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20. because of the lack of oxygen. However, the formation of NO! precursors
such ae HCN and NH{ produced uuder fuel rich conditions must be considere
Data showed that nitrogenecus species produced in the rich pre-combustion
zone were efficiently converted to HO! by catalysts under the very lean
aixture conditions that result from tﬁe secondary air quench. The
equivalence ratio in the pre-combustor was varied from 0.5 to 1.5, while
the overall mixture, after secondary air injection, was in the range of

0.1 to 0.3.‘—~

Tha noble mital catalysts on various monolithic support geometries and
compositions were found to be the most active materials for CO and UHC
oxidation in the temperature rangs of 700-1200 K. The combustion
efficiency of the hybrid catalytic combustor for JP~4, which contained
535 ppm sulfur, was determined to be 99.51 under realistic operating
conditions. 5he combustor pressure drop was less than 62. The average
eaission indices of CO, UHC and NO, leaving ths HCC were on the order of
0.95, 0.43 and 1.8 g/kg of fuel, respectivaly, for a metal supported Pt
catalyst. This catalyet was effective in reducing CO by 861 and UHC by
9%, and increasing NO, by 68Z. Using approximate methods for estimating
the EP2. emiusion parameters, it was datermined that the hybrid catalytic
combvstor can wiet the 19281 new aircraft emission standards.

Biised upon these encouraging results, twe 7.6 cu diameter hybrid
catulytic combustors were fabricated and delivered to the Air Force for
further 2valuation.

-

wo e oM rg

. ahiatheneV JER




oW

e

I.

II.

I1I.

Iv.

v.

TABLE OF CONTENTS

L s g

PAGE

smy L] * L ] L] L] L] . . L] - L] . * L] L] L L L ] - L ] - - L] - . » 1
INTRODUCTION L] L] » . * - . * L L] L] L] * L] . * L] L] . . Ll . L] 3
EXPERIMENTAL FACILITIES AND PROCEDURES . . « ¢ « ¢ o o o 6
1. Hybrid Catalytic Combustor . « + « + ¢ o« ¢« = s 2« s o o O
2. Plow Characteristics of the Pre-Combustor . . . . . . . 6
3. Fuel Injection System . « « « « o« o o« s o s o ¢« o+ « » » 10
4. Ar Supply SyStEm « « o « « &+ o o o o o o o o o o o o o 10
5. Temperature Measurement8 . . . « « s o o o o« o « o o« » 12
6. Gas Sample Meagsurem®nts . . . « ¢ « « « « » o « o » o« » 13
7. Gas Anslysis Instrumentation . . . ¢« ¢« + ¢« ¢« ¢ ¢ &« o+ . 15
RESULTS . - L2 . * L] L] L L] L ] . . o - * L ] * L] e L . L] L] . L2 . 19
1. Operation in the All-Catalytic Mode . . . . . . . . . . 19
2., Combustion Characteristics of the Pre-Combustor . . . . 20
3. Description of Candidate Catalyst . . « « ¢« ¢ ¢« ¢« « &« « 29
4, Methods of Preparing Catalysts for Testingy . . . . . . 35
5. Pressure Drop Characteristics of Supporte . . . . . . » 36
6. Effects of S/VonConversion . . . . . ¢« ¢+ ¢« + « « « « 39
7. Effects of Substrate Materiel on CO &nd

UHC Conversions « .« « o o+ o « o o o o o o o« s o s o« o« « 4l
8. Effects of Wash Coat Materials on CO

and UHC Conversions « . .« « « ¢ ¢ + ¢« o« ¢ o o ¢« « » « o« 4&
9. The Effects of Catalyst Formulation on

CO, UHC and NOy Conversions . . « + « « &« « s s o« ¢« « » 43
10. The Temperature Dependency - Catalyst Activity

¥or UHC and CO Conversion and NOy Production . . . . . 48
11. The Effect of Bed Length and Temperature

on Conversions . . ¢« ¢« ¢ + ¢ ¢ 4 2 s 4 o 0 0 e . 0. . 70
12, The Results of a 20 Hour Durability Test of

C.uly.t. QF M m . . L] L L] L] - . - - L] * * - L] - . L] 73
13. Methoda for Determining Combustion Efficiency

and Th> Emission Index cf Exhaust Products . . . . . . 77

a. Baission Index of CO, UHC and NOy . . . . . . . . . 77

b - Mu‘tion Effic imy L] L] . . . L L] . * L - * L] . L] 78

¢. Msterisl Bglance Calculations . « . « ¢« ¢ ¢« « - 4 « 78
DIswsst - L ] L] L] L] L] e L] L) L] L] . . L] L] L] L] L] * - - - . L] 80
DESIGN OF 7.6 CM CIAMETER COMBUSTORS . . . + « « « « » . » 86
1, Design and Fabrication of Combustors

for Large Scale Testing . « « o &+ ¢ ¢ « + o ¢ s« « s s+ o« 86
2. pr.lhmty hurd. Li.t - L] . L[] L] L) L[] L] L L] L[] L] - 3 L 89

a. System Environmentsl Constraints . . . . . .. . . 89

b. Pressure Vessels ani Plumbing . . . « « ¢ . . . ., . 90

¢. Safe Operation and Msintenance of the System . . . 90

d. Fire Ignition and Propsgation Sources . . . . . . , 90

6. Rusfstance to Shock Damage . . . . . . . .. .. 90

i
g i) N o Sh g




[ NS U

TABLE OF CONTENTS (CONT'D)

' PAGE
VII. CONCLUSIONS AND RECOMMENDATIONS . . . » & o v v o + o . . . 92

APPENDIX I - DESCRIPTION OF SUPPORT GEOMETRY AND MALERIALS . . . . 94
APPENDIX 11 ~ CATALYST DESCRIPTION . . . + + &« . ¢ o « o ¢ o« « » . 98

APPENDIX III - SUMMARY OF EMISSION INDEXES AND CGMBUSTION
myIcImcIEs L] . . L] . L] L] L] L] - L - . - - L L) L 125

- bl P2z il M\awwhu‘ht‘“(,ﬂ,_‘“ e

!

lm{‘:ﬁ:g v - L L] L] L] L] . . a . L] L] L) * . . L] L] - L . - . . - . L] 152
i1
ARSI = T T e Y I s g T - -



FIGURE

10

11

12

i3
14

15

16

17

LIST OF ILLUSTRATIONS

Schematic Drawing of the Hybrid Catalytic Combustor .
Photograph of the Assembled Combuator . . . . . . . .
Compregsed Air and Fuel Supply . . ¢ ¢ o ¢ ¢ o o « &
Combination Gas Sample and Temperature Probe . . . .
Portable Gas Analysis System . . . . ¢ ¢ &« « & + « &
Piping Schematic of the Gas Sample System . . . . . .

Axial Concentration Profiles of NO, and Hydrocarbons
in an Empty Catalyst Chamber . . . . . ¢« ¢« ¢« « « &

Varying Secondary Air Split on Temperature and
Unburned Hydrccarbons at the Catalyst Bed Inlet
(‘ werall - 0'3) L ] L[] * L] ” . L . L) L * . [ ] . - L] L)

Axial Centerline Tempaerature of Catalyst for
wer.ll ‘ - 003 L] * L] L[ ] [ ] * ° L] L] . [ ] L] L] L] L] [ ] * L]

Isothermal Pressure Drop Characteristics of Monoliths
The Effect of Support Surface/Volume Ratio on
Conversion With a Constant Noble Metal lLoading
1n tm mctor . * L ] L] L] * L ] * -* - - L] . . . . . L]

Arrhenius Plot of CO and UHC Oxidation om Pt/Pd (i/1)
Catalysts of Diffsrent Geometries . . . . « . . . .

Comparison of CO Conversion with UHC Conversion . . .

Effects of Catalyst Inlet Temperature om CD, UHC
and NOx Conversion Over Catalyst GH . . . . . . . .

Effects of Catalyst Inlet Temperature on CO, UHC
and NO, Conversion Over Catalyst JH . . . . . . . .

Effects of Catalyst Inlet Temperature on CO, UHC
and NOx Conversiom Over Catalyst FH . . . . . . . .

Effects of Catalyui Ialet Tamperatuie on CO, UHC
and NO, Conversion Over Catalyst KQ . . . . + . . .

ii4

T A Y

PAGE

11
14
16

17

25

26

27

37

40

42
47

49

50

52




FIGURE

18
19
20
21
22
23
24
25
26
27
28
| 29
| 30
\ 31
32

33

LIST CF ILLUSTRATIONS (CONT'D.)

Effects of Catalyst Inlet Temperature on CO, UHC

and NO, Conversion ver Catalyst KQ . . . . . . . . . .

Effects of Catalyst Inlet Temperature on CO, UHC
and NG, Conversion Over Catalystr KR . . . . ¢« « + .

Effects of Catalvat Inlet Temperature on CO, UHC
and NO, Conversion Over Catalyst RA . . . . . . . .

Effects of Catalyst Bed Inlet Temperature on CO,
¢ and NO, Conversion Over Catalyst KU . . . . . .

Effects or Catalyst Inlet Temperature on CO, UHC
and NO, (oaversiom Over Catalyst MQ (1/2 length) .

Effects of Catalyst Inlet Tvmperature on CO, UHC
wnd Nox Convzrgion Over Catalyst KQ & MQ in Series

Effec:s of Catalyst In)et Temperature on CO. UHC
and NO, Conversion Over Catalyst KQ & FH 1. Series

Effects of Catalyst Iulet Temperature on CO, UHC
and NOy Conversion Over Catalyst F2 . . . . . . . .

Effects of Catalyst Inlet Temperature on CO, UHC
and NO, Conversion Over Catalyst FV. . .. . . ..

Effects of Catalyst Iniet Temperature on CO, UHC
and NO, Coaversion Over Catalyst JG . . . . -~ . .« .

Effects of Catalyst Inlet Temperature on CO, UHC
and Nox Conversion Over Catalyst FG . . . . . « .+ .

Effects of Catalyst Inlet 7emperature om CO, UHC
and NO, Conversicu Over Catalyst FY ., . . . . . .

Effects of Catalyst Inlet Tzmperature on CO, UHC

and NO, Conversion Over Catalyst QF (15.25 ca Length)

Effects of Catalyst Iniet Tempsrature on CO, UHC
and KOy Coaversion Over Catalyst PC & FL in Series

Effects of Catalyst Inlet Tomperature on CO, iC
and NO, Conversion Over Catalyst YD & FE in Series

Effacts of Catslyst XQ Length and Ynlet Tempecature
on w “nv.r.m * L] L] L] L] L] L] L) L] L] . [ ] L] L] . L] L]

iv

PAGE

53

55

56

57

58

59

60

61

62

63

64

65

66

71

Imve .

caq

' AL 3 o2 Wil U B - o

e e Tt a SR S Y -




LIST OF ILLUSTRATIONS (CONT'D.)

FIGURE
34 Effects of Catalyst KQ Length and Temperature on
UHC and NOy, Conversion . . « « « « ¢« ¢« o + .+ .
35 Twenty-Hour Test of Catalyst QF at 1200 K . . .
36 Twenty-Hour Test of Catalyst KQ at 1200 K . . .
3 Effects of Catalyst Aging at 120G K on NO,
Concentration Change . . . « . + ¢ ¢« ¢ ¢ « o &
38 Ko, Equilibrium in JP~4 Combustion . . . . . . .
39 Schematic of a 7.6 cnt Diameter Hybrid Catalytic
Cmbultot....g.............
40

g
. LI

Photograph of HCC Components . . . . . . . .

w

PAGE

.72
. 74

. 75

. 76

. 82

.. 87

* 88

T — -

A P . e




L

[ YOS

II1

v

VI

V1l

VIII

IX

X1

XI1

XIII

X1V

4

IVIII

XIX

LIST OF TABLES

Instruments Used for Gas Analysis . . . « « + ¢ + « ¢ + &

Alrcraft Operating Parameters and Equilibrium Gas
Composition . ¢ ¢ & ¢ ¢ &4 o ¢ ¢ o o o ¢ ¢ o s 4 a4 s . .

Flow Characteristics in the Hybrid Catalytic Combustor .

Axial Temperature and Combustion Products Distribution in
Empty Catalyst Combustion Chamber (Dry Basis) . . . . .

Equilibrium Composition of Products From JP-4 Combustion
with Air ‘t 300 kPa - . L3 . . L] * - L] . L] L] . . * . . L]

Relationship Between Combustion Mixtures and Temperature
in the Pre~Combustor . . . o« o « = o s o ¢ o s « ¢ o o

Relative Catalyst Activities for Overall é = 0.28-0.30 at
376 kPa and 25.8 m/s Reference Velocity (Catalyst
ungth - 20 - 3 m) L . . . . L] -* * L] L) . . L4 . . . * L] L]

The Effects of Catalyst Loading and Support Surface Area
on UHC and CO Conversion . . . + ¢ ¢ ¢ o ¢ ¢ « o o & »

Wash Coat Compositions . . . « ¢ o 4 &+ o & ¢ ¢ ¢ o ¢ o« »
Effect of Noble Metal Composition on Oxidation Activity .

Comparison of HCC Effluents with EPA 1981 New Aircraft
Li.it‘tion. * L ] L ] . L] L 3 L L] L] L] * . . . . L] [ ] L] - . L] L)

Fmissions from Hybrid Combustor . . . . « « ¢« « + &« & o &

General Refractories Supports . . . . « ¢ 2 ¢« &« ¢ ¢ o o «
W. R, Grace SUPPOTES . & ¢ « o s o o s o o « o s o o o o
Norton Supports . . ¢ o + ¢ o ¢ ¢ ¢ o s s & ¢ o s o o o »
Nippon Sealol Supports . . ¢ « ¢ ¢ ¢ ¢ o ¢ ¢ s s o o o o
DuPont SUPPOTES ¢ +» ¢ o« v ¢ ¢ o o s s s o o ¢ o s o o s o
Jolhmson-Matthey Supports . . « « + ¢ o o ¢ o s s « o o »

mtth.y-li'hop support‘ 8 e o © s @ e ® ¥ ¢ &6 a3 s e e & &

vi

PAGE

15

20

22
24
28

29

32

39
44

46

81

84

94
95
95
96
96
97
97

-~ - e — - : S
- e M




CONVERSION FACTORS ~ SI TO ENGLISH UNITS

SI (metric) Englic: System
Length m 3.28 ft
Area mz 10.76 ftz
ha 2.47 acres
Volume o 6.29 bbl (42 gal)
m 35.31 ft3
Mass kg 2.20 1b
t 1.10 US ton
Pressure kPa = kN/m2 0.145 lb/in2
kPa 4.02 in H,0 (60°r)
kPa 0.296 in Hg (60°r)
Temperature °c 1.8 (°C + 32)°F
K 1.8 °F
“nergy kJ 0.948 Btu
MJ 0.373 hp+h
Power W 3.41 Btu/h
kW 1.34 hp
S1 Prefixes
Fector Symbol
1032 T
106 G
103 M
102 k
10 h
3 10._1 ds
: 10_.2 d
4 19_3 c
. 10“_ii n
10 y
%
i
vii
g e - m




¢ ——— e

/Py,
(A/F)
Cycle

El4

EPAPi

L/D
LTO
() ¢
Mode

LIST OF ABBREVIATIONS AND SYMBOLS

Stoichiometric air to fuel ratio by weight,

Operating air to fuel ratio by weight.
LTO Cycle.

Emission index of component 1 in g of 1/kg fuel.

(Mw) 1

A
Xi ?EﬁT;I:: a1+ (FQO)IOOO.

EPA emissions parameter of componeat 1 = mg/N.h.cycle.

LTO
T EI
mode

x SFC

i, mode mode’

Sum of mass of i per mode for each mode
Sum of the work output of each mode

Length to diameter ratio.
Landing and Tske-Off Cycle.
Molecular weight of component 1.

Part of LTO Cycle i.e., taxi/idle (out), take-off, climbout,
approach, or taxi/idle (¥m).

Newton = 1 kg m/s2.
Pressure in kPa.

Specific fuel consumption in g fuel/h.N thrust.

Surface to volume ratio in m 1,

Reference velocity at 400 K and 375 kPa in w/s.

Space velocity = volumetric flow/volume of catalyst = v/v/h.
Time in secouds.

Temperature in K.

Mole fraction of component {1,

Fquivalence Ratio = (AIF)./(A/P)O.

viii




. s q———— e —_——— i e —————

SECTION I

SUMMARY

The Environmental Protection Agency emissions standards for
subsonic turbo’an or turbojet aircraft engincs manufactured on or after
January 1, 1981 of 35.6 kN thrust or greater cannot be satisfied by
current designs. NO_ emissions are difficult to control during high
power operation when the near stoichiometric flame conditions in the
combustor produce copious quantities of nitrogen oxides from the
oxidation of atmospheric nitrogen. CO and UHC emissions are low
because of the high combustion efficiency obtained during the high power
condition. During engine idle conditions, the production of nitrogen
oxides 1s generally no problem, but because of lowered combustion effi-
cliencies, the CO and UNC emissions become unacceptable.

Of the numerous combustion schemes proposed during the past few
years, one of the most promising techniques demonstrated to be effective
in reducing No_, CO and UHC emissions is catalytic combustion. The Air
Force recently showed that very high combustion efficiencies, in the order
of 99.5% without the concomitant production of nitrogen oxides, were
feasible under high power conditions. It should be pointed out that methods
which may not be applicable to actual aircraft combustors were used to mix
the air and fuel, and bring the catalyst to operating temperature. Special
equipment would be needed in an ailrcraft engine to bring the catalyst to
operating temperature prior to engine start-up. Also, the successful utili-

zation of catalytic combustion techniques under low power or idle conaitions
has not been demonstrated.

In order to overcome the apparent difficulties with the "all
catalytic" combustion of premixed fuel and air and not significantly increase
the emissions of pollutants, a new technique was tested in which less than
75% stoichiometric air is used to oxidize the fuel in a conventional pre-
burner and the rest of the air is rapidly mixed in after combustion to
quench the reaction and reduce the gas temperature to a level that can be
tolerated in the gas turbine. This technique has the theoretical potential
of oxidizing the unburned hydrocarbons and CO in the post~combustion zomne
without adding significant quantities of NO,. Since it may be difficult to
control the oxidation of reducing species in the quench zone, a catalyst
could be used to accelerate the oxidation of these species. Thus, such a
technique may be considered to operate in a hybrid mcje i.e., homogeneous
combustion followed by catalytic combustion. Hybrid catalytic combustion
thus provides a method of fulfilling the pollution control requirements
without the need of special equipment to heat the catalyst or premix
liquid fuel with hot air,

The feasibility of the hybrid catalytic combustion concept, as
applied to aircraft gas turbine combustors operating over the entire
landing and take-off cycle air-fuel ratios, was demonstrated in this
laboratory program. The air temperature was maintained at 400 K in the
experimental work presented here and is thus representative of idle opera-
tion. An ajr temperature of 775 K would have been required to gimulate
full power operatiocn (takeoff).
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The hybrid catalytic combustion technique tested in this program
congisted of pre-burning JP-4 in a conventional can-type combustor under
rich zonditions, followed by the injection of secondary air to quench the
chemical reactions and lower the temperature. The unburned €O and UHC
were then completely oxidized over a monolithic catalyst located at the
exit of the combustor.

Of the more than 35 different catalysts.obtained from manufacturgrs
that were evaluated, the noble metals supported on honeycomb structures were .
found to be the most active for converting CO and UHC. Conversions in the '/&*‘.
range of 90-95 percent were achieved at catalyst temperature of 1200 K, s
overall equivalence ratios of 0.3 and air preheat temperatures of 400 K. Base
metal oxides and rare earth oxides on cordierite supports were much less active
than the noble metals on the same supported geometry.

The most satisfactory catalyst evaluated consisted of a corrugated
and rolled me§al support, washcoated with stabilized A1203, and impregnated
with 5.3 kg/m’ platinum. This catalyst achieved combustion efficiencies of 99.8
percent over the temperature range of 1000-1200 K. The reference velocity
at the catalyst inlet was 25 m/s. During a 20-hour test at 1200 K, the metal
supported catalyst did not show any indications of activity loss for CO or
UHC conversions. Under the same circumstances, a cordierite supported
palladium catalyst lost a substantial amount of its initial activity after 10
hourg of operation.

