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Abstract 
This work aims to establish comparisons between two models used for the 
performance of heat exchangers. The chosen system, in this case, consists of a 
heat exchanger used in automotive radiators flat finned tube type. Water and 
ethylene glycol compound as base fluid and volume fractions of iron oxide 
nanoparticles (Fe3O4) are used as a refrigerant. The quantities determined in 
this work are the nanofluid exit temperature, the air exit temperature, the ab-
solute error between the models for heat transfer rate, and Effectiveness. The 
quantities that constitute parameters, independent variables, are the airflow, 
represented by the Reynolds number, and the iron oxide volume fraction. 
Ethylene Glycol 50% compound has slightly better thermal performance than 
pure water and reduces the reactive effect of water on the environment, in-
creasing the average life of the equipment. The absolute relative error between 
the models is less than 20% and presents maximum values with the increase 
of the nanoparticle volume fraction and growth in the Reynolds number for 
the air. 
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1. Introduction 

This K.Y. Leong et al. [1] analyze the energy performance of three different heli-
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cal heat exchangers using ethylene glycol and copper nanoparticles. The main 
parameters used in the comparison were the heat transfer rate and the entropy 
generation rate. The analyzed heat exchangers are of the segmental baffle type, 
25˚ and 50˚. The study indicates that heat exchangers with 50˚ helical baffles ex-
hibit lower entropy generation. In addition, they report that with only 0.3% of 
the volume fraction of copper nanoparticles in the base fluid, there is an increase 
in thermal conductivity of 40%. The nanoparticles’ volume fraction, thermal con-
ductivity, and viscosities affect heat transfer and entropy generation.  

Tiwari R, Maheshwari G. [2] argues that several methods have been applied to 
optimize the thermodynamic performance of heat exchangers and that the con-
cept of Effectiveness generally is used to measure this. However, Effectiveness only 
does not provide information about Efficiency and Irreversibility. These concepts 
were necessary for determining entropy generation based on the second law of 
thermodynamics. It argues that to have the best performance, in terms of Ef-
fectiveness and Efficiency, the heat exchanger must operate with low values for 
the relationship between the fluids’ thermal capacities. For example, a ratio equal 
to 0.5 enables optimal performance for heat exchangers of the type of counter-
flow. 

Ahmad Fakheri [3] defines thermal efficiency for heat exchangers based on 
the second law of thermodynamics. It shows an ideal heat exchanger, corres-
ponding to a balanced counterflow heat exchanger, and that thermal capacity 
ratings are equal to the minimum thermal capacity rating of the real heat ex-
changer. The ideal heat exchanger is more efficient and less irreversible because 
it generates the least entropy. The concept of efficiency is a precise measure of a 
system’s performance and shows how close it is to the ideal and whether possible 
improvements are feasible and justified. The most used approaches for analyzing 
heat exchangers are LMTD and ε-NTU. The LMTD approach is generally used 
for solving sizing problems. The ε-NTU method is mainly used for the rating 
problem, although sizing problems can also be solved with this method. Howev-
er, the concept of heat exchanger efficiency based on the second law also pro-
vides the solution to both problems and a new way to design and analyze heat 
exchangers and networks. 

Selvam C. et al. [4] use graphene nanoplate-based nanofluid as the coolant 
and report an increase in an automobile radiator’s overall heat transfer coeffi-
cient. Water-ethylene glycol was used as the base fluid. The general heat transfer 
coefficient increases with the rise in the nanofluid inlet temperature and volume 
fraction of the graphene nanoplates. They demonstrate that the nanofluid mass 
flow has a more significant influence on the pressure drop than the volume frac-
tion of graphene nanoplates. They argue that graphene-based nanofluids can subs-
titute conventional fluids in an automobile radiator to improve thermal perfor-
mance. 

Nogueira E. [5] uses a mixture of water-ethylene glycol (50%) flowing in the 
shell and nanofluid flowing in the tube (Ag or Al2O3) to obtain the heat ex-
changer exit temperatures. It applies the concepts of Efficiency, Effectiveness, 
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and thermal irreversibility to get and discuss results. He demonstrates that a 
higher value for thermal conductivity allows greater thermal efficiency. High ef-
ficiency, associated with increased thermal irreversibility, leads to lower tube 
temperatures for the laminar regime. The conductive effect is more relevant in 
thermal diffusivity in the laminar regime, where the high-volume fractions of na-
noparticles have a more considerable influence on the exit temperatures.  

