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Abstract

This paper presents the thermodynamic performance of automobile radiators using water (60%), ethylene glycol (40%)—
fly ash nanofluids. The influence of nanofluid flow rate and concentration of fly ash on heat transfer parameters (such as
overall heat transfer coefficient and heat transfer), energy transfer parameters (such as pumping power and performance
index) and exergy performance parameters (such as exergy destruction rate and exergy efficiency) are studied. The results
showed that the heat transfer characteristics, energy performance parameters and exergy performance parameters were
significantly improved with increase in the concentration of fly ash in a base fluid (60% water—40% ethylene glycol) from
0.2 to 2% (by volume). The outcome of this research has the potential to replace conventional working fluids in heavy
vehicle radiators. The concentration of fly ash with base fluid (60% water—40% ethylene glycol) was optimized to 2% (by
volume).
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Introduction
The multi-cylinder diesel engines in heavy vehicles pro-

duce high heat load and thermal stress in engine compo-
nents. Earlier studies reported that about 8.5% of total
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energy of the burned fuel inside the cylinder is transferred
to the cylinder head by combustion gases and 50-65% heat
carried by the cooling system is transferred through the
cylinder head [1]. Most of the engine cylinder head thermal
cracks and valve overheating have been occured due to
poor cooling performance [2]. The poor cooling perfor-
mance of the engines directly affects the combustion effi-
ciency, emission and durability of the engine components
[3]. The cooling performance of the engine depends on the
thermo-physical properties of engine coolant and their
influence on heat transfer characteristics [4, 5].

The overall heat transfer coefficient, heat transfer rate
and performance index of radiators are enhanced by
nanofluids as a coolant. Mintsa et al. [6] tested with CuO/
water and Al,Os/water nanofluids with different size
nanoparticles in a cross-flow heat exchanger and reported
that the addition of nanoparticles with water has improved
thermo-physical properties and heat transfer rate. In
another work, Peyghambarzadeh et al. [7] improved ther-
mal performance of automobile radiators by about 45%
with 1% of Al,O3 nanoparticles (by volume) in pure water.
Similarly, Nguyen et al. [8] reported that 6.8% Al,O3
nanoparticles (by volume) in pure water has improved the
thermal performance of a radiator by about 40%.
Heris et al. [9] compared the thermal performance of CuO/
water and Al,Os/water nanofluid coolants in a cross-flow
heat exchanger. It was reported that heat transfer
enhancement in nanofluids depends on type of particle, size
of particle, base fluid, flow regime, thermal conductivity,
boundary condition, nanoparticles chaotic movements,
fluctuations and interactions. They also reported that
Al,Os/water nanofluid has higher heat transfer enhance-
ment when compared to CuO/water nanofluid. Li and Xuan
[10] reported that about 20% increase in thermal perfor-
mance with CuO/water nanofluid in automobile radiators.
Vermahmoudi et al. [11] improved heat transfer rate by
about 11.5% by 0.65% Fe,O5; nanofluid (by volume) in a
cross-flow heat exchanger. The research on SiO,
nanoparticles dispersed in 40% water and 60% ethylene
glycol (base fluid) was reported by Kulkarni et al. [12] and
reported with 4.8% improvement of heat transfer with SiO,
nanofluid when compared to base fluid. Murshed et al. [13]
showed that about 33% enhancement of heat transfer in a
radiator using 5% of TiO,—water nanofluid (by volume)
with 10 nm size nanoparticles. Dinesh kumar et al. [14]
made a review on preparation methods, characterization
techniques, properties measurement and applications of
nanofluids and reported that composite nanofluids con-
taining more than one type of nanoparticles can be used as
coolant for cross-flow, compact heat exchangers.
Sozen et al. [15] reported that fly ash exhausted from
thermal power plants has a mixture of metal oxides like
A1203, F6203, TiOz, SiOz, CaO and MgO in different
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proportions, which could be used for preparing nanofluids
suitable for heat exchanger applications. They proved that
the fly ash nanoparticles with water have improved thermo-
physical and frictional properties with good enhanced
thermal performance in a parallel flow concentric tube heat
exchanger.

