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Nanofluids are excellent replacements for vehicle radiator coolants and they have the 

ability to significantly enrich the performance of vehicle radiators. A numerical study of 

thermal and hydraulic performance of a hydraulic mining shovel radiator working with 

nanofluids is carried out. It is observed so far that there are no research works done before 

analyzing the radiator of this mining equipment. Aluminum oxide in ethylene glycol as 

nanofluid with volume concentrations of 0.5%, 1.0% and 1.5% were investigated. The 

results showed that the heat transfer performance of the radiator can be hindered if thermal 

operating parameters of the equipment are not varied to take advantage of the benefits done 

by nanofluids. Additionally, it has been found that the pressure drop performance on the 

radiator operating in laminar and transitional conditions can reduce pressure drop and 

therefore pumping power. The analysis presented in this paper concluded that the use of 

nanofluids essentially depends on thermal and flow conditions. 
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1. INTRODUCTION

An optimal thermal management for Internal Combustion 

Engines (ICEs) constitutes one of the most promising and low-

cost solutions for the reduction of fuel consumption and for 

increasing engine efficiency [1]. With the help of the cooling 

system, the thermal state of the engine is kept stable 

throughout the range of load and speed regimes and the most 

suitable temperature is ensured, with which the most optimal 

economic and energy indices are achieved. So, the 

optimization of the cooling systems of the ICEs is still in 

constant development through the use of new technologies 

such as coolants, materials, or structure [2, 3]. 

The performance of automotive radiators has been studied 

for years; however, radiators used in mining equipment are 

overlooked since several unique factors are involved in their 

thermal analysis [4]. First, the variable heat loads of a machine 

operating on a dynamic cycle are difficult to predict accurately 

[5, 6]. Second, large industrial radiator development and 

design mainly rely on the empirical formula, which results in 

the shortcomings of long design cycles and high cost of testing, 

while using numerical computing technology can overcome 

these deficiencies [7]. By considering this, a higher efficiency 

can be obtained if the fin material has high thermal 

conductivity [8] and the use of an adequate finned surface 

increases the heat transfer performance in the heat exchanger 

[9]. Third, traditionally cooling systems of mining equipment 

use a mixture of ethylene glycol with water, since the higher 

temperatures of applications this mixture is used to elevate the 

aqueous boiling points [10]. The major use of ethylene glycol 

is as a medium for convective heat transfer in many practical 

and industrial components that require heating or cooling 

applications. Water is commonly used for automotive 

applications; however, the trouble with water is that it freezes 

or boils at extreme temperatures. Anti-freezing agents like 

ethylene glycol can withstand much greater temperature 

extremes [11, 12]. Also, it can be considered that the huge 

unsteady heat rejection and water pressure loads induce strong 

thermal stresses that become a critical issue for the design of 

these radiators and so on deteriorate some components of the 

cooling system [5]. 

Considerable attention has been given to nanofluids, 

nanoscale colloidal solutions, consisting of nanoparticles 

(with sizes of the order of 1 to 100 nm) dispersed in a base 

fluid [13]. When the nanoparticles are uniformly dispersed and 

added to the base fluids, the suspension of nanoparticles shows 

a dramatic enhancement in the thermal features of the base 

fluids [14, 15]. Different works in the literature have shown 

that the thermal execution of various heat systems can be 

improved by adopting various nanofluids with nanoparticles 

like Al2O3, CuO, Fe2O3, TiO2 and carbon-based were used as 

additives of base fluids [16-25]. But also, organic nanofluids 

can be considered for future studies since they have a low 

environmental impact because they are recyclable and 

biodegradable [26]. Organic-based nanofluids are also 

believed to be less harmful to humans, animals, and aquatic 

organisms [27]. 

Among the nanoparticles before mentioned, Al2O3 is one of 

the most studied and commercially available. A numerical 

study simulated turbulent and laminar flow heat transfer in 

nanofluids (Al2O3 particles in water and ethylene glycol-based 

fluid) passing through a flat tube in 3D using computational 

fluid dynamics (CFD) for single and two-phase approaches. 

