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PREFACE

The turb ine emission degradation stud y was conduc ted by Nor ther n
Research and E ng i neerin g Corporation (NREC) as prime contractor , and United

Air Lines (UAL) as primary subcontractor , pursuant to Co-itract No. DOT

FA7~NA-ll00 with the Federa l Aviati ~~i Administration. Also pa rtici pating

as subcontractors in the stud y were Trans World A irlines (TWA) and Federa l

Express.
This interim report is being issued to document the test data

which was obtained in the above stud y. A fina l report wi l l  be issued upon

completion of an extensive degradation ana l ysis of the tes t data. in

add i t ion  to s t a t i s t i c a l ana lyses which have a l read y been accomp l i s h e d ,
Arnold Eng i neering Deve lopment Center w i l l  conduc t an ana ly s i s  emp loying
mathematica l models of eng ine operation.

The program was under the over-all direction of Mr. Melvin Platt

of NREC , the Program Manager. Mr. Platt had responsibility for NREC efforts

as well as coordination of NREC efforts with UAL , TWA , and Federa l Express.

Other major part icipants in the program for NREC were E. R. Norster , R. G.

Hanson , M. Cha ndler , and I. P. Krepch in. Dr. Norster was responsible for

the des i gn of the samp l ing probes , the specifications of the test facility,

and the deve l opment of test procedures. With Mr. Platt , he also guided the

anal ysis of the test data. Mr. Hanson , with the assistance of Mr. Chandler ,

was responsible for all NREC field testing, while Mr. Krepchin was responsi-

ble for all data processing. Also partici pating in the program for NREC

were T. A. Bl att , E. P. Demetri , N. J. Parad ise , W. H. Rob inson , R. D.

Gryzbinski , D. B. Chouinard , C. E. DeLong, and S. D. Ham.

UAL efforts were performed under the over—all direction of L. C.

“Tom” Ell is. Other major partici pants in the program for tJA L were 0. Center ,

F. D ilts , J. G i bson , and R. Johnson. Messrs. Dilts , Gibson , and Johnso n
I

* operated and maintained the emission testing equi pment for all tests of the

UAL JT8D—7, JT3D—3B , JT3D — 7, and JT9D eng ines , w h i l e  Mr. Center des igned
the samp l ing probe attachments for these eng ines and was responsible for
probe manufacture. In addition , ack nowled gment should be g i ven to Mr. R.

Raymond , who coordinated special routinqs of UAL a i r c r a f t  to San F ranc i sco
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for emission testing, and to the SF0 mechanics of UAL who operated the

aircraft during testing under the supervision of Messrs. P. Giampoli ,

P. Snowden , R. Sorenson , and R. Horn.

TWA efforts were coordinated by Gary Ried l . In addition ,

acknowledgment should be g i ven to Mr. C. Doan , who was resp ons i b le  for
special routings of TWA aircraft for emi ssion testing, as we l l  as the
M C I  SF0 maintenance personnel of TWA who operated the aircraft during

testing of the JT8D-9 and RB2 ll eng ines , respective l y, and assisted the

program in numerous ways.

Federa l Express efforts were coordinated by George Boller with

the assistance of E. J. Prestia. In addition , ack now ledgment should be
g iven to the schedulers who routed the aircraft to Memphis for emission

tes t ing  and the mechanics who operated the a i r c ra f t  during the CF700
tests.

The desi gnated Technical Representative of the Federa l Express

Admin i strat ion for this program was Mr. Thomas Rust of the Nationa l

Aviation Facilities Experimenta l Center (NAFEC).

NREC would also like to acknowled ge the cooperation of other

individuals and organizations who contributed to the success of the

degradation program. They are :

• Don Seizinger of the Energy Research and Deve l opment

Administration , Bartlesvi lle Research Center , who
coordinated the ana l ysis of all the jet fuel samples

taken in the program

• Dick Pfuntner of Genera l Electric , Wilmington , Massachusetts ,

who prov ided spec i f i ca t ions  for the special CF700 fue l

flow indicator

• Al Re i nhardt , Don Efler, Ar t Nelso n and others a t the
Pratt and Whitney A i rc ra f t  D i v i s i on  of United Technolog ies •

Corporation , who prov i ded eng ine performance data used in

the analysis of the JT8D, JT3D , and JT9D eng ine types
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• Tony Wasse ll of the Derby Eng ine Division of Rolls—Royce

(1971) Limited , who provided eng ine performance data used

in the ana l ys is of the RB2 1I eng ine type

•Qene Martin of Genera l Electric , Lynn , Massachusetts , who
prov i ded eng ine performance data used in the ana l ys is of

the CF700 eng ine type
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1. I NTRODUC TION

1 . I BACKGROUND

In recent years , i mportant federa l leg islation has been directed

towards the improvement of air quali ty in the United States. Aircraft

have been one source of pollutant L., ssions at which such leg islation has

been directed.

Section 231 of the Clean Air Amendments of 1970 (Ref 1) directed

the Environmenta l Protection Agency (EPA) to establ ish appropriate standards

for the emissions of air pollutants Fr3m aircraft eng ines. At the same

ti’- ~e , Section 232 of the amendments dire cted the Department of Transportation

(an d , ultimatel y, the FAA) to prescribe re gulations to insure comp liance

with all standards. Such standards were i n i t i a l l y proposed as EPA Part 87

in December 1972 and fina l standards were promu l gated in Jul y 1973 (Ref 2).

The availability of a comprehensive draft of “tentative regulations ” was

announced by the FAA in January, 1973 and a Special Federa l Aviation

Regulation concerning i n i t i a l  comp liance with standards was published in

December . 1973 (R ef 3).

Section 87.31 , paragrap h (e) of the aircraft emission standards

states tha t

each in-use aircraft qas turbine eng in e shall

not exceed the level of emissions app licable to

such eng ine when it was new .”

As a consequence , to insure comp li ance , the FAA must be prepared to take

into account the effect of eng ine operating time on aircraft emissions.

Operating time for commercial aircraft can amount to between 2,500 and

3,000 hours per year. However , available emission da ta for aircraft turbine
* eng i nes had been limited to a span of approximatel y 50 hours of operation.

This report documents a program which was undertaken by the FAA to obtain

information for commercial aircraft operatin g over a period of approximate ly

one year.

1.2 PROGRAM OBJECTIVE

• The objective of the program described in this report was to

deve l op degradation factors for pollutant emissions of each class of aircraft

I ________ _ _ _ _ _ _  _ _ _ _ _  
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gas-turbine enq iies over operatin g times between 2,500 and 3,000 hours. The

degradation factors w i l l  provide a basis for the FAA to develop regulations

which (1) insure comp liance with the aircraft emission standards established

by the EPA , and (2) prov ide for reasonable service times of the commercial

aircraft fleet with respec t to pollutant emissions.

1.3 METHODOLOGY

The developmen t of degradation factors for turbine eng ine emissions

over operating tim t~s between 2 ,500 and 3,000 hours implies severa l requirements :

1. Information from a large number of eng i nes to provide

statistical validit y .

2. Heavy eng ine usage so tha t the hours may be accumulated

in a reasonable amount of time.

3. Repetitious testing so tha t incremental changes may be

observed.

These requirements dictated a me t hodology based upon the emission testing

of installed eng ines in regularl y sched uled service. This meant , among

other things , tha t the EPA specification of conducting suc h tests on a

thrust measuring test stand (see Sub part G of Ref 2) would not be satisfied.

In addition , as w il l  be indicated elsewhere in this report , other EPA

specifications were not satisfied where they conflicted with the interests

of the degradat ion testing.

Imp lementation of emission testing on installed aircraft eng ines

invo l ved severa l areas of deve l opment:

1 . Samp ling probes which could be positioned both quickl y and

securely.

Due to the movement of an installed en~,ine at power , it was determined tha t

a probe assembly must be used which was directly and simp l y attached to the

eng ine , yet would remain attached at take-off power.

2. A test facility which would allow the emission tests to

be conducted at desi gnated airpor t run-up locations.

Since emissi on testing requires hi gh power eng ine operation , it must be

restricted to desi gnated run-up locations. These tend to be rather remote

• locations near the airport runways. The remote location led to instrumentation .

2
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toge t her with bottled gases, housed in mobile t railers which were

equi pped with the ir own power supp l y. Fu rther , due to the proximity of

such a si gnif i cant exposed noise source as an aircraft eng ine , the

trailers had to prov ide adequate sound attenuation for the protection

of test personnel and equi pment.

