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AbstractFluid catalytic cracking (FCC) is an important chemical process that is widely used to produce valuable
petrochemical products by cracking heavier components. However, many difficulties exist in modeling the FCC pro-
cess due to its complexity. In this study, a dynamic process model of a FCC process is suggested and its structural
observability is analyzed. In the process modeling, yield function for the kinetic model of the riser reactor was applied
to explain the product distribution. Hydrodynamics, mass balance and energy balance equations of the riser reactor
and the regenerator were used to complete the modeling. The process model was tested in steady-state simulation and
dynamic simulation, which gives dynamic responses to the change of process variables. The result was compared with
the measured data from operating plaint. In the structural analysis, the system was analyzed using the process model
and the process design to identify the structural observability of the system. The reactor and regenerator unit in the
system were divided into six nodes based on their functions and modeling relationship equations were built based on
nodes and edges of the directed graph of the system. Output-set assignment algorithm was demonstrated on the occur-
rence matrix to find observable nodes and variables. Optimal locations for minimal addition of measurements could be
found by completing the whole output-set assignment algorithm of the system. The result of this study can help pre-
dict the state more accurately and improve observability of a complex chemical process with minimal cost.
Keywords: Fluid Catalytic Cracking, Yield Function, Process Modeling, Structural Observability, Occurrence Matrix

INTRODUCTION

Fluid catalytic cracking (FCC) is one of the most important refin-
ery processes. It is used for cracking high molecular weight hydro-
carbon feedstocks to smaller molecules which boil at relatively lower
temperatures. The common industrial FCC process consists of a
cracking reactor followed by a catalyst regenerator and fraction-
ation units that separate the reactor effluent into the final prod-
ucts. Although the FCC process has been long studied, modeling
the FCC process is very difficult because the number of chemical
species in the reaction system is very large and each species can
affect various cracking reactions [1]. There is also a large amount
of uncertainty in the kinetics of the reactions. Thus, modeling every
cracking reaction in the system is impractical. Instead, to model
such complex mixtures, a structure-oriented lumping (SOL) ap-
proach which considers the molecular structure has been suggested
[2]. However, industrial application of SOL is difficult since the
analysis of petroleum fractions is very limited in practice.

In the discrete lumping approach [3], the mixture is assumed to
be composed of pure pseudo-components that are characterized
by physical properties such as normal boiling point (NBP). Most
of the existing studies for discrete lumping use a small number of
pseudo-components to reduce the number of unknown parameters.
In early studies [4,5] the reaction was represented by using three

lump groups, feed, gasoline and light gases. Coke and light gases
were also considered as separate lump groups [6-8]. Later studies
also included diesel as another lump [9-11]. Up to ten lump mod-
els are reported in the literature [12-14]. It was also assumed that
each pseudo-component gives two other pseudo-components in
one single reaction step [3]. They estimated the kinetic parameters
using a probability based empirical approach that considers every
unit reaction.

Meanwhile, knowing the internal state of a complicated system
is important for process modeling, control and optimization. How-
ever, measuring all the state variables of an operating FCC process
is usually impossible or impractical. Instead, estimation of the state
variables based on a finite set of measurements is widely performed
in the industry. For that purpose, system observability which char-
acterizes whether a given set of measurements is sufficient to esti-
mate any state of the system is analyzed. Structural observability is a
fundamental property that provides a necessary condition for system
observability, and often it may also be sufficient for many complex
chemical process [15,16]. Structural observability analysis can be
done using graph-theoretic techniques and modeling relationship.
Unknown parameters and states can be estimated by augmenting
the state variables to include the unknown parameters, and it is nec-
essary to check the observability of the augmented system. Struc-
tural observability analysis via graph theory offers a visual means
to pinpoint measurements needed to estimate states or to detect
which cannot be estimated with given system and measurements
[17]. In addition to analyzing the observability for a given set of meas-
urements, it would be also useful to determine a minimal set of
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measurements which make the process systematically observable,
especially for large-scale complex systems.

