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Induction heating is an emerging research method that can recreate half-perimeter heating of a receiver tube in a
tower-concentrating solar power plant. In this study, a three-dimensional (3D) field numerical model that
couples electromagnetic induction, heat transfer, and turbulence, is developed to study the thermal performance
of a receiver tube during the preheating process and under salt circulation conditions. The effects of the coil-to-
tube distance, coil power, molten salt inlet temperature, molten salt inlet velocity, and ambient temperature

were investigated. Furthermore, the thermal stress distribution and evolution in the tube were calculated. The
heat generation was fund to be concentrated on the outer surface of the tube front. The increase in coil power
significantly accelerated the preheating process. With increase in the coil power from 200 to 500 W, the time
required for the maximum tube temperature to reach 350 °C reduced by 55.67 %. The heating efficiency
increased with increasing coil power, molten salt inlet velocity, and ambient temperature decreased with
increasing coil-to-tube distance and molten salt inlet temperature. Among them, the molten salt inlet tempera-
ture had a more significant effect. As it increased from 250 to 400 °C, the heating efficiency decreased from 47.17
to 18.82 %. The maximum and minimum equivalent thermal stresses at preheat stabilization were reached at § =
0° and 0 = 45°, respectively. Furthermore, the equivalent thermal stress at preheat stabilization differed from

that with salt circulation by only 4.46 %.

1. Introduction

Global warming, caused by increasing CO, emissions, significantly
affects human habitats. Renewable energy is crucial to the tough process
of achieving “carbon neutrality” by effectively reducing human depen-
dence on traditional fossil energy sources and slowing the rate of CO5
emissions [1,2]. Solar thermal technology has become among the most
popular renewable energy sources because it does not produce pollut-
ants during operation and can overcome the inherent volatility and
intermittency of renewable energy sources [3,4]. Tower concentrated
solar power (CSP) plants, which use molten salt (MS) as a heat transfer
fluid, are well suited for large-scale, large-capacity commercial appli-
cations owing to their high concentration ratio, high operating tem-
perature, and low heat loss. This is also the mainstream trend for the
construction of solar thermal power plants in the coming period [5,6]. A
schematic of the most common MS tower CSP plant is shown in Fig. 1.
One of the most critical devices is the receiver, which converts solar
energy into thermal energy, which is essential for the effective and
secure operation of power plants. The most widely used receiver in

tower CSP plants is the external cylindrical receiver as it can receive
energy in all directions [7]. This type of receiver widely uses Solar Salt
(60 wt % NaNO3 — 40 wt % KNOs3) as a heat transfer fluid, which is
heated from 290 °C to 565 °C in the receiver.

The thermal performance of a receiver significantly affects the
operating efficiency of CSP tower plants. In addition, during the oper-
ation of a receiver, its front side is exposed to unstable and nonuniform
heat flow, and the huge temperature difference can lead to excessive
thermal stress, which can cause damage to the tubes. Therefore, the
analysis and evaluation of the thermal performance and thermal stress of
areceiver is also a hot research topic. Yu et al. [8] modeled a MS receiver
with a cylindrical structure and investigated the effects of critical pa-
rameters on thermal performance. The surface heat flux, ambient wind
velocity, and absorptance were observed to significantly affect the
thermal performance. Qaisrani et al. [9,10] numerically investigated the
heat loss and thermal performance of rectangular and cylindrical re-
ceivers. The wind retaining wall can effectively reduce the convective
heat loss; however, radiation was the primary cause of heat loss from the
receiver. Emerick et al. [11] developed a numerical model to optimize
the configuration of a receiver utilizing supercritical carbon dioxide as
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Nomenclature Q heat generation (W)
q heat flux (W/m?)
Greek symbols R radius (mm)
a linear thermal expansion coefficient &Y r radial coordinate (mm)
e surface emissivity T temperature (K)
n efficiency T average temperature (K)
0 cylindrical coordinate (rad) t time (s)
U viscosity (Paes) v molten salt inlet velocity (m/s)
v Poisson’s ratio z axial coordinate (mm)
P density (kg/m>)
o Stephen Boltzmann constant (W/(m?K*)) Abbreviations
or radial thermal stress (MPa) CFD computational fluid dynamics
6y circumferential thermal stress (MPa) Csp concentrating solar power
0y axial thermal stress (MPa) MS molten salt
Oeq equiv?lent therma'l 'stress (MPa) Subscripts
Ce electrical conductivity (S/m) b ambient
® angular frequency of the magnetic field (rad/s) Em bound
A difference oundary
c coil
Roman symbols e electric
A magnetic vector potential (Ves/m) eq equivalent
B magnetic flux density vector (T) i inner wall
B Fourier coefficient in inlet
G specific heat (J/(kgeK)) max maximum
D electric flux density vector (C/m?) min minimum
D Fourier coefficient ml magnetic loss
d hydraulic diameter (mm) 0 outer wall
E electric field intensity vector (V) out outlet
E Young’s modulus (GPa) th resistive loss
H magnetic field intensity vector (A/m) s salt
h convection coefficient (W/(m?eK)) t tube
J electric current density (A/m?) w water
K geometric thermal stress term (K) r radial component
k thermal conductivity (W/(m-K)) z axial component
L coil - to - tube distance (mm) [ circumferential component
p coil power (W)
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Fig. 1. Schematic diagram of tower CSP plant.
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the working medium. By assuming a constant external area of the
receiver and varying the number of plates, they determined a design that
maximizes the efficiency. Erasmus et al. [12] investigated a novel cen-
tral receiver technology employing a tessellated array of heat transfer
units and analyzed its thermal performance and thermal efficiency. This
study estimated the receiver’s capacity to achieve an outlet temperature
of 800 °C while maintaining a thermal efficiency of 59 %. Du et al. [13]
simulated the thermal stress and fatigue fracture of a receiver, and
derived a minimum heat flow density equation for the occurrence of
damage on a wall surface. The results indicated that the thermal stress
distribution was similar to the radial temperature difference and that the
maximum stress occurred at the outer wall of the tube. Peng et al. [14]
numerically analyzed the effect of tube size on thermal stress distribu-
tion. The results indicated that the tube wall thickness had a more sig-
nificant effect than the tube diameter. Zuo et al. [15] numerically
studied the preheating process of a receiver tube. The results showed
that wind blowing from the 30° direction had the greatest effect. The
preheating time under windless conditions was 63.96 % shorter than
that under windless conditions. Pérez-Alvarez et al. [16,17] numerically
investigated the effects of mechanical attachment and eccentricity on
the temperature distribution and thermomechanical performance of a
central receiver. The study revealed that considering all the mechanical
attachments is essential for accurately calculating the tube’s tempera-
ture. Furthermore, the eccentric tubes effectively enhanced the heat
transfer efficiency and reduced thermal stress.

