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a b s t r a c t

A natural circulation system operates on the basis of natural laws like gravity and buoyancy. Although
natural circulation is a benign gift of nature for applications to several heat removal systems due to their
simplicity in design, elimination of hazards related to pumps, better flow distribution, cost reduction,
etc. however, the potential threat of flow instabilities still eludes for its wide applications. Although
addition of local losses (orificing) may suppress instabilities, however, it is accompanied by significant

flow reduction which is detrimental to the natural circulation heat removal capability. In this paper, we
have demonstrated experimentally, with nanofluids, not only the flow instabilities are suppressed but
also the natural circulation flow rate is enhanced. The increase in steady natural circulation flow rate due
to addition of nanoparticles is found to be a function of its concentration in water. The flow instabilities
are found to occur with water alone only during a sudden power addition from cold condition, step

p dec
ities a
increase in power and ste
nanofluids, these instabil

. Introduction

With the demand for energy continues to grow globally, there
s a need to make heat transfer equipment more energy efficient.
t one hand, the exponential growth of electronics, communication
nd computer technology and their choice to go for miniaturization
as put added pressure on the designer to create efficient thermal
anagement devices for these systems. On the other hand, large

evices (such as space vehicles, transportation trucks) and new
merging energy technology (such as fuel cells) are also looking for
ore efficient cooling systems with greater cooling capacities and

ecreased sizes. Also the renewed stress on producing green energy
as put back nuclear energy on the energy mix. To assure that
uclear power remains a viable option in meeting energy demands,
he new designs of nuclear power plants demand more economy
nd efficiency.

Thus, big or small, old energy system or new energy system,
n enhanced cooling technology is the need of the hour. This
eed can be met in two ways: introducing new designs for cool-

ng devices, such as microchannels and miniature cryodevices, and

nhancing the heat transfer capability of the fluid itself (Das et al.,
006). Heat transfer fluids such as water, mineral oil and ethy-

ene glycol play a vital role in many industrial processes, including
ower generation, chemical processes, heating or cooling pro-

∗ Corresponding author. Tel.: +91 22 25591557; fax: +91 22 25505151.
E-mail address: arunths@barc.gov.in (A.K. Nayak).
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rease in power (step back conditions). With a small concentration of Al2O3

re found to be suppressed significantly.
© 2008 Elsevier B.V. All rights reserved.

cesses, and microelectronics. The poor heat transfer properties of
these common fluids compared to most solids is a major obstacle to
achieve higher heat transfer capabilities using these conventional
fluids.

An innovative idea for enhanced heat transfer in a fluid was to
suspend ultrafine solid particles in it for improving the thermal
conductivity of the fluid (Maxwell, 1881). Many types of parti-
cle, such as metallic, non-metallic and polymeric, can be added
into fluids to form slurries. However, the usual slurries, with sus-
pended particles in the order of millimeters or even micrometers
may cause some severe problems. The abrasive action of the parti-
cles causes the clogging of flow channels, erosion of pipelines and
their momentum transfers into an increase in pressure drop in prac-
tical applications. Furthermore, they often suffer from instability
and rheological problems (Daungthongsuk and Wongwises, 2007).
In particular, the particles tend to settle rapidly. Thus, although
the slurries give better thermal conductivities, they are not
practical.

The use of particles of nanometer dimension was first pio-
neered by a research group at the Argonne National Laboratory
around a decade ago. Choi (1995) was probably the first one who
called the fluids with particles of nanometer dimensions ‘nano-
fluids’. Nanofluids are stable colloidal suspensions of nanoparticles,

nanofibers, or nanocomposites in common, base fluids, such as
water, oil, ethylene glycol mixtures (antifreeze), polymer solutions,
etc. Nanoparticles are very small, nanometer-sized particles with
dimensions usually less than 100 nm (nanometers). The smallest
nanoparticles, only a few nanometers in diameter, contain only a

http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:arunths@barc.gov.in
dx.doi.org/10.1016/j.nucengdes.2008.11.014
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Nomenclature

A flow area (m2)
b constant in Eq. (2)
Cp specific heat (J/(kg K))
D hydraulic diameter (m)
f Darcy–Weisbach friction coefficient
g gravitational acceleration (m/s2)
Grm modified Grashof number (D3�2ˇg �Tr/�2)
H loop height (m)
k thermal conductivity (W/(m K))
li dimensionless length (Li/Lt)
L length (m)
p constant in Eq. (2)
Q total heat input rate (W)
Re Reynolds number (DW/A�)
T temperature (K)
�Tr reference temperature difference (QH/A�Cp) (K)
W mass flow rate (kg/s)
�z center line elevation difference between cooler and

heater (m)

