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Abstract

Many engineering applications, such as waste heat recovery, air-conditioning and refrigeration systems, include heat exchang-
ers. In this work, the performance of a double-tube heat exchanger with a rotating tube, perforated ring inserts and nanofluids
as working fluids has been studied. After developing a 3D numerical model, verifying its discretization and validating it with
experimental results, an optimal design for maximizing heat transfer while keeping a relatively low pressure drop was found
(11 eight-holed rings with a 2.2 pitch ratio). Increasing the cold fluid Reynolds number to 4946 and the inner tube rotational
speed to 500 rpm increased the heat transfer coefficient from around 7500 to 9500 W (m* K)~!. Considering the nanofluids
studied, the best performance was found with Cu nanoparticles, followed by Al,0;—Cu and Al,O5. With Cu nanoparticles at
3%, heat transfer coefficients above 12,100 W (m2 K)_l were obtained, increasing heat exchanger effectiveness from 27 to
51%. Pressure drop levels increased up to 235 Pa, resulting in increasing pumping requirements by around 0.1 kJ kg~'. Hence,
only very high flowrates would represent a problem when using the exchanger. Explanations for the underlying physical
phenomena that cause the enhancement of heat transfer due to the rotational speed, the perforated rings and the nanofluids
were provided. Turbulent kinetic energy contours, flow streamlines, and temperature contours were used to gain insight into
the thermal and flow fields, identifying the mechanisms responsible for the enhancement of the heat exchanger effectiveness.
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Introduction

Improvements in heat exchanger thermal efficiency are cru-
cial for achieving a better energy use and lower operational
costs. Several methods to increase the efficiency of heat
exchangers may be found in the literature and are classi-
fied into three groups: active, passive and combined. Active
methods depend on an external power source to increase heat
transfer (magnetic fields, mechanical systems, injections, or
surface of fluid vibration). On the other hand, passive tech-
niques enhance heat transfer by modifying the fluid flow or
the heat exchanger geometry. The use of rougher surfaces,
greater contact surfaces, fluid additives, coiled tubes, inserts
or swirl flow devices are examples of passive methods. Com-
bined methods take advantage of these two types, increasing
heat transfer rate with a reduction pumping power.

Considerable research work has been done to investigate
the flow and heat transfer characteristics in both passive and
active methods. In 2000, Watel et al. [1] studied heat trans-
fer in a rotating finned tube, reporting an increase in heat
transfer when the tube was rotated with respect to the quiet
tube. Four years after, Yakut and Sahin [2] studied conical
ring inserts under forced convection, finding the best behav-
ior with the smallest pitch arrangement. Nevertheless, Chen
and Hsu [3] predicted that an increase in the fin spacing in
an annular finned tube increased the average heat transfer
coefficient. Experimental tests were performed by Kongkait-
paiboon et al. [4] to investigate heat transfer in a tube with
circular ring inserts, finding heat transfer rate improvements
of 57-195% with respect to a plan tube.

Concerning the use of nanofluids to improve heat transfer,
the most recurrent ones are Al,0O5, TiO, and CuO. In 2010,
Duangthongsuk and Wongwises [5] experimentally veri-
fied an increase of 26% in the heat transfer coefficient when
using TiO,—water nanofluids instead of pure water. Yang
et al. [6] investigated theoretically the forced convective heat
transfer of Al,O; and TiO,~water nanofluids in a concentric
annulus, finding a maximum Nusselt number at a particular
nanoparticle volume fraction for Al,O5, but a continuous
increase with concentration for TiO,. Numerical simulations
of Al,O;-water in a heated helically corrugate tube were
performed by Darzi et al. [7], concluding that heat trans-
fer increased with the nanoparticle volume fraction and the
corrugation height and pitch. A Cu-TiO, hybrid nanofluid
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was experimentally tested by Madhesh et al. [8] in a double-
tube heat exchanger, finding an increase in the overall heat
transfer coefficient of 68% at 1% concentration. The com-
bined effect of twisted tape inserts and a TiO, nanofluid
was studied by Ard and Kiatkittipong [9] using numerical
simulations, observed a better performance in the counter-
flow arrangement. Helical coil inserts combined with a TiO,
nanofluid were investigated experimentally by Reddy and
Rao [10], finding increases of around 14 and 11% in the heat
transfer coefficient and the friction factor with 0.02% nano-
fluid concentration. In 2015, Chokphoemphun et al. [11]
inserted winglet vortex generators in a tube heat exchanger,
reporting better performances than with wire coils or twisted
tapes. Ring-shaped ribs were studied by Huang et al. [12]
and later by Singh et al. [13], who compared twisted tapes
with solid rings, finding higher Nusselt numbers with the
first ones. Perforated circular and conical rings were experi-
mentally tested by Sheikholeslami et al. [14, 15], observ-
ing higher Nusselt numbers and lower friction factors with
the increase in the number of holes. Other geometries, such
as hexagonal conical ring inserts, were numerically stud-
ied by Sripattanapipat et al. [16], finding heat transfer rates
2.3-3.7 higher than for a plain tube. Polymeric nanofluids
with twisted tapes were studied by Hazbehian et al. [17],
reporting Nusselt values from 2.1 to 2.9 times greater than
for a plain tube. Laminar convective heat transfer of a TiO,
nanofluid moving through a uniformly heated tube were
experimentally and numerically studied by Bajestan et al.
[18], finding an increase in heat transfer coefficients with
the increase in nanoparticle concentrations and Reynolds
numbers. Cu and CuO-based nanofluids as well as carbon
nanotubes have been also studied by Saeedan et al. [19] in a
helically baffled heat exchanger with finned tubes, reporting
better performances with the increase in nanofluid volume
concentration.

The effect of rotating tubes in concentric tube exchangers
using a Cu—water nanofluid was experimentally studied by
El-Maghlany et al. [20], finding an enhancement of the heat
exchanger effectiveness around 31%. This benefit was also
observed by Ziyan et al. [21], who studied a rotating inner
pipe with interrupted helical fins. Double and triple concen-
tric tube heat exchangers were experimentally and numeri-
cally studied by Gomaa et al. [22], finding that the effective-
ness of the triple tube exchanger was more than 50% higher.
Nevertheless, the study of passive methods to improve heat
transfer is still important when particular flow conditions
are reached, as shown in the work of Forooghi et al. [23],
who studied Reynolds number close to the transition region.