In summary, most studies on the thermal performance and thermal
stress of receivers in tower CSP plants have been conducted using nu-
merical simulations. In contrast, experimental studies on receivers are
scarce. This is primarily owing to the extreme operating conditions of a
receiver and the challenges in obtaining receiver data, making it difficult
to experimentally measure the thermomechanical properties of a
receiver. Moreover, the inadequate light source conditions during ex-
periments hinder the accurate replication of the complex and nonuni-
form heat flux on the surface of receivers. Additionally, the solidification
of the MS further complicates the construction of an experimental sys-
tem. The use of electromagnetic induction in heat receiver tubes is an
emerging experimental method. This technique can provide high heat
generation in a controlled and rapid manner and facilitate the gathering
of the induced heat to a specified area of the workpiece [18], which can
effectively restore the scenario of a half-perimeter of the receiver tube
being heated and solve the difficult problem in the experiment effec-
tively. It is a non-contact heating method with low cost and a relatively
simple experimental system. In this technology, a high-frequency
alternating current (AC) passes through an induction coil, which gen-
erates an eddy current on the workpiece surface. These eddy currents
generate Joule heat to heat the workpiece. Several studies have exam-
ined the electromagnetic induction heating of MS.

Wang et al. [19] designed an experimental device for a spherical bed
using induction heating to provide an internal heat source for studying
the forced convective heat transfer characteristics of the MS on a heat
transfer salt circulation. Zhang et al. [20] built an experimental system
for the induction heating of MS and compared the experimental results
with the simulation results. Fernandez-Torrijos et al. [21] designed an
MS circulation experimental system with an induction heater and
investigated the heat transfer process. The results revealed that the
temperature increased significantly in the tube region facing the in-
duction heater coil, whereas the rear of the tube remained almost un-
affected. Further, Fernandez-Torrijos et al. [22] used the same
experimental system to develop a 2D numerical model of an MS circular
tube flow under nonuniform circumferential heat flow and used an in-
verse heat transfer method to derive the heat flow on the tube based on
the outer surface temperature. The results showed that the temperature
obtained using the inverse heat transfer method was consistent with the
experimental results. Fernandez-Torrijos et al. [23] conducted an
experimental study on the start-up process of a receiver tube using an
induction heater. A 3D numerical model of a hollow circular tube under
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the action of a nonuniform heat flow was developed to analyze the
displacement and thermal stress of the tube during the start-up of the
receiver. The thermal stress in the empty tube was observed to be greater
than that in the case of the MS flow in the tube. Rodriguez-Sanchez et al.
[24] used an induction heating system to obtain nonuniform heat fluxes
on a tube, measured the temperature and displacement of the tube, and
calculated its strain field. The results showed that the heating power had
a significant effect on the tube temperature distribution, whereas the
fluid mass flow rate exerted minimal effects. Cano-Pleite et al. [18]
developed a 2D numerical model coupled with electromagnetic and heat
transfer physical fields to simulate the induction heating of a receiver
tube. They investigated the heat generation depth and temperature
distribution of the tube. The results showed that induction heating ex-
hibits a volumetric nature and that no surface heat flow produces the
same temperature distribution. Nevertheless, there exists a notable
research gap when it comes to employing induction heating to simulate
the heating of half the perimeter of the receiver tube. The practicality
and efficiency of this approach are yet to be verified. Hence, while
carrying out experimental studies, it becomes imperative to complement
them with simulation research to acquire more comprehensive data. By
mutually corroborating the findings with experimental studies, simula-
tion research can offer valuable insights for experimental design and
parameter selection, thereby augmenting the overall breadth and depth
of research in this field.

Overall, to simulate the heating of a receiver tube at half circum-
ference in a tower CSP power plant, an induction coil can be positioned
on one side of the receiver tube, thus solving the experimental difficulty
and achieving the desired heating effect. Due to the scarcity of literature
on this specific topic, simulation studies are crucial for validation and
offering guidance to experimental investigations. Most existing simula-
tion studies focus on calculating the heat flow on the tube surface using
inverse heat transfer methods, without coupling the electromagnetic
field. The current numerical model that couples the electromagnetic
physical field is 2D; therefore, convective heat transfer is not simulated.
Rather, it is represented by the corresponding internal and external flow
boundary conditions. Few 3D simulation studies have been conducted
using electromagnetic induction to generate circumferentially nonuni-
form heat to heat receiver tubes. In this paper, induction heating is used
to restore the scenario of the half circumference of the receiver tube
being heated in tower CSP plants. A novel 3D multi-physical field model
that couples electromagnetic induction, heat transfer, and turbulence is
developed to study the thermal performance and mechanical perfor-
mance of a MS receiver tube. An experimental system for electromag-
netic induction heating of a receiver tube was constructed to verify the
model. The effects of critical factors such as the coil-to-tube distance,
coil power and ambient temperature on the induction heating process
were investigated. Finally, the tube thermal stress was calculated using a
2D thermoelastic analytical model.