3. A test procedure which would cause minimum interference

w ith norma l a i r l ine operations.

Since a i rcraft in regularl y schedu led service would be invo l ved in the

t esting, it was necessar y to Leep their ou t -of —- ~.er- ,ce t m e  to a minimum.

This led to a test procedure (includ in g equi pni~nt specifications) which

emphasized automatic acquisition ~~t en is sion and cal ib ration data , onboard

ins tr .iientat ion for eng ine operat ~., paramete ‘~~, m i n i m u m  but practical

eng ine st a b i l i z a t i o n  periods , a,id a s i m p l i f i e d  smoke ana l- .- sis. On the

other hand , the procedure was expa ”Jed t o  all ow f,’r the special needs of

a degradation stud y. For instance , f uel handli n g requirements were

esta h lished to minim i ze var iations in the fuel supp ly, and additiona l test

modes were included to provide better de~~n i t ion of the variation of

“m issions with power level.

The amount of test data to be obtai ned in the program dictated

a methodo log’ for data processing and ana ly si s which re li ed heavi l y on

large-scale computer usaqe. A computer program was deve loped to accept

raw test data and to prov ide calibrated emission levels , corrected for

a rm ~’i ent eftects. Fur t h em , all pertine ’ .t data was stored by the computer

progra rm i n t o  data banLs to facilitate later ana l ysis. This allowed many

anal ysis techn i ques to ~hen be computerized. The need for computer ized

analysis was amp li f i e d  by the variation in emission levels between

individua l units of the same eng ine type , thus ensuring tha t ana l ysi s had

to be done on a un it-b y—un it bas is.

It was also recognized tha t ‘he effec t of degradation on em i s s i o ns

could onl y be found if other corcurren i effects were eliminated. Those

effects which had to be addressed wee the variation of ambient conditions

(affectin g emissio n levels d irectl y, as well as eng ine operation conditions ) ,

fue l content , and ai r l i n e  maintenance. In the case of ambient cond i t ions ,

I
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th is led to the deve lopment of parameters which character ize the nominal
variation of emission levels w ith ambient conditions and eng ine operating

conditions. For fue l , thi~, led to efforts to minimize and document the

variations in content. In the case of maintenance , no effor t s were made
to alter normal airline maintenance procedures. Rather , extens i ve docu-

mentat ion was kept of all maintenance performed on test eng i nes and tests

were cancelled on all eng ines requiring major maintenance. Major mnainte-

nance was defined for this purpose as remova l and rep lacem ent of major
eng ine components in the gas path , such as fans , compressors , d i f fusers ,

combust ors , nozzle guide vanes , and turbines.

1.1+ REPORT ARRA NGEMENT

The interim report consists of ei ght vo lumes. This f i r s t  volume

contains an introduction to the program , a descri ption of the tes t schedule ,

equi pment , procedures , and data processing techniques , and a discussion of

the test data obtained in the program. The remaining seven volumes are

devoted , respective l y, to the detailed test data obtained for each eng ine

type as follows:

V01L’me II - JT8D-9

Volume II I  - JT8D-7

Volume IV - J T 3 D— 7

Vol ume V - JT3D-3B

• Vo l ume V I - JT9D-3A
Vol ume V I I  - RB2 11-22B

Vol ume V I I I  - CF700-2D

Each vo lume of eng ine data includes maintenance and fue l analysis data ,

as well as the data obtained from the series of -emission tests.

I
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2. PROGRA M DESCRIPTION

2. 1 ENGINE TYPES

Usi ng two - ‘oh ile f a c i l i t i e s , it was possible to coordinate the

testing o~ seven eng i n e  t y p e s  i n  t he p ro g ra m. Th ese eng ine types are

presented by EPA class ification ir, Table 1 below .

TABLE 1 . - ENGINE TYPES TESTED

EPA Clas s E ng i ne Type Aircraft Type A i r l i n e

TI CF700—2D Falco n Federa l Express

T2 JT9D-3A 7L+7_ lOO UAL
R B 2 1 1 2 2 B  L l O l l  ‘P,IA

T3 JT3D-3B DC-8-6 1 UAL
JT3D-7 DC—8-62 UAL

JT8D-7 727-100 UAL
JT8D-9 727-231 NA

It can be seen tha t United Air Lin es provided units of four eng ine types

to the pro gram , while Trans World Airlines provided two eng ine types and

Federa l Express prov i ded a sing le eng ine type . No turboprop eng ine types

* 
(EPA Class P2) could he economically included in the program.

2.2 TEST SCHEDULE

An overall test schedu le was established for each eng ine type ,

appropriate to its u t i l i z a t i o n , maintenance requ irements , and reli a b i l i t y .

P The schedule is sun~uari zed in Table 2.

_ _  
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TABLE 2. - OVERALL TEST SCHEDULE

Nomina l Nomina l
Ori g ina l Test Test

Eng i ne Test Number Frequency Period
Type Location of Units in Hours in Hours

CF700-2D Memp his 16 400 1600

JT9D-3A SF 20 600 3000
RB2 ll—22 8 SF 20 150 600

JT3D-3B SF 18 600 3000

JT3D-7 SF 18 600 3000

JT8D-7 SF 20 600 3000
JT8D-9 KC 20 600 3000

One mobile facility accommodated al l  of the test in o schedu l ed

for San Franc i sco, where UAL maintenance operations is located. The

second mobile facility was based in Kansas City, s ite of the NA

main tena nce cen ter , dur ing the JT8D-9 tests and traveled to Memphis ,

headquarters of Federa l Express , for each round of CF700 tests. These

t es ts  could be scheduled for weekends , when the Federa l Express a i r c r a f t

were not in Operation.

The or i g ina l numbe r of units tested for each eng ine type was

selected to insure , where possible , tha t ten units would remain at the

end of the test period. Ten units were selected to allow a reasonable

statist ica l basis for the degradation results. In the case of the JT9O ,

however , this requirement had to be relaxed due t practica l conside rations.

The h i gh attrition rate of this eng ine , in comb i nation with a 3000 hour

tes t period , required too many units initially.

A test period of 3000 hours had ori g inall y Leen an objective

for all eng ine types , but this also had to be relaxed . ~n the case of

the CF700, a reduced period was specified because the eng ine undergoes

required ma intenance of the combustor every 1350 hours. A 1600 hour

t e—t per iod was established to allow eva l uation of degradation both

with and withou t this ma intenance. In the case of the RB2 ll , a m odular ized
I
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eng ine , current reliability data indicated tha t few unit s could be

tested over more than 600 hours without a module be i ng replaced.

Selection of the actua l units to be tested was based on a number

of considerations. First , the unit could not have a “hard time ” limit ,

such as a turbine disk rep lacement , during the test period. Second ,

variation within the unit of combustor nozzle time should be minimal .

Third , the number of aircraft in the program should be minimized. (Although ,

for the R (32l1 , units in the center position could not be selected because

they are difficult to reach.)

2.3 EM ISSION SAMPLING PROBES

The emission samp ling probes used in the program were custom

desi gned for each eng ine type to be tested. The samplin g confi guration ,

based on a desi gn deve l oped by the FAA after extensive testing and optimi-

zat ion ana l ysis at NAFEC (see Ref 4), is shown in Fi gure I. It consists

of a tube in the shape of a diamond , with each leg of the diamond containing

three equally-spaced sampling holes of equa l diameter. As such , the

conf i guration does not conform to specifications contained in Reference

2 for emission samp ling probes.

In each case , the samp ling t ube was fabricated from a sing le
length of 0.375 inch outside diameter , Type 321 stainless steel tubing.

The ends of the tube were we l ded into a bloc k manifold which was provided

• with a stra i ght-throug h quick-disconnect f ittin g for ease of connection to

the samp le line. Twe l ve 0.014 inch diameter holes were drilled in each tube

us ing a mtandard process to prevent the tormattori ot burrs.

