2 M processes

Article

Numerical Study of a Heat Exchanger with a Rotating Tube
Using Nanofluids under Transitional Flow

Mohamed A. El-Magid Mohamed !, Andrés Meana-Fernandez 2(”, Juan M. Gonzalez-Caballin >*

Anthony Bowman 3 and Antonio José Gutiérrez-Trashorras

check for
updates

Citation: Mohamed, M.A .E.-M.;
Meana-Ferndndez, A.; Gonzalez-
Caballin, ].M.; Bowman, A.;
Gutiérrez-Trashorras, A.J. Numerical
Study of a Heat Exchanger with a
Rotating Tube Using Nanofluids
under Transitional Flow. Processes
2024, 12,222. https://doi.org/
10.3390/pr12010222

Academic Editors: Vladimir

D. Stevanovic and Ritunesh Kumar

Received: 28 December 2023
Revised: 12 January 2024
Accepted: 15 January 2024
Published: 19 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

2

Department of Mechanical Engineering, College of Engineering, Horus University,

New Damietta 34518, Egypt; m.abdelmagid@hotmail.com

Department of Energy, Escuela Politécnica de Ingenieria de Gijon, Edificio Departamental Este,

University of Oviedo, 33204 Gijén, Spain; andresmf@uniovi.es (A.M.-E);

gutierrezantonio@uniovi.es (A.J.G.-T.)

3 Department of Mechanical Engineering, Marquette University, Milwaukee, WI 53233, USA;
anthony.bowman@marquette.edu

*  Correspondence: gonzalezsjuan@uniovi.es; Tel.: +34-630-509-705

Abstract: Improvements in heat exchanger thermal efficiency are crucial for achieving energy use
and cost reductions. The use of nanofluids and the rotation of the exchanger inner tube may enhance
heat transfer and exchanger efficiency. In this work, after having performed experiments on such
a heat exchanger, a three dimensional numerical model was developed to simulate the transitional
forced convection flow of a horizontal double-tube heat exchanger, with the aim of obtaining insight
into the effects of the inner tube rotation, fluid flow rate and type of nanofluid employed. It was
found that an increase in the nanoparticle concentration up to 3% increased the exchanger efficiency.
Al,O3, Al;03-Cu and Cu-water nanofluids were studied, with the Cu-water being the fluid with
the best performance (19.33% improvement). Heat transfer was enhanced with inner tube rotation
up to 500 rpm (41.2%). Nevertheless, pressure drop and friction values were increased due to
both phenomena, leading to higher pumping power values for the operation of the heat exchanger.
Hence, a balance between the performance and pumping power increase must be considered when
modifications are made on a heat exchanger. The development of the numerical model might help in
further optimizing, redesigning and scaling up heat exchangers.

Keywords: NTU; heat transfer; single-phase flow; hybrid nanofluids; concentric tube

1. Introduction

Improvements in heat exchanger thermal efficiency are crucial for achieving energy
use and cost reductions. Several methods to increase the efficiency of heat exchangers may
be found in the literature. They may be classified into three groups: active, passive and
combined methods. Active methods rely on an external power supply to increase heat
transfer, such as a magnetic field, an assistant mechanical system, injection or surface of
fluid vibration. For instance, Bezaatpour and Goharkhah [1] used a magnetic field swirling
generator to increase convective heat transfer in a double-pipe mini heat exchanger. On
the other hand, passive methods enhance heat transfer through modifications of the fluid
flow or the heat exchanger surfaces, such as rougher surfaces, increases in the contact
area, fluid additives, coiled tubes or swirl flow devices. For example, Forooghi et al. [2]
added a passive insert to a flat-tube heat exchanger to increase heat transfer. Combined
methods take advantage of both active and passive methods, increasing heat transfer rate
with reduced pumping power.

Many studies have shown the potential of fluid additives regarding heat transfer en-
hancement, with Al,Os, TiO; and CuO being recurrent ones. Sonawane et al. [3] performed
an experimental study of the heat transfer characteristics of an Al,Os-water nanofluid
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at a 2% and 3% volume concentration in a concentric tube heat exchanger, finding an
increase in heat transfer with an increase in the concentration. Bahmani et al. [4] studied
the heat transfer and turbulent flow characteristics of a similar nanofluid in parallel and
counter-flow double tube heat exchanger by means of a numerical code, finding that the
addition of nanoparticles to water enhanced the maximum thermal efficiency and average
Nusselt number in 30% and 32.7%, respectively. Experimental studies from Rao et al. [5]
showed that the forced convection of an Al,Oz-water nanofluid at concentrations from
0.1 to 0.4% improved the heat transfer rate by 2.5% in a turbulent regime. Yang et al. [6]
compared the performance of Al,O3 and TiO,-water, finding that the Nusselt number
of TiO,-water nanofluids was higher. Bajestan et al. [7] also found, experimentally and
numerically, that the heat transfer characteristics of a TiO,-water nanofluid are higher than
for raw water, with a maximum enhancement of 21%. CuO-water nanofluids have also
shown an increase in the heat transfer coefficient up to 18-35% with respect to raw water in
the work of Korpys et al. [8]. Cu- and CuO-water based nanofluids have been studied as
well by Yang et al. [6] and Saeedan et al. [9]. However, it has been found that too high of con-
centrations of nanofluids seem to the worsen heat exchanger performance. Duangthongsuk
and Wongwises [10] studied the behavior of a TiO,-water nanofluid with volume fractions
from 0.2-2% in a horizontal double-tube counter-flow, finding that heat transfer coefficient
was enhanced by 26% with respect to raw water in a 1% volume fraction, but it dropped
by 14% with a 2% volume fraction. Other oxides have also shown good heat transfer
properties: Kumar et al. [11] achieved increases of the Nusselt number up to 14.7% with
Fe304, whereas Esfe et al. [12] reported a 21.8% increase with MgO. Likewise, other sub-
stances have been studied as fluid additives, such as carbon nanotubes. Halelfadl et al. [13]
found an enhancement of 12% in heat transfer in a coaxial heat exchanger under a lam-
inar regime. Multi-Walled Carbon Nanotubes (MWCNTs) were studied by Kumar and
Chandrasekar [14], finding an increase in Nusselt numbers up to 30% for 0.6% concentra-
tion values. Nitrogen-doped graphene nanosheets have been also found to increase the
heat transfer coefficient (Goodarzi et al. [15]). Heat transfer and friction factor values of a
TiO,-Poly Vinyl Alcohol (PVA) nanofluid flowing in a plain tube with twisted tape were
experimentally studied by Hazbehian et al. [16]. The general pattern is that nanofluids
enhance the heat transfer rate and increase friction loss. Hybrid nanofluids are another
option to consider. The most common are Al,O3-MgO, Cu-TiO; and Al,Os3-Ag, reaching
enhancements up to 49% in the Nusselt number (Madesh et al. [17]). Finally, another option
to improve the performance of the working fluid is mixing two carriers, such as water and
glycol, as performed by Reddy and Rao [18]. These authors found an increase of 10.73%
in the heat transfer rate with a 60-40% distilled water—glycol mixture when adding 2%
TiO; nanoparticles. The addition of stabilizers, such as cetyl trimethyl ammonium chloride
(CTAC), to the mixture was also found to increase the heat exchanger performance by
Korpys et al. [8], with the same effect observed by Homozi et al. [19] when adding sodium
dodecyl sulfate to a hybrid Al,O3-Ag nanofluid.

