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FOREWORD 

The work described herein war conducted by the General Electric 

Aircraft Engine Businers Group under Contract NAS3-22003. The program was 

jointly funded by NASA and the Air Force. The NASA Project Manager was 

Andrew J .  Szaniszlo. 

Catalytic reactors were designed and fabricated by Engelhard Indus- 

t r i e s  Division of the Engelhard Corporation. 
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1.0  SUMMARY 

The ob jec t ive  of t h i s  program was to  develop the  technology needed f o r  

the  design of  combuetion systems u t i l i z i n g  c a t a l y t i c  r e a c t o r s  and t o  determine 

the  f e a s i b i l i t y  of  the  use of these  combustion systems i n  modern high-pressure 

r a t i o ,  high-temperature, a i r c r a f t  gas-turbine engines.  

The program was conducted i n  two phases. During Phase I ,  a t o t a l  of s i x  

combustion systems were designed and analyzed f o r  performance, l i f e ,  c o s t ,  

weight, and r e l i a b i l i t y .  The two most promising of these  combustors were a 

bas ic  pa ra l l e l - s t aged  system and a para l le l -s taged combustor with reverse  flow 

cannular c a t a l y t i c  r e a c t o r s .  The b a s i c  pa ra l l e l - s t aged  combustor u t i l i z e d  an 

annular p i l o t  s t a g e  with 30 f u e l  nozzles .  The p i l o t  i s  u t i l i z e d  f o r  a l l  oper- 

a t i o n  up t o  60% engiue t h r u s t .  The main s t age  has an annular c a t a l y t i c  r e a c t o r  

mounted inboard of the p i l o t  and i s  used along with the  p i l o t  f o r  a l l  engine 

opera t ion above 60% t h r u s t .  The reverse  flow combustor a l s o  has an annular 

p i l o t  with 30 f u e l  nozzles but  uses 30 c y l i n d r i c a l  c a t a l y t i c  r e a c t o r s  f o r  the 

main s t a g e .  In the  reverse  flow system, the  c a t a l y t i c  r eac to re  a r e  mounted 

outboard of the  p i l o t  s t age .  

During Phase X I ,  which is the  sub jec t  of t L i s  r e p o r t ,  60. s e c t o r  combus- 

t o r s  of  t h e  two des igns  se lec ted  from Phase I wt%re designed, f a b r i c a t e d ,  and 

evaluated i n  a s e r i e s  of  four-atmosphere preesure  t e s t s .  The combustors were 

designed f o r  the  NASAICeneral E l e c t r i c  Energy E f f i c i e n t  Engine ( ~ ~ 1 .  

In  a d d i t i o n  t o  the  sec to r  combustor perfomance t e s t s ,  subcomponent t e s t s  

were conducted on severa l  c a t a l y t i c  r eac to r  des igns  and on f u e l  and a i r  pre- 

mixing systems. These subcomponent t e s t s  were conducted a t  pressures  up t o  11 

atmospheres. The c a t a l y t i c  r e a c t o r  subcomponent t e s t s  were t o  s e l e c t  a con- 

f i g u r a t i o n  and generate  pressure  cor rec t ions  f o r  the  lower pressure  sec to r -  

combustor t e s t s .  

During the aector  combustor t e s t s ,  exce l l en t  performance c a p a b i l i t y  was 

demonstrated f o r  a combustion system u t i l i z i n g  a c a t a l y t i c  r eac to r .  Gareous 

emissions (oxides of n i t rogen,  unburned hydrocarbons, and carbon monoxide) 

were more than 25% below the  Environmental P ro tec t  ion Agency (EPA) s tandards  

a s  they were proposed f o r  the  landing - takeoff  cyc le  f o r  c l a s s  T-2, newly 



c e r t i f i e d  engines i n  the March 24, 1978 Federal  Reg i s t e r .  Oxides of n i t rogen 

l e v e l s  of 3.0 grams pe r  kilogram of f u e l  were a l s o  demonstrated f o r  normal 

c r u i s e  opera t ing condi t ions .  Other performance c h r a c t e r i s t i c s  such as  prer-  

s u r e  drop, p a t t e r n  f a c t o r ,  l i n e r  temperature, combustion e f f i c i ency ,  and com- 

bustor  l i g h t  o f f  appear t o  p resen t  no s i g n i f i c a n t  problems f o r  the combustion 

syst,?m with a c a t a i y t i c - r e a c t o r  main s t a g e .  Pi lo t -s tage  smoke a t  the  603 

power condi t ion before  the  main s t a g e  i s  fueled,  which cannot be f u l l y  evalu- 

a t ed  i n  a four-atmosphere t e s t ,  r ep resen t s  a concern item and should be evalu- 

a t ed  a t  higher ( a c t u a l  engine) pressure .  However, the  smoke measurements made 

during the  s e c t o r  combustor t e s t s  ind ica ted  very low smoke l e v e l s .  

I n  order  t o  achieve high combust ion e f f i c i e n c y  i n  the  c a t a l y t i c  r eac to r  

main s t age  a t  the  60% engine power cond i t ion ,  i t  was necessary t o  reduce the  

reference  v e l o c i t y  i n  the  c a t a l y t i c  r e a c t o r  from t h e  o r i g i n a l  des ign value of 

30 m/s by 50%. Considerable improvement i n  combustion e f f i c i e n c y  with oper- 

a t i n g  pressure  l e v e l  was demonstrated i n  t h e  subcomponent c a t a l y t i c  r e a c t o r  

t e s t a ,  however. Therefore,  a  reference  v e l o c i t y  des ign value  of 24 t o  27 m/s 

should be adequate fo r  high performance l e v e l s  a t  a c t u a l  engine pressure  con- 

d i t i o n s  based on the  r e s u l t s  of  t h i s  program. 

The major l i m i t a t i o n  f o r  the use of combustion systems with c a t a i y t i c  

r e a c t o r s  appears to  be the continuous opera t ing  temperature c a p a b i l i t y  of  the  

c a t a l y t i c  r e a c t o r s .  It was necessary t o  opera te  the c a t a l y t i c  r eac to r s  a t  the  

continuous opera t ing temperature l i m i t  o f  1700 K a t  c r u i s e  c o n d i t i ~ n s  in  o rde r  

t o  meet the NOx emissions goal  ( 3  g/kg) of the program. Considerable advance- 

ment i n  the opera t ing temperature c a p a b i l i t y  of  c a t a l y t i c  r e a c t o r  ma te r i a l s  

w i l l  be required f o r  succebsful  a p p l i c a t i o n  of c a t a l y t i c  combustors t o  very 

high p ressure  r a t i o ,  h igh temperature engines of the  type considered i n  t h i s  

study.  

Baseline t e s t i n g  was conducted with both of the  combustors. The reverse  

flow combustor was 8elected f o r  the  f i n a l  tests. The reverse  flow configura- 

t i o n  was se lec ted  over t h e  bae ic  pa ra l l e l - s t aged  combustor because of  length ,  

maintenance, and performance considera t ions .  

During t h i s  program, considerable  e f f o r t  was necessary t o  develap fue l  

and a i r  premixing systems with adequate f u e l  a i r  uniformity f o r  use with a 

c a t a l y t i c  combustor. 



2.0 INTRODUCTION 

The a b i l i t y  of  c a t a l y t i c  combustors t o  promote s t a b l e  combustion of lean 

f u e l / a i r  mixtures with flame temperatures l e s s  than 1&00 K, provides the  

p o t e n t i a l  f o r  obta ining ultra-low ni t rogen oxides emissions l e v e l s  in  combua- 

t i o n  systems u t i l i z i n g  c a t a l y t i c  r e a c t o r s .  Improved combustion system l i f e  is  

another p o t e n t i a l  benef i t  obtained from the use of c a t a l y t i c  r e a c t o r s  due t o  

the reduced gas temperatures i n  the  combustion zone. In standard combustion 

systems with d rop le t  burning, primary zone gao temperatures can reach s t o i c h i -  

ometric flame temperature l e v e l s  l o c ~ l l y  and r a d i a t i o n  l e v e l s  from the  primary 

zone a r e  r e l a t i v e l y  high.  However, i n  a c a t a l y t i c  combustor, t h e  gus tempera- 

t u r e  is  a t  the  much lower flame temperature value associa ted  with the  average 

premixed f u e l / a i r  r a t i o .  Therefore,  the  flame r a d i a t i o n  l e v e l s  a r e  s i g n i f i -  

c a n t l y  lower due t o  the reduced flame temperature and because of reduced quan- 

t i t y  of soot  p a r t i c l e s  associa ted  with lean premixed flames. Other p o t e n t i a l  

b e n e f i t s  o f  c a t a l y t i c  combustors include improved turbine  l i f e  because of 

reduced p a t t e r n  f a c t o r s ,  improved temperature p r o f i l e s ,  and improved combustion 

s t a b i l i t y  a t  low f u e l l a i r  r a t i c s .  

The e f f o r t  covered by t h i s  r epor t  is  Phase I1 of a two-phase program 

i n i t i a t e d  by NASA and conducted by the  General E l e c t r i c  Company. The program 

invalves  i n v e s t i g a t i n g  the  p o t e n t i a l  f o r  applying c a t a l y t i c  combustion t o  mod- 

e rn  high-pressure-rat io gafi turbine  engine combustion syetems. 

Phaee I (Reference 1 )  had the  ob jec t ive  t o  design and analyze s i x  d i f f e r -  

en t  conceptual designs employing c a t a l y t i c  combustiun. Based on the  ana lys i s  

performed dur ing Phase :. tun p a r a l l e l - s  caged, f ixed geometry des igns  were 

i d e n t i f i e d  a s  the  most promising concepts.  Reeults  of the  design s tud iea  

indicated t h a t  c r u i s e  oxides of n i t rogen (NO,) emissions could be reduced 

by an order  of magnitude r e l a t i v e  t o  current  t e c h n r ~ l o ~ y  l e v e l s  by the  use of 

c a t a l y t i c  combustion. During the  Phase I1 program, the  two most proniising 

concepts i d e n t i f i e d  dar ing Phase I were designed, f a b r i c a t e d ,  aqd evaluated 

i n  an ex tens ive  s e r i e s  of t e s t s .   initial!^, subcomponent t e a t s  of the f u e l  

prepara t ion systems f o r  the  c a t a l y t i c  r eac to r  were conducted. Next, levera1 

cannular c a t a l y t i c  r e a c t o r s  were t e s t e d  a t  p ressures  up t o  11 atmospheres t o  



select the catalytic reactor to be used in the sector combustor t r - i ~  and to 

generate correLatioas to use for later pressure corrections to the catalytic 

reactor performance in the lover pressure sector combustor tests. Finally, 

60. sector combustor tests were conducted at pressures up to four-atmospheres 

to determine the combustiot system performance. The combustion system per- 

formance was determined at light off, idle, approach power, 60% engine power, 

cruise, climb, and takeoff conditions. Actual engine operatink conditions 

vere used at light off and idle. Above these power levels, the tests vere 

conducted at four-atmospheres inlet pressure. However, corrections to the 

measured data were estimated £row previously determined correlations (Refer- 

ence 2)  and also from the correlations determined in the single-can catalytic 

reactor subcomponent tests. 

Performance measurements included gaseous emissions, smoke, coinbustion 

efficiencies, coatbustor metal temperatures, pressure drop, and combustor exit 

temperature profiles. 



3.0 PROGRAM GUIDELINES 

3.1 COMBUSTOR PERFORHMCE 

The overall program goal was to evolve the technology needed for the 

design of combustion systems utilizing catalytic reactors and to determine the 

feasibility of using these combustion systems in modern high-pressure-ratio, 

high-temperature aircraft. gits turbine sngines. Of particular importance was 

the achievement of ultra-low NOx emissions while at the same time meeting all 

of the normal performance requirements of modern nigh performance combustion 

systems. Specific program pollutant emission and combustor performance goals 

for this program are as follows: 

Oxides of nitrogen (NO,: levels of 3.0 grams per kilogram of fuel 
or less at normal crurse operating conditions. 

Gaseous pollutant emissions 'rvels 25% below the U.S. Environmental 
Protection Agency &PA) emissions standards for the landing-takeoff 
cycle for class T-2, newly cert fied engines. For purposes of this 
discussion, these are taken to be the pr ,posed standards published 
in the March 24, 1978 Federal Register (Reference 31, and are as 
follows (with the 25% reductions): 

Hydrocarbons - 2.5 grams per kilonewton thrust 

Carbon Monoxide - 18.8 grams per kilonewton thrust 
Oxides of Nitrogen - 24.8 grams per kilonewton thrust 

Smoke Number - 15 
Combustion efficiency of 99.5% at idle, 99.9% at takeoff, and 99% at 
other operating conditions. 

Combustion system pressure loss of less than or equal to 5.5% of 
compressor discharge pressure. 

Exit temperature pattern factor and profile factors of less than or 
equal to 0.25 and 0.15, respectively. 

;ombustor liner metal temperatures of no more than 1144 K. 



3.2 REFERENCE ENGINE 

The engine se lec ted  a s  the  re fe rence  engine f o r  t h e  Phase I program and 

f o r  t h i s  Phase I1 program is the  NASA/Geaeral E l e c t r i c  advanced Energy Ef f i -  

c i e n t  Engine, which is t y p i c a l  of t h e  high p ressure  r a t i o ,  h igh bypass r a t i o  

engines ?%at w i l l  be developed f o r  co&*rercial a v i a t i o n  s e r v i c e  wi th in  the next 

10 t o  20 years .  This reference  engine  i a  a  d i r e c t  d r i v e  fan,  mixed exhaust 

flow vers ion of a series of  turhofan engines evaluated a s  a p a r t  o f  the  

r e c e n t i y  completed NASA-sponsored Energy E f f i c i e n t  Engine Preliminary Design 

and I n t e g r a t i o n  Study Program ( R e f ~ r e n c e  4). An engine layout drawing is 

shown i n  Figure 1. 

A major o b j e c t i v e  of the E~ progran is t o  o b t a i n  a 12% reduct ion i n  

s p e c i f i c  f u e l  constmptior, (SFC) a t  c r u i s e  condi t ions  r e l a t i v e  t o  t h e  CF6 

family of  engines.  

Low SFC values st c r u i s e  condi t ions  a r e  achieved with t h e  E~ by e f f i -  

c iency improvemer~ts i n  i t s  var ious  components and by an increase  i: cyc le  

p ressure  r a t i o  a t  c r u i s e  condi t ions .  A t  s ea  l e v e l  s t a t i c  condi t ions ,  the  

o v e r a l l  p ressure  r a t i o  of the  E~ is the  saw a s  t h a t  o f  the  CF6-50 engine 

(30: 11, but  a t  maximum c r u i s e  condi t ions ,  t h e  E3 c y c l e  p ressure  r a t i o  i s  

35.8 t o  1, r e s u l t i n g  i n  considerably higher  combustion system i n l e t  pressures  

and temperatures.  

The E3 cycle  is  e s p e c i a l l y  appropr 'ate a s  a r e fe rence  engine c y c l e  f o r  

t h e  praposed program because the  combustor I i g h  i n l e t - a i r  pressures  and tem- 

pe ra tu res  of  t h i s  cycle  a t  c r u i s e  cond i t ions  a r e  i n d i c a t i v e  of t h e  t rend of 

f u t u r e  commercial engine development. A s  a  consequence of t h e  high pressures  

and temperatures, t h e  achievement of  low NOx a t  c r u i s e  condi t ions  w i l l  

become more d i f f i c u l t  to  acco~lp l i sh  and a l s o ,  a s  explained i n  the  following 

d i scuss ion ,  the  des ign of  p r a c t i c a l  c a t a l y t i c  combustion systems w i l l  become 

a much g r e a t e r  challenge.  

Cycle parameters f o r  t h e  re fe rence  E~ a t  important opera t ing condi t ions  

a r e  presented i n  Table 1 (SI u n i t s )  and Table 2 (Customary u n i t e ) .  These re f -  

erence engine cyc le  opera t ing  parameters a r e  the  same a s  were used i n  t h e  

Phase I program. Included i n  these  t abu la t ions  a r e  (1 )  the  four EPA-specified 
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operating conditions for calculating landing-takeof f cycle emissions levels, 

(2) 60% p o w r  conditions where the catalytic reactor is first fueled, and 

(3) cruise operating conditions where ultra-low NOx emission levels are being 

sought. Mission studies indicate that the largest proportion of commercial 

flight will occur at the normal cruise point, a power setting that is 75% of 

the maximmo cruise thrust. 

The reference engine combustor and the interface dimensions which were 

used as guidelines in this program are shown in Figure 2. As in the Phase I 

program, combustion system length and outer casing diametex were allowed to 

deviate fro- the baseline design values in order to accommodate the catalytic 
3 combustor designs. The standard E combustor, which is an ultra-short, 

double-annular design was based on the NASAIGeneral Electric Experimental 

Clean Combustor Prcgram (EcCP) results (References 5 and 6 ) .  The combustion 

system is 29.6 cm long from the compressor discharge to the turbine inlet. 

The combustion system has 30 fuel nozzles in both the pilot dome and the main- 

stage dome. The pilot is located outboard of the main stage. Doublerall, 

impingement-cooled liner construct ion is used to provide long life. The 

pilot-stage is designed for low dome velocities and provides excellent light 

off and low power operation including low idle emissions. The main-stage has 

relatively high velocities (21 m/s) and is designed for lean combustion at 

high power for low levels of oxides of nitrogen and low smoke. 



All Dimensions in Cm 

Figure 2. Reference Engine Combustion System. 



4.0 CATALYTIC COMBUSTOR DESIGNS 

The t w  promising combustors selected from the Phase I program for 

experimental verification and evaluation are illustrated in Figure 3. One is 

referred to as a basic parallel-staged combustor and the other as a reverse- 

flow, parallel-staged combustor. In order to accommodate the catalytic reac- 

tors and the premixing fuel system, some increase in overall combustion system 

length and revision of the combustor casing were required relative to the 

ultra-short and compact E3 combustion system. The basic parallel-staged 

combustor length was 38.9 cm from the compressor discharge to the turbine 

inlet versus 29.6 for the standard E~ system. The length for the reverse- 

flow combustor was 29.6 cm which is the same as the E3 combustor; however, 

the catalytic reactors and premixing fuellair system overlap the compressor 

aft end diameter. 

4.1 BASIC PARALLEL-STAGED COMBUSTOR 

The basic parallel-staged combustor, Figure 3(a), bas a pilot stage with 

30 fuel nozzles and counterrotating primary and secondary swirl cups. The 

pilot stage is used for combustor light off and for providing engine power up 

to the 60% point. Therefore, it was sized to provide rich mixtures and low 

velocities for good lorpower performance. For power levels greater than 60X, 

fuel is simultaneously supplied to the pilot and main stage (catalytic reac- 

tor). The primary zone of the pilot dome has thermal barrier coating to mini- 

mize cooling airflow for improved low-power operation and for reduced pollu- 

tant emissions (Reference 7 ) .  

The main stage of this combustor is located radially inboard of the pilot 

stage and has a streamlined inlet section for fuellair premixing and an annu- 

lar catalytic reactor. The premixing duct was designed for a fuel residence 

time of 2 ms in order to provide an autoignition safety margin of approxi- 

mately 100% for the most severe operating,condition which is englne sea level 

takeoff (Reference 81. The duct length from the point of fuel injection to 

the catalytic reactor inlet was approximately 13 cm. The duct exit contours 

were designed to match the predicted free streamline bowdsries for airflow 
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Reactor 

Streamlined 
Fuel Injector 

(a)  Basic Parallel-S taged Combus tor 

Streamlined 
Fuel 

k- 29."- ----* 
(b) Reverse-Flow Parallel-Staged Combustor 

Figure 3. Two promising Baseline Combustor Designs. 



entering the reactor with approximately 50% area blockage at the reactor inlet. 

This was to avoid any flow separation and the resulting high residence-time 

zones which would promote autoignition. The fuel injector is a streamlined 

annular ring in the premixing duct inlet. Fuel orifices are located to pro- 

vide cross-stream injection. The catalytic reaccor is 12.7 cm long and has 

a radial height of 5.4 cm. The catalytic reactor has an Engelhard proprietary 

catalyst on a ceramic monolith with multiple axial channels for gas flow. The 

assembled reactor is supported by a compliant layer of ceramic fibers approxi- 

mately 0.2 to 0.3 mm thick. 