The samp ling tube was secured with straps to a back—up structure

cons i sting of fou r beams in the same general shape , and positioned on the

nozzle rim with fou r equispaced clevis mounting pads (except for the CF700

whe .
~ 
a blast shield limited the desi gn to two wide mount ing pads). This

desi gn allow s for rad ial therma l expansion of the probe and p rovides
minima l blockage of the nozzle flow area . The entire structure was then

secured usin g four or six tension i ng rods between the eng ine frame and a

_  
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(a) JT8D-7, 9 (b) CF700

(c) JT 3D 3B (d) JT3D—7

•

• (e) JT90-3A (f) RB2 ll

Fi gure 2. Samp ling Probe Installat ions
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torsiona l support r ing a t tac hed to the c l e v i s  p ieces.  Therma l expansion
of the exhaust nozzle is taken up by compression of springs at the a t

end of the tensioning rods.

Photographs of the installed sampling probes are shown in

Fi gure 2 for each eng ine type . To assure consistent test—to-test

orientation of the probes relative to the eng ine exhausts , a pos i t ion ing
scr ibe mark was located on each eng inP t a i l  p ipe. Further informat ion
concerning the sampling probes may be found in Sec tion II of the Project

Manua l (Ref 5). Test data relating to the representativeness of the

samp le obtained w i t h  these probes is contained in Appendix A.

2.4 MOBI LE EMISSION RESEARCH FACILITY (MERF)

Two MERF5 were custom desi gned and built to measure and record ,

both accuratel y and consistentl y, the emissions of installed aircraft gas

turbine eng i nes. The units, consisting of

• Tow vehicle
• Trailer , provided with the following equi pment

U Bu ilt - i n  air conditionin g and heating systems

a Generator set

U Measurement system , includin g samp ling train , instruments ,

and bottled gases

• Record ing system

• Auxil i ary equi pment

a are represented in Fi gure 3 and described be l ow. More detailed information

concerning the MERFs may be found in Section I of the Projec t Manua l (Ref 6).

2.14.1 Tow Vehicle , Trailer , and Generator Set

The tow vehicles were 1974 one-ton platform stake trucks with

auxiliary rear springs and dua l rea r wheels. Each unit was modified to

shorten the platform and install a trailer hit ch adjacent to the rear

ax le , auxiliary fue l tanks and electric fue l pump , and an electric brake

control for the trailer.

The tra ile rs were built according to the specifications of NREC

and Beckman Instrument s . Their function was to provide a controlled ,

I
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transportable and self—contained environment for emission measurin g

equi pment and personnel. Each unit , 16 ft long by 8 ft wide by 11 ft

hi gh , was constructed specificall y as a sound—attenuated enclosure with

walls , floo r and ceiling containin g hi gh— and low-frequency absorbin g

materials. A two—ton air conditionin g unit was mounted on the exterior

rea r wall of the trailer. Heatin g was provided by a number of 220 volt

baseboard heaters. As can be seen in the trailer floor p lan of Fi gure 14,

access to the main area of the trailer was throug h two double doorways on

the left side of the trailer. This main area housed the instrument panel

which was shock mounted for protecti on. Also within the perimeter of the

trailer , but not within the sound—attenuated enclosure were compartments

for gas cy linders , and each of two generators.

A 7.5 kw vacu-flow air cooled generator was installed in the

trailer to power the instrumentation. The heating, air condition i ng,

and li ghting requirements of the trailer were separatel y powered by a

12.5 kw vacu-f low air cooled generator. These units prov i de 120/240

volts at ~O hertz with an AC volta ge regulat ion of + 3 per cent and an

AC frequency regulation of + 5 per cent.

2.14.2 Measurement System

The aircraft eng~ne exhaust was ana l yzed by a system which

provided for the measurement of the following emissions :

• Carbon dioxide (C02)

• Carbon monox i de (co)

• Hy drocarbons (HC)

• Both nitric oxide (NO) and nitrogen dioxide (NO2)

• Smoke number (SN)

CO 2 and CO concentrations were determined by nondispersive infrared anal ysis ,

HC was determined by flame ionizati on detection , NO a nd NO2 by the chemilumi-

nescent me thod , and SN by the indirec t filtration me thod , ARP 1179 , and

in accordance with paragrap hs 87.82 throug h 87.88 of the EPA standards (Ref 2).

The system , which is illustrated schematicall y by Fi gure 5, is comprised

of three elements-— the sampl in g tra in , the instruments , and the associated

bo tt led gases.
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CONNECT I ON TO SAMPLE LINE AND PROBE

SAMPLE L I N E
THERMOCOUPLE

H -

\ \V: 
TRAILER

1 HOT
I L I N E

I I
HOT L I N E  BECKMA N 1402

THERMOCOU PLE F I D
RELIEF I ~, 

~~~~~~ —_-— __.r
~~._FUEL GA S

VAL V EICOMPOUND 
VALVE

SMOKE
SA MPLEI I I F PUM P

LINE $ ’ FILTER HOT BOX

I VENT
PUMP 

I 
~~~~ ~~~~

{
~ECK~~N 

_ _ _  

CAL GAS

NREC 
F N D I R  I- -~~ —2

1974 I L...~ .Q2_..—J I
SMOKE MET ER I 

‘ ~~ TER0 N 2

BY PASS ~~ 

I

I BECKMAN- - - 150 DEC C LINE l_ t~E~ .._4 _ - 951 H- - - 
I 

NO /NO x
5 - - - 55 DEC C L I N E  I .~~~~~~~ ±

GA S

t,d -11-i 951 H
— 

‘
~~

1 t *
~~~

/NO
~~

OXYGEN
I

Fi gure 5. Measurement System

J 
14

p

(4 -

L 
-~~ - - -  F

- 
- ~~ — 

‘
~~~~~~ —- -- - S — - ~~~~~~~~~~~~~~ - S 

_ _ _ _ _ _  
—



Samp liflg Tra in  - The samp lin g train transports the exhaust samp le
from the probe to the instruments. Externa l to the trailer , the sample was

transported in a heated teflon line. The line was 80 ft in length with an

interna l diameter of 0.18 inche~ . It was covered by steel braid , a heating

element of 60 watts per linea l foot , double-thick insulation , and an abrasion

resistant covering. The samp le line , which was furnished with a heating

controller , a built-in Type J thermocoupl e , and an over-tempe rature thermostat ,

was capable of maintaining a temperature of 150 deg C. Connection of the

line to the trailer was again made with a stainless steel stra i ght—throug h

quick—disconnect fitting.

The samp ling train inside the trailer was confined to the i mmediate

vicinity of the panel. The system was provided with three ma in pumps which

supp lied separately the hydrocarbon ana l yzer , the remaining ana l yze rs , and

the smoke unit. It is seen from Fi gure 5 tha t samples taken from the

exterior line pass throug h a hot line maintained at 150 deg C to a tee

connection . The flow of exhaust gas could be diverted at this tee so

tha t the flow requirements of either the smoke meter or the gas ana l yzers
or both could be satisfied at any time . The 150 deg C temperature was

mainta i ned for the samp le flow leading to the hydrocarbon ana l yzer ,

necessitating the use of a hot box for its filter , pump , and relief va l ve.

A separate tee upstream of the hot box led to samp le line connections for

the remaining gas ana l yzers in the system. These lines , wh i ch were

maintained at a temperature of 55 deg C , also provided a connection to

the bypass line. Finall y, the samp le line to the smoke meter was also

maintained at 55 deg C in accordance with EPA requirements.

Instruments - The five gas ana l yzers and smoke meter were

mounted on the instrument pane l in the MERF as shown in Fi gure 6. Easy

access for mainte nance , adjustment , and connection to the samp ling train

was accomp l i shed by the arrangement. A summa ry of the individua l un its

is presented in Table 3 be l ow.
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TABLE 3. - I NSTRUMENT SUMMARY

Emission Manufacturer!
Component Instrument Range Accuracy

CO 2 Beckman/ 0-2/ +17, f u ll scale
ND IR Mode l 864 0-4/ +1% fu l l  sca le

CO Bec kman! 0-100 ppm +2/ f u l l  scale
NOIR t&’de l 865 0-500 ppm ±1/’ full scale

0-2500 ppm +17 full scale

HC Becki~an/ 0-50 ppm C~ H8 +27 full scale

4 
Ff0  Mode l 402 0- 100 ppm C3H8 ÷2/, full scale

0-500 ppm C 3Pd +1/ full scale
0—1000 ppm C 3

i 3 +1/ full scale

NO and NO~ 
Beckman! 0-100 ppm +1/ for a ll

C hem i luminesce nt 0-250 ~~~~ ‘i ranges
Mode l 95)H 0-1000 ppm

Smoke NREC/ 0—100 SN ±0.5/ full scale
Ind i rec :

Filtration
Model 1974

Of tI instruments summarized above , the smoke meter was specificall y
desi gned for the MERF. Fi gure 7 presents a schematic diagram of the unit

to illustrate the main elements of the smoke ana l ysis system. At the

instrument pane~ 
, the smoke samp le may be diverted from the filter paper

holder throug h a three—way va l ve to a bypass line. Both iain and bypass

flow s were maintained at the required rate by a downstream pump . The

sample passed throug h a flow meter and wet meter before dischar ging to

the system vent. The two-stack va l ve was included to allow the smoke

analysis system to be isolated in conjunction with the gas ana l ysis system ,

so tha t the compound gauge could be used to determine the eng ine exhaust

‘‘-~tal pressure at the probe .

