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Abstract

During the startup operation of molten salt solar tower plants, the tubes of

the receiver are subjected to a high nonhomogeneous heat flux along with

a low heat transfer coefficient to the air inside the tube, which results in

a highly uneven angular temperature distribution. This uneven tempera-

ture distribution causes thermal stresses and tube deflection in the receiver.

The most important constraint for the design and operation of central re-

ceivers is to keep the intercepting solar flux within the tube mechanical

safety limits. In this work, an experimental facility consisting of a molten

salt loop that simulates a solar tower receiver tube is used to measure the

outer surface temperature and the deflection of the tube under the startup

operating conditions of a solar tower power plant. An inverse heat trans-

fer problem is applied to obtain the heat flux onto the receiver tube from

the outer surface temperature measurements. To solve the inverse problem,

a transient three-dimensional numerical model of an empty circular pipe

subjected to a nonhomogeneous heat flux is developed. A good agreement

between the experimental and calculated tube temperatures and deflection is
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observed, with differences of 7 % and 10 %, respectively. Moreover, the ther-

mal stresses are calculated. It has been found that higher thermal stresses

are obtained when the tube is preheated compared to the stress when the

molten salt is flowing under similar heat flux conditions.

Keywords: Inverse heat conduction problem, Induction coil, Central

receiver, Tube bending.

1. Introduction1

Concentrating solar power (CSP) with thermal energy storage is one of2

the most promising renewable energy technologies for electric generation.3

However, this technology is not completely mature, and several challenges4

must be overcome to reduce the cost and to guarantee the safe operation5

of the plant [1]. In the receiver tubes of solar tower plants, the concen-6

trated solar flux distribution is highly nonuniform, which results in high7

local temperatures and temperature gradients that will cause high thermal8

stress and deformation of the tubes. The characteristics and consequences of9

the nonuniform solar flux distributions in different CSP technologies (solar10

power towers, parabolic-dish collectors, parabolic-trough collectors, and lin-11

ear Fresnel collectors) have been studied, and solutions have been proposed12

to address these challenges [2].13

Rodŕıguez-Sánchez et al. [3] studied the behavior of an external molten14

salt receiver from thermal, hydrodynamic, and mechanical perspectives, and15

they concluded that thermal stress due to nonuniform temperature distri-16

bution and film temperature are critical parameters that affect the design17

of solar receivers. Thus, thermal stress and corrosion constraints have to be18

considered in the aiming strategy for molten salt central receivers [4]. Irfan19

et al. [5] presented an analysis of thermal stresses in radiant tubes with20
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axial, radial and circumferential temperature gradients. It was found that21

circumferential temperature gradients can be an important source of thermal22

stress when the temperature difference across the tube is important. Con-23

roy et al. [6] performed thermal and mechanical analyses to develop a novel24

heliostat aiming point strategy that lowers peak heat fluxes and enhances25

the heat flux uniformity of the receiver tubes. The temperature profile in26

the receiver tube was calculated to obtain the thermal stresses, leading to27

a final creep-fatigue evaluation for a reliability assessment. Montoya et al.28

[7] studied the influence of temperature variation and boundary conditions29

on the thermal stress of tubular solar external receivers, while Du et al. [8]30

investigated the thermal stress and fatigue fracture of a single tube of solar31

tower receivers to obtain the minimum heat flux that causes damage and32

the critical crack length to avoid fracture due to fatigue.33

Despite startup is a critical stage in the operation of a molten salt receiver34

in terms of the thermomechanical performance, studies regarding this topic35

are still scarce. During the startup operation of a molten salt receiver, the36

empty tubes of the receiver are preheated until they reach 230 ◦C on the rear37

side to prevent salt from freezing inside the tubes [9], while the temperature38

of the side facing the solar radiation is considerably higher. Thus, they39

are exposed to a high nonhomogeneous heat flux along with a low heat40

transfer to the air inside the tube, which results in non-uniform temperature41

distribution in the circumferential direction that causes thermal stresses and42

deflection of the tubes [10]. The heat flux applied during receiver preheating43

is typically in the range 10-40 kW/m2 [11].44

Some experimental works measured the convection coefficient for the45

internal flow of molten salt in a pipe at a high Reynolds number that is46

characteristic of real receivers (> 104). Typically, an electrical heater heats47
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the pipe in the test section, providing uniform heat fluxes in the range of48

200-400 kW/m2 [12, 13, 14]. To produce a higher heat flux similar to that of49

central receivers, an inductor can be used to heat a small area of a pipe. In-50

duction heaters have previously been employed in CSP research to simulate51

the high heat flux that is characteristic of these systems. In an induction52

heater, a high-frequency oscillating current flows through an electric coil53

and generates an alternating electromagnetic field according to Faraday’s54

law and Lenz’s law. The electromagnetic field induces an eddy current in55

the surface layer of the tube located in front of the coil. The electrical re-56

sistance of the tube and the induced eddy current generate heating power;57

consequently, the temperature of the surface increases. Furthermore, the58

inductor coil can be equipped with a magnetizer, also called a flux concen-59

trator, which provides a selective heating of certain areas of the workpiece,60

acting as an electromagnetic shield to prevent the undesirable heating of61

adjacent regions. Gao et al. [15] studied the influence of the magnetizer62

geometry on the temperature uniformity and heating rate of a metal work-63

piece. Nian et al. [16] analyzed the effects of the workpiece thickness,64

heating distance, pitch of coil turns, inductor coil’s position and working65

frequency on the temperature uniformity and heating rate of a mold surface66

heated with a single-layered coil. Kruizenga et al. [17] employed an inductor67

to uniformly heat the external surface of a 1 m long test section pipe in a68

molten salt test that simulates a solar receiver. They studied the decompo-69

sition of the molten salt by maintaining the internal surface temperature of70

the pipe at 670◦C. However, the determination of this temperature is prob-71

lematic because it cannot be directly measured, and the power applied by72

the induction heater cannot be directly taken as the thermal power input of73

the pipe due to the inductor losses [18].74
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The Initiative for Global Leadership in Concentrated Solar Power of the75

European Commission [19] identified the improvement of the central receiver76

molten salt technology as a priority to achieve the proposed targets for the77

CSP technology. With respect to the technological maturity, the most im-78

portant constraint for the design and operation of central receivers is to keep79

the intercepting solar flux within the tube mechanical safety limits. An er-80

ror in the heliostat aiming strategy or an inaccurate estimation of the tube81

temperature can produce overheating of the tubes, putting at risk the whole82

power plant operation. The uncertainty about the solar flux intercepted by83

a solar receiver is leading to an oversizing of the heliostat field. Therefore,84

the development of new tools for the calculation of the flux distribution on85

the receiver surface, and the development of methods to measure (or esti-86

mate as accurately as possible) receiver temperature and flux distribution87

during operation under real working conditions can contribute to increase88

the efficiency and reduce the costs of this technology. An optimal configu-89

ration of the receiver solar flux distribution can reduce the thermal stresses,90

reducing the failure risk and increasing the receiver lifetime [20]. In this91

work, an inverse heat conduction problem is proposed to determine the heat92

flux and subsequently the internal surface temperature of the receiver pipe93

from external surface temperature measurements. Several analytical and94

numerical techniques for solving the inverse problem have been developed,95

for example, the conjugate gradient method, linear least-squares methods,96

the method of fundamental solutions, and genetic algorithms [21, 22]. Lee97

et al. [23] conducted an inverse heat transfer analysis based on the con-98

jugate gradient method to determine the time-dependent base heat flux of99

a functionally graded fin from temperature measurements of the fin. The100

temperature data were simulated to represent temperature measurements101
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with the objective of evaluating the conjugate gradient method proposed to102

solve the inverse heat transfer problem. Jarny et al. [24] presented a three-103

dimensional formulation to solve heat conduction as a general optimization104

problem by applying the conjugate gradient method. Lu et al. [25] applied105

an inverse heat conduction problem to obtain the unknown transient fluid106

temperatures near the inner wall of a pipe elbow with thermal stratifica-107

tion from simulated outer surface temperature measurements. Inverse heat108

transfer methods have been successfully applied to different technological109

fields. Taler et al. [26] developed a heat tubular-type instrument (flux-110

tube) to measure the heat flux to water walls of combustion chambers based111

on the inverse heat conduction problem. Thus, they calculated the heat flux112

absorbed by the walls from surface temperature measurements [27]. Perakis113

et al. [28] applied a 3D inverse method for estimating the time- and spatially114

resolved heat flux distribution at the hot gas wall of rocket combustors. Ya-115

dav et al. [29] developed a two-thermocouple model especially suitable to be116

applied to time-varying high heat flux applications such as nuclear reactor117

containments, reactor pressure vessels, furnaces, and jet heating/cooling etc.118

