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Abstract
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The analytical efficacy method (e-NTU) is applied to analyze the thermal performance of the radiator with Multi-
Louvered flat-tube fins. The nanofluid is composed of a suspension of silver nanoparticles in ethylene glycol. The rate of
heat transfer, efficiency, and outlet temperatures of the nanofluid and air are determined and presented in graphical
form. The volumetric fraction of the nanoparticles suspended in ethylene glycol, the variations in the airflow rate and the
nanofluid flow rate is the main parameters used in the analysis. The analysis showed promising results since it is possible
to save on the use of the compact heat exchanger considered, reducing costs and storage space for the refrigerant.
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1.Introduction

The objective of the work is to apply the analytical
method of the effectiveness to analyze the thermal
performance of the flat tube multi-louvered finned
automotive radiator with silver nanoparticles
suspension in ethylene glycol.

All internal combustion engines produce heat and
friction. This heat can have catastrophic effects on
engine components. The existing methods employed
to study and minimized this kind of combustion
problem are analytical, experimental, and
computational methods. The automotive radiator
performance can be determined using the analytical
method of effectiveness (e-NTU) [1].

Sany et al. [2] carried out analytical and experimental
work to obtain the Nusselt number and heat transfer
coefficient. The effectiveness coefficient and the heat
transfer coefficient are determined considering
experimental data. The same procedures estimate the
pressure drop and the Colburn factor for the radiator.
Application examples demonstrated the utility of the
method used.
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Properly dispersed nanoparticles provide an increase
in the heat transfer surface between particles because
nanofluids have a high specific surface area and high
dispersion stability, with a predominant Brownian
motion. Besides this, the use of extended surfaces for
improving the efficiency of heat transfer is more
effective, adding small solid particles to that fluid [3].
Jing et al. [4] developed a new type of air-water heat
exchanger to reduce the consumption of energy. The
thermal performance and energy efficiency were
analyzed and studied using the effectiveness number
of transfer units (¢ -NTU) method. The main
conclusions obtained by the analysis are the air flow
rate had a more considerable influence on the
performance than the water flow rate and that the
maximum heat transfer efficiency was 81.4% with
Cmin/Cmax equal 0.25.

Blecich et al. [5] presented a new method for fin-and-
tube heat exchangers operating with non-uniform
airflow, which consists of discretizing the heat
exchanger into tube elements. The results are
compared against experimental data. They
demonstrated that airflow nonuniformity causes
effectiveness  deterioration. The  effectiveness
deterioration depends on the number of heat transfer
units (NTU) and the heat capacity rate ratio.
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Hussein et al. [6] mention that the main reason for
using solid particles smaller than 100 nm is to
improve thermal properties. Refrigeration systems
and numerous industrial applications often use
metallic solids dispersed in water and ethylene
glycol. This type of fluid is commonly defined as a
nanofluid.

According to Kim and Cho [7], a newly developed
louver fin is introducing, and the louver fin has
downstream a drainage 3.2 mm width. The new fins
were investigated, and the results are compared with
those of the sample made of conventional fins. The
superior wet surface heat transfer and pressure drop
were obtained. The Colbourn factors were 40%
larger, and the friction factor was 9% smaller.

Pankaj et al. [8] propose an analytical radiator having
a rectangular tube with louvered fins using the
effectiveness-NTU method. The procedure is
validated with experimental results, and it is found
that the maximum deviation in the heat transfer is
10.97, and in pressure drop is about 3.29%.

Numerical analysis and experimental study are
applied to determine the performance of an
automotive radiator using louvered fin. Reynolds
number and radiator boundary conditions were
investigated at a louvered angle of 25°. The results
indicated an improvement in the Nusselt number and
a decrease in the specific fuel consumption when
compared to flat-fin geometry at the same operating
conditions Gomaa [9].

High-efficiency demand is a capital feature in the
automotive radiator, and optimizing the design of an
automotive radiator is obtained by the technological
development in automotive industries. The design of
a louvered fin based compact automotive heater is
getting a high cooling rate with nanofluids [10, 11].

Multi-Louvered fins have been studied by
experimental methods, analytical methods, and
numerical simulations, because of the excellent
thermal-hydraulic performance [12, 13].