I
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Fi gure 7. Schematic Diagram of NREC Mode l 19714 Snx.ke Meter
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Bot t led  Gases - The instruments were prov ided w i t h  regulated
bottled gases for flame ionization , ox i dation , zeroiig, and calibrat i on .

A to ta l  of ten b o t t l e d  gases are accommodated by the t r a i l e r .
S p e c i t i c a ’  ions used for the bottles d i r i n g  the program are g iven in

Table 4 below.

TABLE 4. - SPE CIF ICAT IONS OF PR IMARY
GAS BOT TLES

Nomina l Concentration
Bott l e C02 CO HC NO 

- Balance

per ce nt ppmv ppm C3H8 ppmv of Mixture 
—

4 CAL 1 3.6 90 -- —- N2
CAL 2 1.8 1450 50 -- N

2

CAL 3 1.0 1200 500 -- N
2

CAL 4 -- -- -- 200 N2
CAL 5 - - -- -- 50 N2
NITROGEN -- -- -- -- N2
ZERO 1 ~‘: -- A i r

ZERO 2 ~ - — — Air

FUEL -- -- -- -- I-tO per cent H2
60 per cent He

O X Y G E N  -- -- —- -- 02

Concentrat ions conform to i ndustry standard air mixture

The calibration qases , listed as CAL 1 throug h CAL 5 , were used before and

after each enqine emission test to provide current instrument calibrations.

Supp l ementary calibrations , req uired on a monthly basis by the EPA standards

made use of additiona l calibration gases not carried onboard the MERF.

Control va l ves for the bottled gases . as well as the sample gas

~Idi u con t rol valve ’~. were operated f rom the instrument panel.
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2.4.3 R~cording System *

A di g ital recordin g system was installed on the MERF to provide

hi gh speed , accurate data acquisition sui table for computer processing.

The system was composed of seven individua l components : a scanner , a

di g ital voltmeter , a printer , two paper punch controllers (for manua l

and automatic data , respect ive l y), a pape r punc h , and a keyboard for the

manua l entry of data. Interchangeable thurnbwhee l and push—button versions

of the key board were m ade. As shown in Fi gure 8, all but the last

component were racked mounted and located on the left-hand side of the

instrument panel. Directl y below , the keyboard was situated on the

workinq shelf of the panel. The system could be used to acquire da ta

either independentl y or simu l taneousl y on the printer and punch units.

The punch unit enters data onto paper tape in the ASCII code .

2. 14. 4 A u x i l i a r y  Equi pment

Besides assorted hand tools and miscellaneous supp lies the MERF

was equi pped w ith severa l other instrument s which were used to obtain test

data. These included a sling psychrometer to obtain wet-bulb and dry-bulb

va l ues of ambient t emperature (ambient pressure was obtained from the

airport tower) , a reflectometer to determine the refle ctance of smoke

spots , and radio equi pment to coninurm icate with the test aircraft and the

airport tower. Also carried aboard the MERF were special fue l flow in-

dicators which rep laced cockp it indicators durin g emiss ion tests of both

JT8D eng ine types and the CF700 to improve their accuracy. In all other

* case s, standard aircraft cockp it in strumentation was used to -non i tor

eng ine operating ~onc~
’ ti0n s.

* 2.5 OPERATING PROCEDURES

S ince coi- is is tency was so important to the degradation stud y,

standard operating procedure~ were adopted wherever possible. These

procedures, cover ing system ma inten ance , pre—t est , test , and post-test

operations , are presented in step-by-step detail in Sections I and I l l

of t he Pro j ec t Manua l (Rets 6 and 6, respectively) .

I
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Fi gure 8. Di g ital Recording System
(Shown w it h Th umbwhee l Key board)
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2.5.1 System Maintenance

Maintenance of the equi pment generall y followed manufacturer

recommendations . In the case of the measurement system , however , maintenance

was eventuall y expanded to meet EPA specifications. Specificall y, monthl y

instrument calibrations , various system checks , and weekl y NO converter

checks were imp lemented .
The monthl y instrument calibrati ons made use of the primary

calibration gases carried by the MERF (see Table 4) as well as additiona l

calibration gases stored at the primary base of operations. The additiona l

ca l ibration gases are specified in Table 5 be l ow. Together the gases allow

the gas ana l yzers to be calibra ted in accordance with EPA specifications.

The monthl y system checks invo l ved leaks , contamination , and residence

time . The weekl y converter check was conducted with the Scott Model 1140

NO Therma l Converter Efficienc y Tester .x

TABLE 5. — SPECIFICATIONS OF SECONDARY
GAS BOTTLES

Nom i na l Concentrations *

Bottle CO 2 CO HC NO NO 2
per cent ppmv ppm C

3
H8 

ppmv ppmv

CAL 6 2.5 300 90 -- ——
• CAL 7 1 . 14 750 250 —— ——

CAL 8 0.6 2200 900 -- --

CAL 9 14.0 50 25 -- --
CAL 10 -- -- -- 80 15

CAL I I  -— -— —- 850 100

CAL 1 2 —— —— —— 1450 50

* N
2 

provides the balance of the mixture in each case

It should also be noted tha t NREC subscribed the MERFs to

both the Scott CVS (Constant Vo l ume Samp linq ) and N i t r i c  Oxide Cross-
• Reference Services. The subscri ption provided a comparison of the performance

ot t ’~ese two faci l i t i e s  in measuring concentrations of C02. CC , HC, and NO

22
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versus each other , as well as versus various industrial , scientific and

government facilities. In addition , late in the test schedule , the

relative performance of the two MERFs were eva l uated versus each other on

the basis of special tests conducted on an FAA 727 airc raft (see Ref 8).

2.5. 2 Pre—Test Procedures

Prior to an em ission test , a general procedure was

followed for all eng ine types . The aircraft on which the test eng ines

were installed , would be withd rawn from regular service and released

to airl i n e  maintenance personnel. The maintenance personnel were then

4 responsible for the prepa ration of the aircraft for testing. This

included probe installation (as pr eviousl y discussed), fuel handling,

and movement of the aircraft to the test site . Meanwhile , the test

eng i nee r was responsible for movement of the MERF to the test site ,

wa rn—up and check—out of the faci l ity, and pre—test calibration .

Fue l Handlin 2 —- A fue l handling procedure was adopted in an

effort to mini m ize the i mpact of variations in fuel content on measured

exhaust emissions. In the case of UAL and TWA , the fue l was handled as

fol lows :

• One desi gnated fuel tank on the aircraft was emptied of

any remaining fuel by onhoard transfer pumps.

• Tha t tank was then f i lled with the standard fuel supplied to

the airport .

• A one quart sample of the fuel was taken and subsequentl y

anal yzed for AP I grav ity, hydrogen—carbon ratio , and hyd ro—

• carbon cha racterization as pa raffin , olefin , and a romatic

(vol ume per cent). The anal ysis is included in the volumes
S 

• of test data for each eng ine type .

U Ouring the subsequent emission testing, each test eng ine on

the aircraft was supplied with fue l from the des i gnated tank.

In the case of Federa l Express , the fuel handling procedure could not be

accommodated , necessitating a fuel sample from each tank used to supp l y the
test eng ines.
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Warm—Up and Check—Out —— After the MERF reached the test site ,

final preparations for testing would be made . The prepa rations included :

• Connection of the exterma l samp le line , together with its

heating system . (All other heating elements in the sampling

train would also be connected .)
• Ope ration of first the smoke pump, and later the hot box and

auxiliary pumps.

• Zeroing and spanning of each gas anal yzer .