2. Numerical model and validation
2.1. Numerical model

A commercial CFD software - COMSOL Multiphysics® - was used to
build a 3D numerical model, a schematic of which is shown in Fig. 2. In
this model, electromagnetic induction was used to heat the tube half
circumference of the tube to simulate the nonuniform heat flow pro-
vided by sunlight. As shown in Fig. 2(a), the model comprises a receiver
tube and an induction heater. To simplify the model and correspond to
the experiment, a 330 mm long receiver tube and corresponding in-
duction heater were established for the numerical study. The induction
heater and receiver tube were surrounded by a cylindrical air domain
with a radius and height of 150 and 330 mm, respectively, and an
infinite element domain with a thickness of 5 mm was set up to simulate
the surrounding atmosphere. To simplify the model, the remaining
structures of the induction heater, special varnish covering the copper
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Fig. 2. Schematic diagram of the numerical model.

coils and magnetic flux concentrators, and thermocouples on the
receiver tube were not included in the model. Fig. 2(b) shows a cross-
sectional schematic of the induction heater and the receiver tube. The
receiver tube was made of Inconel 625 alloy with inner and outer di-
ameters of 42.2 and 45.5 mm, respectively. Under preheating condi-
tions, the area inside the tube was air. In the salt-circulating condition,
Solar Salt flowed inside the tube along the positive direction of the z-
axis. The cross-section of the induction heater was 40 mm long and 15
mm wide and comprised two identical rectangular copper coils wrapped
with magnetic flux concentrators. The rectangular copper coil had cross-
sectional dimensions of 10 mm x 10 mm and a thickness of 1 mm. The
distance between the coil and tube is denoted as L. Magnetic flux con-
centrators with a thickness of 5 mm were wrapped around the coils on
three sides except for the side facing the tube. Magnetic flux concen-
trators were used on ferrite H44, which has high magnetic permeability.
Their presence ensured that the magnetic field was concentrated on the
side of the coils facing the tube, thereby improving the heating effi-
ciency. Cooling water was passed inside the coils to prevent damage to
the induction heater owing to high temperatures during operation. Once
induction heating started, a 300 kHz high-frequency alternating current
was passed through the rectangular copper coils, generating an alter-
nating magnetic field. The magnetic field induces a current on the sur-
face of the receiver tube, which generates heat that increases the tube
temperature.

The variations in the physical properties of the Solar Salt and Inconel
625 alloy with temperature were considered owing to the considerable
temperature variations in the receiver tube and MS during the heating
process. Table 1 lists the thermal properties of Solar Salt[25], and
Table 2 lists the physical properties of Inconel 625 alloy, copper and H44
[15,18]. The initial relative permeability of the magnetizer was 3000;
however, the relative permeability of the magnetizer was set to 10,000
because the permeability of the induction heater will be much larger
than the initial permeability when it is turned on [18]. Table 3 lists all
simulation cases. In the preheating cases, cases pre_1-pre_4 studied the
effect of the coil-to-tube distance L. Cases pre_5-pre_7 studied the effect
of the coil power P compared with case pre_l. In the salt-circulating
cases, cases salt_1-salt_4 studied the effect of the coil-to-tube distance
L. Cases salt_5-salt_7 studied the effect of the coil power P compared

Table 1
The thermal properties of Solar Salt [25].

with case salt_1. Cases salt_8-salt_10 studied the effect of the MS inlet
temperature Ts;, compared with salt_1. Further, cases salt_11-salt_13
studied the effect of the MS inlet velocity vy, compared with salt_1.
Cases salt_14-salt_16 studied the effect of ambient temperature Tpnp
compared with salt_1.

2.1.1. Thermal model

In this model, heat is generated at the surface of the tube wall by
electromagnetic induction and conducted in all directions. Then, heat is
transferred to the air by natural convection and radiation and to the MS
inside the tube by forced convection. The corresponding heat conduc-
tion equation is expressed as

oT

_t+v.q:Qe+Qb (1)

[)Cp )

q= —kVT @)

where p is the density of the tube, G, is the specific heat of the tube, T
is the temperature at any point on the tube wall, k, is the thermal con-
ductivity of the tube, Q. is the heat generated by the induced current
inside the tube wall, and Q, is the heat losses at the domain boundaries.
This study created a 3D model to facilitate the coupling and subsequent
calculation of the heat transfer between the MS and tube wall. For the
inner surface of the tube, the Kay—Crawford heat transfer turbulence
model was adopted for the heat transfer calculation between the MS and
tube. The outer surface of the rear side of the tube was set as an adiabatic
boundary. The front side of the receiver tube dissipates heat via natural
convection and thermal radiation. The tube surface emissivity £ was set
to 0.8 because the receiver in a tower CSP plant is typically black. The
heat dissipation on the outer surface of the tube can be expressed as

Go = ho(Ty — Tupp) +€0(T2 = T2 ) 3

where h, is the convective heat transfer coefficient, T, is the tem-
perature of the outer surface of the tube, T, is the ambient tempera-
ture, and o is the Stephen-Boltzmann constant. In addition, the heat
transfer between the coil and internal cooling water was not the object
of this study; therefore, the temperature of the cooling water was not
calculated. However, the cooling water temperature was assumed to be

Physical properties Unit Value

Specific heat J/(kgeK) 1396 + 0.172¢ T

Density kg/m® 2263.7-0.636e T

Thermal conductivity W/(meK) 0.391 + 0.00019e¢ T

Viscosity Paes 0.0755-2.776010 “eT + 3.489¢10 7eT? — 1.47410 '%eT®

T - The temperature of the Solar Salt (K).
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Table 2
The physical properties of Inconel 625, copper and H44.
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Material Thermal conductivity [W/(meK)] Specific heat [J/(kgeK)]

Density [kg/m>] Electrical conductivity [S/m] Relative permeability [-]

Inconel 625[15] 2.937 +0.02¢ T 308.81 + 0.247¢ T
Copper 400 385
H44[18] 0.0353 800

8890 7.8010° 1
8940 5.998¢107 1
4800 0.154 10,000

T - The temperature of the Inconel 625 alloy (K).

