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Abstract−An optimal oxygen concentration trajectory in an isothermal OCM plug flow reactor for maximizing C2

production was determined by the algorithm of piecewise linear continuous optimal control by iterative dynamic pro-

gramming (PLCOCIDP). The best performance of the reactor was obtained at 1,085 K with a yield of 53.9%; while,

at its maximum value, it only reached 12.7% in case of having no control on the oxygen concentration along the reactor.

Also, the effects of different parameters such as reactor temperature, contact time, and dilution ratio (N2/CH4) on the

yield of C2 hydrocarbons and corresponding optimal profile of oxygen concentration were studied. The results showed

an improvement of C2 production at higher contact times or lower dilution ratios. Furthermore, in the process of oxidative

coupling of methane, controlling oxygen concentration along the reactor was more important than controlling the reac-

tor temperature. In addition, oxygen feeding strategy had almost no effect on the optimum temperature of the reactor.

Finally, using the optimal oxygen strategy along the reactor has more effect on ethylene selectivity compared to ethane.
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INTRODUCTION

Direct conversion of methane to ethylene via oxidative coupling

of methane (OCM) has been an active research area in recent years

[1]. It was suggested that for making OCM economically proba-

ble, the yield of C2 hydrocarbons has to be more than 30%. How-

ever, it is difficult to reach yields higher than 25% in typical reactors,

because an increase in methane conversion usually results in lower

C2 selectivity [2]. Due to the low yield of C2

+ production, it is inelucta-

ble to use catalysts in oxidative coupling of methane. In fact, it was

observed in several studies that there was almost no conversion below

800 oC in the absence of catalyst, while elevated temperatures and

pressures led to a high non-selective conversion of methane, in non-

catalytic OCM reactors [3,4]. Since the first work on the OCM pro-

cess by Keller and Bhasin [5], a wide variety of catalysts have ap-

peared [6-8]. Perovskite-type oxides, represented by the general

formula of ABO3, were found to be very active and selective toward

C2

+ hydrocarbons [9]. Silica-supported sodium promoted manga-

nese oxides have been extensively evaluated and become more prom-

inent since the finding of the Na2WO4-Mn/SiO2 system. Surface

WO4

2− tetrahedron was emphasized to be the essence of the oxida-

tive coupling of methane over M-W-Mn/SiO2 catalysts [10].

By using membrane reactors, it is possible to have high selectiv-

ity and conversion via controlling oxygen concentration as one of

the most important parameters, affecting the performance of the

OCM process. Lu and coworkers showed that a higher local ratio

of methane to oxygen leads to a higher C2 selectivity, while it lowers

methane conversion [2]. Olivier et al. studied the modification of

ionic oxygen-conducting membrane reactor for oxidative coupling

of methane to higher hydrocarbons with three different catalytic

surface modifications [11]. The results illustrated that it is possible

to achieve a C2-hydrocarbon yield of more than 18% by using a

LaSr/CaO modified membrane reactor. Bhatia and co-workers com-

pared the performance of oxidative coupling of methane (OCM) in

a catalytic membrane reactor (CMR), catalytic packed bed reactor

(PBR), and catalytic packed bed membrane reactor (PBMR) [12]

with the result that the catalytic membrane reactor, with C2

+ yield of

34.7%, had the best performance among all the three mentioned

reactors. Some other studies have been conducted on the modeling

and simulation of OCM reactors. Kundu et al. presented a mathe-

matical modeling of a five-section countercurrent moving bed chro-

matographic reactor (SCMCR) for OCM process [13]. The proposed

mathematical model demonstrated extremely good predictions for

experimental results. Nakisa and co workers showed that CFD tools

make it possible to implement the heterogeneous kinetic model even

for high exothermic reactions such as oxidative coupling of meth-

ane [14]. Tye and coworkers developed a one-dimensional model

for the oxidative coupling of methane over La2O3/CaO catalyst in a

packed fixed bed reactor [15]. They observed that the maximum

value of C2 yield was obtained at 1,098K. Also, there have been

some works addressing optimization techniques in OCM process,

as well. For example, Istadi et al. developed an optimization of pro-

cess parameters and catalyst compositions for the CO2 oxidative

coupling of methane over CaO-MnO/CeO2 catalyst using response

surface methodology (RSM) and reported maximum selectivity and
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yield of 82.62% and 3.93% for C2 hydrocarbons [16]. Amin et al.

studied the effects of operating temperature, inlet oxygen concen-

tration, and F/W on ethylene production in an OCM process over

Li/MgO (Li/Mg=0.1) catalyst [17]. Numerical results indicated that

the maximum value of ethylene yield was 8.14% at optimum oper-

ating temperature and oxygen concentration. Kundu et al. found

that in an OCM reaction the performance of the simulated counter-

current moving bed chromatographic reactor (SCMCR) could be

significantly improved under optimal operating conditions [18].

