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Current designs of catalytic systems have their drawbacks, primarily connected with insufficiently 
intensive usage of expensive catalytic filler. To increase the intensity of the hydrocarbon conversion 
process in the catalytic systems it is necessary to use a circulating bed of filler. During the study the 
simplified option of circulating bed is investigated. Within simplified option catalytic filler and burn-
ing gas move only co-directional during reaction. To make the description of non-stationary heat 
exchange processes during the catalytic system there was suggested changed elementary bal-
ances method. Within the mathematical modeling next elements were developed: description of the 
variation of the gas composition in the length of the catalytic system; element of the movement of 
catalyst and the pressure loss of the gas flow; element describing the change of the catalytic system 
internal temperature. In the process of a computer experiment on a worked-out mathematical model, 
the graph of dependence and two-factor nonlinear regression model were obtained. The graph and 
model reflect the effect of the catalytic system length and the mass flow rate of burning gas on av-
erage hydrocarbon content at the outlet of the catalytic system. Dependences obtained during the 
mathematical modeling were validated in experimental studies. To reach a high conversion of hy-
drocarbons it is necessary to provide prolonged contact of the burning gas and the catalytic filler by 
increasing the length of the investigated catalytic system, by using gas with low hydrocarbon content 
or by creating a combination of narrow channels, each of which provides the desired flow rate.

Keywords: Circulating fluidized bed, chemical reactors, hydrocarbons, non-stationary mode, math-
ematical modeling, experimental validation.

INTRODUCTION

At present, various designs of catalytic combus-

tion devices have been developed. The major-

ity of designs include a stationary bed of cata-

lytic filler, through which burnt mixture is passed. 

However, due to the exothermic reaction of hy-

drocarbon combustion in the part of a stationary 

bed of a catalyst “hot spots” with temperatures 

above 1500°C arise. That can cause gradual de-

struction of the catalytic filler and the failure of all 

catalytic system [8]. In this regard, the usage of 

catalytic systems is a complex technical issue, in 

the frame of which it is important to use a special 

design of catalytic system. 

To prevent the erosion of the filler in several 

catalytic burners the high temperature catalytic 

agents are used, particularly in the work [20] it is 

proposed to use sintered metal particles coated 

with high-porous ceramic layers. The use of high-

temperature catalytic devices is justified in the 

case when higher temperature level is needed 

(up to 500…600oC), although in this case there 

is a significant increase of nitrogen oxides (NOx) 

quantity in exhaust gases.
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To reduce the temperature of catalytic filler and 

avoid its overheating controlled and distributed 

input of fuel and oxidizer (oxygen) is used. In 

particular, the work [15] proposes a catalytic 

combustion device with the introduction of oxy-

gen in two stages. However, the usage of such 

catalytic devices requires complex systems with 

distributed input of oxidant and fuel, as well as 

a complex system of regulating the amount of 

introduced fuel and oxidizer in every part of the 

catalytic system. 

To reduce the temperature of catalytic filler up to 

necessary values additional external cooling is 

used. In particular, the work [8] describes cata-

lytic burners with the usage of the external wa-

ter cooling. However, the usage of such catalytic 

devices creates a difference between the inside 

temperature of the filler from the center to its 

edges, that is connected with the necessity of 

intensive cooling device combustion. As a result, 

there is cooling of peripheral layers of filler until 

the stop of combustion process.

To cool the filler the work [18] proposes to use 

extra internal cooling with the help of tubular ce-

ramic catalytic burning device with inside alumi-

num heat exchanger attended by heat. Howev-

er, the usage of such catalytic devices requires 

complex heat exchangers and the need to adjoin 

them according to their heat. 

The articles [3, 4] provides a description of vari-

ous embodiments of catalytic reactors with a 

fixed bed of a catalytic filler.

A certain group is devices that do not work in the 

stationary mode. In connection with the formation 

of combustion front (cooling) in a stationary bed 

of a catalyst at low concentrations of fuel mixture 

«reverse-process» was proposed. That allows to 

transform the direction of the front into back one 

when changing the direction of fuel-oxidizer mix-

ture inputting, as a result, non-stationary burning 

mode is created in the device [9; 11, 12, 14]. How-

ever, such catalytic systems require a complex re-

verse flow system, which should be able to func-

tion at high temperatures up to 600 oC.

Intermediate place between catalytic devices 

operating in the stationary regime, and devices 

operating in the non-stationary regime, is taken 

by the devices with fluidized bed of catalytic filler. 

The paper [19] presents the comparative study 

between fluidized bed and fixed bed reactors 

and describes some of the advantages of rec-

tors with fluidized bed. The work [6] describes 

catalytic heat generator with fluidized bed and 

built-in heat-exchange devices. The studies [1, 

2, 5] devoted to the use of catalytic systems with 

fluidized bed in various chemical processes. 

