UPDV and frequency analysis velocity measurements.

UPDV
Frequency analysis

Mean velocity [mm/s]
60 ± 10
78.7

Tab.4.7 Comparison of mean velocity values (UPDV-frequancy analysis).
The comparison between the two velocity measuring methods shows fairly good
agreement. The frequency analysis method tends to slightly overestimate the mean
flow velocity. The results reported here are satisfactory in any case because the
UPDV technique has successfully been applied to a natural circulation loop and a
preliminary validation of the frequency analysis method for velocity measurement
has been carried out. These results should be regarded as preliminary and a starting
point for more accurate UPDV measurements in natural circulation loops and a
more comprehensive validation of the frequency analysis method.
A comparison between UPDV velocities and temperature difference ∆T is shown
in Fig.4.26. The velocity fluctuations match the temperature difference signal quite
reasonably.
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Fig.4.26 Temperature difference ∆T and UPDV velocity
The next section presents another validation of the frequency analysis method by
means of a comparison with velocities obtained by pressure drop measurements.
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4.5 PRELIMINARY PRESSURE MEASUREMENTS
This section reports the results of preliminary differential pressure measurements.
The loop was instrumented with a differential pressure transducer (Rosemount
3051D series, Fig.4.27), symmetrically calibrated in a measurement range from
–45 to +45 Pa.

Fig.4.27 Differential pressure transducer
The pressure drop across the cooler (upper horizontal pipe) was measured together
with all the usual loop temperatures. As the pressure drop is correlated with the
fluid velocity, an additional physical quantity of the system is acquired.
A few preliminary tests, summarized in Tab.4.8, were performed with water as
working fluid at constant loop inclination.
ANGLE a [°]

POWER [kW]

H.S.TEMP. [°C]

0
0
75

0.5 to 2.5
2
1 to 2

20
-10 to +30
-10

Tab.4.8 Preliminary runs with pressure measurements
The first experimental campaign was performed with vertical inclination at
constant heat sink temperature (H.S. Temp.=+20°C) and increasing heat flux (from
0.5 to 2.5 kW). Then the same power input (2 kW) was analyzed at increasing H.S.
Temp. (from –10°C to +30°C). At last, inclined runs (α=75°) were carried out at
constant H.S. Temp. and increasing power (1 to 2 kW).
First purpose of the preliminary differential pressure measurements is a
supplementary validation of the velocity values obtained by means of the
frequency analisys.
Then, as temperatures and pressure drop are acquired at the same time, it is
possible to analyze the experimental data by the point of view of the chaotic
analysis [32, 33].
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Velocity measurements
The experimental run characterized by the highest velocity was analyzed (2.5 kW,
H.S. Temp.=+20°C, loop inclination α=0°). After the initial transient the system
reaches stability, with small temperature oscillations of almost constant amplitude.
Figure 4.28 presents the time evolution of the temperature difference and the
pressure drop across the cooler. It can be noted that the two curves are in phase
with the same oscillation frequency; therefore the circulation frequency can be
obtained both from the temperature and from the pressure signal with the same
result.

Fig.4.28 Temperature difference and pressure drop across the cooler
Velocity values were obtained from the pressure drop. The friction factor was
evaluated with Colebrook’s correlation:

ε / D
1
2.51
= −2.0 log
+
 3 .7
f
Re f







(4.3)

The comparison between the velocity obtained from the circulation frequency and
the one found from the pressure drop is shown in Fig.4.29.
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Fig.4.29 Comparison between different methods of velocity measurement
Once again (see UPDV technique, Paragraph 4.4) the velocity calculated from the
frequency analysis seems to be overstimated of about 20%, in this case compared
to the value obtained from the pressure drop measurement. This disagreement
could be explained with the three-dimensional velocity profile across the flow
section. In fact the circulation frequency is correlated with the velocity of the
temperature perturbations (hot and cold pockets), which stream along the loop in
the core of the pipes (see Fig.2.5 – siting of main thermocouples), while it does not
take into account the velocity of the portion of the fluid close to the tube walls. On
the contrary the velocity measured by the UDPV or calculated from the pressure
drop is averaged over the entire flow section, and consequently is referred also to
the streamlines of the fluid close to the pipe walls, which are slower than the core.

44

4.6 ASPECTS OF CHAOTIC ANALYSIS
The other new aspect analyzed with the introduction of the differential pressure
transducer is the possibility of describing the system by the point of view of the
chaotic analysis. Many authors [32, 33] found a similarity between NCL and
Lorenz model [14], which was derived from simplified equations describing
convective phenomena in the atmosphere. The system is three dimensional,
nonlinear and deterministic. Governing equations are:

 x& = σ ( y − x )

 y& = Rx − y − xz
 z& = − β z + xy


(4.4)

where the three variables (x, y, z) are physical properties of the system, σ is the
fluid Prandtl number, β is a geometrical parameter and R the Rayleigh number,
defined as the product of the Grashof and the Prandtl number.
For a defined set of parameters (classically σ = 10, β = 8/3 and R = 28) and from
any initial condition different from the origin the dynamical system evolves over
the time in a chaotic, non repeating pattern of butterfly shape, the famous Lorenz
attractor (Fig.4.30).

Fig.4.30 Lorenz attractor
Singer et al [34] proposed a model in which the corresponding three variables (x, y,
z) of the Lorenz system are physically represented in a NCL by the fluid velocity
and two temperature differences, one horizontal and one vertical. As explained in
the preceding paragraph, the velocity can be substituted by the pressure drop across
the cooler. The calculated temperature differences are the temperature difference
across the cooler (TA-TD) and the temperature difference across the right leg (TATB), which are similar to the horizontal and the vertical ones, respectively
(Fig.4.31).
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Fig.4.31 Phisycal variables of Lorenz system
Figure 4.32 reports as example a 3D plot of the experimental run of L2 with power
of 1.5 kW, H.S. Temp. of +20°C and inclination α=0°. The shape of the
experimental time series, expressed as pressure drop (dp) vs. the vertical (∆TV) and
horizontal (∆TH) temperature differences defined above, is clearly the same of
Lorenz butterfly attractor (Fig.4.30). The trajectory, composed by the pressure and
temperatures values over time, runs swinging around the two stable poles.

Fig. 4.32 Experimental attractor

46

Using elements of chaotic analysis it is possible to show qualitatively the influence
of the operative parameters on the dynamic of the system. Figures 4.33-4.35
present the development of the attractor (composed only by the dp component and
the horizontal temperature (∆TH) component), as function first of power and then
of heat sink temperature values (Fig.4.35).
Figure 4.33 shows the experimental attractors for increasing power (0.5 to 2.5 kW),
with constant H.S. Temp.=+20°C and vertical inclination (α=0°). Figure 4.34
illustrates the attractors for two power steps (1 to 2 kW) with H.S. Temp. of -10°C,
but inclination α=75°. At last, Fig.4.35 depicts the influence of different H.S.
Temp. on the attractors corresponding to constant power of 2 kW with vertical
inclination again (α=0°).

Fig.4.33 Experimental attractors for increasing power (α=0°)
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Fig.4.34 Experimental attractors for increasing power (α=75°)

Fig.4.35 Experimental attractors for increasing H.S. Temp. (α=0°)
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In case of vertical loop, at high heat sink temperature (+20°C), it can be noted that
the increase of power transferred to the fluid over a fixed threshold (1.5 kW) has a
stabilizing effect for the system (Fig.4.33). In fact, from low to mid fluxes, the
dimension of the chaotic attractor slightly grows (larger oscillation amplitude), but
it suddenly collapses to a stable point at high power (2-2.5 kW).
On the contrary, with inclined loop (Fig.4.34) the increase of power modifies the
attractor from a stable point to a limit cycle, with no reversal but periodic monodirectional oscillations. It should be noted that, as the system is very sensitive to
initial conditions, the flow regime is different from the one depicted in Fig.4.16
(bi-directional pulsing), which was obtained with a power step of 2 kW from no
power and no motion state. In case of pressure measurements, the procedure was
different (power step from 1 to 2 kW), and stability was maintained, even if with
large oscillations of constant amplitude.
The effect of the variation of the heat sink temperature is shown in Fig.4.35. In
case of low H.S. Temp. the attractors are chaotic, while at +20°C the attractor is a
stable point of minimum dimension. For further increasing temperature (H.S.
Temp.= +30°C) the attractor is still stable, but its dimension grows (larger
oscillation amplitude).
These preliminary results demonstrate that, for certain boundary conditions, the
dynamic behaviour of a natural circulation loop is of Lorenz type. It was possible
to show qualitatively the effect of the variation of power or heat sink temperature
on the shape and on the size of the experimental attractors for different loop
inclinations. These results can be considered as a starting point for a more accurate
study.

