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transfer fluid, and employing the magnetic field. The performance evaluation criteria index
(PEC) is employed to analyze the thermal-hydraulic characteristics of the heat exchanger. The
main aim is to achieve an optimum model with the highest performance evaluation criteria

value. Usaging of corrugated heat exchanger or nanofluid can increase the average Nusselt
number and friction factor in the tube sharply. Also, it is understood that the presence of a
magnetic field has a significant effect on the heat transfer enhancement inside the heat ex-
changer. The model with magnetic field of 600 G has the highest Nusselt number ratio among
all studied models, which is followed with 400 G, 200 G, and 0 magnetic fields, respectively.
Furthermore the effects of different corrugation heights, widths, and pitches have been stud-
ied. Finally, usage of the novel corrugated heat exchanger with 14 mm corrugation heights, 9
mm rib width, and 12.5 mm blade pitches filled with nanofluid, and under a magnetic field of
600 G it suggested as the most efficient configuration. Also, at the Reynolds number of 4,000,
the highest performance evaluation criteria values are achieved.
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INTRODUCTION

The investigation of heat transfer and boundary layer
flows due to utilizing corrugated channels or ribbed tubes
and also employing inserting obstacles has become more
and more important in many engineering processes with
industrial applications such as heat exchangers [1], elec-
tronic cooling devices [2], thermal regenerators [3],
automobile engine cooling [4], solar heating [5] and air
conditioning systems [6]. This is the reason that convective
heat transfer and fluid flows through tubes containing cor-
rugations are investigated by numerous researchers [7-13].
Moreover, because of the rising requirement for the devel-
opments of heat transfer and fluids flow with better thermal
characteristics than common fluids, the nanofluid investi-
gations in thermal systems are more and more significant
[14-21].

The word nanofluid refers to an especial class of heat
fluids, which includes solid particles in nano range of 1 to
100 nm homogeneously dispersed in a common base fluid
such as thermal-oil, ethylene glycol or water. Nanoparticles
can be metallic solids (such as Al, Ag, and Cu) or nonme-
tallic solids (such as Fe,O5, CuO, and Al,O;) [22-26]. The
addition of metal or metal oxide nanoparticles to a common
base fluid increases the thermal conductivity coefficient of
the final fluid. In other words, nanofluid is a well-versed
heat transfer or coolant fluid which has gained a consid-
erable acknowledgment in different thermal requests and
applications. Additionally, nanofluid offers increased ther-
mal conductivity coefficient, which can improve the effi-
ciency of thermal systems without an important upsurge
in pressure drop. This will finally decrease the size and
dimensions of thermal systems and, therefore, the costs of
production [27].

The electric field can be mentioned as one of the effec-
tive active techniques for improving heat transfer [28]. This
method can be combined with another passive way, namely
nanofluid. The examinations of Magneto-Hydro-Dynamic
(MHD) flows are so important in industries and have con-
tinued requests in different research areas such as metal-
lurgical processes and petroleum productions [29]. MHD
is the science of investigating electrically conducting fluid
flows in the presence of an external magnetic field, and it
has gained considerable attention of researchers because of
its protruding role in different thermal systems and engi-
neering processes such as the fluid flows in microelectronic
systems, the flow of liquid metals and crystal growth [30,
31].

Zainala et al. [26] studied numerically and employing
MATLAB software for the MHD mixed convection heat
transfer in a vertical flat plate heat exchanger filled with
single-phase water-based Cu-AlL,O; hybrid nanofluid.
According to their obtained results, the nanofluid velocity
and temperature upsurges and reduced respectively with
an increase of magnetic field parameter. Job and Gunakala
[27] studied numerically MHD fluid flow and heat transfer

inside two elastic coaxial pipes pulsatile equipped with
porous blocks and filled with water-based CuO nanofluid.
He understood that thermal efficiency improves with the
increase of solid nanoparticles diameter and volume con-
centration, Reynolds number, and the elastic modulus of
the pipes. Daneshvar Garmroodi et al. [28] studied numer-
ically laminar MHD mixed convection of a cavity equipped
with two multiple rotating cylinders and filled with two-
phase water-based Cu nanofluid. They found that thermal
efficiency reduces by an increase of Hartmann number.
Eid [29] studied numerically effects of chemical reac-
tions on MHD free convection heat transfer inside an
exponentially stretching sheet equipped with heat sources
and filled with two-phase nanofluid. He reported inter-
esting results such as, skin friction coefficient, Sherwood
number, average Nusselt number, dimensionless velocity,
dimensionless temperature, and concentration contours
of nanoparticles. Ma et al. [30] investigated numerically
laminar MHD convective heat transfer in a two dimen-
sional corrugated channel with active heaters and coolers
and filled with water-based Ag-MgO hybrid nanofluid.
They realized that the highest Nusselt number occurs at
the heater junction and the cooler junction. Sheikholeslami
and Rokni [31] studied numerically MHD nanofluid flow
in the presence of Lorentz forces. They found that the
Nusselt number surges by Hartmann number increase,
and the temperature gradients reduce by increasing the
Eckert number and melting parameter. Jafarimoghaddam
[32] studied numerically MHD porous flow of a three-di-
mensional bidirectional stretching surface filled with two-
phase Upper-Convected-Maxwell (UCM) nanofluid. Eid
and Mahny [33] studied numerically unsteady MHD heat
and mass transfer and fluid flow over a permeable stretch-
ing wall with heat generation/absorption and filled with
non-Newtonian two-phase nanofluid. It is found that the
concentration and thermal boundary-layer thickness values
increase by the increase of the magnetic field. In a reviewed
paper by Sajid [34], they show the effects of concentration
of nanoparticles and nanofluid flow rate on pressure drop,
friction factor, and Nusselt number from several investi-
gations. Kumar [35] investigated experimentally PEC of a
minichannel filled with ALLO;/MWCNT hybrid nanofluid.
Izadi et al. [36] present a numerical investigation on lami-
nar MHD heat transfer and fluid flow in the cooling pro-
cess inside a porous metal CPU system, which is filled with
nanofluid. They understood that usage of a magnetic field
with a stronger filed or system with higher porous metal
foam can improve the impingement cooling heat transfer.
Sheikholeslami [37] studied numerically effects of
Brownian motions and nanoparticle shapes on fluid flow
and heat transfer in a porous media filled with water-based
CuO nanofluid in the presence of a magnetic field. He
found that convective heat transfer improves with augmen-
tation of Darcy and Reynolds number, but it reduces with
the rise of Hartmann number. Elahi et al. [38] investigated
mathematically on the heat transfer characteristics inside a



