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Modeling exhaust gas pollution abatement: Part I — single
hydrocarbon propylene
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Abstract

The one-dimensional models for catalytic converters are used to account for the reduction of pollutants like hydrocarbons (HC),
carbon monoxide (CO) and nitric oxide (NO). The proposed model considers both gaseous as well as solid phase reactions of only
one gas propylene that could possibly be occurring in the converter channels. Metal substrates were considered, as the better heat
conducting solid material. The Runge–Kutta method and backward implicit schemes were employed to solve the coupled ordinary
and partial differential equations.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The monolithic honeycomb catalytic converter is being extensively used in catalytic combustion applications such
as an afterburner in automobile exhaust systems, to burn the fuel in gas turbines and for the selective catalytic reduction
of NOx in effluent gases using ammonia.

In order to reduce the design cost and time, mathematical modeling of catalytic converter operation is used
increasingly in the optimization of automobile converter systems. The optimization of the converter relies on catalytic
material selection and chemical and mechanical engineering for its implementation. Oh and Cavandish [1] stated that
for optimization one needs to develop an appropriate model and then simulate it for both steady state and transient
conversion characteristics.

There have been some very informative numerical studies done in the recent past related to catalytic converters.
These studies were conducted with the aim of assisting the design and development of automotive after-treatment
systems. They considered one-dimensional or two-dimensional or three dimensional monolithic models, but none
gives complete analysis of each of the mentioned systems and leave a lot of parameters that have not been fully
investigated. In them the effect of flow distribution in a monolith along with non-adiabatic conditions prevailing in the
actual monoliths were not taken into consideration. They considered the investigation of the transient response of heat
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and mass transfer with chemical reaction in one-dimensional and one channel model as put forward by Votruba et al.
[2], Heck et al. [3] and Pattas et al. [4]. Heck et al. [3] showed that the monolith behaviour during warm-up conditions
could be predicted adequately using one-dimensional model. Analytical solutions for adiabatic temperature under
steady state operations were also presented in this paper. Despite a lot of research and modifications that have been
made to the converter assembly, still a number of problems remain unresolved like the emissions lost during cold start,
some harmful and undesired side reactions like formation of N2O, transient driving and catalyst deactivation.

Other studies done in this field include Cundari and Nutti [5], Hayes and Kolaczkowski [6], Chan and Hoang [7]
etc. In all these studies available in the literature for catalytic converters only heterogenous gas–solid phase reactions
taking place in the converter were considered. They did not take into account the possibility of homogenous gas phase
reactions.

The reactants in the exhaust gases flow through the monolith channels, adsorb on the precious metals (catalyst) in
the washcoat, react with the adjacent adsorbed reactants and desorb as products. These reactions are highly exothermic
in nature and start only after the catalyst has been preheated as stated by Keith et al. [8], Hayes and Kolaczkowski,
[6] and Heck et al. [3]. Initially these reactions are kinetically controlled and after the light off point they become
mass-transfer controlled.

In this study we have primarily focussed on decreasing these cold start emissions. In this paper we have taken the
kinetic expressions used for homogenous as well as heterogenous reactions for propylene by Ahn et al. [9]. The model
equations are proposed. The aim is to calculate in transient state the exit gas concentration and gas temperature along
with the catalyst temperature in axial direction.

2. Kinetic mechanism

Propylene being a fast oxidizing hydrocarbon is considered. Its oxidation by oxygen is a highly exothermic reaction
and is represented by the following reaction:

C3H6 + 4.5O2 → 3CO2 + 3H2O ∆H = −8.072 × 106 cal/gmol.

According to Ahn et al. [9] the above reaction can take place in both homogenous as well as heterogenous phases. In
the heterogenous phase a suitable catalyst is needed which lowers the activation energy of the reaction and makes it
proceed at a lower temperature. Platinum suspended in aluminia washcoat was considered for the catalytic reactions.

2.1. Kinetic parameters for propylene oxidation (Ahn et al. [9])

Rate expression:

Homogenous: (−rC3H6)homo = khomo exp(−Ehomo/RTg) CC3H6CO2

Catalytic: (−rC3H6)cat = kcat exp(−Ecat/RTs ) CC3H6 .

Parameter values:

khomo 2.87 × 1015 cm3 gmol−1 s−1

Ehomo 40,000 cal gmol−1

kcat 9.14 × 104 cm s−1

Ecat 12,000 cal gmol−1.

These rate expressions were used in the one-dimensional model to account for the conversions taking place in both
gaseous and catalytic solid phases.