Generally the performance of heat exchangers is ana-
lyzed in terms of energy and exergy analysis [16]. Energy
analysis measures the quantity of heat transfer transferred
through the radiator, and it takes no account of available
energy wasted. Exergy analysis measures the destruction of
available energy (irreversibility) during the heat transfer
process in the radiator. The irreversibilities in the radiator
are due to thermo-physical properties, flow properties and
thermodynamic properties [17]. The external irreversibility
is due to non-attainability of perfect insulation with refer-
ence to the surroundings. The internal irreversibility causes
cold end and hot end of the radiator. The cold end is cre-
ated by conduction of heat to radiator outlet. In the hot end
of the radiator, the air after passing the radiator will not
reach an inlet temperature of radiator coolant due to
internal irreversibility. The outlet air of radiator has some
potential to cool the radiator coolant, and this is called
exergy available with the air. This exergy available is
wasted into the atmosphere, and this is called exergy
destruction of radiator due to temperature. The internal
irreversibility is due to friction and finite temperature
between the coolant and surrounding. Both internal and
external irreversibilities cause exergy loss or exergy
destruction in the radiator heat exchange process. The
exergy destruction is related to entropy generation by
Gouy—Stodola theorem [18] (irreversibility (/) = T Sgen).
The entropy generation in any heat exchange process (Sgen)
contains entropy generation due to internal irreversibility,
external irreversibility and entropy production. Exergy
destruction is a useful tool for evaluating the irreversibili-
ties associated with a heat exchange process [19].

Objectives of the study

The main objectives of this study are to investigate the
effect of fly ash nanofluid volume concentration, coolant
Reynolds number on overall heat transfer coefficient, heat
transfer rate, pumping power, frictional exergy destruction
rate, thermal exergy destruction rate, total exergy
destruction rate and second law efficiency of a heavy
vehicle radiator which is using fly ash nanofluid as coolant
with turbulent flow condition subjected to constant wall
temperature.
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Materials and methods
Preparation of fly ash nanofluid

The fly ash from a cogeneration power plant in M/s. Ponni
Sugars (Erode) Ltd, Tamil Nadu, India, was collected with
size range 10 pm, surface area ranges 550-850 m*/g and
utilized to prepare fly ash nanofluid. The composition of fly
ash on mass basis was alumina (21.96%), ferric oxide
(6.48%), titanium oxide (1.03%), magnesium oxide
(2.12%), silica (47.08%), calcium oxide (16.03%), sodium
oxide (1.28%), sulfur trioxide (2.13%) and potassium oxide
(0.93%). The fly ash was nanosized for an average of
50 nm by using Spex-8000 ball milling. The base fluid was
prepared by mixing 60% deionized water, 40% ethylene
glycol and 0.2% sodium dodecyl benzyl sulfonate (SDBS)
dispersant by volume. The conventional coolant used in
automobile cooling system contains 40-30% ethylene
glycol in 60-70% deionized water. The addition of ethy-
lene glycol in water reduces heat transfer properties, but
improves freezing and boiling temperature range. The
thermo-physical properties of fly ash nanoparticles and
base fluid are given in Table 1. The two-step method was
used to prepare fly ash nanofluid in which the nanoparticles
were directly added to the base fluid and ultrasonic vibra-
tion was made to mix, stabilize the nanoparticles. The mass
of fly ash particles added to the base fluid to prepare
0.2-2% volume nanofluids was obtained [20, 21] using
Eq. (1).
My

Py
e x 100 (1)

Prp Pof

%Volume concentration(¢p) =

The dispersion stability of nanoparticles is improved by
ultrasonic vibration process (QSonica, USA, power rating:
700 W, frequency: 20 kHz) for two hours. The prepared
nanofluids have been undisturbed for 15 days for checking
sedimentation, and notable sedimentation was not
observed. Figure la, b shows the microstructure of the fly
ash before size reduction and fly ash nanofluid (1% by
volume). The stability of the nanofluid was tested by
absorption spectrometer and zeta potential analyzer,
respectively. The optimum nanoparticles % in base fluid is
2% and above which the dispersion stability starts
decreasing [14].