J Ther Eng, Vol. 9, No. 5, pp. 1667-1686, September, 2023

1669

channels. The results display a good idea based on the var-
ious methods in channels in order to optimize the thermal
characteristics.

Selimefendigil and Oztop [39] investigated numeri-
cally MHD pulsating forced convective heat transfer over
two parallel plates equipped with a blocks in channel, and
filled with nanofluid. They found that the heat transfer of
nanofluid at highest particle volume fraction are higher
in pulsating flow as compared to base fluid and they are
slightly different than the ones obtained in the steady flow.
For more results in this filed one can refer to the exist inves-
tigation in literature [40-43].The literature review indicates
that the effects of magnetic field on the flow field and heat
transfer of ferromagnetic nanofluid with consideration
of a two-phase model for nanofluid in a heat exchanger
equipped with helical ribs is not studied by researchers. In
the present study, three methods are employed to enhance
the thermal efficiency of heat exchanger (HE):

o Usage of corrugations
o Utilizing of nanofluid as Heat Transfer Fluid (HTF)
+ Using of a magnetic field

Different magnetic fields intensities and geometrical
parameters are studied in this paper. But employing of
corrugations and nanofluid can also increase the pressure
drop penalty in heat exchanger. Therefore the Performance
Evaluation Criteria (PEC) index is employed in the present
investigation to analyze the thermal-hydraulic characteris-
tics of heat exchanger. The main aim of the current paper is
to achieve an optimum model with the highest PEC value.

NUMERICAL MODEL

Physical Model

The present paper investigates effects of employing a
magnetic field on the flow field and heat transfer of fer-
romagnetic nanofluid with consideration of a two-phase
model for nanofluid in a helix-corrugated heat exchanger.
Fig. 1 illustrates the schematic diagram of configuration
and geometrical parameters of the studied corrugated tube
filled with HTF and under constant heat flux and magnetic
field. The length of HE is 200.0 mm, and the tube diameter
is 50.0 mm. Also, the inlet length of 830.0 mm and outlet
length of 66.0 mm are determined because it is important
that the inlet flow must be fully developed, and there not be
any flow comeback at the exit section of the channel [1, 44].
The HE is made of stainless steel 304 with 2.0 mm thick-
ness. The velocity inlet boundary condition is applied in the
entrance of the inlet section with the certain temperature
(T;,) and velocity (u,,), and the pressure outlet boundary
condition has been adopted in the output of the exit sec-
tion with zero gage pressure. Also, five different Reynolds
numbers in the range of 4,000 to 20,000 are studied. These
investigated Reynolds numbers are in the turbulent flow
regime.

For all the investigated models, the initial nanofluid
temperature is T;,,=300K, and the constant heat flux of
q=70,000 W/m? is adopted. Besides, four different constant
magnetic fields (B= 0, 200, 400, and 600 G) are determined
to analyze the effects of employing MHD fluid flow in HE
under a magnetic field. The HTF is Fe;O,/H,0O nanofluid
at nanoparticles volume fraction of ¢ = 1.0% and diameter
of d,,, = 20 nm. Table 1 reports geometrical parameters of
studied HE. In the current study, effects of changing three
geometrical parameters are analyzed, such as corrugation
height, width, and pitch. Three different corrugation height
values (b = 6.0, 10.0, and 14.0), three different corrugation
width values (r=5.0, 9.0, and 13.0) and three different cor-
rugation pitch values (p = 12.5, 20.0, and 27.5) are studied
in this paper.

Governing Equations

The governing equations, including continuity, momen-
tum, and energy equation for the nanofluid mixture, have
been employed instead of employment of the governing
equations of each solid- and fluid-phases separately [45].
The continuity:

ﬁ(pmﬁm) =0 (1)

where the mass-averaged velocity (l7m) has been calcu-
lated as [46]:

ro_ PsbsUs + pprdprUps

U 2
m o )

where U s is the solid nanoparticles velocity, U bf is the
base fluid velocity, and p,, is the mixture density for the
whole suspension and is written as [47]:

The momentum equation [47]:

Soo s - - oo T
pm(UmVUm) ==Vp+un (VUm + (VUm) ) ( )
> S 5 S 3

+ V(oo PvrUarprUarpr + PsPsUar sUar,s) + Pmg

where p,, is the mixture dynamic viscosity, p is pres-
sure, Udr,bf and Uy, s are the drift velocity of solid phase
and fluid phase [48]:

Uarpsr = Ups = Up (4)
l_}dr,s = (75 - l_jm (5)

