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In this study, heat transfer and fluid flow characteristics of Ag-MgO/water 
hybrid nanofluid flow through a pipe were numerically investigated under 
turbulent regime at identical Reynolds number, velocity and pumping power. 
To model the flow, the standard k   turbulence model was used. In the 
analyses, Reynolds number was in the range from Re=10000 to Re=100000 
and velocity ranged from V=0.3 m/s to V=3.0 m/s. As a result, it was found 
that the enhancements in convective heat transfer coefficient were obtained to 
be 23.72% for identical Reynolds number, 6.27% for identical velocity and 
0.44% for identical pumping power. Nanofluids had higher velocities 
compared to their base fluid to be able to compare them at identical Reynolds 
number. It was found that this velocity differences can already cause a 
convective heat transfer enhancement of 16.29% without nanoparticle 
addition. Nanofluids have higher performance evaluation criteria than unity at 
identical Reynolds number while they have lower values than unity at identical 
velocity and pumping power. It can be concluded that the results obtained for 
identical Reynolds number are extremely optimistic and not realistic. 
Nanofluids should be examined at identical velocity or pumping power for a 
fair comparison. 
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1. Introduction 

Studies on nanofluids, which have left their mark on the last decade, still continue to be up-to-date. The 
most important features of nanofluids, which improve thermal performance in different applications, are 
the thermophysical properties of the nanoparticles in their structure. Nanofluids, the name given to the 
homogeneous structures of the base fluid and nanoparticles, are produced using nano-sized particles of 
metal and non-metal materials. With the addition of nanoparticles, especially the increase in the thermal 
conductivity value in the base fluid significantly increases the convective heat transfer under flow 
conditions [1–3]. Convection heat transfer characteristics and thermo-hydraulic performances of 
nanofluids in in-channel flows or different flow applications (heating-cooling) continue to be intensively 
investigated experimentally and numerically under laminar and turbulent flow conditions [4–8]. In the 
3-D numerical study by Davarnejad et al. [9], the heat transfer performance of MgO/water nanofluid in 
circular channel was investigated under turbulent flow conditions. Reynolds number range of 3000-
19000 and nanoparticle volume fractions of 0.0625%, 0.125%, 0.25%, 0.5% and 1% were used, and the 
k- model was applied under single-phase, volume of fluid and mixture flow conditions. The highest 
Nusselt number was obtained with Re 19000 at a 1% volumetric ratio, approximately 35% higher than
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pure water under the same conditions. Akbarzadeh et al. [10] performed 2-D pumping power and 
thermal performance analysis for nanofluid flow in laminar flow conditions in the wavy channel. It was 
noted that the aspect ratio change increased the Nusselt number and pumping power by approximately 
56% and 390%, respectively. Considering the channel aspect ratio, Reynolds number and particle 
volumetric ratio, it was determined that the dominant parameter on the dimensionless pressure drop 
parameter was the aspect ratio. The use of nanofluids with low wave amplitude in wavy channels 
provided the highest heat transfer performance. A numerical study was conducted to examine the 
variation in heat transfer, pressure drop and entropy generation when graphene-silver/water nanofluid 
was used as the working fluid instead of pure water in two newly designed microchannel heat sinks. 
According to the results obtained, it was stated that the nanofluid provides lower surface temperature 
and thermal resistance than pure water at constant pumping power and higher volume fractions provided 
more uniform cooling. Bahiraei and Heshmatian [11] pointed out the dominant component in entropy 
production is the part realized by heat transfer, and lower irreversibility values were obtained with the 
results of the analysis made with nanofluid. Minea [12] investigated numerically the usage of some 
water-based hybrid nanofluids as working fluids in a circular channel by considering both laminar and 
turbulent flow conditions. In the use of nanofluids, the need for high pumping power occurs due to the 
increased viscosity with the increase in the particle volumetric ratios while the heat transfer increases. 
These two parameters were examined together, and it was stated that the comparison approach with 
fixed Re number values was unrealistic. While the highest convection heat transfer coefficient increase 
was calculated as 20.36% with the hybrid nanofluid combined with 0.5% Al2O3 and 1.5% SiO2, the 
pumping power increase was obtained as 12% under the same conditions. In addition to aforementioned 
studies, a more comprehensive literature investigation for generally turbulent flow is given in Table 
1.When we look at the studies carried out before, in the analyzes made with nanofluids, higher heat 
transfer performances were obtained in the same conditions (generally at constant Re number) compared 
to the case of using base fluids. Comparison studies are usually carried out at a constant Re number. In 
fact, for nanofluids obtained by adding nanoparticles to a base fluid, thermophysical properties change 
according to particle type, particle diameter and morphology. In this case, since the thermophysical 
properties of nanofluids are different at the same Re number, their velocity values are also different 
(faster), which naturally provides higher convective heat transfer performance [38]. With considering 
these situations, Uysal [38] analyzed diamond-iron oxide/water hybrid nanofluid flow through 
rectangular minichannel under laminar flow conditions for identical velocity, mass flow rate, Reynolds 
number and pumping power. It may be given as a result that hybrid nanofluid showed 30.31% heat 
transfer improvement when the comparison is realized at identical Reynolds number. However, heat 
transfer improvement of 2.17% was observed for identical velocity. This situation shows that the studies 
performed on the identical Reynolds number in the literature present overabundant heat transfer 
improvement. 