49

4.7 FINAL REMARKS
Conclusions could be summarized as follows:
• In large-scale natural circulation loop both stable and unstable flow can occur.
During our experimental campaigns with vertical loop the only dynamical
behaviours were stable and unstable flow, with or without oscillation amplification,
while with inclined loop it was possible to recognize also mono- and bi-directional
pulsing.
• The thermo-hydraulic behaviour of the large-scale loop depends also on the heat
sink temperature. In fact, during the experiments at same power and loop
inclination, stable or unstable flow occurred in dependency on the temperature at
the cooler. Heat sink temperature is therefore an important parameter to be
considered for the desing of a natural circulation system, in particular in case of
applications where the ambient temperature can assume very different values.
• By increasing the heat sink temperature, the circulation frequency smoothly
grows up, meaning that the fluid flows faster inside the loop. There are velocity
discontinuities when the system crossed abruptly the stability threshold in laminar
flow.
• The loop inclination modifies drastically the stability fields of the system. With
the angle α=60° the dynamic behaviour is mostly unstable for both fluids, while
with a position close to the horizontal one (α=75°) stability is easily achieved, in
particular with water. Considering that the inclined loop could simulate reduced
gravity (α=75° corresponds to 0.26 g), the good thermal performance of the loop
with almost horizontal inclination suggests the possibility of utilizing natural
circulation systems also for aerospacial applications.
• The dynamic behaviour of water is more stable than that of FC43. On the other
hand FC43 is more reactive and has an almost double circulation frequency
compared to water.
• The frequency analysis method for the determination of the mean velocity in the
loop was preliminary validated. The results show that the frequency analysis
method tends to slightly overestimate the mean fluid velocity calculated by UPDV
and differential pressure drop measurements. This disagreement could be explained
with the higher velocity of the temperature discontinuities flowing in the core of
the flow respect to the velocity value averaged on the entire tube section, which
comprehends also the slower streamlines close to the tube walls. These results are
anyway satisfactory and can be considered as a starting point for a complete
validation of the method.
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• Preliminary differential pressure measurements demonstrated the affinity
between NCL and Lorenz model. For certain combinations of boundary conditions
the time evolution of the dynamical system follows the Lorenz attractor (butterfly
shape).
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5. MINI-LOOPS RESULTS
Three experimental campaigns were performed on two rectangular mini-loops with
two different working fluids. The first phase of the research consisted in the
analysis of an almost square mini-loop (M1) with distilled water as working fluid
[16]. Subsequently, a second experimental campaign was made on the same miniloop, substituting water with FC43. At last, a new mini-loop was assembled (M2)
with a different aspect ratio, and experimental runs with water were performed.

5.1 FIRST CAMPAIGN
The first experimental campaign was performed on M1 with water as working
fluid. Several runs were repeated, with three loop inclinations and three different
power steps. Table 5.1 resumes the entire experimental campaign.
Run no.
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#18
#19
#20
#21
#22

Loop inclination α [°]
0°
0°
0°
0°
30°
30°
75°
75°
75°
0°
0°
0°
30°
30°
30°
30°
75°
75°
75°
75°
75°
75°
0°

Power [W]
5, 15, 25
5, 15, 25
5, 15, 25
5, 15, 25
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 10
2.5, 10
2.5, 7.5, 10
5, 15, 25
5, 15, 25
5, 15, 25
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
2.5, 7.5, 10
10

Tab.5.1 First experimental campaign, M1

52

The overview of the experimental results for the first campaign (M1, water),
already presented in [16], is shown in Figs.5.1-5.9 (one picture for each power
input and loop inclination combination). As the difference between ∆Theater and
∆Tcooler was always lower than 1K, only the temperature difference across the
heater (∆T) for each run is depicted on the left-y-axis, whereas the maximum
temperature of the liquid (Tmax) is shown on the right-y-axis. Since several runs are
plotted in each figure, the maximum temperature depicted in each figure is referred
to the run showing the maximum value of temperature overshoot.
It is very easy to observe that the thermo-hydraulic behaviour is stable (clockwise
circulation) for all thermal and geometric configurations of the mini-loop (steady
temperature difference across the heater and cooler).
After the quiescent state, when thermal conductivity is the dominant heat transfer
mechanism, the fluid starts circulating through the mini-loop and shows an initial
temperature difference overshoot. Then successive stabilization occurs, caused by
the friction losses inside the pipes.
The quiescent state time depends on power input as well as on loop inclination. As
the power increases, the time required for the transient state to finish is reduced.
The loop inclination has the opposite effect. When the loop inclination is increased,
the quiescent state time increases as well as the value of temperature overshoot,
because the fluid stays longer inside the heating section before moving.

Fig.5.1 ∆T and Tmax for P=5W and α=0°
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Fig.5.2 ∆T and Tmax for P=15W and α=0°

Fig.5.3 ∆T and Tmax for P=25W and α=0°
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Fig.5.4 ∆T and Tmax for P=2.5W and α=30°

Fig.5.5 ∆T and Tmax for P=7.5W and α=30°
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Fig.5.6 ∆T and Tmax for P=10W and α=30°

Fig.5.7 ∆T and Tmax for P=2.5W and α=75°
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Fig.5.8 ∆T and Tmax for P=7.5W and α=75°

Fig.5.9 ∆T and Tmax for P=10W and α=75°
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The runs at P=2.5 W and α=75° shows a very smooth trend; the overshoot is not
pronounced when compared with the others runs. As the mass flow rate is very low
for this operating condition, axial heat conduction in fluid and pipe walls becomes
more important in the global heat transfer mechanism causing soft temperature
overshoots.
The runs at P=10 W and α=75° do not show typical temperature overshoots after
the quiescent state, but the temperature variations and consequently the flow rates
show clockwise/anticlockwise transient circulations. However, when the flow is
developed, the instabilities are suppressed and all the runs show the same
circulation flow rate and direction.
When steady-state conditions are reached, the fluid always circulates in a
clockwise direction. This tendency is likely to be caused by small geometric
imperfections inside tubes that make the loop asymmetric and drive the fluid
motion to a preferred direction.
With regards to the repeatability of the runs, for each combination of power and
loop inclination, Tab.5.2 details the steady-state temperature differences across the
heater (∆T)ss, the average temperature differences

(∆T ) ss and the associated

standard deviation σ, respectively.
Power
[W]

α [°]

(∆T)ss [K]

(∆T ) ss [K]

σ [K]

5

0°

13.9,14.3, 13.3, 12.8, 12.9, 13.6, 13.7

13.5

0.5

15

0°

20.9, 20.2, 20.1, 19.1, 20.2, 20.3, 21.9

20.4

0.8

25

0°

25.1, 25.1, 22.4, 21.9, 27.5, 23.0, 22.9

24.0

2.0

2.5

30°

10.7, 10.1, 10.3, 10.3, 9.9, 9.9

10.2

0.3

7.5

30°

17.3, 15.5, 16.6, 16.1, 15.8, 15.2

16.1

0.8

10

30°

19.1, 17.5, 18.6, 17.8, 17.6, 17.4

18.0

0.7

2.5

75°

10.2, 11.0, 11.1, 11.4, 11.3, 12.3, 12.1,
11.6

11.4

0.7

7.5

75°

24.2, 23.7, 23.4, 23.3, 23.8

23.7

0.4

10

75°

28.1, 27.5, 27.8, 29.4, 27.0, 27, 28.3

27.9

0.8

Tab.5.2 Steady-state temperature differences, average temperature differences and
associated standard deviation.

58

The best thermal performance (maximum power with acceptable temperature
difference) of the system, expressed in term of (∆T)ss, occurs at α=0° with power
of 25 W, i.e., with the same temperature difference, and a loop inclination of
α=75°, the system is able to transfer only 7.5 W from the heat source to the heat
sink. The upper limit of the steady-state fluid temperature for this first
experimental campaign was 60 °C, reached with the heating power of 25 W, 10 °C
higher than the tests at 15 W.
Finally a simple consideration of the influence of the loop inclination is made. In
Fig. 5.10 data measured during the test at P=10 W are depicted for three different
loop inclinations. The data show there is a significant incremental change of ∆T for
α=75°. This consideration is in agreement with the results obtained by Misale et al.
[7] for a large-scale natural circulation loop.

