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SUMMARY

Data from a 12-cm-diameter catalytic combustor test rig using propane fuel
at an inlet temperature of 800 K, a pressure of 3><lO5 Pa, and reference velocities
from 10 to 20 m/s was analyzed. Ccrrelations were obtained for combustion effi-
ciency, percentage pressure drop, and the minimum required adiabatic reaction
temperature to meet emissions goals.

Combustion efficiency at the test conditions was found to be a function of the
catalyst bed cell density, cell circumference, reactor length, and the reference
velocity. Combustion efficiency was also dependent upon the adiabatic reaction
temperature to the tenth power.

The percentage pressure drop was found to be proportional to the reference
velocity. to the 1.5 power. The percentage pressure drop was also proportional
to the reactor length, and inversely proportional to the cell hydraulic diameter,
fractional open area, and the pressure.

The minimum adiabatic reaction temperature required to meet the emissions
goals of 13.6 g CO/kg fuel and 1.64 g HC/kg fuel was found to be proportional to
the reference velocity to the 0.1 power and inversely proportional to the cell cir-
cumference, cell density, ‘and reactor length to the 0.1 power. :

A catalyst factor was included in the correlations to account for differences
between catalysts. Combustion efficiency, the percentage pressure drop, and the
minimumerequired adiabatic reaction temperature were found to be a function of
the catalyst factor. The catalyst factor ranged from 0.12 to 1.52. A reactor with
a larger catalyst factor achieves a higher combustion efficiency for a given adia-
batic reaction temperature. It also, however, has a higher pressure drop. Thus,
there is a tradeoff between combustion efficiency and pressure drop. The catalyst
factor decreased from 0.46 to 0.12 for one reactor after approximately 20 hours
of testing.



INTRODUCTION

The purpose of this paper is to present three correlations based on previous
catalytic combustion data (rets. 1 to 3). The first correlates combustion effi-
ciency . The second is a correlation of the percentage pressure drop at an adia-
batic reaction temperature of 1450 K. The third 1s a correlation of the minimum
adiabatic reaction temperature reguired to meet the steady state emissions goals
sot for the DOE supported Gas Turbine Highway Vehicle Systems Project (the
goals are described in ret. 2).

The correlations can be used in the design ot a eatalytic combustor to operate
at a given combustion efficiency and meet emissions Loals. With given constraints
such as operating temperature or pressure drop a catalytie reactor could be de-
signed with a specific geometry, length, and cataly st type that 1s necessary to
meet the efficiency and, or emissions goals  Descriptions of some of the various
types of catalysts available can be found in the references

The corvelations are based on an et temperature of 300 K, a pressure of
3.10" Pa, and reference veloeities from 10 to 20 m s for opecation with propance
fuel.  Ail catalysts used were noble metal.

The performance of the catalytic reactors on which the correlations are based
should be viewed as conservative.  Heat losses from the 12-cm-diamator test rig
were fairly large, about 10 percent of the total heat available. The adiabatic reac-
tion temperature necessary for a given combustion efficiency would be expected to

decrease tor test conditions closer to adiabatice,
RESULTS AND DISCUSSION

Combustion Efticioney

Combustion efficiency for 12-cm-diameter catalytic reactors asing propane
; © ) .
fuel at an inlet temperature of 8300 K, a pressure of 35107 Pa, and reference ve-
locities from 10 to 20 m, s 1s correlated i higure 1 At these conditions, combus-

tion efficiency is found to be a functio. ot
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TAD adiabatic reaction temperature, K
C-c cell circumference, cm

Cd cell density, cells, L'l\l:

L reactor length, cm

VRer reference velocity, m/s

(.‘f catalyst factor

The catalyst tactor is a measure of the relative performance of a catalytic
reactor. It was used to account for differences between reactors.

There is considerable scatter in the correlation, especially at lower combus-
tion efficiencies. At combustion efficiencies where the curve is steep, there is a
range of 7 percent in the correlation. At a combustion efficiency of 99 percent,
which is probably a normal operating point, there is a range of 1 percent in the
correlation.

The reactors considered and their respective catalyst factors are listed in
Table 1. Reactors were chosen which used the same substrate for all elements.

A description of the elements comprising cach reactor is given in Table 11, A six-
digit code is used tor cach element.  The first digit gives the manufacturer and the
second digit names the catalyst. The third and fourth represent the catalyst load-
ing. ‘The last two digits give the cell density tor the element.  Average cell cir-
cumferences, cell hydraulic diameters, and fractional open arecas were estimated
for some of the reactors. The values used for cach element are given in Table 11.

The adiabatic reaction temperature used for the correlation ranged from 1100
to 1600 K. Reference velocities ranged trom 10 to 20 m,/ s, The catalvst factor
ranged from 0,46 to 1.52 tor reactors with a maximum of 3 hours testing . All
reactors except J4 were tested using a bateh of propane which was 98 .5 percent
pure (ref. 2). Reactor J4 used this bateh of propane and also a sccond bateh
which was 998 percent pure (ref. 2)  Reactor J 1 was initially tested with the
98, 5 percent propane, aged tor approximately 20 hours with propane, diesel, and
Jet A fuels, and then retested with the 998 percent propane.  The shaded symbols

refer to the aged J4 reactor,

Pressure Drop

The percentage pressure drop for the reactors listed in Table 1 at an adiabatic
reaction temperature of 1450 K is correlated in figure 2. 1t is found to be propor-

tivual to
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where
D“ cell hydraulic diameter, ¢m
5 pressure, Pa
F fractional open area

and Cp, L, and V pep Aare defined in the discussion of combustion efficiency.

