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Abstract. Using ring baffles has been widely discussed to increase the gas-solid contact in CFB risers. Several
optimized geometries for ring-baffles have been proposed in the literature to improve the solids dispersion without
causing a large axial pressure drop in the riser. However, it is necessary to consider the erosion suffered by ring baffles
because of the impingement of solid particles on their surface to estimate their life cycle. This study evaluates, through
CFD simulations, the temporal and local erosion suffered by aerodynamic and square-shaped ring-type baffles in a
pilot-scale CFB riser. These baffles, according to the literature, have a better performance in increasing gas-solid
contact in CFB risers. Four different erosion models were compared to quantify erosion using an Eulerian-Lagrangian
approach and the Finnie model presented the best results. The use of both baffle types increased the erosion in the riser
outlet, and the global erosion of the squared baffles is greater than that of the aerodynamic ones. Finally, aerodynamic
baffles presented the lowest erosion rates along the riser but increased the erosion in the T-outlet.
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1. INTRODUCTION

Circulating fluidized beds (CFB) are equipment used in different industrial applications, like fluid catalytic
cracking (FCC) (Li et al., 2014), ozone decomposition (Jiang et al., 1991), and dehydrogenation (Kashyap et al., 2020),
and CFB combustors (Zhou et al., 2013). In the main section of the CFB unit is located the riser reactor, where fast
catalytic reactions occur in a turbulent upward gas flow (Wang et al, 2014). The core-annulus profile formation
observed near the riser wall must be avoided because it decreases the gas-solid contact and the yield of chemical
reactions (Lopes et al., 2011). Several devices have been proposed for this purpose, such as gas and solids distributors
(Therdthianwong et al., 2003), internal baffles (Rossbach et al., 2016; Samruamphianskun et al., 2012), and the use of
acoustic waves on the riser wall (Rossbach et al., 2020). Among these alternatives, the internal baffles stand out in
several industrial applications. Different geometrical shapes were proposed for the baffles in the literature, such as
square-shaped baffles (Samruamphianskun et al., 2012; Wang et al., 2019), wedged baffles (Guio-Pérez et al., 2014),
triangular-shaped baffles (Wells, 1998; Dries, 2003), trapezoidal-shaped ones (Mehlberg and Sandacz, 2014), and
airfoil-shaped ring-type baftles (Rossbach et al., 2019).

The ring-baffles used in CFB risers must have their shape optimized to be applied in industrial processes. The
optimization processes contribute to finding a configuration that provides a better solids dispersion, increases the yield
of chemical reactions, and minimizes the pressure drop and the erosion of the baffle surface (Jiang et al., 1991). Erosion
in riser internals occurs due to the impact of solid particles subject to deformation and breakage during the flow in the
fluidized bed (Mehrani and Sowinski, 2020). Several types of equipment inside a circulating fluidized bed are subject
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to erosion, such as distributors, heat exchanger ducts, cyclones, and riser internals. Inner baffles are commonly found in
applications with fast fluidization regimes and pneumatic transport (Basu, 2006).

Erosion depends on both operational conditions and solid particle properties (Chu et al., 2014), and is greater in the
regions where gas and solids velocity is higher, such as in the distributors, in the inlet of cyclones (Mehrani and
Sowinski, 2020), and inside the ring-baffled riser (Jiang et al., 1991). Wang et al. (2019) conducted a numerical study of
the influence of square-shaped ring baffles on the gas-solid flow in a CFB riser and observed a reverse flow above the
baffle placed near the riser outlet, which indicates that the baffle will suffer severe erosion. In contrast, the wedged
baffles proposed by Guio-Perez et al. (2014) have a smoother slope compared to the square-shaped ones and avoided
the formation of dead zones in their upper and lower regions. Likewise, the airfoil-shaped ring-baffles proposed by
Rossbach et al. (2019) avoided the formation of dead zones, delaying the detachment of the boundary layer from their
surface.

