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Abstract

Inverse heat transfer problems typically rely on temperature measurements for
estimating unknown boundary heat flux, such as that in the water tubes of
steam boilers or central receivers in solar tower power plants. In this work, an
experimental facility consisting of a molten salt loop that simulates a tube of a
solar tower receiver is presented to obtain the outer tube surface temperatures
under solar tower power plant operating conditions. The external surface of
the pipe in the test section is heated in a controlled manner with an induction
heater, which provides a very high nonuniform heat flux. An inverse thermal
method has been applied to obtain the incident heat flux onto the receiver
tube from the outer surface temperature measurements. To solve the inverse
problem, a transient two-dimensional numerical model of a circular pipe flowing
molten nitrate salt and subjected to a nonhomogeneous circumferential heat
flux has been developed. The heat flux calculation with the inverse method
is in accordance with the heat flux estimation based on the calibration of the
induction heater. A good agreement between the experimental and calculated

temperatures is observed. Furthermore, the deflection of the tube caused by
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the nonhomogeneous heat flux is measured and is compared to the deflection
calculated from the radial temperature profile from the inverse problem solution,
and a good agreement between both results is observed.

Keywords: Inverse heat conduction problem, Inductor coil, Central receiver,

Tube bending.

1. Introduction

Concentrating Solar Power (CSP) with Thermal Energy Storage (TES) is a
key technology to contribute to increasing the penetration of renewable energy
in the electricity mix and to the reduction of greenhouse gas emissions, since
it increases the flexibility of the electricity system avoiding the need of fossil
fuel back up. A typical CSP plant consist of: i) a solar concentrator, where the
solar radiation is reflected; ii) the receiver, where the solar radiation is trans-
ferred to the heat transfer fluid (HTF); iii) the TES system, where the thermal
energy is stored; iv) the heat exchangers, where the heat is transferred from the
HTF of the storage system to the working fluid of the power block and v) the
power block, that converts the thermal energy into electricity. The main CSP
systems are linear Fresnel reflectors, central receivers (power towers), parabolic
trough and parabolic dish systems. A linear Fresnel consists of a large num-
ber of mirrors in parallel rows plane or slightly curved that reflect the sunlight
to a pipe above. Power tower or central receiver systems utilize sun-tracking
mirrors called heliostats to focus sunlight onto a receiver at the top of a tower.
In a parabolic trough CSP system, radiation is concentrated by parabolically
curved, trough-shaped reflectors onto a receiver pipe running along about a me-
ter above the curved surface of the mirrors. A Parabolic dish system consists of
a parabolic-shaped point focus concentrator in the form of a dish that reflects
solar radiation onto a receiver mounted at the focal point. Today’s most ad-
vanced CSP systems are central receivers integrated with 2-tank TES, working
with nitrate molten salt both in the receiver and in the storage system and deliv-

ering thermal energy at 565°C for integration with conventional steam-Rankine
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power cycles. Receiver tubes can reach very high temperatures of 650-750°C
and are exposed to a nonuniform solar flux that can exceed 1.0 MW /m?. This
results in an uneven temperature distribution in the circumferential direction,
resulting in thermal stresses (Marugdn-Cruz et al., 2016) and deflections in the
receiver tubes that can reduce their service life. In central external receivers,
the flux distribution is designed to heat the salt from 290°C to 565°C while
keeping the strain and corrosion in the receiver tubes within allowable limits.
The receiver temperatures are used as inputs to some of the flux management
systems of a commercial plant to make it operate within these limits. Thermo-
couples are installed on the back (non-illuminated) wall of the receiver tubes
(Pacheco, 2002). The back-wall thermocouples provide information on changes
much more quickly than the outlet salt thermocouple because they measure
receiver panel information, not just the outlet conditions (Smith and Chavez,
1992). Moreover, since the tube wall is relatively small and the thermocouple is
placed on the back of the tube (away from the incident flux), the temperature
measurement should represent the bulk salt temperature within the tube at that

point (Smith and Chavez, 1992).

The phenomena that occur in different subsystems of a molten salt CSP plant
are reproduced in lab-scale molten salt loops to study them under controlled
conditions. Some experimental works measured the convection coefficient for
the internal flow of molten salt in a pipe at a high Reynolds number that is
characteristic of real receivers (>10%). Typically, an electrical heater heats the
pipe in the test section, providing uniform heat fluxes in the range of 200-400
kW /m? (Yang et al., 2012; Jianfeng et al., 2013a,b; Kim et al., 2018). Uniform
heat transfer can also be achieved through a heat exchanger with another fluid
(Yu-ting et al., 2009; Du et al., 2017). In very few experimental facilities, the
heat flux is applied unilaterally to the testing tube. For instance, Xiangyang
et al. (2014) measured the Nusselt number of a molten salt in a pipe with a
nonuniform heat flux that was considerably higher on one of its sides. They

found that the Nusselt number of the side with the highest heat flux was lower
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than that of the side with the lowest heat flux.

To produce a higher heat flux similar to that of central receivers, the pipe
can be heated in a small area using an inductor. The inductor includes a copper
coil and a magnetizer, also called an electromagnetic flux concentrator. As high-
frequency alternating current flows in the coil, a high eddy current is induced
in the surface layer of the metal piece, which leads to a rapid increase in the
temperature of the surface layer (Zhu et al., 2018). When the concentrator is
properly designed, a high heating rate and uniform temperatures of the metal
piece can be achieved (Gao et al., 2016). When using this heating method, a
high wall temperature of the tube is reached. Kruizenga et al. (2014) employed
an inductor to uniformly heat the external surface of a 1 m long test section
pipe in a pumped-salt test loop where molten nitrate salt circulated to simulate
a solar receiver. In particular, the internal surface of the pipe was maintained
at a temperature of approximately 670°C to study the decomposition of the
salt. However, the determination of this temperature is problematic because
it cannot be directly measured and the power applied by the inductor heater

cannot be directly taken as the thermal power input of the pipe due to the losses.

The determination of the heat flux and subsequently the internal surface
temperature of the receiver pipe from the measurement of the external surface
temperature, which can be accomplished in practice, is of crucial interest in
both commercial plants and lab-scale installations. The direct measurements
of heat flux on commercial plants is very difficult for a cylindrical receiver, and

computer simulations are used instead (Pacheco, 2002).

