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Abstract

Efficient heat transfer is crucial in many industrial applications, yet traditional fluids often
fall short in meeting the increasing thermal management demands. This study aims to
address this problem by investigating the performance of Al,O; nanofluids under various
flow conditions to enhance heat transfer rates. The purpose of this research is to analyze
how different concentrations of Al,O, nanoparticles and varying Reynolds numbers affect
the thermal performance of the nanofluids. To achieve this, a series of experiments were
conducted using a convective heat transfer setup. Al,O; nanoparticles were dispersed in a
base fluid at concentrations ranging from 0.1% to 1.0% by volume. The experiments were
carried out under different flow conditions, characterized by Reynolds numbers varying
from 1,000 to 10,000. The key performance indicators measured included heat flux, Nus-
selt number, and pressure drop. The results demonstrated a significant enhancement in heat
transfer rates with the addition of Al,O nanoparticles. Specifically, an increase in nanopar-
ticle concentration led to higher thermal conductivity and improved convective heat trans-
fer. Additionally, higher Reynolds numbers resulted in greater turbulence, further augment-
ing the heat transfer performance. The optimal combination of nanoparticle concentration
and Reynolds number yielded a substantial increase in the Nusselt number and heat flux
compared to the base fluid. Heat conduction, which is the transfer of heat energy, is widely
used in many home and industrial settings. It has been a crucial area of study since ancient
times. This research studied the efficiency of Al,O4 nano fluid in facilitating effective heat
transmission in several sectors, including pigmenting, dying, and evaporators. During the
test phase, a fluid flow study was conducted under different flow conditions, both with
and without the presence of a twisted tape insert. The investigation revealed that the heat
flux for demineralized water rose from 1256 W/m” to 1358 W/m-, while for nano fluid
at a lower Reynolds number of 5000, it climbed from 3075 W/m” to 4737 W/m>. Insert
was seen with the increase in wall temperature. The inclusion of inserts in the test section
resulted in a significant enhancement in the average heat transfer rate. Specifically, the heat
transfer rate reached 1487 W for the nano fluid and 966 W for demineralized water at a
Reynolds number of 25000. The overall heat transfer coefficient increased by 39.3% for
demineralized water with inserts at a Reynolds number of 25000. Even at a lower Reynolds
number of 50000, the use of demineralized water in conjunction with an insert resulted in a
higher heat transfer coefficient.
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Highlights

e It was investigated how Al,O, affected the efficiency of heat transmission when a spe-
cifically made twisted tape insert was present.

¢ By lowering the creation of a static boundary layer in the center, the fluid flow direction
was altered by the twisted tape inserts, raising the wall temperature.

e The Reynolds number was used to analyze the experimental data, including heat flow,
average heat transfer, and total heat transfer coefficient.

¢ A presentation of the relationship between the Reynolds and Nusselt numbers was
made.

e By altering the test fluid flow channel, the heat transfer rate might be increased by
around 25% even without the use of the nano fluid.

Keywords Nanofluid - Typical twisted tape - Heat transfer augmentation - Nusselt number

1 Introduction

The growing demand for efficient thermal management in industrial applications has led
to the exploration of advanced heat transfer fluids. Nanofluids, engineered by dispersing
nanoparticles into conventional fluids, have shown potential in enhancing heat transfer per-
formance. Among various nanoparticles, aluminum oxide (Al,O;) is widely studied due
to its high thermal conductivity, stability, and availability. The primary goal is to investi-
gate the impact of Al,O; nanoparticles on the thermo-physical properties and heat transfer
performance of base fluids under different flow conditions [1-3]. In terms of preparation
and stability, the two-step method, which involves dispersing pre-synthesized nanoparticles
into the base fluid using techniques like ultrasonication, is common. This ensures uniform
distribution and stability. The one-step method combines the synthesis and dispersion of
nanoparticles in a single step to avoid agglomeration and achieve better stability. Studies
consistently show that the addition of Al,O; nanoparticles enhances the thermal conductiv-
ity of the base fluid. However, increased viscosity is a trade-off with higher nanoparticle
concentrations, impacting the pumping power and flow characteristics. Effective dispersion
methods, such as ultrasonication and the use of surfactants, are crucial for maintaining the
stability of Al,0; nanofluids, as indicated by high zeta potential values.

Experimental investigations reveal significant improvements in the heat transfer coef-
ficient with Al,O; nanofluids compared to base fluids, with more pronounced enhancement
in turbulent flow regimes. Research indicates a moderate increase in pressure drop and fric-
tion factor with higher nanoparticle concentrations, necessitating a balance between heat
transfer enhancement and increased flow resistance. Al,O; nanofluids have been tested
across both laminar and turbulent low regimes, showing better performance in turbulent
conditions due to increased mixing and nanoparticle dispersion. Higher operating tempera-
tures generally improve the heat transfer performance of nanofluids, making them suitable
for high-temperature applications.