Thermo-physical properties of nanofluid

The thermo-physical properties of fly ash nanofluid are the
main influencing factors of thermal, frictional and exergy
performance of automobile cooling system. Thermo-
physical properties such as thermal conductivity, density,
dynamic viscosity and specific heat of base fluid and

Table 1 Physical properties of base fluid and fly ash nanoparticles

Property Base fluid (60% Fly ash
water + 40% ethylene nanoparticle
glycol)
Specific heat (c,)/ 3752 1084.50
kI kg™' K™!

Mass density (p)/ 1054 3014
Kg m

Dynamic viscosity (u)/  0.00235 -
N-s m™

Thermal conductivity 0.416 45.35

(k)W m~' K!

nanofluids were experimentally measured by using the hot
wire transient method (KD2 thermal properties analyzer,
Decagon Devices Inc, USA), electronic weighing balance,
capillary viscometer and differential scanning calorimeter.
The loss of nanoparticles during testing was measured by
finding variations in mass density and pH of the nanofluids
before and after testing. There were no objectionable
variations found in density and pH of nanofluids collected
after the experiment. The measured thermo-physical
properties of fly ash nanofluids were compared to base fluid
as relative quantities which are shown in Fig. 2.

Effective density of nanofluid coolant is given by
[21, 22]

Pec = (1 - ¢)pbf + (rbpnp' (2)
Specific heat of nanofluid coolant is given by [21, 22]
(chPC) =(1- ¢)(becp bf) + ¢(Pnp0pnf) (3)

Dynamic viscosity of nanofluid coolant is defined by
(23]

fte = or (1 +2.5¢ + 6.2¢%) (4)

Thermal conductivity of nanofluid coolant with Brow-
nian motion is obtained by [21, 22]

ke = Ky (knp + 2kor) + 2¢ (knp — kor) 5
(knp + 2kot) — ¢ (knp — kor)
T
X 10* Bppyrcprr y f(T,¢) (5)
np*np
where f§ = 8.4407(100¢) %21, 22] (6)

T
(T, $) = (2.8217x102¢ +3.917x103 <T )
ref
+ (—3.0669x102¢p — 3.91123x10%) 21, 22]
(7)
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Fig. 1 a Microstructure of fly
ash and b fly ash nanofluid (1%
volume concentration)
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Fig. 2 Relative physical properties of fly ash nanofluid with base fluid

Experimental setup

The schematic layout of the experimental setup to do a
thermodynamic analysis of fly ash nanofluid for automobile
(heavy vehicle) radiator is shown in Fig. 3. The experi-
mental setup consists of a HINO WO6D model, four stroke
cycle, six cylinder, vertical in-line, water cooled, direct
injection diesel engine (Capacity: 5.759 liters cubic
capacity, 70 kW (95PS) output power @ 2400 rpm and 33
kgm torque @1600 rpm) with a hydraulic loading system
and a closed circuit cooling system. The cooling system
consists of engine cooling jacket connected with radiator (a
compact heat exchanger [24], 194 elliptically cross-sec-
tioned, vertical brass tubes in three zigzag rows and 171
continuous, parallel plate copper fins, brazed with lead and
tin at the tube-fin joints), differential pressure transmitter,
Coriolis mass flow meter (accuracy £ 1%), two temperature
sensors (PT 100RTD with range = — 200 to + 850 °C,
£ 0.15 °C accuracy) at the inlet and outlet of radiator, flow
control valve, coolant drain valve and connecting hoses.
The air velocity, air inlet and outlet temperatures were
measured with a digital anemometer (Lutron Digital
Anemometer, AM-4201, range 0.4-30 m/s, accu-
racy = 1%) and four temperature sensors (PT 100RTD
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Fig. 3 Schematic view of experimental setup