The design reference velocity for the catalytic reactor is 30 m/s. 

Approximately 53% of the combustor air flows through the catalytic reactor. 

Approximately 20% of the air is introduced into the combustor through the 

pilot swirl cups. The remainder of the air is used for cooling and dilution. 

The combustor design equivalence ratios are shown for several operating condi- 

tions in Table 3. 

Table 3. Combustor Equivalence Ratios. 

Several simplif ications were introduced for the 60' sector combustor test 

hardware. Figure 4 shows the sector combustor design. Figures 5, 6, and 7 

are photographr! uf the test hardware parts. The aft inner and outer liners 

used conventional film cooling geometry instead of the impingement and convec- 

tive cooled liner geometry proposed for an engine combustor. Also, a simpli- 

fied fuel injector consisting of a flattened tube was used instead of the 

h 

Operating 
Condition 

Idle 

60% Power Before 
Transit ion 

60% Power After 
Transition 

Takeoff 

Pilot 
Primary Zone 

0.7 

1.1 

0.25 

0.43 

Catalytic 
Reactor 

0 

0 

0.35 

0.40 . 



All Dimensions i n  cm Impingement Cooled r primary Zone 
(5) Pilot Swir lers  Primary Dilution A 

Ceramic Fiber Compliant Layer 
Ceramic Thermal 
Barrier Coating 

Annular Fuel Injector 

ontoured puel/Air 
emixing Section 

---0- 27.64 Radius -- 

Annular Honeycomb 
Catalytic Reactor 0 0  ;g 

s!g 
Figure 4. Parallel-Staged 60- Sector Cambustor. % 3 s 

r m 
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streamlined i n j e c t o r  i l l u s t r a t e d  i n  Figure  3 (a ) .  The f u e l  h o l e s  vere  0.34 mm 

diameter and were spaced 0.9 cm a p a r t .  The s i m p l i f i c a t i o n s  introduced f o r  the 

t e s t  hardware should have no s i s i f i c a n t  e f f e c t  on the  s e c t o r  combustor per- 

f ormance . 

4 .2  REVERS E-FLW PARALLEL-STAGED COHBUSTOR 

The reverse  flow combustor, Figure 3 (b ) ,  has  the  annular p i l o t  s t a g e  on 

the  inboard s i d e  of the  c a t a l y t i c  r e a c t o r s .  The main s t age  uses  30 c y l i n d r i -  

c a l  c a t a l y t i c  r e a c t o r s  which a r e  6.1 cm i n  diameter by 12.7 cm long. Th i r ty  

s w i r l  cups a r e  used i n  the  p i l o t  s t ages .  Cy l indr ica l  premixing ducts  with 

e x i t  wall  contours t o  match the  p red ic ted  a i r f l o i  s t reamline  contours and with 

a f u e l  residence time of 2 IDS a r e  used with t h i s  combustor. The c a t a l y t i c  

r e a c t o r s  of t h i s  concept d ischarge  i n t o  the  gas stream from t h e  p i l o t  s t a g e  

through shor t  ducts .  The t r a n s i t i o n  duc's a r e  convectivery cooled. Impinge- 

ment cooling is used f o r  the  o u t e r  l i n e r  i n  the  region where i t  i n t e r s e c t s  t h e  

t r a n s i t i o n  ducts .  

The design reference  ve loc i ty ,  flow s p l i t s ,  and equivalence r a t i o s  f o r  

t h i s  combustor a r e  nominally the  same a s  those of the  bas ic  pa ra l l e l - s t aged  

combustor (Table 3) .  A s i g n i f i c a n t  and a t t r a c t i v e  f e a t u r e  of  t h e  reverse-flow 

combustor design is t h a t  individual  c a t a l y t i c  r e a c t o r s  could be replaced i n  

se rv ice  without removing the  combustion system from t h e  engine. Also, the  

o v e r a l l  length from the  compressor d ischarge  t o  the  turbine  nozzle diaphragm 

is  the same as  f o r  the  bas ic  ~3 combustion system. 

Figure 8 shows a c ross  s e c t i o n  of the  60. s e c t o r  combustor as designed 

f o r  the component t e s t  program. Figures 9 and 10 a r e  photographs of  the  d i s -  

assembled s e c t o r  combustor hardware. For the  component . e s t  program, t h e  a f t  

inner  l i n e r  was f i lu-cooled a s  were the  ducts  j u s t  a f t  of  the  c a t a l y t i c  reac- 

t o r .  Cmsiderable  e f f o r t ,  described l a t e r ,  was devoted t o  developmen' of  the  

f u e l  i n j e c t i o n  system f o r  the main s t a g e  c a t a l y t i c  combustor. The design used 

i n  the  60. s e c t o r  combustor t e s t s  (Figure  8) is  d i f f e r e n t  than the  streamlined 

version shown i n  Figure 3(b).  
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Figure 8.  Reverse-Flow 60' Sector Combustor. 







5.0 TEST FACILITIES AND PROCEDURES 

5.1 SECTOR CO~~USTOR FAcxLxm AND RIG 

All. of the combustion t e s t s  were conducted i n  the Advanced Corbusticn 

Laboratory a t  Evendale, Ohio. This laboratory very adequately nupplied a l l  

of the services  for  the coebustion t e s t i ng  required by t h i s  program. A i r  a t  

pressures up t o  2.1 M a  was supplied from a cen t r a l  a i r  system a t  flow r a t e s  

up t o  4.5 kg/s. Jet-A fue l  was used for  t h i s  program and was supplied by a 

pipel ine from la rge  s torage tanks located elsewhere i n  the plant .  Test r i g  

i n l e t  conditions were control led and monitored f roa  a co3aole located i n  the 

cont ro l  room adjacent t o  the test c e l l .  

The combustion system performance and emissions t e s t s  for  both the basic  

parallel-staged and the  reverse-flow combustor were conducted i n  a fu l l - sca le ,  

60°, five-cup sector-combustor test r i g .  Since the full-annular combustor has 

30 nozzles, the  p i l o t  dome of the 60' sector  combu~tor had f ive  fue l  nozzles 

and swir l  cups. For the reverse-flow sec tor  combustor, a t o t a l  of four cylin- 

d r i c a l  c a t a l y t i c  reac tors  were posit ioned midway between the f i v e  p i l o t  stage 

swir lera .  For the parallel-staged combustor, a f u l l  60' sec tor  ca t a ly t i c  

reac tor  was used. 

A schematic of the sector-cambustor t e s t  r i g  with the basic  para l le l -  

staged combustor i n s t a l l ed  is  presented i n  Figure 11. However, the  reverse- 

flow sec to r  combustor was a l so  tes ted  i n  t h i s  same t e s t  r i g .  The sector- 

combustors were mounted i n  a t e s t  plenum chamber t ha t  was equipped with a i r -  

flow s t ra igh ten ing  screens downstream of the nonvitiated a i r  supply i n l e t  

port .  Simulated engine combustion casings vere not used i n  these sector-  

combustor t e s t s .  Any differences i n  t e s t  r e s u l t s  f r m  t e s t i ng  without the 

combustion casings a r e  believed t o  be negl igible  s ince  the two combustor con- 

f igura t ions  have been designed t o  have r e l a t i ve ly  low ve loc i t i e s  i n  the inner 

and outer flow passages around the  combustors i n  the  engine configuration. 

A photograph of the i n l e t  of the ins ta l led  reverse-flow combustor is 

shown i n  Figure 12. Separate fue l  l ines  were provided t o  the p i l o t  swirl cups 

and to  the c a t a l y t i c  reactor  fue l  premixing ducts.  
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5.1.1 Sector-Combustor Instrumentation 

Some of the most important measurements made to evaluate the sector- 

combustor performance during this program were gas samples taken at the 

combustor exit. Theae gas samples were used to determine gaseous emissions 

(NO,, CO, and HC), smoke, combustor discharge profiles, and combustion effi- 

ciency. A photograph of the water-cooled instrumentation section with one gas 

sampling rake installed is shorn in Figure 13. A photograph of a gas sampling 

rake is shown in Figure 14 and a schematic of a typical sampling element is 

shown in Figure 15. Each of the sampling elements was designed with a quick- 

quenching copper probe tip. Quick-quenching was used to suppress any further 

chemical reaction of the sample within the sampling lines. Both water cooling 

of the rake bo8y and steam heating of the gas sample lines within the rake 

were incorporated into the design. Water cooling of the rake body was required 

to protect the rake from damage due to the high temperature environment at the 

combustor exit. Steam heating of the gas sampling lines was employed to pre- 

vent the condensation of hydrocarbon compounds and water vapor within the 

sampling lines. 

Samples were routed from the test section to the sample-analysis system 

through stainless steel sample lines. These lines were steam-heated to main- 

tain the sample temperature close to 423 K. 

The Contaminants Analyzed and Recorded On-Line (CAROL) system was used 

to measure gaseous emissions. This system conforms to SAE ARP 1256A he£- 

erence 9) and consists of four basic instruments: a flame-ionization detector 

(FID) for measuring total HC concentrations, two nondispersive infrared ana- 

lyzers for measuring CO and CO2, and a heated, chemiluminescent analyzer for 

measuring NO and N02. 

Outputs from the CO, C02, HC, and NO, analyzers of the CAROL system were 

continuously recorded on strip-chart recorders and manually recorded for later 

input to an emissions-data-reduc t ion computer program that calculates exhaust- 

emission concentration indices, combustion efficiency, and sample fuellair 

ratio. 

Smoke samples were also routed to the control room through the steam 

heated lines and the smoke levels measured with a test procedure which con- 

forms to SAE ARP 1179A (~eference 10). The smoke measurement console houses 
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Figure 15. Gas Sample Rake Quick-Quenching Probe Tip  Design. 



a f i l t e r i n g  instrument,  water t r a p ,  vacuum pump, and flow meter. The f i l t e r -  

ing u n i t  conta ins  Whatman No. 4 f i l t e r  paper. I t  has a f ixed  f i l t e r i n g  a r e a  

of  3.87 cm2 and pro\-ides a leakproof s e a l .  A water t r a p  i s  1.ocated down- 

stveam of  the  smoke f i l t e r i n g  instrument to remove condensed water vapor and 

cond i t ion  the  gas  f o r  flow measurement. A vacuum pump is ueed t o  maintain a 

constant  flow r a t e  a t  low sample p ressures .  A rotometer i s  used t o  monitor 

t h e  gas sample volume flow r a t e .  An electramechanical  t imer  is used t o  

measure the  time required t o  o b t a i n  d i f f e r e n t  sample volumes. The sample 

volume and t i m e  can be used t o  check gas  sample flow r a t e s .  The o p t i c a l  

d e n s i t y  of the  smoke spo t s  is read with a Macbeth Model RD 512 densitometer.  

The smoke number i s  then ca lcu la ted  according t o  the  procedure l i s t e d  i n  ARP 

1179A. 

Figure 16 shows the l o c a t i o n  of the  gas sample rakes  r e l a t i v e  t o  the  

reverse  flow combustor. Two of the  rakes  were d i r e c t l y  i n  l i n e  with p i l o t  

swirl cups and two were i n  l i n e  with the  c a t a l y t i c  r e a c t o r s .  When the  b a s i c  

p a r a l l e l  s t a g e  combustor was t e s t e d ,  t h e  rakes  were located i n  the  same 

p o s i t i o n s  so  t h a t  two were i n  l i n e  and two between p i l o t  cups. However, a l l  

four of the rake inner elements sampled gases from the  c a t a l y t i c  r e a c t o r s  

(Reference Figure 5) .  The f i v e  sampling p o r t s  on each rake could be read 

i n d i v i d u a l l y  o r  ganged toge the r .  For most of the t e s t s ,  one rake i n  l i n e  with 

a p i l o t  swirl cup and one rake i n  l i n e  with a c a t a l y t i c  r e a c t o r  were read 

ind iv idua l ly  t o  determine p r o f i l e  c h a r a c t e r i s t i c s .  The o t h e r  two rakes  were 

ganged f o r  s i n g l e  samples from each rake .  The ganged rake samples g e n e r a l l y  

agreed very wel l  with the  average of the  individual  samples from the  rake i n  

an equivalent  p o s i t i o n  r e l a t i v e  t o  the  swi r l  cops o r  c a t a l y t i c  r e a c t o r s .  No 

gas samples were taken i n  l i n e  with the  end s w i r l  cups t o  minimize any possi-  

b l e  t e s t  r i g  end wal l  e f f e c t s .  

Both the combustor l i n e r  temperatures qnd t n e  c a t a l y t i c  r e a c t o r  bed tem- 

pe ra tu res  were a l s o  measured. Figure 17  i l l u s t r a t e s  a t y p i c a l  arrangement f o r  

measutiilg the  c a t a l y t i c  r e a c t o r  e x i t  temperatures f o r  t h e  reverse  flow combus- 

t o r .  One sheathed platinum Type I3 thermocouple (T/C) was mounted a t  the cen- 

t e r  of each r e a c t o r .  For t h e  two end c a t a l y r t r ,  s i x  T/C'r i n  a d d i t i o n  t o  the  

c e n t r a l  T/C were used t o  determine the  p r o f i l e  ac ross  the  r e a c t o r r .  Sheathed 
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chromel-alumel TIC'S ( ~ y p e  K) were used for  the p r o f i l e  measurements. Both 

types of TIC'S were led i n  from the a f t  end of the reactors  a d  were held i n  

place with ceramic cement. 

Figure 18 shows typical combustor l i ne r  metal temperature and c o d u s t o r  

wall s t a t i c  pressure drop instrumentation. 

5.1.2 Sector Combustor Test Procedures 

The sector  combustor t e s t s  were limited t o  0.4 MPa due t o  t e s t  r i g  struc- 

t u r a l  l imitations.  This pressure level  constraint resul ted i n  t rue operating 

conditions for l i gh t  off and up through engine i d l e  conditions. A t  hign-power 

conditions, the t rue erlgine ?:.:.locities, temperatures, and f u e l l a i r  r a t i o s  were 

used. However, the a i r  flow and fue l  flow ra t e s  were reduced t o  sca le  with 

the t e s t  pressure level.  This tes t ing  procedure has been successfully ut i -  

l ized i n  the development of many a i r c r a f t  gas turbine engine combustion sys- 

tems. Typical engine conditions used t o  evaluate the combustor performance 

were l igh t  o f f ,  id le ,  approach, 60% engine power ( the  condition selected for  

i n i t i a l  fueling of the ca t a ly t i c  reac tor ) ,  c ru ise ,  climb, and takeoff opera- 

t ion. 

Measurements of par t icular  i n t e r e s t  a t  the i d l e  and approach engine power 

conditions were the combustion eff ic iency and the CO, HC, and NOx emissions 

levels .  A t  the 63% power condition, smoke levels  and the combustor discharge 

rad ia l  prolCile shape while operzting on p i l o t  only and copbusticn eff ic iency 

of both stages a f t e r  switchover t o  combined operation were the major areas of 

i n t e r e s t .  A t  c ru ise ,  the NOx emissions level  and the rad ia l  p ro f i l e  were 

major parameters to  be investigated. A t  takeoff conditions,  NO, and l i ne r  

temperatures were the major items of in te res t .  The ca t a ly t i c  reactor operating 

temperatures and autoignition i n  the premixing ducts were c r i t i c a l  items a t  

a l l  times when the combustor main s tages were fueled. 

Typical t e s t  conditions for the operating points l i s t e d  above a re  pre- 

sented i n  Table 4. A t  many of these t e s t  conditions, parametric t e s t s  were 

also conducted to  determine the e f f ec t s  of reference veloci ty  changes, fue l  

s p l i t s  between the p i lo t  and the main s tage,  f u e l / a i r  r a t i o  changes, e t c .  







The CAROL gas analysis system was calibrated before each run using the 

gases indicated in Table 5. 

Table 5. Emission Instrument Calibration Gases. 

Because much of the testing involved operation at or near the catalytic 

reactor temperature limits, any problems in setting test conditions could lead 

to hardware damage. Whenever a reactor was overtemperatured, the entire set 

was replaced in order to assure consistency between tbe reactors. For the 

last portion of the testing program, individual fuel control valve: were used 

in the lines to the four catalytic reactors. Using this control system while 

monitoring the catalytic bed thermocouple readings allowed test points to be 

set very close to the limiting temperature. 

Gas 
Constituent 

co2, 

c o s  PPm 

HC*, PPm 

~ x * ,  PPm 

5 .2  SUBCOMPONENT TEST RIGS 

Extensive subcomponent testing was conducted prior to the full scale 

sector-combustor teats. The purposes of these subcomponent tests were to: 

Verify that the airflow patterns in the premixing ducts were uniform. 
Any flow separation could lead to long fuel residence times and auto- 
ignition during the high temperature combustion tests. 

* Calibrated in ppm Ct14 using C3H8 span gas. 

**Calibrated with NO, span gas. 

. 
Span Gases 

1 

2.48 

23 3 

2 

3.96 

647 

268 
1 -- 

268 699 

29.8 68 
29.8 68 

3 

5.85 

945 

4 

7.95 

2380 

-- 
1446 

-- 
287 

- 
-- 
-- -- 



Conduct screening tests of possible fue l  in jec tors  for  the premixing 
~ e c t  ions of the ca t a ly t i c  reactors .  

Conduct fue l  mixing and spreading t e s t s  of the  premixing ducts a t  
pressure levels  t o  be used during the coebustion tests. 

Conduct performance tests on c a t a l y t i c  reactors  to  s e l ec t  a configu- 
ra t ion  f o r  use during the ful l -scale  sec tor  combustor t e s t s  and t o  
generate pressure correct ions for  ca t a ly t i c  reactor  performance t o  
be applied t o  the 0.41 WPa s e c t o r - c d u s t o r  test data .  

Two types of test r i g s  were used f o r  these tests: ambient pressure and 

terperature  r i g s  and high pressure r igs .  

5.2.1 M i e a t  Pressure Rigs 

The low pressure ai r f low pa t te rns  and fiiel i n j ec to r  screening t e s t s  were 

conducted i n  p l a s t i c  rode ls  of the  premixing ducts.  Perforated p l a t e s  vere 

used a t  the e x i t  of the premixing duct models t o  simulate the pressure drop of 

the ca t a ly t i c  reac tors  and, therefore ,  give the same a i r f l o v  pat terns  as i n  an 

ac tua l  combustor. In the case of the  p a r a l l e l  staged coobusCor, a f l a t  sec tor  

model (two dimensional) was used. Figures 19 and 20 show prlotographs of t h i s  

model. Figure 21 shows the premixing duct wall contours. 

For the reverse flow combustor with cy l indr ica l  c a t a l y t i c  reactors ,  a 

ful l -scale  cy l indr ica l  m d e l  was used f o r  the ambient pressure t e s t s .  This 

model was a l so  constructed of p l a s t i c  and used a perforated p l a t e  t o  simulate 

the c a t a l y t i c  reac tor  flow r e s t r i c t i on .  A photograph of t h i s  model is shown 

i n  Figure 22. 

various fue l  i n j ec to r s  vere evaluated i n  the two premixing duct types 

during the  ambient pressure screening t e s t s .  Typical fue l  in je - tor  designs 

fo r  the p a r a l l e l  staged annular ducts a r e  shown i n  Figure 23 and concentrated 

on spray r ings and spray bars of various types. Fuel in jec tors  considered fo r  

the reverse flow coannular ducts a r e  shown i n  Figure 24. Both spray bars or  

tubes and pressure atomizing nozzles were evaluated. Fuel nozzles a r e  con- 

sidered appropriate for  use i n  the  cy l indr ica l  ducts because the spray pa t te rns  

(conical)  are  symmetrical with the ducts.  