Table 3
Simulation cases.

Case Coil-to-tube distance (mm) Coil Power (W) MS inlet temperature (°C) MS inlet velocity (m/s) Ambient temperature (°C)
Preheating pre_l 10 200 - - 20
pre_2 5 200 - - 20
pre_3 15 200 - - 20
pre_4 20 200 - - 20
pre.5 10 300 - - 20
pre 6 10 400 - - 20
- pre_7 10 500 - - 20
With salt circulating salt_1 10 500 300 0.1 (0.26 kg/s) 20
salt 2 5 500 300 0.1 20
salt_3 15 500 300 0.1 20
salt 4 20 500 300 0.1 20
salt 5 10 750 300 0.1 20
salt_6 10 1000 300 0.1 20
salt_ 7 10 1250 300 0.1 20
salt 8 10 500 250 0.1 20
salt 9 10 500 350 0.1 20
salt_10 10 500 400 0.1 20
salt 11 10 500 300 0.2 (0.52 kg/s) 20
salt 12 10 500 300 0.3 (0.78 kg/s) 20
salt_ 13 10 500 300 0.4 (1.04 kg/s) 20
salt_ 14 10 500 300 0.1 -20
salt_15 10 500 300 0.1 0
salt_16 10 500 300 0.1 40

constant at 20 °C. The turbulent heat transfer equation proposed by
Sieder and Tate [26] was adopted to set the corresponding internal
convective boundary conditions on the inner surface of the coil.

¢w = hy(T. = T,,) (€3]

hw:%amm%m%%“4 (5)
t
where T, is the temperature of the coil, T, is the temperature of the
circulating cooling water, k,, is the thermal conductivity of the cooling
water, d is the hydraulic diameter, and y and , are the viscosity of the
cooling water under the membrane and tube wall temperature condi-
tions, respectively.

2.1.2. Electromagnetic model
During the operation of the induction heater, the electromagnetic
field in the model can be represented by Maxwell’s equations.

VxH=] (6)
B=VxA @)
J=06,E+joD €)
E= —joA 9

where H is the magnetic field intensity,J is the electric current
density, B is the magnetic flux density,A is the magnetic vector poten-
tial, E is the electric field intensity, D is the electric flux density, o, is the
electrical conductivity, and @ = 2xf is the angular frequency of the
magnetic field. The physical fields of the magnetic field and heat transfer
were coupled to calculate the electromagnetic heat. The Joule heat Q,
generated by the induced current is introduced into Eq. (1) as the heat
source, as follows:

Oc = O+ Omi

where the resistive loss is expressed as Qu = 1Re(J e E”) and the

(10

magnetic loss is expressed as Qu = 1Re(iwB ¢ H'). Joule heat is gener-
ated and conducted within the tube wall, causing the tube temperature
to increase, and heat is then transferred to the heat-transfer fluid by
convection. The induction heating process is calculated by coupling the
above electromagnetic and thermal model equations inside COMSOL
Multiphysics®.

2.1.3. 2D thermoelastic analytical model

In the calculation of the thermal stress in hollow cylindrical tubes,
the 2D thermoelastic analytical model additionally considers the
contribution of circumferential temperature gradients to the thermal
stress, in contrast to the one-dimensional (1D) thermoelastic analytical
model. During preheating and salt circulation in the receiver, the
circumferential temperature gradient of the tube was significantly
greater than the radial temperature gradient. If a 1D thermoelastic
analytical model is used, the thermal stress is underestimated. There-
fore, the 2D thermo-elastic analytical model proposed by Logie et al.
[27] was adopted to calculate the thermal stress.

First, the circumferential distribution of the inner and outer wall
temperatures of the tube is fitted with a Fourier transform, where only
the n = 1 term contributes to the thermal stress in the equation:

T, =T + Z B, cosnd + D, sinnf)

n=1

an

T,=T,+ Z B, cosnf + D, sinnd 12
=1

where T; and T, represent the average temperatures of the inner and
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outer walls of the tube, respectively, and can be calculated using the
following equations:

2

— 1

T, =— T,do (13)
27 Jo

o 1 21

T,=— / T,do a4
27 Jo

To calculate the axial thermal stress, it is necessary to define an
expression for the circumferential temperature variation at different
radii of the tube cross section:

nf

Ty=T—(T,-T,)—~—T, 15)

> -
In X

Assuming that the tube is restrained on both sides and there is no
external mechanical load, the radial, circumferential, and axial thermal
stresses can be calculated using the following equations:

o, — k- R
Tha-n| T T R-R
2 aE R R
— 2 =2 | 4K (1= ) (12 16
| oy (-2) (-3) as
oo k—E_[1_pfe R (|
T 21— r R-R
R\ R aE RP+R: RYR?
Ze)m=2| +K 3-S e Do 17
+r2)nRL}+ 52(171/)( r? r ) an
ook 9E [ 5 R 2R? e T K akv () RI+R? WET
ST ) R-R"R| 21— r 0

(18)
where K and Kj are the contributions of n = 0 term and n = 1 term,
respectively to the thermal stress, which can be calculated using the

following equation; where B}, D, B}, and D, are the coefficients in Egs.
(11) and (12).

T,-T,
K=-——"7" 19)
In R_‘
rR:R, [(B,R, —B\R; D\R, — DR\ .
Ky = R-F K RIiR )cos& + (—R,z R sind (20)

Finally, according to the Von Mises theory of equivalent stress, the
equivalent stress was calculated using the following equation:

2 2 2
o \/(arm;) (00~ 0+ —a) o

The structural and physical properties of the Inconel 625 alloy

required for the calculations are listed in Table 4.