However, only few researches have addressed optimal control

in the OCM process. Rojnuckarin et al. applied an optimal control

strategy to the problem of finding the flux profiles for the conver-

sion of methane to ethylene and acetylene in a plug flow reactor

[19]. Faliks and co-workers applied an optimal methodology in a

non-catalytic homogeneous gas phase conversion of methane to

ethylene [20]. Also, in our previous work, we used the algorithm

of piecewise linear continuous optimal control by iterative dynamic

programming (PLCOCIDP) [21] to obtain optimal temperature tra-

jectory in an OCM plug flow reactor. In addition, the effects of pres-

sure and initial dilution ratio were studied on the final amount of

ethylene production, as the objective function [22]. In the present

study, we have compared the role of oxygen and temperature as

two important variables in the OCM process. At first, with the aim

of maximizing C2 production, the optimal oxygen concentration strat-

egy was obtained along a modeled OCM plug flow reactor [15]

over La2O3/CaO catalyst particles using the algorithm of PLCOCIDP.

Then, the effect of different parameters on the reactor performance

was studied and the results were explained from chemical reactions

point of view. Also, the level of improvement under the mentioned

conditions was compared to the best performance of the reactor with

the optimum dilution ratio without any side feeding streams.

In the current article, we assumed that the reactor operates under

isothermal conditions. However, in highly exothermic reactions,

such as OCM, the presence of hot spots on the surface of the catalyst

particles is one of the major problems. The presence of hot spots

decreases the catalyst life and leads to an unsatisfactory reactor yield.

Also, they can be very hazardous at elevated operating temperatures.

Hot spots usually occur when the rate of reaction is significantly

high but there is a poor condition to remove the produced heat from

the surface of the catalyst particles.

Several ways have been suggested to control hotspots along cata-

lytic fixed bed reactors. One way to avoid hot spots is the injection

of an inert gas with high specific thermal capacity (Cp), such as

N2, into the feeding streams [23]. Dilution of reactants with an inert

gas stream results in a decrease in the amount of produced heat per

unit volume of rector. Moreover, the high value of Cp makes it pos-

sible to avoid undesirable temperature enhancement on the surface

of the catalyst active sites.

Moreover, it can be advantageous to apply inert particles, such

as glass beads, accompanied with catalyst particles in sections with

high probability of hot spot formation, i.e., sections in which the

rate of heat generation is remarkably high. The presence of inert

particles could decrease the produced heat per unit volume, which

makes it easy to control temperature along the reactor [24].

In addition, a wall-cooled tubular reactor design could be suit-

able for controlling the generated heat, to keep the temperature pro-

file uniform along the reactor. Karafyllis and Daoutidis have shown

that the magnitude of hot spots in plug flow reactors could be ex-

tremely suppressed by manipulating the temperature of the jacket

coolant through a nonlinear control procedure [25].

1. The Reaction Scheme

Instead of complicated radical reaction schemes used by other

researchers [19,20], we applied a simple ten step molecular mech-

anism with proper accuracy [26] for predicting the reactor condi-

tions. The used reaction network consists of nine heterogeneous and

one homogeneous reaction steps. According to this model, meth-

ane may be converted within three parallel reactions: (1) to ethane

by an oxidative coupling reaction, (2) to CO2 via nonselective total

oxidation, and (3) to CO through a partial oxidation reaction. In con-

secutive steps, ethane may be converted to ethylene by heteroge-

neous catalytic oxidative dehydrogenation and/or thermal gas-phase

dehydrogenation reaction. The used reaction scheme, proposed by

Stansch et al. [27], is presented as follows:

CH4+2O2→CO2+2 H2O (1)

2CH4+0.5O2→C2H6+H2O (2)

CH4+O2→CO+H2O+H2 (3)

CO+0.5O2→CO2 (4)

C2H6+0.5O2→C2H4+H2O (5)

C2H4+2O2→2CO+2H2O (6)