In this study, a dynamic model of a FCC plant including a reac-
tor and a regenerator is first presented. To describe kinetics of crack-
ing reactions, a yield function was constructed to calculate the
product distribution from a specific pseudo-component. Steady-
state process simulation and dynamic simulation that find responses
to change of several process variables were performed. Since indus-
trial FCC processes lack the measurements for optimization, struc-
tural analysis of the FCC process was performed to find observability
of the process. A directed graph was drawn to construct model-
ing relationships of the system and an occurrence matrix. Output-
set assignment algorithm was then performed on the occurrence
matrix by solving the matrix sequentially. Optimal locations for
additional measurements were suggested by completing the whole
output-set assignment algorithm of the system under the assump-
tion of additional measurement. The result of this study can help
predict the state more accurately and improve observability of a
complex chemical process such as the FCC process.

MODELING OF THE FCC PROCESS

The scope of FCC plant modeled in this study includes the riser
reactor and the catalyst regenerator. These units are modeled indi-
vidually and connected for investigating the dynamic response.
1. Modeling of the Riser Reactor
1-1. Material Balances

The residue feed is mixed with hot catalyst and steam at the
bottom of the reactor. The mixed feed is spread in the feed inlet
zone and vaporized by heat from hot catalyst and steam. This zone
is considered as an imaginary vessel with a very small volume. There-
fore, this volume can be modeled as a separate unit in which the
feed is mixed uniformly but the cracking reactions do not occur.
Under these assumptions, a steady-state energy balance for the inlet
zone is:

(1)

This equation is the energy balance between catalyst particle, liq-
uid feed and steam. Hydrocarbon feeds are vaporized by the heat
supplied by catalyst and steam. The gas velocity of the mixture is cal-
culated from the ideal gas law:

(2)

The gas velocity calculated from Eq. (2) is considered to be kept
constant in the riser reactor.

In the reaction zone after the feed inlet zone vaporized hydro-
carbon feeds and catalyst particles flow along the reactor, and the
cracking reactions occur. The reactor is modeled as a single-phase
plug-flow reactor and only axial position of the flow is considered.

At the reactor exit, deactivated catalyst is separated from the reac-
tor effluent and sent to the regenerator.

The pressure drop in the riser reactor is calculated by [18,19]

(3)

(4)

where  is the void fraction of the catalyst volume in the gas rising
along the reactor. The pressure drop across the riser reactor is mainly
affected by gas velocity changes through temperature decrease during
the reaction [20].

The catalyst velocity is calculated from

(5)

CD is the drag coefficient of catalyst particle, and dcat is the diameter
of the catalyst particles. The catalyst velocity is also affected by the
gravitational forces. Mixture of gas and catalyst is considered to move
simultaneously, and the velocity of gas and catalyst is assumed to
be the same to reduce the computing time as the size of the cata-
lyst particles are small.

Rate constants of the cracking reactions in this study are defined
as a function of a normal boiling point.

(6)

(7)

(8)

Since the reactants with higher boiling points have higher cracking
rate constants [21,22], the rate constant is expressed as a power law.

To explain the product distribution from cracking reactions, the
yield function p(i, j) is built to calculate the products distribution
from cracking of a specific pseudo-component; p(i, j) denotes the
yield of each elementary reaction where a component i is converted
to j. Each component can be converted to any of the lighter com-
ponents. The product distribution of a cracking reaction can be rep-
resented by the normal boiling point of each lump group [14]. The
product distribution of a similar petroleum feed group [18,21,23]
was also used to build the yield function. Pj

T is the normalization
factor of yield functions. In this study, residue feed was cracked into
off-gas, liquefied petroleum gas (LPG), whole crack naphtha (WCN),
light cycle oil (LCO) and cycle oil (CLO). NBP distribution data
was collected from [23].

(9)

(10)

The steady-state mass balance equation including the reaction of
each pseudo-components is:

(11)
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The first term in the right hand side means the cracking reaction of
the ith component to form smaller components. The second term is
the formation of the ith component from cracking of heavier com-
ponents.

There is some proportion of hydrocarbons which are deposited
on the surface of solid catalyst due to coking. Since this phenome-
non hinders cracking reactions by deactivating the catalyst, the
amount of generated coke should be predicted. For this reason, cok-
ing parameter () was introduced in the mass balance equation.
1-2. Energy Balances

The steady-state energy balance for axial position z is given by

(12)

The heat supplied by the catalyst is used for the endothermic crack-
ing reactions.

