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Abstract
The objective of this study is to investigate the effect on heat transfer augmentation by the combined effect of circular 
fins directly attached to the helical surface of the coil in two different orientations (45° and 90°) and Graphene Oxide 
nanofluid as a heat transport agent, in a coil-in-shell heat exchanger. The attached circular fins not only act as turbula-
tors on the shell side but could also add to heat transfer from the hot side to the cold side, by a combined mechanism of 
conduction and convection. The experiment is conducted at constant heat flux, with the cold nanofluid in the coil side 
and hot air in the shell side. Test runs are taken by varying hot air velocities from 1 m/s to 5 m/s, keeping fixed volume 
concentration of nanofluid (0.05–0.15%) and flow rate (500 ≤ Re ≤ 5500) one at a time. Experimental results indicated 
significant enhancement in heat transfer performance for the finned configuration. For 90º and 45º fin orientation—0.15% 
volume concentration of nanofluid, the maximum heat transfer increase is by 78.46%, and 82.22%, Nusselt number 
increase is by 32.57%, 60.79% respectively, at a hot air velocity of 3 m/s. The coil side pressure drop and friction factor 
increased to 32.72% and 24.64% for 0.15% GO nanofluid when compared to pure water at the maximum flow rate. The 
thermal–hydraulic performance improvement is nearly two-fold with 45º fin orientation-GO nanofluid combination.

 *  Ramakrishna N. Hegde, rkhegderk@gmail.com; Niranjana Rai, niran4u@gmail.com | 1Department of Mechanical Engineering, Canara 
Engineering College, Mangaluru, Karnataka 574219, India. 2Department of Automobile Engineering, Srinivas Institute of Technology, 
Mangaluru, Karnataka 574143, India.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03423-5&domain=pdf
http://orcid.org/0000-0001-5679-5357


Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1613 | https://doi.org/10.1007/s42452-020-03423-5

Graphic abstract 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1613 | https://doi.org/10.1007/s42452-020-03423-5	 Research Article

Keywords  Coil in shell heat exchanger · Circular fin · 
Nanofluid · Thermal hydraulic performance

Abbreviations
CSHE	� Coil in shell heat exchanger
CI	� Confidence interval
FCSHE	� Finned coil in shell heat exchanger
HAV	� Hot air velocity
THP	� Thermal hydraulic performance

Nomenclature
As	� Effective surface area (m2)
Cp	� Specific heat of water (kJ/kg K)
Dc	� Diameter of helical coil (m)
De	� Dean number
Dsi	� Inner diameter of shell (m)
di	� Inner diameter of coil tube (m)
fc	� Coil side friction factor
fs	� Shell side friction factor
hi	� Heat transfer coefficients (W/m2K)
I	� Current supplied (Ampere)
K	� Thermal conductivity (W/m K)
L	� Tube length (m)
Ls	� Shell length (m)
M	� Mass flow rate (kg/s)
N	� Sample size
Nu	� Nusselt number
P	� Pitch of the coil (m)
q	� Heat flux (W/m2)
Q	� Rate of heat transfer (kW)
Re	� Reynolds number
T	� Temperature (K)
Thp	� Thermal hydraulic performance
V	� Voltage (V)
Vha	� Hot air velocity (m/s)
X  	� Sample mean
Z	� 1.96 (CL = 95%)

Greek/Roman symbols
ρ	� Density (kg/m3)
μ	� Absolute viscosity (Ns/m2)
φ	� Volume concentrations of nanofluids (%)
δ	� Curvature ratio
α	� Fin orientation
σ	� Standard deviation

Subscripts
bf	� Base fluid
c	� Coil
ci	� Cold fluid inlet
co	� Cold fluid outlet
h	� Hot fluid
hi	� Hot fluid outlet
ho	� Hot fluid outlet
f	� Base fluid

nf	� Nanofluid
p	� Particle
s	� Surface

1  Introduction

The augmentation of heat transfer facilitates a signifi-
cant reduction in the size of heat exchangers. Using coil-
in-shell heat exchanger (CSHE) instead of straight pipes 
offers higher heat transfer rate, improved pressure drop, 
compactness, a secondary flow to boost the turbulence as 
well as delays in the annular flow regime. Besides, it finds 
a wide range of applications viz., in steam, gas, nuclear 
power plants, in HAVC systems, in dairy and food process-
ing industries, etc [1, 2]. Using effective intensification 
methods like active, passive, and combined techniques, 
enhancement of heat exchanger performance by optimiz-
ing pumping power can be achieved. Heat transfer aug-
mentation in active technique requires an external power 
source, which leads to an increase in the overall cost. Con-
versely, the passive method involves some enhancement 
techniques like geometrical variations, insertion of differ-
ent geometrical shapes, extended surfaces like fins, the 
addition of nanoparticles to the heat-carrying fluid, etc 
[3–5]. Many investigators follow a line of investigation to 
improve the heat exchanger performance by using sev-
eral passive augmentation approaches in coil-in-shell heat 
exchangers (CSHE). Such an extensive study appropriate 
to the present investigation are summarized hereunder.

