Oxidation of HC in HoneyComb Catalytic Converter by M. Pilat (10/19/00)
Given: Principal Chemical Reaction - oxidation of assumed gasoline as C7H 3
C7H 3+ 10.25 07 + 3854 Ny —~=7COy + 6.5 Hy0 +38.54 N, (1)
Cylindrical tube of Catalyst of Diameter D and Length L inside a honeycomb matrix
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The C7H |3 and O diffuses to the inside surface of the cylindrical tube catalyst and is assumed to react
quickly (i.e. reaction rate constant k; equal or greater than gas film mass transfer coefficient km). Inthe
easiest first case, it can be assumed that the reaction rate is so fast (i.e. k. = very large compared to k) that
the reaction of the CyH3 with the Oy is limited by the rate of mass transfer (diffusion ) to the catalyst
surface. The pressure drop from the tube inlet to outlet is small (less than 10" H»O) and hence the gas
velocity is assumed to be constant in the x or L direction. The ratio of the catalytic converter outlet to inlet

HC concentrations is given by the equation:

Cout]et = exp (_ a Ko X]

Cinle{ v

The nomenclature is as follows:
C = concentration ;)t“ the C7H 13 in the air gms C7Hjzy fem?3
a = surface area of catalyst / unit volume of reactor em?Z/cm?
D = effective diameter of the tube of channel cm
Ky = overall mass transfer coefficient | cm/sec
ki = mass transfer coefficient cmy/sec.
kr =  reaction rate constant of C7Hy3 with Oy | cm/sec
L = Length of the catalyst reactor channel cm
Lm =  Length of one mass transfer unit cm
N = Number of mass transfer units
v =  velocity of the gas in the catalyst tube -cm/sec
¥ =  diffusion coefficient of C7H |3 inair cm?/sec

The change in the C7H;3 concentration down the tube caused by the diffusion of C7H |3 to the catalytic
converter tube wall and catalytic oxidation to CO, and H,O is given by the equation

ac gm CyH3 o em® S3urface area (Ko _C_n}_) c %
’ em’ cm” volume sec e m3 o)
dx, cm ) (v, cm /sec)
- dC a) (K, )dx
Rearranging equation 2 = = - _gml_,(_;ﬁl__ 3)

and integrating from the catalyst tube inlet ( x = 0 and C = Cjpjpt ) to some distance x (where x =

x and the CyH 3 conc. is C)
I
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The results of the integration are

¢ @k )

InC - ln Cin}et = IHC. = ——~—V-—— (5)
inlet
C a K. x
= exp [— 0. ) (6)
Cinlet v

With no vapor pressure of C;H |3 over the catalyst surface, number of mass transfer units is given by

s - Ciniet '
Number of mass transferunits = N = In | —— (7
Coutlet
For one mass transfer unit, N =1 = In[ Cuy !/ C] (8)
Taking the anti log of both sides of equation §:
1 -1 :
€ = (Ciniet /C) € = (C/Cinlet) (9) :
Equating equations 6 and 9
C K -
=exp(~a Ox):ef (10)
Ciniet v .

Taking the In of eq. 10 and solving for x for one mass transfer unit, N = 1, gives Ly

\'

= 1 Solving for x for I mass transfer unit: X = =L, an
v a K,

Equation 11 provides the distance Ly, the gas must travel in the catalyst tube to oxidize the C7H3
concentration by one mass transfer unit ( 63.21 % oxidation of C7Hy3 ) .

For catalyst with small tubes, the gas flow is in laminar flow (i.e. Reynolds number Re < 2100 and
Re = D v p/p where p = gas density and [ = gas viscosity). In laminar flow, the gas film mass
transfer coefficient kyy, is related to the Sherwood Number (which has the magnitude of 4.4 for g

cylindrical channels) by:

aK,x
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Total mass transfer kD
Sh = = (12) ;
molecular mass trarisfer s
. - 449 i
Solving for the gas film mass transfer coefficient ki kyp = (13) !
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LnD 4 surface area of catalyst
R A I U (14)
Lo (D / 4) D volume of catalyst
Solving for the tube diameter D = 4/a (15)

Some example data ( where k, is very large so that K, = kyyy is assumed ) is shown below:
Holes/sq. inch of catalyst support