U Cperation of all components of the recor~ ing system.

• Reading of air blank and zero nitrogen samples

• Recording ambient conditions (dry bulb and wet bulb tempera-

tures , and ba rometric pressure) .

• Recording test identification data (eng ine and aircraft

serial numbers , eng ine position and time since overhaul ,

and date).

Pre-Test Calibration —— A l l  of the gas ana l yzers were calibrated

prior to each engine emission test using the bottled gases carried aboa rd

the MERF. The sequence of events , as g iven in Section II I  of the Project

Manua l (Ref 7), began the acquisition of both printed and punched test

data on the automatic recording system . Six sets of anal yzer readings

were acqui red during calibration , normall y corresponding to the instrument

ranges and calibration gases shown be l ow in Table 6.

TABLE 6. - CALIBRATION SPECIFICATIONS

Set C02, per cent CO , ppm HC , ppm ~3
H8 NO , NO

~
, ppm

No. Range Gas Range Gas Range Gas Range Gas

3.6 0- 1 00 90 0-500 0 0-1000 200

2 0-14 3.6 0-500 90 0-500 0 0-250 200

3 O-~-+ 1 .8 0-500 1450 0-50 50 0-250 50

14 0-2 1 .8 0-2500 1450 0-100 50 0-1 00 50

5 0-2 1.0 0-2500 1 200 0-500 500 0-100 0
I

6 0-14 1.0 0-2500 1200 0-500 500 0- 1 00 0

I ~~.

‘ 
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‘.5.3 Tos t Operations

Once the ~ ircr ~mtt had ,irri ved at the test site and the pre—test

~ m l ibr a t ion hdd been completed , the externa l sample l ine f rom the MERF
was attached to the instal ed probe. For all but the hi gh bypa ss
flow engines , this was done while the test eng ine was idling . For the

other eng ine types (the J190 and R8211 ), the test engine was shut down

for sample line attachment . The tc~ .t eng ine was then started with all

sampling pumps shu tdown to create a back pressure in the samp ling train and

prevent contamination with li quid jet fuel.

The engine was then tested over a specified sequence of ope rating

modes , as follows :

• Idle

• “Idle Plus ’’
U Take-Off

• Climb

• Intermediate

U Approach

* 
U “Idle Plus ’’
• Idle

This sequence follows EPA specif icati ons , but is supp l emented by the

“Idle Plus ” modes in the low power reg ime and by the Intermediate

mode at highe r powers . Each volume of test da ta contains precise

d e tinitions of the test modes for the respectiv e enqine types , but

th ere -~rt’ severa l te”s in common :

I. Idle was set as the idle stop on the throttle.

2. “Idle Plus ” was set as a desi gnated rotor speed ,

approximately 500 rpm hi gher than the nom i na l idle speed.

3. Take-Off wa-, set as the take-off EPR from the eng ine operatin g

• guide (wh ich  is ambient—temperature and a l t i t u d e  dependent) .
14. Climb was set by EPR at either 85 or 90 percent of rated

take—off thrust , according to eng ine type .

5. Intermediate was set by EPR at 60 percent of rated take—

off th rust.

o. Approach was set by EPR at 30 percent of rated take—off

th rust.
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For each mode above , the aircraft crew would set and record

manuall y the eng ine operatin g cor,ditions (rotor speeds , f ue l flow , EGT ,

and EPR) , and allow no throttle movement while the emission data was

be i ng taken. In the MERE , upon word from the crew , a smoke sample wou ld
be taken first and then the gas ana l yzers would be read. The gas

analyzers were scanned automaticall y and at least one cycle of readings

was acquired by the recording system for the mode on both printed

and punched tape . In addition , sample train temperatures and pressures

were recorded manually. After the emi ssion data was acquired , the air-

craft crew would record the eng ine opera tinç cond itions once more ,

before moving the throttle to the nex t mode. Step-b y-step detail of

th is  gene ra l test procedure is provided in Sec t ion  I I I  of the Projec t

Manua l (Ref 7).

At take-off power special procedures had to be emp l oyed to

l im i t  t rans ient  e f fec ts , due to the time limi tation whi ch app l ies to such

operation . A common procedure was , rather than moving directly f rom
“Idle Plus ” to Take-Off , to move the throttle first to the maximum

continuous power position and allow the eng ine to stabilize for approx i-

matel y five minutes. In othe r instances , the sampling pumps would be

shutdown and the samp le line disconnected from the MERF while the

throttle was moved from “Idle Plus ” to Take-Off.

2.5.14 Post-Test Procedures

At the co-clus on of an emission test , a post-test calibration

was always conducted. However , when one eng ine test followed immediatel y

after anothe r (such as consecutive eng ine tests on the same aircraft ) ,

one set of data was used for both post-test and pre—test calibrations.

As implied by the preceding statement , the data acquired during the post-

test calibration conformed to the specifications in Table 6.

After the last emission test of the day, a fina l air blank

sample would be analyzed and a l  the data sheets wou ld be collated for

each eng ine test. Subsequentl y, the manuall y acquired test data would

be eithe r added directl y onto the punched paper tape containin g the

automatic data or entered onto punched cards. The test data was then

sent to the NREC offices in Cambridge , Massachusetts for process ing and

anal ys is.
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2,5.5 Maintenance Data

Aircraft maintenance data , as comp iled by the respective airlines ,

were reviewed for the period of eng ine testing in an effort to extract

all i tems which pertain to the engines in the test program and their

performance . The extracted data has been inc l uded in the volume s of

test data for each engine type.

In addition , eng ine life -l imit audits were obta i ned for each

eng ine type , except the JT8D-9, to define the baseline confi guration of

the units tested . Due to their bulk , however , these aud i ts have not

been included in the fina l report. Also not includ ed in the fina l report ,

are eng ine performance histories which were mainta i ned in the case of the

UAL eng ines . The performance histories of a unit provide deviati ons of eng ine

operating parameters from manufacturer spec ifications on the date of

every emission test ,

2 .6 DATA PROCESSING AND A N A L Y S I S

2 .6. 1 Program EMI SH~N

A computing system , entitled Program E M I S H ~~N was deve loped to
p rocess and store the large amounts of aircraft engine data obtained during

degradation testing . The system , which is documented in Reference 9,

converts the raw test data into meaningful form , performs certain calcula—

tions , and then stores the data and the results of the calculations in a

data base for subsequent ana lys i s .
The data requiring processing for a test , arrived at the

NREC offices in one of two forms : (a) all data punched onto paper tape , or

(b) automatic da ta p lus identif y ing information punched onto paper tape ,

and manuall y acquired data on punched cards. The paper tape , punched in

the A S C I I  code, would then undergo preliminary processing in the form

of convers i on to BCD code on punched cards . The entire set of data for

a test , now in the form of punched cards , comprised the input to Program

EMISHGN . This program , written in the Fortran language for use with the

CDC 6600 computer , completed processing of the test data as follows :
•
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U Checked pre—test calibrations versus post—test calibrations

for significant changes in anal yzer response.

U Converted gas anal yzer readings , us i ng exact concentrations

of the calibration gases , to constituent concentrations in

the exhaust samp le .

U Calculated corresponding values of emission indexes , emission

rates , and over -all EPA parameter for each exhaust constituent .

• Calculated various eng ine operating pa rameters based on the

cockpit data .

U C,m lculated emission indexes of CO , HC , NO , and NO corrected
x

to standa rd day conditions , using both emp irica l equations

supplied by the FAA and ana l ytica l formulas derived by NREC.

U After sufficient data had been acquired , checked i tems of

data versus typica l va l ues for the eng ine type.

A typ ica l computer printout of processed test data for the second and

third i tems above are shown in Fi gure 9. Specific equations used in the

various calculations are defined by eng ine type in the respective volumes

of test data . Discussion of the approaches to ambient corrections wil l

follow later in this section .

Storage of the data into easil y accessible data bases was also

accomp lished using Program EMISH~N. Two data bases were created

and maintained over the course of the program . The ori gina l data base

was created using the System 2000 software package , a genera l purpose data

base management system. Unfortunate l y, this data base did not prove to

be cost or time efficient , and was disp l aced for ana l ysis purposes by what

has been termed the “System WREC” data base. In the System NREC data base ,

one 72-item array per mode was used to contain all of the information

stored in the data base for an emission test of the eng ine type. Each

array on the tape was i dentified by the unit number , test series number ,

and mode number , and all auxiliary computer programs which had been

deve l oped to aid the degradation analysis were desi gned to access data

stored in this manner. The items within each array are listed in Table 7.