As a regult of this research, it zppears that an efficient, low
emissions hybrid catalytic combustor can be developed to operate over the
entire range of gas turbine power settings from idle to full power. It
should be noted that the hybrid catalytic combustor approcach is not limited
to idle operation, but can indeed operate effectively at full power, as
demonstrated by operating the combustor at ¢ = 0.3. No attempt was made to
determine how an engine using a hybrid catalytic combustor system would
operate over the LTO cycle. The feasibility of using the hybrid catalytic
combustor for idle operation followed by an all catalytic high power uwode is
currently being considered by the Air Force. It must be emphasized that
actual engine tests must be conducted to fully assess the feasibility of the
hybrid catalytic combustor comncept.

Based upon the results of the catalyst screening program, two com-
plete hybrid catalytic combustors capable of 300 g/s air flow were designed
and fabricated for delivery to the Air Force for testing. It is estimated
that these slightly scaled-up versions of our laboratory test combustor will
achieve a minimum combustion efficiency of 99.5% at idle, and NO,, CO, and
UHC emissions that will probably meet the 1981 EPA aircraft emission standards.

Although the results presented here support the technical
feasibility of catalytic combustion for aircraft turbine engines, there
remain many practical problems wvhich must be considered. The most significant
1roblems involve the physical durability of the catalyst and the transient

esponse in f£light. Clearly, a catalyst that could fracture or spahl in
flight could damage the turbine and endanger those on-board. Other

‘considerations associated with engine response and operability in flight

must bhe carefully analyzed.
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{ SECTION II

INTRODUCTION

Current aircraft engine design: are not expected to meet the EPA
emissions apecifications for subsonic turbofan or turbojet aircraft engines
manufactured on or after January 1, 1981 of 35.6 kN thrust or greater (1).
These designs produce excessive concentrations of CO (carbon monoxide) and
UHC (unburned hydrocarbons) during the idle mode, and NO, (nitrogen oxides)

; and possibly smoke during the high power mode (2). Poor combustion effi~-
clency under idle conditions due to poor air-fuel mixing is the source of

CO and UHC, while very high fiame temperatures generated near stoichiometric
combustion during the high-power mode give rise to high concentrations of
thermally produced NO, and smoke. In all existing gas turbine combustors, a
portion of the air supply is utilized in the primary combustion zone with a
near~stoichiometric quantity of fuel. Successive addition of cowmbustion air
in the secondary and quench zones of the combustor reduces the gas temperature
to acceptable turbine inlet values., The turbine firing temperature limitation
is dictated by structural considerations. The equivalence ratio (¢)* of the
turbine inlet mixture is in the range of 0.25-0,35 in the high power mode. In
the idle mode, the ¢ at the turbine inlet mixture is approximately 0.15.
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Most propocsed solutions for the reduction of gus turbine emissions
of pcllutants retain the basic gas turbine multi-combustion zone concepts,
but alter the methods in which the fuel and air, or both, are introduced into
the primary combustion zone. More efficient fuel atomization and primary
zone mixing have been shown to effectively reduce CO and UHC emissions under
idle conditions, but have not substantially affected the NO, problem at
high-power conditions. The moat promising combustor modifications for high-
power operation consist of pre-vaporizing and premixing the fuel so that
stable and efficient fuel-lean combustion occurs at somewhat lower adiabatic
flame temperatures, thus producing lower concentrations of thermal NO, .
Problems that must be solved before the pre-vaporization and premixing
technique can be introduced into production engines include:
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1. The premature autoignition of the mixture during the high-
power mode where air compressor discharge temperatures and
pressures ugy be 900 K and 3.0 MPa, respectively.

2. The thermal decomposition of the fuel in the vzporization

: system way lead to the formation of carbonaceous deposits
on the walls which would alter the heat trznsfer properties
of . the metal, and possibly cause thermal failure of the
vaperizer.,

3. The satisfactory operation of the vaporizer may be inter-
rupted by flashback where high flame temperatures could
damage the vaporizer-mixing section of the combustor.

1 See Nomenclature pg. x for definition.
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In order to explore the feasibility of catalytic combustion in
aircraft gas turbine combustors, the Air Force initiated a program at the
AFAPL (Air Force Aero Propulsion Laboratory). I. determined the combustion
efficiency to be in excess of 99.5% and the production of NO, to be well below
that required to meet the 1981 EPA specifications for new aircraft under
test conditions which simulated high-power operation (3). Similar data were
obtained by others working with gaseous fuels (4). These initial studies
did not investigate catalytic combustion under simulated idle operation.

The lack of data for idle conditions prompted the Air Force to award Exxon
Research and Engineering Company a research program to obtain the experimental
data necessary to evaluate catalytic combustion at gas turbine idle conditioms.
The general criteria for developing an acceptable combustor were:

1. The total pressure drop through the combustor should not
exceed 61 of the operating preesure of 0.3 MPa at a
reference velocity of about 25 m/s.

2. The minimum combustion efficiency at gas turbine idle
should be 99.5%.

3. The €O, UHC and NO_ emissions should be within the EPA
emission speeifica%iona for subsonic turbofan or turbo- -
jet aircraft engines manufactured on or after January 1,
1981 of 35.6 kN thrust or greater (1). ' :

4, The heat release rate of the coubuator'shodld be on the
order of 1 kJ/Pa-s-m3.

5. The total volume of the catalytic combustor and associated
promixing, pre-vaporization or pre-combustion components
should not exceed the volume of & conventionsl aircraft
turbine engine having a comparabie heat release rate.

The program was divided into three phases. Phage I consisted of a
thorough review ¢f the literature concerning catalytic oxidation of hydro-
carbons and an assessment of the state-of-~the-art in catalyst preparation on
monolithic ceramic, refractory wmaterial, or mwetallic supports capable of high
temperature operatiom.

The aecond phase wis concerned with the experimental determination
of the effectiveness of commercially available catalysts in promoting JP-4
iguition with 400 K preheated air to simulate idle operation in the abeence
of any pre~combustion scheme. If, as was expected, nc catalysts were
found that had sufficient activity at 400 K to initiate the combustion
reactions, then the remainder of the second phase would be concerned with
the desig~ and characterization of a pre-burner which, when coupled to a
fixed ca: lyst bed, woull make up the HCC (hybrid catalytic combustor).
After the operating characteristics of the combustors were determined, a
three-part catslyst screening program started. Part One ranked catalyst
activity as a function of temperature and surface/volume ratio of seven
different Pt/Pd catalysts deposited on a single substrate couwposition of
varying geometry. Part Two evaluated various substrates and high surface
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area vash coat materiais on which noble metals, base metals, rare earths,
etc., had been deposited, The most promising catalysts were studied in
greater detail in Part Three in order tc choose the catalysts most applicable
in the hybrid mode of operation. The total number of experimental tast lLours
exceeded 100, and the number of catalyst~substrate combinations tested was in
excess of 35. The two best catalysts were subjected to a 20-hour durability
test at 1200 K to deteruine the extent of catalyst deactivation under high
velocity and high temperature operation.

The third phase of the program was directed at the design and
fabrication of a set oc 7.6 cm diameter catalytic hybrid combustors
containing the best catalysts found in Phase Two for delivery to AFAPL.
Extensive testing of the catalyric hybrid combustors under simulated idle
and high-power conditions are planned by AFAPL,
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SECTION III

EXPERIMENTAL FACILITIES AND PROCEDURES

The experimental equipment used in this study included a
specially designed combustor, fuel injection system, air supply system,
sampling and analytical system, and cemperature and pressure instrumen-
tation. Information on the design and calibration of this equipment
is provided in this section.

1. HYBRID CATALYTIC COMBUSTOR

A schematic diagram of the hybrid catalytic combustor is showmn
in Figure 1, and a phoiograph of the experimeatal arrangement is showm in
Figure 2. The combustor consisted of a convemtional cannular pre-combustor
followed by a catalytic combustion chamber. The components which made up
the pre~combustion section consisted of a primary combustion air swirler,
secondary air swirler, pressure atomizing fuel nozzle, ignition electrode,
and primary, secondary and quench air injection orifices. The pre-burner
components were constructed out of type 304 stainless steel, except for
the combustor can wvhich was fabricated from 0.033 cm Hastclloy-X sheet.
The can was rolled into a cylinder 5.08 cm in diameter by 1l.. :m long.

The catalytic combustor chamber which was fabricated from type
304 stainless steel, wvas bolted onto the pre~burner section so that it
could be easily and quickly disasséembled without disturbing the pre-
combustion section of the combustor. The catalyst candidstes were
contained in a Hastelloy-X thin wall cartridge (0.033 cm thick x
21.6 cm long x 5.08 cm diameter) which was inserted into the heavy wall
catalyst combustion chamber. Channeling of the hot gas flow in the
catalyst combustion chamber was prevented by metal tc metal pressure
seals located at both ends of the thin wall catalyst cartridge. 4n
annular space between the Hastelloy-X cartridge and the heavy pressure-
bearing wall of the catalyst combustion chimber, reduced the conductive
heat losses in this section of the hybrid combustor.

, The combustor pressure was controlled by the combination of a
3.8 e diameter, type 310 stainless steel, square edge orifice located
at the discharge end of the catalyst combustion chamber, and a remotely

. operated, eccentric plug valve located at the discharge end of a multi-
tube countercurrent heat exchanger which cooled the hot cowbustion gases
to 530 K. The HCC exhaust temperatures were typically in the range of
800~1300 K. ’

2. FLOW CHARACTERISTICS OF THE PRE-COMBUSTOR

"Figure 1 shows that the combustion air supply to the HCC was
split into three different paths. The total air flow rate through the
coxrustor was maintained at 133 g/s. Of this total flow rate, 27 g/s
went to tha primary zone (location 8), 66 g/s were used in the secondary
sone (location 9), and the remaining 40 g/s (location 1) were used in

| 3‘?@?§ the final quench. The reference velocity st the catalyst chamber inlet

wvas 25.8 m/s (400 K and 379 kPa).
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‘ The percent of the total air~flow area in each of the three flow
¥ streams which determined the air flow rates were:

Z Diastribution of Air

Primary Air Flow Area (21.9 cm?)
25 holes, 0.254 cm diameter 5.8
0.0762 cm annular gap around 3.2

fuel injector

Secondary Air

0.635 ca annular gap around 53.0

can
26 quench holes, 0.635 cm diameter 38.0
Total 100.0

The secondary air distribution holes in the 5.08 cm diameter
Hastelloy-X can attached to the primary air injector consisted of four
rows of different diameter holes located at various axial distances from
the primary air injector. The hole sizes, axial locations measured in
L/D (length to dismeter) and their relative areas were:

No. of Z Total Hole
L/D (location) Holes  Hole Diameter (cm) Area of Can
0.168 12 0.553 13.8
0.484 12 0.635 18.2
0.754 10 0.952 34.0
0.846 10 0.952 34.0
Total 100.0

The gas velocities in each of the three air flow paths were
caleulated from the air flow rates at operating conditions (P = 379 kPa,
T = 400 K)

LOCATION IN COMBUSTOR VELOCITY (m/s)

Priunayy Alr Zones

» 0.076 em snnular gap sround | 22.5
fuel norzle air shroud
| 0.254 cm dismeter priwmary 65.7

injectnr hole

Secondavy Adr Zones

0.635 cm annular gup around 22.5 !
primary combustion can

0.635 caa diswster quench air hole 17.0

Referance Velocity 4t Catalyst
i Chamber Inlet

L 5.08 cm diemster catalyst -9 - 25.8




3. FUEL INJECTION SYSTEM

JP-4 was injected at ambient temperature iuto tue pre~combusio
through a 3.15 cm 3/s pressure atomizing swirl nozzle that had & 1.4 rad (bﬂ degree)
solid spray sugle. ‘tThe flow of a fraction of the primary air avound the
air gshroud control disc provided a suitgble fuel-air mixture in the area
of the ignition electrode that was conducive to good igwition cl aracteristics.
The flow of air around the fuel injector tip also provided noxzzle cooling.
The electrical breakdown of the gap between the fuel nozzle and the ignitica
electrode tip by a 10 kY alternating current tramaformer initiated the con-
bustion of the fuel in the pre-combustor. A 1.4 rad (80 uegree) spray nozzle
was chosen go that the spray fan would not impinge upou thbe ceuntrel orifice
walls of the primary air injector.

Efficient mixing and flame gtabilization of the fuel-air mixtuve
was assured by the high velocity swirling motion imparted to the air flow
by virtue of the 0.7 rad (40 degree) angle (with reepect to the longitudinal axiz)
at which the holes were drilled into the face of the alr injector.

The fuel was pumped from & shipping container into two 0.019 w3
pyrex containers. The volumes of the gliss containexrs were cali-
brated and divided into 500 cmd gradustions on the ocutside of containers.
A suction~presgsure gear pump was used to withdraw the fuel from the
contuiners and expel it through the pressur¢ atomizing nozzle. Appruxinately
90Z of the fuel was recirculated to the glass containers. The pump predsure
could be varied to 3.1 MPa, but for the purposes of this study the pressure
was maintained at 1.3 MPa. A votameter in -he stainless steel fuel system
located between the gear piwmp and the pressure atezizing nozzle was utilized
to monitor the fuel flow rate. Approprigte metering valves were located
upstream and downstroam of the rotameter to provide constant pressure and
fuel flow. A 20-micron sintered bronze filter was locsaited in the fuel line.
The A¢ across the atomizing fuel nozzle was always maintaised st 1.1 MPa to
asgure critical flow conditions wiich prevented any fluctuations is the fuel
flow due tc combustion chamber p.essure fluctuatione.

The fuel rotameter and vresgure stomizing nozzle e~ calibrated
by weighing the amount of fuel colilected over a spocified pe.iuv. of tiuww at
each rotamster setting. Periodically, the calibration of tax f3 -1 sysiea
was chscked by cbserving the volume of fuel displacad fxom the g & 3
regarvoirs during a test firing for a given fusl rotameter satting and
time interval.

4. AIR SUPPLY SYSTEM

A schematic disgraxr of tha rave of aiv iapur to the comuustor
is given in FPigure 2. Compressed air wus supplled at e 70.8 dwd/s
wvith a 1,034 MPa air compre: wr wiilzh ves equipped with ofl, water and
particulate fiiters.
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The main zir supply was divided into primary and secondary
air systeme. Each air system had {*s own pressure regulator, preheater
and rotameter, The flow of air through each gystem was controlled by
globe valves located in the air line at either end of the rotameters.
Bourdon-tube pressure gaugeg and iron-constantan thermocouples were
located in the air system lines downstream of the rotameters. A 30 kW
electrical heater was used to preheat the sccondary air to a maximum of
560 K,and a high pressure steam heat exchanger was used to preheat the
primary air to a maximum of 420 K. The rotameters used to measure the air
flow rate were calibrated with wet and dry test meters, depending upon thc
magnitude of the air flow rates. The calibrations were periodically
checked to assure the accuracy of the rotameters. The temperature and
pressure of the air in the metering system were continuously recorded and
utilized in the calculation of the total air flow rates. The pressare of
the primary and secondary air rotameters was maintained at 450 kPa, while
the combustion chamber pressure was 379 kPa.

5. TEMPERATURE MEASUREMENTS

The determination of the axial and radial temperature profiles,
and chemical concentrations throughout the hybrid combustor was accomplished
with a specifically designed analytical gas sampling train and multi-probe
thermocouple and gas sample rakes. The equipment and procedures utilized 1iu
the course of the study for temperature measurement are described below.

The gas temperatures in the pre-combustion and catalytic sectionrs
of the hybrid combustor were taken at various locations identified in
Figure 1. Chromel-alumzl dual-junction thermocouples with either 0.317 ca
or 0.157 cm diameter stainless steel sheaths were located at positioms A,

B and € in the pre~-burner section. Temperatures within the catalysf
(locations G-M) were determined with 0.063 cm diameter inconel rueathed
chromel-alumel thermocouples located at 2.54 cm intervals -~long the length
of the 20.32 cm long catalyst section. The tips of all the thermocouples
in the pre-cosbustion stage and the catalywt stage were positioned on the
centarlica of the hybrid coabusteor.

|

l When radial gas temperature distributions were obtained in the

| pre-combustioca section, the singie thermocouple located st position C was

| removed and replaced with four 0,157 cm dismmter thermocouples vhich were
wounted in a 0.635 cu diameter stainless acesl tube. The 0.635 cm tube
provided a pressure seal at ths outside wall of the pre-combustor. The
tips of the four parallel theraccouples were separatad from esch other by

‘ 1.27 cw. The tips of the longest thermocoupie and shortest thermocouple

| were 0.635 cm from the inside walls of the pre-combustion chumber. The

j four gus “emperatures measuted simultaneously by the thermocouples were
recorded on & wulti-polat strip chart vecorder.

-12 -
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6. GAS SAMPLE MEASUREMENTS

The gas sample and temperature probes utilized in the catalyst
section of the hybrid combustor were designed so that simultaneous
determinations of gas temperature and composition could be obtained with
a ainimum of interference to the gas flow within the cellular catalysts.

A schematic drawing of the probe is shown in Figure 4. 4 0.063 cm
diameter thermocouple was copncentvically located within the 0.157 cm
internal diameter inconel tuic uith the tip of the thermocouple just
slightly below the end of ti.. Inconel tube. This configuration provided
protection for the fragi): thermocouple, and simultaneously allowed the
gR& sawple Lo be taken through the ~nnular gap between the thermocouple
and the inconel tube. The tips of the inconel tubes were located on the
centerline of the catalyst and were spaced at 2.54 cm intervals along the
longitudinal axis. Seven 0.203 cm diameter holes were carefully drilled
into the catalyst substrate after the catalysts were installed within the
Hastelloy-X catalyst container. Mating holes in the Hastelloy-X catalyst
container and the catalyst chamber wall allowed the gas sampling probes

to be ingerted into the catalyst combustion chamber in locations G through
M as showm in Figure 1. The inserction of the probes into the catalysts in
this manner assured that the measured temperature was the gas stream temp-
erature and not the surface teamperature of the substrate material. The
walls of the gas sample tubea shielded the thermocouple from the radiation
emitted from the solids, thereby eliminating the need for a radiation
correction on the measured temperatures. The gas sample obtained

by each probe was, because of the parallel wall nature of cellular catalyst
substrate materials, representative of the particular cell from which the
sample was obtained. :

Radizl profiles of combustion product concentrations were obtained
at the inlet and outlet of the catalyst combustion chamber with gas sample
rakes, each of which had fuvur separate probes. The 4 parallel probes on
each rake were 0.152 cm outside diameter thin-wall stainless stee® tubes.
The four tubes were scldered together fnto a 0.635 cm diameter thin-wall
tube {in a manner so that the pressure geal at the wall of the combustor
could be made around the 0.635 cm tube. As in the design of the multi-
thermocouple rake discussed previvusly, the tips of the gas sample tubes
vere staggered so that the four parallel probe tips were evenly distributed
across the diameter of the combustion chamber at the inlet end and the
discharge end of the catalyst.

The gas sawplcs from each of the four probes in a raeke could be
exzined separately, or as was the case in determining combustion effi-
ciencies of the catalysts, combined in a manifold located in the gas sample
train so that a. average concentration would be obtained. The radial concen
tration distribution of combustion producis was determiied by analyzing the
gar sample from 2ach of the four probes during & test where the combustion
conditions were maintained at fixed air and fuel flow rates.

