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Abstract

The temperature, the deformation and the stress field in thermo-mechanical problems play a very important role in engineering
applications. This paper presents a finite element algorithm developed to perform the thermal and mechanical analysis of structural steel
piping systems subjected to elevated temperatures. The new pipe element with 22 degrees of freedom has a displacement field that
results from the superposition of a beam displacement, with the displacement field associated with the section distortion. Having
determined the temperature field, the consequent thermal displacement produced in the piping systems due to the thermal variation can
be calculated. The temperature rise produces thermal expansion and a consequent increase of pipe length in the structural elements. For
small values of the ratio of the pipe thickness to mean radius, the thermal behaviour can be calculated with adequate precision using a
one-dimensional mesh approach, with thermal boundary conditions of an axisymmetric type across the pipe section. With this condition,
several case studies of piping systems subjected to elevated temperatures and mechanical loads are presented and compared with
corresponding results from commercial finite element codes. The main advantage of this formulation is associated with reduced time for
mesh generation with a low number of elements and nodes. Considerable computational effort may be saved with the use of this finite
pipe element.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Piping system; Elevated temperatures; Thermo-mechanical analysis; Finite pipe element

1. Introduction performed for each time interval in the incremental solution.
The same finite element formulation (finite element mesh,
shape function, etc.) and the same equation solution
technique (frontal solution technique) are used both for
the thermal and the stress analysis. The thermal model is
presented in Ref. [1] using a differential heat conduction
formulation, which permits the calculation of the tempera-
ture field. The mechanical model developed for tubular
structures will be presented in this paper, using elasticity
theory for a new finite pipe element with two nodes that is
superimposed with Fourier series for warping and ovaliza-
tion displacement fields.

Structural piping systems are widely used in industrial
plants. These structures are not only subjected to mechan-
ical loads, but are frequently exposed to aggressive thermal
loads. The complexity of the analysis of such systems needs
powerful numerical techniques with high computing
performance, which is the case of the finite element analysis
here described.

Neglecting the heat generated due to mechanical
deformation, the thermal and the mechanical problems are
uncoupled. The technique involves simultaneously solving
an uncoupled set of equations, the transient heat conduction

equation and the incremental equilibrium equation,
2. Thermal and mechanical analysis formulation

* Corresponding author. Tel.: +351-273-303-155; fax: +351-273-
313-051.
E-mail address: efonseca@ipb.pt (E.M.M. Fonseca).

0308-0161/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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The deformation field of a pipe element refers to
membrane strain and curvature variation. The geometric
parameters considered for this element definition are: the arc
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Fig. 1. (a) Geometric parameters for the finite pipe element. (b) The radius of curvature for the curved pipe.

length (s), the mean radius of curvature (R), the thickness (),
the mean section radius of the pipe () and the central angle
(). Fig. la shows the essential geometric parameters
defining the two-node finite pipe element. The basic
equations governing the behaviour of thin shells
were derived by Love [2]. The following assumptions
referred to in Refs. [3-5], were considered in the present
analysis:

e the radius of curvature is assumed much larger then
the section radius. This means that the ‘pipe bore term’
(R+r cos #) may be approximated to R, Fig. 1b;

e a semi-membrane deformation model is adopted and
neglects the bending stiffness along the longitudinal
direction of the toroidal shell, but considers the meridional
bending resulting from ovalization;

o the shell is considered thin and inextensible along the
meridional direction in the mechanical case. Typically,
the thickness should be less than a tenth of the mean radius
of the pipe.

In the mechanical model, having assumed small strains,
the complete incremental relation between stress and
strain for thermal and mechanical deformation is found
to be

e=¢e"C + " (1)

. . A h
where ¢ is the mechanical strain increment and &™ the

thermal strain.

The application of the principle of virtual work gives
finally the system of algebraic equations to be solved. The
matrix force—displacement equation for this finite pipe
element model is

(K)o} = {F.} + {Fy} (2)
where {0} is a nodal unknown displacement vector, {F,} is
the applied nodal forces and {Fy,} is a nodal force vector
due to thermal effects. The element stiffness matrix [K] is
calculated from the matrix equation:

s=L =21
K= J J [B]'[D][B]r ds d (3)
s=0 JO8=0
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The following expression represents the nodal forces due

to the thermal strain
Rh=ﬁmﬁmkWMf )
v

where dV is the elementary pipe volume, [D] the elasticity
matrix and [B] results from the derivative of the shape
functions for the pipe element.

Having solved the system of algebraic equations, the
displacement field is calculated for all the nodes of the
structure. The stress field is then defined for each element in
the following form

o = [DI{e}™ — {e}™) + {o} (5)

where o represents the initial stresses.
The elasticity matrix [D] appears with a simple algebraic

definition, where the off-diagonal terms vanish
Eh
0 0
1 —2
D= Eh 6
- 2(1 +v) ©)
ER3
0 (L L
12(1 — v?)

where E is the elastic modulus that is a temperature
dependent parameter, according to Eurocode3 [6], & is the
pipe thickness and v is Poisson’s ratio.