with range = — 200 to + 850 °C, £ 0.15 °C accuracy),
respectively. Two temperature sensors were hung both in
inlet side and outlet side of air flow across the radiator to
measure air temperature. The reasons for choosing the
radiator with elliptically cross-sectioned vertical tube and
parallel plate fins are lower drag force compared to round
tubes, minimum flow resistance and usage in heavy
vehicles. The coolant flows downward, and air is flowing
across the vertical tubes. The photographic view of the
experimental setup with measuring instruments is shown
in Fig. 4. The geometry and surface properties of the
radiator are given in Tables 2 and 3, respectively.

Experimental procedure

The engine was warmed up with no load, and load was
increased to maximum efficiency condition. The engine
was allowed to reach equilibrium for speed and load. The
flow rate of 0.2% fly ash nanofluid coolant was adjusted to
coolant Reynolds number 4000 with a constant air flow
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Fig. 4 Photographic view of
experimental setup. A-radiator,
B-outlet pressure gauge, C-flow
meter, D-inlet pressure gauge,
E-six-cylinder engine,
F-temperature indicator switch,
G-digital temperature indicator,
H-thermocouple on the fin
surface, M-thermocouple on the
radiator tube

Table 2 Radiator tube and fin dimensions

Radiator tube dimensions
Core height x width x depth 630 mm x 550 mm x 48 mm
Brass and 0.5 mm

1107 Wm™' K™

Staggered, 10 mm and 5 mm

Tube material and thickness
Thermal conductivity

Tube arrangement, liner pitch and
lateral pitch

Number of rows and number of 3 and 194

tubes

Radiator fin dimensions

Fin type Continuous flat fin
Fin material Copper

Fin thickness 0.8 mm

Fin pitch 6.24 fins/inch
Total number of fins 171

Table 3 Radiator surface properties

Surface characteristics Air-side Coolant
side
Hydraulic diameter (Dj,) 0.0035 m  0.00923 m
Free flow area per unit frontal area (f5) 0.5558 0.2328
Heat transfer area per unit total volume 385 m?/ 183 m*m’?
@ m’

rate. The engine was allowed to reach steady state, and
readings such as nanofluid flow rate, inlet, outlet temper-
ature, the pressure difference across the radiator, the speed
of the engine, air velocity, air temperatures at the inlet and
outlet were observed. The tests were repeated for nanofluid
Reynolds number range 4000-8000. The same tests were
repeated for a nanofluid volume concentration range from
0.2 to 2% and base fluid. From the experimental readings
heat transfer parameters, frictional performance parameters

and exergy parameters of the radiator were estimated by
using Eqs. (8-26) and behavior of fly ash nanofluids was
compared with base fluid.

Data reduction for energy analysis

Heat transfer rate of nanofluid coolant calculated [25] by
using the equation

0= mccc(Tcin - cout) (8)

Velocity of nanofluid coolant is determined [25] by the
following equation

e
—_¢ 9
Ue A, 9)
Coolant side Reynolds number was calculated
[21, 25, 26] as given in Eq. (10)
Cd C
Re, = Pellelne (10)
Hc

Air-side Reynolds number was estimated [25-27] by
using Eq. (11)

d
Re, _ Paltadha (11)
Ha

Coolant side heat transfer coefficient was estimated [25]
by the following Eq. (12)

Y
he =—7——"— 12
A(Tg — Ty) (12)
Air-side heat transfer coefficient was obtained [25] as
given in Eq. (13)

0

hy = ——
‘ Aa(Tw - Ta)

(13)

Overall efficiency of the radiator was determined [25]
by using the equation
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Fin efficiency was obtained [25] by Eq. (15)
__ tanh(mL)
 mL

where

2h,
m= \/%[25] (16)

