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Abstract: Problem statement: Gaseous emissions from gasoline engine such &srtamonoxide,
unburned hydrocarbon and nitrogen oxides were lyswatluced in three-way catalytic converter
simultaneously around theoretical fuel and air costion. Engine speed and load and other
parameters were varied over a wide range of operatdnditions, resulting in different exhaust gas
composition and condition intake into catalytic eerter. This work was studied the conversion of
Nitric Oxide (NO) in exhaust gas catalytic conversdfected by gas velocity and inlet temperature
using numerical modelingApproach: The simulation was based on a one-dimensional -time
dependent model within a single monolith channethaf converter. Upon certain assumptions, the
study was considered heterogeneous combustioniaedsetween gas and solid phases based on
lumped kinetic reactions. In this study, constartd variables used for mass and heat transfers were
dependent on gas or solid phase temperature are fraction. Finite difference scheme incorporated
with the generated computer code was establishesiofeing species and energy balances within gas
and solid phasesResults. The NO conversion was increased with transientogein initial and
reached steady state at different values. The lamlet gas temperature was resulted in lesser NO
conversion at the same inlet NO concentration asdvglocity. The light-off temperatures were up to
520 K and a sudden rise in NO conversion was fr@®&05 K and decreasing onwards, generating
working temperature window. NO conversion increasedughout the catalyst bed from the inlet and
the conversion decreased as the gas velocity isede@€onclusion/Recommendations. Gas space
velocity and gas temperature intake to the convaerffected the NO conversion over the time and the
axial distance from the catalyst bed inlet. The arical results have summarily demonstrated a good
approximation compared to experimental data pralidethe literature. Further investigation of such
effects on other gaseous components is recommdadédure work.

Key words. Nitric Oxide (NO), unburned Hydrocarbon (HC), Canbblonoxide (CO), numerical
simulation, catalytic converter, heterogeneous agstibn, finite difference method,
conversion, NO conversion

INTRODUCTION catalytic converter were conducted (Boghsl., 2001).
For such engines operating in fuel lean conditmqg,,
Three-way catalytic converter for gasoline enginegasoline direct injection, a conversion of nitrogen
usually reduces regulated gaseous emissions (i.eQxides in oxidizing atmosphere is even more
carbon monoxide, unburned hydrocarbon and nitrogesomplicated (Holmaet al., 2004) and dependent on
oxides) simultaneously in the range abouttype of catalyst/washcoat/substrate (Furusavaal.,
stoichiometric fuel and air combustion. However, 2002). These bring complication of both physicadl an
engine parameters are varied over a wide range @femical parameters which need to overcome.
operating conditions, e.g., speed, load, resulimg Numerical simulation is therefore an alternativeyier
different conditions of exhaust gas flowing intdatgtic ~ solving these difficulties (Hepbuet al., 1998).
converter. The consequences are dissimilarity in  Kolaczkowski (1999) presented a catalytic
conversion of these harmful gaseous emissiongisual combustion modeling in monolith reactors. Tiscker
combustion products, particularly Nitric Oxide (N@, al. (2001) simulated a catalytic combustion using
major constituent in nitrogen oxides, NQGemissions) detailed models for heterogeneous and homogeneous
with their high level adjacent to stoichiometric reactions and transport phenomena. These models
combustion. A number of experimental studiescrucially require kinetic rates of reactions taksace.
associated to the reduction of exhaust gas emssion A number of studies on kinetic rates of specific
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reactions and combustion conditions over particular L
catalyst/washcoat have been proposed. Veitzal.
(1973) studied the carbon monoxide and propylene
oxidation on platinum catalysts and proposed their Yein = Ygout
kinetic reaction rates. Under fuel-lean combustion [ T... T, o
conditions, Burch and Watling (1997) studied kiogti
and mechanism of the NO reduction by propane over
platinum catalyst.