Hussein A.M. et al. [6] present an experimental and numerical study to im-
prove heat transfer and minimize the pressure drop in an automotive refrigera-
tion system. TiO2 and SiO2 nanoparticles were added in four different base fluids, 
and the thermophysical properties were measured and validated. The simulation 
results are in good agreement with the experimental data. SiO2 has higher values 
for friction factor and heat transfer coefficient than TiO2. The work defined in-
put parameters that significantly improve heat transfer in the automotive cool-
ing system, and the theoretical-experimental comparison shows a maximum devi-
ation of 10%. 

Élcio Nogueira [7] applies the effectiveness method (ε-NTU) to analyze the 
thermal performance of a multi-louvered flat tube radiator using a suspension of 
silver nanoparticles in ethylene glycol. Determines the heat transfer rate, effi-
ciency, and exit temperatures of nanofluid and air. The analysis presents prom-
ising results, as it demonstrates that it is possible to reduce the internal storage 
space of the refrigerant. Furthermore, it indicates that the best heat exchanger 
performance occurs for a relatively low fraction of silver nanoparticles for the 
turbulent regime when the nanofluid’s thermal diffusivity becomes more effec-
tive. Finally, he points out that the methodology does not apply to high fractions 
of nanoparticles, as the flow is no longer Newtonian. 

Élcio Nogueira [8] uses Graphene Nanoribbon and Silicon Carbide to analyze 
a flat tube multi-louvered fin radiator’s thermal and hydraulic performance on a 
fluid composed of pure water and ethylene glycol in a volume fraction equal to 
50%. The Nusselt number, convection heat transfer coefficient, and pressure drop 
are graphically presented. Reynolds number, nanofluid mass flow rate, Colburn 
factor, and friction factor are the main parameters used to determine the results. 
In some situations, the volume fraction of nanoparticles underwent variations. 
The flow rate is laminar, whatever the value of the fraction by volume of the 
nanoparticles when the mass flow rate of the nanofluid is relatively low. The heat 
transfer coefficient is significantly high for Graphene Nanoribbon for a turbu-
lent flow regime and a relatively small fraction of nanoparticles. Since lower 
values for the volume fraction, the favorable result can reduce heat exchanger 
costs. 

Table 1 below shows the properties of water, 50% ethylene glycol, and iron 
oxide. 

Figure 1 schematically represents a finned flat tube heat exchanger used in 
automotive radiators. 

The formulations for both models are found below. 
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Figure 1. Flat finned tube compact heat 
exchanger. 

 
Table 1. Properties of pure water, ethylene glycol 50%, and iron oxide. 

 
ρ 

kg/m3 

k 
W/(m K) 

Cp 
J/(kg K) 

α 
m2/s 

µ 
kg/(m s) 

Pure Water 999 0.607 4186 1.45 × 10−6 1.002 × 10−3 

Ethylene Glycol 50% 1058 0.422 3879 0.6 × 10−6 9.81 × 10−4 

Fe3O4 5200 6.0 670 1.29353 - 

2. Methodology 

This work aims to establish comparisons between two models used for the per-
formance of heat exchangers. The chosen system, in this case, consists of a heat 
exchanger used in automotive radiators flat finned tube type. A water and ethy-
lene glycol compound as base fluid and volume fractions of iron oxide nanopar-
ticles (Fe3O4) are used as a refrigerant. The quantities determined in this work 
are the nanofluid exit temperature, the air exit temperature, the absolute error 
between the models for heat transfer rate, and Effectiveness. The quantities that 
constitute parameters, independent variables, are the airflow, represented by the 
Reynolds number, and the iron oxide volume fraction. 

2.1. Efficiency and Effectiveness Method 

50 CnanoTin =                             (1) 

25 CAirTin =                             (2) 

nanoTin  and AirTin  are the refrigerant and air inlet temperatures, respective-
ly. 

The properties of the nanofluid, which circulates through the flat tubes, are 
shown below, where φ  is the volume fraction of the nanoparticle. The refrige-
rant properties are pure water or 50% ethylene glycol, according to Table 1. 

( )1nano Particle Refrρ φρ φ ρ= + −                      (3) 

( ) ( )1 2.5 1nano Refr Refrµ φ µ φ φ µ = + + + −                  (4) 

( )1Particle Particle Refr Refr
nano

nano

Cp Cp
Cp

φρ φ ρ

ρ

 + − =              (5) 

https://doi.org/10.4236/msce.2022.102001


É. Nogueira 
 

 

DOI: 10.4236/msce.2022.102001 5 Journal of Materials Science and Chemical Engineering 
 

( )( )

( )( )

3

2

2 2 1 0.1

2 1 0.1

particle Refr Particle Refr Refr

nano

particle Refr Particle Refr

K K K K k
K

K K K K

φ

φ

 + + − + =
 + − − + 

       (6) 

nano
nano

nano

µ
ν

ρ
=                            (7) 

nano
nano

nano nano

K
Cp

α
ρ

=                         (8) 

nano
nano

nano

Pr
ν
α

=                           (9) 

31.3 10 mdtub −= ×                        (10) 
325.6 10 mDtube −= ×                       (11) 

dtub and Dtube are the smallest and largest diameters of the flat tube. 

