
Applied Thermal Engineering 204 (2022) 117902

A
1
(

D

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/ate

Research paper

Heat generation depth and temperature distribution in solar receiver tubes
subjected to induction
E. Cano-Pleite ∗, M. Fernández-Torrijos, D. Santana, A. Acosta-Iborra
epartment of Thermal and Fluids Engineering, Carlos III University of Madrid, Av. de la Universidad 30, 28911, Leganés, Madrid, Spain

A R T I C L E I N F O

Keywords:
Solar power
Induction
Simulation
Multiphysics
Modeling

A B S T R A C T

Induction heating is commonly used in laboratory-scale facilities to replicate the heating conditions of the
receiver tubes of concentrated solar power plants. This work aims at shedding light at the induction heating
characteristics for such applications through the development of a multiphysics numerical model capable
of replicating the experimental conditions of a molten salt loop locally heated by an induction heater. In
the experiments, a stainless steel pipe is heated on its external surface by the induction heater, which is
switched on and off during the experimental data acquisition while molten salts are continuously circulating
in its interior. These conditions are replicated, for the first time, in a two-dimensional numerical domain
fully coupling the electromagnetic and thermal physics, including thermally dependent material properties of
the heated pipe. Once validated against the experiments, the numerical results revealed that the volumetric
nature of the induction heating shall be considered for an accurate representation of the temperature profile
inside the tube. As a novelty, different equivalent surface boundary conditions are presented and, despite the
Gaussian-like behavior of the induction heating on the surface of the tube, the results indicate that there exists
no equivalent wall boundary condition to fully replicate the temperature profile obtained with the induction
heater. The effect of independently varying experimental parameters such as the geometry of the pipe (i.e.,
diameter and thickness) and its distance to the induction heating system is also evaluated. Using large diameters
of the tube reduces the difference between the angular temperature profile obtained using induction heating
and a simplified wall boundary condition. For small wall thicknesses, the induction heating is capable of
penetrating along the whole thickness of the tube, the total heat generated in the volume of the tube being
exposed to the counteracting effects of the volumetric generation and the enhancement of the heat dissipation
by the molten salt, as both of them increase for small thicknesses. The distance of the inductor to the pipe
wall appears to maintain the volumetric characteristics of the heating and only affects the induction heating
magnitude and efficiency.
1. Introduction

Induction heating is routinely employed in industry for the thermal
treatment, process heating, melting and welding of metallic elements or
other electrically conducting materials [1]. In this technology, a high-
frequency oscillating current in a coil creates an electromagnetic field
which induces circulating eddy currents on the material to be heated,
resulting in the generation of heat due to its electric resistance and
magnetic hysteresis. The advantages of heating a piece by induction
are the heat flux obtained, which can reach high intensities in a
controllable way, the ability of focusing induction onto a narrow region
in the piece, its robustness and better cooling of the heater subsystems
compared with other heating procedures such as electric resistances,
radiant lamps, and blowtorches.

∗ Corresponding author.
E-mail address: edcanop@ing.uc3m.es (E. Cano-Pleite).

Due to the above advantages, one of the areas that can be particu-
larly benefited from the use of induction heating is the thermal testing
of the receiver tubes of Concentrating Solar Power (CSP) plants (e.g. [2,
3]). CSP plants equipped with thermal energy storage, especially solar
power towers having a central external receiver, are currently the most
promising technology for the generation of solar renewable energy
because of their flexibility and dispatchability [4]. However, the re-
ceiver tubes of solar power towers usually operate with molten salts
at temperatures up to 565 ◦C and under unsteady, non-homogeneous
and extremely high heat fluxes, a combination that eventually dam-
ages the tubes owing to thermal-stress fatigue and corrosion-induced
creep [5,6]. In fact, due to the directionality of solar concentrated
radiation, non-uniform solar flux along the perimeter of the tubes
occurs in all varieties of solar receivers such as central, parabolic
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and cavity receivers [6–8]. This non-uniformity is the main cause of
thermal stresses in the tubes and has important implications on the
fatigue and creep damage of the receiver. To experimentally evaluate
the thermal response and corrosion resistance to elevated temperatures
of a receiver tube, the use of induction heating is attractive compared
with other alternatives like electric resistances and solar simulators
(e.g. [9,10]) because of the ability of induction to produce localized
and rapidly varying heat fluxes on the tube surface with a cost-effective
and relatively simple experimental set-up [11]. The use of the experi-
mental setup allows to develop accelerated fatigue and corrosion tests
exploiting the fine control of the heat flux from the induction machine.
On-sun tests have a higher cost and lower heat-flux control accuracy
because of uncertainties in the DNI and optical errors of the heliostats,
respectively. However, it is often difficult to exactly know the amount
of induction heat that is actually absorbed by the receiver tube and how
this heat is distributed within the tube perimeter and thickness. These
two questions remain insufficiently understood when there is a flow
of molten salt inside the tube (to emulate the receiver tube operation
in CSP plants) despite the fact that their accurate assessment, either
with models or with experiments, is crucial for the correct thermal
evaluation of the receiver tubes.

Several experimental and modeling efforts are reported in the liter-
ature to characterize the heat generated by induction in basic elements,
including pipes, for different applications. Virtually all the simulations
are done via finite element methods and, in most of the cases, com-
mercial multiphysics software like COMSOL Multiphysics® or ANSYS®
are employed to solve the coupled electromagnetic and heat transfer
equations. Tavakoli et al. [12] simulated with a two-dimensional (2-
D) axisymmetric model the electromagnetic field and the induced
volumetric heat generation in a metallic furnace for crystal growth
composed of a crucible and an afterheater. They included in the sim-
ulation the inductor coil and studied the impact of the geometry,
orientation and position of the inductor on the heat generation within
the system. Using of a similar 2-D simulation methodology, Tavakoli
et al. [13] characterized the induction heating pattern in a metal work-
piece and found that the height of the working piece body with respect
to the induction coil markedly influences the heating homogeneity
and coil efficiency in the system. Kranjc et al. [14] investigated the
heating of a steel cylinder with an inductor coil by means of 2-D axis-
symmetric simulations of the electromagnetic and thermal equations
as well as by thermographic measurements. The temperature evolution
in the cylinder at two observation areas was obtained and the effect
of the temperature dependence of the properties on the results was
analyzed. Naar and Bay [15] simulated with 2-D and three-dimensional
(3-D) models the Maxwell equations coupled with the heat diffusion
equation to describe and optimize the induction heating density and
the temperature distribution in the head of a shaft. Nian et al. [16]
experimentally investigated the impact of shielding a pair of coils on
the heat induction in a refrigerated steel plate representing a mold.
The heating efficiency was determined from the temperature variation
measured at the mold surface with a thermometer and an infrared ray
thermal imaging system camera. In another study, Nian et al. [17]
numerically solved the electromagnetic and heat transfer equations
in a 2-D domain comprising an induction coil, the conducting and
non-conducting mold workpieces as well as the surrounding air, to
determine the optimal configuration of the system. Results were com-
pared with experiments, indicating that the position of the induction
coil influences the uniformity of the induction heating and this heating
is slowed down when the thickness of the workpiece is increased. The
uniformity of the magnetic field and the temperature distribution at the
inner surface of an injection barrel heated by induction coils, covering
the whole perimeter of the barrel and equipped with magnetic flux
concentrators, were studied by Bui and Hwang [18] via multiphysics
3-D simulations and experiments. They found that the barrel diameter
and the induction frequencies do not have an appreciable effect on the
2