Junior and Nogueira [14] present research
considering silver nanoparticles in a flat tube finned
radiator heat exchanger. They demonstrate that the
rate of heat transfer can be higher than the use of
ethylene glycol and water, or pure water, for
relatively low airflow, and that the viscosity of the
nanofluid cooling increases with the addition of the
volumetric fraction. Besides, they conclude that

103

kinematic viscosity and diffusivity, are significantly
higher for nanofluids Nogueira [15].

2.Methodology

Table 1 presents some parameters for the Multi-
Louvered finned radiator. Dong et al. [10] obtained
the correlations for the J,, Colburn factor. These
correlations are essential to get the Colburn factor
and to apply in theoretical works [11].

In this work, we used, for numerical and graphic
determination of the physical quantities of interest,
the geometric characteristics presented in Table 1 and
thermal physical properties in Table 2.

The radiator is mounted on a turbocharged diesel
engine. It consists of 644 tubes manufactured in brass
and 346 continuous fins in aluminum alloy whose
thermal conductivity is 177 W/(m K).

The numerical correlations used for determination of
j factor and f factor are:

[ \0257 [ \ 05177
. — 4
jip = 0-2712Re;, 1% (—“) -2

90 Lp
A —1.9045 Ly 1.7159 La —0.2147 5 —0.05 .
» » » © O
and
ul
ReLp = 711 (2)

u - air velocity among fins (m/s)
9 - viscosity (m?%/s).

The properties of the ethylene-based solution are
obtained by the expressions below:

psolution = pEG%V + (1 - V)pw (3)
Msorution = MeaoV + (1= Vi (4)
CPyotution = CPigysV + (1 = V)Cp,, (®)
ksolution = kEGD]/SV + (1 - V)Kw (6)
solution
(XSOlum)n B psolutioncpsolution (7)
19solution = o (8)
etvion
l:)rsolution = m (9)

where V and Eg% are the volume fraction percent of
water and weight fraction percent of Ethylene Glycol,
respectively. In this work, we are using V=1.0, i.e.,
the base fluid is pure ethylene glycol. For silver
nanoparticles suspension properties, we have:
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pnano = Qpparticle + (1 - o)psolution (10)

(1 - 0.199 + 3060%) (11)

Myano = Msolution

Cpnano = (wpparticlecpparticle + (1 -
Q)psolutitmCpsolution)/pnano (12)

knano = [(kparticle + stolution + Z(kparticle -
ksolution)(1 - 0-1)3®)/[kparticle +

stolution(kparticle -
ksolution)(1 + 0-1)2®)] ksolution (13)
k.
— nano 14
anano pnano(:pnano ( )
pnano
Unano = #_ (15)
Anano
Prgno = P (16)

at where @ is the volume fraction. The Reynolds
number associated with the flow are obtained by:

Renano = |4 (2222)| /D pmanobtygne)  (17)

Ntubes

at where

Dpnano = 3.73 1073 (18)

For turbulent flow if the thermal flow is completely
developed, we have, approximately:

Nu = 0,021 Renanoo'SPTnanoo‘S (19)

nano
For laminar flow regime in the water-base nanofluid,
we have Nogueira [16], for the thermal input region
under development:

Nunano =

1.409019812d0Z,,,, (703511653489 . 109=5 <
Zpano < 1073 (20.1)
Nunano =

1.519296981d0Z,,,,(703395483303d0) . 193 <
Zpano < 1072 (20.2)
Nt gy = 10.8655 — 570.4671787Z,4n0

+ 28981.67578Z,,,,,°
—950933.98387,,,,,,° +
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20237498477 100 — 276705269.6Z 010"
+ 2340349265Z,,4,°
—1.112482493%°Z, ...7 +

2.269345238%7 81072 <
Zpano < 1071 (20.3)

= 5.261d0 — 19.93019048nano
+ 139.4921627Z,,,,,>
—605.9954034Z7,,,,,°

Nu

nano

+1716.100694Z% .., — 3217.96875Z 40"
+3954.86111Z,,4,,,°
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+1344.246031nano® —
256.2830687Z,4,,° ; 1071 < Z,, < 10° (20.4)

Then, we have:

knanl)
hnano = hw = Nu PO (21)

A0 Dpnano

The heat transfer coefficients, h,, and h,, are needed
to obtain the overall heat transfer coefficient. Then,
we have, for the air:

