
Development of a Two-Fluid Hydrodynamic
Model for a Riser Reactor

ANSYS Fluent is used to examine the mixing of catalyst zeolite particles with pe-
troleum feedstock and water vapor in a fluid catalytic cracking (FCC) riser. A
two-fluid model is developed for tracking catalyst particles and gas mixture in a
riser, modeling the granular and gaseous phases as two interpenetrating continua.
The hydrodynamic flows are analyzed with the aim to single out the principal
physical effects that determine the distribution of particles. The results are com-
pared with a study that is based on a non-isothermal reactive model. It is demon-
strated that the simplistic purely hydrodynamic model generates similar flow
fields. The developed model is valuable for improvements of modern FCC risers.
The model is applied for understanding the hydrodynamics of an S-200 KT-1/1
industrial unit.
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1 Introduction

Catalytic cracking is the most common industrial process to
break down the long-chain vacuum gasoil hydrocarbons into
lighter and more commercially useful products such as gaso-
line, diesel, and light olefins, i.e., ethylene and propylene, in
particular, that are needed in very large quantities mainly for
production of plastics. In oil and gas industry, numerical mod-
eling is widely employed for development of novel, improved
technologies. Incorporation of computational fluid dynamics
(CFD) solvers for detailed understanding of the hydrodynamic
(mixing) aspects of the flow chemical reactors is a common ele-
ment of all recent numerical models [1].

Modeling of a reactive fluid flow in a fluid catalytic cracking
(FCC) riser is complicated by an enormous number of chemi-
cal transformations that may happen in the process. For com-
putationally less expensive modeling, reaction schemes are sim-
plified by grouping the chemicals into lumps. Selection of a
reaction scheme frequently predefines the physical effects that
can be captured by the model. For instance, the first kinetic
model was proposed by Wickman and Nays [2], who intro-
duced three lumps: feedstock, gasoline, and all other compo-
nents which include various light gases and coke. Since, in this
model, coke and light gases are represented as a single lump,
description of heat/mass transfer between gaseous and solid
phases, including coke deposition on catalyst, is not possible. A
more sophisticated ten-lump kinetic model which includes a
‘‘dry gas’’ component was introduced by Jacob et al. [3]. In their
work, in addition to coking, the authors describe other undesir-
able thermal cracking reactions that occur in a high-tempera-
ture section of a riser. Understanding of kinetics and thermo-
dynamics of the industrial FCC process is also the focus of our
recent works [4–8].

Gan et al. [9] developed an eleven-lump model, with the aim
to further enhance the performance of FCC risers for greater
propylene yields to meet demands of a fast-growing propylene
market. Young et al. [10] incorporated this kinetic scheme into
a comprehensive hydrodynamic model which they developed
on the basis of the ANSYS Fluent software.

In addition to complex chemistry, modeling of processes in
an FCC riser is complicated by complex hydrodynamics of a
heterogeneous mixture of gases, liquids, and solids. Modeling
of a three-phase three-dimensional flow with the account of
heat transfer, evaporation of droplets, and chemical reactions
was carried out in [11], which adopts a continuous Eulerian
approach for description of phases. In [12], the authors used a
similar approach with the aim to optimize the feedstock injec-
tion. They found that intensive mixing of chemical compo-
nents accelerates the mass transfer and increases the yield of
desired products. On the other hand, it is also recommended
to avoid the prolonged contact between catalyst and feedstock
as this helps to keep the desired products from further
(unwanted) cracking and coking reactions. In particular, it is
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found that the optimal angle for the feedstock injection pipes
to produce the flow in a reactor with the most desirable charac-
teristics is 30�.

There are a few other studies that investigated the hydrody-
namic flows in an FCC riser. In particular, Huang et al. [13]
measured the particle velocity and solid particle retention by
an experimental study using fiber optic probes. Idris and Berne
[14] used the ANSYS CFX software to create a lump-free
kinetic model. Their geometries, however, remain quite differ-
ent from real FCC risers with the height and width of the mod-
eled column equal to 15.1 m and 0.1 m, which was approxi-
mately half and about 10 % of the actual riser’s height and
width.

The focus of the current work is the hydrodynamic modeling
of the process of catalytic cracking, movement of catalytic par-
ticles, and mixing of particles with feedstock and water vapor.
In this work, a macroscopic two-fluid Eulerian-Eulerian model
is developed for tracking the evolution of zeolite catalyst and
petroleum feedstock. Specifically, the mass and heat transfer
processes are simulated in an FCC riser from the S-200 KT-1/1
industrial unit.