In 2017, Rao et al. [24] studied experimentally an
Al,Os;—water nanofluid at concentrations (0.1-0.4%),
improving heat transfer rate by 2.5%. Kumar et al. [25]
tested a Fe;0, nanofluid, finding a 14.7% increase in the
Nusselt number. Babu et al. [26] analyzed hybrid nanofluids,
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presenting a summary of the recent research on synthesis,
thermophysical properties, and heat transfer characteristics.
Information about winglet vortex generators may be found in
[27, 28]. In this sense, conical strips were found by Liu et al.
[29] to multiply Nusselt numbers by more than 7.5 times
under laminar flow, while mesh rings were able to increase
them by around 3.5 times [30]. The effect of the eccentric-
ity of tube rotation in the heat transfer increase was studied
by Ali et al. [31]. The performance of Cu- and Al,O;—water
was compared by Siadaty and Kazazi [32], finding that Cu-
based nanofluids outperformed Al,O; ones. Muszynski and
Andrzejczyk [33] combined heat exchanger surface modi-
fication with microjet impingement in a proposal of a heat
exchanger prototype. Corrugated rings were simulated by
Al-Obaidi [34], increasing heat transfer by more than 2.6
times, while values from 1.6 to 2.8 times were reported
by Nakhchi and Esfahani [35] for perforated conical rings
with a Cu-water nanofluid. Similar studies may be found in
[36-38], reporting enhancements from 3.3 to 7.6 times in
Nusselt numbers. Comparing longitudinal and annular fins,
the numerical simulations of Nada and Said [39] under free
convection heat transfer showed a better performance of the
longitudinal ones. Yadav and Sahu [40] studied helical sur-
face disk turbulators, finding increases of around 3.3 times
in Nusselt numbers.

More recent research confirms the benefits of nanoflu-
ids for enhancing heat transfer, with Qi et al. [41] reporting
increases of heat transfer rates by up to around 15% using
TiO,—water. Enhancements of 16.3% were found with
graphene nanofluids in rotating coaxial tubes with double
twisted tapes [42]. In 2020, Bezaatpour and Goharkhah [43]
studied the addition of an external magnetic field, hinting
at improvements of heat transfer by up to 3.2 times, while
Thejaraju et al. [44] reported experimental values of Nus-
selt numbers up to 4 times higher when using a para-wing-
let tape. The neural network model developed by Bahiraei
et al. [45] also predicts an improvement when using gra-
phene nanoplatelets in a rotating tube with twisted tapes.
However, numerical models for flow simulation continue
to be the standard, as shown in [46], who studied a Fe;0,
nanofluid combined with longitudinal strip inserts and trap-
ezoidal twisted tape inserts. Tapered wire coils combined
with an Al,0;—MgO nanofluid showed an increase of 47%
in Nusselt numbers in the work of Singh and Sarkar [47].
Vented cavities combined with Al,O;—Cu [48] and Cu [49]
nanofluids and the rotation of a tube have been also reported
to improve heat transfer. When rotating tubes with twisted
tapes and alternating rotational axes containing two-phase
nanofluids, Singh et al. [50] also found increases up to 10%
in Nusselt numbers.

Finally, the effect of tube rotation has shown to be benefi-
cial for the faster melting of phase-change materials when
dealing with thermal energy storage in the experiments

reported by Fathi and Mussa [51]. In addition, dynamic vis-
cosity was found to be a key parameter by Heydari et al.
[52], who used statistical models to analyze the behavior of
a hybrid nanofluid composed of multi-walled carbon nano-
tube and Al,O; confirming experimentally that optimal heat
exchanger performance was reached when all nanofluids
could flow. The optimum nanofluid composition is relevant
for applications where the selection of the working fluid
has a significant impact in the heat transfer performance
[53-55].

As a summary, Table 1 collects the main studies selected
from the literature, classifying them depending on the heat
exchanger morphology and nanofluid employed.

According to the existing bibliography, the combination
of active and passive methods for heat transfer enhancement
in heat exchangers is of interest, with many combinations
still lacking a deep study. In addition, the role of nanoflu-
ids seems of vital importance to further enhance the per-
formance of the heat exchanger, with the addition of tube
rotation contributing to a better mixing and heat transfer. In
the present work, the aim is the study of the performance
of a tube heat exchanger combining the effects of a rotat-
ing tube and perforated ring inserts when Al,O5, Cu and
hybrid Al,O;—Cu nanofluids are used as working fluids. The
importance of the studied geometry relies on the increase in
the heat transfer surface area, allowing to reduce the size of
the heat exchanger. Furthermore, the presence of circular
rings is supposed to increase turbulence levels, mixing and
heat convection coefficients. Moreover, the use of nanofluids
is bound to increase heat transfer, whereas the rotation of
the inner tube is supposed to achieve a better fluid mixing.
Consequently, many engineering applications, such as waste
heat recovery processes, air-conditioning and refrigeration
systems, would be benefited from including the studied
geometry in heat exchangers.

Physical model description
Geometry

A three-dimensional model of a double-tube heat exchanger
has been developed, consisting of an inner tube with per-
forated circular ring (PCR) inserts enclosed by an outer
tube, as depicted in Fig. 1. The hot working fluid, water,
circulates through the inner tube, whereas the cold working
fluid, water or nanofluid, flows through the outer annulus in
a counterflow arrangement, as shown in Fig. la. The heat
exchanger length is 1200 mm. The diameters of the inner (d,)
and outer tubes (D,) are 25.4 and 76.2 mm, respectively, both
with a thickness of 2 mm. The inner tube is made of high
thermal conductive copper, while the outer tube is made of
Plexiglass. Rings are made of copper, with a thickness ¢ of
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Table 1 Summary of main of main studies selected from the literature

Author Heat exchanger morphology

Type of study Working fluid

Main results

Chen and Hsu [3] Annular finned tube

Kongkaitpaiboon et al. [4]
Yang et al. [6]

