
 

1. Introduction 

Nanofluids have admirable physio-chemical, thermal and heat 

transfer properties [1, 2]. Thermal performance and pressure 

drop in heat exchangers are examined by many researchers but 

specifically good thermal performance is achieved for 

TiO2H2O nanofluids with deionised H2O as a base fluid. For 

the nanoparticle concentration of w = 0.1%, 0.3% and 0.5%, the  
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Abstract 

Nanofluids represent a novel category of advanced heat transfer fluids composed of nanoparticles within a size range of 1-20 nm 

dispersed in a base fluid such as water. Contemporary research predominantly focuses on incorporating nanoparticles like Al2O3 

and ZnO into the water at a 0.1% volume fraction to create nanofluids. Recent investigations aim to optimize thermal performance 

by introducing nanoparticles into the base fluids and inducing turbulence through various macro-inserts. Key factors influencing 

heat exchanger efficiency enhancement include geometric parameters, thermal conductivity and volume fraction. This study en-

deavours to analyse the thermal and fluid flow characteristics of a proposed nanofluid, augmenting thermal transfer through 

computational simulations and experimental validation, achieving an error margin of 3%-5%. The impact of rectangular micro 

inserts, with dimensions of 4 cm in height and longitudinal spacings of 5 cm and 11.5 cm, on the heat transfer rate is examined 

to enhance fluid flow turbulence. Results indicate that among different geometric profiles, the insert with a spacing of 11.5 cm 

demonstrates superior performance, yielding higher heat transfer rates and Nusselt numbers. This research holds significant im-

plications for various industries including thermal, power, aviation, space and automotive sectors, particularly in the utilization 

of concentric tube heat exchangers across diverse applications. By exploring novel geometrical and fluid domains within heat 

exchangers, this study unveils promising avenues for enhancing the heat transfer efficiency compared to conventional methods, 

highlighting the potential for further investigation into alternative materials and configurations for heat elimination enhancement. 
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Nomenclature 

A  – area of pipe, m2 

C  – capacity rate, J/K 

Cp  – specific heat of fluid, J/(kg K) 

D – diameter of pipe, m 

h – heat transfer coefficient, W/(m2 K) 

H – heat transfer coefficient, W/(m2 K) 

K. – thermal conductivity of fluid, W/(m K) 

L  – length of pipe, m  

m  – mass flow rate of fluid, kg/s 

ΔP  – differential pressure, bar 

Q  – heat transfer rate of fluid (htr), J/s 

Qds  – fluid discharge, lps 

T – temperature, K 

u  – fluid velocity, m/s 

U  – overall heat transfer coefficient, W/(m2 K) 

V – fluid volume, m3 

 

Greek symbols 

η  – efficiency 

  – dynamic viscosity, Pa s  

ρ  – density, kg/m3  

 

Subscripts and Superscripts 

cf – cold fluid 

ds – discharge 

f – fluid 

hf – hot fluid 

i, in – inner 

o, out – outer 

st – smooth tube 

s – simulation 

thpf – thermal performance factor  

Abbreviations and Acronyms 

CSTHE– concentric spiral tube heat exchanger 

CTAB – cetyl trimethyl ammonium bromide 

CTHE – concentric tube heat exchanger 

GI – galvanized iron 

HCHE – helical coil heat exchanger 

HTC – heat transfer coefficient 

LMTD – logarithmic mean temperature difference 

LS – longitudinal spacing 

NTU – number of transfer units 

TE – tube exchanger 

TPCR – tapered perforated conical ring  

TPF – thermal performance factor 
 

heat transfer rate increases by 10.8%, 13.4% and 14.8%, respec-

tively, as compared to H2O. On the tube side, the pressure drop 

increases by 51.9%, and on the shell side by 40.7% (both sides 

operate with nanofluids and are corrugated). Also, the number 

of transfer units (NTU) and effectiveness is increased [1]. Phys-

ical properties of nanofluids have been evaluated previously in 

the literature, these properties have two parameters (optical and 

geometrical). In both cases, the working fluid is H2O; the vis-

cosity and thermal conductivity depend on the temperature. The 

results predict an improvement in the Nusselt (Nu) number at 

the shell side by 10%, at the coil side by 0.8%. The heat transfer 

coefficient decreased when Nu of both sides was increased, Nu 

of the coil side more than twice that of the shell side Nu number. 

