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Features of a catalytic hydrocarbon combustion system with co-directional movement of filler and burning gas
Značajke katalitičkog sustava izgaranja ugljikovodika s ko-pravac kretanja punila i gori plin
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Abstract: Current designs of catalytic systems have their drawbacks, which are primarily connected with the insufficiently intensive usage of expensive catalytic filler. To increase the intensity of the hydrocarbon conversion process in catalytic systems, it is necessary to use a circulating bed of filler. This study investigates the use of a simplified version of a circulating bed, in which the catalytic filler and the burning gas move only co-directionally during the reaction. To describe non-stationary heat exchange processes within a catalytic system, the study suggests an altered method of elementary balances. With the help of mathematical modeling, the following elements of the model were developed: a description of the variation of the gas composition throughout the catalytic system; a description of the catalyst’s movement and the loss of pressure of the gas flow; a description of the change in the internal temperature of the catalytic system. In the course of a computer experiment with the developed mathematical model, a graph of dependence and a two-factor nonlinear regression model were obtained. The graph and the model reflect the influence of the length of the catalytic system and the mass flow rate of the burning gas on the average hydrocarbon content at the outlet of the catalytic system. Dependences obtained from the mathematical modeling were validated in experimental studies. To reach a high conversion of hydrocarbons 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.

Sažetak: Trenutni projekti katalitičkih sustava imaju svoje nedostatke, prvenstveno povezan s nedovoljno intenzivnim korištenjem skupih katalitičke punila. Da se poveća intenzitet procesa pretvorbe ugljikohidrata u katalitičkim sustavima potrebno je koristiti u cirkulaciji ležaj punila. Tijekom studija pojednostavljeni mogućnost kruži krevetu istražuje na koji katalitički punila i plinski vrijeme reakcije kretati samo ko pravcima. Da bi opis razmjene topline procesa nestacionarnih tijekom katalitičkog sustava došlo je predložio promijenjene osnovne balansira način. U matematičko modeliranje slijedećih elemenata razvijeni su: opis varijacije sastava plina u dužini katalitičkog sustava; element kretanja katalizatora i gubitak tlaka za protok plina; Element koji opisuje promjenu unutarnje temperature katalitičkog sustava. U procesu računalnog pokusa na radio-out matematički model, graf ovisnosti i dva faktora nelinearne regresije su dobiveni. Graf i model odražava učinak katalitičke duljine sustava i stopu masenog protoka spaljivanja plina na prosječnom sadržaju ugljikovodika na izlazu iz katalitičkog sustava. Ovisnosti dobivene tijekom matematičkog modeliranja su validirane u eksperimentalnim studijama. Postići visoki konverziju ugljikovodika potrebno je osigurati produženo kontakt spaljivanja plina i katalitičke punila povećanjem duljine ispitivanom katalitičkom sustavu, korištenjem plina s niskim sadržajem ugljikohidrata ili stvaranjem kombinaciju uskih kanala, a svaki od koji osigurava željenu brzinu protoka.
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INTRODUCTION
Today, various designs of catalytic combustion devices have been developed. The majority of designs include a stationary bed of catalytic filler, through which the burning mixture is passed. However, due to the exothermic nature of hydrocarbon combustion, “hot spots” with temperatures above 1500°C appear in parts of the stationary bed of a catalyst. This can cause gradual destruction of the catalytic filler and the failure of the whole catalytic system [8]. In this regard, the usage of catalytic systems is a complex technical issue, in which it is important to use a specific catalytic system design. 

To prevent the erosion of filler in several catalytic burners, high-temperature catalytic agents are used. In particular, Van Giezen et al. propose the use of sintered metal particles coated with high-porous ceramic layers. The use of high-temperature catalytic devices is justified in the case when a higher temperature level is needed (up to 500-600°C), although in this case the quantity of nitrogen oxides (NOx) in exhaust gases significantly increases.
To reduce the temperature of catalytic filler and avoid its overheating, a controlled and distributed input of fuel and oxidizer (oxygen) is used. In particular, Shikong et al. propose a catalytic combustion device with the introduction of oxygen in two stages. However, the usage of such catalytic devices requires complex systems with a distributed input of oxidizer or 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 the catalytic filler to a necessary level, additional external cooling is used. In particular, Lukyanov et al. [8] describe catalytic burners with the use of external water cooling. However, the usage of such catalytic devices creates a difference within the internal temperature of the filler from the center to its edges, which is linked to the necessity of intensive cooling of the combustion device. As a result, there is a cooling of peripheral layers of filler until the combustion process stops.