The heat of cracking of the ith component is calculated from [3],

(13)

where Hc, coke is the heat of combustion of coke and Hc, i is the heat
of combustion of the ith component.
2. Modeling of the Regenerator

In the regenerator, the coke deposited on catalyst surface is re-
moved by burning in air to increase the catalyst activity. The air is
fed to the bottom of the regenerator and reacts with the coke and
other pollutants on the catalyst. Since combustion reactions are
highly exothermic, the temperature of regenerated catalyst is very
high. After the regeneration, the catalyst is transferred to the riser
reactor and mixed with the feed. It provides energy for vaporiza-
tion of the feed and the endothermic reactions in the riser reactor.

The regenerator is assumed to consist of two physical phases:
solid dense bed and vapor dilute phase. At the boundary between
two phases, the catalyst particle freely shifts from each phase [24].
These phases are modeled separately.
2-1. The Dense Bed Phase

The dense bed is the lower part of the regenerator unit with higher
concentration of catalyst particles. Coke and other pollutants on the
catalyst react with oxygen in the air. To make our model simpler, the
dense bed was assumed to be a single-phase and well-mixed reactor.

We assumed that the catalyst holdup is kept constant by con-
trolling the flow of the regenerated catalyst circulation flow. The reac-
tion mechanism is not fully defined due to the influence of catalyst,
uncertainty of reaction parameters and complex hydrodynamics.
Regeneration reactions and rate expressions were adapted from
[13,26]. In this model, carbon molecule is burned to generate CO2

via direct conversion or intermediate reaction which generates CO
and CO2. The reaction rates are given by

(14)

(15)

(16)

(17)

Unlike the riser reactor, the dynamics of the dense bed phase are
significant due to the large catalyst holdup of catalysts and its effect
on the energy balances. The approximate residence time of the cat-
alyst in the dense bed is about 5-10 min, which is much longer
than 5-10 seconds in the riser reactor. The mass balance for the coke
is expressed by the coke weight fraction on catalyst, which is given
by

(18)

where (rC, CO+rC, CO2) is the combustion rate of coke.
The gaseous species resides in the dense bed about five seconds.

Therefore, it is assumed that pseudo-steady state for the gaseous
phase in the regenerator. The mass balance for CO in the dense
phase from the four reactions is

(19)

(20)

In the same manner, the material balance of CO2 is given by

(21)

(22)

H2 generated during the reaction is converted to H2O instantly and
leaves the dense bed phase. Flow rates of the H2O and O2 are given
by

(23)

(24)

(25)

The energy balance for the dense bed including all the reactions is
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(26)

2-2. The Dilute Phase
The dilute phase is assumed to be pseudo steady-state since the

velocity of the gaseous phase is very high. The amount of catalyst
particles in the dilute phase is also very small, and thus the dilute
phase can be considered as a single-phase well-mixed reactor where
CO is burned homogeneously.

 The material balances for CO, CO2 and O2 at an axial position
z are given by

(27)

(28)

(29)

3. Steady-state Simulation
The constructed FCC model was tested for various steady-state

operating conditions. The main results of the riser reactor are the
flow rates of products and other process variables: pressure and tem-
perature of the reactor effluent at the riser exit. From the regenera-

tor model, the temperature of catalyst in dilute gas phase and dense
solid phase can be estimated. The result was compared to meas-
ured data from an operating FCC plant. The parameters used for
simulation are given in Table 1. There were small discrepancies be-
tween the simulation results and measured data, it was observed
that the simulation data points have similar trends. Because of the
proprietary issue, the measured data are not shown here. How-
ever, the R2 values for the flow rates of the product and tempera-
ture of riser exit, dense phase and dilute phase of the regenerator
ranged from 0.88 to 0.98.
4. Dynamic Simulation

Dynamic analysis of the model was performed to understand the
interactions between the riser reactor and the catalyst regenerator
during operation. The FCC model was tested under the step changes
of the amount of air flow and catalyst circulation rate. Fig. 1 shows
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Fig. 1. Dynamic response of the FCC process to a 10% increase of the air flow rate.

Table 1. Parameters of the reactor and regenerator model
Parameter Value

 0.069
 3.32
p 0.76
p 1.64
ac 0.038
bc 0.054
 0.024
a1 0.5
a2 0.65
a3 0.5
a4 0.65
a5 0.95
a6 0.9
a7 0.9
a8 0.95
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the dynamic response of the model to an 10% increase of the air
flow rate.

