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In this study, the thermal characteristics of turbulent nanofluid flow in a helical tube in the 
tube heat exchanger (HTTHE) were assessed numerically through computational fluid 
dynamics (CFD) simulation. The findings of both the turbulent models: realizable k-epsion (k-
ε) and re-normalisation group (RNG) k-epsilon were compared. The temperature distribution 
contours show that realizable and RNG k-ε models, together with the swirl dominated flow 
are of more uniform temperature distributions. The proper prediction of two layer theory 
leads to having a uniform temperature distribution and proper dimensionless wall distance 
(Y+). The turbulent flow and heat transfer of two nanofluids (SiO2, Al2O3) and base fluid with 
respect to swirl dominated flow was simulated through the RNG model. The effects of the 
concentration of nanoparticles on heat transfer characteristics in HTTHE and two turbulent 
models were analyzed in a comprehensive manner. It is concluded that up to 1% 
concentration of SiO2 and 1% concentration of Al2O3, similar heat transfer characteristics are 
observed. Comparison between the CFD results with the predicted values for friction factor 
coefficient (f) and Nusselt number (Nu) calculated through experimental correlations 
indicate the maximum errors of 6.56% and 0.27%, respectively. 
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1. Introduction    

Numerous experimental and numerical assessments 

have been published to develop the better understanding 

of the nanofluids behavior [1], thermal characteristics in 

heat exchangers [2], their modelling [3] and CFD 

simulation [4]. The related literature review indicates that 

only a few studies are run on HTTHEs [5]. These heat 

exchangers create turbulence and promote swirl in 

convective heat transfer in the fluid and cause effective 

mixing of fluid and provide a large area. Helically tube 

exchanger is superior due to its physical configuration and 

generating secondary flow compared to the conventional 

tube heat exchangers. The secondary flow and increased 

heat transfer potential of nanofluids in the helically coiled 

tube heat exchangers is applied to increase the heat 

exchangers effectiveness; thus, a reduction of size in heat 
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exchangers [6]. Due to the growth of industrial 

applications regarding heat transfer with respect to the 

energy and environmental concerns, heat exchanger 

configurations have been improved to transfer heat in an 

efficient manner. Applying the fin and tube [7] or compact 

[8] heat exchanger, heat exchanger equipped with helical 

membrane coils [9] and improving the thermal 

conductivity of basefluid would enhance the convective 

heat transfer of these apparatuses. Investigators 

recommend improving the thermal conductivity of 

basefluid to enhance the performance of heat exchangers 

by applying nanofluids, which are a liquid–solid mixture 

of nanoparticles like metal, oxides, and some other 

compounds. Here, the basefluids usually consist of water, 

alcohols, and oils. Due to large surface areas of the 

nanoparticles, nanofluids obtain superior properties, in 
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high thermal conductivity, stability, and homogeneity 

[10]. 

The enhancement in thermal conductivity of nanofluids 

depends on temperature, particles volume fraction, 

material shape, type, and size. Vajjha and Das [11] 

assessed the dependency of thermal conductivity on both 

the temperature rises from 298 to 363 K and particle 

concentration up to 10 %. The results indicate that an 

increase in temperature and concentration of nanoparticles 

would lead to an increase in the thermal conductivity of 

nanofluids in comparison with the basefluids. 

An experimental investigation was carried out by 

Hashemi and Akhavan-Behabadi [12] to assess the 

pressure drop and heat transfer characteristics of nanofluid 

flow inside a horizontal helical tube subjected to laminar 

flow regime and constant heat flux. The CuO nanoparticles 

were dispersed in an industrial oil with a concentration of 

0.5–2 %. The effect of some parameters like fluid 

temperature, Reynolds number (Re) and nanofluid particle 

concentration on pressure drop of the flow and heat 

transfer coefficient, were investigated as well. Their 

results revealed that by using the helically coiled tube and 

the nanofluid instead of basefluid, the heat transfer 

performance improves. Narrein and Mohammed [6] 

performed a numerical assessment on the effects of 

different nanoparticle, with different diameters and 

volume concentrations in basefluid types of water, engine 

oil, and ethylene glycol, influencing the thermal and 

hydraulic characteristics in helically coiled tube heat 

exchanger subjected to laminar flow. Their results 

indicated that nanofluids would improve the thermal 

properties and performance of the exchanger, while this 

fact is accompanied by an increase in pressure drop. They 

concluded that the Nu is at its highest when CuO is being 

utilized.  