In this study, fluid flow and heat transfer characteristics of Ag-MgO/water hybrid nanofluid flow 
through a pipe were numerically investigated under turbulent regime at identical Reynolds number, 
velocity, and pumping power. Unlike the study published by Uysal [38], the flow regime, channel 
geometry and nanofluid type were changed to determine whether the same situation would be observed 
under these conditions. The results obtained for convective heat transfer coefficient, Nusselt number, 
Darcy friction factor, entropy generation, Bejan number were presented at identical Reynolds number, 
velocity, and pumping power and were discussed. 
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Table 1. Literature survey 

Author Study type Geometry Nanofluid Criteria Findings 

Mohammed 
et al. [13] 

Numerical Triangular 

Ag/water 
Al2O3/water 
CuO/water 

diamond/water 
SiO2/water 
TiO2/water 

W  

It was stated that diamond/H2O nanofluid at 
2% by volume had the highest heat transfer 
coefficient, while Al2O3/water had the lowest 
heat transfer. At identical pumping power 
(0.005 W), the highest heat transfer coefficient 
improvement rate of approximately 2% was 
obtained for SiO2, CuO, and TiO2 nanofluids. 

Hussein et 
al. [14] 

Numerical 
Experimental 

Circular 
Elliptic 

Flat 
TiO2/water Re 

Nusselt number and friction factor were 
investigated and with the increase of Re 
number, heat transfer coefficient increased in 
both base fluid and nanofluid, while friction 
coefficient decreased. The highest heat 
transfer coefficient at a volume fraction of 
2.5% was obtained as 390 W/m2K in the flat 
tube and it was calculated about twice as much 
as pure water under the same Re number 
(20000). 

Meddah et 
al. [15] 

Experimental Circular Al2O3/water Re 

Al2O3/water nanofluid at a volume fraction of 
0.2%-0.9% was used as the working fluid in 
the double-pipe heat exchanger, and an 
increase of 1.03 and 4 times, and 1.4 and 2.8 
times respectively in heat transfer rate and 
friction factor, depending on the geometrical 
change (two different) at 21000 Re number. 

Hejazian et 
al. [16] 

Numerical Circular TiO2/water Re 

Three different two-phase models and single-
phase model were used, and it was stated that 
the most reliable results were obtained with the 
VOF model at low and high-volume fractions 
for turbulent flow. 

Sheikhzadeh 
et al. [17] 

Numerical Circular 

Ag/water 
Cu/water 

CuO/water 
TiO2/water 

Re 

The highest entropy generation decrease rate 
was calculated with 4.0% volume fraction 
Ag/water nanofluid as 27.28% at Re number 
80000 for microchannel. 

Siavashi et 
al. [18] 

Numerical Circular TiO2/water Re 

Effect of radius ratio of the channel and 
volume fraction of nanofluid were 
investigated and the maximum heat transfer 
improvement was achieved with 4.0% volume 
fraction at Re 25000. Also, at Re 10000, 
maximum Nu number was calculated 40% 
higher than pure water at radius ratio 0.2. 

Huang et al. 
[19] 

Experimental 
Corrugated 

plate 

Al2O3/water 
MWCNT/water 

Al2O3- 
MWCNT/water 

V 

W  

At the same flow rate and pumping power, the 
heat transfer capacity for the hybrid Al2O3-
MWCNT/water nanofluid was relatively 
higher than that of the alumina/water 
nanofluid. The pressure drop was calculated 
lower for the hybrid nanofluid than for 
alumina/water and little higher for pure water. 

Uysal et al. 
[20] 

Numerical Rectangular ZnO/EG Re 

The highest improvement rate in convective 
heat transfer with ZnO/EG nanofluid with 
4.0% volume fraction was obtained at Re 
number 10 as 19.33%, and it was stated that 
the square section was optimum when the 
channel aspect ratio was taken into account. 

Behabadi et 
al. [21] 

Experimental 
Circular 

coil 
MWCNT–

water 
Re 

The highest performance evaluation criteria 
value was calculated as 1.19 with 0.2% weight 
fraction nanofluid at given Re number. 
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Table 1. Literature survey (continue) 

Author Study type Geometry Nanofluid Criteria Findings 

Najafabadi et 
al. [22] 

Numerical 
Converging 

circular 
Al2O3/water Re 

It was seen that Al2O3/water nanofluid has 
a higher friction factor than water, but 
when the local entropy generation is 
considered, it has an improvement effect 
on the overall system performance. The 
highest Nu number was obtained 
approximately 28% higher in the Re 
number given at a slip length of 10 μm. 

Hussein et al. 
[23] 

Numerical Flat tube TiO2/water Re 

While the highest Nu number increase rate 
was obtained with 4.0% volume fraction 
nanofluid, approximately 18%, the 
increase in friction factor was calculated as 
12% under the same conditions 
(Re=100000). 

Sheikholeslami 
et al. [24] 

Numerical Circular CuO/water 
Re 

W  

Turbulence intensity and Nu number 
increased with increasing Re number and 
width ratio. It is stated that better nanofluid 
mixture can be obtained for lower values 
of turbulator pitch ratio. 

Sheikholeslami 
et al. [25] 

Numerical Circular CuO/water Re 

Second law analysis were carried out for 
single phase nanofluid flow by using 
turbulators. Effect of revolution angle and 
Re number were analyzed. Increase in 
revolution angle provides an enhancement 
in exergy performance. 

