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Abstract. Magnetic heat exchangers differ from conventional non-magnetic ones due to their susceptibility to a magnetic
field, which can lead to a relevant heat flow if it is sufficiently intense. Such relevance, on the other hand, depends on the
context of heat transfer demand, which guides the design of the heat exchanger. In this work, the fluids are a ferrofluid,
which is a magnetic fluid that flows inside a copper tube, and atmospheric air as the external thermoacoustic working
fluid. To correctly evaluate magnetic covection, it is necessary to have knowledge of several conditions such as applied
magnetic field and its geometry, magnetic susceptibility of the ferrofluid, viscosity and conduction behavior as a function
of the magnetic field. In this way, the study aims to understand the influence of the applied magnetic field on magnetic
convection through the variation and evaluation of the magnetic Nusselt number via CFD in the context of a standing wave
thermoacoustic engine application. In fact, results show that the way the magnetic field is applied produces a different
induced magnetic field, which in turn directly influences the magnetic Nusselt number.
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1. INTRODUCTION

The growing demand for energy over the years (Ritchie et al., 2022) combined with the need for increasingly cleaner
and low-cost energy generation leads to new targeted research or methods that result in an increase in the efficiency of
power cycles (namely the Rankine Cycle and the Brayton Cycle) or new possibilities for energy generation. However,
the limited availability of sustainable heat sources is a significant challenge to the efficiency and viability of conventional
power cycles. It is in this context that thermoacoustic engines appear, a promising alternative for power generation from
low grade heat sources. These engines are based on principles of thermoviscous interaction between a gaseous fluid under
resonant acoustic field and a solid substrate under sufficiently high temperature gradient, leading to the conversion of
thermal energy into mechanical energy in its acoustic form (Hamood and Jaworski, 2023; Chen et al., 2021). Unlike
conventional cycles, thermoacoustic engines may work at relatively low thermal potential, depending on the heat source
availability and its specific design features, e.g. static pressure, working gas, acoustic porous material and heat exchangers
(Timmer et al., 2018; Dong et al., 2019), making them suitable to regenerate usually unavailable, such as industrial waste
heat or low-temperature solar heat, the latter that may become an innovative and sustainable solution for power generation.

The standing wave thermoacoustic engine (TAE) essentially consists of heat exchangers (just one hot and one cold
for the simplest configuration), one stack or acoustic porous material per thermoacoustic core, a resonator network and
the working fluid (Swift, 1988). The stack is the most important component of the TAE, as within its porous the ther-
moacoustic phenomena takes place and the acoustic field is established. A good performing stack should minimize heat
conduction along the temperature gradient direction and favor convective heat transfer within its pore internal walls; the
resonator contains the stack and the heat exchangers, besides determining the fundamental resonant frequency, function
of its length; the working fluid is a fundamental aspect to be considered in the TAE since the determination of the initial
temperature difference, power and efficiency depend on its thermophysics properties; finally, the heat exchangers, where
the hot heat exchanger supplies heat to the hot end of the stack and the cold heat exchanger extracts heat from the other
end of the stack. Its characterization is crucial for a good TAE design and, to circumvent its difficult analytical modeling,
has led to the development of specific experimental approaches (Bannwart et al., 2012). Aiming at optimal operation,
it is important that the heat exchanger has a high heat transfer coefficient and low acoustic power dissipation due to its
acoustic impedance (Hariharan et al., 2012; Swift, 1988).

Currently, there are several works that aim gains mainly in efficiency of heat exchangers. Among the various works
there are Ajarostaghi et al. (2023), which employ a swirler device responsible for increasing the homogeneity of the flow;
Marzouk et al. (2023), who use a fractal configuration in helical tubular heat exchangers, and mainly numerous works
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such as Sahu et al. (2023), Hasan et al. (2023) and Ratul et al. (2023) that use alumina nanofluid (Al;O3) together with
particles of other metals such as copper as a working fluid; Zhang et al. (2023) and Khedher et al. (2022) studied the
influence of thermomagnetic convection on the heat exchanger.

