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Transient analysis of vertical heating and horizontal cooling rectangular single-phase natural circulation loop
with various water-based hybrid nanofluids (Al,O; + Ag, Al,O3 + Cu, Al,O3 + TiO;, Al,O3 + CNT,
Al,03 + Graphene) with 1% volumetric concentration is studied numerically. Temporal fluctuation and time
required to attain the steady-state, transient mass flow rate and energy-exergy performance parameters (effec-
tiveness and total entropy generation) using hybrid nanofluids are compared with water. The effect of power
input and geometry parameter (diameter and height) of the loop on transient performances is studied as well.
The result reveals that the fluctuation of mass flow rate and time required to attain the steady-state are less for
hybrid nanofluids as compared to water. However, platelet and cylindrical shaped nanoparticles yield a lower
stability as compared to spherical shaped. The mass flow rate is enhanced with hybrid nanofluids, except
Al,03 + CNT and Al,O3 + Graphene, as compared to water. The energy-exergy performance of hybrid nano-
fluids is higher than water. The maximum increment in mass flow rate is shown by Al,O3 + Ag hybrid nanofluid
(3%), whereas Al,O3 + Graphene shows the highest increment in effectiveness (25.4%) and highest decrement
in total entropy generation (14.3%) as compared to water. Smaller diameter and lower height of loop are found
preferable for the flow stability.

1. Introduction

Natural Circulation Loop (NCL) offers an efficient choice as a heat
transfer device since it works due to the favorable density gradient
developed between the source (heater) and sink (cooler) without any
aid of external power [1,2]. However, the associated inherent dis-
advantages are the low mass flow rate and the related flow instability or
reversal that remains a major challenge for its practical implementa-
tion. Numerous numerical and experimental studies have been per-
formed to understand the dynamic behavior and stability of NCL. We-
lander [3] theoretically described the mechanism that triggers flow
instability in a loop with a point heat source located at the top and a
point heat sink located at the bottom. The first experiment was per-
formed by Creveling et al. [4] to analyze the flow instability and/or
reversal in a toroidal shaped water loop and reported the flow stability
at a low or high heat transfer rate. Chen [5] theoretically showed that
the aspect ratio of a loop (height/width) has a significant influence on
flow stability in single-phase NCL (SPNCL) and found the least stable as
aspect ratio approaches to unity. Vijayan [6] developed a correlation of

Reynolds number in terms of a non-dimensional parameter, which
predicts the steady-state flow behavior with uniform and non-uniform
loop diameter. Mousavian et al. [7] performed a numerical simulation
using RELAPS5 system code of HHHC rectangular SPNCL to analyze the
transient and stability behaviour of the loop. Vijayan et al. [8] ex-
perimentally studied the effect of loop diameter on the flow stability of
NCL and found that decreasing the loop diameter enhances the stability.
Rao et al. [9] numerically investigated the dynamic response of SPNCL
with end heat exchangers for various excitations such as sinusoidal,
step, exponential and ramp excitations. Basu et al. [10] analyzed the
influence of loop shape on the stability of the SPNCL and found that the
rectangular loop is less stable than the toroidal loop. Basu et al. [11]
studied the dynamic behavior of rectangular NCL on the different
nature of heat input excitations and found that modified exponential
excitation is best for increasing or decreasing power input. Devia and
Misale [12] performed numerical and experimental investigations on
the thermo-hydraulic behaviour of HHHC based SPNCL for the different
heat sink temperatures. The effect of constant and variable power in-
puts on the thermo-hydraulic behaviour of rectangular SPNCL is
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Nomenclature
A Area of cross-section, m?
Gy Specific heat, J/kg-K
d diameter of the loop, m
f Friction factor
g Acceleration due to gravity, m/s>
h Heat transfer coefficient, W/m?K
H Height of the loop, m
k Thermal conductivity, W/m-K
L Loop width, m
L¢ length of cooler, m
Lu length of heater (m)
L, Total loop length, m
m Mass flow rate, kg/s
P Pressure, N/m?
Pr Prandtl number
Q Heat input rate, W
Space coordinate, m
t Time, s

