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Abstract. This work presents a numerical modeling procedure to simulate the refractory concrete lining in fluid catalytic
cracking units of oil refineries. The model includes the simulation of the anchors that reinforce the contact between the
refractory concrete and the steel casing. For this purpose, the constitutive relations of an interface finite element are set to values
that represent the homogenized behavior of the anchored interface. The parameters of this constitutive relation can be obtained
by experimental tests. The model includes also multi-surface plasticity, in order to represent the behavior of the refractory
concrete lining. Since the complexity of real case applications leads to high computational costs, the models presented here were
implemented in a high-performance parallelized finite element platform. A case study representing a riser similar to the ones
used by the refinery industry demonstrates the potential of the model.
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1. Introduction

The fluid catalytic cracking Unit (FCCU) is the primary
producer of gasoline and olefins in the refinery. Although
there are several designs of FCCU, they are generally
composed by a reactor and a catalyst regenerator located in
two separate vessels together with risers that connect these
vessels to each other and to the rest of the refinery (see
details in Chang et al. 2012). Since the temperature inside
these vessels can reach from 520°C to 760°C, refractory
concrete lining is used to drop these temperatures to a value
that can be supported by carbon steel (about 400°C-530°C
for short periods). The refractory concrete does not have a
structural function. However, the thermo-mechanical effects
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on the lining may cause loss of adherence between concrete
and steel, which makes part of the lining susceptible to fall
off. Therefore, anchor systems are used to assure the
adhesion of the refractory concrete on the steel casing.
There are different types of anchorages. The most suitable
choice depends on factors such as the thickness of the lining
and the type of the concrete used.

Since the early 1950’s, when refractory concretes,
known as castables, made of calcium aluminate cements,
were developed, a great effort have been made to improve
their performance (Linck and Schlett 2014). In early
applications, 18 months could be considered a very good
period of operation between shutdowns. Nowadays periods
of 6 to 7 years have already been reported for FCCU’s
without the need of significant maintenance. This was
possible because several improvements have been made to
the castables, concerning the material, the application, and
the lining design (see, for example, Luz ef al. 2015). In this
context, the numerical modeling provides an important tool
to analyze the behavior of steel/concrete structure under
different conditions. Although numerical modeling of
concrete has been studied with certain constancy over the
years (Rodrigues et al. 2016), there are only a few
references concerning refractory concretes. Buyukozturk
and Tseng (1982) presented a study where refractory
concrete was modeled by hexahedral elements while the
steel vessel was modeled using membrane elements. The
anchor was modeled with a one dimensional two node truss
element. The refractory element had an orthotropic non-
linear elastic constitutive relation. Both, truss and
membrane elements, had a bilinear elastic-plastic strain
hardening constitutive relation. Gasser et al. (2001) and
Boisse et al. (2002) reported a FEM modeling approach in
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two different scales. In a first step, a 3D local scale analysis
considers the steel components and concrete as having
different constitutive relations. The anchors and casing are
considered as having an elastic-plastic behavior. The
concrete is modeled by elasto-plasticity in compression and
smeared cracking in tension. To model the vessel at the
scale of the structure a two-layered shell element is used.
The first layer represents the casing and has an elastic-
orthotropic constitutive relation. The second layer has an
elastic-damageable behavior. These two-layered shell
elements have 16 parameters to be determined with the help
of experimental tests and 3D modeling approaches using
inverse analysis techniques. Many issues have to be dealt
with when modeling refractory concretes. First of all, the
properties of the materials are difficult to obtain due to the
various temperature ranges continuously acting on the
structures. Secondly, the presence of anchors at the steel-
concrete interface may cause stress concentration and
localized failure originated by the complex interaction
between anchors and concrete. The steel-concrete interface
has been studied in the literature mainly focusing on the
interface between the reinforcing bars and the refractory
lining (Angst et al. 2017). Certainly, it would be very
difficult to implement a local model considering separately
the anchors, the concrete and the steel casing. In the
elastic domain, compatibility of displacements could be
assumed. However, when the shear stresses in the anchor-
refractory interface exceeds a certain threshold, the
adhesion fails, and a bond slip model should be activated
(see Fig. 1). Moreover, in regions where bonding is the
mechanism of interaction, tension and compression failures
may occur, becoming extremely complex to represent the
local mechanical behavior. Even if it could be possible to
implement a local model taking into account all these
phenomena, the number of parameters involved would be
excessively large. Yet, the determination of these
parameters by experimental tests would probably consist of
inverse analysis of macroscopic measurements. This means
that the results of experimental tests, where only a few
displacements are measured, would be used to determine a
large set of parameters.