Modifications of the heat exchanger geometry have also contributed to enhancing its
thermal performance. Helical and longitudinal fins were studied by El Maakoul et al. [20],
finding a better improvement (24%) with helical fins due to their higher surface area. Ro-
tated inclined elliptical inserts were found to increase heat transfer rates up to 30.7%
by Nakhchi et al. [21]. Perforated twisted turbulators also increase the overall heat
transfer in a heat exchanger (Vaisi et al. [22]). Depending on the perforation shape (cir-
cular, square, rectangular, diamond or triangular), heat transfer increases accordingly
(20.8%, 15%, 11%, 8.7%, 5%). The insertion of a V-winglet tape in the exchanger has also
shown an enhancement, with the V-down configuration being more efficient than the
V-up one (Promvonge et al. [23]). The effect of a trapezoidal twisted tape was studied by
Murali et al. [24], finding an increase of 78.6% in the heat transfer rate with respect to a
plain tube. Watel et al. [25] studied convective heat transfer from the central fin of a rotating
finned tube. Finally, Aliabadi and Feizabadi [26] found an enhancement of the heat transfer
coefficient of 26.3% with a twisted tape.
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The combination of geometrical modifications and nanofluids seems to increase the
heat exchanger performance to a higher degree. For instance, Singh and Sarkar [27]
combined tapered wire coils and an Al,O3-MgO hybrid nanofluid; Karimi et al. [28] used
twisted tape inserts with different pitch ratio values and an Al,Os-water nanofluid, finding
promising results. Darzi et al. [29] used a helical corrugated tube and Al,O3 at a 4%
concentration to increase heat transfer by a factor up to 3.31. Qi et al. [30] studied a TiO;-
water nanofluid with smooth and corrugated tubes, finding an improvement in the heat
transfer up to 14.8%, but at the cost of higher pressure drop values up to 6.5%. When
inserting single- and double-strip helical screw tapes in a tube, Chaurasia and Sarviya [31]
were able to increase the Nusselt number in 170 and 182%. Nakhchi and Esfahani [32]
were also able to increase the Nusselt number and friction factor with perforated circular
tubes with louvered strip vortex generators. A cone-shaped inserted double-tube heat
exchanger with Al,O3 and CuO-water nanofluids was studied by Karuppasamy et al. [33],
finding that Al,O3 had better performance than CuO. Nevertheless, Saedodin et al. [34]
found that CuO had better performance when investigating SiO,-water, TiO,-water, Al,Os-
water and CuO-water nanofluids in a circular tube with a turbulator. Mohamed et al. [35]
compared Al,O3; and Cu-water nanofluids, claiming that the Cu-water nanofluid showed
the best performance.

Active and passive methods may be combined to benefit from both improvements,
as performed by Arzani et al. [36], who used a rotating tube with twisted tape and fins
with a nanofluid. Bahiraei et al. [37] studied a rotating coaxial tube with double twisted
tapes and a biological graphene nanofluid, achieving an increase of 34% in the heat transfer
coefficient at a 3.5 twist ratio and 900 rpm. Nevertheless, the rotation of the tube increased
the pressure drop in the exchanger. Shi and Dong [38] studied laminar convective flow
in a rotating helical tube heat exchanger, finding a decrease in entropy generation due to
heat transfer but an increase due to flow friction. The rotational effect was also studied by
El-Maghlany et al. [39] with a Cu-water nanofluid, finding an increase in the heat exchanger
effectiveness up to 30.7%. Moayedi [40] investigated double rotating cylinders in a vented
cavity with a Cu-water nanofluid, finding that heat transfer was enhanced when both
cylinders rotated in opposite directions, being the mean Nusselt number over 330% of its
original value. Abou-Ziyan et al. [41] reported an enhancement of the Nusselt number
by 7.5 times when using both fins and rotation. Ali et al. [42] also found an increase of
the Nusselt number by almost 5 times with tube rotation, and Jasim et al. [43] were able
to increase heat transfer up to 10.6% with an Al,O3-Cu-water hybrid nanofluid inside a
vented cavity with a rotating cylinder. Although heat exchange was improved in all of
these studies, the pressure drop (and hence the required pumping power) was increased.