3. The displacement field for a new two-node
pipe element

The displacements u, v and w are calculated for the
shell surface from the structural element. These functions
refer to the displacement field on the mean line arc
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Fig. 2. (a) Degrees of freedom for in-plane element. (b) Degrees of freedom for out-of-plane element.

(U, W and ¢). Those parameters are related via simple
differential equations from beam bending theory,
following simple hypotheses considered by Melo and
Castro [7,8] and Thomson [5]

_dw

=4 (7

@

U

W= ER ®)

The displacement field is calculated from the mean
line of each arc considered like a rigid beam element: U
is the tangential displacement, W and W the transverse
displacements, (3, @ and ¢ are the rotations in each
direction represented in Fig. 2a and b, respectively, for
in-plane or out-of-plane loading.

When the finite pipe element has in-plane displace-
ments, a high-order formulation is used and six par-
ameters are necessary to define the displacement field. So,
U can be approximated by the following fifth-order
polynomial

Uy =ay +as+ a2s2 + a3s3 + a4s4 + a5s5 )

The coefficients in Eq. (9) are determined by imposing
boundary conditions according to the curved reference.
With those specified conditions, the functions of the
generic local displacements for an in-plane element (IN)
are given by the following equations:

Ugin = (UN,; + UN,

uj

)+ (WiN,; + W;N,;)

+ (@ilNyi + 9iN,;) (10a)

Wyin = —R(UN,; + UN,) + (WN,,; + W;N,,)

+ (@iNy: + ¢;Ny) (10b)

PHIN = _R((UiN::/i + UjN::/j) + (Wiin + Wijj)

+ (@iNg: + ¢;Ny) (10c)
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The shape functions are determined as follows:

M =eos )
; = cos|—
ut 2

+ —sin

zon(3)e

3, 3,

2R’ T 22R’

+
23R’
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1 5 | 1
Ny=———5 +——5 ——— 11
o~ "2R" TI2R° T 2R’ (11D
The displacement field out-of-plane, designated as
OUT, in a local reference system, is determined with

the following equations:

Wour = WiNy — §;N, + WiN; — ¢;N, (12a)
pour = WiNi — @;N; + W;N3 — @, (12b)
Bour = BiN; + B;N; (12¢)

The shape functions used in Eqgs. (12a)—(12c) are third-
order polynomials (N;, N,, N3, N;) and first-order
polynomials (N;, N;), respectively.

The surface displacement in the radial direction results
from ovalization, in-plane and out-of-plane, from Ref. [5]
and is expressed by the equation:

w(s, 0) = (Z a, cos nf + Z a, sin nﬁ) N;

n>2 n>2

+ (Z a, cos nf + Zc‘zn sin nﬂ)NJ (13)

n>2 n>2

The meridional displacement due to ovalization is
calculated from the following equation:

v(s, ) = (— Zl;—"sin nf + Z%cos nﬁ)Ni

n>2 n=>2

+ —Zﬁsinnﬂ%—za—”cosnﬁ N; (14)
n>2 n n>2 n

Finally, the longitudinal displacement due to warping

of the pipe section is defined from the following

equation:

u(s,0) = (Z b, cos nfl + Z b,, sin nH) N;

n>2 n>2

+ (Z b, cos nf + ZB" sin n@)NJ (15)

n>2 n>2

The terms a, and &, are constants to be determined
and included in the Fourier expansions for the ovaliza-
tion displacements of in-plane and out-of-plane bending,
respectively. The parameters b,, and b, are also functions
of developed series resulting from warping displacements
in and out-of-plane.

When a tubular system without restraint is subjected to
temperature variation, there will be a length increase and the
temperature produces dilation along the cross-section of
the pipe. The perimeter of the pipe will be variable. Finally,
following the proposed formulation, the finite shell element
displacement field, resulting from the superposition of
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the displacement of a rigid beam and from the complete
Fourier expansion for ovalization and warping terms in
Egs. (13)—(15), leads to:

u= U(s)]N — rCcos e(p(S)IN —rsin 09(/)(5)0UT + M(S, 0) + saAT

(16a)
V= _W(S)IN sin 6 + W(S)OUT cosd + rﬁ(s)OUT + V(S, 6)

(16b)
w = W(S)IN cos 0 + W(S)OUT sinf + W(S, 0) + raAT (16C)

The displacement field of the shell surface in a condensed
vector representation is

u u u
V=<V +qv
w W) mec w)
SaAT
= [N] X {6} + 0 a7
raAT

where a is the thermal expansion coefficient, considered
constant in this formulation and AT is the temperature
variation.

