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ABSTRACT

Nanofluids, due to their superior thermal and rheological properties, can be used to increase the shell and
tube heat exchanger performance and efficiency. Both parallel and counter flows of acting will be are
studied using rotating the inside tube at speed range from O to 1500 rpm. The results show a significant
improvement in the heat transfer rate due to the swirl effect created by the the turbulence acting as a
catalyst. The heat transfer coefficient is enhanced by using the nanoparticles by up to 25% when
compared to the base fluid.
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INTRODUCTION

Heat transfer is a fundamental process in which internal energy is exchanged between two substances,
resulting in a transfer of thermal energy. This phenomenon is essential in the analysis of thermodynamic
processes, particularly those occurring in heat engines and heat pumps.[1-2]

The shell and tube heat exchanger is one of the most used types of heat exchangers in commercial and
industrial applications. It is the most basic, with hot and cold fluids moving in the same direction or in
different directions. The shell and tube heat exchanger's capacity to handle products with particles
without running the risk of a blockage is a huge advantage.[3-4]

The double pipe heat exchangers are used in the chemical, food, oil and gas industries for pasteurisation,
sterilisation, reheating, preheating, digester heating and effluent heating operations, as well as for heating
and cooling in sanitary and pharmaceutical applications. Furthermore, because of its inexpensive, easy-
to-clean design, and straightforward construction, the double-tube heat exchanger has been widely
employed in a variety of renewable energy systems, including air conditioning, geothermal, solar, waste
heat recovery, combustion, and latent heat energy storage [5-6].

Improving the heat transfer coefficient of fluids is essential for enhancing heat exchanger
performancel7,8].

In recent years, nanofluids, which are base fluids containing solid particles with high thermal conductivity
at the nanoscale, [9-11]. have been employed to enhance the thermo-physical properties of fluids.
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Various types of nanoparticles, including silicon carbide, graphene, and aluminum oxide, have been
studied for their impact on heat exchanger performance. [12].Researchers have explored the addition of
nanofluids in different heat exchanger types, such as double pipe, shell-tube, and plate heat exchangers.

Studies have shown that nanofluids can significantly improve the heat transfer coefficient, with
experiments involving different process parameters and nanofluid type variations[13-18].

Khan et al. [19] experimentally analyzed a photovoltaic-thermal system using Fe304/SiO2 hybrid
nanofluids. The nanofluids provided superior cooling and efficiency compared to base fluids, with optimal
performance at 3% concentration and 40 LPM flow rate.

For example, experiments with Al.O® nanoparticles in a double pipe heat exchanger increased the thermal
conductivity of the fluid. [20].Other studies investigated the influence of nanofluids on heat transfer in
microchannel heat exchangers, indicating notable improvements in heat transfer coefficients [21].

Research has also delved into modifying geometrical shapes of heat exchangers such as adding
longitudinal fins, helical coils, and spiral-shaped double tubes resulting in positive impacts on
performancel[16]. Numerical investigations on conical tube double pipe heat exchangers and optimal
design parameters using techniques like Response Surface Method (RSM) have been explored[27,28].
Additionally, studies on shell-and-tube heat exchangers considered factors like baffle cut and spacing
have been studied and showed better performance compared by

Henein et al. used a MgO/MWCNT-water hybrid nanofluid as a working fluid to improve the thermal
performance of a heat-pipe evacuated-tube solar collector with a concentration of 0.02% at volume
flow rates ranging from 1 to 3 L/min. The energy and energy efficiencies were found to improve when the
volume flow rate and weight ratios of the MWCNT nanoparticles increased. The MgO/MWCNT (50:50)
hybrid nanofluid improved the collector's energy and energy efficiency by 55.83% and 77.14%,
respectively [22-29].

Specifically, papers focusing on double pipe heat exchangers with nanofluids highlighted improvements
in convective heat transfer coefficients [30].Results from experiments with alumina nanoparticles and
transformer oil showed increased heat transfer coefficients with higher solid concentrations [31].Other
studies examined the impact of water/CuO nanofluid on convection heat transfer coefficients,
demonstrating improvements with increased Reynolds number and nanoparticle volume fraction[32].