Mg mg

Ga - Amin - qAfr (22)
Re, = Guﬁ (23)
haa
Jip = GaCpa Pra’” (@)
then,
GaCpq
ha = ]Lp PT‘aZp/3 (25)

To determine the efficiency of the fin system, for the
air heat exchange area, we have:

_ tgh(mlL) (26)
mL
at where

mL = \J2hy [kyt @7)

The efficiency weighted by the area is determined by:

n=pn+1-8 (28)
at where

__ Finarea
B " total area (29)
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Then, we have: Start
1 1 1.0 1
i1, + (30) |_ .
Uy nhy  AmedKaleta (Aw/ADhnano 1- Inlet temperatures for air and nanofluid
2- Geometric parameters of multi louvered radiator
t wh 3 - Properties of base fluids considering percentage
at wnere by volume of Ethylene Glycol
4-Properties of nanoparticles
Ag+A 5 - Volume fraction of nanoparticles
Amed - (31)
2.0
and 1- Calculate Colburn factor [Eq. {1)]
2 -Calculate the properties of the base fluid [Eq. (3-9)]
3 - Calculate the properties of the nanofluid [Eq. (10 - 16)]
A_W _ nanofluid side heat transfer area (32) 4 - Calculate the Reynolds number for the nanofuid [Eq. (17)]
Aq air side heat transfer area

The number of thermal units, NTU, is obtained by the

effectiveness theory: IfRg,,£2200

Laminar Flow

AqU
NTU = =22 (33)
Cmin |Ca|[u|atethe Nusselt number [Eq. [20.1-20.4]] |
The thermal capacities are calculated by:
Ca = mg * Cpa (34) _Turbu\entFIu\\r
and Calculate the Nusselt number [Eq. (19]]
Cnano = Mpano * Cpnano (35)

Cmin is the lowest value between the thermal

| Calculate the heat transfer coefficient [Eq. [21)] I—
|

capacities of ethylene glycol and air. Finally, | calculete the Reynold number for the air |
|
Q =eC.. (Th ;- T f) (36) |Calculatetheheattransfercoeﬁic'\entfortheair[Eq.[25]] |
min\'h,a ca
]
at where I Calculate the fin efficiency [Eg. (26 - 29)] I
|
1 | Calculate the overall heat transfer coefficient [Eq. [30- 32]|
(Cmin) (NTU)"22 ]
e=1—exp Cm‘;x ) (37) ICaIcuIatethenumher of therma| units - NTU [Eq [33]|
{exp [ 2z (vTU)o78] - 1) 1
max

Calculate the efficiency of the heat exchanger [Eq. (37)]
Calculate the Heat transfer rate [Eq. (36]]

Determine the outlet temperatures for air and nanofluid [Eq. (38 - 39]]

according to Kakag [17].

The air and water exit temperatures are obtained
through the energy balance equations:

Q= macpa(Ta,af - Ta,ef) (38) £nd

And Figure 1 Basic flowchart for the calculation process

3.Results and discussion
Table 1 shows the numerical values of the necessary
quantities, Equation 1, to obtain the Colburn Factor,
which is represented graphically through Figure 2.
The coefficient of heat transfer by convection in the
air, ha, is described in Figure 3.

Q = Muano Cpnano (Tnano,ef - Tnano,af) (39)

In Figure 1 below, we present the basic flowchart for
the calculation process described above.
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In Figure 4, we have the number of Reynolds as a
function of the mass flow of the. An important aspect
to be highlighted through the represented data is that
the flow is laminar, for the whole range of mass flow
considered when the volume fraction is significantly
high.

Through Figure 5, the aspect verified through Figure
4 is more evident, since, for the entire nanofluid flow
range considered in the analysis, the Reynolds
number is less than 2100 for relatively high
nanoparticle fractions. For m,, = 2.0 Kg / s, the flow
is laminar for all fraction of volume considered.

Table 1 Specification of the cross-section of Multi-Louvered fin parameters for the Colburn factor

Description Fin dimension
Louver angle (La) 28

Fin pitch (Fp) 2mm
Louver pitch (Lp) 1.2 mm

Fin height (Fh) 8 mm
Louver height (Lh) 6.5 mm
Louver Tength (Ld) 36.6 mm

~

a=28"°

Lp=12 mm
Lh=6.5 mm
Ld = 36.6 mm
Fp=2 mamn
Fh =8 mm

[}

=02 mm

dyp

o0.008

Multi-Louvered Finned Radiator

I
1000 1600

Re, ,

-

2000

T
2500

Figure 2 Fator de Colburn versus nimero de Reynolds

-~

a=28"°

h, - WiimzK|

Multi-Louvered Finned Radiator

=——¢

o ’/’%;

Louvered plate fin

.