Hafid et al. [30] applied an inverse heat transfer method to the diagnosis119

of the lateral refractory brick wall of a melting furnace: the inverse method120

allowed to predict the thermal contact resistance between the inner lining121

of the furnace wall and the protective bank that covers it, the time-varying122

thickness of the protective bank, and the possible erosion of the refractory123

brick wall.124

In this paper, the thermomechanical behavior of molten salt receiver dur-125

ing the startup is studied using both numerical and experimental techniques.126

The solution of the thermo-mechanical problem can be simplified using the127

uncoupled quasi-static thermoelastic theory [31]. First, the heat conduction128
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problem is solved, and the space-time temperature distribution is obtained129

[32]. Finally, the temperature distribution is used in the thermoelastic prob-130

lem [33] to obtain the thermal stresses and tube deformation. To solve the131

heat conduction problem, an inverse heat transfer problem based on the132

conjugate gradient method was applied to determine the nonhomogeneous133

heat flux reaching the external surface of an empty tube unilaterally heated134

using an inductor from the outer surface temperature measurements. The135

experiments were performed in a molten salt loop that simulates the exter-136

nal receiver of a solar tower plant during the startup operation. Moreover,137

the deflection of the tube due to the uneven temperature distribution along138

the circumferential direction was measured and compared to the deflection139

calculated from the temperature profile obtained with the inverse method.140

The thermal stress was calculated for the experiments that simulate the141

preheating process of the empty tubes for different heat transfer rates pre-142

sented in this work. For comparison, the thermal stress was also calculated143

for the experiment presented in a previous work [18], where the molten144

salt was flowing while the inductor coil was heating the tube, to simulate145

the operating conditions of the central receiver power plants. Experimen-146

tal measurements of the outer surface temperature and deflection of a pipe147

under solar tower power plant startup conditions have not been reported148

in the literature before, which can be useful for the validation of numerical149

models. An expression to determine the thermal stress from the tempera-150

ture distribution along the tube has been proposed. Moreover, for the first151

time, the thermal stress of the receiver tube have been calculated from both152

the experimental and obtained temperature profiles with the inverse heat153

transfer method.154
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2. Experimental setup155

In this work, experiments to simulate the startup operation when the156

tubes of the receiver are preheated before the molten salt starts to flow157

inside the tube were performed in a molten salt loop (Figure 1). During the158

experiments, the outer surface temperature was measured while the empty159

tube was subjected to a high heat flux. Once the temperature of the tube160

at the front side reached a given value, solar salt (a mixture of potassium161

and sodium nitrate in a proportion of 60/40 % wt.) started to circulate162

inside the tube. The results are compared with those obtained in another163

experiment from a previous work [18], where the tube was subjected to a164

high heat flux while the molten salt was flowing at a temperature of 430165

◦C and Re = 4.7 · 105 to simulate the behavior of a tube of a solar tower166

receiver under typical operating conditions.167

The experimental facility consists of a cylindrical molten salt tank, a pump,168

a pressure sensor, the test section and a flow meter. The loop is composed169

of a 304 stainless steal pipe, with a total length greater than 12 m, an inner170

diameter of 5.2 cm, and a wall thickness of 4 mm. The pipe is slightly171

tilted to drain at the end of the experiments. The 600 l tank is made of172

316 stainless steel and is heated by an electrical furnace, which is equipped173

with a control system to maintain the temperature of the molten salt in174

the tank between 300 ◦C and 500 ◦C. A high-temperature pump coupled to175

an electric motor equipped with a variable-frequency drive allows varying176

the flow rate through the molten salt loop. The loop, except in the test177

section, is insulated and wrapped with electrical heaters keeping the pipe178

at 300 ◦C, to avoid the molten salt freezing. To reproduce the nonuniform179

heating conditions of the receiver in a central tower plants, an inductor is180
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used. In the 0.5 m test section, an induction heater with an output power of181

6 kW and output frequency range of 270-450 kHz provides a high heat flux182

that is applied to a small rectangular region of the tube surface. Although183

the shape of the heat flux received by the pipe is more abrupt than in real184

applications (one half of the pipe receives an approximately sinusoidal heat185

flux, while the back half is in shadow) the functions exhibiting a step change186

are generally the most difficult cases to be recovery by inverse analysis [34];187

thus, we can infer that the inverse method can be applied to a smoother188

heat flux typical of real central receivers. The inductor coil is equipped with189

a magnetic flux concentrator that produces a high heating rate and uniform190

temperature of the metal piece. The working frequency of the inductor is191

300 kHz, and a rectangular coil of 100 mm x 7 mm with a magnetic flux192

concentrator of 4 mm in width, 4 mm in height, and 100 mm in length is193

used. The molten salt tank operates at atmospheric pressure and a pressure194

sensor is located in the internal surface of the pipe to control that the pipe195

is eventually plugged by some freezing molten salt. More details of the196

experimental facility can be found in [18].197

[Figure 1 about here.]198

[Table 1 about here.]199

Table 1 shows the main operating conditions of the experiments presented200

in this work. Three different experiments to simulate the preheating of the201

tubes before the molten salt starts to flow were performed by varying the202

maximum electric power provided by the inductor: 1 kWe for experiment203

1, 2 kWe for experiment 2, and 3 kWe for experiment 3. Experiment 4204

simulated the behavior of a solar tower receiver tube under typical operat-205

ing conditions, where the molten salt is flowing at Re = 4.7 · 105; thus, the206
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maximum electric power provided by the inductor was 4 kWe. Note that ex-207

periment 4 corresponds to experiment 2 presented in a previous work [18].208

The heat flux reaching the tube was applied in a rectangular area of 100209

mm x 15 mm, which corresponds to the area occupied by the coil and the210

magnetic flux concentrator. Thus, the highest heat flux that could reach the211

external wall of the pipe is 667 kW/m2 for experiment 1, 1333 kW/m2 for212

experiment 2, 2000 kW/m2 for experiment 3, and 2667 kW/m2 for experi-213

ment 4. The ratio of the electrical power of the inductor that is effectively214

transferred to the tube depends on the distance between the coil and the215

heating surface, which varies in the experiments due to the tube bending.216

The distance between the coil and the tube at the beginning of the experi-217

ments was fixed at 11 mm for experiments 1 to 3, and it was fixed at 7 mm218

for experiment 4. Moreover, during the heating process, part of the heat219

flux generated by the inductor is transferred to the stream of cooling water220

flowing through the coil. Therefore, accurately determining the heat flux221

that reaches the external wall of the pipe knowing the total electric power222

of the induction heater is difficult, and an inverse algorithm based on the223

outer surface temperature measurements has been proposed to more accu-224

rately predict the heat flux incident on the tube.225

Sheath K-type thermocouples embedded in a steel plate to facilitate weld-226

ing the thermocouple to the pipe are used to measure the external surface227

temperature (see Figure 2). A total of 13 thermocouples were used: six228

thermocouples separated by 60◦ in the axial position corresponding approx-229

imately to the center of the coil, three thermocouples separated by 120◦ in230

the axial position corresponding to 0.5 cm upstream the area influenced by231

the coil starts, three thermocouples separated by 120◦ 1.5 cm downstream232

the end of the coil, and one thermocouple in the axial position corresponding233
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to 5.5 cm downstream the beginning of the coil and circumferential position234