When performing numerical simulations of heat exchangers with nanofluids, the
selection of the turbulence closure is important for the accurate prediction of thermal
behavior. The most employed turbulence model for this type of flow is the Renormalized
Group (RNG) k-¢ turbulence model (Saedodin [34]), as it adapts well to different flow
regimes at low Reynolds numbers and with swirl flow. Gomaa et al. [44] were able to
experimentally validate their numerical results using this model for both a double and
triple concentric tube exchanger. They found that the performance of the triple exchanger
was around 1.5 times higher than the double one. Abdollahzadeh et al. [45] simulated
natural convection inside a channel with two parallel vertical plates, finding that k-kL-w
and k-e¢ models were accurate to study transitional flow. Sivashi and Jamali [46] studied a
TiO,-water nanofluid flowing through an annulus with different radii ratio values using
the k-¢ model to verify that heat transfer performance increased with the Reynolds number.
The RNG k-¢ model was used by Ard and Kiatkittipong [47] to study the effect of multiple
twisted tapes with different arrangements and using a TiO, nanofluid, to find that the
counter arrangement offered the best performance. This model was also used by Fattahi [48]
to assess the heat transfer and pressure drop of a hybrid Al,O3-CuO-water nanofluid in
a cylindrical pipe with twisted tape, modeling the fluid as a single phase. A maximum
performance increase of 23% was found at a 2% concentration. YousefiMiab et al. [49]
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used the OpenFOAM solver to create gas pressure reducing stations utilizing an Al,O3
nanofluid in shell and tube heat exchangers, discovering that increasing the shell side
Peclet number and nanoparticle volume fraction increases the total heat transfer coefficient.
Increasing the shell side Peclet number and the nanoparticle volume fraction also resulted
in an increase in pressure loss, which was a disadvantage of the heater’s performance.
Furthermore, Dbouk et al. [50] used CFD modeling to simulate a combined Poiseuille-
Taylor-Couette flow in a multifunctional heat exchanger between two rotating concentric
elliptically deformed annular tubes. It was discovered that the proposed Poiseuille-Taylor—
Couette flow in this heat exchanger’s elliptically deformed concentric tubes can greatly
improve heat and mass transfer at the Reynolds number. Upadhya et al. [51] studied the
effect of using Casson, Micropolar and Hybrid magneto-nanofluids in a suspension of
cross diffusion on entropy generation. They found that the hybrid nanofluid has a higher
temperature profile than micropolar and Casson fluid. The micropolar fluid shows higher
entropy generation compared to the Casson and hybrid nanofluid. Ghazanfari et al. [52]
investigated the influence of nanofluids on twisted tube heat exchanger efficiency using
CFD. They demonstrated that using nanofluids in twisted tubes enhanced heat transfer
while increasing the pressure drop. Sundar and Mouli [53] analyzed the effectiveness
and number of transfer units of Fe304-5iO; hybrid fluids through a plate heat exchanger.
They concluded that increases in the volume concentration and Reynolds number lead to
enhancements in the effectiveness and number of transfer units. Thirumalaisamy et al. [54]
investigated the natural convective flow and thermal efficiency of an electroconductive
ternary nanofluid-filled inclined partially heated rectangular porous cavity under the
impacts of an inclined magnetic field. The results indicated that the average heat transfer
rate is increased by 7.49% when augmenting nanofluids 33.3%.

As a summary, Table 1 collects the main studies found in the literature, according to
the heat exchanger morphology and nanofluid employed.

Table 1. Classification of main studies from the literature according to the heat exchanger morphology
and nanofluid employed.

Author

Heat Exchanger Morphology = Working Fluid Main Results

Bahmani et al. [4]

Concentric tube Al,Oz-water Increasing the maximum
thermal efficiency and the
average Nusselt number by

30% and 32.7%, respectively.

Saeedan et al. [9]

The heat transfer coefficient
and pressure gradient were
increased.

Double-pipe helically baffled Cu, CuO and carbon nanotube

Kumar and Chandrasekar [14]

MWCNT-water The Nusselt number increased
by 20, 24 and 30% for 0.2, 0.4

and 0.6% concentrations.

Double helically coiled tube

Murali et al. [24]

The heat transfer rate
increased by 78.6%.

Trapezoidal twisted tape Fe30y4

Watel et al. [25]

Air The convection of heat
transfer was enhanced due to
the rotation for each

spacing fin.

Rotating finned tube

Singh and Sarkar [27]

The Nusselt numbers inreased

Tapered wire coils in a double
tube

Al,O3-MgO hybrid nanofluid

by 84, 71 and 47%.

Qi et al. [30]

Corrugated double tube

TiO,-water

Improving the heat transfer
rate by a 14.8% at 0.5%
volume concentration and a
higher pressure drop that
increased by 6.5%.
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Table 1. Cont.

Author

Heat Exchanger Morphology

Working Fluid

Main Results

Chaurasia and Sarviya [31]

Double and single strip helical
screw

CuO-water

The Nusselt number was
enhanced by 182 and 170%
with the nanofluid for the
double and single screw tapes.

Saedodin et al. [34]

Twisted turbulator

SiOz, A1203, CuO and TiO2

The use of the turbulator
increased the heat transfer
rate and the CuO-water
nanofluid had a higher heat
transfer than the other
nanofluids.

Bahiraei et al. [37]

Rotating coaxial tube with
double twisted tapes

Graphene nanoplatelet (GNP)

Rotation of the tube improved
the heat transfer coefficient
and increased the

pressure drop.

Shi and Dong [38]

Rotating helical tube

Water

A decrease in entropy
generation due to heat
transfer and an increase in
entropy generation due to
flow friction.

El-Maghlany et al. [39]

Rotating inner tube

Cu-water

NTU was increased by 51.4%
and the exchanger
effectiveness by 30.7%

Moayedi [40]

Double rotating cylinders in a
vented cavity

Cu-water

Heat transfer was enhanced
when the cylinders rotated
and the mean Nusselt number,
when cylinders rotated, was
enhanced by 331.95%.

Ziyan et al. [41]

Rotating inner pipe with
helical fins

Air

The Nusselt number for both
fins and the rotation were
enhanced by about 7.5 times
compared to those with the
stationary plain pipe.

Siavashi and Jamali [46]

Annulus with different radius
ratios

TiO,-water

The performance increased
with an increase in the
Reynolds number at a radius
ratio 0.2, 0.4 and 0.6 compared
to that of 0.8.

Ard and Kiatkittipong [47]

Multiple twisted tapes

TiO,-water

Twisted tapes in counter
arrangement had a higher
thermal performance than
that in co-counter.

Fattahi [48]

Cylindrical pipe

AlyO3-CuO-water hybrid

The Nusselt number at
¢ =0.02 and ¢ = 0.04 was
increased by 23% and 20%.