Use fluidized bed allows to organize mixing of 

catalytic filler, but the intensity of this mixing is 

low. When catalyst bed increases, only the top 

of the bed is boiling. Also in fluidized bed there is 

a possibility of channel formation through which 

considerable amounts of combustible mixture 

can pass, almost without interacting with filler. 

Thus, the current designs of catalytic systems 

have their drawbacks primarily connected with 

insufficiently intensive usage of expensive cata-

lytic filler. To increase the intensity of the hydro-

carbon conversion process in the catalytic sys-

tems [10, 16] proposed to use a circulating bed 

of filler. As a result, the filler is circulated within 

the catalytic system that completely eliminates 

the situation of inefficient use of catalytic filler. 

Therefore, currently catalytic systems with the 

circulating bed of filler are the most perspective,

MATERIALS AND METHODS

Due to the fact that at present the most perspec-

tive catalytic system is considered the one with 

non-stationary bed of filler, mathematical mod-

eling of functioning of the catalytic system with 

movable filler was carried out. To investigate 

functioning features of the catalytic system with 

the moving filler the scheme (Figure 1) of filler 

movement within the catalytic system is pro-

posed. Burning gas is introduced from the bot-

tom of the catalytic system directly into the riser 

pipe. At movement on the riser pipe burning gas 

carries with it the catalytic filler. In the process 

of the joint motion hydrocarbons are burned. At 

the end of the riser pipe the exhaust gases are 

removed from the catalytic system and the filler 

under gravity are returned to the beginning of 

the riser. Thus, the simplified option of circulat-

ing bed is investigated. Within simplified option 

catalytic filler and burning gas move only co-di-

rectional during reaction.

Within the modeling the important task was an 

adequate description of non-stationary process-

es in the framework of the studied system. To 

solve the non-stationary problems existing nu-

merical methods can be used, especially finite 

difference method, elementary heat balance 

method, finite element method [7, 13]. However, 

the usage of the methods to describe the pro-

cesses of functioning of the catalytic system is 
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complicated by the following peculiarities of the 

observable process: complex geometrical ob-

jects which participate in the heat exchange (el-

ementary heat balance method, finite element 

method) and complex description of initial condi-

tions (finite element method) connected with a 

significant quantity of moving catalytic filler.

To make the description of non-stationary heat 

exchange processes during the catalytic system 

operation there was suggested changed elemen-

tary balances method. That method means that 

the catalytic system is divided into elementary 

geometrical shapes, in the range of each shape 

the temperature is equal. Current heat values 

(average for elementary time period) are taken 

as proportional to initial temperature gradient for 

the certain time period, and increase of heat vol-

ume content is taken as proportional to increase 

of its temperature. That allows to restrict heat 

impact of catalytic filler with elementary volume 

where they are located in the initial moment of 

elementary time period.

 Figure 1: The scheme of co-directional movement of the filler and burning gas within the catalytic system

To illustrate the processes of functioning of the 

catalytic system the mathematical model was 

developed with the help of Microsoft Excel and 

Visual Basic. The detailed description of the de-

veloped mathematical model presented in the 

paper [17].

Within the mathematical modeling different ele-

ments of model were developed. The first model 

element describes the variation of the gas com-

position in the length of the catalytic system 

based on the dependency of the interaction of 

the catalyst and reaction mixture. The second 

element of model is devoted to the movement 

of catalyst and the pressure loss of the gas flow 

on the basis of the equations for the forces act-

ing on the catalyst during the movement. The 

last model element describes the change of the 

catalytic system internal temperature based on 

heat balances for the elementary parts of the 

system.
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№ Factor
Range of 

variation

1
length of the catalytic 

system (m) (Х1)

0,5-5

2
burning gas mass flow 

(kg / s) (Х2)
0,00018-0,18

Figure 2: The experimental equipment for the study 
of the functioning of the catalytic combustion system

Table 1: The range of variation of input factors of 
computer experiment in the studied area

Table 2: The plan of experimental studies of functioning 
of the hydrocarbon catalytic combustion system with 

co-directional movement of the filler and the burning gas

In accordance with the selected range of variation 

of the input factors (Table 1) mathematical model-

ing of functioning of hydrocarbon catalytic com-

bustion system with co-directional movement of 

the filler and the burning gas was carried out.

To confirm the reliability of the data obtained by 

mathematical modeling the experimental studies 

of functioning features were carried out on the 

developed equipment presented in Figure 2.

The experimental studies of the functioning of 

the hydrocarbon catalytic combustion system 

with co-directional movement of the filler and the 

burning gas were conducted in accordance with 

the plan presented in Table 2.

RESULTS

In the process of computer experiment on the 

developed mathematical model a graph of de-

pendence was obtained, which is shown in Fig-

ure 3, reflecting the effect of the length of the 

catalytic system and mass flow rate of burning 

gas on average hydrocarbon content at the out-

let of the catalytic system. 