From engineering point of view, it is interest to Fig. 1: Parameters of the one-dimensional catalytic
conduct such integration of the aforementioned converter model with 0.16-m catalyst bed
catalytic combustion modeling and kinetic reaction Length (L)

A
Y

rates. The main aim of this study is first to prése
one-dimensional transient modeling in monolith

catalytic converter. Secondly, NO emission conearsi J
will be studied through the modeling. Some opegatin
parameters, i.e., inlet gas temperature, bed leagth —_—
gas velocity affected on NO conversion will be
simulated and discussed.
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Catalytic converter modeling: The modeling of
catalytic converter with the 0.16 m catalyst beadgth
shown in Fig. 1 was based on one-dimensional tahsi -
model. Exhaust gases as combustion products, in the
form of mole fraction at given temperature, frongiee

flowing to the inlet of catalyst bed. The crosstssal \ /7

area of a single monolith channel is depicted i Bi

The catalyst and washcoat are solid phase asiétest Fig 2:A single monolith channel of the model (lday
by the shade area. and Kolaczkowski, 1997)

Heter ogeneous combustion: Heterogeneous | the solid phase, there was a chemical reactieh a
combustion occurred between gas phase (exhaust gagss can also diffuse from the solid phase to t® g
species) and solid phase (catalyst/washcoat) i tp phase. The species balance in the gas and solg&gha

following assumptions: originally given by Hayes and Kolaczkowski (1997)

.« No homogeneous reaction between species in ga¥'d applied here for this problem, can be exprebged
Eqg. 1 and 2, respectively:
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phase
* Neglecting transient term in gas phase . dv, 4
« Mass and energy transport in gas phase only byVm dx'g o KmaCo(Yag=Ya9 =0 1)
convection .
. Err]lgrgy transport in solid phase only by conduct|onkmcg(YAVg -Y,) :ZV R 2)
» Neglecting radiation heat transfer
Where:
It is considered in this study that the exhaust gac, = Gas concentration in molt

comprises the combustion products: Carbon Dioxide
(CO,), Water Vapor (HO), Nitrogen (N), unburned

Hydrocarbon (HC), Carbon Monoxide (CO), Nitric
Oxide (NO) and excess Oxygen ,JO Species and D
energy balances were used for the analysis. m.A

Mean mole average velocity in m

sect
Hydraulic diameter in m
Mass transfer coefficient of species A
in m sec'
Species equations: For species balance, each species iny, g and Yas Mole fraction of component A in gas
the form of mole fraction flowed in gas phase witho phase and solid phase, respectively
chemical reaction and mass can diffuse from the gay Effectiveness factor of species A in
phase to solid phase. reaction i
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Ris = Rate expression of reaction i (in solid 1 3
' . R = + N +S N+
phase) in mol sétm > 3TN0 = CO+2 Nt KO Q)
Energy equations: For energy balance, enthalpy The rate expressions:
flowed in the gas phase without chemical reactiot a
heat convection can transfer from the gas phase to ke EalRT)y vy
the solid phase. In the solid phase, chemical react RLS:% (8)
occurred and heat convection can also transfer from (¥.T)
the solid phase to the gas phase. Additionallyt hea g
conduction can occur in the solid phase. Thesdded _ k€Y Yo, )
internal energy changes in the solid phase. The ** F(Y,T,)
energy balance in the gas and solid phases can be
expressed by Eq. 3 and 4, respectively (Hayes anth _kse('E“'ﬁTS)YQHGYNo 10)
Kolaczkowski, 1997): 3s = FY.T)
dT 4
_pgcngmT; +FH h(T,;-T;)=0 ) Where:
d(, . oT aT. FYT) = Tt kYoot K g )" > (11)
&(kséw axs)—h(Ts—Tg)—ZAH rRTOPCE () Mk, Y3V )A+K,Y DK
Where: The pre-exponent factors, activation energy and
pgandps = Gas density and solid phase density,0ther constants are listed in Table 1.
respectively in kg it . _
Cpgand Gs =  Constant pressure heat capacity in gaSCZonstz_;\nts and variables: The constant pressure heat
and solid phase, respectively in Jkg capacity (Gj of the gas phase (J KgK™) was
K1 dependent on gas temperature and mole fraction of
Vi = is mean mass average velocity inSPecies i as expressed by Eq. 12 with the constants
msect numerated in Table 2:
h = Heat transfer coefficient in W 1000
K_l i i Cpg =7Z[(mi,g + ni,ng + Qi,ng + ri vg-lg )Y|g] (12)
T,and T, = Temperatures in gas and solid phases, Mg 5
respectively in K o
k = Solid phase thermal conductivity in W Table 1: Pre-exponent factors, activation energy emnstants for the
s m K2 rate expressions (Vol&t al., 1973; Matthesa al., 2001)
_ . . Item Unit Values
o - _ReaCtor wall thICkn_eSS_ _m m _am—IRJ Pre-exponent factor mol K séan” k = 6.4410™
is enthalpy of reaction i in J mbl ky = 1.510°
o ) ks = 7.24<10"
Chemical reactions: The chemical reactions taken Activation energy J mot* Eaféégggo
place over the catalyst (solid phase) used inghidy £ 12900
were based on lumped kinetic reactions extractech fr Constants - k= 65.5@66”1st
Voltz et al. (1973) and Matthessat al. (2001). Carbon iﬁzzgogssoéémﬁs
monoxide can oxidize to yield carbon dioxide by Bqg. kAj = 4,71 0%e%733™s