Circular rings
Concentric annulus
Singh et al. [13] Twisted tapes, rings

Sheikholeslami et al. [14]  Perforated circular ring

Experimental Air

Experimental Air
Numerical

Experimental Air

Experimental Air

Average heat transfer coefficient
increases with fin spacing

Heat transfer enhanced by 57-195%

Optimum nanoparticle volume frac-
tion for increasing Nusselt number

ALO;, TiO,

Nusselt number of rings: 107
Nusselt number of twisted tapes: 293

Nusselt number increases, and friction
factor decreases with number of

holes

Sripattanapipat et al. [16] Hexagonal conical ring Numerical Cu Heat transfer enhanced by 2.3-3.7
times

Saeedan et al. [19] Double pipe helically baffled Numerical Cu, CuO, C nanotube Heat transfer coefficient and pressure

El-Maghlany et al. [20] Rotating inner tube

Ziyan et al. [21] Rotating inner pipe with helical fins

Nakhchi and Esfahani [35] Perforated conical ring
Nada and Said [39] Annular and longitudinal rectangu-

lar fins

Yadav and Sahu [40] Helical surface disk turbulators

Bahiraei et al. [42] Rotating coaxial tube with double

twisted tapes

Thejaraju et al. [44] Novel para-winglet tape

Experimental Cu
Experimental Air

Numerical Cu
Numerical Air

Experimental Water/Air
Numerical

Experimental Air

gradient increased

NTU increased by 51.4% and
exchanger effectiveness by 30.7%

Nusselt number enhanced about 7.5
times

Nusselt number enhanced by 278.2%

Heat transfer rate increased by 78.6%

Nusselt number increased by 3.28
times

Graphene Heat transfer coefficient increased by

16.3% at a 2.5 twist ratio

Nusselt number was enhanced by
407%

Bahiraei et al. [45] Rotating coaxial tube with double Numerical Graphene Rotation of the tube improved heat
twisted tapes transfer coefficient and increased
pressure drop
Murali et al. [46] Trapezoidal twisted tape Numerical Fe;0, Heat transfer rate increased by 78.6%

Singh and Sarkar [47]
Jasim et al. [48]
Moayedi [49]

Tapered wire coils in double tube
Inner rotating cylinder

Double rotating cylinders in vented
cavity

Experimental Al,0;-MgO
Numerical

Experimental Cu

Nusselt numbers increased by 84%
Al,05-Cu Heat transfer enhanced up to 10.6%

Nusselt number enhanced by 331.95%

2 mm. Their inner diameter dr; is 25.4 mm, while three dif-
ferent outer diameters Dr, of 35.4, 45.4 and 55.4 mm have
been tested. Several ring holes N (0, 4, 8) with a diameter D,
of 6 mm have been made to the rings. The simulated pitch
length P values, representing the distance between the center
of two consecutive rings, are 100 and 200 mm. Two sets of
simulations with a number of rings n=5 and n=11 have
been performed. Hence, the pitch ratio PR values, defined as
the ratio between the pitch length and the outer diameter of
ring, become 2.82,2.2 and 1.8 when n=11 and 5.64, 4.4 and
3.61 when n=>5. Figure 1b shows a scheme of the geometry
with all the key parameters defining each simulated case.
Finally, the inner tube has been rotated at different speeds,
from O to 500 rpm, whereas four different working cold flu-
ids have been simulated: water, Al,O;—water and Cu—water
nanofluids, and a hybrid Al,0;—Cu—water nanofluid.
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Mesh generation and boundary conditions

The mesh was generated in ANSYS Fluent®, using a com-
bination of hexahedral and tetrahedral cells, as shown in
Fig. 2. Figure 3 represents the boundary conditions applied
to the simulation domain. The fluid inlets are defined as
velocity-inlet boundary conditions, whereas the outlets are
defined as pressure-outlet boundary conditions. Velocities
are calculated so that the Reynolds number of the cold fluid
Re,;, entering through the annulus at a temperature of 301 K,
ranges between 2473 and 4947. Therefore, the different fluid
properties depending on the nanofluid volume concentration
¢ values simulated, 1, 2 and 3%, have been considered. The
Reynolds number of the hot water, entering the inner tube at
a temperature of 333 K, has been fixed at 9780. The no-slip
wall condition is applied to the tubes and rings, considering
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Fig. 1 a Geometry of the
heat exchanger, b geometrical
parameters of the tubes and
rings

D, Dri D, Di {1\ —
- D L) 7‘ S .
o t]e : .} -{;
D

(b)

Fig.2 a Double-tube heat
exchanger mesh, b detail of the
mesh with perforated circular
ring inserts

Fig. 3 Boundary conditions Stationary wall

applied to the domain /

Velocity - inlet (Cold)
Pressure - outlet (Hot)

e

_ Velocity - inlet (Hot)
\ Pressure - outlet (Cold)

Moving wall
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that the outer tube is an insulated fixed wall and the inner
tube with rings is rotated at speeds from 0 to 500 rpm in
increments of 100 rpm.

Governing equations and numerical solver

Forced convection equations were used to describe the flow
in the domain, assuming incompressible, steady-state and
homogeneous flow. The finite volume method was used to
discretize and solve continuity, momentum and energy equa-
tions, using ANSYS Fluent® software:

e Continuity equation:

la(rur)

1 aue auz
— +
r or

- —Z =0 1
r 06 0z M

e Momentum equation for radial component r:

2
ou,  ugdu, ou, U
U— + +u,— - =
p< " or Yoz

T 0y

ap 19 (ou 1 0%u
—pg - Loy L0 (L) L @
P8~ ¢ M[r 0rr< 6r> r? 00?2
Pu, 2 ouy u,
072 r2 oo r?
e Momentum equation for tangential component 0:
Oug Uy Oug oug Uy
plu,—+——+u,— — —
or r dy 0z7 r
et 10 (O 10
P80~ 50 THI T or \or r2 062 )
azue 2 aur ue
072 rrab r?
e Momentum equation for axial component z:
ou, N ug du, ou,
P\"r T 77 Oy "z
=P T o T Yo or @
1 0u, N 0u,
r2 062 0z?

e Energy equation:
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where the viscous dissipation rate is
b = ou, 2+ 10ue+ur 2+ ou, :
e =21\ Yy rod r 0z7
2 2
10u, Oduy uy 10u, Jduy
+ —_— _— i —_
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ou, ou\’
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( or 0z )
(6)

The RNG k-e model with enhanced wall treatment was
selected for the closure of turbulence to solve the Reyn-
olds-averaged Navier—Stokes (RANS) equations. This
model has shown to be more accurate than the standard
k-¢ in the literature [9, 22], as it accounts for the effects
of the smaller scales of motion by changing the term of
turbulence production in the transport equations. In addi-
tion, it has been found suitable for low Reynolds numbers
and swirling flow [22], achieving a higher accuracy in
rotating and recirculating flows such as the ones present
in this work.

