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Abstract

This study presents an experimental investigation to determine the heat transfer enhancement in a novel heat exchanger known
as the "Helicoidal Square-Shaped Heat Exchanger" with and without using a nanofluid. The experiments were performed for
the range of Reynolds numbers from 4400 to 8000, using nanofluid (Al,O5-pure water) at the concentrations 0.1, 0.25, and
0.5%. This experimental investigation found that the heat transfer ratio is improved by increasing the nanofluid concentra-
tions and the flow Reynolds number. The highest value of the heat transfer ratio was at Re = 8000, and 0.5% concentration
of nanofluids. The corresponding increment in the heat transfer rate was 13.46 %, the heat transfer coefficient augmented
by 9.64 %, and the Nusselt number improved by 10.43% compared to the results obtained experimentally with distilled
water. The results obtained for the distilled water were verified with the Dittus-Boelter equation and numerical simulation.
In addition, all obtained experimental data were compared with the CFD simulation. The use of nanofluids for heat transfer
enhancement has a wide range of applications. Therefore, the presented results suggest using Al,O5-water nanofluids to
improve the efficiency of many renewable energy plants, including solar and geothermal energy systems.

Nomenclature T Temperature (°C)
Symbols 1) Volume concentration (%)
y ® Weight concentration wt (%)
S Area of heat transfer (m2) . .
.. p Density of nanoparticles (kg/m3)
k Thermal conductivity (W/m /K) u Dynamic. Viscosity (ke/ m.s)
h Heat. Transfer. coefficient (W/m2/K) y : OSILY (K& .
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HE Heat Exchanger

HSSHE Helical Square Shape Heat Exchanger
PH Potential hydrogen

IEP Iso Electric Point

PEC Performance efficiency coefficient

i Step

a Rib length

b Hight

1 Introduction

Many researchers worldwide focus on finding solutions
to enhance heat transfer with applications to the develop-
ment of renewable energies (solar and geothermal) systems.
Various techniques have been used to improve heat trans-
fer in fluids. Some were motivated to improve heat transfer
by creating different geometric shapes, while others used
nanofluids [1]. Singh et al. [2] suggested modifying the heat
exchangers' geometry as an important approach to improving
heat transfer. Some studies adopted the same idea to improve
the thermal performance by changing the rectangular wings,
hollow circular discs into different shapes, warped cables
[3], warped plates [4], conical rings [5], and vortex conical/
rod strip generator [6]. Previous studies confirmed that using
solid forms inside the tube enhances thermal performance by
creating small vortices and changing the type of fluid flow
to turbulence. On the other hand, nanofluids are an attractive
alternative to simple base fluids due to their higher thermal
conductivity and are the ideal heat transfer medium for heat
exchangers [7]. Hassen et al. [8] examined the insertion of a
new conic helical basket heat exchanger (CBHE). They sug-
gested that their system could be used for greenhouse cool-
ing. In addition, they used a system with two conic baskets
serially connected and compared their thermal performance
for horizontal and vertical orientations.