2.2. Model validation

An electromagnetic induction preheating receiver tube experiment
was performed to validate the proposed model. The experimental system
comprised three identical electromagnetic induction heaters and a

Table 4

The structural physical properties of Inconel 625 alloy.
Structural physical properties Unit Value
Young’s modulus GPa 203
Poisson’s ratio - 0.3

Linear thermal expansion coefficient K? 12.25010°°
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Fig. 3. Schematic diagram of test system and thermocouples distribution.

receiver tube. Fig. 3 shows the schematic diagram of the experimental
system, which displays the distribution of thermocouples on the surface
of the receiver tube. Fig. 4 shows the diagram of electromagnetic in-
duction heating receiver tube experiment system. Three identical elec-
tromagnetic induction heaters are placed on the side of the receiver
tube. The heating power and heating time of the induction heaters are
adjustable, and the initial distance between the receiver tube and the
heaters is 10 mm. The receiver tube was made of Inconel 625 alloy with
the exact dimensions shown in Fig. 2(b), and the outer wall of the tube
has a Pyromark 2500 coating. The length of the test section of the
receiver tube was 1 m, and each heater heated a 330 mm long tube. An
electric heat-tracing device was installed on the surface of the tube to
prevent the MS from solidifying during the salt circulation experiment.
As shown in Fig. 3, to obtain the temperature distribution on the tube
surface, K-type thermocouples with an accuracy of +1 °C were welded
at @ = 0°, 9 = 90°, and @ = 180° in the middle section of each heater
corresponding part of the tube. All thermocouples were connected to a
computer through a data acquisition device. In addition, because the
rear side of the receiver in tower CSP plants is typically insulated, the
rear side of the receiver tube in this experimental system was installed
with an insulation board made of aluminosilicate fiber cotton.

As the powers of the three heaters in the experiment were identical,
the temperature data of the corresponding tube of one of the heaters
were selected for comparison with the simulation results. Fig. 5 shows
the temperature evolution at the points § = 0°, § = 90°, and 6 = 180° in
cross-section C when the coil power was 225 W, where the red and blue
line indicate the experimental and simulation results, respectively. In
general, the simulated and experimental results were relatively consis-
tent, with maximum relative errors of 6.82, 3.15, and 4.25 % for the
temperatures at three points, respectively. Notably, the temperature rise
rate at the point # = 0° in the experiment was greater than that in the
simulation results in the 0-30 s period. This may attribute to the ther-
mocouple welding point on the surface of the tube affecting the induc-
tion heating process, resulting in a faster temperature increase at this
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Fig. 5. Comparison of experimental results and simulation results.

point. This effect diminished with increase in the temperature. The
temperature at the @ = 90° point in the experiment was lower than the
simulation results in the period of 50-150 s, which may be attributed to
the electric heat tracing device installed on the surface of the tube in-
terferes with the experiment that causes the temperature at the § = 90°
point to rise more slowly. In the period of 200-250 s, the temperature
rose at all three points in the experiment tended to become faster, which
is probably owing to the deformation of the tube caused by the thermal
stress in the experiment. Moreover, the distance between the tube and
the heater becomes smaller, resulting in a faster heating rate. In general,
the model depends on the receiver tube temperature.

3. Results and discussion
3.1. Preheating process

3.1.1. Distribution of heat generation

Because the heat generated within the tube wall was uniformly
distributed in the axial direction during preheating, a representative
cross section of the tube at z = 165 mm was selected to analyze the heat
generation and temperature distribution. Fig. 6 shows the heat genera-
tion distribution in the tube cross-section in case pre_l. As evident, the
heat generation is primarily concentrated on the front side of the tube,
that is, the side facing the induction heater. In the radial direction, heat
generation was concentrated on the outer wall of the tube and rapidly
decreased as the radius decreased. This is owing to the skin effect, which
causes the induced current generated by the electromagnetic induction
coil to concentrate on the outer surface of the tube; therefore, Joule heat
is also concentrated there.

The effects of coil power P and coil-to-tube distance L on the heat
generation distribution in the tube wall are shown in Figs. 7 and 8,
respectively. These data were all exported from the COMSOL software.
Fig. 7(a) shows the circumferential distribution of heat generation on
the outer wall of the tube at different coil powers, and it is evident that
the heat generation is concentrated in the range of —60° < 6 < 60°. In
addition, because the heater is structured with two turns of coils placed
side by side, the magnetic fields in the area between the coils are in
opposite directions and partially cancel each other out; thus, the tube
heat generation appears to exhibit two peaks, reaching a maximum at 6
= 7.4° and 6 = —7.4°, while the heat generation at § = 0° is slightly
smaller. This contributed to a certain extent to the uniform distribution
of heat generation and prevented excessive temperatures in certain areas
of the tube during the heating process. When the coil power P was 200,
300, 400, and 500 W, the maximum heat generation of the tube was
30.68, 46.00, 61.34, and 76.70 MW/mB, respectively. As the coil power
increased, the maximum heat generation in the tube increased. Fig. 7(b)
shows the radial distribution of tube heat generation at & = 0° for
different coil powers. As evident, the heat generation was maximum at
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Fig. 7. Heat generation distribution at different coil powers (L = 5 mm).

the outer wall and minimum at the inner wall and increased with in-
crease in the coil power. Interestingly, after normalizing the four curves,
they almost exactly overlapped, indicating that the relative distribution
of the tube heat generation in the radial direction is independent of the
coil power P.