The phenomenon of thermomagnetic convection occurs when there is a significant temperature gradient present in
a magnetically susceptible fluid exposed to a sufficiently intense magnetic field. When such a fluid has the ability to
become magnetized, then the fluid is said to be paramagnetic. The fluid of our case study, however, is called ferrofluid,
as it consists of a stable colloidal dispersion of magnetic particles dispersed in a liquid carrier. The properties of fer-
rofluids are profoundly affected by the Brownian motion of the suspended particles and by the fact that each particle
is permanently magnetized. In addition to the particles and the carrier liquid, the presence of a surfactant species is of
fundamental importance in order to avoid the agglomeration of the particles among themselves (Rosensweig, 2014). As a
first approach, the present work intends to analyze a heat exchanger of a thermoacoustic engine, with similar operation to
the thermoacoustic refrigerator proposed by Bannwart and Arruda (2009), from the perspective of numerical simulation.
To this end, fundamental concepts of heat exchangers will be validated through an analytical approach proposed by Ghosh
et al. (2022) which will be extrapolated to other conditions analyzed.

2. THEORETICAL REFERENCE

As mentioned in the previous section, this study aims to address a heat exchanger in a thermoacoustic engine whose
working fluid exhibits magnetic behavior. It is crucial to point out that, although they are similar terms, there is a clear
distinction between ferrohydrodynamics (FHD) and magnetohydrodynamics (MHD). Ferrohydrodynamics concerns the
area of fluid mechanics that investigates the movement of magnetic fluids under the influence of magnetic forces generated
by field gradients. Magnetohydrodynamics, on the other hand, studies the behavior of electrically conductive fluids
subject to a force, specifically the Lorentz Force per unit volume, resulting from an electric current (Rosensweig, 2014).
Therefore, the focus of this work is the study of ferrohydrodynamics. As it deals with the coupling between various
physics (energy, hydrodynamics and electromagnetism), it is necessary to present the expressions that govern each of
these physics together with their considerations (boundary conditions).

2.1 Hydrodynamics

The first expression consists of the control volume mass balance expressed by Equation (1) for incompressible and
steady-state flow.

V-V=0. (D

The Cauchy Equation for the ferrofluid is similar to the expression for a conventional fluid, differing in terms of the
stress tensor. For this, the analysis is based on the equation of conservation of the internal angular momentum for a
magnetic fluid, which can be written in the form of Equation (4) (Rosensweig, 2000).

P22 — pG VOt A, )
Dt
where s is the internal angular momentum per unit mass of the magnetic fluid caused by the rotation of the magnetic
particles, G is the pair density of the magnetic body per unit mass, C' is the tension tensor of the pair of surface and A is
the vector anti-symmetric part of the viscous stress tensor representing the angular momentum conversion rate between
external and internal forms. Expanding Equation (4) and performing the due simplifications and considerations, we
obtain Equation (3) used in this work.

DV
Pefi Top = —Vp+ (1 + VAV 4+ 2¢(V x w) + po(M - V)H, 3)

with p. ¢ representing the effective specific gravity of the ferrofluid, V the velocity field, p the pressure field, 7, the
viscosity ratio, ¢ a vortex viscosity, w spin velocity, M the magnetization vector and H the applied magnetic field.

For comparative purposes, the Equation (4) consists of the Cauchy Equation with the Navier-Stokes tensor for any
fluid. In general, it seems that the derivative terms of the material and the pressure gradient remain the same, while the
diffusive term of Equation (3) presents a contribution from the viscosity of the vortex ¢ and the body force term, which
in Equation (4) represented only by g assumes the form relative to the magnetizing fields M and applied H as well as the
contribution of rotational speed due to the tendency to align with the magnetic field.

DV

T —Vp + V3V + pg. 4
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Analogously, write the expression for angular momentum in the form of Equation (5) for magnetic particles.