-13 -
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7. GAS ANALYSIS INSTRUMENTATION

o AR T

A photograph of the gas analysis system utilized in this program
is shown in Figure 5. A schematic piping diagram showing the location of
o , sample probes, valves, instruments and the calibration gas gystem is shown
o" in Figure 6. Adequate quenching of CO oxidation was assumed, based on
Shaw's results in essentially the same equipment, which showed no change in
CO concentration as a function of probe materials of comstruction (stainless
steel or quartz) and filter elements (stainless steel or glass) (5). The
sampling and analytical system for measuring exhaust emissions was designed
to generally conform to the EPA requirements for determining compliance with
the aircraft emission standards (1), with the exception that a water removal
device, i.e., a condenser, was used prior to the NO, analyzer.

s

Nine elestrically heated stainless steel sample lines were used
to direct the flow of gas from the nample probes in the hybrid combustor
to & heated manifold located ncar the instrument train. Each sample line
concained a high temperature bellows shut-off valve which was used to
select the sample line or lines which would be diverted to the gas analyzar
train. A single stainless steel heated tube connected the 9 valve manifold
to the instrument train. The gas sample lines were bundled together and
covered with electrical tape heaters. Iron-constantan thermocouples iwbedded
into the heated bundle were used to monitor the line temperature. An
automatic temperature controller was utilized to maintain the bundle of gas
sample lines at 420 K. The pressure of tke gas sample up to the instrument
train input corresponded to the pressure of the combustion chamber. The gas
sample pressure was reduced to 110 ¥Pa by a pressure regulator located just
upstream of a dry ice-acetone bath which was used to freeze out the water in
the gas sample. The hydrocarbon sample line bypassed the water knock-out
and was fed directly to the Beckman model #402 high tempersture FID hydro-
carbon analyzer which was maintained at 474 K. The CO, COp, NO, and O,
instruments were connected in parallel to the gas sample }ine. A sample
flow of 17 cm’/m was maintained through each instrumen' during the measurements.

RS
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Table 1 summarizes the key gas analysis parameters associated with
oo . the instruments used in this study.

TABLE I

INSTRUMENTS USED FOR GAS ANALYSIS

e Carbon monoxide. Beckmen model 315A (NDIR) with 0-5000 ppmv
and 0-2500 ppmv range. Maximum sensitivity was 12 ppmv.
) Calibrated with 2000 ppm CO in N2.
" e Carbon dioxide. Beckman model 864 (NDIR) with 0-25
" : and 0-5% range selectors. Maximum sensitivity was .05%.
‘ ; Calibrated with 7% CO; in Nj.
1! ; ¢ Hydrocarbons. Beckman model 402 (FID) with 0-0.2% range

W ; with a 10 position range selector switch. Maximum
] sengitivity was 1 ppav.

s Calibrated with 500 ppm CH, in Nj.
‘ e Oxygen. Beckman model 742 with 0-25X range with a 3 position

\: ‘ range selector switch for 0~1%, 0-5X% and 0-25% ranges,
i { | Meximum sensitivity was 0.01X.
|

|

[}
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. Calibrated with 10Z C4 in N2 or ambient air.
o Oxides of Nitrogen. Thermo Electron Corp. model 10A
Chemiluminescent Analyzer with 10,000 »pmv range with an 8

L position range switch. Maximum sensitivity was 0.25 ppmv.
e Calibrated with 100 ppm NO in N».
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The instruments in the gas analysis system were calibrated with
certified standard gas mixtures in nitrogen. The calibration gases were
supplied by the Scientific Gas Co. of S. Plainfield, New Jersey. Dry
nitrogen supplied from a cryosphere was used as the zero gas for all the
instruments. When the instrument train was idle, a constant nitrogen
purge was maintained. The instruments were calibrated before a run and
checked at the conclusion of the run. The cylinders of hydrogen and air
used to operate the hydrocarbon FID analyzer were certified to contain

less than 1 ppmv hydrocarbons.

The effect of the dry ice-acetone bath temperature on CO
concentration in the gas sample was checked and found to be unimportant
by passing a calibration gas containing 72 002 in nitrogen through the
cold trap and observing any loss in COj concentration. The referenced
temperature of the bath was 196 K and the sublimation point of CO2 is
194.5 K ( 6). The magnitude of the potential reaction of nitrogen oxides
with reducing species in the sample gases catalyzed by the heated stain-
less steel walls of the gas sample lines was assessed. Known NO and NO,
concentrations in combustion gas samples containing CO were passed

through heated teflon or stainless steel lines. No difference in either
NO or NO, concentrations were found as a result of contact with the
stainless steel or teflon lines. Similarly, no CO loss was detected as

a result of oxidation by contact with the transfer lines of the analytical
train. These experiments also demonstrated that no significant loss of
NO2 in the condensed water occurred.

Because of the posaible production of HCN and NH3 in the fuel-
rich pre-combustion zone of the hybrid combustor, a wet-chemical sampling
technique was utilized to obtain som~ representative gas samples at the
inlet and outlet of the catalyst combustor gection of the hybrid comwustor.
This sampling technique consisted of bubbling the sample gas for a known
time period at constant flow, through aqueous solutions of NaOH for HCM
determinations, and HySO4 for NH3 determinations. The nitrogen content
of the samples was then determined by a specific ion-electrode technique,
which has a sensitivity of about 1 ppmv for both nitrogeneous compounds (7).

- 18 -
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SECTION 1V

RESULTS

This section of the report describes the operation of the combustor
rig in two different catalytic modes under conditions which simulate afr-
craft gas turbine idle. First, the combustor was tusted in the all-catalyvic
mode., In this mode, the pre-combustor was inoperative, and all of the
combustion reactions were carried cut in the catalytic section of the
combustor. The fuel was partially vaporized and premixed at 400 K and
379 kPa in the pre-combustor section. In the second or hybrid mode of
operation, the pre-combuator was utilized. The hot gas products from the
pre-combustor contained approximately 300-800 ppm CO and UHC which were
further oxidized in the catalytic section of the combustor. No temperature
rise was measured across the catalyst from the oxidation of CO and UHC because
their concentration was so low.

All of the tests performed in the all-catalytic mode were unsuccr:ssful
because little oxidation of the fuel occurred at 400 K and 25 m/s reference
velocity. This was due to the fact that the fuel to air ratio and the inlst
temperature were too low at agimulated idle to achieve ignition (light-off).

For this reason the majority of test results reported involve operation of the
hybrid catalytic combustor where most of the fuel was oxidized homogeneously
and the remaining UHC and CO were further oxidized in the catalyst chamber.

1. OPERATION IN THE ALL~CATALYTIC MODE

During the past few yesrs, msny investigators have shown that the
uinirmwm gutoignition temperature of hydrocarbon fuel-air mixtu. .s over a
high surface area noble metal catalyst (Pt or Pt/Pd) was in the order of
525 K in the pressure range of 100 to 500 kPa (8, 9, 10, 11). These investigators
concluded that the most critical test parameters were average residence time
(1.e., inverse of space velocity), fuel concentration (equivalence ratio),
mixture temperature and catslyst tauperature.

During attempts to achieve combustion in the all-catalytic wode,
the overall equivslence ratio was varied up to 0.35, the reference velocity
at the catalyst inlet was maintained at 25 m/s and the combustion air was
prehsated to 400 XK. Under these conditions, a very small fraction of the
JP-4 was beiny converted, as evidenced by measuied CO concentrations at
the catalyst exit of about 20 ppm. No temperaturs rise in the catalyst
bed was observed. The catalyst was a combination of 1.2 ks/n3 of (1/1)

Pt/Pd on Genaral Refractory Cordierite (0.31 cm hole monoiith). From

thesa results, it appeared that if the air preheat temperature was lacreased

or the fuel-air mixture was made richer, an increase in catalyst bed temperature
would have resulted and more of the fuel would hava been converted. However,
because the tast facility cell began to fill rapidly with a potentially
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explosive mixture of unreacted fuel no further attempts were made to
increase the fuel concentration within the combustor. The air preheat
temperature was not increased above 400 K because the goal of these tests
was to develop a catalytic combustor to operate at simulated idle (see
Table II).

Table II summarizes the parameters required to simulate the

various aircraft gas turbine operating modes, as well as the equilibrium
composition of the combustion products (339.

TABLE T

AIRCRAFT OPERATING PARAMETERS AND EQUILIBRIUM GAS COMPOSITION

Idle Approach Climbout Takeoff
P, MPa 0.3 1.0 2.0 2.5
Air Inlet T, K 400 600 720 775
Overall ¢ 0.147 C.264 0.338 0.367
v, n/s 24 30 33 34
Flame T, K 768 1,228 1,488 1,596
Gas Ccomposition
Ar, % 0.93 0.92 0.92 .91
CO, ppm < 0.05 < 0.05 0.12 0.54
Coy, 2 2.18 3.82 4.83 5.24
RNO2, ppm < 0.05 0.03 0.13 0.20
HO2, ppm < 0.05 < 0.05 0.08 0.18
Ho, Ppw < 0.05 < 0.05 0.04 0.17
Hy0, 2 1.81 3.39 4.35 4.74
NO, ppm 1.20 223.32 990.85 1,580.
RO2, ppm 2.46 8.65 18.99 24,08
No, % 77.17 76.54 76.13 75.94
N,0, ppa < 0.05 0.04 C.24 0.41 .
0, ppm < 0.05 < 0.05 0.24 0.99
OH, ppm < 0.05 1.26 19.14 45.45
02, % 17.91 15.30 13.67 12.99

2. COMBUSTION CHARACTERISTICS OF THE PRE-COMBUSTOR

In this study, two different pre-combustcr can designs were tented.

The first pre~combustor can cousisted of a 2.5 cm diameter Hasteiloy-X,
closed-end tube which was perforated with sywmotrically loceted 6.3 cm
digmeter holes. A 1.4 rad (80°) angle pressure atomizing fuel nozcls and
primary sir swirler were attached to the open end of the 20 ¢m long tube.
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The annular gap between the can and the cuter combustion chamber wall was
purged with low velocity secondary air. Inadequate cooling of the
Hastelloy~X can by the secondary air stream resulted in the destruction

of the pre-combustion can. Heavy carbonaceous deposits were observed to
accunmulate at the closed end of the can which ultimately affected the heat
transfer properties of the metal, such that the hemispherical end of the
can overheated and was budly deformed. After several attempts wera made,
without success, to improve the durability and combustion efficilency of the
pre-combustor can, the design was abandoned and a 5 cm diameter open-énded
can-type pre~combustor was devised. The operating characteristics of the
pre-combustor that was utilized throughout the program are described below.

Gas temperature and combustion species distributionu at the
entrance to the catalyst chamber were determined for a set of opsrating
conditions which simulated idle (see Tabie II). Dats were cbrawned with
an empty catalyst chamber, with an inert monolith in the chamber and with
an active catalyst in the chamber.

The data were obtaineu with temperature and gas species probes
located at the entrance to the catalyst chamber, in the catalyst chamber.
and at the exit of the catalyst chamber. Details on the probes used are
given in Section III. Table III summarizes the flow and combnstion
characteristics of the HCC for two different operating comditions. Figure 1
identifies the various parts of the combustor referred to in Table IIX. The
results reported in Table ITII show the effect of altering the ratio of
secondary air flow between the pre-combustor annular gap (location 9) and
the 26 radial injection holes located near the open end of the can-type
combustor (location 10). In both conditions the primary air flow rate
remained constant at 202 of the total combustion air flow vate.

In condition 1, 65X of the total secondary air went through the
annular gap between the pre-combustor-can and the combustion chamber outer
wall (location 9), while 35X went through the 26 radial injection holes
(location 10). 1In condition 2 the split of secondary air going to the
quench zone vs. that going through the aanular gap wez 40 to 60X. It should
be noted from the results in Table IXII that minor changas in the secondary
air split greatly affected the radial combustion species distribution. This
effect was caused by increased mixing due to the higher aii injecticn velocity
through the 26 hole quench zone. The total air flow to the quench zone
increased from 35 to 40X of the secondary flow. The gas tewperatures wmeadured
across the duct diameter by four thermocouple protes (C, D, E, and ) were
approximatsly the same for both conditions. The average CO concentration
across the duct at the entrance to the catalyst chamber for condition 2 was
about half that for condition 1. The corresponding change in radisl air
injection velocity was fro- 17 to 19.5 m/9 in going from condition 1 tn
condition 2.
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TABLE III

YLOW CHARACTERISTICS IN THE
MYBRID CATALYTIC COMBUSTOR

n Conditions:

i
1 Cowbustor Pressure: ITY kv
Mr Prehez: Temp : 460 K
Priwary ¢ 1.8
Ovarall ¢: Wed
Referenca Velocity: 24,4 wie
| Actusl Conditiong:
‘ Locscion in
| Condition 1 ¥igurs 1 Condition 2
§ 334 1) Combustoy Fregaure (kPe) 334
‘ 400 Pri. & Cec, Afy Preheat ( K) 400
| 1.5 (2) Privuery, ¢ 1.5
; 0.3 {3) Ooverall, ¢ - 8.3
| 2.4 %) Aeferenca Velocily (n/a) 26,4
| 2,71 (5) - JP4 Vlow Rute (g/s) 2.71
| - 26,8 (&} Prdaagy Alr View vate (g/e) 26.6
| ' 0. ) Secondnry Afr Flou vatae ( /n) 106.
| 65.% {8 Pri. Injectoe Velseity ¢ 65.6
\ 22,5 (93 Sac. ALr Vel. Arciad Pn-bumr (w/e) 20.3
w {10} Sec. Aly Ind. Vel. ¢ P're-burner 19.5
| - Dischavge (W/u) CIUA ‘
| 5.0 o L) Yel. Upstrean of wal Suc. Iaj. 10.5
| : {m/w) (480 &) '
| : 46 (12) Val. Upstreum of ll\\ud‘wl Seq. Inj. 43
| ‘ S o for 1700 & mix. toup. {n/s) ‘
o SO Sawp: Profi
| s /¢ (€)Y : 924
1‘-.: /e (D) 1083
SR T/ () 1153
: ER : : : T/c (7)) : 1143
R o Concontragion Profile (Dry) § (ot Nod x..m;
S R Cﬁj Sy NG, ORC . co Co, 02 NO, WEC
Lo aa XU pe g | | pes I X ppm ppm
750 A5 A0 16 AW \ Prevn  (C) 395 4.5 1.4 32 SO
625 3.8 1LNR 1T 560 A Frobs . (D) M5 4.5 6.4 33 70
697 3.5 W4 18 2w o : Prods  (B) 350 4.6 1.8 26 120
740 3.8 LS8 19 40 Probe {0 365 4.2 14,6 29 48
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The combustion efficiency and combustlon product distribution
profiles obtained under condition 2 could possibly have been improved 1f
the amount of secondary air flow through the 16 radial holes was increased
beyond 40 percent,but this could have resulted in excessive pre-combustor
can temperatures due to inadequate cooling. All of the combustion efficiency
data and emission index data discussed in the rest sf the report were
obtained with the combustor operating at condicion 1. It is interesting to
note that NO, concentrations were almost double in the better mixed method of
! operation, 1i.e., condition 2.

To further characterize the gas tempessture and cosbustion species
{ distribution, axial temperature and species concentration wrofile weasure-

: ments were made on the centerline of the combugtor. Table IV and Figuves 7,
8 and 9 present the information obtained on the pre~combustor axial and
radial tempsratures, and UHC and NOx concentrations st an overall ¢ of 0.3
and a pre-combustor ¢ of 1.5. Table IV presencs.the data obtained from the
meagurement of the centerline CO, UHC and Nﬂx concentrations, as well as the
gas temperstures in the pre-combustor secondary mixing section and in the
emoty catalyst chamber. The gas teuperature leaving the pre-combustor can,
before the secondary quench airwas wixed in was on the ovder of 1570 K.
Thermodynanic calculations (presented in Table V) predict that if the system
were adiabatic, this temperature would be about 2050 K at a ¢ of 1.5 (12).
The difference in tempersture is probably due to heat losses from the system
to the guanch air, The rapid addition of secondary air through the 26 hole
quench zong reduced the gss temperature to about 1120 K, which corresponds
to a ¢ of 0.3, The axial tempersture profile through the rest of the
sanpling podate, ldentified ss locations G through O, remained relatively

. unthanged. The wessuved €O- snd O, concantyrations at the catalyst chamber

5 nlel sgree guite well w.eh the thirmodyuamic calculations for ¢ = 0.3

- as susisartred fo Yoblew IXY and V. The axial concentratioms of CO, UHC
axd W in Table IV {1luscrate the effectiveness of quenching that was
sehfaved by the 26 high velocity secondary air jets.

Figure ¥ shows the exial distribution of UHC and NO, at an overall
S W Q) with an eupty catalyst chamber. The measured NO, and UHC concentrations
et copotonl {WAth experimental error) over the 20 cm leagth. The corres-
y@uuLﬂ& por tesideace time in the 20 cm path length was in the order of 2-3 ms.
Flgara 3 48 & plot of the radial distribution of gas temversture and hydrocarbon
Co oudwakubatios &t the catulyst chamber inlet for conditions 1 and 2 described
Copvpvioudly Case Table IXI). The effact of increasing miximg by incroasing
ohe walddeivy chrough the 26 secondary air jets is a minor change in the radial
Ctagnevatire profile, but a significant change in the vadial hydrocarbon
convuatradtion proiile, Although the hydrocarbon and temperature profiles
were nore wiform for cou .itiop 2, it was decided to conduct all the subsequent !
testivg of catalysts under condition )} because the fate of large conceantrations
of unreacted CO and UHC would be more easily and more accurately deterained in
the catalyst chamber where subsequent conversion of these species would occur.
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TABLE IV

AXIAL TEMPERATURE AND COMBUSTICN PRODUCTS
DISTRIBUTION IN EMPTY CATALYST COMBUSTION CHAMBER (DRY BASIS)

Pre-Burner ¢ = 1.5 Cverall ¢ = 0.3
Pre-Combustor

Location Temperature co HC NOy

(See Figure 1) () (ppm) (ppm) (ppm)
A 1573 -— - —
B 1361 - -— -

Cc 1126 480 210 22

Catalytic Chamber

G 1133 475 200 21

H 1133 475 220 23

I 1133 445 . 190 19

J 1111 445 200 18

K 1139 N Y] 200 21

L 1222 - .0° . 435 - .. .-200 19

M 1116 g 482 180 20

(o} 1150 425 80 24
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Figure 9 shows the axial (centerline) gas temperature distribution
in a monolithic catalyst at an overall ¢ = 0.3. A comparison of these
temperature data vith similar data for an empty catalyst chamber given in
Table 1V shows that there was no temperature rise across the catalyst. A
temperature vrise would not be expected for such low concentrations of UHC
and CO since the combustion process was better than 98% completed before

the gas mixture from the pre-combustor entered the catalyst.

Subsequent tests to determine the effect of an inert monolithic
catalyst support on the axial temperature profile within the catalyst chamber
vere performed with the same results observed for catalyst KN (see Appendix II)
showa in Figures 7 and 9.

TABLE V

EQUILIBRIUM COMPOSITION OF PRODUCTS FROM JP-4
COMBUSTION WITH AI% AT 300 kPa

Preheat Temperature 400 K Adia~
batic Flue Gas
Mole Percemt Temp. Mclecular
[ C09 co Hy NHaq NO  NO,) X Weight
.05 19.86 .705 539 28.96
W1 18.75 1.39 675 28.96
.2 16.55 2.76 .001 930 28.95
.3 14.37 4.10 D13 | {1165 28.94
o4 12,21 5.43 054 .001 1384 28.93
.5 10.06 6.74 .134 | .001 1589 28.92
N 7.92 8.03 .002 .001 .249:] .001 1780 28.91
o7 5.79 9.29 .018 . 004 .371.1 .001 1960 28.90
.8 3.74 |10.46 .093 .019 457 | .001 2125 28.87
.9 1.89 |11.39 .381 .072 445 2267 <..80
1.0 «547 | 11.63 1.29 246 .288 2360 28.64
1.1 .064 | 10,57 3.36 .739 .096 2356 28.26
1.2 006 | 8.95 5.89 1.60 .026 ' 2288 27.77
1.3 001§ 7.52 8.18 2.72 .008 2208 27.28
! 1.4 6.36 | 10.14 4.04 .003 2128 26.81
; 1.5 S.45 { 11.82 5.49 .001 2051 26.35
| 1.6 $.73 | 13,28 7.04 1976 25.91
| 1.7 4.15 | 14.556 8.62 1903 25.49
: 1.8 3.68 | 15.71 10.22 1832 25.09
1.9 3.28 | 16.75 11.80 1763 24.71
2.0 2.94 | 17.71 13,36 . 001 1696 24.35
§
oo - 28 -
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The decision to perform all catalyst testing at condition 1 fixed
the air distribution mode, as indicated in Table I1I. Thus, the pre-combustor
fuel flow had to be reduced if overall ¢'s of less than 0.3 were to be
studied. Table VI summarizes the required ¢ in the pre-combuster to
achieve the indicated overall ¢4, or alternatively, the indicated catalyst
inlet temperature. It should be noted that to simulate idle according to

;q e Table II, an overall ¢ of about 0.15 would be needed, which would require
oy operating the pre-combustor at ¢ = 0.75. If, on the other hand, climbout
Y)&“‘ _ or take-off simulation were desired, then the pre-combustor would have to

operate richer than ¢ = 1,55,

TABLE VI

RELATIONSHIP BETWEEN COMBUSTION MIXTURES
AND TEMPERATURE IN THE PRE-COMBUSTOR

R SR

Nt
%fwm Pre-Combustor Catalyst Inlet (Overall)
| f é ¢ Temperature (K)
K
o 1.55 0.312 1244
] 1.5 0.30 1165
§ 1.42 0.285 1144
: 1.25 0.25 1050
1.11 0.22 990
1.0 0.20 930
0.84 0.169 844
0.75 0.15 810
0.6 0.125 756
N 3. DESCRIPTION OF CANDIDATE CATALYST

Catalysts and substrate candidates were selected for testing by
Lo matching the desirable features of catalysts for HCC application with
;Q : those of commercially available catalysts (i.e., contractual requirements
\ limited the selection to existing catalyst and substrates). The catalysts
i wvere considered to consist of an active material such as Pt, a substrate
S such as cordierite, and & wash coat such as alumina. Among the factors
M N : considered in selecting the catalyst for testing were the maximum operating
L 1 temperature, potential pressure drop, compressive strength, resistance to
\ thermal shock and capability of retaining a high surface area wash coat.
The marimum operating temperature for the catalyst was specified to be
4 the adiabatic flame temperature at the highest overall equivalence ratio
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contemplated for this study. Thus, at an overall ¢ of about 0.3, the
maximum temperature would be 1165 K according to Table VI. In order to
take into account possible experimental deviation from the ¢ = 0.3 va ue,
the maximum operating temperature of the substrate was limited to 1250 K
for specifying catalysts and materialc of construction.