Inverse heat conduction problems have generally been associated with the
estimation of an unknown boundary heat flux by using temperature measure-
ments (C)zisik and Orlande, 2000). This is the opposite of a classical direct heat
conduction problem where the boundary heat flux is given while the temper-

ature field is determined. Several techniques for solving the inverse problem
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have been developed, for example, the conjugate gradient method, the method
of fundamental solutions, linear least-squares methods, analytical methods and
genetic algorithms (Alifanov, 1994; Taler and Duda, 2006). In particular, an
inverse heat transfer analysis has previously been applied (Yang et al., 2013) to
estimate the unknown time-dependent inner-wall heat flux of a hollow cylinder
from the knowledge of the temperatures within the medium at different ra-
dial positions. The temperature data were simulated to represent temperature
measurements with the objective of evaluating the conjugate gradient method
proposed to solve the inverse heat transfer problem. Su and Silva-Neto (2001)
applied the conjugate gradient method to solve the radial and circumferential
transient dependence of source strength in cylindrical rods. Lu et al. (2010)
applied an inverse heat conduction problem to obtain the unknown transient
fluid temperatures near the inner wall of a pipe elbow with thermal stratifi-
cation from simulated outer surface temperature measurements. Besides these
numerical solution techniques, analytical methods have been applied to solve
inverse heat conduction problems. For instance, Cattani et al. (2015) applied
the Quadrupole Method coupled to the Truncated Singular Value Decomposi-
tion Approach to estimate the local convective heat transfer coefficient on the
internal wall surface of a pipe. Additionally, Maillet et al. (1991) applied the
least-squares method coupled to the analytical solution of the 2-D temperature
field to the measurement of a heat transfer coefficient on a cylinder. Inverse heat
transfer methods have been successfully applied to different technological fields.
Taler et al. (2009) developed a heat tubular-type instrument (flux-tube) to mea-
sure the heat flux to water walls of combustion chambers based on the inverse
heat conduction problem. Thus, they calculated the heat flux absorbed by the
walls from surface temperature measurements (Taler et al., 2014). The temper-
ature history measured in two-phase boiling experiments during and following
the critical heat flux were used in the solution of the two-dimension inverse heat
transfer problem to estimate the wall temperatures and wall heat fluxes in water-
cooled reactors (Duarte et al., 2018). Perakis and Haidn (2019) applied a 3D

inverse method for estimating the time- and spatially resolved heat flux distri-
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bution at the hot gas wall of rocket combustors. Yadav et al. (2018) developed a
two-thermocouple model especially suitable to be applied to time-varying high
heat flux applications such as nuclear reactor containments, reactor pressure
vessels, furnaces, and jet heating/cooling etc. Liu et al. (2018) obtained an ana-
lytical inverse heat transfer solution which can be used to calculate surface heat
flux in temperature-sensitive coating measurements in high-enthalpy hypersonic
wind tunnels. An inverse heat transfer was also applied to the diagnosis of the
lateral refractory brick wall of a melting furnace (Hafid and Lacroix, 2017), al-
lowing to predict the time-varying thickness of the protective bank that covers
the inner lining of the furnace wall, the thermal contact resistance between the
inner lining and the protective bank and the possible erosion of the refractory
brick wall. Concerning the solar technology field, inverse heat transfer methods
have been applied to predict the heat flux distribution on a flat plate receiver
in a solar Concentrating Photovoltaic system using non-intrusive temperature

measurement obtained with an IR camera (Reddy et al., 2018).

In the present paper, an inverse heat transfer method is applied to calculate
the heat flux at the outer surface of a pipe conducting molten nitrate salt from
outer surface temperature measurements. The measurements were performed
in a molten salt loop that simulates the receiver of a solar tower. The external
surface of the pipe in the measurement area is heated using an inductor, which
provides a very high nonuniform heat flux. Once the heat flux is calculated from
the outer surface temperature measurements, the radial temperature profile in
the pipe wall is obtained. Additionally, the deflection of the tube caused by the
unilateral heat flux is measured, and it is compared to the deflection calculated
from the radial temperature profile. Experimental measurements of the outer
surface temperature of a receiver tube under solar tower power plant operating
conditions have not been reported in the literature before, which can be useful
for the validation of tubular external molten salt receiver numerical models.
Moreover, for the first time, an inverse heat transfer method has been applied

to obtain the incident heat flux onto a solar receiver, which is of interest in both
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commercial plants and lab-scale installations.

2. Experimental setup

The experiments were performed in a molten salt (60% NaNO3/40% KNO3)
test loop (Figure 1) that consists of a cylindrical molten salt tank, a pump, a
pressure sensor, the test section and a flow meter. The total length of the loop
is greater than 12 m. The 600 | tank is made of AISI316 and is heated by an
electrical furnace. The temperature of the molten salt in the tank is controlled
to maintain it between 300 °C and 500 °C. A high-temperature pump coupled
to an electric motor equipped with a variable-frequency drive allows varying the
flow rate through the molten salt loop. The tank is connected to a 304 stainless
steel pipe, with a 5.2 cm inner diameter and 4 mm thickness, through which the
molten salt circulates, reaching Reynolds numbers in the range of 4 - 10%-2 - 10°.
An ultrasonic flow meter allows measuring the flow rate at the test section. The
pipe is wrapped with electrical heaters and insulated in the whole loop except in
the 0.5 m test section, where an induction heat generator provides a high heat
flux that is applied to a small rectangular region of the tube surface such that the
inductor reproduces the nonuniform heating conditions of the receiver in a cen-
tral tower plant. The induction heater has an output power of 6 kW and output
frequency range of 270-450 kHz. The inductor coil is provided with a magnetic
flux concentrator that, when properly designed, produces a high heating rate
and uniform temperature of the metal piece. To ensure a satisfactory heating
process (Gao et al., 2016), the distance between the coil and the heating surface
was fixed to 7 mm, the working frequency of the inductor was 300 kHz, and a
rectangular coil of 100 mm x 7 mm with a magnetic flux concentrator of 4 mm

in width, 4 mm in height, and 100 mm in length was used, as shown in Figure 2.