To cool the filler, Theophilos and Xenophon [18] propose using extra internal cooling with the help of a tubular ceramic catalytic burning device with an internal aluminum heat exchanger attended by heat. However, the usage of such catalytic devices requires complex heat exchangers and the need to adjoin them according to their heat. 
Geus and van Giezen [3], as well as Hannemanna et al. [4] provide descriptions of various working versions of catalytic reactors with a fixed bed of catalytic filler.
Devices that do not work in a stationary mode are distinguished in a separate group. In connection with the formation of a combustion front (cooling) in a stationary bed of a catalyst with low concentrations of fuel mixture, a reverse process was proposed. This process allows to reverse the direction of the front when changing the direction of input of the fuel-oxidizer mixture. As a result, a non-stationary burning mode is created in the device [9, 11, 12, 14]. However, such catalytic systems require a complex reverse flow system, which should be able to function at high temperatures up to 600oC.

Devices with a fluidized bed of catalytic filler occupy an intermediary place between catalytic devices operating in a stationary regime and devices operating in a non-stationary regime. Tomishige et al.’s paper [19] presents a comparative study between fluidized bed and fixed bed reactors and describes some of the advantages of reactors with fluidized beds. Ismagilov and Kerzhentsev [6] describe a catalytic heat generator with a fluidized bed and built-in heat exchange devices. Studies by Asadullaha et al., Chan, Sarofim, and Beer, as well as Iamarinoa et al. [1, 2, 5] investigate the use of catalytic systems with fluidized beds in various chemical processes. Using a fluidized bed allows to organize the mixing of the catalytic filler, but the intensity of this mixing is low. When the catalyst bed increases, only the top layer of the bed is boiling. Moreover, in a fluidized bed, there is a possibility of channel formation, through which considerable amounts of combustible mixture can pass almost without interacting with the filler. 

Therefore, current designs of catalytic systems have their drawbacks, primarily connected with an insufficiently intensive usage of expensive catalytic filler. To increase the intensity of the process of hydrocarbon conversion in catalytic systems, some studies proposed to use a circulating bed of filler [10, 16]. As a result, the filler is circulated within the catalytic system in a way that completely eliminates the problem of inefficient use of catalytic filler. Therefore, catalytic systems with a circulating bed of filler currently hold the most promise.

MATERIALS AND METHODS
Due to the fact that at present the catalytic system with a non-stationary bed of filler is considered to be the most promising, mathematical modeling of functioning of the catalytic system with movable filler was carried out. To investigate the features of functioning of the catalytic system with the moving filler, a diagram of the movement of the filler within the catalytic system is proposed (Figure 1). Burning gas is introduced from the bottom of the catalytic system directly into the riser pipe. Moving up the riser pipe, the burning gas carries the catalytic filler with it. In the process of this joint motion, hydrocarbons are burned. At the end of the riser pipe, exhaust gases are removed from the catalytic system, and the force of gravity returns the filler to the beginning of the riser pipe. In this way, the simplified version of a circulating bed, in which catalytic filler and burning gas move only co-directionally during the reaction, is investigated.
While modeling, it was important to adequately describe non-stationary processes in the framework of the studied system. To solve non-stationary problems, existing numerical methods can be used, especially the finite difference method, the elementary heat balance method, and the finite element method [7, 13]. However, the usage of these methods to describe the processes of functioning of the catalytic system is complicated by the following peculiarities of the observable process: complex geometrical objects which participate in the heat exchange (elementary heat balance method, finite element method) and a complex description of initial conditions (finite element method) connected with a significant quantity of the moving catalytic filler.

To describe non-stationary heat exchange processes during the catalytic system’s operation, an altered method of elementary balances was suggested. This altered method divides the catalytic system into elementary geometrical shapes, with the temperature being equal within the range of each shape. The values of flowing heat currents (average for the elementary time period) are taken as proportional to the initial temperature gradient for a certain time period, and the increase of heat volume content is taken as proportional to the increase of temperature. This allows restricting of the heat impact of catalytic filler with elementary volume, where they are located in the initial moment of the elementary time period.
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Figure 1: The diagram of the co-directional movement of the filler and burning gas within the catalytic system
To illustrate the processes of functioning of the catalytic system, a mathematical model was developed with the help of Microsoft Excel and Visual Basic. A detailed description of the developed mathematical model is presented elsewhere by the authors [17].
During mathematical modeling, different elements of the model were developed. The first element of the model describes variations of the gas composition across the catalytic system, based on the dependencies of the interaction of the catalyst with the reaction mixture. The second element of model is devoted to the movement of the catalyst and the pressure loss of the gas flow on the basis of equations that describe the forces acting on the catalyst during the movement. The last element of the model describes the change in the internal temperature of the catalytic system, based on heat balances for the elementary parts of the system.