Figure 21 .  Parallel-Staged Combustor Premixing Duct Wall 
Contours and Instrumentation 
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Figure 23.  Parallel-Staged Combustor (Annular) Fuel Injector. 
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Premixing 
Duct I n l e t /  

(a) Plain Jet  Fuel Tube 
(Holes a t  4.5' o r  90') 

C 
A-A (b) Plain Je t  Fuel Tube 

With Air Baf f l e s  

( c )  Pressure Atomizing Fuel Nozzle 
With Venturi 

(d) Pressure Atomizing Nozzle 
With Dual Spray Angle 

( e )  Fuel Tube with Defiector Plate  

Figure 24.  Reverse Flow Combustor (Cannular) Fuel Injector Designs. 



Ambient Prerrure Rig Inst rumentat ion 

The inatrumentation for the ambient pressure duct tests consirted of wall 

static pressure taps, traversing single-element pressure probes to determine 

airflow pattern8 and sampling probes to collect fluid at the discharge of the 

perforated plates. The wall static pressure tap Socations are shown in Figure 

21. Total pressure traverse probe positions were at 2.54 cm from the duct 

inlet, at 2.54 cm from the duct exit and at the exits of the perforated plates. 

Traversing probes to collect fluid used to simulate fuel were mounted at the 

duct exit. The fluid collection probes are shown in Figure 20. Graduated 

cylinders were used to determine the volume of fluid collected from each probe. 

A similar probe arrangement was used to collect the fluid during tests of the 

reverse flow combustor premixing duct. 

Ambient Prersure Rig Test Procedures 

Flow patterns and wall static pressure measurements were conducted with 

ambient pressure and temperature air. The airflow r,,tes were set to obtain 

approximately the same pressure loss across the perf~rrated plate as would 

occur on the catalytic reactors in a combustor (3% t o  4%). 

During the fuel injector screening tests, water was used to simulate 

fuel. The objective of these tests was to screen potential fuel injector 

candidates to achieve uniform fuel (water) distribution at the premixing duct 

exit. In order to minimize gravitational affects on the water droplets, the 

teat rigs were used in a vertical attitude with the airflow direction from 

the top to the bottom of the rig. 

Test conditions for the ambient tests of the parallel and reverse flow 

designs are shown in Table 6. 

The most important criteria for judging fuel diatribution uniformity from 

the ambient tests with water was the atandard deviation, a, of all of the sam- 

pler taken. In addition to the overall standard deviation, other statistical 

data was calculated to further characterize the flow distributions. For the 

annular duct (parallel-staged combustor) r,adial and circumferential standard 

deviations and the kurtosis were also calculated. The radial atans4ard devia- 

tion and the kurtosis are based on the averages of the values in each of the 
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ten circumferential sampling raws used. The kurtosis is a measure of the 

flatness of peakedness of a distribution curve. A flat distribution has a 

kurtosis of 1.7, concave curves have a kurtosis less than 1.7, convex curves 

have a kurtosis greater than 1.7, with the kurtosis of a normal distribution 

being around 3. The kurtoais of distribution is given by the fourth moment 

divided by the square of the second moment, or, 

kurtosis = 

where : 

Xi is an individual sample volume 

- 
X is the average of the grouping in question 

and 

n is the sample size. 

The circumferential distribution data, and the kurtosis, are based on the 

averages of the values at each of the 18 radial stations. 

High Pressure Test Rigs 

To verify the performance of the fuel distribution system and duct mixing 

developed in the ambient tests, tests at sector combustion inlet tesr condi- 

tions were condircted in the sector combustor test rig (Figure 11) for the 

parallel-staged design. klowver, for these fuel distribution tests, only the 

premixing duct and the catalytic reactor were used. The assembly of the duct 

and the reactor were mounted directly in line with the gas sample rakes of the 

test rig as shown in Figure 25. In the case of the reverse flow design, a 

separate test rig was utilized. The cannular catalyst configuration was 

tested in a high pressure teat rig capable of 1.6 MPa and 815 K. The test 

rig and instrumentation are shown in Figure 26. This test rig consisted of 

sections of 15 cm diameter, schedule 40 stainless steel pipe with appropriate 

flanges, instrumentation ports, and a fuel injector mounting boss. The . 



/-Inlet Instrumentation Plane r F ~ e l  Inlet 

Figure 25. Test Rig for Fuel Distribution Tests of Parallel-Staged Combustor Premixing 
Duct. 



Figure 26.  High Pressure Subcomponent Test  Rig Assembly f o r  Fuel D i s t r i b u t i o n  and 
C a t a l y t i c  Reactor Performance T e s t s .  



c a t a l y t i c  r eac to r  and p r e r i x i a g  duct  assembly were rounted i n  one of the  t e s t  

r i g  f langes .  This 15 cm pipe  r i g  was used f o r  both f u e l  d i s t r i b u t i o n  t e s t s  

f o r  the  reverse  f low combustor and f o r  performance t e s t s  o f  the c a t a l y t i c  

r e a c t o r s .  . 

Daring the  performance t e s t i n g  of  the  c a t a l y t i c  r e a c t o r s  ( a f t e r  the  t e s t  

of the  second conf igurat ion) ,  a s h i e l d  was added t o  t h e  t e s t  r i g  j u s t  a f t  of  

the  c a t a l y t i c  r e a c t o r  t o  reduce poss ib le  r ad ian t  hea t  l o s s  f r o o  t h e  c a t a l y t i c  

r e a c t o r  t o  the test r i g  w a l l .  This s h i e l d  was added i n  two increments of  

approximately 8 and 5 cm ( t o t a l  13 ca). Also, both the  t e s t  s e c t i o n  and the  

i n s t r u r e n t a t i o n  were insu la ted  t o  reduce hea t  losses .  

The candidate  c a t a l y t i c  r e a c t o r  conf igura t ioas  a r e  l i s t e d  i n  Table 7. A l l  

of  t h e  conf igura t ions  used a precious  metal  c a t a l y s t  appl ied  on an alumina 

washcoat. The d i f f e r e n t  conf igura t ions  re?resent  d i f f e r e n t  s u b s t r a t e  materi-  

a l s  and d i f f e r e n t  c e l l  germetr ies  i n  o rde r  t o  determine the  e f f e c t  of these  

parameters on performance. A l l  of the  conf igura t ions  had two elements sepa- 

r a t e d  by a spacer except f o r  Configuration 3. Configurations l and 3 used t h e  

same c e l l  densi ty .  Configuration 2 used an increased c e l l  den.sity r e l a t i v e  t o  

1 and 3. Configuration 4 used an increased c e l l  d e n s i t y  i n  the  forward e l e s e n t  

and the  same d e n s i t y  a s  Configurations ! and 3 i n  the  a f t  element. The pres- 

s u r e  drop f o r  these  c a t a l y t i c  r e a c t o r s  ianged from 3% t o  4% of the  i n l e t  pres-  

s u r e  with the sing!e-cell, single-element Configuration 3 hiiving t h e  lowest 

p ressure  drop. 

Two of the conf igura t ions  u t i l i z e d  Torvax a-alumina subs t r a c e s  which 

have a recoamended maximum continuous opera t ing  temperature l e v e l  of 1770 K. 

Configuration 2 used a z i rcon  composite s u b s t r a t e ,  which has  a continuous oper- 

a t i n g  temperature l i m i t  o f  1700 K and a mel t ing point  on the  order  of 1920 K. 

Adequate suppl ies  of t h i s  ma te r i a l  were a v a i l a t i e  f o r  t h i s  program, however, 

t h i s  product is no longer cormwrcially a v a i l a b l e .  The forward s e c t i o n  of the  

four th  conf igurat ion had a lower maximum concinuoue use temperature of 1623 K. 

However, s u b s t r a t e  temperatures achieved i n  tSe forward s e c t i o n s  of the  cata- 

l y t i c  r e a c t o r s  a r e  expected t o  be lwer than f o r  the  a f t  sec t ions .  

A phctograph of  one of  the  c a t a l y t i c  r e a c t o r s  i n s t a l l e d  i n  a housing i s  

shown i n  Figure 27. The c a t a l y t i c  r e a c t o r  housing used i n  the  high pressure  







catalytic reactor tests is identical to the housing used in the Reverse-Flow 

sector combustor (Figures 8 and 10). 

High Pressure Rig Instrunentation 

During some of the testing (fuel/air distribution tests), fuel/air ratio 

profiles were lneasured for a nonburning condition. During these tests, an 

uncooled gas sampling rake was used. 

The system utilieed for these measurements is shown in Figure 28. The 

samples were burned in a catalytic oxidizing cell and the fuel/air ratio then 

determined from the C02 concentration in the products. With the system 

used, dilution airflow could be added in the case of samples with very high 

fuel/air ratios. In these instances, the dilution air is carefully metered 

to accurately adjust the measured fuel/air ratio value to the actual value. 

During the combustion tests with catalytic reactors in the high pressure 

15 cm diameter rig, water cooled gas sample rakes were used and the same gas 

analysis equipment used for the sector combustor tests (Paragraph 5.1) was 

used to determine the performance. For the first catalytic reactor test, gas 

samples were extracted close to the catalytic reactor exit. For the remainder 

of the tests, the gas sanqie rake was moved aft to provide the same gas resi- 

dence time aft of the reactor as was available between the catalytic reactor 

and the combustor exit in the engine configuration. 

Catalytic reactor bed temperatures were measured during some of the tests. 

Figure 29 shows the thermocouple locations for the first catalytic reactor 

test which was typical. Thermocouples were located at the inlet and exit of 

the forward element, at the exit of the downstream element, and in the space 

between the two elements. Platinum thermocouples were used for the catalytic 

reactor bed temperature measurements. 

The premixing ducts were instrumented to detect any signs of autoigni- 

tion of the fuellair mixture during the X g h  pressure tests. Chromel-alumel 

thermocouples attached to the duct walls were used for this purpose and the 

locations are indicated in Fig~,e 26. 
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High Pressure  Rig Test  Procedure8 

The i n i t i a l  t e s t s  conducted i n  the  high p ressure  r i g s  (Figures 11 and 26)  

were f u e l  d i s t r i b u t i o n  measurements f o r  var ious  candidate  f u e l  i n j e c t o r s  and 

premixing duct  conf igurat ions .  These t e s t s  were conducted without combustion 

and an uncatalyzed s u b s t r a t e  was used i n  the  c a t a l y t i c  r e a c t o r  housing t o  pro- 

v ide  the  proper system pressure  l o s s .  The f u e l  d i s t r i b u t i o n  a t  the  c a t a l y t i c  

r e a c t o r  e x i t  p lane  was determined by gas  ana lys i s .  The fue l  d i s t r i b u t i o n  

t e s t s  f o r  the  p a r a l l e l  s taged combustor were l imi ted  t o  0.4 MPa p ressure  

because of the  s e c t o r  t e s t  r i g  s t r u c t u r a l  l i m i t a t i o n s .  The t e s t s  f o r  the  

reverse  flow combustor were conducted i n  the  15 cm d i a m t e r  p ipe  r i g  and were 

conducted a t  p ressures  up t o  11 MPa. I n  both r i g s ,  t e s t s  were conducted with 

i n l e t  temperatures up t o  810 K (conibustor i n l e t  temperature a t  takeoff  condi- 

t ions  1. 

The subcomponent performance t e s t s  of  the  c a t a l y t i c  r eac to r  configura- 

t i o n s  were a l l  conducted i n  the  15 cm diameter p ipe  r i g  with the primary 

measurements being premixing duct wa l l  temperatures ( t o  d e t e c t  a u t o i g n i t  i o n ) ,  

c a t a l y t i c  r e a c t o r  bed temperatures,  and gas samples a t  the reac to r  e x i t .  

The major t e s t  opera t ing cond i t ions  were approach, c r u i s e ,  and takeoff  

condi t ions .  Approach power condi t ions  with low i n l e t  temperatures were the 

most severe from the  standpoint  of achieving perzormance, while takeoff  condi- 

t i o n s  presented t h e  most severe  condi t ions  r e l a t i v e  t o  opera t ing temperatures 

because of the  high i n l e t  temperature and cycle  f u e l l a i r  r a t i o .  

The t e s t  condi t ions  f o r  these  inves t iga t ions  a r e  presented i n  Table 8. 

Most of the c a t a l y t i c  r e a c t o r  performance eva lua t ions  were made a t  0.41 MPa 

p ressure  s i n c e  that 'would  be the  s e c t o r  combustor condi t ion.  However, t e s t s  

were a l s o  conducted up t o  1.1 MPa t o  genera te  presaure  cor rec t ions .  Fuel 

flows were var ied  over a  range f o r  each conf igurat ion t o  determine the e f f i -  

ciency c h a r a c t e r i s t i c s  versus  f u e l l a i r  r a t i o .  Each conf igurat ion was run up 

t o  a  f u e l  f low where the bed temperature l i m i t  was reached. During the  t e s t -  

ing ,  a i r f l o w  r a t e s  were a'so var'ed (genera l ly  t o  lower valuea)  t o  determine 

v e l o c i t y  e f f e c t s .  These parametric v a r i a t i o n s  i n  t e s t  condi t ion were se lec ted  

dur ing t h e  t e s t s  depending an the  c a t a l y t i c  r e a c t o r  performance l e v e l s .  



Table 8. Subcomponent High Prersure Rig (15 cm diameter) Teet 
Point Schedule for  Evaluation of Catalyt ic  Reactors. 

Cycle Condition 

Approach 

60% Power 

Cruise 

SLTO 

Pressure, 
MPa 

0.41 

1.1 

0.41 

1.1 

0.41 

1.1 

0.41 

1.1 

Temperature, 
K 

635 

63 5 

71 7 

71 7 

745 

745 

814 

8 14 

Airflow, 
kg/ e 

0.19 

0.51 

0.18 

0.48 

0.16 

~ u e l / A i r  
Ratio 

0.005 to  Reactor 
Temperature Limit 



6.0 RESULTS AND DISCUSSION 

The i n i t i a l  t a s k  i n  t h i s  program involved the  t e s t i n g  and development of  

f u e l  i n j e c t i o n  systems f ~ c  uniform f u e l  d i s t z i b u t i o n  t o  the  c a t a l y t i c  r e a c t o r .  

The second major e f f o r t  ws- the  eva lua t ion  of severa l  candidate  c a t a l y t i c  

r e a c t o r  systems t o  s e l e c t  the  conf igura t ion  f o r  use i n  the  combustion system 

t e s t s  which c o n s t i t u t e d  the  f i n a l  program a c t i v i t y .  

6.1 FUEL INJECTION SYSTEM TEST RESULTS 

The need t o  achieve very  uniform fue l  d i s t r i b u t i o n  f o r  the  main s t a g e  

( c a t a l y t i c  r e a c t o r s )  of the  combustion system presented a major chal lenge 

dur ing t h i s  program, and an extensive  s e r i e s  o f  subcomponent t e s t s  of fue l  

i n j e c t o r  systems was canducted. The c a t a l y t i c  r e a c t o r  s u b s t r a t e s  u t i l i z e d  

during the s e c t o r  combustor t e s t s  have continuous opera t ing  temperature 

c a p a b i l i t i e s  of  approximately 1700 K ,  a l though somrwhat h igher  temperatures 

a r e  a c c c ~ t a b l e  f o r  shor t  pe r iods  of  time. Thus fo r  a 1700 K r e a c t o r  tempera- 

t u r e  l i m i t ,  any m a l d i s t r i b u t i o n  of f u e l  r e s u l t s  i n  reduced t o t a l  f u e l  flow 

(everage temperature) wi th in  the  r e a c t o r .  A very chall-enging goal f o r  t h e  

l o c a l  f u e l / a i r  r a t i o  (no more than 10% above the  average f u e l l a i r  r a t i o )  

was es tab l i shed  fo r  t h i s  program hased on the  allowable continuous opera t ing 

temperature of the c a t a l y t i c  r e a c t o r s  and the cyc le  takeoff  average f u e l / a i r  

r a t i o  required.  

C a t a l y t i c  Reactor Continuous Operaring 1700 K 
Temperature L h i t  

A i r  I n l e t  Temperature ( ~ a k e o f  f  ~ o n d i t  ions)  814 

Allowablt Peak Temperature Rise 886 

Allowable Peak FuelIAir Rat io  ( f )  
(From Temperature Rise  and I n l e t  
Temperature f o r  Jet-A Fuel) 

f peak 0.0267 
f  uniformity = I -- f  c y c l e  a t  takeoff  0,0243 

= 1.1 



I n  add i t ion ,  the  length of  the  premixing ducts  to  achieve the  uniformity  

indicated above were l imi ted  t o  approximately 13 cm because of the  p o t e n t i a l  

fo r  a u t o i g n i t i o n  of the f u e l  and a i r  mixture a t  some operat ing cond i t ions  

(Paragraph 4 .2) .  

Preliminary screening t e s t s  o f  the  f u e l  i n j e c t o r  systems were conducted 

i n  the  ambient pressure  and temperature t e s t  r i g s  with water i n j e c t i o n  repre- 

sen t  ing the f u e l  i n j e c t i o n .  

P r io r  t o  conducting the  embient d i s t r i b u t  ion  t e s t s ,  an  i n v e s t i g a t i o n  of 

the  ve loc i ty  p r o f i l e r  a t  the  e x i t  of  the  simulated f u e l l a i r  premixing duc t s  

was c a r r i e d  out  t o  a ssure  uniform a i r f l o w  p r o f i l e s .  Any flow s e p a r a t i o n  

would r e s u l t  i n  long f u e l / a i r  r e s iden t  times l o c a l l y  and could . lead to  auto- 

i g n i t i o n .  A s  shown i n  Figures 30 and 31, both the  p a r a l l e l  duct and reverse  

flow duc t s  e x h i b i t  very  uniform v e l o c i t y  a t  the duc t  e x i t .  Although the 

cen te r  duct  v e l o c i t i e s  were somewhat above the  o v e r a l l  average,  the  v e l o c i t i e s  

a t  the outermost measurement a reas  were between 80% and 9GX of the  average 

v e l o c i t y .  

Resu l t s  of  the  water d i s t r i b u t i o n  t e s t s  for  10 p a r a l l e l  duct  f u e l  i n j e c t o r  

conf igurat ions  and 7 r everse  flow duct  f u e l  i n j e c t o r  conf igura t ions  a r e  pre- 

sented i n  Tables 9 and 10, r e s p e c t i v e l y .  Each o f  the  eva lua t ion  parameters,  

0 ,  OR, oc and the  k u r t o s i s  were g iven a r a t i n g  on an a r b i t r a r y  s c a l e  from one 

t o  f i v e  where the  Lowest number represented the  b e s t  performance. The product 

of the individual  r a t i n g s  was used f o r  t h e  o v e r a l l  r a t i n g .  

A t  t h i s  point  i n  the  f u e l  i n j e c t o r  development, t h e  most promising fue l  

i n j e c t o r  conf igurat ions  appeared t o  he the  annular sp ray  r i n g  f o r  t h e  p a r a l l e l -  

s taged duc t ,  Figure 23(a) ,  and t h e  p ressure  atomizing f u e l  i n j e c t o r  f o r  the 

reverse  flow d u c t ,  Figure 24(c).  However, che f l u i d  p r o f i l e s  were genera l ly  

center-peaked and l i t t l e  of the  f l u i d  ( ~ ~ 0 )  followed t h e  duct  contours  a t  the 

duct  e x i t  f l a r e .  It was l i k e l y  t h a t ,  a t  the h igh temperatures a ssoc ia ted  with 

the  ac tua l  engine cyc le ,  the  f u e l  would evaporate and the  vapor would follow 

the a i r s t r eam which was known t o  follow t h e  duct  contour.  Never theless ,  

a  conical  premixing duct  which would avoid the  flow tu rn ing  a t  the e x i t  was 

designed fo r  the  reverse  flow comburtor. I n  order  t o  mainta in  the  res idence 
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Figure 30. Exit Velocity Profile Oamstreaa of Simulated C a t a l y s t  F a c e  for 
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Table 9. P a r a l l e l  Flow Configaration - 820 Dis t r ibu t ion  Test S m a r y .  

Test 

1 

2 

a, 

0.469 
( 3 )  

0.414 
(2) 

Configuration 
(Hole d i m .  and f lu id  AP) 

Carb. Tubes 
> I psiA 

1 Spray Ring 
0.5 an D i a e t e r ,  
35 KPa AP 

Circumferential 
Kurtosis 

2.25 
(4 1 

1.76 
(1) 

3 

4 

5 

6 

7 

8 

9 

10 

Notes: 

Overall 
' Rating 

240 

12 8 

2. Numbers in  parentheses indicate  ranking on a sca le  of 1 to  5 with 
the loweac number representing bes t  performance. 