of 60◦ from the front part of the pipe, as shown in Figure 1. For data acqui-235

sition, National Instruments 9219 universal analog input acquisition cards236

were used. This module has 4 channels and has the advantage of having237

interchannel isolation such that each channel is isolated from all other chan-238

nels and other noninsulated components to reduce interchannel noise and239

electromagnetic noise from the induction heater.240

Moreover, thermal images were taken with an IR camera (Optris PI640 with241

O15 telephoto lens) during the experiments to study the deformation of the242

tube due to the nonuniform heat flux. At the beginning of the experiments,243

when the inductor is not heating the pipe, the surface temperature of the244

tube is uniform, and no deflection is observed (see Figure 2). When the245

inductor is working, the nonuniform heat flux results in an uneven temper-246

ature distribution, which causes the tube to bend, as shown in the right247

picture in Figure 2. The analysis of the IR camera images over time pro-248

vided the displacement of the tube with an error of ±0.1 mm because the249

size at a single pixel at the object level was 0.2 mm.250

[Figure 2 about here.]251

3. Numerical modeling252

3.1. Direct problem253

3.1.1. Heat conduction in pipe wall254

In this work, the experimental measurements from experiments 1 to 3255

when the empty pipe is preheated before the onset of the molten salt circu-256

lation were compared to the results obtained with the developed transient257
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three-dimensional numerical model. For completeness, the comparison be-258

tween the measured and calculated temperatures for experiment 4, which259

simulates the behavior of the tube when molten salt is flowing, is shown.260

The transient numerical model of a circular pipe subjected to a nonhomo-261

geneous heat flux while a molten salt stream is flowing through the pipe is262

explained in a previous work [18]. The numerical model developed in this263

work considers the heat transfer problem of an empty circular pipe subjected264

to a nonhomogeneous heat flux. The primary differences between the model265

considering the molten salt flow and that considering the empty tube are as266

follows: i) the former considers 2-D heat diffusion along the pipe, neglecting267

temperature differences along the axial direction, while the latter considers268

that 3-D heat diffusion as conductive axial heat losses at the two ends of the269

heated part affect the temperature distribution at the center of the coil; ii)270

the former establishes a convective heat transfer condition between the inner271

surface of the pipe and the molten salt flow, whereas the latter establishes272

a radiative heat transfer condition at the inner surface, which is in contact273

with air. The equations of the model that simulates the preheating of the274

empty tube are presented below. Heat is transferred by conduction in the275

radial, axial and circumferential directions along the pipe according to the276

heat diffusion equation (Equation (1)).277

ρ cp
∂T (r, θ, z, t)

∂t
=
k

r

∂

∂r

(
r
∂T (r, θ, z, t)

∂r

)
+
k

r2

∂2T (r, θ, z, t)

∂θ2
+k

∂2T (r, θ, z, t)

∂z2

(1)

where T is the tube temperature, ρ is the wall density, cp is the wall spe-278

cific heat, and k is the wall thermal conductivity. The inner wall of the279

pipe is in contact with the air inside the pipe; thus, its thermal bound-280

ary condition can be set as a mixed convective and radiative heat transfer281
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condition. However, since the natural convection Nusselt number inside a282

bottom-heated horizontal cylinder is approximately 1.5 for Ra=105 [35], it283

is considered negligible in comparison with the heat transfer by conduction284

along the pipe. Hence, only radiative heat transfer from the inner side of the285

tube will be considered. Because the front part of the tube is hotter than286

the rear side of the tube, the front part of the pipe irradiates to the rear287

side. Considering that the inner surface of the tube is a gray surface, the net288

radiation method [36] has been used to calculate the radiative heat transfer.289

This method is based on the balance of the radiation going from surface290

to surface along the circumferential direction, which was solved individually291

for each axial and temporal step.292

Nk∑
i=1

(
δm,i
εi
−
(

1

εi
− 1

)
Fm,i

)
qradi
σs

=

Nk∑
i=1

(δm,i − Fm,i) (Ti|r=ri)4 (2)

where Nk is the number of surfaces in the circumferential direction, F is the

view factor between surfaces calculated using the crossed-strings method

[36], δ is the Kronecker delta, T |r=ri is the inner radius tube temperature,

σs is the Stefan-Boltzmann constant, ε is the oxidized AISI 304 surface emis-

sivity, and qrad is the heat flux irradiated by the surface.

The outer wall of the pipe is in contact with the atmosphere; thus, its ther-

mal boundary condition is set to a mixed convective and radiative heat

transfer condition. The initial temperature of the pipe is assumed to be

the average value of the measured temperatures at r = ro at different cir-

cumferential and axial positions at the beginning of the experiment. Due to

symmetry, only half of the pipe has been simulated. Hence, the boundary
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and initial conditions of the problem are expressed as follows:

−k∂T (r, θ, z, t)

∂r
= −qrad(θ, z, t) , at r = ri (3)

−k∂T (r, θ, z, t)

∂r
= hconv+rad(θ, z, t) (T (r, θ, z, t)− T∞)− qind(θ, z, t) , at r = ro

(4)

∂T (r, θ, z, t)

∂θ
= 0 , at θ = 0, π (5)

T (r, θ, z, t) = Tz=0 , at z = 0 (6)

T (r, θ, z, t) = Tz=Lm , at z = Lm (7)

T (r, θ, z, t) = Tini , for t = 0 (8)

where ri and ro are the inner and outer pipe radii, respectively; T∞ is293

the temperature of the surroundings; hconv+rad is the mixed convective and294

radiative heat transfer from the outer surface of the pipe to the atmosphere;295

θ is the circumferential coordinate, which has its origin at the front part296

of the pipe, facing the induction coil, as shown in Figure 3; z is the axial297

coordinate, which has its origin 0.5 cm upstream the area influenced by the298

induction coil starts (see Figure 1); qind is the heat flux from the induction299

heater applied to the external wall of the pipe, where qind was considered to300

be positive when the heat flux is coming from the induction heater to the301

pipe. For the experiments developed in this work, qind was assumed to be302

uniform in the area of the pipe facing the induction coil and the magnetic303

flux concentrator (-15◦ ≤ θ ≤ 15◦, 0.005 m≤ z ≤ 0.105 m), whereas the area304

not facing the coil did not receive heat flux from the induction heater (see305
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Figure 3):306

qind(θ, z, t) =


qind(t) if θ ≤ 15◦, 0.005 m ≤ z ≤ 0.105 m, t ≥ 50 s

0 otherwise

(9)