0
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lA DLE 7. - STORAGE ARRA Y OF SYSTEM NREC

Item Descri ption Item Descri ption

1 Ambient humidity 33 Smoke number , back side

2 Ambient temperature 314 Corrected smoke number

3 Barometric pressure 35 TSMM (CF700 only)
1~ N J speed 36 Corrected N3 speed (RB21J onl y)

5 N2 speed 37 CO concentration

6 Fuel flow 38 CO emission index

7 EPR 39 FAA— corr~1 red CO emission index

8 Carbon balance air flow 1+0 NREC-correc t~ d CO emission index

9 Performance a i r flow 41 CO emission factor
I

10 Thrust 42 Standardized CO emission factor

11 Carbon balance fuel-air ratio 43 HC concentration

12 Performance fue l -air rat io 44 MC emission i ndex

13 Corrected NI speed 45 FAA-corrected MC emission i ndex

14 Corrected N2 speed 146 NREC-corrected HC emission index

15 Corrected fL,el flow 47 MC emission factor

16 Corrected carbon balance 48 Standardized MC emis sion factor
air flow

49 NO concentration
17 Corrected performance

50 NO emission index
air flow

51 FAA-corrected NO emission i ndex18 Corrected thrust
52 NREC-corrected NO emission index19 Corrected carbon balance

fuel -air ratio 53 NO emiss or, factor

20 Corrected performa nce fuel- 5/4 Standardized NO emission factor
air ratio 55 NO ,~ concentration2 1 TSO

56 NO
~ 

emission index
22 TSB (time since baseline test) 

FAA-corrected NO
~ 

emission hidex
23 Smoke .iumber , front side 58 NREC—corrected NOX emission i ndex
214 CO EPAP

59 NO emission factor
25 MC EPAP 60 Standardized NO

~ 
emission factor

26 NO (PAP 61 Deg AP I of f uel
21 NO

~ 
(PAP 62 H/C ratio of fuel

28 Exhaust gas temperature 63 Per cent paraff ins of fuel
2~ Corrected exhaust gas 64 Per cent aroma tics of fue l

• 

‘ . mpe r a t u r e

65-72 Same as 149-52 and ~~-58, respec-30 NJ speed (RB211 onl y) tive l y but based on modified
3 1 CO 2 concentration calibration gases

32 CO2 emission index

I.’
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In Table 7, it should be noted tha t I tems 33 and 3/~ were added to the

data base after it was discovered that contaminated smoke samp les had bee n
obtained in certain instances . Appendix C details the contamination problem

and the corrective action which was taken. All smoke data appearing in this

report , and results based on tha t data , have been corrected where possible.
In addi t ion , I tems 65 throug h 72 were added to the data base when it was

decided tha t concentrations of two NO calibration gases used on the San

Francisco MERF were incorrectl y specified. Appe idix D provides the information

on which the concentrations were modified. All affected NO and NO data
x

appearing in this report , and results based on that data , have been carrected

accordi ngly.

2.6.2 Auxiliary Computer Programs
4

Programs SCAN , CHANGE , RPORT, CAL DSP , and INTERP were written during

the course of the program to interface w ith the data base. The programs , which

are documented in Reference 10 , each filled individual needs as described

below .

SCAN -— For each item des i gnated from Table 7 and on a moda l basis ,

this program scanned the test data for an eng ine type to calculate a mean

va l ue and standard deviation , identif y outliers , and recalculate the mean

value and standard deviation without the outlie rs. A modification based on

the Grubbs Method of Reference 11 was used to stat s l ica ll y detec t the ou t-

l y in g observations. In the modification , the samp le size was assumed not to

exceed 20 althoug h , in fac t , it did reach as large a va l ue as 105 for the

JT8D—7 data. Concerning the mean va l ues and standard deviations , as mentioned

previous l y, they were subsequentl y introduced into Program EMISHØN to detec t

outliers during p rocessing. Such outliers were examined in greater detail to

determine their cause.

CHANGE -- Program CHANGE , in its various forms , was used to add ,

delete , and/or alter data in the data base. New va l ues could be either

specified in the input data , or calculated us i ng the data alread y in the

data base and an equation i ncorporated into the program. The former approac h

was used to correct erroneous values detected throug h Programs SCAN or EMISH~ N ,

while the latter approac h was used to update various calculated i tems in the

data base.
S
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RPORT -- This program was written to tabulate in various formats ,

fo-’ anal ysis and report purposes , items desi gnated from Table 7. The

computer outputs appearing in Vo l umes II throug h V I I I  of this fina l report ,

which contain the test data of the degradation program , were printed L s i n g

RPORT. -

CAIflSP -- Th ic program allowed any two items desi gnated from

Table 7 to be p lotted versus each ether usin g the DISSPLA software package

and the CALCOMP p lotter. Such p lots could be linea r , semi log, or log-log

in form , with individua l units or test series specified by different

symbols if required. Many of the p lots appearing later in this vo l ume

were generated using CALDSP .

INTERP —- Program INTERP was used as an integra l part of the

degradation ana l ysis. On a un it - ’u y— u ni t basis , it obtained p l ots and

performed interpolations of emission da ta versus specifi e~ ~-‘gine operating

parameter and time. Further , it performed various statistics on the results

for individua l units to obtain maximum , minimum , and mean changes of

emission levels with time , and to identif y standard deviations and out-

ly ing (‘a l ues in terms of emission degradation for the eng in e type.

2.6.3 Correct ion for Ambient Effects

As indicated in the Me t hodology , the effect of degradation could

be determined onl y if other concurrent effects were eliminated. In the

case of eng ine maintenance and fue l content , their effects could be

taken into account onl y qualitatively. However , sufficient information

was available to allow the effec t of ambient variations to be quantitative l y

el iminated from the test data of the degradation program.

It has been comon pract ice to ana l yze the test-bed data of qas

turbine eng i nes using operating parameters which are “corrected ’ to

standard conditions. According to Reference 12 , suc h corrections assume

t hat

N , F , A~’~~ . TM , and T
1T p IT ’ P P Tv a av a a a a
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remain constant , where 
~a 

is ambient pressure , Ta~ 
is ambient temperature ,

N i5 rotor speed , F i s f uel f l ow , A is air flow , TM is thrust , and T is

gas temperature. Eng ine operating parameters , corrected in this manner ,

have been calculated for the test data of the degradation program and can

be found as items 13 throug h 20, 29, and 36 of the System NREC data base

(see Table 7). However , it was recognized tha t these parameters alone ,

were insufficien t to eliminate the total effec t of ambient conditions

on pollutant emissions. Rather , correlating parameters , specificall y

derived to characterize the emi ssions , were required.

Correlating pa~ ameters which characterize the emissio r s of CO ,

MC , and NO from aircraft gas turb ine eng ines were developed durin g the

course of the program. As derived in A ppendix B they are of the basic

form

~b 
O.75~ f~

— 
e
Tb /61 for CO (also MC in JTBD case)