The total electric power provided by the induction heater was 4 kW, in the
experiments conducted in the molten salt loop. The heat flux reaching the tube

was applied in a rectangular area of 100 mm x 15 mm, which corresponds to
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the area occupied by the coil and the magnetic flux concentrator. Thus, the
maximum heat flux that could reach the external wall of the pipe would be
2.67 MW /m?. Since the induction coil needs to be chilled with water, part of
the heat flux generated by the induction heater is transferred to the stream of
water flowing through the coil. Therefore, it is difficult to accurately determine
the heat flux that reaches the external wall of the pipe knowing the total elec-
tric power of the induction heater. In this work, some experiments to calibrate
the induction heater for different electric powers (i.e., 3, 5 and 7 kW) were
conducted to determine the percentage of the electrical power of the induction
heater that is effectively transferred to the tube. With this aim, a 1.5 m long
tube made of the same material and with the same inner and outer diameters
as those of the tube used in the molten salt loop was heated by the induction
coil. The tube was placed vertically, and it was closed at the bottom end and
externally insulated using a mineral wool. Then, it was filled with water, and
thermocouples were installed to measure the temperature of the water inside the
tube and the temperature of the outer surface of the tube wall. Additionally,
the flow rate and the inlet and outlet temperatures of the cooling water flowing
through the induction coil were measured. According to these measurements,
we concluded that approximately 35% of the inductor electrical power is trans-
ferred to the inductor cooling water and that only 40% is converted to thermal
energy that reaches the tube and heats the wall and the water contained in it.
Hence, this calibration experiment indicates that given this 40% efficiency, for
the experimental conditions presented in this paper (inductor electrical power
of 4 kW, applied to a 15 x 100 mm area), the heat flux applied to the external
surface of the tube is approximately 1 MW /m?. However, to more accurately
predict the heat flux incident on the test section, an inverse algorithm based on

the outer surface temperature measurements has been proposed in this work.
[Figure 1 about here.]
[Figure 2 about here.]

To measure the temperature of the external surface of the pipe along the an-



208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

gular position, skin thermocouples were used. They consist of a sheath K-type
thermocouples embedded in a steel plate to facilitate the welding of the ther-
mocouple to the pipe (see Figure 4). A total of 7 thermocouples were used:
5 thermocouples welded to the outer surface of the pipe in different positions
along the circumferential direction at the axial position corresponding to the
center of the coil, and 2 thermocouples inside the pipe at » = 0 to measure the
bulk salt temperature, located at z = —0.21 m and z = 0.21 m as shown in
Figure 3. In addition, the installation has four sheath K-type thermocouples
inside the tank to control the temperature of the salt between 300 °C and 500
°C and a thermocouple welded to the tank wall to prevent the temperature
from exceeding 550 °C. For data acquisition, National Instruments’ 9219 uni-
versal analog input acquisition cards were used. This module has 4 channels
and has the advantage of having interchannel isolation such that each channel
is isolated from all other channels and other noninsulated components to reject

interchannel noise and electromagnetic noise from the induction heater.

Moreover, thermal images were taken with an IR camera (Optris P1640 with
015 telephoto lens) during the experiments to study the deformation of the
tube due to the nonuniform heat flux, which results in an uneven temperature
distribution, as shown in the left picture of Figure 4. The right picture of Figure
4 shows the position of the pipe with uniform tube temperature when the molten
salt is flowing through the pipe and the induction coil is not heating the tube.
Comparing both pictures and considering that the green rectangle corresponds
to the distance between the induction coil and the pipe, the tube bending due to
the nonuniform heat flux provided by the induction heater is appreciated. The
analysis of the IR camera images over time provided the displacement of the
tube with an error of 0.2 mm because the size at a single pixel at the object

level was 0.4 mm.
[Figure 3 about here.]

[Figure 4 about here.]
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3. Numerical modeling

3.1. Direct problem
3.1.1. Heat conduction in pipe wall

In this work, a transient numerical model has been developed to compare
the experimental measurements with the numerical results. The heat transfer
problem of a circular pipe subjected to a nonhomogeneous heat flux in the
circumferential direction while a molten-salt stream is flowing through the pipe
is considered. For simplicity, the heat transfer problem along the molten-salt
flow is not calculated, and the heat exchange between the molten-salt stream
and the pipe wall is solved using Petukhov’s correlation. The physical properties
of the salt, which are known functions of temperature (Zavoico, 2001), were
calculated at the molten-salt inlet temperature. To solve the heat transfer
problem along the pipe wall, a homogeneous heat flux in the axial direction was
considered to develop a two-dimensional model of the pipe. Thermal conduction
in axial direction was neglected, as negligible temperature difference was shown
between one thermocouple placed at the axial position of the center of the coil
and another thermocouple at z = 27 mm, being both of them at the same
angular position. Therefore, the cross section studied in this work, which was
placed at the center of the coil, was not affected by the conductive axial heat
losses that occurs at the two ends of the heated part, as the temperature field
along the length of the induction heater was shown to be uniform. During the
postprocessing of the results, it was verified that the heat flux in axial direction
computed from the temperature measurements was three order of magnitude
lower compared to the total heat flux in radial and circumferential directions, for
a cross section placed at the center of the coil. Therefore, heat is transferred by
conduction in the radial and circumferential directions along the pipe according

to the heat diffusion equation.
oT(r,0,t) k0 oT(r,0,t) k 0T (r,0,t)
P9 T Tor (r ar 2 962 (1)

where T is the wall temperature, p is the wall density, c, is the wall specific heat,

and k is the wall conductivity. The inner wall of the pipe is in contact with the

10
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molten salt, so its thermal boundary condition is set to a convective heat transfer
condition. The outer wall of the pipe is in contact with the atmosphere, so its
thermal boundary condition is set to a mixed convective and radiative heat
transfer condition. The initial temperature of the pipe is uniform along the
circumferential direction and, for simplicity, it was considered to be uniform in
radial direction, as the temperature difference between inner and outer surfaces
was approximately 1°C due to the radiative and convective losses to the ambient.
Therefore, the initial temperature was assumed to be the measured temperature
at r = r, at the beginning of the experiment. Hence, the boundary and initial

conditions of the problem are expressed as follows:

oT(r,0,t)

kg = h(L-T(r0.t)atr=r @)
T
_kw = hconv+rad(9; t) (T(T, 9, t) - Too) - qind(ﬁ, t) at r=r, (3)
T
oMy
T = QOatf= 0, e (4)
T(Tv 9, t) = T’ini fort=0 (5)

where r; and r, are the inner and outer pipe radii, respectively; Ts and T, are
the temperatures of the molten salt and surroundings, respectively; h; is the
convective heat transfer from the molten salt to the inner surface of the wall;
and heony+rad 18 the mixed convective and radiative heat transfer from the outer
surface of the pipe to the atmosphere. 0 is the circumferential coordinate, which
has its origin at the front part of the pipe, facing the induction coil, as shown
in Figure 5, and ¢;,q is the heat flux from the induction heater applied to the
external wall of the pipe, where ¢;,q was considered to be positive when the
heat flux is coming from the induction heater to the pipe (see Figure 5). Notice
that only half of the tube was simulated due to symmetry. For the experiments
developed in this work, ¢;,q was assumed to be uniform in the area of the pipe
facing the induction coil and the magnetic flux concentrator (-15° < 6 < 15°),

while the area not facing the coil did not receive heat flux from the induction

11
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heater (see Figure 5).

