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Water/ethylene glycol (W/EG) mixture is a common heat transfer fluid in vehicle radiators that ex-
hibits poor thermal performance. It can be substituted by nanocoolants (nanofluids as coolant) to
enhance the overall heat transfer performance of radiators. However, addition of nanoparticles to
enhance heat transport may be accompanied by a simultaneous increase in pumping power. In the
present study, an experimental evaluation of thermohydraulic performance of graphite nanocoolant
(W/EG-based graphite nanofluid as coolant) in vehicle radiators is carried out by utilizing an in-
house test rig. The thermal performance of the nanocoolant and the base fluid is compared at the same
Reynolds numbers, coolant mass flow rates, and pumping power. The overall heat transfer coefficient
is augmented with the use of a nanocoolant, while comparing with the same Reynolds number and
coolant flow rate criteria. The enhancement is higher at lower air and coolant mass flow rates and
gradually decreases as the flow rates increases. The same pumping power comparisons demonstrate
that for low pumping power cases the overall heat transfer coefficient of the nanocoolant is higher
than the base fluid, and the trend converses as the pumping power increases to higher values. The
performance index, which indicates the net enhancement or diminution of thermal performance rela-
tive to the pumping power, is relatively more for graphite nanocoolant at lower coolant and air mass
flow rates but diminishes in experiments with higher flow rates. This study shows that an analysis
for finding the sweet spot is essential before applying graphite nanocoolant in vehicle radiators.

KEY WORDS: heat transfer enhancement, nanofluids, automotive radiator, performance
index, pumping power

1. INTRODUCTION

A radiator is an air-cooled cross-flow heat exchanger used in vehicles to remove excess heat
generated in engines. It has a vital impact on a vehicle’s weight and on the design of the
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NOMENCLA TURE

A total area of heat transfer, m2

Acs,rt cross-sectional area of radiator
tube, m2

As,rt surface area of radiator tube, m2

Cp,c specific heat of coolant, J/kgK
D circular tube diameter, m
Dh,rt hydraulic diameter of radiator

tube, m
F LMTD correction factor
f friction factor
h local heat transfer coefficient,

W/m2K
L length of radiator tube, m
LMTD logarithmic mean temperature

difference
ṁa air mass flow rate, kg/h
ṁc coolant mass flow rate, kg/h
n total number of radiator tubes
P temperature effectiveness
∆P pressure drop across radiator, Pa
∆Pbf pressure drop across radiator

for base fluid, Pa
∆Pnc pressure drop across radiator

for nanocoolant, Pa
Q total heat transfer, W
R heat capacity rate ratio
Re Reynolds number
TEM transmission electron

microscope
Ta,in air inlet temperature, K
Ta,out air outlet temperature, K
Tc,in coolant inlet temperature, K

Tc,out coolant outlet temperature, K
Tw radiator tube wall temperature, K
U overall heat transfer coefficient,

W/m2K
Ubf overall heat transfer coefficient

for base fluid, W/m2K
Unc overall heat transfer coefficient

for nanocoolant, W/m2K
Vc velocity of coolant, m/s
x distance along streamwise

direction, m

Greek Symbols
ϕ volume fraction
ε effectiveness
µ dynamic viscosity of fluid, Pa.s
σ uncertainity
ρbf density of base fluid, kg/m3

ρc density of coolant, kg/m3

ρnp density of nanoparticle, kg/m3

Subscripts
a air
bf base fluid
c coolant
cs cross-sectional
in inlet
nc nanocoolant
np nanoparticle
out outlet
s surface
w wall

front-endmodule, which in turn has a strong influence on the vehicle’s aerodynamic behav-
ior. For decades, many studies have been conducted to enhance the heat transfer capability of
radiators by employing several techniques such as different fin types and materials, various tube
inserts or vortex generators, and roughened or perforated surfaces (Bergles and Manglik, 2013).
Most of the techniques concentrate on the optimization in the configurational and geometrical
viewpoint and are nearly saturated in their role of heat transfer enhancement.

Enhancing the properties of working fluid is an alternate technique to upsurge the heat trans-
fer. Research has been conducted by suspending milli- to micrometer-sized particles in working
fluids to enhance its heat transfer by intensifying the thermal conductivity (Ahuja, 1975; Liu et
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al., 1988) but the application was limited because of its abrasive nature, clogging, higher pres-
sure drop, and sedimentation. After a series of experiments at Argonne National Laboratory, the
concept of dispersing higher conductivity nanometer-sized particles in working fluid instead of
bigger particles was introduced and became popular as “nanofluids.” Choi and Eastman (1995)
showed theoretically that one of the potential benefits of nanofluids is the dramatic reduction in
heat exchanger pumping power. The phenomenal heat transport capability of nanofluids has at-
tracted the attention of many researchers around the world, and its application expands to several
areas including laser cooling and smart cooling of automotive and electronic components. Ther-
mal conductivity and viscosity are the most crucial thermophysical parameters influencing the
heat transport capability of working fluids. In literature, a phenomenal enhancement in thermal
conductivity has been reported in proportion with an increase in the particle concentration and
bulk temperature of the nanofluids (Xuan and Li, 2000; Eastman et al., 2001; Das et al., 2003).
The viscosity of nanofluid is influenced by numerous parameters such as volume fraction, tem-
perature, pH, size, shearing rate, and shape (Meyer et al., 2016). Even though nanofluids have
higher viscosity, slurries up to 20% volume fraction incurred a small additional pressure drop
than single-phase fluids at similar flow rates (Liu et al., 1988).