Many investigators follow a line of investigation that 
improves heat exchanger performance. Lin and Ebadian 
[6] studied the Nusselt number (Nu) is a wholly developed 
thermal section of helical pipes. The authors stated that 
local average Nu fluctuates before becoming steady in 
thermally fully developed section, specifically for large cur-
vature ratios. Jayakumar et al. [7] reported that the influ-
ence of pitch of the helical coil on a fully developed Nu 
number was relatively less significant in the studied range. 
Babita et  al. [8] experimented on the helical coil heat 
exchanger for various curvature ratio (0.036–0.067) at dif-
ferent volume concentration of CNT nanofluid (0–0.051%) 
under the laminar regime. The authors reported a rise in 
friction factor with the increase in the curvature ratio and 
volume concentration of nanofluid.

Jamshidi et al. [9] studied the flow characteristics by 
varying the coil diameter and pitch (0.0813 < Dc < 0.116, 
13 < Pc < 18) with pure water as working fluid, under lami-
nar flow regime. They depicted the improvement in heat 
transfer rate with the higher coil diameter, coil pitch, 
and mass flow rate in the shell and tube. Omidi et al. [10] 
reported the influence of small tube diameter in the helical 
tube heat exchanger on the Nu and friction factor. They 
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found that Nu was increasing as volume concentration of 
Al2O3 nanofluid increased and observed a higher value 
of Nu, compared to base fluid with minimum pumping 
power. Steady-state turbulent forced convection flow of 
CuO nanofluid inside helically coiled tubes at constant wall 
surface temperature was investigated through analytical 
and experimental techniques by Rakhsha et al. [11]. The 
analytical results revealed 6–7% and 9–10% improvement 
in heat transfer and pressure loss, respectively. In compari-
son, the experimental results indicated the enhancement 
of 16–17% and 14–16%, respectively, for different tube 
geometries at various Reynolds numbers (Re). Ghorbani 
et al. [12] conducted experiments on mixed convection 
heat transfer in a helical-coiled shell heat exchanger in a 
vertical position. They found that the axial temperature 
of the heat exchanger was beneficial for the ratio of the 
mass flow rate of the tube-side to the shell-side. Akhavan-
Behabadi et al. [13] investigated heat transfer enhance-
ment in vertical helically coiled tubes using nanofluid in 
the thermal entrance region. They found that helically 
coiled tubes improve the heat transfer rate extensively 
compared to the straight tube.

Khosravi-Bizhaem and Abbassi [14] conducted a numer-
ical study on the effects of Al2O3/water nanofluid in a 
helical coil on heat transfer improvement in the laminar 
flow regime. They demonstrated higher heat transfer for 
the higher curvature ratios. Boonsri and Wongwises [15] 
studied the performance of a copper helical-coiled and 
aluminum crimped, spiral, finned-tube heat exchanger 
subjected to hot water and ambient air combination as 
working fluids. The test runs were done at air mass flow 
rates in the range of 0.04–0.13  kg/s and water mass 
flow rates of 0.2–0.4 kg/s. The water temperatures were 
between 40 °C and 50 °C. The study revealed that the pro-
jected mathematical model could simulate the experimen-
tal data comparatively fit, in particular, at higher air veloc-
ity. Water mass flow rate and the inlet water temperature 
had significant effects on the outlet air and water tempera-
tures. The outlet air and water temperatures reduced with 
the rising air velocity. Sadeghzadeh et al. [16] designed 
and optimized a finned shell and tube heat exchanger 
using a multi-objective genetic algorithm for maximiza-
tion heat transfer and minimize the cost. The authors illus-
trated the Pareto curve for optimization by considering 
variables like arrangement of the tube, tube pitch ratio, 
number of tubes, tube length, tube diameter, fin height, 
fin thickness, number of fins per unit length, and baffle 