Many previous studies concerning nanoparticle use in
heat transfer were reported in the literature. Kumar et al. [9]
concluded that using nanofluid in heat transfer necessitated
higher pumping capacity, increasing operation costs. Nacira
et al. [10] studied a heat exchanger using copper oxide nano-
fluids to investigate the heat transfer rate. Their findings
revealed that the heat transfer flux improved by 17.4 % and
the heat transfer coefficient by 40 % when water-based nano-
fluids with the 2-vol% CuO nanoparticles were used. Wilk
et al. [11] found that the increase in heat transfer flux is due
to the higher thermal conductivity of nanofluids, even at a
low concentration. Karuppsamy et al. [12] considered the
influence of CuO nanofluid on the heat transfer in a cone-
shaped heat exchanger tube; their work revealed that colli-
sion between nanoparticles and the insert wall results in the
rising of the pressure drop along the tube.
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Narei et al. [13] evaluated the impact of using nanofluid
on reducing a vertical Heat Exchanger bore length and found
that the nanofluid caused a 1.3% reduction in the necessary
bore length. Jamshidi [14] conducted a numerical study on
extracting heat energy from the helical fin heat exchanger,
taking into account the effect of different nanoparticle
diameters that showed an improvement in heat transfer and
an increase in heat transfer coefficient. In an experimental
study, Arani et al. [15] investigated the effect of the diam-
eter of TiO, nanoparticles (10nm, 20nm, 30nm, and 50nm)
on the thermal performance of the nanofluid in a tube heat
exchanger. Elias et al. [16] studied the effect of shell and
tube heat exchangers with different shapes and sphericity
of nanoparticles on heat transfer flux. Xiao-Hui et al. [17]
used the simulation to study the movement and suspension
of the nanofluid in a heat exchanger system (HEs), and the
results proved that the pulsatile flow and the optimum down-
hole structure could significantly enhance the thermal per-
formance of the nanofluid. Finally, He et al. [18] reported
that the dispersion of the TiO, nanoparticles into pure water
improves the thermal conductivity of the nanofluids.

The presented literature survey shows that increasing
nanoparticle concentration in nanofluids increases heat
transfer efficiency. However, the amount of enhance-
ment varies for different nanoparticles and their proper-
ties, including the solid volume fraction, the nanoparticle
diameter, size, shape, and type. This study also provided
experimental data on the effect of volume concentration on
heat exchanger performance for various flows and Reynolds
numbers. Therefore, the results of this study could be used
to improve the heat exchangers in renewable energy systems
(geothermal, solar energy, etc.) using Al,O; nanofluids with
different volume concentrations.

2 Experimental process
2.1 Description of experiment

The experimental system available at Boumerdes Univer-
sity, Algeria, is used to study the performance of a square
shape heat exchanger operating with and without nanofluids.
The schematic of the experimental setup is shown in Fig. 1.
The system is composed of a Helicoidal Square Shape Heat
Exchanger (HSSHE), a storage tank of water insolated by
expanded polystyrene to minimize heat loss, a circulation
pump, four valves, two plastic pipes, nine thermocouples,
a 1200 W heater, cooling system, data logger, and a flow
meter. The tube of HSSHE utilized in this experiment is
made of copper, which has been extensively used in recent
literature [19-21].
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Fig. 1 Schematic diagram of the experimental setup and flow direction

The heat exchanger includes a copper square coiled tube,
with the dimensions of the heat exchanger (HE) listed in
Table 1 (case 1). An electrical heater (1200 W) is used to heat
water around the heat exchanger and maintain the desired
temperature adjusted by a thermostat during the experiment.
The flow meter (SY 201 Type, Accuracy 1%) is installed and
calibrated at three different flows (low, medium, and high).
The cooling system maintains the ambient temperature. The
K Type thermocouples are calibrated at different temperatures
with GTH 1170 and are installed at various locations in the
heat exchanger with an accuracy of (+0.3 C°). The centrifugal
pump, which provides a flow range of 0-12 1/min, is installed
to maintain liquid circulation in the cycle. After starting the
pump, the flow rate is set to 2.4, 3, 3.7, and 4.3 1/min to gener-
ate flow Reynolds numbers of 4400, 5600, 6800, and 8000.
Here Reynolds numbers were calculated based on the physical
properties of the base fluid. For different nanoparticle concen-
trations in each test, the Reynolds number changes at the same
flow rate since the effective viscosity of the nanofluid changes.
However, the Reynolds number of the base fluid was used to
compare different cases for a given flow rate. In addition, the
range of nanoparticle concentrations used is low; therefore,
the differences in Re are relatively small. All the sensors are
connected to a personal PC to log and export the data. At the
beginning of the operation process, we start with pure water,
add the required nanoparticles to get the needed volume frac-
tion, and use the zeta meter potential to test the stabilization
of the liquid. Then, the same procedure is used for the two
additional volume fractions.

