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Abstract 

The numerical study explores the augmentation of heat dissipation rate and 

efficiency of a counter flow heat exchanger (CFHEx) in the presence of (MWCNT/ZnO) 

hybrid nanofluids (HNF). The HNF concentration is varied from 0.01% to 0.05% in 

steps of 0.02%. The Reynolds number (Re) of cold fluid is varied from 2436 to 11626, 

while that of hot fluid, Re, is kept constant. The typical k-ɛ model is utilized for the 

numerical simulation in turbulent flow regimes. The current numerical results are 

compared to the literature to serve as validation purpose. From the validation study, 

the Nusselt (Nu) number agrees well with the numerical and experimental data of the 

literature, with a deviation of less than 6%. From the numerical study, it can be 

observed that when the concentrations of HNF the Nu number intensifies meaningfully 

with a rise in the Re number. For HNF concentration of 0.05%,  the average increase 

in Nusselt number (Nu) is found to be around 41.35% and 23.13% higher than that of 

base fluid water and 0.01% concentration of HNF, respectively, with an adequate rise 

in the pressure drop. The critical performance evaluation criteria are also determined, 

and it is found that at higher concentrations, of hybrid nanofluid performs better than 
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at lower concentrations of the hybrid nanofluid. In addition, the PEC is found to be 

maximum at lower Re numbers, and further, it reduces with an increase in the flow Re 

number. 

Keywords: Friction factor, Heat Exchanger, Hybrid nanofluid, Nusselt number, 

Performance evaluation criteria. 

I.   Introduction 

In today’s scenario, heat transfer equipment requires more effective and 

efficient solutions for the enhancement of heat transfer for growing industry demand 

and space-efficient heat transfer (HT) systems. Many efforts have been made for the 

enhancement of heat transfer in account of nanofluids (NF) [X]. The application of heat 

transfer is more important for the regulation of heat dissipation rate used in electric 

cars, thermal solar collectors, spacecraft, food, and chemical processing industries, as 

referred to [XVII]. Most of the researchers have assumed various scenarios for the 

augmentation of heat transfer, like baffles [VI] & [XVI], extended surfaces [XI], porous 

media [XX, XXI, XXII, & XXIII], and nanofluids [VII, XXXIV]. However, by 

accompanying the baffles, extended surfaces, and porous media leads to higher 

pumping power reported in [XXIV, XXVI]. However, the pressure drop can be reduced 

with the use of NF and HNF with the maximum possible rate of HT. Therefore, to 

minimize the pressure drop with the maximum possible rate of HT, the authors have 

decided to conduct the numerical investigations with use of HNF. The study considered 

sinusoidal corrugated channel influence on heat transfer (HT) and pressure drop in the 

turbulent flow regime, whose Re range from 6000 to 22,000, detailed in Aliabadi [I]. 

The corrugated channel containing nanofluid attains the highest Nu number when 

compared to the base fluid [XV]. The multi-objective optimization study is proposed 

to determine the HT and pressure drop of a twin tube heat exchanger (HEx) was 

investigated by Esfe et al. [XIV]. They claimed that the system's cost had dropped about 

38% as compared to the best-case scenario. The literature is further extended to include 

different inserts' influence on pressure drop and HT. Prasad et al. [XXIX] reported that 

the friction factor (FF) increased 1.29 times for a nanofluid concentration of 0.03% in 

association with the base fluid.  