Gina(t) 1f 6 < 15°
Gina(0,t) = (6)
0 if > 15°

The convection coefficient h; was calculated using the correlation proposed by

Petukhov (1970) for turbulent flow, while heonytrad Was obtained as follows:
heonvtrad(0,t) = hoo + €0, (T(r,0,1) + To) (T?(r,0,8) + T3)  (7)

where h, is the convection coefficient from the outer surface of the pipe to the
atmosphere, o, is the Stefan-Boltzmann constant, and e is the AISI304 sur-
face emissivity. The emissivity (¢) of the outer wall surface was measured with
an infrared camera, and a value of 0.32 was obtained. The convection coeffi-
cient (heo) was calculated using Churchill’s correlation for horizontal cylinders

(Churchill and Chu, 1975).
[Figure 5 about here.]

Heat conduction in the wall was considered to be two-dimensional to take the
temperature variations along the radius and the circumferential direction of the
wall into account. An explicit finite difference method was used to solve the
transient heat conduction equation. The energy balance method was applied by
dividing the wall into nodes in the azimuthal direction (Af) and radial direction
(Ar). The temperature at the midpoint of cell (¢, j) is called T} ;. The geometry

of the cell is a circular trapezoid of sides Ar and r A#, as shown in Figure 6.
[Figure 6 about here.]

The thermal coupling between the cells is modeled by thermal conductances.
The conductances in the circumferential direction between cells (i — 1,5) and
(i,7) and cells (i,7) and (i +1,7) are

LArk
Ki_05;=Kit05; = —+ fori=1...N; (8)
J J Tj A&

The general expressions for conductance that are valid for the inner nodes along

the radial direction are

12
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Kij-05 = 7 for j =2... My (9)
ln —2—
Tj,l
LEAO )
Ki7j+0-5 = W fOI"]Zl...Mk—l (10)
nTj

The inner cell along the radial direction (j = 1) is in contact with the molten

salt; thus, the conductance results in

L

Kios = (11)

#_,_i]nﬁ
AGnhi Ab k T

The outer cell along the radial direction (j = M},) is exposed to the atmo-
sphere; thus, the conductance results in
L

To 1
[
AOk . T My, + Al To h(conv+rud)

Kimr05 = — (12)

Figure 6 shows a scheme of the incident/outgoing heat flows associated with
an internal cell. The heat flows through the left (Q;_¢.5 ;) and right (Q;+0.5,;)

boundaries of a cell are defined by the following expressions:

Qi—05,(t) = Ki—05,; (Ti—1,;(t) — T; (1)) (13)

Qit0.5,;(t) = Kiyos,j (Ti;(t) — Tiv1,;(t)) (14)

The heat flows through the inner (Q; ;—o.5) and outer (Q; j1o.5) radius bound-

aries are expressed as follows:

Qij—0.5(t) = Kij—os (Tij-1(t) = T (1)) (15)

Qij+0.5(t) = Ki jro.5 (Tij(t) — Tij41(t)) (16)
The energy conservation of the wall is solved to obtain the temperature field of
the wall

aT(r,0,1)

pepV En

=Qi—05,;(t) = Qito5,;(t) + Qi j—05(t) — Qijt+o5(t) (17)

13
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The outer cell along the radial direction (j = M},) is exposed to the induction
heat flux; thus, the energy conservation of the wall results in

oT(r,0,t)

1%
pep ot

(18)
where V' = Afr; Ar L is the cell volume. L =1 in Equations (8)-(12) and Equa-
tions (17)-(18) because when solving a two-dimensional heat transfer problem,

a unit depth cell is assumed.

[Table 1 about here.]

8.1.2. Deflection of the pipe

The pipe wall is exposed to tension and compression in its different parts due
to the nonuniform temperature distribution along the circumferential direction,
which results in a moment that causes bending of the pipe. The tube is 4.33 m
long between supports (L7 ), and the center of the induction coil, which provides
the heat flux, is positioned at 2.63 m from the first support, as shown in Figure
7. Deflection 6(z,t) and rotation ©(z,t) are considered to be zero at the ends,

but the tube can elongate freely.

0(z,t) = 0 forz=0,Ly (19)

O(z,t) = 0 forz=0,Lp (20)
[Figure 7 about here.]

The moment induced by the circumferential temperature gradient Mrp(t) is

expressed as
MT(t):2Ea/ / T(r,0,t) r2 cos 0 dr df (21)
0 i

where F is the Modulus of Elasticity, and « is the thermal expansion coefficient.
The relation between the deflection and the moment M(z,t) is expressed as

(Gere, 2004)
d?(6(z,t))  M(z,t)
dz2  EI (22)

14

=Qi—05,;(t)—Qit0.5,;(t)+Qir,—0.5t)—Qinre40.5()+A0 74 L gina(0,t)
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where I is the moment of inertia of a circular pipe %(rﬁ —r}). To obtain the
deflection and bending moment from Equation (22), the reactions and moments

at the supports of the pipe are obtained

R.+R, = 0 (23)

Ma_Ra'LT_Mb

I
o

(24)

The bending moment along the length of the pipe between supports is ob-

tained taking the moment equilibrium at point x

M(z,t) = —My+ R, -z for0<z< I (25)
M(z,t) = —My+ Ry z+ Mrp(t) for Ly <z < Lo (26)
M(z,t) = —My+ R, -z for Ly <z < Lr (27)

where Ly and Ly are the lengths from the first support to the beginning and end
of the induction coil, respectively. Substituting Equations (25)-(27) into Equa-
tion (22) and integrating and imposing the boundary conditions, the deflection

of the pipe can be expressed as

_ MT(t) (Ll — Lz) (L1 + Lo — LT) 3 (Ll — L2) (3L1 +3Ly — 4LT) )
(z.1) = o : .
ET Ly 212,
for0<z< Iy
(28)
52 1) = Mr(t) (L1 — L2) (LE_F Ly — Lr) Aa(1- (L1 — Lo) (3L12_|_ 3Ly —4L7)
ET Ly Lz