Forced convective heat transfer studies can be used to inspect the practical applicability of
nanofluids. The internal forced convective heat transfer of various nanofluids has been reported
by several researchers, and most of the studies were carried out with metal oxide nanofluids such
asγ-Al2O3 (Pak and Cho, 1998; Wen and Ding, 2004; Vajjha et al., 2010; Utomo et al., 2014;
Bianco et al., 2018; Sandhu et al., 2018), TiO2 (Pak and Cho, 1998; Vajjha et al., 2010; Azmi et
al., 2016), ZrO2, SiO2, and CuO (Heris et al., 2006; Liao et al., 2010; Vajjha et al., 2010). Rela-
tively higher augmentation in heat transfer compared to corresponding base fluids were reported
in each of these studies. The metallic [copper (Li et al., 2003)] and nonmetallic [multiwalled
carbon nanotube (Utomo et al., 2014; Walvekar et al., 2016), graphene (Akhavan-Zanjani et al.,
2016), and graphite (Yang et al., 2005)] nanoparticle-based dispersions have confirmed higher
heat transfer at low volume fractions.

Heat transfer research shows that nanofluids can be used to enhance heat transfer in several
types of heat exchangers. The possibility of substituting nanofluids in cross-flow heat exchang-
ers (radiators) instead of convectional coolants for cooling of engines was also reported. In a
theoretical study, Leong et al. (2010) evaluated a 3.8% improvement in overall heat transfer co-
efficient and an 18.7% reduction in the frontal area of the radiator with a coolant containing 2%
copper nanoparticles. Lv et al. (2010) adopted a numerical method to analyze the cooling of
an internal combustion engine using nanofluids, and a remarkable enhancement in heat transfer
with a tolerable increase in pumping power was reported. The average heat transfer coefficient
of a radiator is experimentally analyzed in numerous studies and remarkable augmentation in
the performance with various nanofluids such as Al2O3 (Peyghambarzadeh et al., 2011; Nieh et
al., 2014), TiO2 (Nieh et al., 2014; Hussein et al., 2014), CuO (Peyghambarzadeh et al., 2013),
SiO2 (Hussein et al., 2014), multiwalled carbon nanotube (Teng and Yu, 2013; Chougule and
Sahu, 2014; M’hamed et al., 2016), and graphene (Selvam et al., 2017) was reported. In their
study, Peyghambarzadeh et al. (2011, 2013) used theε-NTU method to calculate the overall
heat transfer coefficient in a radiator and reported similar maximum 9% enhancement for CuO
and Fe2O3 nanofluids compared to water. They also reported that a decrease in nanofluid inlet
temperature, increase in air/nanofluid velocity, and nanoparticle concentration caused an en-
hancement in the overall heat transfer coefficient. Nieh et al. (2014) had reported that TiO2

nanocoolant showed higher heat transfer performance than Al2O3 nanocoolant with maximums
of 25.6%, 27.2%, 6.1%, and 2.5% of enhanced ratios of heat dissipation capacity, efficiency
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factor, pressure drop, and pumping power, respectively. Teng and Yu (2013) had used three dif-
ferent concentrations (0.1, 0.2, and 0.4 wt%) of multiwalled carbon nanotube nanofluids and
reported that the nanofluid with lower concentration (0.1 wt%) shows supreme improvement
of 14.1% and 12.8% in efficiency factor and heat exchange capacity, respectively, with a 4.9%
increase in pumping power compared to ethylene glycol/water base fluid.