~b 
~~~~~ eTb~~2 for HC (except in JT8D case)

5 e (Tb
/B

3 
- l9H) 

for NO

and vary i nversel y for CO and MC , and directl y for NO , with emission i ndex.

In t i ~ parameters , the subscri pt b denotes burner inlet conditions , t~1 , B2,
and B

3 
are constants which depend upon eng ine type , and H is the specific

humidity of the ambien t air. The burner inlet conditions , themselves ,

can be represented in terms of measured operating pa rameters and ambient

• conditions.

In the System NREC data base , va l ues of the above correlating

• parameters are normalized according to eng ine type and identified as “emission

factors ” (see items 41 , 47, and 53 ot Table 7). The emission factors have

been used in two ways in the analysis of the test data. First , t hey have

been used simp l y to present the scatter in the measured values of the

respective emission indexes durh g the entire program. Secondl y, as

exp la i ned in Append x B , they have been used in connection with ‘ corrected

emission factors ” (items 42, 48 , and 54 of Table 7) to correc t the measured

emission indexes to va l ues which would have been obtained for the same EPRs

at standard day conditions (i .e. 518.7 deq R , 29.92 in HG abs . and 0.0 Ibm

33
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H2
0/lbm dry air) . The corrected emissi on indexes are identified as “NREC —

corrected emission i ndexes” in the System NREC data base (items l+O , 46 , 52,

and 58 in Table 7).
Va l ues of emission indexes corrected to standard day conditions

were also obta in ed us in g emp irical factors supp l ied by the FAA. These

factors are based on testin g done at NAFEC and documented in Reference 13.

The fa ctors , which vary with power setting, correc t for variations in

ambient temperature and humidity. They were developed individuall y for
the TF3O and J57 eng ine types. The correction factors for the TF3O (a

mixed—flow exhaust eng i ne) were applied to the mixed -flow exhaust types

in the degradat ion program —— JT8D—9 , JT8D-7, and CF700-2D —- while the

correction factors for the J57 (a non —mixed e.”diaust eng i ne) were appl ied

to the non—mixed exhaust types -- JT3D-7, JT3D-3B , JT9D-3A , and RB2l l - 228.

I n the System NREC data base , values of emission i ndexes corrected usin g

these factors are i dentified as “FAA—corrected emission i ndexes” (see

i tems 39, /45, 51 , and 57 of Table 7). Comparison of these FAA—corrected

emission i ndexes with NREC -corrected values , by eng ine type , ar e also
contained in Appendix B.

•
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3. DISCUSSION OF TEST DATA

The test data obtained during the degradation program appear in

Volumes II through V I I I  of the interim report. A discussion of this data

by eng ine type is presented below.

3.1 JT8D—9 ENGINE TYPE

3.1.1 Background

The Pratt & Whitney JT8D—9, as shown in Fi gure 10 , is a two spool

turbofan eng ine rated at 14,500 lbf thrust which was deve l oped to power

short—medium range transport aircraft. An annular by—pass duct runs the

‘ul l length of the eng ine with mixing of the gas streams in the tail p i pe.

The combustor is a cannular type with nine cy lindrica l flametubes , each
downstream of a sing le Duplex burner and discharg ing into a sing le annular
nozzle.

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fi gure 10. JT8D-9 Schematic
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As indicated p reviously, emission tests of the JT8D-9 were conducted

on installed units of the Boeing 727-231 fleet owned and operated by TWA .

The tests took p lace at the NA Maintenance Base adjacent to Kansas City

I nternationa l Airport. They were conducted during the 1 1 pm to 7 am shift

under the d i rec ti on of NREC perso nnel , who operated the MERF. Baseline

testing was initiated on February 4, 1975 and the last test occurred on

Apr il 23, 1976. Amb i ent conditions varied between the following extremes:

15 to 82 deg F , 29.62 to 30.1+9 in Hg abs , and 0.00097 to 0.016/49 lb H20/ lb
dry air. Of the twenty (20) units which were baselined , fourteen (11+) were

tested through at least 21+00 hours of elapsed operating time. The maximum

elapsed time was 3095 hours , and up to s i x tes ts were conduc ted per unit.
Ei ght (8) of the fourteen surviving units were relatively new , each w it h
l ess than 1 700 hours of operation at baseline. The remainin g six (6)
eng ines had baseline ISOs of between 7350 and 15,316 hours. A total of

83 eng ine tests have been documented in Vo l ume H for the JT8D—9.

3.1.2 Processed Data Overv iew

Mean va l ues of the measured data obtained in the JT8D—9 emission

tests are found in Table 8. They are presented for the five test modes

corresponding to the EPA standards. When compared to the JT8D-9 data of

Reference 14 for gaseous pollutants , the CO and N0
~ 

emission i ndexes seem to

be qu it e reasonable , but the HC values seem to be unusually hi gh. These h i gh

val ues observed during the degradation program were traced to two sources.

First , a si gnificant number of the units were subject to leakage around the

fuel manifold “B” nuts , resul t ing in disproportionately hi gher HC em iss i ons
with increasin g power level. Secondly, seven months into testing, element s
of the sampling train in the MERF5 were discovered to be i nadequately heated.

This resul ted in a slowed response of the system which was most noticeable

at take—off power where test time is strictl y limited. The deficiencies

were correc ted , but too la te to preven t a s i zeable perce ntage of the MC data
from bei ng affected. In the presentation of test data whi ch continues

36
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TABLE 8. - MEAN JT8D-9 TEST DATA*

TEST MODE

I tem Initial Take-Off Climb Approach Fina l
Idl e Idle

Performance Parameters

EPR 1.06 2.05 1.85 1.23 1.06

Corr ec ted N 1 , 34.2 95.2 88.7 61.2 35 .1

per cent

Corr ec ted N
2
, 58.2 914.2 91.3 7~~7 58.9

pe r cent

Corrected Fue l 1060 8720 7150 2370 1060
Flow , lb/hr

Correc ted EGT , 1 150 1 460 1390 1130 1140
deg R

Exhaust Emissio ns

CO2 Concentration , 0.59 1.92 1.60 0.65 0.56
per ce nt

CO Emiss ion I ndex , 38.1 1.5 2.0 13.5 37.2
lb/1000 lb fue l

HC Emission I ndex , 12.4 1.8 1.9 5.1+ 12.7

lb/l000 lb fue l

NO Emiss ion I ndex , 3.0 13.9 11. 5 5.3 2.7
lb/l000 lb f uel

NO~ Emission I ndex , 3 .5  114.3 12.1 6.4 3 .6
lb/l000 lb fue l

Smoke Number --- 30 .7 29 .6 9.0 ---

~: Withou t outl y in g va l ues
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below , the effect of both sources of misleading HC data can be seen on

individua l test points.

The scatter of the emiss ion data from unit to unit and test to

test for the entire body of JT8D-9 test data are combi ned in the nex t group

of plots. The data is , however , limited to modes 3 throug h 8 for the pur-

poses of continuity and clarity. Fi gu res 11 , 12 , and 13 prov i de , respectivel y, -
val ues of CO , HC , and NO emission indexes versus their appropriate emission

factors (as introduced in Section 2.6.3, and defined for the JT8D-9 in the

nomenclature of Volume II ) . As such , they also serve to indicate visuall y

the validity of the relationshi p between i ndependent and dependent variables

for each pollutant.
In the cas e of CO , i t  can be seen that the emission i ndex is

hi ghly correlated by the emission factor F
~0 

and tha t the dependency is

accuratel y described by an inverse relationshi p (i.e. , a line with a slope

of — l on the log—log plots). These observations have been quantified

throug h the calculation of vari ous statistics . For examp le , based on modes

6 throug h 8 (i.e. value s of F
~0 

less than 0.2) where the CO emissions are

most i mportant , El co versus F
~o 

da ta points for the entire set of JT8D—9

tests have a correlation coefficient of 0.91 with the inverse relationshi p

(versus a value of 1.0 for perfect correlation) .

The HC emission data for the JT8D-9, as shown in Fi gure 12,

prov i des grap hic evidence of the prob l ems discussed above -- particularl y

at hi gh power. The statistics bea r out the poor quality of the data

• with correlation coefficient of 0.54 between E I HC versus FHC data points

and an inverse relationshi p. It is obvious tha t any subsequent ana l ysis

of JT8D-9 MC emissions must eliminate the data inval idated by “B” nut

leaks and inadequate heating of the samp le train.

It can be seen from Fi gure 13 that the emission index of NO i s

hi ghly cor rela ted by FNO at hi gh powers , but the correlation deteriora tes

as idle is approached. Further , the dependency is accuratel y described