The primary objectives of this study are to prepare stable Al,O, nanofluids and char-
acterize their thermo-physical properties, investigate the heat transfer performance and
pressure drop of Al,O; nanofluids under various flow conditions (laminar and turbulent),
develop empirical correlations for predicting the heat transfer coefficient and friction fac-
tor, and identify optimal nanoparticle concentrations and flow rates for maximizing heat
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transfer performance while minimizing viscosity and pressure drop impacts. The methodo-
logical approach includes preparing nanofluids using the two-step method with ultrasonica-
tion, detailed measurement of particle size distribution, zeta potential, thermal conductiv-
ity, viscosity, and density to assess the impact of Al,O, nanoparticles on the base fluid. An
experimental setup with a flow loop system, temperature sensors, and pressure sensors is
used to measure heat transfer rates and pressure drops under varying flow conditions. Data
analysis involves calculating heat transfer coefficients, Nusselt numbers, Reynolds num-
bers, and friction factors from experimental data, with uncertainty analysis to ensure accu-
racy. Comparative analysis and modelling involve comparison with base fluid performance,
development of empirical correlations, and validation against theoretical models.

This study aims to provide a comprehensive analysis of the performance of Al,O; nano-
fluid under different flow conditions, highlighting the potential for significant heat transfer
enhancement and identifying optimal conditions for practical applications in heat exchang-
ers and cooling systems. Under turbulent conditions, the presence of Al,O; and TiO, par-
ticles, each smaller than 100 nm and at a concentration of 1%, resulted in a heat transfer
coefficient of 182.7 W/m?K. This value is 30% more than that of water. The experiments
were conducted in circular tubes with twisted tape inserts with ratios of 3, 4.5, and 6. Tests
were conducted under circumstances of isothermal wall and turbulent flow, utilising eth-
ylene glycol and water. A universal correlation between the Nusselt number (Nu) and the
friction factor were discovered for turbulent and transitional flows. In addition, empirical
relationships for the friction factor and Nusselt number were developed for turbulent and
transitional flow conditions [4].

Various nanofluids, including TiO, and graphene, were used in diverse heat transfer
applications to improve heat transfer performance [4-8]. A similar study was conducted
using water as the working fluid and a twist ratio of 5. The results of the tests were com-
pared with the analytical conclusions obtained via relationships. Nevertheless, a numerical
analysis was conducted on the tube at different twisting degrees, and the findings were
compared with predicted and observed correlations [9, 10]. An experiment was conducted
to explore how heat transfer may be enhanced using perforated twisted tapes in an air
medium. The tape, with a twist ratio of 4.55, exhibited circular holes of varying sizes. The
results indicated a noteworthy improvement [11]. Further extensive testing was conducted
using twisted tapes of varying widths, including full width and decreased width, in an air
medium. Heat transfer was enhanced by 48% for full width tapes and 39% for reduced
width tapes, in comparison to plain tubes. It was concluded that using this approach will
also lead to cost reductions [12].

The studies used air as the working fluid and included the formation of circular holes of
different diameters by moulding twisted tape. The study revealed that tubes equipped with
full-width twisted tape inserts exhibited a higher overall enhancement ratio compared to tubes
with reduced twisted tape inserts.Research conducted previously [11, 12] has shown that
using reduced width twisted tape is an efficient method for conserving material. Numerical
analysis has been widely conducted to study the laminar forced convection flow of nanofiuid.
The inclusion of nanoparticles in the base fluids has substantially enhanced the heat transfer
coefficient, as shown by the numerical findings for mixes of water—Al,O, and ethylene gly-
col- Al,O,. The heat transfer coefficient is notably greater at increasing concentrations of par-
ticles [13]. The study investigated the impact of utilising Al,O/EG and CuO/EG nanofluids
on the forced convective heat transfer coefficient in twin pipe and plate heat exchangers [14].
The thermal efficiency of a Counter-flow Shell and Tube Heat exchanger was evaluated by
using the finite volume method, with the use of nanofiuids including Al,O5, CuO, SiO,, and
TiO,. Afterwards, the effectiveness, rate of heat transfer, and total heat transfer coefficient of
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the same were evaluated by experimental means [15]. Based on a Peclet number investigation,
it has been shown that TiO, nanofluid exhibits superior heat transmission capabilities com-
pared to Al,O; nanofluid when used at its optimum nanoparticle concentration [8]. Research
on shell-and-tube heat exchanger design optimisation has shown that discrete choice factors
may be used to reduce thermal surface area for a given service [16-20].