Fig.5.10 ∆T for P=10W and α=0°; 30°; 75°
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5.2 SECOND AND THIRD EXPERIMENTAL CAMPAIGNS
As written above, the purpose of the second and the third campaign was to
investigate the effects on thermal performances of a different working fluid and of
a taller mini-loop, respectively (see Tab.2.1).
For each run the temperature difference across heater and cooler were measured.
As also in this case the two ∆Τs are almost coincident (difference lower than 1K),
only the temperature difference across the heater was considered (∆T). In Figs.
5.11-5.19 the mean trend of ∆T across the heater of M1 with water is depicted (red
line), and it is compared to the three runs of M1 with FC43 at same power (green
lines) together with three the runs of M2 with water at double power input (blue
lines).
Since the sign of ∆T depends on the circulation direction, the absolute values of the
temperature difference have been considered for the plots. In fact, differently from
the first campaign, when the fluid direction was always the same, during the third
campaign (M2) the fluid moved in both directions.
In particular, with vertical mini-loop at 30W and 50W, there was a 20% of
difference in ∆T between clockwise and counter clockwise direction. This
phenomenon could be explained with small asymmetries inside the loop. Therefore
the blue asymptotes in Fig.5.12 and Fig.5.13 have two different values. In all other
cases the circulation flows always in the same direction, with coincident
asymptotic value of ∆T for the repeated runs.
Experimental results are shown in Figs.5.11-5.19, one figure for each power level
and inclination angle of the loops, whereas Fig. 5.20 shows a comparison among
the steady-state velocities of the three experimental campaigns, calculated by
means of the enthalphy balance across the heater, as function of the power input
and the loop inclination as well.
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Fig.5.11 ∆T for low power, α=0°

Fig.5.12 ∆T for intermediate power, α=0°
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Fig.5.13 ∆T for high power, α=0°

Fig.5.14 ∆T for low power, α=30°
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Fig.5.15 ∆T for intermediate power, α=30°

Fig.5.16 ∆T for high power, α=30°
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Fig.5.17 ∆T for low power, α=75°

Fig.5.18 ∆T for intermediate power, α=75°
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Fig.5.19 ∆T for high power, α=75°

Fig.5.20 Steady-state fluid velocities
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The thermo-hydraulic behaviour of the mini-loops was always stable. In fact, for
such a small internal diameter, the shear stresses stabilize the circulation induced
by the buoyancy forces, avoiding any flow instabilities which might appear in
large-scale loops. Therefore the comments on physical aspects of the phenomena
are limited to transient and to steady-state temperatures and velocities.
Like in the first campaign, it can be noted that the more inclined is the mini-loop,
the longer is the initial transient time, in particular at low power. In case of α=0°
(vertical) and α=30° inclinations the transient of water in M1 is the fastest,
probably because of the high viscosity of FC43 and of high inertia of M2, even if
in the latter case data are compared with double power. At α=75° the transition to
steady-state is very slow, and for M2 the initial temperature overshoot is very high.
In every run FC43 shows smooth temperature transient, cheracterised by just one
oscillation, while for M2 , due to the high power and to slow initial motion, the
temperature peak is very sharp.
Concerning the steady-state temperatures at same power in M1, ∆T of FC43 is
always higher than that of water, because of its low specific heat, even if its
velocity is higher than that of water (Fig. 5.20).
The steady-state velocities as a function of power and loop inclination were
calculated by means of the enthalphy balance across the heater. The velocity trends
are almost linear with power; however the investigated power range was limited,
in order to avoid the establishment of two-phase flow. For water, the circulation is
faster in M1 than in M2. In particular with α=0° and α=30° inclinations, the fluid
velocities in M1 are 20% higher than in M2, while at α=75° the difference rises up
to 60%, even if the buoyancy forces are higher with the taller mini-loop. This result
could be explained with an unwanted increase in shear stresses, which are
dominant in case of laminar flow with such a small internal diameter.
In case of α=0° in M2 at 30 W and 50 W there are different velocities,
corresponding to the different ∆Th mentioned above. At same power input the
velocity of FC43 in M1 is almost twice than that of water. α=0° and α=30° data lie
approximately on the same line for each fluid, while α=75° data show a velocity
reduction of 25-40% in case of FC43, and of 40-50% in case of water.
Finally, in case of α=0°, Tab. 5.3 reports the maximum power density (P.D.)
calculated on the internal heater surface, the maximum temperature overshoot
(T.O.) and the maximum asymptotic temperature (A.T.) after the transient,
respectively.
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M1 water
M1 FC43
M2 water

P.D. [kW/m2]
19.9
19.9
39.8

max T.O. [°C]
85.4
81.6
96.1

max A.T. [°C]
63.5
73.4
77.2

Tab.5.3 Power density and maximum temperatures
Even if FC43, because of its low specific heat, is characterized by a higher fluid
temperature at steady-state, the temperature overshoot is lower than in case of
water, probably because FC43 is characterized by high conductivity. In M2 the
overshoot is close to single-phase limit; however the steady-state maximum
temperature is close to the one of FC43 with half power input.
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5.3 FINAL REMARKS
Comments about the experimental analysis of the two mini-loops
summarized as follows:

could be

• For each experimental run the thermo-hydraulic behaviour is stable (steady
temperature values during time), i.e., after quiescent state, when thermal
conductivity in the fluid and in the tubes is the dominant heat transfer mechanism,
the flow starts circulating through the loop, showing an initial temperature
overshoot followed by a successive stabilization caused by the total friction losses
along the loop. The quiescent state duration increases as the power decreases and
the loop inclination increases (α = 75°), whereas the temperature overshoot
increases as the power and loop inclination increase.
• With FC43 the initial temperature overshoot is smooth but slow. The steady-state
maximum temperature is higher than that of water, even if the fluid velocity is
almost twice, because of its fluid thermo-physical properties (low specific heat).
Heat transfer performances are therefore worse than those of water.
With taller mini-loop (M2) the steady-state velocities are slightly (20%) lower than
in M1 because, for such a small internal diameter, shear stresses increase more
than buoyancy forces. Moreover the circulation starts later because of higher
inertia, so that the initial temperature overshoot in M2 is higher than that in M1.
• The fluid velocity in mini-loops depends strongly on the working fluid (FC43 is
twice faster than water), it is slightly affected by loop geometry and grows almost
linearly with power input. The loop inclination drops down the velocity only if the
loop is close to horizontal (25-50% of velocity reduction at α = 75° compared to
vertical inclination). When the loop inclination is α=0° (vertical) or 30° the effect
is quite negligible even as observed for a large-scale natural circulation loop.
• From the data obtained in this experimental research, the best thermal
performance is referred to M2 at the operating condition of P = 50 W (power
density of 40 kW/m2) and vertical inclination of the loop (α = 0°). Even if the fluid
velocities are slightly lower than in case of M1 with water, when single-phase flow
is established the increased high avoids any temperature disturbance and makes the
system more stable than M1.
A potential application of single-phase natural circulation mini-loops is the cooling
of electronic components. A cluster of mini-loops connected in parallel should
have the ability to cool small electronic devices using only natural circulation.
The experimental data reported in this study could be considered as the first step to
compose a database regarding the single-phase natural circulation in mini-loops.
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6. STEADY-STATE ANALYSIS
In a single-phase natural circulation loop it is essential to predict the mass flow rate
as function of the boundary conditions (power transferred to the fluid, loop
inclination and for L2 also heat sink temperature).
As detailed previously, the present mini-loops show always steady-state conditions
with laminar flow for the entire range of power input and angle values investigated.
On the contrary L2 is mostly unstable, and steady-state behaviour occurs seldom,
both with laminar and turbulent flow.
In the present chapter the stable runs of the L2 and the entire mini-loops campaigns
are analyzed following Vijayan’s model [17].