As it has been observed after checking the reference sources, focus has been mainly
set on the flow behavior and the thermal performance of nanofluids under laminar and
turbulent flow conditions. It appears that the effects of active tube rotation in the heat
exchanger on its performance with different nanofluids under Reynolds numbers associated
with transitional flow have not been completely discussed. Hence, in this work, the
aim is set in combining both active and passive methods for the enhancement of heat
transfer. After having performed experimental tests, a CFD analysis was performed to
understand the involved phenomena to a higher degree. Thus, a numerical model for the
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simulation of transitional forced convection flow inside a horizontal rotating tube in a heat
exchanger has been developed. The main objective is to understand the effects of inner
tube rotation and fluid flow rate on the hydrothermal performance of the exchanger and
compare the performance of Al,O3, Cu and hybrid Cu-Al,O3 water-based nanofluids. The
effects of changing the tube rotational speed, as well as the nanoparticle concentration,
on the effectiveness of the exchanger and the pressure drop that must be balanced by an
increasing pumping power are also investigated and discussed. The development of the
model might also be helpful for further optimizations, redesigning and scaling up similar
heat exchangers.

2. Numerical Model
2.1. Geometry

A 3D model of the double-tube heat exchanger was developed with the aim of studying
the effect of the inner tube rotation at different speeds, from 0 to 500 rpm, as well as
the behavior of different working cold fluids: water, Al,Os-water nanofluid, Cu-water
nanofluid and Al,O3-Cu hybrid nanofluid. Figure 1 shows a view of the geometrical model.

i " Pressure - Qutlet (Co\d)
——¢8 x Z“_/ Velocity - inlet (Hot )
Velocity - inlet (Co‘d)—__:;’\
Pressure - Qutlet (Hot) — \
Moving wall

Figure 1. Schematic view of the double-tube heat exchanger geometry and boundary conditions.

The heat exchanger length was 1200 mm. The diameters of the inner (di) and outer
tubes (Di) were 25.4 and 76.2 mm, respectively. Their thickness value was 2 mm. Inner
tubes were made of high-thermal-conductive copper, while the outer tube was made of
transparent Plexiglass. Details of the exchanger insulation may be found in [39].

2.2. Boundary Conditions

Simulations were performed under different conditions. The Reynolds number of the
circular annulus for the cold fluid Re. ranges between 2473 and 4947. This number was
calculated based on the different cold fluid properties at different volume concentrations: 1,
2 and 3%. The Reynolds number of the hot fluid, hot water, flowing through the inner tube,
Rey¢, was fixed at 9780. Inlet temperature of nanofluids and hot water were fixed at 301 K
and 333 K, respectively. The outer tube was assumed to be a stationary insulated wall. The
speed of the rotating inner tube of the heat exchanger was fixed at the following values: 0,
100, 200, 300, 400 and 500 rpm, depending on each particular case. Non-slip wall conditions
were applied to the surfaces of both tubes. A velocity-inlet condition was applied at the
inlets of the inner tube and the annulus, with values specified depending on the flow rate.
Finally, the pressure-outlet boundary condition was applied to both tube outlets. As it may
be appreciated in Figure 1, the double-tube heat exchanger under study has a counter-flow
configuration, with Reynolds numbers in the range of transitional flow.

2.3. Governing Equations

Forced convection flow equations were employed to study the flow and heat transfer
performance of the nanofluids through the double-tube heat exchanger. The flow was
considered incompressible, steady-state and homogeneous. With these assumptions, the
single-phase approach for the nanofluids was adopted. The validity of this approach has
been confirmed in the literature [31,37]; additionally, it reduces simulation time with a
reliable accuracy compared to the two-phase approach. The finite volume method was used



Processes 2024, 12, 222 7 of 29

to discretize and solve continuity, momentum and energy equations in the computational
domain based on a Reynolds-Average Navier-Stokes (RANS) model.
The continuity equation is as follows:

d(pu;)
ox; =0 (1)

where x; is the Cartesian coordinate in the i-direction, u; is the mean component of velocity
in the i-direction and p is the fluid density.
The momentum equation is as follows:

ouiu;)  3ap 2 [y (aui 8uf>

aX]' + ax,«

d ——
o, ~an; + ax; + 5= (—puju;r) )

ax]'

where p is the pressure, y is the dynamic viscosity and (—p uju;/) are the Reynolds stresses.
The energy equation is as follows:

V(?(pE—FP)) = V'(keffVT_Zjhj ?]‘—F (Tgf'?)) 3)

where k, ff is the effective conductivity k + k;, where k; is the turbulent thermal conduc-
—
tivity), ] ; is the diffusion flux of species j and h is enthalpy, and where ks VT is energy

- -
transfer due to conduction, Y hi ] j is species diffusion and ¢ f-? is viscous dissipation.
E=h-— % +Z 4)

The turbulent viscosity u; was calculated as follows:
K2
pe=pCu— 6)
where k is the turbulent kinetic energy and ¢ is the dissipation rate.
The turbulent kinetic energy equation (k) is as follows:

dpku) _ 3 a* )
ox; oy \MMerray; | TORTE ©)

The turbulent energy dissipation equation (¢) is as follows:

d(peu;) 0 de € €2
ox, ax \Heffay, | TGO Capp —Re 7

where Gy is the generation rate of turbulent kinetic energy due to mean velocity gradients
and is given as follows:

Gr = —p = ®)
The effective turbulent viscosity s is given by the following:
MPeff = W+t ©)
The constants used in the above equations were selected as in [48]:

ap = 1.39, a, = 139, C, = 0.0845, Cj = 1.42, Cp = 1.68
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where a and «, are the inverse effective turbulent Prandtl numbers for k and e.

2.4. Thermophysical Properties of Fluids

Nanofluids have been considered as incompressible fluids with constant physical
properties. Their properties have been evaluated considering the different nanoparticle
volume concentrations with specific correlations. Table 2 collects the thermophysical
properties of pure water and the different nanoparticles studied.

Table 2. Thermophysical properties of pure water and nanoparticles at an ambient temperature and
atmospheric pressure.