spacing ratio. Andrzejczyk et al. [17] experimentally stud-
ied the effect of variable baffles geometry and its orienta-
tion (45°) on augmentation of heat transfer in shell coil 
heat exchanger. They suggested using the turbulators at 
the shell side. They observed considerable raise in heat 
transfer in the laminar regime for optimal baffle configura-
tion. Nada et al. [18] experimentally studied dehumidify-
ing helical coils with strips fins at horizontal and vertical 
positions for various flow rates of air. They affirmed that 
strip fins enhance the performance of the coil in both ori-
entations for all studied range of airflow. Rajesh Kumar 
et al. [19] experimentally investigated that finned heli-
cal coil heat exchanger exhibits heat transfer coefficient 
15–16% higher than an un-finned heat exchanger. They 
also observed a drop in temperature with an increased 
flow rate of hot water in the test section.

From the detailed literature review, it can be concluded 
that nanofluids and finned turbulators can be used as the 
two different passive methods to improve the thermal per-
formance of a coil-in-shell heat exchanger (CSHE). Besides, 
there have been studies on the combined augmentation 
technique using nanofluid as cold fluid flowing through an 
open helical coil with different geometrically configured 
turbulator inserts within the helical loop on the shell-side 
in a CSHE. There is no available literature where a combined 
technique using Graphene Oxide nanofluid and directly 
mounted circular fins on the helically coiled surface is used. 
The objective of this study is to investigate the effect on heat 
transfer augmentation by attaching the circular fins directly 
on the helical surface of the coil itself in two different ori-
entations (45° and 90°), while nanofluid is acting as a cold 
fluid. The attached circular fins not only act as turbulators 
on the shell side but could also add to possible heat transfer 
from the hot side to the cold side, by a combined mechanism 
of conduction and convection. The effect of the finned coil 
arrangement on the overall thermal performance of coil-in-
shell heat exchanger, in different volume concentrations of 
Graphene oxide nanofluid (cold fluid) at different flow rates 
of hot air (hot fluid), is the research focus of this study.

The structure of the current paper is organized into five 
major sections. Section 1 focuses on the current state of 
research in the field of heat exchangers supplemented by 
a literature survey, the gap in the research, and the rel-
evance of the present investigation to bridge the research 
gap. Section 2 explains the preparation of nanofluids and 
its properties. Section 3 discusses experimental details, 
namely about the experimental setup, experimental 

Table 1   Physical properties of GO nanofluid (as per data provided by the manufacturer)

Chemical formula Color Oxygen content Morphology pH Residue on evaporation Partial size

C2.19 H0.8O1.00 Dark brown 42% Monolayer Graphite flake 2.1 3.8 45 nm
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procedure, experimental uncertainty, and data reduc-
tions. Section 4 is dedicated to explaining the results along 
with a discussion on experimental validation, performance 
characteristics, like average Nusselt number, friction factor, 
and Thermal Hydraulic Performance (THP) for both normal 
and finned configurations. The work is summarized and 
concluded in Sect. 5.

2 � Preparation of nanofluid and its 
properties

Graphene-water nanofluid with a concentration of 4 mg/
ml nanoparticles suspended in the fluid was in the range 
of 20–50 nm. It was procured from Sigma-Aldrich®, USA. 
The fluid volume concentrations were considered in 
the study were 0.05%, 0.1%, and 0.15% of GO nanofluid 
through dispersed GO in the base fluid (distilled water) as 
mentioned elsewhere [20, 21]. The nanofluid was stirred 
in a high-speed stirrer (3000 rpm) for 2 h before experi-
menting. Poly-vinyl-pyrrolidone (PVP) was used as a sur-
factant to ensure the stabilization of nanofluid. Figure 1a 
shows the SEM image of GO nanoparticles’ average size 
of particles used was 45 nm as tested using a Particle Size 
Analyzer. The ’thicker’ and ’multi-layer’ looking GO sheets 
could be attributed to the existence of covalently bound 
oxygen and sp3 hybridized carbon atoms located near to 
the original Graphene plane [22]. Figure 1b shows GO/
water nanofluid at different volume concentrations used 
for the experimental investigations. The physical proper-
ties of GO nanofluid are presented in Table 1. The thermo-
physical properties of GO nanofluid are found at various 
temperatures for various volume concentrations (0.05%, 
to 0.15%) based on correlations available in the literature 
[11, 23] 

The density of nanofluid in kg/m3;

Dynamic viscosity in N-s/m2;

Specific heat in J/kg-K;

Thermal conductivity in W/m–K;

3 � Experimental details

The details of the experiment are discussed considering 
experimental test rig, the procedure followed for experi-
mentation, the uncertainty of the measuring devices, and 
equations used for achieving the results.