Greek symbols
ˇ thermal expansion coefficient (K−1)
� dimensionless temperature (T − Ts)/(�Th)ss

� dynamic viscosity (N s/m2)
�0 reference density (kg/m3)

Subscripts
h heater
hl hot leg
r reference value
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geometry as shown in Fig. 1. The test facility resembles rectangular
in geometry with circular flow cross-section area. The pipes are
made of borosilicate glass with inner diameter of around 26 mm.
Important dimensions of the loop are shown in Fig. 1. The loop was
ss steady state
t total

ew thousand atoms. These nanoparticles can possess properties
hat are substantially different from their parent materials (Kostic
nd Choi, 2006).

Coming back to natural circulation, natural circulation loops are
xtensively used in several industries. Single-phase systems are
sed in the solar water heaters, transformer cooling and nuclear
eactor core cooling. For reactor application, single-phase natural
irculation is used for decay heat removal in PWRs, VVERs and
HWRs during upset conditions like pumping power failure. It is
lso used in district heating reactors (Samoilov and Kurachenkov,
997) and certain low power reactors like CAREM (Delmastro, 2000)
s the normal mode of core cooling. The primary function of a nat-
ral circulation loop is to transport heat from a source to a sink. The
eat transport capability of natural circulation loops is directly pro-
ortional to the flow rate it can generate. Hence, the steady state
ow rate is directly associated with the efficiency of the single-
hase natural circulation systems.

Natural circulation systems are susceptible to several types
f instabilities. Although, the heat transport capability does not
reak down completely during instability, it is undesirable in
n operating reactor as it can lead to large amplitude flow and
ower oscillations. It can also lead to forced mechanical vibra-
ions, premature occurrence of critical heat flux (CHF), problems
n reactor control and operation. Strictly speaking, natural circu-

ation (NC) reactor systems shall be designed to avoid all known
nstabilities.

Both static and dynamic instabilities are observable in single-
hase natural circulation systems. The static instability is usually
ssociated with multiple steady states in different flow directions.
and Design 239 (2009) 526–540 527

It is observed in asymmetrically heated single channel or unequally
heated parallel channel systems (Chato, 1963). In addition, single-
phase natural circulation systems exhibit a dynamic instability
(Welander, 1967) of the density wave type. Welander (1967) has
also proposed a mechanism for this instability. Experimentally
instabilities in a single-channel toroidal loop were first observed
by Creveling et al. (1975). The earliest experimental work in a rect-
angular loop with vertical heater and cooler by Holman and Boggs
(1960) did not study the instability. Subsequent studies in rectangu-
lar loops by Huang and Zelaya (1988), Misale et al. (1991), Bernier
and Baliga (1992) and Ho et al. (1997) also concentrated on the
steady-state behavior. Vijayan et al. (1992) observed instability for
the first time in a rectangular loop while experimenting with uni-
form diameter loops. Generally, density wave instability is observed
in single-phase systems with low length to diameter (L/D) ratios. In
fact it is not yet observed in systems with L/D ratio greater than 300.
In most nuclear reactors, this ratio is of the order of a few thousands
and hence single-phase density wave instability is not normally
observed in reactor systems (Vijayan et al., 2008). However, even
in a reactor system instability can be observed with external influ-
ences such as a throughflow superimposed on single-phase natural
circulation (Vijayan and Date, 1992).

The purpose of this research paper is concerned with the use
of Al2O3 nanofluids to suppress the instabilities in a single-phase
natural circulation loop induced by a heating–cooling system.
Experiments were demonstrated by running the system to compare
the pressure drop and natural circulation flow rate with water and
that with nanofluids at different concentrations. It was presented in
this work that the nanofluids is able to suppress the instability and
enhance the fluid flow according to the measurement of pressure
drop and flow rate of the fluid. The main focus of this research was
to develop a technology to get rid of the flow instabilities generally
associated with the natural circulation loop without degrading the
natural circulation flow rate.

2. Experimental facility

Experiments were conducted in a natural circulation loop with
Fig. 1. Schematic of experimental facility.
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eated with electric wire which was wrapped around uniformly on
he outer surface of the glass tube in the bottom horizontal leg. It
as cooled at the top through a tube-in-tube type heat exchanger
ith tap water flowing through the annulus. An expansion tank was
rovided at the topmost elevation to accommodate the volumetric
xpansion of the fluid. It also ensures that the loop remains full of
ater. Thermocouples were installed at different positions in the

oop to measure the instantaneous local temperature. The flow rate
as measured using a differential pressure transducer installed in

he horizontal leg of the loop. The instruments were connected to
data acquisition system which could scan all the channels in less

han 1 s. The secondary side cooling water flow rate was measured
ith the help of a rotameter. The loop was insulated to minimize

he heat losses to the ambient. The measurement accuracy was 0.4%
±1.1 ◦C) for thermocouples, ±0.25% for flow rate and ±0.5% of the
pan (0–1250 W) for power and pressure drop (−150 to −150 Pa).
xperiments were conducted at different powers which are typical
o that of a power raising and setback phenomena in any power
enerating system. The power to the test section was varied by using
DC variac.