Overall heat transfer coefficient of the radiator (U) was
estimated [25-27] from the following equation

N S
UA, ’/IohaAa heAc

(17)

Coolant pressure drop in the radiator was calculated
[26, 28] by the using the following equation

Hu?
Apc = pr MC
2Dy

(18)

Volume flow rate of coolant was estimated [19, 29] as
given in Eq. (19)
In

. T
Vc = Zdthec;C (19)

C

Coolant pumping power was determined [19, 21] by
using Eq. (20)

P = V.Ap. (20)

Performance index of the radiator found out [19] by
using the following equation

Y
PI=" (21)

Data reduction for exergy analysis

The exergy is the maximum useful work that can be
obtained when a system at a particular equilibrium state
moves toward thermodynamic equilibrium with the sur-
roundings. Both energy and exergy analyses are needed for
measuring radiator performance. The energy analysis
measures the quantity of energy transfer, and exergy
analysis measures the quality of energy transfer. The
exergy depends on the state of system and surrounding. If
the system reaches dead state, exergy becomes zero and the
system could not deliver the work. The exergy destruction
happened when heat is transferred with finite temperature
difference and pressure drop due to friction. So that in heat
exchanger the total exergy destruction rate is the sum of the
frictional exergy destruction rate and thermal exergy
destruction rate. The general exergy balance in a steady
flow process can be defined [30-32] as

@ Springer

D Eein— Y Eepy =) Een (22)

The exergy loss of the coolant through the radiator tube
was calculated [30, 33] by using the following equation

TC in . Apc
E.. =0—Ty| mCy.l —
Z o =0 ’ <m€ pell <Tc out) e (PCTO)>

(23)

The exergy gain by the air flowing in the radiator tube
was determined [30, 33] by using Eq. (24)

Ta ou . ain
3" Euny = @ — To aCpaln 22 ) —siyR1n( 2
s Ta in aout

(24)

The exergy destruction rate in non-dimensional form
[30, 31] was determined as given in Eq. (25)

o — |:Tcout —Tein —In (Tcout):| + |: Apc :|
TO Tc in P ccpc TO

=e(T) +e(p) (25)

The second law efficiency () of an automobile radiator
is defined as the ratio exergy gain of the air flowing across
the radiator to the exergy lost by the coolant while flowing
through radiator tubes, and it was calculated [19] by using
the following equation

Z Eairgain

= 26
v S Ee. (26)

Uncertainty analysis

Errors are associated with various primary experimental
measurements and the calculations of performance
parameters. The factors influencing the amount of errors
and uncertainties are selection of instrument, method of
calibration, environment of experiment, methods of
observation of readings and test planning. Uncertainty
analysis is needed for research experiments to provide
accurate results and findings.

In the present investigation, the maximum possible
errors in performance parameters such as the overall heat
transfer coefficient, heat transfer, pumping power and
performance index were calculated by using the principle
of root-mean-square method. The general formula to find
maximum possible error using root-mean-square method is

oR 2 /OR 2 oR 2!
AR = [(a—xlml> +(a—szx2) 4+t <a—x"Axn) ] [34]
(27)

The uncertainty in determining heat transfer rate was
calculated by using Eq. (28) [33, 34]
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00 =

0. \* /@0 2 /00 2 /00 2
¢ (S0am) +(L0) + (22 om.) o (L.

(28)

The uncertainty in overall heat transfer coefficient was
estimated by using Eq. (29) [33, 34]

2
ou . \* [ou_ \* [oU
oUu = —Oh, —Oh, —0 29
(Gene) + (Gion) +<anf ”f> @)
The uncertainty in pumping power was calculated by
using Eq. (30) [33]

oP_ \*> [oP_\* [@oP 2
OP = \/(amam> +<6p ap) Jr(aApﬁAp) (30)

The uncertainty in performance index was estimated by
using Eq. (31) [33]

3(PI) = V(%ag)ﬁ(%ap)z (31)

The uncertainty of measuring instruments and estimated
quantities are given in Table 4.