( )
( )

2

2

dtub Dtube dtub dtub
Dhtub

dtub Dtube dtub

 π + − =
π + −  

               (12) 

Dhtub is the hydraulic diameter associated with the flat tube. 
2

4
DhtubAstub π

=                        (13) 

3553.5 10 mLtub −= ×                       (14) 

Atub Dhtub Ltub= π                       (15) 

Atub is the heat exchange area of a single tube.  
Asup Atub Ntub=                       (16) 

59Ntub =  

Asup is the surface area of all tubes in the heat exchanger, where Ntub is the 
number of tubes. 

The average velocity associated with the nanofluid is given by: 

2

4 nano

nano

m
Vmed

Dhtubρ
=



                     (17) 

4 nano
nano

nano

m
Re

Ntub Dhtubµ
=

π


                   (18) 

nanoRe  is the Reynolds number associated with the nanofluid. 

4.364 0.0722 for 2100nano
nano nano nano

Pr Dhtub
Nu Re Re

Ltub
 = + < 
 

     (19) 

( )
( ) ( )

( )

( )
( )

10.84 3

4

4

4

4

10
2100 0.027

10 2100

10 4.364 0.0722

10 2100

for 2100 10

nano

nano nano

nano
nano nano

nano

Pr
Nu Re

Pr DhtubRe Re
Ltub

Re

  
   = −
 −
 
 
   − +   

   +
 −
 
 

≤ ≤

    (20) 
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nanoNu  is the Nusselt number associated with the nanofluid.  

nano nano
nano

Nu K
h

Dhtub
=                         (21) 

nanoh  is the convective heat transfer coefficient of the nanofluid. 

Air Fr Air
Air Air

Air

A
m Re

Dh
τ µ∗ ∗

= ∗                     (22) 

 0.795
 Air

Fin Area
Total Area

τ = = ; 3 29.45 10 mFrA −= × ; 33.51 10 mAirDh −= × .  

Air
Air

Air Fr

m
G

Aτ
=

∗


                        (23) 

2
3

Air Air Air Airh JG Cp Pr
 − 
 =                      (24) 

AirRe  is the Reynolds number associated with the air. Airh  is the convective 
heat transfer coefficient of the air. 

J is the Colbourn factor and is given by (Kays and London [9], Pag. 271, Fig. 
10-93): 

6 2

9 3 11 4

15 5 19 6 3

0.11101 0.000836695 2.889452778 10

5.2675 10 5.298611111 10

2.8 10 6.111111111 10 for 10

Air Air

Air Air

Air Air Air

J Re Re

Re Re

Re Re Re

−

− −

− −

= − + ×

− × + ×

− × + × ≤

     (25) 

6 9 2

13 3 3 3

0.01066 6.457142857 10 2.014285714 10

2 10 for 10 3 10
Air Air

Air Air

J Re Re

Re Re

− −

−

= − × + ×

− × < ≤ ×
    (26) 

8 11 2

15 3 3

0.004279006426 5.740813973 10 5.917655297 10

4.0455594 10 for 3 10
Air Air

Air Air

J Re Re

Re Re

− −

−

= + × − ×

+ × × <
 (27) 

air
Air Air

Air

Dh
Nu h

K
=                        (28) 

AirNu  is the Nusselt number associated with the air. 

1
1 1

Air nano

Uo

h h

=
+

                       (29) 

Uo is the overall heat transfer coefficient.  

Air Air AirC m Cp=                          (30) 

nano nano nanoC m Cp=                         (30) 

AirC  and nanoC  are the heat capacity of air and nanofluid, respectively.  

Asup UoNTU
Cmin

=                        (32) 

NTU is the number of thermal units, or nondimensional heat transfer size, 
associated with the heat exchanger under analysis, and Cmin is the minimum 
between AirC  and nanoC . 
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* CminC
Cmax

=                           (33) 

( )*1

2

NTU C
Fa

−
=                        (34) 

( )Tanh Fa
Fa

η =                          (35) 

*

1
1 1

2
C

NTU

ε

η

=
+

+
                       (36) 

η  and ε  are the efficiency and effectiveness associates with the heat ex-
changer, respectively. Fa is the fin analogy number. 