.1. Preparation of nanofluids

An aqueous solution of nanofluids was prepared by adding
esired concentration (by weight) of Al2O3 (Alumina) nanopow-
er of particle size 40–80 nanometer and 99.7% purity to the water

n the loop. The reason for using Al2O3 nanopowder is the fact that
he thermo-physical characteristics of the base fluid (water) is most
idely known and the thermal property of water–Al2O3 nanoflu-

ds for different particle concentration has already been studied
Das et al., 2003a). To prevent the particles from agglomerating and
ettling, the suspension was sonicated in an ultrasonic bath. The
ispersion of the particle was first done by mixing the required vol-
me of powder in a chemical measuring flask with distilled water
nd then using ultrasonic vibration to disperse it. After making a
roper mixture, the flask was kept again under ultrasonic vibration
or about 4 h, which is a sufficient time to ensure stable particle dis-
ersion in water without agglomeration (Das et al., 2003b). The size
f nanoparticles in powder form was characterized by transmis-
ion electron microscope (TEM). The colloidal particle size (sample
aken after sonication) was further characterized by dynamic light
cattering technique.

The settling velocity was calculated from a balance of buoyancy
nd viscous forces and using the Stokes law for the viscous resis-
ance (Buongiorno, 2006). The settling velocity was found to be
1.043 × 10−8 m/s for the mean particle size of 60 nm as used in

his experiment (see Appendix for details). In fact, this velocity is
egligibly small as compared to the momentum of the fluid due
o natural convection. Hence, the question of settling of nanoparti-
les during the tests does not arise especially for the long duration
xperiments.

.2. Experimental procedure

.2.1. Basic procedure
The primary loop was filled with tap water. To drive out the air

ubbles, the filling flow was continued for some more time with
ulsing. To remove the dissolved gases in the water, the loop was
un under natural circulation condition at a small power for some

ime (1–2 h). This procedure was followed in all the tests to drive out
he dissolved gases. Before the experiment, the secondary cooling
ater flow rate was set at the required value. Sufficient time (1–2 h)
as given for the test loop to stabilize at room temperature without
eating. Then power was switched on and actual recording of data
egan.
and Design 239 (2009) 526–540

2.2.2. Steady-state test procedure
When steady initial conditions were reached, the reading was

noted with zero power. Then the heater was put on and set at
the required power using the DC controlled heating Variac. At the
steady-state condition (which can be observed from the trend of the
pressure drop data and temperature variation in the graphical dis-
play mode on the data acquisition system), all the temperatures and
pressure drop data were collected. Then the power was increased in
steps of 50 W and allowed to attain the steady state. The same pro-
cedure was repeated till the power reached 450 W. Repeatability of
the test results was also checked.

2.2.3. Procedure for the stability tests
The instability threshold was found to be dependent on heat

addition paths. The scenarios for the following heat addition paths
were studied:

1. start-up from stagnant conditions;
2. sudden power raising from an initial stable steady-state condi-

tions;
3. instability behavior during a power step back process.

During all the tests the cooling water flow rate (1 l/min) and its
inlet temperature (around 32 ◦C) were kept constant. The fluctua-
tion in the controlled coolant flow rate was within ±3% of the set
value. A brief experimental procedure is given below for each of the
tests.

2.2.4. Start-up from stagnant conditions
The experimental procedure consisted of suddenly switching on

the heater when the fluid was stagnant at uniform initial temper-
ature throughout the loop. To achieve uniform initial temperature,
the cooling water was valved-in at least half an hour before the
actual test. The system was allowed to operate until the flow was
stable. The primary objective of these tests was to obtain the thresh-
old power below which the system can be started up without
encountering instability with sudden increase in power from ini-
tial stagnant condition. These experiments were conducted with
water alone and repeated with the addition of 1% by weight of
nanofluids.