3. Similar configurations (such as Tests 6, 7, 8,  and 9 )  were run 
with d i f f e r en t  hole pa t te rus  in the spray r i ng ( s ) .  

: Spray Ring 
0.3 rm Dimeter  
35 KPa AP 

1 Spray Ring 
0.3 nm Diameter 
172 KPa AP 

1 Spray Ring 
0.3 m~ Diameter 
414 KPa AP 

2 Spray Rings 
0.3 nm Diameter 
172 KP4 AP 

2 Spray Rings 
0.3 un D i s z t e r  
172 KPa AP 

2 Spray Rings 
0.3 mn Diameter 
172 KPr AP 

2 Spray Rings 
0.3 mm Digmeter 
172 KPa AP 

5 Spray Bars 
1.5 p s ib  

1. Rating - Lowet  n u b e r  

a 

1.03 
(3) 

1.25 
(4) 

a 
R 

0.796 
(3) 

0.893 
(4)  

1.75 
(1) I 

1.69 
(1)  

1.87 
(2 ) 

1.91 
(2 

1.61 
(2 

2.07 
(3) 

1.90 
(2 

2.25 
(4 

60 

24 

8 

48 

240 

72 

12 

Radial 
Kurtosis 

3.16 
(5 

2.72 
(4 

0.853 
l i t  1 (4)  

0.841 
(2) 

0.877 
(2) 

0.784 
(1) 

1.494 
\5) 

1.205 
(4) 

v.686 
1 

576 I 1 . 1 5 5  1 (4) 

3.00 1 0.238 j 

(5)  1 
0.762 

(3)  

0.500 
(1) 

0.700 
(3 )  

0.730 
(3)  

0.498 
(1) 

0.600 
(2 )  

0.736 
( 2 )  

2.77 
(4 

1.77 
(1 1 

2.60 
(4) 

1.53 
(2) 

1.51 
(2 

1-27 
(3 

2.54 
(4 

shows bast  performance. 

0.199 
(1) 

0.375 
(2 

0.333 
(3) 

0.620 
(4 

0.522 
(3) 

0.250 
(1) 

0.473 
(3) 



Table 10. Reverse Flov Configuration - tiZO Distr ibut ion Test Summary. 

Standard Duct 

Test 

1 

2 

3 

4 

5 

6 

7 

Configuration 

P la in  J e t  Fuel Tube-Holes a t  90. 
0.5 mu d i e t e r  hales ,  55 KPa AP 

P la in  Jet Tube with Baff le  
0.5 IEU d i w t e r  holes,  55 XPa AP 

Venturi Nozzle 
517 KPa 3 

Pla in  Jet Tube - Holes a t  45. 
0.5 nan d i e t e r  holes,  55 KPa AP 

Dual Spray Angle Nozzle 
577 KPa AP 

Single Srray Angle Nozzle (90.1 
Simplex Nozzle 73 psiA 

Fuel Tube With Deflector P la te  1 41 KPa AP 

Overal 
Rating 

2 

6 

1 

8 

Note: Rating value i n  parenthesis indicates  ranking f o r  param- 
e t e r  indicated on a sca le  of 1 t o  5 with lowest number 
representing bes t  performance. The overa l l  ra t ing  is 
tile product of the other two rat ings.  

(5) (2) 

a 

0.79 
(2) 

0.84 
(3)  

0.73 
(1 

1.02 
(4) 

Kurtosis 

2.1 
(1) 

1.5 
(2)  

2.0 

I 
2.5 
(2) 

2.4 
(2) 

3.1 
(3)  

2.4 

" E9 
1 5 

10 

1.17 
(5) 

1.16 



t i m e  within the  duct (2  m s  a t  the design poin t ) ,  t he  length of  the conical 

duct was only i versus 13 cm for  the  o r ig ina l  duct configurat ion.  It was 

f e l t  t ha t  t o  achieve adequate fue l  spreading i n  the  very sho r t  length conical  

ducp, some means of  augmenting r a d i a l  fuel  spreading would be required. 

Therefore, vortex generators  were used e t  the duct entrance. The pressure 

drop associared with the vortex generator drag was approximately 0.5% of the 

i n l e t  pressure.  The fue l  nozzle t i p  was located a x i a l l y  i n  t he  duct  entrance 

s o  t h a t  none of the fue l  entered the  separated flow regions a t  the vanes but 

did en t e r  i n t o  the v o r t i c e s  ~ o w n s t r e m  of the vanes. A s e r i e s  o f  t e s t s  waa 

conducted t o  evaluate  the  conical  duct with vortex generators  and presst.-.e 

atomizing nozzles for  the  reverse  flow combustor. Considerable improvement 

r e l a t i v e  t o  the  standard duct was achieved. The standard devia t ion  of the 

f l u i d  samples a t  the duct e x i t  was 0.34 versus 0.73 (Table 10) f o r  t he  e a r l i e r  

tests. Figure 32 shows the r e s u l t i n g  conical  duct configurat ion which used 

th ree  p a i r s  o f  vortex generator blades a t  the duct entrance. 

A t  t h i s  point i n  the program, t h e  s ec to r  combustor r i g  and the high pres- 

sure  pipe r i g  were ava i lab le  and premixing duct f u e l  d i s t r i b u t i o n  tests were 

continued with ac tua l  fue l  a t  elevated pressures  and temperatures. 

The i n i t i a l  high pressure t e s t s  were car r ied  out with both the o r ig ina l  

cy l ind r i ca l  duct design and the  new coqical  duct configurat ion f o r  the  reverse  

flow combustor. Both duc ts  were equipped with the vortex generator blades and 

pressure atomizing nozzles. 

The standard duct ,  when equipped with a simplex fue l  nozzle and vortex 

generators,  did not provide adequate spreading and mixing of  the f u e l  a s  

indicated by center-peaked p ro f i l e s .  Fuel nozzle flow character? .s t ics ,  such 

a s  spray angle and nozzle pregsure drop, had very l i t t l e  e f f e c t  on the  p r o f i l e  

shape. 

The conical  i n l e t  t e s t  r e s u l t s  were a l so  disappoiacing: when the  i n l e t  

was equipped with a simplex iue l  nozzle, center-peaked p r o f i l e s  were obtained. 

Based on these i n i t i a l  r e s u l t s ,  t he  following conclusions were drawn 

r e l a t i v e  t o  the  current  i n l e t  duct  premixing designs: 
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Figure 32. Conical Premixing Duct with  Vortex Generators 
t o  Promote Fuel Spreading and Mixing. 



The increased a i r  d e n s i t y  r e l a t i v e  t o  the  mmbient tests suppresses the 

r a d i a l  spreading o f  the f u e l  drops. The a x i a l  mmentum of the  a i r  is  a t  l e a s t  

10 t imes g r e a t e r  than t h e  r a d i a l  momentum of the  f u e l  drop. This  l ack  o f  f u e l  

d r o p l e t  pene t ra t ion  a t  pressure  was a l s o  ind ica ted  i n  premixing duct  t e s t s  

conducted a t  NASA ( ~ e f e r e n c e  11).  

I n  order  t o  permit more f u e l  spreading,  t h e  s tandard duct was modified 

with an extension added :o t h e  i n l e t .  The purpose of the  larger-diameter 

i n l e t  was t o  permit the  f u e l  d rop le t s  t o  pene t ra te  f u r t h e r  ac ross  the duct  i n  

the  lower v e l o c i t y  a i r  i n  t h e  forward s e c t i o n ,  However, the  i n l e t  extension 

increased the  duct  res idence time from 2.0 t o  6.6 m s .  The vor tex  genera to r s  

were removed from t h e  t h r o a t  of the duct  t o  e l imina te  a poss ib le  f lane-holding 

source  u i t h  upstream f u e l  i n j e c t i o n .  The r e s u l t s  of  these  tests a r e  shown i n  

Figure  33. Although the  p r o f i l e s  were improved from the  o r i g i n a l  s tandard 

duc t ,  t h e  peak fuelt 'air  r a t i o s  were s t i l l  above t h e  des i red  l e v e l .  

Based on the  test r e s u l t s  obtained i n  the  one-atmosphere tests and t h e  

high-pressure subcomponent t e s t s ,  i t  was concluded t h a t  the  ve ry  chal lenging 

goal  of  ob ta in ing  a uniform f u e l / a i r  p r o f i l e  v i t h  a peak value  wi th in  10% of 

t h e  average - h t h  on ly  2 m s  res idence time would r e q u i r e  ex tens ive  add i t iona l  

development. Therefore ,  a  longer conical  duct  with 11 m s  res idence time was 

const ructed t o  determine i f  a d d i t i o n a l  added mixing length  would provide t h e  

des i red  p r o f i l e s .  The 11 m s  t i m e  w a s  se lec ted  based on a u t o i g n i t i o n  and f lash-  

back c r i t e r i a  ( ~ e f e r e n c e  12) f o r  opera t ion i n  the  subcomponent and s e c t o r  com- 

bus to r  t e s t s .  With t h i s  res idence time, a u t o i g n i t i o n  would not  be expected 

below a pressure  of  1.2 MPa aa shown i n  Figure 34. Both the s e c t o r  combustor 

t e s t s  and the high p ressure  pipe t e s t s  were t o  be conducted a t  p ressures  below 

t h i s  l e v e l .  However, it is  recognized t h a t  i n  an engine a p p l i c a t i o n  where the  

pressure  i s  much higher ,  the  res idence times would have t o  be redwed  t o  avoid 

f lashback and &uto ign i t ion .  A s  expected,  much improved f u e l l a i r  p r o f i l e s  were 

obtained,  approaching the  t a r g e t  l eve l .  The r e s u l t s  f o r  t h e  t e s t  with the long 

(41 cm) con ica l  duct  a r e  shown i n  Figure 35. A t  the  takeoff  cond i t ion ,  t h e  

f u e l  d i s t r i b u t i o n  met the  o b j e c t i v e  l e v e l .  A t  approach cond i t ions ,  t h e  p r o f i l e  

exceeded the goal  somewhat, but  with the lower i n l e t  temperature and cyc le  

f u e l l a i r  r a t i o  t h i s  p r o f i l e  was f u l l y  adequate. The long con ica l  duct  was 

se lec ted  a s  the  i n l e t  des ign f o r  t h e  i n i t i a l  r eve rse  flow s e c t o r  combustor 

t e s t i n g .  
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Flgure 33. Premixing Duct E x i t  Fuel D i s t r i b u t i o n  with  Increased Length. 
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Nert ,  the  f u e l l a i r  d i s t r i b u t i o n  t e s t s  a t  e levated pressures  and tempera- 

t u r e s  were c a r r i e d  out  f o r  the  p a r a l l e l  duct  system. The t e s t  was conduc rd 

i n  t h e  s e c t o r  combustor t e s t  r i g ,  and the  d a t a  was acquired with gas  sample 

rakes  a t  the  c a t a l y t i c  r e a c t o r  d ischarge  plane. Typical  r e s u l t s  obtained a r e  

shown i n  Figure  36. The r e s u l t s  were encouraging s ince  the  peak-to-metered 

values  were s i g n i f i c a n t l y  lower than those  obtained i n  the  ambient t e s t s .  

However, f u r t h e r  improvements would even tua l ly  be required t o  meet the goal  

l e v e l  of  1.1 peak t o  average f u e l  d i s t r i b u t i o n .  

A t  t h i s  p o i n t ,  f u e l  i n j e c t i o n l d u c t  systems were se lec ted  f o r  t h e  cambus- 

t i o n  t e s t  phase. For the  reverse  flow comb~*ator, t h e  long con ica l  duct with 

vor tex  genera to r s  and s i n g l e  p ressure  atomizing n c ~ x l e  was se lec ted  even 

though the res idence time was 11 me. This  conf igura t ion  would be adequate f o r  

opera t ion  t o  approximately 1.24 MPa pressure  opera t  ion without au to ign i t ion .  

This  pressure  l e v e l  would be high enough f o r  a l l  of the  planned high-pressure, 

c a t a l y t i c  r e a c t o r  t e s t s  and would provide considerable  margin f o r  t h e  0.41 

XPo sector-combus t o r  t e s t s .  

Tl-e s i n g l e  r i n g  f u e l  i n j e c t o r  and the  o r i g i n a l  length premixing duct ( 2  

m s  r es idence  time) were se lec ted  f o r  the  para l le l -s taged combustor. Even 

though the  ob jec t ive  f u e l  d i s t r i b u t i o n  had not ye t  been achieved, it was con- 

s idered beyond the  scope of  the  cur ren t  program t o  redes ign and b u i l d  new 

duc t s  f o r  the  para l le l -s taged combustor. The duc t s  involve compound curva- 

t u r e s  and would r e q u i r e  long lead times fo r  procurement. 

A s  w i l l  be shown i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t  (Sect ion 6.31, e f f o r t s  

t o  improve f u e l  d i s t r i b u t i o n  were continued during the  sec  tor-combustor t e s t -  

ing .  The goal  level  of 1.1 peak t o  average f u e l  d i s t r i b u t i o n  was even tua l ly  

achieved by t h e  a d d i t i o n  of perfora ted  p l a t e s  j u s t  upstream of the  f u e l  

nozzles.  The perfora ted  p l a t e s  caused a marked improvement i n  f u e l  d i s t r i -  

but ion becauee the  i n l e t  a i r f l o w  p a t t e r n  could be b e t t e r  matched t o  the  

f u e l  spray p a t t e r n  by s e l e c t i n g  the  proper s i z e  and loca t ion  of the  perfora- 

t i o n s .  The increased turbulence  of the a i r  j e t s  a l s o  improved the  mixing 

process.  
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6.2 SINGLE CAN CATALYTIC REACTOR PERFORMANCE TESTS 

Single  can c a t a l y t i c  r e a c t o r  t e s t s  were conducted t o  s e l e c t  the c a t a l y t i c  

r eac to r  conf igura t ion  f o r  use i n  t h e  sector-combustor t e s t s  and t o  i n v e s t i g a t e  

the  e f f e c t s  o f  opera t ing pressure  on c a t a l y t i c  r e a c t o r  performance. The pres- 

su re  c o r r e l a t i o n s  generated during these  t e s t s  would be used t o  c o r r e c t  the 

four-atmosphere, sector-combustor t e s t s  to  engine p ressure  l e v e l s .  The s i n g l e  

can,  c a t a l y t i c  r e a c t o r  t e s t s  were conducted a t  p ressure  l e v e l s  rsnging from 

0.41 t o  approximately 1.11 MPa i n  the  t e s t  r i g  previously  i l l u s t r a t e d  i n  Figure 

26. This is  t h e  same t e s t  r i g  a s  used i n  the  high p ressure  f u e l  d i s t r i b u t i o n  

t e s t s .  

Four c a t a l y t i c  r e a c t o r  conf igura t ions  were evaluated dur ing t h i s  t e s t  

s e r i e s  and a  r epea t  t e s t  on one of the conf igurat ions  was conducted. 

During the  course of the  s i n g l e  can c a t a l y t i c  r e a c t o r  performance t e s t -  

ing ,  a number of improvements were made t o  the  t e s t  r i g  and instrumentation.  

Because of these  changes and the  f a c t  t h a t  the second c ~ ~ n ~ i g u r a t i o n  d id  not  

e x h i b i t  r e s u l t s  up t o  expec ta t ions ,  a  repeat  t e s t  of Configuration 2 was 

cc,nducted. The r e s u l t s  f o r  Conf igurat ion 1 a r e  probably not  as  r e l i a b l e  as  

f o r  the  o the r  t e s t s .  T e s t s  o f  Configurations 3, 4,  and the repeat  of Configu- 

r a t  ion 2 is ,  t h e r e f o r e ,  t h e  primary b a s i s  fo r  these  d i scuss ions  . 
Light o f f  i n  the  c a t a l y t i c  r e a c t o r s  proved t o  be no problem a t  any o f  the  

t e s t  condi t ions .  A c t i v i t y  i n  the  c a t a l y t i c  r e a c t o r s ,  a s  indicated by bed 

thermocouples, was observed almost as soon as  f u e l  was introduced i n t o  the  

system. Although no s t eady-s ta te  readings were taken a t  the very  low f u e l l a i r  

r a t i o s ,  the  d a t a  i n  Figure 37 shows t h a t  even f o r  the  approach power condi- 

t i o n s  s i g n i f i c a n t  a c t i v i t y  was present  a t  f u e l l a i r  r a t i o s  down t o  a t  l e a s t  

0.01 which was below t h e  required s t eady-s ta te  opera t ing cond i t ions  fo r  t h e  

c a t a l y t i c  r e a c t o r s  ( ~ e f e r e n c e ,  Table 2 ) .  Figure 37 a l s o  shows t h a t  a t  the 

approach power condi t ions  (T i n l e t  = 631 K) high combustion e f f i c i e n c i e s  were 

not achieved even a t  f u e l l a i r  r a t i o s  i n  excess o f  0.020. It was apparczt  t h a t  

l i g h t  o f f  would be no problem but combustion e f f i c i e n c y  would need improvement. 

A 1  though c a t a l y t i c  r e a c t o r  opera t  ion  i s  not required a t  approach cond i t ions  

(T i n l e t  = 633 K), i t  is required a t  60% power (T i n l e t  - 717 K ) .  It appeared 
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t h a t  a t  the  low power cond i t ion  the  c a t a l y t i c  r eac to r .  bed temperatures d i d  not 

reach the expected l e v e l s .  As shown i n  Figure 38 a t  633 K i n l e t  temperature, 

the  bed temperatures were below pred ic t ions ,  but were above p red ic t  ions a t  81 1 

P i n l e t  temperature. 

Cmbust ion e f f i c i e n c i e s  a s  a funct ion of f u e l l a i r  r a t i o  f o r  the  four  con- 

f i g u r a t i o n s  a r e  shorn a t  c r u i e s  condr t ions  i n  Figure 39. The t e s t  d a t a  f o r  

the  repeat  t e s t  o f  Configuration 2 a r e  presented i n  t h i s  f igure .  Configur'l- 

t i o n s  2 and 4 were c l e a r l y  super io r  and reached the  t a r g e t  e f f i c i e n c y  l e v e l  of 

99% within  the bed temperature l i m i t a .  Configuration 2 reached a l e v e l  of 

99.9% wi th in  the  temperature limits and was se lec ted  a s  the chdice f o r  t h e  

s e c t o r  combustor t e s t i n g  t o  follow. Configuration 2 a l e o  had the  s u b s t r a t e  

ma te r i a l  with the h igh melt ing point which was a l s o  coneidered a d e s i r a b l e  

f ea tu re .  

The NOx emissions l e v e l s  were a l s o  measured during these  t e s t s  end were 

well  below the  c r u i s e  o b j e c t i v e  l e v e l  of 3.0 g/kg fo r  the  o v e r a l l  combustion 

syntem. As shown i n  Figure 40, t h e  NOx emiss ic ,~s  i n d i c i e s  were l e s s  than 1.0. 

Most of the t e s t  d d t a  were a t  0.41 MPa, the s e c t o r  combustor pressure  l e v e l ,  

but f o r  one point  a t  1.1 MPa, the  NOx emission index d id  n a t  increase  from the 

l e v e l s  measured a t  the  lower pressures .  Other i n v e s t i g a t o r s  have a l s o  found 

t h a t  NOx emissions l e v e l s  were independent of opera t ing pressures  fo r  premixed 

systems ( ~ e f e r e n c e  13). Aleo, t h e r e  was no apparent  increase  i n  NOx with 

f u e l / a i r  r a t i o  over the  range t e s t e d .  

Unburned hydrocarbons and carbon morloxide were a l s o  measr ed. The hydro- 

carbon emission i n d i c i e s  were q u i t e  h igh as  expected when the  combustion e f f i -  

c ienc i e s  were Law, and decreased s t e a d i l y  a s  combustion e f f i c i e n c y  was 

increacred. The carbon monoxide emissions were low a t  the very  low e f f i c i e n c y  

l e v e l s  (below 50x1, increased i n i t i a l l y  a s  e f f i c i e n c i e s  increased t o  about 

70%, and then decreased again  a s  the combustion e f f i c i e n c y  level: approached 

100%. Some r e e u l t s  a r e  presented i n  Figure 4 1  f o r  c r u i s e  opera t ing cond i t ions .  