3. One-dimensional model

One-dimensional model by Chauhan and Srivastava [10–12] is considered. In this model only axial gradients are
considered for gas concentration, gas temperature and catalyst temperature. The converter is operating under warm up
conditions and the following is taken into account:
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– the gas–solid heat and mass transfer
– the axial heat conduction in the catalyst
– the chemical reactions both in the homogenous gas phase and the heterogenous solid phase.

Assumptions made during modeling include:
• Chemical reactions occur both on the external surface of the catalytic wall as well as in gas phase.
• Negligible axial diffusion in gas phase.
• Noble metal (catalyst) concentration was kept constant and the catalyst does not deactivate.
• Monolith is cylindrical with circular cross-section channels. Gas phase concentration, temperature, velocity and

the solid temperature are uniform across the monolith cross-section at any axial position.
• The heat released by the catalytic reactions inside the washcoat was totally transported to the gas phase by

convection. Heat transfer by radiation within channels and also heat exchange between the substrate and the
surroundings at both inlet and outlet faces of the monolith was neglected.

• Non-uniform flow distribution inside the converter is neglected, as one single channel represents the entire
monolith.

The mass and energy balance equations for both gas and solid phases are shown below along with the initial and
boundary conditions to which they are subjected in the converter assembly. Also the time derivative terms in gas phase
energy and mass balances are neglected

dCg/dt = 0 and dTg/dt = 0.

Mass balance in gas phase: [Net convective transport of gas in the axial direction (x)] + [Rate of consumption of the
reactant due to homogenous reaction] + [Transfer of reactant mass from gas to solid phase] = 0

vdCg/dx + (−rC3H6)homo(Cg, Tg) + kg S(Cg − Cs) = 0 (3.1)

here Cg, Cs represent concentrations in bulk gas phase and at the solid surface (g mole/cm3), Tg is gas temperature
(K), kg is mass transfer coefficient (cm/s), S is the geometric surface area per unit reactor volume (cm2/cm3) and v

is average velocity (cm/s).
Mass balance in solid phase: [Reaction taking place at the catalyst surface] = [Mass transfer of the reactant from gas
to solid phase]

a(−rC3H6)cat(Cs, Ts) = kg S(Cg − Cs) (3.2)

here a is catalytic surface area per unit reactor volume (cm2/cm3).
Energy balance in gas phase: [Net convective transport of gas in the axial direction] + [Heat transfer from the gas to
the solid wall] + [heat released due to homogenous gas phase reaction] = 0

−ρgCpgv(dTg/dx) + hS(Ts − Tg) + (−∆H)(rC3H6)homo(Cg, Tg) = 0 (3.3)

here ρg represents gas density (g/cm3), Cpg is specific heat of gas (cal/g K), h is heat transfer coefficient
(cal/cm2 s K) and (−∆H) is heat of reaction (cal/gmole).
Energy balance in solid phase: [Heat conduction in the wall in axial direction] + [Heat transfer between the wall and
the gas] + [Heat released due to heterogenous chemical reaction at the wall surface] = [Net accumulation of heat in
the solid wall]

λsd2Ts/dx2
+ hS(Tg − Ts) + a(−∆H)(−rC3H6)cat(Cs, Ts) = ρsCpsdTs/dt (3.4)

here λs is thermal conductivity of wall (cal/cm s K), Cps is specific heat of solid (cal/g K), ρs is solid density (g/cm3)

and t is time (s).
Initial and boundary conditions: Initially the converter is at the ambient temperature and then it is suddenly exposed
to hot exhaust gases from engine.

Cg(0, t) = C0
g (entry gas concentration all time) (3.5)

Tg(0, t) = T 0
g (entry gas temperature all time) (3.6)

Ts(x, 0) = T 0
s (solid catalyst temperature at start) (3.7)
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also

at x = 0, dTs/dx = 0 (lagging solid catalyst at entry) (3.8)

at x = L , dTs/dx = 0 (lagging solid catalyst at exit). (3.9)

The Eqs. (3.1) and (3.3) are ordinary differential equations whereas Eq. (3.4) is partial differential equation and
these above ordinary and partial differential equations are coupled and nonlinear. As these are coupled, their solutions
are dependent on one another. The Eqs. (3.1), (3.3) and (3.4) were solved in dimensionless form using the following
expressions.