A second-order upwind scheme has been used for the
discretization of the domain, while the SIMPLE algorithm
has been selected for the coupling of pressure and velocity
fields. Convergence criteria were set to 107> for the conti-
nuity and momentum equations, and to 107 for the energy
equation. A flowchart summarizing the methodology used
in this work is added in Fig. 4.

Thermophysical properties of fluids

Based on the approach adopted in the works of Sripattanapipat
et al. [19] and Singh and Sarkar [42], the single-phase model
was selected to model the nanofluids, with the assumptions
that nanoparticles and the base fluid are in thermal equilib-
rium, and they flow as a single-phase suspension. This allowed
to decrease computational time while keeping a reasonable
accuracy, according to the literature. Nanofluids have been
modeled as incompressible fluids with constant physical prop-
erties, evaluated with specific correlations obtained from the
literature. Table 2 collects the properties of pure water and
the nanoparticles that have been introduced to generate the
nanofluids.
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Geometry * 3D model

N « TCR at PR =5.64,4.4,3.61 for n=5rings
* TCRat PR =282,2.2,1.8 for n= 11 rings

* TCRatPR=2.2for N=4,8rings

Mesh generation

"l « 3604873 cells

A * Hexahedral & tetrahedral

Solver Steady

Pressure-based

Velocity (Absolute)
Gravity (y) =—9.81 ms=2

* Single phase
Model 2+ RNG ke

Enhanced wall treatment

Water
AI203 —water (¢) =1,2,3%

Cu — water (9) = 1,2,3%

Fluid

e o o o

» Al,O, — Cu-water (9) =1,2,3%

Material v
*  Solid

v| +  Copper

* Velocity inlet

- *  Pressure outlet
Boundary condition = [

Rotation of inner tube with PCR
inserts (0-500) rpm
*  Outer tube fixed - adiabatic

« Transparent plastic

NIV NI NL NL N

Covergence N

* 107 Energy

« 1079 Continuity and momentum

Fig.4 Methodology followed in this work

Table 2 Thermophysical properties of pure water and nanoparticles

Physical properties plkg m™3 (oW kg ' K™! kW m™t K1
Pure water [20] 997.1 4179 0.6

Al 05 [32] 3970 765 36

Cu [20] 8933 385 385

Hence, the effective density of the nanofluid p,; is given
by Eq. 7 [20]:

Por = (1 = d)pp + o, (7)

where p; is the density of water, p, is the density of nano-
particles, and ¢ is the solid volume fraction. The volumetric
heat capacity of the nanofluid ( pCp)nf is obtained from Eq. 8
[20]:

(pCP)nf= a _¢)(pcp)f+¢(pcp)s (8)

where (pC,), and ( pCp)S are the volumetric heat capacities
of water and the nanoparticles, respectively. The effective
thermal conductivity of the nanofluid & is given by Eq. 9
[10]:

ky + 2k; + 26 (k, — k)

ot = k 9
U ko 2k - (K — k) ®

where k; and k, are thermal conductivities of water and the
nanoparticles. Finally, the effective dynamic viscosity of the
nanofluid ,; is obtained from Eq. 10 when ¢ < 5%

Hor = (1 +2.5¢) g (10)

where y; is dynamic viscosity of the fluid (water).
For hybrid nanofluids, the effective density for a mixture of
two nanoparticle types py,,- may be estimated from Eq. 11 [26]:

Prnt = Ds1 91 + Db + (1 - ¢h)Pf (11

where p; is density of water, and p; and p,, are the densities
of the two nanoparticle types. The volume concentration ¢,
is calculated from Eq. 12 [26]:

¢h = ¢s1 + ¢52 (12)

where ¢, and ¢, are the solid volume fractions of the two
types of nanoparticles. Consequently, the effective heat
capacity of a hybrid nanofluid may be obtained from Eq. 13
[26]:

(pcp)hnf = d)slpslcp,sl + ¢s2p52cp,s2 + (1 - ¢h)pfcp,f (13)

where C,, ; and C,, , are the specific heats of the two nano-
particle types. The effective dynamic viscosity of hybrid
nanofluids may be obtained from Eq. 14 [26]:
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Hing = (14256, + 6.2¢7 ) g (14) 0375 4P o
And the effective thermal conductivity may be estimated 0.370 °7 = NTU Lk F 48
. . . — *— -
with the modified Maxwell model as shown in Eq. 15 [26]: 8‘22(5) E 3 :;
bukytbok, 0.355 - - 45 o
ey 2k 2( gk + Poaksa) = 20pncke B 0.350 F . S
King = Ky ) khmqb k Z 0345 ] 43 S
’ 51851+ PrKso . = £ g E
bukutboka 4ok (¢ ki + doke) + duurks E £
ot £ (Paka +doka) + Suucks 0.340 - 42
(15) 033853 E 41
with k, and k, being the thermal conductivities of the two 03303 4 F 40
. 0.325 3 E 39
nanoparticle types. 3 :
P yp 0.320 T 38

Grid independence study

A grid independence study was conducted to verify the
numerical accuracy of the model, using the exchanger with-
out rings and rotation of the inner tube, and water at a Reyn-
olds number Re =2470 as working cold fluid. The number
of transfer units NTU and the pressure drop were monitored
as convergence variables As shown in Fig. 5, the grid with
3,604,873 cells and discretization error around 0.98% for
the NTU was considered accurate enough for the purpose
of this study.