The thermal performance of single and hybrid type 

nanofluid was assessed in a coiled heat exchanger at 

laminar flow operating conditions and constant wall 

temperature by Allahyar et al. [13]. The maximum heat 

transfer rate was achived using a hybrid type at a 

concentration of 0.4 vol % which is 31.58 % higher than 

that of water.  

The heat transfer characteristics of Al2O3-Cu/water 

hybrid nanofluid was investigated in a permeable channel 

by Mollaahmadi et al. [14]. The effects of the Re and the 

concentration of nanoparticles, on the heat transfer, were 

examined. The results showed that an increase in the Re 

increases the Nu. By using the hybrid nanofluid, rather 

than pure nanofluid, the heat-transfer coefficient increased 

significantly.  

The effect of using Al and Cu nanofluids on the 

convective heat transfer inside a spiral coil was studied by 

Tajik Jamal-Abad et al. [15]. The results showed that the 

nanofluid significantly increases the convective heat 

transfer coefficient, and Cu-water nanofluid has more 

thermal characteristics than Al- water nanofluid. 

From reviewing the previous literature, it is obvious 

that no sufficient attempts made to study the effects of 

different turbulent models and different nanoparticles in 

HTTHEs under turbulent flow regime in both inner and 

annulus tube sides. In order to shade more light on this 

issue and pave the way in this field, an attempt was made 

to assess and examine a 3D turbulent flow with respect to 

the effects of different turbulent models and two 

introduced nanofluids. The objective of this article is to 

study the heat transfer behavior and pressure drop of 

water-based SiO2 and Al2O3 subject to different turbulent 

models. It is expected that the findings here would fulfill 

the research gap regarding HTTHEs operating with 

nanofluids to a certain degree.  

 

2. Methodology 

2.1 Numerical model 

A commercially CFD code was applied to run the 

numerical calculations of the subject 3D geometry. The 

computational geometry was developed in Gambit, and 

heat transfer and pressure drop analysis was done using 

Fluent.  The considered heat exchanger geometry with di,i, 

di,o, R, and H dimentions was depicted in Fig. 1. The 

geometric parameters and inlet conditions of this heat 

exchanger are presented in Table 1. The cold nanofluid 

flows in the annulus tube side, while the hot nanofluid 

flows in the inner coiled tube. The material of the heat 

exchanger component was of copper. Its physical 

properties are tabulated in Table 2. According to the 

obtained result by Rea et al. [16], the single-phase model 

is applied frequently for nanofluids thermal behavior 

prediction. 

 

2.2 Governing equations 

Setting the governing equations to complete the CFD 

analysis of the HTTHE is of major importance. In this 

study, the RNG k-ε turbulent model with enhanced wall 

treatment and swirl dominated flow, the RNG turbulent 

model with enhanced wall treatment without swirl 

dominated flow and the realizable k-ε model were 

selected. The mentioned equations are written as: 

Continuity equation: 

0).(  Ueff  (1) 

 

Table 1. Geometry and inlet conditions of CTITHE 

 Inner tube Outer tube 

Outer diameter, m 0.00635 0.01587 

Inner diameter, m 0.00475 0.01407 

Coil diameter, m 0.3 0.3 

Pitch, m 0.03174 0.03174 

Number of turns 1.5 1.5 

Tube material Copper Copper 

Flow rate, LPM 2 10 

Inlet temperature, °C 50 20 
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Table 2. Physical properties of copper 

Density 

(kg/m3) 

Specific heat 

(J/kg.K) 

Thermal conductivity 

(W/m.K) 

9878 381 387.6 

 

Momentum equation: 

0)().(  T

eff PUU 
 

(2) 

Energy equation: 
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 The k-ε RNG turbulent model is applied as follows: 
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(4) 

In the case of RNG model with swirl dominated flow, 

the swirl factor =0.07. 