2.2.5. Power raising from stable steady-state conditions
In these experiments an initial stable steady state with unidirec-

tional flow was achieved first. For achieving the initial steady state,
the procedure as mentioned above was followed. After achieving
the initial steady state, a step increase in power was given. Sufficient
time was given to achieve a new steady state or oscillatory behav-
ior. If the system remains stable another step increase in power
was given. The process was repeated till instability was observed.
The objective was to determine the threshold value up to which
power can be raised smoothly (in single or several steps) without
encountering instability. Again, these experiments were conducted
with water alone and repeated with addition of 1% by weight of the
nanofluids.

2.2.6. Instability behavior during power step back
Here an initial oscillatory condition was established first. To

establish this condition, the same procedure as that stated above
was followed. After the oscillatory behavior sets in sufficient time
was allowed for the initial transients to die out. Then a step decrease

in power was given. Sufficient time was allowed to achieve a new
state (stable or oscillatory). The test was repeated for different ini-
tial oscillatory flow conditions. The objective of these tests was to
study the difference in flow instability characteristics during power
raising and step back condition for the corresponding heater power.
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Fig. 2. Comparison of flow behavior at 50 W with water and with nanofluids. (a) Start-up at 50 W without nanoparticles, (b) phase plot for start-up at 50 W without
nanoparticles, (c) start-up at 150 W without nanoparticles, (d) phase plot for start-up at 150 W without nanoparticles, (e) start-up at 50 W with nanoparticles, (f) phase plot
for start-up at 50 W with nanoparticles, (g) start-up at 150 W with nanoparticles and (h) phase plot for start-up at 150 W with nanoparticles.
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hese experiments were conducted with water alone as well as with
he nanofluids (concentration of 1% by wt.).

. Experimental observations

.1. Start-up from stagnant conditions

The different flow regimes observed during the experiments can
e listed as below:
a) steady unidirectional flow;
b) periodic unidirectional pulsing flow;

(c) periodic bidirectional pulsing flow;
d) oscillatory flow with chaotic switching between unidirectional

and bidirectional pulsing;

ig. 3. Comparison of flow behavior at 175 W with water and with nanofluids. (a) Start
anoparticles, (c) start-up at 175 W with nanoparticles, (d) phase plot for start-up at 175 W
ariation with nanofluids.
and Design 239 (2009) 526–540

(e) compound single phase–two phase instability with bidirec-
tional pulsing.

3.1.1. Steady unidirectional flow
Fig. 2 depicts a typical history of thermal–hydraulic character-

istics of the natural circulation loop with water alone for different
heat addition conditions. A comparison of each of the character-
istics found with water and repeated with nanofluids has been
presented in the same figure also.

The observed natural circulation behavior with water alone fol-
lowing the addition of 50 W from stagnant condition leads to a

stable steady state as shown in Fig. 2a. Stable unidirectional flow
is represented by fixed point on the phase plots (Fig. 2b). The time
lag between the heating process and the subsequent generation
of buoyancy force results in the initial oscillatory behavior, which
gets damped with time. This behavior is observed until the power is

-up at 175 W without nanoparticles, (b) phase plot for start-up at 175 W without
with nanoparticles, (e) temperature variation with water alone and (f) temperature
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elow 150 W (Fig. 2c and d). The corresponding flow behavior with
anofluids is shown in Fig. 2e and f. The steady-state flow was found
o be higher than that with water alone. The flow rate in the phase
lots was computed from the measured pressure drop as shown in
ppendix.

.1.2. Periodic unidirectional pulsing flow
As the name suggests, unidirectional pulsing is characterized

y periodic high flow pulses in the same direction followed by a
eriod of near stagnant flow so that it appears to be repetitive flow
nitiations and is observed only at low powers. The steady uni-
irectional oscillatory flow is observed (Fig. 3a) when the heater
ower is suddenly increased to about 175 W from initial stag-
ant condition. The flow is found to reduce to zero following the
ulse. Due to sudden increase in power, a hot pocket is created

ig. 4. Comparison of flow behavior at 300 W with water and with nanofluids. (a) Start
anoparticles, (c) start-up at 300 W with nanoparticles, (d) phase plot for start-up at 300 W
ariation with nanofluids.
and Design 239 (2009) 526–540 531

in the heater which rises with a high velocity while climbing in
the riser (observed as a pulse). The hot pocket is unable to get dif-
fused while passing through the cooler due to its low residence
time (high velocity). As a result the net buoyancy force reduces to
almost zero when the hot plug of fluid descends along the cold
leg. On the phase space (�P–W plane), unidirectional pulsing por-
trays a bean shaped limit cycle (Fig. 3b). The same experiment was
repeated with 1% by wt. concentration of nanofluids. The flow was
found to be stable at that power and the flow behavior is shown
in Fig. 3c. The corresponding phase plot is shown in Fig. 3d. The

temperature variation at the inlet of heater and the inlet of cooler
are shown in Fig. 3e and f with water alone and with nanofluids,
respectively. The temperature at the inlet of heater and cooler are
found to oscillate out-of-phase when the loop was filled with water
alone.