L2
L12+21) for L1 <z < Lo

(29)
. MT(t) (Ll - Lg) (Ll + Loy — LT> 3 (Ll - Lg) (3L1 + 3Ly — 4LT) 9
(S(Z,t) = 3 = 2
El I3 512,
L? -2
(L2 — Ll)Z + 122> for L2 S z § LT
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3.2. Inverse problem

In this work, an inverse algorithm is proposed to obtain the unknown time-
and space-dependent heat flux received by the pipe from the knowledge of tem-
perature measurements of the external wall of the pipe. For solving the inverse
heat conduction problem, the conjugate gradient method with adjoint problem
for parameter estimation was used (Ozisik and Orlande, 2000). The formula-
tion consists of the direct problem, which was explained in the previous section;
the sensitivity problem; the adjoint problem; and the gradient equations. For

solving the inverse problem, the unknown function ¢;,q was parameterized
Gina = P - C(0,1) (31)

where P is the unknown parameter, and C(6,t) is a trial function that was
estimated by the knowledge of the area occupied by the coil and the magnetic
flux concentrator (-15° < 6 < 15°), and the electrical power of the induction
heater over time W4

Wina(t) if 8 <15°

co,t =4 " (32)

0 iff > 15°
As stated above, the aim of the inverse problem is to determine the unknown
parameter P from the wall temperature measurements at » = r, and at different
circumferential positions, denoted as Y,—,_ ¢g—g,,. Therefore, the solution of the

inverse problem is to minimize the following functional:

M, tf
JP =Y / (Trmrmt = Yicr, o0, Pl (33)
m=1 =

where M, is the total number of temperature sensors (see Figure 3), tf
is the total time in which the experimental measurements are acquired, and
Tr—r, 0=0,, is the numerical solution at measurement positions obtained from
the direct problem, which was previously calculated by using an estimated heat

k
flux ¢, vy
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8.2.1. Sensitivity problem

The sensitivity function AT = AT(r,0,t), which is the solution of the sen-
sitivity problem, is defined as the directional derivative of the temperature T
in the direction of the perturbation of the unknown function (Alifanov, 1994).
The sensitivity problem can be formulated by assuming that when the unknown
Qind,—,, is perturbed by Aging,_, , then T'is perturbed by AT. Therefore, re-
placing gindg,_,, by (¢ind,_,, + DGind,_,,) and T by (T + AT) in the direct
problem, and subtracting the direct problem from the resulting expressions, the

heat diffusion equation for the sensitivity problem is obtained:

2
OAT k0 (TGAT> k 0°AT (34)

el 2 L7/
P gy ror or r2 062
The boundary and the initial conditions of the sensitivity problem are expressed

as follows:

OAT
k o h; at r=r; (35)

AT
k’aar = _hconv+rad AT + Aqmd atr =7, (36>

OAT
8 = Oat 0 =0, 7 (37)
AT = O0fort=0 (38)

where Ag;,q is defines as follows
Agina = AP - C(0,1) (39)

The sensitivity problem was solved in the same manner as that for the direct

problem.

8.2.2. Adjoint problem

As stated above, the objective of the inverse problem is to minimize Equation
(33), considering that T" has to satisfy the direct problem. A Lagrange multiplier
A = A(r,0,t), which is necessary to obtain the gradient of Equation (33), was

obtained by solving the adjoint problem, which consists of multiplying Equation
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(1) by X and integrating the expression over space and time. The resulting

expression is then added to Equation (33) to obtain

Z/ r T0,0=0m Yr:ro,ezﬂm)2dt+
t

oT k 0°T oT
[5 /fl / (7‘37‘< >+72892_pcp(%>Td0det

For obtaining the variation of the functional AJ[P], gina,_,, Wwas perturbed

(40)

by Aging,_,, and T' was perturbed by AT, and then Equation (40) was sub-

tracted from the resulting expression:

Z / / Trery 0=, — Yoery.0—0, )T 8(0 — 0,,) 7o d6 dt+
t

OAT E O2AT OAT
/t /m / (Tar <T or )+72362_Pcp(9t>rd0drdt

(41)

where §(-) is the Dirac function. Integrating the term involving the second
derivative in the radial direction by parts and using the boundary conditions
of the sensitivity problem (Equations (35) and (36)), the following result is

obtained:

AT .
/ k )\ ( a > d’/‘ =To Ar:.,-o Aqmdr:% — (hCO"L’U-‘rTad >\T=ro + ]{}a)\ O)

or
OAp=r, To 0 oA
<hi Ap=r;, + K o > ri AT =y, + /T k o < 8r> AT dr

(42)

Integrating by parts the term of Equation (41) involving the second derivative in
the circumferential direction and using the boundary conditions of the sensitivity

problem (Equation (37)), the following expression is obtained:
/ g2 A OPAT k OXg=o

de—f

r 002 00

k ONo=r k 02X
ATQ 0o— 809 ATQ:-,T + / 7@ AT df
0

(43)
Integrating by parts the term of Equation (41) involving the derivative in

time and using the initial condition of the sensitivity problem (Equation (38)),
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416

417

418

we obtain

ty

ts AT A
/ pcp)\raa dt = peyr M=ty ATi—y, — / pcprg—tATdt
0 0

(44)

Substituting Equations (42)-(44) into Equation (41), the following expression

for the variation of the functional is obtained:

WG ACOR

(—hi Aper, + kb

"k 8/\9 0

r

l l

/,;;/ ( — heonvtrad Ar=r, —
IL)

[

a)\T:Ti
or

rro

/ pepr Ni=t, ATy—¢, dO dr +
0

t=0J0

k 02\

ro02 Py

) ri ATy—,, df dt+

oA > AT do dr dt+

ATy—o dr dt — / / ’:aA" T ATy— dr dt—

/ To )\T:T’O AQindT:ro de dt

+ Z Treyy — Yoer,) (0 — am)) 7o ATy, dO dt-+

(45)

The adjoint problem equations for determining A are obtained by eliminating

the six first integral terms containing AT in Equation (45)

o\
or
o\
or
o\
00

o [ oA
ka( or

hi)\atr:ri

_hconv+rad A+ Z 2 (T =

Oat =0, 7

Ofor t =ty

D)t

M,

m=1

k 02\

962

oA

e

=0

Yier, 6(0 —0p)at r=r,

(46)