 

2.3 Grid testing and model validation 

2.3.1 Grid testing 

The 3D geometry of this heat exchanger with meshing 

is displayed in Fig. 2. A grid independence check was run 

to evaluate the effects of different grid size on the obtained 

outcomes. The grid independence was checked through 

four sets of hexahedral meshes of 325200, 461000, 

688000, and 753200 cells, respectively. The last two types 

of mesh yielded similar results with respect to heat transfer 

coefficient and satisfactory Y+. In this study, by 

considering the accuracy of obtained results (temperature 

distribution and Y+) and in order to decrease the 

computational time, the set of 688000 cells were chosen. 

 

2.3.2 Validation  

The validation was made based on boundary conditions 

and geometry, introduced by Aly [5]. For validation 

purpose, the realizable k-ε turbulent model was used. The 

code was validated by comparing the flow results with the 

experimental correlations introduced by Gnielinski [17], 

Mishra and Gupta [18] and Ito [19]. The obtained CFD 

results were compared with the available experimental 

correlations presented in Table 3. It is observed that the 

obtained results show close agreement with Eqs. (5) 

through(7). 

 

2.4 Numerical procedures 

The numerical computations were run by solving the 

Eqs. (1-4), by applying the finite volume formulations. 

The numerical solution procedure adopts the SIMPLEC 

algorithm for pressure velocity coupling. The second-

order upwind scheme was applied for momentum, 

turbulent kinetic energy- dissipation rate, and third-order 

QUICK discretization scheme was applied for energy 

equation. The considered solutions converged when the 

normalized residual value≤10-12 for energy balance and 

≤10-11 for continuity, velocity, k, and ε. 

 

Figure 1. Schematic diagram and cross section of CTITHE 

 

 

Figure 2. Grid system for CTITHE 

 

Table 3. Friction factor and Nusselt number correlations 

Author Correlation condition Eq. 

Gnielinski 

[17] 
)1(Pr8/7.120.1

)8/Re(.Pr

3/2 


f

f
Nu

f=0.3164Re-0.25+0.03δ0.5 

Re>2.2×104 (5) 

Mishra 

Gupta [18] 

f=fs+0.03δ0.5 

fs=0.3164Re-0.25 
4500˂Re˂105 (6) 

Ito [19] f=0.304Re-0.25+0.029δ0.5 300>Reδ2>0.034 (7) 

 

Table 4. Thermophysical properties of the base fluid and the 

nanoparticles [20, 21]. 

Property Water Al2O3 SiO2 

Density (kg/m3) 998.2 3300 2200 

Specific heat (J/kg.K) 4182 880 703 

Thermal conductivity(W/m.K) 0.6 42.34 1.2 

Dynamic viscosity 0.001003 - - 
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In order to represent the results, the following 

dimensionless parameters are introduced: 

K

CUd ph





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Nu h

 

(8) 

Dean number (Dn), which represents the magnitude of 

secondary flow is presented as: 

2/1Re,   Dn
D
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(9) 

The heat transfer coefficient (h) of water is defined as 

follows: 
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The friction factor, f, is determined as: 
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(11) 

 

2.5 Thermophysical Properties of Nanofluids 

In order to conduct the numerical simulation for 

nanofluids, the thermophysical properties of nanofluids 

were determined. In this study, the nanoparticles were of 

Al2O3 and SiO2 type. The thermophysical properties of the 

basefluid and the nanoparticles involved here are 

presented in Table 4. The aim was to depeen the effect of 

using nanofluids with different amounts of thermal 

conductivity on heat transfer enhancement in heat 

exchangers. 

