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ABSTRACT

This paper presents the problems associated with the transient thermal load of
structures exhibiting a non-linear relationship between load and strain. The
mathematical model required to comprehensively describe the relationship be-
tween fluid and solid has been shown from different perspectives. In addition,
the Newton-Raphson method has been referred to as a way of solving nonlinear
equations. The article also presents the assumptions and results of numerical
analysis of thin-walled container thermally loaded by contact with hot water.
The conclusions drawn emphasize the importance of Thermal-FSI tools, espe-
cially in the power engineering sector.

KEeyworps: Thermal-FSI, CFD, CSD, non-linear mechanics.

1. INTRODUCTION

With the temperature changes of the selected solid body and specifically its parts,
deformations occur in it corresponding to the resulting temperature differences between
selected elements of the structure. These deformations contribute to the thermal stresses
in a given material. Uneven temperature distribution in the volume of a solid is partic-
ularly noticeable when its surface comes in contact with a selected fluid at a different
temperature. The phenomena occurring in this case are subject to the analysis of the
problem of thermal fluid—solid interaction (Thermal-FSI). Considering linear behavior,
assuming F as an external force acting on a given solid and u as a displacement of



2 Bartosz Kraszewski

a material, their dependence is described in general terms by Hooke’s law, by means of
constant material stiffness K:
F = Ku ()

thus giving a simple relationship shown in Fig.1a.

However, non-linear behavior, occurring in most real structures is characterized by
a non-linear relationship between the given force and the resulting displacement. The
stiffness of the material ceases to be a constant, and becomes a force-dependent variable.
The assumption of a constant stiffness of material for a non-linear structure results only
in determining a straight line K7, tangent to the course of the actual function F(u), as
shown in Fig. 1b.
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Fig. 1: Characteristics of F(u): a) linear, b) non-linear
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The above material bahavior is an example of one of three types of nonlinearity,
where:

e mathematical nonlinearity results from the phenomenon of non-linear elements
occurring in the mathematical description,

e physical (material) nonlinearity is caused by the lack of proportionality between
the stress and the deformation of the material,

e geometric nonlinearity results from the lack of proportionality between strains and
generalized displacements, which is particularly characteristic of flaccid structures
[14].

Thus, the situation becomes more complicated when, apart from the external force,
there also occur elastic forces resulting for example from the body shape (structure)
and its supports as well as the effects of thermal expansion of the solid body, i.e. de-
formations and thermal stresses. An example of the behavior of an object subjected
to such loads can be a kitchen sink made of stainless steel-in the case of contact of
the sink surface with boiling water it can be heard a distinctive sound, resulting from
the bulging of the sink bottom under the influence of thermal load and the elastic ac-
tion of its side walls. The above-mentioned kitchen metaphor marks the presence of
the non-linear Thermal-FSI phenomenon in everyday life. Thus, it should be looked at
on a larger scale, particular in the professional power industry, where both temperature
changes and forces are multiplied - first of all, reference should be made here to the bod-
ies and rotors of turbines subjected to variable thermal loads. The aim of the paper is to
present the non-linear Thermal-FSI phenomena on the example of numerical analysis of
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Fig. 2: Fluid—solid mid-surface

a physical object similar to the aforementioned kitchen sink-a thin-walled stainless steel
container for which hot water has been poured.

2. MATHEMATICAL MODEL

Assuming the situation in which the fluid comes into contact with a solid, there can
be defined the contact surface Qpg/, its speed of movement wg,, instantaneous volumes
of liquid and solid dVr, dVs and also normal vectors to the surface nr, ng [6, 7, 9, 18],
as shown in Fig. 2. The contact surface represents all bounary parameters. In addition,
the following relationships are met [18]:

W0 = Wrluid = WSolid» (2)

np = —nNg. (3)

In the terms of numerical analysis, both the fluid and solid domain must be subdivided

according to Finite Element Method (FEM) or Finite Volume Methods (FVM). Indicat-

ing p as a density of the continuum, and v(x, ¢) as the velocity vector, the total energy

1s described as:

e=u+=v, 4

5 4)

where u means internal unit energy. Then, specyfing p as the hydrostatic pressure, I as

an unit tensor, o as the mechanical stresses tensor, 7 as the molecular tensor of total
viscous stresses, the total heat flux can be presented as [2]:

+q@d 4. (5)

qt =q+ qturb
where ¢ is a molecular heat fux, q“" is a vector of turbulent heat fluxl and q™¢ is
radiation heat flux. Each of elements of the discretised geometry subject to the local

form of balance equations [3, 10, 20]:
OU+div(F +F°) =divF" +S. 6)
Individual expressions appearing in Eq.(6) can be described as:

e local change in density over time of an intense variable;
0p
3,7/1 = az(pv) ’ (7)
0i(pe)
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e convection flux through surfaces limiting the volume;
oV

FC={pVOV,, (8)
pev

e clastic flux through surfaces limiting the volume — different for fluid and solid;

0 0
Fe=Aply, Fi={0 . )
PVFE OVs

e diffusion flux through surfaces limiting the volume;

0
FP = T , (10)
v+ ('

and S is the source inside the volume.
Considering that the flow of fluxes within a fluid-solid interaction must be pre-
served, the following relationship must be met [18]:

Fr="%s. (11
Referring to the above, there can be defined three following FSI balance equations:

e transfer of mass flux;

jnF = jns, j= ) pivi (12)
e transfer of momentum flux;
(=pI+7") -np = ong + Mo, (13)
e transfer of energy flux;
(=pvr +T'Vp +q') - np = (0Vs + q') - ng + eq, (14)

where M has been additionally taken into account as a surface tension flux and eq
as a surface tension energy. On the basis of Eq.(6), the following conservative equa-
tions can also be prepared separately for each continuum. For fluid, or more likely for
Computational Fluid Dynamics (CFD) [2, 3, 4, 8]:

e mass preservation equation;

% + div (pv) = 0, (15)

e momentum preservation equation

%(pv) +div(pv® v + pI) = div (v') + pf, (16)
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e energy preservation equation;
0
= (pe) +div (pev + ppv) = div (Yv+q)+pb-v. b=-9.8le, (1)

where b is a vector of mass force.

Additionally, above equations can be complemented by three equations of evolution
(3,2, 16, 13, 19]:

e equation of evolution of a turbulent energy field k(x, ) :

0 . .

= (pk) + div (pkv) = div (7) + St (18)
e cquation of evolution of a turbulent diffusion field e(x, t):

0

E(pg) +div (pev) = div (F)) + S, (19)
e cquation of evolution of a vapour quality X:

% (pX) + div (pXv) = div (Fx) + S x, (20)

where FL i 7:kD are diffusion fluxes described by closing equations [5]:

+

Fp — KT Hyg 1)
Ok
+

7P =EFev. (22)

wherein yu is a molecular viscosity coefficient, y, is a turbulent viscosity coefficient and
Oy 1 0 are appropriate stresses. Fy is a vapour quality flux [16, 19] and sources Sg, S ¢
and S y are defined by choosen expert’s equations. Analogously to CFD equations, the
following equations for Computational Solid Dynamics are determined [2, 3]:

e mass preservation equation;
0 :
E (p) +div (pv) =0, (23)
e momentum preservation equation;
0 . .
Ey (ov) + div(pv® v) = div (o) + pb, (24)
e energy preservation equation;

% (pe) + div (pev) = div (v +q') + S.. (25)
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where S, is an energy source. Finally, it should be taken into account that modern
solvers mainly use non-conservative equations, where one equation is dependent on the
previous one, respectively for mass, momentum and energy [3]:

a%p + pdiv (v) = 0, (26)
pa =div(T) + pb, (27)

) , ,
pou=div(g)+ (—pI+ ') - gradv, (28)

where a is an acceleration. Pointing to Lagrange coordinates, Green’s finite strain tensor
1s described as [1, 14]:

G _ 1 l@ui duj  du, Ou,

C= + +

Y 2 aaj Gai Hai aaj
where q; 1s a starting position of the point. The total deformation of the material consists
of strain tensors respectively elastic, plastic and thermal:

], v=1,23, (29)

eij =€ +& + alTJ (30)
Elastic deformation afj results from generalized Hooke’s law:
oij = Ciju & (3D

where C;j, is a constitutive matrix for a material exhibiting the isotropy of elastic prop-
erties. The plastic deformation sf} results from the increase in plastic deformation under
the associated flow law:

o3

- , 32
81/ 30‘:’; ( )

where A is the Lagrange multiplier, and f(c7;, ¢) is a function describing the plasticity
condition representing the plastic potential. The thermal deformation resulting from the
change in the body volume is determined by the formula:

0, fori#j

I, fori=j ~ (33)

85- = OL(T—T()) 6,’j, 6,']':{
wherein (7)) is a linear expansion cooficient, T is the defined temperature and T is
a reference temperature. Solving nonlinear and transient numerical analyzes requires
the use of appropriate iterative methods. In this case, the Newton-Raphson method
illustrated in Fig. 3 was used. By determining the total load as Q, the increase of
the generalized displacement as Au and the linear stiffness matrix as KZ, the initial
displacement is obtained [12, 14, 17]:

w = (K" Q, (34)

On the basis of uy, the stiffness increase from non-linearity Kf)v L' is determined,
which makes it possible to obtain a total stiffness matrix:

K =K' + K~ (35)
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Q

Fig. 3: One-parameter interpretation of the Newton—Raphson iterative method

The deformation state ug 1s different from the real state, while the internal forces do not
balance the load Q, which gives an unbalanced load in the form:

Q) = (K" +K)")uy - Q. (36)
which in turn is the source of additional displacements:
L, Ny
aup = (K" + K)') Qo (37)
creating a new displacement state:
u; = uy + Auy, (38)

deviating from the actual state less than uy. This difference decreases with each i-th
iteration at which i — 1 iteration u; is obtained.

3. THE NUMERICAL ANALYSIS

The subject of numerical analysis of Thermal-FSI was a thin-walled stainless steel
container with dimensions of 345 mm X365 mm X145 mm. The geometry of the thin-
walled container has been discretised with a structural grid consisting of approx. 30 000
elements of 20-node type. The mesh has been properly refined at the edges, as shown in
Fig. 4. In the discretization of the bottom and side walls of the structure, two layers of
elements have been used.

It has been assumed that a 1.8 kg/s water stream was poured into the tank at
100°Cfor 1,5 s, displacing air at an ambient temperature of 20°C and at atmospheric
pressure. The inlet has been specified as a 20 mm X20 mm square. The relatively large
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Fig. 4: Geometry of the container

Fig. 5: The discretization of domains: blue - water inlet, red - air outlet, grey - stainless steel

flow of water enhanced the phenomena and allowed for a shorter simulation time. The
structural discretisation of the fluid domain, consisting of approximately 1 million hex-
ahedron elements, is presented in Fig. 5. The CFD analysis results are represented by
the middle geometry cross-sections along the long edge. Fig. 6 and Fig. 7 show the
distribution of fluids at selected times of analysis as the mass fraction of water. The
results of the Thermal-FSI numerical analysis from the CFD side are presented in Fig.
8 and Fig. 9 in the form of the vertical distribution of displacement (along the Z axis)
on the central cross section of the container along the long edge for characteristic time
moments. Figure 10 shows the displacement of the point in the middle of the bottom of
the container in time relative to the initial position for the key, first second of simulation.

4. CONCLUSIONS

The numerical analysis allowed for insight into the course of non-linear phenom-
ena occurring during rapid contact of boiling water with a thin wall of stainless steel.
The initial turn of bottom deformation is caused by the difference in temperature of el-
ements (grains of material) in the cross-section - as the temperature is applied to the
upper surface of the bottom, the heat elements expand in temperature, pushing away
from the unheated lower elements of the cross-section. Then the bottom is straightened
back, as a result of its complete heating and progressive thermal expansion. The final
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Fig. 6: Water mass fraction for simulation time: a) 0.05s,b) 0.16s,¢) 0.19 s
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Fig. 7: Water mass fraction for simulation time: a) 0.50 s, b) 1.85s,¢)2.95 s
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Fig. 8: Vertical displacement of the container for time: a) 0.1 s,b) 0.16s,¢) 0.19 s
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Fig. 9: Vertical displacement of the container for time: a) 0.27 s, b) 0.36s,¢) 2.95 s
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stress caused by the pressure of the side walls to the bottom, supported by its relaxation,
bends them downwards - it is these violent deflection that causes pressure disturbances
in the surrounding kitchen sink air and thus the generation of an audible sound wave.
This analysis demonstrates the extensive possibilities of Thermal-FSI tools that allow
simulation of phenomena accompanying the interaction of fluid and solid body, as well
as an in-depth insight into their course. These possibilities may turn out to be crucial
in issues related to the exploitation of energy devices, thus orientating the path towards
their most effective effort.
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