In accordance with the selected range of variation of the input factors (Table 1) mathematical modeling of functioning of the hydrocarbon catalytic combustion system with co-directional movement of the filler and the burning gas was carried out.

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

	№
	Factor
	Range of variation

	1
	length of the catalytic system (m) (Х1)
	0,5-5

	2
	mass flow of the burning gas (kg / s) (Х2)
	0,00018-0,18


To confirm the reliability of the data obtained by mathematical modeling, experimental studies of operational peculiarities were carried out using the developed equipment (see Figure 2).
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Figure 2: The experimental equipment for the study of the functioning of the catalytic combustion system
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.

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
	№ of experiment series
	burning gas mass flow (kg / s)

	
	0,002 kg / s
	0,003 kg / s
	0,004 kg / s

	length of the catalytic system (m)
	0,4 m
	I
	II
	III

	
	0,5 m
	IV
	V
	VI


RESULTS
During the computer experiment based on the developed mathematical model, a graph of dependence was obtained, which is shown in Figure 3. The graph reflects the effect of the length of the catalytic system and the rate of the mass flow of the burning gas on average hydrocarbon content at the outlet of the catalytic system. 

Statistical analysis of the results of the computer simulation showed that the dependence of the average hydrocarbon concentration at the outlet of the catalytic system on the two input factors ("length of the catalytic system" and "the mass flow rate of burning gas") can be described by the two-factor nonlinear regression model:
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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.
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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)

According to the results of the full-scale experiment, the graphs of the dependence of the hydrocarbon 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 the comparison with the data obtained through mathematical modeling, under respective conditions the error does not exceed 10%. This allows for a conclusion that the data obtained by the mathematical modeling is valid.
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length of the catalytic system - 0,4 m;   length of the catalytic system - 0,5 m.

Figure 4: Graphs of dependence of the average hydrocarbon concentration at the outlet of the catalytic system (av.HC) on the mass flow rate of burning gas:
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 - data obtained using a mathematical model.

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, the average hydrocarbon content at the outlet of the catalytic system decreases linearly, due to the fact that the catalytic systems 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 increases non-linearly, and the growth slows down when values are higher, due to the fact that large volumes of gas lead to a less efficient conversion process of hydrocarbons, and to an increase of hydrocarbon content nearly up to the initial level. The minimum value of the average hydrocarbon 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. On the contrary, the maximum value of the average 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.

Therefore, in order to provide a complete conversion of the burning component of the gas, it is necessary to create conditions for a long interaction of the combustion mixture with the moving filler by increasing the length of the catalytic system. This feature is determined by the characteristics of the construction 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 systems with a fixed bed of filler are used. It is necessary to provide specific parameters of pressure to pass burning gas through the filler [8, 15, 20]. Using a 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 a circulating bed filler implies a significant increase of the flow rate of burning gas, which carries with it the catalytic filler [16, 17]. Therefore, circulating bed systems demand the highest flow rate of the burning gas.

Therefore, it is necessary to supply significant volumes of the burning gas in order to ensure a high flow rate in the investigated system with co-directional movement of the filler and the burning gas.

Under these conditions, in order to reach a high conversion of hydrocarbons, it is necessary to provide a prolonged contact of the burning gas and the filler by increasing the length of the 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.
CONCLUSIONS

Current designs of catalytic systems have their drawbacks, primarily connected with an 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. The present study investigates a simplified version of the circulating bed, in which the catalytic filler and the burning gas move only co-directionally during the reaction. The study resulted in a graph and a model reflecting the influence of the length of the catalytic system and the mass flow rate of burning gas on average hydrocarbon content at the outlet of the catalytic system. According to the results of comparison with experimental study data, under respective conditions an error does not exceed 10%. To reach a high conversion of hydrocarbons, it is necessary to provide prolonged contact between the burning gas and the filler by increasing the length of the 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.
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