The e f f e c t s  o f  pressure  and re fe rence  v e l o c i t y  on c a t a l y t i c  r eac to r  per- 

formance were a1 so determined. The combined e f  f e c t s  o f  f lame temperature,  

r e fe rence  v e l o c i t y ,  and pressure  on combustian e f f i c i e n c y  were c o r r e l a t e d  using 

mul t ip le- regress ion analyses .  The following funct ional  form was used f o r  t h i s  

analys is :  
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where s, F, V r e f ,  and Tadi, a r e  the eff ic iency ( i n  percent) ,  the operating 

pressure leve l  (paia) the reference veloci ty  ( f t / r ) ,  and the adiabat ic  flame 

temZerature ( *  F),  respectiucly. A, B ,  an4 C a r e  constants determined by the 

regression analysis.  Functional forms s imilar  t o  the above expression have 

bee3 used in  previous cor re la t ions  of emissions from conventional cmbt~s to r s  

and ca t a ly t i c  reactors  ( ~ e f e r e n c e s  5 and 14!. 

Results of the above regression analysis a r e  presented i n  Table 11. The 

f i r s t  c a t a l y t i c  reactor  t e s t  and the i n i t i a l  t e s t  of Configuration 2 were not 

included i n  the cor re la t ion  because the t e s t  techniq-ies - e r e  noL -.Ie same as 

for  the l a s t  three t e s t s .  Also, not a l l  of the variables  were investigated 

for  a l l  of the ca t a ly t i c  reactors .  Therefore, some blanks appear i n  the 

table.  The cor re la t ions  w9re done only fo r .  t e s t  da t a  wich combustion ef f i -  

c iencies  of 70% or  above $3 t ha t  only da t a  of prac t ica l  i n i e r e s t  was used. 

Table 11. Combustion Efficiency Correlation Constants. 

Coefficient B, fo r  re:erence veloci ty ,  was based on rly one t e s t  but i s  

the same as determined during a previous ca t a l  yc i c  combust ion program ( ~ e f e r -  

ence 14). Coefficient C for  adiabat ic  flame temperature was evaluared for a l l  

three O F  the t e s t s  :n Table 11 and good agreement was obtained. The pressure 

coef f ic ien t ,  A ,  was based on only one of the t e s t s .  

Catalyt ic  Reactor Configuration 
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The c o r r e l a t i o n  f o r  combustion e f f i c i e n c y  can be used t o  c o r r e c t  from 

the  0.41 MPa p ressure  used i n  the  sector-combustor t e s t s  t o  t h e  h igher  

pressrrres t h a t  would occur i n  an engine. 

I n  summary, the single-can high p ressure  r i g  t e s t s  r e s u l t e d  i n  t h e  

s e l e c t i o n  of a c a t a l y t i c  r e a c t o r  conf igura t ion  which met the e f f i c i e n c y  goal  

a t  the  des ign  f u e l / a i r  r a t i o  and appeared t o  have NOx emissions l e v e l s  well 

wi th in  t h e  range required t o  meet the program g o a l s  when used i n  a combustion 

system, which would include I p i l o t  s t a g e  dome. The t e s t s  a l s o  provided the  

nacessary r e l a t i o n a h i p s  f o r  e f f e c t s  of  cambustor i n l e t  temperature, pressure ,  

and reference  v e l o c i t y  or, c a t a l y s t  performance t o  make ad justmenta t o  t h e  

subsequent s e c t o r  combustor t e s t a  a t  0.41 m a  t o  p r e d i c t  the  performance at 

a c t u a l  engine opera t ing cond i t ions .  

6.3 FULL-SCALE SECTOR COMSUSTOR SYSTEM TESTS 

The pian f o r  t h e  saitor-combustor development phase involved conducting 

two base l ine  t e s t s  each on t h e  bas ic  para l le l -s taged combustor and t h e  reverse- 

flaw combustor followed by an a d d i t i o n a l  s i x  tests on t h e  most promising o f  

the  two combustor systems. 

Baseline s e c t o r  Combust-r T e s t s  

The reverse  flow combustor, instrumented and ready f o r  i a s t a l l a t i o n  i n  

t h e  t e s t  r i g ,  i s  shown i n  Figure  42. The p a r a l l e l  s taged combustor i n s t a l l e d  

on the t e s t  . ~g mounting p l a t e  is shown i n  Figure  43. 

During the  f i r s t  t e s t  of  each of  these  combustots, h igh  combustion e f f i -  

c i e n c i e s  0 9 9 % )  could not  be  achieved with the c a t a l y t i c  r e a c t o r s  without 

exceeding the  s a f e  opera t ing  temperature 02 1700 K .  When t h e  combustors 

were operated a t  60% power on the  p i l o t  s t a g e  only,  t h e  combustion e f f i -  

c i e n c i e s  were i n  excess  o f  99.7% demonst-rating the  s a t i ~ f a c t o r y  performance 

of the p i l o t  s tage .  However, when both the p i l o t  and the  c a t a l y t i c  r e a c t o r  

main s t a g e s  were fue led ,  t h e  cmbined system combustion e f f i c i e n c i e s  were l e s s  

than 85%. This  was the  case  regard less  o f  the  f u e l  s p l i t  between the p i l o t  







and mail. s tage and even when the residence time i n  the c a t a l y t i c  reactor  was 

increased by reducing the combustion system airflow. Some of these tes ;  

r e s u l t s  a r c  presented i n  Table 12. 

Even with increased i n l e t  temperature and reduced a i r f low r a t e s ,  the 

e f f ic iency  of the system did not exceed 85%. These e f f i c i enc i e s  were based 

on gas samples extracted a t  the combustor e x i t  plane. 

The baeic pa ra l l e l  flow combustor was in  good condition following the 

f i r s t  t e s t .  Photographs of the hardware a re  shown in  Figures 44 and 45. How- 

ever, for  the  reverse flow combustor, the c a t a l y t i c  reactors  experienced damage, 

shown in  Figure 46, a s  the r e s u l t  of poor fuel d i s t r i bu t ion  caused by blockage 

from insu la t ion  tha t  was used on the  fue l  l ines .  A port ion of - the insu la t ion  

blankets was torn loose by a i r  turbulence and the debris  lodged on the forward 

face of the c a t a l y t i c  reactors .  Figure 47 shows one of the blocked r eac to r s .  

Based on the e a r l i e r  single-can, catalyt ic-reactor  t e s t s ,  i t  was known 

tha t  improved performance could be achieved by reducing the c a t a l y t i c  reactor  

reference ve loc i ty .  The decis ion was made t o  reduce the reac tor  reference 

ve loc i ty  iu. *he sector-combustor from a nominal value of 30 t o  15 m / s .  With 

the reduced veloci ty ,  the c a t a l y t i c  reac tor  pressure drop would a l so  be 

reduced. In  order t o  maintain the overa l l  combustion sys tern pressure drop and 

maintain normal p i l o t  airflow, i t  was necessary t o  introduce a pressure drop 

i n  s e r i e s  with the reactors .  This  was accomplished by the addi t ion of per- 

forated p l a t e s  a t  the entrance t o  the premixing ducts.  It  was decided t o  use 

the ex is t ing  hardware and accept the reduced reac tor  a i r f low associated with 

the reduced reference ve loc i ty  i n  order t o  avoid a lengthy redesign and hard- 

ware procurement cycle .  In  e f f ec t .  the  t e s t  was conducted with and undersized 

main s tage  r e l a t i v e  t o  the  p i l o t  s tage.  Powever, the combustor performance 

charac te r i s t icn  could s t i l l  be determined with t h i s  approach. 

Figures 48 and 49 show perfgrated p la tes  mounted on the premixing duct 

i n l e t s  of the p a r a l l e l  staged and revers? flow combustors, respect ively.  

The addi t ion of perforated p l a t e s  (and pressure drop) a t  the premixing 

duct i n l e t s  provided another and very important benef i t .  The a i r  p ro f i l e s  

downstream of the p e r f o r ~ t e d  p l a t e s  could be contrql led by the hole  pa t te rn  



Table 12. Combustion Efficiency for Initial Combustor Tests. 

Tj Inlet  Temperature, K 

f - Overall PuellAir Ratio 

fp - Pilot FuellAir ~ a t i o ( l )  

En - Reactor CuellAir 

Basic Para1 lel-Staged Combustor 

Cabuat ion Efficiency, percent 

Reverse-Plw Combustor 

60% Power 60% Power 

(1) Based on pilot atage a i r  €Lou only 

(2) Based on catalytic raector airflow 

(3) Combustion System reference velocity ruduced 25% 

* 

718 

0.0064 

0.0171 

--- 

715 

0.0258 

0.0323 

0.02 16 

7 10 

0.016 

0.0376 

-- 

~ . ~ e o f f ( ~ )  

8 13 

O.OL64 

0.0186 

0.0180 

~ r u i s e ( 3 )  

744 

0.0172 

0.0192 

0.0199 

718 

0.0217 

0.045 

0. Q226 

85zt3) 

778 

0.0163 

0.0186 

0.0179 

719 

0.007 

0.0187 

--- 
84.9 82.7 99.8 76.9 99.8 99.6 85 

717 

0.0162 

0.0184 

0.0178 

83.7 

7 18 

0.0149 

0.0183 

0.0156 

76.4 79.8 















conf igurat ion t o  match the  f11el spray pa t t e rn .  Also, t h e  turbulence  f r m  the  

jet mixing probably con t r ibu ted  t o  t h e  f u e l  and a i r  mixing i n  the  premixing 

ducts .  Very uniform f u e l / a i r  d i s t r i b u t i o n ,  meeting the  program o b j e c t i v e  of a  

peak t o  average r a t i o  of 1.1, was achieved. Figure 50 p r e s e n t s  p r o f i l e s  

measured with the reverse  flow combustor i n  t h e  s e c t o r  combustor t e s t  r i g .  

For t h i s  t e s t ,  the  long premixing duc t s  (11 d s  res idence time) were used. 

The p r o f i l e s  were ca lcu la ted  from thermocouple readings taken i n  the  c a t a l y t i c  

r e a c t o r  bed. 

A s i g n i f i c a n t  improvement i n  r e a c t o r  performance was achieved with the 

reduced reference  v e l o c i t y .  Both o f  the  combustor des igns  opera ted with h igh 

combustion e f f i c i e n c y  f o r  t h e  f i r s t  time and with no r e a c t o r  dmage  o r  melt ing.  

Figure 5 1  shows the p o s t t e s t  d ischarge  end o f  the  c a t a l y t i c  r e a c t o r  from the  

para13 el-staged combus t o r .  

A t  60% power, the  engine cond i t ion  where t h e  c a t a l y t i c  r e a c t o r  is f i r s t  

fueled,  the  combustion e f f i c i e n c y  was i n  excess of  99% f o r  both t h e  reverse  

flow and the bas ic  p a r a l l e l  s taged combustors. Data a t  the  60% power condi- 

t i o n  i s  presented i n  Figures 52 and 53. 

Figure 52 shows r a d i a l  gas  sample d a t a  with f u e l l a i r  r a t i o  (FAR), EINO,, 

and combustion e f f i c i e n c y  ( 0 )  p l o t t e d  a s  a  percentage of passage he igh t  f o r  

the  reverse  flow combustor. There were four ,  five-element gas  sample rakes 

located i n  the  ins t rumenta t ion s e c t i o n  a s  descr ibed i n  Paragraph 5.1. Two of  

the  rakes  were read ind iv idua l ly  and two were ganged. For t h e  reverse  flow 

combustor, one ind iv idua l ly  read and one ganged rake  were located i n  l i n e  

with the c a t a l y t i c  r e a c t o r  and one each were between r e a c t o r s  and t h e r e f o r e  

i n  l i n e  with p i l o t  dome swirl cups. The readings fo r  the  ganged rakes  a re  

indicated by arrows i n  Figure 52. The r a d i a l  f u e l l a i r  r a t i o  p r o f i l e s ,  Figure 

52(a ) ,  were u n i f o ~ m  (very  f l a t )  i n  l i n e  with both the reac to r  and the  p i l o t  

s w i r l e r s ,  with the reac to r  somewhat r i c h e r .  The l e v e l  of  the two p r o f i l e s  i s  

determined by the  f u e l  s p l i t  between the  p i l o t  and c a t a l y t i c  r eac to r .  Note 

t h a t  a tu rb ine  r o t o r  e f f e c t i v e l y  i n t e g r a t e s  the temperature p r o f i l e s  i n  the 

c i rcumferen t i a l  d i r e c t i o n  and, t h e r e f o r e ,  would experience a  f l a t  p r o f i l e  

corresponding t o  the  average of the  two ind iv idua l  p r o f i l e s .  The combustor 

p a t t e r n  f a c t o r  which is r e l a t e d  t o  the  tu rb ine  s t a t c .  l i f e  and is  defined as: 
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0.6 0.8 1.0 1.2 1.4 

/ f 
f~ocal Average 

(As Calculated from Thermocouple Measurements) 

Figure 50. Fuel Distribution for Reverse-Flow Premixing Duct with 
Perforated Plate Inlet. 
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q, percent 
I c )  

Figure 53.  Radial Profiles of Fuel/Air Ratio (FAR), N4, Emissions Index (EINOx), 
and Combustion Efficiency (n%) at  60% Power for the Basic Parallel- 
Staged Combus tor. 



Pat  t e r n  Factor * Highest Local Temperature - Average Temperature 
Combustor Temperature Rise  , 

is a func t ion  of  the  h ighes t  l o c a l  temperature. Therefore,  p a t t e r n  f a c t o r  

would be  a funct ion of the f u e l  s p l i t  between t h e  p i l o t  and t h e  c a t a l y t i c  

r e a c t o r  and could be  minimized by using equal f u e l l a i r  r a t i o s  i n  the  two 

s t a g e s  o f  the combustor. 

The NOx emission index, Figure  52(b) ,  is u l t r a  low ( 0 . 3  t o  0 . 4 )  from the  

r e a c t o r  and higher  (2 t o  3 )  f o r  the  p i l o t .  It became r a t h e r  obvious from the  

d a t a  i n  Figure 52 and o t h e r  d a t a  c o l l e c t e d  during t h i s  program t h a t  the r e s u l t s  

from the  ou te r  t h r e e  samples on Rake C are r e p r e s e n t a t i v e  of the  c a t a l y t i c  

r e a c t o r  while t h e  inner  two elements con ta in  a mixture  of gases from the  

c a t a l y t i c  r e a c t o r  and t h e  p i l o t .  Also, the  inner  t h r e e  elements from Rake B 

a r e  most r e p r e s e n t a t i v e  of the p i l o t ,  whi le  the  ou te r  two have a mixture of 

gases .  

Uniformly high cotlbustion e f f i c i e n c i e s  were ind ica ted  f o r  a l l  of  the  gas 

samples whether i n  l i n e  with the  p i l o t  o r  c a t a l y t i c  r eac to r .  

Figure 53 preseri ts  comparable d a t a  f o r  the  bas ic  para l le l -s taged combus- 

t o r .  I n  t h i s  case ,  t h e  inner  elements o f  the  rakes  g e t  samples from the 

annular c a t a l y t i c  r e a c t o r  and the  o u t e r  elements a r e  dominated by combustion 

gases from the p i l o t .  For t h e  t e s t  po in t  shown, t h e  p i l o t  f u e l l a i r  r a t i o  is  

h igher  than t h a t  of the  c a t a l y t i c  r e a c t o r  and t h e  r a d i a l  f u e l l a i r  r a t i o  (and 

temperature) p r o f i l e  is peaked outward. The tu rb ine  r o t o r  would experience an 

outward peaked p r o f i l e  i n  t h i s  case .  

The NOx emissions were g r e a t e r  by a n  order of magnitude than was observed 

f o r  the  reverse  flow combustor. This  was determined t o  be t h e  r e s u l t  of auto- 

i g n i t i o n  and, the re fo re ,  d r o p l e t  burning i n  the  premixing duct .  The auto- 

i g n i t i o n  was promoted by a s t e p  i n  t h e  premixing duct  where the  f u e l  i n j e c t o r  

penetra ted  the s idewal l .  Figure 54 shows the f u e l  i n j e c t o r  mounting por t  and 

t h e  heat  s t a i n  on the  premix duct  s idewal l .  The 0.32 cm h igh  s t e p  i n  the 

s idewal l  t r ipped the  flow and r e s u l t e d  i n  the  au to ign i t ion .  Carbon depos i t s  

were found i n  the  t r ipped region and on t h e  f u e l  i n j e c t o r  tube  near t h e  wal l .  

Na hea t  s t a i n s  o r  carbon depos i t s  were found on the  o the r  s i d e  of the duct .  





The a u t o i g n i t i o n  d id  not  adverse ly  e f f e c t  the  combustion e f f i c i e n c y  and 

high e f f i c i e n c i e s  were indicated by a l l  gas samples. 

Based on these  r e s u l t s ,  the  reverse  flow combustor was se lec ted  f o r  t h e  

refinement t e s t s .  The reasona for  t h i s  s e l e c t i o n  were: 

a High e f f i c i e n c y  combined with low NOx had been demonstrated with 
the reverse-f  low combus t o r  without au to ign i  t ion. Addit ional  t e s t i n g  
vould be required t o  develop low NOx and au to ign i t ion- f ree  perfor-  
mance with the  pa ra l l e l - s t aged  combustor. 

The c y l i n d r i c a l  o r  conical  premixing duc t s  o f  the  reverse-flow com- 
bustor  appeared t o  have more p o t e n t i a l  f o r  achieving uniform f u e l  
d i s t r i b u t i o n  than d i d  the  annular duc t s  o f  the para l le l -s taged com- 
bus t o r s  . 
F l a t  r a d i a l  temperature p r o f i l e s  were measured f o r  the  reverse  flow 
combus t o r .  

The length  from compressor d ischarge  t o  the  tu rb ine  i n l e t  was the 
same f o r  the  reverse  flow combustor a s  f o r  the  E~ combustor. The 
pa ra l l e l - s t aged  combustor required an engine length increase .  

C a t a l y t i c  r e a c t o r  removal from an engine system for  maintenance 
purposes would be considerably  e a s i e r  f o r  the  reverse-flow system 
than f o r  the  annular arrangement of the bas ic  para1 lel-staged 
combus t o r .  

6.3.2 Reverse-Flow Combustor Refinement T e  

The refinement t e s t s  were used t o  f u r t h e r  i n v e s t i g a t e  the range of opera- 

t i o n  of the c a t a l y t i c  combustor, t o  i n v e s t i g a t e  the  use of a reduced length  

premixing duc t ,  and t o  determine the  e f f e c t s  o f  premixing duct  pe r fo ra ted  

p l a t e  ho le  p a t t e r n s .  

6.3.2.1 Combustion Ef f i c i ency  

Figure 55 shows combustion e f f i c i e n c i e s  obtained from ser  1 t e s t s  from 

gas  samples taken d i r e c t l y  i n  l i n e  with the c a t a l y t i c  r e a c t o r  f o r  a range of 

i n l e t  temperature and 0.41 MPa pressure .  The r e a c t o r  e f f i c i e n c y  i s  approxi- 

mately 60% up t o  0.015 f u e l l a i r  r a t i o  and then r i s e s  r a p i d l y  a s  the f u e l l a i r  

r a t i o  i s  f u r t h e r  increased.  A t  f u e l l a i r  r .a t ios  of  0.022 and above, the  e f f i -  

c i e n c i e s  were i n  excess of  99.5%. I t  is c l e a r  from t h i s  p lo t  t h a t ,  f o r  the  

r e a c t o r  cond i t ions  o f  t h i s  t e e t ,  l o c a l  f u e l l a i r  r a t i o s  must be a t  l e a s t  0.022 

i n  order  t o  o b t a i n  combustion e f f i c i e n c y  g r e a t e r  than  99.5%. This  e s t a b l i s h e s  
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the  minimum reac to r  temperature,  depending on the  i n l e t  temperature. The maxi- 

mum r e a c t o r  temperature is 1700 K and the re  two l i m i t s  e s t a b l i s h  the reac to r  

opera t ing range. 