The energy equation is defined as follows [49]:

v(pbf‘pbfl—fbfhbf + ps¢sﬁshs) = v) ((¢bfkbf + ¢sks)VT) (6)
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Figure 1. Schematic diagram of configuration and geometrical parameters of studied corrugated tube filled with HTF
under constant heat flux and magnetic field.
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Table 1. Geometrical parameters of studied HE

Parameter Symbol (Unit) (mm) Value

Inlet section length of HE L, 830.0

Test section length of HE L, 200.0

Exit section length of HE L, 66.0

Tube diameter D 50.0

Tube thickness ) 2.0

Corrugation height b 6.0,10.0 and 14.0
Corrugation width r 5.0,9.0 and 13.0
Corrugation thickness t 2.0

Corrugations pitch p 12.5,20.0 and 27.5
Wavelength of helix A 50.5

where hg and hyare the enthalpy of nanoparticles and
base fluid, respectively. The nanoparticles volume concen-
tration equation for suspension is as follows [50]:

V(pspsUm) = —V(pspsUurs) %)

The slip velocity is written as:
Upfrs = Upy — U (8)

where the relations between the relative and drift veloc-
ities are written as [47]:

Udr,s = Uspf — %Ubf,s 9)
m

The Schiller and Naumann [49] drag relative velocity is
written as follow:

— dy  ps—p
Upps = gy ———
vrs 18upsfa  Ps

(10)

#4 = 1+ 0.15Re2-687 (11)

d=g—(UnVUn) (12)

where, @ and J are the solid phase and base fluid gravity
accelerations, respectively. The Reynolds of solid nanopar-
ticles (Re,) is calculated as [46]:

_ Un dppm

Re
* i

(13)

where d, is the average diameter of solid nanoparticles
and is assumed about 20 nm. The uniform magnetic field
(B = B,e, + Byey) of constant magnitude B = /BZ + B}
is applied, where €, and €, are unit vectors. The orientation
of the magnetic field forms an angle 0 with the horizontal
axis such that cot@ = B, /B,. The electromagnetic force F
and the electric current J are defined by F = a(l7 X E) x B
and J = o(V x B), respectively. In current investigation, the
magnetic field orientation is set to be horizontal (6 = 0)

Table 2. Most imortant non-dimensional number in MHD fluid flow [52-54]

Non- dimensional parameter

Definition

Magnetic Reynolds number

Reynolds number

Alfven number

Al

Hartmann number

Batchelor number (magnetic Prandtl number)

Stuart number (interaction parameter)

Bt=Pr=

St

Convection of B Induced field  u,,Dy,

= = = = D
Diffusion of B Applied field v HTUmZn
Interia forces  up,D,
Viscous forces ~ v

Magnetic field energy N B?

Rey  upul,

Kinetic energy

1/2

Electromagnetic forces
Ha = ( & ) = BDy.Jo/u

Kinetic forces
Re,, v

Re ZMUUZE

__ Electromagnetic forces Ha®  gB?D,
- " Re  puy,

Interia forces
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Figure 2. Code validation with experimental data of Sundar
etal. [57] due to choosing the appropriate turbulent model.

[51]. Table 2 reports the most important non-dimensional
parameters in MHD fluid flow.

In all simulated models during the current investigation,
the HTF flow inside the HE tube is in a turbulent regime
since the studied Reynolds numbers are more than 2,300.
Due to simulate the resulting turbulent flow inside the
absorber tube identically, separately from the continuity,
momentum, and energy equations, different k-¢ turbulent
models equations have also been used in the ANSYS-Fluent
commercial software [45].

The choice of the k-¢ turbulence model is according to
its wide acceptance [55]. At the same time this is success-
fully used in various relevant numerical studies in HEs and
also our validation with experimental study of Sundar et
al. [56] which is shown in Fig. 2 leaded to employing the
Standard k-¢ turbulent model. Fig. 2 illustrates the code val-
idation with experimental results of Sundar et al. [56] due
to choosing the appropriate turbulent model.

As it is realized in Fig. 2, the error values with Standard
k-¢, Realizable k-¢ and RNG k-¢ models are 8.93%, 14.44%,
and 9.72%, respectively. Because of the validated results
of the Standard k-¢ turbulent model, especially at higher
Reynolds numbers, the Standard k-¢ turbulent model is
adopted in this work for turbulent simulation. As it is pre-
sented in the article, selected reference for comparison with
the present results, is an experimental investigation. Due
to selected reference, the difference between the present
results and experimental data is logic. Also, the temperature
dependent thermo-physical properties of HTF have been
taken into account in simulations [57]. The relations which
define the Standard k-¢ model are as follow [58]:

Hem

_) ﬁk] + Gy — Pmé (14)
Ok

F(omTnk) = 7 [(1n +

o o - Hem = £
V(mems) =V [(um + %) Vs] + E(Cle_m - czpms) (15)
&

where y,,, is the turbulent viscosity and G is the pro-
duction rate of k [60-62]:

k2
Utm = upm? (16)
—— — — T
Gk,m = Utm (VUm + (VUm) ) (17)

The standard constants are employed, C, = 0.09, ¢; =
1.44, ¢, = 1.92, 0 = 1.00, 0, = 1.30 and o0, = 0.85. The cou-
pled steady-state governing equations have been employed,
and higher-order spatial discretization arrangements have
been determined. The convergence criterion value for all
solver variables of the nanofluid flow and heat transfer filed
is the RMS residual to be less than 10°.