-up at 300 W without nanoparticles, (b) phase plot for start-up at 300 W without
with nanoparticles, (e) temperature variation with water alone and (f) temperature
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Fig. 5. Comparison of flow behavior at 220 W with water and with nanofluids. (a) Start-up at 220 W without nanoparticles, (b) phase plot for start-up at 220 W without
nanoparticles, (c) start-up at 220 W with nanoparticles and (d) phase plot for start-up at 220 W with nanoparticles.

Fig. 6. Unstable oscillatory behavior with subcooled boiling at different powers. (a) Single-phase bidirectional pulsing at 380 W, (b) sporadic subcooled boiling at 430 W, (c)
bidirectional pulsing with subcooled boiling at 518 W and (d) bidirectional pulsing with subcooled boiling at 600 W.
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.1.3. Periodic bidirectional pulsing flow
Bidirectional pulsing is characterized by the occurrence of alter-

ate clockwise and anticlockwise flow pulses. For a sudden power
nput of 300 W added to the stagnant liquid, a periodic bidirectional
ulsing is observed after some initial unidirectional oscillation
whose amplitude increases with time) with water alone (Fig. 4a).
uring the bidirectional pulsing, repeated flow reversals occur
long with alternate forward and reverse flow pulses (Fig. 4a). On
he phase space (�P–W plane), bidirectional pulsing portrays a
umbbell shaped limit cycle (Fig. 4b). However, stable steady-state
ow was found with 1% by wt. concentration of nanofluids at 300 W
nd the flow behavior is shown in Fig. 4c. The corresponding phase
lot is shown in Fig. 4d. The temperature variation at the inlet of
eater and the inlet of cooler are shown in Fig. 4e and f with water
lone and with nanofluids, respectively. The temperature at the
nlet of heater and cooler are found to oscillate out-of-phase when
he loop was filled with water alone.

.1.4. Oscillatory flow with chaotic switching between
nidirectional and bidirectional pulsing

Between unidirectional pulsing and bidirectional pulsing, a
egime with chaotic switching between unidirectional and bidirec-
ional pulsing (intermittency) is observed at 220 W (Fig. 5a) when
he loop was filled with water alone. The phase portrait for the
nstable flow regime with chaotic switching shows a dumbbell
hape with a spread around the periphery (Fig. 5b). The same exper-
ment was repeated with 1% by wt. concentration of nanofluids. The
ow was found to be stable at that power and the flow behavior is
hown in Fig. 5c. The corresponding phase plot is shown in Fig. 5d.

.1.5. Compound single phase–two phase instability with
idirectional pulsing

At higher powers, the instability continues in the bidirectional
ulsing mode superimposed by subcooled boiling. During the low
ow part of the oscillation cycle bubbles are formed near the top
urface of the heater outlet, which are stationary to start with. When
hese bubbles are released high �P occurs since two-phase �P is
ignificantly larger than single-phase �P. Boiling is indicated by the
ccurrence of sharp peaks in the �P due to bubble release, which
as also confirmed by visual observation. For the sake of compari-
on, a typical non-boiling case is shown in Fig. 6a. Due to the sudden
ncrease of flow when the bubbles enter the vertical leg boiling is
uppressed (Fig. 6b–d). However, with nanofluids this regime was
ot observed (Fig. 7) and the flow was found to be stable.

Fig. 7. Flow behavior with nanofluids at 600 W.
Fig. 8. Oscillatory flow with chaotic switching between unidirectional and bidirec-
tional pulsing: start-up at 300 W and power raising to 600 W.

3.2. Sudden power rise and step back experiments from initial
oscillatory condition

An example of the flow instability behavior of the natural circu-
lation loop during a power raising and step back process is shown
in Fig. 8 when the loop was filled with water alone. In this case,
the fluid was heated from an initial power of 300 W in steps of
100 W, and the instabilities were observed at 300 W. The ampli-
tude of oscillations kept on increasing with rise in power. At 600 W,
a power step back experiment was conducted to illustrate the insta-
bility behavior during a step back process. The power was reduced
to 400 W from 600 W in steps of 100 W. The flow instabilities were
found to be sustained and their characteristics are different for the
corresponding powers during the power raising process (Fig. 9a–l).
At high power (greater than 500 W), subcooled boiling occurs which
leads to the formation of cusps in the dumbbell shaped trajec-
tory (see Fig. 9f). Both the time series and the phase plots show
an increasingly chaotic behavior with increase in power (Fig. 9f
and h). The temperature variation at the inlet of heater and cooler
with water alone and with nanofluids is shown in Fig. 10 at 600 W.
Typically at this power compound single phase–two phase insta-
bility with bidirectional pulsing is observed with water alone. The
experiment was repeated with Al2O3 nanoparticles. As seen from
Fig. 11, it was found that the instabilities are totally suppressed with
nanofluids.