3.1 � Experimental set up

The schematic layout of the experimental setup shown in 
Fig. 2a consists of two loops viz., shell region loop, and 
helically coiled region loop. Shell region loop handles 
hot air, and the coiled tube loop handles GO nanofluid, in 
counterflow condition.

The experimental setup consists of a test section, an air 
heater (0–1500 W), a centrifugal blower (1.5 kW), a cen-
trifugal pump, nanofluid collecting tank, a condenser, a 
power meter (0–4.5 kW), a rotameter (0–4 lpm), an ane-
mometer (0–15 m/s), and K-type thermocouples (0–100°C). 
A set of K-type thermocouples (10 numbers) is attached to 

(1)�nf = ��p + (1 − �)�bf

(2)�nf = �bf (1 + 2.5�)

(3)Cnf = �Cp + (1 − �)Cbf

(4)knf =

[
Kp + 2Kbf + �2(Kp + Kbf )

Kp + 2Kbf + �(Kp + Kbf )

]

Fig. 1   a SEM image of dispersed GO/water nanofluid, b GO-water nanofluid
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the coil surface at equal distance to measure the average 
surface temperature of the test section. Figure 2b shows 

the test section of a copper tube of 0.010 m inner diam-
eter and 0.013 m outer diameter wound in helical shape 

Fig. 2   a Schematic layout of 
CSHE test rig, b schematic view 
FCSHE test section

Fig. 3   Plain and finned con-
figurations of coil
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with curvature ratio (δ) of 0.142 and pitch of 0.014 m, sur-
rounded with a shell of 0.116 m inner diameter, made up 
of stainless steel with thickness 0.003 m. The coil 8.5 m 
long with 36 turns. The total length of the test section is 
0.505 m.

Three helical coils, comprising two with circular fins 
attached to the surface of the coil and other without cir-
cular fins, were used for the study. The circular copper fin 
brazed at 90˚ and 45° over the surface of the helical coil, as 
shown in Fig. 3. The dimensions of circular fin viz., diameter 
0.004 m, and length 0.010 m with fin ratio Ψ = 0.4.

3.2 � Experimental procedure

The experiment is conducted by varying flow rates of 
cold fluid (500 ≤ Re ≤ 5500) in the coil side loop and hot air 
velocity (HAV) from 1 m/s to 5 m/s (4500 ≤ Re ≤ 22,500) in 
the shell side loop at a constant heat flux of 4 kW/m2. The 
initial run is taken with pure distilled water-hot air combi-
nation, for both CSHE and FCSHE (90° and 45° orientation) 
configurations. Whereas for the subsequent run, distilled 
water is replaced with Graphene oxide (GO) nanofluid 
with varying volume concentrations of 0.05%, 0.10%, and 
0.15%, the other test parameters being kept constant.

3.3 � Experimental uncertainty

In the present study, the uncertainty of obtained results 
is vital as it ensures the legitimacy of the measured and 
presented experimental values. The uncertainty of any 
measured data is projected based on the normal distri-
bution method with confidence limits of ± 2σ (95.45% of 
the measured data recline within the edge of ± 2σ of the 
mean). Thus, the uncertainty of any measured parameter 
is given by [24],

Experiments were employed to obtain the confidence 
interval (CI) and standard deviation (σ) of Nu and friction 

(5)CI = X ± Z

�
�√
n

�

factor. The analysis was done for three sets of readings 
under the same operating conditions for the base fluid 
combination. The margin error lies within ± 0.526 of mean 
for Nu and ± 0.0018 of the mean for friction factor, while 
error for standard deviation obtained was 0.379 and 
0.0013, respectively. The uncertainty in measuring devices 
[24] is presented in Table 2 below.

The maximum uncertainties of derived quantities are 
1.02% for Reynolds number, 1.12% for heat transfer coef-
ficient, 1.91% for Nusselt number, 1.01% for friction factor, 
and 1.18% for thermal hydraulic performance respectively. 
The overall experimental uncertainty is 2.44%.

3.4 � Data reduction

For constant heat flux and variable flow velocity of hot air 
(1–5 m/s), based on experimental observation, for differ-
ent studied combinations under steady state condition, 
the Logarithmic Mean Temperature difference (LMTD), 
heat transfer coefficient, Nusselt number and the friction 
factor of the heat exchanger were calculated using Eqs.
(6)–(13) [1, 7, 15].