The amount of air flow determines the combustion reaction in
the regenerator. When greater amount of air is supplied, more com-
bustion reactions occur and more heat is generated. Consequently,
the temperature of dense and dilute phases in the regenerator in-
creases. A relatively hot catalyst is transferred to the riser and in-
creases the temperature of riser reactor. The high temperature causes
more cracking reactions to occur in the riser reactor. The amount
of heavier products (CLO and LCO) decreased, while the amount
of the lighter product (off-gas and LPG) increased.

Next, the effect of increased catalyst circulation rate by 10% was
studied. When the catalyst circulation rate is increased, more energy
is transferred to the riser reactor and the riser temperature is sud-
denly increased. As the cracking reactions are endothermic, the crack-
ing reactions occur more often in this condition. However, as the
riser and the regenerator temperature begin to decrease, the flow
rate of heavier components becomes favored. The amounts of the
light products increase slightly because of the increased catalyst flow-
rate in the riser reactor. The dynamic response of the process is shown
in Fig. 2.

STRUCTURAL OBSERVABILITY ANALYSIS
OF FCC PLANT SYSTEM

1. Graphical Modeling of the FCC Process
The riser reactor and the catalyst regenerator in the FCC process

can be divided further into three nodes based on their functions
[25]. The riser reactor consists of the feed inlet zone, reaction zone
and stripping zone. The stripping zone was not modeled separately
in this study because the catalyst is separated from the product rap-
idly and completely. However, the process state of the location should
be defined for observability analysis. Meanwhile, the catalyst regen-
erator is divided into the dilute gas phase where the spent catalysts
are fed and CO is burned, the surface between dilute phase and

dense phase bed where mass and energy are transferred, and the
dense solid phase where the coke on catalyst surface is burnt and
the catalyst returns to the riser reactor. A directed graph consisting
of these nodes is generated and shown in Fig. 3.
2. Structural Analysis

Structural analysis of the model is a way to find controllability
and observability of a complex system by using a graph theory and
output-set assignment method [26]. For a system associated with
input-output relationships, a complex system can be analyzed to find
whether the system is controllable and observable without exact
state-space model [26,27].

To perform the structural analysis, all nodes, connections between
the nodes, inputs and outputs of the system and measurable system
variables should be identified. From input-output relationships and
directed graph, a set of the modeling relationships are defined.

For the variables in the riser reactor, we have

f1(x1, x2, x8)=0 (30)

f2(x2, x3)=0 (31)

f3(x3, x4, x5)=0 (32)

The above equations explain relationships between process vari-
ables around each node in the riser reactor.

For the variables in the catalyst regenerator, we have

f4(x5, x6, x9, x11)=0 (33)

f5(x6, x7, x11)=0 (34)

f6(x7, x8, x9)=0 (35)

Eqs. (33)-(35) describe the system variables and their relationships
in the catalyst regenerator.

For the whole system, we have

f7(x1, x4, x9, x10)=0 (36)

f8(x1)=0 (37)

Fig. 2. Dynamic response of the FCC process to a 10% increase of catalyst circulation rate.
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f9(x4)=0 (38)

Eqs. (36)-(38) depict the relationships among the process feed, reac-
tor effluent and catalyst gas outlet. The variables x1 to x11 in Eqs.
(30)-(38) represent the state of the edges located around each node
in Fig. 3. The process variables used for the relationships are pres-
sure, temperature and flow rates within each process that could be
measured from operating FCC plant. In Eqs. (36) and (37), the com-
positions of feed and reactor effluent are included. For the function
fi of each node, material and energy balances proposed in Section
2 were used.

With this set of modeling relationships, no algebraic solution of
the entire set was found. However, it is unnecessary to solve the
system simultaneously for identification of structural observability.

Instead, output-set assignment can be found by constructing an
occurrence matrix from the modeling relationships and solving
the subsets in the matrix sequentially [28]. This is much more effec-
tive for the structural analysis when we have a complex system whose
algebraic solution is definitely unavailable or very difficult.

In the occurrence matrix, each function is placed at row and each
state variable is placed in the column. Assignments are marked as
X in the corresponding position in the matrix of Fig. 4.

Output-set assignment algorithm begins at a position in the oc-
currence matrix where the equation can be solved spontaneously.
It must be a complete submodel with any node or edges where all
the measurements are available. In this study, only the first node
and edge have the complete data for its submodel, making them
as the starting point of the algorithm. Then, every function in which

Fig. 4. Occurrence matrix of the relationship set.