Physical Properties p (kg/m?3) ¢p (J/kg-K) k (W/m-K) u (Pa-s)
Pure water [55] 997.1 4179 0.6 0.001
Al,O5 [55] 3970 765 36 -
Cu [55] 8933 385 385 -

The effective density of a particular nanofluid is given by Equation (10) [55]:

pnf = (1= @)ps + Pps (10)

where ¢ is solid volume fraction.
And its specific heat is obtained from Equation (11) [55]:

(cp)up = (1= ¢)(pcp) f + ¢ (pcp), (11)

The effective thermal conductivity of a nanofluid is given by Equation (12) [55]:

(12)

=k, ks + 2k + 26 (ks kf)]

ks + 2y — (ks — Ky )

The effective dynamic viscosity of the nanofluid is obtained from Equation (13) for
(d) S 50/0)2
pnf = (1+2.5¢) 1 (13)

For hybrid nanofluids, the effective density for two-mixture nanoparticles is estimated
using Equation (14) [56]:

Pinf = Ps10s1 + Ps20s2 + (1 — ) py (14)
where the volume concentration for hybrid nanofluids is calculated from Equation (15) [56]:

Pn = P51+ Ps2 (15)

Consequently, the effective heat capacity of the hybrid nanofluid is estimated using
Equation (16) [57]:

(Pcp)hnf = Ps1051Cp51 + Ps2psaCps2 + (1 — 4’h)Ppr,f (16)
The effective dynamic viscosity of hybrid nanofluids is obtained from Equation (17) [57]:
g = (12501 + 6207 ) g (17)

And the effective thermal conductivity of a hybrid nanofluid with the modified
Maxwell model is estimated using Equation (18) [57]:
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S kS S. kS
knng = kg %41’%"?“ +2kg + 2(¢sikst + dsoks2) — 2naky
ne s1ks1 +soks

% + 2kf — (‘Pslksl + 4)52](52) + (Phnfkf

(18)

Table 3 shows the thermophysical properties of the studied nanofluids at different
concentration values (1, 2 and 3%). As it may be observed, the addition of nanoparticles
affects the density, specific heat, conductivity and viscosity in the nanofluid. The maximum
increase in density was around 24% with respect to the original (pure water) value, whereas
the maximum decrease in specific heat was 19.6%. Thermal conductivity increased up to

109.2% of its original value, while dynamic viscosity was reduced to a maximum value
of 8%.

Table 3. Thermophysical properties of nanofluids for different concentrations calculated from
Equations (10)—(18).

Nanofluid $=1% ¢ =2% ¢ =3%
Properties A1203 Cu A1203-Cu A1203 Cu A1203-Cu A1203 Cu A1203-Cu
0 (kg/m3) 1026.829 1076.45 1051.644 1056.558 1155.8 1106.188 1086.287 1235.1 1160.732
Cp (I/kg-K) 4047 3864.19 3953.42 3922.43 3592.6 3750.09 3804.69 3358.39 3565.896
k (W/m-K) 0.61729 0.6181 0.6180 0.6349 0.63656 0.63641 0.65289 0.6554 0.6551

u (Pa-s) 0.001025 0.001025 0.00102562 0.001050 0.001050 0.00105248 0.001075 0.001075 0.00108058

2.5. Numerical Method and Validation

The numerical model was implemented using ANSYS-FLUENT 15.0 software. The
equations for momentum, turbulent kinetic energy, the turbulent dissipation rate and
temperature were solved with a second-order upwind scheme. The SIMPLE algorithm
was used for the pressure-velocity coupling. Thermal equilibrium was assumed between
the nanoparticles and the base fluid, as well as the same velocity. This allowed for the use
of a homogeneous single-phase model. The renormalized group (RNG) k-¢ turbulence
model was selected. According to the results from Gomaa et al. [44], the Reynolds numbers
reached in this study with the rotating tube and swirl flow justify the selection of this model
for the closure of turbulence, as it has been proved to be suitable for such low Reynolds
numbers with swirl flow. Near-wall zone criteria with an enhanced wall treatment were
considered. Finally, residual convergence criteria were set to 10~° for continuity and
momentum equations and 10~° for the energy equation. The simulation time took around
12 h for a fixed tube case and 72 h for a rotating tube case.

2.6. Grid Independence Study

A grid independence study was performed to verify the accuracy of the numerical
results. Mesh sensitivity tests were conducted for the concentric double heat exchanger
with water as a base fluid at a Reynolds number Re ¢ = 2473 and an inner tube rotational
speed of 0 rpm. A combination of a hexahedral and tetrahedral cell was used to generate
the mesh, as shown in Figure 2. The relevant parameters to perform the grid independence
study were considered to be the number of transfer units (NTU) and the pressure drop.
Figure 3 shows the results of the grid independence study. It may be appreciated that the
grid with 1,835,524 cells, with an error around 0.81% for the NTU, was accurate enough for
the purposes of this study.

2.7. Experimental Validation

Additionally, a comparison between the numerical simulations and the experimen-
tal results available for the double-tube heat exchanger was performed to validate the
numerical results. The NTU, the pressure drop for water and the Cu-water nanofluid
at (¢) = 3% transitional flow through a horizontal concentric tube heat exchanger were
compared with the results from El-Maghlany et al. [39]. Figure 4 shows that the numerical
results agree consistently with the experimental results, with a maximum deviation of the



10 of 29

Processes 2024, 12, 222

RN
AR
RN
AR IN
IR
\ ///////4444452
AR

AN
//

BRI
,//N///// %Wéﬂﬂ%ﬁ/ﬁ?ﬁ&
IR

water and the Cu-water nanofluid, respectively, at rotational speed (0 RPM). For rotational

speed (500 RPM) at (¢) = 3% for the Cu-water nanofluid, the maximum deviation of NTU
was 3.14%. These results confirm the suitability of the developed numerical model for the

speed (0 RPM); for the pressure drop, the maximum deviations were 4% and 3.62% for
purpose of this study.

NTU of 4.3% and 4.88% for water and the Cu-water nanofluid, respectively, at rotational

Figure 2. Mesh configuration of the double-tube heat exchanger.
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Figure 3. Grid independence study at Re ¢ = 2473.
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Figure 4. Experimental validation of (a) NTU at RPM = 0, (b) pressure drop at RPM = 0 and (c¢) NTU

at RPM = 500.