This study aims to investigate the erosion in CFB risers with aecrodynamic and square-shaped ring-type baffles
through numerical simulations, and relate the turbulence with the erosion flux in baffled CFB risers. Four erosion
models were investigated — DNV, Finnie, Oka, and McLaury — and the erosion rates estimated with these models were
compared with experimental data. The erosion of aerodynamic and square-shaped ring-type baffles in the CFB riser was
investigated using the model that presented the best estimation. Also,we investigated the relation between the
turbulence kinetic energy distribution and the erosion flux with aerodynamic and squared baffles.

2. MATHEMATICAL MODEL

An Eulerian-Lagrangian approach was employed to keep the simulations of this study, based on the model proposed
by Sedrez et al. (2017). The k — € model with Enhanced Wall Treatment was used to describe the turbulence of the gas
phase. Equations of the turbulence model can be found in Rossbach et al. (2021). Four models implemented in the

commercial code Ansys FLUENTO 19.1 (Ansys Inc., 2020) were compared in this study. In the Finnie erosion model,
the erosion rate is described by

= KV f(v) (1)

Finnie

where E is a dimensionless erosion mass, k is a model constant, VP is the particle impact velocity, and f(y) is a

function of the angle of impact y. The function f(y) is calculated as:
fiy)= {%y fory > 18.5° sinsin (2y) — 3y for y<18.5° 2)

The erosion rate is calculated by the Oka model as:

kZ k3
o = B ) (7] 0 G)

where E 9 is the reference erosion rate at 90° angle of impact, v is the particle impact velocity, L is the reference
velocity, d is the particle diameter and dre ; is the particle reference diameter, k 5 and k 5 are the velocity and diameter

exponents. The dependence of the erosion rate with the impact angle is given by:

f) = sinsiny)"(1 -+ H,(1 = sinsiny)) @

where y is the wall impact angle, in rad, H ) is the Vickers hardness, in GPa, n and n, are constants. The standard

values referenced in the Ansys FLUENT Theory Guide (Ansys Inc., 2020) were used in this study because of the
similarity of the materials.

The erosion model proposed by McLaury is proper to solid-liquid flows with water and sand particles, like that
found in slurry reactors. The erosion rate is given by:

= AV'f(y) (5)

McLaury

where
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A = FBh" (6)
In Eqgs. 5 and 6, F is an empirical constant, v is the particle impact velocity, Bh is Brinell’s hardness of the wall, and
k =— 0.59 is a constant calculated for carbon steel. The function f(y) is given by:
2 .
fO) = {by + cyforysy, xysinsin(wy) + y(y) + zfory>y, (M

The standard values presented in the Ansys FLUENTO Theory Guide (Ansys Inc., 2020) were used for the
calculations. The DNV erosion model calculates the erosion rate as

Epwy = KV fO) (8)

-n
where n is a material-dependent velocity exponent, k is an empirical constant given in [(%) ], v, is the particle

impact velocity, in m/s, and, for steel, f(y)is given by:

i+1

8 :
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Also for the DNV model, the standard values provided by the Ansys FLUENTO Theory Guide (Ansys Inc., 2020)
for the steel were adopted.

3.  METHODOLOGY

Figure 1-a,e shows the geometry of the CFB riser, with a height of 15.5 m, an inner diameter of 0.1 m, and a gas
and solids outlet with an inclination of 10° concerning the solids inlet. In addition, the solids inlet inclines 45° regard
the vertical direction. The geometrical parameters of the acrodynamic and the square-shaped ring baffles are indicated
in Fig. 1-f.g, respectively. Both have a thickness of 2.57 mm and the difference between them is the angle of inclination.
The aerodynamic baffles have a 43.62° angle of impact and the squared baffles have a 90° angle of impact.