Results and discussion

In the present work, heat transfer parameters, frictional
parameters and exergy parameters of a heavy vehicle
radiator using fly ash nanofluids as the coolants for volume
concentration range 0-2% were investigated. The experi-
ments were conducted by keeping coolants Reynolds
number ranges from 4000 to 8000 and keeping air-side
Reynolds number to 5000. The influence of volume con-
centration on heat, friction and exergy performance was
compared to base fluid and discussed.

Overall heat transfer coefficient

The influence of coolant Reynolds number on overall heat
transfer coefficient for different loadings of fly ash
nanoparticles (0-2% by volume) in base fluid is shown in
Fig. 5. The result shows that the overall heat transfer
coefficient is increasing with increase in nanofluid con-
centration and increase in the Reynolds number. In all
concentration ranges and the Reynolds number ranges in
the study, the overall heat transfer coefficient is higher than
base fluid. The overall heat transfer coefficient is increased
from 119 to 133 Wm 2K ! (11.7%) when nanofluid
volume concentration increased from 0 to 2% and keeping
the coolant Reynolds number to 4000. But at coolant

Table 4 Uncertainty of measuring instruments and estimated per-
formance parameters

Measuring instruments/performance parameters Uncertainty
Temperature sensor (Jr) + 0.15 °C
Differential pressure transducer (J,,) + 0.1%
Coriolis type mass flow meter (0,,) + 0.1%
Digital anemometer (J,) + 1%

Heat transfer rate (Jq) + 4.81%
Overall heat transfer coefficient (Jy) + 3.69%
Pumping power (dp) + 3.34%
Performance index (Jp;) + 5.10%

Reynolds number 8000 and for the same range of volume
concentration (0-2%), the overall heat transfer coefficient
is increased from 138 to 167 W m 2 K~' (21%). The
overall heat transfer coefficient is improved from 119 to
138Wm 2K (159%), 121 to 147Wm >K'
(21.4%), 133 to 167 W m 2 K~ ! (25.5%) for base fluid,
0.2%, 2% fly ash nanofluid, respectively, when the Rey-
nolds number increased from 4000 to 8000. This shows
that the overall heat transfer coefficient is increasing for
both nanofluid volume concentration and the Reynolds
number, but the increase is more for the Reynolds number
variation compared to nanofluid concentration variation.
This increase in overall heat transfer coefficient with the
Reynolds number is the result of increase in velocity of
coolant, Nusselt number, and the increase with % volume
concentration is due to increase in thermal conductivity and
the increase in specific heat of coolant with nanoparticles
loading. The increase in overall heat transfer coefficient in
the present study using fly ash nanofluid (21%) is com-
paratively higher than the previous studies [35, 36] on
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Fig. 5 Influence of the Reynolds number (coolant) on overall heat

transfer coefficient

@ Springer



230

B. Palaniappan, V. Ramasamy

automobile radiators using CuO (7%) and Fe,O5; (9%)
nanoparticles (about 2% by volume) in water/ethylene
glycol base fluid.

Heat transfer rate

The influence of % volume concentration (0-2%) of fly ash
nanofluid and coolant Reynolds number on the heat
transfer rate is shown in Fig. 6. It is found that the heat
transfer rate is increasing with the increase in nanoparticles
loading in base fluid and with the increase in the Reynolds
number from 4000 to 8000. In the present study, the heat
transfer is marginally increased from 12 to 18 kW (50%)
when nanofluid volume concentration changed from 0 to
2% keeping the coolant Reynolds number 4000 and 16 kW
to 23 kW (43.7%) when nanofluid volume concentration
increased from 0 to 2% keeping the coolant Reynolds
number 8000. The heat transfer is improved from 12 to
16 kW (33.3%) and 18 to 23 kW (27.4%) for base fluid and
2% volume concentration nanofluid, respectively, when the
Reynolds number increased from 4000 to 8000.
Nguyen et al. [8], conducted similar experiments on radi-
ators and reported 40% heat transfer improvement at
6.8 vol% Al,O5; nanoparticles in water. Few other previous
investigations on automobile radiators reported that the
maximum enhancement in heat transfer for 2% CuO/water
[10] (20%), whereas that for 0.65% Fe,Os/water [11]
(11.5%), for 2% SiO/60%EG-40%water [12] (4.8%) and
for 5% TiO,/water [13] (33%). The heat transfer charac-
teristics of the fly ash nanofluid (0-2%) used in the present
study are superior to base fluid, other fluids used in pre-
vious investigations, and it could be used as an automobile
radiator coolant for better energy performance.