with the rate expression Eq. 8. PropylenesHg
represented unburned hydrocarbon in the exhaust gdgble 2 Constants for the gas heat capacity (Hegwb@88)

can also oxidize to yield carbon monoxide and watePecies m n q r
vapor by Eq. 6 with . t_he rate expressioln Eq. 9.('\:';)46 25‘%3 2‘%?853 _lg_'i’gg_'g éifégg:g
Propylene can reduce nitric oxide by Eq. 7 withihie  co 28.11 0.16E-2 0.53E-5 -2.21E-9
expression Eq. 10. The function F(Y),Th Eqg. 8-10 can ©: 25.44 1.51E-2 -0.71E-5 131E-9
b P lculat dq ina Eq. 11- (% q CO, 22.22 5.97E-2 -3.49E-5 7.45E-9
€ Calculated using £q. 11: H,0 32.19 0.19E-2 1.05E-5 -3.58E-9
N, 28.85 -0.15E-2 0.80E-5 -2.86E-9
1
CO+§OZ - CG, (5) Table 3: Constants for the enthalpy of reactionsy{kbod, 1988)
Reaction a b c d f
R: 279587 -18.61  0.0200 -122E-5 2.25E-09
1 3
ICH.+20. - CO.+ H.O (6) R. -645558 15.20 -0.0200  8.94E-6  -1.57E-10
3 3% o72 2 2 Rs -915767 876  -0.0086  -3.23E-7 9.78E-10
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Table 4: constants and variables (Hayes and Kotaezki, 1999; Matthesat al., 2001)

Item Unit Values
PM
Gas densit kg n? =9
y 9 Po =7,
Solid density kg n? ps= 1517
Thermal conductivity of the gas WhK™ kg = 1.679 = x10%+5.073x10°T,
Thermal conductivity of the solid WhK? k= 0.9558-2.0810 T,
Gas concentration molti > C, L
RT,
Molecular weight of the gas Rgmol™ M g=x M iYi
i
o Nu kg
Heat transfer coefficient Wm?2K™? h=——
Py
Sh EDA B
Mass transfer coefficient m sec’ Km = 5 :
H
Nusselt number Nu = 3.66
Sherwood number Sh = 3.66
Hydraulic diameter of monolith channel m nB 1.0%10°
Wall thickness m &y =0.138%10°
Heat capacity of the solid JRK™? Cps = 984+0.226 T

The standard enthalpy of reaction4H;,) in J.mol*  Numerical algorithm: The gas phase species balance

was a function of temperature of the solid phase a§9- 1 was rearranged in the form of finite diffezen
given by Eq. 13 with the constants numerated idrab ~ Scheme, appearred in Eq. 17 and 18. For NO emission

co=a+ + + + -

AH; =a+bT + cT + dT + fT; (13) v {W};km,NO(YNo,g,i—YNo,s) =0 (17)
Other constants and variables used in the species X .

balance and the energy balance in the gas and sokg s:

phases, extracted from Hayes and Kolaczkowski (1999

and Matthesst al. (2001) are given in Table 4. _ Yaogi Yos.i (18)

Diffusion coefficient for species A diffusing int
binary mixture of A and B (Rg) in n? sec¢' can be
written as Eq. 14 (Fullest al., 1966):

1013 10° #75 [ 1 4 1
MA M B
Dag = 2
P v+ vi?]