Figure 3 Convection heat transfer coefficient vs. mass air flow rate
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Figure 4 Reynolds number versus mass flow rate of the Nano fluid
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Figure 5 Reynolds number versus volume fraction of silver nanoparticles

The volume fraction needed for the flow rate to
become laminar is a function of the mass flow rate of
the nanofluid: for higher flow rates, more significant
volume fractions.

Figure 6 shows the relationship between the
convection coefficient of the nanofluid and the
volume fraction of silver nanoparticles. For low
nanofluid flow, mw = 2.0 Kg / s, where the flow is
laminar for the entire range of volume fraction, the
observed function is always increasing and smooth.
For a higher flow rate of nanofluid, it can be
observed that the transition from turbulent to laminar
flow occurs, as the volume fraction is increased. The
transition for turbulent flow, as previously noted,
occurs for progressively higher volume fraction
values as the mass flow rate of the nanofluid
increases.

The heat transfer coefficient of the nanofluid shows
no difference between the flows, graphically
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observable, when the flow is laminar, for the entire
flow range of the nanofluid.

The heat transfer rate with the mass flow of the
nanofluid as a parameter is represented in Figure 7.
High flow rates for the nanofluid, for a significantly
low volume fraction, transfer higher energy in the
form of heat for airflow rates below 12 kg / s of air.

Figure 5 shows the variation in the convection heat
transfer coefficient wversus mass flow rate of
nanofluid, with volume fraction as a parameter. For
high volume fractions, the heat transfer coefficient is
relatively low, since the flow is laminar for the entire
mass flow range considered. For small volume
fractions, the heat transfer coefficient goes through
the transition from laminar to turbulent flow. The
convection heat transfer coefficient increases
progressively, reaching relatively high values for a
high mass flow rate, where the flow is turbulent.
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The heat transfer rate as a function of the volume
fraction of nanoparticles, with a mass flow rate of the
fluid as a parameter, is represented by Figure 6. The
volume fraction is constant and equal to 0.008. An
extremely relevant fact, and worthy of note, is that
for relatively low mass flow rates of the nanofluid,
high heat transfer rates are possible for high mass
airflow rates. As the coefficients of heat transfer from
the air and nanofluid show increasing variation for
mass flow rates, Figures 4 and 8, the justification for
higher heat transfer rates for low flow rates of the
nanofluid, and high airflow rates, should be attributed
to the high diffusivity of the nanofluid. At lower flow
rates of the nanofluid, it is expected that the
diffusivity has greater relevance.

The heat transfer rate is represented by Figure 7 as a
function of the airflow rate, with the nanofluid flow
rate as a parameter. For relatively low airflow rate
values, the heat transfer rate increases with the
increase in the mass flow rate of the nanofluid. It is
demonstrating that for low airflow rate, the heat
transfer exchange effect on the nanofluid surface is
predominant when the flow in the tube is turbulent.
For high airflow rates, the exchange rate is higher for
lower nanofluid flow rates, demonstrating that for
low nanofluid flow rates, the most considerable heat
exchange occurs due to the finned radiator geometry.
A significant fact is that the heat transfer rate for high
flow rates of nanofluid is not affected by the volume
fraction of the nanoparticles, to any extent analyzed
for airflow rate.

8000 — Multi-Louvered Finned Radiator

3333

h, - Wi(m? K)

"~

_ | b

Figure 6 Convection heat transfer coefficient in Nano fluid versus volume fraction of silver Nanoparticles
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- -—-{ = 0.050 - Silver Nanoparticles
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-—- ¢ = 0.150 - Silver Nanoparticles

-

2 4

m,, - Kgls6

The outlet temperature of the nanofluid is represented
in Figure 8. The temperature of the entrance of the
nanofluid, for all situations considered in the
analysis, is equal to 100 °C. The best performance,
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Figure 7 Convection heat transfer coefficient versus mass flow rate of the Nano fluid

with lower outlet temperatures, is for relatively lower
flow rates of the nanofluid. This result is due to the
more considerable influence of nanofluid diffusivity
for low flow rates.
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The difference in outlet temperature for pure ethylene
glycol, with the outlet temperature of the relatively
high-volume fraction of the nanofluid, is significant
for the low flow of nanofluid, m,, = 2.0 Kg / s. This
difference in outlet temperature tends to decrease for
higher flow rates of the nanofluid, that is, for
extremely high flow rates of the nanofluid, there is no
justification for adding silver nanoparticles.