Singh and Sarkar [XXXIII] recently reported that increasing the depth ratio (DR) and 

twist ratio (TR) of twisted tape (TT) in combination with nanofluid leads to better heat 

transfer at the expense of friction resistance. In addition, Nakhchi and Esfahani [XII] 

reported that the increase in heat transfer is found to be 48.0%, 64.3%, 86.0%, and 

117.4% higher for twist ratios of 0.6, 1, 1.4, and 1.8, respectively, in comparison to a 

case without TT inserts. Aghayari et al. [XXX] claimed that the Nu number agument 

significantly and monotonically with higher and lower mass flow rates with marginal 

increase in the friction factor. Kumar et al. [XIX] observed that at Re = 11,000, the 

maximum PEC is attained to be 1.74 with constant TR and WR. Further, Nakhchi and 

Esfahani [XIII] studied the tube heat exchanger performance with insertion of TT 

inserts in the presence of NF, and they found that the HTR improves meaningfully due 

to better mixing of fluid at the core and near the wall of the tube heat exchanger. The 

PEC of tube HEx in the presence of HNF is found to be 1.068 with φ = 1.8 at flow Re 

= 8320 as per [XVIII]. According to recent studies of literature [III, VIII & XXXII], 
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suggested that the NTU and the effectiveness of HEx can be improved by using TT 

inserts and in combination with nanofluid.  

Further, Khargotra et al. [XXV] examined the heat transmission through tube HEx and 

they noticed that the HTR can be improved from fluid to tube is attributed to enhanced 

turbulence that breaks up TBL (thermal boundary layer) at the pipe wall. Li et al. 

[XXXVII] examined different heat fluxes, and they noted that with increasing heat flux, 

the HTR increases without any significant changes in the pumping power.  Also, 

Sudheer and Madanan [V] reported that with the insertion of TT inserts, the THP 

improved outstandingly due to the generation of primary vortex, which causes to 

thinning of TBLs by secondary formation vortices. Stalin et al. [XXVIII] claimed that 

low thermal properties of water could prevent any appreciable improvement in the 

thermal performance. Henceforth,  the maximization of HTR can be achieved with the 

use of nanofluids without a significant increase in the pressure drop. Atul Bhattad [II] 

conducted an experimental study with the use of HNF (Al2O3/MgO) in a plate HEx, 

and they claimed that the HNF is superior to that of NF with a slight increase in the 

pumping power. Mund et al. [IV] examined the performance of tube HEx in 

consideration of HNF. They noted that HT enhancement increases significantly with 

increasing concentration of  HNF, with marginal growth in pumping power. Further, 

Ahmed et al. [XXXVI] examined the experimental study to determine the PEC and 

effectiveness of HEx. For maximum addition of nanoparticles to the base fluid leads to 

enhanced HTC. Since higher concentration of nanoparticles in the base fluid leads to 

more collisions of nanoparticles with each other, it leads to an increase in HTC. 

However, at higher concentrations of HNF, the HTR is found to be 69% higher when 

compared to the base fluid. Recently, Plant et al. [XXXI] explored the thermal 

performance and effectiveness of CFTHEx accompanied by various concentrations of 

HNF with magnetic field effect. They determined that with the influence of the 

magnetic field and HNF, the Nu number is augmented by almost 40% when compared 

to the base fluid.  

From the literature, many authors have performed experimental and numerical 

investigations of heat exchangers using NF and HNF. However, very few studies have 

been conducted to determine the performance of a heat exchanger with the use of 

MWCNT/ZnO HNF. Therefore, the present study mainly focused on assessing the 

performance of a heat exchanger using MWCNT/ZnO HNF for the various thermal 

engineering applications. The important applications include car radiators, solar 

heaters, and food processing industries.  

Research Significance  

As far as we are aware, there aren't many published works using hybrid nanofluids in 

a CFHEx. Henceforth, the focus of the present research will be on the application of 

vehicle exhaust treatment, vehicle radiators, and solar collectors. The innovation of the 

research is the evaluation of the work of CFHEx with a hybrid nanofluid. 

Microparticles that have been modified on the outside and nanoparticles that are 

compatible with the base fluid are responsible for the increased thermal conductivity 

provided by HNF. Therefore, the authors have carried out three (0.01%, 0.03% and 

0.05%) different percentages of hybrid nanofluid. The employment of HNF blends with 

cold fluid that flows inside CFHEx.  
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II.   Numerical domain of counter flow heat exchanger (CFHEx) 

Commercial software ANSYS FLUENT 19.2 is used for the numerical 

simulation as per refs. [XXVII, IX]. The shell side walls are assigned to adiabatic wall 

conditions. For numerical simulation, the flow is considered to be steady state, 

homogeneous, and single phase. For better accuracy, the equations k-ɛ turbulence 

model are utilized for the numerical simulation [XXXIV] & [IX]. The Reynolds 

number varied from 2436 to 11626 depending on the hydraulic diameter of the tube. 