T Temperature, K

Greek symbols

a Thermal diffusivity, m?/s

B Coefficient of thermal expansion, 1/K
u Dynamic viscosity, N-s/m>

¢ Volume concentration of nanoparticles
p Density of fluid, kg/m>

v Sphericity

13 Effectiveness

Subscripts

0 References state

f Base fluid

in Inlet

hnf Hybrid Nanofluid

out Outlet

) Nanoparticle

investigated experimentally by Misale [13]. Luzzi et al. [14] developed
a semi-analytical expression and a numerical model to predict the dy-
namic behaviour of SPNCL loop incorporating thermal inertia of the
piping material and found a good agreement with the experimental
result. Cammi et al. [15] proposed information entropy-based approach
to study the dynamic response of SPNCL for generating the stability
map of the system. Marchitto and Misale [16] experimentally in-
vestigated the thermal performance of a single and two rectangular
loops in parallel with different heater powers and sink temperatures.
Srivastava et al. [17] experimentally studied the dynamic response of
NCL with molten salt for reactor cooling for different heater inputs.
Krishnani and Basu [18] studied the influence of heater power, sink
temperature and loop inclination on the stability of the system and
found that the instability increases with increasing heater power and
sink temperature and decreases with increasing loop inclination.

As the reasons behind the instability behavior of SPNCL are ex-
posed, the researchers are attracted towards the problem and are
making an effort to control the instability behavior of NCL. Misale and
Frogheri [19] experimental studied the influence of the different sizes
of the orifice on the stability response of NCL. All the orifices showed
stable response with a decrease in mass flow rate because of increased
pressure drop. The effect of orientation of the source and sink on the
stability in a rectangular single-phase NCL has been experimentally
studied by Vijayan et al. [20] and found that the loop is most stable for
orientation having VHVC and least stable for HHHC. Misale et al. [21]
studied experimentally the dynamic response of NCL by varying the
sink temperature and found that stability can be attained by decreasing
the sink temperature without changing heater power. This may not
practically feasible as it is restricted by ambient temperature. The sta-
bility is achieved at the expense of increasing the pressure drop which
reduces the mass flow rate or economically infeasible. Nanofluid has
been recently proposed as a stabilized agent. Nayak et al. [22,23] ex-
perimentally studied the stability behavior of nanofluids in a rectan-
gular single-phase NCL and found significantly enhanced mass flow rate
and stability. Misale et al. [24] investigated experimentally the influ-
ence of sink temperature and loop inclination on the thermal perfor-
mance of mini NCL with Al,Os/water nanofluid. Ho et al. [25] did not
find any significant reduction in resistance by using Al,O3 nanofluid in
NCL with microchannel source and sink. Dogana and Turgut [26] and
Koca et al. [27] experimentally studied the thermal performance of
single-phase NCL with Al,Oz/water and Ag/water nanofluid, respec-
tively. Both concluded that effectiveness factor increases with particle
concentration. Devi et al. [28] theoretically found 4% reduction in NCL

size by using Fe;0,/water nanofluid at 1% concentration as compared
to water. Thomas and Sobhan [29] experimentally studied the steady-
state and transient behavior of rectangular NCL using nanofluids and
found superior heat transfer ability compared to water.

Studies on NCL using nanofluids are limited for metal and ceramic
nanoparticles only and reported enhanced mass flow rate and stability.
Now the question is whether it is true for all types of nanoparticles.
With the best of the author's knowledge, the transient behavior of hy-
brid nanofluids in NCL with different nanoparticle morphology is un-
explored. Therefore, in the present study, the effects of using hybrid
nanofluids with different types (different shape and nature) of nano-
particle combinations on the transient behavior of VHHC rectangular
single-phase NCL are studied. The effect of power input and geometric
parameter (diameter and height) on the mass flow rate, thermal per-
formance parameter and entropy generation under transient and
steady-state conditions has been studied.

2. Mathematical modeling and simulation

Rectangular VHHC SPNCL considered in this study consists of a
heater, cooler, hot leg and cold leg as shown in Fig. 1. A constant heat
flux boundary condition is applied at the heater and a constant wall
temperature is imposed on the cooler section of the loop. Constant wall
temperature can be considered by supplying a sufficient coolant flow
rate (temperature variation of coolant < 1 °C). The cooler is modeled as
a counter-flow type heat exchanger for simplicity. The loop is externally
insulated except the heating and cooling sections for the obvious
reason. The hybrid nanofluids/water is used as the primary fluid and
water as the coolant or secondary fluid. The temperature-dependent
thermo-properties of primary fluid are assumed to be constant except
the density. The coolant temperature is set as the reference low tem-
perature in the NCL. Following assumptions are employed for one-di-
mensional analysis of the flow in this loop:

(i) The effect of axial conduction and viscous dissipation are ignored.
(ii) The Boussinesq approximation has been used with density varying
linearly with temperature as p = po[l — Ba(T — To)l.
(iii) Minor and heat losses are ignored.