As it is noted previously, the Reynolds number is
defined as [44]:

_ PbfUmDp
Upr

Re
(18)

Where u,, refer to the fluid or nanofluid average velocity.
The average Nusselt number [1] is defined as:

h, D
Nu,, = bfh

Koy (19)

The pressure drop between the inlet and outlet of the
test section [44]:
Ap = Pav,iniet — Pav,outlet (20)

The friction factor coefficient for fully developed flow
is computed as [1]:

= 2 Ap
(L_Z) phnfum2 @D
Dy

The thermal and hydraulic performance evaluation
criterion (PEC) is defined in order to compare the over-
all hydrothermal performance of corrugated and plain HE,
which is obtained as follows [1]:

— 1/3
pic = () (£)

where Nu,, and Nu, are the predicted mean Nusselt
number for the corrugated and plain HE. Additionally, f
and f, are the predicted mean friction factors for the corru-
gated and plain HE.

(22)
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Table 3. The thermophysical properties of the Newtonian base fluid and solid nanoparticles at T = 300 K [63, 64].

Material p (kg/m?) ¢, (J/kg-K) k (W/m-K) ¢ (N-s/m?)

H,0 997.1 4179 0.6 0.00339

Fe,0, 5200 670 6 -

Nanofluid are determined using the following equations, where ¢ is

The considered Newtonian ferro-nanofluid in the cur-  the volume concentration [62, 63].
rent investigation is Fe,O5/H,0. To achieve the most effi-

cient Newtonian nanofluid in the present study, the solid Py = bPup + (1= D)pus (23)
nanoparticles of Fe,0; at volume concentration of ¢ =1 %

are added to the base fluid with a mean predicted diameter (Pcp)ng = P(PCp)np + (1 — P)(pCy)pr (24)
of 20 nm. Table 3 reports the thermophysical properties of

the Newtonian base fluid and solid particles. Also, the effective thermal conductivity and dynamic

The nanofluid effective density p,rand specific heat viscosity of the Fe,0;/H,O ferro-nanofluid can be calcu-
capacity C,, of the thermal Fe,0;/H,0 ferro-nanofluid, lated using the following equations [63-66].

(a)
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Figure 3. (a) Grid mesh layout of the pipe wall and (b) grid independence test in the present study for different Reynolds
numbers for a model with b = 6 mm, r = 5 mm and p = 12.5 mm filled with nanofluid at ¢ = 1%.
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_ e + 2k — 20 (kyp — k)
M ke + 2ky + $(kpp — k)

knr (25

Hns = (3.1000B + 0.0350B2 + 4263.0200¢

— 27886.4807¢%+ 316.0629)e ~0-0200T (26)
To simulate the Fe,O;/H,0 ferro-nanofluid flow
through a HE, the Eulerian-Eulerian Two-Phase Mixture
Model (TPM) is employed in the current investigation [45].
The TPM supposes that the phases-coupling is strong, and
particles nearly track the interruption flow [46]. The two-
phases (solid nanoparticles and base fluid) are assumed to
be interpenetrating, which funds that every phase has a cer-
tain value of velocity field. Also, there is a volume concen-
tration of fluid phase in every control volume and another
volume fraction (¢) for the nanoparticle phase. This model
is illustrated to give powerful estimating, even for low
nanoparticle volume fractions [47].

Validation

Grid independency test

Fig. 3 illustrates the grid mesh layout of the pipe wall
and the grid independence test in the present study for dif-
ferent Reynolds numbers for a model with b = 6 mm, r =5
mm, and p = 12.5 mm filled with nanofluid at ¢ = 1%.

As shown in Fig. 3b, a grid independence test was per-
formed for the corrugated pipe using nanofluid to analyze
the effects of grid sizes on the results. By comparing the
results, it is concluded that mesh configurations contains
a grid number of 1,326,834 nodes is assumed to get a satis-
factory agreement between the computational time and the
accuracy of results with the maximum error of 3%.

Code validation

Also, the computational fluid dynamics (CFD) code
validation was done by comparing of numerical results
obtained from the present study and experimental data of
Sha et al. [63]. Fig. 4 shows this code validation with exper-
imental data of Sha et al. [64] versus Reynolds numbers
and magnetic fields. It can be realized from this figure that
a remarkable agreement exists among the empirical data
of Sha et al. [63] and numerical results obtained from the
present study employing TPM. It is seen that the TPM sim-
ulation in the present work leads to an appropriate valida-
tion with the experimental data during all studied Reynolds
numbers and magnetic fields.

RESULTS AND DISCUSSION

Usage of Corrugations and Nanofluid
In this section, the thermal-hydraulic analysis of Basic
HE (B.HE) filled with Base Fluid (BF), Corrugated HE

(C.HE) filled with BE B.HE filled with Nanofluid (NF) and
C.HE filled with NF has been done.

Fig. 5 illustrates the average predicted Nusselt number
versus Reynolds numbers for B.HE and C.HE (b = 6 mm, r
=5mm and p = 12.5 mm) which are filled with BF or NF (¢
= 1%) under no magnetic field (B = 0).