6.1 ANALYTIC METHOD
In case of stable flow the buoyancy 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:

Re ss =

w⋅ D

ν
3

Grm =

(6.1)
2

D ⋅ρ ⋅P⋅H
⋅ β ⋅ g ⋅ cos(α )
A⋅ µ3 ⋅ cp

The modified Grashof number was already introduced by Vijayan [35], but in this
study it has been modified, again, with the parameter cos(a), which takes into
account the reduction of buoyancy forces in case of the loop inclination.
Vijayan’s model assumptions (proposed for large-scale natural circulation loops)
are:
• 1D model is assumed to be valid,
• viscous heating and axial conduction effects are neglected,
• heat losses are negligible (<5%) and
• the Boussinesq approximation is valid.
For the loops used in this study, the diameter is assumed to be uniform; hence the
flow cross sectional area A is constant. In the general case, when assuming a 1D
model, the mass flow rate does not depend on space coordinates:
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&
∂m
=0
(6.2)
∂s
where s is the current coordinate along the loop. The integral momentum equation
can be written as:

Lt dm&
m& 2  Lt

= gρ 0 β ∫ Tdz −
f
+ k
2 
2ρ0 A  D
A dt


(6.3)

Assuming that the fully developed forced flow correlations are valid, the friction
factor f can be expressed as:

p
pω − b
f =
=
Re b Re ss b

(6.4)

where p=64 and b=1 for laminar flow, while p=0.316 and b=0.25 for turbulent
flow (Blasius correlation), respectively.
The energy equation varies along the loop and can be expressed as:

∂T
m& ∂T
P
+
=
∂t ρ 0 A ∂s ρ 0 c p ALh

heater

(6.5 a)

4hc
∂T
m& ∂T
+
=−
(T − Ts )
ρ0c p D
∂t ρ 0 A ∂s

cooler

(6.5 b)

pipes

(6.5 c)

∂T
m& ∂T
+
=0
∂t ρ 0 A ∂s

It is possible to rewrite the momentum and energy equations in a dimensionless
form, by means of the following substitutions:

ω=

L
T − Ts
z
m&
s
,ϑ=
,S =
, φ = t ,
,Z =
(∆Th )ss
H
H
m& ss
Lt

τ=

L k
m& ss
4 Nu
t , N G =  +  , St m =
Vt ρ 0
Re ss Pr
D f 
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(6.6)

where the parameter k was evaluated with [36].
The momentum (6.7) and energy equations (6.8) are now expressed as:

Grm
pN G 2−b
dω
=
ϑdZ −
ω
3 ∫
b
dτ Re ss
2 Re ss

(6.7)

∂ϑ
∂ϑ Lt
+ φω
=
∂τ
∂s Lh
∂ϑ
∂ϑ
+ φω
= − St mϑ
∂τ
∂s
∂ϑ
∂ϑ
+ φω
=0
∂τ
∂s

heater

(6.8 a)

cooler

(6.8 b)

pipes

(6.8 c)

In case of steady-state flow it is possible to drop all the time dependent terms.
Moreover, by definition, the dimensionless flow rate ω and the integral of the
dimensionless temperature along the loop

∫ ϑdZ are both unity. Therefore it is

possible to rewrite the momentum equation (6.7) as the correlation presented by
Vijayan [35], for laminar and turbulent flows:

 Gr 
Re ss = 0.1768 m 
 NG 

0.5

 Gr 
Re ss = 1.96  m 
 NG 

laminar

(6.9 a)

turbulent

(6.9 b)

0.364

In the next sections the experimental data of the stable runs of L2 and of the miniloops campaigns are compared with Viajan’s correlations.
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6.2 LARGE-SCALE LOOP RESULTS

Steady-state runs of the campaigns of the L2 are reported in Tabs. 4.1-4.6 (orange
cells). With vertical configuration, for both working fluids, stability was achieved
both at low power with low heat sink temperature, and at high power with high
temperature at the cooler. With the α=60° inclination all the runs were unstable,
while with the α=75° inclination the behaviour was stable at low power for both
fluids, and in case of water also at high power with high heat sink temperature.
All the experimental data regarding the stable tests are plotted in Fig.6.1. In the
same figure Vijayan’s correlations for laminar and turbulent flows are depicted too.

Fig.6.1 Vijayan’s correlations (6.9) and experimental data, L2
With the single exception of the FC43 data at α=75°, there is a good agreement
between the experimental data and the correlations. In particular the laminar
correlation agrees very well with FC43 vertical data at low power (0.1-0.25 kW,
green triangles), and the turbulent correlation with the experimental points at high
power (1.5 kW for FC43, green triangles, and 2-2.5 kW for water, blue circles).
Experimental data of the inclined loop (α=75°, empty symbols) are placed mostly
in the transition region, with the exception of the 2 kW test with water, which lie in
the turbulent region. Experimental data related to inclined water tests follow the
correlations, while the predicted Reynolds number in case of FC43 are one half of
the experimental ones. A possible explanation of the disagreement could be
stratification phenomena, which are more evident in case of FC43 due to different
thermo-physical properties (high Prandtl number).
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It should be noted the effectiveness of the loop inclination in reaching stability. In
fact, by inclining the loop, it was possible to perform steady-state runs in a range of
Reynolds number (1000<Ress<5000) where the vertical loop showed instabilities
for every value of power input and heat sink temperature analyzed.

6.3 MINI-LOOPS RESULTS

Figure 6.2 presents the comparison between Vijayan’s laminar correlation (Eq. 6.9
a) and the experimental data of the first campaign of M1 using water as working
fluid, for different power inputs and loop inclinations [16].

Fig.6.2 Vijayan’s laminar correlation (6.9 a) and experimental data, M1 (water)
There is a good agreement between the correlation and the experimental data. In
particular, it is important to consider that Vijayan’s model was developed for largescale natural circulation loops and it has been applied to our mini-loop.
Furthermore, the buoyancy reduction due to the loop inclination was also taken
into account by the corrective parameter cos(α) in the modified Grashof number
Grm. The predicted mass flow rates are lower than the experimental results in the
case of low power and high inclination angle (2.5 W, α=75°). This poor agreement
could be caused by three-dimensional effects on the temperature and velocity
fields, which invalidate the assumption that the model is one-dimensional.
The range of dimensionless number of the first mini-loop campaign was expanded
with the second and the third campaigns. Tests with FC43 are characterized by
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lower Grashof numbers, while experimental data of M2, due to higher buoyancy
forces, lie at higher Grashof numbers.
The comparison between experimental data and Vijayan’s laminar correlation for
the three mini-loops campaigns are presented in Fig.6.3.

Fig.6.3 Vijayan’s laminar correlation (6.9 a) and experimental data, mini-loops
All the experimental data follow the correlation line with good agreement.
Experimental data of M2 (blue squares), which lie at higher modified Grashof
numbers, are moderately overestimated, while data of the FC43 campaign (green
triangles) lie slightly over the correlation line. In particular with M1 displaced at
α=75° with FC43 as working fluid the three-dimensional effects occur again,
causing uncertainty on the mean temperature of the fluid at the thermocouple
section, and consequently on the calculated velocity and Reynolds number.
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6.4 FINAL REMARKS

All the steady-state experimental data of the three loops (L2, M1, M2) are plotted
together in Fig.6.4 with Vijayan’s correlations, valid for laminar and turbulent
flows.

Fig.6.4 Vijayan’s correlations (6.9) and experimental data, 3 loops
There is a very good agreement between experimental data and correlations, both
in laminar and in turbulent region. In particular, there are slight disagreement only
at very low Reynolds number (Ress=5-15, M1) and in the transition region
(Ress=800-2000, L2). In both cases the working fluid is FC43 and the loop
inclination is very close to horizontal (α=75°). Therefore the incongruity can be
explained with the presence of stratification phenomena, which might cause
uncertainty on the temperature differences across heater and cooler, and
consequently on the steady-state velocities and Reynolds numbers.
It was possible to investigate such a wide range of dimensionless numbers varying
mainly four parameters: power input, loop inclination, working fluid thermophysical properties and loop geometry. In case of L2 the variation of power has a
limited effect, because most of the experimental tests show unstable behaviour.
Therefore it was very effective the use of working fluids with such different
thermo-physical properties, together with the inclination α = 75°. With the miniloops the use of FC43 permitted analysis at very low Reynolds number. Moreover,
with the modified geometry of M2 and the increase in buoyancy forces, it was
possible to fill the gap between mini and large-scale loops.
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7. TRANSIENT ANALYSIS
7.1 FINITE DIFFERENCE METHOD (FDM)

