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Abatract— The steady state response of a monolith catalytic converter to changes in operating conditions and
monolith design parameters has been exanined on the basis of a mathematical model. The model considers both cata-
lytic and gas phase homogeneous reactions of a hydrocarbon and allow for axial conduction of heat in the solid sub-
strate. Higher inlet temperatures and concentrations, and lower gas velocities are shown lo result in higher conversion
efficiencies. Metallic monoliths, having higher channel density offer superior performance to ceramics, and channel
size and shape had significant influence on conversion and temperalure profiles along the monolith channel. A proper
choice of catalyst distribution along the monolith axial dimension resulted in a solid temperature profile subjected to
less thermal stress. The possible effect of changes in calalytic material on the overall converter performance has been
also examined.
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Fig. 1. Monolith channel geometry.
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% material and energy balance equations

O Gas phase fuel balance

<d(VC,o)
DT =

™ =—SZ,exp (- 78 " (Co,) ?
_ok(cjg_cjs) (2)

O Catalyst surface fuel balance
k (C.rx_ Cfs) =Zcexp( RT )C;s (3)
O Gas phase energy balance
SpVC, e = oh(T,~T,)

+5 (= AH) Zpexp (— 22 (Co) "(Co) ™ ()

nEXP RT s 02

O Catalyst-support (substrate) energy balance

4*T, .
Ssls'ﬁ =oh(T,—T,)
—o(—AH)Z cexp (- RT -)C,e (5)
O Continuity
d _
= (eV)=0 (6)
olwo] HA =L ofale} 7t
at x=0 (reactor inlet)
r&8= (Cfx)m Co, = (Cm) o
dT,
V=V,, Tg=T,, I =90
at x=L (reactor outlet)
dT,
x 0 (7)
chirel A W4 8 ASE Aol
O dimensionless variables
. _ X _ Cfs _ Cfs
g» L ‘/’!l (Cfg)o . ¢IS’ (C/g)o
v oV, Cu _ T,
v= v, (] V. (Cfe)o Vre, 05= T,
_T @)
8 T.
O dimensionless parameters
ok _ L oh
L= () (5 3= ) (5o
— Eh _ Ec _ (C_rg)o (_AH)
T RT, TTRT, 1T 4.CT.
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L
Dh, (V Z (Cfg') Co;)oe Th
_ (L oZe” _(LeoVoCyy S
D. (Vo)( s ) Pes= ! x )(Ss)
(9)

wdlel £A4 (2)~ (6)2 thex} 7o) ZxjelAl (10)
~(13)2.2 AH3AA 4 gic},

T

O gas phase fuel balance

do _ _ Yn(0,=1) w™1-¢(1-w)]"
¢ Dyexp ( 5, ) o

~ 3o (= dre) 10)
O catalyst surface fuel balance

(8s-1

Iy (%—¢13)=DCGXP(70—))¢13 {11
O gas phase energy balance
dﬂ Yu 1)
d§ =Jy (85~ 6,,)+I*D,.exp(—*——ag )

w™(1 —0¢’£}; )] 12

O catalyst surface (and substrate) energy balance

1 dzﬁs c(gs—l)
E; d;z =JM(03_03)"FDCEXD(7T—)¢US

3

(13
3 AAZA (DL ol ol AR 4 ek,
dé,
at {=0;¢,~v=w=0,=1.0, dC =0
dg,
at £=1; it 0 14

2-2, FX|sHA iy

FaRla=214] (10)~ (13) 3 AA=A (14)€ =l
2ol 73 A % %A (boundary value problem)% 34
glek, 7F Aol 23452 implicit finite difference
schemes #H&31o{[13], 51702l Azpdol4] w4y
ey o #gAza, Newton-Raphson
[14] & AHgstod AzAle] bsabdAE5S odgioz £
o o oslE ekl olwl AREE FEbabE
o] Newton-Raphson ¥ o2 <dojz|:= Jacobian
matrix2 %< Lentini®} Pereyra[15]ol &iai+] =}
A8l ¥as3)

Newton-Raphson #H& o]-&ale] b=l w|4ds
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Fig. 2. Comparison of model predictions with
experimental data of Hegedus {2].
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Table 1. Standard condition [2].