(% vOl  ==fll==0.2% vol
== (0.4% VOl === (.6% vol

it 0.8% VOl «=@==1% vol

a=de=1.5% vol ==f=2% vol

Heat transfer rate/kW

4000 5000 6000 7000 8000
Reynolds number (coolant)

Fig. 6 Influence of the Reynolds number (coolant) on heat transfer
rate of radiator
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Pumping power

The frictional performance of the radiators is investigated
by finding the outlet pressure of coolant and pumping
power for 0%, 0.2%, 0.4%, 0.6%, 0.8%, 1%, 1.5% and 2%
volume concentration of fly ash nanofluid for coolant
Reynolds number range 4000-8000 keeping constant air
Reynolds number 5000. The mass flow rate of nanofluid
coolant increases with increases in volume fraction. The
influence of nanoparticle concentration on pumping power
for the Reynolds number ranges 4000-8000 was studied
and plotted in Fig. 7. The graph shows that increase in fly
ash volume concentration increases the pressure drop and
pumping power. The maximum increase in pumping power
of 0.32 kW (50%) was observed for 2% volume fly ash
nanoparticle addition in base fluid tested with the Reynolds
number 8000. The increase in pumping power in the pre-
sent experimental investigation using fly ash is marginally
higher than previous researches on automobile radiators
which reported [37] 12.13% increase in pumping power
when 2% copper nanoparticles are added in water/ethylene
glycol base fluid. The study reveals that fly ash nanofluid
requires more pumping power compared to other nanoflu-
ids and base fluid. But higher performance index at all %
volume concentrations and all the Reynolds number ran-
ges, environmental friendly and low cost of the fly ash
nanofluid (0-2%) could favor its use as coolant in auto-
mobile radiators.

Radiator performance index

The performance index of automobile radiators is the ratio
of heat transfer rate to pumping power which indicates the
effective improvement of heat transfer rate. Figure 8
explains the radiator performance index with 0-2% volume
concentration of fly ash nanofluid in the Reynolds number

[
0.9 —t— 0% vol == 10.2% vol 4
08 | —— +0.4% vol == 0.6% vol L7

) =@ +0.8% Vol ===th==1% vol y

——1.5% vol =@ 2% vol

Pumping power/kW

4000 5000 6000 7000 8000
Reynolds number (Coolant)

Fig. 7 Influence of the Reynolds number (coolant) on pumping power
of radiator
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range considered and its variation with respect to coolant
Reynolds number nanofluid concentration. It was observed
that the performance index is increasing in the entire
concentration range (0-2%) and the Reynolds number
range (4000-8000) compared to base fluid. It is increasing
with nanofluid concentration up to 0.2% and then slightly
decreasing from 0.2 to 2% but not decreasing below base
fluid. The performance index is decreasing with increase in
the Reynolds number at all volume concentrations of
nanofluids. The similar trends were reported by Sahoo et al.
[19]. The reason for the decrease in performance index
with an increase in the Reynolds number is due to the rate
of increase of frictional power with increase in the Rey-
nolds number more compared to rate of increase of heat
transfer with increase in nanoparticles concentration. The
increase in performance index in the entire concentration
range (0-2%) and the Reynolds number range compared to
base fluid indicates that up to 2% volume of fly ash
nanoparticles could be added in base fluid (40% EG + 60
water) for increasing cooling performance of heavy vehicle
radiators.