As it is seen in this figure, usage of C.HE (filled with
BF or NF) can increase the average Nusselt number in tube
the significantly. The presence of ribs can destroy the lam-
inar sub-layers in HE and generate local vortexes, enhanc-
ing the flow mixing in fluid flow. This phenomenon leads
to a higher heat transfer coefficient in HE and therefore
increases the Nusselt number values. Also, it is found that
usage of NF (for both B.HE and C.HE) can increase the

= I i i I i i I i i I i i I i i =
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Figure 4. Code validation with the experimental data of Sha
et al. [63] versus Reynolds numbers and magnetic fields.
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Figure 5. Average predicted Nusselt number versus Reynolds number for B.HE and CHE (b =6 mm, r=5mm and p =
12.5 mm) which are filled with BF or NF (¢ = 1%) under no magnetic field (B = 0).
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Figure 6. Mean predicted friction factor versus Reynolds number for B.HE and C.HE (b = 6 mm, r =5 mm and p = 12.5
mm) which are filled with BF or NF (¢ = 1%) under no magnetic field (B = 0).

average Nusselt number in the tube sharply. Nanofluids
have higher thermal conductivity value than base fluids,
and it leads to a higher heat transfer coefficient in HE and
therefore increases the Nusselt number values. Besides, it
is realized that for all studied configurations and models,
the average Nusselt number always increases by an increase
of Reynolds numbers. Higher Reynolds number related to
higher flow velocities, leading to more flow mixing, vortex
generation, and local turbulence in HE and hence increase
the heat transfer coefficient in the tube. It is observed that

the C.HE filled with NF has the highest Nusselt number
values among all studied cases. During all investigated
Reynolds numbers, which is followed with cases C.HE
filled with BE, B.HE filled with NF and B.HE filled with BE,
respectively. The usage of C.HE filled with BF is more effi-
cient than using B.HE filled with NE

Fig. 6 presents the mean predicted friction factor versus
Reynolds number for B.HE and C.HE (b = 6 mm, r =5 mm
and p = 12.5 mm) which are filled with BF or NF (¢ = 1%)
under no magnetic field (B = 0). As is seen in this figure,
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Figure 7. Nusselt number ratio and friction factor ratio versus Reynolds number for CHE (b = 6 mm, r =5 mm and p =
12.5 mm) which is filled with NF (¢ = 1%) and under no magnetic field (B = 0) in comparison with B.HE filled with NF

(¢ = 1%) under no magnetic field (B = 0).

usage of C.HE (filled with BF or NF) can increase the mean
friction factor in the tube significantly.

The presence of ribs can destroy the laminar sub-lay-
ers in HE and generate local vortexes, increasing the flow
mixing in fluid flow. This phenomenon leads to a higher
pressure drop penalty from inlet to outlet of test section in
HE and therefore increases the friction factor values.

Also, it is found that usage of NF (for both B.HE and
C.HE) can increase the mean friction factor in the tube
sharply. Nanofluids have higher dynamic viscosity values
than base fluids, and it leads to a higher pressure drop pen-
alty in HE and therefore increases the friction factor val-
ues. Besides, it is realized that for all studied configurations
and models, the mean friction factor always decreases by
an increase of Reynolds numbers. It is observed that the
C.HE filled with NF has the highest friction factor values
among all studied cases. During all investigated Reynolds
numbers, which is followed with C.HE filled with BE B.HE
filled with NF and B.HE filled with BF, respectively. It is
interesting that utilizing C.HE filled with BF leads to more
friction factor values than using B.HE filled with NE.

Fig. 7 demonstrates Nusselt number ratio and friction
factor ratio versus Reynolds number for CHE (b = 6 mm,
r=5mm and p = 12.5 mm) which is filled with NF (¢ =
1%) and under no magnetic field (B = 0) in comparison
with B.HE filled with NF (¢ = 1%) under no magnetic field
(B =0). As is seen in this figure, both Nusselt number and
friction factor ratios always increase by the increase of
Reynolds numbers. In the next section, the PEC values are

calculated to analyze the thermal-hydraulic characteristics
of HE.

Applying of Magnetic Field

Fig. 8 shows the average predicted Nusselt number ver-
sus Reynolds number for B.HE and CHE (b = 6 mm, r =
5 mm and p = 12.5 mm) which is filled with NF (¢ = 1%)
under various magnetic fields (B = 0, 200 G, 400 G and 600
G). As is seen in Fig. 8a, usage of C.HE in the absence of
magnetic field can increase the average Nusselt number in
the tube significantly. Besides, it is realized that for all stud-
ied configurations and models, the average Nusselt number
always increases by an increase of Reynolds numbers.

It is observed that the C.HE filled with NF can enhance
the Nusselt number value than B.HE filled with NF about
122.1% at Re = 4,000 and about 126.2% at Re = 20,000. Fig.
8b illustrates that usage of C.HE in presence of a magnetic
field (B = 200 G) can increase the average Nusselt num-
ber in the tube sharply. Moreover, it is found that for all
studied configurations and models, the average Nusselt
number always increases by an increase of Reynolds num-
bers. It is clearly observed that the C.HE filled with NF
can enhance the Nusselt number value than B.HE filled
with NF about 122.3% at Re = 4,000 and about 126.5% at
Re =20,000. As it is observed in Fig. 8¢, usage of C.HE in
presence of a magnetic field (B = 400 G) can increase the
average Nusselt number in the tube sharply. Moreover, it
is found that for all studied configurations and models, the
average Nusselt number always increases by an increase of
Reynolds numbers. It is observed that the C.HE filled with
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Figure 8. Average Nusselt number versus Reynolds number for B.HE and C.HE (b = 6 mm, r = 5 mm and, p = 12.5 mm)
which is filled with NF (¢ = 1%) under various magnetic fields (B = 0, 200 G, 400 G and 600 G).