Experimental validation

The results of NTU and pressure drop from the selected mesh
were compared with the results from El-Maghlany et al. [20]
for water and the Cu—water nanofluid at 3% volume concen-
tration. The numerical results agree consistently with the
experimental results, as shown in Fig. 6, with the maximum
deviation for NTU being 4.3% and 4.88% for water and Cu-
water nanofluid, respectively, and 4% and 3.62% for the pres-
sure drop. Hence, it can be concluded that the model is valid
for the purpose of this study. As the results from the model
matched the experimental results with reasonable accuracy,
it was decided to keep using the RNG k-¢ model throughout
the rest of the work.

Numerical data processing

The results from the simulations were processed to obtain the
global variables that describe the heat exchanger performance.
Firstly, the heat lost from the hot fluid was obtained as:

Ont = M1 Cop (T — Theo) (16)

where 7i,¢ is the hot fluid (water) mass flow rate, C, ¢ 18 its
specific heat, and (Ty¢; — Ty, is its temperature difference
between inlet and outlet.
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Fig.5 Grid independence study at Re;=2470

Similarly, the heat absorbed by the cold fluid was obtained
as:

ch = mcfcp,cf(ch,o - ch,i ) (17)

where riv¢ is the cold fluid (nanofluid) mass flow rate, C, ¢
is its specific heat, and (T, — Ty;) is its temperature differ-
ence of between outlet and inlet.

Allowing to calculate the average heat transfer rate as the
mean of both values:

Ot + Ot
O ==5—

(18)
Leading to the obtention of the overall heat transfer
coefficient:

Qavg

U= ———
AT

19)

where A, is the heat transfer surface area and AT}, is the
logarithmic mean temperature difference, obtained as:

(Thf,o - ch,i) - (Thf,i - ch,o)
T (20)
Ty =T,

cfo

ATim =

Then, defining C,;, and C,,,, as the minimum and maxi-

mum heat fluid capacity rates:
Cmin = min (Ch’ CC)’ Cmax

G, = mhfcp,hﬁ C, = mC

p.cf

= max (Cp, C,), on

It is possible to obtain the number of transfer units (NTU)
as:
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UA Qave Effect of geometric parameters
NTU = = (22)
Cmin ATlogcmin A .
Effect of pitch ratio (PR)
and the effectiveness of the heat exchanger as:
Figure 7 shows the effect of varying the pitch ratio and the
1-— exp[(—NTU(l — g_ >] cold fluid Reynolds number when n=5 solid rings are added
nax (23) to the inner tube, resulting in a pitch length P=200 mm. The

a Cmm _ _ ﬁ
1 g expl(-NTU(1 - G2 )

The overall heat transfer coefficient of the heat exchanger
may be obtained as:

o Dme (24)
As(Tw - Tb)

where T, is the wall temperature and 7, is the bulk mean
fluid temperature. Finally, the required pumping power for
the heat exchanger is calculated as [42]:
W= (VAP)  + (VAP),, (25)
where AP (Pa) is the pressure drop, and V is the volumetric
flow rate (m?®s™).

Results and discussion

Firstly, the effect of varying the pitch ratio and the number
of perforated holes in the ring inserts will be assessed using
water as the cold fluid and without rotation of the inner tube.
After selecting the most suitable geometrical configuration,
the performance of the exchanger will be assessed by vary-
ing the nanofluid and the rotational speed of the inner tube,
evaluating the heat transfer characteristics and the flow field
behavior.

three values of the outer ring diameter tested lead to three
pitch ratio values: 5.64, 4.4 and 3.61. Looking at Fig. 7a,
which shows these effects on the heat transfer coefficient, it
may be appreciated that the increase in the Reynolds num-
ber leads to an increase in the heat transfer coefficient. The
increase in the flow speed and turbulence may contribute to
a better mixing of the fluid adjacent to the tube, increasing
thus the heat flux across the tube walls. For instance, at the
maximum Reynolds number tested, 4946, the heat transfer
coefficient increases around 45% with respect to the low-
est one, 2473. The circular ring inserts seem to increase
turbulence while also providing additional heat transfer
surface, enhancing transfer coefficients by 4.93, 8.33 and
9.35% as the pitch ratio decreases due to the increase in the
ring diameter. Nevertheless, the insertion of rings results in
an increase in the pressure drop, as shown in Fig. 7b. At the
maximum Reynolds number, the pressure drop increases as
the ring diameter increases and the pitch ratio decreases: 28,
85 and 670% higher values are found as PR passes from 5.64
to 4.4 and 3.61. As the difference between the heat transfer
coefficients reached with PR =4.4 and 3.61 is 0.95%, it may
be concluded that increasing the ring diameter resulting in
PR values below 4.4 does not enhance substantially heat
transfer, while it increases extremely the pressure drop.
For the second set of simulations with n=11 solid rings,
the pitch length P becomes 100 mm and the pitch ratio PR
values turn into 2.82, 2.2 and 1.8. Looking at the results
depicted in Fig. 8a, trends similar to the ones in Fig. 7 are
visible, with the heat transfer coefficient increasing with the
Reynolds number and with the decrease in the pitch ratio.
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Fig.7 Effect of pitch ratio at
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Nevertheless, comparing the results with the ones for n=35
(Fig. 7), it may be appreciated that higher heat transfer
coefficients are reached when a larger number of rings are
inserted on the tube, passing from a maximum of around
7400-7800 W (m? K)~!. At the highest Reynolds number,
4946, as the pitch ratio decreases from 2.82 and 2.2 to 1.8,
the heat transfer coefficient increases by 7.54, 9.73 and
14.3% with respect to the case without rings. Nevertheless,
at PR =1.8, the pressure drop, as shown in Fig. 8b, becomes
too large (838.8% with respect to the case without rings) in
comparison with the beneficial effect in the heat transfer
coefficient. A PR=2.2 is able to increase the heat transfer
coefficient substantially with just an increase of 168.72% in
the pressure drop.

After analyzing the results regarding the pitch ratio and
the number of rings, the following results are presented with
the optimal configuration that achieves a high heat transfer
without a great penalty in the pressure drop: n=11 rings
with a pitch ratio PR=2.2.