T =693 K, V = 1018.34 cm/sec, P =1atm
C3H6 = 0.19 (70, OZ= 5.08 U]O
Table 2. Monolith properties [161.
Properties *Ceramic Metallic
(31 celllcm?) (62 cellicm?)
Length (cm) 10 10
Diameter (cm) 0.15 0.12
Cell area (cm?) 2.3x102 1.5%10°2
Solid area (cm?) 9.3x103 1.1x10°3
Wetted perimeter 0.62 0.54
(cm)
Thermal conductivity 5.55x107* 5.55 x 1072
(cal/cm. sec K)
Fraction open area 0.713 0.890

*: Used in conjunction with the Hegedus standard expt.
conditions of Table 1 unless stated otherwise.

Table 3. Kinetic parameters of propylene oxida-
tion over Pt/AL,0; [10].

Forms of rate expression
Homogeneous - 75 =Zzexp( X (Cp) (Cop)
RT,

: E
Catalytic - 7, = Z exp( iﬁcs’ (Cp)

Parameter Value
Zi 2.87 x 1015 cm3mol-! s71
Ej, 40,000 cal mol-!
Z, 9.14 x 104 cms!
E, 12,000 cal mol-!
L0 Homo. +
— Hetero.
0.8} ,-/-_.,f‘”—_
R o« - “Hetero.
‘S‘ ~ only
5 0.6
4 Fuel: C3He
g Pressure: 1 atm
So04r Fuel to air ratio: 0.018
& Reference velocity: 18.7 m/sec
e Catalyst length: 7.6 cm:
0.2+ (CATCOM 111)
® experimental data
of .

300 400 500 600 700 800 900 1000
Tin(K)
Fig. 3. Comparison of model predictions with

Engelhard experimental data.
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Table 4. Monolith properties {19].

}}Ecsg—rgz—:ﬁ{ 31 cell/cm? 46.5 cell/cm? 93 cell/em?

d cm) 0.154 0.1212 0.0783

A 2.98 2.98 2.98

o (cm) 0.616 0.485 0.313

S (cm?) 0.0238 0.0147 0.0061

Ss (cm?2) 0.0085 0.0068 0.0046

As cal/cm s K 5.55 x 1074

€ 0.731 0.6836 0.5696
wo| Al o o exz {FAEH 4 9l7| wiiol
o}, ub channel #7349 Z7he B AT (],)4
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4 Z7loll wpebd 2z Ul T A
g&odol] GotA| Hv, olw] 3] 2%
*M:‘%ai A F24717) Seie ZAEA 2] A
o]%o] 24| channel RE7} Y& 2l d AlLg3}

L 7o) $glslch, ulwlo] channel 459 7h4E o
4 58S paA7=E Azl channel Az 7l Z7435)
E zxgle wfdg meel & & Qe ol wid

(graded cell approach)& AH&3le] £& A5

Aoke AR 7[20]7F ok, 2 ATl gk =Ab

27 Aol o|g wlde rhsAdel e A

T 4 glolont, gxE|ert Aubd oz EAo|FA

S4ohAQl ddel Sa) glenz FEF 2R
o _/;;}_—_ ol oq

wjde] e e 55 S

3-3, Zoje| =R E 3 Zof Maof e &

Fig, 137 14 2|z I F9 5= £ET
9] S A4S TF2cA Fulese A £2
e RAeldh, UE EAH A Rkejze gt
1/3% 3% myxgenr) 50% 9o $27 %
A, 27% 1/ 3 50% A & 7Afel=d, 2 AA
Hog FEI FEo| 7Afojn um% oz FAH
AL 17 Huitle] A2 Fois g AE A
Zolch, Fig, 13004 3 ule} o] ‘19 797} A
Hog FHLs (T2t 7 w4 fxlsi= A7)
thermal gradient)”} $iatshA] et ik, oA
2 migleg gFZFold AHe R w2 EuY F
52 qlsle] uhgo] #hibsiA| A==, WFER S
4% zolpro zhaols S7elm, WA oif3t

o2 qlafA], AH o wL H&%—‘L FR1 417 A=
2 sf4=c}, Fig, 1ol vebd 24 Afe] A5A%RE

2R

— ]

H26A X135 19884 23

starsst

Hel - g

b3t
800+
£
=
é‘ 1
L 7501 4 * T
o ;o | 1: 1.5D—0.5D¢
e v 2: D¢ constant
oL ! 3+ 0.5D—1.5D;
/ | |
1
I i
! |
|
700 . '

1/3 213
Dimensionless length (x/L)