2.1. Governing equations

This section presents the simplified governing equations for the
primary fluid as follows:
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Fig. 1. Schematic diagram of rectangular VHHC single phase NCL.
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This equation represents the spatial invariance of the mass flow rate.
The conservation of momentum is given by,
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Integration of Eq. (2) around the closed loop with §dp = 0 results
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The conservation of energy for the different components of the loop
is given by,

Heater: or + m 0T — _Q
ot pAds LyApc @
Cooler: 2L + 0T _ —4h(T = To)
ot p,A0s dp,¢p )
Hot and Cold leg: T  m 9T _ 0
ot  pAds ©

2.2. Heat transfer and friction factor correlations

The temporal development of the flow regime in this loop depends
on the geometrical and heating input power. The fluid is initially at rest
and starts to move as soon as heating and cooling are activated. The

Table 1
Thermophysical properties of nanoparticles and water [31-35].

International Communications in Heat and Mass Transfer 110 (2020) 104433

flow regime may be laminar, transition and turbulent flow in the loop
depending on the input power. Hence it is required to deduce a friction
factor that smoothly adapts to the continuing change of flow regime. In
the present analysis, the well-established friction factor correlation
given by Swapnalee and Vijayan [30] has been used for all flow re-
gimes. Maximum of (fiuminarfiransitionfurbuten) friction factor employed to
adapt smooth transition from laminar to transition and transition to a
turbulent regime.

Friction factor for laminar, transition and turbulent flow is given by
respectively [30]:

-ﬁaminar = 64/Re (7)
f;ransition = 1.2063/Re%410 o
f;urbulem = 0.316/ReO.25 (9)

The entire loop is assumed to be in laminar, transition or turbulent
regime depending on the input power. Therefore, to obtain the required
Nusselt number in the cooler for solving Eq. (5) at different flow re-
gimes the following correlations are used:

Laminar flow of water:

Developing Nu = 1.86Re/3)Pr(1/3(d/L-)1/? for Gz > 10 (10)
. hd
Fully developed (isothermal) Nu = — = 3.66 for Gz < 10
ky (1n

where, Gz = (;td/4Lc)RePr

Transition and turbulent flow of water:

The entry length for the turbulent flow is small, so, it is reasonable
to apply the correlation for the transition and turbulent flow given by
Gnielinski [31].

Nu = 0.012(Re®87 — 280) Pr 4 (12)

Valid for 1.5 < Pr < 500, 3000 < Re < 10°.
The nusselt number for laminar flow of hybrid nanofluids in de-
veloping the region in the tube is given by Moraveji et al. [32],

Nuhnf - 2'03Rehnf0.293prhnf0.6 ¢0.06 (d/LC )0.37 (1 3)

Valid for Re < 2500 and 0 <¢ < 0.06.
The nusselt number for transition and turbulent flow of hybrid na-
nofluids in the tube is given by Vijjha et al. [33],

Nutjypr = 0.065(Rejns®55 — 60.22)(1 + 0.0169¢°15) Py, 052 (14)

valid fo_r 3000 < Re where,

_ Mpyyd _ Fnnf phnf
Rehnf = W, Prhnf = Tnf

< 16,000 and 0 < ¢ <0.1;

2.3. Computation of thermophysical properties of hybrid nanofluids

The properties of hybrid nanofluids like density, coefficient of
thermal expansion and specific heat depend on the volume concentra-
tion of nanoparticle and their individual properties (Table 1 [34-38]).
Therefore, the properties of hybrid nanofluids are calculated by using
the mixture model [39] as follows:

phnf = ¢1P1 + ¢2P2 + (1 - ¢1 - ¢2)Pf

OBhny = ¢1(0B)1 + $,(0B)2 + (1 — ¢y — $,)(0B)s

15)

e

Thermophysical property Water Ag (Spherical) Cu (Spherical) Graphene (platelets) Al,05 (Spherical) TiO, (Spherical) CNT (Cylindrical)
plkg/m®) 997.1 10,500 8933 2200 3970 4250 2100

Cp(J/kgK) 4179 235 385 790 765 686.2 410

k(W/mK) 0.613 429 400 5000 40 8.9538 3007.4

BK™H 0.00021 0.000054 0.000051 —0.000008 0.000024 0.000024 0.00002
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(pcp)hnf = ¢1 (Pcp)l + ¢2 (Pcp)z + (1 - ¢1 - ¢2)(Pcp)f a7)

The transport properties of hybrid nanofluid like thermal con-
ductivity and dynamic viscosity depend on volumetric concentration,
their individual properties and the shape (cylindrical, spherical and
platelets) of nanoparticles, and hence their influences have been con-
sidered for property estimation in this analysis.