(temperature of coil 81.49–82.74oC, temperature of shell 

66.6560.95oC, Reynolds (Re) number of coil 1000–27 000, Re 

of shell 2000–49 000) [3], where the heat transfer performance 

has been analyzed for a screw pitch and nano particle mass frac-

tion with a spiral tube. The results predicted that the Nu number 

increases when the screw pitch decreases and the nanoparticle 

mass fraction increases. The screw pitch of S = 10 cm achieved 

the smallest heat transfer rate but it can be improved by 

49.862.0% with the spiral tube rotation angle ß = 45° and  

ß = 90° [4]. Experimental investigations have been performed 

on the heat transfer and pressure drop for Al2O3-H2O nanofluids 

with small volume fractions such as 0.1%. The Nusselt number 

increased by 12.24 compared to that of distilled H2O. While 

comparing the pressure drop with that of distilled H2O, then the 

increasing trend was shown by the pressure drop. For the test 

set-up made of stainless steel and 2 wire coil inserts with a pitch 

ratio 2 and 3, the Nusselt number increased by 15.91 and 21.53 

as compared to that of distilled H2O. For Al2O3 nano particles of 

size 43 mm, the optimum Nu number value was 2275 [5].  

Some studies focused on the effect of nano particle size on 

the heat transfer and pressure drop properties for the laminar 

forced convection in a micro channel subject to a constant heat 

flux. Here, aqueous nanofluids containing dispersions of Al2O3 

and TiO2 have been simulated using a discrete phase model 

(DPM) for a range of particle size between 20200 nm. The 

change in hydrothermal properties of nanofluids with the diam-

eter was better observed at a higher particle concentration. The 

maximum differences in the heat transfer rates and friction fac-

tors of 11% and 20% were observed within the range of particle 

size 20200 nm for the particle concentration of 2% [6]. In pre-

vious studies, a two step method has been adopted to prepare 

NaNO3Al2O3 nanofluid, where the neutron activation analysis 

(NAA) and the modulated differential scanning calorimeter 

(MDSC) have been used to measure the specific heat. Results 

predicted that for Al2O3 nanoparticles dispersed in NaNO3 with 

a 60-mole fraction or for Al2O3 nanoparticles dispersed in KNO3 

with a 40-mole fraction, the actual value of specific heat changes 

less than by 2%. The mass fraction of Al2O3 was 0.78%. The 

results conclude that an enhancement of 30.6% in mass fraction 

of Al2O3 nano particles yields an increase in specific heat value 

of less than 4%. During fabrication, Al2O3 nanoparticles lost 

20% to 40% of their nominal content and their fraction expanded 

nominally by up to 41% [7]. 

The proposed paper analyses the behaviour of convective 

heat transfer and thermal conductivity of nanofluids (CuOwa-

ter, CuOethylene glycol (EG)) and (TiO2water, CuOEG) in 

laminar and turbulent flow and it was clearly reported that the 

thermal conductivity rises with the concentration of nano parti-

cles and a rise in temperature. The main purpose of using nano-
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fluids rather than the base fluid is the enhancement of the heat 

transfer rate [8]. Numerical and experimental investigations 

have been done to perform the heat transfer analysis of various 

heat exchangers, like a solar air heater based on the absorber 

plate [911], perforation based tapered hollow conical rings 

(THCR) [12], shell-tube type heat exchangers based on a helical 

coil [1315], with diverse fluids like air, water and nanofluid 

[1215], or to analyse the location of fins in LED [16]. Some 

researchers presented diverse properties of sensible materials 

[1718], some worked on diverse sensible materials such as 

rock, dry clay, nylon and teflon for analysing thermal behaviour 

in a packed bed (PB) and used air as a medium [1921], whereas 

some used flue gas as a medium for thermal storage in a packed 

bed [22]. Some specific properties are important for further uti-

lization of nanofluids in various applications. A wide range of 

heat exchangers are used in various engineering applications for 

heat transfer between two or more fluids for both cooling and 

heating processes. Some researchers focus their attention on the 

pipe bend loss effects, for improvement of performance of the 

concentric tube heat exchanger (CTHE), and some analyse the 

impact of flow velocity through pipes in a conventional and pro-

truded cyclone separator for segregation of ash from hot air 

[23,24]. 