(47)
(48)

(49)
(50)

The adjoint problem is different from the direct problem because the condition

at ¢ = t; is known rather than knowing the condition at ¢ = 0, but both

problems can be solved in the same manner by changing the time variable as

T =ty — t for solving the adjoint problem.
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After leading the six first integral terms of Equation (45) to vanish, the

following expression for AJ remains:

ty s
AJ[P] = / / Ar=r, AQind,._, Tod0dt (51)

t=0.J0 ?
By substituting (39) into (51)
tf s

AJ[P] = / / Ny, C AP, dO dt (52)

t=0.J0

The definition of the direction derivative of J[P] in the direction of a vector AP
is

AJ[P]=VJ[P]AP (53)
Comparing Equations (52) and (53), the gradient equation for the functional is

obtained:

ty ™
VJIP] = J'[P] = / / Aoy, Cro df dt (54)
t=0J0

3.2.3. Conjugate gradient method
The iterative procedure to obtain P by minimizing the functional J[P] is
based on the conjugate gradient method. The unknown parameter P at the kth

iteration is estimated following the expression
phtl — pk _ gk gk (55)
where ¥ is the search step size and d* is the direction of descent
d* = J'[P*] + 4k drt (56)

where 7* is the conjugation coefficient and is calculated with the following
expression:
w_ P o
The step size 8* is calculated by minimizing the functional J[P**!] with

respect to B*. The functional J[P**1] is expressed following Equation (33) as

M, ty 5
JPH =3 / (Ty=r,.0=0,,(P* = 8" d") = Yier, 0=0,.] dt  (58)
m=1"t=0
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Linearizing T'(P*— % d*) by a Taylor expansion and minimizing the resulting
expression with respect to ¥, the following result is obtained:

S [(Toera =0, (PF) = Yier, 0—0,,) AT(d¥)] dt
Sy [ [AT(dF))? dt

m=1 Jt=0

gt = (59)

where T,—,, g—g, (P*) is the solution of the direct problem at the measured
locations @ = 6,,, by using the estimated P*, and AT (d*) is the solution of the

sensitivity problem at = 6,, by using AP = d*.

8.2.4. Stopping criterion
The stopping criterion is based on the discrepancy principle, which means
that the procedure is stopped when the functional becomes lower than the vari-

ance of the measurement errors:
J[P] < M, 0%ty (60)

where M, is the number of thermocouples welded to the outer surface of the
wall (5 in this case), and o is the standard deviation of the measurement errors,

which is considered to be 8°C for the experiments accomplished in this work.

3.2.5. Iterative procedure
In this section, the computational algorithm to solve the inverse problem is

summarized. Suppose that P* is known at iteration k.

1. Compute g;nq according to Equation (31) and solve the direct problem
(Equations (1)-(5)) to obtain T'.

2. Check the stopping criterion (Equation (60)) and continue if it is not
satisfied.

3. Solve the adjoint problem (Equations (46)-(50)) to obtain A.

4. Calculate the gradient of the functional J'[P] from Equation (54).

5. Calculate the direction of descent d* and the conjugate coefficient v* from
Equations (56) and (57).

6. Determine AP = d*, compute Ag;ng from Equation (39) and solve the
sensitivity problem (Equations (34)-(38)) to obtain AT
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7. Calculate the search step size 3% (Equation (59)).

8. Calculate the new estimation P**! from Equation (55) and return to step

1.

8.8. Solution procedure

The governing equations of the inverse problem were numerically solved us-
ing a finite difference method, with mesh sizes of Ar = 0.4 mm and A = 5°.
A fourth-order Runge-Kutta formulation was performed to solve the transient
problem. The numerical model was written in MATLAB software, and the
simulations were conducted with an Intel(R)Core(TM) i7-4790 3.60 GHz CPU.
The relative error between the measurements of the external wall temperature
of the tube and the numerical results obtained from the inverse problem reached
a maximum value of 10% when the heat flux abruptly changes at ¢t = 50 s and
t = 350 s, as the induction coil starts heating and stops heating the pipe, re-
spectively. The relative error between calculated and measured temperature
when the heat flux provided by the induction heater is maximum is approxi-
mately 1%. Besides, the deflection of the tube caused by the unilateral heat
flux was calculated from the radial temperature profile obtained with the inverse
method, and it was compared with the measured deflection. The maximum dif-
ference between the measured and calculated displacements was 0.3 mm, which
is considered acceptable because the measurement resolution is 0.4 mm. Code
verification is defined as a set of methods developed to find coding mistakes
that affect the numerical discretization. In this case, code verification of the
direct problem was evaluated with the method of exact solutions (Roy, 2005;
ASME, 2009), which consists of contrasting the numerical solution to an exact
solution of the partial differential equations with specified initial and boundary
conditions. In particular, the wall temperature numerical solution at a time suf-
ficiently large for the temperature evolutions to reach steady state is compared
with the solution published by Holms (1952) and compiled by Logie et al. (2018)
to the two-dimensional steady-state conduction in a hollow cylinder subjected to

asymmetrical temperature distributions at the external boundary. For compar-
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ison to the analytical solution, the boundary conditions for the numerical direct
problem were fixed to a known constant temperature at r = r;, and known
variable heat flux in azimuthal direction at r = r, taken from the derivative ex-
pression of the temperature distribution. Negligible differences between the wall
temperature numerical results and the analytical solution were observed, with
a relative error of 0.02%. Furthermore, to verify that the transient response of
the wall temperature is accurately solved, the numerical solution is compared
to the analytical solution from Hahn and Ozisik (2012) for the wall temperature
evolution with time of a long hollow cylinder maintained at a constant temper-
ature of 0 °C at inner and outer surfaces. In this case, the wall temperature is
only dependent on radial direction and time, and not dependent on azimuthal
direction. The maximum relative error between both numerical and analytical
temperature results is lower than 1%.