The previous studies conclude that the application of nanocoolants enhances the performance
of radiators. Nevertheless, many existing heat transfer studies on radiators evaluate only the
coolant side heat-transfer coefficient, whereas in a cross-flow heat exchanger, assessment of the
overall heat transfer coefficient (U) is essential because it represents the net output and is depen-
dent on both the air and coolant side heat-transfer coefficients. Another important concern while
using nanofluid as a coolant in radiators is about the additional pumping power required for the
same heat transfer to occur, which has a direct impact on the energy utilization efficacy. Oliet et
al. (2007) estimated the additional pumping power because the pressure drop across the radiator
is in the range of 0.1 to 6 W for a conventional coolant (W/EG mixture) flow-rate range of 500–
2500 kg/h. Although similar statistics about the extra pumping power are required in the case
of the inclusion of nanoparticles, statistics proportionate with the heat transfer enhancement are
rare in literature. The majority of the experimental heat transfer studies on single tubes as well as
radiators used metal-oxide nanofluids. The nonmetallic (e.g., graphite, graphene, etc.) nanoflu-
ids have prominent heat transfer properties over oxide nanofluids. Still, experimental studies
using nonmetallic nanocoolants are rare in literature. Graphite is one of the most abundant and
inexpensive minerals, showing excellent thermophysical properties, and to the best knowledge
of the authors, heat transfer studies using graphite nanofluid in radiators is not available in the
literature.

In Teng and Yu (2013), it was reported that the addition of more nanoparticles to increase
the heat transfer of nanocoolant has an adverse effect in terms of higher pumping power. So
in the present study, a dilute nanocoolant (0.1 wt%) is chosen to understand the flow dynamics
and thermal performance. Present work involves the preparation and characterization of studies
such as conductivity, viscosity, zeta potential, transmission electron microscope (TEM), and
experimental studies on the radiator setup with W/EG and graphite nanocoolant. The overall heat
transfer coefficient (U) calculated using the logarithmic mean temperature difference (LMTD)
method is used to evaluate the thermal performance of the nanocoolant compared to the base fluid
for a given/fixed coolant mass flow rate, Reynolds number, and pumping power. The influence
of various parameters such as coolant Reynolds number, coolant and air mass flow rates on the
pumping power, and coolant side and overall heat transfer coefficient in an industrial vehicle
radiator (Mahindra Maximo) are also studied.

2. PREPARATION AND CHARACTERIZATION OF NANOCOOLANT

Graphite nanoparticle is characterized by TEM and a zeta analyzer. Figure 1(a) represents the
TEM image of the nanoparticle. The average size of the nanoparticle flake is observed to be
4 µm. For the synthesis of the graphite nanocoolant, the base fluid is prepared initially by mix-
ing deionized water with ethylene glycol in equal ratio (50:50). Then the base fluid is agitated
with sodium dodecyl sulfate (SDS) at its critical micelle concentration (8.2 mMol/L). After, the
amount of graphite nanoparticle required to prepare the coolant with a weight percentage of 0.1
is dispersed bit by bit in this mixture by means of a mechanical stirrer for 45 min. Afterward, the
sonication is done by utilizing a probe type ultrasonicator (Q500, QSonica, USA) for 1 h, which
provides a uniformly mixed homogeneous nanosuspension with good stability.
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FIG. 1: (a) TEM image of graphite nanoparticle, (b) variation of thermal conductivity and viscosity as a
function of temperature

Zeta potential, orζ potential, is an abbreviation for electrokinetic potential in colloidal sys-
tems, and its absolute value is one of multiple indications of stability of dispersion. Dispersions
with high absolute zeta potential value are electrically stabilized, and zeta potential values (pos-
itive or negative) larger than 30 mV are adequate to confirm the stability of dispersion in liquids
of low ionic strength (Lee et al., 2008). The pH of the medium is the most significant factor that
influences zeta potential. Huang et al. (2009) studied the effect of pH on the stability behavior
of water-based Al2O3 and copper nanofluids by measuring the absorbency and zeta potential
and reported that within the pH range of 7.5–8.9 these dispersions show a large value of zeta
potential and good stability. The isoelectric point (IEP) is the pH at which a certain particle is
electrically neutral in the statistical mean or carries no net electrical charge. To attain larger zeta
potential, the pH of dispersion must be considerably away from the IEP (Berg et al., 2009). The
IEP of graphite is reported to be less than 3.3 (Zuccaro et al., 2015). Dispersions with a highly al-
kaline nature—for example, a pH value more than 10—are not suitable for practical applications
(Suganthi and Rajan, 2012).

The pH of the prepared graphite nanofluid is measured using a pH digital meter (Make:
Deep Vision). Before measurements, the instrument is calibrated using buffer solutions of pH
7 and 4. The nanofluid is observed to be at pH 8.04, and the value is away from the IEP (pH
3.3) and noticeably less than the higher alkaline pH value. For measurement of zeta poten-
tial, 0.1 wt% concentration of graphite nanofluid was not useful. Instead, a dilute (0.05 wt%)
graphite nanosuspension was used. The apparent zeta potential value measured by the Malvern
ZS analyzer (Malvern Instruments Inc., London, UK) is –40.3 mV, where the negative charge
shows the influence of anionic dispersant SDS. It is sufficiently higher than the threshold value
(± 30 mV), which indicates an adequate stability of the engineered nanocolloid used in the cur-
rent study.
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2.1 Thermophysical Property Evaluation