Increasing the concentration of nano particles in the base 

fluid improves the heat transfer rate as reported in some litera-

ture [8,14]. Many researchers work on the performance, keeping 

an eye on environmental aspects [1315], while analysing flow 

and heat transfer parameters of nanofluids in spiral tubes with 

diverse fluids like water [1215], diverse bio-oils or bio-fuels 

and nanofluids [15,25] for power plant applications. 

Recently, micro channels attract the researchers’ attention 

because of their tremendous performance in a compact size for 

a wide range of heat transfer applications, especially for machine 

automation and mobile equipment. The main objective of micro-

channel technology is to increase product longevity with mini-

mum maintenance [26,27]. A recent trend in this scope is to an-

alyse the effects of geometrical domain of the micro channels 

[2829], or mini channels [30,31], and the fluid domain like 

nanofluid, specifically for enhanced thermal behaviour of CTHE 

[2831]. 

The present work is based on diverse gaps in the past litera-

ture. A brief analysis of research trends in diverse exchangers, 

design, materials and fluids is shown in Table 1. The methodol-

ogy of the present work is based on solving steady state prob-

lems of forced convection through CFD, FEM, etc. [32]. The 

novelty of the present work is to enhance the efficiency and per-

formance of a flat plate collector by two diverse approaches, that 

is, first the installation of a new geometrical design of the heat 

pipe having a semi hollow cylindrical macro insert inside the 

copper tube of the flat plate collector, and second is the flow of 

a modified hybrid nanofluid. 

2. Materials and methods  

The selection of nanofluid material for the proposed research 

work was completely based on the literature survey [14,15]. Go-

ing through multiple research papers, the first point of consider-

ation was what nano particles are being popularly used and why 

they are so popular. The most popular nano particles in terms of 

cost and properties were identified as Al₂O₃, ZnO and CuO, as 

compared to other nano particles, all shown in Table 2.  

 It could be noted that the CuO nanofluid shows a linear be-

haviour in its conductivity. While changing the size and concen-

tration of Al₂O₃, the thermal conductivity changes non-linearly 

[33]. Al₂O₃ and ZnO show more diversity in their properties. 

The preparation of an Al₂O₃ + ZnO + H2O nanofluid sample is 

based on the technique of ultrasonication, where Al₂O₃ and ZnO 

are mixed in water at a 0.005% volume fraction each with  

0.51 ml of CTAB surfactant [14,15] through the mechanical 

string process. After that, a mechanical string sample is trans-

ferred to the ultrasonication tub for 6 hours of ultrasonication. 

The finally prepared sample is ready for the evaluation of its 

physio-chemical properties experimentally, through the use of a 

hydrometer for density measurements, and a calorimeter for 

thermal conductivity and specific heat measurements as shown 

in Table 2. The experimental values were further validated with 

the help of a numerical model [14,15]. 

In this study, the experiment on a heat pipe with macro in-

serts is performed in a test set-up as shown in Fig. 1. This picture 

presents the schematic description of the running procedure of 

Table 1. Research trend of tube exchanger (TE).  

Author  Set-up details 

Qi et.al. (2019) [2] Researchers used only normal double-tube HE for analyzing the effect of thermal transfer with nanofluid. 

Chamsa-ard et.al. (2017) [1] Corrugated TE has been used to evaluate the impact of nanofluid on thermal behaviour.  

Zhai et.al. (2019) [4] 
Researchers used spiral TE with diverse geometrical parameters like pitch and orientation angle for analyzing the ef-

fect of geometry with nanofluid on thermal characteristic. 

Chandrasekar et.al. (2010) [5] Coil insert has been used to enhance the performance of CTHE and pipe exchanger with nanofluid. 