Table 1 Dimensions of the helicoidal square shape heat exchanger (mm)

Parameter Case 1 Case 2 Case 3
Total heights, b 224 264 304
Spacing, i 10 15 20

Tinlet

T tank

- em - )

T1
T2
T3

Heater

Storage tank & isolation

We conducted four sets of experiments using different lig-
uids (nanofluids). The duration of each experiment is about
three hours. The cases are:

Set 1: Used water.

Set 2: Used nanofluids with 0.1% volume fraction alu-
mina nanoparticles.

Set 3: Used nanofluids with 0.25% volume fraction alu-
mina nanoparticles.

Set 4: Used nanofluids with 0.5% volume fraction alu-
mina nanoparticles.

It is observed that the heat exchanger passes through a
transient state for a few minutes in the four sets of each flow,
so all data exported from the transient period is discarded
until it stabilizes and reaches a steady state.

Figure 2 shows the temperature variation over time when
pure water is used in the fully developed region and after a
transient period, allowing the accuracy of the thermocouples
to be determined after the validation of measurements.

A helical square shape heat exchanger (HSSHE), as
shown in Fig. 3, was used in the present study. The copper
helical square coil tube has 14 and 16 mm inner and outer
diameters, respectively. The single rib length is 12 cm, and
the helicoidal square shape heat exchanger has 9 turns.

A three-dimensional computational model was devel-
oped, and the numerical simulations were performed using
CFD to validate the experimental results. Figure 3 shows
the model studied.

2.2 Computational mesh and grid independence study

The effective single-phase model is used to simulate the
heat transfer performance of our prototype heat exchanger
using the ANSYS Fluent, version 19.0 commercial software.
A suitable computational mesh is needed to simulate the
nanofluid flow and heat transfer accurately. Here a tetrago-
nal element was used to obtain an appropriate mesh for the
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Fig.2 Thermocouple's temperature accuracy & validation

complex geometry of the heat exchanger. Mesh convergence
assessment was made depending on the error rate, which does
not exceed 1 %. When the required convergence is reached,
the number of nodes and elements is determined. The cor-
responding predicted average Nusselt numbers are shown in
Fig. 4. This figure shows that a grid with 2,389,640 nodes
provides grid-independent solutions. Therefore, this mesh
was used in all subsequent simulation results, including those
with various nanoparticle volumetric concentrations.

Fig.3 3D model and dimensions of the heat exchanger studied

@ Springer

The 3D computational model was developed and used
to study the nanofluid flow and heat transfer in the heat
exchanger immersed in a water tank. The appropriate ther-
mophysical properties of nanofluids were included in the
computational model. It was assumed that the effect of gravity
was negligible. In addition, the external pressure was assumed
atmospheric, with a room temperature of 25 degrees. The
dimension of the heat exchanger was 55cm X18cm X 18 cm.
More details of the mesh are shown in Fig. 5.

3 Nanofluids preparation
3.1 Preparation processes

The "two steps method" was used to disperse nano-powder
into the base fluid. The Al,O; particles with an average diam-
eter of 50 nm were used in this experimental study to prepare
nanofluids at different concentrations of 0.1%,0.25%, and
0.5%. A few drops of hydrochloric acid were added to the
solution to assure stability by maintaining the value of PH
away from the Iso Electric Point (IEP). For Al,O;, PH=9.4
leads to zero zeta potential [22]. The values of PH were
recorded after using the electromagnetic agitator at 600 rpm
for 90 min. In addition, an ultrasonic homogenizer was also
used for 60 min. The PH was kept between 4.8 and 5.8, and
the zeta potential value was up to 42 mV to ensure a homoge-
neous solution. All the experiments were conducted at ambi-
ent temperature. The electromagnetic mixing and ultrasonic
steps were repeated after one day to maintain the stabilized
homogeneous solution. After this procedure, no agglomera-
tion was observed.

4 Thermo-physical nanofluid properties

For calculating the thermal conductivity of the nanofluid, we
use the Maxwell equation, which is given as [23],

kot 2y =2k =)o
" k4 2+ (lyy — k)

Ky ey

Here k, is the nanoparticle conductivity, and k; is the
base fluid thermal conductivity. The volume fraction can
be calculated from the weight concentration and is given as,

WPy

Y oy a0 -w) @

where w is the weight concentration.