A finite difference analysis was performed with Matlab R2006b following the
work of Mousavian et.al [6], who simulated the transients of a rectangular natural
circulation loop (Loop#1,”L1”), realized at DITEC laboratory before the L2. With
this method it is possible to obtain numerically the evolution over time of the
temperature distribution along the loop together with the mass flow rate.
As the model is 1D, the scale of the loop does not play any role, while only the
geometric ratios influence the dynamic of the transient. For this reason, simulations
performed on the large-scale loop and on the mini-loops turn out very similar
results. In this chapter only the simulations made on L2 are reported as example.
The code was developed in collaboration with Dr. P.Bagnerini (Università degli
Studi di Genova, DIPTEM) and is reported in Appendix A.
As written above, also in this case the model is 1D. Model assumptions are the
same of the Steady-state Analysis (Chapter 6):
- the Boussinesq approximation is considered valid
- axial conduction and viscous dissipations in the fluid are neglected.
The same dimensionless procedure is applied, and momentum and energy
equations are the same expressed in Eq.6.7-6.8. Using the finite difference method
and after simplifications the dimensionless momentum (7.1) and energy equations
(7.2) become:

ωn+1 +

pLt ∆τ
(ωn+1 )2−b = ωn + Grm ∆3τ ∫ θ i ,n+1dZ
b
2 D Re ss
Re ss

(7.1)




Lt ∆τ
L ∆τ

 L ∆τ

ωn ϑi ,n +  t ωn ϑi −1,n + t
H∆S
Lh

 H∆S


heater (7.2 a)




Lt ∆τ

 L ∆τ

ω n − St m ∆τ ϑi ,n +  t ω n ϑi −1,n
H∆S

 H∆S


cooler (7.2 b)




Lt ∆τ

 L ∆τ

ω n ϑi ,n +  t ω n ϑi−1,n
H∆S

 H∆S


ϑi ,n+1 = 1 −
ϑi ,n+1 = 1 −
ϑi ,n+1 = 1 −
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pipes (7.2 c)

The space derivatives are expressed by backward formula, while the time
derivatives by forward formula. The numerical stability criterion for the energy
equations is:

∆τ ≤

1
 Lt ω n 

 + St m
 H∆S 

(7.3)

The initial condition was defined as no motion state (ω0=0), with uniform
temperature in the loop with the exception of a hot discontinuity (the “hot pocket”
of Welander’s model [3]), placed at the bottom of the hot leg, which is necessary
for natural circulation to start. The length of the hot pocket as well as the entity of
the temperature discontinuity are inputs of the code.

7.2 RESULTS

The initial transients in the loop were simulated for different boundary conditions
(modified Grashof and Stanton numbers). The system is characterized by three
different dynamic behaviours: stable (no velocity oscillations), neutral (oscillations
with constant amplitude) and unstable (oscillations with amplification and
eventually flow reversal).
Figure 7.1 shows the velocity output of the code in case of different behaviours of
the NCL. Modified Stanton number was not varied (Stm=10), while modified
Grashof number assumed three different values: Grm=2·109 (a), stable; Grm=1.6·109
(b), neutral; Grm=1.4·*109 (c), unstable. The graphs show the dimensionless
velocity (red line) and the dimensionless buoyancy force (blue line) versus the
dimensionless time.

Fig.7.1 Stable, neutral and unstable behaviour for different boundary conditions
As shown in Fig.7.1, buoyancy and velocity are characterized by the same time
evolution: in case of stability the oscillations of both curves evanish with time,
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while if the flow is unstable the oscillations amplitude grows. It can be noted the
delay time between buoyancy forces and velocity, which is in agreement with
Welander’s model [3].
Figure 7.2 shows the Matlab output window. The code calculates the temperature
distribution along the loop (top left), the dimensionless fluid velocity and buoyancy
versus the dimensionless time (top right) and an attractor (bottom left) composed
by the temperature difference across the heater (x-axis) and the dimensionless fluid
velocity (y-axis). The temperature along loop is plotted with three different
colours: red for the heater, blue for the cooler and green for the adiabatic vertical
pipes. The origin of the abscissa is placed at the beginning of the heater.

Fig.7.2 Matlab output window
The asymptotic temperature distribution along the loop depend mostly on modified
Stanton number. Figure 7.3 reports the fluid temperature along the loop after
transient for different modified Stanton numbers. Modified Grashof number was
set to 1012, while size of the hot pocket was 20% of the loop height and the
temperature step was 50% of ∆Tss. Such a small hot pocket guarantees stability
without flow reversal in the transition period also for small modified Stanton
numbers. It is important because, as the code is quite simple, it can not continue
simulations if the fluid velocity crosses the null value.
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Fig.7.3 Steady-state temperatures distribution along L2 as function of Stm
As expected, it can be noted that for small modified Stanton numbers the
temperature distribution along the cooler seems to be almost linear, while the mean
dimensionless temperature of the fluid along the loop is high. On the contrary, for
high Stanton numbers (Stm = 10, for example) the temperature along the cooler
assumes the typical shape of a negative exponential, while the mean fluid
temperature is low. In case of extremely high modified Stanton number (Stm = 50),
the fluid temperature in the final part of the cooler and in the cold leg has the same
value of the heat sink temperature.
Different attractors, composed by fluid velocity versus temperature differences
across the heater, were obtained varying the values bondary conditions (Grm and
Stm). A few of them are depicted in Fig.7.4. Modified Grashof number is constant
along the rows and grows from up to down, while modified Stanton number is
constant along the columns and grows from left to right.
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Stm = 5

Stm = 10

Grm = 1·1012

Grm = 5·1011

Grm = 1·1011

Stm =3

Fig.7.4 Different attractors as function of different Grm, Stm
It can be noted that at high Stm the transient is short with almost no oscillations. In
the simulated range the increase in Grm has a stabilizing effect for the system, as
the time transient and the number of oscillations needed to reach stability are lower
at higher modified Grashof numbers.

7.3 FINAL REMARKS

The code can predict qualitatively the time evolution of temperature and velocity
values of the system as function of the boundary conditions. However, the transient
state is highly sensitive to the initial temperature distribution along the loop.
The future development of the code should be focused at first on the possibility of
predicting the dinamic of the system after a flow reversal, and then on the analysis
of the optimum size and entity of the initial hot pocket, in order to compare
simulations with experimental data.
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8. STABILITY ANALYSIS
In literature the stability analysis of single-phase natural circulation loops was
studied using different approaches. Ambrosini et al [37], for example, developed a
CFD numerical method which was able to predict stability as function of heat
power and coolant temperature, with a constant heat transfer coefficient imposed at
the cooler. The maps are contour plots of the maximum real part of the eigenvalues
of the matrix representing the system stability. Fig. 8.1 shows the map obtained for
the rectangular loop of Vijayan et al [38], characterized by total length Lt of 6.48 m
and internal diameter D of 23 mm.

Fig.8.1 Ambrosini at al. stability map [37]
The map shows a stable region at intermediate power, with instability at both low
and high heat flux. The variation of the cooler temperature, limited between 25°C
and 35°C, has a slight effect on the stability field. These results agree with our
experiments, which demonstrated that a wide variation (40°C for water and 50°C
for FC43) of cooler temperature can influence the dynamic behaviour of largescale loops.
Cammarata et al [39] proposed a linear stability analysis around the equilibrium
points of a high order nonlinear mathematic model, reduced through Fourier series
expansions, which describes the dimensionless velocity and temperature
distribution along the loop. Stability is analyzed for different aspect ratios and
internal diameters D as function of the modified Grashof number, defined as
follows:
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ρ 2 gβD 2 Lt 2 q′′
Grm =
µ 3c p A

(8.1)

Fig.8.2 depicts, as example, the stability map for a loop characterized by internal
diameter of D=15mm. The aspect ratio H/W (L/L1 on the y-axis) varies between
0.1 and 10. Boundary conditions of the loop are: imposed flux at both heat
exchanger (heater and cooler) and adiabatic vertical pipes.