The shell side of the HEx, Re number (8,322) is maintained constant. The tetrahedral 

mesh is used for the numerical simulations. The skewness of the mesh is found to be 

less than 0.25, and the orthogonal quality of the mesh is observed to be greater than 

0.75. The convergence criterion is set as 10-5 for the continuity and momentum 

equations and 10-6 for the energy equation [XXXIV] & [IX]. The specification of 

CFHEx is reported in Table 1. The numerical geometry and mesh model of CFHEx are 

presented in Figure 1 and Figure 2(a) and (b), respectively. For the numerical 

computations, thermo-physical properties of MWCNT/ZnO considered for the 

numerical simulation are presented in Table 2. 

Table 1: The CFHEx specification refs. [11] 

CFHEx value 

Tube length (mm) 2600 

Entry temp. of hot fluid   600 C 

Entry temp. of cold fluid   300 C 

Outer tube OD (mm) 63 

Outer tube ID (mm) 60 

Inside tube OD (mm)  19 

Inside tube ID (mm) 17 

Outer tube  Mild steel 

Inner tube Copper 

 

 

Fig. 1. Line diagram of counterflow heat exchanger. 
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Fig 2. Numerical domain and mesh model of counterflow heat exchanger 

 

Table 2. Properties of MWCNT/ZnO HNF 

S. No. Concentration  

(%) 

Temperature 

(ºC) 

Density 

(Kg/m3) 

Viscosity 

(N-s/m2) 

Sp. Heat 

(J/kg K) 

Thermal conductivity 

(W/m K) 

1 0.01 30 1008 0.00193 4183 0.982 

  40 1003 0.00167 4182 1.042 

  50 998 0.00132 4181 1.121 

  60 990 0.00113 4152 1.326 

2 0.03 30 1053 0.00186 3952 1.094 

  40 1042 0.00156 3986 1.254 

  50 1036 0.00074 3986 1.319 

  60 1026 0.00064 4008 1.502 

3 0.05 30 1071 0.00176 3888 1.27 

  40 1069 0.00144 3879 1.295 

  50 1060 0.00094 3893 1.424 

  60 1059 0.00082 3881 1.564 

The governing equations of continuity, momentum, and energy equations are 

adopted for the numerical simulations as per refs. [XXXIV] & [IX]. For the 

numerical simulation, the fluid is considered to be steady state, single phase, 

and homogeneous. 

Contunuity equatuion,       

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 

(1) 

Momentum equation,  

 

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
 =  −

𝑃

𝑥𝑖
+ 

𝜕

𝜕𝑥𝑖
[
𝜕(𝑢𝑖)

𝜕𝑥𝑗
− 𝜌𝑢𝑖

′𝑢𝑗
′] 

(2) 

Energy equation,  

𝜕

𝜕𝑥𝑖

(𝜌𝑇) +
𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖𝑇)  =  −
𝜕

𝜕𝑥𝑖
[

𝑘

𝑐𝑝

𝜕𝑇

𝜕𝑥𝑖
]  

(3) 
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Where, 

 𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗
=  𝑣𝑇  [(

𝜕𝑢𝑖

𝜕𝑥𝑗
+ 

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
] −  𝜀 + 

𝜕

𝜕𝑥𝑗
 [(𝑣 +  

𝑣𝑇

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] 

(4) 

 

 𝑢𝐽

𝜕𝜀

𝜕𝑥𝑗
=  𝐶𝜀1𝑣𝑇  [(

𝜕𝑢𝑖

𝜕𝑥𝑗
+ 

𝜕𝑢𝐽

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
] +  𝐶𝜀2

𝜀2

𝑘
+ 

𝜕

𝜕𝑥𝑗
 [(𝑣 +  

𝑣𝑇

𝜎𝜀
)

𝜕𝑘

𝜕𝑥𝑗
] 

(5) 

Thermal properties of nanofluid are evaluated as per [II, IV]. 