200 300 400
Open Area (%) 72 65 77
Effective Hole Diameter  ( inches ) .059 046 044
Gas Vel. in holes (ft/sec) 27.7 30.8 26.0
Reynolds Numbers 153 133 107
Length of 1 Mass Transfer Unit ( inches ) 0.80 0.54 0.42
Gas Pressure Drop ("H0) 1.8 2.0 1.5

Effect of Reaction Kinetics The oxidation reaction shown in equation 1 is not actually
“instantaneous” and hence the effect of the reaction kinetics on the C7Hy53 oxidation should be

included. The overall mass transfer coefficient K, can be given by:

1 1 1

— = e e (16)
Ko kg kg

where ky is the reaction rate constant. In reality, there are a number of reaction rate constants (for

each of the gaseous hydrocarbon compounds or VOCs), however, for this example they will be

combined into the one reaction rate constant, ky. One then can calculate the overall mass transfer

coef. Kq and then use the equation 6 to obtain the concentration ratio C/Cjpyjet
How would you measure the magnitude of this reaction rate coefficient k, from experimental data?

g

Gas Pressure Drop Across the Catalyst

2

2 fL :

The gas pressure drop across the catalyst can be calculated by Ap = ———I—g——g
: Ec

The Fanning friction factor f is 16/Re for circular tubes and 14/Re for square channels.

Dvp
N

The other variables are L. = total length of catalyst tube, v the gas velocity, p the fluid gas density,
gc the gravitational constant, and D the effective diameter of the channel or tube.

Re ynolds Number for gas flowing in catalytic converter tube = Re =




Oxidation Process

Platinum-based catalyst systems require virtually lead-free fuels. However, platinum
has proven effectiveness regarding low threshold activation temperatures, low light-off

temperature, fast warm-up, its ability to withstand thermal stress, and sustain a 50,000

mile service life. Since about 1988, palladium (Pd) has been more commonly

used as it is less expensive than Platinum (Pt).

Note: As the loading of platinum is reduced below 0.1% [ (Pt/Al, O,) /total of 100
in’/820 grams ] severe activity loss occurs. Typical loading range is from 1.086g to
3.588g.

Note: Pt/Pd loaded catalysts have also been shown to be very effective in the reduction

of NOx emissions.
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Design of Mass-Transfer Limited Catalytic Units

v
[Voclouryer = o~ Loutlet/Lp Lourlet = lengkth of catalyst

[Voc]inlet
Lm = length of one mass transfer unit

For laminar flow

L = ud’
m 17.6D

gas velocity  (cm/sec)
effective diameter of holes in catalyst (cm)

> PR =
0o

diffusivity of VOC {emZ/sec)

i

Based on the kinetic theory of gases (consider the gas a mixture of hard spheres
without intermolecular forees of attraction and repulsion), the diffusivity of

a molecule can be estimated using the molecular weights and a known diffusivity.
Consideration should be given to using the known diffusivicy of simular type ‘
molecule (non-polar, polar, halagenated, ete.).

DA M£W§-5 where M = molecular weight
DB MA

To determine the diffusivity (or diffusion coefficlent) at a temperature other
than the temperature listed for the diffusivity,

1.5

DT2 ) T2

Pr, T
Properties of some substarnces

: Diff. Melt T. Boil.:i.
Cotipound Formula Mol. Wt. (em®/sec) {(°c) {(°C)

Acetic acid CH3C00H 60.05 0.1065 0°C 16.7 118.1
Benzene C6H6 78.11 L0751 5.4 80.1
Bromopropane CH3CH2CH2Brx 123.0 .095 -109.9 70.8
n-butanol . .0703 - 79.9 117
benzyl chloride CoHsCHzCL 126.58 .066 - 19 179.4
ethyl benzene CgHs5CaHg 106.16 .0658 - 94.4 136.2
dichloromethane CHZCI2 84.93 - 96.7 40.1
{methylene dichloride)
ethyl alcohol CHBCHZOH L102 ~112 78.4
isopropanol (CHB)chOH 60.10 - 85.8 82.5
toluene CGHSCH3 92.14 - 95,0 110.8
Fre?n 113 CCleCCIF2 - 35 47.57
(trichrotrifluorcethane)
Trichoroethane CH3CCly 133.41 -36.7 113.5
(methyl chloroform)
Carbon tetrachloride €Cl, 153.84 -22.6 76.R

l. Contreolling Volatile Emissions at Hazardous Waste Sites, by Ehrenfeld, Ong, et

Noyes Publ. 1986, pp. 236-237.