The density of nanofluid, ρnf is obtained from the 

following equation [5]: 

npfnf   )1(  (12) 

The effective heat capacity is calculated through the 

following equation [5]: 

nppfpnfp CCC )())(1()(    (13) 

The effective thermal conductivity is obtained through 

the following correlation [5]: 
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where K=1.3807×10−23 J/K.  

The modified  f (𝑇,  ) function is obtained as follows: 

)1091123.3100669.3(

)
15.273

)(108217.210917.3(),(

32

23












T

Tf  
(17) 

The effective viscosity is obtained through the 

following mean empirical correlation [11]: 
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where N =6.022×1023 mol−1.  

The average absolute relative error (AARE, %) for all 

the given data points at different Re is calculated by the 

following equation: 


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i
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where, X
CFD
i

and X
ref
i  are the Nu or f calculated by 

CFD and predicted by the model from references, 

respectively. N is the number of available data points at 

different Re. 

 

 2.6 Boundary conditions  

Boundary conditions in the model are summarized as 

follow:  

 Inner tube side mass flow rate: 2-5 LPM and 

annulus tube side mass flow rate: 10-25 LPM 

 Inner tube side nanofluid temperature: 50°C and 

annulus tube side nanofluid temperature: 20°C  

 Pressure outlet in both tube sides: 1 bar 

 No-slip boundary condition on the walls 

 Adiabatic wall boundary condition on the outer 

wall  

 The coupled temperature on the interface wall 

 

3. Results and discussion 

In this study, the selected nanoparticles were promising 

for heat transfer applications owing to their excellent 

specific heat and themal conductivities as well as lower 

viscosities even at high concentrations, good 

dispensability [22], higher effectiveness in the case of 

considering nanoparticle price [23]. 

The heat transfer characteristics of nanofluids were 

compared based on Re. SiO2 nanofluid was attributed to 

the Brownian particle motion; therefore, a further increase 

for the heat tranfer capability of SiO2 nanoparticles. SiO2 

nanoparticles present a large surface area which enhances 

the heat transfer characteristics of the nanofluid. 

The presenting of the Nu as a function of the Re 

indicates enhancement in the convection heat transfer. 

Typically, the nanofluids obtain higher Nu than water with 

an equal Re. The well-known correlation of Dittus-Boelter 

confirms that an increase in Re leads to increase in Nu and 

hence, the heat transfer coefficient of nanofluid [24]. The 

comparison of the Nu of SiO2 nanofluid with that of Al2O3 

nanofluid result obtained by Aly [5] in the inner and 

annulus tube sides of the HTTHE are presented in Fig. 3 

(a) and (b), respectively. The Nu from Fig. 3 was 

compared when subjected to the same Re in 11600 to 

28120 ranges. The numerical results indicated that due to 

the low thermal conductivity of SiO2 nanofluid, Nu is 
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higher than that of other nanofluids. An increase in Re 

leads to increase in Nu. The calculated AARE % of Nui 

and Nuo in this study in relation to Gnielinski’s correlation 

are 1.4 % and 3.6 %, respectively. The obtained results 

reaveled the good agreement between the computational 

model and the experimental correlation, which in fact 

confirms the accuracy of this model. 

The friction factors calculated from the CFD results 

regarding pressure drop and the variant friction factors 

with respect to Re for SiO2 nanofluid and their comparison 

with water and the results reported by Mishra and Gapta 

and Ito are presented in Fig. 4. According to Blasius 

equation and Eq. (6), an increase in Re leads to a reduction 

in the calculated f [25]. This fact is confirmed through this 

study, which f decreases when Re increases (see Fig. 4). It 

is also expected from the particles Brownian movement by 

adding nano particle to the water, which causes an increase 

in the momentum transfer, the obtained f for nanofluid is 

more than water. It should be noted that according to Fig. 

4, the Ito's model shows less f than Mishra and Gupta's 

model subjected to the same Re. Consequently, Ito's 

equation is not a proper correlation for predicting the 

nanofluid pressure drop in this study. 

 

 

Figure 3. Comparison of Nu between the present study 

and Gnielinski [17] based on Re(a) inner tube side, (b) 

annulus tube side. 