Bahmani et al. 
[26] 

Numerical Circular Al2O3/water Re 

The average Nu number increased by 
about 32.7% with the use of nanofluid, and 
the thermal efficiency of the heat 
exchanger improved by 30% at same Re 
number. It was stated that the heat 
exchanger efficiency increase remained 
constant for higher values of Re number. 

Kristiawan et 
al. [27] 

Numerical Circular TiO2/water Re 

When 1.18 vol% TiO2/water nanofluid 
was used as the working fluid, the increase 
in convection heat transfer for Re 1200 
was 20.2%, while this value was calculated 
as 21.87% for Re 14000. 

Shahidi et al. 
[28] 

Experimental 
Numerical 

Coil 
inserted 

tube 

MWCNT-
water 

Re 

With the use of nanofluids, a remarkable 
improvement of 102% in Nu number was 
obtained. It was reported that the PEC 
value was obtained around 1.15 with 0.2% 
weight fraction nanofluid and minimum 
hydraulic diameter at Re=20000. 

Verma et al. 
[29] 

Experimental 
Flat plate 
collector 

CuO/water 
MgO/water 

MWCNT/water 
CuO-MWCNT/ 

water 
MgO–

MWCNT/ 
water 

m  

Considering the heat transfer and 
hydraulic performance, optimum working 
conditions were obtained with 0.75-1.0% 
volume fraction MgO-MWCNT/water 
nanofluid. According to the optimum 
results obtained at 0.025-0.03 kg/s mass 
flow rate, it was stated that the energy and 
exergy efficiency of this nanofluid and the 
collector were calculated as 71.54% and 
70.55%, respectively. 
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Table 1. Literature survey (continue) 

Author Study type Geometry Nanofluid Criteria Findings 

Kaya et al. [30] Experimental 
Evacuated 

tube 
collector 

ZnO/EG-
water 

m  

The highest collector efficiency was 
obtained with 3.0 vol% ZnO/EG-W 
nanofluid, with the indicated mass flow 
rate approximately 27% higher than 
that of pure water. It has been 
emphasized that there may be stability 
problems at 4.0 vol% for this nanofluid. 

Kaska et al. [31] Numerical Flat tube 
AIN- 

Al2O3/water 
Re 

The highest increase in heat transfer 
coefficient was obtained with 50% for 
3.0 vol% nanofluid. The enhancement 
obtained with 4.0% nanofluid remained 
lower, which played an important role 
in determining the optimum value for 
these operating conditions. 

Bazdar et al. [32] Numerical 
Wavy 

channels 
CuO/water Re 

The study was carried out under 
laminar flow conditions for nanofluid 
flow in three different wavy channels 
with different wavelengths. Maximum 
Nu number enhancement was obtained 
as 71% with 3.0% volume fraction at 
Re=7500. 

Kanti et al. [33] 
Experimental 

Numerical 
Circular 

Fly ash/water 
Fly ash-
Cu/water 

Re 

W  

The highest heat transfer coefficient 
was obtained with hybrid nanofluid, 
106% higher than pure water and 
17.6% higher than fly ash nanofluid at 
2.0 vol%. Additionally, considering the 
performance evaluation criteria, the 
value was reached to 1.52 with the 
hybrid nanofluid. 

Shengnan et al. [34] Numerical Circular TiO2/water Re 

Multi-phase flow of nanofluids at 0.5, 
1.0 and 1.5 volume fraction were 
numerically investigated, and 5 
different models were used. The 
Eulerian-Eulerian model and the Euler-
Lagrange model gave more consistent 
results with the experimental data. A 
physical explanation of how nanofluids 
improve heat transfer has been made, 
and it has been emphasized that the 
most important phenomenon is the 
energy and momentum exchange 
between the phases and the wall. 

Shiravi et al. [35] Experimental Circular 
Carbon 

nanofluid 

Re 

W  

An enhancement of approximately 
40.7% was obtained with a mass 
fraction of 0.21% in the convection 
heat transfer coefficient at constant Re 
number. The friction factor increased 
as the nanofluid concentration 
increased and the Re number 
decreased. 
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Table 1. Literature survey (continue) 

Author Study type Geometry Nanofluid Criteria Findings 

Mozafarie et al. 
[36] 

Numerical Circular Al2O3/water Re 

Effect of nanofluids (1.0 vol% and 2.0 
vol%) and using fins (different height 
and pitch) on heat transfer in a double-
pipe heat exchanger were investigated. 
As a result of numerical analyzes 
performed in Newtonian and Non-
Newtonian conditions, 36% and 30% 
increases in heat transfer were 
obtained, respectively at given Re 
number. 

Mahani et al. [37] Numerical Circular 
Cu-

Al2O3/water 
Re 

The effect of using the turbulator on 
nanofluid heat transfer was numerically 
investigated adopting the multi-phase 
model. The highest heat transfer 
capacity improvement was obtained as 
97.5% when a twisted rectangular 
turbulator was used with 4.0 vol% 
hybrid nanofluid at Re=25000. 

 

2. Material and method 

In this study, fluid flow and heat transfer characteristics of Ag-MgO/water hybrid nanofluid flow 
through a pipe were numerically investigated. The nanoparticle volume fractions were ranged from 0.5% 
to 2.0% with intervals of 0.5%. The flow was evaluated under turbulent regime. The analyses were 
performed on identical Reynolds number, velocity, and pumping power. The results obtained by 
analyses were used to calculate the fluid flow and heat transfer characteristics of nanofluid flow. 

