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Introduction

A natural circulation system operates on the basis of natu-
ral laws like gravity and buoyancy.' Although natural circu-
lation is a benign gift of nature for applications to several
heat removal systems due to the simplicity in design, elimi-
nation of hazards related to pumps, better flow distribution,
cost reduction, etc. However, the potential threat of flow
instabilities still eludes for its wide applications.z_4 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 note, we have demonstrated experimen-
tally, with nanofluids, not only the flow instabilities are sup-
pressed but also the natural circulation flow rate is enhanced.

The purpose of this research note is concerned with the use
of metal oxide nanofluids to suppress the instabilities and
enhance the flow rate in a natural circulation loop induced by
a heating-cooling system. These findings were demonstrated
experimentally by comparing the steady state flow rates and
instability of natural circulation between water and that with
three different nanofluids (Al,O3, CuO, and TiO,) having dif-
ferent particle sizes and concentrations. The main focus of this
research was to develop a technology to eliminate the flow
instabilities generally associated with the natural circulation
loop without degrading the natural circulation flow rate.

To substantiate the facts, we conducted experiments in a
natural circulation loop with geometry as shown in Figure 1.
The test facility resembles rectangular in geometry with circu-
lar flow cross-section area. The geometry is relevant to that of
solar water heaters and nuclear reactors. The pipes are made
of glass with inner diameter of around 26 mm. Important
dimensions of the loop are shown in Figure 1. The loop was
heated with electric wire which was wrapped around uniformly
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on the outer surface of the glass tube in the bottom horizontal
leg. It was cooled at the top through a tube-in-tube type heat
exchanger with tap water flowing through the annulus. An
expansion tank was provided at the topmost elevation to
accommodate the volumetric expansion of the fluid. It also
ensures that the loop remains full of water. Thermocouples
were installed at different positions in the loop to measure the
instantaneous local temperature. The flow rate was measured
using a differential pressure transducer installed in the horizon-
tal leg of the loop. The instruments were connected to a data
acquisition system which could scan all the channels in less
than one second. The secondary side cooling water flow rate
was measured with the help of a rotameter. The loop was insu-
lated to minimize the heat losses to the ambient. Experiments
were conducted for different power transients which are typi-
cal to that of a power raising and setback phenomena in any
power generating system.

Natural Circulation Behavior
with Water Alone

Experiments were conducted for various power transients
wherein flow instabilities were observed when the loop was
filled with water, i.e., without addition of nanoparticles. An
example of the flow instability behavior of the natural circu-
lation loop during a power raising and setback process is
shown in Figure 2. In this case, the fluid was heated from an
initial power of 300 W in steps of 100 W and the secondary
side cooling water flow rate was kept constant at 1 1 per mi-
nute. In this case, the instabilities were observed even at 300
W. The amplitude of oscillations kept on increasing with rise
in power. At 600 W, a power setback experiment was con-
ducted to illustrate the instability behavior during a setback
process. The power was reduced to 400 W from 600 W in
steps of 100 W. The flow instabilities were found to be sus-
tained and their characteristics are different for the corre-
sponding powers.
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Figure 1. Schematic of experimental facility.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Natural Circulation Behavior with
Al;,O5; Nanofluids

Subsequently, an aqueous solution of nanofluids was pre-
pared by adding desired concentration (by weight) of Al,O3
(Alumina) nanoparticles of particle size 40-80 nanometer
and 99.7% purity to the water in the loop. The reason for
using Al,O3 nanoparticles is the fact that the thermophysical
characteristics of the base fluid (water) is most widely known
and the thermal property of water—Al,O3 nanofluids for dif-
ferent particle concentration has already been studied.® To
prevent the particles from agglomerating and settling, the
suspension was sonicated in an ultrasonic bath. The particle
size distribution was characterized with a TEM (transmission
electron microscope). It was found that all the particles are
within the specified ranges. The dispersion of the particles
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Figure 2. A typical flow instability behavior in water
during power raising and set back process.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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was first done by mixing the required volume of powder in a
chemical measuring flask with distilled water and then using
ultrasonic vibration to disperse it. After making a proper
mixture, the flask was kept again under ultrasonic vibration
for about 4 h, which is a sufficient time to ensure stable par-
ticle dispersion in water without agglomeration.” The par-
ticles in the suspended state were further characterized with
dynamic light scattering technique and the particles were
found to be in the nanostate. The settling velocity was calcu-
lated from a balance of buoyancy and viscous forces and
using the Stokes law for the viscous resistance.® The settling
velocity was found to be ~1.043 X 10~® m/s for the mean
particle size of 60 nm as used in this experiment. In fact,
this velocity is negligibly small as compared with the mo-
mentum of the fluid due to natural convection. Hence, the
question of settling of nanoparticles during the tests does not
arise especially for the long duration experiments.