Thermal conductivity of graphite nanocoolant is measured using the TCi-Thermal Conductivity
Analyzer over a range of 30◦C to 50◦C as given in Fig. 1(b). It is observed that the graphite
nanocoolant exhibits enhancement in thermal conductivity compared to the base fluid. The
thermal conductivity of W/EG base fluid increases from 0.368 to 0.382 as the temperature in-
creases from 30◦C to 50◦C. The thermal conductivity augmentation of the nanocoolant (0.385 to
0.45 W/mK) with temperature is 13% more than that of base fluid. Das et al. (2003) reported the
stochastic motion of nanoparticles influenced by the temperature and heat flow inside the base
fluid as the major reason for the remarkable enhancement of nanocoolant thermal conductivity.
Higher thermal conductivity of the nanocoolants at elevated temperatures supports smart cooling
effects at higher temperatures.

The dynamic viscosity of graphite nanocoolant and the W/EG base fluid is measured at
a range of temperatures with an automated microviscometer (Anton Paar-AMVn) and is also
plotted in Fig. 1(b). The presence of graphite nanoparticles increases the viscosity of the base
fluid. However, the concentration of graphite nanocoolant used in the present study is small,
hence the influence of particle loading has a much lesser effect. Because of this, the pressure
drop that is a direct function of fluid viscosity can be almost equal to that of the base fluid. Hence
we can expect that the graphite nanocoolant for small concentration will incur little penalty in
pumping power as compared with W/EG base fluid of comparable flow rates. With an increase
in temperature the base fluid viscosity also decreases asymptotically, and both coolants show a
similar trend. The same kind of viscosity reduction with increasing temperature for base fluid
and nanofluid was reported by Pak and Cho (1998).

3. EXPERIMENTAL SETUP AND PROCEDURE

Figure 2 represents a schematic of the experimental setup used in the current study. A pho-
tographic view of the test section, which is an industrial automobile radiator manufactured
by Mahindra for their truck model Maximo, is illustrated in Fig. 3. The experimental setup
comprises a tank attached with a proportional–integral–derivative controlled alternating current
heater to store the coolants (either the base fluid or graphite nanocoolant) at a specified tem-
perature. From the tank the coolant is pumped to the inner tubes in a tube heat exchanger by
using a centrifugal pump (Crompton mini master self-priming) at a required flow rate, for a
controlled temperature rise. The coolant mass flow rate can be controlled by regulating the main
and bypass valves. A constant temperature water circulatory system (JULABOCORIO CD-300F
refrigerated/heating circulator) is used to circulate hot water through the outer tube of the heat
exchanger. Using this arrangement, a controlled thermal load in the system is achieved and the
coolant temperature at the exit of the tube can be maintained. The exit of the heat exchanger is
then fed to a micromotion coriolis mass flow meter (EMERSON-CMF025), which constantly
measures the mass flow rate (ṁc) and density(ρc) of the fluid. The coolant from the mass flow
meter then flows to the inlet of the radiator, and the outlet is connected to the tank to complete
the loop. A differential pressure transmitter (YOKOGAWA, EJA110E-JHS4J-912EB) is used to
measure the pressure drop across the radiator.

The coolant is not pressurized, and all the experiments are conducted with atmospheric pres-
sure in the experimental loop. A fan with a shroud is bolted onto the radiator to draw air over
the radiator tubes to cool the hot coolant flowing inside the radiator. The air mass flow rate is
controlled by varying the input voltage and current of the fan through a variable direct current
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FIG. 2: Schematic diagram of the experimental setup

FIG. 3: Radiator (a) front view, (b) back view

power supply (Elektro Automatik, EA-PS 3016-40B). A probe-type hot wire anemometer (Testo
445) is used to measure the air velocity at various exit locations of the fan shroud. The dimen-
sions of the vehicle radiator used for the current study is given in Table 1. The temperature at
different locations of the radiators is measured using resistance temperature detectors (RTDs)
and thermocouples, and their positions are shown in the photographs of the radiator’s front and
back views [Figs. 3(a) and 3(b)]. An RTD is used to measure the air inlet temperature (Ta,in)
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TABLE 1: Radiator dimensions