2.1. Geometry of channel 

Circular cross-sections are the most commonly used geometries in engineering applications. For this 
reason, researchers and/or engineers are focused on pipes for heat transfer and fluid flow applications. 

In this study, for nanofluid flow, a pipe having the diameter ( D ) of 30 mm and length ( L) of 1 m was 
selected. Figure 1 shows the schematic diagram of pipe used in the analyses. 

 

Figure 1. Schematic diagram of hybrid nanofluid flow through a pipe 

2.2. Governing equations 

The investigation was performed for the range of Re = 10000 and Re = 100000 and for the range of V 
= 0.3 m/s and V = 3 m/s. These values correspond to turbulent flow. Hence, the flow was considered as 

turbulent flow and the standard k   turbulence model was used to model the flow. 
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Turbulence kinetic energy ( k ) is obtained with solving the following transport equation [39]: 

( ) ( ) t
i k b M K

i j k j

k
k ku G G Y S

t x x x


   


     

               
                 (1) 

where the kG  and bG  terms are the generation of turbulence kinetic energy due to mean velocity 

gradients and buoyancy, respectively. 

Equation 2 gives the transport equation for the dissipation rate of turbulence kinetic energy ( ) [39]: 

2

1 3 2( ) ( ) ( )t
i k b

i j j

u C G C G C S
t x x x k k   



      


     
              

                (2) 

where the t  term is the turbulent viscosity and is expressed as follows: 

2

t

k
C 


              (3) 

where the C  term is a constant and its value was selected to be 0.09 [39]. Similarly, in Equations 1 and 

2, the 1C  , 2C  , k , and   terms are model constants and their values are assumed to be 1.44, 1.92, 

1.0, and 1.3, respectively [39]. 

2.3. Thermophysical properties 

In this study, Ag-MgO/water hybrid nanofluid was used as working fluids. In addition, pure water was 
used as refence fluid for performance comparison. Table 2 shows the thermophysical properties of pure 
water and Ag and MgO nanoparticles. 

Table 2. Thermophysical properties of nanoparticles and pure water [40-41] 

Material   (kg/m3) PC  (J/kgK) k  (W/mK)   (Pas) 

Pure Water 995.81 4178.40 0.6172 0.000803 
MgO 3560 955 45 - 
Ag 10500 235 429 - 

For hybrid nanoparticle, it was assumed that the hybrid nanoparticle consists of 50:50 Ag and MgO 
nanoparticles volumetrically. The density (  ) and specific heat ( PC ) of Ag-MgO hybrid nanoparticle 

can be determined with the following equations, respectively: 

   
 

Ag Ag MgO MgO

Ag MgO

Ag MgO

W W

W W

 
 





                     (4) 

   
 

, ,

,

P Ag Ag P MgO MgO

P Ag MgO

Ag MgO

C W C W
C

W W






                     (5) 

where the W  term denotes the weight of nanoparticles and can be determined with the expression 

W g  . In this expression, the   is volume and the g  term is gravitation. 

The density and specific heat of Ag-MgO/water hybrid nanofluid can be determined with the following 
equations, respectively: 
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 1hnf hnp bf                            (6) 

 , , ,1P hnf P hnp P bfC C C               (7) 

where the hnf, hnp, and bf subscripts denote hybrid nanofluid, hybrid nanoparticle, and base fluid, 
respectively.  

The thermal conductivity coefficient and dynamic viscosity of Ag-MgO/water hybrid nanofluid can be 
found with the following correlations, respectively [42]: 

5

5 6 7 2 8 3

0.1747 10

0.1747 10 0.1498 10 0.1117 10 0.1997 10hnf bfk k


  
  

         
                  (8) 

 2 3 8 41 32.795 7214 714600 0.1941 10hnf bf                               (9) 

These correlations are valid for the nanoparticle volume fraction range of 0   0.02.  

The thermophysical properties of Ag-MgO/water hybrid nanofluid for various nanoparticle volume 
fractions were tabulated in Table 3. 

Table 3. Thermophysical properties of Ag-MgO/water hybrid nanofluid 

  (%)   (kg/m3) PC  (J/kgK) k  (W/mK)   (Pas) 

0.00 995.81 4178.40 0.6172 0.000803 
0.50 1034.54 4159.59 0.6437 0.000852 
1.00 1073.28 4140.79 0.6696 0.000905 
1.50 1112.01 4121.98 0.6938 0.001042 
2.00 1150.75 4103.18 0.7150 0.001109 

2.4. Numerical procedure 

Numerical analyzes were carried out under turbulent flow conditions, and the thermophysical properties 
of water were used for a temperature of 30 °C. In single-phase turbulent flow conditions, analyzes were 
performed based on the finite volume method and the near-wall enhancement of the k   turbulence 
model was used for numerical procedure. In turbulent flow conditions, residual convergence criterion 
of 10-6 and second-order upwind convergence criterion were used for high numerical accuracy. Green –
Gauss cell-based method was applied for discretization. 3-D single-phase, incompressible, steady-state 
fully developed turbulent flow conditions were taken into account for nanofluid flow. The 
thermophysical properties of the nanofluid were taken as temperature-independent. The inlet 
temperature of all fluids considered in this study was assumed to be 30°C. In comparison to identical 
velocity, the inlet velocities were ranged from 0.3 m/s to 3 m/s. Similarly, in comparison to identical 
Reynolds number, the inlet velocities were determined according the Re= 10000 and Re= 100000 value 
range of the Reynolds number. As a constant heat flux boundary condition, the "q  = 10 kW/m2 was 

applied to the outer wall of the pipe, and it was aimed that the thermophysical properties would not 
change without changing the temperature much. 