Thermal conductivity of nanofluid having nanoparticles of different
shapes are calculated with the Hamilton—Crosser model [40] as follows:
knf _ kp +(n— l)kf + (n — l)¢(kp - kf)

ky - kp + (n = Dk — ¢p(kp — ky) (18)

where, n = %, n = empirical shape factor, w= Sphericity.
Likewise, the viscosity of nanofluid having nanoparticles of different

shapes is given by [40],
Mg = l"f(l + B¢ + C¢2) (19)

where, B and C are viscosity enhancement coefficient. These are sum-
marized in Table 2.

Dynamic viscosity and thermal conductivity of hybrid nanofluids
having nanoparticles of different compositions and shapes have been
calculated by using an interpolation method [41]. Hence, the effective
dynamic viscosity and thermal conductivity of a hybrid nanofluid with
n different types of nanoparticles are calculated by,

1< -
= ) ; h = A
’uh"f ¢ Z; (¢llunf,l) where ¢ E ¢1 (20)

1 n
knzf (ikn,i)
= 2 @ @

where, ¢;, lins;, ; and kyys, ; are volume concentration, dynamic viscosity
(Eq. (19)) and thermal conductivity (Eq. (18)) of ith nanoparticle type.
In this study, binary hybrid nanofluids have been used and hence,
n = 2. It may be noted that n = 3 for tri-hybrid nanofluid and so on.

2.4. Method of solution and energy- exergy performance parameter

The solution of the coupled equations is computed by using the fi-
nite difference method (FDM). The transient term in the energy and
momentum equation is discretized by using implicit forward Euler
form. The first-order upwind discretization is used for the temperature
convection term. The discretized equations have been solved by
Engineering Equation Solver [42]. Effectiveness is the ratio of actual
heat transfer to the maximum possible heat transfer through the cooler.
It is the non-dimensional factor, which predicts the enhancement of
heat transfer. Transient effectiveness is used for characterizing the dy-
namic behavior of a heat exchanger and is given by,

TC,in (t) - TC,nut ([)

0k Tein (D) — To (22)

In order to analyze the exergetic performance of the single Phase
NCL, the entropy generation in the loop has been calculated by using
the entropy balance principle. The transient entropy generation rate
can be calculated for source (heater), sink (cooler) and adiabatic leg is
given, respectively,

. T, our () fOLym(t)? 5 (Ti,oue () = Tiain (1))
Sgentt (0= m(t)[cpln( Tt in (O ) " 2 g OF Thag ) Toati 1 () ]
23)
. Te,our () f(l)LcVi’l(t)z Cp (Teour () — Te,in (1))
en, = 1 -
Sgen.c () m(‘)[c" n[ T () ) ¥ 202 1y O Te g O T ]

(24)
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f([)m(t)3 Lhot,leg
2dA P;,z’avg (t) ’I;z,avg, (t)

Lcold,leg
pcz,avg (t) Tc,avg (t)

Sgen,leg ® =
(25)
So, the total entropy generation rate in the loop is calculated by,

Sgen,t (t) = Sgen,H (t) + Sgen,C (t) + Sgen,leg (t) (26)

Under steady-state condition.

TH,out;TC,in and Th,avg =Ty

TH,imTC,out and Tc,avg = TcWherey TH,in: TH,out and TC,ins TC,out are the
inlet and outlet temperatures of primary fluid in the heater and cooler
respectively.

Tiavgs Tcavey Thavey and Teave are the average temperatures of
primary fluid in the heater, cooler, hot and cold leg, respectively.

Ty and T, are the temperatures of primary fluid in the hot and cold
leg, respectively, under steady-state condition.

2.5. Grid and time independence study

Grid and time independence test have been carried out to check the
consistency of the obtained result, and to make sure that the spatial and
temporal discretization error has the minimum impact on the result.
The grid independence test with different mesh sizes of 0.01 m, 0.03 m
and 0.05 m at a time step of 0.1 s has been performed. The transient
variation of the mass flow rate at 500 W has been shown in Fig. 2,
which reveals the differences are negligible by increasing the grid size
from 0.01 to 0.03 m. Therefore, the optimal grid size of 0.03 m is
considered for the subsequent analysis. The time-step independence
study has been carried with different sizes of 0.05s,0.1s,0.5sand 1 s
with the finalized grid size of 0.03 m. Fig. 3 depicts the temporal var-
iation of the mass flow rate at an input power of 500 W. This shows that
the calculated mass flow rate remains practically the same with the
reduction of time-step from 0.1 s to 0.05 s. Hence, the time-step size of
0.1 s is selected for further analysis.