Radiator height 305mm
Radiator breadth 19mm
Radiator width 335mm

Number of tubes 33
Tube length 305mm

Tube breadth 17mm
Tube width 2 mm

Tube wall thickness 0.15mm
Average fin pitch 1.575mm

Fin width 7.5mm
Fin length 19mm

Fin thickness 0.15–0.2mm

andthermocouples that are attached to the outer side of tube, which are used to measure the wall
temperature at six different points as shown in Fig. 3(a). The maximum temperature drop across
the tube thickness in all cases is measured to be less than 0.01◦C due to the small thickness
and the high conductivity of the aluminum tube wall. This temperature drop is negligibly small
compared to the thermocouple uncertainty itself; therefore, the temperature measured at the tube
outer wall is used in calculations. The coolant (W/EG base fluid and graphite nanocoolant) inlet
and outlet temperatures (Tc,in, Tc,out) and the air outlet temperature(Ta,out) are measured at
several positions using RTDs as illustrated in Fig. 3(b). The air inlet temperature is measured
using an RTD 25 mm away from the radiator to avoid any influence from the hot coolant flowing
inside the radiator. Another two RTDs are kept at the radiator outlet, immediately after the exit
of the fan shroud, to measure air outlet temperature. The RTDs and thermocouples are connected
to a data acquisition system (Keysight Technologies, 34970A) to monitor the experiments and to
gather useful measurement data. The density of air corresponds to the fan shroud exit tempera-
ture; the average air velocity and the fan shroud exit area are used to calculate air mass flow rate
in each case.

4. DATA REDUCTION AND CALCULATION OF HEAT TRANSFER

The maldistribution in radiator tubes is neglected with the assumption of equal coolant supply
in all flat tubes, and the Reynolds number through each tube is calculated using Eq. (1).

Re=
ṁc ∗Dh,rt

n ∗ µ ∗Acs,rt
n = number of parallel tubes in the radiator (1)

The experimental data collected by the data acquisition system is used to calculate the coolant
side heat transfer, overall heat transfer, and required pumping power. The overall heat transfer
coefficient (U) of the radiator is calculated using the LMTD method, as shown in Eq. (2).

Q = ṁcCp,c(Tc,in − Tc,out) = UAFLMTD (2)

The logarithmic mean temperature correction factor (F) is calculated graphically using the
method given in Shah and Sekulic (2003) using the parameters for temperature effectiveness(P )
and heat capacity rate ratio(R) as shown in Eq. (3).
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P =
Ta,out − Ta,in

Tc,in − Ta,in
, R =

Tc,in − Tc,out

Ta,out − Ta,in
(3)

LMTD for the cross-flow heat exchanger is calculated using Eq. (4).

LMTD =
(Tc,in − Ta,out)− (Tc,out − Ta,in)

ln
(Tc,in −Ta,out)
(Tc,out −Ta,in)

(4)

Thecorrelation based on the idea of the liquid-particle mixture theory proposed by Pak and
Cho (1998) is used to calculate the specific heat of the nanofluid.

Cp,nc = ϕ ∗ Cp,np + (1− ϕ) ∗ Cp,bf (5)

whereCp,nc, Cp,np, Cp,bf are the specific heat of the nanocoolant, nanoparticle, and base fluid,
respectively, andϕ is the volumetric concentration of the nanoparticle in the nanocoolant.

The percentage of augmentation in the overall heat transfer coefficient while using a nano-
coolant instead of the base fluid is calculated as shown in Eq. (6).

% Enhancement in UA=
[(UA)nc − (UA)bf ] ∗ 100

(UA)bf
(6)

Equation (7) is used to calculate the average heat transfer coefficient of the radiator tube.
Three K-type thermocouples are used to measure the wall temperature at three different loca-
tions of a single radiator tube, and the average wall temperature (Tw) is calculated. The differ-
ence between the averaged coolant and wall temperature values in the radiator is used as the
temperature potential for heat transfer coefficient.

h =
ṁcCp,c(Tc,in − Tc,out)

As,rt ∗ n ∗
(

(Tc,in +Tc,out)
2 − Tw

) (7)

Thepressure drop in the vehicle radiator is measured using a differential pressure transmitter
and is used to calculate the friction factor for nanocoolant and base fluid as shown in Eq. (8).

f =
2 ∗∆P∗Dh,rt

ρc ∗ n ∗ L ∗ V 2
c

(8)

Pumpingpower is a significant parameter that must be expressed together with the overall
heat transfer coefficient in the thermohydraulic performance analysis of the radiator. Equation (9)
is used to calculate the pumping power using the experimentally measured pressure drop across
radiator, mass flow rate, and density of coolant. Hence the pumping power calculated in the
present study is for flow across the radiator alone and not for the whole loop.

Pumping power=
ṁc

ρc
∆P (9)

Theperformance index, which indicates the net enhancement or diminution of thermal per-
formance relative to the pumping power, of the nanocoolant in comparison with the base fluid is
calculated using Eq. (10).