Effect of the number of ring holes N

When perforated circular rings with N=4 and 8 holes were
inserted on the heat exchanger inner tube with the configura-
tion selected in the previous subsection (n=11, PR=2.2),
the results shown in Fig. 9 were obtained. The holes con-
tribute to reaching higher heat transfer coefficients than with
solid rings, as it may be appreciated in Fig. 9a, and, at the
same time, reduce the pressure drop across the exchanger
caused by the presence of the rings, as it is visible in Fig. 9b.
With 4 and 8 holes, the heat transfer coefficient increases
by 0.78 and 4.64%, respectively, at the maximum Reynolds
number of 4946, while the pressure drop decreases by 6.53
and 16.67%.

The mechanism related to the pressure drop decrease, as
well as the heat transfer enhancement, may be appreciated
in Fig. 10, which depicts velocity vectors in a longitudinal
plane of the heat exchanger tubes. Comparing the image at
the top, corresponding to solid rings, with the bottom one,
corresponding to N=38 holes, it may be observed that veloc-
ity vectors become of greater magnitude near the ring holes,

Fig. 8 Effect of pitch ratio at 9000 I % PR-0 }
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showing also changes in direction. These modifications in
the velocity vectors near the holes may be related to the
disruption of the thermal boundary layer and the generation
of strong recirculating flows, allowing for a higher turbulent
mixing and increasing heat transfer rates, as well as posing
less resistance to axial flow and thus reducing the pressure
drop.

Effect of inner tube rotation and nanofluid type
and concentration

Following the previous results, the heat exchanger configura-
tion with n=11 rings with N=8 holes placed on the inner
tube with a pitch ratio PR =2.2 was selected for subsequent

Velocity
vector
1.188e + 000

8.910e — 001
5.940e - 001
2.970e - 001

0.000e + 000
[ms™]

Fig. 10 Effect of number of holes N in the velocity vector field

analyses, being the one that maximized heat transfer while
reducing the pressure drop as much as possible. After fix-
ing the heat exchanger geometry, the effects of inner tube
rotation, nanofluid type and concentration are presented in
this subsection.

Heat transfer coefficient

Figure 11 shows the heat transfer coefficient values for dif-
ferent tube rotational speeds as a function of the Reynolds
number and the nanoparticle concentration for water and
three different nanofluids based on Al,O;, Cu, and hybrid
Al,0;—Cu nanoparticles. Apart from the increase observed
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with the Reynolds number, as it was observed with pure
water in the previous subsections, the rotational speed
increase has an additional effect of increasing the heat trans-
fer coefficient, as shown in Fig. 11a, passing from around
7500 to 9500 W (m? K)~! for 500 rpm at the highest Reyn-
olds numbers. This effect may be attributed to the increase
in the swirling in the flow with rotation, which contributes
to a better flow mixing and heat transfer to and from the
tube walls.

Considering the effect of adding nanoparticles to the
working fluid, when the nanoparticle concentration increases
from 1 to 3%, all the curves shift upward, leading to higher
heat transfer rates. When comparing the different nanofluids
at the highest Reynolds number of 4946 and a concentra-
tion of 1%, the Cu-based nanofluid seems to perform better
(35.46% improvement) than the hybrid Al,0,—Cu nanofluid
(32.89%), with the Al,0O5-based nanofluid achieving the
smallest enhancement (25.62%), as shown in Fig. 11b—d.
When the nanofluid concentration is increased to 2%, these
percentages increase to 51.9%, 48.67%, and 43.75%, as
shown in Fig. 11e—g. Finally, at 3% concentration, maximum
enhancements of 54.23%, 53.19% and 50.34% are found for
the Cu-based, the hybrid Al,0;—Cu, and the Al,O;-based
nanofluids, respectively, as shown in Fig. 11h—j. The addi-
tion of nanoparticles to water increases fluid viscosity and
thermal conductivity, resulting in a faster transfer of energy
from the hotter temperature regions to the colder ones.

The values of the heat transfer coefficient obtained for
water and the three nanofluids at 3% concentration are col-
lected in Table 3, to allow for an exact comparison. The
Cu—water nanofluid appears to be the one with the high-
est heat transfer enhancement, reaching values above
12,100 W (m?> K)~! for a Reynolds number of 4946 when
it is added at 3% concentration and the tube rotates at 500
rpm. The maximum limit of the hybrid Al,0;—Cu nanofluid
is able to pass above 12,000 W (m? K)~! at the same condi-
tions, whereas the Al,O; nanofluid is only able to reach val-
ues slightly above 11,800 W (m? K)~!. Therefore, in terms
of enhancement of the heat transfer coefficient, the Cu-based
nanofluid at 3% concentration is the preferable option.

Heat exchanger effectiveness

The effectiveness of the heat exchanger depending on the
rotational speed and working fluid has been assessed as well.
Figure 12 shows the results of adding Al,O;, Cu, and hybrid
Al,05-Cu nanoparticles to the working fluid from 1 to 3%
concentration, combined with the effect of inner tube rota-
tion up to 500 rpm in the range of Reynolds numbers from
2473 to 4946. As it happened with the heat transfer coef-
ficient, the effectiveness increases as the Reynolds number,
the rotational speed of the inner tube or the nanoparticle
concentration increases. With pure water, it is possible to
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increase the efficiency from around 27-39% when increas-
ing the Reynolds number from 2473 to 4946, as shown in
Fig. 12a. If this effect is combined with the rotation of the
inner tube at 500 rpm, the efficiency can increase up to
around 45%. Considering the different nanofluids, the Cu-
based nanofluid exhibits again the best behavior, achieving
efficiencies around 49%, 52% and 53% when it is added
at 1, 2 and 3% concentration to the working fluid and the
inner tube is rotated at 500 rpm. In second place, the hybrid
Al,05;—Cu nanofluid reaches efficiencies of around 48%, 51%
and 52%. Finally, the Al,0;-based nanofluid reaches effi-
ciencies of around 46%, 50 and 51% when its concentration
increases from 1 to 3%. Again, the most suitable nanofluid in
terms of enhancing the effectiveness of the heat exchanger is
the Cu-based nanofluid at 3% concentration, with a potential
improvement of efficiency of 34.27% when the inner tube
rotates at 500 rpm, compared with the 39% achieved without
rotating the tube and using pure water.