2 Physical and Mathematical Models

Modeling of the hydrodynamics of a chemical reactor is in the
focus of this work. The chemical transformations that occur
within a reactor are currently ignored. Furthermore, similar to
[10], it is assumed that the petroleum feedstock completely
evaporates within the nozzles’ inlets and enters a riser in a form
of gas. This can be partially justified by the fact that a typical
time of complete evaporation of a droplet with a diameter of
100 mm in an FCC unit varies from 0.3 to 30.0 ms [15], which
is less than the residence time of a feedstock droplet in an
injection nozzle, which is above 30 ms for velocities obtained in
the current simulations as reported below. Thus, it is assumed
that there are only two phases in a riser, the primary (gaseous)
phase that represents the mixture of two gases (petroleum feed-
stock and water vapor) and the secondary (granular) phase that
denotes the fluidized zeolite particles dispersed in gas. The
feedstock in this study is modeled by gasoil vapor, as the physi-
cal properties of this gas are very close to the properties of the
feedstock from a real commercial unit.

The modeling is based on a two-fluid Eulerian-Eulerian
approach assuming that gas and granular phase are two inter-
penetrating continua, with no strict boundaries (no interfaces)
and no surface tension properties that may be associated with
interfaces. Particles of the granular phase are assumed to be
very small, i.e., much smaller than any other geometric dimen-
sions, of spherical shape, and all particles are characterized by
the same diameter. It is supposed that all collisions are elastic.

To characterize the distribution of the phases in a reactor, we
introduce two volume fractions, ag

1) and as, are introduced
which are the relative volumes of the phases in a fluid particle.
The range of the granular volume fraction is however limited

by the maximum packing density, which is taken as
as,max = 0.63.

There is another limiting value for the granular volume frac-
tion (in this work this other limit is taken to be as,max = 0.61),
as,m in = 0.61), which sets the limit when particles are already
in a constant contact with each other and friction forces be-
tween the particles are essential. In particular, when as < as,min,
the granular phase is diluted, particles are far from each other,
and collision is the only interaction that occurs between par-
ticles. It is further assumed that collisions do not result in for-
mation of agglomerates. For modeling the flow of diluted parti-
cle mixtures, one can adopt the kinetic theory of granular flow
(KTGF) that represents the granular phase as a gas of very large
molecules, and the kinetic properties of the granular phase are
then derived from the standard kinetic formulae. In the oppo-
site case of a dense medium, when as > as,min, particles of the
granular phase are in a constant contact with each other, which
renders the KTGF approach invalid. In this case friction forces
between particles predefine the kinetic properties of the granu-
lar phase.

In the framework of the Eulerian approach, all quantities
that define the granular phase are determined by averaging
over a small volume (a fluid particle), which is much smaller
than the size of a reactor, but, at the same time, which already
includes a large number of particles. For instance, the velocity
of the granular phase,~vs, is defined as the mass-averaged veloc-
ity of a large number of particles enclosed in a fluid particle,
~vs ¼~us. Here, ~us is the instantaneous (random) velocity of a
single particle, and K stands for volume averaging).

Except for the areas in the very vicinity of the nozzle of the
pipe that is used for the injection of particles into a reactor, the
condition as < as,min is satisfied, and thus the KTFG theory can
be employed. Following the classical kinetic theory, the KTFG
theory introduces the temperature of the granular phase that is
defined as a quantity proportional to the averaged kinetic ener-
gy of the random chaotic movements of particles:

3
2

qs ¼
1
2
~us~ush i (1)

In this work, the movements of zeolite particles with a
density of rs = 2100 kg m–3 and a typical diameter of
ds = 8 ·10–5 m dispersed in a gas mixture are examined. The
zeolite particles are lifted up by the gas flow. Nevertheless, the
solid particles remain rather heavy, and the transfer of energy
from gas to solid particles is negligible. Additionally, just a few
collisions between particles can occur due to short residence
times of particles in a reactor. The granular temperature, qs, is
calculated using the approach that neglects the convective and
diffusive terms (called the ‘‘algebraic’’ approach in ANSYS
Fluent). The granular temperature that is obtained in the calcu-
lations always remains very low almost in the entire flow
domain (see, e.g., Fig. 6). Low (near zero) values of the granular
temperature make other parameters, which characterize the
granular phase, also close to zero almost in the entire flow
domain.