One of the most important constraints placed on catalyst selection
was that high surface/volume configurations would be required if complete
conversions of unreacted CO and UHC were to be achieved under high space
velocity operation. This was due to preliminary indications in the
literature'l3) as well as in our initial experiments(lﬁ) that the kinetics
were diffusion limited.

Other considerations in substrate selection included compressive
strength in the direction parallel to the gas flow, resistance to thermal
shock and magnitude of thermal expansioi. The substrates were also required
to be resistant to high temperature oxidatiou, and capable of accepting
and retaining high surface area wash coats of refractory oxides such as
alumina, zirconia, magnesia, etc. The geometries of the 5.08 cm diameter
by 5.08 cm long catalyst supports obtained for this program included round
holes of different diameters, squares, rectangles, triangles, and other
more complex hollow configurations. The support materials included cordierite,
alumina, silicon carbide, metal foils, and screeuns.

Although the catalyst requirements mentioned above could be
satisfactorily met by a number of manufacturers and suppliers, the following
suppliers were selected because they were familiar with our requirements.
Also, some of these suppliars produced novel materials or geometries which
appeared promising for use in a catalytic combustor. DNetails about each
substrate tested are given in Appendix T.

General Refractories Co,, Philadelphia, Pa.

W. R. Grace & Co., Columbia, Md.

Nortor Industrial Ceramics, Worcester, Mass.

Nippon Sealol Co., Ltd. (Pure Cerbon Co., St. Mary's Pa.)
DuPont Corp., Wilmington, Del.

Johnson~Matthey Co., Ltd., Reading, England
Matthey-Bishop, iInc., Malvern, Pa.

906 000 O

In addition to containing a tabulation of the substrate properties,
Appendix I also includze limited experimental data on tests of substrates
that either had very high pressure drop characteristics, or low compressive

strength which resulted in their destruction at the reference velocities of
interest in this program.

Packed nickel alloy ucreens coated with platinum, manufactured by
the Matthey-Bishop Co., were shorn to have an isothermal pressure drop at a
reference velocity of 25 m/s of 54.6% for a support length of 7.6 cm.
Because of the high pressure drop associated with this configuration, no
attempts were mede to obtain CO and UHC conversion data under reacting flow
conditions. Subsequent modifications to the packed screen cupport by
Matthey-Bishop, Inc. led to the catalyst support described in Appendix I,
Table XIX which was tested under reacting conditions.
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A tightly wound corrugated-metal-film catalyst support fabricated
by the Johnson-Matthey Co. containing 82 openings/cm? was not tested under
reacting flow conditions since the isothermal pressure drop of 47% was
too iigh. The subsequent enlargement of the corrugated openings in this
subgtiate led to the fabrication and testing of the metal substrate
described in Table XVIII of Appendix I.

The 45 and 62 holes/cm2 cordierite monoliths suppiied by the
W. R. Grace Co. described in Table XIV of Appendix I, exhibited moderately
high pressure drops under reacting flow conditions. 1In an attempt to
find a lower pressure drop material, some isothermal pressure drop tests
were performed on a W. R. Grace cordierite substrate having larger holes.
Compared to the W. R. Grace monoliths mentioned above, the new monoliths
had 31 holes/cm2, but still failed to meet the isothermal gressure drop
requirement. No further work was done with the 31 hole/cmé monolith.

Some isothermal pressure drop tests were conducted on an aluminz
"gponge" catalyst support supplied by the Clyde Engineering Co. of Miami,
Florida. The very fragile nature of this candidate material led to its
complete destruction at the 25 m/s velocity of the pressure drop test. No
further work was conducted with this support.

The detailed description of all the catalyst formulations tested
is tabulated in Appendix 11 and summarized in Table VII. The procedure used
to select the catalysts for this program included a thorough literature search
and discussions with catalyst menufacturers. The literature search was
compiled into an annotated bibliography and issued as an informal report (13).
The report countains references to the general area of hydrocarbon oxidation,
catalyst preparation techniques, inventions and processes involving homogeneous
or heterogeneous catalysts.

[T
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- oxideg viz., 520 K for noble metals as opposed to 750 and 930 K for base

The criteria used to select various catalyst formulations gradually
became more refined and specific as the initial set of results of CO and UHC
conversions at various temperatures in the hybrid combustor were obtained.
Initially, noble metal catalysts on stabilized aiumina wash coats were
selected for testing since the literature study clearly showed this class of
metals to be superior to all other metals for the gas phase oxidation of
hydrocarbons at {nitial temperatures of 400 to 600 K. The unpublished reults
of studies performed at Exxon also showed that noble metals promoted
ignition (light-off) of prevaporized-premixed JET-A and air mixtures at
lower temperatures than required for base metal coxides and rare earth

metal oxides and rare earth oxides, respectively (14). The maximum operat-
ing temperature of the noble metal catalysts is limited by the wvolatility
of noble metals, wash coat sintering and noble metal crystallite growth
at temperatures in excess of 1300 K (15). Catalyst deactivation can also
be caused by poisoning due to sulfur, mercury, lead, etc. (16).

The catalyst described in Table VIT and Appendix II were obtained
from the various companies listed above. In some cases, the support was
manufactured by one of these compsnies and the catalyst and wash coat were
applied by one of the following companies:

e Oxy-Catslyst Inc., West Chester, Pa.
® W. R. Grace Co., Columbia, Md.
e Johnson-Matthey Co., Ltd., Reading, England
e Matthey-Bishcp Co., Malvern, Pa.
4. METHODS OF PREPARING CATALYSTS FOR TESTING

Most of che candidate catalysts tested during this program consgisted
of callular monolith segments tha: were 5.05 cm diameter and 5.08 cm long.
Usually, four segments of the same catalyst were packed end-to-end in a
21.6 cm long thin wall (.033 cm) Hastelloy-X cylinder. To prevent bypass
around the monolitha, a thin coat of cordierite cement was applied to the
outer diameter of each monolith., After the cement was partially cured
overnight at room temperature, the monoliths were pressed into the tight
fitting Hastelloy-X cylinder. In this manner, the excess cement was neatly
removed from ths monolith and a gas tight seal was created. The monoliths
wars tham prepared to accept the gas sample-thermocouple probes by driiling
0.317 cx dismeter holes, 2.54 cm deep, normsl to the gas flow axis at
2.34 cu intervals. These holes corresponded to the 0.317 cm diameter hole
located in the Hastelloy-X cylinder. The holes were earily drilled in
cordisrite monoliths with conventional stesl driils, but carbide drall bits
vere required to drill the holes in monoliths made of silicon carbide or alumina.
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Some ol tie catalyst candidates were made of rolled metal screens
or corruguated wetal foils that were costed with high suvface area Al 03 which
vas impregnated with catalytic wmaterials. Wwhen catalysts of this co&f&auration
G were tested, the manufacturer of the catalyst was supplied with Hestelloy-X
! cylinders in which they mounted their catalysts. While sosembling the
i metal acreen substrate catalysts, the manufacturers provided a void at
} the location where the gas sample and thermocouple probes were to he inserted.
Therefore, unlike the ceramic catalyst supported candidates, the metal screen
substrate catalysts were a series of 2.54 cm long segments with a small veid
E between adjacent segments. The corrugated metal foil catalysts were drilled
in the same manner as the ceramic catalysts., The gas tight pressure seal
around the metal supported catalysts was accomplished in the same manner as
previously described for the ceramic substrate materials.

The Hastelloy-X cylinder which contained the catalyst was inserted
into the catalytic combustion chamber. The gas samplae-thermocouple probes
were then inserted through the holea drilled into the catalysts which were
concentric with the mating ports of the outer combustion chamber wall. The
thermocouple leads and stainless steel gas sample lines were conmnected to
the probes, and pressure checked via the soap bubble technique for leaksa.

The catalyst combustion chamber was then bolted to the pPre-
combustion chamber and the water cooled counter-current heat exchanger.

The entire hybrid combustor was checked for leaks and prepared for
test firing with JpP-4,

5. PRESSURE DROP CHARACTERISTICS OF SUPPORTS

: One of the major considerations in developing a viable catalytic
combustor is not to increase its volume over the volume of state-cf-the-art
aircraft combustors while maintaining the press:re drop through
the combustor at operating conditions &t less than 6%, We therefore measured
the pressure drop through all catalysts tested with 400 K air at 0.31 MPa,
and under various reacting conditions. Figure 10 is a summary of the
pressure drop measurements obtained for a wide variety of catalysts with
different geometrical configurations. The isothermal pressure drop data

. were obtained with catalysts that were 20.32 cm lomg (four, 5.08 cm long
segments face-to-face). The reference velocity was varied from 10 to 26 w/s
by maintaining constant pressure of 0.31 MPa and constant air temperature of
400 KX, but varying the air flow rate. Two different methods were used to
determine pressure drop. One method consisted of simultaneously measuring
the pressure at the catalyst inlet and outlet face with a strain gauge
differential pressure transducer. The other technique involved the
individual measursaent of the catalyst inlet and outlet pressures with a
precision Bourdon-Tube gaugs which was isolated from the catalyst chamber
by an appropriste valving arrangement. Generally, the agreement between

the two techniques was within 5%. The latter method was most often utilized
because of its simplicity.
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The geometry of any of the catalysts given in Figure 10 can be iden-
tified by referring to Table VII. The pressure drop data show that as
the surface/volume ratio of the support gecmetry decreases, so does the
isothermal pressure drop. Catalysts HH, UK and JH were observed to have
the lowest pressure drops of any catalyst tested. Catalysts HH and UK had
0.31 cm diameter circular openings,while JH was made of 0.16 cm x 0.32 cm
rectangular openings. Catalysts KT, KP, KN and KX exhibited similar pressure
drops because they had the same support geometry. The relatively high
presgure drop asgociated with these catalysts which were a product of the
W. R. Grace Co., was due to the large crogss-section of the wall material which
separased adjacent channels. The W. R. Grace supports had a §/V ratio of
2109 m®/m3 compared to that of catalyst FH which was 1937 m2/m3. However,
because of the difference in wall thickness between the two types of supports,
catalyst FR had a lower pressure drop. The differences in wall thickness
between substrates is due to the manufacturing techniques involved in their
fabrication.

The highest pressure drops were measured in support geometries
that were made of many discontinuous passages or channels in either metal
or ceramic materials, Examples of supports made with discontinuous channels
were catalysts NH and MQ which were made from DuPont TorvexR and cordierite,
respectively. The DuPont support provided many radial flow passages which
wvere dead-endad to induce flow reversal and mixing. The cordierite support
was made by W. R. Grace Co. and contained many small rectangular passages
which imparted a owirling motion to the gas stream.

Other high pressure d.up catalysts were those fabricated from
tightly packed metal screens, or fxom corrugated and tightly wound wmetal foils
such as catalyats P, PC and QE. Catalyst QF was also made from a metal foil
but the size of the corrugations were enlarged compared to catalyst P.

A catalyst of an entirely different design consisting of a foamed cellular
skeleton of alumina which was made by a proprietary process from a polymeric
fosam material manufectured by the -Scott Paper Co. of Chaster, Pa. was tested
but found toe fragile for aircraft applications. The support contained

10 porel/cuz and wvas the product of the Clyde Engineering Co. of Miami, Fla,
No additioual information on the physical properties of this material was

svgilable. :
: In order to take advantage of the large 5/V characteristics of

" some of the supporte that had excessively high pressure drops when tested

with 4 segments of the same geometry in series, some tests were conducted

by combining 2 low pressure drop segments with 2 high pressure drop segments.
. Thus, combinations of catalysts FH and KQ, and PC and FL were tested. The
results showed that the total pressure drop corresponded to the sum of the

individual pressure drops from ezch saegment.

'The pressure drops measured under isothermal flow conditions
{pre-combustor. off) increased as expected when the pra-combustor was
opoerated. Tha pressure rise wzs due to the incressed volume of gas generated
by the high temperatures in the pre-combustor which incressed the actual gas
velocity through the catalyst. As can ba seen from a review of the pressure
- drop data in Table VII, the difference betwsan isotharmal and reacting flow
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pressure drop in a particulsr catalyst geometry cannot be a&ccounted for solely
by the volumetric expansion of the air. Parameters guch as Reynolds Number,
friction factor, geomecrical shape, and the viscosity of the gas &8 a function
of temperaturs must be considered to completely understand the increase in
pressure drop. In all the tests performed in this study with the pre-combuator
operating, the flow through each channel in the parallel-walled catalyst
monolithic support was in the turbulent flow regime, Typicsally, for a catalyst
inlet temperature and pressure of 1200 K and 0.37 MPa, respectively, the
Reynolds Nusber was in the range of 4500-5500.

! 6. EFFECT OF 5/V ON CONVERSION

A series of tests with six different monolith geometries were
performed at s pre-combustor 4 of 1.5 which resultuod in an overall ¢ of 0.3 at
the inlet to the catalyst chamber (see Table VI). The reference velocity and
pressure vere maintained at 25.3 m/s and 0.38 MPa, respectively. The CO and
URC concmgut:lon at the catalyst bed inlet wers in the range of 300 to 800 ppm.
A 1.7 kg/n’ loading or (1/1) platinum/palladium was applied to the stabilized

t7 alumina wagh coat which covered the entire support. Each test waz performed
with four, 5.08 cm long by 5.08 cm dismeter segments arranged back-to-back. The
results plotted in Figure 11 show that the (O and UHC conversions can be
corralatod with the S/V of the support. Complete descriptions for each of the
8ix catalysts are provided in Appendices I and II and are summarized 1iu
. Table VIII,

TABLE VIII

THE UFPECTS OF CATALYST LOADING AND
SUPPORT SURFACE ARFA ON UHC AND CO CORVERSION

' Parcent (Metal 1
Wash Cost Metsl loading Conversion Support Mass Load :

Caialvat ®%/m' lowding (g/e?) (x/a2) £0  HC Ares (w2 _x Arem)(R)

@ 2473 52.8 0.634 87 98  1.015 0.695 §
™ 1937 46.3 0.870 80 97 0.796 0.692 ; |
K 1700 46.7 0.992 72 8  0.698 0.592 ! |
a1y 45.0 1.10 75 92 0.632 0.693 | |
= 1200 10 1.53 68 76 0.452 0.692 |
A R 996 100 1.78 52 47 0.409 0.732
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These data show that as the S/V ratio of the support decreased

‘ from 2473 m/m3 to 996 m?/m3, the area of the support available for
heterogeneous reactions decreased from 1.02 m2 to 0.409 m? in the fixed
reactor volume of 0.411 m3. In order to maintain a constant metal loading
of about 0.7 g in the reactor, the amount of metal per unit area increased
from 0.684 g/-2 to 1.79 g/m2 as area decreased. These results imply that
surface arca is an important consideraticn for UHC and CO conversion since
the highest conversions occurred at the lowest metal loading pe: unit area.
These data tend to confirm data presented in the literature t'at indicate
that heterogeneous oxidation is diffusion controlled at 1200 K (11, 13).
Thus, a desirable catalyst for CO and UHC conversion should have as large
a surface area as possible without exceeding the 62 pressure drop criterion.
It was also observed in these axperiments that the oxidation of CO was
slower than that of UHC.

In order to verify this strong effect of support surface area on
UHC and CO conversions, a more detailed study was performed with catalyst
FH and JH. The effect of temperzture over the range of 800-1200 K on
conversion was plotted in Pigure 12. The slopes of the Arrhenius curves
obtained for CO and UHC conversion indicated that the overzll oxidation
resctions were probably diffusion limited. The activation energies were
2.38 and 7.82 kJ/wol for the oxidation of CO and UHC, respectively. Interest-
ingly, the activation energies for UHC oxidation with both catalysts were the
same, and the activation energies for CO oxidation were algso the same with both
catalysts, but as stated previously, the oxidation of UHC was more temperature
dependent than that of C0. These observations are consistent with the
strong effects of surface area on UHC and CC conversions observed earlier.
Other possible explanations of these results are provided by Cerkanowicz,
et al., (17).

7., EFFECTS OF SUBSTRATE MATERIAL ON CO AND UHC CONVERSIONS

Physical properties of support materials such as heat capacity, {

thersal conductivity, and thermal expansion were consideved importaat to

cthe overall operation of the catalyst. A brief study was therefore made to

determine tha effect of these parameters on UHC and CO conversions. Bat,

because there were only limited variutions of the meterials of construction
| currently available, ths study could not be generalized. The materialis that
| were available for testing included cordierite, silicon carbide (bata form)
| and nickel-chrome metal slloys. The composition of the catalysts which
wore fabricated using these materials are listad in Table VII, viz., UK and
RA on silicon carbide, P, QU, QF and PC on metal alloys, and the remainder
on cordiarite.

The bast comparison between cordierite snd silicon carbide as |
supports can be made betwoen catalysts UK and HH, both of which had similar
giomatrical shapes (0.31 cm round holes). Catalyst UK was made by thea
Norton Co. with silicon carbide, and catalyst HH was wade by the Genarasl
Rafractories Co. with cordierite. Both catalysts were wash coated with 510,
stabilized slumina and impragnated with a 1.7 kg/wd loading of (1/1) Pt/Pd.
The wash cost and active metal were applied to the supports by Oxy-Catalyst,
Inc. A coaparison of the OO0 and UHC conversions in the tempsrature range of
1139-1166 K showed that ths silicon carbide supported catalyst promoted
higher conversions than the cordierite catalyst. The catalyst with the
silicon cerbide support achiaved 16X better CO conversious and 2827 batter
WiC conversioms, under similar test conditious, than the catalyst with the
- cordierits support. Although insufficient data are available, prelimivary
b indications are that silicom carbide is more sctive in promoting the oxidation
= tesctiouns. It 1s doubtful that a direct catalytic effect can bs attributed to
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the silicon carbide, but as a result of the larger thermal conductivity of
silicon carbide than that of cordierite, one may speculate that better heat
transfer may have contributed to the higher activity of the silicon carbide
catalyst., The thermal conductivity of beta-silicon carbide is 0.213 W/m°C at
1300 K, while cordierite had a thermal conductivity of 0.071 W/m°C at 1200 K.
The epecific heats of both materials were similar, viz., 0.8-1.3 kJ/kg C%6).

During the testing of the silicon carblde catalysts, 1t was appar-
ent that the response to thermal changes within the catalyst was very rapid.
Thus, when the overall ¢ of the system was varied, a "step-change" in the
gas temperature within the support was observed immediately. With cordierite,
on the other haud, the gas temperature within the support changed much more
gradually in response to the change in ¢.