Similar behavior was observed when a sudden increase in power
to 500 W was given and the power was increased further to 600 W
in step of 100 W. Subsequently the step back experiment was con-
ducted by reducing the power to 400 W in steps of 100 W. Fig. 12a
shows the flow behavior for the above power transient with water
alone. Fig. 12b shows the variation of flow with nanofluids for the
same power history. It can be seen that the instabilities are not
observed with nanofluids.

3.3. Gradual power rise from stable initial conditions
Typical results for the occurrence of instability for gradual power
raising from initial stable steady state are shown in Fig. 13a and b
when the loop was filled with water alone. Unlike the previous case,
wherein instabilities are observed when the power was suddenly
increased to 300 W, in this case no instabilities were found even
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p to 450 W. However, at 600 W, flow instabilities developed with
rowth of small amplitude oscillations. This suggests that the insta-
ility phenomena is highly non-linear and path dependent. The
orresponding flow behavior with nanofluids is shown in Fig. 13c.
nstabilities are not observed with nanofluids even at high power.
he stable flow is represented by fixed point on the phase plots as
hown in Fig. 13d.
.4. Time period of oscillation

Fig. 14 shows the time period of oscillation as a function of heater
ower for all the oscillatory cases. During the unidirectional flow
scillations the time period is found to reduce exponentially with

ig. 9. Flow characteristics of power raising and power set back for start-up at 300 W. (a)
c) unidirectional pulsing at 400 W, (d) phase plot for unidirectional pulsing at 400 W, (e) b
ulsing at 500 W, (g) bidirectional pulsing with subcooled boiling at 600 W, (h) phase plo
or power set back to 500 W, (j) phase plot for bidirectional pulsing at power set back to
nidirectional pulsing at 400 W.
and Design 239 (2009) 526–540

increase in power. Whenever the flow regime switches from unidi-
rectional to bidirectional pulsing, the oscillation period increases
(Fig. 14). Period doubling is a usual step for transition to chaos
(Kapitaniak, 2000). A near period doubling is observed for low
power experiments.

3.5. Parametric studies
3.5.1. Effect of concentration of nanoparticles on steady-state flow
Steady-state experiments were conducted with water and dif-

ferent concentration of nanoparticles (0.3–2% by wt.). It was found
that the natural circulation flow rates increase with increase in con-
centration of nanoparticles (Fig. 15a). Fig. 15b shows that the flow

Unidirectional pulsing at 300 W, (b) phase plot for unidirectional pulsing at 300 W,
idirectional pulsing and chaotic switching at 500 W, (f) phase plot for bidirectional

t for bidirectional pulsing with subcooled boiling at 600 W, (i) bidirectional pulsing
500 W, (k) unidirectional pulsing at power set back to 400 W and (l) phase plot for
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Fig. 9. (Continued ).

Fig. 10. Comparison of temperature variation at 600 W with water and with nanofluids. (a) Variation of temperature without nanofluids and (b) variation of temperature
with nanofluids.



536 A.K. Nayak et al. / Nuclear Engineering

F
s

r
t

3

r
c
t
o

4

fl
l

R

w
f

f

ig. 11. Suppression of flow instability with nanofluids during power raising and
tep back process.

ate is increased between 20 and 35% depending on the concentra-
ion of nanoparticles and heater power.

.5.2. Effect of concentration of nanoparticles on stability
The step power rise to 300 W and subsequent power

aising–power set back experiments was repeated with different
oncentration of nanoparticles (0.3–2% by wt.). It was found that
he flow instabilities are suppressed even with a low concentration
f 0.3% by weight of Al2O3 nanoparticles as shown in Fig. 16.