The convection coefficient hconv+rad at the outer surface was obtained as307

follows:308

hconv+rad(θ, z, t) = h∞ + ε σs (T (r, θ, z, t) + T∞) (T 2(r, θ, z, t) + T 2
∞) (10)

where h∞ is the convection coefficient from the outer surface of the pipe to309

the atmosphere and ε is the AISI304 surface emissivity. The emissivity (ε)310

of the outer wall surface was measured with an infrared camera, and a value311

of 0.32 was obtained. The convection coefficient (h∞) was calculated using312

Churchill’s correlation for horizontal cylinders [37].313

[Figure 3 about here.]314

Heat conduction in the wall was considered to be three-dimensional to315

take the temperature variations along the radius, the circumferential di-316

rection and the axial direction of the wall into account. An explicit finite317

volume method was used to solve the transient heat conduction equation.318

3.1.2. Deflection of the pipe and thermal stress319

The nonuniform temperature distribution along the circumferential di-320

rection results in stress and deformation in the central receiver tubes. In this321

work, the deflection of the pipe and the thermal stress due to the nonuni-322

form heat flux provided by the inductor were studied for different heating323

rates.324

In the molten salt loop, the tube is 4.33 m long between supports (LT ), and325
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the center of the induction coil is positioned at 2.63 m from the first support,326

as shown in Figure 1. Deflection δ(z, t) and rotation Θ(z, t) are considered327

to be zero at the ends, but the tube can elongate freely.328

The free thermal moment induced by the circumferential temperature329

gradient MT (t) at z = 0.065 m (center of the inductor coil) is expressed as330

[38]331

MT |z=0.065 = 2E α

∫ π

0

∫ ro

ri

T |z=0.065 r
2 cos θ dr dθ (11)

The relation between the curvature ρc(z, t), the deflection δ(z, t) and the332

bending moment M(z, t) is expressed as [39]333

1

ρc
=
d2δ

dz2
=

M

E I
(12)

where I is the moment of inertia of a circular pipe π
4 (r4

o − r4
i ). Calculating334

the bending moment M(z, t) along the length of the pipe between supports,335

the deflection of the pipe can be expressed as a function of the moment in-336

duced by the circumferential temperature gradient MT (t), the lengths from337

the first support to the beginning (L1) and end (L2), and the total length338

of the pipe between supports (LT ) (see Fernández-Torrijos et al. [18]).339

For the heat diffusion equation in a hollow cylinder solved in this work,340

the cylindrical thermoelastic stress component can be obtained through the341

superposition of axisymmetrical and nonaxisymmetrical contributions [40].342

Therefore, the cylinder temperature along the cross section must be sep-343

arated into the geometrical average Tr(r, t) and circumferentially varying344

Tθ(r, θ, t), which can be expressed as a Fourier series for each instant345

T = Tr + Tθ = Tr +

∞∑
n=1

(An r
n +Bn r

−n) cos(nθ) + (Cn r
n +Dn r

−n) sin(nθ)

(13)
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The maximum difference between the temperature field obtained by solv-346

ing the diffusion equation (Equation (1)) and those obtained by the super-347

positions of axisymmetrical and nonaxisymmetrical contributions (Equation348

(13)) is 8 ◦C for the experiments that simulate the tube preheating and 15349

◦C for the experiment where the molten salt is flowing for t = 50 s, when350

the temperature variation over time is the maximum.351

Gatewood [40] demonstrated that thermal stress only depends on the coef-352

ficients B1 and D1. For the present case, only cosine terms appear due to353

symmetry considerations; thus, only the coefficient B1 is needed to compute354

the thermal stresses. To obtain B1, the temperature profile at r = ri and355

r = ro is expressed as a Fourier series for each instant:356

Tθ|r=ri = Tr|r=ri +
∞∑
n=1

B′n cos(nθ) +D′n sin(nθ) (14)

Tθ|r=ro = Tr|r=ro +
∞∑
n=1

B′′n cos(nθ) +D′′n sin(nθ) (15)

The thermal stresses can be expressed by the superposition of the axisym-357

metrical and nonaxisymmetrical contributions. In this work, the radial,358

circumferential, axial and shear components of thermal stress have been359

calculated (see Apendix A). The axial stress is the dominant stress com-360

ponent in solar receiver tubes, where generalized plane strain state can be361

assumed [41]. In the experiments conducted in this work, because the tube362

is fixed at two ends, the term related to the cancelling of the bending mo-363

ment in generalized plain strain must be replaced by the curvature of the364

tube (see Apendix A) [42].365

σz = ν

(
E α

1− ν
(Tavg − Tr) + 2K r cos(θ)

(
r2
i + r2

o

r2
− 2

))
−E α (T−Tavg)+

E

ρc
r cos(θ)

(16)
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where the curvature of the tube ρc has been obtained with Equation (12),366

and K is a constant that depends on coefficients B′1 and B′′1367

K = − E α

2(1− ν)

(
B′1
ri
− B′′1

ro

)
r2
i r

2
o

r4
o − r4

i

(17)

3.2. Inverse problem368

In this work, an inverse thermal method known as the conjugate gradient369

method with adjoint problem for function estimation [34] is applied to obtain370

the unknown heat flux qind(t) received by the pipe from the outer surface371

temperature measurements at r = ro and at different axial and circumferen-372

tial positions, denoted as Y |r=ro,θ=θm,z=zm . The formulation consists of the373

direct problem, which was explained in the previous section; the sensitivity374

problem; the adjoint problem; and the gradient equations. The solution of375

the inverse problem is to minimize the following functional:376

J [qind] =

Mn∑
m=1

∫ tf

t=0
(T |r=ro,θ=θm,z=zm − Y |r=ro,θ=θm,z=zm)2dt (18)

where Mn is the total number of temperature sensors, tf is the dura-377

tion of the experiments that simulate the preheating of the empty tubes,378

and T |r=ro,θ=θm,z=zm is the numerical solution at measurement positions379

obtained from the direct problem, which was previously calculated by using380

an estimated heat flux qkind(t).381

3.2.1. Sensitivity problem382

The sensitivity function ∆T = ∆T (r, θ, z, t) is obtained by assuming383

that when the unknown qind is perturbed by ∆qind, then T is perturbed384

by ∆T . Replacing qind by (qind + ∆qind) and T by (T + ∆T ) in the direct385

problem (Equation (1)), and subtracting the direct problem from the re-386

sulting expressions, the heat diffusion equation for the sensitivity problem387
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is obtained:388

ρ cp
∂∆T

∂t
=
k

r

∂

∂r

(
r
∂∆T

∂r

)
+
k

r2

∂2∆T

∂θ2
+ k

∂2∆T

∂z2
(19)

The boundary and the initial conditions of the sensitivity problem are ex-389

pressed as follows:390

k
∂∆T

∂r
= 0 , at r = ri (20)

k
∂∆T

∂r
= −hconv+rad ∆T + ∆qind , at r = ro (21)

∂∆T

∂θ
= 0 , at θ = 0, π (22)

∆T = 0 , at z = 0, Lm , t = 0 (23)

3.2.2. Adjoint problem391

The adjoint problem is solved by multiplying a Lagrange multiplier λ =392

λ(r, θ, x, t) by Equation (1) and integrating the expression over space and393

time. The resulting expression is then added to Equation (18) to obtain394

J [qind] =

Mn∑
m=1

∫ tf

t=0
(T |r=ro,θ=θm,z=zm − Y |r=ro,θ=θm,z=zm)2dt+∫ tf

t=0

∫ ro

ri

∫ π

0

∫ Lm

0
λ

(
k

r

∂

∂r

(
r
∂T

∂r

)
+
k

r2

∂2T

∂θ2
+ k

∂2T

∂x2
− ρ cp

∂T

∂t

)
r dz dθ dr dt

(24)

For obtaining the variation of the functional ∆J [qind], qind was per-395

turbed by ∆qind and T was perturbed by ∆T , and then Equation (24) was396
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subtracted from the resulting expression:397