The results indicated that, for a given heat transfer rate, the 

required nanofluid volumetric flow rate was less than that for 

pure base fluid flow having a low pressure drop, decreasing 

the pumping power required [20]. An experimental study 

evaluated forced convective heat transfer in water-based 

Al2O3/nanofluid and pure water in an automobile radiator. The 

results indicated that at the concentration of 1 vol.%, the heat 
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transfer enhancement of 45% compared to pure water was 

recorded [21]. An experimental study on the performance of 

Al2O3/water-MEG based nanofluids as a car radiator coolant 

has been investigated. The results indicated that heat transfer 

rate by nanofluid coolant significantly increases with the 

increase in concentration of nanoparticles. For lowest coolant 

flow rate 4.06LPM as the volume fraction increases from 0.2-

0.8% the enhancement in Nusselt number changes from 3.89% 

to 28.47% [22]. A numerical study investigated three different 

nanofluids: Al2O3, CuO and TiO2. Among all three nanofluids, 

Al2O3 nanofluid shows the best thermal performance [23]. A 

review was performed on the use of water-based Al2O3 

nanofluid as a heat transfer fluid. Gathered data showed the 

Nusselt number of the bulk fluid to increase by 50% with the 

introduction of 1% by volume of Al2O3 nanoparticles to the 

base fluid [24]. An experimental study of glycerin/Al2O3 

nanofluid for automotive cooling applications. The results 

showed that significant enhancement in the convective heat 

transfer coefficient was observed in the laminar flow regime. 

The thermal enhancement increases with Reynolds number as 

well as particle concentrations. The effectiveness of the 

radiator increases as the particle concentration increases [25]. 

In his recent study working with alumina nanofluid, the 

authors [28] found out that the heat transfer performance 

increased with the increase of nanofluid concentration, and the 

heat transfer performance improvement was achieved higher 

for the low power tests (brake power). Also, a study working 

with alumina nanofluid found that 1% concentration in the 

nanofluid was able to reduce the coolant outlet temperature 

close to the generally recommended working conditions [29]. 

The present study presents a preliminary simulation effort 

on the performance of a hydraulic mining shovel radiator 

working with nanofluid. It is observed so far in the literature 

that have not been reported an analysis of this mining 

equipment. Therefore, a numerical study is carried out to 

present a heat transfer and pressure drop analysis at three 

different volume concentrations of Al2O3/Ethylene Glycol-

Water nanofluid in this heat exchanger. 

2. THERMOPHYSICAL PROPERTIES

Properties for density, specific heat, dynamic viscosity, and 

thermal conductivity of the base coolant fluid and nanofluids 

are required for the study. Studies have given us accurate data 

for the properties of these fluids. So, it is possible to obtain a 

relation between a temperature range suitable for this study 

and the thermophysical properties. 

2.1 Conventional coolant properties 

Traditional heavy-duty equipment coolant usually has a 

composition of a 50:50 ethylene glycol and water mixture. The 

base fluid properties data were obtained from the ASHRAE 

Fundamentals Handbook [30] and curve fitted as a function of 

temperature, over a range of 60℃ ≤ T ≤ 120℃ that will be 

encountered by an internal combustion engine cooling system. 

The thermophysical correlations of the base coolant fluid 

presented in Table 1 show a coefficient of determination R2≈1. 

Table 1. EG/W 50:50 properties correlation for 60℃ ≤ T ≤ 120℃ 

Property Correlation R2 Equation 

Density (kg/m3) 
20.0024 0.3381 1081.1T T = − − + 1 (1) 

Viscosity (Pa.s) 
0.0170.0037 Te −= 0.996 (2) 

Specific heat (J/kg-K) 3.8616 3203.4c T= + 1 (3) 

Thermal conductivity (W/m-℃) 6 23 10 0.0008 0.3526k T T−= −  + + 0.999 (4) 

2.2 Nanofluid properties 

Although experiments and studies of nanofluids have been 

carried out, there is no comprehensive review on nanofluids 

properties from various aspects [31, 32]. We can consider 

some studies done to obtain these properties. The following 

correlations have been used to predict nanofluid density and 

specific heat, respectively, at different temperatures and 

concentrations [33, 34]. 

(1 )nf p bf   = + − (5) 

( ) ( ) (1 )( )nf p bfc c c    = + − (6) 

Correlations for thermal conductivity and viscosity for 

ethylene glycol – Al2O3 were developed by Chiam et al. [35] 

considering the study done by Sundar et al. [36]. 
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3. HYDRAULIC MINING SHOVEL RADIATOR

The heavy-duty equipment analyzed in this study is a 

hydraulic mining shovel shown in Figure 1. It has two internal 

combustion engines located at the rear of the vehicle (To the 

right side on Figure 1). Figure 2 shows the ICE with the 

radiators. In Table 2 are shown the specifications of each ICE. 