Three cases were simulated: the riser without baffles, the riser with 22 aerodynamic-shaped baffles, and the riser
with 22 square-shaped baffles. In the last cases, 22 baffles were placed along with the riser height, as indicated in Fig.
1-a. The criteria for the axial distancing of the baffles was the visual identification of the positions in which the solid
particles tend to accumulate near the wall. One ring-baffle was inserted in each position identified. The first baffle is
located 15 cm above the solids inlet. The lowest baffles are distanced by 10 cm, 15 cm, 30 cm, and 50 cm, respectively,
and the last three baffles near the outlet have a distance of 15 cm between them. The baffles in the intermediate region
of the riser have a distance of 1 m between them. The aerodynamic-shaped geometry was proposed by Rossbach et al.
(2016; 2019) and the square-shaped geometry is based on the study of Samruamphianskun et al. (2012). The hexahedral
mesh of unstructured blocks In Fig. 1-b,c, and d have 737,000 elements. A study of grid dependence for this mesh was
performed by Utzig (2016) for the riser without baffles, and the meshes for the baffled riser have a global y* value of
73.

The experiments and the simulations were performed adopting a gas velocity of 10 m/s and a solids mass flux of
4.21 kg/m?s. For each case, we performed 10 s of simulations, with the transient mean values taken at the last 5 s. A
time step of 0.0001 s was adopted, and the convergence criteria for the residuals were defined as 0.0001. The
simulations were realized in the commercial code Ansys FLUENT 19.1 for 15 days, using 12 cores. The gas phase is
represented by air at ambient conditions. Otherwise, the solid particles are FCC catalyst particles with a density of 1500
kg/m?, a mean diameter of 67 um, and a Rosin-Rammler distribution, with a spreading factor of 6.9, 10 classes of
diameters, and a shape factor equal to 1. To get the erosion rates in [kg/h] to compare with the experimental results, we
multiplied the post-processed values, given in [kg/m?], by 3600 s and by the cross-sectional area of the rings, and
divided the results by 10 s, that was the simulated operating time.
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Figure 1. Geometry and mesh of the CFB riser and the ring-type baffles: a) riser geometry, b) mesh of the riser with
aerodynamic baffles; ¢) mesh of the riser with squared baffles, d) front view of the gas inlet, e) front view of the gas and
solids outlet, f) geometrical parameters of the acrodynamic baffle, g) geometrical parameters of the squared baffle.

4. RESULTS AND DISCUSSION

The erosion rates estimated by the four erosion models were compared with experimental data from Rossbach et al.
(2021). The experimental erosion rate was obtained for aerodynamic-shaped ring baffles with the same geometry as this
study. As the baffles were made from gypsum with known hardness, appropriate correlations were employed to relate
this value with the erosion rate of a stainless steel-made baffle. According to the results of Table 1, only the erosion rate
estimated by the DNV model is very different from the experimental result. Finnie, McLaury, and Oka's models
provided predictions with a relative error of 44%, 110%, and 152%, respectively. If we choose the Finnie model, the
simulated erosion rate of the squared-shape baffles for this operating condition is 12.80 g/h, which is a very higher
value. Even though this rate is probably overestimated, square-shaped baffles present much more erosion than the
acrodynamics one in the same operating condition. It occurs because squared baffles have an inclination of 90°
concerning the up flow and the aerodynamic baffles have a soft angle of inclination that avoids the detachment of the
laminar boundary layer and prevent flow instabilities that lead to erosion. It is important to highlight that the error of
using McLaury model here is attributed to the fact that this model was developed for gas-liquid flows with sand
particles, and we are using only gas flow with FCC particles.
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Table 1 — Comparison of the erosion rates of the simulations with the experimental result.

Erosion rate (g/h)
Expe?men DNV model | Finnie model | McLaury model | Oka model
7.63E-03 2.29E-07 1.10E-02 1.60E-02 1.93E-02
Error 100 % 44 % 110 % 152 %

Figure 2 shows the temporal series of the erosion flux for the aerodynamic and the square-shaped ring baffles
during the simulations. As the vertical axis is presented in a logarithmic shape, we can see that the erosion flux increase
in the beginning and tends to stabilize in both cases. However, the erosion flux is higher for the squared baffles.
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Figure 2. Erosion in aerodynamic and square-shaped baftles placed in the CFB riser using the Finnie model.