Table 1. The kinetic parameters [27]

Step K0, J (mol·g
−1·s−1·Pa−(m+n) Ea, j (kJ·mol

−1) mj nj Kj, CO2 (Pa
−1) ∆Had, CO2 (kJ·mol

−1) Kj, O2 (Pa
−1) ∆Had, O2 (kJ·mol

−1)

01 0.20×10−5 048 0.24 0.76 0.25×10−12
−175

02 23.2 182 1.00 0.40 0.83×10−13
−186 0.23×10−11

−124

03 0.52×10−6 068 0.57 0.85 0.36×10−13
−187

04 0.11×10−3 104 1.00 0.55 0.40×10−12
−168

05 0.17 157 0.95 0.37 0.45×10−12
−166

06 0.06 166 1.00 0.96 0.16×10−12
−211

07 1.2×10−7a 226

08 9.3×103 300 0.97 0.00

09 0.19×10−3 173 1.00 1.00

10 0.26×10−1 220 1.00 1.00

aUnits are mol·s−1·m−3·Pa−1
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C2H6→C2H4+H2 (7)

C2H4+2H2O→2CO+4H2 (8)

CO+H2O→CO2+H2 (9)

CO2+H2→CO+H2O (10)

To avoid hot spots in the reactor, nitrogen must be added to the inlet

gas flow beside the above reactants. The estimated rates of the above

reactions can be given by Eqs. (11)-(16) [27]. The kinetic parame-

ters in the reaction scheme and permitted ranges for the state vari-

ables (temperature, pressure and concentrations) and the control

variable ( local concentration of O2) are presented in Tables 1 and

2 [27], respectively.

rj=(k0, je
−E

a, j
/RTPc

mjPO2
nj)/(1+Kj CO2e

−∆H
ad.CO2

/RTPCO2)
2 j=1, 3-6 (11)

r2=(k0, 2e
−E

a, 2
/RT (k0,O2e

−∆H
ad.O2

/RTPO2)
n
2 PCH4)/[(1+Kj O2e

−∆H
ad.O2

/RTPO2)
n
2

r2=+Kj CO2e
−∆H

CO2
/RTPCO2]

2 (12)

r7=k0, 7e
−E

a, 7
/RTPC2H6 (13)

r8=k0, 8e
−E

a, 8
/RTPC2H4

m8PH2O
n8 (14)

r9=k0, 9e
−E

a, 9
/RTPCO

m9PH2O
n9 (15)

r10=k0, 10e
−E

a, 10
/RTPCO2

m10PH2
n10 (16)

2. Theory

We have used the modeling equations proposed by Tye et al. [15].

These equations were resolved in our previous work [22] and were

verified by comparing with the experimental [23] and simulated

results [15]. To model the plug follow reactor, the following assump-

tions were made: (a) steady state one-dimensional plug flow, (b)

immediate radial mixing, (c) no diffusion along the reactor axis,

and (d) isothermal reaction conditions. To make the hypotheses prac-

tical, the ratio of the length of the reactor to its radius was selected

to be higher than 25 [20]. However, since it is assumed that all reac-

tions take place at isothermal conditions, there is no necessity to

solve energy balance equation along the reactor. As well, it is not

useful to write a mass balance equation for oxygen, because its con-

centration is selected as the control variable. Therefore, the differ-

ential equations set of the reactor consists of seven mass balance

equations and a correlation for momentum balance (Ergun equa-

tion) which are presented as follows:

Mass balance: d(Ci)/d(Z)=1/Us(εbΣαi, jrg, I+ρbΣαi, jrc, I) (17)

Momentum balance:

d(P)/d(Z)=−(ρg Us

2
/ψdp)[(150(1−εb)/ψRe)+1.75] (150(1−εb)/εb) (18)

The boundary conditions and reactor structural characteristics required

for solving the above modeling equations (Eqs. (17) and (18)) have

been given in Table 3. According to this table, the porosity is con-

sidered to be fixed at 0.5317 while the amount of applied catalysts

varies during the current research. Since the value of porosity severely

depends on the amount of applied particles in the catalytic bed, it is

assumed that the catalyst particles are mixed with inert quartz beads

in such a way that the porosity remains unchanged. Furthermore,

the presence of inert particles in catalytic bed may be helpful for

avoiding hot spots along the reactor [24].