uniform temperature distribution at the inner surface of the barrel. Mao
et al. [19] evaluated the induction heating of a pipe with branches
applied during a partial upset-extruding process. To represent this
process, they employed experiments and numerical simulations of a
circular coil enclosing a sample pipe with a circular hole and discovered
that the hole leads to local overheating during the induction, if no lid
is placed over it, and the area of the tube affected by the induction
heat increases with the gap between the coil and the pipe. Han et al.
[20] carried out a 3-D simulation of the coupled electromagnetic and
temperature field in a pipe, surrounded and filled by air, that was
heated along an axial line on one side by a pair of medium-frequency
inductors. The pipe was moved in axial direction with regards the
inductors to reproduce the heat treatment process for a longitudinally
welded pipe. The simulation results allowed to characterize and explain
the temperature distribution in the welding zone of the pipe arising
from the relative motion between the inductor coil and the pipe.
Through 3-D simulations and experiments, Gao et al. [21] analyzed the
induction heating rate and temperature uniformity on the surface of
a steel workpiece created by a spot inductor for different magnetizer
dimensions and distances to the workpiece. The numerical results were
in good agreement with experiments, revealing that temperature uni-
formity could be improved by increasing the magnetizer width but not
its length. Lenhard et al. [22] performed an axially symmetric 2-D sim-
ulation of the electromagnetic and temperature fields created on a steel
tube and the surrounding air by an induction coil outside the tube. They
obtained the largest magnetic flux and temperature at the tube surface
that is closest to the coil. Analogously, Madhusoodanan et al. [23]
performed an axisymmetric 2-D simulation to obtain the temperature
in a tube heated by two different coil configurations placed inside the
tube. Zhu et al. [24] carried out 3-D simulations of the electromagnetic
and temperature of the coil and magnetizer of a spot inductor and the
workpiece. The simulated temperature at the outer surface of the work-
piece was validated with experiments for two different orientations of
the inductor showing a reasonable agreement. Fang et al. [25] solved
the 3-D electromagnetic field produced by an inductor coil surrounding
a large pipe and, using the induction heating rate resulting from the
electromagnetic field, the temperature in the pipe was calculated. Based
on the simulation results, they obtained the influential law of the
current frequency and density and the air gap, which were employed
to optimize the heating bending of the pipe. A 3-D transient simulation
of the electromagnetic field and temperature distribution during an
induction brazing process was undertaken by Grozdanov et al. [26].
They obtained the time evolution of the temperatures, heating power
and power losses for the water-cooled coil with a non-axisymmetric
winding of complex shape and the brazing assembly consisted on two
pipes of different diameter. Bao et al. [27] studied by means of 3-
D simulations the use of ring and U-shaped magnetizers placed at
different positions on the coil to locally heat hot stamping steel sheets.
The results were validated with experiments and different temperature
distributions at the surface of the steel sheet were obtained to find the
best configuration that reduces the transition and highest temperature
regions. 2-D numerical simulations of the electromagnetic and heat
transfer equations, together with an analytical solution of the heat
conduction problem, were employed by Fomin et al. [28] to understand
the influence of the inductor current on the temperatures of a titanium
disk heated by an inductor. They also performed experiments of the
system, which were found to be in good agreement with the simulation
results.

Induction heating has been recently applied to thermal tests of
tubular solar absorbers designed to operate at extreme temperatures [2,
3,11,29]. Considering these works by chronological order, Kruizenga
et al. [2] reported the testing of the corrosion of receiver tubes by ho-
mogeneously heating at 670 ◦C the outer surface of the tubes using an
inductor while molten nitrate salt at high temperature was continuously
flowing in the tube. The coil of the inductor was of helical configuration
and externally surrounded the tube circumference for a length of 1 m.

The inductor power was 150 kWe and the calculated heating power
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absorbed by the salt was 64 kWth. The discrepancy between both
figures was due to the fraction of the electric power that went into
heating the cooling water of the electronics and the inductor coil as
well as the losses to the ambient surroundings. Also using induction
heating Fernández-Torrijos et al. [11] studied the temperatures and
deformation of a tube under realistic operational conditions of solar
power towers. To emulate the unilateral solar irradiation in a central
tube receiver, the tested tube was externally heated from one side by
a rectangular inductor coil, aligned with the tube axis, generating a
high and non-homogeneous heat flux on the tube surface. With this
arrangement, the time evolution and circumferential distribution of
temperatures at the outer wall of the tube were measured for several
molten salt velocities in the tube and an inductor power of 4 kWe
(nearly 1 MW/m2 in the heated area). Also, experiments without
molten salt flow were undertaken to reproduce the start-up heating
of the receiver and evaluate the tube deflection due to the circum-
ferentially varying heating. The same experimental facility employed
in Fernández-Torrijos et al. [11] was used in Fernández-Torrijos et al.
[3] to obtain the outer wall temperature of the tube for different
time evolutions of the inductor heating rate and molten salt velocities.
In [3], an inverse thermal method was applied to estimate the incident
heat flux onto the receiver tube under the assumption of induction
heating occurring just at the tube surface (i.e. negligible penetration
depth in terms of heat generation). The inverse analysis indicated that
approximately 28 % to 34 % of the inductor power was converted to
thermal energy that reached the tube. The authors concluded that the
heat flux received by the pipe changed from one experiment to another
because it was affected by varying parameters like the distance between
the coil and the pipe, which was a function of the tube temperatures,
and the heat dissipated to the cooling water of the coil. In a later
study, Fernández-Torrijos et al. [29] carried out a non-homogeneous
induction heating of an empty receiver to emulate the tube preheating
during the start-up operation of solar central receivers and an inverse
thermal analysis procedure was needed to know the actual induction
heat rate in the tubes.

In view of the reported studies, it is clear that induction experiments
have the limitation of providing temperatures measurements that are
normally restricted to the outer surface of the system components,
typically the workpieces to be heated. Thus, to better understand the
induction process, detailed simulations of the electromagnetic and tem-
perature fields are needed. This would serve to evaluate the potential
differences between induction heating used in laboratory-scale facilities
and actual solar heating. In fact, most of the investigations devoted to
simulate the induction heating efficiency and the distribution of the
heat generated within a tube wall refer to circumferentially homoge-
neous heating. To the authors’ best knowledge, there are no works in
the literature discussing the suitability of induction heating to represent
the non-uniform heating occurring in the thermal testing of receiver
tubes for solar power towers. Therefore, as a novelty, the present work
is aimed at assessing the temperature and heat rate distributions within
the wall of receiver tubes subjected to lateral induction to create a
circumferentially varying heating (i.e., non axis-symmetric induction
heating). This is done via coupled simulations of the electromagnetic
field and diffusion heat transfer in the coil, the magnetizer and the
tube wall in order to get a detailed temporal and spatial information of
the behavior of the system. After validating the simulation model with
experimental data, the effect of several parameters (e.g., coil distance
to the tube, tube diameter and thickness) on the induction process,
including the penetration depth of the induction, is analyzed. These
results are useful to evaluate the differences between induction and
solar heating, for the correct interpretation of the experimental tests of
receiver tubes, and for the verification of the heat flux on the receiver
3

tubes inferred by methods such as inverse thermal analysis.
Fig. 1. Detail of the induction heater geometry (dimensions in mm) and schematic
detail of the test section.