C = Cg/C0
g, T ′

g = Tg/T 0
g

T ′
s = Ts/T 0

s , z = x/L , t ′ = t/t0 (3.10)

(A) The mass balance equation reduces to:

dC/dz = −α1Ce−Ehomo/RT ′
g − β1C2e−Ehomo/RT ′

g − γ1Ce−Ecat/RT ′
s (3.11)

here α1, β1, γ1 are dimensionless numbers and their values are determined using the following expressions.

α1 = C0
g L(MB − b/aa)khomo/v

β1 = C0
g L(b/aa)khomo/v

γ1 = Lakcat/v

here L is length of reactor (cm), MB and b/aa represents the stoichiometric coefficient and the ratio of oxygen and
propylene as represented in the reaction equation.

(B) The energy balance equation for gas phase reduces to:

dT ′
g/dz = α2Ce−Ehomo/RTg + β2C2e−Ehomo/RT ′

g + α22(T ′
s − T ′

g) (3.12)

here α2, β2, α22 are dimensionless numbers and their values are determined using following expressions

α2 = (C0
g)2L(−∆H)(MB − b/aa)khomo/vρgC pgT 0

g

β2 = (C0
g)2L(−∆H)(b/a)khomo/vρgC pgT 0

g

α22 = 4Lh/vρgC pgd

here d is the hydraulic diameter of the channel.

(C) The energy balance equation for solid phase reduces to:

dT ′2
s /dz2

= −γ3Ce−Ecat/RT ′
s + α33(T ′

s − T ′
g) + δ3(dT ′

s /dt ′) (3.13)

here γ3, α33, δ3 are dimensionless numbers and their values are determined using following expressions

γ3 = C0
gaL2(−∆H)kcat/λs T 0

g

α33 = 4hL2/λsd

δ3 = ρsC ps L2/λs t0.

Initial and boundary conditions: Initially the converter is at the ambient temperature and then it is suddenly exposed
to hot exhaust gases from engine.

C(0, t ′) = 1.0 (entry gas concentration at all time) (3.14)

T ′
g(0, t ′) = Tg/Tref (entry gas temperature at all time) (3.15)

T ′
s (x, 0) = Ts/Tref (solid catalyst temperature at start) (3.16)

also
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at z = 0.0, dT ′
s /dz = 0 (lagging solid catalyst at entry) (3.17)

at z = 1.0, dT ′
s /dz = 0 (lagging solid catalyst at exit). (3.18)

4. Numerical scheme

Eqs. (3.11) and (3.12) are ordinary differential equations and Eq. (3.13) is partial differential equation. As these
equations are coupled hence they will be solved at the same time. Although the time term is not present in the ordinary
differential equations (ODEs) the time term is there in the partial differential equation (PDE). Because of dependence
of time for Eq. (3.13) the numerical solution for gas concentration and gas temperature in axial direction will be for
time also. Finite difference numerical scheme is used for solving Eq. (3.13).

The coupled mass and energy balance equations for the gas phase were solved by Runge–Kutta method of fourth
order, whereas energy balance equation for solid phase was solved by backward implicit scheme as reported by
Srivastava [13], Srivastava and Gunn [14], Srivastava et al. [15–17], Srivastava and Jalan [18,19] and Srivastava and
John [20].

Both the ordinary differential equations (3.11) and (3.12) are functions of concentration and temperature.

dC/dz = F1(C, T ′
g) (4.19)

dT ′
g/dz = F2(C, T ′

g). (4.20)

For solving Eqs. (4.19) and (4.20), the breakup of terms for Runge–Kutta method are given below:

K0 = ∆z × F1(Cn, T ′
gn)

M0 = ∆z × F2(Cn, T ′
gn)

K1 = ∆z × F1(Cn + k0/2, T ′
gn + M0/2)

M1 = ∆z × F2(Cn + k0/2, T ′
gn + M0/2)

K2 = ∆z × F1(Cn + k1/2, T ′
gn + M1/2)

M2 = ∆z × F2(Cn + k1/2, T ′
gn + M1/2)

K3 = ∆z × F1(Cn + k2, T ′
gn + M2)

M3 = ∆z × F2(Cn + k2, T ′
gn + M2).

Concentration and temperature of gas at next step is found by utilizing the earlier step as given below:

Cn+1 = Cn + (K0 + 2 × (K1 + K2) + K3)/6 (4.21)

T ′

gn+1 = T ′
gn + (M0 + 2 × (M1 + M2) + M3)/6. (4.22)

The partial differential equation (PDE) (3.13) is used for calculation of solid catalyst temperature. Backward
Implicit finite difference numerical scheme is used. This Eq. (3.13) along with the initial and boundary conditions
specified in equations were discretized. The methodology for solving PDE equation (3.13) is shown in Fig. 1.