The air inlet temperature is equal to 30 °C for all
situations analyzed. The air outlet temperature,
Figure 9, presents results compatible with those
observed in Figure 8. That is, for extremely high
flow rates of the nanofluid, there is no justification
for adding silver nanoparticles. Figure 10 shows the
thermal efficiency of the radiator considered for
analysis, with a volume fraction of the nanoparticles
as a parameter and mass flow rate of the fixed

nanofluid. The highest efficiency occurs in a low
volume fraction of the nanoparticles and low mass
flow of air.

Figure 11 shows the efficiency of the radiator. It can
be seen that there is a qualitative equivalence with the
results presented in Figure 9 since there is a low
efficiency when the flow rate in the volume of the
nanofluid is low, and the airflow is low. However,
efficiency is relatively high for low nanofluid flow
rates and high airflow rates. For high flow rates of the
nanofluid, the efficiency decreases with the airflow
variation and has high efficiency for low airflow
rates. However, there is no justification for the
inclusion of nanoparticles in the latter case since the
efficiency is practically equal to that of pure Ethylene
Glycol.

-~

Qnano -KW

1000 — Multi-Louvered Finned Radiator

- == ¢ = 0.000 b =0.008
7 m, = 2.0 Kg/s
m, = 4.0 Kg/s
800 — m, = 6.0 Kg/s
m, = 8.0 Kg/s

4 8 12 20
L m_ - Kg/s )
Figure 8 Heat transfer versus mass air flow rate
r Multi-Louvered Finned Radiator ™
7] ——-- ¢ = 0.000 ¢ = 0.010

A\ a

Figure 9 Output temperature of the Nano fluid as a function of the mass flow of the air
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Figure 11 Radiator efficiency as a function of the mass flow of air, with volume fraction as a parameter

The diffusion process in the nanofluid is the main
responsible for the high efficiency in low airflow and
low values, as shown in Figure 12. However, as the
volume fraction of the nanoparticles increases, the
efficiency decreases, to a point where the heat
exchange by the fins becomes the main factor
responsible for the heat exchange. For high air flow
rates and high-volume fractions of the nanoparticles,
the efficiency approaches the unit but is significantly
low for low volume fraction values.

Due to the observations made above, concerning the
data presented, it is evident that the radiator in
question shows excellent performance for low
volume fraction values of silver nanoparticles, low
airflow rates, and low nanofluid rates. A promising
result, as it can save on the use of the compact heat
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exchanger, reducing costs and storage space for the
refrigerant (Figure 13). However, excellent thermal
performance can be achieved for high volume
fractions of silver nanoparticles and high airflow
rates. As demonstrated, the thermal performance for
high nanoparticle fractions is equivalent to the pure
Ethylene Glycol. In the latter case, the fin system
used prevails in the heat exchange, to the detriment
of the heat exchange that occurs in the nanofluid.

Although the theoretical approach presented is based
on concepts and procedures already proven by
countless studies presented in the literature of
compact heat exchangers [18—20], an experimental
evaluation of the heat exchanger in question would
be extremely relevant.
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Figure 12 Radiator efficiency as a function of mass airflow, with the nanofluid flow as a parameter
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Figure 13 Radiator efficiency as a function of volume fraction, with airflow as a parameter

4.Conclusions

The best performance is obtained for a relatively low
fraction of silver nanoparticles when the turbulent
effect is high, and the greater diffusivity of the base
fluid becomes more effective.

As demonstrated, the thermal performance for high
nanoparticle  fractions is equivalent to the
performance of pure ethylene glycol. In these
situations, the fin system used to prevail in the heat
exchange, to the detriment of the heat exchange that
occurs in the Nano fluid. For a high fraction of
nanoparticles, it is expected that the applied
methodology does not work correctly, because the
flow is no longer Newtonian.
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