As previously stated, practically all research efforts have been focused entirely on enhancing the heat
transfer coefficient. They haven't, however, stressed how crucial it is to reduce or stay away from
pressure decreases. Furthermore, to the best of our knowledge, research on the application of nanofluids
in heat exchangers only supports variables that impact heat transfer, with little to no discussion if any of
the variables that effect pressure drop being carefully examined. Thus, this review's primary goal is to
examine the variables that affect nanofluid performance in heat exchangers in order to enhance heat
transfer and reduce or prevent significant increase in the pressure drop.

Enhancing the heat transfer rate and preventing or minimising a significant pressure loss are the two main
functions of a double-pipe heat exchanger. Since it suggests a smaller pressure drop, a fluid with a high
viscosity value is often best suited for the side with the bigger passage area (annular) [11]. A double-
pipe heat exchanger diagram is shown in Figure 1. The simplest heat exchanger concept is one in which
hot and cold fluids circulate in the same or opposite directions through a double-pipe design. While the
other fluid travels via the annular gap between two tubes, the first fluid passes through the smallest tube.
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There are two alternative configurations for the flow: the first uses both fluids in parallel flow, where the
hot and cold fluids enter at the same borders and flow in the same direction (Figure 1a). In the alternative
configuration (Figure 1b), fluids arrive in counterflow, travelling in opposite directions, at opposite inlets
[12-20]. The advantages of using the concentric tube heat exchangers are their simple design, ease of
cleaning, suitability for handling dirty fluids, ability to operate under high pressure, [21].and the promotion
of turbulent flow at low rates, leading to enhanced heat transfer efficiency.
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Figure 1: Double-pipe heat exchangers using (a) parallel flow and (b) counter flow.

Concentric tube heat exchangers have two main configurations: parallel flow and counter flow. [31] In the
parallel flow arrangement [28], both hot and cold fluids enter the heat exchanger from the same end, flow
in the same direction, and exit from the same end. On the other hand, in the counter flow arrangement,
the fluids enter from opposite ends, [33] flow in opposite directions, and exit from opposite ends. At the
same conditions more heat is transferred in the counter flow than parallel flow [29]. The main
disadvantages of using parallel flow in heat exchangers are the occurrence of large thermal stresses due
to significant temperature differences between the inlet and outlet[34-35].

In contrast, counter flow is preferred because it minimizes thermal stresses, [28] ensures more uniform
heat transfer, [36-38] also the outlet temperature of the cold fluid approaches highest temperature of
the hot fluid as in Figure 1-b And allows the outlet temperature of the cold fluid to approach the highest
temperature of the hot fluid. [39]1Counter flow arrangements generally require a smaller heat exchanger
surface area for the same rate of heat transfer compared to parallel flow.

The average diameter of the TiO2 nanoparticles, which measured 12 nm, was obtained from
Nanostructured and Amorphous Material, Inc. in the United States. TIO2 nanoparticles were distributed at
three distinct concentrations of ¢ = 2%, 3%, and 5% by volume in de-ionized water, the base fluid, prior
to testing. Subsequently, the mixture was subjected to continuous sonication for 180 minutes at 36 + 3
kHz using ultrasonic pulses of 100 W to achieve homogeneous particle dispersion. Furthermore, the
stability of suspension was markedly enhanced by the sonication treatment. As aresult, before being fed
into the tube.
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EXPERIMENTAL TEST RIG

Figures. 2 & 3 depict the current study's experimental setup. A heat exchanger tube, two cooling water
tanks, an overhead fluid tank, three thermocouples, a data recorder, a manometer, a centrifugal pump,
seven rotameters, eight multimeters, and nine variac transformers made comprised the facility's principal
components. The copper tube measured 19 mm in diameter (D), 1000 mm in length (L), and 1.5 mm in
thickness (t). A tranquil section's length was determined to be 1200 mm. An electrical heater wire
wrapped around a circular tube provided a constant wall heat flux boundary condition for the heat transfer
experiment. A variac transformer was used to regulate the electrical output power.