And diffusion coefficient for species A diffusirigto
a multi-component mixture (Qy,) in nf sec* can be

YNo,g,i -
1+ 4kmchzAx
Dva

(14)

+
And the other six species can be derived in the
same manner, generating a set of equations.
The solid phase species balance Eq. 2 was

rearranged in the form of finite difference scheme,
expressed in Eq. 19-32. For all species:

D,V
4K, noAX

expressed by Eq. 15. KinoCo(Ynog™ Y nod 3R ;=0 (29)
N 1.1
DAvmix - i% (15) km,CjHECg(YQHE vg_YCsHs g _ER 2_§R = 0 (20)
iz M
j#i
km,COCg(YCO,g_ Y co,l -R = 0 (21)
Gas conversion percentage can be calculated using
Eg. 16: 1 1
km,OZCQ(YOZ ,g_YQ,Q _ER 1_§R 2=0 (22)
Gas Conversion ("/@Mx 1C (16)
Yg,in km,COZCg(YCQ ,g_Y cQ 2 *tR#R #R F 0 (23)
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> X, 1 _ 4K AX
” Y\, 50 = Ngi—1+(15R3) —me = 4] (32)
T T ol TNty Col DV,
J}-I?J Ly [+l e
flll BN
X X —— The gas phase energy balance Eq. 3 was rearranged
.. in the form of finite difference scheme, shown i B3
Lt N and 34:
\: l——l’>_ .
t\f. $ \/mpgc pg{%} + Di h(Tg,i _ Ts,i) =0 (33)
.»_] — - X H
£l And, thus:
| TT1
T
Tg‘i = Z-‘l;le + 5 T\;,\ C (34)
+ D C + H ;;pg pg
. . . . . \
Fig. 3: Finite difference approximation flowchad € HYmP o™ pg 4hAx
unknown valuex = known values) The solid phase energy balance Eq. 4 was
Table 5: Initial conditions of the mole fraction rearranged in the form of finite difference scheasean
Species Mole fraction (Y) EQ. 35 and 36:
NO 0.0030 t  _ ot t
CaHs 0.0024 K3, LSJ:TSH CR(T - T.)-AH. R,
co 0.0010 (%) iT g,
0, 0.0100 S (35)
CO, 0.1000 T
H.0 0.1000 “AHg R ~AH R =0 p C ”{m}
N> Balance
And, thus:
Kn1oCo(Yiog™ Yiod *R R =0 (24)
K5 T~ 2T+ Ty
Kinn,Co(Yn, =Y 9 +gR s=0 (25) o (&x)?
T T e (T (36)
And, thus: e AHg R -AH R ,-AH R 4
_ (_SR ) 4km, OAX .. . . ..
Ynosi =Y nogi1t K é’: #ﬂ (26) The finite difference scheme with explicit central
m,NO~g HY'm

difference approximation is shown in Fig. 3.
A computer code was generated to solve for mole

Yoo =Yoo at R, - Re)rkmv%Hfo +1} (27) fraction (Yy,) and temperature {J) over spatial (x) and
o o Kin.c,1.Co DV, time (t) domains.
(-R,) [4k, Ax Initial and boundary conditions: The initial condition
Yeosi=Y cogi1 L {mc +1} (28)  for temperatures of the gas phasg)(Tvas set to a
KincoCol DuVim range between 400 and 620 K while that of the solid
phase (T) was set to 298 K. N
_ (-0.5R - 1.5R J 4k, o O For mole fract_lon, the initial conditions were $et
Yo,5i=Yo,qr1t ¢ 5 ?} +1 (29)  the values shown in Table 5. These values simutheed
m,0, ~g HYm

engine operating on fuel-lean combustion condition.
It was considered that there was no change id soli

v v (R +R,+R;) 4K, co, A% “ (30) temperature gradient along the x-axis. Therefdne, t
€O, s ™ T CQ g1 Km.co,Co DV, boundary condition at both ends of the solid wak(0
’ and x = L) was as Eq. 37:
_ (R, * Rg)ka,H oAx } oT
Yiosi=Y rt =—+1 (31) —= =
H,0,s, H,0,g.i-1 km,HZOCg DV, Ix 0 (37)
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RESULTS