Table 2. Specifications of the internal combustion engine 

Parameter Engine 

Configuration V12 

Maximum Power (kW) 2256 

Rated Speed Max. Power (RPM) 1800 

Maximum Torque (Nm) 14755 

Rated Speed Max. Torque (RPM) 1350 
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Figure 1. Hydraulic mining shovel 

Figure 2. Schematic of internal combustion engine with the 

radiator 

3.1 Surface geometries 

The radiators are made of aluminum. Table 3 lists the 

structural parameters and Table 4 the dimensions of the 

radiator with their values needed for the analysis of the 

performance of this radiator. The schematic geometry of the 

radiator is shown in Figure 3(a). In Figure 3(b) and 3(c) are 

shown schematics for structural parameters of water-side and 

air-side, respectively. 

Table 3. Structural parameters of compact aluminum radiator 

Parameter Symbol Water side Air side 

Fin configuration - Offset Strip Plain 

Fin Thickness (mm) t 0.5 0.5 

Fin Height (mm) h 6.4 9.2 

Plate spacing (mm) b 6.9 9.7 

Fin Length (mm) l 6.0 139.7 

Fin spacing (mm) s 4.6 4.4 

Plate thickness (mm) a 0.8 0.8 

(a) 

(b) 

(c) 

Figure 3. Schematic geometry of the radiator 

Table 4. Dimensions of the radiator 

Parameter Symbol Value 

Length (mm) L 2482 

Width (mm) W 1794 

Height (mm) H 140 

3.2 Equations for surface geometries 

Additional surface geometries are required for the air and 

coolant sides to analyze the performance of the radiator. The 

equations shown in Table 5 show how these geometries were 

calculated [37]. 
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Table 5. Equations for surface geometries 

Parameter Formula Equation 

Hydraulic radius; rh (m2) 
4

h
h

D
r = (9) 

Frontal Area; Afr (m2) , ,,fr a fr cA LW A WH= = (10) 

Total transfer area/volume between plates: β (m2/m3) 
2( )

( )

hl sl ht

bl s t


+ +
=

+
(11) 

Total transfer area/total exchanger volume: α (m2/m3) 
1 2 2

b

b b a


 =

+ +
(12) 

Free flow area/frontal area: σ hr = (13) 

Fin surface area/Total transfer area: φ 
( )

( )

h l t

hl sl ht


+
=

+ +
(14) 

Volume of the radiator; V (m3): 

V LWH= (15) 

Hydraulic diameter; Dh (m2) 

Air side 

,

2 a a

h a

a a

s h
D

s h
=

+
(16) 

Coolant side 

,

2 ( )c c c c

h c

c c c c c c

l h s t
D

l h l s h t

−
=

+ +
(17) 

4. HEAT TRANSFER ANALYSIS

4.1 Operational parameters selected as inputs 

Hydraulic mining shovel is part of a large number of heavy-

duty equipment. They usually work in off-highway conditions 

such as mining or construction. The operational conditions of 

these heavy-duty radiators, such as inlet and outlet 

temperatures and flow rates for both coolant and air, must be 

used to compare performance of the radiator using different fin 

configurations and coolants. 

Table 6. Operational conditions for heavy-duty radiators 

Parameter 
Sources [4,5,7] Parameters used 

for this study Min Max 

Air Inlet 

Temperature (℃) 
41 43 40 

Air Outlet 

Temperature (℃) 
69 72 70 

Coolant Inlet 

Temperature (℃) 
89 92 90 

Coolant Outlet 

Temperature (℃) 
80 83 80 

Coolant mass flow 

rate (kg/s) 
6 62 10-50 

These data were collected from studies done before and are 

summarized in Table 6 along with the current testing 

conditions. It also depends on the operation and speed of the 

ICE. The parameters used for this study are also shown. These 

data were obtained by Engine Control Module (ECM) system 

from the shovel that can be connected to a computer and 

digitally obtain its operational parameters. 

4.2 Equations for heat transfer analysis 

Since this radiator is a compact heat exchanger, we can 

considerer the heat balance in the air-side and the coolant-side 

as follows in Eq. (18). 

