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Effect of c-Al2O3/Water Nanofluid
on Heat Transfer and Pressure
Drop Characteristics of Shell
and Coil Heat Exchanger With
Different Coil Curvatures
This study presents an experimental investigation of the characteristics of convective
heat transfer in horizontal shell and coil heat exchangers in addition to the friction factor
for fully developed flow through their helically coiled tube (HCT). Five heat exchangers
of counterflow configuration were constructed with different HCT-curvature ratios (d)
and tested at different mass flow rates and inlet temperatures of c-Al2O3/water nanofluid
in the HCT. The tests were performed for c-Al2O3 with average size of 40 nm and par-
ticles volume concentration (u) from 0% to 2% for 0:0392 � d � 0:1194. Totally, 750
test runs were performed from which the HCT-average Nusselt number (Nut) and fanning
friction factor (fc) were calculated. Results illustrated that Nut and fc of nanofluids are
higher than those of the pure water at same flow condition, and this increase goes up
with the increase in u. When u increases from 0% to 2%, the average increase in Nut is
of 59.4–81% at lower and higher HCT-Reynolds number, respectively, and the average
increase in fc is of 25.7% and 27.4% at lower and higher HCT-Reynolds number, respec-
tively, when u increases from 0% to 2% for d ¼ 0:1194. In addition, results showed that
Nut and fc increase by increasing coil curvature ratio. When d increases from 0.0392 to
0.1194 for u ¼ 2%, the average increase in Nut is of 130.2% and 87.2% at lower and
higher HCT-Reynolds number, respectively, and a significant increase of 18.2–7.5% is
obtained in the HCT-fanning friction factor at lower and higher HCT-Reynolds number,
respectively. Correlations for Nut and fc as a function of the investigated parameters are
obtained. [DOI: 10.1115/1.4030635]

Keywords: heat exchanger, nanofluid, helically coiled tube, curvature, friction

1 Introduction

Most of heat transfer enhancement methods are limited by
inherent restriction of thermal conductivity of the conventional
fluids that are required for high-performance cooling or heating
processes [1–3]. One of the ways to overcome this problem is to
replace the conventional fluids with some advanced fluids with
higher thermal conductivities. The key idea is to exploit the very
high thermal conductivities of solid particles that can be several
hundreds of times greater than all of the conventional fluids
combined [4].

In most of the industrial applications, increasing the thermal
performance of heat exchangers affects directly on energy, mate-
rial, and cost savings. The major challenge in designing heat
exchangers is to make the equipment compact and achieve a high
heat transfer rate with minimum pumping power [5]. Coiled tubes
of helical shape are one of the enhancement techniques that are
widely used as heat exchangers and have applications in various
industries: chemical, biological, petrochemical, mechanical, bio-
medical, and others. This wide using of HCTs is because they are
compact and promote good mixing of the fluids that increasing the
heat transfer coefficients. In addition, this equipment is low cost
and of easy construction and maintenance [5–7]. Due to the

extensive application of the HCTs in these fields, knowledge
about the heat transfer and pressure drop characteristics is very
important.

There are several studies in the literature concerning the friction
losses due to flowing base fluids in HCTs [8–17]. These studies
reported that an increase in the flow resistance compared with
straight tubes. This is due to the centrifugal force caused by the
pipe curvature. Correlations were obtained as a function of Ret, d,
and Dean number (De). De is a dimensionless group that measures
the ratio of the geometric average of inertial and centrifugal forces
to the viscous forces, defined according to Eq. (1) in which Ret is
the HCT-Reynolds number based on axial flow velocity. Since the
secondary flow is induced by centrifugal forces and their interac-
tion primarily with viscous forces, De becomes a general measure
of the magnitude of the secondary flow.d is a dimensionless coil
curvature ratio; it is the ratio of the inner diameter of the HCT
(dt;i) to the mean diameter of the coil curvature (Dc)

De ¼ Retd
0:5 (1)

Kumar et al. [18] carried out an experiment on a shell and coil
heat exchanger using nonmetallic sisal nanofluid (u� 0.5%).
They reported that the overall heat transfer coefficient increased
with increasing u. It should be noted that their study did not
account the effect of d in calculation. Huminic and Huminic [19]
numerically studied the heat transfer behavior of CuO/water and
TiO2/water nanofluids flowing through a counterflow double tube
helical heat exchanger under laminar flow condition. The average
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diameter of nanoparticles was about 24 nm and u varied between
0.5% and 3%. Results showed that the use of nanofluids signifi-
cantly enhances the convective heat transfer and the enhancement
increases with De and u.