∆J [qind] =

Mn∑
m=1

∫ tf

t=0

∫ π

0

∫ Lm

0
2 (T |r=ro − Y |r=ro)∆T |r=ro δ(θ − θm) δ(z − zm) ro dz dθ dt+∫ tf

t=0

∫ ro

ri

∫ π

0

∫ Lm

0
λ

(
k

r

∂

∂r

(
r
∂∆T

∂r

)
+
k

r2

∂2∆T

∂θ2
+ k

∂2∆T

∂z2
− ρ cp

∂∆T

∂t

)
r dz dθ dr dt

(25)

where δ(·) is the Dirac function. The term involving the second derivative398

in the radial direction is integrated by parts using the boundary conditions399

of the sensitivity problem (Equations (20) and (21)) to obtain the following400

expression:401 ∫ ro

ri

k λ
∂

∂r

(
r
∂∆T

∂r

)
dr = ro λ|r=ro ∆qind −

(
hconv+rad λ|r=ro + k

∂λ

∂r

∣∣∣∣
r=ro

)
ro ∆T |r=ro+

k
∂λ

∂r

∣∣∣∣
r=ri

ri ∆T |r=ri +

∫ ro

ri

k
∂

∂r

(
r
∂λ

∂r

)
∆T dr

(26)

The term in Equation (25) involving the second derivative in the circumfer-402

ential direction is integrated by parts using the boundary conditions of the403

sensitivity problem (Equation (22)) to obtain404 ∫ π

0
k
λ

r

∂2∆T

∂θ2
dθ =

k

r

∂λ

∂θ

∣∣∣∣
θ=0

∆T |θ=0 −
k

r

∂λ

∂θ

∣∣∣∣
θ=π

∆T |θ=π +

∫ π

0

k

r

∂2λ

∂θ2
∆T dθ

(27)

The term in Equation (25) involving the second derivative in the axial direc-405

tion is integrated by parts using the boundary conditions of the sensitivity406

problem (Equation (23)) to obtain407 ∫ Lm

0
k λ r

∂2∆T

∂z2
dz = k rλ|z=Lm

∂∆T

∂z

∣∣∣∣
z=Lm

− k rλ|z=0
∂∆T

∂z

∣∣∣∣
z=0

+∫ Lm

0
k r

∂2λ

∂z2
∆T dz

(28)
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Finally, integrating by parts the term involving the derivative in time408

in Equation (25) and using the initial condition of the sensitivity problem409

(Equation (23)), we obtain410 ∫ tf

0
ρ cp λ r

∂∆T

∂t
dt = ρ cp r λ|t=tf ∆T |t=tf −

∫ tf

0
ρ cp r

∂λ

∂t
∆T dt (29)

Then, Equations (26)-(29) are substituted into Equation (25), and the411

adjoint problem equation for determining λ is obtained by eliminating the412

integral terms containing ∆T and ∂∆T
∂z413

k
∂

∂r

(
r
∂λ

∂r

)
+
k

r

∂2λ

∂θ2
+ k

∂2T

∂z2
+ ρ cp r

∂λ

∂t
= 0 (30)

414

k
∂λ

∂r
= 0 , at r = ri (31)

k
∂λ

∂r
= −hconv+rad λ+

Mn∑
m=1

2 (T − Y ) δ(θ − θm) δ(z − zm) , at r = ro(32)

∂λ

∂θ
= 0 , at θ = 0, π (33)

λ = 0 , at z = 0, Lm , t = 0 (34)

The adjoint problem is different from the direct problem because the condi-415

tion at t = tf is known rather than knowing the condition at t = 0, but both416

problems can be solved in the same manner by changing the time variable417

as τ = tf − t for solving the adjoint problem.418

Then, considering that qind is 0 in the area not facing the coil and the419

inductor switches on at t=50 s, the following expression for ∆J remains:420

∆J [qind] =

∫ tf

t=50

∫ 15◦

0

∫ 0.105

0.005
λ|r=ro ∆qind ro dz dθ dt (35)

The definition of the direction derivative of J [qind] in the direction of a vector421

∆qind(t) is422

∆J [qind] =

∫ tf

t=50
∇J [qind] ∆qind dt (36)
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Comparing Equations (35) and (36), the gradient equation for the functional423

is obtained:424

∇J [qind] = J ′[qind](t) =

∫ 15◦

0

∫ 0.105

0.005
λ|r=ro ro dz dθ (37)

3.2.3. Conjugate gradient method425

The iterative procedure to obtain qind(t) by minimizing the functional426

J [qind] is based on the conjugate gradient method. The unknown function427

qind(t) at the kth iteration is estimated following the expression428

qk+1
ind (t) = qkind(t)− βk dk(t) (38)

where βk is the search step size and dk is the direction of descent429

dk(t) = J ′[qkind](t) + γk dk−1(t) (39)

where γk is the conjugation coefficient and is calculated with the following430

expression:431

γk =

∫ tf
t=0[J ′[qkind]]

2 dt∫ tf
t=0[J ′[qk−1

ind ]]2 dt
with γ0 = 0 (40)

The step size βk is calculated by minimizing the functional J [qk+1
ind ] with432

respect to βk. The functional J [qk+1
ind ] is expressed following Equation (18)433

as434

J [qk+1
ind ] =

Mn∑
m=1

∫ tf

t=0

[
T (qkind − βk dk)− Y |r=ro,θ=θm,z=zm

]2
dt (41)

Linearizing T (qkind − βk dk) by a Taylor expansion and minimizing the435

resulting expression with respect to βk, the following result is obtained:436

βk =

∑Mn
m=1

∫ tf
t=0

[
(T (qkind)− Y |r=ro,θ=θm,z=zm) ∆T (dk)

]
dt∑Mn

m=1

∫ tf
t=0 [∆T (dk)]

2
dt

(42)
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where T (qkind(t)) is the solution of the direct problem at the measured lo-437

cations θ = θm and x = xm by using the estimated qkind(t), and ∆T (dk(t))438

is the solution of the sensitivity problem at θ = θm and z = zm by using439

∆qind(t) = dk(t).440

3.2.4. Stopping criterion441

The stopping criterion is based on the discrepancy principle, which means442

that the procedure is stopped when the functional becomes lower than the443

variance of the measurement errors:444

J [qk+1
ind ] < Mn σ

2 tf (43)

where Mn is the number of thermocouples welded to the outer surface of the445

wall (13 in this case), and σ is the standard deviation of the temperature446

measurements, which is considered to be 8 ◦C for the experiments performed447

in this work [43].448

3.2.5. Solution procedure449

The computational algorithm for solving the inverse problem is summa-450

rized in Figure 4.451

[Figure 4 about here.]452

It has been verified that the initial guess q0
ind(t) for the first iteration453

does not affect the final results of the heat flux. The governing equations of454

the inverse problem were numerically solved using a finite volume method,455

with mesh sizes of ∆r = 0.8 mm, ∆θ = 5◦, and ∆z = 10 mm. A fourth-order456

Runge-Kutta formulation was implemented to solve the transient problem.457

The numerical model was written in MATLAB. Both code and solution458
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verifications were carried out to assess the numerical accuracy of the com-459

putational simulations, independent of the physical accuracy that is the460

subject of validation [44]. Code verification was evaluated with the order of461

accuracy test, which determines whether the discretization error is reduced462

at the expected rate. The observed order of accuracy is the accuracy that is463

directly computed from code output for a given simulation, whereas the for-464

mal order of accuracy is determined by the truncation error [45]. The formal465

order of accuracy for wall temperature is expected to be 2 as the derivative466

terms of temperature were solved using a second order central differencing467

scheme. When the exact solution is not known, three numerical solutions468

on different meshes are needed to obtain the observed order of accuracy469

p =
ln
(
f3−f2

f2−f1

)
ln r

(44)

where f3 is the solution on the coarse mesh, f2 the solution of on the470

medium mesh, f1 the solution of on the fine mesh, and r is the grid re-471

finement factor, which is the ratio between the coarse and the fine element472

sizes. A value of 2 was chosen in this work. The observed order of accuracy473

obtained for the wall temperature was 2.3, which correspond to the formal474

order of accuracy, which means that the code accurately solves the math-475

ematical model. The Grid Converge Index (GCI) was used to obtain the476

numerical uncertainty due to numerical errors. The GCI is an estimated477

95% uncertainty obtained by multiplying the absolute value of the Richard478

Extrapolation error estimate by an empirically determined factor of safety,479

Fs, which was assigned a value of three for two-grid studies [44]. The GCI480
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is defined as follows481