𝜌𝐻𝑦𝑏.𝑛𝑓 = (1 − 𝜑)𝜌𝑏𝑓 +  𝜌𝑝 

 
(6) 

𝐶𝑝𝐻𝑦𝑏.𝑛𝑓 =  
(1 − 𝜑)(𝜌𝐶𝑝)𝑏𝑓 +  𝜑(𝜌𝐶𝑝)𝑝

𝜌𝐻𝑦𝑏.𝑛𝑓
 (7) 

Where 𝜌𝐻𝑦𝑏.𝑛𝑓 represents density and 𝐶𝑝𝐻𝑦𝑏.𝑛𝑓 represents specific heat. The dynamic 

viscosity of the hybrid nanofluid is computed in refs. [II, IV]. 

µ𝐻𝑦𝑏.𝑛𝑓 =  (1 + 2.5𝜑)µ𝑏𝑓 (8) 

Actual thermal conductivity is determined using relation [II, IV]. 

𝑘𝐻𝑦𝑏.𝑛𝑓 =  
𝑘𝑝 +  2𝑘𝑏𝑓 − 2(𝑘𝑏𝑓 − 𝑘𝑝)𝜑

𝑘𝑝 +  2𝑘𝑏𝑓 + 2(𝑘𝑏𝑓 − 𝑘𝑝)𝜑
 (9) 

The heat transfer between the cold and hot fluid of the heat exchanger is calculated 

with the help of the Eqs. (10) and (22). 

Q
h
=ṁCP,h(Th, i-Th,o) (10) 

𝑄𝑐 = �̇�𝐶𝑃,𝑐(𝑇𝑐,𝑜 − 𝑇𝑐,𝑖) (12) 

 
The mean HT between the cold and hot fluid is evaluated using Eqs (13) and (14). 

𝑄𝑎𝑣𝑔 =
𝑄𝑐  + 𝑄ℎ

2
 (13) 

Qavg=UiAi∆TLMTD (14) 

 

Where, Ai, ∆TLMTD  denotes the area of the heat exchanger and logarithmic mean 

temperature difference computed using Eqs. (15) & 1(6). 

𝐴𝑖 = 𝜋𝑑𝑖𝐿 (15) 

∆𝑇𝐿𝑀𝑇𝐷 =
(∆𝑇1 − ∆𝑇2)

𝑙𝑛 (
∆𝑇1

∆𝑇2
)

 
(16) 
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Where, ∆T1  and  ∆T2  represents inlet temperature difference & outlet temperature 

difference among hot and cold fluids, and are determined using Eq. (17). 

∆T1= (Th,i − Tc,o) 

 ∆T2 = (Th,o − Tc,i) 
(17) 

Boundary conditions (BC’s) 

The hot fluid Re number (Re = 8,322) is maintained constant while that of the cold 

fluid Re number changes from 2,436 to 11,626. The cold fluid's input temperature is 

maintained at 30ºC, while the hot fluid temperature is maintained constant at 60ºC. 

Because of the solid surface, no no-slip boundary condition is used at the walls. Table 

3 presents the specifics of the boundary conditions. 

Table 3: BC’s adopted for the numerical simulations 

Boundary condition Annulus Tube 

Reynolds number (Re) 8,322 2,436 to 11,626 

Temperature 60º C 30º C 

Walls of shell & tube Adiabatic  Diathermic 

Walls No slip No slip 
 

 

III.   Results and Discussions 

III.i.   Grid independence study 

Figure 3 presents the grid size test for various numbers of cells versus pressure 

drop changes. The grid study is accomplished for a high Re (Re = 11625) number. 