Fig.8.2 Cammarata et al. stability map [39]
The map shows that the square loop is the less stable (aspect ratio =1), in according
with the conclusions of Chen [11]. It can be noted that for a fixed geometry the
stability depends just on the modified Grashof number: the loop is stable at low
heat fluxes and unstable at high fluxes.
Vijayan et al. [8] experimentally investigated natural circulation inside a singlephase rectangular loop for different orientation of heater and cooler. Stability maps
were obtained by means of the linear stability method, explained in the next
section, for the different loop configurations. Stability depends on many
parameters, in particular on the modified Grashof and Stanton numbers (boundary
conditions), the loop geometry, the flow regime and direction and the heat
exchanger displacement. The analysis demostrated that the configuration with
horizontal heater and horizontal cooler (HHHC in Fig. 8.3) is the less stable.
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However experiments showed that it is the most efficient at same boundary
conditions.
The loop referred to Fig.8.3 is characterized by a total length Lt of 7.23m and a
Lt/D ratio of 268.77. The internal diameter is similar to the one of L2, but the total
length is almost twice. The following map was obtained for laminar flow.

Fig.8.3 Vijayan et al. stability map for different heater and cooler orientations [8]
The prediction of these maps are however too conservatives compared to
experimental data (Fig. 8.4). In fact the maps foresee an unstable region which is
larger than the experimental one. This disagreement can be explained with
stabilizing effects of the 3D flow, which are not taken into account by the 1D
model, and with the heat losses and the conductive effect of the tubes, which are
neglected in the model assumptions.
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Fig.8.4 Vijayan et al. stability map with experimental data [8]
Our study follows the approach of Vijayan [8] with the Linear Stability Method
(LSM). The obtained stability maps predict the dynamic behaviour of the system
as function of the modified Grashof number Grm, which depends mostly on power,
and of the modified Stanton number Stm, correlated with the cooling capacity of the
top heat exchanger. Results are presented in the next paragraphs.
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8.1 LINEAR STABILITY METHOD (LSM)

The method was already used by Vijayan and it is explained with details in [17].
Model assumptions are the same of the steady-state analysis presented in Chapter
6. The same dimensionless procedure is applied, but obviously the time dependent
terms are not dropped. Starting points of the method are the dimensionless
momentum and energy conservation equations:

Grm
pLt
dω
=
ϑdZ −
ω 2 −b
3 ∫
b
dτ Re ss
2 D Re ss
∂ϑ
∂ϑ Lt
=
+ φω
∂s Lh
∂τ
∂ϑ
∂ϑ
+ φω
= − St mϑ
∂τ
∂s
∂ϑ
∂ϑ
+ φω
=0
∂τ
∂s

(8.2)

heater

(8.3 a)

cooler

(8.3 b)

pipes

(8.3 c)

where the modified Stanton number was already defined in (6.6) as:

St m =

4 Nu
Re ss Pr

The method consists in introducing a small perturbation component in the
dimensionless temperature and velocity terms, which are then expressed as a sum
of a steady-state component ( ϑss , ω ss ) plus the perturbed ones ( ϑ ′ , ω ′ ):

ϑ = ϑss + ϑ ′ , ω = ωss + ω ′

(8.4)

The new expressions of temperature and velocity are substituted in the momentum
and energy equations. The perturbed momentum equation can be expressed as:

pL (2 − b )ω ′
dω ′ Grm
=
ϑ ′dZ − t
3 ∫
b
dt
Re ss
2 D Re ss
where:

(1 + ω ′) ≅ 1 + (2 − b)ω , valid for small values of ω ′ .
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(8.5)

The perturbed energy equations for each part of the loop are:

dϑ ′
∂ϑ ′ Lt
+φ
+ ω′ = 0
dt
∂S Lh

heater

(8.6 a)

dϑ ′
∂ϑ ′
+φ
+ St m (ϑ ′ − ω ′ϑss ) = 0
dt
∂S

cooler

(8.6 b)

pipes

(8.6 c)

dϑ ′
∂ϑ ′
+φ
=0
dt
∂S

The small perturbations can be expressed as an exponential:

ω ′ = ω εe nτ ,

ϑ ′ = ϑ εe nτ

(8.7)

where ε is a small quantity and n (complex) is the stability parameter. A positive
real part of any solution n means an expansive behaviour of the perturbation and
consequently instability for the system. On the contrary, when the real part of all
the roots is negative the perturbation vanishes. In case the solutions characterized
by greatest real part are pure imaginary it corresponds to neutrally stable regime,
with periodic perturbation of the same amplitude (Nyquist criterion).
The small perturbations expressed as in Eq.8.7 can be substituted in Eq.s8.5-8.6.
The momentum and energy equations are rewritten as:

n−

Grm ∫ ϑ dZ pLt (2 − b )
+
=0
3
b
ω
Re ss
2 D Re ss

(8.8)

Lω
dϑ (S ) n
+ ϑ (S ) + t = 0
φ
dS
φLh

heater

(8.9 a)

St ϑ ω
dϑ (S )  n + St m 
+ 
ϑ (S ) − m ss = 0
dS
φ
 φ 

cooler

(8.9 b)

dϑ ( S ) n
+ ϑ (S ) = 0
dS
φ

pipes

(8.9 c)
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The energy differential equations can be solved for each segment of the loop. The
dimensionless temperature is then integrated along the vertical pipes and it is
substituted in the momentum equation (8.8), which becomes the characteristic
equation (8.10):
−n
x
 − nL
Grm φ 
Lt
φ 
n−
1
−
e
e
3

Re ss n 


 ϑ − ϑ
c
 h
 ω


 dLt (2 − b )
 +
=0
b
 2 D Re ss

(8.10)

where Lt, Lx, D are geometric dimensions and the parameters p and b depend on the
flow regime (p=64 and b=1 for laminar flow, p=0.316 and b=0.25 for turbulent
flow). Ress can be expressed by Eq.6.8 as function of Grm, NG and the flow regime.
ϑh and ϑc are the dimensionless temperatures along the hot and the cold leg,
respectively, and are function of the complex stability parameter n, the modified
Stanton number Stm and loop geometry.
The roots of the characteristic equation were found with the implicitplot function of
the code Maple 10 (Appendix B). For each couple of modified Grashof number and
modified Stanton number the complex values of n were evaluated as the
intersections of the zeros of the real part (blue lines) and the zeros of the imaginary
part (brown lines) of the characteristic equation. Figs.8.5-8.7 show the roots
position in case of unstable, neutrally stable and stable dynamic behaviour of the
system, respectively.

Fig.8.5 Positive roots of the characteristic equation (8.10), unstable behaviour
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Fig.8.6 Null roots of the characteristic equation (8.10), neutrally stable behaviour

Fig.8.7 Negative roots of the characteristic equation (8.10), stable behaviour
As written above, the presence of just one root with positive real part (in the right
half plane) is sufficient to evaluate the dynamic behaviour of the system as
unstable (Nyquist criterion). The next sections present the stability maps obtained
with this method for the large-scale loop and the mini-loops.
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8.2 LARGE-SCALE LOOP RESULTS

Stability maps for laminar and turbulent flow obtained with the linear stability
method for L2 are plotted together in Fig.8.8.

Fig.8.8 Stability curves for laminar and turbulent flow, L2
For both flow regimes the unstable region is on the concave side of the curve,
while the stable is on the convex side. The dashed red line represents the transition
value between laminar (beside) and turbulent (above) flow. The modified Grashof
number correlated to transition is calculated from Eq.6.9 with a corresponding
steady-state Reynolds number of 2500.
The two stability curves have very different profile. In case of laminar flow the
unstable region is narrow in the Grashof range, while it reaches high Stanton
numbers (up to 7). On the contrary the unstable region in turbulent flow is broad,
with Grashof numbers varying between 102 and 1018, while the maximum Stanton
number is relatively low (peak at Stm=4).
Experimental data can be placed in stability maps. The modified Grashof number
(6.1) and the modified Stanton number (6.6) are once again reported:

Grm =

D3 ⋅ ρ 2 ⋅ P ⋅ H
⋅ β ⋅ g ⋅ cos(α )
A⋅ µ3 ⋅ cp
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(8.11 a)

St m =

4 Nu m
Re ss Pr

(8.11 b)

Reynolds number is calculated with Eq.6.9 and Prandtl number is evaluated at
mean fluid temperature. Modified Nusselt number is expressed as:

Nu m =

U i Lt
k

(8.12)

where Ui is the cooler overall heat transfer coefficient, Lt the total length of the
loop and k the fluid thermal conductivity. The overall heat transfer coefficient is
evaluated from a heat balance:

Ui =

P
Ac * LMTD

(8.13)

where P is the power transferred to the fluid, Ac is the cooler lateral area and
LMTD the logarithmic mean temperature difference across the heat exchanger.
Experimental data of the L2 campaigns are plotted on the stability map in Fig.8.9.