For achieving the optimal profile of oxygen concentration along

the reactor, it is supposed that it is possible to control oxygen con-

centration (as the control variable) at each segment by considering

an oxygen feeding policy. From a practical point of view, it may be

possible to control oxygen concentration along the reactor by using

some feeding side streams (Fig. 1).

Since the performance index (P.I) in this work is to maximize C2

production, the related objective function is introduced as ethylene

and ethane molar flux at the end of the reactor (Eq. (19)).

Table 2. Allowable range of selected reaction scheme [27]

Mcat/VSTP

(kg·s/m3)

Ptot

(kPa)

P
o

O2

(kPa)

P
o

CH4

(kPa)

T

(K)

Process

conditions

7.6×10−1-250 100-130 1-20 10-95 973-1228 Range

Table 3. The reactor and model parameters

Length of reactor (m) 2

Diameter of the reactor (m) 0.05

Initial volumetric flow at standard conditions (lit/s) 3

Contact time (kg.s/(m3 )) 20-250

Packing diameter (m) 0.0125

Porosity 0.5317

Pressure (bar) 1.3

Weight of the applied catalyst (g) 60-250

Fig. 1. Schematic reactor with several feeding side streams to control local oxygen concentrations.
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P.I.=(us(CC2H4+CC2H6))Z=Zf (19)

Because oxygen concentration is selected as the control variable,

O2 concentration at each segment must be changed in such a way

that the performance index gets its maximum value. As a result, it

is necessary to renew mass balance equations and calculate the new

concentration value of all species at each segment. Fig. 2 shows

the schematic algorithm of piecewise Linear continuous optimal

control by iterative dynamic programming (PLCOCIDP) in case

of determining optimal trajectory of oxygen concentration along

the reactor.

We decided to use a multi-pass method where the number of

segments was doubled after every pass, each consisting of 30 itera-

tions, and the best obtained oxygen concentration was used as an

initial oxygen concentration for the next pass. Also, the initial uni-

form oxygen concentration of 0.4 (mole/m3) was selected as the

initial guess for the optimal concentration profile, in all cases.

Fig. 3 shows the performance index, calculated by Eq. (17), at

each iteration within the last pass, at Pt=130 kPa and y
o
O2=0.15. As

it is shown, the performance index rapidly increases from 7.085

(mole/m2·s) to 7.3448 (mole/m2·s) and then remains constant to the

end. Although global optimality could not be guaranteed, Fig.3 proves

that high-quality solutions were obtained using the selected algorithm.

RESULTS AND DISCUSSION

Fig. 4(a) shows the optimal oxygen profile across the reactor at

different dilution ratios. In this figure, it is obvious that there are

Fig. 2. Schematic algorithm of PLCOCIDP for obtaining maximum C2 production in OCM plug flow reactor.
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two different regions in all cases. In the first quarter of the reactor,

the oxygen concentration decreases dramatically and after that, in

the second part, it remains steady until the end.

Since, at the beginning of the reactor just methane and oxygen

exist as reactants, only reactions 1, 2, and 3 can take place. Because

in Eq. (12), the amount of K0, 2 is much higher than K0, 1 and K0, 3,

in Eq. (11), a small change in the oxygen partial pressure (oxygen

concentration) in the reactor has greater influence on the rate of reac-

tion 2 compared to reactions 1 and 3. Therefore, the former reaction

is more sensitive to oxygen partial pressure in comparison with the

two other reactions. Hence, raising the concentration of oxygen at

the beginning causes higher production of ethane with a higher rate

than carbon oxides. Also, at higher dilution ratios, the initial oxygen

concentration should be lowered to avoid C2H6 burning by oxida-

tion reactions. Keeping high O2 concentration in the rest of the reac-

tor raises the rate of reactions 4 and 6, which results in ethylene con-

sumption and consequently enhancing CO2 production. On the other

hand, as can be seen in Eq. (12), the terms of carbon dioxide partial

pressure appear in denominators; therefore, generally any increase

in carbon dioxide diminishes C2 producing reaction rates. Thus, the

oxygen concentration should decline in such a way that the rates of

all oxidation reactions are minimized and, simultaneously, the rate

of C2 production (through reaction 2) becomes reasonable. Lower-

ing oxygen concentration along the reactor has a good agreement

with the results published by Santamaria et al., who suggested low

oxygen concentration at local points within a plug flow reactor, in

order to maximize C2 production [29].