3. Data Processing

The results obtained from the simulations are processed to calculate variables of
interest. The equations employed for such calculations are the following:
Heat lost from the hot fluid was obtained using Equation (19).

th =My f Cppf (Thf,i - Thf,o)

Heat absorbed by the cold fluid was obtained using Equation (20):

ch = mcf Cpcf(ch,o - cf,i)

The average heat transfer rate was calculated using Equation (21):

(19)

(20)
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~ Quf +Q
Qavg = ! P 2l (21)
The overall heat transfer coefficient was estimated using Equation (22):
szg
U= ——"—"" 22
As ATlog ( )

where AT prp is the logarithmic mean temperature difference, calculated using Equation

(23):
(Thf,o - ch,i) - (Thf,i - ch,o)

ATjpe = o (23)

lTl hf,0 Cf,l)

(Tasi~Tego)

The number of transfer units, NTU, was obtained using Equation (24):
u AS QIZUg

NTU = = 24
Cmin ATlog Crmin @

where c,,;,, is the smaller of the heat capacity values of the hot and cold fluids, which were
calculated from Equation (25):

Cmin = min(ch, CC) with Ch = mhf-cp,hf/ C.= l’f'ncf.Cp/Cf (25)
The effectiveness was calculated using Equation (26):

1 —exp[—NTLI(l - C—)]

Cmax

s it exp [~ NTU (1 — &t )] 20
Hot and cold fluid Reynolds numbers were obtained using Equation (27):
Reys = Pnfunfidi ; Regs = PcfitefiDy 27)
Hnf Hef
where the hydraulic diameter was calculated using Equation (28):
Dh = Di — do (28)

The pumping power required for the exchanger was calculated from Equation (29) [37]:

W= (V Ap)cf + (V Ap)hf (29)

where Ap (Pa) is the pressure drop, and V is the volumetric flow rate (m3/s).

4. Results and Discussion

This section presents the results obtained for the water, Al,O3-water nanofluid, Cu-
water nanofluid and Al,O3-Cu hybrid nanofluid through the double-tube heat exchanger at
different volume concentration values ($) of 1, 2 and 3% and different inner tube rotational
speeds of 0, 100, 200, 300, 400 and 500 rpm. The cold fluid Reynolds number Re s ranged
between 2473 and 4947 and the hot fluid Reynolds number Rey,s was fixed at 9780.

4.1. Flow Analysis

Figure 5 shows the streamlines colored by velocity magnitude at Re.¢ = 2473 for water
at different inner tube rotational speed values. In Figure 5a, the flow pattern is mainly in the
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axial direction, with smooth velocity streamlines at 0 RPM. However, as the rotating speed
increases (Figure 5b—d), the flow has both axial and rotational components. These flow
patterns are thought to enhance convective heat transfer, due to the continuous disturbance
of the boundary layer and generation of swirling. Greater angular velocities change the
flow direction significantly, forcing the flow to encircle the tube and resulting in longer
paths, as shown in Figure 5d at 500 RPM. This increase in rotational speed leads to more
turbulence and warping of the flow around the tube, a fact known to enhance heat transfer.

Velocit
Streamline

F 6.631e-001

4.974e-001
3.316e-001

1.658e-001

0.000e+000
[m s?-1]

Figure 5. 3D streamlines in the double tube with different rotational speeds at Re s = 2470 (a) 0 RPM,
(b) 100, (c) 300 RPM and (d) 500 RPM.

4.2. Number of Transfer Units (NTU)

Figure 6 shows the number of transfer units (NTU) as a function of the Reynolds
number and rotational speed for the different nanofluid types and concentrations, obtained
from Equation (24). An increase in the NTU may be found with higher Reynolds numbers
and inner tube rotational speed values. Comparing the three nanofluids, the Cu-water
nanofluid displays the best behavior, with the Al,O3-water nanofluid being the least effec-
tive for heat transfer. The increase in the nanoparticle concentration from 0 to 3% and the
rotational speed from 0 to 500 rpm contribute to higher heat transmission values, increasing
the efficiency of the heat exchanger for all nanoparticle types. The significant positive
effect of the rotational speed on the convection heat transfer coefficient may be ascribed
to the swirling flow that arises and is reinforced with increasing speeds. Additionally,
comparing the results obtained with the different nanofluids and raw water, the benefits of
incorporating nanoparticles are apparent, as the NTU increases substantially. Considering
only the rotational effect, a mean increase in the NTU of around 0.146 when increasing the
rotational speed from 0 to 500 rpm in pure water has been observed. When considering
only the addition of nanoparticles, the mean increase in the NTU was found to be 0.078 for
the addition of Cu nanoparticles at a 3% concentration. When both effects were combined,
the mean increase in the NTU was found to be 0.300, hinting at possible constructive
interference between the effects of the increase in rotational speed and the addition of
nanoparticles to water.

The NTU for the Cu-water nanofluid was higher than that for the Al,O3-Cu hybrid
nanofluid and the Al,Oz-water nanofluid. For instance, at a 1% volume concentration
and 500 rpm, the NTU was improved by around 46.9, 43.8 and 41.5%, respectively, for
the Cu-water nanofluid, the Al;O3-Cu hybrid nanofluid and the Al,Os-water nanofluid
compared to raw water at 0 rpm when Re. = 2473. At Re s = 4946, the same effect was
observed, with NTU being enhanced by 46.1 (Cu), 42.6 (hybrid) and 36% (Al,O3), as shown
in Figure 6a—d. Figure 6e—g show an NTU enhancement of 62.4 (Cu), 53.2 (hybrid) and
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NTU

NTU

41.62% (Al,O3) at Re.¢ = 2473 at a 2% concentration and 500 rpm compared to raw water
at 0 rpm. Similarly, at Re s = 4946, the maximum NTU improvement was 55.1 (Cu), 43.5
(hybrid) and 40.6% (Al,O3). As depicted in Figure 6h—j, the increase in the nanoparticle
concentration to 3% and the inner tube rotation to 500 rpm achieved a maximum NTU
enhancement at Re s = 4946 of 66.7 (Cu), 56.8 (hybrid) and 47.3% (Al,O3) with respect to
raw water at 0 rpm. Hence, it seems that the Cu-water nanofluid was the most efficient
one in terms of performance improvement. A particular detail may be commented about
in Figure 6j, where it seems that Cu nanoparticles, at 500 rpm, might reach a maximum
efficiency at a cold fluid Reynolds value below 5000, suggesting that further increases in its
value could not result in a higher efficiency. This effect should be investigated in detail in

future research.
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Figure 6. NTU variation for different types of nanofluids at different concentrations (¢).
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4.3. Effectiveness