Dw
Dt

where p,, represents the specific mass of the particle, I the moment of inertia of the particle, 1’ spin viscosity and (o
the magnetic permeability of vacuum.

ppl —— = oM+ H) + 7' VZw + 2((V x V — 2w), 5)

2.2 Magnetism

The Magnetization vector M is given by the product between the magnetic susceptibility x and the magnetic field
H (Rosensweig, 2014). Magnetic susceptibility, in turn, measures the ability of a material to become magnetized under
the action of magnetic stimulation from a magnetizing field to which it is subjected. The response to the stimulus is
expressed in the form of a M magnetization of the material, and there are materials that respond in a way that weakly
opposes the presence of the stimulus inside and there are those that respond weakly in favor of the stimulus, both doing
so. not generally proportional to the stimulus. The former are classified as diamagnetic materials and the latter constitute
the group of paramagnetic materials (Griffiths, 2017). In this way, the expression for the magnetization of the particle is
given by Equation (6) (Rosensweig, 2000).

DM 1

— = M- —(M — My).

Dt ¢ T( 0) ©
For the formulation of the interaction of the magnetic field, a set of four Equations is used: Gauss’ Law given by

Equation (7); Gauss’s Law for Magnetism given by Equation (8); Faraday’s Law of Induction given by Equation (9) and

Ampere-Maxwell’s Law given by Equation (10).

v-E="Le (7)
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where p. represents the charge density of the medium, ¢ the electrical permittivity of the medium and J the current

density.

Considering that the induced Magnetic Field B is given by B = p,.H with . being the relative permeability of the
medium, it is possible to rewrite Equation ( 10) in terms of the applied magnetic field H, that is, Equation (11), which is
more interesting from the point of view of ferrohydrodynamics.

OE
VxH= —_—. 11
J+eo ot (11)
For the FHD context, Equations (7), (8), (9) and (11) known as the Maxwell’s Equations now consider the limit
magnetostatic, that is, the effects of electric current flow and electric field are considered negligible so that J = 0, E = 0

and OB /0t = 0, which implies V x H = 0.
2.3 Energy

Finally, consider the expression for energy in the form of heat given by Equation (12).

DT
pgffcp?t =V (KeffVT)+qm+77€ffq), (12)

With ¢, corresponding to the specific heat at constant pressure, K s ¢ the effective thermal conductivity, ¢”” volumetric
rate of heat regeneration and ® the viscous dissipation.
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2.4 Validation

To perform the following analyses, the parameters of the governing equations (hydrodynamics, magnetism and energy)
are dimensionless as follows:

r hvy hyp pUQa y HO’ q1h

Equation (13) was obtained by Ghosh ef al. (2022) starting from equations similar to those mentioned in previous
subsections with considerations also implemented by this work.
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where ¢ corresponds to the heat rate, Br corresponds to the Brinkman number, 7,- the viscosity ratio, K as defined to
K = (D —6)?/6 and D is obtained through Equation (14) as:

dp* 3 -t
D= P o, (1 — , 14
Regn e [ +5%n ( Z)] (14)

with Re, representing the Reynolds number, dp * /dxx the dimensionless pressure gradient in the = direction, ¢ being
the volumetric fraction of the magnetic particles and z obtained by solving Equation (15)

4

_ 15
ST A+ My L(H)rH (13)

where M,y corresponds to the magnetic flux number, L(H,) the dimensionless Langevin function given by L(H,) =
coth(AoH;) — (AoH;) ™. Proofs and more details are available in Ghosh et al. (2022)’s work.

Table 1. Properties of the ferrofluid used in the simulation.

Quantity Value™
Specific mass 1210 *9/m?
Dinamic viscosity 6 mPa/s
Thermal conductivity 019 W/m . K
Heat capacity 1840 J /kg - K
Thermal expansion coefficient | 8.6-107* 1/x
Saturation magnetization 44 mT
Initial Magnetic Susceptibility 2.64

(1) Regarding the EFH1 ferrofluid type.