2.5. Mesh adaptation and code validation 

In order to provide the grid-independency for the results, the mesh adaptation procedure was performed. 
Table 4 shows the variation of Nusselt number with mesh number for pure water. 
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Table 4. Grid independency test 

Mesh Number Nu  (-) Nu  (%) 

12500 557.83 - 
25000 535.14 -4.07 
37500 576.90 7.80 
50000 562.93 -2.42 
62500 556.43 -1.15 
75000 554.65 -0.32 
87500 554.05 -0.11 
100000 553.80 -0.05 
112500 553.73 -0.01 

In order to realize the solution, the mesh model having mesh number of 87500 was selected. The 
deviation in the Nusselt numbers obtained with the mesh models of 87500 and 100000 was – 0.11%. 

The accuracy of selected model was tested with Gnielinski correlation [43] given in Equation 10: 

  
   1 2 2 3

8 Re 1000 Pr

1 12.7 8 Pr 1

f
Nu

f




 
                      (10) 

Figure 2 shows the comparison of the results obtained with selected model and Gnielinski correlation. 

 

Figure 2. Model accuracy test 

According to Figure 2, the highest deviation from Gnielinski correlation was observed to be – 4.26% at 
Re = 10000. In the remaining Reynolds numbers, the deviations were lower than 1.00%. The average 
deviation of the model from Gnielinski correlation was determined to be 1.07%. 

2.6. Fluid flow and heat transfer characteristics 

In this study, fluid flow and heat transfer characteristics of Ag-MgO/water hybrid nanofluid were 
numerically investigated for identical velocity, Reynolds number, and pumping power. 

Reynolds number and pumping power are given as follows, respectively: 

Re hVD


                         (11) 
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W P                          (12) 

In order to determine the heat transfer characteristics of fluid flow, the convective heat transfer 
coefficient and the Nusselt number can be used. The convective heat transfer coefficient can be 
calculated as follows: 

 
"

w b

q
h

T T



                        (13) 

where the bT  term is bulk temperature and can be calculated with the expression   2b in outT T T  . 

Equation 14 presents the Nusselt number: 

hhD
Nu

k
                         (14) 

In order to determine the fluid flow performance of a flow, the Darcy friction factor can be used, and it 
is expressed with Equation 15: 

2
2 hD P

f
L V


                         (15) 

In order to examine the second law performance of a flow, the entropy generation rate can be used. The 
entropy generation rate for a flow can be divided into two parts: (i) due to heat transfer, and (ii) due to 
fluid friction. The entropy generation rates per unit length due to heat transfer and due to fluid friction 
can be expressed as follows: 

2 2
'

, 2

" h
gen heat transfer

b

q D
S

kT Nu


                                    (16) 

3
'

, 2 2 5

8
gen fluid friction

b h

m f
S

T D 


                       (17) 

As can be given in Equation 18, the total entropy generation rate per unit length is obtained with the 
sum of Equations 16 and 17: 

' ' '
, , ,gen total gen heat transfer gen fluid frictionS S S                         (18) 

The Bejan number is a dimensionless number that is effective parameter to evaluate the entropy 
generation rate. It is defined as the ratio of entropy generation rate due to heat transfer to total entropy 
generation rate and is expressed as follows: 

Performance evaluation criteria ( PEC ) can be defined as follows: 

 
 

1

3

hnf bf

hnf bf

Nu Nu
PEC

f f

                        (20) 

According to the literature, nanoparticle addition to a base fluid enhances convective heat transfer but 

increases fluid frictions due to increasing viscosity. For this reason, the PEC  value is important to 
decide the usage of nanofluids. 

3. Results and discussion 

In this study, heat transfer and fluid flow characteristics of Ag-MgO/water hybrid nanofluid flow 
through a pipe were numerically investigated for various nanoparticle volume fractions under turbulence 
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flow conditions. Convective heat transfer coefficient, the Nusselt number, the Darcy friction factor, 
entropy generation rate and the Bejan number, performance evaluation criteria values were presented 
for identical Reynolds number, velocity, and pumping power. 

3.1. Fluid flow and heat transfer characteristics 

Figures 3a-3c show the variation of convection heat transfer coefficient for different nanoparticle 
fractions of Ag-MgO/water nanofluid flow with Reynolds number, velocity, and pumping power, 
respectively. 
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c) 

Figure 3. Convective heat transfer coefficient of Ag-MgO/water hybrid nanofluid flow for identical (a) 
Reynolds number, (b) velocity, and (c) pumping power 
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According to Figure 3a, at Re = 10000, the convective heat transfer coefficients for pure water and Ag-
MgO/water hybrid nanofluid having 2.0% nanoparticle volume fraction were h=1705.12 W/m2K and 
h=2090.10 W/m2K, respectively. Similarly, these values were obtained to be h=11353.12 W/m2K for 
pure water and h=14046.03 W/m2K for 2.0% Ag-MgO/water hybrid nanofluid. These mean that 2.0% 
Ag-MgO hybrid nanoparticle addition to pure water caused to convective heat transfer enhancement of 
22.58% and 23.72% at Re = 10000 and Re = 100000, respectively. 