Fig. 3. A directed graph of the FCC process.
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variables of the solved system are included is analyzed to find another
function which becomes solvable with the result from the previ-
ous step. The algorithm is repeated until every function is assigned
to system variables. However, we found that not every function was
solvable with given modeling relationships.

Functions and system variables which found assignment are gath-
ered in the form of a diagonal matrix. Gathered output-set is the
complete output set which can be controlled and observed. The
rest of the functions and system variables are called incomplete out-
put-set and are not controllable or observable. Fig. 5 shows the com-
plete output-sets and incomplete sets.

This result gives answer to the question whether each node of
graph model is observable. If any node, location or process state
variable of the system is in the complete output set, then systemat-
ically observable. However, if it is in the incomplete output set, then
the state is unobservable. In our system, five system variables and
three nodes are identified to be observable and controllable. Three

nodes in the reactor including feed inlet zone, riser reactor and
separation zone are completely observable. In addition, the edges
in the reactor are completely observable. However, in the regener-
ator, most of the edges were not controllable. This is because of the
lack of measurements in the regenerator.
3. Completing the Assignment for Finding Optimal Place for
Additional Measurements

The previous section found that the FCC system is not perfectly
observable due to the lack of measurements. To complete the assign-
ment, it was assumed that additional system variable which was
unassigned became available by additional measurements. In our
occurrence model two variables among x6 to x11 are considered as
the known variables for each case study. By this assumption, the as-
signment algorithm can be continued at any unmeasured variable.

By completing the assignment as explained in Fig. 6, the opti-
mal location of additional measurement is suggested. We found
that gas effluent and regenerated catalyst which is recycled to the

Fig. 5. Occurrence matrix with complete output-set analysis.

Fig. 6. Completing the occurrence matrix with complete output-set analysis.
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feed inlet zone in the reactor is the most optimal location for addi-
tional measurements, meaning that adding a minimal number of
sensors can achieve full observation of the system. Assigning the
entire system with a single additional measured variable was infea-
sible in this modeling relationship.

CONCLUSION

Using the discrete lumped group method, the FCC process was
investigated to develop a process model for a fluid catalytic cracker
unit. This model predicts the product yield and other process states
under steady-state and dynamic conditions. A yield function for the
kinetic model of the riser was constructed and applied to the model.
Using this model, steady-state simulation results and dynamic re-
sponses to change of process variables were presented. In addition,
structural analysis of the fluid catalytic cracking process was per-
formed to investigate observability of the FCC system. A directed
graph was drawn to construct modeling relationships of the sys-
tem. The reactor and regenerator unit in this system were divided
into six nodes based on their functions. The modeling relationships
were built based on the nodes and edges of the directed graph. Out-
put-set assignment algorithm was demonstrated on the occurrence
matrix which is made of modeling relationships. The suggested
approach can help in performing model-based optimization and
control of the FCC process and other complex processes in a sys-
tematic manner.
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NOMENCLATURE

 : void fraction
cat : bulk catalyst density [kg/m3]
g : gas density [kg/m3]
 : temperature cut point [K]
 : catalyst activity coefficient
 : coking tendency
Ai : pre-exponential factor of ith pseudo-component [kJ/mol]
Ariser : cross-sectional area of the riser [m2]
Aregen : cross-sectional area of the regenerator [m2]
BPi : boiling point of the ith pseudo-component [K]

: coke mass flow rate [kg/h]
: coke flow rate at the riser inlet zone [kg/h]

CD : drag coefficient
EA, i : activation energy of the ith pseudo-component [kJ/mol]
Hc, coke : heat of combustion of coke [kJ/kg]
Hc, i : heat of combustion of ith pseudo-component [kJ/kg]
Hi : heat of cracking of ith pseudo-component [kJ/kg]
HC, CO : heat of combustion in reaction I [kJ/mol]

HC, CO2 : heat of combustion in reaction II [kJ/mol]
HCO,CO2 : heat of combustion in reaction III and IV [kJ/mol]
HH2, H2O : heat of combustion in reaction V [kJ/mol]
Hvap, i : heat of vaporization of ith pseudo-component [kJ/kg]