The effect of the silicon carbide support in catalyst RA (rare
earth oxide catalyst) cannot be compared directly with other catalysts sin:e
catalyst RA contained no wash coat, When compared with catalyst KR, a
cordierite supported rare earth oxide catalyst with an alumina wash coat,
RA achieved slightly higher UHC convergion, but much lower CO conversion.

In view of the few SiC supported catalysts tested and the scatter of the
data, no definitive justification for specifying one substrate over another
could be made.

A compacrison of the effects of cordierite and metal foil supports
on the conversion of CO and UHC cannot be made from the available data since
the only successful metal supported catalyst had a S/V of 4100 m?/m3 which
ig nearly twice as great as the largest surface/volume of 2473 m2/m3 for the
available cordierite supported catalyst. However, as was observed with the
silicon carbide catalysts, the thermal response of metal supports was much
superior to cordierite based catalysts.

Some comments on the subject of durability of catalyst supports at
high temperatures dare needed. Evidence of the pntentially disasterous effect
of high temperature on supports was obtained early in the experimental phase
of the program. A severe problem concerned with melting of cordierite
catalysts was encountered. The catalyst was observed to melt or deform when
an ignition delay in the pre-combustor was experienced. Usually, a faulty
ignition electrode was responsitle for the ignition lag which could be on
the order of a few seconds. During the period before ignition of the pre-
combustor, the unburned JP~4 was deposited on the surfaces of the catalyst.
Some fraction of the liquid fuel was adsorbed by the support material or wash
coat or both. BSubsequent ignition of the pre-combustor gave rise to near
stoichiometric flame temperatures on the surface of the catalyst which caused .
the support to melt or become suff{iciently plastic to be badly deformed. In ;
order to determine if this severe thermal condition was being catalytically
promoted, a cordierite support without wash coat or catalyst materials was
tested. The support melted even though the measured gas temperatures within
the support never exceeded 1200 K, which is substantially less than the melting )
point of cordierite. It was therefore concluded that it was not necessary !
for the observed phenomena to be catalytically promoted.
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It was thought that the problem associted with faulty ignition
could be mitigated if the catalyat support was made of a high melting paint
and high thermal conductivity material. However, catalyst QF, which con-
tained a high temperature metal alloy foil support melted when an ignition
delay of the pre~combustor accurred. Again, as had been observed in tests
with cordierite supported catalysts, the measured gas temperature never exceeded
1200 K within the catalyst bed or at the entrance of the bed. The melting
point of the metal alloy, although not determined, was estimated to be about
1800 K.

During the tests with silicon carbide catalyst, no melting or deform-
ation of the support was observed. If an ignition lag in the pre-~combustor did
occur, there was no way of detecting it within the catalyst with the employed
techniques, aince the useful operating temperature of silicon carbide in an
oxidizing atmosphere is presumed to be in excess of 1900 K.

8. EFFECTS OF WASH COAT MATERIALS ON CO AND UHC CONVERSIONS

Activity of supported catalysts is significantly enhanced by the
application of a high surface area material to the surfaces of the support.
The BET (Brunsuer, Emmett and Teller (18)) surface areas of gamma~alumina
wash coats applied to some of the candidate catalysts before exposure to
gas temperatures above 1200 K were measured by Oxy-Catalyst Inc., to be on the
order of 140-160 mZ/g (19). After exposure to high temperatures, the surface
areas of unstabilized wash coat materials were reduced to 1,0 m2/g, However,
depending upon the concentration and preparation techiniques employed, and
type of stabilizers in the wash coat, the surface area of the alumina could
be maintained at values approaching 10 m2/g. The various wash coats applied
to the catalysts tested in this program are listed in Table IX.

TABLE IX

WASH COAT COMPOSITIONS

Al203 + S§102

N10 + S192

Zr02 + Co0

Al203 + Ce02

Al203 + CuO + Cr203 + MnO

¢ e & ¢ ¢

Although BET surface areas were not measured after the catalysts
were exposed to high temperature oxidizing streams, some rough indications of
the effectiveness of the wash coat on CO and UHC conversions were discerned
from the results. A comparison of the UHC and CO conversions at 1200 K for
catalysts KP and KU, which were 0,127 irregular rectangle opening cordierite
monoliths from the W. R. Grace Co., showed that for the same Pd losdings, the
Zr02 + Co0 wash coated catalyst had less activity than the Al203 + Cu0 +
Cr203 + MO, wash costed catalyst. It should be noted that the catalyst KP
had twice as much wash coat material as catalyst KU. Thus, an altarnate
axplsaation might be that excessive wash coat material is detrimental to the
activity of tha catalysts.




The effect of wash coat loading for the catalysts having the same
noble metal loading, but different g/v,can also be seen when comparing catalysts
GH and UK. Both catalysts contain approximately 13 g of noble metal per kg of
wash coat, but catalyst UK contained twice the wash coat loading (on an area
basis) and achieved approximately 75X the conversion of catalyst GH for UHC
and CO. A similar observation can be made for catalysts FH and HH. Both
catalysts contained about 17 g of noble metal per kg of wash coat, but catalyst
HH had about twice the wash coat loading, i.e, 100 g/m? as compared to 46 g/m2
for catalyst FH. In this case, catalyst HH converted only about half the CO
and UHC that FH achieved. It should be noted that in the comparison of GH
and UK, and FH and HH, there was also a $/V change of about 2 for each pair.
Thus the posgible wash coat effect cannot be fully disassociated from a S/V
effect.

A comparigon of the effect of dissimilar wash coat materials om CO
and UHC conversions can be made with catalysts KT and KU. Both catalysts
had similar support geometries but different noble metal loadings and wash
coats. Catalyst KT had a noble metal loading which was 1.31 kg/m3, consisting
of a 23/1 (by wt.) mixture of Pt/Rh on a NiO + S102 wash coat. Catalyst KU
had a 0.39 kg/m3 2oading of palladium on an A1203 + CuO + Cr30; + MnO; wash
coat. Although catalyst KU had 1/3 the noble metal loading of catalyst KT,
the CO and VHC conversions measured at 1200 K for catalyst KU were 19 and 222
greater, respectively, than the conversions observed for catalyst KI. Since
the activities of platinum and palladium for hydrocarbon oxidation in the
temperature range of 1000-120C K would not be expectad to be vastly different,
it appe=red that the difference between the CO and UHC conversions in catalysts
KT and KU were due to variations in wash coat formulatiozs.

Sufficient test data were not available to allow for significant
comparisons to be made on the effect of Ce0 and S107 in Al703 on UHT and CO
conversions. Also, because of the nature of this program, which was primarily
to evaluate a large number of available catalysts, no detailed resulcs were
sought on the effects of wash coat formulations on catalytic activity. The re-
sults presented above are very speculative in view of the large number of
veriables that can affect catalyst activity.

9. THE EFFECTS OF CATALYST FORMULATION ON CO, UHC AND NOy, CONVERSIONS

The proceding sections discussed hiow the e’fectiveness of oxidation
catalysts depsnds on various chemical and physical parameters associated with
the support material, its geometrical configuration, and the wash coat formula-
tion. None of these parameters, by themselvas, are as important in the
oxidation of a hydrocarbon as the type of active catalytic metal which 1is
impregnated into the wash coat. To understand the activity of catalytic metals
in hydrocarbon oxidation reacticns, each of the candidate metals or combinations
of metals were tested over tha same range of gas temperatures, equivalence
ratios, and pressures. Having previously obtained indications of the effects
of the catplyst support (material, wash coat, etc.) on UHC eand CO conversions,
the specific effect of the catalytic materials and their loadings on the
conversion of potentiasl pollutants wias sought. Table VII summarizes the
exparimental test results obtained for all the candidate catlaysts under the
test conditions listed in Table III under condition 1.
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The activity of noble metal catalysts on CO and UHC conversion
is compared in Table X. Based on the data in Table X, it can be concluded
that within experimeatal scatter there is little apparent advantage in
using either Pt or Pd as the active metal. The two other noble metals
tested were Rh and Ir, and they show lower activity than Pt and Pd.
Comparing catalysts KT _which contains 0.63 g/mé Pt/Rh = 23, catalysts
KU containing 0.19 g/m? Pd and EN containing 1.33 g/m? Pt/Pd = 2.5, one
can gee that KU containsg an intermediate noble metal loading but is the least
effective oxidation catalyst of the three. Sinilarly, when compariug catalysts
FH and ¥D + FE which contained about 0.9 g/m? noble metals each, it can be ceen
that the Pt/Ir = 1 catalyst (FD + FE) was less active than the Pt/Pd = 1
catalyst (FH). It must be emphasized that these results are presented to
indicate apparent trends and should not be used to eliminate any one of the
noble metals from consideration as a catalytic component. None of the results
presentad above were duplicnted,nor were corrections introduced for other
factors such as wash coat composition to clearly focus on the metal activity.
In general, one can say that activity improved with increased noble metal
loading and increased S/V. It is also apparent from Table X that catalysts
that gre very active for CO oxidation are also very active for UHC oxidationm.
The CO conversiou data from all experiments was compared against the UHC
conversion using & linear least squares regression technique and was found to
correlate well, The fraction of explained variance (R?) was 70%, 1i.e., 70%
of the variation is accounted for by the line. TFigure 13 preseants a plot of
conversion of CO vs. conversion of UHC. It can be seen in Figure 13 that UHC
conversions are generally slightly higher than CO conversions but correlate
along the diagonal. Thus, as inferred before, UHC conversion sesms to occur
at a higher rate than CO at the same operating conditions.

TABLE X

EFFECT OF NOBLE METAL COMPOSITION ON OXIDATION ACTIVITY

- Comnversgion Wash Metal
Catalyst 8[¥ €0 URC Cout Loadin Metal Ratio
a” ) 4 T g/ml g/mZ
KT 2109 69 70 52.3 0.63 Pt/Rh = 23
| ¢ ] 2109 82 86 39.2 1.33 Pt/Pd = 2.5
f o4 2109 82 67 60.0 2.60 Pe/Pd = 1
X 2109 82 92 37.5 0.19 Pt/Pd = 0
X 2109 91 9% 44.1 1.55 Pt/Pd = 0
™ 1937 80 97 46.3 0.87 Pt/Ppd = 1
Tz 1937 75 74 49.2 0.28 Pt/Pd = 1
b2 4 1937 78 83 49.2 - 1.70 Pt/Pd = 0
»n 19y7 T4 62 §9.2 1.69 Pt/ = 0
6 1937 64 8¢ 40.5 0.20 Pt/Pd = G
o+ 1937 50 60 47.8 0.88 Ir/Pd = 1
JR 1537 75 2 £5.0 1.10 Pe/Pd = 1
3¢ 0.25 Pt/Pd = @

1537 40 60 49.6
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10. THE TEMPERATURE DEPENDENCY OF CATALYST ACTIVITY FOR

UHC AND CO CONVERSION AND NO, PRODUCTION

To determine the temperature dependency of catalytic oxidation
of URC, CO and NO_ precursors as a function of catalysts, a majority of
the catalysts described in Table VII and Appendix II were tested over a
range of inlet temperatures from 800 to 1200 K. The pre-combustor air
inlet was maintained at 25 m/s and the combustion chamber pressure was
held constant at 0.37 MPa. The gas temperature at the catalyst bed
inlet was varied by maintaining constant air flows but varying the JP-4
flow rate., As was discussed in Section III, the overall equivalence
ratio of the gas mixture entering the catalyst was determined by the
equivalence ratio of the pre-combustor primary combustion zone, which
was varied from 1.5 to 0.6. The corresponding range of overall ¢§ was
0.3 to 0.12, These experimental test conditiecns simulated the aircraft
gas turbine "idle" power setting. The operating parameters which described
the various power sgettings of aircraft gas turbine engines were given in
Table 1I.

The temperature dependency of catalyst activity toward UHC, CO
and NO, conversions are given in Figures 14 through 32. The plots were
prepared to show the percent change in UHC, CO and NO, concentrations
experienced by the pre-combustor gases traversing a 20.3 cm long catalyst
bed. Gas sample probe measurements at the inlet and outlet of the catalyst
bed were obtained as a function of catalyst bed inlet temperature. The
ordinate is the percentage change in concentration rather than the absolute
concentration, because the concentration of CO, UHC and NO, entering the
catalyst varied slightly due to fluctuations in the fuel flow rate, which
were on the order of 5 of the indicated rotameter flow. The air flow
rates were corrected for temperature changes but uncertainties in the
rotameter readings were about 52 of tha total air flow rate.

A review of the temperature dependency plots for each catalyst
shows that an increase in the concentration, vithout exception, occurred
probably as a result of the catalytic oxidation of nitrogeneous molecules
which were formed in the pre-combustion zone. It is believed that nitrogen
bearing molecules other than NO or NO2, such as NHy or HCN,were formed in
small concentrations in the pre-combustion zone. The catalytic oxidation
of NH, and HCN, especially over noble metal catalysts, may have been nearly
compiete, with the result that the measured NO, concentrations at the catalyst
exit were greater than the values messured at the catalyst inlet. Tests
conducted with inert catalyst supports or a catalyst chamber void of all
material showed that homogeneous oxidsticn reactions did not cause the NOy
concentration to increase. In general, it was observed that if a particular
catalyst achieved high CO and UHC conversions, then the increase in NOy
acrogss the catalyst was also very large, on the order of 45-50X. 1In
referring to Figuvres 16 and 17 which descride the activity of noble metal
catalysts Fi] and KG, it can be seen that the concentration curves are
not very teapersature dependent. The fact that the maximum increase in NOx
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concentration occurred in the temperature range of 900-1000 K may be

related to the equivalence ratio of the pre-combustor. Referring to

i Table VI which summarized the relationship between pre-combustor ¢,

: overall é and catalyst inlet temperature, it can be seen that the maximum
increase in NO, concentration in catalyst FH and KQ coincided with near-
stoichiometric pre-combustor operation. Similar effects were obgerved

for nearly all noble metal catalysts. This was, however, not the case

with rare earth oxide catalysts KR and RA shown in Figures 19 and 20,
respectively. By comparing the REO catalysts with noble metal catalysts, it
was observed that the increase in NO, concentration seemed to be mure tewpera-
ture dependent with REO catalysts. The curves showing the effect of temperature
on concentration change of emissions can be used to predict the activity of
& combination of catalyst segments. Such combinations are desirable to
overcome pressure drop limitations. Thus, two 5.08 cm long segments of
catalyst KQ which had acceptable UHC and CO conversion characteristics

(see Figure 17), but an undeésirable pressure drop, were combined with two

5.08 cm long segments of a low pressure drop catalyst FH (see Figure 16).
Thig combination is referred to as catalyst FH & KQ in Table VII and its
emnigsions are included in Figure 24. Catalyst FH was previously observed

to convert 80 and 97X of the CO and UHC, respectively, at 1200 K and the
preasure drop under reacting conditions was 5.4%X. Under the same test
conditiong, catalyst KQ had a pressure drop of 19% with 91 and $6% CO and

UHC conversions, respectively. The combination of catalysts FH and KQ
resulted in a reacting flow preassure drop of 11.8Z, and CO and UHC
conversions of 93 and 927, respectively. These results demonstrated that
the catalyst can be tailored by judiciously choosing the proper support
geometries to achieve desirable pressure drop characteristics and low
emissions.

The search for catalysts that would remain active after exposure
to temperatures in excess of the 1300 K for long periods of time was
dirzectad at other than noble metal catalysts, since noble metals migrate,
form crystallites, and vaporize, thus promoting catalyst deactivation.

The catalytic activity of rare-earth oxides was found to be insufficient
(see Figures 19 and 20). Catalyst KR and RA contained mixtures of rare
earth oxides (RRO) on cordierite and silicon carbide supports, respectively.
The cordierite supported REO was wash coated with stabilized Al,04, while
catalyst RA consisted of a corrugated silicon carbide support which was
coated with a mixture of lanthanum, etrontium and mangznese oxides in the
absence of any wash coat material. The data in Table VII showed that the
presence of the high surface area Al;04 wash coat on KR did not significantly
affact the UHC and CO conversions compared to cstalyst RA which had nc wash
coat gnd & wmuch smaller geometrical surface area support than catalyst KR.
The REO loadings were €8.25 g/mZ on RA cowpared to 13 g/m? for catalyst KR.
Since such massive catalyst loadings did not produce acceptable CO and UHC
converasicns on high surface area supports, no further testing was conducted
in this program. One of the interesting characteristics of REO catalysts

wvas that they sesmed to be fairly good hydrocarbon oxidation catalysts, ‘i :
espacially at tawperatures in excess of 1200 K, but poor catalysts for CO g
conversion. b T
1
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The REO catalysts were ineffective in promoting the CO oxidatiom
reactions below 1100 K. This effect was evidenced by the fact that the CO
conversion curves for both catalysts passed through the ordinate zero in
Figures 19 and 20 at 1100 K. At 800 K, both REO catalysts generated nearly
30% more CO than had entered the catalyst bed. At this low temperature,
where the overall ¢ was about 0.15, the hydrocarbon couversions were only
about 10Z. Thus, hydrocarbons were apparently incompletely oxidized to CO,

The thermal deactivation of a noble metal promoted base metal
oxide catalyst was observed to occur during the testing of catalyst KU. 1In
Figure 21, the temperature dependency of catalyst activity toward CO and
UHC conversion and NO, production is plotted for two different run durations.
The dashed curves were cbtained over a 70 minute period beginning with a
fresh catalyst. The solid curves were obtained after an accumulated test
time of 140 minutes. Apparently, catalyst deactivation was occurring even
over such a short period of time. Whether this mechaniem was due to
sintering of the wash coat, migration of the noble metals or some reaction
between the noble metals and the base metal oxides was not determined.
Subsaquent tc the complsation of the tests, it was learned from a private
communication with Dr. W. Retallick of Oxy-Catalyst, Inc., that he had
obgerved similar catalyst deactivation processes when copper was one of the
base metals used in the presence of platinum or palladium (19). Dr. Retallick
poatulsted that copper and noble metals react in some manner which is
detrimental to activity maintenance at high tempersatures. Since noble metal
promoted base metal oxide catalysts were among the most active tested during
the program, a study of the effects of eliminating the copper from the
catalyst formulation was initiated. Catalyst FV was prepared from square
opening cordierite impregnated with 3.3 kg/m3 palladium and Cr,0, + Ma0, with
an Al,03 wash coat applied over the active materials. The resilis of the
test with FV are plotted in Figurc 26 and show, that compared to the results
obtained with catalyst XU plotted in Figure 20, the activity of catalyst KU
containing CuO was superior to the copper-free catalyst. Since the
wash coat was applied over the active materials, the test did not provide the
desired comparison with a copper bearing catalyst. It was surprising that
any CO or UHC conversions were observed at all for catalyst FV, Time did not
permit the testing of & properly prepared catalyst free of copper.

A combination of catalysts containing 1.7 kg/m3 loadings of palladium
or iridium on 3102 stabilized alumina were tested on square hole coxdierite
supports. Two segments of each type of catalyst (FD & FE) were arranged in
&n alternating fashion within the catalyst chamber. The test results, ghown
in Figure 32 and Table VII, indicated that the combination of Pd and Ir was
not a good hydrocarbon oxidation catalyst,but a better catalyst for CO
oxidation. The data plotted in Figure 32 were not typical of noble metal
catalysts previously tested in that the level of CO conversion remained
esgentially constant at 50X over the temperature range from 900 to 1275 K.
The large increase in N0y concentration formarly wessured in noble metal
catalysts was not observed with the combination catalyst FD & FE. From
these preliminary test results it appeared that the incorporation of iridium
into a platinum-paliadium catalyst may promote the CO oxidation reactions and
naintain high UHC convarsion.
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One of the catalysts that exhibited high CO and UHC conversion
in the tempersture range from 1000 to 1250 K, and met the 62 pressure drop
requirement, was catalyst QF. The catalyst was manufactured by the Johnson-
Matthey Co., Ltd. of England. This novel catalyst coneisted of a corrugated
and rolled metal alloy film wash coated with highly stable Al,03 and
impregnated with 5.27 kg/m3 of platinum. On a mass per unit areas basis,
the platinum distribution was 1.04 g/mz. The 1n§eresting aspect of this
catalyst was that its S/V ratio, viz., 4100 w?/m”, was much
larger than the best non-metal support geometry which was 2473 m2/m3 for a
triangular geometry monolith (GH). The large S/V ratio of the metal support
resulted from the extremely thin wall between adjacent corrugstions which was
0.05 mm. The alumina wash coat was applied in a manner which precluded
spahling or cracking. The temperature dependency of catalyst QF toward UHC
and CO couversion and NOy production 1s shown in Figure 30. Because catelyst
QF was a very active CO and UHC oxidation catalyst, it was also observed to
be an efficient promoter of the oxidation of NOy precursors, as ¢videnced by
the 50% increase in NO, measured across the catalyst.