2. System description

The experimental data used in this work was already presented and
analyzed in [3] and it is used in this work for the validation of the
multiphysics numerical model. The experiments were performed in a
molten salt (60 % NaNO3/40 % KNO3) test loop that consists of a
molten salt tank, a pump, the pipes and the test section in which the
inductor is placed and the experimental data is obtained from [3]. The
ipes through which the molten salt circulates are made of stainless
teel AISI 304, with an external diameter of 52 mm and a wall thickness
f 4 mm. These pipes are thermally insulated along their whole length
nd provided with electrical heaters except for the 0.5 m of test
ection where the induction heating occurs. In the test section, which is
chematized in Fig. 1, the inductor heater is placed facing the stainless
teel pipe at an initial distance of 7 mm. This distance has demonstrated
o ensure a satisfactory heating process [3,29]. The induction heater
onsists of a rectangular coil of 7 mm width, 10 mm height and wall
hickness of 1 mm, as shown in Fig. 1. The coil is surrounded by
magnetic flux concentrator with a wall thickness of 4 mm. This
agnetizer is done on ferrite H44 and covers all the top lateral faces
f the coil except the face of the coil facing the pipe. The presence
f the magnetizer ensures a high concentration of the magnetic field
n the side of the coil facing the tube. The total area of the inductor
acing the tube is 100 mm (in the axial direction) × 15 mm (the
ateral width of the coil and magnetizer). The induction heater has a
ominal output power of 6 kWe and an output frequency range of 270–
00 kHz. During the experimental campaign, the total electric power
rovided by the induction heater was 4 kWe at an output frequency of
00 kHz. Calibration measurements of the inductor were carried out
rior to the experimental campaign presented in [3], concluding that
pproximately 35 % of the inductor electrical power is transferred to
he inductor cooling water that circulates inside the copper coil to avoid
n excessive overheating of the system and that 40 % of the electrical
ower of the inductor is converted to thermal energy that reaches the
ube.
The experiments consisted on a heating and cooling sequence of

he inductor. At the beginning of the experiment, 𝑡 = 0 s, the molten
alts are circulating inside the salt loop at a given temperature. The
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Fig. 2. Schematic diagram of the numerical domain, including the materials of each
of the components.

induction heater is switched on for 𝑡 = 50 − 350 s, providing a local
heating of the stainless steel pipe. The time the induction heater is
switched on is considerably long to reach steady state conditions, which
were already obtained around 50 s after switching on the heater.
The inductor is switched off at 𝑡 = 350 s and the cooling down of
the inductor is monitored during 𝑡 = 350 − 400 s. Along the whole
experimental process, thermocouples situated at the external surface of
the pipe allow a thermally-dependent monitoring of the temperature
for different circumferential positions of the tube. Additionally, ther-
mal images where taken with an IR camera (Optris PI640 with O15
telephoto lens), which allowed to evaluate the deformation of the tube
due to the non-uniform temperature distribution on its surface.

A detailed description of the complete experimental facility can
be found in [3,29]. These references include a photograph of the
molten salt loop indicating the main sensors and equipment, the system
calibration details, a picture indicating the positioning of the thermo-
couples and thermal images of the tube temperature when heated by
the induction heater.

3. Numerical modeling

Fig. 2 shows a schematic diagram of the two-dimensional numerical
model used to reproduce the experiments and to gain further insight on
the induction heating process for solar power applications. The model
was created using COMSOL Multiphysics® [30] and consists on a 2-D
representation of the central slice of the inductor and tube system. The
numerical model essentially consist of the copper inductor, surrounded
by the magnetic flux concentrator, and the stainless steel tube. The
copper inductor and the magnetic flux concentrator present the same
dimensions as specified in Fig. 1. A more detailed representation of the
experimental facility including the special varnish covering the copper
coil or the interfacing layer between the coil and the magnetic flux con-
centrator were not included in the model, as they would unnecessarily
increase its complexity. As in the experiments, the induction heater is
originally placed at a distance of 7 mm from the stainless steel tube.
However, this distance was varied in each simulation according to the
tube deformations reported in [3].

The stainless steel tube heated by the inductor coil presents an
outer radius of 30 mm and a thickness of 4 mm. Fig. 2 also presents
he sections in which the tube surface is divided, which correspond to
he angular positions at which the thermocouples were placed during
he experimental campaign [3]: 𝜃 = 12.5◦, 47.5◦, 72.5◦ and 132.5◦. The
nductor and the stainless steel geometries are embedded in a bigger
omain (air), in which the electromagnetic fields would be also calcu-
4

ated. The dimensions of this region were chosen such that the magnetic
ield is correctly represented in the air domain without incurring in an
nnecessary additional computational cost due to an excessively large
omain. The region enclosed by the coil is water, whereas the region
nclosed inside the tube are molten salts.
The numerical simulations consists in solving, in a transient domain

nd using a fully coupled scheme, both the electromagnetic and the
hermal problems. The CFD modeling of the molten salts inside the
ube, the cooling water inside the inductor and the air surrounding the
nductor and the tube is not considered, as it would largely increase the
omplexity of the model and require the use of a three-dimensional ge-
metry. Thus, the convective heat transfer in the fluid–solid interfaces
s accounted for by means of well-established correlations, as described
n Section 3.1. For each time step, the electromagnetic field is solved
n all the numerical domains. This results in a heating of the stainless
teel pipe, which may end up varying the solids physical properties,
s they can vary with temperature. A time step is completed when
oth the electromagnetic field and the thermal problem simultaneously
onverge. A description of each of the models, providing further details,
s shown in the subsequent sections.

.1. Thermal model

The thermal numerical model presented in this work is similar to the
ne already presented in [3] with the difference that the tube is directly
eated by electromagnetic induction, instead of imposing a heat flux
oundary condition on the surface of the tube. For simplicity, the heat
ransfer along the molten salt flow and the air surrounding the tube
re not calculated and are represented, respectively, by corresponding
nternal and external flow boundaries based on the usual correlations
ound in the literature. The internal flow is calculated using Petukhov
orrelation [31] and the external flow convection is evaluated using the
orrelation of Churchill and Chu [32] for large horizontal cylinders.
he heat transfer between the copper coil and the cooling circuit
nside it is also evaluated. For that, the water flowing in its interior is
ssumed to be at a constant temperature, 𝑇w = 35 ◦C and the internal
low correlation of Petukhov was used [31]. Preliminary simulations
evealed that the maximum temperature increase of the copper coil
as below 50 ◦C, which is much below the Curie temperature of the
agnetic flux concentrator, 225 ◦C. Also, changes of the temperature
f the coil and magnetic flux concentrator did not promote a significant
ariation on the electromagnetic heat loss and heat transfer mechanism
nside the stainless steel pipe. Therefore, for the sake of simplicity, these
omponents are not thermally evaluated during the validation and the
arametric sweep simulation campaigns.
In the model, heat is transferred by conduction in the radial and

ircumferential (i.e., angular) directions of the pipe. Heat is generated
nside the solid bodies by electromagnetic generation and it is dissi-
ated to the air surrounding the tube by convection and radiation,
hereas only forced internal convection is considered for the dissipa-
ion of heat inside the tube. The numerical model consists, therefore,
n solving the corresponding diffusion equation inside the solid tube
n a two-dimensional domain, with the corresponding electromagnetic
eneration and boundary conditions:

𝑧𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡

+ ∇ ⋅ 𝐪 = 𝑑𝑧�̇�em + 𝑞b (1)

𝐪 = −𝑑𝑧𝑘∇𝑇 (2)

where 𝑇 is the temperature at any point of the solid domain, 𝜌 is
the density of the solid, 𝑐𝑝 is the solid specific heat, 𝑘 is the solid
conductivity and 𝑑𝑧 represents the length of the two-dimensional model
in the axial direction. �̇�em represents the volumetric heat generation
due to the electromagnetic field and 𝑞b represents the heat losses at the
domain boundaries. The internal surface of the pipe is in direct contact

with the molten salts. Therefore, the boundary condition used in that
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surface, 𝑞b,int , is a internal forced convection boundary condition of the
form:

𝑞b,int = ℎint (𝑇 − 𝑇salt ) (3)

where, ℎint is the forced internal convection coefficient, which is calcu-
lated using Petukhov [31] correlation and 𝑇salt is the molten salt inlet
emperature, as in [3].
The heat dissipated by the tube wall to the external air is modeled

s a combination between radiation and external natural convection.
he former is evaluated assuming a constant surface emissivity of
tainless steel of 𝜀 = 0.32, which was measured with an infrared camera
uring the experimental campaign presented in [3]. Also following [3],
he external convection coefficient, ℎext , is calculated using Churchill’s
orrelation for horizontal cylinders [32]. Therefore, the heat dissipated
y the external wall of the tube is:

b,ext = ℎext (𝑇 − 𝑇∞) + 𝜀𝜎r (𝑇 4 − 𝑇 4
∞) (4)

here 𝜎r is the Stefan–Boltzmann constant and 𝑇∞ is the ambient
emperature.