•	 The heat transfer (Q) for hot air and GO/water nanofluid 
(Heat gained);

•	 Average heat transfer (Qavg);

•	 The surface temperature of the coil (Ts);

•	 Bulk temperature of Cold fluid (TBc);

•	 LMTD for the counter flow array is;

•	 Heat transfer coefficient (h);

•	 Coil side friction factor (fc);

(6)Q = mhCph(Thi − Tho) = mcCpc(Tco − Tci)

(7)Qavg =
(Qh + Qc)

2

(8)Ts =
(T1 + T2 +⋯ + T10)

10

(9)TBc =
Tci + Tco

2

(10)LMTD =
(Thi − Tco) − (Tho − Tci)

ln

[
(Thi−Tco)

(Tho−Tci)

]

(11)h =
Q

A(TS − TBc)

(12)fc = 0.046Re
−0.2[De]

1

20

Table 2   Uncertainty of measuring devices

Measuring device Range Uncertainty (%) Resolution

Rota meter 0–4 lpm  ± 0.02 0.01 lpm
K-type thermocouple 0–100 °C  ± 0.01 0.01 °C
Anemometer 0–15 m/s  ± 0.01 0.01 m/s
Voltmeter 0–300 V  ± 0.03 0.1 V
Ammeter 0–50 A  ± 0.02 0.01A
Pressure gauges 0–1 mbar  ± 0.01 0.001 mbar
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•	 Shell side friction factor (fs);

•	 Key dimensionless parameters viz., Re, Pr, Nu and Dean 
Number (De) were calculated using Eqs. (14)-(17) [25].

•	 Reynolds Number,

•	 Prandtl Number,

•	 Nusselt Number,

•	 Dean Number,

4 � Results and discussion

4.1 � Repeatability and validation

Figure 4a indicates repeatability of experiment compris-
ing the data taken on three different days under same 
working condition for the plain CSHE with shell side at 
HAV 5 m/s (Re = 22,500) and distilled water on coil side at 
500 ≤ Re ≤ 5500. The obtained deviation lies within ± 0.24% 
to ± 1.53% with standard deviation. Experimental Nu and 
friction factor results of fully developed laminar to tur-
bulent flow region in CSHE were confirmed by compar-
ing with existing correlations respectively by Seban and 
McLaughlin [26], Boonsri et al. [15] and Beigdzadeh et al. 
[27], Milad et al. [11] as illustrated in Fig. 4b and c. It can be 
observed that experimental Nu and friction factor devia-
tions were ± 4.54% and ± 0.0179% respectively from the 
theoretical values.

Referring Fig. 4b, the deviation of Nu at Re > 4000 could 
be due to the higher turbulence and consequent lower 
resident time available to extract the heat from the coil 
surface effectively. This will affect the overall heat transfer 
from the coil surface to cold fluid, reducing the experi-
mental Nu. The deviation of experimental Nu with exist-
ing correlation could be attributed to the coil material, 
experimental uncertainty, different trial conditions, range 
of parameters, and intrinsic losses in the test set rig, etc.

(13)fs =
2ΔpDsi

0.0689476�Ls(Vha)
2

(14)Re =
�Vdi

�

(15)Pr =
�Cp

k

(16)Nu =
hdi

k

(17)De = Re

(
di

Dc

)1∕2
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Fig. 4   a Nu v/s Re for repeatability, b coil side Nu with the past 
works for validation [15, 26], c friction factor v/s Re for validation 
[11, 27]
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4.2 � Performance characteristics of the plain CSHE

4.2.1 � Effect on Nusselt number

Figure 5 illustrates the variation of average Nu (Nua) with 
Re at different HAVs (1–5 m/s) and volume concentrations 
of GO/water nanofluid (0.05–0.15%) for plain CSHE. The 
average Nu increased with HAV for all volume concen-
trations of nanofluid both in laminar and turbulent flow 
regimes. The average Nu increased to 7.12% in 0.15% vol-
ume concentration of GO nanofluid at Re = 5500 compared 
to distilled water at HAV = 1 m/s (Fig. 10 a). Besides, it was 
increased to 19.49% for the same flow conditions of cold 
fluid compared to distilled water at HAV = 5 m/s (Fig. 5c). 
The maximum enhancement recorded was 29.47% at 

