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H I G H L I G H T S

• A solar tower molten salt receiver tube with non-uniform heat flux is numerically investigated.
• The thermal stress is calculated theoretically by solving thermal stress equations.
• The minimum heat flux formula is derived when damage occurs on the tube wall.
• Allowable critical crack total length on outer wall is analyzed using CTOD method.
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A B S T R A C T

In this paper, the thermal stress and fatigue fracture of a single tube for the solar tower molten salt re-
ceiver are presented. First, the temperature distribution of the tube is simulated. Second, the thermal stress
is calculated by solving stress equations. Then the minimum heat flux formula is derived when damage
occurs on wall based on the yield criterion and heat conduction equation. Finally, the critical crack length
on outer wall is investigated by using the Crack Tip Opening Displacement (CTOD) method. The results
show that the distribution of stress is similar to that of inner/outer wall temperature difference. The maximum
stress, which causes plastic deformation, occurs on outer wall. According to the minimum heat flux formula
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2 2 2 derived in this paper, the heat flux is only 0.19 MW·m−2 when

damage appears on the receiver tube if the inlet temperature and safety factor are 560 K and 1.5 respec-
tively. Furthermore, the critical crack length is 17 mm when the heat flux is 0.7 MW·m−2.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The solar tower plant has been developed rapidly and many dem-
onstration plants have been built all over the world up to now [1–3].
However, higher cost and lower efficiency are always the challeng-
ing problem in the tower plant. During these years, it has been found
that the tower plant could operate at lower cost and higher efficien-
cy when the molten salt is used as heat transfer and storage medium
[4–7]. And the medium of molten salt has been used in the MSEE
[8,9] and Solar Two [10] tower plants, the THEMIS [11] and Solar Tres
[12] tower plants. The solar tower molten salt power technology has
become one of the main trends in the solar power field.

The molten salt receiver often needs to undergo non-uniform
irradiation of a peak heat flux up to 1.0 MW·m−2, and the higher heat
flux would lead to greater temperature gradient between inner and
outer tube walls [13], which would easily cause thermal stress. Then

the plastic deformation could happen on the wall if the thermal stress
is higher than the yield strength [14]. Furthermore, the thermal stress
or strain would change repeatedly due to frequent startup and shut-
down of receiver during day and night, which will lead to fatigue
fracture at the higher stress/strain locations. For example, the defect
of thermal fatigue cracks and even fracture have appeared in the
boiler components such as the steam manifold and water-wall tube
in operation [15–18].

There are five stages [19,20] when fatigue fracture occurs in ma-
terial, including deformation, damage accumulation, crack initiation,
crack stable growth and unstable propagation to fracture, as shown
in Fig. 1. For a single receiver tube, the cyclic thermal stress leads
to cycle slip strain on the tube wall. The linear elastic deformation
would occur even when the thermal stress is lower than the yield
strength, and then the fatigue damage happens on wall. If the
damage is accumulated to a certain degree, the crack initiates at
the location of local defects (inclusions, holes, dislocations, etc.)
on the tube wall. Then, the crack stably grows under the action of
cyclic thermal stress, and the direction between crack and tensile
stress is perpendicular to each other. Finally, the phenomenon of
crack unstable propagation to fracture happens if the crack length
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a exceeds the critical length ac [21]. Therefore, the crack length a
on the wall should be lower than the critical length ac to avoid
fatigue fracture in the receiver tube. In addition, plastic deforma-
tion in short times would not induce the tube fracture immediately,
but causes the accumulation of plastic damages. After a certain heat
cycle of plastic deformation, the crack occurs on the wall surface.
The fatigue fracture may happen especially when the tube expe-
riences repeated plastic deformation caused by the cycle thermal
stress. However, the process of causing damage on the tube wall
is difficult to analyze quantitatively under the action of low cyclic
stress, which is lower than the yield stress. It is argued that the yield
criterion can be adopted to judge whether the damage happens on
the receiver tube because the stress is constant when the plastic
deformation occurs.

At present, besides the solar flux density distribution simula-
tion on the tower receiver [22–25], most of the researches of the
receiver are mainly focused on the complex flow and heat trans-
fer characteristics [26–33]. Especially for the molten salt tube, some
scholars have used numerical and experimental methods to inves-
tigate the steady-state heat transfer characteristics of molten salt
in a single receiver tube. For example, Wu et al. [34] analyzed the
convection heat transfer performance of a molten salt receiver tube
in the laminar-turbulent transition region, then the heat transfer
correlation of transition flow was obtained. Yang et al. [35] exper-
imentally investigated the relationship between the heat transfer
characteristic and the thermal efficiency of the receiver tube. In Ref.
[36], the heat transfer characteristic also has been simulated nu-
merically by applying non-uniform heat flux in the circumferential
direction on the tube, and the temperature distribution of the tube
was then obtained. In addition, the thermal performance of molten
salt receiver was also studied experimentally in Ref. [37].

However, few papers have focused on the thermal stress and
fatigue fracture in the molten salt receiver up to now. In this paper,
a three-dimensional model of a single tube is established, and the
boundary condition of non-uniform heat flux is applied on the outer
side wall using user-defined functions (UDF) method, thus the wall
temperature can be simulated numerically. Based on the results of
temperature, the thermal stress is calculated by solving the thermal
stress equations. Furthermore, the minimum heat flux formula is
derived when damage occurs on the wall according to the yield cri-
terion and the tube wall heat conduction equation. Finally, the critical
crack length on the outer wall is investigated by using the Crack
Tip Opening Displacement (CTOD) method of elasticity and plasticity.

2. Model and method

2.1. Physical model

The material of the receiver tube is 316H stainless steel, and the
inner/outer radius and length are 10.5/12.5 mm and 3 m respec-
tively. The properties [38–41] for this material are listed in Table 1;
the yield strength with different temperatures are shown in Fig. 2,
and the linear thermal expansion coefficient and elastic modulus
functions [39] are shown in Eqs. (1) and (2).

α = × + × − ×− − −1 43 10 7 34 10 2 65 105 9 12 2. . .T T (1)

E T T= × − × − ×2 11 10 3 59 10 3 75 1011 7 4 2. . . (2)

In addition, the binary molten salt that consists of 40%wt KNO3

and 60%wt NaNO3 is used as the heat transfer fluid in this paper.
The melting point and decomposition temperature are 480 K and
873 K respectively. The properties [42] of the binary molten salt can
be seen in Eqs. (3) and (6).

ρ = −2263 94 0 64. . T (3)

cp = +1395 87 0 17. . T (4)

λ = + × −0 39 0 19 10 3. . T (5)

μ = × +− −9 85 10 0 724 99 3. . .e T (6)

2.2. Governing equations and boundary conditions

The governing equations of heat transfer in the molten salt re-
ceiver tube consist of continuity equation, momentum equation,
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Fig. 1. The destruction behavior of material.

Table 1
Properties of 316H stainless steel.

Parameters λ ρ cp ν σb

Units W·m−1·K−1 kg·m−3 J·kg−1·K−1 – MPa
Values 21.5 7090 500 0.3 515
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Fig. 2. Yield strength of 316H stainless steel.
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