.2. Electromagnetic model

During the heating of the tube by the coil, the electromagnetic field
n the system can be described in the frequency domain using Maxwell
quations:

×𝐇 = 𝐉 (5)

= ∇ × 𝐀 (6)

= 𝜎e𝐄 + 𝑗𝜔𝐃 (7)

= −𝑗𝜔𝐀 (8)

here H is the magnetic field intensity, B is the magnetic flux density, E
s the electric field intensity, A is the magnetic vector potential, D is the
lectric flux density, J is the electric current density, 𝜎e is the electrical
onductivity of the material and 𝜔 = 2𝜋𝑓 is the angular frequency of
he magnetic field.
The coil is modeled as a single conductor in copper through which a

pecific current circulates into. In this work, a total current was applied
o the coil, adjusting its value to reach the desired temperature or
ower. When specifying a total current 𝐼coil, the coil applies an external
electric field in the direction of the current flow, which is calculated
as [33]:

𝐸e =
𝑉coil
𝑑𝑧

(9)

here 𝑑𝑧 is the width of the coil (axial direction in the two-dimensional
omain, see Fig. 1) and 𝑉coil is an unknown applied potential. This
otential is internally calculated by COMSOL Multiphysics® using an
dditional equation that constrains the total integrated current to the
pecified value of 𝐼coil. Once this potential is calculated, the power of
he coil can be evaluated as 𝑃coil =

1
2 𝐼coil𝑉coil.

The induction heating of the tube is evaluated by coupling the elec-
tromagnetic and thermal physics inside COMSOL Multiphysics®. Thus,
the induced heat generation inside the solid domain, �̇�em, depicted
in Eq. (1) is given by:

�̇�em = �̇�rh + �̇�ml (10)

where �̇�rh = 0.5⋅Re(𝐉⋅𝐄∗) are the resistive losses and �̇�ml = 0.5⋅Re(𝑗𝜔𝐁⋅
𝐇∗) correspond to the magnetic losses, which represent a volumetric
heating inside the molten salt tube.

Considering the thermal and electromagnetic models mentioned
above, an efficiency can be defined to evaluate the behavior of the
induction heater. Not all the electric power in the coil will promote
a heat generation in the pipe, as some power will be devoted to heat
5

f

Table 1
Numerical cases and conditions.
Case Molten salt Molten salt Ambient Pipe Reference

velocity, temperature, temperature, deformation
𝑢salt [m/s] 𝑇salt [◦C] 𝑇∞ [◦C] 𝑑d [mm]

1 0.78 429.1 32.9 2.14 Exp. 2 [3]
2 1.22 436.1 31.4 1.72 Exp. 3 [3]
3 2.89 424.7 34.1 1.29 Exp. 4 [3]

the copper coil itself (the electromagnetic heating of the magnetic flux
concentrator can be neglected), which will be transferred to the cooling
water stream to avoid reaching high temperatures in the copper coil.
To account for this power loss, an inductor-to-thermal efficiency, 𝜂ith,
can be defined, which represents the total power that reaches the pipe
in relation with the electric power circulating through the coil.

3.3. Solution procedure

Table 1 presents the numerical conditions for each of the cases
used to replicate the experiments presented in [3]. Cases 1, 2 and 3
correspond, respectively, to Experiments number 2, 3 and 4 in [3],
with the corresponding molten salt velocities, 𝑢salt , molten salt tem-
peratures, 𝑇salt , and ambient temperatures, 𝑇∞, required as boundary
conditions for the numerical model. Also, for each of the cases, the pipe
deformation measured in [3] was included in the numerical model by
approaching the induction system to the pipe the distance 𝑑d indicated
in Table 1. The relevant properties of all the materials used in the
simulations are depicted in Table 2, with constant material properties
in the inductor components (i.e., copper and magnetic flux concen-
trator), due to the small temperature gradient they are subjected to.
The initial permeability of the magnetizer used in this work at its
estimated maximum temperature is 3000, as indicated in Table 2. A
permeability of 10 000 was chosen for the numerical modeling of this
material, given that a permeability much larger than the initial would
be expected once the induction heating is switched on. It was observed
that largely increasing the material permeability above this value did
not promote any significant change in the results presented in this
work. In the contrary to the inductor components, both the salt and
the stainless steel tube may be attained to large temperature changes,
which suggests the use of temperature-dependent physical properties.
Fig. 3 presents the variation of the relevant properties of AISI 304, as
stated in Table 2, and the molten salts, whose properties are evaluated
for the different cases at the temperature indicated in Table 1 and were
xtracted from [34].
The simulations are carried out in a two-step procedure. In the

irst step, the simulation considers an inductor power such that the
emperature attained at the angular position of 𝜃 = 12.5◦ on the
urface of the tube obtained by the numerical model, matches the
emperature at the same point during the experimental campaign. For
hat purpose, the temperature at the 𝜃 = 12.5◦ angular position was
robed during the simulation and the current of the coil, 𝐼coil was
radually increased, ensuring stationary conditions after each small
ncrease of the current. Once the temperature at that specific point
t the surface of the tube was equal to the value in [3], the inductor
as numerically switched off and the value of 𝐼coil was retained for
he subsequent transient simulation. The transient simulation consist
f a replica of the experiments. That is, the molten salts are circulating
nside the tube during the first 50 s of the experiment (i.e., 𝑡 = 0−50 s),
he induction heater is switched on during the 𝑡 = 50 − 350 s and the
eater is switched off and the results are kept during 𝑡 = 350 − 400 s.
his two-step procedure was followed for all the numerical cases used

or the validation of the model.
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Table 2
Material properties. Properties indicated with references refer to temperature-dependent material properties.
Material Thermal Specific Electrical Density Relative

conductivity, heat, conductivity, 𝜌 [kg/(m3)] permeability,
𝑘 [W/(m K)] 𝑐𝑝 [J/(K kg)] 𝜎e [S/m] 𝜇e [-]

AISI 304 [35,36] [37,38] [39] [40,41] 1.005
Copper 400 385 5.998⋅107 8960 0.999994
H44 0.035 800 0.154 4800 3000 (Initial permeability)
Fig. 3. Temperature dependence of the relevant properties of AISI 304 and the nitrate molten salt.
(

h

e

4. Results and discussion

The results section is divided into two parts. Firstly, the numerical
model is used to reproduce the experimental conditions presented
in [3]. The comparison between the experimental results of [3] and
the numerical model here presented allows to validate the model and
to discuss on the validity of induction heating to replicate solar heating
applications. Secondly, the effect of different geometrical parameters,
commonly varied among solar laboratory-scale installations, such as
the tube diameter, thickness and the distance of the inductor to the
heated tube, are analyzed. The applicability of induction heating for
these different configurations is also brought into discussion in this
second part.

4.1. Validation and comparison with experiments

As indicated in Section 3.3, the multiphysics simulations were car-
ried out following the conditions and the numerical approach followed
by Fernández-Torrijos et al. [3]. The experimental sequence is also
replicated in the simulations, that is, the tube is heated during 𝑡 =
50−350 s from the beginning of the experiment, the temperature being
also monitored 50 s before and after switching on the induction heater.
As an example of the heat generation and the temperature distribution
inside the pipe during a simulation, Fig. 4 shows a snapshot of the sim-
ulation results for Case 2 and at an instant 𝑡 = 200 s of the experiment.
6