2. Handbook of Air Pollution by Sheehy, Achinger, & Simon, Air Pollution Training

Program, US Dept. HEW
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Design of transfer-limited
catalytic incinerators

When mass transfer of reactants is the limiting step in
a catalytic-combustion reaction, the design procedure is
simplified to a number-of-transfer-units method.

William B. Retallick, Consultant

[[J The reaction of two fluids over a solid catalyst takes
place in two steps: transport of reactants to the catalyst
surface, and reaction at the surface. At steady state, of
course, the rate of mass transfer and the rate of reaction
are the same. Yet the rate may be limited by either of
the two steps.

Fig. 1 shows two passible concentration profiles for a
reactant over a catalvst surface. When reaction is the
rate-limiting step, the surface concentration is nearly
equali to the bulk concentration. When mass transfer
limits the rate, the surface concentration is nearly zero.
In the latter case, we can estimate the reaction rate by
estirnating the mass-transfer rate,

For a channel in a catalytic reactor, as shown in
Fig. 2, we can express the mass-transfer rate of reactant
A as a function of x:

did] ek [4]

—

dr v

where the driving force is equal to the bulk concentra-
tion because the concentration at the surface is approxi-
mately zero. Integrating from 0 to x yieids:

(4], = []ge *=rre
When x = v/k,a, [A], = [A),e~". We can call v/4,a the
length of a mass-transfer unit: '

L o=
™ kpa

For a given reactor of length L, we can calculate the
number of transfer units and [4] at the reactor outlet:

N=L/L, [A]=[A)e?

Turbulent flow

When the Reynolds number for flow in the reaclor
channels is greater than 2,000, the flow is considered
turbulent. We can use the Reynolds analogy, which as.

sumes that all transfer is caused by turbulent eddies, for
a first estimate of the mass-transfer rate. In this case:

rate of mass transfer _ rate of momentum transfer
mass driving force momentum driving force

d{4]  —2¢dP
(4] = o

Surface Bulk fivid

{1} reaction rate
controls

{2} mass rramter
cortrols

Relative concentration ~—e-

=]

Distance from catalyst surface =

Concentration profiles for a
reactant near catalyst surface Fig. 1

One channel of a honeycomb catalyst support  Fig. 2
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Courtesy of Corning Gisss Works

CATALYTIC INCINERATORS

Introducing the mass-transfer cocfficient and the fric-
tion factor converts this expression to:

LS -2
kna  fa L"‘"fa

Thus, the Fanning friction factor yields L, directly
when the Reynolds analogy holds.

In the usual case, when diffusional transfer is not
completely negligible, Colburn’s analogy corrects for
diffusional effects:

P (S 2
(8¢) %

2
L = = (Sc)33
kma L] ﬁ! (SC)
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Samples of honeycombrtype catalyst supports Fig. 3

Catalytic combustion

| Catalysts are used to specd up the reactions between
oxygen and erganic compounds for & variety of purposes.
The most common exampie of catalytic combustion is
the oxidation of unburned hydrocarbons to water vapor
and carbon dioxide in an sutomobile’s catalytic con-
verter. By speeding up the oxidation reaction, the pre-
cious-metal catalyst ignites the hydrocarbons below
their normal ignition temperature. Catalytic incinera-
tors that are used for fume abatement perform a similar
function. For example, they can be used to control emis-
[ sicns of industrial solvents that cannot be vented. In the
| food industry, exhausts from frying and roasting opera-
© tions can be incinerated to destroy objectionable odors.
Tabic I shows scveral other examples of catalytic incin-
. eration. Fig. 3 shows several types of extruded catalyst
| supports. Though smaller holes provide greater surface
| .area, larger holes are used when entrained parnticles
' could cause plugging.

Catalytic combustors that burn fuel upstream from
gas turbines are currently being deveioped. Here, the
advantages of catalytic combustion are threefold: less
NO, production because the combustion temperature is

_ lower; less emission of unburned hydrocabons and car-

' bon monoxide; greater heat releasc per unit volume. A
recent development that improves heat release is the
graded-cell support, in which hole size decreases in the
direction of flow.