3. METHODOLOGY

As explained above, the present work will analyze the heat exchanger of a thermoacoustic engine through parametric
variation and comparison with analytical solutions when possible. Figure 1 presents the 3D schematic model of the heat
exchanger. This model is composed of a waveguide (larger cylinder) and a parallelepiped that crosses it perpendicularly.
Although there is an indication of inlet and outlet flow in the waveguide by Figure 1, it is known that there is no net
flow inside the thermoacoustic engine, but oscillation of the acoustic particles around a midpoint . On the other hand,
the parallelepiped that crosses the waveguide is responsible for conducting the ferrofluid inside and therefore will be the
main target of analysis. Aiming at validating the numerical model by means of empirical expressions, the flow of the duct
with a rectangular section that conducts the fluid iron was first treated as a flow between flat plates of the type shown in
Figure 2 and, later modifications will be made in the numerical model in order to determine optimal values that maximize
the heat extraction by the ferrofluid. For the sake of ease of explanation, the methodology will be divided between the
three physics: hydrodynamics, magnetism and energy (heat).
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Figure 1. Schematic Model of the thermoacoustic engine heat exchanger.
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Figure 2. Studied models. A) Ghosh et al. (2022) e B) this work.

3.1 Hydrodynamics

The Figure 3 has two main elements seen from above and sideways, the first one consists of a parallelepiped in (Jfp
color, which implements the domain technique infinite so that it acts as two flat plates, where the ferrofluid flow occurs.
On the side there are two cylinders in (Jiij) color, which will be addressed in the topic on magnetism, which represent
two electromagnets. Regarding the boundary conditions, a fluid is defined with the properties present in Table 1 with
input located on the left part of Figure 3 and output on the right , being input with 5 cm/s and output with zero pressure
difference. Furthermore there is gravity oriented in the negative direction of Z.
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Figure 3. Numeric Fluid and Energy Domain.

<

3.2 Magnetism

Figure 4 is an extension of Figure 3, i.e., an air envelope in the heat exchanger, in ([ |) color, whose function is to
be a magnetic insulator. As for the boundary conditions, the cylinder mentioned in the previous section corresponds to
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an electromagnet so that the cylinder acts as a solenoid with an iron core (since the cylinder material is specified as iron),
so that each solenoid is excited by a current of 1A and the direction of the Magnetic Force (right-hand rule) pointed in
the positive Z direction. Furthermore, each solenoid has a winding of 100 turns. The parallelepiped where the fluid iron
flow occurs is said to be a perfect magnetic conductor and defined as a new domain for applying Ampere’s Law Equation
(10) so that as input it receives a magnetization curve B X H characteristic of the ferrofluid already specified in this work.
Finally, the larger parallelepiped is defined as insulating and material being air.

Figure 4. Full Numeric Domain.

3.3 Energy

The energy model is defined in the same domain as Figure 3. For this, the same inlet and outlet of the fluid already
specified in the Hydrodynamics section is defined for a for a correct coupling between the physics of hydrodynamics and
the plate temperature as being constant at 800 K.

3.4 Additional Settings

For a correct coupling of physics in COMSOL, it is necessary to insert additional parameters such as viscosity and
thermal conduction, that is, physically the magnetic field alters the physical properties of the fluid depending on the
orientation in which this field is applied. Due to the current configuration of the numerical model, which employs a
magnetic field perpendicular to the flow of the ferrofluid, thus resulting in a greater viscosity of the same as a function of
the field and, although the field does not vary in time, it varies in space, so the fluid perceives a variation in its viscosity in
space. The same is true for thermal conduction. Therefore, aiming at a better representation of the physics involved, the
Equations (16) and (18) were inserted in COMSOL and assigned to the materials involved in the model.

(1= @int) 2+ =211 —@int) 2 — 1] +1

k — k Pint , (16)
T 0 P (U= i) P - 1]+ 1

where kg corresponds to the thermal conductivity of the ferrofluid and ¢;,,; obtained by solving Equation (17).