Ambreen et.al. (2018) [6] Researchers analyzed the effect of nanofluid particle size on thermo-hydraulic performance of micro channel. 

Kumar et.al. (2018) [8] 
Researchers used bundle TE for analyzing the effect of different nanofluid particle sizes with diverse base fluids on 

thermal and flow parameters. 

Uniyal et.al. (2021) [12] Auhtors used TPCR TE for enhancement of performance of circular air duct.  

Kaushik et.al. (2020) [13] 
Authors analyzed the flow and thermal attributes of diverse hybrid nanofluid in a spiral coil for enhancement of per-

formance in CTHE. 

Kanojia et.al. (2021) [20] Packed bed was filled with sensible material pebbles, storing heat energy for space heating. 

Shrivastav et.al. (2022) [11] Wedge shape exchanger was used as an absorber to enhance the performance of air heaters. 
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set-up used during experimental work. the accuracy of the meas-

urements is attained at the level of 0.5%. The computational 

analysis is carried out using the ANSYS software. Heat pipes 

with different spacing and orientation of semi hollow cylindrical 

macro inserts were used in this study. The spacing was 5.5 cm, 

or alternatively 11.5 cm, whereas the height of macro inserts was 

4 cm. The computational geometry of the heat pipe with macro 

inserts was prepared using the Solidworks software as shown in 

Figs. 2 and 3. The temperature and velocity contours obtained 

during the analysis using the ANSYS software are shown in 

Figs. 4 and 5. 

3. Grid independence procedure and testing re-

sult 

Firstly, after completing all processes in the design modeller, the 

geometry is opened in the mesher. In the first step, a coarse mesh 

was generated, in subsequent steps the mesh was gradually re-

fined. After the meshing was completed, the meshed geometry 

was solved in the solver. After the solution was converged, val-

ues of the essential parameters as required were obtained. The 

number of nodes for subsequent meshes, and the obtained cor-

responding values of the Nusselt number can be seen in Figs. 6 

and 7. 

Increasing the number of mesh nodes and repeating the com-

putations was carried out until the solved values no longer varied 

with the mesh refinement. The process of grid independence in-

vestigations was terminated if the value of the crucial parameter 

with respect to that found for the previous mesh was less than 

one percent. 

Table 2. Properties of nano material. 

Nano-particles 
and nanofluid 

sample 

Thermal  
conductivity, 

W/(m K) 

Specific heat, 
J/(kg K)  

Density, 
g/m3 Reference 

Al₂O₃ 40 880 3700 [1,2] 

ZnO 29 544 5600 [1,2] 

CuO 77 540 6800 [1,2] 

SiO₂ 1.39 745 2220 [1,2] 

TiO2 11.2 650 3900 [1,2] 

Al₂O₃ + ZnO + 
H2O 

0.80831 2958.44 1370.9 - 

 

 

     Fig. 2. Macro insert model.        Fig. 3. Computational geometric  

                                                                               model. 

 

Fig. 4: Temperature distribution. 

 

Fig. 5: Velocity contours. 

 

Fig. 1. Line diagram of experimental setup. 

 

Fig. 6. Grid independence test of computational geometry. 
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4. Data reduction 

Experiments were carried out for different temperature fluids at 

diverse flow rates determined by the following equations  

𝑄𝑑𝑠 =
𝑉

𝑡
     where: 𝑄𝑑𝑠 = 𝐴𝑟𝑒𝑎 · 𝑢,                  (1) 

 𝑚 = 𝜌 𝐴 𝑢 . (2) 

The heat transfer rate was obtained by the following equa-

tions: 

𝑄ℎ𝑓 = 𝑚ℎ𝑓 𝐶𝑝ℎ𝑓(𝑇𝑖𝑛 − 𝑡𝑜𝑢𝑡) = 𝑄𝑐𝑓 = 𝑚𝑐𝑓 𝐶𝑝𝑐𝑓(𝑇𝑜𝑢𝑡 − 𝑡𝑖𝑛), 

(3) 

where Tin  outer GI shell tube inlet temperature, Tout  outer GI 

shell tube outlet temperature, tin  spiral inner tube inlet temper-

ature and tout  spiral inner tube outlet temperature. 