(T ′

s J,I+1 − 2T ′

s J,I + T ′

s J,I−1)/k2
+ α33(T ′

J,I − T ′

s J,I ) + γ3Cs J,I e−Ecat/RT ′

s J−1,I

− δ3(T ′

s J,I − T ′

s J−1,I )/h = 0. (4.23)

Combining similar terms having the same subscripts in Eq. (4.23) leads to the following equation which, in the
form below would facilitate numerical solution

T ′

s J,I+1(1/k2) + T ′

s J,I (−2/k2
− α33 + δ3/h) + T ′

s J,I−1(1/k2) = T ′

s J−1,I (δ3/h) − T ′

J,I (α33)

− γ3Cs J,I e−Ecat/RT ′

s J−1,I . (4.24)

The above discretized equation (4.24) is used for calculating the solid coat catalyst temperature, at any time (level
J ). The boundary conditions are put at the entrance and exit of the reactor. At any unknown level J , the values at
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Fig. 1. Backward Implicit Scheme for calculating the solid catalyst temperature variation with time.

known level J − 1 is used (backward implicit scheme). I = 1 denotes the entry point, I = 2 to M − 1 donate the grid
points in between entry and one grid point earlier to the exit and I = M denotes the grid point at the exit of the reactor.
By applying the BCs at this point a tridiagonal-banded matrix is found out. The matrix has M ×M components. Hence
more computer storage is required. This M × M component matrix is transferred to M × 3 components as given in
Fig. 2.

This way a lot of storage space is saved and it helps in reducing the time as iterations are done again and again.
The method developed by Srivastava [13] is used for solving the tridiagonal-banded matrix. Effect of grid sizes has
been studied.
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Fig. 2. Transformation of M × M matrix to M × 3 matrix.

Fig. 3. Gas concentration vs axial distance (catalytic only).

The physical parameters for the above model are given below:

α1 = 11.58 × 105

β1 = 51.09 × 104

γ1 = 33.29

α2 = 84.11 × 105

β2 = 16.53 × 105

α22 = 2.9735

γ3 = 37.73 × 106

α33 = 18.83 × 105

δ3 = 30.86 × 104

5. Results and discussion

In the earlier work reported on catalytic converters the homogenous reaction of the pollutant exhaust gas is not
considered in the converter. Here propylene gas coming out of the converter is considered to transform to carbon
dioxide by reacting with oxygen because of both homogenous and heterogenous reactions. Computation is done here
with homogenous reaction and also without homogenous reaction. Discussion has been done with the help of Tables 1
and 2 and figures. Figs. 3–5 are only for catalytic reaction, Figs. 6–8 are for combined catalytic and homogenous
reaction, Figs. 9–11 compare results obtained with and without homogenous reaction.

Fig. 3 shows that up to a distance of 0.1 there is not much reduction in gas concentration, for the time 1.0 at axial
distances 0.3, 0.5, 0.8 and 1.0 the concentrations are 0.93, 0.91, 0.90 and 0.89 respectively. As the time increases the
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Fig. 4. Gas temperature vs axial distance (catalytic only).

Fig. 5. Solid catalyst temperature vs axial distance (catalytic only).

Fig. 6. Gas concentration vs axial distance (both catalytic and homogenous).

concentration of gas decreases, for the time 1.6 at axial distances 0.3, 0.5, 0.8 and 1.0 the concentrations are 0.84,
0.75, 0.67 and 0.64 respectively. This is expected: as the time increases more conversion occurs.

Fig. 4 shows the variation of gas temperatures with axial distances for different times. For shorter time up to 1.0
and up to a distance of 0.3, the lower temperature increases from the entering gas temperature of 650 ◦C, but later up
to exit temperature decreases to a final value of 473.86 ◦C. For more time the gas temperature is more than the entry
gas temperature of 650 ◦C. At axial distance of 0.8 the temperatures are 756.19 ◦C, 855.49 ◦C and 907.35 ◦C for the
times 1.6, 1.8 and 1.9 respectively. Higher temperature of the gas is due to exothermic reaction of solid catalyst and
heat is being transferred to gas.

Fig. 5 shows variation of catalyst temperature with axial distance for different times. The initial temperature of the
catalyst was taken as 45 ◦C. It is found that with the increase of time the temperature of catalyst at entry increases
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Fig. 7. Gas temperature vs axial distance (both catalytic and homogenous).