Exergy destruction rate

The variation of frictional, thermal and total exergy
destruction rate, keeping the Reynolds number variation
from 4000 to 8000 and fly ash nanoparticles concentration
range 0.2-2% are shown in Figs. 9-11. The frictional
exergy rate increases with the Reynolds number and
nanoparticles concentration. This increase is because of an
increase in viscosity and friction with the addition of
nanoparticles in the nanofluid. The thermal exergy
destruction rate decreases with increase in fly ash
nanoparticle concentration and the Reynolds number which
is due to increase in fly ash nanofluid thermal conductivity
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Fig. 8 Influence of the Reynolds number (coolant) on radiator
performance index

and Nusselt number. But compared to base fluid, the fric-
tional exergy destruction rate, thermal exergy destruction
rate and total exergy destruction rate are less for all con-
centrations of the nanofluid at all the Reynolds number
values. The decrease in the total exergy destruction rate
indicates that exergy performance of the radiator is
improved by the addition of nanoparticles in base fluid.
The results also indicate that frictional exergy destruction
rate is less compared to thermal exergy destruction rate.

Second law efficiency

The curves in Fig. 12 explain that the second law efficiency
of the radiator decreases (6.3%) with an increasing coolant
Reynolds number from 4000 to 8000 for 2% volume and
increases (3%) with fly ash nanofluid concentration
(0-2%). The reason for this decrease in second law effi-
ciency with the Reynolds number is due external and
internal irreversibilities. The increase is due to increase in

e (0% VOl

—+().4% vol
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——0.2% vol 7
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Fig. 9 Influence of the Reynolds number (coolant) on frictional

exergy destruction rate
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Fig. 10 Influence of the Reynolds number (coolant) on thermal

exergy destruction rate
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0.14 4 1. Increasing fly ash nanoparticles concentration
013 y (0-2%) in a base fluid (60% water 4+ 40% ethylene
——0%vol  —=—02%vol 7 glycol) increases overall heat transfer coefficient
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Fig. 11 Influence of the Reynolds number (coolant) on total exergy
destruction rate
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Fig. 12 Influence of the Reynolds number (coolant) on second law
efficiency

thermal capacity due to addition of nanoparticle in base
fluid. The trend of second law efficiency of the present
research is matched with Khaleduzzaman et al. [30] and
Ghazikhani et al. [31].

Conclusions

Thermodynamic analysis of fly ash nanofluid for automo-
bile (heavy vehicle) radiators was carried out to investigate
the effect of fly ash nanofluid volume concentration
(0-2%), coolant Reynolds number (4000-8000) on overall
heat transfer coefficient, heat transfer rate, pumping power,
frictional exergy destruction rate, thermal exergy destruc-
tion rate, total exergy destruction rate and second law
efficiency. The results of the analysis have given the fol-
lowing conclusions.

@ Springer

29 Wm 2K ! at the Reynolds number 8000), heat
transfer rate (7 kW at the Reynolds number 8000) and
pumping power (0.3 kW at the Reynolds number 8000)
compared to base fluid in the entire Reynolds number
range. But the increase in heat transfer (about 7 kW) is
more compared to increase in pumping power (about
0.3 kW) in the Reynolds number range 4000-8000.

2. It is observed that the thermal exergy destruction rate

decreases and frictional exergy destruction rate and
total exergy destruction increase with the Reynolds
number and with fly ash nanofluid concentration.

3. The second law efficiency decreases with increasing

the Reynolds number at all nanofluid concentrations
and increases with nanofluid concentration in the
Reynolds number range 4000-8000.

4. In energy, exergy point of view the fly ash nanopar-

ticles with average particle size 50 nm can be added up
to 2% volume concentration in the conventional
(40:60-EG/water) coolant to improve overall perfor-
mance of the heavy vehicle radiators.
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