The heat transfer coefficient h and overall heat transfer coef-

ficient U were calculated using the Log Mean Temperature Dif-

ference (LMTD) method and the equations used are as follows: 

 𝑄𝑟 = ℎ 𝐴 ∆𝑇, (4) 

where: 

 ∆𝑇 =
(∆𝑇1−∆𝑇2)

ln(
∆𝑇1
∆𝑇2

)
,   

   ∆𝑇1 = (𝑇𝑜𝑢𝑡 − 𝑇),    ∆𝑇2 = (𝑇 − 𝑇𝑜𝑢𝑡), 

 𝑈 = ℎ 
1

(
1

ℎ𝑖
+

1

ℎ𝑜
)
 . (5) 

Now, fluid properties for cold fluid are calculated by the fol-

lowing formulas: 

 Nu =
ℎ 𝐷

𝐾𝑐𝑓
= 0.023Re0.8Pr0.4,   where: 𝑅𝑒 =

𝜌𝑢𝐷

𝜇
, (6) 

 𝑓 =
∆𝑃

(
𝐿

𝐷
)(

𝜌𝑉2

2
)
. (7) 

The performance parameters are further calculated for cold 

fluid flow: 

 𝜀 =
𝑄𝑎𝑐𝑡𝑢𝑎𝑙

𝑄𝑚𝑎𝑥
 , (8) 

 NTU =
𝑈 𝐴𝑠

(𝐶𝑝)𝑚𝑖𝑛
, (9) 

where:  

 𝐶 = (𝑚𝐶𝑝)
𝑚𝑖𝑛

, NTUcounter =
1

𝑐−1
ln (

𝜀−1

𝜀𝑐−1
), (10) 

 𝜂𝑡ℎ𝑝𝑓 =
(

Nu

Nust
)

(
𝑓0.33

𝑓𝑠𝑡
0.33)

, (11) 

 Nus = 0.023Re0.8Pr0.4, [8], (12) 

 𝑓s = 0.316Re−0.25 , [8]. (13) 

5. Results and discussion 

In this research, fluid flow properties were investigated. The ef-

fects of nanofluid H2O + ZnO + Al2O3 at 0.1% volume fraction 

inside a circular tube with macro inserts having LS of 11.5 cm 

and 5.5 cm are shown in Figs. 811 and 12. 

Thermal behaviour of fluid was acknowledged for a range of 

Re number from 999 to 9 995 under counter flow conditions. 

Fluid flow peculiarities like the f factor and Nu number vary 

from 0.0992 to 0.0530 (simu.  simulated values), 0.00959 to 

0.0529 (exp.  experimental values) and 11.21 to 30.33 (simu.), 

10.81 to 29.75 (exp.) for 11.5 cm LS, whereas they change from 

0.0998 to 0.0523 (simu.), 0.00932 to 0.0252 (exp.) and 9.86 to 

23.65 (simu.), 9.49 to 23.04 (exp.) for 5.5 cm spacing. It has 

been clearly visible that the simulated results for the f factor 

show a decreasing trend and those of the Nu number show an 

increasing trend as the Re number and flow rate increase 

[1415]. An enhancement of 36% in simulated values was 

acknowledged compared with experimental values for all pro-

files as shown in Figs. 811 and 12. 

On the other hand, thermal performance peculiarities like f/fs 

and Nu/Nus show an opposite trend compared with that of f fac-

tor and Nu number. Here, the f/fs factor increases with a decreas-

ing Nu/Nus [1415]. These values vary from 0.52 to 1.364 

(simu.), 0.050 to 1.362 (exp.) and 0.132 to 0.051 (simu.), 0.133 

to 0.421(exp.) for 11.5 cm LS, whereas they vary from 0.171 to 

1.09 (simu.), 0.172 to 1.785 (exp.) and from 0.1325 to 0.0512 

(simu.), 1.145 to 0.0326 (exp.) for 5.5 cm spacing. It is also 

 

Fig. 7. Grid independence interface.  
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clearly visible that only Q shows an increasing trend, whereas ε, 

TPF and NTU show a decreasing trend as the Re number in-

creases for 11.5 cm LS [1415]. 