The tested tube's exterior was well-insulated to reduce convective heat loss to the surrounding area.
Prior to testing, the inlet and exit temperatures of the bulk fluid were monitored and recoded at specific
times using a data logger and RTDs calibrated within +0.2°C deviation by thermostat. Type T
thermocouples were used to measure fifteen local temperatures on the test tube's upper, bottom, and
side walls.

Figure 2: 3D representation of Heat Exchanger including the measuring equipments.

During the trials, a 1.0 hp centrifugal pump moved incoming bulk fluids at 26 °C via a fluid setting tank,
rotameter, and heat transfer test tube. An electrical heater that could be adjusted was wrapped around
the test tube to heat the bulk fluids. The bulk fluids' temperature, volumetric flow rate, and pressure drop
were measured under steady state conditions. The fluid's inlet Reynolds number was adjusted between
1000 and 25,200. The average tube wall temperature and the fluid temperatures at the inlet and outflow
served as the basis for the fluid characteristics used in the flow and heat transfer studies. Note that the
heat transfer test tube's pressure drop was measured using a manometer in an isothermal environment,
without switching on the heating unit. In the experiments, different volume concentrations of TiO2
nanoparticles of ¢ = 1%, 3% and 5% by volume were examined for both parallel and counter flow
(Tablel).
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Figure 3: Layout of the experimental setup.

The process of assembling the heat exchanger was mainly the work of connecting the hose to the pumps
and the tanks. So, the device can be used for both parallel and counter flow. The other arrangement
depends on directing the inlet flow whether it introduced to the heat exchanger in direction tangential to
the hot pipe or perpendicular to the hot pipe.

DATA REDUCTION

Thermophysical properties of nanofluids

The thermophysical properties (density, specific heat, viscosity and thermal conductivity) of the
nanofluid were calculated as a function of nanoparticle volume concentration (¢) together with properties
of base fluid and nanoparticles. The density of nanofluid was evaluated using the general formula for the
mixture:

pnf = (1 - ¢)pwater + ¢pnp (4)
The specific heat of the nanofluid was evaluated from.

C — ¢ pnp Cp,np + (l - ¢) pwater Cp,water 5
pnf (5)
pnf

These equations were recommended for nanofluids through experimental validation by Pak and
Cho [2] and Xuan and Roetzel [40-42]. The thermal conductivity was calculated from Maxwell model
[43] as showninEq. (6) which was recommended for homogeneous and low volume concentration liquid-
solid suspensions with randomly dispersed, uniformly sized and non-interacting average spherical
particles [44-46].
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knf _ knp + 2 kwater + 2 ¢ (knp - kwater)
b Ky + 2k = by~ Ko

Viscosity of nanofluids was calculated via the general Einstein's formula [45].

(6)

lunf = luwater + (1 + 77 ¢) (7)
Where 1 = 2.5, as recommended for hard spheres [44].
Calculation of the heat transfer

In the present work, the heat transfer rate of working fluids was calculated by using the difference
between inlet and outlet working fluid temperatures as

Qﬂuid :MCp (To + TI) ®)

The thermal equilibrium test showed that the heat supplied by electrical winding in the test sectionis 5-
8% larger than the heat absorbed by the working fluid.

Q[V - Qflm‘d

1w

x100%<5—8% 9)

At the steady-state rate, the heat transfer taken by the fluid is equal to the convection heat transfer from
the test section which can be expressed as

Qﬂuid = chnv (10)
Where
chnv hA (ﬁv - Tb ) (1 1)

where Qconv is the convection heat transfer from the test section, A is the heating internal surface
area, Ty is average fluid bulk temperature in the tube and T is average wall temperature lined between
the inlet and the exit of the test tube.

T, =>T1/15 (12)

where Ty is the local wall temperature and evaluated at the outer wall surface of the test tube. The
average heat transfer coefficient (h) was determined by combining Egs. (8) and (11) as

h=M,, (T,+T,)/A(T,-T,) (13)

For the local heat transfer coefficient, the bulk-fluid and wall temperatures were selected from a specific
local station. Nusselt number is calculated using the following equation;

Nu= hD/k (14)

where D is the inner test tube andk is the thermal conductivity of the fluid (water/nanofluid).
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Calculation of the friction factor

The pressure drop (AP) across the test section length (L) is calculated from the difference of the levels
of manometer fluid. Then pressure drop data were subjected to the calculation of friction factor via the
following equation;

/=(p/L)2ar/pu?) 1s)

where U is average velocity that calculated by dividing the measured volumetric water/nanofluid flow rate
by the inlet cross-section area (A).