Hashemi and Akhavan-Behabadi [20] experimentally studied
the heat transfer and pressure drop characteristics of CuO (50 nm,
0.5–2 wt.%)/oil nanofluid flow inside horizontal HCT under lami-
nar flow with constant heat flux. Observations showed that the
heat transfer coefficient as well as pressure drop is increased by
using nanofluid instead of base fluid. A maximum increase of
18.7% in heat transfer coefficient for 10�Ret� 100 was obtained
for the straight tube, while an increase of 30.4% was obtained for
the HCT, respectively, at the same Ret range.

Kannadasan et al. [21–24] experimentally studied the heat
transfer and pressure drop of c-Al2O3 (0.1, 0.4, and 0.8 vol.%)/
water nanofluid in HCT of shell and coil heat exchanger. The
experiments were carried out using only one heat exchanger ge-
ometry in horizontal and vertical positions, in addition to counter
and parallel flow configurations for 1600<De< 2700 and
5200<Ret < 8600. The findings indicated that there is no consid-

erable effect on Nut by changing flow configuration. It was shown
also a considerable increase in the convective heat transfer coeffi-
cient and pressure drop with increasing u. Compared to using

pure water, an average increase in Nut and fc was of 45% and
21%, respectively, in horizontal position, while the average
increase in vertical position was of 49% and 25%, respectively.

Numerically and experimentally, Akbaridoust et al. [25] inves-
tigated the pressure drop and the convective heat transfer behavior
of laminar CuO (68 nm, 0.1 and 0.2 vol. %)/water nanofluid flow
in HCTs at a constant wall temperature. Results showed that more
enhanced heat transfer is observed for HCTs as d increased. In
addition, utilization of base fluid in HCTs with greater d compared
to the use of nanofluid in straight tubes enhanced heat transfer
more effectively. Aly [26] numerically studied the heat transfer
and pressure drop characteristics of c-Al2O3 (u � 2%)/water
nanofluid flowing inside coiled tube-in-tube heat exchangers.
Results showed that the heat transfer coefficient increases by
increasing u at the same Ret or De. Moreover, the friction factor
increases with the increase in d and pressure drop penalty is
negligible with increasing u.

Elsayed et al. [27] presented a numerical study to investigate
the combined effect of using helical coils and nanofluids on the
heat transfer characteristics and pressure losses in turbulent flow
regime. One uniformly heated HCT was used with k of 0.0266
and d of 0.0524. Results showed that combining the effects of
c-Al2O3 nanoparticles and tube coiling enhance the heat transfer
coefficient by up to 60% compared with that of pure water in
straight tube at the same Ret. Also, results showed that the pres-
sure drop in HCTs using c-Al2O3 (u ¼ 3%)/water nanofluid is six
times that of water in straight tubes (80% of the pressure drop
increase is due to nanoparticles addition).

The present study aims to investigate experimentally the effect
of c-Al2O3 (u � 2%)/water nanofluid on characteristics of con-
vective heat transfer in horizontal shell and coil heat exchangers
with different coil curvatures over a wide range of HCT-fluid
operating conditions. Present measurements are utilized to intro-
duce experimental correlations for the HCT-average Nusselt num-
ber and fanning friction factor as a function of HCT-Reynolds
number, Prandtl number, and coil curvature ratio.

2 Experimental Setup

The experimental facility employed in the present investigation
consists of heating and cooling units, shell and coil heat
exchanger, pumps, measuring devices, valves, and the connecting
pipes. As illustrated in Fig. 1, each circuit contains bypass line
and ball valve to control the mass flow rate directed to the heat
exchanger. Two identical flow meters (1.7–18 l/min) were used to
measure the volume flow rates directed to the test section. Twenty
eight k-type thermocouples of 0.1 mm diameter were installed

within each test section to measure the temperatures. Four thermo-
couples were inserted into the flow streams, at approximately
60 mm from the heat exchanger ports, to measure the inlet and
exit temperatures of the shell and HCT fluids.

Twenty thermocouples were used to measure the HCT wall sur-
face temperatures. They were mounted at ten equally distanced
(441.5 mm) positions on the HCT surface, with installing two
thermocouples at each position on the outer and inner diameter of
the coil. To achieve higher accuracy in calculation of flow rate,
four thermocouples were installed at inlet and exit of flow meters
to record the flow temperature. All thermocouples were connected
to a digital thermometer indicator with resolution of 0.1 �C to dis-
play the thermocouples outputs. A digital differential pressure
transducer was employed for measuring the pressure drop of the
pure water or c-Al2O3/water nanofluid across the HCT. Two iden-
tical 1.5 hp rated power centrifugal pumps were installed to circu-
late the hot and cold liquids. Flexible nylon and polyvinyl
chloride (PVC) tubes were used for all connections.