GCI =
Fs

rp − 1
|f2 − f1

f1
| (45)

The GCI or expanded uncertainty U95% obtained for wall temperature482

was 1%.483

The relative error (calculated in Kelvin) between the measurements of484

the external wall temperature of the tube and the numerical results obtained485

from the inverse problem reached a maximum value of 7%. Moreover, the486

deflection of the tube caused by the unilateral heat flux was calculated from487

the radial and circumferential temperature profiles obtained with the inverse488

method, and it was compared with the measured deflection. The maximum489

difference between the measured and calculated displacements was 0.7 mm,490

which is considered to be acceptable because it corresponds to 10% of the491

maximum displacement.492

In this work, the sensitivity of the calculated heat flux to changes in outer493

surface temperature measurements, emissivity of the inner surface, and an-494

gular and axial positions of the thermocouples has been calculated. The495

standard deviation of the temperature measurements is 8 ◦C; thus, the un-496

certainty in the calculated heat flux corresponds to 0.3% of the obtained497

heat flux. The standard uncertainty of the emissivity of the inner surface498

was considered to be 50% because it is difficult to determine whether the499

inner surface is oxidized. The uncertainty in the heat flux due to the un-500

certainty in the inner surface emissivity was 3% of the calculated heat flux.501

Finally, the uncertainties in the heat flux due to the uncertainties in the502

angular and axial positions of the thermocouples, which are 5◦ and 1 cm,503

respectively, are 12% and 3% of the obtained heat flux.504
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505

4. Results and discussion506

The main goal of this work is to apply an inverse heat transfer method to507

obtain the unknown nonuniform heat flux received by a pipe under realistic508

conditions of solar tower receivers from the outer surface temperature mea-509

surements and determine the temperature distribution, thermal stress and510

deflection of the tube. Experiments were conducted with the empty pipe511

(experiments 1 to 3) to simulate conditions during the startup of a solar512

tower receiver and with molten salt flowing inside the pipe (experiment 4)513

to simulate the receiver under operating conditions. The experiments were514

performed by varying the power of the induction coil and therefore the heat515

transfer rate, as shown in Table 1. During experiments 1 to 3, the empty516

pipe was heated by applying a high heat flux provided by the inductor on517

a small region of the outer surface of the pipe. Once the temperature sur-518

face reached a given value, the molten salt started to circulate inside the519

pipe. Figures 5 (a), 5 (b) and 5 (c) show the evolution of the external520

pipe temperature measurements at different angular positions, at z = 65521

mm (center of the induction coil) for experiments 1-3, including the period522

during which the pipe is preheated in the absence of molten salt flow, the523

onset of the molten salt circulation ton, and the subsequent evolution of the524

wall temperature while the molten salt is circulating inside the pipe. As525

shown in Figure 5, the maximum temperature reached by the outer surface526

was 420 ◦C for experiment 1, while for experiments 2 and 3, this temper-527

ature increased to 700-800 ◦C. Once these high temperatures are reached528

at ton = 1300, 685 and 220 s for experiments 1, 2 and 3, respectively, the529
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circulation of the molten salt inside the pipe will initiate, refrigerating the530

pipe wall. Additionally, Figure 5 (d) shows the pipe temperature measure-531

ments for experiment 4 presented in a previous work [18], where the tube532

was heated while the molten salt was flowing from the beginning of the533

experiment at 430◦C and Re = 4.7 · 105. Notice that the measurements an-534

gular positions for experiments 1-3 slightly differ from those in experiment535

4, because the molten salt flow causes the pipe to descend.536

Considering the temperature measurements shown in Figure 5 for ex-537

periments 1, 2 and 3 before the circulation of the molten salt occurred, the538

inverse method was applied to calculate the heat flux received by the tube,539

which is shown in Figure 6. For comparison, the heat flux evolution over540

time for experiment 4 is also shown in Figure 6. Moreover, the evolution541

of the electric power of the inductor over time is represented on the right542

axis. For the experiments in the absence of molten salt, it is observed that543

between t = 50 s and t = 170 s, the heat transfer rate is variable due to544

the variability in the electric power provided by the induction heater, and545

from t = 170 s, the electric power remains constant, but the heat flux al-546

most linearly increases because of the increasing proximity of the pipe to the547

inductor coil due to the pipe bending. Therefore, the variation in the heat548

flux with time is caused by two different effects: the increase in the electric549

power between t = 50 s and t = 170 s and the nearly linear decrease in the550

distance between the inductor coil and the pipe due to the displacement of551

the pipe. For experiment 4, when molten salt is flowing through the tube,552

the heat flux remains nearly constant from t = 50 s to t = 350 s because the553

electric power of the inductor is constant. The maximum heat flux reached554

was 100 kW/m2 in experiment 1 for a maximum electric power of 1 kWe,555

200 kW/m2 in experiment 2 for a maximum electric power of 2 kWe, 400556
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kW/m2 in experiment 3 for a maximum electric power of 3 kWe, and 800557

kW/m2 in experiment 4 for a maximum electric power of 4 kWe. It is shown558

that the percentage of the electrical power of the inductor that is effectively559

transferred to the tube increases with the electric power of the inductor.560

[Figure 5 about here.]561

[Figure 6 about here.]562

Figures 7 (a), 7 (b) and 7 (c) show the comparison between the external563

pipe temperatures obtained using the inverse method (solid lines) and the564

surface temperature measurements (dots) at different angular positions in565

the axial position corresponding to the center of the coil (z = 65 mm) for566

experiments 1 to 3 before the circulation of the molten salt occurred. From567

t = 100 s, Figure 7 (a) shows lower temperatures in the front side of the568

tube in comparison with Figures 7 (b) and 7 (c) due to the lower heat flux569

received by the pipe. The angular positions outside the area influenced by570

the inductor coil show a crescent temperature evolution with time due to571

both effects of heat conduction in the circumferential direction and radia-572

tion inside the tube. Note that the temperature at the angular positions of573

112.5◦, 127.5◦, and 172.5◦ remains constant for experiment 3 because heat574

diffusion along the pipe is not quick enough to observe the influence of the575

heat flux at the rear side of the pipe because the duration of experiment 3,576

which simulates the preheating of the empty tubes, is only 195 s due to the577

rapid temperature increase at the front side of the tube. The temperatures578

obtained with the inverse method accurately fit the experimental measure-579

ments. The maximum relative error is approximately 7% for experiment 2580

at θ = 112.5◦. Figure 7 (d) shows the comparison between the measured and581
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calculated outer surface temperatures for experiment 4 at different angular582