, , , ,( ) ( )c c c o c i a a a i a oQ m c T T m c T T= − = − (18) 

The mass velocity and Reynolds number on both sides is 

evaluated in Eqns. (19) and (20). The mass velocity is 

considered per unit, on both sides per fin spacing. 

unit

unit

m
G

A
= (19) 

Re hD G


= (20) 

4.2.1 Equations for the coolant side 

For laminar flow, Shah and London [38] presented two 

equations of heat transfer under constant axial wall heat flux 

for developing laminar flows (Re<2300) for a single-phase 

liquid. 
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For turbulent flow, Gnielinkski [39] developed an equation 

taking into consideration that the friction factor for turbulent 

flow that was defined by Vajjha et al. [40] in Eq. (35). 
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For the transitional flow, Gnielinski [41] developed a 

practical approach for a Nusselt Number correlation in the 

transitional region (2300<Re<~3000). In Eq. (24) is shown 

that correlation, the laminar Nusselt Number is calculated by 

Eq. (21) and (22), and the turbulent Nusselt Number is 

calculated by Eq. (23). 

,2300 ,4000(1 )tran lam turbNu Nu Nu = − + (24) 

With 

Re 2300
0 1

4000 2300

c and 
−

=  
−

(25) 

Coolant-side convective heat transfer coefficient is shown 

in Eq. (26): 

,

c c

c

h c

Nu k
h

D
= (26) 

4.2.2 Equations for the air side 

A correlation was developed for the Colburn Factor by 

curvefitting the data from Kays and London [37] on plain plate 

fin surface 6.2 which one meets with the structural parameters 

shown in Table 3. It is shown in Table 7. Air-side convective 

heat transfer coefficient is shown in Eq. (27). 

2/3Pr

a a a

a

a

j G c
h = (27) 

4.2.3 Equations for heat transfer performance of the radiator 

Surface effectiveness of the fins is part of the heat transfer 

coefficient balance, it is calculated with fin efficiency shown 

in Eq. (30) and Fin area divided by the total area relation. 
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4.3 Equations for pressure drop analysis 

A theoretical relation for single phase fluid pressure drop 

can be expressed as follows in Eq. (32): 

2

2

r

h

fL G
P

D 
 = (32) 

4.3.1 Equations for the coolant side 

For the laminar flow, Hwang et al. [42] studied the friction 

factor of water-based Al2O3 nanofluids flowing through a tube 

by analyzing the pressure drop. Results shown that the Darcy 

friction factor in fully developed laminar flow regime has a 

good agreement with Eq. (33). 

64

Re
lam

c

f = (33) 

However, Sharma et al. [43] indicated that the Brownian 

motion and random collisions between the nanoparticles at 

higher concentrations could result in higher friction factors in 

comparison to the base fluid or nanofluid with low 

concentrations (ɸ <0.5%). They studied the pressure drop in 

laminar flow through a tube by using EG:W-based Al2O3 

nanofluids. They proposed the correlation shown in Eq. (34) 

considering the nanofluid concentration 

0.70
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(34) 

For the turbulent flow, Vajjha et al. [40] developed a 

correlation for this regime shown in Eq. (35) by considering 

the density and viscosity variation between nanofluid and 

basefluid. 

0.797 0.108

0.250.3164Re
nf nf

turb c

bf bf

f
 

 

−
   

=    
   
   

(35) 

For the transitional flow, as well as in the heat transfer 

analysis, the practical approach done by Gnielinski [41] fits in 

the pressure drop analysis 

,2300 ,4000(1 )tran lam turbf f f = − + (36) 

With 

Re 2300
0 1

4000 2300

c and 
−
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−

(37) 

Table 7. Colburn and friction factor correlations for the air-side 

Reynolds Number Correlation R2 Equation 

800<Re<3000 
9 2 61.1 10 Re 5.3 10 Re 0.0092a a aj − −=  −  + 0.993 (38) 

3000<Re<4000 
11 2 75 10 Re 4.2 10 Re 0.00245a a aj − −= −  +  + 1 (39) 

4000<Re<12000 
83.8 10 Re 0.00348a aj −= −  + 0.998 (40) 

800<Re<2500 
9 2 55.1 10 Re 2.3 10 Re 0.03604af
− −=  −  + 0.995 (41) 

2500<Re<12000 
11 2 72.4 10 Re 5.9 10 Re 0.0108a a af − −=  −  + 0.993 (42) 

277



4.3.2 Equations for the air side 

A correlation was developed for the Colburn Factor by 

curve fitting the data from Kays and London [37] on plain 

plate fin surface 6.2 which one meets with the structural 

parameters shown in Table 3. It is shown in Table 7. 