Fig. 8. Solid catalyst temperature vs axial distance (both catalytic and homogenous).

Fig. 9. Gas concentration vs axial distance.

to 739.59 ◦C, 804.99 ◦C, 836.14 ◦C, 869.60 ◦C and 882.12 ◦C for the times 1.0, 1.4, 1.6, 1.8 and 1.9 respectively.
It is also found that as time increases, first axially the temperature of the catalyst increases and later the temperature
decreases. At axial distance of 0.3 the temperatures of the catalyst are 889.12 ◦C, 994.75 ◦C and 1059.55 ◦C for
times 1.6, 1.8 and 1.9 respectively. As axial distance of 1.0 is reached i.e., exit of the converter the temperatures are
683.25 ◦C, 792.47 ◦C and 851.58 ◦C for the times 1.6, 1.8 and 1.9 respectively. Fig. 5 results can be explained in
this way that as soon as gas enters the converter at a higher temperature of 650 ◦C, the entire temperature of catalyst
increases. For the axial length the catalyst gets heated up and later on heat is being transferred to gas, hence later axial
length temperature decreases.

Fig. 6 shows the gas concentration variation in axial direction with time by considering both homogenous and
heterogenous reactions. It is found that for initial axial length and for lesser time the conversion remains the same
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Fig. 10. Gas temperature vs axial distance.

Fig. 11. Solid catalyst temperature vs axial distance.

Table 1
Catalytic and homogenous reactions both

Time
[-]

Axial length [-]

z = 0.0 z = 0.3 z = 0.5 z = 0.8 z = 1.0
C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

0.00 1.0000 45.00 45.00 0.0000 45.00 45.00 0.0000 650.00 45.00 0.0000 45.00 45.00 0.0000 45.00 45.00
0.20 1.0000 650.00 408.22 1.0000 377.96 229.54 1.0000 260.00 158.68 0.1000 152.35 98.88 1.0000 111.30 78.25
0.40 1.0000 650.00 563.11 0.9900 497.24 382.39 0.9900 392.20 287.73 0.9900 262.95 186.60 0.9900 199.37 143.40
0.60 1.0000 650.00 645.38 0.9800 571.67 496.26 0.9700 491.14 403.32 0.9700 367.98 286.16 0.9700 295.48 227.55
0.80 1.0000 650.00 699.10 0.9600 622.80 584.55 0.9500 565.97 501.15 0.9400 460.02 383.67 0.9400 388.31 318.08
1.00 1.0000 650.00 739.64 0.9300 662.68 659.96 0.9100 627.03 587.41 0.9000 540.62 475.31 0.8900 474.35 407.98
1.20 1.0000 650.00 773.73 0.9000 697.69 731.51 0.8700 682.18 670.07 0.8400 615.25 564.03 0.8300 555.68 496.63
1.40 1.0000 650.00 805.06 0.8700 731.91 806.57 0.8100 737.58 757.03 0.7600 690.82 656.13 0.7500 637.82 588.06
1.60 1.0000 650.00 836.23 0.8300 768.89 893.13 0.7400 799.66 856.99 0.6600 776.72 760.13 0.6300 729.82 689.56
1.80 1.0000 650.00 869.72 0.7800 813.10 1002.11 0.6500 878.14 980.52 0.5200 892.98 888.78 0.4700 853.35 813.93
1.90 1.0000 650.00 888.26 0.7500 840.03 1069.66 0.5900 929.37 1054.89 0.4300 985.46 972.22 0.3700 958.86 898.12

as it is with only catalytic reactions but as time increases more conversion occurs. At the exit for the time 1.6 the
concentration is 0.64 for catalytic reaction alone and it is 0.63 for both reactions. For the time 1.8 the concentration
is 0.47 for both the reactions and for only catalytic reaction 0.50 and for time 1.9 the concentration is 0.37 for both
reactions and for catalytic reaction 0.42. This decrease is due to the fact that both types of reactions occur, hence the
temperature of gas increases. Due to this more conversion occurs.
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Table 2
Catalytic reaction only

Time
[-]

Axial length [-]

z = 0.0 z = 0.3 z = 0.5 z = 0.8 z = 1.0
C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

C
[-]

Tg
[C]

Ts
[C]