positions. In this case with molten salt flow, the temperature of the tube583

surface outside the area influenced by the inductor coil remains constant584

and equal to the molten salt temperature.585

[Figure 7 about here.]586

Figure 8 shows the temperature profiles along the circumferential and587

radial positions at z = 65 mm for t = 75, 150, 195, 300, 500 and 900 s.588

Note that experiments 2 and 3 last for 500 s and 195 s, respectively; thus,589

the temperature profile for t = 900 s is not displayed for experiment 2, and590

those for t = 300, 500 and 900 s are not displayed for experiment 3. For ex-591

periment 4, only the temperature profile for t = 150 s is shown because the592

temperature remains nearly constant over time when the inductor is heat-593

ing the tube. As shown in Figure 8, the maximum temperature corresponds594

to the center of the coil θ = 0◦. Then, the temperature decreases, and it595

remains nearly constant for θ ≥ 120◦ for experiments 1 to 3 in the absence596

of molten salt and for θ ≥ 60◦ for experiment 4 where the molten salt is597

flowing. Therefore, the temperature profile is steeper for experiment 4 than598

for experiments 1 to 3. Comparing the evolution of the profiles over time599

for the empty tube experiments, it is shown that the temperature profile600

is steeper as the time increases until the temperature at the front of the601

tube reaches the steady state, for example, at t = 800 s for experiment 1,602

when the temperature distribution starts to become uniform. Finally, it can603

be observed that the temperature difference between the inner and outer604

surfaces of the tube is lower for experiments 1 to 3 in the absence of molten605

salt than for experiment 4 where the molten salt is flowing.606

607

29



[Figure 8 about here.]608

Figure 9 compares the tube displacement caused by the nonuniform heat-609

ing measured with the camera and calculated from the temperature field610

across the pipe wall obtained using the inverse method. The consistency of611

both values verifies the accuracy of the temperature field result. The max-612

imum relative error between the measured and calculated displacements is613

0.7 mm for experiment 2 at t = 50 s, which is considered to be acceptable614

because it corresponds to 10% of the maximum displacement. As shown in615

Figure 9, the displacement of the tube increases over time for experiments 1616

to 3 because the temperature difference between the front and rear sides of617

the tube increases. Comparing the displacements for experiments 1 to 3 in618

the absence of molten salt, it is shown that lower displacement of the tube619

is obtained for lower heating rates (experiment 1) because the temperature620

difference between the front and rear side of the tube is lower. However,621

the lowest tube bending is obtained for experiment 4, where the molten salt622

is flowing while the tube receives the highest heat flux. The temperature623

difference between the front and rear sides of the tube for experiment 4 at624

t = 150 s is higher than the temperature difference for experiment 1 at625

t = 900 s (see Figure 8), but the tube displacement is lower for experiment626

4. Therefore, the displacement of the tube is not only affected by the tem-627

perature difference between the front and rear sides of the tube but is also628

affected by the temperature distribution along the cross section.629

[Figure 9 about here.]630

In this work, the radial, circumferential, axial and shear components of631

stress have been calculated with the temperature profile obtained using the632

inverse method. For all the experiments, the maximum equivalent stress633
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is obtained at the front side of the pipe where the heat flux is maximum.634

At the outer surface of the pipe, where the temperature is maximum, the635

radial and shear stress components are zero, and the circumferential stress636

can be neglected because it is one order of magnitude lower than the axial637

stress. Moreover, it was verified that the first two terms of Equation (16)638

to obtain σz are negligible compared to the terms considering the curvature639

of the tube σz,ρc = E
ρc
r cos(θ), and the difference between the average and640

local temperature σz,∆T = E α(Tavg−T ). Therefore, the maximum stress of641

the pipe can be approximated by the sum of the terms σz,∆T and σz,ρc . In642

addition to calculating the stress using the temperature distribution within643

the pipe wall, if the implementation of the inverse method wants to be644

avoided, an approximate value of the stress could be obtained using only645

experimental measurements of the outer surface temperature of the pipe646

at different angular positions. In this case, the curvature of the pipe is647

obtained in the same way explained above in Section 3.1.2, but the moment648

induced by the circumferential temperature gradient MT is obtained with the649

experimental temperature profile considering no variations along the radial650

direction rather than using the temperature profile obtained with the inverse651

method. Figure 10 shows the comparison between the axial stress obtained652

with the temperature profile calculated using the inverse method and the653

experimental temperature profile, and a maximum relative error of 10%654

was obtained for experiment 1, 27% for experiment 2, 21% for experiment655

3, and 29% for experiment 4. A higher relative error between the axial656

stress obtained with the experimental and numerical temperature profiles657

was obtained for experiment 4 because the temperature gradient along the658

radial direction is higher when the molten salt is flowing due to the higher659

convection coefficient, as shown by Fernández-Torrijos et al. [18]; thus,660
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considering the temperature profile invariant with the radial position induces661

a greater error in the calculation of the thermal stress. For experiments 1662

to 3, which simulate the preheating of the empty tubes, a higher relative663

error between the axial stress obtained with the experimental and numerical664

temperature profiles was obtained for experiment 2 because the deviation665

between the measured and modeled temperatures is higher (see Figure 7).666

Moreover, Figure 10 shows the absolute value of the axial stress com-667

ponents due to the temperature difference σz,∆T and the curvature σz,ρc668

obtained with the experimental temperature profile. For experiments 1 to669

3, σz,∆T and σz,ρc increase during the preheating of the empty tubes because670

the difference between the local temperature at the front side of the tube671

and the average temperature increase, and the displacement of the tube also672

increases (see Figure 9). When the molten salt begins to flow, σz,∆T and673

σz,ρc decrease because the average temperature becomes closer to the local674

temperature of the tube at the front side, and the tube bending is reduced.675

Note that σz,∆T results in compression stress at the front side of the tube,676

whereas σz,ρc relieves the compression stress due to the tube bending. Com-677

paring the stress results for experiments 1 and 4, it is shown that although678

the compression stress due to the difference between the local and the av-679

erage temperature σz,∆T is approximately 680 MPa for both experiments,680

the tube bending is lower for experiment 4 because the temperature profile681

along the circumferential direction is steeper (see Figure 8), which results682

in higher compression stress.683

In real CSP plants, tube bending is prevented by the presence of clips;684

thus, the relief of the compression stress due to tube bending is negligible,685

and the axial stress is practically provided by the component related to the686

temperature difference σz,∆T .687
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[Figure 10 about here.]688

5. Conclusions689

A set of experiments to simulate the startup operation when the tubes of690

the receiver of solar tower plants are preheated before the molten salt starts691

to flow inside the tube were performed in a molten salt loop. During the692

experiments, the empty pipe was heated by an inductor, which provided a693

very high and nonuniform heat flux. Once the temperature of the front side694

of the tube reached a given value, the molten salt started to circulate inside695

the pipe. Because it is difficult to accurately determine the heat flux that696

reaches the tube based on the electric power of the induction heater, an in-697

verse method has been proposed to obtain the unknown time dependent heat698

flux received by the pipe from outer surface temperature measurements. To699

solve the inverse problem, a transient three-dimensional heat transfer model700

of an empty circular pipe subjected to a nonhomogeneous heat flux was701

developed. Once the heat flux was obtained from the surface temperature702

measurements with the inverse method, the temperature distribution along703

the pipe was calculated. The uneven temperature distribution caused by704

the unilateral heat flux resulted in thermal stress and deflection of the tube,705

which were obtained using the temperature profile in the pipe wall. Then,706

the numerical results of the deflection of the tube were compared to the707

measured displacement obtained with an IR camera.708

709

The outer surface temperature results obtained using the inverse method710

exhibited good agreement with the experimental measurements, as the max-711

imum relative error was approximately 7%. Regarding the tube bending,712
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a 10 % difference between the measured and calculated displacements is713

obtained; thus, the accuracy of the radial temperature profile of the pipe714

obtained with the inverse method was verified.715

716

In this work, the behavior of the empty tube was compared with that717

observed when molten salt is circulating inside the tube at typical operating718

conditions of solar tower plants. For the empty tube, the angular positions719

outside the area influenced by the inductor coil are heated by conduction in720

the circumferential direction and radiation inside the tube. However, in this721

case with molten salt flow, the temperature of the tube surface outside the722

area influenced by the inductor coil remains constant and equal to the molten723

salt temperature. Thus, the temperature profile along the angular direction724

is steeper for the case with the molten salt flowing. Higher tube bending was725

observed with the empty tube than with the molten salt flowing due to the726

influence of the shape of the temperature profile along the angular direction.727