0 1500 3000 4500 6000
0

2

4

6

Type        : Plain CSHE
Shell side: Hot air velocity 1 m/s
Coil side  : Distilled water/ GO Nanofluid

Distilled water
0.05% GO
0.1% GO
0.15% GO
Linear Fit of Concatenate

u
N(reb

mu
Ntlessu

N
a)

Reynolds Number (Re)

Laminar Transition Turbulent

(a) CSHE with HAV=1 m/s

0 1500 3000 4500 6000
0

3

6

9

Distilled Water
0.05% GO
0.1% GO
0.15% GO
Linear Fit of Concatenate

u
N(reb

mu
Ntlessu

N
a)

Reynolds Number (Re)

Laminar Transition Turbulent

Type        : Plain CSHE
Shell side: Hot air velocity 3 m/s
Coil side  : Distilled water/ GO Nanofluid

(b) CSHE with HAV = 3 m/s

0 1500 3000 4500 6000
0

3

6

9

12
Type        : Plain CSHE
Shell side: Hot air velocity 5 m/s
Coil side  : Distilled water/ GO Nanofluid

Distilled Water
0.05% GO
0.1% GO
0.15% GO
Linear Fit of Concatenate

u
N(reb

mu
Ntlessu

N
a)

Reynolds Number (Re)

Laminar Transition Turbulent

(c) CSHE with HAV = 5 m/s  

Fig. 5   Average Nu v/s Re in different volume concentrations of GO 
at different HAVs in CSHE
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HAV = 3 m/s (Fig. 5b). One of the reasons for the enhance-
ment in Nu could be due to the presence of GO nanopar-
ticle in base fluid results in increased thermal conduc-
tivity. Many theories explain the mechanism behind the 
improvements in thermal conductivity of nanofluid, for 
instance, the theory of ballistic heat transports and liquid 
layer, the theory of percolation, the theory of Brownian 
motion, and micro convection theory. Besides, numer-
ous factors are influencing the augmentation of thermal 
conductivity of GO nanofluid, such as volume concentra-
tion, size of GO particle, preparation of nanofluids, type of 
graphite, and mass flow rate of nanofluid. These factors are 
believed to create turbulence in nanoparticles (small-sized 
nanosheets) motion resulting in micro-convection, which 
dominates, and hence, the thermal conductivity increases 
with increasing the temperature. Thus, GO nanofluid acts 
as a heat carrier and absorbs heat near the hot surface of 
the coil. Subsequently, this heat is carried to the cold side 
of the water (base fluid) [28, 30].

4.2.2 � Effect on pressure drop and friction factor

Figures 6 and 7 respectively show the variation of pressure 
drop and friction factor with Re when HAV was maximum 
(5 m/s). For volume concentration of 0.15% GO nanofluid, 
the pressure drop was approximately 47.92% higher at 
Re = 4000 and 32.72% higher at Re = 5500 when compared 
with pure water. The friction factor increased to 121.94% 
at Re = 500 and by 24.64% at Re = 5500. The increase could 
be attributed to the presence of nanoparticles [29, 30, 31], 
changing the degree of turbulence and curvature ratio, 
the intensity of the secondary flow [11, 31]. Since a higher 
mass flow rate drastically reduces the friction factor, it is 
beneficial to use the GO/water nanofluid in the turbulent 
region with a small penalty in pumping power.
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Fig. 8   Shell side friction factor with HAV in FCSHE
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Figure 8 shows the variation of shell side friction fac-
tor with hot air velocity with the finned configuration. The 
shell side friction factor increases for FCSHE as compared 
to plain CSHE. The reasons could be attributed to various 
factors like restrictions of flow conduit, generation of the 
eddy, higher surface contact area, turbulent flow, and 
pressure drop of the air due to high viscosity loss near 
shell wall. Further, the possibility of interaction of pres-
sure forces with inertia forces in the boundary [31] could 
also result in pressure drop.

4.3 � Synergistic effects of fin and GO nanofluid

The performance of FCSHE is compared with CSHE based 
on the Nu, outlet temperatures of nanofluid and ther-
mal–hydraulic performance. It is observed that heat trans-
fer enhanced in the turbulent region, i.e., at Re > 4000, for 
all configurations of the fin geometry and volume concen-
trations of nanofluid.