Heat exchanger effectiveness (¢) values, obtained as a function of Reynolds from
Equation (26), are shown in Figure 7. Decoupling the effects of rotational speed and the
addition of nanoparticles, it has been observed that the mean increase in effectiveness is
around 7.5% when increasing the rotational speed from 0 to 500 rpm for pure water. The
addition of Cu nanoparticles at a 3% concentration without inner tube rotation, on the other
hand, causes a mean increase of around 4.2%. Constructive interference becomes apparent

again, reaching mean increase values of 14.1% when both actions are combined.
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Figure 7. Effectiveness variation for different types of nanofluids at different concentrations (¢).
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The independent effects of both actions may be seen in Figure 7a—c, where the addition
of the Cu-water nanofluid in 1, 2 and 3% concentrations improves effectiveness without
any rotation of the inner tube. At Re. = 4946, the improvement was 5.2, 6.9 and 13.4%,
respectively, compared with pure water. Maximum enhancement, nevertheless, arises
from the combination of the nanofluid and inner tube rotation, reaching a 41.2% with a 3%
concentration and 500 rpm. For the Al,O3-water nanofluid with 1, 2 and 3% concentration
values at 0 rpm, as shown in Figure 7d—f, the enhancement was only 3.6, 4.5 and 8.7%,
respectively. In this case, maximum enhancement occurred at a 3% concentration and
500 rpm and was equal to 30.6%. The improvement caused by the addition of the hybrid
nanofluid with 1, 2 and 3% concentrations is shown in Figure 7g—i, where the enhancement
at 0 rpm is equal to 3.9, 5.1 and 10.7%, respectively, when compared to raw water, reaching
a maximum improvement at 500 rpm equal to 35.9%.

4.4. Effect of Rotational Speed at Higher Reynolds Numbers

It could be thought that the relative low Reynolds numbers in transitional flow, which
entails low linear fluid velocities, could lead to an overestimation of the effect of rotational
speed on the improvement of the heat exchanger. Hence, additional simulations at higher
Reynolds numbers (10,500 and 14,000) were performed with water and the Cu-water
nanofluid at a 3% concentration, to check if the effect of rotating the inner tube is still
determining at those Reynolds numbers. The rotational speeds chosen were 0 and 500
rpm, to cover the range used in the previous simulations. The results, collected in Table 4,
show that the increase in the Reynolds number indeed increases the effectiveness of the
heat exchanger, but that the effect of increasing the rotational speed seems to be relatively
independent of the Reynolds number.

Table 4. Heat exchanger effectiveness as a function of the Reynolds number and rotational speed.
Results for water and Cu-water at ¢ = 3%.

Water Cu-Water at ¢ =3%
Reynolds ¢(ORPM) £(GOORPM)  A:  ¢(ORPM)  &(500RPM)  Ae
Number
2473 0.247 0.317 0.070 0.275 0.371 0.096
3092 0275 0.350 0.075 0.316 0.412 0.096
3712 0.306 0.373 0.067 0.346 0.449 0.103
4331 0.329 0.410 0.081 0.382 0.487 0.105
4946 0.353 0.436 0.083 0.401 0.499 0.098
10,500 0.370 0.439 0.069 0.425 0.517 0.092
14,000 0.426 0.499 0.073 0.461 0.537 0.076

4.5. Local Heat Transfer Coefficients

Figure 8a-1 shows the evolution of the local heat transfer coefficients for the inner
and outer fluids. For all the studied cases, the heat transfer coefficient was higher for
the hot fluid than for the cold one. It may be observed that the heat transfer coefficient
becomes higher at the hot fluid inlet and then drops down as the hot fluid cools down and
the cold fluid is heated up. The addition of nanoparticles increases both the heat transfer
coefficients, mainly as the results of the changes in fluid properties. The effect of inner tube
rotation seems to increase the heat transfer coefficients to a higher degree, mainly due to
the induced turbulence by the fluid swirl motion. Again, the best performance was found
when Cu-nanoparticles were added to a 3% concentration and the inner tube was rotated at
500 rpm. It may be appreciated that the thermal boundary layer is not fully developed until
almost the end of the tube, considering that full development is not reached while there
are still appreciable changes in the heat transfer convection coefficient. This fact hints at
the idea that the heat exchanger length could be extended to profit from the relatively high
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heat transfer coefficient values that are reached at high rotational speeds and nanoparticle
concentration values.
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4.6. Pressure Drop

Furthermore, the advantages of nanofluids and inner tube rotation should not conceal
their drawbacks, which should be considered when designing a heat exchanger in order
to minimize energy consumption and design the most efficient exchanger. Increases in
the pressure drop may lead to a waste of the beneficial effects of nanofluids and rotation.
Figure 9a—-i shows the pressure drop of the double-tube heat exchanger, which increases
with the volume concentration of the nanofluid. The concentration increase leads to
an increase in the nanofluid viscosity, resulting in an increase in friction. The ultimate
consequence is the increase in the pressure drop. Additionally, as it may be appreciated in
Figure 9, the increase in the inner tube rotational speed leads to an increase of the pressure
drop, due to the increased fluid velocity. The magnitude of this increase may reach up to
156.3% for the Cu-water nanofluid at Re s = 4946 and a 3% concentration at 500 rpm with
respect to pure water at 0 rpm, as shown in Figure 9b. Figure 9d-f show the results for the
Al,Os-water nanofluid under the same conditions, where the maximum pressure drop was
104.77%. Similarly, for the hybrid nanofluid, the pressure drop increased up to 124.6%, as
shown in Figure 9g—i.
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Figure 9. Pressure drop of the double-tube heat exchanger as a function of the volume concentration

and rotational speeds for different nanofluids.
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The decoupled effects of tube rotation and nanoparticle addition have been studied
as well, finding a mean increase of 37.71 Pa when increasing the rotational speed from 0
to 500 rpm in pure water and a mean increase of 12.70 Pa when adding Cu nanoparticles
to a 3% concentration with respect to pure water. The beneficial effect of combining the
two actions results here in a further increase in the pressure drop, which reaches up to an
average value of 64.95 for 500 rpm and a 3% Cu nanoparticle concentration.