Fig. 8(a) shows the circumferential distribution of the heat genera-
tion on the outer wall of the tube for different coil-to-tube distances.
Overall, as the coil-to-tube distance increased, the tube heat generation
decreased because the loss of magnetic field intensity increased. When L
=15 mm and L = 20 mm, the tube heat generation did not exhibit the
two peaks mentioned above; however, when L = 5 mm, the tube heat
generation exhibited two obvious peaks at ¢ = 15.7° and § = —15.7°,
while the tube heat generation at # = 0° was smaller. This indicated that
the effect of the induction heater structure on the magnetic field

distribution increased as L decreased. When the coil-to-tube distance L
was 5, 10, 15, and 20 mm, the maximum heat generation of the tube was
38.01, 30.68, 29.61, and 26.24 MW/mB, respectively. Fig. 8(b) shows
the radial distribution of tube heat generation at 8 = 0° for different coil-
to-tube distances. As evident, the radial distribution of the tube heat
generation does not differ significantly for L = 10 mm and L = 15 mm,
whereas for L = 5 mm, the magnetic fields cancel each other out,
resulting in a smaller tube heat generation. After normalizing the four
curves, it was found that the tube heat generation was relatively large
near the inner wall of the tube when L = 5 mm, which was slightly
different from the conclusion reached by Cano-Pleite et al. [18] because
of the different structures of the two induction heaters.
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3.1.2. Distribution and evolution of tube wall temperature

The distribution and evolution of the tube wall temperature were
focused upon the preheating process. In this study, Tax and Ty, denote
the maximum and minimum temperatures of the tube wall, respectively.
Fig. 9 shows the temperature distribution and evolution of the outer wall
of the tube for pre_1. As shown in Fig. 9(a), the temperature of the tube
wall increased rapidly after preheating started. The heat generation was
concentrated on the front side of the tube; therefore, the rate of tem-
perature increase was significantly higher. In the preheating process,
Tmax and T, occurred at = 0° and € = 180°, respectively. When the
temperature of the tube was stable, the tube wall temperatures at 8 = 0°,
0 =45°, 0 =90° 6 =135° and 0 = 180° were 349.17, 305.33, 276.06,
275.55, and 275.28 °C, respectively. As shown in Fig. 9(b), the tube
circumferential temperature gradient was larger in the early stage of the
preheating process owing to the higher rate of temperature rise on the

front side of the tube. At t = 300 s, the tube temperature difference was
approximately 199.88 °C. When the temperature at the point 8 =
0° gradually stabilized, heat was still continuously transferred to the
back of the tube by conduction and radiation; thus, the tube circum-
ferential temperature gradient gradually became smaller. When the
temperature of the tube was stabilized, the tube temperature difference
was approximately 73.89 °C. In addition, as the corresponding boundary
condition at the back of the tube was set to be adiabatic, the temperature
of the tube in the region of 8 > 90° and § < —90° was relatively uniform
at approximately 267.75 °C when the tube temperature was stable.
The receiver of the tower CSP plant must be preheated within a short
time. Otherwise, it affects the efficiency and economic return of the
plant. Therefore, the rate of preheating is critical to the preheating
process. The temperature of the receiver during the preheating process is
typically limited to 230-350 °C to prevent thermal stress fatigue caused
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Fig. 10. Temperature evolution at points # = 0° and 6 = 180° at different coil powers (L = 10 mm).

by excessive temperature difference of the receiver tube [15]. In this
study, ta3¢ denotes the time required for the lowest temperature of the
tube (i.e., the temperature at = 180°) to reach 230 °C, and t350 denotes
the time required for the highest temperature of the tube (i.e., the
temperature at § = 0°) to reach 350 °C. Fig. 10 shows the temperature
evolution at & = 0° and # = 180° on the outer wall of the tube for
different coil powers, with the corresponding tp30 and t35¢ indicated. In
the cases of P = 300 W, P = 400 W, and P = 500 W, the simulation time
was set to 2400 s because the temperature at the § = 0° point exceeded
350 °C and stabilized. To ensure that the temperature at the § = 0° point
in the case of P = 200 W also reached 350 °C, the simulation time for this
case was extended to 3600 s. From the figure, it is evident that the coil
power P exerted a more significant influence on the preheating time. The
higher the coil power, the shorter the preheating time, and the higher
the temperature at stabilization. When the coil power P was 200, 300,
400, and 500 W, ty39 was 2400, 320, 153, and 98 s, and t359 was 1085,
711, 562, and 481 s, respectively. Here, when P = 200 W, t39 was less
than t3so, which indicates that the tube was successfully preheated. In
other cases, tp3p was greater than t3so, implying that before the Tpin

reached 230 °C, its maximum temperature had exceeded 350 °C.
Therefore, the position and orientation of the induction heater must be
adjusted according to the tube temperature to successfully preheat the
tube.

Fig. 11 shows the temperature evolution at § = 0° and 6 = 180° on
the outer wall of the tube for different coil-to-tube distances as evident,
the coil-to-tube distance exerts a minimal effect on the preheating pro-
cess. In general, the larger L is, the smaller the temperature rise rate of
the tube, and the lower the temperature of the tube when it reaches a
steady state. When L = 5 mm and L = 10 mm, the temperature change at
the point of = 0° on the outer wall of the tube was almost the same, and
the time to reach 350 °C was 3427 s and 3525 s, respectively, with a
difference of 2.78 %. Moreover, when L continued to increase, the en-
ergy loss increased, resulting in the Tpa¢ remaining less than 350 °C
when heating was stable. In Fig. 11(b), when the coil-to-tube distance L
was 5, 10, 15, and 20 mm, ty39 was 1049, 1085, 1181, and 1306 s,
respectively, indicating that the effect of the coil-to-tube distance L on
the heating time was not apparent. In all four cases, tp39 was less than
t3s0, indicating that the tubes were successfully preheated.
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Fig. 11. Temperature evolution at points # = 0° and # = 180° at different coil-to-tube distances (P = 200 W).
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Fig. 13. Tpax and Tmin and heating efficiency #, at different parameters.