 

 

Figure 4. f versus Re(a) inner tube side, (b) annulus tube 

side 

 

The heat transfer coefficient versus Re for HTTHE is 

shown in Fig. 5 (a) and (b) for the inner and the annulus 

tube sides, respectively. With an increase in Re, the 

importance of thermal conductivity in heat transfer 

enhancement becomes less considerable [26]. It is 

observed from Fig. 5 that the highest heat transfer 

coefficient is obtained for SiO2 and Al2O3 nanofluids. At 

1% volume concentration of SiO2 nanofluid and Al2O3 

nanofluid, the heat transfer coefficient of both the 

nanofluids is 8.6 % and 8.2 % greater than the basefluid in 

annulus tube side, respectively; while this value is 4.3 % 

and 1.5 % in inner tube side. This behavior is probably due 

to the wall effect, which leads to the turbulent flow. Due 

to an increase in heat transfer coefficient by using SiO2 and 

Al2O3 and therefore an improvement in the heat transfer 

characteristics in both the nanofluids, these nanofluids 

were recommended to be used in heat exchangers. The 

possible explanation behind this phenomena is the fact that 

at 1% concentration of SiO2 and 1% concentration of 

Al2O3, these two nanofluids show similar behavior. 

The simulated Nu versus the predicted Nu of Eq. (5) 

and f of Eq. (6) are presented in Figs. 6 (a) and (b), 

respectively. In this figure, the values of predicted Nu and 

f are in accordance with the simulated ones in this study. 

Here, the maximum error of Nu is 6.56 %, and the same 

amount for f is 0.27 %. It is deduced that Eq. (6) is valid 

for the tested nanofluids in the turbulent flow regime. In 

this study, it is found that nanofluids behave as a 

homogeneous fluid. The findings of this assessment 
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indicate similar trends of increase in f with respect to an 

increase in Re, a similar finding by El-Maghlany et al. 

[27]. 

Temperature distribution contours for three different 

models for inner and annulus tube sides are shown in Figs. 

7 and 8, respectively. Here, it is observed that the RNG 

model could predict the nanofluid behavior in temperature 

distribution contours in a proper manner, provided that the 

swirl dominated flow is considered in the equations. As 

observed in Figs. 7 and 8 the RNG model shows the 

similar result with the realizable k-ε model when the swirl 

dominated flow is applied; thus, the RNG model is 

adopted in evaluating the heat transfer characteristics of  

nanofluid in HTTHE. These contours show that realizable 

k-ε and RNG k-ε models, together with the swirl 

dominated flow are of more uniform temperature 

distribution. Temperature differences in Figs. 7 (a), (b) and 

(c) are 3.9, 3.7 and 12.6 for inner tube side and the same at 

Figs. 8 (a), (b) and (c) are 5, 3.7 and 9.3 for annulus tube 

side, respectively. Thus the RNG model, together with the 

swirl dominated flow shows more uniform temperature 

distribution at any cross section than the other two models. 

In a previous study [9], it was reported that realizable k-ε 

model is more precise than the RNG turbulent model, 

while, according to the obtained results in this study (Figs. 

7 and 8), the RNG model could predict the nanofluid 

behavior in temperature distribution contours better than 

realizable k-ε model, provided that the swirl dominated 

flow is considered. 

 

 

Figure 5. Heat transfer coefficient versus Re(a) inner 

tube side, (b) annulus tube side 

 

 

Figure 6. Comparison of the simulated values of (a) Nu, 

(b) f, with those predicted by Gnielinski [17] and Mishra 

and Gupta [18], respectively 

        

 

 
(a)                       (b)                              (c) 

Figure 7. Comparison of temperature distribution contours 

among (a) realizable, (b) RNG, (c) RNG where no dominated 

flow model for inner side of the tube is of concern. 

 

 
(a)      (b)                                       (c) 

Figure 8. Comparison of temperature distribution contours 

among (a) realizable, (b) RNG, (c) RNG where no dominated 

flow model for outer side of tube is of concern. 