The i n i t i a l  r eve rse  flow mec tor-combustor t e a t s  were conducted with f u e l  

premixing duc t s  t h a t  were 41 cm long versus 12 cm f o r  the  o r i g i n a l  combustor 

design.  The added length  was t o  provide mcre uniform fue l  d i s t r i b u t i o n .  The 

long length  would be unacceptable f o r  u re  a t  a c t u a l  engine p ressures .  The l a s t  

th ree  of the  four refinement t e s t s  of  the  sector-combustor were conducted with 

the  o r i g i n a l ,  s h o r t  premixing ducts .  A 1  though the f u e l  d i e  t r i b u t  ion was some- 

what poorer with the s h o r t  duc t  (1.23 ve r ru r  1.1 peak t o  average f u e l l a i r  

r a t i o ) ,  no s ign i f i ca r r t  change i n  combustion e f f i c i e n c y  was observed, a s  shown 

i n  Figure  5 5 .  

The sector-combustor t e s t s  were conducted a t  four-stmosphere p ressure  

with a nominal c a t a l y t i c  r e a c t o r  reference  ve:ocity of  15 m/s. Actual engine 

preseures  fo r  the  high-power condi t ions  would be h igher  than i n  the  component 

t e s t s  and would have a b e n e f i c i a l  e f f e c t  on combustion e f f i c i e n c y .  A s  pressure  

is increased,  r e fe rence  v e l o c i t y  can a l s o  be increased with no change i n  com- 

bus t ion  e f f i c i e n c y .  The e f f e c t s  of increased pressure  can be predic ted  w i n g  

the  r e s u l t s  of the single-can, c a t a l y t i c  r eac to r  t e s t s .  The al lowable increase  

i n  reference  v e l o c i t y  oo a funct ion of pressure  was c a l c u l a t e d  f o r  constant  

combust ion e f f i c i e n c y  using Equation 1 (Sect  ion 6.2) and the  c o e f f i c i e n t  8 in  

Table 11. 

For constant  combustion e f f i c i e n c y ,  n, and a d i a b a t i c  flame temperature,  

Tad i: 

A 
(P vrefB) 0.4 W a  Tes t  

" 1  
(P% *) engine pressure  r e f  

and : = 0.561 (P 0.417) 
"ref , engine p ressure  engine ("ref ) ~ e s  t 

where pressure  i s  i n  atmospheres. The e f f e c t  of pressure  on a l lowable  r e f e r -  

ence v e l o c i t y ,  bared on Equation (31,  i s  presented i n  Figure 56. A t  t r u e  
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Combustion Efficiency for Reverse Flow Combustor. 



cruise conditions, the reference veloci ty  could be increased t o  approximately 

23 d s  for the same cmbust ion eff ic iency (99.5%) as  observed i n  the sector- 

combustor t e s t s .  Also, duriag the component t e s t ,  there  appeared t o  be some 

combustion eff ic iency margin. The reactor f a e l l a i r  r a t i o  is  approximately 

0.026 a t  c ru ise  canditions. The efficiency reaches 99.7% a t  a f u e l l a i r  r a t i o  

of  0.022 ( ~ i g u r e  55) .  Therefore, a desibn reference ve loc i ty  for  an actual 

engine, of between 24 and 27 d s  would be an appropriate compramise between 

the 30 d s  used in  the or iginal  d e s ~ g n  and the 15 m / s  used for most of the 

sector-clwbustor t e s t s ,  which were conducted a t  four-atmospheres pressure. 

6.3.2.2 NO, Emissions 

S o ~ e  measured NOx emission ind ic ies  from the reverse-flow Pector combustor 

for  cruise  conditions a re  presented i n  Figure 57. For the gas sample r,akes 

d i r r c t l y  i n  l i ne  with the ca t a ly t i c  reactor ,  very low NOx emissions were 

measured from the outer three elements. However, for  the inner elements some 

of the p i l o t  gases mix with the gases from the reactor and'increase the NOx 

levels .  For the gas sample rakes located between ca t a ly t i c  reactor posi t ions 

a-rd i n  l i ne  with the p i lo t  swirl  cups, the NOx levels  a re  s ign i f icant ly  higher, 

a s  expected, and the emissions leve ls  a r e  representative of the p i l o t  stage. 

The NOx emission level  for  the ca t a ly t i c  reactor  i s  shown as  a function 

of fue l /a i r  r a t i o  i n  Figure 58. As in  the single-can t e s t s ,  there  was no sig- 

nif icant  increase i n  NOx level with reactor  f u e l l a i r  r a t i o  over the range 

tested.  Also, there was no apparent e f f ec t  of pressure on NOx during the 

single-can ca t a ly t i c  reactor  performance t e s t s  (Section 6.2). However, the 

pressure e f fec t  t e s t  data  was not very extensive. Therefore, the NOx emission 

indicies  in Figure 58 were corrected to engine pressure leve l  using a pressure 

r a t i o  exponent of 0.37, which was determined during a previous NASA-sponsored 

program conducted by the General Elec t r ic  Company ( ~ e f e r e n c e  5 ) .  The cortec- 

t ions were made with the expression: 

NOx cortec ted * N"x t e s t  

Figure 59 shows NOx leve ls  measured in  l i n e  with the p i l o t  cups for several 

p i lo t  fue l l a i r  r a t i o s .  A s  would be expected, the NOx var ies  s ign i f icant ly  
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Figure 59. NOX Emission Index Profile for Pilot 
Stage of Reverse-Flow Combustor. 



with p i l o t  fuel  flow. P i l o t  N4, is presented a s  a function of f u e l l a i r  r a t i o  

for  the  p i l o t  s tage  i n  Figure 60. The da ta  of Figure 60 is a l so  shown adjusted 

t o  t rue  engine c ru i se  pressure using 8 pressure r a t i o  exponent of 0.37. The 

corbiaed da t a  from Figures 58 and 60 can be used t o  pred ic t  combustion system 

NO, a s  a function of fue l  s p l i t  between the  p i l o t  and c a t a l y t i c  reactor.  The 

r e s u l t s  a r e  presented i n  Figure 61. The program goal of 3 g Q per kg of  

fue l  can be achieved by using a p i l o t  f u e l l a i r  r a t i o  of 0.017 and a c a t a l y t i c  

reactor  s tage  average f u e l l a i r  r a t i o  of 0.0265. A t  a c ru i s e  i n l e t  terperature  

of 745 K a d  assuming a peak-to-average fuel  d i s t r i bu t ion  of 1.1, these con- 

d i t i o n s  r e s u l t  i n  a peak temperature of 1707 It uhich is e s s e n t i a l l y  a t  the 

continuous operating temperature l i m i t  of 1700 K f o r  the  c a t a l y t i c  reactor.  

6.3.2.3 Emissions for  EPA Landing - Takeoff Cycle 

The same procedures t o  cor rec t  for  pressure e f f e c t s  can be used t o  d e t e r  

mine the emissions leve ls  a t  climb and takeoff conditions t o  make a comparison 

with the EPA standards for the  landing and takeoff cycle .  The r e s u l t s  a r e  pte- 

sented i n  Table 13. Because of the low i d l e  emissions o f  the p i l o t  s tage and 

the low NO, emissions o f  the ca t a ly t i c  reactor  main s tage,  the  EPA standard can 

be met with considerably more than the 25% margin t ha t  was chosen as  a goal for 

t h i s  program. Because of t h i s ,  the  f u e l l a i r  r a t i o s  i n  the  p i l o t  and main s tage 

would be the same a t  the high power conditions i n  order t o  reduce the combustor 

e x i t  pa t t e rn  factor .  With equal f u e l l a i r  r a t i o s  i n  the p i l o t  and main s tage,  

the NOx EPAP level  for the landing and takeoff cycle  would increase from 16 

(Table 13) t o  only 16.7. This is s t i l l  well below the  program goal. 

6.3.2.4 Smoke and Carbon 

One concern a t  the ou tse t  of t h i s  program was the p o s s i b i l i t y  of  high 

smoke leve ls  from the p i l o t  s tage  of the combustor below and a t  the 60% power 

condition. Only the  p i l o t  is fueled between l i g h t  o f f  and 60% power. A t  60% 

power, the overa l l  f ue l / a i r  r a t i o  is 0.0192 and the p i l o t  primary zone equiva- 

lence r a t i o  reaches 1.1 before the switch over t o  a combined operation with 

the c a t a l y t i c  reactor  and main stage. A t  60% power, with pilot-only operat ion,  

the measured smoke number was l e s s  than 1.0 as  compared to  a program goal of 

15. However, combustor smoking tendency i s  known t o  be s ens i t i ve  t o  operating 
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Table 13. Eat imated Emissions for  EPA Landing/~akeof f 
Cycle Bared on 4 atm Sector Combustbr Tests .  

Operational 
Mode 

Id l e  

Approach 

Climb 

Takeoff 

Measured 
EPAP (g/ldY) 

9 

X 
Thrust 

6 

30 

85 

100 

EPAP Goal: 1 1 
25% Below March 24, 1978 
hPaM (g/kN) I I 

Test da ta  above i d l e  power level  adjusted for  
pressure. 

r 

Time 
Minutes 

26 

4 

2.2 

0.7 

25 19 

Emission8 Index g/ kg( l )  

2 . 5  

mx 

4.8 

11.6 

2.9 

6.0 

16.0 

CO 

5.3 

2.6  

3 . 8  

2.9 

11.5 

HC 

0.6  

0.5 

0 . 3  

0 .4  

1.7 



pressure  and the  s e c t o r  tests were conducted at  on ly  0.41 versus  1.9 MPa 

p ressure  f o r  t h e  t r u e  60% power condi t ion.  Therefore ,  t h e  smoking tendency 

o f  the  combustion system should be t e s t e d  a t  h igher  p ressure  i n  any f u t u r e  

work. However, t h e  ultra-low va lues  measured a t  0.41 MPa are very encourag- 

ing.  

No s i g n i f i c a n t  carbon bui ldup i n  e i t h e r  the  p i l o t  o r  the  main s t a g e  of  

the  combustor was observed dur ing the  program. Figures 62 and 63 show t h e  

p i l o t  dome and the  c a t a l y t i c  r e a c t o r  d ischarge  end, r e spec t ive ly ,  a f t e r  a n  

ex tens ive  t e s t  including a wide range of opera t  ion  f r m  p i l o t  on ly  opera t ion  

up t o  h igh power opera t ion  with both  the  p i l o t  and main s t a g e  fueled.  The 

c a t a l y t i c  r e a c t o r s  had no carbon d e p o s i t ,  a s  expected,  s i n c e  a l l  continuous 

opera t ion  is  a t  high power and t h e  c a t a l y t i c  elements a r e  swept wi th  ho t  air  

(up t o  717 K) dur ing the  t i m e  when the  main s t a g e  is not fueled.  The p i l o t ,  

which was based on a previously  success fu l  des ign,  was a l s o  f r e e  of  carbon. 

6.3.2.5 Turbine I n l e t  Temperature Prof i l e a  

Temperature and f u e l l a i r  r a t i o  p r o f i l e s  a t  the  t u r b i n e  i n l e t  (combustor 

e x i t )  were q u i t e  f l a t  f o r  the  reverse-flow combustor. ~ u e l l a i r  p r o f i l e s  f o r  

t h e  c r u i s e  condi t ion a r e  shown i n  Figure 64. More f u e l  was burned i n  t h e  

r e a c t o r  than i n  the  p i l o t  i n  o rde r  t o  minimize NOx emissions;  as a r e s u l t ,  

t h e  f u e l / a i r  r a t i o s  i n  l i n e  wi th  the  r e a c t o r  a r e  h igher  than f o r  t h e  p i l o t .  

However, both p r o f i l e s  a r e  f l a t .  The average p r o f i l e ,  i n  terms of peak-to- 

average f u e l l a i r  r a t i o  which is important  t o  the  tu rb ine ,  was 1 .2  a t  c r u i s e  

versus  a goal  of 1.15. 

A t  h igher  power cond i t ions ,  t h e  p i l o t  f u e l l a i r  r a t i o  could be s e t  equal 

t o  the  f u e l / a i r  r a t i o  i n  the  r e a c t o r ,  s i n c e  the  NOx emissions were met with 

margin and the p i l o t  d i d  not  have t o  be operated i n  a l e a n  condi t ion.  Figure 

65 shows p r o f i l e  measurements f o r  climb condi t ions  with the p i l o t  and c a t a l y t i c  

r e a c t o r  a t  comparable f u e l / a i r  r a t i o s .  The average p r o f i l e  peak-tometered 

o v e r a l l  average f u e l / a i r  r a t i o  was 1.15 which was the goa l .  

No d i l u t i o n  ho le  p a t t e r n  adjustments were made dur ing t h i s  program. It 

is l i k e l y  t h a t  some p r o f i l e  improvement could be r e a l i z e d  a d  th:: improved 

p r o f i l e s  could be achieved a t  c r u i s e  a s  well a s  a t  high power. 
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6.3.2.6 I g n i t i o n  and Lean Blowout 

S i ~ c e  the  emphanlr dur ing t h i s  progrba was on c a t a l y t i c  combuetion, only  

l imi ted  p i l o t  s t age  i g n i t i o n  t e s t i n g  war conducted. I n i t i a l l y ,  t h e  t e a t s  were 

conducted with an i g n i t e r  i n s t a l l e d  through the  p i l o t  s t a g e  inner  l i n e r  i n  the  

primary zone. This r e s u l t e d  i n  the  i g n i t e r  being i n  an inver ted  p o s i t i o n  with 

the  t i p  fac ing upward. With t h i s  arrangement, the  i g n i t e r  t i p  war subjected 

t o  cont inual  f u e l  wet t ing and puddling which prevented r e l i a b l e  spark i g n i t i o n .  

Subsequent i g n i t i o n  was accomplished with a torch i g n i t e r .  Two nozzle f u e l  

flow s i z e s  were t e r t e d  t o  i n v e s t i g a t e  the e f f e c t s  of  f u e l  spray atomization 

over a ranbe of  a i r f lows .  A s  shown i n  Figure 66, l i t t l e  d i f f e r e n c e  between 

the i g n i t i o n  performance of the  two fue l  nozzles was noted. A s  a i r f l o v  and 

dome v e l o c i t y  increased,  t h e  comburtor pressure  drop increased and mixing and 

f u e l  atomization i n  the  swirl cup improved. The r e s u l t s  i n d i c a t e  t h a t  the 

v i l  ~t ;Isnt a f f  and lean blowout performance d id  not  q u i t e  achieve the t a r g e t  

l e v e l s  a t  ground s t a r t  i g n i t i o n .  No p i l o t  i g n i t i o n  c a p a b i l i t y  development was 

conducted under t h i s  program. However, s i n c e  the p i l o t  is  designed s p e c i f i -  

c a l l y  f o r  low power opera t ion ( r i c h  f u e l f a i r  r a t i o s  and low v e l o c i t i e s )  no 

p r o b l a  wou1.i be an t i c ipa ted  i n  achioving the des i red  i g n i t i o n  c a p a b i l i t y .  

No Eormal i g n i t i o n  t e s t s  were conducted with the c a t a l y t i c  r e a c t o r s ,  how- 

ever ,  i n  t e s t s  with i n l e t  temperatures between 636 and 814 K ,  a c t i v i t y  i n  t h e  

c a t a l y t i c  r e a c t o r s  was observed a s  soon a s  fue l  was introduced.  These obser- 

vat  r were made from the thermocouples mounted a t  the  e x i t  plane of the  

c a m  n' . i c  r e a c t o r s .  The lowest des ign point  i n l e t  temperature i s  717 K which 

i a  ac the  SOX engine power cond i t ion  and v e ' l  above those  where rapid i g n i t i o n  

war observed. Also, a s  expected,  no c a t a l y t  i c  r e a c t o r  lean blowout problems 

were ever  encountered during the  program a t  any of  the  t e s t  cond i t ions .  

6.3.2.7 Combustor Reronance 

During the  program, s m e  resonance of the  p i l o t  burner was observed a t  

i d l e  condi t ions .  Analysis  of  acous t i c  s igna la  taken during resonance showed 

t h a t  the wave length  o f  the  r i g n a l  c7rreaponded t o  t h e  length  of the  t e s t  r i g  

plenum chamber. Yhe frequency ranged from 629 t o  750 Hz and was propor t ional  

t o  the  square root  of the  i n l e t  temperature. The p i l o t  des ign was based on 
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the  Energy E f f i c i e n t  Engine combustion system. The E~ p i l o t  does not have 

resonance when t e s t e d  with engine cas ings .  Therefore,  i t  is l i k e l y  t h a t  the  

resonance of the  E~ p i l o t  would cease t o  be a problem with engine cas ings  

which would have s i g n i f i c a n t l y  d i f f e r e n t  acoust ic  c h a r a c t e r i s t i c s  than the  

t e s t  r i g  plenum chamber. .No resonance suppression e f f o r t s ,  such a s  t e s t i n g  

with contoured combustion cas ings ,  was undertaken s i n c e  no damage was 

a t t r i b u t e d  t o  the  resonance of t h e  p i l o t  and no resonance was encountered at 

the  higher i n l e t  temperatures where t h e  c a t a l y t i c  r e a c t o r s  were i n  operation.  

6.3.2.8 Liner  Temperature and Hardware Durab i l i ty  

Liner temperatures presented no s i g n i f i c a n t  pro- lem during t h i s  program 

although some of t h e  temperatures d i d  exceed the  goa l  of 1144 K. The warmest 

spot  an  the  reverse-flow combustor was on the  duc t ,  a f t  o f  t h e  c a t a l y t i c  

r e a c t o r ,  which reached 1214 K at the  takeoff  condi t ions  a s  shob i n  Figure 67. 

No d i s t r e s s  o f  the  hardware w a s  observed and no attempt was made t o  reduce the  

duct operaking temperature. I n  t h e  proposed engine des ign (Figure 41,  t h i s  

duct would have backside convection cool ing which would r e s u l t  i n  lower opera- 

t i n g  temperatures. The component t e s t  combustor had only  f i l m  cool ing on 

the  hot  gas s ide .  The premixing duc t s  genera l ly  operated a t  o r  j u s t  below t h e  

i n l e t  temperature. The c a t a l y t i c  r e a c t o r  housings operated a t  65 t o  158 K 

above the  i n l e t  temperature. The peak temperature was a t  the  space between 

the  c a t a l y t i c  r e a c t o r  elements, poss ib ly  due t o  hot  gas  leakage. 

Durab i l i ty  o f  the  combustor hardware was g e n e r a l l y  good. The major d i f -  

f i c u l t y  was i n  overtemperaturing and damaging the  c a t a l y t i c  reac to rs .  Much of 

the  t e s t i n g  involved operat ion a t  very  c l o s e  t o  the  c a t a l y t i c  reac to r  tempera- 

t u r e  l i m i t .  Several  times during the  program, t h e  temperat*-te l i m i t  of  t h e  

c a t a l y s t  was exceeded and dmage occurred.  When one o r  more of the  reac to rs  

fo r  the  reverse-flow combustor were damaged, t h e  e n t i r e  s e t  was replaced t o  

assure  consistency among the  r e a c t o r s  f o r  subsequent t e s t i n g .  Even so,  t h e  

individual  r e a c t o r s  appeared t o  increase  f r m  t h e  60% e f f i c i e n c y  l e v e l  t o  a 

very high e f f i c i e n c y  l e v e l  a t  d i f f e r e n t  times dur ing the  combuetor s t a r t  up. 

This magnified the  problem of operat ing c l o s e  t o  t h e  c a t a l y t i c  reac to r  tem- 

pera tu re  l i m i t s .  When the  e f f i c i e n c y  f o r  t h e  f i r s t  r e a c t o r  s t a r t e d  t o  r i s e ,  

pressure  drop fo r  t h a t  r eac to r  increased,  reducing i ts  a i r f l o w  and f u r t h e r  





increasing the fue l / a i r  r a t i o .  This increase i n  f u e l / a i r  r a t i o  resul ted i n  a 

corresponding increase i n  eff ic iency.  The s l i g h t  s h i f t  i n  a i r f low t o  the  

o ther  reac tors  tended t o  r e t a rd  t h e i r  rise t o  high combustion eff ic iency.  