Nitric oxide conversion in initial transient state: The
calculation results of NO conversion at the catalesd
outlet (x = 0.16 m) with 0.625-m séayas velocity are
shown in Fig. 4. The NO conversion began to ineeas
after the time started. They obviously showed the
changes in transient period from 2-12 sec and
afterwards, they reached steady state at differ@nes.

Effects of inlet temperature on NO conversion: Inlet

gas temperature affected on NO conversion at the
catalyst bed outlet (x = 0.16 m) with the gas vi¢yoof
0.625 m sec as shown in Fig. 5. It was observed that
the light-off temperatures were up to 520 K whertbas
NO conversion was nearly zero. The calculationltesu

1225-1231, 2012

100
Tgi= 560K
E Tegi = 580K
_ 80 | —--—-Tgi=600K
< 70 | et TTTTTTT T T T T T N
E 60 | 3
2 .
2 A
£ s0 | /
g :
S 40 p e
30 | !
20
10 !
O Fd
0 5 10 15 20 25

Time (s)

showed a sudden rise in NO conversion fromFig-4: NO conversion in initial transient statexat

approximately 550-605 K and decreasing onwards.

Effects of gas velocity on NO conversion: Gas
velocity affected on NO conversion at 600-K inletsg
temperature over the catalyst bed is shown in €ig.
NO started conversion at the catalyst bed inlet tted
NO conversion decreased as the gas velocity inedeas
The NO increased conversion along the catalystftwed
all the gas velocity.

DISCUSSION

In Fig. 4, Inlet gas temperature strongly affects
on the NO conversion. In the range of inlet gas
temperature tested (560-600 K), it is observed that
the lower inlet gas temperature resulted in leder
conversion at the same inlet NO concentration and
gas velocity.

In Fig. 5, the maximum NO conversion was 76% at
this numerical test condition (x = 0.16 m and gas
velocity = 0.625 m séb). This generated a working
temperature window for NO conversion simulated by
this model with the variables and chemical reaction
proposed. The temperature window was validated and
compared with the experimental and simulation tesul
from the literature (Matthesat al., 2001). They gave
the same trend but differently in values, due to
differences in variables and conditions used.

Figure 6 the greater gas velocity resulted in loM®
conversion, due to the shorter residence (coriawt) In
contrast, at the lower gas velocity, the gas flag more
times for reaction, resulting higher NO conversion.
However, at very low gas velocity of 0.425 mSethe
NO conversion started to deviate at the middle hef t
catalyst bed, resulting in lower conversion at ¢htalyst
outlet than expected. This implies that it may bet
suitable to operate at gas velocity lower thandkig may
result in low NO conversion.
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CONCLUSION Hayes, R.E. and S.T. Kolaczkowski, 1997. Introdarcti
to Catalytic Combustion. 1st Edn., Gordon and
The conversion of NO emission in monolith Breach, Australia, ISBN-10: 9056990926, pp: 681.
catalytic converter was numerically studied usingHayes, R.E. and S.T. Kolaczkowski, 1999. A study of
heterogeneous combustion in one-dimensional transie nusselt and sherwood numbers in a monolith
model. The analysis on species and energy balances reactor. Catal. Today, 47: 295-303. DOI:
was accomplished and solved by finite difference  10.1016/S0920-5861(98)00310-1
method. Gas inlet temperature and velocity weredou Hepburn, J., T. Kenney, J. McKenzie, E. Thanasidl an
to affect on NO conversion over the time and spatia M. Dearth, 1998. Engine and aftertreatment
domains. The calculated working temperature window modeling for gasoline direct injection. SAE
for NO conversion was in agreement with experimlenta  Technical Paper. DOI: 10.4271/982596

and simulation results from the literature. Heywood, J.B., 1988. Internal Combustion Engine
Fundamentals. 1st Edn., McGraw-Hill, New York,
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