In Figure 3b, it was obtained that the convective heat transfer coefficients for pure water at V=0.3 m/s 
and V=3.0 m/s were h=1864.99 W/m2K and h=12469.68 W/m2K, respectively. These values were found 
to be h=1976.26 W/m2K and h=13251.18 W/m2K for 2.0% Ag-MgO/water hybrid nanofluid, 
respectively. These values correspond to 5.97% and 6.27% convective heat transfer enhancement with 
2.0% Ag-MgO hybrid nanoparticle addition to pure water at V= 0.3 m/s and V= 3.0 m/s, respectively. 

In Figure 3c, the pumping power was selected to be W  = 10 W for comparison and the values were 

determined with interpolation. At W  = 10 W, the convective heat transfer coefficient was determined 
to be h=11849.92 W/m2K for pure water and h=11902.35 W/m2K for 2.0% Ag-MgO hybrid nanofluid. 
This corresponds to a convective heat transfer enhancement of 0.44%. 

3.2. Nusselt number 

Figures 4a-4c show the variation of Nusselt number for different nanoparticle fractions of Ag-
MgO/water nanofluid flow with Reynolds number, velocity, and pumping power, respectively. 

In Figure 4a, the Nusselt number values were obtained to be Nu = 82.88 for pure water and Nu = 87.70 
for 2.0% Ag-MgO hybrid nanofluid at Re = 10000. This corresponds to an increase of 5.97% in the 
Nusselt number. Similarly, at Re = 100000, the Nusselt number values were found to be Nu = 551.84 
for pure water and Nu = 589.34 for 2.0% Ag-MgO hybrid nanofluid. This also correspond to an increase 
of 6.80% in the Nusselt number. However, according to Figure 4b, the Nusselt number values were Nu 
= 90.65 for pure water and Nu = 82.92 for 2.0% Ag-MgO hybrid nanofluid at V = 0.3 m/s. This is a 
decrement of 8.53% for the Nusselt number. Similarly, at V = 3.0 m/s, the Nusselt number values were 
Nu=606.11 for pure water and Nu = 555.99 for 2.0% Ag-MgO hybrid nanoparticle. This corresponds to 
a decrement of 8.27% in the Nusselt number. Similar situation was also observed for identical pumping 
power. At 10 W, the Nusselt number was obtained to be Nu = 575.98 for pure water and Nu = 499.40 
for 2.0% Ag-MgO hybrid nanofluid. This corresponds to a decrement of 13.30% in the Nusselt number. 
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c) 

Figure 4. Nusselt number of Ag-MgO/water hybrid nanofluid flow for identical (a) Reynolds number, (b) 
velocity, and (c) pumping power 
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3.3. Darcy friction factor 

The variation of Darcy friction factor for different nanoparticle fractions of Ag-MgO/water nanofluid 
flow with Reynolds number, velocity, and pumping power were shown in Figures 5a-5c, respectively. 
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Figure 5. Darcy friction factor of Ag-MgO/water hybrid nanofluid flow for identical (a) Reynolds number, 
(b) velocity, and (c) pumping power 
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In Figure 5a, it was obtained that the Darcy friction factor values for all fluids considered in this 
study were equal. However, in Figure 5b, it was observed that the Darcy friction factor increases 
with increase in nanoparticle volume fraction. At V=0.3 m/s, the Darcy friction factor was f  = 

0.034970 for pure water and f  = 0.037064 for 2.0% Ag-MgO hybrid nanofluid. Similarly, at V = 

3.0 m/s, the Darcy friction factor was found to be f  = 0.018491 for pure water and f  = 0.019280 

for 2.0% Ag-MgO hybrid nanofluid. It can be concluded for identical velocity that the 2.0% Ag-
MgO hybrid nanoparticle addition to pure water caused to 5.99% and 4.27% increases in the Darcy 

friction factor at V=0.3 m/s and V=3.0 m/s, respectively. According to Figure 5c, at W  =10 W, the 

Darcy friction factors for pure water and 2.0% Ag-MgO hybrid nanofluid were determined to be f  

= 0.018759 and f  = 0.019892, respectively. This means that 2.0% Ag-MgO hybrid nanoparticle 

addition to pure water caused to an increase of 6.04% in the Darcy friction factor at pumping power 
of 10 W. 

3.4. Entropy generation rate 

Figures 6a-6c show the variation of entropy generation rate per unit length due to heat transfer for 
different nanoparticle fractions of Ag-MgO/water nanofluid flow with Reynolds number, velocity, 
and pumping power, respectively. 

According to Figure 6a, the entropy generation rates per unit length due to heat transfer decreased 
with increase in the nanoparticle volume fraction and its values for pure water at Re=10000 and 

Re=100000 were obtained to be ,'gen heat transferS  = 59.7410-3 W/mK and ,'gen heat transferS  =9.0310-3 

W/mK, respectively. These values for 2.0% Ag-MgO/water nanofluid were obtained to be 

,'gen heat transferS  = 48.8110-3 W/mK and ,'gen heat transferS  = 7.3010-3 W/mK, respectively. It means that 

2.0% Ag-MgO hybrid nanoparticle addition to pure water caused to a decrease of 18.30% at Re = 
10000 and a decrease of 19.15% at Re = 100000 in the entropy generation rate per unit length due 
to heat transfer. As can be seen from Figure 6b, these ratios were not that high. At V = 0.3 m/s and 
V=3.0 m/s, the entropy generation rates per unit length due to heat transfer for pure water were 

,'gen heat transferS  = 54.6310-3 W/mK and ,'gen heat transferS  = 8.2210-3 W/mK, respectively. These values 

were ,'gen heat transferS  = 51.6010-3 W/mK and ,'gen heat transferS  = 7.7410-3 W/mK, respectively. These 

values correspond to a decrease of 5.55% at V=0.3 m/s and a decrease of 5.89% at V=3.0 m/s in the 
entropy generation rate per unit length due to heat transfer. In Figure 6c, it was seen that the entropy 
generation rates per unit length due to heat transfer for all fluids considered in this study were almost 

the same at higher pumping powers. At W  = 10 W, the entropy generation rates per unit length due 

to heat transfer for pure water and 2.0% Ag-MgO hybrid nanofluid were ,'gen heat transferS  = 8.67 10-3 

W/mK and ,'gen heat transferS  = 8.63 10-3 W/mK, respectively. 