This paper presents the results of a research developed
within the framework of a comprehensive joint project
between PETROBRAS (The Brazilian national oil

company) and the Federal University of Rio de Janeiro
(UFRJ), that aims at improving the refractory lining
performance used in FCCU’s. In this way, a refractory
material was developed with a percentage of steel fibers,
increasing the fracture energy of the castable and thus
enhancing its life in service. On the other hand, a 3D FEM
model capable of simulating the thermo-mechanical
behavior of the whole structure was developed. The
interface steel/concrete is modeled by the interface element
developed by De Borst and Schellekens (1993). The first
novelty of this paper is the use of these interface elements
to represent the anchorage, including a constitutive law
representing the macroscopic behavior of the system
steel/anchor/concrete. For this purpose, experimental tests
were performed to better understand the behavior of this
system. Therefore, the proposed numerical model uses only
solid elements: a layer of interface elements between steel
and concrete, and linear (tetrahedra) or trilinear (hexahedra)
elements for steel and concrete. In the case study presented
in this paper we use tetrahedral elements, due to its capacity
of representing complex geometries and Dbetter
computational performance. The anchor system formed by
steel/anchor/concrete is discretized by patches of interface
elements spanning an area with the same diameter as the
samples used in the experimental tests.

Another contribution of this paper is the implementation
of the multi-surface plasticity algorithm developed in Silva
et al. (2015) to model the plastic behavior of the refractory
fiber-reinforced  concrete. =~ Compressive  failure s
represented by a strain-hardening Druker-Pragger rule,
while cracking is modeled by a strain-softening Rankine
rule. The behavior of the steel casing is typically
geometrically and elastic linear. This numerical model has
been implemented in a high-performance 3D FEM code
designed for parallel shared/distributed memory
architectures, allowing analyses of complex structures. The
parallelization techniques and high performance data
structures and algorithms are the same as the ones presented
in Ribeiro and Coutinho (2005), Ribeiro and Ferreira (2007)
with some recent improvements on inter-process
communication optimization for distributed/shared memory
architectures, which are beyond the scope of the discussion
here. Finally, a case study of an FCCU is presented,
indicating that the proposed procedures may be employed
for real-case engineering problems.

2. Mechanical behavior at the interface: experimental
tests

In the present model, the interface behavior of the
region affected by the anchors is considered by means of a
homogenized constitutive law for the system steel/anchor/
concrete. To determine this law, an experimental campaign
was carried out. The mixture was prepared based on a dense
refractory matrix with the addition of stainless steel fibers,
with a volume fraction of 1.24%. In the last decades, the use
of steel fibers as concrete reinforcement has been shown to
be useful in several special applications (Mohod et al. 2012,
Afroughsabet et al. 2016). This was also the case for
refractory concrete where the use of fibers demonstrated
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to increase the life cycle of the lining (Romano 2011). Two
types of specimens were used: the first type consisted of
steel disks molded together with the concrete cylinder and
the second type had anchors welded to the steel disks and
molded together with concrete cylinders. For each type of
specimen, the samples were tested following specific
temperature programs. In the first program the samples
were first subjected to a temperature of 110°C and then the
tests were carried out at room temperature. In the second
program the sample was loaded at 210°C which is
approximately the temperature at the interface between
refractory and casing. Fig. 2 shows a sketch of the sample
and a detailed test rig for high temperatures. A typical
tensile test of the samples without anchors indicates that the
refractory loses adhesion to the steel disk for very small
loads that may be considered close to zero. Responses of
tensile tests for specimens with anchors are given in Fig. 3,
where the nominal stresses are computed in relation to the
area of the cross section of the concrete sample. To obtain
the constitutive relation in terms of stress versus
displacement of the interface element, some simplifications
have been made. First, it is considered that the interface
opens with any positive displacement. For the opened
interface, the stress-displacement law is considered as
bilinear with a first region characterized by a constant
named Normal Linear Stiffness (NLS). As the stresses reach
a limit value (0pay, Oc), they remain constant within the
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Fig. 4 Constitutive law for the anchor-concrete interface
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Fig. 5 Six-noded interface element

limiting prescribed displacement (J;), to guarantee a small
displacement theory deformation (see Fig. 4).

3. Interface element

The formulation for the interface element presented here
is based on De Borst and Schellekens (1993) and considers
the six-noded interface element of Fig. 5. This element is an
extension of a zero-thickness interface element found in
Goodman et al. (1968).