From the figure, it is observed that the grid size of 3224789 is found to be marginally 

similar in pressure drop compared to a higher number of grid sizes. Therefore, for 

computing minimal CPU time, the grid size of 3224789 is considered for further 

computations. 

 

 
Fig. 3. Numerical domain and mesh model of counterflow heat exchanger 
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III.ii.    Validation study 

The validation study is performed to affirm the current approach of the numerical 

simulation. Figure 4 explores the comparative results of the Nu number with 

experimental and numerical studies in the available literature of [XXXIV]. From the 

results, it is observed that the results of the Nu number follow a similar tendency 

compared to the literature [XXXIV]. However, the discrepancy between the present 

study compared to experimental and numerical results is found to be less than 5.7% 

and which is well acceptable in the acceptable range. 

 
 Fig. 4. Numerical domain and mesh model of counterflow heat exchanger 

III.iii.    Heat transfer coefficient (HTC) 

Figure 5 presents HTC versus Reynolds number (Re) for the base fluid and various 

concentrations of MWCNT/ZnO HNF. The HTC increases significantly with 

increasing Re number as well as increasing the concentrations of HNF. Since, 

maximum values of Re number growth, the turbulent intensity causes mixing of the 

fluid and hence enhancement in the HTC. Also, the momentum of the fluid increases 

at higher values of Re number. Additionally, for higher values of Re number, the hybrid 

nanofluid is forced to flow, leading to an enhancement in the HTC. From the CFD 

simulation study, the backflow and flow separation phenomenon at the bend section of 

the numerical domain. However, at 0.05% concentration of hybrid nanofluid, the mean 

HTC enhancement is observed to be 58.96% and 23.04% greater compared to the base 

fluid and 0.01% concentration of hybrid nanofluids, respectively. This is due to that 

there is a significant increase in thermal conductivity of the hybrid nanofluid compared 

to the base fluid. A similar tendency was observed in the literature [XXXIV] & [IX]. 
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Fig. 5. HTC vs. Re for base fluid and hybrid nanofluid 

III.iv.   Overall heat transfer coefficient (OHTC, Ui) 

The OHTC is often denoted by Ui, is a crucial parameter in thermal engineering 

with significant implications across various fields. It quantifies how readily heat 

is transferred through a combination of different materials and fluid layers, 

considering conduction and convection heat transfer. The OHTC was computed 

using relations (18) and (19).  
1

Ui

=
1

hi

+B (18) 

Where, hi is HTC, and B is constant and which is computed with account of the Wilson 

chart according to ref. [XXXIV] & [VIII]. 

The Ui is calculated using Eq. (19). 

Ui=
Q

avg

Ai ∆TLMTD

 (19) 

Figure 6 presents OHTC against Re for various concentrations of HNF, base fluid 

water, and CeO2 NF with literature [XXXIV]. The mean OHTC presents the greatest 

and least values for 0.05% concentrations of HNF & base fluid, respectively. For a 

fixed temperature of hot fluid, the average heat dissipation rate increases amongst hot 

& cold fluids as a result of an increase in OHTC. However, at higher concentrations of 

hybrid nanofluid, augment thermal conductivity of the fluid is augmented. Therefore, 

the amount of heat absorption rate between and hot and cold fluid is more than base 

fluid, as an increase in the OHTC. From the study, maximum concentrations (i.e., 

0.05%) of hybrid nanofluid are augmented by 45.01% relative to the base fluid. 

Henceforth, higher concentrations of hybrid nanofluid are more promising for the 

augmentation of OHTC. In addition, the OHTC results of the present study are also 

compared with the results of NF available in the literature of [XXXIV]. From the study, 

the results of OHTC with the use of HNF were much higher when compared to the 

results of NF in the literature [XXXIV]. For 0.01%, 0.03% and 0.05% concentrations 

of HNF, the OHTC augments 15.72%, 16.16% and 20.88% more relatively to 0.10%, 

0.20% and 0.30% concentrations of NF, respectively reported in [XXXIV] in the range 

of flow Re is simulated.  