NF can enhance the Nusselt number value than B.HE filled
with NF about 122.5% at Re = 4,000 and about 126.7% at
Re =20,000. Fig. 8d demonstrates that the usage of C.HE
in presence of a magnetic field (B = 600 G) can increase the
average Nusselt number in the tube sharply. Moreover, it is
found that for all studied configurations and models, the

average Nusselt number always increases by an increase of
Reynolds numbers. It is observed that the C.HE filled with
NF can enhance the Nusselt number value than B.HE filled
with NF about 122.7% at Re = 4,000 and about 126.8% at
Re =20,000.
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Fig. 9 shows Nusselt number ratio versus Reynolds
number for CHE (b = 6 mm, r = 5 mm, p = 12.5 mm)
which is filled with NF (¢ = 1%) and under various mag-
netic fields (B = 0, 200 G, 400 G and 600 G) in comparison
with B.HE filled with NF (¢ = 1%) and under no magnetic
field (B = 0). It is understood that the presence of a mag-
netic field has a significant effect on heat transfer enhance-
ment in HE. Also, it is found that higher magnetic field
intensities can enhance the heat transfer rate in HE. The
model with a magnetic field of B = 600 G has the highest
Nusselt number ratio among all studied models, which is
followed with models B =400 G, 200 G, and 0, respectively.
It is observed that the C.HE filled with NF at B = 600 G can
enhance the Nusselt number ratio than C.HE filled with NF
at B =0 about 103.6% at Re = 4,000 and about 103.5% at Re
=20,000.

Geometrical Parameters of Corrugations

In this section, the reference data due to calculating
Nu,, f;» and PEC index are achieved from B.HE filled with
NEF at ¢ = 1%.

Different corrugation heights

Fig. 10 shows effects of different corrugation heights on
(a) Nusselt number ratio, (b) friction factor ratio and (c)
PEC versus Reynolds number for CHE (r = 5 mm and p
= 12.5 mm) which is filled with NF (¢ = 1%) and under
magnetic field B = 600 G in comparison with B.HE filled
with NF (¢ = 1%) under no magnetic field (B = 0). As is
seen in Fig. 10a, corrugation heights can affect the thermal
characteristics of HE significantly. The configuration with

b = 14 mm has the highest Nusselt number ratios among
all studied cases during all studied Reynolds number and
is followed with configurations heigh of b = 10 and 6 mm,
respectively. It is clear that the increase of corrugation
heights leads to more flow mixing and vortexes generation
in HE and therefore enhances the heat transfer coefficient
between tube wall and HTF. Besides, it is realized that for
all studied configurations and models, the average Nusselt
number ratio always increases by an increase of Reynolds
numbers. Fig. 10b demonstrates that corrugation heights
can affect the hydraulic characteristics of HE significantly.
The configuration with b = 14 mm has the highest friction
factor ratios among all studied cases during all studied
Reynolds number and is followed with configurations b =
10 and 6 mm, respectively. It is clear that the increase of
corrugation heights leads to more flow mixing and vortexes
generation in HE and therefore increases the pressure drop
penalty from inlet to outlet of the test section.

Besides, it is realized that for all studied configurations
and models, the mean friction factor ratio always increases
by an increase of Reynolds numbers. Fig. 10c illustrates that
corrugation heights can affect the thermal-hydraulic char-
acteristics of HE significantly. The configuration with b =
14 mm has the highest PEC values among all studied cases
during all studied Reynolds number and is followed with
configurations height of b = 10 and 6 mm, respectively. It is
clear that the increase of corrugation heights leads to more
flow mixing and vortexes generation in HE and therefore
increases the both parameters as heat transfer coefficient
and pressure drop penalty from inlet to outlet of the test
section. The PEC index calculates which parameter plays
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Figure 9. Nusselt number ratio versus Reynolds number for C.HE (b = 6 mm, r = 5 mm and p = 12.5 mm) which is filled
with NF (¢ = 1%) and under various magnetic fields (B = 0, 200 G, 400 G and 600 G) in comparison with B.HE filled with

NF (¢ = 1%) under no magnetic field (B = 0).
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the main role in HE, Nusselt number enhancement, or pres-
sure drop penalty. Besides, it is realized that for all studied
configurations and models, the PEC variations have similar
trends with each other versus Reynolds numbers. The PEC
values reduce by increase of Reynolds number from Re =
4,000 to Re = 12,000, and then increase till Re = 16,000 and
then once again decrease till Re = 20,000. In some regions
of Reynolds number the Nusselt number plays the main
role (12,000 < Re < 16,000) and in some other regions of
Reynolds number the friction factor plays the main role
(4,000 < Re < 12,000 and 16,000 < Re < 20,000). Also the
highest PEC values are achieved in Re = 4,000. The most
PEC value in this figure is PEC = 3.2680 for C.HE (b = 14
mm, r =5 mm and p = 12.5 mm) which is filled with NF (¢
= 1%) and under magnetic field B = 600 G at Re = 4,000.
In the rest of present study the corrugation height of b = 14
mm is determined for analyzing of other parameters.

Different corrugation widths

Fig. 11 presents effects of different corrugation widths
on (a) Nusselt number ratio, (b) friction factor ratio and (c)
PEC versus Reynolds number for CHE (b=14 mmand p =
12.5 mm) which is filled with NF (¢= 1%) under magnetic
field B = 600 G in comparison with B.HE filled with NF (¢ =
1%) under no magnetic field (B = 0). As it is realized in Fig.
11a, corrugation widths can affect the thermal characteris-
tics of HE sharply. The configuration with r = 13 mm has
the highest Nusselt number ratios among all studied cases
during all studied Reynolds number and is followed with
configurations r = 9 and 5 mm, respectively. It is clear that
the increase of corrugation widths leads to more flow mix-
ing and vortexes generation in HE and therefore enhances
the heat transfer coefficient between the tube wall and HTE.
Besides, it is realized that for all studied configurations and
models, the average Nusselt number ratio always increases
by an increase of Reynolds numbers. Fig. 11b demonstrates
that corrugation widths can affect the hydraulic character-
istics of HE significantly. The configuration with = 13 mm
has the highest friction factor ratios among all studied cases
during all studied Reynolds number and is followed with
configurations width of r = 9 and 5 mm, respectively. It is
clear that the increase of corrugation widths leads to more
flow mixing and vortexes generation in HE and therefore
increases the pressure drop penalty from inlet to outlet of
the test section. Besides, it is realized that for all studied
configurations and models, the mean friction factor ratio
always increases by an increase of Reynolds numbers. Fig.
11c illustrates that corrugation widths can affect the ther-
mal-hydraulic characteristics of HE. The configuration
with width r = 9 mm has the highest PEC values among
all studied cases during all studied Reynolds number and
is followed with configurations width » = 13 and 5 mm,
respectively.