5. RESULTS

In this section, the heat transfer and pressure drop 

performance of a hydraulic mining shovel radiator is 

developed considering the air-side overall heat transfer 

coefficient versus the air Reynolds number, the coolant 

convective heat transfer coefficient versus the coolant 

Reynolds number, the air-side pressure drop versus the air 

Reynolds number, and the coolant-side pressure drop versus 

the coolant Reynolds number. 

The effects of volumetric concentration of nanoparticles on 

the performance of nanofluids are examined in Figures 4, 5 

and 7. It is noted in the nanofluid literature that increasing 

particle concentration increases thermal conductivity and 

viscosity. An increase in thermal conductivity will increase the 

convection coefficient if the Nusselt number is maintained the 

same. While an increase in viscosity will increase the Prandtl 

number but decrease the Reynolds number influencing heat 

transfer [15, 44] 

Figure 4. Coolant convective heat transfer coefficient versus 

the coolant Reynolds number 

Figure 5. Air-side overall heat transfer coefficient vs the air 

Reynolds number 

5.1 Heat transfer performance 

The effect of the coolant convective heat transfer coefficient 

per Al2O3 nanofluid volume concentration is shown in Figure 

4. Under equal heat dissipation, nanofluids will perform at a

much lower Reynolds number and so on at a lower heat 

transfer coefficient. With a 0.5% concentration we see the 

Reynolds number drop as much as 18% compared to the base 

fluid (volume concentration of 0%). Increasing the particle 

volume concentration to 1.0% or 1.5% will continue to lower 

the nanofluids Reynolds number due to the increase in 

viscosity of the fluid. 

Optimal volume concentration for convective heat transfer 

coefficient on the coolant-side depends on the coolant regime. 

The nanofluid literature shows that the heat transfer coefficient 

strongly depends on nanoparticles concentration. It is also 

higher for higher Reynolds number. That means turbulent flow 

conditions are more feasible in comparison to laminar flow for 

nanofluids [45]. In the present study, the radiator working only 

with the basefluid, has a coolant Reynolds number in a range 

of 767 to 3836 that is part of laminar, transitional and turbulent 

flow. With a volume concentration of 0.5%, the coolant 

Reynolds number in a range of 654 to 3270 that is part of 

laminar, transitional and turbulent flow. With a volume 

concentration of 1.0%, the coolant Reynolds number is in a 

range of 558 to 2790 that is part of laminar and transitional 

flow. With a volume concentration of 1.5%, the coolant 

Reynolds number in a range of 476 to 2382 that is part of 

laminar and transitional flow. So that, the optimal volume 

concentration for convective heat transfer coefficient is in the 

range of 0% to 0.5%. However, the difference done by 

increasing the volume concentration in that range is not very 

notable in this heat exchanger, since the coolant Reynolds 

number in the turbulent flow is still lower. 

The effect of the air-side overall heat transfer coefficient per 

Al2O3 nanofluid volume concentration is shown in Figure 5. 

The air Reynolds number plays a more vital role when looking 

at overall heat transfer coefficient. Note that the air-side 

overall heat transfer coefficient is the same independently of 

the volume concentration until the air Reynolds number of 

5250.  

Then, the overall heat transfer coefficient has different 

values considering the volume concentration, since the coolant 

is varying from laminar flow to transitional flow and so on to 

turbulent flow as mentioned before. Working with a nanofluid 

volume concentration of 0% and 0.5%, the coolant reaches the 

turbulent regime and so that the overall heat transfer 

coefficient on the air-side is higher than by working with a 

nanofluid volume concentration of 1.0% and 1.5%. 

As mentioned before, the process is under constant wall heat 

flux. Also, since the cooling system of the hydraulic shovel is 

controlled by Engine Control Module (ECM) system, the inlet 

and outlet temperatures are determined by the equipment and 

could not be changed since it could provoke power losses in 

the ICE. 

5.2 Pressure drop performance 

The effect of the air-side pressure drop is shown in Figure 

6. There is no variation in the pressure drop on the air side

since the concentration of the nanofluid volume does not

influence in this case, since this trend only depends on the

Reynolds number of the air.