When the thermal conductivity of nanoparticles is more
than that of liquid, for a small volume fraction ¢, the nano-
fluid heat conductivity is given as,
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Fig.4 Mesh independence study
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This study assumes that nanoparticles are spherical and have
a uniform size with a concentration < 1 %. The corresponding
effective dynamic viscosity of nanofluids is given as [24],

Hor = (1 + 730 +123¢%) )

The nanofluid density and the equivalent heat capacity are
given, respectively, as,

Poy =L = @)py + @p), 5)
(- (p)(pcp)bf + (p(pcp)p

Cppy = » (©)

Fig.5 The 3D geometry and
the mesh used in the computa-
tional model
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The variation of the thermophysical properties of nanofluid
are listed in Table 2. It is seen that the viscosity of water/Al,O5
nanofluids increases by about 4% at the volume fraction of 0.5%.

5 Results and discussion

5.1 Validation

To validate the experimental study and estimate the accu-
racy, we measured the Nusselt number in the fully devel-
oped water turbulent flow region in a tube. In addition, we
simulated the pure water flow condition in the same size
tube and evaluated the corresponding Nusselt number (Nu).
Finally, Nu values were also evaluated from the Dittus-
Boelter correlation [26] given as
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Table 2. Thermgphysical liquids Concentration (%) K (W/m. K) CpJ/kg. K) p (kg/m3) u (kg/m. s)
properties for different
nanofiuids at various Distilled water[25] / 0.613 4179 997.1 0.001003
concentrations at T=298 K Water/ALO; 0.1 0.618 41453 1004.5 0.001010
0.25 0.622 4138.1 1012.4 0.001022
0.5 0.631 4130.4 1027.9 0.001042
n = 0.4 heating system 0
Nu = 0.023 ReO'SPr"< 7 &Y > (7 hy= — (10)
n = 0.3 cooling system S(Tw,ave — Tb,ave)
Figure 6 compares the variation of the experimental  yhere T, aves T ave T€, Tespectively, the average temperature

Nu number of the pure water versus Re with the analytical
correlation and the numerical simulation results. It is seen
that the experimental data for the Nusselt number are in
good agreement with the Dittus-Boelter correlation and
the simulation results. Therefore, the experimental setup
can be adapted to perform nanofluids-related tests.

In the subsequent sections, nanofluid heat transfer in the
HSSHE for different solid concentrations is performed, and
results are compared with pure water at various flow rates,
ri1, in the range of 2.4 to 4.3 L/m to determine the effect of
nanoparticles on heat transfer. In these experiments, the heat
transfer rate is evaluated by the following equation:

an = mcp(Tout - Tm) (8)

The Nusselt number and heat transfer coefficient are cal-
culated using,

h, D
nj
Nu = kf 9
nf
50
= Dittus-Boelter
48 © Simulation
A Experimental
46
44 1
Z 421
40
38
36
34 T T T T
4000 5000 6000 7000 8000

Re

Fig.6 Comparison of the experimental Nu data for the HSSHE ver-
sus Re with the analytical and simulation results
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of the inner pipe surface and the average temperature of the
fluid inside the pipe (bulk temperature), and S is the heated
surface area.

5.2 Heat transfer flux exchange

Measuring the heat flux is necessary to calculate the heat
transfer coefficient and the Nusselt number for the heat
exchanger studied at different nanofluid concentrations. The
fluid temperatures were measured at the inlet and outlet of
the heat exchanger to determine the temperature difference,
and various flow rates were used to study the Reynolds num-
ber on the heat flux.

Figure 7 shows the measured heat transfer rate for differ-
ent aluminum oxide volume factions at different flow Reyn-
olds numbers. Note that the Reynolds number is evaluated
using the base fluid properties. In this study, the maximum
particle concentration used is 0.5%, which according to
Eq. (4) leads to an increase of 1.25% in viscosity that was
neglected. Figure 8 displays the experimental heat exchange
rate variations for different solid volume fractions versus
flow rate. These figures show that the heat transfer rate
increase with the volume fraction of aluminum oxide in
the nanofluids. The increase in the Reynolds number also
increases the heat transfer rate.