( )max Refr AirQ Cmin Tin Tin= ∗ −                  (37) 

 ( )

( )
*

1
1

2

nano Air
CminQ Tin Tin

CNTUη

= −

+
+

                 (38) 

Q  is the heat transfer rate for the Efficiency and Effectiveness Method. 

nano nano
nano

QTout Tin
C

= −


                      (39) 

Air Air
nano

QTout Tin
C

= +


                       (40) 

2.2. ε-NTU Method 

W235
m KFink =
⋅

                         (41) 

30.05 10 mFinL −= ×                         (42) 

23.98 mairAs =                          (43) 

nanoAs Asup=                           (44) 

2 Air
L

Fin Fin

h
m

k L
=                           (45) 

( )L
Fin

L

Tanh m
m

η =                         (46) 

Finη  is the efficiency of the fin. 

Fin

Tot

Area
Area

β =                           (47) 

1Finη βη β′ = + −                         (48) 

η′  is the efficiency associated with the heat exchanger for the ε-NTU Me-
thod. 
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2
Air nano

Med
As As

A
+

=                        (49) 

1
1 1Fin

Air Med nano
Fin nano

Air Air

AaUa
L

h A Ask h
As As

η

=
+ +

′    
   
   

             (50) 

AaUaNTU
Cmin

=                          (51) 

NTU  is the number of thermal units, or nondimensional heat transfer size, 
for the ε-NTU Method. 

( ) ( ) ( )( )1 1.22* * 0.781 1NTU Exp C NTU Exp C NTUε − −  = − − −           (52) 

NTUε  is the empirical Effectiveness for the ε-NTU Method Kakaç, Sadik [10].  

( )NTU NTU Refr AirQ Cmin Tin Tinε= −                 (53) 

NTU
NTU nano

nano

Q
Tnano Tin

C
= −



                   (54) 

NTU
NTU Air

nano

Q
Tair Tin

C
= +


                    (55) 

NTU
Q

NTU

Q Q
E

Q
−

=


 



                       (56) 

NTUEε
ε ε

ε
−

=                        (57) 

QE


 is the absolute error for comparing the heat transfer rates of the models 
considered here and Eε  is the absolute error for Effectiveness. 

3. Results and Discussion 

Figures 2-4 show results for density, thermal conductivity, and specific heat, 
with variation in volume fraction for nanoparticles, for pure water, and 50% 
ethylene glycol. Density and thermal conductivity are slightly higher for ethylene 
glycol and slightly lower for thermal capacity. The result obtained for the ther-
mal capacity stands out since a lower value means less energy retention in the 
form of heat for steady state. Less heat retention means more heat exchange with 
the medium. 

Figure 5 presents results for the Nusselt number for the nanofluid, with supe-
rior results for the 50% ethylene glycol compound. It is to be expected, in this 
case, that the ethylene glycol compound will present better thermal performance 
than water for a given nanofluid flow rate. 

Figure 6 presents the Nusselt number for air as a function of the Reynolds 
number. Again, the Nusselt number grows with the Reynolds number, and, in 
this case, it is to be expected that a greater airflow will produce greater thermal 
performance. 
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Figure 2. Density versus volume fraction of iron oxide (Fe3O4). 

 

 
Figure 3. Thermal conductivity versus volume fraction of iron oxide (Fe3O4). 
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Figure 4. Specific heat versus volume fraction of iron oxide (Fe3O4). 

 

 
Figure 5. Nusselt number for the nanofluid versus volume fraction of iron oxide 
(Fe3O4) nanom  = 0.11 kg/s.  
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Figure 6. Nusselt number for the air versus Reynolds number of the air. 

 
Figure 7 shows nanofluid exit temperature results for the two methods com-

pared in this work, with the Reynolds number for air varying over a wide range 
of values. For a relatively low Reynolds number, the models are practically equal 
concerning the exit temperature for the nanofluid in all nanoparticle volume 
fractions considered. For Reynolds number values for air above 4000, the Effi-
ciency and Effectiveness model presents significantly lower output results than 
the ε-NTU model. It is noteworthy that, for Reynolds number for air close to 
and above 6000, the volume fraction necessary to achieve maximum efficiency 
for the system in question significantly decreases. The promising result is that 
the cost of nanofluid can be reduced by increasing power in the ventilation sys-
tem. It is evident that, in this case, a cost-benefit analysis is necessary, which 
goes beyond the scope of this work. 

Figure 8 shows that the ethylene glycol 50% compound has slightly better 
thermal performance than pure water. It is important to emphasize, in this case, 
that the use of ethylene glycol reduces the reactive effect of water on the envi-
ronment, increasing the average life of the equipment. 