The data upon which the correlation is acod was taken at a pressure of
310 Pu, the effect of pressure was obtained from reference 3. The percentage
pressure drop is correlated generally within 0.5 percent. Element lengths, cell
hydraulic diameters, and fractional open areas used for the correlation can be
found in Table 11.

The measured percentage pressure drop included the pressure drop due to
inlet and catalyst bed thermocouples, and also an exit instrumentation section
containing 12 thermocouples and a 1. 27-cm-diameter gas sampling rake. The
exit plane blockage was approximately 18.5 percent. Recent tests found the pres-
sure drop due to the instrumentation to be fairly small. Reference 3, however,
reported a pressure drop of about half that used for this correlation for reactor J+4
without the instrumentation. The pressure drop correlation should, therefore, be

regarded as an estimate of the pressure drop expected for a reactor.

Temperature Required to Meet Emissions Goals

The minimum adiabatic reaction temperatures, 1 (min) required to meet

AD
the emissions goals set for the automotive gas turbine programs was corrvelated

from the data as

= 0.1
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and is plotted in figure 3 for all reactors listed in Table 1. The symbols were
define . previously. The emissions goals are 13.6 g CO/kg fuel, 1.64 g I/ £l
and 1.60 g NO,, kg fuel. NO  emissions w ith propane fuel were negligible (ref. 1).
The ¢oals correspond to a combustion efficiency of approximately 99.5 percent.
Equa ion (3) correlates the minimum required adiabatic reaction temperature withn

5 pereent.



Catalyst Factor

The catalyst factor was used to account for reactor differences due to
catalytic materials and loading, manufacturing techniques, effects due to the
wash coat, cte. It provides a measure of the relative performance of a catalytic
reactor. Combustion efficiency, the percentage pressure drop and the minimum
required adiabatic reaction temperature are a function of the catalyst factor.
Thus, there is a tradeoff between combustion efficiency and pressure drop.

The type of catalyst for reactors G1, G3, and GS as shown in Tables 1 and 11,
was 1Pt:1Pd. Catalyst loadings ranged from 3.5 to 9.4 kg/ m';. Since perfor-
mance ditferences due to catalyst loadings are reflected in the catalyst factor,
the constant factor of 1.0 for these reactors indicates this range of loadings had
no effect on the performance at these conditions for this type of catalyst. The
catalyst type for reactors 01 through 07 was 1Pt:1Pd. A comparison of catalyst
factors from Table 1 for reactors 03 and 05 shows no effect of catalyst loading.
however, comparing reactors 02 and 04 shows an increase in the catalyst factor
from 0.68 to 1.00 with an increase in catalyst loading from 1.5 to 3.6 kg, 1!\3.

The effect of catalyst loading has yet to be fully determined.

Reactor J4

The combustion efficiency, percentage pressure drop, and the minimum re-
quired adiabatic reaction temperature corvelations are based only on data obtained
for reactors tested for a maximum ot 3 hours except tor reactor J4.  Reactor J4
was tested for approximately 20 hours with propane, diesel, and Jet A fuels. Deg-
radation in performance was obtained for operation with propane fuel only, not
diesel or Jet A, The catalyst factor decrcased from 0.46 to 0.12. The effect of
aging was primarily reflected in the combustion efficiency and the minimum re-
quired adiabatic reaction temperature. The pressure drop decrease was small,
The initial tests were made with the 98 .5 percent purity propane, while 99,8 per-
cent purity propane was used after aging. The small increase in purity may have
contributed somewhat to the decrease in the catalyst factor, however, unpublished

data indicate that the decrease probably was caused mainly by aging

CONCLUDING REMARKS

Catalytic reactor data from a 12-cm-diameter test rig using propane tuel at
: == = e & : S
an inlet temperature of 800 K, a pressure of 3.0% Pa, and reference velocities

from 10 to 20 m/s has been correlated tor combustion efficiency, pressure drop
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and the minimum required adiabatic reaction temperature. Combustion efficiency
was found to be a function of
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At a combustion efficiency of 99 percent, the data correlates within (1 percent.

The percentage pressure drop was found to be proportional to
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at an adiabatic reaction temperature of 1450 K. The percentage pressure drop
generally correlates within 0.5 percent.  The minimum adiabatic reaction tem-
perature required to meet the emissions goals of 13.6 g CO/Kg tuel and 1.64 g

HC/kg fuel can be found from the expression
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This expression correlates the minimum required adiabatic reaction temperature
within approximately 5 percent.

Catalyst durability is an important consideration for a catalytic reactor. The
decrease of the catalyst factor from 0.46 to 0,12 for one reactor after approxi-
mately 20 hours of testing was probably mainly due to aging. The change in the
qataly st factor with aging could be used as a measure of the durability of a cata-
Iytic reactor.

The correlations are based on data obtainoed at one inlet temperature and ex-
cept for the pressure drop correlation, they are based on one pressure. A more

general correlation is needed to cover a range ol inlet temperatures and pressures.
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Figure 1. - Combustion efficiency correlation
Inlcgtemperature of 800 K, Pressure of
3x10” Pa, Propane fuel.
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Figure 2. - Pressure drop correlation, Inlet
temperat.ire of 800 K with propane tuel,
Adiabe'ic reaction temperature of 1450 K.
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