 
Figures 7a-7c show the variation of entropy generation rate per unit length due to fluid friction for 
different nanoparticle fractions of Ag-MgO/water nanofluid flow with Reynolds number, velocity, 
and pumping power, respectively. 
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c) 

Figure 6. Entropy generation rate per unit length due to heat transfer of Ag-MgO/water hybrid nanofluid 
flow for identical (a) Reynolds number, (b) velocity, and (c) pumping power 
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c) 

Figure 7. Entropy generation rate per unit length due to fluid friction of Ag-MgO/water hybrid nanofluid 
flow for identical (a) Reynolds number, (b) velocity, and (c) pumping power 
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In Figure 7a, the entropy generation rates per unit length due to fluid friction increased with increase 
in the nanoparticle volume fraction and its values for pure water at Re = 10000 and Re = 100000 

were obtained to be ,'gen fluid frictionS  = 2.7110-5 W/mK and ,'gen fluid frictionS  = 14.2510-3 W/mK, 

respectively. Similarly, these values were obtained to be ,'gen fluid frictionS  = 5.3610-5 W/mK and 

,'gen fluid frictionS  = 28.1110-3 W/mK, respectively. It is said that 2.0% Ag-MgO hybrid nanoparticle 

addition to pure water caused to 97.79% and 97.26% increase in the entropy generation rates per 
unit length due to fluid friction at Re = 10000 and Re = 100000, respectively. In Figure 7b, at V = 

0.3 m/s, the entropy generation rates per unit length due to fluid friction were ,'gen fluid frictionS  = 3.67

10-5 W/mK for pure water and ,'gen fluid frictionS  = 4.4610-5 W/mK for 2.0% Ag-MgO/water hybrid 

nanofluid. This corresponds to an increase of 21.52%. At V=3.0 m/s, pure water and 2.0% Ag-

MgO/water hybrid nanofluid had ,'gen fluid frictionS  = 19.3110-3 W/mK and ,'gen fluid frictionS  = 23.2710-

3 W/mK, respectively. This corresponds to an increase of 20.51%. In Figure 3c, the same values 

were obtained. As a result, at W  = 10 W, pure water and 2.0% Ag-MgO/water hybrid nanofluid had 

the same ,'gen fluid frictionS  value of 16.5010-3 W/mK. 

The variation of total entropy generation rates per unit length for different nanoparticle fractions of 
Ag-MgO/water nanofluid flow with Reynolds number, velocity, and pumping power, respectively 
was shown in Figure 8a-8c. 

In Figures 8a-8c, the total entropy generation rates for all fluids decreased until a certain value and 
then started to increase. In Figure 8a, the minimum total entropy generation rates for pure water and 
0.5% Ag-MgO/water hybrid nanofluid were obtained at V=1.8 m/s, whereas they were obtained at 
V=1.5 m/s for the remaining fluids. In Figure 8b, the minimum total entropy generation rates were 
observed at Re=60000 for pure water and 0.05% and 1.0% Ag-MgO/water hybrid nanofluid, but 
these values were observed at Re=50000 for the remaining fluids. Moreover, in Figures 8a and 8b, 
pure water had the highest total entropy generation rate values until this certain value and the total 
entropy generation value decreased with increase in the nanoparticle volume fraction. However, 
after this certain value, pure water had the minimum total entropy generation rate and the total 
entropy generation rate increased with increase in the nanoparticle volume fraction. As a result, at 

Re = 10000, pure water had ,'gen totalS   = 59.7310-3 W/mK while 2.0% Ag-MgO/water had ,'gen totalS  

= 48.8610-3 W/mK. However, at Re=100000, pure water had  ,'gen totalS  = 23.2810-3 W/mK while 

2.0% Ag-MgO/water hybrid nanofluid had ,'gen totalS   = 35.4110-3 W/mK. Similar trend of total 

entropy generation rate was reported for laminar flow conditions by Uysal [38] and Uysal et al. [44]. 
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c) 

Figure 8. Total entropy generation rate per of Ag-MgO/water hybrid nanofluid flow for identical (a) 
Reynolds number, (b) velocity, and (c) pumping power 
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3.5. Bejan number 
Figures 9a-9c show the variation of Bejan number for different nanoparticle fractions of Ag-
MgO/water nanofluid flow with Reynolds number, velocity, and pumping power, respectively. 
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Figure 9. Bejan number of Ag-MgO/water hybrid nanofluid flow for identical (a) Reynolds number, (b) 
velocity, and (c) pumping power 
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In Figures 9a-9c, the Bejan number of flows decreased with increase in the nanoparticle volume 
fraction. This decrease was higher at identical Reynolds number compared to that of identical 
velocity. However, at identical pumping power, this decrease is even lower. At Re = 100000, the 

Bejan numbers for pure water and 2.0% Ag-MgO/water hybrid nanofluid were Be  = 0.3879 and 

Be  = 0.2062, respectively. It means that 2.0% Ag-MgO hybrid nanoparticle addition to pure water 

caused to a decrease of 46.84% in the Bejan number. Similarly, at V  = 3.0 m/s, pure water had Be

= 0.2986 and 2.0% Ag-MgO/water hybrid nanofluid had Be  = 0.2495. This corresponds to a 

decrease of 16.44%. At W  = 10 W, the Bejan number of pure water was Be  = 0.3479 and that of 

2.0% Ag-MgO/water hybrid nanofluid was Be  = 0.3458. This corresponds to a decrease of only 
0.60%. 