It is clear that the increase of corrugation widths leads to
more flow mixing and vortexes generation in HE and there-
fore increases both parameters heat transfer coefficient and

pressure drop penalty from inlet to outlet of the test sec-
tion. The PEC index calculates which parameter plays the
main role in HE, Nusselt number enhancement, or pres-
sure drop penalty. Here the configuration width r = 13
mm has the highest Nusselt number values, but because
of its high-pressure drop values cannot achieve the highest
PEC values. Therefore, the configuration width r = 9 mm
is in the first place. Besides, it is realized that for all stud-
ied configurations and models, the PEC variations have
similar trends with each other versus Reynolds numbers.
The PEC values reduce by increase of Reynolds number
from Re = 4,000 to Re = 12,000, and then increase till Re
= 16,000 and then once again decrease till Re = 20,000. For
configuration width of = 9 mm the PEC values increase in
Reynolds number period from 16,000 to 20,000. In some
regions of Reynolds number the Nusselt number plays the
main role (12,000 < Re < 16,000) and in some other regions
of Reynolds number the friction factor plays the main role
(4,000 < Re < 12,000 and 16,000 < Re < 20,000). Also, the
highest PEC values are achieved in Re = 4,000. The most
PEC value in this figure is PEC = 3.3024 for CHE (b = 14
mm, =9 mm and p = 12.5 mm) which is filled with NF (¢
= 1%) under magnetic field B = 600 G at Re = 4,000. In the
rest of the study the corrugation height of b = 14 mm and
corrugation width of r = 9 mm is determined for analyzing
of the pitch value parameter.

Different corrugation pitches

Fig. 12 demonstrates effects of different corrugation
pitches on (a) Nusselt number ratio, (b) friction factor
ratio and (c) PEC versus Reynolds number for CHE (b =
14 mm and r = 9 mm) which is filled with NF (¢ = 1%)
under magnetic field B = 600 G in comparison with B.HE
filled with NF (¢ = 1%) under no magnetic field (B = 0). As
it is realized in Fig. 12a, corrugation pitches can affect the
thermal characteristics of HE significantly. The configura-
tion with pitch p = 12.5 mm has the highest Nusselt number
ratios among all studied cases during all studied Reynolds
number and is followed with configurations pitch p = 20.0
and 27.5 mm, respectively. It is clear that the decrease of
corrugation pitches leads to more flow mixing and vortexes
generation in HE and therefore enhances the heat trans-
fer coefficient between the tube wall and HTE. Besides, it
is realized that for all studied configurations and models,
the average Nusselt number ratio always increases by an
increase of Reynolds numbers. Fig. 12b demonstrates that
corrugation pitches can also affect the hydraulic character-
istics of HE. The configuration pitch with p=12.5 mm has
the highest friction factor ratios among all studied cases
during all studied Reynolds number and is followed with
configurations pitch p = 20.0 and 27.5 mm, respectively. It
is clear that reduction of corrugation pitches leads to more
flow mixing and vortexes generation in HE and therefore
increases the pressure drop penalty from inlet to outlet of
the test section. Besides, it is realized that for all studied
configurations and models, the mean friction factor ratio



J Ther Eng, Vol. 9, No. 5, pp. 1667-1686, September, 2023 1681

5,5
e = 5 mm
5,4 {|=®=r=9mm A
=l -T=13mm ——h —
5,3 i e — —
'— L ] — . .
5 5,2 1 - - - = -1
- =l =
2 51 - - =
' > = =
5,0 - s
e
4,9 - > ——
4,8
4000 8000 12000 16000 20000
Re
(a)
4.6
e = 5 MM L A
4,4_ e=B= 1r=09mm .—_,.A"—-
==de 1=13mm 1. A* ™
4,2 - e
. - R
4,0 - e e -
S -
S 3,8 - e
- )
3,6 - e
__+——
3,4 i /
3,2
4000 8000 12000 16000 20000
Re
(b)
3,31
e = 5 mm
3,30 - o — 8= r=9mm
AN - =k -T=13mm
3,29 .
’ -~
. R
3,28 - \A -
’ -~ - - em w== ==
O 3,27 . .-—-———
m ——— e S— 'h e,
~ 326 - A
3,25 -
3,24 s o -
3,23
4000 8000 12000 16000 20000

Re
(0
Figure 11. (a) Nusselt number ratio, (b) friction factor ratio and (c) PEC versus Reynolds number for C.HE (b = 14 mm

and p = 12.5 mm) which is filled with NF (¢ = 1%) under magnetic field B = 600 G in comparison with B.HE filled with
NF (¢ = 1%) under no magnetic field (B = 0) for various corrugation widths.