2.6. Validation of transient and steady-state solution

The numerically obtained data for the transient and steady-state
simulations have been compared with the measured values by Vijayan
et al. [20] for VHHC orientation of NCL with water as primary fluid.
The geometric parameters and operation conditions considered for
validation are the loop diameter of 26.9 mm, heater length of 730 mm,
cooler length of 800 mm, loop height of 2200 mm, length of bottom leg
as 1415 mm, and the inlet temperature of coolant as 304 K. The mea-
sured pressure difference at the bottom leg over a length of 1065 mm
has been used for validation. Fig. 4 (a, b, c) illustrate the temporal
variation of pressure drop (AP) at the bottom leg at the different input
powers of 232, 368 and 530 W. Assessment of the same reveals the
temporal shift of computed values with respect to the measurement.
The differences between computed and measured pressure drop after
800 s is < 0.05 mm of the water column and that of the local maximum
at about 150-200 s is < 0.025 mm of the water column. The instantons
features, such as sudden rise and fall in pressure-drop are captured in
the reported analyses. Also, the overall trend is reproduced by the
adopted numerical approach. Figs. 5 and 6 show the comparison be-
tween the numerical and measured mass flow rate and loop average
temperature (T,,g) of primary fluid with the at the steady-state. The

Table 2
Sphericity, Empirical shape factor and viscosity enhancement coefficient of
different shape of nanoparticle [37].

Nanoparticle shape  Sphericity ()  Empirical shape factor (n) B C
Spherical 1 3 2.5 6.2
Cylindrical 0.6122 4.9 13.5 904.4
platelets 0.52 5.7 37.1 6126
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Fig. 3. Temporal variation of mass flow rate for different time step at grid
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average deviation for mass flow rate and T,y at the steady-state is 8.8%
and 9.6%, respectively, which is reasonable considering the one-di-
mensional approach.

3. Results and discussion

The transient and steady-state behavior of VHHC SPNCL has been
carried out for different water-based hybrid nanofluids (Al,O03 + Ag,
Al,O3 + Cu, Al,03 + TiO,, Al,O3 + CNT, Al,03 + Graphene), heater
power, diameter and loop height. In the simulation, 1% volume con-
centration of nanoparticle is considered for the transient analysis,
which has been reported as an approximate optimum volume con-
centration for heat transfer applications [43]. The geometric and op-
erating conditions of the loop are given in Table 3.

3.1. Flow initiation in VHHC single phase NCL

The temporal evolution of mass flow rate and spatio-temporal
evolution of temperature from no flow condition to the steady-state has
been shown in Fig. 7 at a given power of 100 W for water. Initially, the
loop fluid was at stagnant condition having temperature equal to the
coolant temperature. As soon as heating is activated the primary fluid
temperature in the heater increases up to 303 K at an instant given by
t = 25 s. At the same instant, the entire loop is almost at the initial
temperature a strong change between the heater and the connecting hot
leg portion. The temperature of the remaining fluid remains unchanged.
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Fig. 4. Temporal pressure drop at the bottom leg of the VHHC at (a) 232 W (b)
368 W and (c) 530 W [20].

1000

This is due to an inadequate buoyancy to overcome the friction loss. As
time progresses with a constant power input the buoyancy force ex-
ceeds the frictional resistance. This results in setting up natural con-
vection in the loop and the hot-plug moves upward and the heater is
occupied with cold water. The mass flow rate reaches the maximum at
an instant t = 100 s. At this instant the hot-plug shifts towards the
cooler. After that the flow is retarded up to t = 200 s, the hot-plug
enters the top leg in which the cooler is mounted and the buoyancy
reduces as the hot leg is filled with relatively cold fluid. Again, at
t = 200 s the hot-plug is formed and moved upward as a result sudden
increment in the mass flow rate, but this time the temperature of the
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Table 3

Operating condition and geometric parameter used in the present study.
Input Parameters Values
Loop diameter (internal) 20, 25, 30 mm
Loop Height 1.4,22,3m
Loop width 1.415m
Heating length 0.73 m
Cooling length 0.80 m
Coolant Inlet temperature 301 K

Power input
Total nanoparticle concentration

100, 500, 1000 W
b =1%
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water and different hybrid nanofluids is illustrated in Fig. 8. This re-
veals the oscillatory nature of the mass flow rate up to 500 s that
eventually stabilizes for both the water and hybrid nanofluids. The
decay in oscillation indicates the setting up of natural convection and
that the flow rate attains a particular value as a consequence of the
balance between buoyancy and frictional forces. Detailed analysis re-
veals the development of hot-plug in the heater with the initiation of
heat input. Subsequently, the established temperature difference be-
tween adiabatic hot and cold leg overcomes the frictional force leading
a sudden increase in the mass flow rate at about 56 s and as the flow
rate establishes the amplitude of oscillations decays to a steady flow
condition. The amplitude of oscillation is lower for the hybrid

hot-plug is lesser than the previous one because flow is started so fluid
is getting less time to heat in the heater. This process will continue till
the buoyancy force balances the frictional force and at that time, the
steady-state reaches. At t = 2000s, the steady-state condition has been
reached; under this condition, the cold leg and hot leg temperatures
become the inlet temperature for heater and cooler respectively.