Flow Stability Characteristics with
Al;O3; Nanofluids

The experiments were repeated with different concentra-
tion of Al,O3 nanoparticles (0.5% to 2%). The rate of power
rise and the initial conditions of the loop were the same in
all the cases as that with water. The most significant finding
was that the flow instabilities are suppressed even with a low
concentration of 0.5% by weight of Al,O; nanoparticles
(Figure 3).

Similar results were also observed for other power transi-
ents when the power was increased from 150 to 600 W in
steps of 150 W (Figure 4) and also when the power was
increased from 400 to 600 W in steps of 100 W and reduced
to 500 W (Figure 5). In all the cases, the flow was found to
be stable with addition of Al,O5; nanoparticles. In the former
case, the flow was found to be stable up to 450 W and
became unstable at 600 W with repeated flow reversals when
water alone was the working fluid. However, with the addi-
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Figure 3. Suppression of flow instability with nano-
fluids during power raising and set back
process.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 4. Flow instability behavior with Al,O; nano-

fluids during power raising from 150 W to
600 W.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tion of Al,O3 nanoparticles, the flow became completely sta-
ble. In the latter case (Figure 5), the flow was unstable even
at 400 W when water alone was the working fluid. The insta-
bility characteristics with water were similar as that observed
in Figure 2. With addition of Al,O5; nanoparticles, the flow
was found to be stable for this power transient.

Steady State Flow Characteristics with
Al;,O3; Nanofluids

The steady state experiments were conducted at different
powers with water alone and then repeated with different
concentration of Al,O3; nanofluids. The power was increased
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Figure 5. Flow instability behavior with Al,O; nano-
fluids during power raising and set back
process with an initial power of 400 W.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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in small steps of 50 W from an initial low power of 100 W
while maintaining the secondary side cooling water flow rate
of 1 1 per minute. The steady state flow rates are always
found to be higher with Al,O3; nanofluids (Figure 6) as com-
pared with that with water alone, indicated by the increased
pressure drop in the loop (about 28% to 44%). The corre-
sponding time averaged flow rates have been estimated and
plotted as a function of operating power in Figure 7 which
shows that the flow rate is increased between 20 to 35 %
depending on the concentration of nanoparticles and operat-
ing conditions.

Discussion

From the measured data, the difference in the driving force
between water and nanofluids in the natural circulation loop
can be characterized by comparing their temperature distribu-
tion at different heating powers. Figure 8 shows the meas-
ured variation of averaged temperature difference between
hot leg and cold leg of the natural circulation loop with and
without addition of nanoparticles. As evident from the figure,
there is less than 1°C variation in AT (temperature difference
between the hot-leg and cold-leg) with and without nanopar-
ticles which govern the driving buoyancy force. This is even
negligible at higher power. But the increase in natural circu-
lation mass flow rate with nanofluids has been demonstrated
in Figure 6, which is significantly large especially at higher
powers.

To understand the physics behind the flow rise due to
addition of nanoparticles, the physical property of the Al,O;
nanofluids have been calculated for the Al,O5; concentration
of 0.5% to 2% by weight in water, which corresponds to
0.15% to 0.6% by volume. The steady state flow rate in a
natural circulation loop can be calculated by equating the
driving buoyancy force with the resisting frictional force.
Vijayan et al.? have derived the expression for the steady
state flow rate in a natural circulation loop as given by
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Figure 6. Comparison of steady state flow rate with
and without nanofluids.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7. Variation of steady state flow rate with differ-
ent concentration of nanoparticles.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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where W, is the steady state flow rate, g is the gravitational
acceleration, p; is the liquid density, Ap is the average den-
sity difference between the cold-leg and the hot-leg, H is the
loop height, Q is the heater input power, D is the hydraulic
diameter, A is the flow area, AT is the average temperature
difference between the cold-leg and the hot-leg, u, is the ref-
erence viscosity, C, is the specific heat, p and b are the con-
stants in the friction factor correlation of the form f = pﬂ{eh,
Re is the Reynolds number (DW/Au), and Ng is the contri-
bution of loop geometry to the friction number (effective
loss coefficient for the entire loop) which is defined as
NG = [LT',Z?; (Lir/[d"*Pa*"]) s a.d,l being the nondimen-
sional area, diameter, and length, respectively, (q; = %i,
di =51l = g).