As shown in Fig. 4(b), the best yield of C2 production is 53.9%,

which is related to the absence of N2 in the feed stream. In fact, adding

nitrogen at the inlet of the reactor causes a decrease in the concen-

tration of CH4, which results in a significant fall in the yield of ethane

and ethylene due to the higher sensitivity of the second reaction (in

the applied reaction network) to the methane concentration. How-

ever, some researchers have reported the positive effect of inert gas

on the total yield and selectivity under isothermal conditions [30].

For example, Tye et al. reported an optimum value of 55% for ni-

trogen as the inert gas in feeding stream of a co-fed plug flow reactor

with the catalyst of La2O3/CaO [15]. Based on their study, the in-

crease in reactants conversion with raising the inert gas molar ratio

was due to the dilution effect of oxygen, which encouraged the meth-

ane coupling reaction and suppressed the deep oxidations. How-

ever, since in the current study the oxygen stream is independently

controlled at each segment of the reactor, it is not necessary to inject

nitrogen, as a controller of oxygen concentration. On the other hand,

from a practical point of view, nitrogen must be added to the reactant

streams as a thermal moderator to avoid hot spots on the particle

surfaces across the catalytic beds. Therefore, to improve the overall

performance of an actual OCM plug flow reactor, the dilution ratio

should be decreased as much as possible.

The effect of contact time (total amount of applied catalyst/initial

methane mass flow rate) on the optimal oxygen profiles and corre-

sponding final yields was also investigated. In Fig. 5(a), a decrease

in contact time makes the oxygen profile to grow gradually. In fact,

at lower contact time the undesirable side reactions are not able to

take place adequately; therefore, local oxygen concentrations are

able to reach higher amounts at the subsequent. In Fig. 5(b), the yield

of C2 production (ethane and ethylene) improves from 29.2% to

53.9% when the contact time is enhanced from 20 to 250 kg·s/m3,

respectively.

Fig. 3. Convergence of the purposed algorithm.

Fig. 4. Effect of Dilution ratio on optimal oxygen concentration profile (a) and corresponding C2 production (b) at (P=1.3 bar and T=
1,085 K and contact time=250 kg·s/m3).
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As expected in catalytic reactions, an increase in contact time

increases the rate of all reactions; therefore, the conversion of meth-

ane enhances, and consequently higher amounts of ethane and ethyl-

ene are produced. As a result, it can be concluded that oxidation

coupling reaction (Eq. (2)) is more dependent on the amount of ap-

plied catalyst compared to other deep oxidation reactions. Also, since

oxygen does not vanish in any segment, because of injected side

streams, the yield of C2 does not remain steady along the reactor

[15].

Figs. 6(a) and 6(b), demonstrate the effects of temperature on

the optimal oxygen profiles and corresponding C2 production, respec-

tively. The highest yield is obtained at optimum temperature of 1,085

K. In fact, at high temperatures the rate of undesirable reactions rises,

and conversely low temperatures cannot supply the needed energy

for useful reactions. At temperatures below 1,085K the second part

of oxygen profiles rises slightly. This can be explained by higher

temperature and oxygen sensitivity of the second reaction (Eq. (2)),

which leads to lower oxygen concentration at the beginning to com-

pensate the negative effects of low temperature on ethane produc-

tion. Subsequently, in the second part of the reactor the oxygen con-

centration can rise slightly with decreasing the rate of side reac-

tions as a result of methane consumption. Also, interestingly, at very

low temperatures (i.e., 1,030K) the pattern of the oxygen optimal

profile is totally inverted. As well, by comparing the optimum tem-

perature (1,085K) with the ones in previous works [15,22], it can

be concluded that the oxygen feeding strategy has a negligible effect

on the optimum isothermal temperature.