The Reynolds number based on inner test tube diameter is given by
Re= pUD/u (16)

All of the thermo-physical properties (k, p, u, cp) used for the calculation of the dimensionless number
(NuandPr) are all evaluated at the bulk flud temperature (Tp) from Eq. (17).

T,=(T,+T)/2 (17)

In this section, the effects of TiO2/water nanofluids on the heat transfer and thermal performance factor
characteristics are reported. The results of water (the base fluid) in the plain tube are also reported for
comparison for bpoth parallel and counter flows.

Firstly, the heat transfer results of the present tube will be presented for parallel flow by comparing the
Nusselt numbers with those obtained from using of Dittus-Boelter and present friction factors with those
obtained from Petukhov correlation [47] and Blasius TiO2/water nanofluids correlation [47].

Parallel Flow

160

120

100

80

Nu

.

60 + Nu (Base Fluid)
B

Nu Tio2 (2%)

40

NU Tio2 (3%)

20 . NU Tio2 5%

o 5000 10000 15000 20000 25000
Re Number

Figure 4: Effect of nanofluid concentration on heat transfer rate [Nul for parallel flow.

The heat transfer result in Fig. 4 indicates that Nusselt number (Nu) consistently increased with increasing
Reynolds number for the parallel flow. At a given Reynolds number, the addition of Tio2 nano particles
had higher than the base fluid. The superior heat transfer of this case can be attributed to the 5% Tio2
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nanofluid for most of RE range which means that increasing the swirl flow inside the tube. It was also
found that heat transfer increased as the tio2 nanofluid concentration increased. As indicated by Nusselt
number ratio (Nu base nanofluid /Nu base fluid), for 2%, 3 % and 5 %, respectively resulted in heat
transfer enhancement of 30 % , 45 % and 50 % of the plain tube. To assess the effect of twisted tape
modification,Obviously, all tested concentration of the nanofluid gave better heat transfer than base
fluid. This can be explained by the fact that the dual swirl flows generated by the addition of the nanofluid
give better fluid mixing and more efficient thermal energy performance than the base fluid for parallel
flow. The maximum nusslet number is 147 at RE 2000 for the 5 % tio2 nanfluid.
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Figure 5: Effect of nanofluid concentration on heat transfer rate [Nu] for counter flow.

The heat transfer result in Fig. 5 indicates that Nusselt number (Nu) again consistently increased with
increasing Reynolds number for the counter flow. At a given Reynolds number, the addition of Tio2 nano
particles had higher than the base fluid. The superior heat transfer of this case can be attributed to the
5% Tio2 nanofluid till RE reaches 15000 which means that increasing the swirl flow inside the tube. After
Re equals 15000, the heat transfer for 3% Tio2 nanofluid is more than that of 5 % Tio2. It was also found
that heat transfer increased as the tio2 nanofluid concentration increased. As indicated by Nusselt
number ratio (Nu base nanofluid /Nu base fluid), for 2%, 3 % and 5 %, respectively resulted in heat
transfer enhancement of 32 % , 48 % and 52 % of the plain tube. All tested concentration of the
nanofluid gave better heat transfer than base fluid. This can be explained by the fact that the dual swirl
flows generated by the addition of the nanofluid give better fluid mixing and more efficient thermal energy
performance than the base fluid for counter flow. The maximum nusslet number is 150 at RE 2000 for
the 5 % tio2 nanofluid.
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Figure 6: Effect of nanofluid concentration on heat transfer Cofficient [HTC] for parallel flow.