0.00 1.0000 650.00 45.00 0.0000 45.00 45.00 0.0000 45.00 45.00 0.0000 45.00 45.00 0.0000 45.00 45.00
0.20 1.0000 650.00 408.21 1.0000 377.92 229.52 1.0000 259.97 158.66 1.0000 152.33 98.87 1.0000 111.29 78.24
0.40 1.0000 650.00 563.09 0.9900 497.12 382.32 0.9900 392.12 287.68 0.9900 262.91 186.58 0.9900 199.34 143.39
0.60 1.0000 650.00 645.35 0.9800 571.40 496.09 0.9700 490.94 403.19 0.9700 367.86 228.09 0.9700 295.39 227.50
0.80 1.0000 650.00 699.06 0.9600 622.31 584.17 0.9500 565.52 500.84 0.9400 459.73 383.49 0.9400 388.11 317.95
1.00 1.0000 650.00 739.59 0.9300 661.86 659.25 0.9100 636.08 586.72 0.9000 539.94 474.86 0.8900 473.86 407.66
1.20 1.0000 650.00 773.67 0.9100 696.39 730.23 0.8700 680.26 668.58 0.8400 613.59 562.92 0.8300 554.45 495.83
1.40 1.0000 650.00 804.99 0.8700 729.88 804.31 0.8200 733.74 753.84 0.7700 686.61 653.29 0.7500 634.48 585.90
1.60 1.0000 650.00 836.14 0.8400 765.66 889.12 0.7500 791.70 850.08 0.6700 765.19 752.41 0.6400 719.77 683.25
1.80 1.0000 650.00 869.60 0.7800 807.69 994.75 0.6600 860.02 964.91 0.5400 855.75 865.39 0.5000 816.47 792.47
1.90 1.0000 650.00 888.12 0.7500 832.79 1059.55 0.6000 900.32 1030.79 0.4700 907.35 927.06 0.4200 870.59 851.58

Fig. 7 depicts the gas temperature variation in axial direction for both the reactions occurring. For times and
distances up to 0.3 less temperature increases from gas temperature of 650 ◦C but later at the exit of the converter for
all the times the temperature of gas decreases. The gas temperature inside for a certain length is more than the entry
gas temperature. At axial distance of 0.8 the temperatures are 776.72 ◦C, 892.98 ◦C and 985.46 ◦C for the times 1.6,
1.8 and 1.9 respectively. The temperature of the gas is more due to homogenous exothermic reaction and also heat
transfer from catalyst.

Fig. 8 shows the catalyst temperature variation in axial direction with time for both reactions occurring. The initial
temperature of catalyst was taken as 45 ◦C. It was found that with time the temperature of the catalyst at the entry
increases to 836.23 ◦C, 869.72 ◦C and 888.26 ◦C for the times 1.6, 1.8 and 1.9 respectively.

It is also found that as the time increases first axially the temperature of the catalyst increases and later the
temperature decreases. At axial distance of 0.3 the temperatures of the catalyst are 893.13 ◦C, 1002.11 ◦C and
1069.66 ◦C for times 1.6, 1.8 and 1.9 respectively. And for axial distance 1.0 i.e., exit of converter the temperatures
are 689.56 ◦C, 813.93 ◦C and 898.12 ◦C respectively. This can be explained that as soon as gas enters the converter
the entire temperature increases from heat transfer from the gas entering at 650 ◦C. For the axial length initially the
catalyst gets heated up due to reaction (exothermic) and later on heat is being transferred to gas, hence later part of
the axial length temperature decreases.

Figs. 9–11 show the effect of homogenous and heterogenous reactions. It is found that more conversion occurs
because of homogenous reaction. It is found also that gas temperature is more; it is due to heat generated because of
homogenous exothermic reaction. It is also found that the more the temperature of the catalyst is, the more is heat
generated because of homogenous reaction. Fig. 9 (Tables 1 and 2) shows the concentration of gas at times 1.6, 1.8
and 1.9. Fig. 10 (Tables 1 and 2) shows the temperature of the gas at times 1.6, 1.8 and 1.9. Fig. 11 (Tables 1 and 2)
shows the temperature of catalyst at reaction 1.6, 1.8 and 1.9.

6. Conclusions

It is concluded that homogenous reaction of gas plays an important role although not much reduction in gas
concentration is found. Gas and catalyst temperatures are greater with homogenous reaction. The numerical scheme
used here is a very powerful tool for further use with more exhaust gases coming out at the same time. The properties
of the catalyst can be changed as per requirement. Different types of catalysts can be used. The length may be varied
with different types of catalysts.
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