Statistical analysis of the results of computer 

simulation showed that the dependence of the 

average hydrocarbon concentration at the out-

let of the catalytic system on the input factors 

“length of the catalytic system” and “the mass 

flow rate of burning gas” can be described by 

two-factor nonlinear regression model:

 av.HC=-0.0195-0.3412*G-0.039*L+(0.01155+

+0.0185*L)*Log(0.99+224.467*G),              (1)

where av.HC –  average hydrocarbon content at 

the outlet of the catalytic system, %; L - length 

of the catalytic system, m; G - mass flow rate of 

burning gas, kg/s.

According to the results of the full-scale experi-

ment, the graphs of the dependence of the hydro-

carbon concentration at the outlet of the catalytic 

system (av.HC) (averaged during the functioning 

period of the equipment) on the mass flow rate 

of burning gas were obtained. The graphs are 

presented in Figure 4. According to the results 

of comparison with the mathematical modeling 

data, under respective conditions an error does 

not exceed 10%. That fact allows to make a con-

clusion that the data obtained by mathematical 

modeling are valid.

DISCUSSIONS

The objective of this study was to research the 

features of functioning of the catalytic system 

with co-directional movement of the filler and the 

burning gas. The obtained dependence (Figure 

3) allows to establish that with the increase of 

the length value of the catalytic system average 

hydrocarbon content at the outlet of the catalytic 

system decreases linearly, due to the fact that 

the catalytic system of greater length can utilize 

more hydrocarbons. With the increase of mass 

flow of burning gas the average hydrocarbon 

content at the outlet of the catalytic system in-

creases not linearly and the growth slows down 

when values are higher, due to the fact that large 

volumes of gas lead to less efficient conversion 

process of hydrocarbons and increase of hydro-
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Figure 3: Graph of dependence of the average hydrocarbon concentration at the outlet of the catalytic system 
in a computer experiment on the length of the catalytic system (m) and the burning gas mass flow (kg / s)

Figure 4: Dependence graphs of the average hydrocarbon concentration at the outlet of the catalytic system 
(av.HC) on the mass flow rate of burning gas:

    experimental data;          data obtained using a mathematical model

carbon content up to very close to the initial 

one. The minimum value of the average hy-

drocarbon concentration at the outlet of the 

catalytic system is observed at the maximum 

length of the catalytic system and the minimum 

value of the mass flow rate of burning gas. 
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On the contrary, the maximum value of the aver-

age hydrocarbon concentration at the outlet of 

the catalytic system is observed at the minimum 

length of the catalytic system and the maximum 

value of the mass flow rate of burning gas.

Thus, to provide complete conversion of the 

burning component of the gas it is necessary to 

create conditions for long interaction of the com-

bustion mixture and moving filler by increasing 

the length of the catalytic system. This feature is 

determined by the characteristics of the catalytic 

system with co-directional movement of the filler 

and the burning gas. 

There are no requirements for specific speed 

of movement of the filler when catalytic sys-

tems with fixed bed of filler are used. It is nec-

essary to provide specific parameters of pres-

sure to pass burning gas through the filler 

[8, 15, 20]. Using of the fluidized bed of filler 

requires a specific flow rate of burning gas, which 

generates fluctuation of the catalyst particles, i.e. 

fluidizes bed of filler [1, 5, 6]. Using of the circu-

lating bed filler implies a significant increase of 

the flow rate of burning gas which carries with it 

the catalytic filler [16, 17]. Therefore the circulat-

ing bed systems are the most demanding of the 

flow rate of burning gas.

Thus, it is necessary to supply significant vol-

umes of combustion gas for high flow rate in the 

investigated system with co-directional move-

ment of the filler and the burning gas.

Under these conditions to reach a high conver-

sion of hydrocarbons it is necessary to provide 

prolonged contact of the burning gas and the 

filler by increasing the length of the catalytic sys-

tem, by using gas with low hydrocarbon content 

or by creating a combination of narrow channels, 

each of which provides the desired flow rate.

CONCLUSIONS

Current designs of catalytic systems have their 

drawbacks, primarily connected with insufficient-

ly intensive usage of expensive catalytic filler. To 

increase the intensity of the hydrocarbon conver-

sion process in the catalytic systems it is neces-

sary to use a circulating bed of filler. During the 

study the simplified option of circulating bed is in-

vestigated. Within simplified option catalytic filler 

and burning gas move only co-directional during 

reaction. The graph and model reflecting the ef-

fect of the catalytic system length and the mass 

flow rate of burning gas on average hydrocarbon 

content at the outlet of the catalytic system were 

obtained. According to the results of comparison 

with the experimental study data, under respec-

tive conditions an error does not exceed 10%. 

To reach a high conversion of hydrocarbons it 

is necessary to provide prolonged contact of the 

burning gas and the filler by increasing the length 

of the catalytic system, by using gas with low hy-

drocarbon content or by creating a combination 

of narrow channels, each of which provides the 

desired flow rate.
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