From Eq. 1, it is evident that the main physical properties
which affect the steady state flow in a natural circulation
loop are the density (p), viscosity (), and specific heat (Cy).
These properties have been calculated using existing mod-
els®' and plotted in Figures.9a—c in the experimental range
of volumetric fraction, ¢ = 0.15—0.6%. It should be noted
that the variation of these fluid properties due to addition of
nanoparticles is negligibly small. Of course, Eq. 1 (described
in the model of Vijayan et al.%) does not consider the effects
due to axial conduction of the fluid. To illustrate that, we
have also predicted the variation of thermal conductivity of
fluid due to addition of Al,O; nanoparticles in the above
concentration range using the Hamilton-Crosser model.''71?
It is evident from Figure 9d that the thermal conductivity
hardly increases to a maximum of 1.61% for the above con-
centration of nanoparticles. Hence, this slight enhancement
of thermal conductivity due to addition of nanometallic oxide
particles has little role to play on natural circulation behav-
ior. Hence the significant rise in the flow rate cannot be
explained using the existing models for prediction of fluid
properties due to addition of nanoparticles, especially the
physics in the thermal and hydrodynamic boundary layers.
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From the measured pressure drop, the minimum flow ve-
locity in natural circulation was calculated and found to be
1.71 X 1072 m/s for the lowest power experiment. As the
momentum velocity of flow is significantly larger than the
settling velocity of 1.043 X 10~ ® m/s, it gave further evi-
dence that there is no settling of nanoparticles during the nat-
ural circulation experiments.

With the lack of established data for physical property var-
iation of nanofluids with temperature, it is definitely difficult
to discuss the surprising 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.”

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 significant increase in natural
circulation flow rate due to addition of nanoparticles can
dampen the small perturbing forces generated due to hot and
cold pockets, which are responsible for sustaining the insta-
bilities. 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 sig-
nificant (hardly less than ~1.74%, calculated using the
Murshed et al. modell3); but this also aids in thermally dif-
fusing the hot and cold pockets in addition to the significant
momentum diffusion aided by the large flow rate.

Natural Circulation Behavior with Different
Nanoparticles

To understand the influence of material type and its size
on the natural circulation characteristics, we conducted
experiments with two other metallic oxide nanoparticles hav-
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Figure 8. Comparison of time averaged temperature
difference between hot-leg and cold-leg with
and without nanoparticles for stable flow
conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ing different sizes. One was CuO having particle size of 20—
50 nm and purity of 99.2% and the other was TiO, having
particle size of 10-25 nm and purity of 99%. Stable nano-
fluids of these materials were prepared by sonication using
the procedure as discussed earlier. The concentration of
nanofluids was 0.5% by weight in all the cases. Experiments
were repeated with these nanofluids in addition to Al,O3 for
this concentration for the same power transients discussed
earlier.

Figure 10 shows a comparison of flow instability behavior
of loop with water and with different nanofluids. In this case,
the fluid was heated from an initial power of 300 W to 600
W and subsequently reduced to 500 W in steps of 100 W.
The secondary side cooling water flow rate was kept constant
at 1 1 per minute throughout the experiments. Interestingly,
the flow was found to be stable with all the metallic oxide
nanofluids for such a small concentration of 0.5% by weight.
Similar behavior was also observed for another power tran-
sient as shown in Figure 11.

Steady state natural circulation characteristics of the sys-
tem with different nanofluids and water are presented in Fig-
ure 12a for an equal concentration (0.5% by wt) of nano-
fluids. The corresponding time averaged values are shown in
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Figure 10. Suppression of flow instability with different
metallic oxide nanofluids during power rais-
ing and set back process.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 12b. Mostly, the natural circulation flow rate was
found to be higher with nanofluids as compared with that
with water. The increase in flow rate was found to be de-
pendent on the type of nanoparticles, i.e., material and its
size. Although at low powers TiO, nanofluids was found to
have large buoyancy induced flow rate as compared with
CuO, AlLO3, and water; however, at high power (>250 W),
CuO nanofluids were found to have significantly large buoy-
ancy induced flow rates. Moreover, it is very clear that TiO,
and Al,O3; nanofluids are promising over the entire power
range of operations as the flow rate increases consistently
even at such a low concentration. On the other hand, CuO
even though produces very large flow rate as compared with
water and other metallic oxide nanofluids at high powers;
however, at very low powers, the enhancement of flow rate
is not realized.

Concluding Remarks

In this article, we have demonstrated through a series of
experiments, the application of nanofluids in natural circula-
tion loops as widely used in process and nuclear industries,
to suppress the flow instabilities and enhance the buoyancy
induced flow rate. These tests consistently showed that the
suppression of instabilities for wide variety of power transi-
ents with three different metallic oxide nanofluids (Al,Os,
CuO, TiO,) for varying concentration and particle sizes.
The enhancement in buoyancy induced flow rate was found
to increase with the concentration of nanoparticles. The nat-
ural circulation flow rate with CuO nanofluids was found to
be the highest at high power, whereas the flow rate with
TiO, was higher at low power as demonstrated in our
experiments. Overall, TiO, and Al,O; nanofluids are found
to be promising over the entire power range of operations
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Figure 11. Flow instability behavior with different nano-
fluids during power raising and set back
process with an initial power of 400 W.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

since the flow rate increases consistently with power as
compared with water even at such a low concentration
0.5% by weight.
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