The figure depicts the contour lines of the magnetic vector potential, p
𝐀, in the axial direction of the inductor and pipe system, together with
the volumetric loss density and the temperature distribution inside the
pipe. The effect of the magnetizer surrounding the coil can be easily
observed in the figure, at it concentrates the field in regions close to
surface of the pipe. In view of Fig. 4(a), the electromagnetic fields
seems to penetrate inside the tube wall, enhancing a volumetric heat
generation inside the pipe volume, as manifested by the lighter colored
region that occupies a non-negligible thickness of the pipe. As expected,
regions closer to the inductor present a larger value of the volumetric
generation, which rapidly decreases with the angular position along
the pipe. The temperature inside the pipe, Fig. 4(b), presents a similar
behavior. That is, the temperature presents a maximum value close to
900 ◦C at 𝜃 = 0◦, which progressively decreases both in the radial
through the pipe) and the angular directions.
The experimental and numerical results resorting from the complete

eating sequence of the inductor, at specific angular positions 𝜃, and
the experimental conditions, as detailed in Table 1, are presented
in Fig. 5. It can be observed in the figure that, for all the three
numerical cases, the simulations present an accurate representation of
the temperature profile for the angular position of 𝜃 = 12.5◦, with
the heating and cooling down sequence being accurately represented
by the simulation. The similarity between the experiments and the
simulations is also remarkably good for the temperature at the angular
position 𝜃 = 47.5◦. The discrepancy between the temperature of the
xperiments and simulations is particularly noticeable for the angular
ositions of 𝜃 = 72.5◦ and 𝜃 = 132.5◦. This difference is attributed to
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Fig. 4. Contour lines of the magnetic vector potential, 𝐀, together with (a) the volumetric loss density (in W/m3) and (b) temperature (in ◦C) filled contours. Case 2.
Fig. 5. Evolution of the external pipe temperatures at different angular positions. Markers correspond to experimental measurements, solid lines correspond to simulation results.
(a) Case 1 - Experiment 2 [3], (b) Case 2 - Experiment 3 [3], (c) Case 3 - Experiment 4 [3].
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the difficulty of an appropriate definition of the external convection
coefficient, especially for a two dimensional problem as the one here
presented.

Additionally, as a part of the validation stage of this work, it is of
numerical interest to study the possible effect of the mesh size and
the simulation time-step on the temperature values predicted by the
numerical model. The results resorting from the mesh-size and time-
step sensitivity analyses are presented in Fig. 6(a) and (b), respectively.
Both tests present the results of the temperature evolution along Case 2
(the central case) and for the temperature probe situated at 𝜃 = 12.5◦.
7

he mesh independency test is carried out by multiplying by a factor a
f = 0.5, 1, 2 and 5 the mesh size used in the solid components
f the model with regard to the mesh used to obtain the results
resented in Figs. 4 and 5. This also implies an automatic refinement
f the region between the induction heater and the tube, where the
lectromagnetic field is evaluated. It can be observed in the figure
hat further decreasing the mesh refinement factor, 𝑚f , below 1 does
ot promote any significant change in the temperature evolution in
he system (in fact, the curves corresponding to 𝑚f = 0.5 and 𝑚f = 1
early collapse, which hinders the curve corresponding to 𝑚f = 0.5 in
ig. 6(a)). Therefore, it was considered that the mesh chosen for Figs. 4

nd 5, which corresponds to a maximum mesh size of 0.75 mm in the
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Fig. 6. Numerical evolution of the external pipe temperatures at an angular position of 𝜃 = 12.5◦ and different (a) mesh sizes and (b) time-steps. Case 2.
stainless-steel walls and 0.125 mm in the induction heater is sufficiently
fine to reach mesh independent results.

In a similar manner, Fig. 6(b) presents the time-step independency
test for different values of the time-step. In the evolution of the tem-
peratures presented in Fig. 5, the maximum time-step was limited to
1 s. Fig. 6(b) shows the time-evolution of the temperature at 𝜃 = 12.5◦,
as presented in Fig. 5, using different maximum time-steps: 𝛥𝑡 = 0.5,
1, 2 and 5 s. As expected, the steady state temperature distribution of
the inductor does not vary with the time-step. However, for time-steps
larger than 1 s, the difference between the results during the heating
and cooling down stages can be easily noticed. Using a time-step equal
or below 1 s produces nearly the same results. Thus, 𝛥𝑡 = 1 s is retained
as the maximum time-step allowed by the solver during the solution of
the model.

Table 3 presents, for the different numerical cases, the maximum
power delivered by the inductor and the total heat generated in the
pipe, together with the inductor-to-thermal efficiency of the system,
𝜂ith. The total heat generated by the induction heater inside the tube
ranges between 1651 and 2090 W. These values are slightly above the
values of 1251–1455 W numerically obtained by Fernández-Torrijos
et al. [3], where an inverse heating method was applied to obtain the
uniform wall heat flux onto the pipe from the outer surface temperature
measurements. The volumetric effect of the induction heating was not
considered in [3], which results in an underestimation of the total heat
generated by the inductor, as the boundary condition of uniform wall
heat flux provides a less steep temperature profile along the angular
direction on the region of the pipe facing the coil compared to the
case for the volumetric induction heating (see Fig. 10). Note that, as
commented in [3], even though the electric power of the inductor
was fixed to 4 kWe for all the experiments, there were experimental
parameters related to the displacement of the tube which were difficult
to control and may promote this change in the inductor efficiency.
In fact, the electric-to-thermal efficiencies obtained during the exper-
imental campaign ranged between 28 %–34 %, also below the value of
40 % measured during the calibration of the induction heater. During
the experimental campaign, the molten salt flow caused the tube to
descend, which resulted in an uncertainty of the thermocouples angular
position of 5◦. The uncertainty of the inductor-to-thermal efficiency
due to the uncertainty in the angular position of the thermocouples
is around 15 %. Besides, the measurement of high temperatures of a
surface offers difficulties not encountered in the usual kind of tem-
perature measurements [42]. Thus, measurements uncertainties around
8 ◦C were considered in the experimental campaign, which results in
an uncertainty of the inductor electric-to-thermal efficiency of 2 %.
In spite of the inductor efficiency uncertainties due to experimental
uncertainties of temperature measurements and angular position of the
thermocouples, the resemblance between the efficiency of the inductor
during its calibration and the values here obtained, in addition to
8

the accurate determination of the temperature at different angular
Table 3
Results obtained from the numerical model.
Case Coil Heat Inductor-to-thermal

power [kWe] generation [kW] efficiency, 𝜂ith [%]

1 2.37 1.65 69.8
2 2.69 1.83 68.1
3 3.1 2.09 66.2

positions on the surface of the pipe, is considered sufficiently good to
confirm the validity of the model used in this work.

Fig. 7 shows the temperature profiles along the angular position of
the tube for the numerical Cases 2, 3 and 4 and the experimentally
measured temperature values (see Table 1) at specific angular positions
on the external surface of the tube, as indicated in Section 2. The
results are depicted 200 s after the beginning of the experiment to
ensure a steady state behavior of the system. As in the snapshot shown
in Fig. 4, the temperatures are maximum for an angular position of
𝜃 = 0◦, corresponding to the projection of the central part of the
inductor over the tube (see Fig. 1) and rapidly decrease until they
remain nearly constant for values above 𝜃 = 60◦. It can be observed
in the figure that the numerical model presents a very good prediction
of the temperature profiles along the angular position, as represented
by the closeness between the dot symbols (experiments) and the solid
lines (simulations). However, the difficulty of measuring in regions
close to the inductor complicates a correct experimental determination
of the temperature of the tube for angles close to 𝜃 = 0◦, where the
induction heating is maximum. This information can be easily extracted
using the numerical model here presented. Additionally, numerical
models present in the literature assume a uniform wall heating of the
tube in the angular regions of the pipe facing the induction coil and
the magnetic flux concentrator, which may be insufficient to correctly
represent the temperature distribution both in the angular and radial
sections of the figure. The adequateness of this approximation and
the volumetric nature of the induction heating, and its effect on the
temperature distribution in the pipe, is brought into discussion during
the following paragraphs.

Fig. 8 depicts the volumetric heat generation as a function of
the distance through the pipe thickness for 𝜃 = 0◦ and the three
simulation cases. From the figures, it can be observed that the electro-
magnetic field penetrates inside the tube, promoting a non-negligible
total volumetric generation inside the tube domain. This can be visually
identified in Fig. 4, where a snapshot of this volumetric heat generation
is depicted for Case 2. It can be seen in Fig. 4 that the heat generation is
maximum at the tube surface and decreases both in the angular and ra-
dial directions. From Fig. 8, a penetration depth of the electromagnetic
field can be established, this numerical value is arbitrarily defined as
the depth inside the tube radius up to which the volumetric generation
heat reduces down to 90 % of its maximum value. In this particular
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Fig. 7. Temperature profile along the angular position at 𝑡 = 200 s from the beginning
of the experiment for Cases 1, 2 and 3, corresponding to Experiments 2, 3 and 4,
respectively (see Table 1). The dot symbols indicate the experimental results.