Figure 2 represents a photograph of the present setup. Two cy-
lindrical containers of 50 l made of stainless steel (2 mm wall
thickness) were employed as hot and cold fluid tanks. Each tank
was installed inside 2 mm thick galvanized steel tanks with 20 mm
gap, which was injected by polyurethane spray foam insulation to
minimize the heat loss or gain. An electric heater of 6 kW rated
power was fixed horizontally at the bottom of the heating tank to
heat the pure water or c-Al2O3/water nanofluid to the required
temperature. The heat was removed from the water in the cooling
tank by two cooling units of 10.5 kW cooling capacity. Sometimes
the two cooling units operate in series, and in other times, in paral-
lel manner to prevent thermal overloads. The operations of the
electric heater and the cooler were based on pre-adjusted digital
thermostats, which were used to keep constant temperatures of the
liquids directed to both sides of the heat exchanger.

Five configurations of shell and coil heat exchanger were con-
structed with different HCT-curvature ratios. Due to the variation
of curvature ratio ðd ¼ dt;i=DcÞ, the coil pitch (pc) and conse-
quently number of turns (N) are varied to sustain constant coil tor-
sion ratio (k ¼ pc=pDc) of 0.0895. The dimensions of the copper
tube used in each coil are 4.415 m lengths, 9.52 mm outer diame-
ter, and 8.3 mm inner diameter. The characteristic dimensions of
the different configurations are revealed in Table 1. A photograph
and schematic diagram of the shell and coil heat exchanger are
shown in Fig. 3.

The shell of the heat exchangers was made of mild steel (2 mm
wall thickness) and was formed as cylindrical shape. Two nipples
of same material and 4 mm wall thickness were welded on both
ends of the shell. The inlet and exit ports of the shell where pipes
of constant cross section (100 mm length and 50.8 mm internal
diameter) were welded to the shell. The distance between these
ports centers and the neighboring shell end was 50 mm, which
made the HCT partially block the opening as recommended by
Kupprn [28]. Ten holes of 1 mm diameter were made in the shell
wall to pass the thermocouples to their positions on the HCT sur-
face. The holes were drilled directly facing the positions of the
thermocouples to provide the smallest length of the thermocouples
in the shell to minimize their effect on the shell flow. Moreover,
outer surface of the shell was thermally isolated with thick insula-
tion using a layer of each of ceramic fiber, asbestos rope, and glass
wool. Finally, all equipments were assembled: the shell and coil
heat exchanger, heating and cooling units, pumps, ball valves,
connecting lines, and the measuring devices.

3 Nanofluids Preparation

Preparing stable suspension of nanoparticles in the base liquid
was the first step in applying nanofluids as a heat transfer
working fluid. The particles used in the nanofluid experiments are
gamma-alumina (c-Al2O3) nanopowders, supplied by Inframat

VR

Advanced Materials Corporation, Manchester, CT (99.99% purity,
product code 26 N-0801 G, 40 nm average particle size with
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surface area> 200 m2/g). The thermophysical properties of c-
Al2O3 nanoparticles are revealed in Table 2.

The c-Al2O3/water nanofluid was prepared in this study with
four different nanoparticles volume concentrations of 0.5%, 1%,
1.5%, and 2%. The dispersion of particles in water was done by
mixing the required particle volume concentration in the meas-
uring flask. Agitator bath generating 3450 rpm was switched on
for 18 hrs daily for two sequential days to get the uniform disper-
sion and stable suspension. In addition, to achieve good mixing
for the nanofluid in the heating tank, the nanofluid was pumped in
the HCT for 2 hrs before beginning the experiments. Furthermore,
the bypassed line tube was extended to the bottom of heating tank.
This tube has closed end while the side surface has numerous
small holes, which act as nozzles to avoid any settlement of nano-
particles. It was observed with naked eyes that there was no sig-
nificant settlement of nanoparticles for first six days of static
condition of nanofluid. Nevertheless, settlement appeared gradu-
ally from the seventh day and the complete settlement occurred
after 13 days. This is revealed in Fig. 4 for u ¼ 2%.

Of course, this is one of the disadvantages of nanofluids, but it
should be noted that the 13 days are in static conditions, and dur-
ing operation there is no any settlement. In addition, it was seen
that after settlement, the remixing process is very easy and
requires smaller time and power to reproduce good mixture.