3.2. Transient behavior NCL with water and hybrid nanofluids

The transient variation of mass flow rate in single-phase NCL with
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Fig. 8. Temporal variation of mass flow rate of water based hybrid nanofluids
at 500 W and 301 K sink temperature.
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nanofluids compare to water. The relative maximum amplitudes of
oscillation for water, Al,O; + Ag, Al;,O3 + Cu, Al;03 + TiOy,
Al,03 + CNT, Al,O3 + Graphene are 70%, 67%, 68%, 68.44%, 68.5%
and 68.6%, respectively. These are quite comparable; however, the
time required to attain the steady-state reduces from 1002 s for water to
826 s for Al,O3 + Graphene. This is certainly an advantage considering
its application in cooling of nuclear reactors wherein this may mitigate
the risk of severe accident to certain extent. The relative increase in
mass flow rate under steady-state is highest for Al,O3 + Ag (3%) fol-
lowed by Al,O; + Cu (2.8%), Al,O3 + TiO, (0.5%), While the re-
duction in mass flow rate is observed for Al,03 + CNT (2.4%) and
Al,03 + Graphene (4.1%) compared to water. This is attributed to the
increasing buoyancy force with density, temperature difference be-
tween adiabatic legs (decreasing specific heat) and thermal expansion
coefficient for hybrid nanofluids. On the other hand, the friction loss
increases with viscosity and density. Adding nanoparticles in water
increases viscosity and density that leads to enhancement in friction
force. Therefore, the increase or reduction in mass flow rate of hybrid
nanofluids compared to water depends on the net change in buoyancy
force and friction force. The dominance of the buoyancy force enhances
the mass flow rate while the dominance of the viscous force reduces the
mass flow rate. Fig. 8 also illustrates that the steady-state mass flow rate
with hybrid nanofluids having spherical shape (Al,O;3 + Ag,
Al,03 + Cu, Al,03 + TiO,) is higher than that of cylindrical
(Al,O3 + CNT) and platelets shape (Al;O3 + Graphene). These clearly
show that the shape and properties of nanoparticles influence the mass
flow rate. The lower mass flow rate of hybrid nanofluids having pla-
telets shape (Al,O3; + Graphene) and cylindrical shape (Al,O3 + CNT)
is consistent with high viscosity. A high viscosity may be attributed to
the large surface area to volume ratio of nanoparticles. More surface
area increases the friction among nanoparticle and fluid particles,
which increases the viscosity and hence increases in frictional force; as
a result, a decrease in mass flow rate. This indicates that the nano-
particle shape has very significant influence on the performance of
SPNCL.

Fig. 9 shows the oscillatory nature of effectiveness that reaches a
constant value at the steady-state for both water and hybrid nanofluids.
The possible reason behind this oscillatory nature is the initiation of
flow as soon the heating is applied on the vertical leg (Fig. 8). This takes
certain time to stabilize as a consequence of buoyancy and pressure-
drop. Furthermore, the hot fluid takes about 110 s to reach the outlet of
horizontal cooler. Thus, the outlet temperature of the cooler (T oy is
the same as coolant temperature (Ty) until 110 s. Therefore, the ef-
fectiveness of cooler is unity until the hot fluid passes once through the
cooler section at about 110 s as shown in Fig. 9. After t = 110 s the
decrease in effectiveness is a consequence of the increase in mass flow
rate, which limits the resident time of hot fluid in the cooler section.
Again, the effectiveness increases as the mass flow rate of the primary
fluid decreases. This oscillatory behavior is stabilized when the flow
reaches the steady-state. The relative increase in effectiveness is the
highest for Al,0;3 + Graphene (25.4%) followed by Al,0;3 + CNT
(20.9%), Al,O3 + TiO, (15.8%), Al,03 + Cu (15.3%) and Al,O3 + Ag
(15.1%) compare to water.