In order t o  p r o ~ i d e  b e t t e r  control  i n  s e t t i n g  test points  and reduce hardware 

d r a g e ,  individual fue l  control  valves uere added t o  the  fue l  supply t o  each 

of the reactors .  For c a t a l y t i c  reac tors  with higher operating temperature 

capab i l i t i e s ,  t he  complexity o f  individual fue l  cont ro ls  would not be required. 



7.0 CONCLUDING BBlUBlLS 

During t h i s  program, the  ultra-low NOx emissions l eve l s  which were expected 

with c a t a l y t i c  combustion were demonstrated with an actual  a i r c r a f t  gas turbine 

corbuation system. However, it  does not appear l i ' iely t ha t  c a t a l y t i c  combus- 

t i o n  w i l l  be u t i l i z e d  i n  rodern high presrure  r a t i o ,  high temperature a i r c r a f t  

gas turbines  i n  the  foreseeable future.  Considcrab le advancement i n  ca t a ly t  i c  

reactor  temperature capab i l i t y  would be required before c a t a l y t i c  combustors 

would become prac t ica l .  Also, the  concern about NOx emissions from a i r c r a f t  

engines has $ - h i d e d  and the proposed EPA regulat ions for  N 4 ,  have not been 

p rau lga t ed .  Catalyt ic  combustion s y s t e r s  for  a i r c r a f t  turbine engines w i l l ,  

however, continue t o  look a t t r a c t i v e  because of t h e i r  po ten t ia l  f o r  improved 

hot sec t ion  du rab i l i t y  through improved c a b u s t o r  e x i t  pa t te rn  fac tor  and 

p r o f i l e  . 
The use of  a c a t a l y t i c  corbustion system i n  s ta t ionary  power engines 

would seem to  be more p rac t i ca l  s ince cycle pressures and temperatures a r e  

general ly  lower and NOx emissions l eve l s  a r e  much more s t r ingent .  For the 

overa l l  c a t a ly t i c  c a b u s t i o n  system tes ted  during t h i s  program, NOx emission 

indices  of 3 g/kg appear possible.  This leve l  t r ans l a t e s  t o  approximately 

40 ppm reference 15% oxygen. This represents  a reduction of about 85% f ran  

typ ica l  uncontrolled leve ls  for  a i r c r a f t  derivakive engines burning l iquid 

fue ls .  For the  main s tage c a t a l y t i c  reactor  alone, t he  m i s s i o n s  index was 

l e s s  than 0.5 g/kg o r  approximately 7 ppa~ reference 15% oxygen, which would 

be a 98% reduction from the uncontrolled levels.  Furthermore, i n  s ta t ionary  

power systems, small combustor length and s i z e  a r e  not of c r i t i c a l  importance. 

Relaxation of the reference ve loc i ty  cons t ra in t  imposed i n  the current  pro- 

gram would improve the range of operation of the reactor .  

The deve lopent  of any fu ture  c a t a l y t i c  coabustion system w i l l  require  a 

s ign i f i can t  portion of development e f f o r t  t o  achieve uniform fuel  d i s t r ibu t ion .  

One very successful method t o  achieve uniform fue l  d i s t r i bu t ion  was developed 

on t h i s  program and tha t  was t o  use a flow r e s t r i c t i o n  ahead of the fuel  

i n j ec to r  t o  match the airf low pa t te rn  t o  the fuel  spray pa t te rn  and t o  increase 

turbulence. 



Several areas that were not investigated during th i s  program were long 

time durability o f  the catalysts  and catalyt ic  reactor substrates, e f  feces o f  

transients on the catalyt ic  reactor l i f e ,  and transient operational character- 

i s t i c s  of the overall  system. These areas w i l l  require evalaation i n  any 

future development of  cata lyt ic  combustion systems. 



SUlOURY OF RESULTS 

A combustor program was conducted t o  evolve and t o  iden t i fy  the technol- 

ogy needed for ,  and t o  e s t ab l i sh  the c r e d i b i l i t y  o f ,  using combustors with 

ca t a ly t i c  reac tors  i n  modern high-pressure-ratio a i r c r a f t  turbine engines. 

Two c a t a l y t i c  combustor concepts were designed, fabr ica ted ,  and evaluated. 

The combustors were s ized  f o r  use i n  the NASA/General E l ec t r i c  Energy Eff ic ien t  

Engine. One of the  combustor designs was a basic  parallel-staged double- 

annular combustor. The second design was a l so  a parallel-staged combustor but 

employed reverse  flow cannular c a t a l y t i c  reactors .  

Subcomponent t e s t s  of fuel  i n j e c t  ion systems and of c a t a l y t i c  reactors  

for  use i n  the combustion system were a l so  conducted. 

Major conclusions of t h i s  program were: 

Successful operation with high combus t i on  e f f ic iency  has been achieved 
with an a i r c r a f t  gas turbine combustion system using a state-of-the- 
a r t  c a t a l y t i c  reactor  a s  the main s tage along with a conventional 
p i l o t  s tage fo r  low-power operation. 

Ultra-low NOx emissions l eve l s  that  m e t  the goals  of the program were 
achieved. 

The c a t a l y t i c  reactor  maximum operating temperature l imi t  was the 
major constraint  on the operation of the two ca t a ly t i c  combustion 
systems evaluated. A t  the cruise  operating condition, i n  order t o  
meet the  ultra-low NOx emissions goal,  i t  was necessary t o  operate 
the c a t a l y t i c  reac tor  a t  t he  continuous operating temperature l i m i t  
even when a very uniform fuel  d i s t r i bu t ion  was achieved. Consider- 
able advancement in  the operating temperature capabi l i ty  of cata- 
l y t i c  reactor  mater ia ls  w i l l  be required fo r  successful appl icat ion 
of c a t a l y t i c  combustors t o  very high-pressure-ratio, high tempera- 
tu re  engines of the type considered i n  t h i s  study. 

A considerable e f f o r t  w i l l  be required t o  develop r e l i a b l e  short-  
length, f u e l l a i r  preparation systems to  provide uniform f u e l l a i r  
d i s t r i bu t ion  in to  the c a t a l y t i c  reactors .  

One very promising method for achieving a uniform fuel  d i s t r i bu t ion  
i n  the premixing process is t o  use a pressure drop device (perfo- 
rated p l a t e )  i n  s e r i e s  with the premixing duct t o  provide a means to  
adjust  the i n l e t  a i r  p rof i le .  



A maximum d e ~ i g n  reference ve loc i ty  of 24 to  27 m/s for the cata- 
l y t i c  reactor has been determined for high performance leve ls  at the 
actual engine pressure conditions studied on th is  program. 



9.0 REFERENCES 

Dodds, W.  J . ,  "Advanced C a t a l y t i c  Combustors f o r  Low Po l lu tan t  Emissions, 
Phase I F ina l  Report ," NASA CR-159535, December 1978. 

Lyon, T.F., Dodds, W.J., and Bahr, D.W., "Determination of P o l l u t a n t  
Emissions Charac te r i s  t i c 8  o f  General E l e c t r i c  CF6-6 and CF6-50 Model 
Engines," FAA-EE-80-27, March 1980. 

Control of A i r  Po l lu t ion  from A i r c r a f t  and A i r c r a f t  Engines - Proposed 
Amendments :o Standards,  U. S. Environmental P r o t e c t i o n  Agency, Federal  
Reg i s t e r ,  Volume 43, Number 58, March 1978. 

"Energy E f f i c i e n t  Engine - Prel iminary  Design and I n t e g r a t i o n  S t u d i e s ,  
Final  Report," NASA CR-135444, September 1978. 

Gleason, C . C . ,  Rogers, D.W., and Bahr, D.W., "Experimental Clean Combus- 
t o r  Program, Phase I1 F ina l  Report ," NASA CR-134981, J u l y  1976. 

Gleason, C .C .  and Bahr, D.W., "Experimental Clean Combustor Program, 
Phase 111 F i n a l  Report," NASA CR-135384, June 1979. 

Dodds, W . J . ,  Gleason, C .C . ,  and Bahr, D.W., "Ai rc ra f t  Gas Turbine Low 
Power Emissions Reduction Technology Program - F i n a l  Report," NASA 
CR-135434, October 1978. 

Marek, C .  J .  , Papthakos, L.C. , and Verbulecz, P.W., "Preliminary .Studies  
of Autoigni t ion and Flashback i n  a Premixing-Prevaporizing Flame Tube 
Using Jet-A Fuel a t  Lean Equivalence Ratios,"  NASA TM X-3526, May 1977. 

"Procedure f o r  the  Cont inuoic? Sampl ing and Measurement of Gaseous Emis- 
s ions  from A i r c r a f t  Turbine Sngines," Socie ty  o f  Automotive Engineers,  
Aerospace Reconnnended P r a c t i c e ,  ARP1256A, Revieed October 1, 1980. 

"Ai rc ra f t  Gas Turbine Engine Exhaust Smoke ~ e a s u r e m e n t  ," Soc ie ty  o f  Auto- 
amtive Engineers,  Aerospace Recommended P r a c t i c e  ARP1179A, Revised 
June 15, 1980. 

Tacina,  R . ,  "Experimental Evaluat ion of Premixing-Prevaporizing Fuel 
I n j e c t i o n  Concepts f o r  a Gas Turbine C a t a l y t i c  Cambustor ," NASA TM-73755, 
August 1977. 

Spadaccini ,  L. J .  , "Autoignit ion  Character is  t i c s  o f  Hydrocarbon Fuels a t  
Elevated Temperatures and Pressures ,"  ASME Paper 76-GT-3, March 1973. 

Roffe, G. and Venkataramani, K.S., "Emission Measurements f o r  a Lean 
Premixed PropanefAir System a t  Pressures  up t o  30 Atmospheres," NASA 
CR-159421, August 1978. 

Dodde, W. J .  and Eks ted t ,  E.E. , "Demonstration of  C a t a l y t i c  Combus*;on 
with Residual  Fuel ,  " F i n a l  Report ,  NASA CR-165369, August 1981. 



APPENDIX A - NOMENCLATURE 

EICO 

E IHC 

Pinle t , P3 
PTF 

CO Emission Index, g/kg 

HC Emission Index, g/kg 

NOx Emission Index, g/kg 

Total fuellair ratio 

Pilot fuellair ratio 

Reactor fuellair ratio 

Fuellair ratio sample (from gas analysis) 

Combustor inlet pressure, kPa 

Pat tern factor 

Radiuc. cm 

Smoke number 

Combustor inlet temperature, K 

Maximum pilot liner temperature, K 

Average reactor exit temperature, K 

Reactor exit temperature No. 1, K 

Reactor exit temperature No. 2, K 

Reactor exit temperature No. 3, K 

Reactor exit temperature No. 4, K 

Maximum reactor shell temperature, K 

Average combustor exit temperature, K 

Velocity, mls 

Combustor Airflow, kg/s 

Total combustor fuel flow, g/s 

Pilot fuel flow, g/s 

Reactor fuel flow, g/s 

Pilot Euel injection pressure drop, kPa 

Reactor fuel injection pressure drop, kPa 

Total pressure loes, X 

Combustion efficiency (from gas analysis), X 

Standard deviation 

Premixing duct residence time, me 
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APPENDIX B - CATALYTIC COMBUSTOR SECTOR TEST DATA 

The two c a t a l y t i c  combustors, the  pa ra l l e l - s t aged  and the  reverse  flow, 

were t e s t ed  in a one-sixth s e c t o r  ( 6 0 ' )  por t ion  o f  the  f u l l  s c a l e  combustors. 

A t o t a l  of e i g h t  separa te  t e s t s  were run, two wi th  the  p a r a l l e l  s taged com- 

bustor  and s i x  wi th  the  reverse  flow combustor. A summary of the  combustor 

t e s t  da ta  is given i n  the following t a b l e s ,  along wi th  a b r i e f  d e s c r i p t i o n  of 

the  conf igurat ion t e s t e d  and the  r e s u l t s  of the  t e s t .  The reverse  flow com- 

bustor  r e s u l t s  a r e  f i r s t  preeented,  followed by r e s u l t s  of the  two t e s t s  of  

the  para l le l -s taged combustor. 

Table B-1 s ~ m u r r i z e s  the r e s u l t s  of the  f i r s t  t e s t  of the  - reverse  flow 

combustor ( b a s e l i n e  t e a t ) .  Some plugging of  the i n l e t  t o  the  r e a c t o r s  

occurred during t h i s  t e s t  and some r e a c t o r  damage was sus ta ined.  

Table B-2 summarizes the r e s u l t s  of the  second t e s t  of the reverse  flow 

combustor (Modification Number 1). A per fo ra ted  p l a t e  was added t o  reduce the  

reference  v e l o c i t y  and valves  were added to c o n t r o l  flow t o  the ind iv idua l  

r e a c t o r  f u e l  nozzles.  Good r e s u l t s  (h igh combustion e f f i c i e n c y  wi th  low NOx) 

were obtained.  No s i g n i f  i c a n t  r e a c t o r  damage occurred.  

Table B-3 summarizes the r e s u l t s  of the  t h i r d  t e s t  of the  reverse  flow 

combustor (Modification Number 2 ) .  The combustor conf igurat ion was e s s e n t i a l l y  

the same a s  f o r  the  previous t e s t  but  thermocouples were added a t  t h e  r e a c t o r  

e x i t  t o  obta in  the  e x i t  temperature d i s t r i b u t i o n .  In an at tempt t o  run t h e  

system a t  lower pressures ,  some la rge  temperature excursions occurred and 

s i g n i f i c a n t  r e a c t o r  damage was sus ta ined .  

Table B-4 summarizes the r e s u l t s  of the  f o u r t h  t e s t  of the  reverse  flow 

combustor. The m j o r  combustor change was the use of the s h o r t  premixing duct  

ahead of the reac to r s .  A s  on the  previous t e s t ,  e x i t  temperature d i s t r i b u t i o n  

was measured. A s  expected,  p r o f i l e s  were not as uniform with  the  s h o r t  duct  

as with the  long duct  previously  used. 

Table B-5 summarizies the  r e s u l t s  of the  f i f t h  t e s t  of the  reverse  flow 

combustor. A redesigned pe r fo ra ted  p l a t e  was used which r e s u l t e d  i n  more uni- 

form temperature d i s t r i b u t i o n .  In a d d i t i o n ,  a spectrum analyzer  (Sch lmberger  
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Table  B-1. Clean C a t a l y t i c  Combustor - S e c t o r  T e s t  Data Summary. 

Corbuator Configuration: keverse F l w  Baseline 

Run: Date: November 17-19, 1981 

4 
30 

1.0 
619 
t , 

3 
30 

1.0 
61 6 
415 

Reading Nuber 
Wainal Pouer Setting, I 

Gmbuator Inlet Data 

Fuel Spli t ,  PilotITotal 
T3 - Inlet Temperature, K 
P3 - Inlet Preaaure, kPa 

2 
Idle 

1 .O 
492 
414 

5 
60 

0.456 
718 
414 

Reactor Airf lw = 0.545 YA 

1.297 
28.10 
12.12 
15.96 
0.0217 
0.0215 
0.0226 
545 
1855 

6.99 
1213 
12C2 
1513 --- 
1309 
0.38 

79.6 
165.8 
0.7 
0.0263 
83.7 --- 

996 
1015 

UA - Airflow, kg/. 
Yf - Fuel Plw. g/a 
Vfp - Pilot Fuel F lw,  &/a 
Ytl - Reactor Fuel Flat ,  p,/s 
i - Total Fuel/Air Ratio 
fp  - Pilot FuelIAir Ratio* 
ER - Reactor Fuel/Air Ratio* 
~ P f p  - Pilot Fuel Injector Preaaure Drop, kPa 
AF'fn - Reactor Fuel Injector Yreaaure Drop, kPa 

C a b a t i o n  Exit Data 

AP/P - Total Preaaure Loas, X 
T R ~  - Reactor Exit Temperature No. 1. K 
1 ~ 2  - Reactor h i t  Temperature No. 2. K 
T w ~  - Reactor h i t  Temperature No. 3. K 
Tw - Reactor Exit Temperature No. 4, K 

- 
Ty - Avzrage Reactor Exit Temperature, K 
T4 - Average Comburntor Exit Temperature. K 
PTF - Pattern Factor 

Gaa Analysis Data 

EIW - CO b ias ion  Index. elkg 

I EIHC - UC &isaim Index, g/kg 
El- - k iaa ion  Index. g / 4  
f, - Fuel/Air Ratio ( P r a  Gaa S-ple) 
!I, - Comburntor Efficiency ( F r u  Gas S l p l e ) ,  X 
SII - W e  N d e r  

Metal Temperature~ 

Tp,mx - k x i l u  Pilot Liner Temperature, K 
T R , ~ ~  - I ( .x i ru  Reactor Shell Taperature. K 

*~aaed on Pilot Ai r f lw  = 0.434 WA 

6 
60 

0.544 
715 
412 

1.606 
15.31 
15.31 
0 
0.0095 
0.0220 
0 
614 
0 

4.83 

69 3 
2.31 

28.5 
8.3 
3.7 
0.0056 
98.6 --- 

783 
503 

1.402 1.329 
34.27 
18.65 
15.62 
0.0258 
0.0323 
0.6216 
93 1 
1855 

6.86 
1475 
1291 --- --- 
1211 
0.84 

108.2 
236.7 
2.9 
0.0212 
76.9 -- 

1096 
11b2 

14.87 
14.87 
0 
0.0106 
0.0244 
0 
593 
0 

5.57 

784 
2.92 

5.2 
3.5 
7.1 
0.0061 
W.6 --- 

9 74 
631 

7 
60 

1.0 
710 
418 

. -0.79 
20.79 
0 
0.0148 
0.0342 
0 
1172 
0 

4.69 

866 
2.63 

8.9 
1.9 
10.3 
0.0099 
99.6 
0 

1060 
644 

8 
60 

0 
712 
403 

1.306 
21.34 
21.34 
0 
0.9163 
0.0376 
0 
1234 
0 

4.95 

906 
3.11 

7.8 
3.0 
6.1 
0.0110 
99.6 --- 

1193 
710 

1.320 
14.93 
0 
14.93 
0.0113 
0 
0.0208 
0 
18 34 

6.84 --- 
1695 

- 
1103 
1.18 

20.9 
369. Y 
0.2 
0.0135 
67.4 --- 

798 
713 
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Table B - 3 .  Clean Cata ly t i c  Combustor - Sector  Test Data Summary. 