 

 

 

J. Mech. Cont.& Math. Sci., Vol.-20, No.-7, July (2025)  pp 136-153 

Pidaparthy Maheshbabu et al. 
 

145 

 

 

Fig. 6. OHTC vs. Re for base fluid and hybrid nanofluid 

III.v.    Nusselt number (Nu) 

The Nu number is evaluated using the Eq. (20). The Nusselt number signifies the ratio 

of convection heat transfer through the fluid to the conduction heat transfer through the 

same fluid. 

Nu = 
hi di

𝐾𝑓
 (20) 

Figure 7 explores the computed numerical results of Nu for the base fluid & various 

concentrations of HNF with the flow Re number. Nevertheless, in comparison to base 

fluid & 0.01% concentrations of HNF, the 0.05% concentrations of HNF present the 

utmost Nu number among the Re numbers simulated. This could be because the 

effective thermal conductivity of MWCNT/ZnO nanofluid increases with increasing 

concentration of MWCNT/ZnO nanoparticles and allowing the fluid to absorb 

maximum heat from the heating fluid flowing beneath the shell side of a counter flow 

heat exchanger (CFHEs). Higher Re numbers cause proper mixing of the fluid, which 

tends to increase HTC and Nu numbers. For higher concentrations of HNF, the average 

Nu number increases by 41.07% and 23.43% related to the base fluid and 0.01% 

concentration of HNF, respectively. Further, the numerical results of the Nu number 

are compared with the literature of [XXXIV], due to the author of [XXXIV] has 

considered for same domain and the same Re number for their experimental and 

numerical investigations. The presence of 0.01%, 0.03% and 0.05% concentrations of 

HNF, the augmentation of Nu number is obtained to be 14.28%, 16.13% and 16.78% 

higher when compared to literature [XXXIV] with 0.10%, 0.20% and 0.30% 

concentrations of CeO2 nanofluids (NF).  
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Fig. 7. Nu vs. Re for base fluid and hybrid nanofluid. 

III.vi.   Pressure drop (Pd) 

Figure 8 shows the comparative study of Pd for different concentrations of HNF & base 

fluid with respect to the flow Re number. The result reveals that both an increase in Re 

number and HNF concentration cause an increase in pressure drop. However, at lower 

Re numbers, the rise in Pd is considerably less than the higher values of Re number. 

This is because at lower Re numbers, fluid flows at a lesser intensity, leading to lower 

pressure drops. Further, increasing the concentration of HNF in the base fluid water 

leads to an increase in pressure drop due to an increase in the viscosity of the fluid. In 

contrast to the base fluid water, the increase in pressure drop is much less than that of 

higher nanoparticle concentrations. This is due to the possibility of the flow separation 

phenomena at the pipe bend section, which raises the pressure due to backflow. 

Additionally, there may be an uneven flow distribution inside the twin-tube 

counterflow heat exchanger, which would result in a greater pressure drop. Conversely, 

the pressure drop increases with increasing concentrations of HNF. Because a higher 

concentration of HNF results in a higher viscosity, which may cause to increase in the 

pressure drop. To easily differentiate the pressure variation, contours are presented for 

three different Re numbers, as shown in Figure 9. It is noted from the figure that the 

pressure drops significantly at higher maximum flow Re numbers, which is observed 

in the pressure contour plots. Furthermore, the result of pressure drop accompanied by 

HNF is compared with the CeO2 nanofluid (NF) reported in the literature [XXXIV]. 

From the observation, it is noticed that the HNF pressure drop result presents the 

highest pressure drop when compared to the CeO2 nanofluid reported in Ref. [XXXIV]. 

This is because the viscosity of HNF is higher than that of CeO2 NF. That is why the 

pressure developed is more with the use of HNF. 
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Fig. 8. Pd vs. Re changes for base fluid and hybrid nanofluid 

 

Fig. 9. Pressure contours for different Re numbers. 