. Analysis of steady-state data

Prior studies (Vijayan et al., 2001) showed that the steady-state
ow in a uniform diameter natural circulation loop with negligible

ocal pressure losses could be expressed as

ess = C
[

Grm
D

Lt
Iss

]r

(1)

∮

here Iss = �ssdZ, C = (2/p)r and r = 1/(3 − b) with p and b obtained

rom a friction factor correlation of the following form:

= p

Reb
(2)

Fig. 12. Comparison of flow behavior with water alone and with nanofluids
and Design 239 (2009) 526–540

The numerical value of the integral Iss = 1 for the horizontal
heater and horizontal cooler (HHHC) orientation (Vijayan, 2002)
so that the steady-state flow is given by

Ress = C
[

Grm
D

Lt

]r

(3)

If we assume that the temperature variation is linear in the
cooler (it may be noted that the heater temperature distribution
is linear for a constant heat flux condition), the steady-state flow
rate can be calculated by the following expression:

Ress = C
[

(Grm)�z
D

Lt

]r

(4)

where (Grm)�z = D3�2ˇgQh �z/A�3Cp. If we replace H with �z, the
centre line elevation difference, then Eq. (1) can be rewritten as

Ress = C
[

(Grm)�z
D

Lt

H

�z
Iss

]r

(5)

Comparing Eqs. (4) and (5), it is easy to show that the error, E, intro-
duced by the assumption of linear variation of temperature in the
cooler is given by the following expression:

E =
[

H

�z
Iss

]r

(6)

If the value of E is unity, then no error is introduced. For HHHC,
�z = H and Iss = 1, and hence E = 1. The steady-state flow rate for can
be obtained from the following equations:

Re = 0.1768
(

(Grm)�z
D

Lt

)0.5
for a fully laminar loop

(p = 64 and b = 1) and (7)

Re = 1.96
[

(Grm)�z
D

Lt

]1/2.75
for a fully turbulent loop

(p = 0.316 and b = 0.25) (8)

4.1. Testing of the steady-state correlation with present
experimental data

From the measured temperature difference across the heater

(�Th) and the heater power (Qh), the steady-state natural circula-
tion mass flow rate, Wss, is obtained as follows:

Wss = Qh

Cph
(�Th)ss

(9)

for start-up at 500 W. (a) Without nanofluids and (b) with nanofluids.
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ig. 13. Comparison of flow behavior with water alone and with nanofluids for grad
ith water alone, (b) phase plot for gradual raising of power with water alone, (c) fl

aising of power with nanofluids.

Using this mass flow rate, the Reynolds number was cal-
ulated. Both the Re and Grm were calculated using the fluid
roperties estimated at the loop average temperature. The cor-
esponding properties for nanofluids have been calculated using

xisting models (Buongiorno, 2006) for calculation of Re and Grm.
he steady-state data are compared with the theoretical correla-
ions in Fig. 17. It should be noted that the validity of the above
ow formulation (Eqs. (7) and (8)) has already been well established

Fig. 14. Variation of time period of oscillation with water alone.
rease of power at 150 W up to 600 W. (a) Flow behavior for gradual raising of power
ehavior for gradual raising of power with nanofluids and (d) phase plot for gradual

for single-phase natural circulation loops demonstrated by its close
agreement with a large number of experimental data obtained from
around 25 different loops (Vijayan et al., 2007). For the present
loop, the experimental data with water alone are predicted well
by the generalized flow correlation whereas there is a large devia-
tion between the model and the experimental data obtained using
nanofluids as shown in Fig. 17. This clearly points out the deficiency
of existing property models for nanofluids for simulation of natural
circulation phenomena.

4.2. Possible explanation for suppression of instabilities

With the lack of established data for physical property vari-
ation of nanofluids with temperature, it is definitely difficult to
discuss the interesting characteristics of natural circulation with
nanofluids. However, we have attempted to clarify the reason
for suppression of flow instabilities with nanoparticles with the
hypothesis of Welander (1967).

According to this, following a thermal disturbance in the system,
a hot pocket of fluid may emerge from the heated section slightly
hotter than its normal steady-state temperature. This hot pocket
while ascending along the hot leg accelerates the flow because of
larger buoyancy force thus created. When this hot pocket emerges
out from the cooler, its identity is maintained because of the lower
residence time due to larger velocity. Thus the hot pocket emerges

from the cooler at a higher temperature than its normal steady-
state temperature. An opposite phenomena occurs if a cold pocket
may emerge from the heater. As the cold pocket ascends along the
hot leg and the hot pocket descends along the cold leg, the flow gets
decelerated with the result that the hot pocket emerges hotter from



538 A.K. Nayak et al. / Nuclear Engineering and Design 239 (2009) 526–540

Fig. 15. Comparison of steady-state flow

Fig. 16. Effect of concentration of nanoparticles on stability behavior. (a) Variation
of flow behavior with different concentration of nanoparticles and (b) variation of
steady state flow rate with different concentration of nanoparticles.