For this element, each pair of nodes has initially the
same geometrical coordinates, resulting in a zero-thickness
element. The equations are obtained through the relative
nodal displacements on the contact surfaces (Goodman et
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al. 1968). Each node has three degrees of freedom and the
local displacement vector can be written as

T
u= {ulower' uuppe‘r} M
where
Wower = {11, 1, t1, My, 55, 15,13, 53, 3} (2)
Wypper = (M4, S4) L4y M, Ss, ts, N, Se» te)" 3)

The relative displacements du correspond to the difference
between displacements of the upper and lower nodes

T
Su= N(ulower - uupper) “4)

being N the interpolation function matrix.
The stress vector at the interface element is defined by

o= {O-nn' Ons, Gst}T (5)
and can be obtained using the relation
o = Déu (6)

To obtain the stresses at the interface element, the
constitutive matrix D is

dy, 0 0
D=0 d, O ] @)
0 0 d

The terms d,,, d,s and dg represent the normal and
tangential stiffness. When in compression, these values are
calculated as a function of the thickness %, the Young modulus
E and the Poisson’s ratio v of the materials, through the
relations

1
Ay =E-E (8)
E 1
dps = dgt = 20+ h )

where /4 is a very small number that represents the element
thickness.

If the normal stress is a tension stress (g;,,>0) the stiffness
matrix is modified substituting the terms d,,,,, d,s and dg;
for dy,, dns and dg:. Two situations may occur:

(1) if the element does not contain an anchor, the
coefficients of D are set to

dnp = dns = dg = 0 (10)
(i) if the element contains an anchor, the constitutive

equation of Fig. 4 is activated and the following values are
taken

dnn = NLS if 0pp < Opmax (11)

dpn =0 if Onp = Omax (12)
NLS

lns = dgr = —— (13)

Considering the difficulty to obtain the parameters, we
assume the interface behavior after the opening as being non-
linearly elastic.

4. Multi-surface plasticity

The refractory lining is modeled by solid elements with
multi-surface plasticity as described in detail in (Silva et al.
2015). Two different yield criteria are simultaneously
applied: Rankine for (tension) and Drucker-Prager for
compression, defined as

sin 6 L
7 ) +§—ft=0 (14)

apL+ Bl —f=0 (15

where I; is the first invariant of the stress tensor, J, is the
second invariant of the deviatoric tensor, 6 is the Lode angle,
ft is the uniaxial tensile strength, and f. is the uniaxial
compressive strength. The Drucker-Pragger parameters are
given by the following expressions

Rankine: \/]—2 (cos 0—

Drucker — Prager:

_L 16
T Bek-1 (16)
B _V3@k-1) (17)

k
fbc
k=212
7 (18)

where fp,. represents the biaxial compressive stress.

5. FEM implementation

Real case applications of refractory concrete in FCCU’s
might have very complex three-dimensional geometries,
always associated with non-linearity of the mechanical
behavior. This leads to high computational costs, making
unviable the simulation of real-world engineering problems.
For this reason, the models presented here were
implemented in a high-performance finite element platform.
This platform was developed considering a parallel
subdomain-by-subdomain approach and making use of
compressed data structures, as described in Ribeiro and
Coutinho (2005), Ribeiro and Ferreira (2007). This
approach was originally designed for distributed memory
architectures, with all communications being performed by
MPI routines. However, it behaves very well in today’s
shared memory multicore computers, even when compared
to multi-threaded OpenMP implementations (Batista et al.
(2010)), as shown in Andrade ef al. (2013).

There is a weak coupling between the thermal and
mechanical models, in the sense that only the thermal
strains affect the mechanical model. Due to changes of the
physical parameters with temperature in both models, the
coefficient matrices also change and the predictor/multi-
corrector algorithm used for time dependent non-linear
solutions had to be adapted to work on increments of the
residual, rather than the residual itself. For the solution of
the linear systems of both problems, the preconditioned
conjugate gradients (PCG) method was employed. The
original predictor/multi-corrector scheme, as well as the
algorithms used to perform matrix-vector operations, are .
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also described in detail in Ribeiro and Ferreira (2007). A
flowchart illustrating the finite element solution algorithm
is presented in Fig. 6.

6. Case study

The case study is the simulation of a refractory lining
with an anchor system of the type shown in Fig. 7, where it
can be seen an FCCU riser similar to the one studied in this
paper, during maintenance.

6.1 Characteristics of the example

The main geometric characteristics and dimensions are
presented in Fig. 8. This figure shows a cross section of the
structure coinciding with the plane of symmetry. This cross
section will be used to display mesh detail and results. The
finite element mesh, composed of 1,829,125 4-noded
tetrahedral elements and 363,894 nodes, is shown in Fig. 9.
The anchor system pattern was obtained from the refractory
concrete standards PETROBRAS N-1910 and N-1728.