: molar flow rate of CO [mol/h]
: molar flow rate of CO2 [mol/h]
: molar flow rate of O2 [mol/h]
: molar flow rate of N2 [mol/h]

: molar flow rate of the feed [mol/h]
: molar flow rate of H2O [mol/h]

: molar flow rate of CO leaving the dense bed [mol/
h]

: molar flow rate of CO2 leaving the dense bed [mol/
h]

: molar flow rate of N2 from air to the dense bed
[mol/h]

: molar flow rate of H2O leaving the dense bed
[mol/h]

: molar flow rate of O2 leaving the dense bed [mol/
h]
: molar flow rate of O2 from the air to the dense bed [mol/
h]

Mcat : total catalyst holdup in the dense bed [kg]
: mass flow rate of ith pseudo-component [kg/h]
: mass flow rate of pseudo-components [kg/h]
: mass flow rate of catalyst [kg/h]

: mass flow rate of steam [kg/h]
MW : average molecular weight [kg/mol]
MWi : molecular weight of ith pseudo-component [kg/mol]
MWcoke : molecular weight of coke [kg/kmol]
MWH2 : molecular weight of hydrogen [kg/kmol]
N : number of pseudo-components
NBP : normal boiling point [K]
P : pressure [atm]
PCO : partial pressure of CO [atm]
PO2 : partial pressure of O2 [atm]
QR, Densebed : heat released per volume due to combustion reactions in

the dense bed [kJ/m3]
QR, Dilutebed : heat released per volume due to combustion reactions in

the dilute phase [kJ/m3]
R : ideal gas constant
TB, i : boiling point temperature of ith pseudo-component [K]
T : temperature [K]
vTDilute : temperature of dilute phase [K]
Tmixzone : temperature of feed inlet zone [K]
THVGO : temperature of liquid feed [K]
Tregen : temperature of the dense phase regenerator [K]
Tsteam : steam temperature [K]
VDensebed : volume of the dense bed [m3]

: coke weight fraction on catalyst from the riser reactor to
regenerator

: coke weight fraction on catalyst from the regenerator to
riser reactor

Ycoke : coke weight fraction on catalyst
: H2 weight fraction in coke

Cp, O2 : heat capacity of oxygen [kJ/(mol K)]

C·

C0
·

M· CO

M· CO2

M· O2

M· N2

M· HVGO

M· H2O

M· CO, DensetoDilute

M· CO2, DensetoDilute

M· N2, AirtoDense

M· H2O, DensetoDilute

M· O2, DensetoDilute

M· O2, in

M· i

M·
M· cat

M· steam

Ycokr
Riser

Ycoke
Regen

YH2

Coke
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Cp, N2 : heat capacity of nitrogen [kJ/(mol K)]
Cp, CO : heat capacity of CO [kJ/(mol K)]
Cp, CO2 : heat capacity of CO2 [kJ/(mol K)]
Cp, H2O : heat capacity of H2O [kJ/(mol K)]
Cp, cat : heat capacity of catalyst [kJ/(mol K)]
Cp, avg : average heat capacity [kJ/(mol K)]
Cp, gas, i : heat capacity of the ith pseudo-component in gas phase [kJ/

(mol K)]
Cp, liquid, i : heat capacity of the ith pseudo-component in liquid phase

[kJ/(mol K)]
Cp, steam : steam heat capacity [kJ/(mol K)]
dcat : catalyst particle diameter [m]
g : gravitational acceleration [m/s2]
ki : cracking rate constant of the ith pseudo-component [mol/(m3

h)]
kC, CO : reaction rate constant in reaction I [1/(atm h)]
kC, CO2 : reaction rate constant in reaction II [1/(atm h)]
kCO, CO2, c : reaction rate constant in reaction III [mol/(kgcat h atm2)]
kCO, CO2, h : reaction rate constant in reaction IV [mol/(h atm2)]
p(i, j) : yield function of a reaction where the component i is con-

verted to j
rC, CO : rate of reaction I [mol/(m3 h)]
rC, CO2 : rate of reaction II [mol/(m3 h)]
rC, CO2, c : rate of reaction III [mol/(m3 h)]
rC, CO2, h : rate of reaction IV [mol/(m3 h)]
vcat : velocity of the catalyst in riser reactor [m/h]
vg : gas velocity in riser reactor [m/h]
wi : weight fraction of the ith pseudo-component
z : axial position [m]
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