Performance Index=
Unc/Ubf

∆Pnc/∆P bf
(10)
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5. UNCERTAINTY ANALYSIS

The RTDs and thermocouples used for measuring the temperature of coolants and air are asso-
ciated with an uncertainty of 0.15◦C and 0.25◦C, respectively, with a 99.7% confidence level.
The mass flow rate of radiator coolant is measured using a Coriolis mass flow meter (Make:
Emerson - CMF025) with an accuracy of 0.2%, and a portable density meter (Make: Anton Paar,
DMA 35) is used to measure the density of coolants with an uncertainty of± 0.001 g/cm3. The
methodology adopted from the book by Venkateshan (2015) has been used to calculate the total
uncertainty in overall as well as average heat transfer coefficients and pumping power. IfR is a
function of several variables,

R = f(x1x2x3x4 . . . xn) (11)

then

σR =

√√√√ n∑
i=1

(
∂R

∂xi
∗ σxi

)2

(12)

Overall and average heat transfer coefficients are calculated with a maximum uncertainty of
8% and 6%, respectively. The measurement of pressure drop and pumping power is associated
with ± 0.01 kPa and 3%, respectively.

6. VALIDATION OF EXPERIMENTAL SETUP

Before conducting experimentations in radiators, the same test rig is used to perform forced
convective heat transfer studies with a circular stainless-steel tube as a test section with a 4 mm
inside diameter, D, and an 850 mm length. The experiments are conducted with deionized water
and alumina nanofluid (0.6 and 1 vol%) at a Reynolds number of 1600. The tube wall is heated
by the joule heating method using a direct current transformer, and the local variation of heat
transfer coefficient, h, along the nondimensional streamwise direction, x/D, is calculated for both
the nanofluid and base fluid. The comparison of results with literature (Wen and Ding, 2004) as
plotted in Fig. 4 shows good agreement with a maximum disparity of 10%, which is within
the collective uncertainty limit of both experimental studies. The experimentations of alumina
nanofluids in stainless steel tubes are conducted only for validation and comparison purposes,
and the remaining experiments are performed with a radiator.

7. RESULTS AND DISCUSSION

Graphite nanocoolant and W/EG base fluid were used as coolants in the radiator. The coolant
and air mass flow rates have varied throughout the experiments. The range of mass flow rates
and the Reynolds number of coolants in the radiator tubes are presented in Table 2. The coolant
mass flow rate used in the current work comprises the flow ranges studied by Oliet et al. (2007)
and Selvam et al. (2017), as these articles report the pumping power or pressure drop across the
radiator.

7.1 Overall Heat Transfer Coefficient based on Coolant Mass Flow Rate

Figure 5(a) shows the variation of the product of overall heat transfer coefficient and surface area
(UA) of graphite nanocoolant and W/EG base fluid with respect to the coolant mass flow rate at
two different air mass flow rates. Since the experiments are conducted on a particular radiator,
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FIG. 4: Comparison of present study with Wen and Ding (2004) illustrates the axial variation of local heat
transfer coefficient for alumina nanofluid and water base fluid at a Reynolds number of 1600

TABLE 2: Experimental parameters

Coolant mass flow rate 360–840kg/h
Reynoldsnumber 150–430
Air mass flow rate 300–1500kg/h

FIG. 5: Product of overall heat transfer coefficient and area (UA) for various coolant and air mass flow
rates: (a) absolute value; (b) percentage enhancement
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the surface area remains constant throughout all experiments and therefore, the graph of UA
represents the behavior of overall heat transfer (U) itself. The coolant and air mass flow rates
are varied over a range of 360 to 840 and 500 to 1300 kg/h, respectively, while conducting the
present study. As the coolant mass flow rate increases, a linear increase in the overall heat transfer
coefficient of the radiator can be observed. A similar rise in the overall heat transfer is observed
with the increase of air mass flow rate also. The results show that the heat transfer performance
of the graphite nanocoolant is higher than the base fluid in the entire range of experiments,
whereas the enhancement in overall heat transfer coefficient reduces at higher air mass flow rate
cases. This is because of harmonic dependency of the overall heat transfer coefficient on both
the coolant side and air side heat transfer coefficients. As the air mass flow rate increases, the air
side heat transfer coefficient increases and hence, its effect on the value of overall heat transfer
coefficient also increases. Consequently, the significance of coolant side heat transfer on the
overall heat transfer coefficient diminishes at higher air flow rate cases. The results indicate that
the application of nanocoolants instead of conventional coolants can find adequate advantages in
situations where the radiator air flow rate is insufficient, such as when the vehicle is stationary,
idling, and so forth.

Figure 5(b) shows the percentage enhancement in the overall heat transfer coefficient of the
graphite nanocoolant relative to the base fluid for different coolant mass flow rates (360, 600,
and 840 kg/h) at three air mass flow rates (1300, 1000, 500 kg/h). An augmentation of 10.6% at a
coolant mass flow rate of 360 kg/h can be observed at a lower air mass flow rate of 500 kg/h, and
with an increase in the coolant mass flow rate to 840 kg/h the enhancement decreases to 2.4%.
Also, while the air mass flow rate rises from 500 to 1300 kg/h, the enhancement of the coolant
mass flow rate of 360 kg/h decreases from 10.6% to 4%. The results show that the graphite
nanocoolant effectively enhances the overall heat transfer performance in the lower air mass
flow rate experimental cases, whereas at higher air flow rate cases, the enhancement decreases
because the overall performance is regardless of the coolant side heat transfer.