One important distinction to be kept in mind vhen comparing the
temperature depeadency of QF with the other catalyst candidates is that tae
length of QF was 15.25 cm compared to the majority of other catalysts where
the length was 20.3 cm.

The high CO and UHC conversions obtaingd with catalyst QF were
due mainly to the large geometrical surface area of the catalyst support,
made possible by the thin walls of the cells. The actusl geow trical surface
area of the 15.25 cm long by 5.08 cm diameter catalyst waw 1.56 m2 compared
to 0.761 m? available in an equivalent length of catalyst GH.

11. THE EFFECT OF BED LENGTH AND TEMPERATURE ON CONVERSIONS

Some interesting data concerning the effect of catalyst bed length
on CO and UHC couversions and NO, productions were obtained for catalyst XQ
over a temperature range between 700 and 1200 K. The air preheat temperature
was 400 K. The combustion chamber pressure was .37 MPg and the reference
velocity was 25 m/s. Catalyst bed inlet temperstures were changed by varying
the JP-4 flow rate while maintaining a constant air flow. The effact of
catalyst bed length on conversions was found by running a series of tests
with two, 5.08 cw long catalyst segments inserted ia the catalyst chamber and
another set of tests with four catalyet gegment¢ in the catalyst chamber.
During each series of tests, the temperature of the pre-combustor gases was
varied over the same range. CO, UHC and NO, coucentrations were maasured
with the multi-probe sampling devices described in Section III.

The results cf the tests were plotted in Figures 33 and 34 which
show the percent change in CO, UHC or NO, concentration as a function of
total catalyst lsagth for various catalyst temperatures. All of the curves
had their origin at zero concentration change since, without a catalyst
present in the chumber, little or no change of UHC, CO or NO, was observed.
The curves showing CC conversions as a function of tempersture indicated
that & catalyst bed length of 20 cm (L/D = 4) was required for 90X conversion
at 1200 K. At low temperstures, the curves indicate that much longer beds
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containing similar noble metal loading are required for high CO conversions.
Similar effects are plotted in Figure 34 and show UHC and NOy concen-
tration changes as a function of temperature and bed length. The set of
curves plotted for NOy conversions as a function of temperature shows

the effect of the pre-combustor equivalence ratjio. As can be seen, the
maximum increase in NO, concentration is observed to occur in the temperature
range of 900-1N00 K, with the lowest increase in NO, concentration occurring
4 at 1200 X an’ =7 temperatures less than 700 K. The pre-combustor ¢ was near
N 1.0 when tle catalyst bed inlet temperature was 930 K.

12. THE RESULTS OF A 20 HOUR DURABILITY TEST OF CATALYSTS QF AND KG
v After Teviewing the results of the catalyst screening tests which

were summarized in Table VII, two of the most effective CO and UHC oxidation
catalysts were selected for a 20 hour durability test at 1200 K. The
temperature at which the tests were conducted was chosen to accelerate
catalyst deactivation and thus approximite realistic operation. The
cagtalysts chogsen for this test were KQ and QF. The results of the test are
plotted in Figures 35 and 36. Total accumulated test time at 1200 K
catalyst inlet temperature were plotted against the percent change of CO,
UHC and NOy concentrations which were observed across the catalysts. It
should be noted that the durability test was conducted by running the

; combustor for approximately 5 hours a day for 4 days. Thus, the durability

i runs were a severe tes: of catalyst sensitivity to intermittent operation,

i.e.,thermal cycling. Figure 35 shows that catalyst QF converted 94X of

the hydrocarbons and 81X of the CO at the beginning of the test. The
catalyst also increased the NO_, concentrstion by 42X. After 16.5 hours of
accumulated test time at 1200 K, the UHC and CO conversions were 88 and 94%,
respectively, while no increase in the catalyst inlet NO, concentration
occurred at this time. It i8 apparent from the shape of the NO, data points
that gome change occurred to the catalyst which may have selectively
inhibitad the conversion of nitrogeneous molecules to NOy. The sudden drop
in CO and UHC converaions after 16.5 hours was due to the inadvertant
destructimrm of the cetalyst. This occurred as a result of an ignition
delay experienced in starting the pre-combustor which allowed JP-4 to be
deposited on the catalyst surface. Subsequent igaition of the pre-combustor
led to the generation of near stoichiometric gas temperatures on the
catalyst surface. Extensive deformation and melting of the metal support
resulted. Upon closer inspection of the catalyst support it was found that in
the area jmmediately surrounding the meited zone, the alumina wash coat
remained Intact and no separation of the wash coat from the metal support
was evident. Testing of catalyst QF was discontinued after a total of

. 18.75 hours at 1200 K,
= ‘
Lé . In order to attempt to explain the gradual decrease in the percent
oy S change in NO_ conceptration observel in catalyst QF, the NO, NOp and NOy
S ' ' data which were measurad during every test, were plotted in Figure 37.

- . Figure 37 shows that st the bteginning of the 2 .our test the NGy concentration
o R began to increr=~e to about 50% of the initial coucentrstion measured at the
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catalyst inlet. NO and NOx coneentration changes remained fairly constant
at 55%. In the subsequent pexiod, after 7.5 hours, the change in NO, No,

and NO, concentrations relative to the catalyst bed inlet concentrations
began to approach zero. When no change in the NO, NO, or RO, concentratiouns
was observed to occur across the catalyst, typical total NO, concentrations
at the catalvst Inlet werwe 2(-25 ppm. The sudden change in the slopes of
the curvea at 16.5 hours waa due to the destruction of the catalyst.

irs

The 20 hour CO, UHC and NO, test data for catalyst KQ were
plottad in Figure 36 vwliich showed that after 22 hours of accumulated time
i 1200 ¥, the hydrocarbon conversions decreased from 94 to 67% while the
€0 conversione decroased from 90 to 53%. Over the same perlcd, the NO
concentratisy incredse vemained fairly constant between 10 and 40%2.

i
3

{
o

e PR CORPpeYigen of theé "20-hour test ‘didta of catalysts QF and KQ
i was clear that the activity of catalyst KG began to decrease rapidly
after 12.5 lLiours, but the catalyst activity stabilized at a mew, lower
level and vemained fairly coustant througi the remainder of the test.
Catalyse QF, however, did uot show any indications of deactivation for UKC
and CO conversions at the end of 16.5 hours, but changes in the NO;
conversion characteristics were evident throughout the entire period.

13. METHODS FPOR DETERMINING COMBUSTION EFFICIERCY AND
THE EMISSION INDEX OF EXHAUST PRODUCTS

All of the experimental studies weew couducted with a hybrid
catalytic combustor, vhich consisted of a conventional pre-combustion
stage followed by & catalytic cowbustion stage. The cowbustion efficiencies
and amigsion indices in beth sectiouns of the combustor were calculated frow
the measurements of unburiwd hydrocarbong, €O and NO,. The messurad gas
temperstures iun both stagec of combustion confirwed the calculated combustion
efficiencies.

this seetion of the report s divided into three parts which
describe the methods used for the celculatioe of cowbustion efficivuncy,
euission indices, and checking the waterial dalances.

&. Faisefon Index of CO, UHG and NO.
The ewdesion index, EI, of a combustion product is defined as
the grams of the weapured coualituent relative to one kg of fuel, This
definition eliminates the affects of dilution of the produnts by alr (20.

The general equation uvsed to define 2Y is

O T

B 107 piie fu
EIi Ii IS sxhgast 1+ F-} 10 g/k{, fuel (1)
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vhere the aubscript, i, is either CO, CH,. or NOz. In the calculations for
NOx, the mcle fraction of NO + NO; was used with the molecular weight ) 4
of NO; used in the equation. The measured mole fractioa of the conatituent
1s denoted by X;. The overall air-fuel ratio (by weight) was obtained from
the measured flow rates. The mclecular weight of the exhaust gases,

(MW)exhaust, was 29 since all the test data were obtained under very lean
mixture conditions.

. | In the emigsion index calculations for unburned hydrocarbons, the
molecular weight of the hydrocarbon was taken as 16 since methane was used
to calibrate the hydrocarbon flame ifonization detector instrument.

b. Combustion Efficiency

S Combustion efficiency is defined as: (21

- -1, "3~
o ‘:1 (232 D) + @D ey 110 J 100 2)
vhare: o, = combustion efficiency

, EI, = emlasion index in g/kg fuel for exhaust constituent i.

The conbustion' efficiencies and emission indices for CO, UHC
and NOx (as NO;) for each catalyst tested are summarized in Appendix III.

1 ]

C+ Msterial Balance Calculations

The volume percent carbon in the combustion gas samples as a
functicn of equivalence ratio, ¢, were calculated assuming that the
ucburned hydrocarbons were expressed as methane. Derivations of these
equations can be found in a AFAPL-TR-72-80 (15).

— e :
% Catbon = 3476 GRS 3

whave: B = hydrogen/carbon for Jp-4 = 1,9

eguation: - o oxY8 . _ rom the foliowing

2 Osnen w 400 (1« 8) (4 4+
* g”.“““ a é’T.,-s Ry (4)
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x The material balance equations used to compute the carbon balance and oxygen
: balance are:

X Carbon = (1.9 Q,::B’M) x measured mole (5)

fraction of carbon
containing compounds

% Oxygen = 32,1 ¢ + (0.321 ¢ + 4.76) x meagired (6) " T
mole :
fraction

of oxygen
compounds
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SECTION V
DISCUSSION
In the preceding sections, it was shovn that when the pre-combustor

was operated fuel-rich at an equivalence ratio (#) of 1.5, and an overall ¢
of 0.3, then about 20-30 ppm NO, were produced. Egsentially no thermal NO,

" is expected to be generated according to the Zeldovich Mechanism (22) as

indicated from calculations of combustion at fuel-rich and fuel-lean
conditions,and 1llustrated in Figure 38. NO, produced from the rich
combustion of nitrogen-free fuels is not preﬁictable from the Zeldovich
Mechanism (22). Fennimore (23) postulated that a significant fraction of the
NO, produced under stoichiometric to rich conditions is a result of the

"“oxidation of carbon nitrogen compounds produced under air deficient combustion,

and he called this source "Prompt NO,". The significant contribution of "Prompt
NOo," to total NO, in gas turbines under stoichiometric and fuel-rich operating
conditions has been calculated by Shaw (20). Equilibrium calculations showed
that under fuel rich conditions (4 = 1.5) the formation of ¥H, and HCN should

be very small (5). However, because of the obgerved increase in NO, concen-
tration across the catalytic stage of the HCC, it wasz presumed that the
production of kinetically cortrolled nitrogeneous molecules, such as HCN and
NH3, were being catalytically converted to oxides cf anitrogen.

The level of exhaust emissions at the hybrid combustor exit was,
in wmost cases, below the EPA specifications for subsonic turbofan or turbojet
aircraft engines manufactured on or after January 1, 1981 (1). Table XI
cowpares the EPA limitations on emissions (1) with the average effluents from
the HCC durability tests of catalysts QF and KQ, The emissions from the HCC
were corrected to the EPAP units (102 mg/N-h*cycle = 1b, /1b.*h'cycle) using
the approximate procedure suggested by Gott and Bastrees (_§) In order to
egtiamte the HCC emissions over the LTO cycle, it was assumed that the
enigsion indices et full power (pressure ratio = 25 per Table II) would be
the same as those at idle (pressure ratio = 3 per Table II). This assumption
may be rationalized by considering that the difference in emigssions between
idle and full power operation is due to dilution of the HCC (¢ = 0.3) effluent.
Thege oversimplified calculations are only intended to provide an initial esti-
nate of the EPAP values. Clearly, data at both idle and full power operuation
would be needed to refine the estimates presented in Table XI. Only UHC
emissions specifications were difficult to meet using the HCC concept. Never-
theless, Catalyst QF could meet the 1979 new aircraft effluent standard.

An glteirnate calculation using the data presented by Roberts, et al.,
(25) for a conventional JT 8D-17 engine normalized to idle operation was
carried out. The HCC emissions data vas scaled in proportion to the JT 8D-17
data. The regults of this calculation are summarized in Table XI. It was
found in this calculation that only NO, emissions did not meet the 1981
standards. The tw estimatad EPAP parameters for each of the pollutants tend
tc bracket & realistic value. The Gott and Bastress values emphasize the




idle emissions, thus indicating higher va’ues for CO and UHC emissions
than would be axpected over the LTC cycle. The Roberts, et al. data, on
the othar hand, emphasized power operation theraby overegtimating the NO
enissions. Thus, assuming that realistic EPAP values lie between the
limits presented, one could see that the HCC method of operating an

aireraft combustor shows promise of meeting the 1981 new aircraft pollutiom
limitations.

TABLE XI

COMPARISON OF HCC EFFLUENTS WITH EPA
1981 NEW AIRCRAFT LIMITATIONS

- EPA Limit " T UHGE Catalyst G MGG Catalyst K L
mg/N'h°cycle mg/N-h-cycle mg/N-h-eycle
e Gottd Roberts Gotta Roberts
UHC 41 50 15 263 79
co 439 111 35 430 137
NO, 306 212 407 273 526

% Using the wodified EPA parameter suggested by Gott and Bastress (24) and
emissions data averagecd over the durability runs at 1200 K.

b Using an EPA parameter s#caled from JT 8D-17 data (__) and emissions data
averaged over the durability runs at 1200 K.

€ The UHC limit for 1979 new aircraft is 82 mg/N°'h°cycle (1) and the 1979
limits for the other pollutants are the same as the 1981 limits.

From the emissions data obtsined in the 20 h durability tests of the
two noble metal catalysts at 1200 K, it wmay be inferred that the sengitivity
of catalyst GF to the reactions responsible for the conversion of NH3 and
HCN to NOy, was affected by catalyst conditioning at 1200 K. It
should also be noted that pollutants were minimized at an overall equivalence
ratio of 0.3, or correspondingly at a catelyst inlet tewperature of 1200 K.
Thia equivalence ratio generally corresponds to full power operation (take-
off), but it was assumed that combustor by-pass air would dilute the catalyst
effluant in an actual engine design to the appropriate:equivalence ratio of
0.14 for idle conditions.

The conves-ion of nitrogensous molecules other than NO_ compounds
in the Thermo Electron Corp. chemiluminescent anselyzer used dut!.ng the progranm,
has been shown by Sawyer (26) to be very inefficient, asapecially if a
stainless steel convertar is utiliced, as was the cass in this study. The
catalysts tested in the program were wore efficient than the stainless steel
convertor in the instrument. Sawyer's results indicated that 90X of tha NHj
was converted to NO, over a plativus catalyst at 1270 K when the mole concen-
tration of 02 was in axcess of 1X, Under similar couditions, 42X of the HCN
was couverted to NQ,.
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The nitrogen content of JP-4 is in the range of 5-20 ppm (27)
and the sulfur concentration of the test fuel was analyzed to be 535 ppm.
No attempt was made to maasure 507 and SO; emissious, because at high
combustion tumperatures equilibrium does not favor the production of SOj3.

The catalytic conversion of nitrogeneous molecules to oxides of
nitrogen observed in this study indicates that the utilization of high
nitrogen content fusls such as coal or shale derived distillates, in
combugtors equippesd with a catalytic stage, may encounter problems wita
high NO, emisaions. Also, preliminary work in various laboratories have
1nd1catod that staged combugtion may be effective in controlling NOy from

---fuel -bound -nitrogen (28). --Along this-line, Martian -(29) showed that higher-- - -~ -

temperature or longer residence time, or both, tend to reduce the concen-
tration of NOx precursors at # = 1.4, Thus, high pressure ratio gas turbine
engines, operated in the HCC mode, could maintain low NO,, emissions at full
power ag well as idle. This data provides some justification for the
assuxptions used in calculating the EPAP values in Table XI. Thus, hybrid
catalytic combustion as a special form of ataged combustion, may have an
inherent advantage for controlling both thermal and fuel derived NO,, .

An attempt to measure the NH, and HCN concentrations at the inlet
and outlat of the catalyst stage of the hybrid combustor was unsuccessful.
The utilization of standard specific electrode analytical techniques did not
indicate the presence of any NHy or HCN. It was thought that because both
these compounds can be readily adsorbed on the walls of the gas sample lines,
they never reached the aqueous solutions through which they were to be
bubbled. If reliable HCN and NH3 concentration measurements in the range of

1-20 ppm are to be made, improved techniques for sampling and analysin must
be developed (7).

Mort of the data on emissions was presented on & relative basis to
avoid the problems associated with fluctuations in emissions data. It is
hslpful to understand the range of these fluctuations. Table XII presents
a comparison of the pre~combustor data presented in Table III with the average
data obtained from the durability runs with Catalysts QF and KQ. It
should be noted that over the two-20 hour pericds, the average pre-
combustor effluents (input to the catalysts) were almost identical. In
comparing these average inputs to the catalyst with the inputs measured
when the pre-combustor was develcoped, one can se2 that the average measured
emissione concentrations for UHC and NO, actually fell between conditiom 1
and condition 2. The CO emissions, on the other hand, were considerably
lower during the catalyst testing period than would have been predicted from
the original cwissions map.




TABLE XII

EMISSIONS FROM HYBRID COMBUSTOR

Pre-Combustor
Condition 1 2 1 1
Catalyst None None KQ QF
Catalyst Inlet Temp., K 1067 1076 1260 1200
co 36.35 - 17.56 - 7.19 3.68 6.75 0.949
UHC 14.13 -~ 1.99 - 7.32 2.25 7.34 0.427
NO,, ' 1.39 - 2.38 - 1.69 2,34 1.69 1.813

One of the most pignificant problems encountered during the
courge of tha program wus the destruction of some catalysts when an
ignition delay of the pre-combustor occurred as a result of electrical
ignitor failures. The unburned fuel which was adsorbed on the catalyst
surface during the brief fgnition lag time, eventually was combusted under
near scoichiometric couditionms. The fact that catalyst destruction
occurred when cordierits or metal catalyst supports were utilized indicated
that the problem cannct be satisfactorily handled by merely altering the
thermal counductivity of the support material. Thie problex: was never
| experienced with silicon carbide supported catalysts. Although the number
‘ of catalysts destroyed via the ignition delay of the pra~catalyst was
j susll, the dissscerous results that occurred require that a solution to
| this problem be found If relisble hybrid catalytic combustors are to be
| developed. Conventional gas turbine combustors occasionally experience
‘ ignition delay problems at start-up, either due to cold climactic conditions
|

or fouled ignitors, but because the turbine engine components sre good
hest-sinks and made of non-porous materials, no deleteriouvs effects result.

o One of the potantial solutions to this problem in hybrid catalytic
: combu. ;ors consists of fabricating the inlet face of the catalyst bed from a
support meterial ¢hat i« capable of withetanding the high flame temperatures !
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that result from the ignition delay of the pre-combustor. Silicon carbide

or silicon nitride catalyst supports are available in high surface/volume
geometries that have good wash coat adhesion properties. Since these support
materials are expensive compared to cordierite or metal, only a short ’
segment at the entrance to the catalyst bed would be made of refractory
material. The remainder of the catalyst bed support could be fabricated

from the less expensive materials. Another possible solution would 2ntail
automatically purging the catalyet after each failure to ignite the fuel

in the pre~combustor.

The decrease in catalytic activity for CO and UHC conversions
via wash coat sintering, noble metal crystallization and deleterious reactioms
between noble metals and some base metal oxides have been observed during
the course of this program. The need for more thermally stable wash coat
materials and noble metal formulations that do not crystallize is apparent.
Also, the variations of support geometry available for high CO and UHC
conversions, low pressure-drop, and high velocity applicatious was
limited to three configurations: 0.16 cm squares, 0.16 cm x 0.32 cm
rectangles, and the Johnson-Matthey, Ltd. thin-wall corrugated metal
support.