In this work, the sensitivity of the calculated heat flux to changes in outer sur-
face temperature measurements, molten salt-to-wall heat transfer coefficient,
and angular position of the thermocouples has been calculated. Being the stan-
dard deviation of the temperature measurements 8 °C, the uncertainty in the
calculated heat flux is 15 kW/m?, which corresponds to a 2% of the obtained
heat flux. The standard uncertainty of molten salt-to-wall heat transfer coef-
ficient was considered to be 20% due to the uncertainties in the molten salt
thermophysical properties, the molten salt velocity measured with the flow me-
ter, and the experimental correlation used. The uncertainty in the heat flux
due to the uncertainty in the molten salt-to-wall heat transfer coefficient is 87
kW /m? (10% of the calculated heat flux). Finally, the uncertainty in the angu-
lar position of the thermocouples is 5°, caused by the slight descend of the pipe
due to the molten salt flow during the experiments. The uncertainty in the heat
flux due to the uncertainty in the angular position of the thermocouples is 120

kW /m?, which is 15% of the obtained heat flux.
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4. Results and discussion

As stated above, the main goal of this work is to obtain the unknown heat
flux received by the pipe from the external wall temperature measurements by
solving the inverse problem. Four different experiments were conducted, varying
the molten-salt velocity and the heating rate of the induction coil, as shown in
Table 1. Figure 8 shows the heat flux evolution with time using the inverse
method. Experiments 2, 3 and 4 were conducted following the same heating
sequence over time: during the first 50 seconds, the inductor is not heating
the tube; for the next 5 minutes, the inductor provides 4 kW, of power for
heating the tube. Finally, during the last minute, the inducer switches off. In
the first experiment, the heating process starts at ¢ = 50 s, the power linearly
increases up to the value of 4 kW, over the course of 2 minutes, it remains
constant for 1 minute, and then it linearly decreases for 2 minutes until the
induction heater switches off. As shown in Figure 8, the maximum heat flux
generated by the induction heater (at t=200 s), which corresponds to 4 kW,
of power, is 765 kW /m? for Experiment 1, 800 kW/m? for Experiment 2, 865
kW /m? for Experiment 3, and 930 kW /m? for Experiment 4. Therefore, we
concluded that approximately 28-34% of the electric power of the induction
heater is converted to thermal energy that reaches the tube, which is slightly
lower than the results of 40% electric-to-thermal efficiency obtained during the
calibration of the induction heater. Notice that, although the electric power
of the inductor was 4 kW, for all the experiments, the heat flux received by
the pipe varied from one experiment to another, because it is affected by some
parameters difficult to control during the experiments, such as the distance
between the coil and the pipe, and the inlet and outlet temperatures of the

inductor cooling water.
[Figure 8 about here.]

Figure 9 shows the comparison between the external pipe temperatures ob-

tained using the inverse method (solid lines) and the external pipe temperature
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measurements (markers) at different angular positions for the different experi-
ments. Regarding the molten-salt velocity, Figures 9 a) and b) for a velocity of
0.78 m/s show higher temperatures in the front side of the tube in comparison
with Figures 9 ¢) and d) for velocities of 1.21 and 2.89 m/s because the increase
in velocity enhances the heat transfer such that the wall temperature is reduced.
As shown, the temperatures obtained with the inverse method accurately fit the
experimental measurements. The maximum relative error for the angular po-
sition corresponding to 6 = 12.5° is approximately 10% for experiment 4 when
the heat flux abruptly changes at t=50 s and t=350 s, as the induction coil
starts heating and stops heating the pipe, respectively. The relative error be-
tween calculated and measured temperature when the heat flux provided by the

induction heater is maximum is approximately 1%.
[Figure 9 about here.]

Figure 10 shows the temperature profiles along the circumferential and ra-
dial positions and the heat flux profile along circumferential direction at ¢ = 200
s. As shown, the maximum temperature corresponds to the center of the coil
6 = 0°; then, the temperature decreases, where the derivative with respect to
the angular position is higher from 6 = 0° to § = 30°. Finally, the tempera-
ture remains nearly constant from # = 60°. It is shown that lower molten-salt
velocities result in higher temperatures at the front side of the tube and thus a

greater temperature difference between the front and rear side of the tube.

Equations (31) and (32) establish that the heat flux is a step-function in
the circumferential direction, as it is shown in Figure 10, where the surface of
the pipe facing the induction coil that is reached by the heat flux spans from
0 = —15° to 6 = 15°.

[Figure 10 about here.]

The accuracy of the radial temperature profile can be verified by compar-

ing the displacement of the pipe obtained using Equations (28)-(30) with the
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experimental measurements using the camera, as shown in Figure 11. The max-
imum difference between the measured and calculated displacements is 0.3 mm
for experiment 1 at t=80 s and t=330 s. At those moments is when the devi-
ation between the measured and modeled temperature difference between the
rear and front side is higher. Because the measurement resolution is 0.4 mm,
the difference between the numerical results and measurements is considered
acceptable. As shown in Figure 11, lower molten-salt velocities result in higher
displacement of the pipe because the temperature difference between the front

and rear sides of the tube is greater.

[Figure 11 about here.]

4.1. Influence of the convective heat transfer coefficient between the molten salt

and the pipe wall

In this section, the influence of the convective heat transfer coefficient from
the molten salt to the inner wall on the temperatures distribution along the
cross section of the pipe was studied. Differences of 20% between convective
heat transfer results obtained using different correlations for forced convective
heat transfer in straight tubes proposed by Cheesewright et al. (1992) were found
in the range of Reynolds and Prandtl numbers used in this work. Therefore,
different convective heat transfer coefficients h; coming from the products of the
value from the correlation proposed by Petukhov (1970) and the scale factor
of 0.8 were tested. As shown in Figure 12, keeping the temperature of the
external wall fixed, higher convective heat transfer coeflicients result in lower
temperatures in the internal wall. A variation of 20% in the convective heat
transfer results in a variation of 10% in the heat flux obtained with the inverse

method.

[Figure 12 about here.]
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5. Conclusions

An inverse method has been used to obtain the unknown time-dependent
heat flux received by a pipe with a flow of molten nitrate salt at a temperature
of approximately 430 °C from outer surface temperature measurements. The
measurements were performed in a molten salt test loop at realistic operational
conditions of a solar tower receiver. The external surface of the pipe in the
measurement area was heated using an induction heater, which provided a very
high nonuniform heat flux that can be estimated based on the electric power

provided by the induction heater, but it cannot be measured with accuracy.

A set of experiments in which the molten-salt velocity and heating rate
were varied were conducted to obtain outer surface temperature measurements
along the circumferential direction for both the front and rear sides of the tube.
Lower molten-salt velocities resulted in higher temperatures at the front side of
the tube and therefore a greater temperature difference between the front and
rear sides of the tube because the convective heat transfer coefficient from the

molten salt to the wall increases with molten-salt velocity.