4.3.1 � Effect on Nusselt number

Figure 9 shows the performance comparison of CSHE and 
FCSHE at different volume concentrations of GO nanofluid 
at different HAVs of 1–5 m/s. It is evident that FCSHE shows 
better performance with both the finned orientations. A 
comparative performance based on Nu for both CSHE 
and FCSHE configurations, with 0.15% of the volume of 
GO nanofluid, is given in Table 3. It may be observed that 
the percentage enhancement in Nu decreased at higher 
HAV = 5 m/s. The decrease in Nusselt number enhance-
ment and the outlet water temperature was found to be 
having a direct bearing on the effective surface tempera-
ture of the finned coil at different HAVs. At HAV = 1 m/s, the 
effective surface temperature of the was 32.52 °C, which 
reached a maximum of 42.82 °C at HAV = 3 m/s. 

Further increase in hot air velocity (HAV = 5  m/s) 
resulted in a drop in effective temperature, to 36.77 °C. This 
trend not reported earlier works of literature, and it is evi-
dent that if the fins are mounted directly on the surface of 
the helical coil, there is an optimum value of HAV at which 
the heat transfer enhancement is maximum. In the present 
work, the maximum percentage enhancement reaches 
when HAV = 3 m/s and then reduces at a higher value of 
HAVs, as seen in Fig. 10. The reason for the drop in effec-
tive surface temperature could be attributed to a shorter 
residence time of hot air molecules owing to increased 
turbulence [27] coupled with losses due to friction, eddy 
formation, etc. With the finned configuration, at lower hot 
air velocity (HAV = 1 m/s in this case), the mass flow rate of 
hot air is lower, and the resulting turbulence is also lower. 
The flow has lower frictional losses, as evident in Fig. 8. 
Though the residence time of air molecules is higher, the 
heat transfer rate is less from the shell side due to mini-
mum turbulence.

On the other hand, at higher hot air velocity, the rate 
of heat transfer increases, consequently increasing the 
exergy loss. As per the available literature, the rate of heat 
transfer between two fluids with different temperatures 
always destroys the energy [32].

Another factor to be considered here is the synergetic 
effect of nanofluid and the increased heat transfer surface 
area. While nanofluid is a better heat transport agent, each 
fin added increases the area of the contact surface. The 
FCSHE-45°fin orientation enabled mounting of more num-
ber of fins on the coil, which resulted in higher surface area 
of contact. Hence the heat transfer enhancement is higher 
for FCSHE-45° orientation −0.15% GO nanofluid combi-
nation as compared to CSHE—distilled water combina-
tion for all HAVs. Since FCSHE 45° fin orientation enabled 
mounting of more number of fins on the coil surface than 
FCSHE 90°, the resulting surface area of contact to hot air 
was higher. The higher surface area enabled higher exergy 

Table 3   Nu enhancement with CSHE and FCSHE for 0.15% GO 
nanofluid compared to CSHE in pure water

Working fluid HAV (m/s)

1 3 5

0.15%GO nanofluid-CSHE 6.5% 29.30% 19.51%
0.15%GO nanofluid-FCSHE-90° 20.04% 32.57% 31.83%
0.15%GOnanofluid-FCSHE-45° 22.17% 60.01% 46.59%
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for FCSHE-45°–0.15% GO nanofluid combination
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(available heat) loss from shell-side fluid to coil side fluid 
[33–35]. Thus it can be concluded that the synergetic effect 
of the nanofluid and circular fin with proper orientation 
will enhance the rate of heat transfer. Hence for better heat 
transfer performance of heat recovery systems, FCHE 45° 
orientation with 0.15% GO nanofluid combination at HAV 
3 m/s could be suitable.

The comparative performance in terms of the heat 
transfer coefficient for both CSHE and FCSHE configura-
tions using 0.15% of the volume of GO nanofluid is given 
in Table 4.

4.3.2 � Effect on THP

To estimate the thermodynamic gain such as the effective-
ness of FCSHE over CSHE the experimental results in terms 
of performance assessment criterion can be analyzed and 
presented in terms of THP as per the Eq. 18 [2, 31].

Figure 11 illustrates the influence of studied param-
eters on THP performance of heat exchanger. The perfor-
mance index is high for FCSHE-45° orientation at 0.15% 
GO nanofluid combination. The maximum value of THP is 
2.24, under turbulent regime at Re = 5500, for HAV = 5 m/s, 
50.90% higher than that for HAV = 1 m/s (refer Fig. 11a, c) 
and 36.8% higher than at HAV = 3 m/s (refer Fig. 11b). Fur-
thermore, when compared to FCSHE-90° orientation, the 
performance is 46.81% better under the same flow condi-
tions (HAV = 5 m/s) and volume concentration of nanofluid.