1682

J Ther Eng, Vol. 9, No. 5, pp. 1667-1686, September, 2023

5,3

52

5,1

5,0

Nuw/Nu,

4,9

4,8

4,7

4,1
4,0
3,9

3,8

I

3,7
3,6
3,5

3,4

3,31

3,27

3,23

PEC

3,19

3,15

3,11

m=fm=p = 12.5 mm
=== p =20.0 mm
=de +p =275 mm

—
N __‘ §  — A.
e = == T
4000 8000 12000 16000 20000
Re
(a)

8000 12000 16000 20000
Re

(b)

\“\ - —

m=fe=p = 12.5 mm
=== p =20.0 mm

- - =de -p =275 mm
o -
T e e e e ] e e e =
y — .
—— .
k-
H'
H' — . _A _——— e E—— .A
4000 8000 12000 16000 20000
Re
(c)

Figure 12. (a) Nusselt number ratio, (b) friction factor ratio and (c) PEC versus Reynolds number for C.HE (b = 14 mm
and r = 9 mm) which is filled with NF (¢ = 1%) under magnetic field B= 600 G in comparison with B.HE filled with NF (¢
= 1%) under no magnetic field (B = 0) for various corrugation pitch.



J Ther Eng, Vol. 9, No. 5, pp. 1667-1686, September, 2023

1683

always increases by an increase of Reynolds numbers. Fig.
12c illustrates that corrugation pitches can affect the ther-
mal-hydraulic characteristics of HE. The configuration
pitch with p=12.5 mm has the highest PEC values among
all studied cases during all studied Reynolds number and
is followed with configurations pitch of p=20.0 and 27.5
mm, respectively. It is clear that the decrease of corrugation
pitches leads to more flow mixing and vortexes generation
in HE and therefore increase both parameters heat transfer
coefficient and pressure drop penalty from inlet to outlet of
the test section. The PEC index calculates which parameter
plays the main role in HE, Nusselt number enhancement,
or pressure drop penalty. Here the configuration pitch p =
12.5 mm has the highest Nusselt number values and also
the highest pressure drop values and also has the highest
PEC values.

Besides, it is realized that for all studied configura-
tions and models, the PEC variations have similar trends
with each other versus Reynolds numbers. The PEC values
reduce by an increase of Reynolds number from Re = 4,000
to Re = 12,000 with an almost high slop and then decrease
till Re = 20,000 slower. For configuration pitch p = 12.5 mm
the PEC values increase in Reynolds number period from
12,000 to 20,000. In this region of Reynolds number the
Nusselt number plays the main role (12,000 < Re < 16,000),
while in other regions of Reynolds number the friction
factor plays the main role (4,000 < Re < 12,000). Also, the
highest PEC values are achieved in Re = 4,000. The most
PEC value in this figure is PEC = 3.3024 for CHE (b = 14
mm, r =9 mm and p = 12.5 mm) which is filled with NF (¢
= 1%) under magnetic field B = 600 G at Re = 4,000.

Finally, usage of CHE (b = 14 mm, r = 9 mm and p =
12.5 mm), which is filled with NF (¢ = 1%) and under mag-
netic field B = 600 G it suggested in the present study as the
most thermal-hydraulic-efficient configuration. Also, there
is a Reynolds number (Re = 4,000), in which the highest
PEC values are achieved.

It is valuable to refer that, the PEC is evaluated with
estimated Nusselt number and friction factor. As it is clear,
the trends of Nusselt number and friction factor determine
the trend of PEC. As one can see in Fig. 10, 11 and 12, the
trends of Nusselt number and friction factor in each figure
are similar for various value of used parameters.

CONCLUSION

This paper studied the effects of using a magnetic field
on the flow field and heat transfer of ferromagnetic Fe;0,/
H,O nanofluid with consideration of a two-phase model
for nanofluid in heat exchanger equipped with helical ribs.
The length of the heat exchanger is 200.0 mm, and the tube
diameter is 50.0 mm. Also, the inlet length of 830.0 mm and
outlet length of 66.0 mm are determined. Besides, four dif-
ferent constant magnetic fields (B = 0, 200, 400, and 600 G)
are determined to analyze the effects of employing MHD
fluid flow in heat exchanger under the magnetic field. The

heat transfer fluid is Fe;O,/H,O nanofluid at a nanoparti-

cles volume fraction of ¢ = 1.0% and diameter of d,,, = 20

nm. Also effects of changing three geometrical parameters

are analyzed: Three different corrugation height values (b =

6.0, 10.0 and 14.0), three different corrugation width values

(r=15.0,9.0 and 13.0) and three different corrugation pitch

values (p = 12.5, 20.0 and 27.5). The performance evalua-

tion criteria index is employed to analyze the thermal-hy-
draulic characteristics of the heat exchanger. Based on the
obtained results,

o Usage of the corrugated heat exchanger or nanofluid
can increase the average Nusselt number and friction
factor in the tube sharply.

o Itisunderstood that the presence of a magnetic field has
a significant effect on heat transfer enhancement in the
heat exchanger.

o The model with magnetic field 600 G has the highest
Nusselt number ratio among all studied models, which
is followed with 400 G, 200 G, and 0 magnetic fields,
respectively.

o Effects of different corrugation heights, widths, and
pitches have been studied.

« Usage of the novel corrugated heat exchanger with 14
mm corrugation heights, 9 mm rib width, and 12.5 mm
blade pitches filled with nanofluid and under a mag-
netic field of 600 G it suggested in the present study as
the most thermal-hydraulic-efficient configuration.

o At the Reynolds number of 4,000, the highest perfor-
mance evaluation criteria values are achieved.
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