Fig. 1 Schematic diagram of the experimental apparatus

Fig. 2 A photograph of the experimental apparatus

Table 1 Characteristic dimensions of the used shell and coil heat exchangers

HCT no. Dc (mm) d pc (mm) itk Lsh (mm) Dsh;i (mm) Dsh;h (mm) N

1 69.5 0.1194 19.52 0.0895 505 271 205.1 20.21
2 105.0 0.0790 29.52 13.38
3 140.5 0.0591 39.52 10.00
4 176.0 0.0472 49.52 7.98
5 211.5 0.0392 59.52 6.64
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Additionally, there are surfactants that help in increasing the sus-
pension period of nanoparticles. Here, they were not used because
they affect the thermophysical properties of nanofluids and the
present research aims to study the effect of using pure nanofluid.

4 Experimental Procedures and Data Reduction

The first step in collecting data from the system was to fill the
heating tank with pure water or nanofluid, which was prepared
with the required nanoparticles concentration. The cooling tank
was filled with water from the local water supply. Then, the
heater, the cooling units, and the pumps were turned on. Inlet tem-
peratures of both sides of the heat exchanger were adjusted by

regulating the temperatures of the heating and cooling tanks
through their thermostats. The flow rates were adjusted through
the flow meters and the installed valves, which were regulated to
obtain the required flow rates in the primary lines and the remain-
der is bypassed to the tanks. The range of the operating conditions
is given in Table 3.

During the operation, the steady state condition is conducted
when the maximum variation of 0:5 �C for each thermocouple
reading within 20 min. It should be noted that for heat transfer cal-
culations, the fluid properties of the shell and HCT sides were cal-
culated at the bulk temperatures, Tsh;m and Tt;m, respectively.
While for pressure drop calculations, the HCT water properties
were calculated at the film temperature, Tf , as recommended by
Schmidt [29]. The bulk and film temperatures are calculated as
follows:

Tsh;m ¼ Tsh;i þ Tsh;o

� �
=2 (2)

Tt;m ¼ Tt;i þ Tt;o

� �
=2 (3)

�Tt;s ¼
P

Tt;s

20
(4)

Tf ¼ Tt;m þ �Tt;s

� �
=2 (5)

The inner surface temperature of the HCT wall was taken equal to
outer surface due to very low conduction resistance of the tube
wall. The water thermophysical properties were evaluated from
Remsburg [30]. For c-Al2O3/water nanofluid, the thermophysical
properties were calculated using the following equations [31–34]:

knf ¼ kbf

knp þ 2kbf þ 2u knp � kbf

� �
knp þ 2kbf � u knp � kbf

� �
" #

þ 5� 104nCuqbfCpbf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jT

qnpdnp

s
(6)

C ¼ 1722:3u� 134:63ð Þ � 6:04u� 0:4705ð ÞT (7)

n ¼ 0:0017 100uð Þ�0:0841
(8)

Fig. 3 (a) A photograph and (b) schematic diagram of the test
section

Table 2 Properties of c-Al2O3 nanoparticles

Thermal conductivity
(W=m �C)

Density
(kg=m3)

Specific heat
(J=kg �C)

36 3600 773

Fig. 4 Photographs of the observed nanoparticles settlement (u ¼ 2%)

Table 3 Range of operating conditions

Parameters Range or value

HCT-side nanofluid flow rate (l/min) 1.7–11.158
HCT-side nanofluid inlet temperature (�C) 45, 55, 65
Nanoparticles volume concentration (%) 0, 0.5, 1, 1.5, 2
Shell-side water flow rate (l/min) 6.018
Shell-side inlet temperature (�C) 20
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lnf ¼
lbf

1� u½ �2:5
þ 5� 104nCuqbf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
itjT

qnpdnp

s
(9)

qnf ¼ uqnp þ 1� uð Þqbf (10)

Cpnf ¼
u qnpCpnp
� �

þ 1� uð Þ qbfCpbf
� �

qnf

(11)

Prnf ¼
lnfCpnf

knf

(12)

The measurements of the flow rates and inlet and outlet tempera-
tures of both streams of the heat exchanger were used to calculate
heat transfer rates on the HCT and shell sides (Qt and Qsh) as
follows:

Qt ¼ _mtCpt Tt;i � Tt;o

� �
(13)

Qsh ¼ _mshCpsh Tsh;o � Tsh;i

� �
(14)

Without heat gain or loss from the heat exchanger, there is an
energy balance between the two streams (Qt ¼ Qsh). In the real
experiments, there would always be some discrepancy between
the two heat transfer rates. Therefore, the arithmetical average of
the two, Qave, can be used as the heat load of the exchanger. For
all experimental tests, the heating and cooling loads calculated
from the hot and cold sides did not differ by more than 61:8%.

