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Introduction 

Despite the promising technology of storing solar thermal heat using molten salts, molten salt (MS) 
thermal energy storage (TES) systems have reported several failure incidents. Majority of failures 
have been reported in MS tanks (Drewes et al., 2023; Osorio et al., 2024). Design and construction 
of MS tanks lack appropriate guidelines and codes. Commonly used practice, such as API 650, 
does not consider the high temperature cyclic operation (390 ⁰C to 565 ⁰C). However, this high 
temperature operation has significant effects on tank performance. The tank experiences 
expansion and contraction (up to 200 mm for a commercial scale tanks) from this thermal cycle. 
This tank movement should be allowed as freely as possible to avoid stress accumulation (Wan et 
al., 2020). The friction between the tank floor and the foundation opposes the free movement of the 
floor when it is imposed by a large hydrostatic pressure of the salt inventory. As a result, thermal-
mechanical stress up to 250 MPa can generate in the tank floor making it susceptible to failure 
(Osorio et al., 2024). Therefore, it is crucial the influence of friction be studied carefully for the safer 
operation of MS tanks. 

Methodology 

To study the tank floor-to-foundation friction interaction, a sequentially coupled thermal-mechanical 
numerical model is developed in Abaqus/CAE. The model employs commercially used materials 
and geometry from one of the operating plants in Spain (Pérez-segarra et al., 2012; Rodríguez et 
al., 2013). The tank has an internal diameter of 38.4 m and height 14.0 m. Molten salt can vary 
from 0.9 m at empty condition to 11.4 m when the tank is full (see Figure 1) . Stainless steel 347 H 
having ASTM grade S34700 is chosen as tank material. The tank rests on elastic concrete mat 
foundation having uniform elastic stiffness of 15 MPa/m. Radially the tank reacts against 
foundation with friction coefficient of 0.5. The thermal-mechanical response of the model is 
validated against the real plant data of Andasol III and Solar Two. 

 

 

Figure 1. Tank geometry and setup 
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Results and discussion 

From the simulation, it is found that the change in friction properties (characterized by friction 
coefficient) greatly influences the stress induced in the tank floor. Studies have indicated that the 
friction coefficient of sand-to-steel interface at high temperature can range from 0.3 to 0.7 
(Sathyanarayanan and Adluri, 2013). For a fixed value of friction coefficient, radial stress due to 
thermal mechanical load is concentrated at the centre and the edge (see Figure 2). Increase in 
friction coefficient from 0.3 to 0.7 increases the stress by 100 MPa at the edge and 40 MPa at the 
centre of the tank floor (see Figure 3). When the tank is full, such developed stress is higher than 
the yield stress limit of steel at 500 ⁰C (150 MPa), indicating potential to failure due to plastic 
deformation and buckling. The radial distribution of frictional contact forces is non-uniform; contact 
force is highly localized at the edge (see Figure 4). The effect of friction is primarily active at the 
edge. When the tank floor deforms under hydrostatic load, it loses contact with the foundation 
slightly inward from the edge in the radial direction (see Figure 4(b)). At this location, no frictional 
resistance is active. From this location to the centre of the floor, the friction contact force is 
negligible (see Figure 4(a)). Therfore, the restriction to the thermal expansion is primarily governed 
by the contact between floor and the foundation at the edge. Further, at the floor-to-edge 
connection, the tank floor settlement is the highest due to the weight of the tank and outward 
bending (induced by the hydrostatic load on wall) acting together. This settlement further increases 
the frictional restraint to expansion. From Figure 5 and Figure 6, restriction to thermal expansion is 
higher as the inventory level increases. This is because, when the tank contains lower inventory 
level of salt, lower hydrostatic pressure is imposed on the floor and the tank wall. This results in 
smaller resisiting force against expansion. Applying friction coefficient of 0.5, provides the 
expansion restriction of 5 mm at the edge of the floor compared to free expansion when the tank is 
full. It should be noted that 5 mm restriction is sufficient enough to generate large thermal-
mechanical stress. Studies have indicated, restricting the expansion by 5 mm can induce the 
thermal stress higher than 200 MPa (Wan et al., 2020). 

 

      

 

Figure 2. Von mises stress along the tank floor radius at different inventory levels, 
also compared with yield strength limit of 347 H steel 
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Figure 3. Von Mises stress on the tank floor at different friction coefficients at: a) 
edge and b) centre 
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Figure 4. a) Radial frictional shear stress distribution and b) deformation of the tank 
edge 
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Figure 5 Contribution of friction to thermal expansion at different inventory levels 

 

 

Figure 6 Radial expansion of tank edge during operation 
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Conclusion 

The study has highlighted the importance of providing expansion mechanism as friction-free as 
possible at the edge of the tank. Some commercial tanks are known to have implemented slip plate 
design feature to allow free expansion of floor while many tanks use a thin sand layer between the 
whole floor and the foundation to act as a dry lubricant. Therefore, the friction between the floor 
and the foundation is difficult to control. Due to this, high stress accumulation in the floor edge of 
such tanks is likely. This finding support the failures observed in commercial tanks; the tank failure 
will initiate from the edge. The study further showed that more stiffer outer ring should be installed 
to avoid excessive settlement at the edge to avoid further restraint to expansion. The studied 
friction behavior does not consider the effect undulation on the surface of the floor due to 
fabrication and presence of backing plates. This can further result in localized and non-uniform 
friction interaction which can exacerbate the performance tank floor increasing the likelihood of 
failure.  
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