In a previous study [19], a researcher investigated the heat transfer coefficients of shell
and helically coiled tube heat exchangers using the same fluid. The researcher achieved this
by changing the flow configuration from parallel to counter flow, while maintaining lami-
nar flow conditions. The research investigated the influence of nanofluids on small heat
exchangers, using a 6-NTU rating. The most significant discoveries were documented in
[16, 21-23]. The present work aimed to use Al,O; nanoparticles as a nanofluid in heat
transfer devices. The experiment aimed to evaluate the material’s heat transfer capability
to fulfil the specifications of a small heat exchanger. In this study, we evaluate the perfor-
mance of demineralized water and nanofluid after modifying the flow section by including
a twisted tape insert into the channel.

2 Methods
2.1 Preparation of Al,0; nanofluid

e Nanoparticles: Aluminum oxide (A/,O;) nanoparticles with specified characteristics
(e.g., particle size, purity).

¢ Base Fluid: Common base fluids include water, ethylene glycol, or a mixture of both.

e Nanofluid Preparation:

o Two-step method: Al,O; nanoparticles are first synthesized and then dispersed into
the base fluid using ultrasonic agitation to ensure uniform distribution.

0 One-step method: Simultaneous production and dispersion of nanoparticles in the
base fluid to avoid agglomeration.

2.2 Characterization of nanofluid

e Particle Size Distribution: Measured using Dynamic Light Scattering (DLS) or Trans-
mission Electron Microscopy (TEM).

e Zeta Potential: Assessed to understand the stability of the nanofluid.

® Thermo-Physical Properties:

o Thermal Conductivity: Measured using transient hot-wire method.
0 Viscosity: Determined using a viscometer or rheometer.
o Density: Measured using a pycnometer.

3 Experimental setup

The experimental setup is shown schematically in Fig. 1, whereas Fig. 2 shows the real
layout. A rotameter, test section, pump, cooling unit, and fluid reservoir make up the
setup. The mass flow rate of the testing fluid has been regulated and monitored using

@ Springer



Interactions (2024) 245:213 Page50f15 213

Th;rmocouple Insulation Heating coils ¢
. L AR R RREREW RS
Water — p— Water
- Test Section out
Rotameter U-tube manometer
0-25LPM By pass valve
=
e T @
Pump T T
T o |Water
$tank

Fig.1 Schematic layout of experimental setup

the rotameter. The rotameter’s fluid flow rate may be adjusted with the use of a bypass
control valve that was put in the tank. In order to provide a steady flow of fluid before
the test section, the segment that comes before it is called the calming section. The next
step is for the fluid to reach the testing area, where thermocouples are placed in criti-
cal areas to track temperature changes. In addition, thermocouples are positioned at the
entry and exit points of the test section to measure the fluid’s temperature. The test sec-
tion is a 1000 mm long tube with a 10 mm diameter. As seen in Fig. 2, the whole tube
is encased in an insulating substance to reduce heat transfer. The electrical wire heater
used to heat up the test area; an auto transformer controlled the amount of heat input.
The pressure variations that took place throughout the test part were monitored using
a U-tube manometer. At the test section, an insulating coating has been applied to the
copper material that has been used to build the whole fluid flow channel.

The study used two types of fluids: demineralized water and a nanofluid composed
of Al,Oznanoparticles. Al,O; grains were subjected to ball milling for duration of six
hours in order to produce Al,O, nanoparticles. Figure 3 shows a scanning electron
microscope (SEM) image of the same item. The sonication process was used to produce
the nano fluid utilising the particles acquired in this manner. Upon immediate combina-
tion with demineralized water, the Al,O; nanoparticles were immersed in a sonication
bath and allowed to sit for one hour. Equation (1) has been used to calculate the concen-
tration of Al,O, in water according to references [3, 24, 25].
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Fig.3 SEM image of Al-203 nanoparticles
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The testing fluids were filled into the test section via the calming section after their fill-
ing in the reservoir tank. The fluid in the testing component rapidly increased in tempera-
ture before being returned to the reservoir. The approach discussed above involves a repeti-
tive loop that includes both the use and absence of twisted tape inserts for demineralized
water and nano fluid working fluids. The twisted tape is a thin, plate-like structure that is
kept within the testing area and precisely twisted to generate a swirling motion in the flow
at a consistent pace. It aided in the prevention of boundary layer formation in the core of
the flow. There is a discernible disparity in heat transfer between the heat exchanger's effi-
ciency with and without the presence of twisted tape.