Qave ¼
Qtj j þ Qshj j

2
(15)

The heat load of the heat exchanger, Qave, was used to calculate

the average heat transfer coefficient for the HCT-side fluid, �ht,

and then the average Nusselt number for the HCT-side fluid, Nut,
as follows:

Qave ¼ �htAt;i Tt;m � �Tt;s

� �
(16)

Nut ¼
�htdt;i

kt

(17)

HCT-Reynolds number can be written as follows:

Ret ¼
4 _mt

pdt;ilt

(18)

The overall thermal conductance was calculated from the temper-
ature data and flow rates using Eq. (19) as follows:

UoAt;o ¼
Qave

DTL:M
(19)

DTL:M ¼
Tt;i � Tsh;o

� �
� Tt;o � Tsh;i

� �
ln

Tt;i � Tsh;o

Tt;o � Tsh;i

� � (20)

The fanning friction factor for the fluid in circulation inside the
HCT, fc, was calculated with the following equation:

fc ¼
DPcdt;i

2Ltqtu
2
¼

DPcp2qtd
5
t;i

32Lt _m2
t

(21)

Daily and Harleman [35] reported that the developed region in
HCTs may be along a distance equal to 50 diameters of the HCT.
Also, Nigam et al. [36] presented that the fully developed region
in HCTs is formed after a distance equal to 30 diameters of the
HCT. These values represent 5.64–9.4% of the total length of the
HCTs used in the present study, which can be neglected and the
fully developed profiles are confirmed.

5 Uncertainty Analyses

In general, the accuracy of the experimental results depends on
the accuracy of the individual measuring instruments and techni-
ques. It should be noted that according to the manufacturer, uncer-
tainty in the HCT outer and inner diameters is 60.01 mm, which
can be neglected. The uncertainty in the measured coil and shell
dimensions was assumed to be 60:5 mm; this was guessed quan-
tity from meter scale. In addition, the uncertainty applied to the
thermal properties of water was assumed to be 60.1%. The uncer-
tainty is calculated based upon the root sum square combination
of the effects of each of the individual inputs as introduced by
Kline and McClintock [37]. For all experimental runs, the uncer-
tainty in Ret was 61:7%. Also, the average uncertainty was 67%

in Nut and 63:7% in fc.

6 Results and Discussions

First, the experimental apparatus and procedures were validated

by comparing the results of Nut for water flowing through the

HCT with Nut reported from literature. From the literature review,
it is obvious that there is lack in the correlations required to calcu-
late the heat transfer coefficient for applied shell and coil heat
exchangers. On the contrary, there are a number of correlations in

the literature for the Nut for water flowing through the HCT with
isoflux and isothermal wall boundary conditions. Here, the present

experimental data for Nut were validated with the experimental
data obtained by Rogers and Mayhew [12], and Xin and Ebadian
[38]. In addition, another comparison of the experimental data for
HCT-fanning friction factor with the results of White [39] and
Prasad et al. [10] was performed. The results of these comparisons
are shown in Fig. 5. From this figure, it can be seen that the exper-
imental results for both heat transfer and friction factor calcula-
tions are in good agreement with previous studies.

6.1 Heat Transfer Results. A series of 750 experiments
were carried out on the five heat exchangers shown in Table 1,
which were constructed with different coil curvature ratios. These
configurations were tested at different mass flow rates and inlet
temperatures for the HCT-side as presented in Table 2. Figure 6

illustrates Nut versus HCT-Reynolds number for 0 � u � 2% at
Tt;i ¼ 55 �C and d ¼ 0:0591 as a sample of the results.

It can be seen that Nut of nanofluids is higher than that of the
base fluid at same flow condition, and this enhancement increases
with the increase in u. At lower and higher HCT-Reynolds num-

ber, the average increase in Nut is of 12.2% and 13.7%, respec-
tively, at u ¼ 0:5% and of 59.4–81%, respectively, at u ¼ 2% for
d ¼ 0:1194. While its corresponding average increase for
d ¼ 0:0392 is of 22.8% and 14.3%, respectively, at u ¼ 0:5% and

Fig. 5 Validation of the experimental data for HCT (k ¼ 0:0895)
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of 81–74.1%, respectively, at u ¼ 2%. This shows that enhancing
heat transfer rates through using nanofluids as a thermal-fluid me-
dium can be used to overcome poor heat transfer performance of
pure water. Besides the enhanced thermal conductivity of nano-
fluids, the interactions and Brownian motion of nanoparticles and
the resulting disturbance of the boundary layer may be responsible
for the observed enhancement of heat transfer coefficients of
nanofluids.