Fig.8.9 Stability maps and experimental data, L2
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All the experimental data lie in the unstable region, even the stable ones. However,
all the stable data (yellow circles) are placed externally respect to the unstable ones
(blue circles). It is important to remember that experimental tests made with
different working fluids and, in particular, different loop inclinations are plotted
together. For inclined runs the modified Grashof numbers were evaluated with the
corrective parameter cos(α), which takes into account the buoyancy reduction due
to loop inclination (Eq.8.11a).
In particular for the vertical loop, as for each power level almost 5 runs with
different heat sink temperatures were made, it is possible to analyze the effect of
the temperature at the cooler on the stability of the system. In Fig.8.10 the
experimental data of the vertical campaigns are reported on the Stm-Grm plane with
the cooler isothermal curves.

Fig.8.10 Experimental data for different H.S. Temp., α=0°, L2
As shown in Fig.8.10, the increase in heat sink temperature moves the
experimental data to higher values of modified Stanton number (higher cooler
efficiency) and, slightly, to higher Grashof numbers too (higher drags). Therefore,
referring to the profile of the stability curves, there is an analytic confirm that the
effect of the H.S. Temp. variation on the stability of the system is opposed at low
or high power. In fact, in case of low power (low Grashof numbers) the decrease
of cooler temperature moves the experimental points towards the stable region,
while at high power (and high Grashof numbers, in the upper part of the map), as
reported in Tabs. 4.1-4.2, the same effect is achieved for increasing heat sink
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temperature. The effect of loop inclinations are shown in Figure 8.11, where the
experimental data of the inclined runs are plotted on the Stm-Grm plane.

Fig.8.11 Experimental data for inclined loop, L2
Also for the inclined loop the stable data (yellow circles and triangles) are placed
externally respect to the unstable data. However, also in this case the analytic
stability threshold is positioned far away from the experimental data.
As in case of vertical inclination, power does not affect Stm, which depends mostly
on the heat sink temperature. The augment of the inclination angle α from 60° to
75° slightly reduces Grm (reduced buoyancy), and augments Stm (improved heat
exchanger performances), probably because of the induced velocity reduction (see
Chapter 4.). The last effect in particular is responsible of the switch from unstable
to steady-state flow, which occurs for water and for FC43 at low power.
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8.3 MINI-LOOPS RESULTS

Also in case of mini-loops stability maps were obtained by means of the linear
stability method illustrated above. In this case two different curves were attained,
because M1 and M2 are characterized by different geometric dimensions. Only the
laminar flow was analyzed, as turbulent flow never occurred during the
experimental campaigns. Stability maps for M1 (pink line) and M2 (blue line) are
plotted in Fig. 8.12.

Fig.8.12 Stability maps for mini-loops (M1 and M2), laminar flow
The only geometric difference between the two mini-loops is the height, while
width and internal diameter are the same (Tab.2.1). The enhanced height of M2,
and consequently the higher Ltot/D ratio, makes the instability region larger, in
particular at high modified Grashof and Stanton numbers. As Fig. 8.12 depicts, the
lower part of the two stability curves is almost coincident, while the higher part of
the M2 curve (blue line) is moved up of about one order of magnitude in Grm, and
the peak too lies at higher Stanton and Grashof numbers.
A comparison among the stability curves of the mini-loops and the large-scale loop
(L2) in condition of laminar flow is presented in Fig.8.13.

93

Fig.8.13 Stability maps, L2, M1, M2, laminar flow
Even if instabilities occur only with the large-scale loop, the unstable region of L2
is the smallest compared to the mini-loops unstable regions. This difference could
be explained with the fact that the linear stability method is developed by means of
a dimensionless analysis. Therefore all the geometric dimensions are substituted by
geometric ratios, and the effect of the size of the loop is not considered. However,
even if the stability curves are characterized by similar value of Grm, obviously the
range of the experimental data is very different. In particular the modified Grashof
number is a linear function of power, which strongly depends on the scale of the
loop.
The Ltot/D ratio is the most important dimensionless parameter involved in the
stability prediction. In fact it is possible to note (Tab. 2.1) that the Ltot/D ratios of
the three loops are ordered from the lowest (L2, Ltot/D =136.7) to the highest (M2,
Ltot/D =222), which is the same sequence of the curves on the map.
Figure 8.14 depicts experimental data of the three mini-loops campaigns on the
stability map.
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Fig.8.14 Stability maps and experimental data, M1 and M2
In case of mini-loops the maps obtained with the linear stability method reach good
results. In fact, as described in Chapter 5, all the runs showed stable behaviour, and
the great part of the experimental point on the map lie in the stable region. Only the
point of the vertical test with maximum power lie in the unstable region, but they
can be considered as “limit conditions”, as power is extreme and the threshold to
the two-phase flow is very close (fluid temperatures for vertical inclination are
reported in Tab.5.2).
Differently from experimental data of L2, which are characterized by almost the
same modified Stanton numbers, in case of the mini-loops the range of Stm is wide
and varies from about 3 (M1 vertical) to 13 (M2 inclined, α=75°). Also in case of
mini-loops the reduction of fluid velocity (due to increased inclination angle α or
reduced power) improves the performance of the heat exchanger, increasing the
modified Stanton number (stable region).
The good result of the LSM in predicting the dynamic beahviour of mini-loops,
differently from tha case of the large-scale loop, can be explained with the less
importance of 3D flows, which are limited in case of mini-loops because of the
small internal diameter.
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8.4 FINAL REMARKS

A stability analysis was carried out with the linear stability method (LSM). The
effectiveness of the method depends mostly on the scale of the experimental
apparatus, in particular on the internal diameter. This fact could be explained with
the approximation to 1D model, which can be considered realistic only in case of
very small diameter, while with large cross sectional area it neglects important 3D
flows (recognized during the UPDV tests with plexiglass tubes and particles in the
working fluid) which stabilize the dynamic behaviour of the loop. In fact, for largescale loop (L2) the predicted stable region did not get the stable experimental runs,
which are positioned in the unstable region.
However, with the large-scale loop the experimental data of the entire campaigns
(also the inclined runs, with a corrective parameter) are properly positioned, with
steady-state data externally placed respect to the unstable ones. Moreover,
comparing experimental data with the shape of the LSM stability curves, it was
possible to give a qualitative explaination to the dependancy of stability on the heat
sink temperature. Nevertheless the modified Stanton numbers of the experimental
data are far from the analytical stability curve, and the method is too conservative
in case of large-scale loop.
On the contrary, in case of mini-loops the stability analysis presents good results.
The great part of the stable data lie in the stable region, with the exception of the
three runs at maximum power in vertical configuration, which are placed in the
unstable region very close to the stability threshold. The range of modified Stanton
number is wide and of the same order of the stability curve; therefore the analysis
seems to work better than in case of large-scale loops.
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9. CONCLUSIONS
Single-phase natural circulation inside rectangular loops was experimentally and
theoretically investigated. The experiments were performed both with a large-scale
loop (L2) and with two mini-loops (M1-M2) characterized by different aspect
ratios. Purpose of the experimental campaigns was to analyse the thermal
performances and the dynamical behaviours (and in particular the achievement of
stability in case of large-scale loop) of the systems in dependency on the boundary
conditions. The experimental data were successively analyzed in terms of
temperature and velocity trends. Vijayan correlation for steady state flow was
verified, simulations with a finite difference method were carried out and, in
conclusion, stability was analyzed by means of the linear stability method.