The tube wall temperature circumferential distribution at steady
state for different coil powers and coil-to-tube distances is shown in
Fig. 12. As evident, the coil power P exerts a large effect on the tube
temperature; the higher the P, the higher the tube temperature.
Although the effect of the coil-to-tube distance L on the tube tempera-
ture was relatively small, with an increase in L, the overall temperature
of the tube slightly decreased. In addition, when L =5 mm and L = 10
mm, the temperature distributions of the tubes were not significantly
different; however, the temperature distribution of the former was
relatively more uniform. Fig. 13 shows the effect of the coil power P and
the coil-to-tube distance L on Tiax and Tmin and the heating efficiency 7,.
The heating efficiency 7, refers to the efficiency of the induction heater

in heating the tube.
P,
=7 (22)

where P, is the total heat generation of the tube and P is the coil
power. As shown in Fig. 13(a), the tube temperature increased as the coil

11

power P increased, and the temperature difference increased. When the
coil power P was 200, 300, 400, and 500 W, the Tp,x was 349.38,
425.11, 485.24, and 535.81 °C respectively, and the tube temperature
difference was 74.10, 96.90, 117.23, and 135.89 °C, respectively. While
the heating efficiency ,, was not affected by the coil power P, the heating
efficiency in all four cases was maintained at approximately 69.10 %. As
shown in Fig. 13(b), when the coil-to-tube distance L was greater than
10 mm, a larger L resulted in lower Tpax and Tpin. However, Tiax and
Tmin Were similar for L = 5 mm and L = 10 mm. In addition, the heating
efficiency 5, was greatly influenced by the coil-to-tube distance. When L
=5, 10, 15, and 20 mm, the heating efficiency 5, was 74.67, 69.11,
63.15, and 57.43 %, respectively. In addition, although the Tp.x and
Tmin Were similar for L = 5 mm and L = 10 mm, the heating efficiency 7,
of the former was 5.56 % higher than that of the latter, which indicates
that the average temperature of the tube was higher and the temperature
distribution was more uniform for L = 5 mm.
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3.2. Salt circulating condition

3.2.1. Distribution of tube wall temperature

Fig. 14 shows the tube wall temperature distributions at different coil
powers under salt circulation conditions. The tube temperature was not
uniform in the axial direction because the MS temperature gradually
increased. Fig. 15 shows the tube wall circumferential temperature
distribution for different cross sections in the case of salt_1. To prevent
the boundary conditions on the upper and lower surfaces of the model
from influencing the results, a section with z = 15 mm was selected as

12

the initial section, and a section was acquired every 75 mm for the
analysis. As evident from the figure, the temperature at the front of the
tube wall gradually became higher along the axial direction, and the
maximum temperature of the tube section increased from 379.73 °C at z
=15 mm to 446.94 °C at z = 315 mm (increase of 17.71 %). In addition,
because the rear of the tube was set to be adiabatic, and the MS near the
back of the tube was not heated for the time being, the temperature at
the back of the tube did not change significantly and remained
approximately 300 °C, which is also the inlet temperature of the MS.
Consequently, the tube temperature difference became progressively
larger along the axial direction.

The heat loss of a receiver significantly affects its efficiency and is
closely related to the temperature of the tube wall. Radiant heat dissi-
pation is a major part of the heat loss in receivers compared to
convective heat loss [10]. Fig. 16 shows the effects of the coil-to-tube
distance L, coil power P, MS inlet temperature Ts;,, MS inlet velocity
Vs,in and ambient temperature Tymp on the Trayx, average temperature of
the tube wall, and radiation heat loss. As shown in the figure, in general,
radiant heat dissipation is positively correlated with the temperature of
the tube. The coil-to-tube distance L had a minimal effect on the tube
wall temperature or radiation heat loss. As L increased from 5 to 20 mm,
the average wall temperature and radiation heat loss power decreased
by 1.36 and 6.82 %, respectively. However, Tpyax at L = 5 mm was lower
than that at L = 10 mm, which further indicated that the tube wall
temperature distribution was relatively more uniform at L = 5 mm. The
coil power P, MS inlet temperature Ts;,, and MS inlet velocity vs i,
greatly affected the tube wall temperature and radiation heat loss. When
the coil power P increased from 500 to 1250 W, the Tp,qx increased from
448.47 t0 657.93 °C; when the MS inlet temperature T j, increased from
250 to 400 °C, the Tpay increased from 417.31 to 507.29 °C; when the
MS inlet velocity v i increased from 0.1 to 0.4 m/s, the Tr,ax decreased
from 448.47 to 381.16 °C. However, the ambient temperature T, had
almost no effect on the tube temperature, although an increase in Tomp
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slightly reduced the radiant heat dissipation from the tube. As Tomp
increased from —20 to 40 °C, the radiant heat dissipation power
decreased by 2.51 %. Notably, excessive tube wall temperature may
damage the receiver tube and may cause the internal Solar Salt tem-
perature to exceed 600 °C. This causes the Solar Salt to decompose into
nitrogen oxide gas, thereby increasing the pressure inside the tube,
which is a safety hazard. Therefore, during receiver operation, if the
solar radiation intensity is excessively high, the maximum tube tem-
perature can be appropriately reduced by increasing the mass flow rate
of the MS.

3.2.2. MS temperature and heating efficiency

The purpose of a receiver is to receive solar radiation and transfer
heat to the MS; therefore, the distribution and evolution of the tem-
perature of the MS are among the most important aspects in the study of
receivers. Fig. 17 shows the MS temperature distribution in the cross
section of the tube at z = 165 mm for different coil powers. It is evident
that there is an obvious temperature gradient of MS. The MS in the area
near the front of the tube had a higher temperature owing to the heating
effect of the wall, whereas that in the area near the rear of the tube
maintained a temperature of approximately 300 °C in line with the T,
because the heat was not been transferred here yet. In addition, only a
small fraction of the MS in the cross-section was heated by the wall
because the heat generated within the tube wall was excessively
concentrated at the front of the tube, resulting in a higher wall
temperature.