The increase in temperature promoted an increase in the effectiveness (g) of the heat exchanger and the
heat transfer coefficient as can be seen in Fig. 6. This behavior is related to the alteration of the
thermophysical properties of the used nano fluid, influenced by the temperature variation. The increase
of the flow rate showed an increment of 60% in HTC using 5% Tio2 nanofluid with the increase in flow
rate from 0.02 to 0.07 kg /s, while for the water base fluid, this increment was 35%. The figure shows
the variation of HTC concerning the volumetric flow of the fluids. It is also noticed, as expected, the
increment of HTC with the increase of the flow for the use of Tio2 nanofluid compare by the base fluid
for the parallel flow. As indicated by heat transfer coefficient ratio (HTC nanofluid /HTC base fluid), for
2%, 3% and 5%, respectively resulted in heat transfer enhancement of 37%, 53% and 62 % of the plain
tube for the parallel flow.
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Figure 7: Effect of nanofluid concentration on heat transfer Cofficient [HTC] for counter flow.

In the case of of using nanofuids, in the case of water (as well as the other properties of water), Figure 7
shows anincrease in the thermal conductivity concerning the increase in temperature, whichis consistent
with the literature.[44] Increases in thermal conductivity increase the values of the convection heat
transfer coefcient (h), and, consequently, the heat transfer cofficient (HTC) and the efectiveness of the
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heat exchanger (g). Regarding the addition of nanoparticles to double-distiled water, a higher
concentration of nanoparticles (Tio2 Nanofuid) provide anincrease in thermal conductivity concerning the
base fuid with higher temperatures, due to degradation of the surfactant with increasing temperature
[29]. It is noticed also that the increase in the inlet temperature of the hot fuid intensifed the thermal
difusivity and caused a decrease in the viscosity of the fuids; in this way, an increase in the efectiveness
of the heat exchanger as shown in the increase of the heat transfer coefficient.The increase of the flow
rate showed an increment of 65% in HTC using 5% Tio2 nanofluid with the increase in flow rate from 0.02
to 0.07 kg /s, while for the water base fluid, this increment was 40%. The figure shows the variation of
HTC concerning the volumetric flow of the fluids. It is also noticed, as expected, the increment of HTC
with the increase of the flow for the use of Tio2 nanofluid compared by the base fluid for the counter
flow. As indicated by heat transfer cofficient ratio (HTC nanofluid /HTC base fluid), for 2%, 3 % and 5
% , respectively resulted in heat transfer enhancement of 42 % , 58 % and 68 % of the plain tube for the
counter flow.
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Figure 8: Effect of flow behavoir on heat transfer rate [Nu] for Base fluid and Tio2 (5% )

Fig.8 shows the effect of flow behavoir with the addation of 5 % TiO2/water nanofluid on Nusselt number
of the tube. For the studied range, Nusselt number increased with increasing TiO2 concentration and all
TiO2/water nanofluids gave higher Nusselt number than water as the based fluid. The higher heat transfer
by nanofluids arises from: (i) the ability of suspended nanoparticles enhancing thermal conductivity; (ii)
movement of nanoparticles delivering energy exchange. The higher volume concentration of
nanoparticles would increase thermal conductivity nd contact surface, thus increasing heat transfer rate.
The figure also shows that the counter flow give higher Nusselt number than the parallel flow for both the
based fluid and using 5 % TiO2/water nanofluid.This can be explained by the fact that the swirl flows
generated by the counter flow give better fluid mixing and more efficient thermal disruption than the
parallel flow.
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Figure 9: Effect of flow behavoir on heat transfer Cofficient [HTC] for Base fluid and Tio2 (5%)

Fig. 9 depicts the effect of flow behavoir with the addation of 5 % TiO2/water nanofluid on heat transfer
Cofficient [HTC] of the tube. At higher number of flow rate of 0.07 kg/sec, the maximum heat transfer
Cofficient [HTC] increased from 4150 to 4240 for the based fluid (water) when changed from paraalel
flow to counter flow and 4510 to 4550 from parllel flow to counter flow when the based fluid (water)
was replaced by the nanofluids with for TiO2 concentrations of 5%.

The experimental investigation involving TiO2/water nanofluid for both paraalel and counter flow has
unveiled key insights regarding their impact on heat exchanger (HE) performance.
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