Figure 3-a shows the erosion flux in the riser wall and Fig. 3-b shows the erosion only on the surface of the baffles.
In Fig.1-a we can observe that the erosion flux in the baffles is much lower than in the wall. In the region immediately
above the solids inlet, the erosion flux increases slightly. Conversely, the erosion in the T-outlet increases with the
presence of both types of baffles. This region suffers severe erosion even without baffles, as pointed out by Rossbach et
al. (2021b). In this case, whichever type of baffle is used, its placement at the top must be redesigned to avoid T-outlet
erosion.

In Fig. 3-b, the erosion of the baffles was highlighted in the inlet and outlet regions of the riser, as we did in the
other images because these regions have the largest erosion flux. The first acrodynamic baffle above the solids inlet has
severe erosion compared to the next, but the erosion flux rapidly decreases with the riser height. Otherwise, the erosion
in the squared-baffles is also severe and does not reduce with the riser height. The last two squared baffles before the
riser outlet has lower erosion flux, but the baffles below them have a higher erosion due to the backmixing. In the riser
with aerodynamic baffles, the erosion flux is well distributed between the baffles near the riser outlet.

Even though the objective of this study is to investigate the erosion flux in the ring baffles, to estimate their life
cycle in an industrial CFB riser, the results observed in Fig. 3 allow us to conclude that using ring baffles near the riser
outlet increases the erosion flux in the riser T-outlet. This occurs because the reduction of the opening area leads to an
increase in the flow velocity and the turbulent energy dissipated in the T-outlet region. This trend was observed for both
aerodynamic and squared baffles. So, using ring baffles benefits the solids distribution in the inlet region, but using
these devices near the outlet can reduce not only the ring baffles life cycle, but the riser life cycle.
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Figure 3. Erosion in the riser wall (a), erosion in the baffles (b), and gas turbulent kinetic energy (c).

According to Rossbach et al. (2019), the particle velocity in the CFB riser increases with the presence of ring
baffles because they reduce the opening area of the riser. Consequently, turbulence increases where the baffles were
placed. Figure 3-c compares the distribution of the turbulent kinetic energy in the CFB riser with aerodynamic and
square-shaped baffles with aims to relate the turbulence with the erosion flux. The turbulent kinetic energy is well
distributed along the inlet region of the riser with aerodynamic baffles than in the case with square-shaped baffles. In
the outlet region, the turbulent energy values are lower for the riser with square-shaped baffles, which could imply that
more flow energy was dissipated than in the case with aerodynamic baffles, leading to more backmixing. The better
distribution of the turbulent energy in the top of the riser with aerodynamic baffles can be related to the well-distributed
erosion flux in the baftles placed in this region.

5. CONCLUSIONS

This study investigated the erosion in a pilot-scale CFB riser with aerodynamic and square-shaped ring-type baffles
subjected to a gas-solid flow, under turbulent conditions. Numerical simulations were conducted using an
Eulerian-Lagrangian approach to compare the erosion rates estimated with DNV, McLaury, Oka, and Finnie erosion
models. Finnie erosion model presents the best result, i. e. 44% of error, compared to experimental data for aerodynamic
baffles, and was chosen to compare the erosion flux in the CFB riser with aerodynamic and square-shaped baffles. The
aerodynamic baffles present a lower and well-distributed erosion flux along with the riser height when compared to the
square-shaped baffles. The aerodynamic baffles presented an en flux near 107'° kg/m?s, while the squared baffles
presented an erosion flux around 10® kg/m?s. In addition, both baffled-riser configurations increased the erosion of the
T-outlet compared to the riser without baffles. Thus, more investigations are necessary to adjust the position of the
baffles near the riser outlet, to avoid T-outlet erosion.
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