Fig. 17. Variation of steady-state flow rate with different concentration of nanopar-
ticles in non-dimensional plane.
rate with and without nanofluids.

the heater and the cold pocket emerges colder from the cooler with
every passing cycle. This amplification process continues until the
buoyancy force experiences a reversal in sign causing the flow to
reverse. The above-described amplification process then continues
in the reverse direction, causing the flow to change its direction
repeatedly from clockwise to anticlockwise and vice versa.

Thus, the flow oscillations are mainly due to creation of hot and
cold density pockets which get amplified with time in the system.
We believe that the significantly increase in natural circulation flow
rate due to addition of nanoparticles can dampen the small per-
turbing forces generated due to hot and cold pockets, which are
responsible for sustaining the instabilities. In addition, the time lag
among the regenerative feedback effects of flow rate, pressure drop
and driving buoyancy force is reduced due to enhanced flow rate,
which are the paramount factors for occurrence of flow instabilities.
Of course, the enhancement of thermal diffusivity is not significant
(hardly less than ∼1.74%, calculated using the Murshed et al. Model,
2006); but this also aids in thermally diffusing the hot and cold
pockets in addition to the significant momentum diffusion aided
by the large flow rate.

5. Conclusions

In this study, we have demonstrated experimentally the inter-
esting thermal–hydraulic characteristics of a single-phase natural
circulation loop with different concentration of Al2O3 nanoparti-
cles suspended in water. The flow instabilities observed with water
is found to be suppressed when a small concentration of nanopar-
ticles was suspended in it. The natural circulation flow was found
to increase with nanofluids depending on its concentration.

We have assessed the existing natural convection models for
simulation of natural circulation as a function of the system geom-
etry and operating conditions. The models are found to be in
good agreement with the steady-state test data with water alone.
However, large deviations are found between the models and mea-
surements for nanofluids.

Depending on the heat addition paths and the heater power,
the following distinctive unstable flow regimes were observed with
water alone:
(1) periodic unidirectional pulsing flow;
(2) chaotic switching between unidirectional and bidirectional

pulsing flow;
(3) periodic bidirectional pulsing flow and
(4) Compound instability with the system switching from single-

phase to two-phase in every cycle.
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However, none of the above flow regime was observed with
anofluids.

ppendix A. 1. Transient flow rate calculation from the
easured pressure drop

Assuming incompressible flow across a section of horizontal
nheated piping, the transient pressure drop under single-phase
ondition can be expressed as

P(t) = L

A

dW

dt
+ fLW2

2D�A2
(A-1)

Using a friction factor correlation of the form of Eq. (2), the above
quation can be rewritten as

P(t) = L

A

dW

dt
+ pL�bW2−b

2D1+b�A2−b
(A-2)

Applying the implicit procedure to the above equation, the tran-
ient flow rate can be expressed as

c + p �t�bW2−b
c

2D1+b�A1−b
= Wp + A �t

L
�Pc (A-3)

here the subscripts c and p refer, respectively to the current and
revious time steps. The above equation is a polynomial in Wc (the
ow rate at the current instant) which can be solved by a numerical
ethod (bisection or Newton–Raphson method) to obtain the flow

ate as a function of time from the measured instantaneous pressure
rop. Instrument delays are negligible compared to the response of
he process.

ppendix B. 2. Derivation for calculating settling velocity

Considering a force balance on a spherical particle falling
hrough a static fluid and assuming that the total drag acts through
he centre of mass,

Viscous drag force = gravity force (buoyancy):

DAp
1
2

�f Vs
2 = (�p − �f )Vpg (A-4)

Vp = volume of the particle = 4
3 �(D/2)3

Vs = settling velocity
CD = f(Rep) and Rep = �pVsDp

�

The drag coefficient’s dependence on Rep is quite complex and
omewhat dependent on the shape of the particle. But for small
ep, the drag coefficient is linearly proportional to Rep. They are
roportional because the flow around the particle does not separate
it is laminar). In this case, potential flow theory describes the flow
eld and the pressure drop related to the settling particle. From
tokes law for viscous resistance, drag = 3�Dp�Vs

Hence the nanoparticle settling velocity can be calculated as
�

6
D3

p(�p − �f )g = 3�Dp�Vs (A-5)

s = D2
p(�p − �f )g

18�
(A-6)
and Design 239 (2009) 526–540 539

Appendix C. 3. Calculating fluid velocity

The natural circulation flow velocity can be calculated as fol-
lows:

Wss =
[

2
p

g�rˇT HQDb
r A2−b

r �l

�b
r NGCp

]1/(3−b)

(A-7)

Hence, fluid velocity

Vf = Wss

A�
(A-8)

For the present experiments, the minimum flow velocity has
been calculated and found to be 1.71 × 10−2 m/s for the lowest
power experiment.
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