Fig. 8. Volumetric heat generation for 𝑡=200 s and 𝜃 = 0◦. Cases 1, 2 and 3.

case, the penetration depth is equal to 1.2 mm, value that does not
significantly vary between the different cases evaluated in this section.

The induction heating of the tube can be also studied as a function
of the angular position along the tube, as depicted in Fig. 9. The figure
presents the volumetric heat generation due to the electromagnetic
field evaluated at the surface of the tube and as a function of the
angular position. As a matter of fact, the heat generation follows a
Gaussian-like shape which presents its maximum value for 𝜃 = 0◦

i.e., the region of the tube directly facing the inductor) and that
emains nearly constant for values above 𝜃 = 20◦. The solid lines in
he figure represent a first order Gaussian fitting of zero mean of the
olumetric heat generation of the form:

(𝜃) = 𝑎𝑒−𝜃
2∕2𝜎2 (11)

here 𝑎 represents the maximum value of Gaussian and 𝜎 = 8.8◦ is
ts standard deviation. Both 𝑎 and 𝜎 are related by the integral of the
aussian, 𝐴g = 𝑎𝜎(2𝜋)0.5. It can be noted in Fig. 9 that the Gaussian

fitting of the heat generation is considerably good, with a R-squared
value of the fitting of 0.9997, confirming the Gaussian behavior of the
9

volumetric heat generation on the surface of the pipe. (
Fig. 9. Volumetric heat generation profile along the angular position on the surface
of the pipe for 𝑡 = 200 s. The red dashed line corresponds to a Gaussian fitting of the
generation. Case 2.

It is clear from the numerical results (see Figs. 4 and 8) that
induction heating provides an electromagnetic field that penetrates
inside the tube and provides a volumetric heat generation. From Fig. 9,
it was observed that, on the surface of the tube, the heating provided by
the inductor presents a Gaussian distribution. However, an appropriate
representation of the total heat generation as an equivalent surface
heating, allowing to replicate solar power heating in a lab-scale facility,
remains undetermined. Fig. 10 compares different possible strategies
to represent this volumetric generation as a surface generation and
evaluates their validity. For the sake of simplicity and given the fact it is
the intermediate case, these possibilities are evaluated using Case 2 as a
reference, which corresponds to Experiment 3 in [3] (see Table 1). The
three different boundary conditions here proposed preserve the total
heat generated inside the tube by the inductor (1.83 kW, as indicated
in Table 3) and correspond to: (i) a uniform wall heat flux along the
surface projection of the inductor over the tube 𝜃 ≃ −15◦ to 15◦, (ii) a
Gaussian heat flux with the same standard deviation as the volumetric
generation at the tube surface, 𝜎 = 8.8◦, (iii) a modified Gaussian
heat flux of amplitude and standard deviation such that the maximum
temperature at 𝜃 = 0◦ is the same than in the corresponding case
considering the induction heating.

The results resorting from this analysis are presented in Fig. 10(a)
or the angular distribution of temperatures on the surface of the tube
nd Fig. 10(b) for the temperature along the pipe thickness and 𝜃 = 0◦.
he experimental results are also included in Fig. 10(a) for the sake
f comparison. It can be noted in Fig. 10 that the boundary condi-
ions proposed fail, in one way or another, to accurately reproduce
he temperature distribution provided by the inductor. In the case of
he angular temperature distribution, Fig. 10(a), the three boundary
onditions provide a good representation of the temperature profile,
he maximum differences being encountered at 𝜃 = 0◦ for the Gaussian
nd the uniform wall heat flux. The Gaussian heat flux provides an
verestimation of the temperature at 𝜃 = 0◦ given the fact that, the
otal heat generated being the same, the Gaussian boundary condition
rovides a large heat flux on the regions of the pipe facing the inductor,
eading to a larger temperature than in the case of the induction heat-
ng, which is volumetric. The opposite effect takes place when using a
niform wall heat flux on the projection of the coil and the magnetic
lux concentrator on the external surface of the tube. The larger surface
ength of this boundary heat flux provides an underestimation of the
emperature at 𝜃 = 0◦ that propagates inside the pipe, providing an
nderestimation of the temperature along the whole tube thickness

see Fig. 10(b)). Interestingly, the so-named modified Gaussian wall
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Fig. 10. Temperature profile along the (a) angular position on the surface of the pipe and (b) radial position through the pipe for 𝜃 = 0◦ at 𝑡=200 s from the beginning of the
experiment. Comparison between experimental data, induction heating and different wall boundary conditions. Case 2.
heat flux, provides a precise evaluation of the temperature of the tube
along its angular position, as depicted in Fig. 10(a). This precision
is lost along the tube thickness, providing an underestimation of the
temperature. Noticeably, the Gaussian wall heat flux provides a good
estimation of the temperature along the tube thickness for values not
affected by the volumetric heat generation, which, as mentioned above,
penetrates around 1.2 mm inside the thickness of the pipe.

From all of the above, it can be concluded that heat generation
plays a key role on the temperature distribution of induction heated
solar-like installations, complicating finding an appropriate equivalent
surface representation of the heat provided by the inductor. In fact,
even though the error incurred when using a wall heat flux instead of
a volumetric generation is small for large pipe radii, a precise represen-
tation of the temperature profile inside the tube is not possible if the
volumetric heat generation is not accounted for. This would imply a
misinterpretation of the results and an incorrect subsequent evaluation
of the deformations and structural stresses of the tube in case they are
required. Therefore, special attention shall be paid when developing
models using experimental values obtained from induction heating, as
they may not be totally accurate to represent solar heating. The validity
of the different heating strategies used here and, in particular, of the
uniform heat flux representation commonly used in the literature is
also questioned when varying the relative size and positioning of the
induction heater and the pipe, which can be specifically affected by
the angular length of the projection of the inductor and the magnetic
concentration over the pipe surface.

4.2. Parametric analysis

In addition to the appropriateness of induction heating for a correct
evaluation of the temperature distribution inside a pipe, it is of special
interest a evaluation of the effect that different design parameters of
the experiments may have on the heating process. For this purpose, a
parametric analysis is here proposed in which the pipe radius, the pipe
thickness and the distance between the induction heater, and the pipe
are independently varied. In fact, the effect of the distance between
the inductor heater and the pipe was already implicitly studied and
validated in Section 4.1, given the fact that the deformation of the pipe
differed from one experiment to another, as depicted in Table 1. For this
variation, typical values of pipe radius and thicknesses obtained from
the solar concentration facilities of Gemasolar, Crescent Dunes and
Shouhang Dunhuang are used. Obtaining experimental data varying
those two parameters would require an important modification of
the experimental system, which puts into value the usefulness of the
simulations to carry out this parametric study. Table 4 provides a list of
10
the cases evaluated in this second results section. In all of them, the coil
power was fixed to 3 kWe to avoid an excessive temperature in the pipe
and three different salt velocities were considered: 𝑢salt = 1.22, 2.44 and
3.66 m∕s. In general, no significant qualitative differences were found
between the different salt velocities, and 𝑢salt = 1.22m/s was retained as
the base condition. The ambient conditions and the temperature of the
molten salt are considered in this section as the average values between
three experiments in Table 1, that is, 𝑇∞ = 32.8 ◦C and 𝑇salt = 430 ◦C,
respectively.