The above conclusion that all parameters that characterize
the granular phase remain rather low is however not applicable
for the areas of larger particle concentrations, which are near
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the injection nozzle. In the denser areas, the probability of
collisions between particles, g0,ss, becomes very high making
the values of the granular parameters larger. Furthermore, the
viscosity of the granular phase becomes particularly large in the
areas where as > as,min, when friction between particles domi-
nates the dissipation in the fluid flow.

Another important mechanism for the dissipative losses is
provided by turbulence. The dynamics of intensive turbulent
flows is modeled. The governing equations are averaged over
small time and spatial scales that characterize the turbulent
fluctuations. The effects of the turbulent fluctuations enter the
averaged equations through the empirical turbulent viscosity
and diffusivity coefficients. The coefficients of turbulent viscos-
ity turn out to be significantly stronger than the molecular
viscosity of the gas phase and the granular viscosity of the
solids phase, again with an exception of the area near the cata-
lyst inlet, where the granular friction viscosity coefficient is
particularly large. Likewise, the turbulent diffusivity over-
whelms the molecular diffusivity.

3 Geometry and Numerical Mesh

For numerical computations the 3D geometry is built accord-
ing to the dimensions of the S-200, KT-1/1 catalytic cracking
riser, which are summarized in Tab. 1.

In this work, the primary goal is to model the processes that
occur in a central part of a riser. The representation of second-
ary parts is simplified, which are used for the injection of feed-
stock and regenerated catalyst. Namely, the feedstock is fed into
the reactor through several nozzles that are symmetrically
distributed at the bottom of the lift reactor (see Fig. 1). As men-
tioned earlier, the feedstock is injected in the form of small
dispersed droplets, although, it is assumes that within the injec-
tion nozzles these droplets are fully evaporated. In this work,
the conversion of feedstock from liquid to gas state is not mod-
eled, which makes the detailed reproduction of a real geometry
of the injection nozzles unnecessary. Thus, the length of the
nozzles is reduced from 1.523 m to 0.3 m, and it is simply
assumed that the feedstock is fed in the form of gas. Addition-
ally, the feedstock is usually mixed with water vapor injected in
the form of droplets dispersed in water vapor. In the current

simulations, this representation is also simplified by assuming
that only pure feedstock is injected.

At the very bottom of the lift reactor there is an inclined pipe
that is used for the injection of particles of regenerated catalyst.
In the model, the length of this pipe is reduced twice, to 6.3 m.
It is assumed that the details of the movement of the catalyst
particles through the injection pipe are irrelevant for the per-
formance of the lift reactor. It is much more important to
understand the speeds and distribution of particles in the main
reactor which is studied. The catalyst particles are lifted up into
the reactor by the flow of water vapor which is fed through the
opening at the very bottom. The gases and catalyst particles
leave the reactor through the top end.

The governing equations are summarized in Sect. S1 of the
Supporting Information. The equations are supplemented with
the boundary conditions. In particular, the standard wall func-
tions are imposed for the velocities. For the gas species also the
condition of no-penetration (zero diffusive flux) at the walls is
set. The conditions at the inlets are discussed in the following
sections. The pressure-outlet condition is imposed at the reac-
tor’s outlet. The further details of the numerical solution are
reported in Sect. S2 of the Supporting Information.
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Figure 1. Geometry of an FCC riser.

Table 1. Dimensions of S-200, KT-1/1 riser.

Parameter Value

Riser length 40.3 m

Riser diameter 1.3 m (with rising up to 1.4 m)

Nozzle diameter 0.16 m

Nozzle length 0.3 m

Number of nozzles 4

Feedstock input angle 30�

Diameter of the catalyst inlet pipe 1.3 m

Research Article 711



4 Numerical Results

4.1 Validation

For verification of the model, first the numerical results are
compared against the data reported by Young et al. [10]. There
are a few important differences between our model and the
model in [10]. Firstly, the results reported in [10] are obtained
for the full physicochemical model that takes into account the
chemical transformations, adopting the eleven-lump kinetic
model and reporting that modeling of 30 s of a process requires
about three months of calculations. Secondly, the dimensions
of the reactors are different, in particular, the diameter of the
reactor is 2.5 m in [10]. Thirdly, in [10], significant attention is
given to the uniformity of the velocity profile of catalyst par-
ticles across a riser. The regenerated catalyst is fed into a riser
asymmetrically through the pipe that is attached at one side of
a riser, and hence some non-uniformity should be expected.