The temperature increase in the MS and efficiency of heating the MS
are the criteria for directly judging the thermal performance of a
receiver. Fig. 18 shows the effect of different parameters on the tem-
perature rise AT and heating efficiency 7, of the MS, where the efficiency
7, is calculated using the following equation:

_ CoprR}v, AT
s P
where C, is the specific heat of the MS, p is the density of the MS, R; is

the inner radius of the tube, vs i, is the inlet velocity of the MS, AT = Ty
outs Tsjin» Tsout is the outlet temperature of the MS, Ts;, is the inlet

(23)
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Fig. 17. MS temperature distribution under different coil powers.
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temperature of the MS, and P is the coil power. As evident from the
figure, the MS temperature rises AT, and the heating efficiency 7, fol-
lowed the same trend in all cases except for the case of changing the MS
inlet velocity, which can also be derived from the formula for the effi-
ciency. The coil-to-tube distance L, coil power P, MS inlet temperature
Tsin, and MS inlet velocity vsin had a significant effect on AT and 7,.
When L increased from 5 to 20 mm, AT and #, decreased by 0.078 °C and
6.34 %, respectively. When P increased from 500 to 1250 W, AT and
increased by 0.954 °C and 7.21 %, respectively. Further, when T;;,
increased from 250 to 400 °C, AT and #, decreased by 0.346 °C and
28.35 %, respectively, because the temperature difference between the
tube wall and the MS decreased; therefore, the convective heat transfer
rate and heating efficiency decreased. When vy, increased from 0.1 to
0.4 m/s, AT decreased by 0.341 °C; however, 7, increased by 7.87 %.
This is because the MS stayed in the tube for less time and was heated for
less time, thus, AT decreased. Whereas, the convective heat transfer
coefficient increased, this #, increased. However, Tomp exerted a rela-
tively small effect on AT and 7,, which mainly affected the radiation heat
dissipation of the tube. As Tonp increased from —20 to 40 °C, the MS
temperature increased slightly by 0.017 °C, and the heating efficiency
increased slightly by 0.07 % owing to the reduced radiation heat loss
from the tube.

3.3. Thermal stress

Highly nonuniform heat flow can cause a nonuniform temperature
distribution on the wall of the tube, which can result in a large thermal
stress, which is an important concern for tower CSP plants. In this sec-
tion, the tube thermal stress evolution and distribution are studied for
coil power P = 500 W and coil-to-tube distance L = 10 mm. Fig. 19
shows the evolution of thermal stress during the preheating process. As
evident from Fig. 19(a) the radial and circumferential thermal stresses
were small and almost negligible compared to the axial thermal stress,
and the axial thermal stress primarily determined the magnitude of 6.
Fig. 19(b) shows that the 6,4 at each point of the receiver tube increased,
then decreased during the preheating process, and finally stabilized.
This is because the circumferential temperature gradient of the tube
gradually increased during the preheating period and then slowly
decreased until it stabilized. The maximum o, of the tube was reached
atd=0° att =170, which was 551.72 MPa. When the preheat is stable,
O¢q is maximum at § = 0° and minimum at § = 45°, which were 247.74
and 42.26 MPa, respectively.

Fig. 20 shows the circumferential distribution of o, for each tube
section under the salt circulation conditions. The results indicate that
the maximum tube 6,4 occurred at # = 0° and decreased rapidly as 6
increased. The minimum o, was observed at = 45°, followed by a slow
increase. On the rear side of the tube, 0,4 tended to stabilize. In addition,
the tube thermal stress progressively increased along the MS flow di-
rection with the continuous increase in the circumferential temperature
difference in the tube (Fig. 15). The maximum o, increased from 154.51
to 254.34 MPa for the section with z = 15 mm compared to the section
with z =315 mm. Fig. 21 shows the 6., and temperature circumferential
distributions for a cross-section of the tube, z = 165 mm, under preheat
stabilization and salt circulation conditions. It is evident that the 6. of
the tube at preheat stabilization was slightly larger than that of the salt
circulation condition; however, they are nearly the same, with the
maximum o,y of 247.74 and 236.69 MPa, respectively (difference of
only 4.46 %). This can be explained by the fact that the circumferential
temperature gradient of the tube was very similar, despite the large
difference in the temperature of the tube in both cases, as shown in
Fig. 21 (b). This also indicates that the tube thermal stress is closely
related to the circumferential temperature gradient.
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4. Conclusion increased from 5 to 20 mm, the maximum heat generation of the
tube increased by 149.98 % and decreased by 30.97 %, respec-
In this study, a 3D model that couples electromagnetic induction, tively. Owing to the skin effect, heat generation was concentrated
heat transfer, and turbulence, was developed to investigate the effects of on the outer surface of the tube. In addition, the unique structure
key parameters on the induction heating process of the receiver. Ex- of the induction heater resulted in two heat generation peaks on
periments are conducted to verify the reliability of the proposed model. the outer surface of the tube.
The following conclusions were drawn. (2) During preheating, the rate of temperature increase at the rear of
the tube was significantly lower than that at the front. An increase
(1) The coil power P and coil-to-tube distance L strongly influenced in P significantly accelerated the preheating process. As P

the tube heat generation. As P increased from 200 to 500 W and L
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Fig. 21. Circumferential distribution of tube 6., and temperature at preheat stabilization and salt circulating conditions.

increased from 200 to 500 W, t350 and tp30 decreased by 95.96
and 55.67 %, respectively.

When the MS circulated in the tube, the temperature at the front
side of the tube wall gradually increased along the axial direction,
whereas that at the rear side of the tube did not change signifi-
cantly and remained approximately T ;,. The heating efficiency
1, increased as the coil power P, MS inlet velocity v, and
ambient temperature T,y increased. Among them, T, had the
greatest effect on the efficiency. As the T, increased from 250 to
400 °C, 5, decreased by 28.35 %.

Among the three directions of thermal stress, 6, mainly deter-
mined the o, of the receiver. During preheating, the 6gmax of the
receiver reached 551.72 MPa. When the temperature was stabi-
lized, the 6eqmax and Geqmin Were reached at = 0° and 0 = 45°
points, respectively. Under the salt-circulating condition, o,
increased along the axial direction because the tube circumfer-
ential temperature gradient also increased. The o, of the tube
under preheat stabilization was slightly larger than that under
salt circulating condition, with a difference of only 4.46 %.
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