7.1.1 Average Heat Transfer Coefficient based on Reynolds Number

The graph shown in Fig. 6 represents the variation of the average heat transfer coefficient in the
radiator while using a graphite nanocoolant or W/EG base fluid as the coolant with respect to
the Reynolds number in a single radiator tube at two different air mass flow rates. The Reynolds
number of W/EG base fluid is higher than graphite nanocoolant for the same mass flow rate due
to the lower viscosity [Fig. 1(b)] and almost the same density of the base fluid when compared
to the nanocoolant. The graphite nanocoolant exhibits higher thermal performance at the same
Reynolds number, and the average heat transfer coefficient increases linearly with the increase
in Reynolds number for all coolants.

7.1.2 Pressure Drop and Friction Factor

The pressure drop and friction factor across the radiator for graphite nanocoolant and W/EG
base fluid at different Reynolds numbers are represented in Fig. 7. The relative difference in
pressure drop between graphite nanocoolant and base fluid is negligibly small at lower Reynolds
numbers, and as the Reynolds number increases, the difference become considerably large. This
increase in relative change of pressure drop is due to the increase in particle drag at a higher
Reynolds number. The pressure drop is observed to be increasing with air mass flow rate also.
This is due to the temperature-dependent viscosity of the nanocoolant. At higher air mass flow
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FIG. 6: Average heat transfer coefficient at various Reynolds numbers for both coolants at different air
mass flow rates of 500 and 1300 kg/h

FIG. 7: Pressure drop and friction factor for various Reynolds numbers at air mass flow rates of 500 and
1300 kg/h

rates, the temperature of the nanocoolant decreases more, causing a proportional increase in the
viscosity, which upsurges the pressure drop inside the radiator.

The friction factor of nanocoolant and base fluid is almost similar at lower Reynolds num-
bers, and as the Reynolds number increases the friction factor of nanocoolant intensifies a little
more than the base fluid. The influence of air mass flow rate on the calculated friction factor
values is marginally small.

7.2 Estimation of Overall Heat Transfer Coefficient based on Reynolds Number

Figure 8(a) shows the variation in the overall heat transfer coefficient of graphite nanocoolant
and W/EG base fluid with respect to various coolant Reynolds numbers at two different air mass
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FIG. 8: Product of overall heat transfer coefficient and area (UA) for various Reynolds numbers at different
air mass flow rates: (a) absolute value; (b) percentage enhancement

flow rates. In the case of both coolants, the overall heat transfer coefficient is observed to linearly
increase with an increase in Reynolds number, and at a specific Reynolds number, it is directly
dependent on the air mass flow rate. Graphite nanocoolant shows higher overall heat transfer
coefficient than the base fluid in all experimental cases, and at a high air flow rate (1300 kg/h)
the relative change in heat transfer is lower than that at a low air flow rate (500 kg/h).

The percentage enhancement in the overall heat transfer coefficient of graphite nanocoolant
compared to the base fluid at different coolant Reynolds numbers and air mass flow rates is
plotted in Fig. 8(b). Owing to the higher viscosity of nanocoolant, at a given mass flow rate the
Reynolds number of nanocoolant is lower than the base fluid. Hence the data curves in Fig. 8(a)
are fitted with a second-order polynomial to attain the value of overall heat transfer coefficient
at a specific Reynolds number. A maximum enhancement of 11.7% at a Reynolds number of
200 can be observed at a lower air mass flow rate of 500 kg/h, and when the Reynolds number
increases to 400 the enhancement decreases to 5.8%. As the air mass flow rate rises from 500 to
1300 kg/h, the heat transfer enhancement at a Reynolds number of 200 decreases from 11.7% to
4.3%.

7.3 Overall Heat Transfer Coefficient based on the Same Pumping Power Criteria

Variation in the UA of graphite nanocoolant and W/EG base fluid with respect to pumping power
at different air mass flow rates is shown in Fig. 9(a). Because of the relatively lower viscosity
of W/EG base fluid, it experiences lower pressure drop and hence lower pumping power across
the radiator than the graphite nanocoolant at the same mass flow rate. The base fluid needs a
maximum pumping power equal to 1.7 W atṁc = 840 kg/h, whereas for graphite nanocoolant,
the pumping power is 2.2 W. At a pumping power less than 1.7 W and 0.6 W, nanocoolant is
showing higher heat transfer performance over the base fluid for an air mass flow rate of 500 kg/h
and 1300 kg/h, respectively. Figure 9(b) illustrates the percentage variation in the overall heat
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FIG. 9: Product of overall heat transfer coefficient and area (UA) for various pumping powers at different
air mass flow rates: (a) absolute value; (b) percentage enhancement

transfer coefficient of graphite nanocoolant with respect to the base fluid for different pumping
powers at three different air mass flow rates (500, 1000, 1300 kg/h). The comparison has been
done for the range of pumping power (0.5–1.5 W) available for W/EG base fluid. The maximum
enhancement of 7.6%, 3.2%, and 1.8%, respectively, for 500, 1000, and 1300 kg/h air flow
rate cases is obtained at a lower pumping power (0.5 W), and as the pumping power rises the
enhancement declines proportionately and is worsened to inferior values of 1.7%, –1.6%, and
–1.7% at 1.5 W.