Pressure drop

The pressure drop across the heat exchanger is a key param-
eter for dimensioning the required pumping power to drive
the flow and must be considered if the energy consumption
wants to be reduced, and an efficient heat exchanger design
is sought.

With an initial pressure drop of around 40 Pa for pure
water at the lowest Reynolds number of 2473 and without
tube rotation, Fig. 13 shows the evolution of the pressure
drop as the Reynolds number increases up to 4946, the tube
rotational speed increases up to 500 rpm, and the three dif-
ferent nanofluids are added up to 3% concentration. Just by
increasing the Reynolds number up to 4946 with pure water,
the pressure drop increases up to around 120 Pa (300%
increase). If, additionally, the inner tube of the exchanger
is rotated, pressure drop values around 190 Pa are reached
(475% increase). This may be explained by the increase in
pressure drop that is produced by the increase in the fluid
velocity linked to a higher Reynolds number. If the rota-
tional speed is increased, it leads to an increase in tangential
velocity, so the fluid must follow longer streamlines, having
more space for reducing its pressure due to viscous effects.
From these reference values, adding Al,O; nanoparticles at
1, 2 and 3% concentrations can increase pressure drop up to
around 195, 200 and 215 Pa. The hybrid Al,0;—Cu nano-
fluid reaches pressure drop values up to around 210, 215 and
230 Pa, whereas the Cu-based nanofluid presents the highest
values, around 215, 225 and 235 Pa. The main reason behind
the increase in the pressure drop is related to the increase
in friction, due to the nanofluid viscosity, which ultimately
depends on the nanoparticle concentration, but also on the
changes in the thermal field. If only the pressure drop is
to be considered in heat exchanger design, the addition of
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Table 3 Heat transfer coefficient as a function of Reynolds number and rotational speed
water Cu-water at ¢ = 3%
Reynolds h (0 RPM) h (200 RPM) h (500 RPM) h (0 RPM) h (200 RPM) h (500 RPM)
number
2473 5200.20 5660.09 6526.94 5994.44 7021.76 8583.02
3092 5824.83 6164.85 7301.71 6613.15 7603.87 9707.23
3712 6615.08 7050.13 8169.19 7374.35 8399.45 10,656.76
4331 7402.99 7760.49 9083.27 8241.74 9317.45 11,724.93
4946 7852.76 8327.46 9638.61 8727.96 10,058.08 12,111.48
Al,O5-Cu-water at ¢ = 3% Al,Oz-water at ¢ = 3%
Reynolds h (0 RPM) h (200 RPM) h (500 RPM) h (0 RPM) h (200 RPM) h (500 RPM)
number
2473 5947.2432 6830.1139 8394.8568 5795.3135 6684.3547 8252.948
3092 6504.1995 7523.223 9533.7494 6347.574 7319.9149 9278.1152
3712 7261.2332 8309.1901 10,536.854 7034.6592 8057.8769 10,217.84
4331 8102.5113 9054.9089 11,366.862 7825.3036 8682.066 11,040.619
4946 8613.4278 9833.4754 12,030.066 8156.4305 9507.7149 11,805.99

nanofluids seems detrimental to the design. Nevertheless,
even in the worst scenario (Cu-based nanofluid at 3% and
highest tube rotational speed of 500 rpm), a pressure drop of
235 Pa may be easily compensated by a low-cost pump. Con-
sidering the benefits regarding heat transfer enhancement of
adding nanoparticles to the working fluid, it makes sense to
continue choosing the Cu-based nanofluid at 3% concentra-
tion and try to compensate for the increase of around 200 Pa
with pumping equipment.

Pumping power requirements

Due to the increase in the pressure drop, higher pumping
power values will be required. The pumping power require-
ments for the different studied nanofluids as a function of
concentration and rotational speed for the Reynolds num-
ber of 4946 are shown in Fig. 14. Looking at the results,
it seems that the effect of the rotational speed increase is
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more determining for the pumping power increase than the
concentration of the nanofluid. This result aligns with the
results obtained for the pressure drop in the previous sub-
section. Considering the cases without tube rotation at 1%
concentration, around 94, 97 and 98 J kg~! are required for
the Al,O3, the Al,0;—Cu and the Cu nanofluids, respectively.
When particle concentration increases to 3%, the increase
in pumping power is just around 3 J kg~! for all nanofluids.
The increase in nanoparticles will increase fluid viscosity,
but the effect of this increase in the pumping power is not
so noticeable as the effect of increasing the rotational speed,
which results in higher fluid velocities and extends the fluid
streamlines, allowing for more friction. When the rotational
speed is increased up to 500 rpm at 1% nanoparticle concen-
tration, the increase in the pumping power required is around
21, 21.5 and 22 J kg™ for the Al,05, the Al,0;—Cu and
the Cu nanofluids, respectively, seven times higher than the
effect of increasing nanoparticle concentrations. If the tube
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Fig. 12 Effectiveness as a
function of rotational speed and
concentration of nanofluid ¢
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rotates at 500 rpm and nanoparticles are added up to 3%,
pumping power values required increase up to 117.5, 121
and 122.5 J kg™! for the Al,O;, the Al,0,—Cu and the Cu
nanofluids. Nevertheless, considering an average increase
of around 0.01 kJ kg™! in the pumping power requirements,
only very high flowrate values through the exchanger would
represent an actual problem. Therefore, it becomes justi-
fied to use the nanofluid with the best thermal behavior, the
Cu—water based, at 3% concentration.

Description of flow and thermal fields

In order to provide a deeper description of the flow and ther-
mal fields and provide insight into the underlying causes for
the improvement of the heat exchanger efficiency with the
selected configuration and operating characteristics, differ-
ent variables describing them have been selected and will
be commented in this subsection.

Figure 15 shows the turbulent kinetic energy contours
along the longitudinal plane of the heat exchanger and near
the ring zones. In the longitudinal plane, it may be appreci-
ated how the rings are able to generate turbulence, increas-
ing mixing and heat transfer accordingly and explaining
why the introduction of rings improves heat transfer, with
regions of high turbulence being convected downstream
after each ring is placed. In the detail of the ring zones, it
may be observed how each ring hole generates turbulent
kinetic energy, which explains why heat transfer increases
with the number of holes per ring. As the rotational speed
of the inner tube is increased, the turbulence kinetic energy
contours become more homogeneous, possibly as a conse-
quence of the dispersion of this energy due to the rotational
effects, hinting to a more efficient mixing of the flow and a
more efficient heat convection.