Fig. 10 depicts that the total entropy generation rate increases with
time, which is attributed to the irreversibility at a given power input of
500 W and pressure drop. The increasing mass flow rate or the heat
transfer rate with time enhances the associated irreversibility and hence
the entropy generation. The internal irreversibility due to the pressure
drop also increases that contributes to the overall increase in entropy
generation. Fig. 10 also demonstrates that the total entropy generation
for all the hybrid nanofluids is less than water. The relative reduction in
entropy generation is the highest for Al,O; + Graphene (14.3%) fol-
lowed by Al,O3 + CNT (12.5%), Al,O3 + TiO, (10.2%), Al,03 + Cu
(9.75%) and Al,O3 + Ag (9.4%). The possible reason is that under
steady-state at specified power input, the entropy generation rate de-
pends on the heater wall temperature, pressure drop and temperature
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ratio (TR = Tu/T.). Entropy generation increases with heater wall
temperature, TR and pressure drop. The temperature ratio is higher for
hybrid nanofluids (due to rise in temperature difference (Ty,—T.)),
which increases the entropy generation rate. Due to a high heat transfer
coefficient, a low wall temperature for the heater with hybrid nano-
fluids causes a reduction in entropy generation. Thus, it may be inferred
from the analysis that the contribution of pressure drop in the entropy
generation is rather small in comparison to the rate of heat input. The
resulting increase of TR value and decrease in heater wall temperature
shows an adverse effect on entropy generation. Therefore, the net
change in entropy generation depends on the dominance of TR value
and heater wall temperature. It may be safely stated that the total en-
tropy generation with the hybrid nanofluids is lower in comparison to
water. The analysis demonstrates that the hybrid nanofluids have a
better energy/entropy performance compare to the base fluid.
Al,O; + Ag has higher effectiveness and mass flow rate and lower
entropy generation compared to water; hence the forgoing results are
based on Al,O; + Ag hybrid nanofluid.

3.3. Effect of heat input rate

The performed simulations are based on the Boussinesq approx-
imation, which is valid for B,,g(T-T¢) < 1. This currently limits the
maximum power input to 1000 W at which the maximum temperature
difference (Ty-To) is about 40 °C and the corresponding change in
density is < 2%. Fig. 11 depicts the increasing mass flow rate with heat
input, which is attributed to the resulting buoyancy force due to the
elevated temperature difference between adiabatic legs. Obviously, at a
high heat input rate the flow stabilizes at an early instant of time, which
seems to be constant with the findings of Creveling et al. [4]. Fig. 12
illustrates that the heat transfer effectiveness reduces with the in-
creasing power input as a consequence of the enhanced mass flow rate
that reduces the available cooling or heat removal time. Therefore, the
denominator term in effectiveness Eq. (22) increases. Since both the
numerator and denominator terms are increasing with the heating
power, so the net effect depends on their rate of change. This can also
be inferred from the amplitude of mass flow rate oscillations with input
power in Fig. 11. Obviously, with the increasing input power the cor-
responding rise in mass flow rate results in faster decay of effectiveness
in comparison to the lowest input power (Fig. 12). Fig. 13 demonstrates
that the entropy generation rate is higher for higher heater power. This
is due to the fact that the entropy generation increases due to irrever-
sibility associated with pressure drop and heat transfer rate. So, in-
creasing heater power increases heat transfer rate and pressure drop,
which increases irreversibility associated with it, resulting in increase
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Fig. 9. Temporal variation of effectiveness of water based hybrid nanofluids at
500 W and 301 K sink temperature.
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in entropy generation.

3.4. Effect of geometric properties

In this segment, the influence of the diameter and height of the loop
on the different performance parameters have been presented. Fig. 14
demonstrates that the amplitude of fluctuation of mass flow rate and
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time required to reach the steady-state is the least for the smallest
diameter of tube. A possible reason is the increasing friction or viscous
effect with the decreasing tube diameter at a given mass flow rate,
which is consistent with the findings of Vijayan et al. [8]. This figure
also illustrates that increasing the tube diameter increases the mass
flow rate at a given input power, which is obvious from the reduced
friction to the fluid flow that varies inversely with tube diameter.

Fig. 15 illustrates that decreasing the tube diameter enhances the
steady-state effectiveness of single-phase NCL. This is attributed to the
decrease in mass flow rate by virtue of the offered flow resistance that
rises the temperature difference (T,—T.). The heat transfer coefficient is
directly proportional to Re™ x Pr" and therefore, it varies inversely
with pipe diameter ™. The value of m is < 1, hence the heat transfer
coefficient varies inversely with tube diameter. Therefore, decreasing
the tube diameter increases the heat transfer coefficient, which reduces
the temperature difference (Ty,-Tp); as a result, enhancement in effec-
tiveness. The effectiveness remains unity until 110 s at 500 W, which
may be attributed to the comparable mass flow rates at 110 s at the
selected marginally different diameters.