Group VIII metals consisting of Pt-Pd combinations or Pd on
stabilized Al,C0; wash coats were more effective CO and UHC oxidation
catalysts than either mivtures of rare-earth oxides or base metal oxides.
An iridium-pallsdium catulyst was not as effective in converting CO and
UHC as Pd or Pt by themselves. Cobalt oxide did not imprnve the activity
of Zr0y wash coated cordierite ilmpregnated with palladium. The noble
metal (Pt or Pd) promoted-base metal oxide catalysts had good initial
activities for CO and UHC conversions, but because of high temp.rature
reactions between CuO and Pd, catalyst deactivation occurred after only
70 minutes of operaticn at 1200 K. Addition of NiC to a S10; wash coat
impregnated with 1.31 kg/m3 of a 23/1 wt ratio of Pt/Rh did not produce
acceptable CO or UHC conversions compared to noble metals on Alj03.

The most satisfactory catalyst evaluated consisted of a
corrugated and rolled metal monolith that was wash coated with very stable
Al703 and impregnated with Pt. Of the two catalysts tested for a 20-hour
period at 1200 K, the metal supported catalyst showed no signs of deacti-
vation for CO or UHC conversions, but may have become conditioned to
prevent the coaversion of nitrogen containing compounds such as NHy or HCN
to NO_. This result requires careful verification since it indicated that
the catalyst could be made selective, to either react the nitrogen com-
pounds produced in the primary zone to molecular nitrogen, or allow them to
pass unreacted. Much more work is required in this area in oruer to
hyporheaite a wechaniam that can account for the observed catalyst behavior.

Although the results rresent~d here support the technical feasi-
bility of catalytic combustion for aircraft turbine engines, there remain
many practical problems which must be considered. The most significant
prcblems involve the physical durability of the catalyst and the transient
rerponse in flight. Clearly, a catalyst that could fracture or spahl in
flight, could damage the turbine and endanger the flight crew. Other
considerations asscciated with engine response and operability in flight
must be carelully analyzed.
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SECTION VI

DESIGN OF 7.6 CM DIAMETER COMBUSTORS

The design criteria and fabrication details of two 7.6 cm hybrid
catalytic combustors to be delivered to Wright Patterson AFB are described
in this section. Also, the required documentation for the system safety
analysis is provided here,

1. DESIGN AND FABRICATION OF COMBUSTORS
FOR LARGE SCALE TESTING

One of the program's tasks was to design and fabricate two,
7.6 cm diameter hybrid catalytic combustors to be tested in the
combustion facility of the Aero Propulsion Laboratory at Wright
Patteraon Air Force Base. The only difference between the two combustors
is that different catalysts are utilized in each one. Based upon the
results of the catalyst screening tests and the 20 hour durability taests,
catalysts KQ and QF which are described in Table VII were gelected. Since
the pressure drop associated with the support geometry utilized in catalyst
KQ was excessive, the support geometry will be changed to the General
Refractories Company's 0.16 cm square hole configuration which was shown
to have acceptable pressure drop properties. The support formerly used
in catalyst KQ was the W. R. Grace Company's Poramic¥ cordiarite that
had a 0.127 cu irregular rectsngie geometry. Because of the nature of
the design of the Poramic support, excessive pressure drops were observed at
reference velocities in excess of 20 m/s. The General Refractories Company's
cordierite support will be wash coated with stabilized alumina and impreg-
nated with 3.3 kg/m3 of palladium by W. R. Grace Company.

The second combustor will be equipped with the corrugated metal
supported catalyst designated in Table VII as QF. The only cbange that
will be made to this catalys¢ consists of the addition of an equal weight
of palladium to platinum, so that the total noble metal loading will be
5.3 kg/m3. The catalyst is supplied by the Johnson-Matthey Company, Ltd.
of Reading, England.

Both types of catalysts will be supplied in 3.8 ca long segments
which will be mounted into Hastellcy-X cylinders with a 3.5 ca space between
adjacent segments. The number of segments inserted into each Hastelloy-X
cylinder will vary depsnding upon the support geometry of the catalyst,
but the total support ihickness of each assembly will not excesd 20 cm.

The Hastelloy-X cylinder containing the catalysts will be installed into
the catalyst chamber shown in Figure 3%9. A photograph of the components

of the 7.6 cm HCC is shown in Figure 40. The design of the entire sssembly
is such that the hybrid catalytic combustor can be tested within the Aero
Propulsion Laboratory's tubular test facility.
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The pre-combustor was designed for a total air flow rate of 300
g/s8. Other important design criteria were: 0.3 MPa combustor pressure,
400 K air preheat, and reference velocity of 25 m/s at the catalyst chamber
entrance. The geometry of the 5.08 cm diameter pre-combustor utilized
during the catalyst screening phase of the program has been preserved
in the 7.6 cm diamet~r combustor design. Since the air flow rates in the
5.08 cm combustor were 140 g/s, the areas of the orifices and annuli in the
5.08 cm combustor were doubled in the 7.6 cm combustor design. Thus, similar
alr velocities will be maintained at the critical points in the large com-
bustor. The flow characteristics of the 7.6 cm combustor, except for
hi.gher air flow rates, sre similar to the 5.08 cm combustors, and are
summarized in Section III.

The materials ot construction were Type 316 stainless steel and
Hastelloy-X which was utilized exclusively in the pre-combustor can and
the catalyst cylinder.

The pre-combustor was designed to be capable of operating over
an equivalence ratio in the range of 0.1-0.3. Overall combustion effi-
ciencies are expected to be in excess of 99.57 over much of the equivalznce
ratio range, vhile emissfions are expected to be within the range to meet the
1981 EPA specifications for new aircraft engines.

2. PRELIMINARY HAZARDS LIST

The awareness of possible dangerous situations that may arise
during the operation of the hybrid catalytic combustor is important to
the personnel who will be conducting the combustion tests at AFAPL. In
2ccordance with the contractual requirements and MIL-STD-882, the following
ligt of possible hazardous situations was prepared after reviewing the 20
areas of concer. ir paragrcph 5.8.2 of MIL-STD-882.

. System envircumental constraints

Pressure vessels and pluabing

. Safa operation and maintenance of the system
. Fire ignition and propagation sources

. Resistance to shock damage

[V P S

The fifteen remaining topics contained in the MIL-STD-882 do not
pertain to the type of hardware represented by the 7.6 cm diameter combustor
delivered to AFAPL, A brief qualitative discussion of the five topics of
direct concern to tha safe operation and maintenance of the combustor is
given below.

a. System Environmental Constraints
The combugtor cousists of two major components: the pre-combustor

and tho catelytic combustor. The materials of construction are type 304 and
316 wvelded steinless stesl. Schusdule 40 pipe is used for the outer pressure
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bearing walls of the pre-combustor and the catalytic combustor. Mating
flanges were 1.1 r'a (150#) pattern. The service temperature for the forged,
type 304 stainless steel flanges is 810 K at 379 kPa, and the continuous
working pressuie of the 7.6 cm pipe at 810 K is greater than 5.0 MPe., In
order to preserv: the pressure rating of the system at high temperatures

(air prehest), the grakets should be of the Flexitallic-type where ssbestos
and stainless stesl ure the materials of constructiom.

b. Pressure Vessels and Plumbing

Although there sre no prensure vessels supplied with the system,
a point of concern ig the possible leakage of fuel from the fuel supply
tube which is locatad at the combustor inlet. The short, 1.57 rad (90°)
bend, type 304 stainless tube has a hot working pressure far in excess of
the 2.0 MPa recommended fuel injection pressure. However, if the swagelok
tube nuts become damaged from mishandling, a fuel leak could occur which
would vesult in high unburned hydrocarbon conceantrations ian the combustor
due to poor mixing. The fuel line connections should be carefully checked
after each run to assure that no fuel lesks have occurred.

c. Safe Overation and Maintenance of the System

The only components within the combustor that may require
occasionzl replacemsnt zre the pressure atomizing fuel spray nozzle and
the ignition elactrode. Either of these components may bacoms fouled with
carbonaceous deposits after long test periods, and shoul . “s ingpected fre-
quently to pravaut premature failure. I1f the aluminum oxide insulator of
the ignitor becomes fouled with carbon, it should be removed from the
combustor and soakad in chromic acid for a period of about 6-8 hours.

The pressure atomizing fusl spray nozzle contains & particulatas
filter which should be inspected after every 10 hours of opsration. The
screen or sintered metal filter element is easily cleaned by soaking it in a
hydrocarbon solvent. If the filter elament becomes badly plugged, it is
wise to replace the elemsnt to prevent &4 high fuel line pressura drop.

d. Fire Ignition and Propsgation Sources

During normal combustor operations there are no problems antici-
petad with "flashback" within the coabustor. Howevar, as previously stated,
if a fuel leak should develop in the fuel supply line, a high concentration
of unburned hydrocarbons in the ombustion products stream could result.

¢. Resistance to Shock Damage

Since the catalyst support material is made of cordierite, which
io a rather fragile ceramic material compared to the other materials of !
construction used in tha combustor, it must bs handied with great care.
The cordierite supportsd catalyst is mounted inside a Hastelloy-X tube
vhich will prevent any physical damage to tha catalyst during normal handling.

-
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In summsery, there are no other hazardous conditions which are
expected to occur during the operation of the combustor, but in order to
prevent the overheating of the combustor components and catalyst,
sufficient temperature data should be made available from various poluts
within the combustor to assure that component failure will not occur.
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SECTTON VII

'*CONCLUSIONS AND RECOMMENDATIONS

The feasibility of the Hybrid Catalytic Combustor operating in
the aircraft gas turbine engine '"{dle-mode'" has been demonstrated. The
results show that the utilization of this concept makes it possible tc
obtain heat release rates on the order of 1 kJ/Pa~s‘m3. and CO and NO,
emigsions below the EPA stand rds for subsonic turbofan and tvrbojet
aircraft engines manufactured on or after January 1, 1981 (1). UHC
emissions from the HCC exceeded the standard slightly using the method of
calculation developed by Gott and Bastress (24), while NO_ emissions
exceeded the standardn using an aiternaie method of calcufations based on
data presented by Roberts, et »sl., (25). The problems usvally associated
with catalytic combustors such as ~nlli-gtarts and prcvaporization and pre-
miring of the fue' were overcome by the utilization of vhe hybrid concept
since, during the pre-combustion mode, the Jevice was onerated essentially
as a conventional gas turbine camnular coabustor.

The combustion eificiencies measured during hybrid operation
wvere always greater than 981 over the entire range of fuel-air mixtures
s udies, and more specifically, greater than 99.5% in the range of mixtures
that sisulated engine idle or high power conditions.

The experimental ra~:iis indicated that the te~hnique of staged
combustion can be ussd *z & gss turbine combustor to prevent the formation
of thermally generated NO,. The catalytic section of the combustor
apparently converted the small amounts of HCN and NH3 produced during rich
combustion in the pre~combustor to acceptable concentrations oi NO,. Pre-
conditioning of an active catslyst may have influenced the reactions which
are believed responsible for the conversion of nitrogeneous spccies to W0,.

The durability of the catalyst wa3 observed to be sensitive to
the degree of pre-combustion of JP~4, as svidenced by the thermal deformatiom
of the catslyst support vhen unburned fuel resulting from an ignition delay
of the pre-burner was adsorbed on the catalyst surface and subsequently
oxidized und r uear-stoichiometric conditions. This problem may be elimi-
nated by the use of a fully reliable pre-combustor electricsl ignitor,
or by the ingertion of o silicon carbide or silicon nitride :atalyst wupport
at the entrance to the catalyst bed as a scavenger and 7 »-< for the
actual catalyst. A review of the test data indicated thev more thermally
stable catalyst wash cost materials and catalytic metal preparation« will
be required if the loss of catalytiic activity for CO and UHC conversions
is to be lessensd for operating temperatures in excess of 1200 K.

The combustion of high nitrogen content fuels, i.e., aistillates
from coal or shale (27), should be evaluated in the bybrid catalytic com-
bustor since the available Jata indicate that iow NO_ emissions may be
possible by suitable catalyst pre-conditioning and lflged combustion.

In the future, sny monoclithic catzlyst support development ¢fforts
should also include materials such as silicon carbide, silicon aitride,
metal foils or other refractory-type materials that have Hbean shown to be
cepable of high tempersture operation with good wash coat adhesion.
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As a result of this research, it appears that an efficient, low
emigsions hybrid catalytic combustor can be developed to operate over the
entire range of gas turbine power settings from idle, to full power. It
should be notcd that the HCC approach is not limited to idle operation,
but can indeed operate effectively a. full power as demonstrated by
operating the comwbustor at ¢ = 0.3. No attempt wae made to determine how
&n engine using a HCC system would operate over the LTO cycle. The
feasibiliity of using HCC for idle operatior, followed by an all catalytic
high power mode, 18 currently being considered by the Air Force (30). It
must be emphasized thct actual enginc tests must be conducted to fully
assess the feasibility of the HCC concept.
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APPENDIX I

DESCRIPTION OF SUPPORT GEOMETRY AND MATERIALS

This appeudix is a summary of requived design information con-
cerning the physircal characteristics of monolithic catalyset supports.
Each support geometry is identified with a capital letter and corresponds
to the support configuratioun found in Table VII of the text. All of the
information was obtained from the manufacturer of the support material.

Table XIII1

Manufacturer: General Refractories Co., Philadelphia, Pennsylvania

Support Materisl: Cordierite, Versagrid, (2 MgO * 2 A1,0, * 5 8102)

273
(Identification in Table VII) [} B E G F
Support Geametry Round Round Square Triangular Rectangle
Cell size (mm) . 1.6 3.2 1.6 1.6 1.6 x 3.2
Wall thickness (mm) 6.28 0.30 0.28 0.28 0.28
Froatal Cpen Area (%) 67 78 73 65 79
Holes/cm2 2,3 33.5 9.8 34.9 42.3 16.4
Surface/Volume (m“/m”) 1701 985 1937 2473 1537
Maximum use temp. ( X) 1750 1750 1750 1750 1750
Compressive Strength (kslcnz)
e Psarallel to cell direction 281 116 232 197 186
e Perpendicular to cell 17.6 14,1 52.7 17.6 26.4
direction
-9 - .
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Isble XIV

Manufacturer: W. R, Grace & Co., Research Division, Columbia, Maryland

Support Material: Poranic® 49, 502 Cordierite with 202 Mullite,
52 a—Ale3 and 257 non-crystalline.

(Identification in Table VII) A L

Poramic Poramic Poramic (Rectangle)
Support Geometry 290 (square 400 (square) Double - Diaganol
Cell gize (mm) 1.52 1.27 4.76
Wall thickness (i) 0.39 0.25 0.35
Frontal Open Area (X) 69 64 75
Holes/cn? 2,3 45 62 18
Surface/Volume (m“/m™) 2109 2370 -
Maximum use teap. ( K) 1750 1750 1750

Compressive Strength (kg/ cnz)

e Parallel to cell 196 84 -~
direction
@ Perpendicular to cell 28 13 -—
direction
Table XV

Manufacturer: Norton Industrial Ceramics Division, Worcester, Massachusetts

Support Material: 994X Silicon Carbide (Spectrnic®)

(Identification in Table VII) D
Support Geomstry Round
Cell size (um) 3.2
Wall thickness (mm) <0.3
Prontal Open Area (%) 70
Holes /cu? 2,3 : 11
Surface/Voluse (m€/m”) 1100 !
Maximus uge temp. ( K) 1920 T
|
Compresuive Streugeh gkg[cmzz !
» Parallel to cell direction 49
¢ Pesrpendicular to cell direction — ‘
1
| |
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Manufacturer:

Table XVI1

Nippon Sealol Co., Ltd. (Pure Carbon Co.
St. Mary's, Pennsylvania)

Support Material: Silicon Carbide (Polycrystalline Self-Bonded)

(Identification in Table VII) K

Support Geometry

Rolled Corrugated Sheet

Cell size (mm) 3.0
Wall thickness (mm) 0.35
Frontal Open Area (2) 54
Holes/cm? 9
Surface/Volume (ml/m3 1428
Maxigum use temp. ( K) 1900
Compressive Strength (kg!cmz)

e Parallel to cell directton —_

® Peipendicular to cell -

direction
Table XVII

Manufacturer: DuPont, Wilmington, Delaware
Support Material: TORVEX (A1203)
(Identification in Table VII) J

Support Ceometry

Cross - Flow

Cell gize (mmx) 4.75
Wall thickness (mm) 0.76
Frontal Open Area (X) 65
Holes /cum? 2 -
Surface/Volume (m /n3) 836
Maximum use temp. ( K) 1770

Compressive Strength (k]!cnz)

e Parallel to cell direction -
o Perpendicular to cell direction -
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Table XVIII

Manufacturer: Johnson-Matthey Co., Ltd. (England)

H Support Material: Metal Foil
. (Identification in Table VII) N
Support Geometry Rolled Corrugated Sheet
: Cell size (mm) v
‘ Wall thickness (nm) .05
y Frontal Open Area (%) 93
{ Holes/cm?2 2.3 62
} Surface/Volume (m“/m~) 4100
Maximum use temp. ( K) 1650

-

Compressive Strength (kg!cm%l

® Parallel to cell direction very good
o Perpendicular to cell direction good

Table XIX

Manufacturer: Matthey-Bishop, Inc. (Malveri., Penngylvania)

7 Support Material: Ni Alloy Screens
;s (1dentification in Table VII) 0
. ) _ Support Geometry Spaced Flat Parallel Screens
VA ;3 . Cell size (mm) 3.18
7 - Wire thickness (mm) 0.38
‘ ! : Frontal Open Area (%) 80
Lo : Holes /cm? 2.3 -
N 3 Surface/volume (m“/m~) -
o ! Maximum use temp, ( X) 1650
& N ]
o Compressive Strggg;hAjkg/cmzl
}é e Parallel to flow direction —_—
q , ¢ Perpendicular to flow direction -
" o
1
el |
o 1‘: }
L
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APPENDIX II

CATALYST DESCRIPTION

This appendix contains a description of each candidate catalyst
tested during the program. A description of the catalyst support and
; active catalyst materials is given. The identification code found at

the head of each description refers to the catalyst found in Table VII
of the text,
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CATALYST DESCRIPTION

IDENTIFICATION CODE GH
SUPPORT CATALYTiC COMPONENTS
General
Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.
Material: Cordierite Wash Coat Composition: A120 3 + 8102
Geometry: 0.16 cm. triangle Wash Coat Weight (g/nz): 52.83
" Surface/Volume (n2/n3): 2473 Active Materials:
Percent Open Area: 65 Sk2£m3) $g£m22
Pt 0,85 w342
Pd —~0.85 2342

COMBUSTION SYSTEM ASSEMBLY

Langth of catalytic segment (cm) : 5.08
Number of segments L
GAP between segmants (¢:m)3 : 0

Total catalyet volume (cm™) : 411

REMARKS: 1yo of the 4 segments had unstabilized wash coats and the other
two gegmant's wash coats vire stabilized with Si0

N
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CATALYST DESCRIPTION
IDENTIFICATION CODE ( JH )
;
f —
SUPPORT CATALYTIC COMPONENTS
General .
Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst Inc.
Material: Cordierite Wash Coat Composition: 4».1203 + 5102
¥
i Geometry: +16x.32 ca. Wash Coat Weight (g/m ): 44.96
; recztan le _
bl Surface/Volume (m“/m”): 1537 Active Materials:
% Percent Open Area: 79 (kg/m”) m> .SE__Z_/“‘Z.
b
i Pt Q.85 0,549
by
o -_—
i
{ I:
i
COMBUSTION SYSTEM ASSEMBLY
‘ Length of catalytic segment (cm) : 5 o8
' Number of segnents A
‘ GAP between segments (cm) )
) Total catalyst volume (cm3) s 411

S e
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REMARKS

Two of the four segments had unstabilized wash coats und the
other two segment's wash coats were stabilized with §10,.