Fig. 7 compares the profiles of yield and selectivity of C2 produc-

tions in case of applying the optimal oxygen concentration profile

at 1,085K. It appears in Fig. 7(a) that using the optimal oxygen con-

centration along the reactor causes a steady increase in ethylene pro-

duction. On the other hand, the produced ethane in the first quarter

is converted to other species in the rest of the reactor, which causes

a decrease in the yield of ethane (see Fig. 7(a)). Consequently, it

can be concluded that applying the optimal oxygen concentration

strategy along the reactor poses the ethylene consumption to reduce

as much as possible. In Fig. 7(b), due to the absence of other com-

ponents and the high sensitivity of the second reaction to oxygen

concentration, the selectivity of ethane shows a sudden increase at

the beginning of the reactor where oxygen has a high concentra-

tion (Figs. 4(a), 5(a), and 6(a)). However, it experiences a dramatic

drop-off in continuing because of reactions 5 and 7, which produce

ethylene from ethane; therefore, the profile of ethylene selectivity

shows a gradual increase along the reactor. On the other hand, be-

cause of ethylene consumption by reactions 8 and especially reac-

tion 6, the ramp of ethylene selectivity reduces gradually, and finally

Fig. 5. Effect of contact time (kg·s/m3) on optimal oxygen concentration profile (a) and corresponding C2 production (b) at (P=1.3 bar
and T=1,085 K and Dilution ratio=0).

Fig. 6. Effect of temperature (K) on optimal oxygen concentration profile (a) and corresponding C2 production at (P=1.3 bar and contact
time=250 kg·s/m3 and Dilution ratio=0).
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in the last quarter it declines slowly. The graph of C2 selectivity is

indeed a summation of ethane and ethylene selectivity graphs. Ac-

cordingly, its sudden increase in Fig. 7(b) can be explained by ethane

production from reaction 2, as mentioned above. As it appears in

Fig. 7(b), the graph of C2 selectivity almost remains steady in the

first quarter. This clearly proves that at the first part of the reactor

there is approximately no consumption of ethylene species. How-

ever, the graph shows a gradual decrease from the next quarter to

the end as a result of reactions 6 and 8. These results explain why

the oxygen concentration in Figs.4(a), 5(a), and 6(a) declines severely,

in the first quarter of the reactor, and subsequently it remains stable

until the end.

The effect of reactor operating conditions on the overall perfor-

mance is briefly shown in Table 4. It is clear that without any con-

trol on the oxygen concentration along the reactor, one can just reach

the yield of 12.7% at the optimum initial oxygen concentration (2.2

mole/m3). This is far less than the maximum reachable value with

optimal oxygen policy at T=1,085K with a contact time of 250kg·s/

m3, and N2/CH4=0 (i.e. 53.9%). In fact, applying the oxygen opti-

mal trajectory causes an increase of 324%, 31.7%, and 272% in

the yield of C2 production, C2 selectivity, and methane conversion,

respectively. These are relatively in contrast to results published by

Androulakis and Reyes who proposed that the yield of C2 produc-

tion in oxidative coupling of methane over Sm2O3 shows only grad-

ual improvements by the distribution of oxygen concentration [31].

The conflict may arise from differences in applied reaction schemes

Fig. 7. The profiles of yield (a) and selectivity (b) for ethane, ethylene, and C2 production along the reactor at 130Kpa, 1,085K, dilution
ratio=0, and contact time=250 kg·s/m3.

Table 4. The effect of operating conditions on the reactor overall performance

Reactor conditions
Methane conversion

(%)

Yield of C2H4

(%)

Yield of C2H6

(%)

Yield of C2

(%)

C2 Selectivity

(%)

The best co-fed reactor @ C.t.a=250,

Dl. Ratiob=0 T=1,085 K
21.9 8.9 3.8 12.7 50.1

C.t.=250 dl. Ratio=0

T=1,030 K 62.30 36.1 3.70 39.8 63.9

T=1,065 K 75.10 49.7 2.50 52.2 69.4

T=1,085 K 81.60 52.1 1.80 53.9 66.0

T=1,140 K 82.70 38.1 1.70 39.8 48.1

C.t.=250 T=1,085 K

Dl. ratio=0.5 83.40 49.3 1.67 50.97 61.1

Dl. ratio=1 84.20 46.0 1.70 47.70 56.6

Dl. ratio=1.5 84.05 42.8 1.70 44.50 52.9

Dl. ratio=0 T=1,085 K

C.t.=20 43.37 23.3 5.90 29.20 67.4

C.t.=50 57.70 36.0 4.54 40.54 70.3

C.t.=150 75.80 48.6 2.40 51.00 67.3

aContact time (kg·s/m3) (mass of catalyst)/(inlet volumetric flow rate at standard condition)
bDilution ratio (N2 molar ratio/CH4 molar ratio)



1220 A. Nouralishahi et al.

June, 2013

and the catalyst properties.

Based on Su and coworkers, the upper bound on OCM yield under

conventional, packed-bed, co-fed operation can theoretically reach

only 28%, at the optimum condition [32]. This shows that control-

ling the oxygen concentration is highly critical to make the OCM

process economically feasible. In fact, according to our previous

work [22], controlling oxygen concentration through an OCM reac-

tor is more applicable and effective than controlling the temperature.