The thermal performance peculiarities are higher for 11.5 cm 

LS than for 5.5 cm spacing, where Q (htr) values vary from 

171.55 to 269.40 (simu.), 170.59 to 268.40 (exp.) and ε varies 

from 0.26 to 0.171 (simu.), 0.128 to 0.126 (exp.), TPF obtained 

0.257 to 0.071 (simu.), 0.239 to 0.068 (exp.) and NTU 0.607 to 

0.269 (simu.), 0.54 to 0.209 (exp.) for 11.5 cm spacing. TPF is 

an important heat exchanger parameter that has been identified 

to acknowledge the exchanger utilization aspect from Eq. (11). 

It is the ratio of a real value or a simulated value of the Nu num-

ber of the tube with insert to that of the smooth tube divided by 

the ratio of the f factor of the tube with insert to that of the 

smooth tube, expressed in a power of 0.33. The TPF values 

shown in Fig. 11 exhibit a decrease as the Re number rises when 

comparing smooth and insert-equipped tube performance, 

Fig.12. is utilized to indicate the performance improvement in 

the area. It is shown that smooth tubes perform inefficiently low 

at lower Re numbers and marginally well at higher Re numbers. 

The insert-equipped tubes exhibit much better results in both 

Reynolds number regions compared with smooth tubes. How-

ever, a decreasing trend of TPF values implies that the Nu ratio 

and f factor ratio are higher and lower in the low Re range, 

whereas the Nu ratio and f factor ratio are lower and higher in 

the high Re range between the smooth tube and insert-equipped 

tube, that is why TPF decreases with higher value of Re number. 

It has been discovered that 11.5 cm LS inserts work better than 

5.5 cm LS. 

6. Conclusions 

Geometrical parameters, thermal conductivity and volume frac-

tion play an important role in heat exchanger efficiency. This 

research focused on the thermal and fluid flow characteristics of 

 

Fig. 8. Dependence of f and Nu on Re. 

 

Fig. 9. Dependence of NTU on Re. 

 

Fig. 10. Dependence of ε and Q (htr) on Re. 

 

Fig. 11. Dependence of TPF on Re. 

 

Fig. 12. Dependence of Nu/Nus and f/fs on Re. 
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the proposed nanofluid. The effect of rectangular micro inserts 

was also acknowledged at 4 cm height and diversified longitu-

dinal spacing, i.e. 5 cm and 11.5 cm. The present study was 

based on experimental and simulation investigations, leading to 

the following conclusions: 

1. The obtained simulation results were validated with the 

experiment, and were found in a good agreement with 

experimental results with an error of 3 to 5%.  

2. It was observed that semi-hollow cylindrical macro in-

serts produce more turbulence at 11.5 cm LS and 4 cm 

height with nanofluid Al2O3 + ZnO + H2O when com-

pared with other profiles. It happens because of the 

curved shape and extra exposed area of inserts. 

3. The flow was maintained turbulent throughout the pipe 

with the micro inserts. The location and orientation of the 

micro inserts should be appropriate to get a constant pro-

duction of turbulence. 

4. The thermal performance rate at 11.5 cm LS increased by 

20% when compared with 5.5 cm LS.  

5. A 30% heat transfer enhancement was observed at 11.5 

cm LS when compared with other configurations. 

6. It is also concluded that nanofluid with a geometrical 

profile having macro-inserts at 11.5 cm longitudinal 

spacing shows better results as compared to other profiles 

at the optimum operating point, where the flow rate is 

0.083 kg/s, Nu is 29.75, f factor is 0.052, htr is 268.40 J/s 

and ε is 0.126. 

The present work has a wide scope of application in thermal 

engineering, power, aviation, space and automobile sectors, as 

these sectors use concentric tube heat exchangers in diverse ap-

plications. This work on nanofluids opens a new domain for re-

search and various opportunities that lie in analysing different 

thermally feasible materials for enhancement of heat transfer. 

The effect of perforation in inserts will be analyzed in future for 

economical perspective and lowering material cost of concentric 

tube heat exchangers.  
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