Fig. 13. Effect of noble metal deposition strategy
on solid temp. (T,) profiles: standard con-
dition,

I‘N

o]z} glovt oA FFZAoA] WS E
dog FAo|FHA AlE7] wFols &

v zA e 600K o]t (Fig, 5 #=)2 ulk2
ol (kinetic control regime)olAE ZalEx
ZollA W& £o 7 Fulshz Aol felzlelet

-

N LI
—_
N
° 2
& dy do o v

R rlo
ol

rﬁ rlo
T

1.0 T b N
1 |
4 ]
- | | ~
3 0.8r ! o
<z
o |
£ |
=
g 06 |
g |
S
i)
&
=1 04 — 1: 1.5DC—O0.5D5
g | 2: D¢ constant
& v 3: 0.5Dc—>1.5D¢
L: 3 I i
0.2 | |
/ | ’
i
/) .

1/3 213
Dimensionless length (x/L)
Fig. 14. Effect of noble metal deposition strategy
on conversion (1-w) profiles: standard
condition,



AEa )71 7be ol YA o e $224p 63

Dimensionless length (x/L)

1/3 2/3

1.0 T r
0.8F D/
e —

1.0Dc (0=x/L=2/3)
+0.01D (23sw/L=1.0)

b
[=2}
1

<
-
1

Fraction fuel converted (1-w)

e
o

X z M n L L

5 10
Length (cm)

Fig.15. Effect of change in catalytic material
(noble metals vs. transition metal oxides)
on conversion profiles (1-»): standard
condition.

Morooka®} Ozaki[21]+= propylened] Ab3}ulSof
el ole)7bx] FellE AREEle] 300ColA] W4 E
ZHs 2 A3, AFE5A Pt, Pdrp HolE54k3E
Zollg Bl ok 102~1049] whE ulg<E e 2 Wolw 9]
ot 2wty Qleh, webd HFEolA Ho|FLAls)
229 ZulgAe A3 seAE Aser] Y4
Fig. 159 160 Zuljo] 4ol I+ Pt Zujof 27
1%, 5%, 10%°l si%3ts H+E 7143 dat
3 32 FETAS Al4siM Vepdei, Fig
159 Azl ofslal HF5A S tig Ho| 3455
cf 2ol AL s UL o4 4 9o}, o] A
+ Fig, 160|418} Fe
bt gl HolgAel ztaz FF27] 749l ¥
) 25 s}l A dejxm glrh, =3 2ajel]
272 1/3% 3F Pt 209 1% 2 2t
F-5 233 7395 Fig, 15, 169 #o] I3t
o] 7% Fig. IGOHH Ho oulel o] XBFHolMq F
HEE (T2 43 "olzv] wl2d wizt=] 7paf
P2 (783K)E HET % & 4 Y= Fig. 15
off vbeldt ule} 7L°l 285 FHoll4= A kol
dofiial ggob HRAghe o] HeE o4 & U

= =
G, ol7e AH Fah3 el a7l ol o 80%

Dimensionless length (x/L)

113 2/3
810 v \
D —]
790+ ?
——
. 770F
S
3
g“ 750 1.0Dc (0=x/L =2/3)=0.01D¢ (2/3<x/L£1.0)
Q
=
B 730
710
690

Length (cm)

Fig. 16. Effect of change in catalytic material
(noble metals vs. transition metal oxides)
on solid temp. (T,) profiles: standard con-
dition.

] propylene°] oju] ukg3ledx] XFH-go 2 =9F
T RFUFEA Wobp S & ohie}l Aslel B2 7hao
TEAgo] wet frdSET R FolE ] wlEol
g W2 R FoldaE Folo] B4 Aol F
3 7" Zol7] sl Hafdesst ¥ 3IF
71 (693K, 783K)ol4 Morooka2} Ozaki[21]¢] 4
1747 (573K) 5 71522 HolF&AlshEZole B4
< Wrtsle] Felo A w2 A 54 A
e v 5l Alsetn Azsch, 3o
Balod B wlm B} o] FojAo} &
ZAelw, 7|e} el et o523k 5 chzbse) FiA
H7brh e,

KRR P
T LN
1 0

4.4 B

2xeley Zofulg7]9 channel Wl doji}
T A EElEekd HAS dbdsbe
Modele A™se] FAZAE B3 T3 ‘a‘fﬁéﬂ
of vlas] 2 A3 9550 Adgs 9 2 7peo