With the aim of visualizing the flow, streamlines across
the heat exchanger and at different cross sections are pre-
sented in Fig. 16 for the Reynolds numbers of 2473 and
4946 and 0, 200 and 500 rpm. There, the disturbance of
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the predominantly axial flow caused by the perforated rings
becomes apparent at O rpm, with vortex shedding phenom-
ena that increase local momentum and heat transfer. After
being convected downstream, dissipation of these vortices
allows for the transfer of energy between the local vortex and
the bulk flow. With the increase in the Reynolds number, the
structures gain velocity, increasing convection accordingly.
Nevertheless, these behaviors are associated with an increase
in pressure drop, as it has been commented in the previous
subsections. As the rotational speed increases up to 200,
the flow structures start to become more diffuse, due to the
smoothing effect of the rotational speed on. Nevertheless,
two regions may be distinguished in each transversal plane:
one corresponding to the region close to the rings and the
inner tube, where a higher concentration of streamlines is
found, and another one outside from this region up to the
inner surface of the outer tube. This higher concentration of
streamlines may explain the enhancement of heat transfer
from the hot fluid toward the cold fluid region close to the
inner tube, increasing the efficiency of the heat exchanger.
Finally, at the rotational speed of 500 rpm, the shape of the
streamlines changes from the axial behavior observed at
0 rpm to a helical shape. On the one hand, this means an
increase in the effective path that each fluid particle fol-
lows inside the exchanger, allowing to exchange a higher
amount of heat without increasing the real length of the
exchanger tubes. On the other hand, the streamlines inside
the region near the outer surface of the inner tube becomes
highly intertwined, allowing the transfer of momentum and
heat outside from the convective vortices shed by the rings
more effectively.

Finally, temperature contours of the heat exchanger at
cross sections located at different positions z=0.1, 0.6 and
0.9 m are shown in Fig. 17 for the Reynolds numbers of
2473 and 4946 and 0, 200 and 500 rpm. It may be observed
how the cold fluid increases its temperature when pass-
ing from z=0.1 to 0.9, whereas the hot fluid decreases it
when advancing from z=0.9 to 0.1. The positive effect of
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Fig. 13 Pressure drop as a
function of rotational speed and
concentration of nanofluid ¢
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Fig. 15 Turbulence kinetic energy contours in longitudinal plane of the heat exchanger with detail of the rings

the rings on the thermal behavior of the heat exchanger
becomes apparent, working as annular fins that increase
the surface area in contact with the fluid and help transport
thermal energy from the hot fluid to the cold one. The effect
of the ring holes is also visible, leading to the “gear”-like
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patterns observed at z=0.1 and z=0.6, indicating modifica-
tions of the temperature gradients consequent with a bet-
ter heat transfer. Finally, it may be observed how, with the
increase in the rotational speed, all patterns become more
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heat exchanger and at different
sections

Fig. 16 Streamlines across the @ \
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Fig. 17 Temperature contours at different cross sections of the heat exchanger
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homogeneous, thanks to a faster heat transfer caused by the
swirling flow.

Conclusions

In the present work, the performance of a tube heat
exchanger combining the effects of a rotating tube and per-
forated ring inserts when Al,O;, Cu and hybrid Al,0;—Cu
nanofluids are used as working fluids has been studied.
This has allowed to increase the heat transfer efficiency
for a given heat exchanger size, potentially reducing heat
exchanger sizes for a given heat power to be transferred.

After developing a three-dimensional numerical model
of the exchanger, verifying the numerical discretization and
validating the results of the model with experiments, opti-
mization of the geometrical parameters was sought, using
the heat transfer coefficient and pressure drop as optimiza-
tion variables. It was concluded that the best heat exchanger
configuration included 11 rings with eight holes per ring
placed on the inner tube outer surface with a pitch ratio of
2.2, allowing to increase the heat transfer coefficient due to
turbulence generation and mixing. At the same time, the
pressure drop increase was kept relatively low thanks to the
presence of holes that reduced flow resistance.

Once the geometrical configuration of the heat exchanger
was optimized, it was found that the heat transfer coefficient
improved substantially when increasing the Reynolds num-
ber of the cold fluid up to 4946, and the rotational speed
up to 500 rpm, achieving an increase from around 7500
to 9500 W (m? K)~!. Considering the different nanofluids
studied, the Cu nanofluid showed the best performance, the
Al,05;—Cu hybrid fluid presented intermediate values, and
the Al,O5 nanofluid exhibiting the lowest improvements
with respect to pure water. When nanoparticles of Cu, the
ones with the best behavior, were added to the working
fluid at 3% concentration, the coefficient increased above
12,100 W (m? K)~!. Regarding the effectiveness of the heat
exchanger, it is equivalent to passing from 27 to 51%. On
the other hand, these actions increase the pressure drop of
the exchanger from the original 40 Pa for water and without
rotating the inner tube to 235 Pa. Nevertheless, 0.2 kPa may
be easily compensated by a low-cost pump. The increase
in the pumping requirements for this situation are around
0.1 kJ kg™', so only very high flowrate values through the
exchanger would represent an actual problem. Therefore, it
becomes justified to use the nanofluid with the best thermal
behavior, the Cu-based, at 3% concentration.

Explanations for the underlying physical phenomena that
cause the increase in heat transfer due to the rotational speed
of the inner tube, the addition of perforated rings and the
use of nanofluids were provided. Turbulent kinetic energy
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contours, flow streamlines, and temperature contours were
used to gain insight into the thermal and flow fields, identify-
ing the mechanisms responsible for the enhancement of the
heat exchanger effectiveness.

Many engineering applications, such as waste heat recov-
ery processes, air-conditioning and refrigeration systems,
may be benefited from implementing the geometry proposed
in this study and combining the use of nanofluids with the
rotation of the heat exchanger tubes.
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