Figure 9 shows air exit temperature results for the two methods compared in 
this work, with the Reynolds number for air varying over a wide range of values. 
However, for a relatively low Reynolds number, the models are practically equal 
concerning the exit temperature for the air in all nanoparticle volume fractions 
considered. 

Figure 10 shows that the ethylene glycol 50% compound has slightly better 
thermal performance than pure water.  
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Figure 7. Temperature exits for the nanofluid versus volume fraction of iron 
oxide (Fe3O4) to the comparison of the two models ( 0.11 kg snanom = ). 

 

 
Figure 8. Temperature exits for the nanofluid versus volume fraction of iron 
oxide (Fe3O4) for pure water and ethylene glycol 50% ( 0.11 kg snanom = ). 

https://doi.org/10.4236/msce.2022.102001


É. Nogueira 
 

 

DOI: 10.4236/msce.2022.102001 13 Journal of Materials Science and Chemical Engineering 
 

 
Figure 9. Temperature exits for the air versus volume fraction of iron oxide 
(Fe3O4) to the comparison of the two models ( 0.11 kg snanom = ). 

 

 
Figure 10. Temperature exits for the air versus volume fraction of iron oxide 
(Fe3O4) for pure water and ethylene glycol 50% ( 0.11 kg snanom = ). 
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Figure 11 shows results for nanofluid exit temperature for two mass flow val-
ues, 0.11 kg snanom =  e 0.31 kg snanom = , with Reynolds number of air rang-
ing from 400 to 8000. The nanoparticle fractions range from 0.01 to 0.15. For the 
flow with lower thermal capacity ( 0.11 kg snanom = ), and the more significant 
the volume fraction of the nanoparticles, the better the thermal performance, 
that is, the lower the nanofluid exit temperature. Furthermore, the airflow to 
achieve maximum performance decreases with higher nanoparticle fractions. 

Figure 12 shows results for air outlet temperature for two mass flow values, 
0.11 kg snanom =  e 0.31 kg snanom = , with Reynolds number of air ranging from 

400 to 8000. The nanoparticle fractions range from 0.01 to 0.15. For the flow 
with lower thermal capacity ( 0.11 kg snanom = ), and the more significant the 
volume fraction of the nanoparticles, the better the thermal performance, that is, 
the higher the air outlet temperature. Furthermore, the airflow to achieve max-
imum performance decreases with higher nanoparticle fractions. 

The absolute relative error between the models, for the two types of fluids (Pure 
Water and Ethylene Glycol 50%), reaches a maximum value of 16% when the ref-
erence is the Efficiency and Effectiveness Method and 20% when the reference is 
the Method ε-NTU, according to Figure 13 and Figure 14. The maximum value 
is reached for the highest number of Reynolds of air. Considering that the Effec-
tiveness of the ε-NTU Method is obtained empirically for the type of heat ex-
changer in question, Kays and London (1987) and that Colburn’s dimensionless 
factor is obtained experimentally, a maximum of 20% error is justifiable. 

 

 
Figure 11. Temperature exits for the nanofluid versus volume fraction of 
iron oxide (Fe3O4), with nanofluid flow rate variation, to the comparison of 
the two models. 
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Figure 12. Temperature exits for the air versus volume fraction of iron oxide (Fe3O4), 
with nanofluid flow rate variation, to the comparison of the two models. 

 

 
Figure 13. Absolute relative error between models for Effectiveness, with the ε-NTU 
Method as reference.  
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Figure 14. Absolute relative error between models for heat transfer rate, 
with Efficiency and Effectiveness Method as reference.  

4. Conclusions 

Ethylene glycol 50% compound has slightly better thermal performance than 
pure water. 

For a relatively low Reynolds number of the air, the models are practically 
equal concerning the exit temperature for the nanofluid in all nanoparticle vo-
lume fractions considered. However, for Reynolds number values for air above 
4000, the Efficiency and Effectiveness model presents significantly lower tem-
perature nanofluid output results than the ε-NTU model. 

For Reynolds number for the air close to and above 6000, the volume fraction 
necessary to achieve maximum efficiency for the system in question significantly 
decreases. The promising result is that the cost of nanofluid can be reduced by 
increasing power in the ventilation system. 

The airflow to achieve maximum performance decreases with higher nanopar-
ticle fractions. 

The absolute relative error between the models reaches a maximum value of 
16% when the reference is the Efficiency and Effectiveness Method and 20% 
when the reference is the Method ε-NTU.  

Finally, it is suggested the evaluation of new non-metallic nanoparticles to be 
used in the radiator, for example, carbon nanotubes, which allow higher values 
for thermal conductivity. 
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