The influence of coil curvature on the thermal performance of
the heat exchanger is studied for 0:0392 � d � 0:1194. A sample
of the results is shown in Fig. 7 for u ¼ 1% and Tt;i ¼ 55 �C.

It is obvious that increasing coil curvature ratio increases the
HCT-average Nusselt number. At lower and higher HCT-
Reynolds number, the average increase in Nut is of 133.3% and
77.4%, respectively, at u ¼ 0:5%, and of 130.2% and 87.2,
respectively, at u ¼ 2%, when the coil curvature ratio increases
from 0.0392 to 0.1194. This can be attributed to the increase in
the centrifugal force with higher coil curvature ratio, which indu-
ces more effective secondary flow. Also, it is clear that increasing
HCT-Reynolds number increases the HCT-average Nusselt

number at the same coil curvature ratio. This can be returned to
the effective secondary flow due to centrifugal force, which
increases at higher Reynolds number.

The influence of HCT-side inlet temperature on the thermal
performance of the heat exchanger is studied for 0% � u � 2%
and 0:0392 � d � 0:1194. A sample of the results is presented in
Fig. 8 for d ¼ 0:0472 and 0:1194 at u ¼ 1%.

For all tested heat exchangers, it is clear that as the HCT-side

inlet temperature increases, Nut goes down at same Reynolds
number. This can be attributed to the decrease in Prandtl number
with increasing fluid temperature.

6.2 Pressure Drop Results. Experimental runs are carried
out to investigate the effects of nanoparticles loading, coil curva-
ture, and HCT-fluid inlet temperature on friction factor inside
HCT. The nanoparticles volume concentration is varied from 0%
to 2% and the HCT-volume flow rate is varied from
1:7to11:158l=min at coil inlet fluid temperature of 45 �C;
55 �C; and 65 �C. The corresponding dimensionless parameters
are 5646 � Ret � 54; 018 and 0:0392 � d � 0:1194. Figure 9
presents a sample of the results for the effect of nanoparticles
loading for d ¼ 0:1194 and 0:0392 at Tt;i ¼ 55 �C. Figure 10
shows a sample of the results for the effect of coil curvature ratio
for u ¼ 1% at Tt;i ¼ 55 �C.

It is seen from Fig. 9 that fc of nanofluids is higher than that of
the base fluid at same flow condition, and this increase goes up as
u increases. The average increase in fc is of 4.1–7.1% at
u ¼ 0:5% and of 25.7–27.4% at u ¼ 2% for d ¼ 0:1194. While
its corresponding average increase for d ¼ 0:0392 is of
14.1–6.9% at u ¼ 0:5% and of 41.5–27.6% at u ¼ 2%. This can
be returned to high viscosity of the nanofluid, which increases
with increasing the nanoparticles loading in the base fluid.

From Fig. 10, it can be seen that increasing the coil curvature
ratio leads to significant increase in fc at the same Ret and Tt;i. The
average increase in fc is of 21.4–7.9% at u ¼ 0:5% and of

Fig. 6 Variation of HCT-average Nusselt number with HCT-
Reynolds number at different nanoparticles concentrations
(Tt;i ¼ 55 �C, d 5 0.0591)

Fig. 7 Variation of HCT-average Nusselt number with HCT-
Reynolds number at different HCT-curvature ratios (u ¼ 1%;
Tt;i ¼ 55 �C)

Fig. 8 Variation of HCT-average Nusselt number with HCT-
Reynolds number at different HCT-inlet temperatures (u ¼ 1%):
(a) d ¼ 0:0472 and (b) d ¼ 0:1194

Fig. 9 Variation of HCT-fanning friction factor with HCT-
Reynolds number at different nanoparticles concentrations
(Tt;i ¼ 55 �C): (a) d ¼ 0:1194 and (b) d ¼ 0:0392

Fig. 10 Variation of HCT-fanning friction factor with HCT-
Reynolds number at different HCT-curvature ratios (u ¼ 1%;
Tt;i ¼ 55 �C)
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18.2–7.5% at u ¼ 2% when d increases from 0.0392 to 0.1194.
This can be attributed to the increase in the centrifugal force,
which induces more effective secondary flow. Furthermore, Fig.
11 shows a sample of the results for the effect of HCT-side inlet
temperature for u ¼ 1%; d ¼ 0:0591. It is clear that the effect of
Tt;i on fc is nearly insignificant. This may be returned to the low
effect of viscous force compared with the higher centrifugal force,
which is the dominant at HCT-Reynolds number.