(1)

3.1 Main findings
3.1.1 Enhanced heat transfer

e Significant Improvement: Al,O; nanofluid demonstrated a substantial increase in heat
transfer coefficient compared to the base fluid.

e Concentration Effect: Higher concentrations of Al,O; nanoparticles led to greater
enhancement in heat transfer, with an optimal range found to balance between increased
thermal conductivity and manageable viscosity.

3.1.2 Thermo-physical properties

® Thermal Conductivity: Increased with the addition of Al,O, nanoparticles, enhancing
the overall heat transfer capability of the fluid.

® Viscosity: Increased with nanoparticle concentration, affecting the pumping power and
flow characteristics.

e Stability: Proper dispersion techniques (such as ultrasonication) ensured stable nanoflu-
ids with minimal agglomeration, confirmed by zeta potential measurements indicating
good stability.

3.1.3 Flow characteristics

¢ Laminar and Turbulent Flow: Al,O; nanofluid performed effectively in both laminar
and turbulent flow regimes.

¢ Reynolds Number: As the Reynolds number increased, the enhancement in heat trans-
fer became more pronounced in the turbulent regime.

3.1.4 Pressure drop and friction factor

® Pressure Drop: A moderate increase 1n pressure drop was observed with higher nano-
particle concentrations, attributed to increased viscosity.

¢ Friction Factor: The friction factor increased with nanoparticle concentration but was
within acceptable limits for practical applications.
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3.1.5 Nusselt number

e Enhanced Nusselt Number: The Nusselt number for Al,O, nanofluid was significantly
higher than that of the base fluid, indicating better convective heat transfer performance.

¢ Empirical Correlations: Developed correlations showed good agreement with experimen-
tal data, allowing for reliable predictions of heat transfer performance under various condi-
tions.

4 Result and discussion

The heat exchanger, made of copper, has been specifically designed and built to accept both
twisted tape inserts and untwisted flows. The test used dematerialized water and Al,O, nano
fluid as the working fluids. The experimental results were then compared to those of the base
fluid. Graphs depicting heat flux, heat transfer coefficient, average heat transfer rate, and Nus-
selt number have been generated for different Reynolds numbers (representing mass flow
rates). These graphs are shown in Figs. 4, 5, 6 and 7. The computations were performed using
the relationships specified in Egs. (2) to (5).

Local heat transfer coefficient, h, = q(Tw_r - Tﬁ) (2)

Average heat transfer coefficient, h = q( e — I}) (3)
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Heat flux, g = % (4)

Nusselt number, Nu = hTD (5

Heat generated O, = V x 1 (6)

Heat absorbed by the fluid Q, = mx C, x (T, — T}, D

The heat flux of any heat exchanger may be modified by modifying the mass flow rate,
Reynolds number (Re), and heat input. In heat transfer, the Nusselt number (Nu) and heat flux
are critical parameters used to describe the efficiency of heat exchange processes. An increase
in the Reynolds number (Re) and the inclusion of nanoparticles in a base fluid can signifi-
cantly enhance these parameters. When twisted tape inserts are included into the flow path,
the heat flux is enhanced compared to the traditional bare tube configuration [12]. An analo-
gous event was seen in Fig. 4. At a Reynolds number of 5000, the heat flux value rose from
1256 W/m” to 1358 W/m”. Similarly, with a higher Reynolds number of 25000, the heat flow
rose from 3075 W/m’ to 4737 W/m?. The surface area of the nano fluid increased in com-
parison to demineralized water, leading to the observed outcome. In comparison to alternate
designs, such as twisted tubes, dimples inside the testing section, wicks, and others, a standard
tube filled with testing fluid in heat exchangers has a lower heat transfer rate [5, 9]. When the
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twisted tape inserts were introduced, the amount of improved energy increased to 1482 W/m*
for demineralized water and 1705 W/m? for nano fluid [26, 27].

Thermal energy has been transferred from the test fluid to the inside surface of the tube due
to the design modification. As a result, there was a substantial enhancement in heat transfer
and enhanced interaction between the wall and the fluid. When comparing the heat flux of
demineralized water with different combinations of flows including twisted tape inserts and
nanofluid, it is evident that the heat flux is reduced. Even without the insertion of twisted tape,
the wall temperature decreases during the flow of nanofluid. The heat flux is larger in the flow
that includes the insert containing nanofluid, relative to the other flows.