Influence of operative parameters on loop dynamic and performances

The following parameters were experimentally investigated:
o loop geometric dimension
o aspect ratio
o working fluid
o loop inclination
o heat sink temperature
o power transferred to the fluid.
The geometry of the loop, in particular the internal diameter D, is a fundamental
parameter for the dynamic of the system. In fact both mini-loops, characterized by
D of 4mm, are stable for every combination of boundary conditions. On the
contrary, L2 (D = 30mm) is mostly unstable. The fact can be explained with the
overcome of shear stresses on buoyancy forces, which occurs in case of small
internal diameter, making mini-loops intrinsecally stable.
As the large-scale loop is characterized by different dinamical behaviours, the
analysis was focused on the conditions which guarantee the stability of the system.
On the other hand, the purpose of the study concerning the mini-loops was at first
to create a database on single-phase mini-scale heat transfer devices, then to verify
also in mini-loops the validity of a correlation originally developed for large-scale
systems.
Different aspect ratios were compared in the mini-loops (M1, M2). For such a
small geometry the enhance in loop height (M2), with same internal diameter, did
not reach the expected improvement in flow velocity. In fact the enhance in shear
stresses due to longer pipes compensated the increase of buoyancy forces due to
higher loop.
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Two different working fluids were tested (water and FC43). Experiments with L2
showed that the thermo-physical properties of the fluid strongly affect both
performances and dynamic behaviour of the loop.
Water showed generally better thermal performances than FC43 (higher power
transferred for similar mean fluid temperature), in particular because of its high
specific heat. On the contrary, FC43 is much more reactive, its velocities are
almost double than those of water at same power and it is in general more unstable.
However, the stability fields of the two fluids, expressed in dependency on power
and heat sink temperature, are qualitatively similar but present different thresholds
in boundary conditions. The choice of a working fluid for a specific application
should therefore be correlated to the most frequent boundary conditions, in order to
guarantee the achievement of steady-state flow.
In mini-loops, with both fluids, the system is always stable. FC43 is characterized
by velocity almost twice than that of water, but its thermal performances are worse
because of its specific heat, which is almost one quarter compared to that of water.
With FC43 the initial transient is slow and smooth, due to high inertia and
viscosity.
The loop inclination can be used to reproduce reduced gravity conditions. Steadystate correlations, corrected by a cos(α) factor, were verified also for inclined loop
and mini-loops, demonstrating the validity of the simulation. Reduced buoyancy
has a stabilizing effect for L2, but obviously the velocity are low and the
performances are worse than those of the vertical case.
Also with mini-loops the decrease in buoyancy forces causes lower velocities and
worse performances in terms of heat transferred at same mean fluid temperatures.
However the loop inclination has no effect of the dynamic of the system, as miniloops are robust systems and can work also with inclination close to horizontal
(reduced gravity) maintaining steady-state conditions.
A new aspect of this study is the experimental analysis of the combined effect of
heat sink temperature (H.S. Temp.) and power transferred to the fluid. The
experiments performed on L2 were focused on the definition of the stability ranges
of the loop. Different loop inclinations (α=0°, 60° and 75°) with the two working
fluids (water and FC43) were analyzed. For both working fluids two stability
regions were found: at low power and low H.S. Temp. (laminar flow), and at high
power and H.S. Temp. (turbulent flow). Transition between stable and unstable
flow at constant power are possible just acting on the heat sink temperature
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Aspects of chaotic analysis

With the introduction of a differential pressure transducer on L2 it was possible to
obtain three-dimensional time series describing the time-evolution of the system in
terms of temperature and velocity values. As reported in literature, in case of
chaotic flow the 3D trajectories are similar to butterfly attractors of Lorenz system.
It was possible to show qualitatively the effects of varying each operative
parameter by observing the evolution in shape and dimension of the corresponding
attractor.

Steady-state analysis

All the steady-state runs of the experimental campaigns on large- and mini-scale
loops were analyzed and compared with Vijayan’s model. The results show a very
good agreement between experimental data and predictions.
By acting on the experimental parameters described above it was possible to cover
almost continuously the range of steady-state Reynolds number and modified
Grashof number. It was possible to fill the gap between mini- and large-scale loop
by using a tall mini-loop (M2), and investigating L2 dinamic at low power with
FC43. The transition region between laminar and turbulent flow of the large-scale
loop, which is always characterized by unstable flow in case of vertical loop, was
covered with runs with both working fluids at loop inclination α=75°.

Transient analysis

Transient analysis was carried out with a Finite Difference Method. The evolution
of the system in terms of temperature distribution along the loop and 1D velocity is
well simulated by the code as function of the boundary conditions (modified
Grashof and Stanton numbers). The obtained attractors, composed by the
temperature difference across the heater and the fluid velocity, are similar to the
experimental ones in case of stable flow.

Stability analysis

Stability analysis performed with the linear stability method (LSM). In case of
large-scale loop (L2) stability maps resulted too conservative if compared to
experimental data. In fact all data of L2, stable and unstable runs, were wrongly
predicted as unstable. A possible reason could be the assumption of 1D model,
which in case of large-scale loop neglects important 3D phenomena which are
stabilizing for the system and should not be ignored. Moreover, other phenomena
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which tend to flatten temperature discontinuity are neglected, like heat conduction
inside the fluid and the convection between fluid and tube walls.
On the contrary, the same method predicts correctly most of the mini-scale
dynamic behaviours. In fact, most experimental data of the mini-loops campaigns
are placed inside the stable region of the map, and just the runs characterized by
maximum power lie in the unstable region, but close to the stability threshold. This
different agreement could be caused by the less importance of 3D phenomena
inside mini-loops, characterized by small internal diameter. Therefore it could be
interesting to check the same stability analysis method with a loop characterized by
intermediate diameter and total length between those of L2 and M2.

Future developments

Next steps concerning the experiments on L2 will involve sistematic measurements
with UPDV and differential pressure transducer, with the possibility of substituting
again the stainless steel pipes with Plexiglas® ones.
On the contrary, experiments on mini-loops should be focused on the possibility of
employing complex geometries, such as clusters of parallel mini-channels, in order
to maximize the heat transferred by the systems in condition of single-phase flow.
Different aspects of the analysis of the large-scale loop could be developed.
Concerning the chaotic analysis, time series analysis tools could be used in order to
characterize with chaotic parameters (as for example Lyapunov exponent or
embedding dimension of the attractor) the dinamic behaviour of each combination
of boundary conditions. The transient analysis should be developed at first in order
to simulate time evolution also after a flow reversal, and then with the purpose of
comparing the simulations with experimental data. Stability maps could be
implemented by introducing 3D corrective parameters and considering also the
conduction inside the fluid and the convection between fluid and tube walls.
With regards to mini-loops, different correlations valid for large-scale loops could
be proposed and verified also in mini-scale. For example differential pressure
measurements could be performed also in mini-loops in order to check pressure
loss correlations and velocity measurements.
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NOMENCLATURE
A
cp
D
Gr
H
H.S. Temp.
L
L2
LMTD
M1
M2
NG
Nu
P
Pr
R
Re
S
St
T
U
V
W
Z
Zpl
Zss

flow area
specific heat
internal diameter
Grashof number
loop height
heat sink temperature
length
Loop#2
logaritmic mean temperature difference
Mini-loop 1
Mini-loop 2
geometric dimensionless parameter
Nusselt number
heat flux
Prandtl number
Rayleigh number in Lorenz model
Reynolds number
dimensionless space coordinate
Stanton number
Temperature
overall heat transfer coefficient
volume
loop width
dimensionless elevation
acoustic impedance of plexigles®
acoustic impedance of stainless steel

mm2
kJ/kgK
mm
mm
°C
mm
°C
W
°C
W/m2K
M3
Mm
MPa s/m
MPa s/m

b, p
c
cp
f
fd
f0
g

parameters in Vijayan's correlation
sound speed
specific heat
friction factor
doppler shift frequency
emitted ultrasound frequency
gravitational acceleration

m/s
kJ/kgK
Hz
Hz
m/s2

105

heat transfer coefficient
concentrated pressure loss coefficient
mass flow rate
complex stability parameter
pressure
specific power
space coordinate
time
velocity
distance
elevation

W/m2K
kg/s
Pa
W/m2
mm
s
m/s
mm
mm

α
β
β, σ
χ
∆Τ
ε
φ
ϑ
ϑ'
λ
µ
ν
ρ
σ
τ
ω
ω'

loop inclination
thermal expansion coefficient
parameters in Lorenz model
probe inclination angle in UPDV
temperature difference
small quantity
geometric dimensionless parameter, Eq.6.6
dimensionless temperature
perturbed dimensionless temperature
thermal conductivity
dynamic viscosity
kinematic viscosity
density
standard deviation
dimensionless time
dimensionless velocity
perturbed dimensionless velocity

deg
1/K
deg
°C
W/mK
kg/ms
m2/s
kg/m3
-

Subscripts
H
V
0
c
h

horizontal
vertical
reference
cooler
heater

h
k

m&
n
p
q"
s
t
w
x
z
Greek
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m
ss
t

modified
steady-state
total
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Appendix A: Finite Difference Method

I

II

III

IV

V

Appendix B: Linear Stability Method
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