7 Thermal Performance Index (TPI)

To be a successful heat transfer fluid, the rise in convective
heat transfer given by the nanofluid should be higher than the rise
in pressure drop due to inclusion of nanoscale solid particles in
the base fluid. The TPI is determined using �ht ratio and the
pressure drop ratios that are calculated using the values obtained
for c-Al2O3 (40 nm)/water nanofluid and pure water, as follows
[20]:

TPI ¼
�ht;nf=�ht;bf

DPc;nf=DPc;bf

(22)

Over the studied range of HCT-Reynolds number, the average
TPI was calculated and the results are illustrated at different
HCT-side inlet temperatures in Fig. 12 for different coil curvature
ratios and nanoparticles concentrations.

It obvious that the TPI is more than unity, which states that the
enhancement in the heat transfer rate in the HCTs due to using
nanofluids is higher than the corresponding increase in the pres-
sure drop. This assures the ability of using c-Al2O3 (40 nm)/water
nanofluid in the HCTs with 0:5% � u � 2% as a compound heat
transfer enhancement technique inside shell and coil heat
exchangers instead of using HCTs only. Moreover, it is shown for
all HCTs that increasing u enhances the TPI. Over the studied
range of HCT-Reynolds number, the average value of TPI is of
1.33 and 2.23 at u ¼ 0:5% and u ¼ 2%, respectively. Addition-
ally, it is shown that the effect of coil curvature ratio is nearly
insignificant on the TPI.

Furthermore, over the studied range of HCT-geometrical
parameters and nanoparticles concentrations, the average TPI was
calculated and the results are illustrated for different HCT-side
flow rates in Fig. 13. From this figure, it is evident that increasing
the HCT-side flow rate slightly enhances the TPI at lower flow
rate, and this enhancement goes down as HCT-side flow rate
increases. The average value of TPI is of 1.66 and 1.85 at _Vt of
1.7 l/min and 11.16 l/min, respectively. Moreover, it is observed
in Figs. 12 and 13 that increasing HCT-side inlet temperature
slightly enhances the TPI. The average value of TPI is of
1.72–1.89 when Tt;i varies from 45 �C to 65 �C, respectively.

8 Correlations for Coiled Tube-Average Nusselt

Number and Fanning Friction Factor

Using the present experimental data, correlations were devel-
oped to predict the HCT-average Nusselt number and fanning fric-
tion factor. The HCT-average Nusselt number is correlated as a
function of HCT Reynolds, Prandtl numbers, coil curvature ratio,
and nanoparticles volume fraction

Fig. 11 Variation of HCT-fanning friction factor with HCT-
Reynolds number at different HCT-inlet temperatures (u ¼ 1%;
d ¼ 0:0591)

Fig. 12 Variation of the average TPI with HCT-curvature ratio at
different nanoparticles concentrations: (a) Tt;i ¼ 65 �C, (b)
Tt;i ¼ 55 �C, and (c) Tt;i ¼ 45 �C

Fig. 13 Variation of the average TPI with HCT-volume flow rate
at different nanoparticles concentrations

Fig. 15 Comparison of experimental values for HCT-fanning
friction factor with that correlated by Eq. (24)

Fig. 14 Comparison of experimental values for HCT-average
Nusselt number with that correlated by Eq. (23)
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Nut ¼ 0:0879 Re0:9833
t Pr1:7421

t d0:5408u0:6376 (23)

Equation (23) is applicable for 5702 � Ret � 55; 101, 1155
� Det � 18; 669, 1:92 � Prt � 3:9, 0:0392 � d � 0:1194, and
0:005 � u � 0:02.

Another correlation was obtained for fanning friction factor in
the HCT within 5646 � Ret � 54; 018, 1139 � Det � 18; 267,
0:0392 � d � 0:1194, and 0:005 � u � 0:02

fc ¼ 0:12724 Re�0:1651
t d0:0986u0:1204 (24)

Comparisons of the present experimental HCT-average Nusselt
number and fanning friction factor with those calculated by the
proposed correlations are shown in Figs. 14 and 15. It is evident
that the proposed correlations are in good agreement with the
present experimental data. It is clearly seen that the data falls of
the proposed equations within maximum deviation of 617:9%
and 65:1% for Nut and fc, respectively.

9 Conclusions

The present work was carried out to investigate the heat transfer
characteristics in shell and coil heat exchanger, in addition to the
pressure drop inside the HCTs. The investigated ranges are
5702 � Ret � 55; 101, 1155 � Det � 18; 669, 1:92 � Prt � 3:9,
0:0392 � d � 0:1194, and 0:005 � u � 0:02. From the study, it
could be concluded that:

• For all HCT-geometric variables and operating conditions,
utilization of c-Al2O3 (40 nm)/water nanofluid with u � 2%
instead of pure water in the HCTs results in remarkable heat
transfer enhancement; this goes up as the nanoparticle con-
centration increases. This phenomenon was considered as an
attribution to thermal conductivity enhancement and Brown-
ian motion effect.