Finally, Figure 10 shows the pressure evolution along the exchanger tube that accounts
for friction losses at the maximum rotational speed studied. This increase becomes apparent
due to the changes in the fluid behavior, affected by the swirl motion, as well as fluid
properties, mainly the increase in density. Nevertheless, the order of magnitude of the
pressure losses is several orders below the working pressure of typical heat exchangers, so
the small increases in pressure losses found do not seem to pose a serious problem for heat
exchanger operation.

150
(|)=30A) -®-- water
135 \ -m- ALO;
120 ) N, --a-- AlLO3;-Cu
‘\\ . --¥-- C
1055 u
RN
;? 90 . ‘
75 0w
% S :\\.\ . B 3
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Figure 10. Pressure drop of cold fluid in the double-tube heat exchanger at Re s = 4946 and 500 RPM
along tube.

4.7. Pumping Power

As a consequence of the increase in the pressure drop, due to the nanofluids and
inner tube rotation, the heat exchanger might require a higher pumping power. Equation
(28) has been used to quantify the required external energy. Figure 11 shows the results
of the pumping power required by the heat exchanger as a function of the nanofluid
volume concentration and inner tube rotational speed at Re s = 4946 (Re.¢/Rey¢ = 0.5058)
for the three nanofluids studied. It may be appreciated that the increase in the nanoparticle
concentration leads to an increase in the pumping energy, mainly as a result of the increased
fluid density. Meanwhile, the increase in rotational speed leads to an increase in the
pumping power. However, the values of pumping power, lying in the order of magnitude
of 0.1 W, should not pose a high requirement in the pumps attached to the heat exchanger.
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Figure 11. Pumping power required by the double-tube heat exchanger in terms of the volume
concentration for various rotational speeds at Re s = 4946 (a) Cu, (b) Al,O3, () Al,O3-Cu.

To provide a better insight into the improvement achieved regarding heat transfer with
respect to the given pumping cost, the ratio of average heat transfer (Equation (21)) and
pumping power (Equation (28)) has been plotted in Figure 12a—c. As it may be observed,
the values for the Cu-nanofluid are the highest among all the nanofluids tested, obtaining
higher heat transfer values per unit pumping power. An increase in the nanoparticle con-
centration benefits the heat transfer-to-pumping power ratio. The increase in the rotational
speed, however, only increases this ratio at low rotational speed values, suggesting that
speeds over 500 rpm would not be beneficial in terms of this parameter.
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Figure 12. Ratio of average heat transfer and pumping power (a) Al,O3, (b) Al;O3-Cu, (c) Cu.

5. Conclusions

In this work, after performing experimental tests in a horizontal double-tube heat
exchanger under the transitional forced flow, a three-dimensional numerical model was
developed to simulate the thermal and flow behavior, with the aim of obtaining further
insight into the effects of the inner tube rotation, the fluid flow rate and the type of nanofluid
employed. The different contributions from the increase in the rotational speed and the
addition of nanoparticles to the change in the number of transfer units, effectiveness
and pressure drop in the heat exchanger were studied. It was found that the number
of transfer units and the effectiveness of the heat exchanger increased with an increase
in the nanoparticle concentration (from 0 to 3%) and the rotation of the heat exchanger
inner tube (from 0 to 500 rpm). Considering the type of nanoparticle employed, the
Al,O3-water nanofluid showed better thermal performance values than raw water, with
a maximum 12.4% improvement, but lower than the Al,O3-Cu hybrid nanofluid, with
a maximum 15.34% improvement. The best performance was shown by the Cu-water
nanofluid, improving the performance with respect to raw water up to 19.33%. When
the rotational effect of the inner tube was added, the performance was increased by 47.3,
56.8 and 66.7% for the Al,O3, the hybrid and the Cu nanofluids at a 3% concentration,
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respectively, when rotating at 500 rpm. The effectiveness values were improved as well by
30.6, 35.9 and 41.2%, respectively. Nevertheless, the pressure drop along the heat exchanger
was affected by these two actions, reaching maximum increase values of 104.77, 124.6
and 156.3%, respectively, compared to pure water with no rotation. This increase in the
pressure drop and friction caused by the higher rotational speed and the density increase
in the nanofluids, due to the higher concentration values, led to higher pumping power
values required to operate the heat exchanger. Nevertheless, the maximum pumping power
was found to be in the order of 0.1 W, so that should not pose great problems for normal
pump operation.

The numerical model developed in this work might also help in further optimizing,
redesigning and scaling up similar heat exchangers. Finally, from the results of this work,
future research could consider an evaluation of the effects of different fin designs to enhance
heat transfer in the exchanger. The use of multi-phase models for nanofluids with increasing
concentrations could be also considered.
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Nomenclature

s Heat transfer surface area: m?

c Heat capacity rate, W/K

cp Specific heat capacity, ] /kg K

D Diameter of outer tube, m

d Diameter of inside tube, m

G Generation rate

k Thermal conductivity, W/m K

L Length of concentric tube, m

1 Mass flow rate, kg/s

NTU Number of Transfer Units

1Y Density, kg/m3

Q Heat transfer rate, W

Re Reynolds number

T Temperature, K

ATlog Logarithmic mean temperature difference, K
u Overall heat transfer coefficient, W/m?2 K

u Axial flow velocity, velocity component, m/s
Z Direction coordinates along the tube
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Greek symbols

o Inverse effective turbulent Prandtl numbers

€ Effectiveness

¢ Solid volume fraction

U Dynamic viscosity, kg/m-s
Density, kg/ m3

Subscripts

avg Average

of Cold fluid

eff Effective

f Fluid

h Hydpraulic, hybrid

hf Hot fluid

i Inlet, inner, direction

max Maximum

min Minimum

nf Nanofluid

0 Outlet, outer

p Pressure

s Nanoparticle

t Turbulent
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