Fig. 16 illustrates that reducing the tube diameter increases the
entropy generation of NCL. The possible reason is that a reduction in
the mass flow rate with smaller tube diameter rises the hot and cold leg
temperature difference and thus temperature ratio, resulting in increase
in entropy generation. The heater wall temperature also increases
leading to the enhancement in entropy generation.

Fig. 17 illustrates the influence of height of loop on the temporal
variation of mass flow rate in NCL. This reveals that the highest fluc-
tuations of mass flow rate and time required to achieve the steady state
correspond to the height of loop. Furthermore, as a consequence of the
buoyancy, the steady state mass flow rate increases with the height at a
specified power input of 500 W. However, the pressure drop also in-
creases as a result of loop length corresponding to its height. Thus, the
counter effect of buoyancy and pressure drop reduces the relative in-
crease in mass flow rate as the loop height is increased. Fig. 18 illus-
trates that the increasing the loop height reduces the steady state ef-
fectiveness of the cooler. This may be explained by the fact that
increasing the height increases the mass flow rate and decreases the
temperature difference (T;,—T.). The increase in heat transfer coeffi-
cient (because of increased mass flow rate) decreases the temperature
difference (T}-To). Since both temperature differences are decreasing so
the net effect is dependent on their rate of decrement. As expected, the
reduction in the loop height results in an early reduction of effective-
ness from unity at a given input power. Fig. 19 illustrates that the
steady state entropy generation reduces with raising the height of the
loop. This is because of the increasing loop height enhances the mass
flow rate, which increases the heat transfer coefficient and hence
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Fig. 13. Effect of heater power on total entropy generation rate for Al,O; + Ag
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decreases the temperature difference for heat transfer resulting reduc-
tion in the entropy generation. Also, increasing height extends the total
loop length and mass flow rate, which results in increment in the
pressure drop. So, the irreversibility associated with pressure drop
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Fig. 17. Influence of loop height on the temporal variation of mass flow rate for
Al,05 + Ag hybrid nanofluid.

Effectivenss

0.8

0.6

0.4

0.2

T T

T ]

Nl

'|| ll Power input = 500 W ——H=14m

'; | Sink temperature=301K ~ —=--— H=2.2m

! =
H D= 25 mm e ya

in

1

|

250 500 750 1000 1250 1500 1750
Time (s)
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increases, causing increase in entropy generation. However, the entropy
generation caused by pressure drop is negligible of the order 10~°.
Hence increasing the height of the loop reduce total entropy generation
of NCL.
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4. Conclusions

This study investigates the transient behavior of a vertical heating

and horizontal cooling based rectangular Single-phase NCL with water

and water-based hybrid nanofluids having a volume concentration of
1%.

The influence of different hybrid nanofluids, power input, tube

diameter and loop height on the performance parameter such as, ef-
fectiveness, total entropy generation and mass flow rate are analyzed.
The major findings are:

a) The hybrid nanofluids mitigate the instability, which is inferred
from the amplitude of mass flow rate oscillations with respect to
water-based natural circulation loop.

b) The time required to attain a steady-state is reduced with hybrid
nanofluids than water at a given power input. This is definitely
beneficial for system wherein heat removal rate is a major concern
and steady-state is desired. Moreover, the shape and type of nano-
particles influence the transient behavior of SPNCL.

¢) The mass flow rate for hybrid nanofluids with the spherical nano-
particles (Al,03 + Ag, Al,O3 + Cu, Al,03 + TiO,) is higher as
compared to water. Whereas, the mass flow rate of hybrid nano-

fluids
(Al;03 + Graphene) shaped particle is lower than water and

with cylindrical (Al;03 + CNT) and platelets

spherical nanoparticle dispersed hybrid nanofluids.

d

(=

Higher effectiveness and a lower total entropy generation are

achievable with hybrid nanofluids as compared to water.

—

e

The time required to achieve a steady-state is less for higher power

input. Whereas, the steady mass flow rate and total entropy gen-
eration increase, and effectiveness decreases with increasing power
input.

f) The effectiveness of cooler remains unity until the hot fluid passes
once through this device. Increasing power input results in an early
drop in effectiveness from unity. The marginal change in loop dia-
meter does not affect this parameter significantly at a given input
power.

g) The mass flow rate and its fluctuation along with the time required
to achieve a steady-state increase with tube diameter and height.
However, the steady total entropy generation and effectiveness re-
duce with increasing loop height and tube diameter.
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