 

The temperature vector in HTTHE for RNG model 

where the swirl dominated flow is of concern and the three 

different 325200, 461000, and 688000 cells are shown in 

Fig. 9. As observed here, as the mesh size increases, the 
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temperature profile for nanofluid is more vivid. As for the 

vectors in this figure, the laminar flow is evident near the 

wall, and the turbulent flow is evident in the center parts of 

the tube. This normal behavior is clearly observed in 

688000 cells, where small temperature range due to the 

systematic establishment of the boundary layers is 

observed as well. This phenomenon improves the 

convective heat transfer coefficients on the boundaries 

where a considerable enhancement of heat transfer is 

achieved. It is deduced that when the mesh size decreases, 

the value of Y+ decreases; as for 688000 cells, the value of 

Y+is almost 1. According to the result obtained by Aly [5], 

the proper value for Y+ is 1. Thus it is deduced that the 

value obtained here by 688000 cells is an appropriate value 

for simulation due to the proper value of Y+ and clear 

temperature profile. 

 

4. Conclusion 

 In this article, the characteristics of pressure drop and 

convective heat transfer of SiO2 nanofluid flowing in 

HTTHE is assessed. The following conclusions can be 

expressed according to obtained results: 

 The 3D k-ε RNG model with and without swirl 

dominated flow, and realizable k-ε turbulence model 

were assessed.  Due to uniform temperature distribution, 

adopting the two layers theory and proper Y+, the RNG 

k-ε model with the swirl dominated flow is proper to 

simulate the turbulent flow in HTTHE. 

 The changes in f and Nu against Re for SiO2 and Al2O3 

nanofluids at 1 % concentration was also assessed. The 

results obtained from the simulation of Al2O3 indicate a 

good agreement with that of reported in the related 

literature. The heat transfer coefficient for SiO2 and 

Al2O3 nanofluids at 1 % concentration in a separate 

manner demonstrated a better result than that of water. 

 Comparison between the CFD study against predicted 

values for f and Nu through experimental correlations 

indicate that experimental correlations are established 

based on single phase fluid data which holds true for 

multiphase flow with maximum errors less than 6.56 %.  

 

Nomenclature 

Cp  Specific heat at constant pressure, J/kg.K 
C  Model parameter  
D  Coil diameter, m 
Dn  Dean Number 
d  Tube diameter, m  
f  Darcy–Weisbach friction factor  
h  Heat transfer coefficient  
H  Coil pitch, m 
k  Turbulent kinetic energy, m2/s2  
L Length of the tube, m 
M  Molecular weight of the basefluid, g/gmol  
m   Mass flow rate, kg/s   
K  Thermal conductivity, W/m.K 
Nu  Nusselt number  
P Pressure, Pa 
Pr Prandtl number  

 
(a) 

 
(b) 

 
(c) 

Figure 9. Temperature profile vectors in CTITHE (a) 

325200, (b) 461000 and (c) 688000 grid cells 

 
q Heat flux, W/m2 
Qc  Cold water flow rate, LPM 
Qh  Hot water flow rate, LPM 
R  Coil radius, m 
Re Reynolds Number 
T Temperature, K 
U Velocity component in the flow direction, 
m/s 
U' Root-mean-square turbulent velocity    

fluctuation, m/s 
Y+ Dimensionless distance from the wall,usy/m  
 
Greek symbols 
B Curve-fit relations 
δ Curvature ratio 
δij Dirac delta function 
  Turbulent dissipation rate, m2/s3 
ρ Density of test fluid, kg/m3 
µ Dynamic viscosity, kg/m.s 
στ Turbulent Prandtl number in the energy 

equation 
σk Diffusion Prandtl number for k 
Δ Difference operator 
  Nanoparticle volume concentration 
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Subscript 
b Bulk quantity 
bf Basefluid 
c Cold 
eff Effective 
f Fluid 
h Hot 
i,j,k General spatial indices 
i Inner or inlet 
nf Nanofluid 
o Outlet or outer 
P Nanoparticle 
w Wall condition 
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