Qint = (pm — @n)tanh [c(vHepn)?] + on, (17)

Being ¢;,: the volume fraction of nanoparticles in aggregates, ¢,, the maximum volume fraction, ¢, hydraulic
volume fraction, ¢ the compression parameter and v defined as a ratio of the initial magnetic susceptibility xq to the
magnetic saturation M, that is vy = 3xo/Ms.
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3~vH — tanh(’yH)) (18)

= 1 _ -
fleft = "0 ( + 2~vH + tanh(vH)
4. RESULTS

Solving the Equation (13), we obtain as a result the Figure 5 representing the behavior in the Nusselt number for the
model already described as a function of the applied magnetic field. It is verified that the Nusselt number increases as the
magnetic field increases, a behavior that is in line with other works such as Ashouri et al. (2010) and Bahiraei and Hangi
(2013).
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Figure 5. Nusselt number as magnetic field function.
As described in previous sections, the simulation was performed translating into Figure 6. Note that in the region
close to the coil (region circled in black) there is a difference in the temperature pattern of the ferrofluid, so that the layers
of higher temperature (zones in red to yellow) are smaller in size. In addition, there is no predominance of strong blue

zones in the location, unlike other regions, indicating that there is greater homogeneity in the region. Such a change in the
temperature profile is due to the magnetic field inside, given that such change persists only around the coil.
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Figure 6. Temperature profile for ferrofluid flow.
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Finally, when calculating the Nusselt Number along the length of the heat exchanger, Figure 7 is obtained, so that the
average Nusselt Number along the flow is 3.003, This value is close to the analytical one for H;; = 1 whose value is
2.784.

30 4

204

10 4

Nu

_10 -

0 20 40 60 80 100
X

Figure 7. Nusselt number as length function of heat exchanger.

After validating the numerical model through analytical expressions, two operational configurations related to the
magnetic field were changed, first being the position of the coils (or electromagnet) and the second consisting of increasing
the number of coils. Figure 8 shows the change in the position of the coils, in which it is initially seen that there is
an extension of the fluid disturbance zone demonstrated by the black circles. This phenomenon occurs because the
electromagnets positioned above and below (configuration B) of the exchanger direct the magnetic flux into the exchanger,
while positioning the coils laterally only diverts part of the magnetic flux (configuration A). The Figures that show the
profile of the induced magnetic field (B) present higher values for configuration B, reaching 1.2 T in the coil and 0.76 T
in the fluid while configuration A presents 1 T in the coil and 0.33 T in the fluid. Therefore, directing the magnetic field
lines towards the ferrofluid results in a greater induced field, given that the presence of a magnetic field H magnetizes
the iron particles in the suspension, which in turn act as small magnets, thus contributing to a larger induced field and,
in turn, this larger induced field results in a larger Nusselt number, in this case, 3.003 for configuration A and 3.815 for
configuration B.

—
-

4

E

Figure 8. Comparison between coil configurations.
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Figure 9 in turn presents a greater number of inductors, all made of the same material, same current and same number
of turns. Comparing configurations A and B, it was found that there was also an extension of the fluid disturbance zone, as
each pair of coils generates the same field, so such behavior was in fact expected. However, when comparing the induced
magnetic fields, it was noticed that there is a small increase in the induced magnetic field as it passes through the coils.
It is believed that this behavior occurs because the ferrofluid passes through the coils in a time shorter than the relaxation
time. magnetic so that it arrives at the subsequent coil still magnetized, contributing incrementally to each coil. Finally,
the Nusselt number was found to be 3.003 for configuration A and 3.301 for configuration B.

T S/

L. L
Figure 9. Comparison between number of coils.

5. CONCLUSIONS

The results show the location of the coils directly affected by the induced magnetic field modulus even though the
magnetic field applied is constant in time and direction at each evaluation. As a result of the increase in the magnetic field
induced either by the orientation of the coils or its quantity, it is observed that the increase in the intensity of the induced
field causes an increase in the Nusselt number up to the point of magnetic saturation. Furthermore, it should be noted that
adding coils locally increases the induced field due to the ferrofluid’s magnetization. Therefore, it is conveyed that the
presence of the magnetic field leads to an increase in the Nusselt number.
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