For all the experiments, the maximum equivalent stress was obtained at the728

front side of the pipe where the heat flux was maximum. In the calculation729

of the axial stress the dominant terms are the one considering the difference730

between the average and local temperature in a cross section, which results in731

compression stress, and the one considering the curvature of the tube, which732

relieves the compression stress due to the tube bending. Higher thermal733

stress was obtained for the empty tube despite the lower heat flux applied734

in comparison with the case with flowing molten salt.735
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Appendix A.736

The radial, circumferential and shear components of thermal stress are737

calculated as738

σr =
E α

1− ν

[(
1− r2

i

r2

)
Tavg

2
− 1

r2

∫ r

ri

Tr r dr

]
+

K r cos(θ)

(
1− r2

i

r2

) (
r2
o

r2
− 1

) (A.1)
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σθ =
E α

1− ν

[(
1 +

r2
i

r2

)
Tavg

2
+

1

r2

∫ r

ri

Tr r dr − Tr
]

+

K r cos(θ)

(
r2
i r

2
o

r4
+
r2
i + r2

o

r2
− 3

) (A.2)
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τrθ = K r sin(θ)

(
1− r2

i

r2

) (
r2
o

r2
− 1

)
(A.3)

where K is a constant that depends on coefficients B′1 and B′′1 (see Equation741

(17)), and Tavg is computed as742

Tavg =
2

r2
o − r2

i

∫ ro

ri

Tr r dr (A.4)

Notice that the first term in Equations (A.1) and (A.2) corresponds to743

the axisymmetrical contribution, and the second term in Equations (A.1)744

and (A.2) corresponds to the nonaxisymmetrical contribution [46].745

The generalized Hooke’s law for axial strain is [46]746

εz =
1

E
(σz − ν(σr + σθ)) + α (T − T0) (A.5)

Given the generalized plane strain state, which is commonly assumed in747

solar receiver tubes, the tube is free to expand and contract in the axial748

direction by a constant axial strain [41]749

εz = α (Tavg − T0) (A.6)
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Combining Equations (A.5) and (A.6), the axial stress is obtained750

σz = ν(σr + σθ)− E α (T − Tavg) (A.7)

Substituting Equations (A.1) and (A.2) into Equation (A.7) yields751

σz = ν

(
E α

1− ν
(Tavg − Tr) + 2K r cos(θ)

(
r2
i + r2

o

r2
− 2

))
− E α (T − Tavg)

(A.8)

Considering that the bending moments on the ends are cancelled, for exam-752

ple, when the tube is only fixed at one end, the following expression for the753

axial stress is obtained [47]:754

σz = ν

(
E α

1− ν
(Tavg − Tr) + 2K r cos(θ)

(
r2
i + r2

o

r2
− 2

))
−E α (T−Tavg)+K ′ r cos(θ)

(A.9)

where755

K ′ = E α
B′1 ri +B′′1 ro

r2
o + r2

i

=
E

ρT
(A.10)

where ρT is the free thermal curvature. In the experiments conducted in756

this work, because the tube is fixed at two ends, the term related to the757

cancelling of the bending moment must be replaced by the curvature of the758

tube (see Equation (16)).759
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6. Notation767

cp Specific heat [J/(kg K)]768

di Internal diameter of the tube [m]769

E Modulus of elasticity [GPa]770

F View factor [-]771

hconv+rad Mixed convective and radiative heat transfer coefficient from the772

outer surface of the wall to the atmosphere [W/(m2 K)]773

h∞ Convective heat transfer coefficient between the air and the pipe774

[W/(m2 K)]775

I Moment of inertia [m4]776

J Inverse problem functional [K2 s]777

k Thermal conductivity [W/(m K)]778

LT Total length of the tube [m]779

M Bending moment [N m]780

MT Free thermal moment [N m]781

Mn Number of measurements [-]782

p Direction of descent [W/m2]783

qind Heat flux generated by induction heater received by the tube [W/m2]784
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qrad Heat flux irradiated by the inner surface of the tube [W/m2]785

Q Heat flow [W]786

r Radius [m]787

ri Inner tube radius [m]788

ro Outer tube radius [m]789

t Time [s]790

ton Onset of the molten salt circulation [s]791

T Tube temperature [◦C]792

Tavg Geometrical average temperature at cross section [◦C]793

T∞ Surroundings temperature [◦C]794

Wind Electrical power of the induction heater [kWe]795

z Axial direction [m]796

6.1. Greek symbols797

α Thermal expansion coefficient [K−1]798

β Search step size [-]799

δ Deflection of the tube [m]800
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γ Conjugation coefficient [-]801

∆T Sensitivity function [K]802

ε Emissivity [-]803

εz Axial strain [-]804

λ Adjoint function [-]805

µ Molten salt viscosity[Pa s]806

ρ Density [kg/m3]807

ρc Curvature [m]808

ρT Free thermal curvature [m]809

σ Standard deviation of temperature measurements [◦C]810

σs Stefan-Boltzmann constant, 5.67 × 10−8 [W/(m2 K4)]811

σr Radial stress [MPa]812

σθ Circumferential stress [MPa]813

σz Axial stress [MPa]814

Θ Rotation of the tube [-]815

θ Circumferential location [-]816

τ Transformed time coordinate [s]817
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τrθ Shear stress [MPa]818

6.2. Superscripts819

k Number of iteration820
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Figure 4: Calculation algorithm for the inverse problem.
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Figure 5: Evolution of the external pipe temperature measurements at different angular
positions at z = 65 mm (center of the induction coil)

.
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Figure 7: Evolution of the external pipe temperatures at different angular positions at
z = 65 mm. Dots correspond to experimental measurements, and solid lines correspond
to the results obtained using the inverse method.
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Figure 8: Temperature profiles along the circumferential and radial positions at z = 65
mm (center of the inductor coil) and t = 75, 150, 195, 300, 500, and 900 s. Solid lines
correspond to the modeled outer surface temperature, dashed lines correspond to the
modeled inner surface temperature, and dots correspond to the measured outer surface
temperature.

55



0 200 400 600 800 1000
0

1

2

3

4

5

6

7

8

Time [s]

δ
[m

m
]

Exp. 1

Exp. 2

Exp. 3

Exp. 4

Figure 9: Comparison between pipe vertical displacement obtained using the inverse
method and pipe displacement measurements using the infrared camera. Dots correspond
to experimental measurements, and solid lines correspond to the results obtained using
the inverse method.
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(a) Experiment 1.
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(b) Experiment 2.
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(c) Experiment 3.
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(d) Experiment 4.

Figure 10: Comparison between axial stress obtained with the temperature profile calcu-
lated using the inverse method (yellow solid line) and the axial stress obtained with the
temperature measurements (black dots), at θ = 7.5◦, r = ro and z = 65 mm (center of the
inductor coil). The axial stress components due to the temperature difference σz,∆T and
the curvature of the tube σz,ρc obtained with the outer surface temperature measurements
are shown.
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Exp. 1 Exp. 2 Exp. 3 Exp.4

Heating function Ramp Ramp Ramp Step
Induction heater power, Wind (kWe) 1 2 3 4
Onset of the molten salt circulation, ton (s) 1300 685 220 -
Ambient temperature, T∞ (◦C) 30.42 32.45 32.13 32.9

Table 1: Operating parameters of the experiments.
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