7.4 Estimation of Performance Index

The comparative results based on different criteria leads to contradictory conclusions. For ex-
ample, the analysis based on the same Reynolds number criteria reveals that nanofluids show
better performance for all cases than base fluid [Fig. 8(b)], whereas the same pumping power
criteria shows that at a high pumping power range the performance of the nanocoolant is in-
ferior to W/EG base fluid. Therefore, both criteria need to be simultaneously evaluated before
considering graphite nanocoolant as a working fluid in radiators.

The performance index, which is the ratio of relative heat transfer enhancement to the rel-
ative pumping power, is plotted for a range of coolant mass flow rate at different air mass flow
rates in Fig. 10. The values indicate that at lower coolant mass flow rates graphite nanocoolant
performs better than the base fluid, but when the coolant mass flow rate increases, W/EG base
fluid outperforms the nanocoolant. When the coolant mass flow rate increases from 300 kg/h to
840 kg/h, the performance index decreases from 1.08 to 0.82 at a constant air mass flow rate of
500 kg/h. This shows that at higher coolant flow rates, the addition of nanoparticles in the base
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FIG. 10: Performance index of graphite nanocoolant compared to base fluid at various coolant and air mass
flow rates

fluid causes a comparatively higher increase in pumping power than heat transfer rate. The per-
formance index reduces from 1.08 to 1.03 with a variation of air mass flow rate from 500 kg/h
to 1300 kg/h at a constant coolant flow rate of 360 kg/h.

8. CONCLUSIONS

Experimental evaluation of thermohydraulic performance of W/EG-based graphite nanocoolant
(0.1 wt%) in an industrial vehicle radiator is conducted by utilizing an in-house test rig. Various
measurements are completed to observe and analyze the morphology, stability, and thermophys-
ical properties of the prepared graphite nanocoolant. The thermal performance is compared with
the W/EG (50:50) base fluid on the basis of coolant mass flow rate, Reynolds number, and pump-
ing power. Vital conclusions can be summarized as follows:

• The enhanced thermal conductivity of graphite nanoparticles relative to conventional heat
transfer fluid (W/EG) enhances the single-phase overall heat transfer coefficient in radia-
tors even with small concentrations (0.1 wt%) of graphite nanocoolant. The enhancement
is higher at lower coolant flow rates and it weakens at higher flow rates because of the
weaker dependence on the particle heat transport mechanisms. Maximum 10.6% overall
heat transfer coefficient augmentation is experimentally observed at lower coolant and air
mass flow rates of 360 kg/h and 500 kg/h, respectively. With an increase in the coolant
mass flow rate to 840 kg/h the enhancement decreases to 2.4%, and as the air mass flow
rates increases to 1300 kg/h, the enhancement decreases to 4%.

• The Reynolds number of W/EG base fluid is higher over graphite nanocoolant for the
same mass flow rate because of the lower viscosity of the base fluid. Graphite nanocoolant
shows a higher overall heat transfer coefficient than the base fluid, and a maximum en-
hancement of 11.7% is observed at lower Reynolds numbers and lower air mass flow
rates. As the Reynolds number and air flow rate increases, the enhancement decreases
similar to coolant mass flow rate cases.
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• The pressure drop and friction factor are higher for nanocoolants and at higher Reynolds
numbers the relative change in pressure drop increases due to the increase in particle drag
force.

• At a pumping power less than 1.7 W and 0.6 W, the nanocoolant is showing higher heat
transfer performance than base fluid for air mass flow rates of 500 kg/h and 1300 kg/h,
respectively. The maximum enhancement of 7.6%, 3.2%, and 1.8%, respectively, for 500,
1000, and 1300 kg/h air flow rate cases have been obtained at lower pumping power
(0.5 W), and as the pumping power rises the augmentation declines gradually and deteri-
orates to the lowest values of 1.7%, –1.6%, and –1.7% at 1.5 W.

• The performance index values indicate that, at lower coolant and air mass flow rates,
graphite nanocoolant performs better than the base fluid, but when the flow rates in-
crease the nanocoolant shows a reduction in overall performance. Hence the application
of graphite nanocoolant may increase the pumping power in such cases where radiator
flow rates are high, which can affect the vehicle performance unfavorably.
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