Furthermore, according to Table 4, using an optimal oxygen strategy

along the reactor leads to producing ethylene much more selectively

than ethane in all cases, which can be very attractive economically.

However, the type of the modeled reactor is very important to deter-

mine the overall OCM performance. It was shown that in a fluidized

bed reactor of oxidative coupling of methane, the yield of products

in stage-wise feeding, at high temperatures, is lower than co-feeding

configuration [33], which is not in agreement with the reported results

in our study. This may arise from differences between hydrodynamic

conditions along the reactors, which cause some variations in the

mixing state of reactant streams.

The results reported here are associated with a relative ideal case

in which 512 injection points are considered along the reactor (N.I.=

512). However, the optimal oxygen concentration trajectory and the

corresponding profiles of C2 yield and selectivity are deeply depen-

dent on the number of injection points of oxygen side streams

along the reactor. The effect of increasing the number of injection

points on the optimal oxygen concentration profile is presented in

Fig. 8(a). Here, as a general trend, local oxygen concentration rises

with decreasing the number of side streams along the reactor. This

leads to a fall in the final C2 yield (from 53.9% at N.I.=512 to 41.4%

at N.I.=12), which is due to facilitation in kinetics of deep oxida-

tion reactions (i.e., reactions 1, 3, and 6) in the presence of excess

oxygen molecules (Fig. 8(b)). However, when the number of injec-

tion points increases from 12 to 24, the C2 yield correspondingly

improves from 41.4% to 47.4%, which is satisfactorily near to the

final value (53.9%). This shows that although the optimal oxygen

feeding strategy is very difficult to reach in a real case, it is still pos-

sible to achieve reasonable results by controlling oxygen profile

through the reactor.

As a crucial conclusion from our study, more laboratory studies

of oxidative coupling of methane still appear attractive to research,

especially including optimal control to achieve the best possible

performance.

CONCLUSION

An optimal profile of oxygen concentration in a fixed bed plug

flow reactor of OCM process was obtained and the effects of dif-

ferent parameters such as dilution ratio (N2/CH4), contact time, and

temperature were studied. The results showed an improvement in

ethylene and ethane production at high contact times or low dilu-

tion ratios (N2/CH4). As a result, in the case of OCM reactors, it is

better to lower inlet nitrogen flow rate as much as possible. Among

all allowable optimal conditions, the best yield of almost 54% was

obtained with a contact time of 250 kg·s/m3, dilution ratio of zero

(N2/CH4=0), and temperature of 1,085K, while the best yield of

co-fed reactor ,without any side streams, only reached 12.7% at its

optimum condition. Also, oxygen feeding strategy almost had no

effect on the reactor optimum operating temperature. In addition,

using optimal oxygen strategy along the reactor led to a more selec-

tive production of ethylene compared to ethane. Finally, in an OCM

process, controlling oxygen concentration along the reactor is more

critical than controlling the reactor temperature.

NOMENCLATURE

Ci : molar concentration of component [mol/m3]

Cpave. : specific heat capacity [kj/kg k]

Ea, j : activation energy in reaction j [kj/mol]

N.I. : number of injection points

P : total pressure of the system [kpa]

Pi : partial pressure of component I [KPa] kinetic parameter [Pa−1]

P.I : performance index

R0 : initial margin for guessing control variable

Re : Reynolds number

T : temperature [K]

Us : superficial velocity [m/s]

Fig. 8. Progress in optimal oxygen concentration profile at (P=1.3 bar and contact time=250kg·s/m3 and Dilution ratio=0) and the cor-
responding C2 yield with increasing number of injection points.
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Z : length [m]

Zf : length of the reactor [m]

dp : packing diameter [m]

dt : reactor diameter [m]

rc, I : rate of formation of catalytic reaction j [(mol i)/(m2s)]

rg, I : rate of formation of gas-phase reaction j [(mol i)/(m2s)]

∆Hj : heat of reaction j [kj/kg k]

q'' : heat of flux [kj/m2s]

γ : reduction factor

εb : average porosity of bed

ρb : density of gas flow [kg/m3]

αi, j : stoichiometric coefficient of component i in reaction j

ρb : density of catalyst in the bed [g/m3]

ψ : shape factor
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