From the results of Figs. 7 and 8 indicate that nanofluid with
the 0.5% aluminum oxide concentration has the highest heat
transfer rate among the cases studied. For example, for a flow
rate of 2.4 L/m and Re = 4400, the heat transfer rate is 556W,
and at a flow rate of 4.3 L/m and Re= 8000, the heat transfer
rate is 615W. This implies that the increase of the flow rate and
Reynolds number also increases the heat exchange rate.

5.3 Heat transfer coefficient

Figure 9 presents the variation of heat transfer coefficient with
Reynolds number at various nanofluid volume concentrations.
It is seen that the heat transfer coefficient of the nanofluids
for different concentrations is higher than the base fluid (pure
water) and increases with the increase of the Reynolds number.
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Fig.7 Variation of experi-
mental heat exchange rate for
different solid volume fractions
at various Re

Figure 9 shows a significant enhancement of the heat
transfer coefficient (h) with an increase in particle concen-
tration concentrations and an increase in flow Reynolds

Fig.8 Variations of experi-
mental heat exchange rate for
different solid volume fractions
versus flow rate

620
600
580
~ 560
5 540
520
500

480

620
600
580
—~ 560
5 540
520
500

480

4 o n

Q (Water)

Q AI203 0.1 %vol %

Q AI203 0.25 %vol
Q AI203 0.5 %vol

<

¢
T

g

\

-

T T T

T

4000 4500 5000 5500

T

Re

T

T

— T T T T
6000 6500 7000 7500 8000 8500

T

number. At the lowest Reynolds number of 4400, for a
0.1% nanoparticle concentration, the heat transfer coef-
ficient increased by 5.37%. While at the 0.25% solid
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Fig.9 Variations of the experi-
mental heat transfer coefficient 2500 ®  Pure water
for the HSSHE versus Re for dif- | e A1203 0.1% vol
ferent nanoparticle concentrations 2400 A A12 03 0.25% vol §
1l v AlLO; 0.5% vol
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concentration, the heat transfer coefficient is increased
by 6.29%, and at 0.5% concentration, the increase is about
9.64%. At the largest studied Reynolds number of 8000
with the same concentrations of 0.1%, 0.25%, and 0.5%,
the heat transfer coefficient increases were 5.97%, 8.27%,
and 10.10%, respectively. As noted before, the reason for

the increase in the heat transfer coefficient of nanofluid
compared with pure water is the addition of aluminum
oxide nanoparticles to the water, which increases the
effective heat conductivity of the fluid. The increase in
the heat transfer rate with Re is due to the increase in
convective transport.

Fig. 10 Variations of the experi-
mentally measured average Nus- 58 o
selt number with Re for different _ = water 0% vol v
nanoparticle volume fractions 56 e AI2030.1% vol A
11 4 AlI203 0.25% vol °
71 v A12030.5% vol
52 —- v -
50 v A
o 4 A
Q 48 °
46 u
]
1 v
44
J A
(]
42 -
404 °
T T T T T T T T T
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Fig. 11 Variations of heat
enhancement versus Re for differ-
ent nanoparticle volume fractions

Heat transfer enhancement (1)

5.4 Nusselt number calculation
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Figure 10 shows the variations of the average Nusselt num-
ber of nanofluids and pure water versus Re. It is seen that the

Fig. 12 Comparison of the
pumping power consumptions
of nanofluids with 0.5% solid
fraction with water versus time.
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nanofluid Nusselt number is higher than that of pure water
and increases by increasing the nanoparticle volume frac-

tion and flow Reynolds number. In previous studies, it was
suggested that the reason for augmentation in heat transfer
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Fig. 13 Performance efficiency 2,0
coefficient of Al,O5/water nano- i
fluid at 0.5% concentration.
1,8
1,6 1
1,4 1

0,6

Performance efficiency coefficient

m  PEC for AI203/ water nanofluid

of the nanofluids is due to the Brownian motion of nanopar-
ticles, migration of particles, and boundary layer thickness
reduction [27, 28]. In addition, the shape of nanoparticles
could also affect the heat transfer.