4.2.1. Effect of tube radius
The impact of the pipe radius on the induction heating is analyzed

in Figs. 11–13. The temperature on the surface of the pipe for different
pipe radius, a salt velocity of 1.22 m/s and different heating conditions
is depicted in Fig. 11. As in the case of Fig. 10, a uniform heat flux and
Gaussian heat flux with a total generated heat equal to that obtained
in the induction heating are used as wall boundary conditions. The
maximum temperature on the surface of the pipe is similar for the
four cases, the temperature profile presenting a wider distribution along
the angular position for the smaller pipe radius. In this case, the size
of the inductor relative to the pipe is larger, which promotes a larger
surface generation on the pipe. In a similar manner than Fig. 10, using
a Gaussian distribution promotes an overestimation of the temperature
of the surface of the pipe for all the three cases when compared to
the induction heating. The difference between the induction heating
surface temperature distribution and the Gaussian boundary heat flux
is progressively less significant for larger pipe diameters. Interestingly,
for large pipe radius, using a uniform wall flux heating in a region
equal to the projection of the inductor on the pipe wall, provides a
temperature distribution that does not considerably differ from the one
obtained considering the volumetric induction heating heat generation.
However, this difference becomes significantly larger when reducing
the pipe radius, providing unrealistic temperature distributions on the
pipe surface.

The heat generation on the surface of the pipe when using the
inductor heater remains following a Gaussian distribution when varying
the radius, as shown in Fig. 12. Note in the figure that the surface
generation in the case of the smallest radius (𝑅ext = 12.5 mm) is maxi-
mum, the maximum value of the surface generation standard deviation
being also higher for the smallest radius. Progressively increasing the
pipe radius promotes both the decrease of the standard deviation of the
Gaussian that represents the surface generation and its amplitude.

The decrease of 𝜎 in Fig. 12, with values of 0.32, 0.26, 0.2 and
0.15 rad for radii of the pipe of 12.5, 16.5, 22 and 30 mm, respectively,

can be explained again by the larger relative size of the inductor with
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Table 4
Numerical cases and conditions for the parametric analysis.
Coil power, [kWe] Pipe radius, 𝑅ext [mm] Pipe thickness, 𝑡t [mm] Inductor-pipe distance, 𝑑i [mm]

3 12.5, 16.5, 22, 30 2 5
3 22 1.2, 1.35, 1.6, 2, 3, 4 5
3 22 2 3, 5, 7, 10
Fig. 11. Temperature profile along the angular position on the surface of the pipe for (a) 𝑅ext = 12.5 mm, (b) 𝑅ext = 16.5 mm, (c) 𝑅ext = 22 and (d) 𝑅ext = 30 mm and steady state
onditions. Comparison between induction heating and different wall boundary conditions.
Fig. 12. Volumetric heat generation profile along the angular position on the surface of
he pipe for different pipe radii and steady state conditions. The dashed lines correspond
o a Gaussian fitting of the generation.
11
regard to the pipe, which promotes a larger external surface of the
pipe exposed to the electromagnetic field. Increasing the pipe radius
not only counteracts this effects, but it is also affected by a reduced
concentration of the magnetic field on the surface of the tube, which
reduces the inductor-to-thermal, 𝜂ith, efficiency of the electromagnetic
heating. In fact, the standard deviation of the Gaussian distribution
follows a similar qualitative behavior than the total generation for the
three different radii shown in Fig. 13. In this figure, the decrease of
the total heat generated by the inductor with the pipe radius can be
easily observed. Nevertheless, this variation is not significant and the
inductor-to-thermal efficiency of the inductor remains around 63 %,
with a maximum difference between all the four cases of 1 %.

4.2.2. Effect of tube thickness
This section analyzes the effect of the tube thickness on the penetra-

tion depth of the electromagnetic field inside the tube and its impact on
the temperature distribution along the radial direction. Fig. 14 shows
the volumetric generation inside the tube for 𝜃 = 0◦ and different
values of the thickness. Noticeably, for thicknesses of the pipe smaller
than 3 mm, the volumetric heat generation occurs through its whole
thickness. It can be also noted in the figure that, for larger thicknesses,
the volumetric generation progressively decreases down to values that
reach a null generation around 2.5 mm. The larger values of the
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Fig. 13. Total heat generated by the inductor inside the pipe volume as a function of
he pipe radius.

olumetric generation along the pipe thickness for thin tubes can be
xplained on the basis of the full penetration of the electromagnetic
ield inside the pipe for 𝜃 = 0◦, which promotes the interaction of
he inner surface of the tube with the electromagnetic field. This effect
an be visually identified in Fig. 15, which represents the volumetric
eat generation for tubes of 1.2 mm and 4 mm in thickness. The figure
resents snapshots of the contour lines of the magnetic vector potential,
, in the axial direction, together with the volumetric heat generation
nside the pipe. Note the lighter color values along the thickness for 𝑡t =
.2mm. For this small thickness, the magnetic field can easily penetrate
he tube wall, producing a significantly bigger light blue region with
arge values of the generation as compared to the volumetric heat
eneration for 𝑡t = 4 mm also depicted in Fig. 15. Therefore, albeit
he maximum value of the volumetric generation is smaller for 1.2 mm
han for 4 mm thickness, the volumetric generation is more extended
n the radial direction and seems to interact with the inner face of the
ube, causing a larger volumetric generation in the radial direction.
Counteracting effects are observed when analyzing the temperature

istribution along the tube thickness, as shown in Fig. 14. For small
ipe thicknesses 𝑡t < 3mm, variations of the thickness of the pipe do not
ignificantly affect the maximum temperature on the surface of the pipe
nd through it thickness. In this case, even though the total generation
aries and the volume affected by the total generation significantly
hanges, the forced internal convection in the internal radius of the
ube is capable of dissipating the heat generated by the inductor in the
hrough-thickness of the tube. Increasing 𝑡t impedes a good convective
issipation of the heat generated by the pipe, promoting an increase of
ts temperature, as observed in Fig. 14 for 𝑡t = 3 and 4 mm.
Counteracting effects are also observed for the total heat generated

y the inductor in the pipe volume as a function of its thickness. For
mall thicknesses, the magnitude of the volumetric generation is larger
n occurs throughout the whole thickness of the pipe, as demonstrated
n Fig. 14. However, the smaller the thickness is, the less volume
xposed to this volumetric generation. These effects can be visually
valuated in Fig. 15 for thin and thick pipe walls.
The two heat generation counteracting effects previously mentioned

irectly affect the total generation, as depicted in Fig. 16. Increasing the
ipe thickness for small values of the pipe thickness (i.e., 𝑡t < 1.6 mm)
ramatically decreases the total heat generated, given that the decrease
f the volumetric generation presented in Fig. 14 counterbalances the
ncrease of the total generation due to the increase of the volume of the
ipe. Further increasing the pipe thickness promotes the opposite effect,
12

hilst the volumetric generation is still smaller for larger thicknesses,
he affected volume significantly increases, promoting a progressive
ncrease of the total generated heat, as shown in Fig. 16 for values of
he thickness above 1.6 mm. Finally, the value of the total generation
tabilizes with a nearly constant value for 𝑡t = 3 mm once the elec-
romagnetic field is not capable of fully penetrating the tube thickness
nd both the volumetric heat generation and the volume affected by
his generation remains similar.
For all of the above, special attention shall be paid when selecting

he tube thickness for an induction heating solar facility. While a small
ube thickness may promote a better dissipation of the heat in the tube,
nd thus a better inductor-to-salt heat exchange, the whole thickness
f the tube may be affected by a meaningful volumetric generation,
hich would significantly differ from a solar-like heating of the tube.
arge thicknesses of the pipes may avoid this problematic, but the
eat transfer to the salt circulating inside the pipe can be undermined,
romoting a large increase of the temperature on the surface and
hrough the thickness of the pipe, with the consequent implications in
erms of the pipe stress and deformation.