III.vii.    Friction factor (FF) 

 The FF is a dimensionless quantity that quantifies to measures the resistance 

of fluid through the heat exchanger. The FF was computed using the Eq. (21) as per 

[VIII]. 

f  = 
∆P

L
di

(
ρ V2

2
)

 
(21) 

Figure 10 presents the FF of CFHEx and which increases with increasing concentration 

of HNF and reduces with an increase in the Re number. Since, addition of nanoparticles 
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to the base fluid leads to an increase in the viscosity and thereby an increase in the 

pumping power as a result increase in the flow resistance. Friction resistance may also 

increase due to incorrect dispersion of nanoparticles in the base fluid. For all fluids 

taken into consideration for this investigation, the friction factor is larger for lower 

Reynolds numbers. Nonetheless, under the conditions of higher mass flow rates, the 

friction factor decreases. At 0.05% concentrations of HNF, the friction resistance is 

found to be maximum when compared to 0.03% and 0.01% concentrations of HNF & 

base fluid, respectively. 

 

Fig. 10. FF vs. Re for various fluids 

III.viii.   Performance evaluation criteria (PEC)  

The PEC indicates the CFHEx performance. The PEC is the ratio of the heat transfer 

enhancement to one-third of the pumping power. The PEC measures the performance 

of the heat exchanger under the influence of three different concentrations of HNF. The 

PEC is evaluated with the Eq. (22) as per [XI, VIII]. 

𝑃𝐸𝐶 =  

(
𝑁𝑢𝐻𝑦𝑏.𝑛𝑓

𝑁𝑢𝑏𝑓
)

 (
𝑓𝐻𝑦𝑏.𝑛𝑓

𝑓𝑏𝑓
)

1/3
 (22) 

Figure 11 shows the outcomes of PEC against Re number for various concentrations of 

MWCNT/ZnO HNF & base fluid water.  Figure 11 shows that, for all fluid 

concentrations taken into consideration, the PEC is found to be more than 1. But 

according to the numerical study, the PEC for 0.05% HNF presents the highest PEC at 

lower Re numbers and decreases sharply with the growing Re number. Furthermore, 

the PEC was found to be significantly higher for higher concentrations of nanofluid 

than the lower concentrations of nanofluid. However, for a 0.05% concentration of 

HNF, the average increase in PEC is found to be 40.03% more than the lower 

concentration of HNF in the range of Re that is simulated. 
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Fig. 11. PEC vs. Re for nanofluid concentrations 

IV.    Conclusion 

The objective of the study is to critically examine CFHEx along with various 

concentrations of hybrid nanofluid. The Re number of fluid changes from 2436 to 

11626 and HNF concentration changes from 0.01% to 0.05% in steps of 0.02%. The 

numerical simulations are performed using ANSYS Fluent. The investigations yielded 

the following important findings, which are listed below: 

I. From the study, 0.05% concentration of MWCNT/ZnO HNF, the average 

augmentation in HTC is found to be 58.96% higher in comparison to the base 

fluid water, within the range of Re that is simulated. 

II. The HTC increases significantly with increasing concentrations of HNF as well 

as the flow Re number. In addition, maximum concentrations of HNF the the 

OHTC are found to be 45.01% greater than that of the base fluid water. 

III. The Nu number increases considerably with increasing Re number in the range 

of Re that is simulated. However, the augmentation of average Nu number by 

almost 41.07.38% and 23.43% higher than that of the base fluid water and 

0.01% concentration of MWCNT/ZnO HNF. 

IV. The PEC is found to be significantly higher at lower values of Re number, 

while it diminishes with an increase in Re number. However, the PEC is found 

to be greater than 1 for all concentrations of nanofluid in the range of Re 

investigated. 

V. From the study, the HT results showed a significant enhancement with the use 

of HNF, with a considerable increase in friction resistance when compared to 

the results of nanofluids reported in literature [XXXIV].  
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