Nevertheless, in [10], the authors observed that above the
feedstock injection the velocity profiles are quite uniform,
slightly with higher velocities of catalyst particles near walls as
compared with the velocities in the middle of a riser. One of
the goals of [10] was to investigate whether
additional nozzles could make the profile
of catalyst velocity even more uniform. In
particular, in [10], the geometry includes
the nozzles for slops at the top of a riser to
maintain pressure and the group of the
nozzles to control temperature. These addi-
tional elements are not included in the cur-
rent work.

Nevertheless, there are some important
similarities between the physical models,
including the two-fluid modeling approach,
and between the geometries, which sub-
stantiate this choice for verification. To
make the results more similar, for the inlet-
outlet parameters, the same values are
adopted as reported in [10], which are also
summarized in Tab. 2.

The primary interest is the mixing of
gases and catalyst particles in a riser. In
Figs. 2 and 3 the fields of velocities and vol-
ume fractions for each phase are depicted.
In these figures, first, it is interesting to
analyze the motion and distribution of
catalyst particles. One sees that the velocity

of catalyst particles rises along the length of the reactor, reach-
ing values of up to 50 m s–1 near the feedstock nozzles; see
Fig. 2. Below the feedstock injection, catalyst particles are
brought into motion by the flow of water vapor. Above the
feedstock injection, particles are further accelerated by the fast
flow of the feedstock. The volume fractions of catalyst in the
bottom section of a riser are relatively high and could reach
volume fractions close to 55 %. At the upper parts of a riser,
above the feedstock injection, the volume fractions of catalyst
decrease to about 20 %. The distribution of catalyst particles is
non-uniform in the side injection pipe, but the distribution of
particles becomes quite uniform in the main section of a lift re-
actor.

By comparing the results with the profiles shown in [10], it
is found that the velocity profiles, both magnitudes and distri-
butions of velocities, look very similar. Likewise, the distribu-
tions of catalytic particles in a reactor agree with [10], demon-
strating a similar retention of particles under the feedstock
nozzles. Thus, it can be concluded that the hydrodynamic
model that we developed is able to capture the main hydro-
dynamic features of the gas-solid flow in a reactor, producing
reasonable flow fields.
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Table 2. Inlet boundary conditions for Yang et al. [10] and S-200, KT-1/1 industrial unit.

Parameter Value from Yang et al. [10] Value for S-200m KT-1/1

Feedstock mass flow rate for four nozzles [kg s–1] – 63.30

Feedstock injection velocity [m s–1] 55.6 –

Water-vapor mass flow rate [kg s–1] 0.82 0.83

Catalyst mass flow rate [kg s–1] 1740 533.47

Catalyst volume fraction 0.6 0.6

Figure 2. Volume fractions (A, C) and velocities (B, D, in m s–1) of the granular and gas-
eous phases.
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4.2 Hydrodynamic Modeling of S-200 KT-1/1
Catalytic Cracking Unit

Next, the operating and boundary conditions are changed by
adopting the parameters of the S-200, KT-1/1 industrial unit
that is installed in one of the Kazakhstan’s refineries. These
parameters are also summarized in Tab. 2.

The input parameters for the S-200, KT-1/1 industrial unit
differ from the parameters of [10]. The catalyst particles are
injected with lower mass rates. The major difference seems to
be the higher flow rates of the feedstock injection.
For the new input parameters, feedstock velocities
at the ends of the injection nozzles are higher,
reaching 95 m s–1. The velocity of the granular
phase at this location reaches values of 50–70 m s–1.
As a result, it is observed that in the upper part of a
riser, above the feedstock injection, the volume
fractions of the catalyst phase are particularly low,
reaching only 0.16. Below the feedstock injection
one can also observe that the water vapor velocity
is about the same level as in [10]. In addition, ow-
ing to the lower injection rates of the granular
phase and due to the faster flows in the main reac-
tor, the volume fractions of the catalyst particles
before the feedstock injection zone remain rather
low reaching only 0.44 (Fig. 4).

Fig. 5 depicts the fields of the granular tempera-
ture and turbulent kinetic energy. This figure is
presented to support our earlier statements that the
granular temperature remains low in the entire
flow domain. On the contrary, the turbulent kinetic
energy is particularly high, especially near the feed-
stock injection nozzles. The turbulent dissipation

and turbulent diffusion are the key effects to define the distri-
butions of the catalyst particles in the reactor.