.2.3. Effect of distance of the inductor
A similar evaluation of the volumetric generation is done to study

he effect of the distance of the inductor to the pipe wall. Fig. 17
resents the volumetric generation through the thickness of the tube on
he surface of the tube for different values of the distance of the tube to
he inductor. In the figures, reducing the distance from the induction
eater to the tube enhances both the volumetric generation in the tube
hickness for 𝜃 = 0◦ and the surface generation inside the tube. For
he case chosen, 𝑡t = 2.2 mm, the volumetric generation occurs in the
hole thickness of the pipe, as shown in Fig. 17 and also observed in
ig. 14. However, the penetration depth, defined as the depth to which
he volumetric generation decreases a 90 % of its maximum value,
emains nearly the same for all the cases. In fact, normalizing the curves
n Fig. 17(a) between their maximum and minimum values would lead
o nearly overlapping curves, indicating that the penetration depth is
ndependent of the distance of the induction heater to the pipe wall.
his normalization is represented in the small figure inside Fig. 17,
evealing a penetration depth of around 1.1 mm. As demonstrated in
ig. 17(b), the generation on the surface of the pipe follows a Gaussian
unction, regardless of the distance of the inductor to the pipe wall. A
ecrease in the distance between the induction coil and the pipe wall
romotes a Gaussian distribution with a smaller standard deviation, 𝜎,
ut larger amplitude. In particular, the values of 𝜎 obtained for the
aussian distributions depicted in Fig. 17(b) follow a nearly linear
rend with the distance to the tube with a slope of 0.95◦/mm, as
ndicated in Fig. 18.
In the case of a variation of the distance between the inductor and

he pipe wall, the smaller 𝜎 when decreasing the distance between
he inductor and the pipe wall is not counteracting the enormous
ffect that the variation magnitude of the volumetric generation has
n the total generated heat (see Fig. 17(b)). Therefore, the total heat
enerated inside the pipe dramatically decreases when separating the
nduction coil from it, as depicted in Fig. 19. This decrease is nearly
inear in the range of distances here evaluated, with a variation close
o 120 W/mm. In terms of efficiency, and considering a electric power
f 3 kWe in the inductor coil, this represents a variation of the inductor-
o-thermal efficiency of nearly a 4 % for each millimeter the position
f the inductor is varied. Therefore, special care shall be taken when
etting up this kind of experiments, as the efficiency of the system
an significantly vary for small deviations on the relative positioning
etween the inductor coil and the pipe.

. Conclusions

Multiphysics simulations, simultaneously coupling electromagnetic
eating and heat transfer with temperature dependent material proper-
ies, were used to analyze, for the first time, the heating characteristics
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Fig. 14. (a) Temperature profile and (b) volumetric heat generation along the radial position through the pipe for 𝜃 = 0◦ and different pipe thicknesses.
Fig. 15. Contour lines of the magnetic vector potential, 𝐀, together with the volumetric loss density (in W/m3) for 𝑡t = 1.2 mm (left) and 𝑡t = 4 mm (right). 𝑢salt = 1.22 m/s.
Fig. 16. Total heat generated by the inductor inside the pipe volume as a function of
he pipe thickness. 𝑢salt = 1.22 m∕s.

f an induction heater used to replicate the solar power concentrated
n the receiver tubes of a CSP plant. As a novelty, the simulations
hed light into the applicability of induction heating, commonly used in
aboratory-scale solar heating facilities, to fully replicate solar heating.
he numerical model demonstrated to be capable of reproducing the
xperimental outcome of the literature in terms of the time-evolution
13

f the external temperature of the tube at different angular positions
from a laboratory-scale molten salt loop aiming to emulate realistic
operational conditions of a solar power receiver. Further analyzing
the numerical results revealed that the induction heating is notably
volumetric, which differs from the characteristic surface heating of real
solar power applications. Despite the volumetric heating on the surface
of the tube presents a Gaussian distribution, no equivalent surface
representation of this volumetric heating was found to lead to the same
temperature profile as the induction heating.

The numerical model, once validated, is further employed to an-
alyze the effect of different experimental conditions on the induction
heating characteristics: the pipe diameter, the pipe thickness and the
distance between the induction heater and the pipe. The results re-
vealed that the differences arising from using either an equivalent
surface heating as a wall boundary condition or induction heating
decrease when the pipe diameter increases. However, significant dif-
ferences between induction heating and a possible equivalent surface
heating are still encountered, especially in the angular temperature
distribution at the surface of the tube, confirming the strong effect
of the volumetric nature of induction heating regardless of the tube
diameter. For small tube thicknesses, the forced internal convection
heat transfer of the molten salt inside the tube can dissipate the heat
generated by the inductor, promoting a similar temperature distribu-
tion through the thickness of the tube. However, increasing the pipe
thickness diminishes the capability of the molten salt inside the pipe
to dissipate heat, largely increasing the maximum wall temperature.
The results of varying the distance of the inductor heater to the surface

of the pipe indicate that the penetration depth in which volumetric
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Fig. 17. (a) Volumetric heat generation along the radial position through the pipe for 𝜃 = 0◦ and (b) volumetric heat generation profile along the angular position on the surface
f the pipe for different distances between the inductor and the pipe wall. 𝑢salt = 1.22 m/s.
Fig. 18. Value of the standard deviation of the surface generation, 𝜎, as a function
f the distance between the induction heater and the pipe wall. 𝑢salt = 1.22 m/s. The
ashed line corresponds to a linear fitting of the numerical results.

Fig. 19. Total heat generated by the inductor inside the pipe volume as a function of
he distances between the inductor and the pipe wall. 𝑢salt = 1.22 m/s. The dashed line
corresponds to a linear fitting of the numerical results.

heating occurs is independent of this distance, presenting in all cases
a Gaussian heating function on the surface of the tube. In summary,
increasing or reducing the distance between the inductor and the pipe
significantly affects the total heat generated on the pipe and thus, its
efficiency.
14
For all of the above, special care shall be paid when choosing the
correct tube geometry for an induction testing facility and to account
for the differences between induction (volumetric) heating and solar
(surface) heating. Particular attention would be needed for subsequent,
experimental or modeled, structural analyses of the tube in case they
are required, which may not be totally representative of solar heating.

Nomenclature

A = magnetic vector potential (V s/m)
𝐴g = integral of the Gaussian function (a.u.)
𝑎 = maximum value of the Gaussian function (a.u.)
B = magnetic flux density vector (T)
𝑐𝑝 = specific heat (J/(kg K))
𝑑d = pipe deformation (mm)
𝑑i = inductor-pipe distance (m)
𝑑t = distance along pipe thickness (m)
𝑑𝑧 = length in the axial direction (m)
D = electric flux density vector (C/m2)
E = electric field intensity vector (V)
𝑓 = frequency of the magnetic field (Hz)
𝐺 = Gaussian function (a.u.)
H = magnetic field intensity vector (A/m)
ℎ = convection coefficient (W/(m2 K))
𝐼 = current (A)
J = electric current density (A/m2)
𝑘 = thermal conductivity (W/(m K))
𝑚f = mesh refinement factor (-))
𝑃 = electric power (W)
�̇� = heat power (W)
�̇�em = electromagnetic heat generation (W)
𝑞 = heat flux (W/m2)
𝑅ext = pipe external radius (m)
𝑇 = temperature (◦C)
𝑡 = time (s)
𝑡t = pipe thickness (m)
𝑢salt = velocity of the molten salt (m/s)
𝑉 = electric potential (V)

Greek letters
𝜀 = surface emissivity (-)
𝜂 = efficiency (-)
𝜇e = relative permeability (-)
𝜌 = density (kg/m3)
𝜎 = Gaussian standard deviation (◦)
𝜎e = electrical conductivity (S/m)
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𝜎r = Stefan–Boltzmann constant (W/(m2 K4))
𝜔 = angular frequency of the magnetic field (rad/s)
𝜃 = angular position along the pipe (◦)

Subscripts
b = boundary
coil = coil of the induction heater
e = electric
em = electromagnetic
ext = external
int = internal
ith = inductor-to-thermal
ml = magnetic losses
rh = resistive losses
salt = molten salt
th = thermal
w = water
∞ = ambient conditions
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