As we can see, the pressure drop is lower than 100 Pa; that 

is very much lower than atmospheric pressure. The geometry 

on the air-side is plain plate fin, so that by using a different 

geometry such as louvered or staggered, can improve the fin 

efficiency of the heat exchanger and so on the heat transfer 

performance. 
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Figure 6. Air-side pressure drop versus the air Reynolds 

number 

 

 
 

Figure 7. Coolant-side pressure drop versus the coolant 

Reynolds number 

 

The effect of the coolant-side pressure drop per Al2O3 

nanofluid volume concentration is shown in Figure 7. For a 

higher coolant Reynolds number its seen that there is a higher 

pressure drop, as expected (enhanced viscosity); it increases as 

the nanofluid volume concentration also increases. The 

radiator working only with the basefluid, has a pressure drop 

in a range of 438 to 5253 Pa that is part of laminar, transitional 

and turbulent flow. With a volume concentration of 0.5%, the 

coolant Reynolds number in a range of 538 to 5546 Pa that is 

part of laminar, transitional and turbulent flow. With a volume 

concentration of 1.0%, the coolant Reynolds number in a range 

of 645 to 5198 Pa that is part of laminar and transitional flow. 

With a volume concentration of 1.5%, the coolant Reynolds 

number in a range of 769 to 4198 Pa that is part of laminar and 

transitional flow. 

 

 

6. CONCLUSIONS 

 

In this paper, it is shown the heat transfer and pressure drop 

performance of a hydraulic mining shovel radiator by using 

ethylene glycol/water-based Al2O3 nanofluids that has been 

numerically analyzed. The following are the key findings of 

this study: 

- The thermal design of the radiator is not adequate since 

the geometry both on the air-side and coolant-side 

could be improved [8]. Also, the material of the radiator 

could be changed, considering that the hydraulic 

mining shovel works under heavy-duty conditions; the 

maintenance of the radiator is more feasible if it is made 

of copper [4]. 

- The performance of heat transfer by using nanofluid 

should be analyzed considering the engine and the 

cooling system, since this type of machinery expels 

large amounts of heat through the radiator. Therefore, 

in order to take advantage of the benefits done by 

nanofluids, the thermal operating parameters of the 

motor assembly must be varied. So that, in this study, 

fluid properties and geometry of the radiator can hinder 

the performance of basefluid [44]. 

- As we can see, for lower coolant flow rates and lower 

nanofluid volume concentrations, the pressure drop is 

lower. But for higher coolant flow rates and lower 

concentrations, the pressure drop is higher. It means 

that heat exchangers operating in laminar and 

transitional conditions can reduce pressure drop and 

therefore pumping power. 

It is recommended that for a future study a test bench can 

be developed for these types of heat exchangers, by also 

considering the environment and vibrations of the off-highway 

conditions where this equipment is working.  
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NOMENCLATURE 

 

t fin thickness, mm 

h fin height, mm 

b plate spacing, mm 

l fin length, mm 

s fin spacing, mm 

a plate thickness, mm 

D diameter, mm 

r radius, mm 

L length, mm 

W width, mm 

H height, mm 

A area, m2 

BR base mixture ratio 

V volumetric flow, m3/s 

m mass flow, kg/s 

Q heat transfer rate, W 

c specific heat, J/(kg-℃) 

k thermal conductivity, (W/m-℃) 

T temperature, ℃ 

h convective coefficient, W/(m2-℃) 

G mass air flow, kg/s-m2 

Re Reynolds number 

Pr Prandtl number 

Nu Nusselt number 

U overall heat transfer coefficient, W/(m2-℃) 

f Friction factor 

j Colburn factor 

ΔP pressure drop, Pa 

 

Greek symbols 

 

α total transfer area/total exchanger volume, 

m2/m3 

β total transfer area/volume between plates, 

m2/m3 

ρ density, m3/kg 

η efficiency, % 

µ dynamic viscosity, Pa.s 

σ free flow area/frontal area 

φ fin surface area/Total transfer area 

ϕ nanofluid volume concentration 

γ intermittency factor 

 

Subscripts 

 

fr frontal 

c coolant side 

a air side 

h hydraulic parameter 

nf nanofluid 

bf basefluid 

p particle 

lam laminar regime 

turb turbulent regime 

tran transitional regime 
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