• For same operating conditions, the HCT-geometrical varia-
bles have a significant effect on the heat transfer. According
to the experimental data, increasing the coil curvature ratio
leads to augmenting the heat transfer rate of base fluids as
well as nanofluids. This is because rapid developments of
secondary flow enhance heat transfer.

• For all HCT-geometric variables, the operating conditions of
the HCT-side affect directly on their thermal performance.
For pure water as well as nanofluids experiments, the heat
transfer rate goes up as the mass flow rate increases and as
the fluid inlet temperature decreases. This is because rapid
developments of secondary flow, turbulence level, and
increasing Prandtl number enhance heat transfer.

• For all geometric variables and operating conditions, utiliza-
tion of c-Al2O3 (40 nm)/water nanofluid with u � 2% instead
of pure water in the HCTs results in remarkable HCT-friction
factor increase which goes up as the nanoparticle concentra-
tion increases. This is due to increasing nanofluid viscosity as
the nanoparticles loading increases.

• For same operating conditions, the HCT-geometrical varia-
bles have a significant effect on the HCT-friction factor.
According to the experimental data, increasing the coil curva-
ture ratio leads to increase the HCT-friction factor for base
fluids as well as nanofluids. This is because rapid develop-
ments of secondary flow.

• For all HCT-geometric variables, the effect of HCT-fluid
inlet temperature on the HCT-friction factor is nearly insig-
nificant. This can be attributed to the lower effect of viscosity
variation compared with the centrifugal force.

• For all geometric variables and operating conditions, the TPI
is more than unity, which states that the enhancement in the
heat transfer rate in the HCTs due to using c-Al2O3/water
nanofluid is higher than the corresponding increase in the
pressure drop. Therefore, this assures the ability of using c-
Al2O3 (40 nm)/water nanofluid in the HCTs with u � 2% as

a compound heat transfer enhancement technique inside shell
and coil heat exchangers instead of using HCTs only.

• The TPI increases with increasing nanoparticles concentra-
tion and HCT-side inlet temperature. Nevertheless, it is
shown that the effect of coil curvature ratio is nearly
insignificant.

• Correlations for the HCT-average Nusselt number and fan-
ning friction factor as a function of the investigated parame-
ters are obtained.

Nomenclature

A ¼ area (m2)
Cp ¼ specific heat (J=kg �C)

d ¼ diameter (m)
D ¼ diameter (m)
f ¼ fanning friction factor
�h ¼ average convection heat transfer coefficient (W=m2 �C)
k ¼ thermal conductivity (W=m �C)
L ¼ length (m)
m ¼ mass (kg)
_m ¼ mass flow rate (kg=s)

N ¼ number of turns of the HCT
p ¼ pitch of HCT (m)
P ¼ pressure (Pa)
Q ¼ heat transfer rate (W)
T ¼ temperature (�C)
u ¼ mean axial velocity (m=s)
U ¼ overall heat transfer coefficient (W=m2 �C)
V ¼ volume (m3)

Dimensionless Groups

De ¼ Dean number, Retd
0:5

Nu ¼ average Nusselt number
Pr ¼ Prandtl number
Re ¼ Reynolds number

Greek Symbols

c ¼ gamma
C ¼ modeling function was introduced in Eq. (6)
d ¼ dimensionless coil curvature ratio, dt;i=Dc

D ¼ differential
itj ¼ Boltzmann constant,1:3807� 10�23 (J/K)
k ¼ dimensionless pitch ratio (coil torsion), pc=pDc

l ¼ dynamic viscosity (kg=ms)
n ¼ modeling function was introduced in Eq. (6)
p ¼ Pi � a mathematical constant ffi 3:1416
q ¼ density (kg=m3)
u ¼ nanoparticles volume concentration

Superscripts and Subscripts

ave ¼ average
bf ¼ base fluid
c ¼ coil/contact
f ¼ film/fluid/core flow
h ¼ hydraulic
i ¼ inner/inlet/internal

LM ¼ logarithmic mean
m ¼ mean
nf ¼ nanofluid
np ¼ nanoparticle
o ¼ out/outer
s ¼ surface

sh ¼ shell
t ¼ tube
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Acronyms and Abbreviations

Al2O3 ¼ alumina (aluminum oxide)
CuO ¼ copper oxide
HCT ¼ helically coiled tube
PVC ¼ polyvinyl chloride
TiO2 ¼ titanium oxide
TPI ¼ thermal performance index
vol: ¼ volume
wt: ¼ weight
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