Finally, in Figs. 6 and 7 the radial profiles of the velocity and
volume fractions of the granular phase are displayed. The four
different sections of the lift reactor, below the feedstock injec-
tion, just above the injection, and at some distances from the
injection are depicted. One can notice that the distribution of
particles below the feedstock injection is slightly non-symmet-
rical due to non-symmetrical injection of particles. Just above
the feedstock injection the four strong jets are seen that enter
the reactor. These jets make the fields of velocity and volume
fraction highly non-uniform. However, at the height of 5 m
from the feedstock injection, the distribution of particles
change again. The distribution becomes very homogeneous,
seemingly due to strong turbulent diffusion. The distribution of
particles remains homogeneous at all other heights.

5 Conclusion

The hydrodynamics of an FCC riser is studied by adopting the
two-fluid approach for a detailed 3D modeling of complex tur-
bulent flows of a gas-solid mixture. The aim was to identify the
most important effects that define the hydrodynamics of the
reactor, and to obtain an efficient numerical model for 3D
modeling of the physicochemical processes in the reactor. In
particular, it was found that in the main part of the lift reactor
the granular mixture is sufficiently diluted, so the KTFG model
can be applied for calculation of the physical properties of the
granular phase. Although, it was stated that the values of the
granular temperature, pressure, and other parameters of the
granular phase are very low, except for the zones near the injec-
tion of catalyst particles.

The inclusion of molecular and granular viscosities as well as
the molecular diffusivity turned out to be completely unneces-
sary, as these effects are highly overpowered by the turbulent
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a) b)

Figure 3. Velocity profiles of the granular (A) and gaseous (B)
phases near the feedstock injection nozzles. Velocities are in
m s–1.

Figure 4. Profiles of volume fractions (A, C) and velocities (B, D, in m s–1) of the
granular (A, B) and gas (C, D) phases in a riser of the S-200 KT-1/1 unit.
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viscosities and diffusivities. The major effect that explains the
lifting up of catalyst particles is the momentum exchange be-
tween the phases that is based on the drag forces calculated for
solid particles. The distribution of particles in the reactor is do-
minated by the geometry of the reactor and by the turbulent
diffusion.

The turbulent diffusion explains the nearly homogeneous
distributions of the catalyst particles in the main length of the
riser, which is highly desirable for an efficient operation of the
FCC reactor. The reaction times are determined by the speed of
the gas-solid mixture, which is controlled by the injection flow
rates of the feedstock and water vapor.

The model is applied for the analysis of the mixing dynamics
of gases and particles in a riser from the S-200 KT-1/1 unit,
predicting the distributions of velocities of catalyst and hydro-
carbons. The model and the numerical results will serve as a
guideline for the revision and optimization of the industrial
unit. In future, it is intended to improve the model by adding
the reactions of catalytic cracking to predict distribution of
cracking products and thus to predict the overall yields of this
technological process.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/ceat.202100596. This section in-
cludes additional references to primary literature relevant for
this research [16–18].
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Symbols used

Cd [–] drag coefficient
ds [m] diameter of solid particles
Dg [kg m–2s–1] gas molecular diffusivity
ess [–] coefficient of restitution of particle

collisions
g [m s–2] gravity acceleration
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Figure 5. Granular temperature (A) and kinetic energy of turbu-
lent fluctuations (B). Both quantities are in J kg–1.

Figure 6. Radial profile of the granular phase velo-
city (in m s–1) at 5 m (A), 6.5 m (B), 10 m (C), and
15 m (D) from the reactor’s bottom.
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g0,ss [–] probability of collisions between
particles

I [–] unit tensor
I2D [s–2] second invariant of the deviatoric

stress tensor
k [J kg–1] turbulent kinetic energy
ks [kg m–1s–1] diffusion coefficient
p [Pa] pressure
Re [–] Reynolds number
Sct [–] turbulent Schmidt number
t [s] time
v [m s–1] velocity
Y [–] mass fraction

Greek letters

a [–] volume fraction
as,max [–] maximum packing density
as,min [–] upper limit for the KTFG approach
b [kg m–3s–1] fluid-solid exchange coefficient
gs [J m–3s–1] collisional rate of energy dissipation

per unit volume
e [J kg–1s–1] dissipation rate of turbulent

fluctuations
qs [J kg–1] granular temperature
l [kg m–1s–1] bulk viscosity
m [kg m–1s–1] shear viscosity
r [kg m–3] density
t [kg m–1s–2] viscous stress tensor
j [–] angle of internal friction
jgs [J m–3s–1] rate of transfer of kinetic energy

between particulate and gaseous
phases

Sub- and superscripts

1,2 petroleum feedstock (1) and water vapor (2)
g gas

m mixture
s solid
t turbulent
T transpose

Abbreviations

FCC fluid catalytic cracking
KTGF kinetic theory of granular flow
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