HWAHAK KONGHAK Vol. 26, No. 1, February 1988



S 35 (600K olsh)el
tion)o] dofifx] ¢got
37} dojit Fole AZHgo] A F
A Z7)of uhe} Aggo] Aw)=gd

[
o g —r
do !
[o3
(e
T
e
)
g o
o ua
Xl
[

&
hul ;llo

o
My w

tt

7] ool Agge Fhart ol ZE3
2, 3% Exejeo} Al 2xejoe X%
d £ An 4 mieze et v
channel 57} woog 3o d]7}ulg
o Aol FLEE Aixen el A5l

N
% 4 glgint,

3
T

g M
mo 2 ofL K

2
o o o
- b
oo g i

9

ly
N

3. 2x2|t channel® 2% (shape) %

(diameter) 2 43 EAol5dsol £ F3kS

o]

o8
i ofk

A

o] ul2-gzododof4|= channel size7t 2 Ab7Z)S
o Aol Fejsl, EHolEA g el Al A5
channel size7} 2t €3 o] o] felsiict,

4, Zx2|= Fudo] 3 EFelEHe ¥ X
2Jsted HFAEEH FUXoHIE A
HEAZE Soid 2 zeole gl
57 g3 Ax 7adle $¥F BrEs
o7} AA Jeht= 2 thermal stresss A
2z} A7telo
Zojlo] A& Foliulgrle]l Aol AAA
slgdod, AFS5AY Zikele Zujo 8
Zte Zojo] -5 pelste] HIAES A
2 oo} & o, delg&Al Folge
Z|ghe ofeig o ojabE|3it,

2

(i
me_u,

oo oy ™

Iy
5 o

£ 2

a2

fe

R
rr o

A4

HJz aY ok mdt
R

#& A

NOMENCLATURE
A . monolith shape factor
Cq : gas phase fuel concentration, g mol/cm®
Cs . solid phase fuel concentration, g mol/em®
Co, : oxygen concentration, g mol/cm®
Cy . specific heat capacity, cal/g K

SIEt 3% X263 M1z 19884 2H

D,d : monolith channel diameter, cm

D, : catalytic Damkohler number

D, : homogeneous Damkohler number

E, : catalytic activation energy, cal/g mol

E, : homogeneous activation energy, cal/g mol

h . heat transfer coefficient, cal/s cm® K

(-AH) : heat of reaction, cal/g mol

Jp : mass transport number

Ju : heat transfer number

k : mass transfer coefficient, cm/s

L : monolith length, cm

m : homogeneous reaction order with respect to
fuel concentration

n . homogeneous reaction order with respect to
oxygen concentration

Nu : Nusselt number (=hd/ A4)

P . pressure (atm)

Pe, : solid-phase Peclet number for heat transfer

Pr : Prandtl number (=C,u/A)

R : universal gas constant (=8205¢m’ atm/g
mol K)

R, . channel radius

-1, . surface reaction rate, g mol/em? s

Ty : homogeneous reaction rate, g mol/em?® s

Re Reynolds number (= p Vd/u)

S channel cross-sectional area, cm®

S, solid cross-sectional area, cm?

Sh Sherwood number (=kd/D)

Tg gas temperature

Tin inlet gas temperature, K

T, solid temperature, K

A% linear velocity, cm/s

Via inlet gas velocity, cm/s

X axial distance, cm

Z, catalytic pre-exponential factor, cm/s

Zy, homogeneous pre-exponential factor, (g

mol/em®) ™™ s

Greek Letters

r . dimensionless adiabatic flame temperature

Ye : dimensionless catalytic activation energy

Y : dimensionless homogeneous activation
energy

¢ . dimensionless axial distance (= x/L)

8 . dimensionless gas temperature

s : dimensionless solid temperature

Ag : gas conductivity, cal/cm s K

As . solid substrate conductivity, cal/cm s K

u : gas viscosity, glcm s

v . dimensionless velocity

Pq : density of gas, g/lcm?3

fs : density of solid, g/em®



Use
¥

S

A3} 71 ke 2ol s B 42 A 65

: wetted perimeter, cm
: equivalent ratio
_ actual air/fuel ratio
(= Soichiometric airffuel ratio
: dimensionless gas-phase fuel concentration
: dimensionless solid-phase fuel concentra-
tion
: dimensionless solid temperature gradient
: dimensionless mass fraction
fraction open area
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