According to the N-1910 standard, for a concrete
thickness above 100 mm, the spacing between anchors must
be between 200 mm and 400 mm. In this example, a
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Fig. 8 Geometry of the top of the FCCU riser

Fig. 9 FEM Mesh

spacing of 350 mm was considered. A view of the regions
where the interface elements representing the anchors are
placed is given in Fig. 10. This Figure represents the
interface between steel and refractory concrete, with circles
indicating the patches of anchor interface elements. At the
internal surface a convective flux caused by a time
dependent temperature of the fluid is prescribed. The
convective heat exchange coefficient is taken as
141.96W/(m?-°C) (data provided by PETROBRAS). At
external boundaries there is heat exchange with the
environment, considering the environment temperature of
25°C and a heat exchange coefficient of 56.78 W/(m?-°C).
For the present simulation, the internal fluid is linearly
heated from an equilibrium temperature of 25°C to 560°C in
one hour. It is maintained at 560°C during 10 hours and then
it linearly drops back to 25°C in one hour. This process
generates thermal gradients that produce tensile stresses
necessary to induce the interface opening, activating the
tensile behavior of the steel/concrete interface elements.
There are no external forces, only constrained surfaces due
to symmetry and constrained displacements in the z-
direction. The properties were taken from Romano (2011),
Franssen and Real (2015), ACI (1997).

The mechanical properties of the interface elements are
NLS=1.61-109 N/m? and 6,,,,=0.84 MPa. The mechanical
properties of the refractory concrete are shown in Table 1.
The temperature-dependent properties of the steel and the
concrete are shown, respectively, in Tables 2 and 3, where
a is the thermal expansion, k, is the thermal conductivity
and c,, is the volumetric heat capacity.
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Table 1 Mechanical properties of refractory concrete

fo-(MPa) foc(MPa) f:(MPa) E(GPa) v
60.6 72.7 3.9 28.3 0.2

Table 2 Mechanical and thermal properties of the steel

Temperature (°C) 20 200

E(GPa) 210 189

v 0.3 0.3

a (10%/m*K) 11.0 12.0

ky (W/m-K) 533 473
¢, (Jm3K) 3.45-109 4.16-10°

Table 3 Thermal properties of refractory concrete

Temperature (°C) 20 200 400 600

a (10%/m*-K) 5.0 5.0 5.0 5.0
ky (W/m-K) 0.83 0.88 1.01 1.05
¢, (Jm*-K) 2.01-10° 2.12:10 2.25-10° 2.37-10°

6.2 Results

The temperatures of the analyzed structure are shown in
Fig. 11, for a period of 10 hours. Fig. 12 shows the
evolution in time of the temperature of the internal fluid: at
the internal refractory surface (point A); at the center of the
refractory lining (point B); at the interface concrete/steel
(point C); and at the external surface (point D). These
results show that, after 10 hours, when the changes in
temperature are no longer significant, the refractory lining
is efficient to ensure that the temperature of the steel will
not exceed 400°C, which is the temperature supported by
carbon steel. The regions where the refractory concrete
separates from the steel are shown in Fig. 13. Maximum
openings of the order of 1 mm can be noticed in the region
where the two tubes are connected. The main effect that
minimizes the separation of refractory and steel is obviously
the action of the anchors. Fig. 14 and Fig. 15 indicate the
regions of the riser that suffered plastification for the times
of 1, 10, 11 and 24 hours. For the times of 1 and 10 hours, it
can be seen that the external plastification (Rankine) of the
refractory lining corresponds to a cracking tendency in this
region. It is also noticed that there are some points in the
internal surface that tends to crush (Drucker-Prager) by the
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effect of compressive strains. This tendency of cracking and
crushing is coherent with the direction hot-cold of the
thermal gradient from the internal to external surfaces. For
the times of 11 and 24 hours, as the temperature drops in the
interior of the riser, the temperature gradient inverts its
direction inducing, as expected, cracking at the internal
surface.

It should be stressed that the region of the connection
between the horizontal and vertical parts of the structure
concentrates stresses that are responsible for more intense
plastification. The tendencies verified in the present
simulation of cracking and crushing are the ones that can be
verified in real cases as displayed in Fig. 16 for a riser
similar to the present case study.
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7. Conclusions

This paper presented a computer model that is capable
of simulating the very complex refractory lining problem of
fluid catalytic cracking units, currently found in oil
refineries. The typical nonlinear elastoplastic behavior of
refractory fibers-reinforced concrete has been implemented
using a multi-surface yield criterion discussed elsewhere. In
addition, to simulate the anchored interface between the
steel casing and the refractory lining, an interface element,
with a special constitutive relation, was used. This relation
introduces the macroscopic behavior of the interface region
affected by the anchors into the computer simulation and
can be determined by running experimental tests for its
parameters. To illustrate the simulation capability, a case
study, similar to a real situation, was thoroughly analyzed to

; , " x t ";W» ;
Fig. 16 Damage in a real structure similar to the riser
analyzed in this paper

demonstrate that the model can be used to accurately
simulate the behavior of such fluid catalytic cracking units
under high thermal gradients.
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