CATALYST DESCRIPTION

IDENTIFICATION CODE ( FH )

———r_ oy

SUPPORT CATALYTIC COMPONENTS
General
Menufacturer: Refractories Co. Manufacturer: Oxy-Catalyst Inc.
Material: Cordierite Wash Coat Composition: A1203 + Sio2
Ge ~matry: 0.16 cm. square Weeh Coat Weight (g/m): 46.28
Surface/Volume (-2/n3)= 1937 Active Matarisls:
Percent Open Area: 73 i‘_‘ﬁh‘i}. _Q[_m_z_L
Pt L80— L£o435—
Pd Ll Sme 0435—
COMBUSTION SYSTEM £ JSEMBLY
Length of catalytic segment (cm) : 5 o8
Nusber of sagments A
GAP between segments (cm) : a
Total catalyst volume (cm3) : 411

Two of the four udpﬂntl had unstabilized wash .oats and the

other two segmant's wash coats were stabilized with Sid

-~ 101 ~
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CATALYST DESCRYPTION

IDENTIFICATION CODE

e R e Attt A e . § e

SUPPORT CATALYTIC COMPONENTS

Manufacturer: Norton Manufacturer: gxy-Catalyst Inc.

Material: SiC Wash Coat Composition: u203 + 5102

; Gecustry: 0.31 cm. circle Vash Coat Weight (8/a®): 110.04

| Surface/Volume (-2/-3)=1100 Active Materials:
« Percent Open Area: 70 ““332 g“nzz
| ; : Pt ~0.85 0.267
| P& Q.85 Q62
l

COMBUSTION SYSTEM ASSEMBLY

Langth of catalytic segment (ca) 5.08
Number of segments 4

GAP batween segments (cm) , t 0
Total catalyst volume (cm™) - : 411

REN B REMARKS: Hplus in mounolith were slightly elliptical. Haavy wash coat applied
i _';"4 for m adhasion.




CATALYST DESCRIPTION

IDENTIFICATION CODE ( EH )
; SUPPORT CATALYTIC COMPUENTS
’ General
Manufacturer: Refractories Co. Manufacturer: Oxy-Cstaiyst Inc.
Meterisl: Condierite Wash Coat Composition: A.1203 + 8102
Caometry: 0.158 cm. circle Wagh Coat Weight (a/m2)= 46.7
Surface/Volume (n2/u3): 1700 Active Materisls:
Percent Open Area: 7/ gkﬂm:’z gg/mz)_
Pt 0.85 0.496
Pd 0.85 _ 0.496 3
3
COMBUSTION SYSTEM ASSEMBLY
Langth of catalytic <egxent (cm) : 5.08
Number of sagments : 4 A
CAP between gegnents (cn)3 : 0
Total catalyst volume (cw™) s 411

RENARKS: Tin of the 4 segsenis had unstabilized wash coats and the other
4 two vegusnt's washi coats wers stabilized with §40,.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( -~ _ )

SUPPORT CATALYTIC COMPONENTS
Manufacturer: W. R. Grace Manufacturer: W. R. Grace
Material: Cordierite Wagsh Coat Composition: 53 wtl NiO + S:I.O2
Geometry: o 127 cm. square Wash Coat Weight (g/mz): 52.26
Surface/Volume (-2/u3): 2109 Active Materials:
Percent Open Area: 69 gkg[maz g‘[mzz
Pd .25 —LA80
Rh 038 ~—0.027
COMBUSTION SYSTEM ASSEMBLY
Langth of catalytic segment (@) : 5 Qr
liumbar of segments HEA
GAP between ssgments (c:-).j : 0
Total catalyst volume (cm”) P 411
REMARKS:
W. k. Grace Haviex - 607
- 104 -~ ]
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( HH )

SUPPORT CATALYTIC COMPONENTS
General
hanutacturar: Refractories Co. Manufacturer: oxy-catalyst, Inc.
: Material: Cordierite Wash Coalt Composition: AL, + 510,

Geometry: 0.31 cm. circle wash Coat Weight (g/mz): 100.4

Surface /Volume (n2/u3): 996 Active Materials:

Percent Open Avea: 78 gkg[m:;z gg[mzz
Pt -0.85_ —~0.848
Pd .83 —0.848

COMBUSTION SYSTEM ASSEMBLY

«

Langth of catalytic seguwent (cm) : 5.08
Number of seguents T 4
CAP between segments {(cm) : 0
Total catalyst volume (cm3) : 411

REMARES: Two of the & segments had unstabilized wash coats and the other
two segment's wash coaty were stabilized with §10,.
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CATALYST DESCRIPTION

IDENTIFICATION CODE { EP )

SUPPORT

CATALYTIC COMPONENTS

Manufacturer: w. R. Grace Manufacturer: W. R.

Material: Cordierite Wash Coat Composition: Zr0

Geomatry: ,127 cm. square

Surface/Volume (12/-3) : Artive Materials:

2109

Percent Open Area: 69

Td £.380
Cod 57,27

Grace

2

Wash Coat Weight (g/mz): 75.1

gkg[mak gg.i‘mzz

0.184

27 L

9
A 2t P b

HIT UREI A (e

COMBUSTION SYSTEM AUSWSULY

Length of catalytic segment (cm) : 5,08

Numbar of segreunts s £

GAP between aegmsute ( m) 1 0

Totsl catalyst volums {cu) AP

REMARKS:
W. . Grace Davex - 516
- 106 - '
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CATALYST DE3SCRIPTION

IDENTIFICATION CODE (  yN )

SUPPORT CATALYTIC COMPONENTS

¥enufacturer: W, R. CGrace Maanufacturer: y. R. Crace

Materiasl: Cordieritr Wash Coat Composition: 6 wtl Ce0 + MZO:!

Geomstry: 0.127 ca. square Vesh Cost Weight (g/m): 39,2

Surface/Voluwe (32/-3)3 2109 Active Materials:

Perceat Opea Aru: 69 gl_gs/m:’z _m@ﬁ)_
Pt da98 095
Pd 0,81 0.38

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5.08
Number of seguants t 4
GAY betwesn sepmants (cm) 3 : 0
Total catalrst volume (cw™) : 411

W. R, Grace Davex - 514
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( KX )

SUPPORT CATALYTIC COMPONENTS
Maaufacturer: W. R. Grace Manufacturer: W, R, Grace
Material: Cordierite Wash Coat Composition: 25 wtZ Cel + A1203
! Geometry: .127 cm. square Wash Coat Weight (3/m2): 60.03
Surface/Volume (m>/u’): 2109 Active Materials:
Prurcent Open Area: 69 (}_g/ma) i.g/mz)
Pt Ludio - P I
Pd 2.5 ~1:30 ]
|
\

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5,08
Mumber of cegments 1 &
GAP hatvaen acgmants (cﬁ)a :
Total -atalyst volume (cm™) s

411

REMARK S :

W. BR. Grace Davaex - 5128
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CATALYST DESCRIT @2}

IDENTIFICATION CODE ( KQ )

SUPPORT CATALYTIC COMPONENTS
Manufacturer: W, R. Grace Manufacturer: W, R. Grace
Ma‘'erial: Cordierite Wash Coat Composition: 25 wtZ CeO + A1203
Geomatry: .127 cm. square Wash Coat Weight (3/132); 44,1
Surface/Volume (n2/-3): 2109 Active Materials:
Percent Open Area: 69 _Q‘:«EL“:SL Sﬁ/m22

Pd —~3d22 1558

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm)

$5.08
Number of segments i
GAFP between segments (cm) 1o
Total catalyst volume (cm3d) : 411

[}

REMARXS:
W. R. Grace Davex - 517
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( KR )

SUPPORT CATALYTIC COMPONENTS
Manufacturer: W, R. Grace Maaufacturer: y, R. Grace
Material: Cordierite Wash Coat Composition: 25 wtX REO(8) + A1,0,
Geometry: .127 cm. square Wash Coat Weight (g/mz): 44,15
l Surface/Volume (:2/-3): 2109 Active Materials:
Percent Open Area: 69 .Sl‘&@). .Q’lﬂzl_
reo® 27 13,02

COMBUSTION SYSTEM ASSEMBLY

Langth of catalytic segment {cm) : 5,08
Number of segments A
GAP between segments (cm) HY
Total atalyst volume (cm3) s 411

f REMARKS:
W. R. Grace Davex ~ 521
(a)

Commercisl mixture of rare earth oxides
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CATALYST DESCRIPTION

EAN

IDENTIFICATION CODE (  RA )

]

TN A

SUPPORT CATALYTIC COMPONENTS

Manufacturer: Pure Carbon Co. Manufacturer: General Refractories Co.

Material: SicC Wash Coat Composition: None

o

i £ Geometry: .31 cm. corrugation Wash Coat Weight (g/mz): None
"& S: Surface /Volume (m2/n3): 1428 Active Materials:
- ? @ Percent Open Area: 68 (kg/m32 gg/mzz
t 3 L ' :
o L R 0@ Mixture  ~ 97.3 ~ 68.25
i
L COMBUSTYON SYSTEM ASSEMBLY
5y ﬁ Length of catalytic segment (cm) : 19 16
S ‘ Number of segments : g
A GAP between segments (cm) i g
! ,\‘g Total catalyst volume (cm3) : 411
T
o s
‘ (a)!are Earth Oxide mixture fused to SiC monolith with no wash coat
l ‘ or any other high surface area material.
|
A
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( Ru )

SUPPORT

Manufacturer:W, R. Grace
Material: Cordierite
Geometry: 1.27 cm. square
Surface/Volume (n2/n3): 2109

Percent Open Area: 69

CATALYTIC .COMPONENTS

Manufacturer: W. R. Grace
Wash Coat Composition: 12.34 wey BMO(a) + AL,0,
Wash Cost Weight (g/m2): 37.47
Active Materials:
Ggfd) @D
Pd a.389 0183
Cul + mrzo3 + Mn0, 28,22 1339

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) :
NHumber of segmencs :
GAP between segments (cm) : 0
Total catalyst volume (cm3) :

REMAKKS :

W. R, Grace Davex - 523

5.08

411

@ Bage Metal Oxides of Cu, Cr and Mn.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( MQ )

SUPPORT
Manufacturer: W. R. Grace
Material: Cordierite

Geometry: 0.635 cm x 0.144 cm

CATALYTIC COMPONENTS

Manufacturer: W. R. Grace’

Wash Coat Composition: 25 wtZ Ce0 + A1203

Wash Coat Weight (g/mz): Not Known

rectangle ,
Surface/Volune (m“/m”): Not Active Materials:
Knowni
Percent Open Area: 75 chjgf_)_ m
Pd _2.60 Mot Known
COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5,08

Number of seguments i 2

GAP between segments (cm) : 0

Total catalyst volume (cu?) : 205

REMARKS: Two segmeats of this catalyst were tested. The catalysts were
located at the entrance end of the catalyst chamber with a 10.16
cm. gap between the catalyst and the end of the chamber.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FZ )

SUPPORT CATALYTIC COMPONENTS
General
‘ Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.
| Material: Cordierite Wash Coat Composition: Al,04 + §10,
Geometry: 0.16 cm square Wash Coat Weight (g/mz): 49,2
Surface/Volume (m’/w’): 1937 Active Materials:
Percent Open Avea: 73 gkg(m32 (g(mzz
Pt 0.275 0.142
Pd 0.275 0.142
COMBUSTION SYSTEM ASSEMBLY
: = Length of catalytic segment (cm) : 5.08
o 1 Number of segments P4
i B GAP between sagments (cm) :t 0
3 4 Total catalyst volume (cm3) : 411
REMARKS :
SRR - 114 - H
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CATALYST DESCRIFTION

IDENTIFICATION CODE ( FV )

SUPPGRT CATALYTIC COMPONENTS
General
Manufacturer: Refractorieg Co. Manufacturer: Oxy-Catalyst, Inc.
Material: Cordierite Wesh Coat Composition: Alj03 + §10;
Geometry: 0.16 cm square Wash Coat Weight (3lm2): 49.2
Surface/Volume (n2/n3): 1937 Active Materials: _
Percent Open Area: 73 gkgz‘n?g ggﬁmzz
Pd 3.3 1.69
Cry04 + MnO, 68.1 35.2
COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5,08

Number of segments : 4

GAP batween segments (cm) 3 : 0

Total catalyst volume (cm”) :411
REMARKS :

During the preparaticn of this catalyst, the Pd was spplied under
the Cry03 + MnO2 coating.
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CATALYST DESCRIPTION

, IDENTI /ICATION CODE ( JG )
; !
SUPPORY - CATALYTIC COMPONENTS
General
Manufacturer: Refractor.i,es._(‘.‘g?..." - Msnufacturer: W. R. Grace
5 Material: Cordierite Wash Coat Composition: 25 wt¥ CeO + AL,0,
? ; . Geometry: .16 x .32 cm rectangle| Wash Coat Weight (glmz): 49.59
i ‘ .
E Surface/Volume (n2/n3): 1537 Active Materials:
i
3 Percent Open Area: 79 gkg/m32 gg(mzz
Cul + Cr03 9.586 6.24
i
‘ ° ——————— ————————
!
. COMBUSTION SYSTEM ASSEMBLY
J H .
- Length of catalytic segment (cm) : 5.08
N S Number of segments 4
q | GAP between segments (cm) 4 : 0
" Total catalyst volume (cu™) : 411
B
| ‘ W. R. Grace Davison Code 915 (Dicsel Exhaust catalyst) l
T . _":! 5
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FG )

SUPPORT CATALYTIC COMPONENTS
. General
Manufacturer: Refractories Co. Manufacturer: W. R. Grace
Material:  Cordierite Wash Coat Composition: 25 wti CeO + A1,0,
Geometry: 0.16 cm. square Wash Coat Weight (g/mz); 40.5
Surface/Volume (n2/-3): 1937 Active Materials:
Percent Open Area: /3 gkg/m32 gg[ng
Pd L.389 D20
Cu0 + Cr203 034 S

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic cegment (cm)

¢ 5,08
- Number of segments P 4
S GAP between segments (cm) P
: Total catalyst volume (camd) : 411
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CATALYSYT DESCRIPTION

IDENTIFICATION CODE ( ¥

)

SUPPORT CATALYTIC COMPONENTS
o General
Kanufscturer: Refractories Co. Manulecturers OQuy-Catalyst, Inc.
Mutervial: Cordierite Wash Coat Cumposition: Alz04 + Si07
Geometry: 0.16 cu square Wush Coat Wei:\m\t. (g ) 49.2
Surfsce/Voluwms (wzius}a 1937 Active Materisle:
Percent Open Ares: 73 _(\,‘\:gfo‘n\:’} (n“/nlzl
Pd el N A
COMBUSTION SVITIM ASQTMBLY
Langth of catalytic segasat (cm) ¢ 5.08
; Nukber of copuents P4
B GAP batuwoun. mygumonty (cm) 3 L ¢
: © Total catelyit volume (ew”) P41l
' !
i
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( QF )
SUPPORT CATALYTYC COMPONENTS
Manufacturer: Johnson Matthey Manufacturer: Johneon Matthey
Material:Metal (Ni alloy) Wagh Coat Composition: Stabilized Al,0,
Geonstry: Corrugated Roll Wagh Coat Weight (&/mz)g -
Surfucy,Voluge (mzlm?"’)‘.' 4100 Active Mutuerials:
Percant Open Aveas 93 (kg/u) gz£m22

Pt 5.27 1.04

COMBUS.-ION EVSTEM ASSEMBLY

Langth of catalytic segment (cm) : 7.55
Number of segments s 2
GA? betwean segments (cm) ¢ 5
Total catalyst volume (cu’) : 308

REMARKS: Iwo sagments of this catalyst were packed into the catalyst

combustion chamber with a 5 cm gap betwsen the segments.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FC )

SUPPORT CATALYTIC COMPONENTS
Manufacturer: Matthey-Bishop Manufacturer: Matthey-Bishop
Material: Metal (Ni Alloy) Wash Coat Composition: Al,O4 + Stabilizer
Geometry: Screeuns Wash Coat Weight (g/mz): Not Known
Surface /Volume (mz/m3): Not Active Materials:

Known
Percent Open Area: Not Known gngmaz gmezz

Pt —__Not Known

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 10.16
Number of segments 1
GAP between segments (cm) : 10.16
Total catalyst volume (cm™) s 205

REMARKS: The Mstthey-Bishop metal gubstrate catalyst (PC) was located at the !
leading end of the catalyst chamber and a 5.08 cm. long segment of
Genersl Rafractories Co. square hole monolith coated with Al,03
and 5.5 g/l of (1/1) Pt/Pd (FL) was located at the exit end of the
chamber. A 10.16 cm. gap existed between segments.
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CATALYST DESCRIPTION

LENTIFICATION CODE ( FL )
SUPPCRT CATALYTIC Cd&PONENTS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: Al,05 + S10,

Geomatry: 0,16 cm. square Wash Coat Weight (B/NZ)t 47.6

Surface/Volume (m2/m3)= 1937 Active Msterials:

Percent Open Area: 73 5kg(m3z Sg[ng
Pu 2.75 1.42
Pa 2.5 L4z

{

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) ¢ 5.08
Number of segments : 1
GAP betwesn seguwents (cm) 3 : 10.16
Total catalyst volume (cm™) s 105

REMARKS: One segment of this catalyst was used in combination with catalyst
PC, which was located upstresm.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FF >

SUPPORY CATALYYIC CCMPONENTS
Geneval
Manufscturer: Refrsctories Co. Manufacturer: Oxy~Catalyat, Inc.

Haterisl: Cordierite Wash Coat Composition: A1203 + sio0,
Ceometry: C.16 cm. sguare \ash Coat Weight (z/mz)z 49,2
Surface/Volume (nzi’ﬁa): 1837 Sctive Materials
Percent Open Avea: 73 gkg[m3z gg[mzz
Pd 3.3 1.71
('.27.\:‘203 + sz 28 14.5

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5.08
Number of segmants s 4
CAP between segments (cm). : O
Total catalyst volume (cm’) : 411

REMARKS: This catalyst was destroyed by & misfire in tho primary combustor. : !
Mo dats were cobtained.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FD )

SUPPORT CATALYTIC COMPONENTS
General
Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Materiel: Cordierite

| | Surface/Volune (m2 /m3

w Percent Open Area:

Wash Coat Composition: Al,05 + 510,

Geometry: Q.16 ca. square Wash Coat Weight (s/mz): 49.2
y: 1937 Active Materials:
73 (kglu) (8/n2)
Ir 1.7 0.88

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 35.09
Number of segmants s 4
GAP betwasn segments (cm) 3 : ©
Total catalyst volume (ca”™) : 41l

REMARKS: Tyo segments of this catalyst vere tested with two segments of
catalyst (FE), The differesnt segments were alternated.
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CATALYST DESCRIPTION

IDENTIFICATION CODE (  FE )

i
4
1
1

SUPPORT

General
Manufacturer: Refractories Co.
Material: Cordierite
Geometry: 0.16 cm. square
Surface/Volume (m2/m3): 1937

Percent Open Area: 73

CATALYTIC COMPONENTS

Manufacturer: Oxy-Catalyst, Inc.
Wash Coat Composition: A1203 + 8102
Wash Coat Weight (g/m%): 46.5

Active Materials:

gkg/mBQ gg/mzz
Pt .85 437
Ir .85 '437._.

COMBUSTION SYSTEM ASSEMBLY

Vi e - L wﬂmwwb

Length of catalytic segment (cm)
Number of segments

GAP between segments (cm)

Total catalyst volume (cm”)

5.08
4

0
411

se se ec oo

REMARKS: Twu segments of this catalyst were tested with two segments
of cstalyst (FD). The different segments were alternated.
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APPENDIX IIIX

SUMMARY OF EMISSION INDEXES
AND COMBUSTION EFFICIENCIES

The experimental results are tabulated in clronological order.
The catalyst identification code letters appear in the heading for each
run number. Since the primary and secondary air streams were preheated
to 400 K, this fact was omitted from the tabulation. The column "LOC"
indicates the location in the combustor where the data were taken. The
data point locations are given in Figure 1 in the text. Under the column
identified "TEMP", corresponding to a particular "LOC", zero (0) indicates
that temperature was not measured at that location during that run. The
data obtained at the catalyst bed inlet is identified under "LOC" by the
number 1, and the data obtained at the exit of the catalyst bed is
identified by number 2. The combustion efficiency and emission
indexes were estimated for each "LOC" by solving the equations given in
Section IV, Part 13 of the text. The remaining data columns are self-
explanatory.
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