Exarmpies of industrial applications for catalytic incinerstion {7] Table |
Fius-gas fncinerator inlet Gas concentration (ppm}
industry COMPOnNents tempurature { F} intet Cutiet
Rhotogravure Butyl acetate S00-800 a00-1,000 7-10
printing _ Ethyl scetate
isopropano!
n-Hexane
Toluene
Magnenic MEK £00-800 1,200-2,500 §-10
printing MIBK
Toluene
Metal Butanot 500-800 500-1,600 7-10
printing MIBK
Toluene
Xylene
Synthetic Acetone 400600 1,200-1,500 - 1-20
resins Formatin
Methanoi
Penol
Toluene

i
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Example data and results Table i
Holes/ind in catalyst support
200 300 400
Open sres, % 2 65 77
Eflective hole dia., in. {d] 0.059 0.046 0.044
Velocity through hotes, 115 27.7 308 260
(v = 20]/open srea} ’
Reynolds number (Re} 183 133 107
Length of trantfer unit, in, 0.80 0.54 0.42
(L = v2/176D)
Lengih of reactor for 37 25 1.9
89% conwversion, in,
(L = 4 6L}
Pressure drop, in, of water 1.8 20 1.5

Thus, L,, for turbulent flow depends only on the fric-
tion factor--which is easy to measure—and on the

Schmidt number. -

Laminar flow

When the flow is laminar, all of the transfer is diffu-
sional, and not coupled to the friction factor. We can
derive the mass-transfer coefficient directly from the
Nusselt number and the diffusion coefficient [2]:
k, = Nu,D/d. For laminar flow, Nu,, depends only on
the shape of the channel: 4.4 for circular channcis, 4.1
for parallel plates, and between those two values for
other shapes. In a circular channck:

v vd? vd®

Lo =4 = TNuD ~ 176D

Because the diffusion coefficient does not depend on the
flow parameters, this relationship is very easy to use.

Example .

Exhaust air from a baking oven in an enamci-coating
process contains 1,000 ppm methyl cthyl ketone (MEK).
The exhaust velocity is 20 {t/s, temperature is 1,000°F,
and the diffusion cocfficient of MEK in air is 0.00035
fi2/s at this temperature. We have a choice of three
square-holed catalyst supports—200, 300 and 400
holes/in?—coated with a catalyst that reduces the igni-
tion temperature of MEK to 750°F. I local air-quality
ordinances demand a maximum of 10 ppm MEK in the
exhaust, what length of each type do we rieed to reduce
MEK cmissions to the permissible level? '

Because the exhaust temperature is above the cata-
Iytic ignition temperature, we can assume that the reac-
tion is mass-transfer-controlled. The 10-ppm outlet con-
centration is 1% of the inlet concentration. Thus:

e¥ = 0.0! N=456

Using the manufacturer's data on hole size and open
area, we can calculate v and Re for flow through the
holes in each type of support, as shown in Table 2. Be-
cause all of the Re values are well below 2,000, wr know
that the fiow is laminar. We can thus usc the laminar-
flow equations lo calculate L,, and the requircd reacior

length (L = NL,) for each type of support. If pressure A

Nomenclature

¢ Surface arca per unit volume of reactor, (length)~!
d Effective diameter of a channel (d = 4/0a),
(tengih}

Diffusion coefficient, (length)?/(time)

Fanning friction factor

Gravitational constant, (massXlength)/{force)
(time)?

Mass-transfer coefficient, (length)/(time)

Length of reactor channel

Length of a mass-transfer unit

Number of transfer units

Bulk velocity of fluid, (length)/(time)

Density of fluid, {mass)/(length)®

Viscosity of fluid, {mass)/{length) {time)
Nusselt number for mass transfer (Nu,, = &,4/D)
Reynolds number (/¢ = odp/p)

Schmidt number (Se = u/pl)

™SSy
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drop is important, we can use Re to estimate the friction
factor for laminar flow: [ = 14/Re for squarc channcls
(16/Re in circular channels). By definition:

2f Lirp
g4

Table 2 shows calculated reactor lengths and pressurc
drops for each typc of support.

In this example, we did not need fto calculate L, Il
the flow had been turbulent, we could have measured
pressure drops in samples of the three supports at e
values near the design values, and derived S dircetly
from thesc data.

In practice, the calculated length should be consid-
ered a minimum cffective length for achieving the de-
sired conversion. Doubling the calculated length will
provide an adequatc safety factor in most cases; but a
greater safety factor may be needed if the exhaust gases

contain dust or poisons that could blind the catalyst.
Aark A. Lipouses, Editor
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