As referred to previously, the mechanical deformation
model considers that the pipe undergoes a semi-membrane
strain field. The strain field is given by the following
equations also used by Melo and Castro [7,8], Fliigge [9] and
Kitching [10]

SSS
3 = Y s6
mec
Xoo
i _sin0 cos 6
ds R R u
10 0
0 19 1@ w
290 r*96*

where ¢ is the longitudinal membrane strain, v is the shear
strain and X, is the meridional curvature from ovalization.

The dimension of the deformation vector increases one
term due to the thermal circumferential deformation by the
expression:

1 9 AT
e =—(w+ ) =" (19)
r a0 r

The thermal deformation vector is obtained from the
following equation:

e |0 {aAT}
{ 5 } _ e (20)
Eop aAT
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Fig. 3. (a) Finite element mesh used in developed program. (b) Displacement nodal results for different temperatures. Deformed shape magnified 30X.
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Fig. 4. Expansion of the pipe cross-section using the developed finite pipe element and COSMOS.

(b)

Fig. 5. (a) Geometry of piping system. (b) Mesh used and the thermal and mechanical boundary conditions.
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Fig. 7. (a) Geometry of piping system. (b) Mesh used and the thermal and mechanical boundary conditions.
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Fig. 9. (a) Geometry of piping system. (b) Mesh used and the thermal and mechanical boundary conditions.
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Fig. 10. Displacement fields obtained using the developed pipe element for Case 4.

4. Case studies

4.1. Case 1: a plane geometry piping system subjected
to elevated temperatures

A tubular steel piping system has a radius of curvature
equal 0.25 m, a mean radius of 0.0135 m and the thickness
is 0.001 m, Fig. 3a. The piping system has end restraints and
is subjected to different temperatures. The thermal expan-
sion coefficient @ is constant and equal to 14X 10~ ¢°C ™,
v=0.3 and E is a function of temperature, according to
Eurocode3 [6].

The deformed shape obtained is magnified 30X in
Fig. 3b. For a temperature rise of 7=200 °C numerical
results have been compared with a commercial code
COSMOS using Pipe and Elbow elements as shown in
Fig. 3b.

Fig. 4 represents the transverse displacement obtained
with different temperatures for a section in the tubular
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straight pipe for element 5. As can be observed, the pipe
cross-section has the mean radius increased with the thermal
expansion. The results obtained with the element developed
herein are compared with the COSMOS program using a
Shell element. This is an advantage with our code; it is
possible with the same element to calculate the displace-
ment field in the shell surface.

4.2. Case 2: a piping system with spatial geometry subjected
to elevated temperatures having two end restraints and
a vertical force at the mid-length of the structure

The next case is a structural steel piping system with
all elements subjected to uniform temperature (7=200 or
600 °C) and to a vertical force of F=3000N, Fig. 5a.
The structure also has end restraints. The system has a
mean radius of 0.022 m and a thickness of 0.0025 m. The
thermal expansion coefficient is equal to 14X 10~°°C~",
v=0.3 and E is a function of temperature, according to
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Eurocode3 [6]. The finite pipe element mesh uses 65
elements as represented in Fig. 5b.

The results are compared with those obtained using the
COSMOS programme with Pipe and Elbow elements as
shown in Fig. 6. We have also compared the influence of the
temperature in the structure simultaneously with or without
a vertical force.

4.3. Case 3: a piping system with spatial geometry subjected
to elevated temperatures having one end restraint
and a vertical force on the other free end

This case is the same as Case 2, but now with the spatial
structure subjected to a vertical force, F=3000 N at one end
and the other end restrained, see Fig. 7a. The structure is subjected
to two uniform different temperatures of 7=200 and 600 °C.

The transverse displacement field is influenced by the
temperature rise, as shown in Fig. 8, having compared these
results with those corresponding to the mechanical stand-
alone load.

4.4. Case 4: a piping system with spatial geometry subjected
to elevated temperatures with upper length zone insulated,
having one end restrained and a vertical force on the other
free end

The same piping system is now subjected to the same
different boundary conditions (vertical force of F=3000 N
in free end and the other end restrained, partially subjected
to uniform temperature (7=200 or 600 °C) and partially
insulated in the upper length zone AA, see Fig. 9a.

The displacement field increases as can be seen in
Fig. 10, compared with the results for Case 3.

5. Conclusions

The results for the structural displacements resulting
from elevated temperatures and mechanical actions on
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tubular structures have been presented, using a new finite
element for linear and elastic formulation. Good agreement
between the displacement results obtained with the finite
element presented here and corresponding data from other
commercial codes was observed. This new two-node finite
pipe element presents good agreement in the analysis of
thermo-mechanical problems, with all shell membrane
capabilities, when compared to other possible finite
modelling techniques. It is possible to calculate the
displacement field due to elevated temperatures. This finite
element is easy to operate, demands small computer
capacity and avoids the need to use expensive meshes for
the shell surface definition.
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