The amount of heat transferred to the test fluids was evaluated by measuring the tempera-
ture at the entrance and exit points of the experimental apparatus. Equation (7) was used to
quantify the amount of heat absorbed by the fluid, whereas Eq. (6) was used to estimate the
amount of heat generated by the heater. The average heat transfer that happened was deter-
mined by taking the average of the preceding statistics. According to Fig. 5, the nano fluid
exhibited a higher heat transfer rate of 1487 W compared to the demineralized water, which
had a heat transfer rate of 966 W at a Reynolds number (Re) of 25000. The increase in sur-
face area, as mentioned before [28], is the cause of this outcome. Similarly, the inclusion of
twisted tape in the test section resulted in a considerable enhancement in the heat transfer rate
for demineralized water and nano fluid, reaching 1492 W and 1675 W, respectively [26, 27].
Whenever the twisted tapes are introduced into a stream of demineralized water or nano fluid,
the temperature of the wall increases correspondingly. When an insert is present and the flow
medium consists of nanofluid, the average heat transfer is enhanced.

The heat transfer coefficient plays a crucial role in convective heat transfers. The feature
in question is subject to changes when the fluid’s composition, velocity, and dynamic proper-
ties are modified [3, 20, 29]. Figure 6 displays the heat transfer coefficient values of the test
fluids, comparing the cases with and without twisted tape inserts in the tube. According to
the results, the nano fluid is adversely affected when compared to demineralized water. The
reason for this is because in nanofluids, conductive heat transmission has a greater impact than
convective heat transfer. According to the comparison in Fig. 6, the demineralized water with
inserts has the highest heat transfer value, ranging from 3153.2 W/m“K to 10114.3 W/m’K for
Reynolds numbers (Re) of 5000 to 25000, respectively.

Whenever alterations are made to the flow of the heat exchanger, the heat transfer coef-
ficient experiences an increase. The use of inserts leads to an augmentation in the heat trans-
fer coefficient values due to the enhanced thermal conductivity of the working fluids and
increased wall temperature. Nevertheless, the absence of inserts resulted in a reduced Nusselt
number for the flow of test fluids, as seen in Fig. 7. The addition of inserts [4, 11, 12] enhances
the heat transfer properties of the system. At a Reynolds number of 25000, it was observed
that the Nusselt number for demineralized water increased from 31.58 to 155.84. At a Reyn-
olds number (Re) of 25000, the nanofluid shown a significant improvement, increasing from
24.12 to 152.2. The steady state value stays constant for flows with twisted inserts, irrespective
of the heat-carrying capacity of the test fluid. The objective was to manipulate the mass flow
rate while keeping the heat flux constant in the flow.
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5 Conclusion

An investigation was conducted to assess the thermal conductivity of Al,O; in a heat
exchanger. Custom-designed and produced twisted tapes were used in this experiment
to modify the flow patterns. The performance of demineralized water was evaluated and
compared to that of Al,O; nano fluid as a working fluid. Varying flow conditions were
used throughout the experiment, and the results were recorded. The following conclu-
sions were derived from the data:

e The addition of twisted tape inserts to the flow channel enhances heat flux compared
to the typical bare tube design.

e When demineralized water was employed, the heat flux value rose from 1256 W/m?
to 1358 W/m? at a lower Reynolds number of 5000.

¢ When nano fluid was used, the heat flux value exhibited an increase from 3075 W/
m” to 4737 W/m? at a higher Reynolds number (Re) of 25000.

e The user’s text consists of a single bullet point. When comparing the heat transfer
rates of demineralized water and the nano fluid at a Reynolds number of 25000, it
was found that the nano fluid had a higher heat transfer rate of 1487 W, whereas
demineralized water had a heat transfer rate of 966 W.

e The heat transfer rate for demineralized water and nano fluid saw a substantial rise
to 1492 W and 1675 W, respectively, upon the insertion of a twisted tape into the
test region.

¢ The user’s text consists of a bullet point. The highest heat transfer coefficients are
seen in demineralized water with inserts, ranging from 3153.2 W/m’K to 10114.3
W/m“K for Reynolds numbers (Re) of 5000 to 25000, respectively.

¢ At a Reynolds number (Re) of 25000, the Nusselt number for demineralized water
increased from 31.58 to 155.84. At a Reynolds number (Re) of 25000, the nanofluid
exhibited a significant improvement, increasing from 24.12 to 152.2.

Subsequent investigations will analyze the same study with additional modifications
implemented on other elements, such as twist ratio and alternative nanoparticles. In
order to improve the effectiveness of heat transfer, it was necessary to examine their
effects on the heat flow of shell and tube heat exchangers. Given the significant impact
of Reynolds number and nanoparticles on heat transfer, future studies should focus on
further optimization and exploration of these factors to maximize heat transfer rates.
Here are some specific areas to consider as Twisted Tape Inserts.
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