(18)Thp =

⎡⎢⎢⎣

Nup
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fp

fw

⎤⎥⎥⎦
× (�)0.003
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Fig. 11   Thermal hydraulic performances of CSHE and FCSHE

Table 4   Enhancement of heat transfer coefficient (hi) with CSHE 
and FCSHE at 0.15% GO nanofluid compared to CSHE in pure water

Working fluid HAV (m/s)

1 3 5

0.15%GO nanofluid-CSHE 40.51% 64.54% 64.13%
0.15%GO nanofluid-FCSHE-90° 42.25% 78.46% 74.48%
0.15%GOnanofluid-FCSHE-45° 44.02% 82.22% 80.70%

Table 5   Enhancement of THP with CSHE and FCSHE at 0.15% GO 
nanofluid compared to CSHE in 0.05% GO nanofluid

Working fluid HAV (m/s)

1 3 5

0.15% GO nanofluid-CSHE 1.73% 16.08% 19.08%
0.15% GO nanofluid-FCSHE-90° 4.19% 22.26% 28.98%
0.15% GOnanofluid-FCSHE-45° 10.34% 41.92% 56.47%
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Table 5 shows the relative enhancement of THP with 
CSHE and FCSHE at 0.15% GO nanofluid compared to CSHE 
in 0.05% GO nanofluid. The TPH increased with increased 
Re and volume concentrations of nanofluid. It is greater 
than unity for both configurations of FCSHE in the turbu-
lent regime. The THP defined by Eq. (18) is a function of the 
Nusselt number and friction factor. While the fin orienta-
tion influences the Nusselt number, the volume concentra-
tion of nanofluid, and HAV, the friction factor is influenced 
by fin orientation and volume concentration of nanofluid. 
As a result of this for HAV = 5 m/s and 0.15% GO nano-
fluid for FCSHE-45°, the friction factor is less compared to 
HAV = 3 m/s for the same operating condition. Besides, the 
friction factor of the base fluid is less than that of nano-
fluids. Due to this, although the value of Nu is higher, the 
overall value of the THP increases.

5 � Conclusion

An experimental investigation was done to study the ther-
mal performance of a coil in a shell heat exchanger. The 
effect of circular fins mounted directly on the helical coil 
surface at two different orientations (45° and 90°) in con-
junction with GO-water nanofluid on the heat transfer aug-
mentation was studied. The experiments were conducted 
from laminar to a turbulent region (Re = 500–5500) under 
constant heat flux with different concentrations of nano-
fluids (0.05–0.15%) at the coil side and for different HAVs 
(1 m/s to 5 m/s) at shell side. The investigation revealed 

that the fin mounted helically coiled surface could not only 
disturb the hot fluid flow but also assist in and enhance 
the heat transfer. There is an optimum hot fluid velocity, 
nanofluid concentration, and the orientation of the fins, 
significantly influencing the heat recovery process. At an 
air velocity of 3 m/s, with 45˚ fin orientation and 0.15% by 
volume concentration of GO nanofluid, the Nusselt num-
ber and thermal performance factor increased by 60.01% 
and 41.92% respectively. It may be concluded that direct 
mounting of the finned circular tubes with proper orien-
tation on the outer helical coiled surface plays a dual role 
in disturbing the flow and a potential waste heat tapping 
sources. Using nanofluid as a coolant in a closed loop fur-
ther boosts the heat recovery process and the overall per-
formance of the heat exchanger. While the present study 
focuses on only two fin orientations lot of scope exists for 
future research to optimize vital influencing parameters 
like cold fluid flow velocity, fin geometry, and the number 
of fins.
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Appendix A. Uncertainty calculations

A.1. Reynolds number

Hence uncertainty for Reynolds number is 1.03%

A.2. Heat gain

Hence uncertainty for Heat gain is 3.00%
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A.3. Average heat transfer

Hence uncertainty for average heat transfer is 1.41%

A.4. Heat transfer coefficient

Hence uncertainty for heat transfer coefficient is 2.58%

A.5. Nusselt Number

Hence uncertainty for Nusselt number is 1.91%

A.6. Friction factor

 Hence uncertainty for friction factor is 1.01%

A.7. Thermal hydraulic performance

 Hence uncertainty for THP is 1.18%.

A.8. Overall uncertainty
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Hence overall uncertainty is 2.43%.
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