Figure 10 also shows that the Nusselt number (Nu)
enhancement increases at higher values of the Reynolds
number (Re) and the solid volume fraction. Generally, this
improvement is due to the dispersion of nanoparticles into
the base fluid, which increases effective thermal conduc-
tivity. The improvement of the Nusselt number with the
increase in the Reynolds number is due to the convective
transport and turbulence mixing.

6 Heat transfer enhancement

Heat transfer enhancement (1) is evaluated as a percent-
age increase of the Nusselt number of the nanofluid com-
pared with the base fluid to study the efficiency of the heat
exchanger and the effect of the nanofluid on heat transfer.
Accordingly [29],

3 <Nunf — Nuyy
n — —_—

100%
Ny )* 6 (12)

where Nu,,, and Nu,, are the Nusselt numbers for the nano-
fluid and the base fluid, respectively.

@ Springer
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Figure 11 illustrates the variation of heat transfer
enhancement with the Reynolds numbers. The thermal per-
formance of the heat exchanger increases when the Reyn-
olds number increases. At the high Reynolds numbers, using
nanofluids increases heat transfer enhancement. Using a
nanofluid with a high concentration leads to high thermal
performance at different Reynolds numbers. Over the stud-
ied range of Reynolds numbers and the concentrations, the
largest increase in the thermal performance factor was 13%
at the Re=8000, and the volume fraction was 0.5%.

6.1 Pumping power

This section concerns the heat exchanger system's energy

efficiency and pumping power needs when nanofluids are

used. The effectiveness of heat transfer fluids Eq. (13) could

be measured on the ratio of the heat transfer rate given by

Eq. (8) to the amount of pumping energy consumption [30],
Oy

ne,bf = prf (1 3)

We can applicate the same ratio for the nanofluid:

an
News = 3 (14)
Pnf
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Figure 12 compares the measured pumping powers
of nanofluids with 0.5% solid fraction with pure water.
It is seen that the pumping power consumption of pure
water in the range of 75 watts, while the power consump-
tion of nanofluids with 0.5% aluminum oxide particle
is in the range of 88 watts. Therefore, using nanofluids at
a concentration of 0.5% requires 14.77 % more pumping
power than pure water.

The performance efficiency coefficient (PEC) is used to
compare the energy efficiency of the nanofluid and water
as shown in Fig. 13. Therefore, the final PEC of the system
is given as [31],

PEC = e/

15
Nebf (1)
where W, is the pumping power consumption, 1, ,,¢, 1, 5,y are
the effectiveness of heat transfer of nanofluids and base
fluids, respectively.

7 Conclusions

We presented an experimental study using nanofluids
with different concentrations in a novel helical shape heat
exchanger. The heat transfer coefficient and Nusselt num-
ber of nanofluid with different concentrations were meas-
ured versus Reynolds numbers and various flow rates up
to 4.3 L/m. The efficiency of the heat exchanger was also
investigated to assess the effect of using nanofluid on the
heat transfer of the system. The presented results showed
that using nanofluids increased the heat transfer perfor-
mance compared to a pure liquid.
The main findings are:

1. The heat transfer flux increased by 13.46% for the nano-
fluid with a concentration of 5% and a flow rate of 4.3
L/m. Therefore, the heat exchanger heat transfer was
enhanced by changing the working fluid from water to
nanofluids.

2. The Nusselt number increased by 10.43%, and the heat
transfer coefficient by 9.64% for nanofluid with a vol-
ume concentration of 5% and Re = 8000.

3. The heat exchange performance increased as the concen-
tration of nanofluid or flow Reynolds number increased.

Computational modeling of flow and heat transfer of alu-
minum oxide nanofluid in the helical heat exchanger is left
for a future study.
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