To solve the inverse problem, a transient numerical model of a circular pipe
conducting molten nitrate salt and subjected to a nonhomogeneous heat flux
was developed. A two-dimensional model in radial and circumferential direc-
tions was proposed, as thermal conduction in axial direction was shown to be
negligible. Once the heat flux was obtained from the outer surface temperature
measurements by means of the inverse method, the radial temperature profile
in the pipe wall was obtained. Furthermore, the deflection of the tube caused
by the unilateral heat flux was measured, and it was compared to the deflection

calculated from the radial temperature profile.

The outer surface temperature results obtained using the inverse method

exhibited good agreement with the experimental measurements, as the maxi-

27



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

mum relative error is approximately 10% for experiment 4 when the heat flux
abruptly changes at t=50 s and t=350 s, as the induction coil starts heating and
stops heating the pipe, respectively. The relative error between calculated and
measured temperature when the heat flux provided by the induction heater is
maximum is approximately 1%. The heat flux estimated using the inverse heat
transfer method was in the range 765-930 kW /m? in the different experiments.
These values are in accordance with the heat flux that the inductor provides ac-
cording to the calibration experiments conducted. Regarding the tube bending,
the maximum difference between the measured and calculated displacements of
the tube was 0.3 mm, which was considered acceptable as the resolution of the
measurement was 0.4 mm; thus, the accuracy of the radial temperature profile

of the pipe obtained with the inverse method was verified.
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6. Notation

¢p Specific heat [J/(kg K)]

C  Trial function [W/m?]

d Direction of descent [W/m?]

d; Internal diameter of the tube [m]

E  Modulus of elasticity [GPa]
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660

661 hcmw+rad

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

Lt

Ny

Pr

Convective heat transfer coefficient between the molten salt and pipe

wall [W/(m?K)]

Mixed convective and radiative heat transfer coefficient from the outer

surface of the pipe to the atmosphere [W/(m? K)]

Convective heat transfer coefficient between the air and the pipe [W/(m? K)]
Moment of inertia [m?]

Inverse problem functional [K? s]

Thermal conductivity [W/(mK)]

Conductance [W/K]

Cell length [m]

Total length of the tube [m)]

Number of nodes in circumferential direction [-]

Bending moment [N m]

Number of nodes in radial direction [-]

Moment induced by circumferential temperature gradient [N m)]

Number of measurements [-]

Reynolds number, Re = psudi [

s

Unknown parameter, [-]

Prandtl number, Pr = #2 []
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678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

qind

Ti

To

Wind

Heat flux generated by induction heater received by the tube [W/m?]

Heat flow [W]

Reaction force [N]

Radius [m]

Inner tube radius [m]

Outer tube radius [m]

Time [s]

Total duration of the experiments [s]
Wall temperature [°C]

Molten-salt temperature [°C|
Surroundings temperature [°C|
Molten salt velocity [m/s]

Cell volume [m?]

Electrical power of the induction heater [W]

Measured temperature [°C]

Axial direction [m]

6.1. Greek symbols

Thermal expansion coefficient [K ~!]
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696

697

698

699

700

702

703

704

705

706

707

708

709

710

711

712

713

AT

Ar

Al

Or

Search step size [-]

Deflection of the tube [m]

Conjugation coefficient [-]

Sensitivity function [K]

Increment in radial direction [m]

Increment in circumferential direction [m]

Emissivity [-]
Adjoint function [-]
Molten salt viscosity[Pa/,s]

Density [kg/m3]

Stefan-Boltzmann constant, 5.67 x 1078 [W/(m? K*)]

Rotation of the tube [-]

Circumferential location [-]

Transformed time coordinate [s]

6.2. Subscripts

Node number along the circumferential direction

Node number along the radial direction

Molten salt
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714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

6.3. Superscripts

k  Number of iteration
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Figure 1: Photograph of the molten salt test loop.
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Figure 2: Detail of the induction coil. Dimensions are in mm.
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Figure 3: Details of the test section, including the positions of the induction coil and thermo-
couples. 1 = 12.5°, 65 = 47.5°, 03 = 72.5°, 84 = 107.5°, and 05 = 132.5° Dimensions are in

mm.
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Figure 4: Thermal images for nonuniform tube temperature and uniform tube temperature.
Temperatures are in °C.
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Figure 6: Mesh in cylindrical coordinates. Definitions of heat flows (Q) to and from cell (i,j)
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Inductor coil

Figure 7: Scheme of the receiver tube (black), induction coil (yellow) and supports along the
z axis. Distances are in m.
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Figure 8: External pipe heat flux evolution with time at —15° < 6 < 15°, obtained using the
inverse method.
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Figure 9: Evolution of the external pipe temperatures at different angular positions. Markers
correspond to experimental measurements, and solid lines correspond to the results obtained
using the inverse method. Measured temperature shown each 10 seconds.
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Figure 10: Temperature profiles along the circumferential and radial positions at t=200 s
from the beginning of the experiment. Purple dashed line shows the heat flux profile along
the circumferential positions at t=200 s.
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Figure 11: Comparison between pipe displacement obtained using the inverse method and
pipe displacement measurements using the infrared camera. Measured displacement shown

each 20 seconds.
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Figure 12: Temperature profiles along the circumferential and radial positions for Experiment
1 for different values of h; coming from the products of the value from the correlation proposed
by Petukhov (1970) and different scale factors: 0.8 x hy, (solid line) and 1 x h,, (dashed line).
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Exp. 1 Exp. 2 Exp.3 Exp. 4

Heating function Ramp Step Step Step
Molten-salt inlet velocity, u (m/s) 0.78 0.78 1.22 2.89
Re = £=td: () 46897 46977 75002 170985
Pr = Egzee (o) 4.64 4.55 4.44 4.63
Molten-salt inlet temperature, T (°C)  424.5  429.1 436.1 424.7
Ambient temperature, To, (°C) 34.0 32.9 31.4 34.1

Table 1: Experimental conditions.

o1



	Introduction
	Experimental setup
	Numerical modeling
	Direct problem
	Heat conduction in pipe wall
	Deflection of the pipe

	Inverse problem
	Sensitivity problem
	Adjoint problem
	Conjugate gradient method
	Stopping criterion
	Iterative procedure

	Solution procedure

	Results and discussion
	Influence of the convective heat transfer coefficient between the molten salt and the pipe wall

	Conclusions
	Notation
	Greek symbols
	Subscripts
	Superscripts