3.6. Performance evaluation criteria 

The variation of performance evaluation criteria for different nanoparticle fractions of Ag-
MgO/water nanofluid flow with Reynolds number, velocity, and pumping power, respectively was 
shown in Figures 10a-10c. 

Higher PEC  value than unity for a nanofluid means that the nanofluid has higher performance 

compared to its base fluid. In Figure 10a, all nanofluids had higher PEC  values than unity. The 

PEC  values were increased with increase in the nanoparticle volume fraction. At Re = 10000, 2.0% 

Ag-MgO/water hybrid nanofluid had PEC  = 1.07. However, according to Figure 10b, all nanofluids 

had lower PEC  values than unity and the PEC  values decreased with increase in the nanoparticle 

volume fraction. At V=3.0 m/s, 2.0% Ag-MgO/water hybrid nanofluid had PEC  = 0.93. Similarly, 

in Figure 10c, all nanofluids had lower PEC  values than unity and the PEC  values decreased with 

increase in the nanoparticle volume fraction. At W  = 10 W, the PEC  value of 2.0% Ag-MgO/water 

hybrid nanofluid was PEC  = 0.91. 

According to the results, one can think that nanofluids are better performances compared to their 
base fluids when nanofluids are compared at identical Reynolds number. However, the results 
obtained at identical velocities and pumping powers show the opposite. 

As can be seen from Equation 11, the Reynolds number is function of density and viscosity. And, 
nanoparticle addition to base fluid changes its density and viscosity. It means that comparison at 
identical Reynolds number does not correspond to comparison at identical velocity. Table 5 shows 
the velocity values corresponding to Reynolds number for all fluids considered in this study. 

As can be seen from Table 5, velocity values increase with increase in nanoparticle volume fraction 
at identical Reynolds numbers. As a result, at Re = 60000, pure water had V = 1.6128 m/s and 2.0% 
Ag-MgO/water hybrid nanofluid had V = 1.9274 m/s. The velocity value of 1.9274 m/s corresponds 
to about Re = 71705 for pure water. At Re = 60000 and Re = 70000, the convective heat transfer 
coefficients for pure water were obtained to be h = 6359.26 W/m2K and h = 7395.03 W/m2K, 
respectively. Even in pure water, this velocity difference caused to an increase of 16.29% in the 
convective heat transfer coefficient. It can be concluded that comparison nanofluids at identical 
Reynolds number is not a fair comparison procedure. 
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c) 

Figure 10. Performance evaluation criteria of Ag-MgO/water hybrid nanofluid flow for identical (a) 
Reynolds number, (b) velocity, and (c) pumping power 
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As can be seen from Equation 11, the Reynolds number is function of density and viscosity. And, 
nanoparticle addition to base fluid changes its density and viscosity. It means that comparison at 
identical Reynolds number does not correspond to comparison at identical velocity. Table 5 shows 
the velocity values corresponding to Reynolds number for all fluids considered in this study. 

As can be seen from Table 5, velocity values increase with increase in nanoparticle volume fraction 
at identical Reynolds numbers. As a result, at Re = 60000, pure water had V = 1.6128 m/s and 2.0% 
Ag-MgO/water hybrid nanofluid had V = 1.9274 m/s. The velocity value of 1.9274 m/s corresponds 
to about Re = 71705 for pure water. At Re = 60000 and Re = 70000, the convective heat transfer 
coefficients for pure water were obtained to be h = 6359.26 W/m2K and h = 7395.03 W/m2K, 
respectively. Even in pure water, this velocity difference caused to an increase of 16.29% in the 
convective heat transfer coefficient. It can be concluded that comparison nanofluids at identical 
Reynolds number is not a fair comparison procedure. 

 

4. Conclusions 

In this study, heat transfer and fluid flow characteristics of Ag-MgO/water hybrid nanofluid flow 
through a pipe were numerically investigated at identical Reynolds number, velocity and pumping power 
under turbulent flow conditions. The obtained results show that 2.0% Ag-MgO hybrid nanoparticle 
addition to pure water caused to 23.72%, 6.27%, and 0.44% convective heat transfer enhancements at 

identical Reynolds number, velocity, and pumping power. In addition, lower PEC  values than unity 
were obtained for all nanofluids at identical velocity and pumping power. Comparison at identical 
Reynolds number is not a fair comparison method due to that Reynolds number is function of density 
and viscosity and higher velocities are obtained for nanofluids. For this reason, the results reported for 
identical Reynolds number, which constitutes almost all of the literature, present overabundant 
convective heat transfer enhancements. Nanofluids should be compared at identical velocities or 
pumping powers for a fair comparison. For future studies, other nanofluid types that are claimed to cause 
so much convective heat transfer enhancement should be investigated. 
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