Combustor Configuration: Feverre Flow Ilodification 2 

Run: 24- Date: February 12, 22, 24, 1992 

Reading Number 
Nominal Pouer Setting, X 

Combustor Inlet 

Fuel Split. PilotlTotal 
T3 - Inlet Temperature. K 
Pj - Inlet Pressure, &Pa 
UA - Airflw, kg/r 
Uf - Fuel Flw, glm 
Wfp - Pilot Fuel Flw, g/r 
WfR - &actor Fuel Plow, g/s 
f - Totrl Fuel/Air Ratio 
fp - Pilot Fuel/Air Ratio* 
f~ - Reactor Puel/Air Ratio* 
APfp - Pilot Fuel Injector Pressure Drop, kPa 
AP~R - Reactor Fuel Injector Pressure Drop, kPr 

Comburtion Exit Data 

&PIP - Total Prersure Losr. 2 
T R ~  - Reactor trit Temperature No. 1, K 
T R ~  - Reactor Bait Temperature No. 2. K 
T R ~  - Reactor Exit Temperature No. 3, K 
T R ~  - Reactor Exit Temperature No. 4, K 
TR - Average Nerctor Exit Temperature, K 
T4 - Average Combuator Exit Temperature, K 
PTF - Pattern Factor 

Gas Analysis Data 

ELCO - CO Eminsion Index, plkg 
ElHC - HC hiasion Index, #/kg 
EI- - N q  Emission Index. g/kg 
f, - Fuel/Air Ratio (Pra Gar Saple) 
n, - Combustor Efficiency (Fra Gar Sample) 
SN - Swke Number 

Metal Temperaturea 

TpnMax - Maximum Pilot Liner Temperature, K 
Tl,bx - bximur Reactor Shell Temperature, K 
t lar red on Pilot Airflw - 0.566 UA 

L Reactor Airflcu = 0.399 WA 

2 
Idle 

1 .O 
49 4 
401 
1.19 
17.2 
17.2 
0 
0.0144 
0.0255 
0 
114 
0 

4.7 

5 
1 
4.8 
0.0135 
99.8 

761 
494 

9 
60 

0.521 
715 
414 
0.86 
16.5 
8.7 
7.8 
0.0192 
0.0179 
0.0217 
30 
21 7 

4.3 
1596 
1695 
1694 
1589 
1644 

3 
0 
4.2 
0.0243 
99.9 

956 
1073 

3 
30 

1.0 
636 
416 
0.98 
13.8 
13.8 
0 
0.0140 
0.0247 
0 
7 5 
0 

4.2 

3 
1 
7.8 
0.0137 
99.9 

941 
639 

10 
Cruise 

0.535 
744 
413 
0.14 
15.2 
8.1 
7.1 
0.0180 
0.0170 
0.0210 
27 
182 

3.3 
1587 
1581 
1575 
1581 
1581 

L 3 
1 
4.4 
0.0213 
99.6 

970 
1026 

11 
Cruise 

0.523 
74 3 
416 
0.14 
15.6 
8.2 
7.4 
0.0186 
0.0171 
0.0222 
29 
202 

3.8 
1577 
1690 
1681 
1570 
1630 

3 
0 
4.1 
0.0231 
99.9 

970 
10$4 

8 
60 

0.542 
718 
410 
0.86 
15.9 
8.6 
7.3 
0.0185 
0.0176 
0.0212 
2 3 
194 

3.5 
1580 
1594 
1587 
1585 
1587 

10 
1 
4.6 
0.0220 
99.7 

956 
1023 

4 
60- 

1.0 
719 
412 
0.91 
24.0 
24.0 
0 
0.0264 
0.0466 
0 
213 
0 

5.4 

13 
0 
14.3 
0.0252 
99.7 

1083 
720 

12 
Cruire 

0.409 
745 
416 
0.64 
12.7 
5.2 
7.5 
0.U150 
0.0108 
0.0223 
LO 
202 

3.1 
1600 
1685 
1688 
1606 
1645 

7 
0 
1.2 
U.0186 
99.8 

91 5 
1071 

7 I 60 

0.583 
71 7 
412 
0.86 
15.4 
8.8 
6.6 
0.0179 
0.0!61 
0.0191 
32 
160 

4.5 
1410 
1424 
1423 
1411 
1417 

3 1 
2 
5.6 
0.0212 
99.1 

955 
958 



Table B - 3 .  Clean Cata ly t i c  Combustor - Sector Test Data Summary. (Concluded) 

Comburtor Configuration: Rterae Plw Modification2 

Run: 14 Date: February 12, 22, 24, '9% 

*~aaed on Pilot Airflw - 0.566 WA 
Reactor Airflow - 0.399 * WA 

Reading Nuber 
Nominal Power Sett ins, X - 

Comburtor Inlet Data - 
Puel Split, Pilot/Total 
Tj - Inlet Temperature, K 
P3 - Inlet Prerrure, kPa 
UA - Airflow, kg/a 
Uf - Pual Plow, g/a 
Wfp - Pilot Fuel Plw, g/r 
Wfn - Reactor Fuel Plow, g/a 
f - Total Puel/Air Ratio 
tp - Pilot Pue1IAir Ratio* 
f~ - Reactor CueI/Air Ratio* . 
dPfp - Pilot Fuel Injector Praaeure Drop, kPa 
d P f ~  - Reactor 7ue1 Injector Preerure Drop, kPa 

Codurtion Exit Data 

bP/P - Total Preraure Lorr, X 
T R ~  - Reactor Exit Temperature No. 1, K 
T R ~  - Reactor Exit Temperature No 2, K 
T13 - Reactor Exit Temperature No. 3, K 
f ~ 4  - Reactor Exit Temperature No. 4, K 
TR - Average Reactor Exit Temperature, K 
T4 - Average Conburtor Exit Temperature. K 
PTP - Pattern Factor 

Gar Analyria Data 

EICO - CO hireion Index, g/kg 
EIHC - HC Clirrion Index, glkg 
RIN% - N 4  Cliarion Index, g/kg 
fa - Puel/Air Rat lo (Pra Car Sample) 
II, - Caburtor Efficiency (Ira Gar Srple) 
SW - Smoke Nu.ber 

Metal Taperaturas 

Tp,nex -  xim mum Pilot Liner Temperature, K 
Tn,mx - Ilrximum Reactor Shell Temperature, K 

20 
Cruime 

0.493 
74 7 
410 
1.12 
21.7 
10.7 
11.0 
0.0193 
O.U16@ 
0.0265 
45 
420 

8.2 
1285 
1659 
1695 
I443 
1521 

9 
1 
2.5 
0.0227 
99.7 

980 
1051 

15 
85 

0,497 
781 
414 
0.86 
15.7 
7.8 
7.9 
0.0185 
0.0162 
0.0232 
29 
21 1 

6.0 
1647 
1689 
1669 
1718 
1681 

4 
0 
4.2 
0.0220 
99.9 

985 
1029 

la . 
Cruire 

0.497 
748 
30 7 
0.64 
12.3 
6.1 
6.2 
0.0193 
0.0169 
0.0242 
15 
140 

5.2 
1685 
1693 
1698 
1.712 
1697 

2 
2 
2.2 
0.0225 
99.8 

961 
1048 

- -  19 
Cruiae 

0.501 
748 
412 
1.01 
18.8 
9.4 
9.4 
0.01Y7 
0.0166 
0.0234 
3 7 
313 

6.4 
1648 
1614 
6 8  
1427 
1587 

12 
1 
3.1 
0.0217 
97.0 

9 70 
1019 

13 
Cruise 

0.578 
743 
416 
0.84 
17.8 
10.3 
7.5 
0.0212 
0.0217 
0.0224 
44 
209 

5.1 
1601 
1685 
'687 
1605 
1645 

2 
0 
6.4 
0.0257 
99.9 

1007 
1084 

16 
100 

0.532 
808 
412 
0.82 
15.4 
8.2 
7.2 
0.0188 
0.0177 
0.0221 
30 
196 

5.0 
1320 
1476 
1589 
1585 
1493 

4 
1 
5.4 
0.0219 
99.9 

1026 
1067 

14 
85 

0.537 
783 
410 
0.84 
15.2 
8.2 
7.0 
0.0182 
0.6172 
0.1)210 
27 
I84 

3.5 
1583 
I580 
1572 
1581 
1579 

7 
0 
4.9 
0.0210 
99.8 

1009 
1065 

17 
100 

0.515 
81 3 
413 
0.82 
15.3 
7.9 
7.4 
0.0187 
0.0170 
0.0227 
M 
206 

4.0 
1659 
1685 
1666 
1643 
1663 

3 
0 
4.2 
0.0207 
99.9 

1029 
1076 
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Model 1510) was used f o r  acous t i c  a n a l y s i s  of  p i l o t  burner resoanance. The 

major s i n g l e  frequency was i n  t h e  620 t o  750 Hz range. 

Table B-6 summarizes t h e  r e s u l t s  of the  s i x t h  t e s t  of the  reverse  flow 

combusto,. Modifications were made t o  the  pe r fo ra ted  p l a t e  to  increase  the  

reference  v e l o c i t y  by about 25%. Poor p i l o t  burner e f f i c i e n c y  was obta ined 

i n  t h i s  t e s t .  

Table B-7 summarizes the  r e s u l t s  of the f i r s t  t e s t  of the  pa ra l l e l - s t aged  

combustor ( b a s e l i n e  t e s t ) .  Overa l l  poor r e a c t o r  performance was obta ined due 

t o  poor f u e l  d i s t r i b u t i o n  and no method of c o n t r o l l i n g  d i s t r i b u t i o n .  Decreas- 

ing re fe rence  v e l o c i t y  improved r e a c t o r  performance. 

Table B-8 summarizes the  r e s u l t s  of the  second t e s t  of the  pa ra l l e l - s t aged  

combustor. For t h i s  run,  t h e  re fe rence  v e l o c i t y  was reduced by t h e  a d d i t i o n  

of a pe r fo ra ted  p l a t e .  There was evidence of burning i n  t h e  duct  ahead of 

the  r e a c t o r .  





Table B-6. Clean C a t a l y t i c  Combustor - Sec tor  Tes t  Data Summary. (Concluded) 

Combustor Configuration: Reverse F l w  - Modification 7 
Run: 19 Date: July 19, 1982 

Reactor Airflow = 0.369 UA 

3 
30 

1 .O 
635 
412 
0.99 
19.0 
19.0 

Reading Nuber 
h i n a l  Power Setting, % 

&&ustor Inlet Data 

Fuel Split, Pilot/Total 
Tj - Inlet Temperature. K 
Pj - Inlet Pressure. kPa 
UA - Airflow. kgls 
Uf - Puel Flw. g/s 
Ufp - 2ilot Fuel F l w ,  818 

4 
60 

1 .O 
716 
406 
0.91 
24.3 
24.3 --- 
0.0269 
0.0500 --- 
2.114 --- 

2.9 

119 
1 
12.5 
0.0246 
97.2 

1200 
851 

1 2  
Idle 

1.0 
49 8 
401 
1.14 
16.7 

5 
60 

0.496 
719 
404 
0.90 
17.8 
8.8 
9.0 
0.0197 
0.0182 
0.0230 
0.294 
1.736 

3.9 
1538 
1609 
1566 
1627 
1585 

172 
54 
2.1 
0.0200 
91.3 

1008 
1055 

U ~ R  - Reactor Fuel F l w ,  g/a 
f - Total Puel/Air Ratio 
fp - Pilot Fuel/Air Ratio* 
f~ - Reactor Fuel/Air Ratio* 
APfp - Pilot Fuel Injector Pressure Drop, W a  
A P ~ R  - Reactor Fuel Injector Pressure Drop. W a  

Codustion Exit Data 

AP/P - Total Pressure Loma, 2 
T R ~  - Reactor Exit Temperature No. 1, K 
T R ~  - Reactor Exit Temperature No. 2, K 
T R ~  - Reactor Exit Temperature No. 3, K 
T w  - Reactor Exit Temperature No. 4. K 
TR - Average Reactor Exit Temperature. K 
T4 - Average Combustor Exit Temperature, K 
PTF - Pattern Factor 

Gas Analysis Data 

EICO - CO hisaion Index. g/kg 
EIHC - HC hission Index, g/kg 
EIW4, - NO, Emission Index, g/kg 
fa - FuelfAir Ratio ( P r a  Gas Smple) 
n s - C o r b u s t o r E E f i c i e n * - ) r ( F r a G a s S m p l e ) . Z  
SN - Smoke Nuber 

Nets1 Temperatures 

Tp,na, - Maximum Pilot Liner Terperature, K 
T R , ~ ~  - Maximum Reactor Shell Te~perature. K 

*~ased on Pilot Airflaw - 0.569 UA 

b 
60 

0.496 
718 
415 
0.89 
17.8 
8.8 
9.0 
0.0200 
0.0185 
0.0234 
0.286 
1.760 

3.2 
1641 
1534 
1594 
1616 
1596 

14 9 
24 
2.2 
0.0213 
94.5 

1011 
1078 

8 
85 

0.602 
J 

415 
0.85 
19.8 
11.9 
7.9 
0.0234 
0.0262 
0.0215 
0.543 
1.429 

3.5 
1694 
1731 
1681 
1703 
1702 

60 
3 
5.8 
0.0233 
98.3 

1138 
1112 

1 7  
Cruise 

0.503 
744 
418 
0.86 
16.4 
8.3 
8.1 
0.0191 
0.0180 
0.0220 
0.253 
1.488 

3.5 
1693 
1703 
1650 
1650 
1674 

14 5 
15 
2.8 
0.0200 
95.3 

1073 
1056 

0.0147 0.0191 ! 0.0274 1 . 0.0357 --- 

9 
TI0 

0.626 
810 
410 
0.82 
20.1 
12.6 
7.5 

, 0.0246 
0.0288 
0.0213 
0.608 
1.337 

3.7 
17U9 
1730 
1686 
1714 
1710 

8 5 
17 
7.3 
0.0240 
96.5 

1183 
1123 

--- 
1.150 --- 

4.5 

6 
4 
5.2 
0.0089 
99.5 

94 1 
569 

--- 
1.390 --- 

4.2 

2 2 
7 
9.2 
0.0132 
99.4 

1118 
739 
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Table B-8. Clean C a t a l y t i c  Combustor - S e c t o r  Tes t  Data Summary. 

W b u s t o r  Conf igura t ion:  P a r a l l e l  Plou With Reduced V I ( E ~ .  

Run: Date: December 17. 1981 

Reading N u b e r  . 
k a i n a l  P e r  S e t t i n g ,  2 

Caburntor I c l e t  Data 

Quel S p l i t .  P i l o t I T o t a l  
T3 - I n l e t  Temperature, K 
P3 - I n l e t  Premaure. kPa 
WA - A i r f l w ,  kg/. 
wf - bel P ~ W .  ela 
Yyp - P i l o t  Fuel Q l w ,  8 1 s  
Wfn - Reactor Fuel P l w .  818 
E - T o t a l  l u e l / A i r  R a t i o  
f p  - P i l o t  Puel/Air Ratio* 
En - Ueactor Puel IAir  Ratio* 
A P f p - ? i l o t F u e l I n j e c t o r P r e r r u r e ~ o p , k P a  
APE. - Reactor Quel l n j e c t o r  P re s su re  Drop. kPa 

Caburntion Ex i t  Data 

APIP - T o t a l  Reamure  Loam. 2 
Tnl - I c a c t o r  lxit Temperature Ib. 1 ,  K 
T m  - Reactor l x i t  Temperature No. 2 ,  K 
Tn3 - Reactor Ex i t  Pc rpc ra tu re  Ib. 3, K 
T w  - R e r t o r  Ex i t  Temperature Ib. 4.  K 
TI - A v e r q e  I c a c t o r  Ex i t  Teq te ra tu re ,  K 
T4 - Average Corbumtor Exi t  Temperature. K 
PTP - P a t t e r n  Fac to r  

6.8 Ana1y.i~ Data 

LICO - CO Ilriaaion Index. g/kg 
Elm: - NC h i a m i o n  Index. g lkg  
11110, - 1 4  Ih i ao ion  Index, g lkg 
f ,  - PuelIAir  Rat io  ( P r a  Cam S m p l e )  
r, - Colbuator E f f i c i ency  ( Q r a  Car S r p l e ) ,  2 
S I  - h o k e  l l u d e r  

Metal Temperature8 
T p , u r  - Maxi- P i l o t  L ine r  Temperature. K 
T l , b =  - m x h u  Reactor S h e l l  I c l p e r a t u r e .  K 

*Based on P i l o t  A i r f l w  - 0.507 VA 
Reactor A i r f l w  = 0.354 WA 

7 
60  

0 
116 
419 
0.98 
5.9 
0 
5.9 
0.- 
0 
0.0169 
0 
39 

2.80 

894 
0.80 

5 
3 
7.6 
O.W)53 
99.b 

7 54 
898 

2 
I d l e  

1 .O 
497 
414 
1.20 
14.4 
14.4 
0 
0.0120 
0.0236 
0 
558 
0 

1.83 

1221 
0.31 

7 
2 
6.1 
0.0226 
99.6 

675 
496 

8 
60 

0 
720 
423 
0.98 
7.1 
0 
1.1 
U.UO72 
0 
0.0204 
0 
6 3  

2.94 

914 
1.17 

3 
1 
8.2 
U.0070 
99.1  

773 
958 

9 
b0 

0.663 
720 
41 7 
0.98 
21.1 
14.0 
7.1 
0.0214 
0.0289 
0.0206 
54 5 
61 

3.14 

1435 
0.29 

3 
0 
13.1 
0.U327 
99.9 

927 
961 

3 
30 

1 .0  
638 
4 14 
1.07 
15.2 
15.2 
0 
0.0143 
0.0282 
0 
669 
0 

2.33 

1374 
0.30 

4 
1 
11.6 
0.0277 
99.9 

830 
637 

5 
60  

0.715 
71 5 
414 
0.98 
19.4 
13.9 
5.5 
0.0190 
0.0279 
0.0159 
558 
30 

2.83 

1471 
0.20 

3 
0 
16.0 
0.9280 
--- 

91 5 
883 

4 
60  

1 .O 
718 
41 2 
0.97 
13.9 
13.9 
0 
0.0143 
0.0282 
0 
552 
0 

2.51 

1401 ' 
0.30 

3 
1 
17.8 
0.0253 
99.9 

894 
717 

6 
60  

0.703 
722 
A19 
0.9Y) 
19.7 
13.9 
5.8 
0.0201 
0.0278 
0.0163 
510 
46 

3.46 

1428 
0.25 

3 
1 
15.8 
0.0303 
99.9 

920 
884 
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Table B-8. Clean C a t a l y t i c  Combustor - Sector Test Data Summary. 
(Concluded) 

Collbuator Coat i p r a c i o n :  P a r a l l r l  Flov With I*d*rcrd Vmr. 

Coduat ion Exit Data 

b?/P - Total  Prraaure b a a ,  2 
T R ~  - L a c t o t  Exit T r p a r a t u r r  Uo. 1, X 
T n  - Roartor Exit t a p a r a t u r r  No. 2, K 
TU - b a c t o r  Exit T a p o r a t u r r  Wo. 3, K 

' T u  - L a c t o r  Lxit  Taporo tu ra  Ilo. 4, X 
TI - Avrra80 L a c t o r  Exit  Tomperaturr, K 
T4 - Avoraga W u a t o r  hit T a p r r a t u r r ,  K 
?TF - Pat ta ra  Factor 

Run: 2 Data: Docmber 21, 1961 

Car h a l y a i a  Data 

EICO - CO t i a r i o n  Index, s/ly 
EIllC - tlC P i r a i o n  Indax, al ly 
11% - 1% tmirr ioa  Iadr r ,  g / ly  
f a  - ?uol/Air Ratio ( ? ? a  0.8 Smple )  
m, - Cabua to r  Lfficiaacy ( t r a  Caa Saupla),  2 
$8 - Smokr IMr r  

m e a l  Tomporaturra 

Tp,l(r= - M x L u  P i l o t  Linar T a p o r a t w e ,  K 1090 
'f~... - W X Y -  L a c t o r  & a l l  Tomprratura, I 1 ::: 1 1 856 

4 
60 

0.629 
716 
414 
1.24 
26.8 
16.9 
9.9 
0.0217 
0.0269 
0.0227 
820 
lo? 

- 
l o a d 1 4  Nubor  

Nolrl~l P w ~ r  S ~ t t i a g ,  X 

Codur to r  In le t  Data 

f u r l  s p l i t ,  ? i l o t / ~ o t a l  
Tj - I n l e t  T a p a r a t u r r ,  K 
P j  - I n l a t  h . r raurr ,  V a  
UA - A i r f l w ,  kg/# 
Ut  - tun1 Flow, s / a  
Vfp - P i l o t  Furl F l w ,  g / r  
U f x  - Reactor Fual t l o v ,  g / r  
f - Tonal F w l l A i r  Ratio 
f p  - P i l o t  Furl/Air k t i o *  
f~ - L a c t o r  F~ i r l /Ai r  Ratio* 
APfp - Pi lo r  Fuel I a j r c t o r  P r ra ru r r  Drop, *Pa 
APfn - L a c t o r  Fuel Injector  Preraurr Drop, kPa 

*Bared oa P i lo t  A i r f l a r  - 0.501 VA 
I r a e t o r  Airflou - 0.354 VA 

2 1 3  
60 

1.0 
113 
4 i6  
0.998 
19.7 
19.7 
0 
0.0197 
0.0389 
0 
1096 
0 

60 

1.0 
719 
41 7 
1.23 
17.5 
17.5 
0 
0.0143 
0.0281 
0 
861 
0 