by a direc t proportionality (i.e. , a line with a slope of +1 , on the log-

log p l ots). Based on modes 3 throug h 6 where the NO emissions are mos t

i mportant , EI NO versus FNO data points for the ent ire set of JT8D-9 tests

havc a correlati on coefficient of 0.91 with direct proportionality.
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In the case of smoke , no emission factor to correlate the da ta
has been developed. As a -esu it , Fi gure 11+ prov i des va l ues of smoke number
plotted versus EPR. For t’,e JT8D—9 , the va l ues have been obtained onl y
for modes 3 throug h 6, but certain trends can be seen. These is cons i der-
able scatter , but the mos t extreme va l ues are attrib utable to contaniina—

tion effects where suffi cient information was not avail able for correcti on. -

1+2
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3.2 JT8D-7 ENG I NE TYPE

3 .2 .1  Background

The Pratt & Whitney JT8D-7 is a sli ghtl y lower thrust counterpart
(rated at 14,000 l bf) of the JT8D—9 eng ine type shown in Fi gure 10.

Emission tests of the JT8D-7 were conducted on installed units of the

Boeing 727-100 fleet owned and operated by United Air Lines. The tests

took p lace at the San Franc i sco Internationa l Airport under the direction
— of UAL personnel , who operated the MERF. Baseline testing was initiated

June 19, 1975 and the last test occurred on November 18, 1976. Amb i en t

conditions var i ed between the following extremes: 1+2 to 85 deg F , 29.92
to 30.37 in Hg abs , and 0.00426 to 0.01023 lb H2O/1b dry air. Of the

twenty—one (21) units which were base lined , fifteen (15) were tested

through at least 2300 hours of elapsed operating time . The maximum

elapsed time was 2984 hours , and up to six tests were conducted per unit.

The eng i nes had baseline TSOs of between 14,190 and 24,920 hours. A

total of 105 eng ine tests have been documented in Volume II I  for the

JT8D—7.

3.2.2. Processed Data Overview

Mean values of the measured data obta i ned in the JT8D-7 emission

tests are prov i ded in Table 9. When compared to the JT8D-7 data of Reference

114 for gaseous pollutants , the CO , HC , and NOx 
emission i ndexes all seem to

be quite reasonable. (Althou gh the sampling train of the MERE in San

Francisco was also found to have elements which were inadequatel y heated ,

this was discovered onl y three months into testing and the data collected

were not noticeabl y affected.) However , the smoke numbers sti l l  appear

somewhat hi gh, desp ite si gnificant corrections for samp le line contamination

wh ich had to be applied after the fact , as described in Appendix C. This

mi ght be attributable to residua l contamination which could not be eliminated ,

a core-rich s~”Ele at h i gh power (see Appendix A), or per haps a h i gh aromatic

content of the fuel.
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TABLE 9. - MEAN ,.rr8D-7 TEST DATA*

TEST MODE

I tem In it i al Take-Off Climb Approach Fina l

Perfo rmance Parame te rs

EPR 1.05 1.98 1.80 1.23 1.05

Corr ec ted N 1 , 32.2 93.L~ 88.1 61.2 33.0
per cent

Corr ec ted N2, 56. 1 93.3 9 1.0 77 .1+ 56.6

per cent

Corrected Fue l 1130 8300 6930 2500 1130
Flow , lb/hr

Correc ted EGT , 1160 11+50 1380 1100 1140

deg R

Exhaust Emissions

CO 2 Concentration , 0.63 1.92 1.51+ 0.51 0.58
per cent

CO Emission Index , 38.1 1 .5 1 .9 10 .7 36.6

lb/l000 lb fuel

MC Emiss ion I ndex , 1 0.1 0.3 0.3 1.9 9.2
lb/l000 lb f uel

NO Emiss ion I ndex , 1.6 14.0 12 .1 14.9 1 .7
lb /b OO lb fue l

N0~ Emission I ndex , 3.7 l1-+.2 12.5 6.9 3 .7
lb/1000 lb fue l

Smoke Number 1.5 33 .1 3 1.7 9.5 1.4

Wi thou t out l y ing va lues

1+5
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Fi gu res 15 , 16 . and 17 prov i de , respective l y, values of GO , MC ,

and P.10 emission indexes versus their appropriate emission factors (as

defined for the JT8D-7 in the nomenclature of Volume III). It is apparent ,

in each case , that the values of emission index are hi ghl y correlated by

the emission factor. Specifica lly, for the entire set of JT8D—7 tests ,

U Based on modes 6 throug h 8 , EI c0 versus F
c0 

data points

have a correlation coefficient of 0.93 with an inverse

relationshi p, while EI HC versus FHC data points have a

correlation coefficient of 0.90.

U Based on modes 3 throug h 6, EI
~ o 

versus FNO data points

have a correlation coefficien t of 0.96 with direc t

proportiona l i ty.

Fi gure 18 prov i des va l ues of smoke numbe r versus EPR for the

JTCD-7. The pattern is seen to be similar to that for the JT8D-9,

but the va l ues are hi gher generall y. The smoke numbers again tend to

level off at hi gh power.

I
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Figure 16. JT8D-7 Uncorrected MC Emis sion Data
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3 .3 JT3D-7 EN G I N E  TYPE

3.3.1 Background

The Pratt & Whitney JT3D—7 is a hi gher thrust counterpart (rated at

19,000 lbf) of the JT3D-3B eng ine type shown in Fi gure 23. Emission tests

of the JT3D-7 were conducted on ir:t alled units of the DC-8—62 fleet owned

and operated by United Air Lines. The tests took p lace at the San Franc i sco

Internationa l Airport under the direction of UAL personne l , who operated

the MERF. Baseline testing was initiated August 18 , 1975 and the last

test occurred on Novembe r 16 , 1976. Amb i ent conditions varied between the

followin g extremes: 1+2 to 76 deg F , 29.85 to 30.29 in Hg abs , and 0.003514

to 0.01169 lb M
2
0/lb dry air. Of the ei ghteen (18) un its which were base-

lined , ten (10) were tested throug h at least 2300 hours of elapsed operating

time . The max i mum elapsed time was 3012 hours , and up to six tests were

conducted per unit. The eng ines had baseline TSOs of between 15,760 and

25,860 hours. A total of 714 eng ine tests have been documented in Volume

IV for the JT3D-7.

3.3.2 Processed Data Overview

Mean va l ues of the measured data obta i ned in the JT3D-7 emission

tests are found in Table 10. When compared to the JT3D—7 data of Reference

14 for gaseous po llutants , the GO , HG , and NO
~ 

emission indexes all seem

to be quite reasonable. For CO and HC , the variation with powe r level
and the low values agree very well , althoug h the peak values in Table

10 tend to be hi gher. In the case of NO , again the low values agree

ver y wel l , but the peak values in Table 10 are somewhat lower than the

• comparable values from Reference 14.

Fi gures 19, 20 , and 21 provide , respectively, val ues of CO ,

• . HG , and NO emission i ndexes versus their appropriate emission factors

(as def i ned for the JT3D—7 in the nomenclature of Volume IV) . It is

apparent , in each case , tha t a small group of values are di f ferent from
the others. These are va lues obta ined from measurements of Unit 13 which
was fitted prior to the degradation program with a special low-smoke

combustor. Aside from Un it 13, it should be noted tha t special cons i derations ,

51
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TAB LE 10. - MEAN JT3D -7 TEST DATA*

TEST MODE

I tem Initial Take-Off Climb Approach Fina l
Id le Idle

Perfor mance Parame ters

EPR 1.03 I 1.85 1.66 1.17 1.03

Corrected N 1, 32.8 101. 14 96. 1 69.2 33 .3
per cent

Cor rec ted N2, 60.14 101.7 99.5 87.1 61.0

per cent

Corrected Fue l 1240 10 ,000 8300 3280 1230

Flow , lb/hr

Correc ted EGT , 1030 11420 13140 1100 1030

deg R

Exhaust Emiss ions

CO2 Concentration , 1.50 3.36 2.98 1.96 1.44

per cent

CO Emission Index , 1 09 1.2 1.7 17.8 106
lb/l000 lb fuel

HC Emission I ndex , 124 0.7 0.4 2.7 112

lb/ l 000 lb fue l

NO Emiss ion I ndex . 1.5 9.8 8.9 4.5 1.7
lb/ l000 lb f uel

NOx Em ission I ndex , 2.2 9.9 9.1 5.6 2.4
lb/l000 lb f uel

Smoke Number 19.5 50.5 50.6 43.6 18.7

* Withou t outl y ing va l ues
I
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as detailed in Appendix B led to a modified CO emission factor. As a

result , E I
~~ 

versus Fco data points could not be correlated with a slope

of —I. However , based on modes 6 throug h 8 , the points d i d  have a

correlation coefficient of 98 percent with a least-squares stra i ght line

whose slope was -0.51. For the remaining JT3D-7 gaseous pollutants ,

Based on modes 6 throug h 8, EI HC vers us F
HC 

data points

have a correlation coefficient of 0.99 with an inverse

relationshi p.

Based on modes 3 throug h 6 , El NOversus FNO data points have

a correlation coefficient of 0.90 with direct proportionality.

Fi gure 22 provides value s of smoke number versus EPR for the

JT3D—7 . I t is obvious to see tha t the values for the l ow-smoke combustor

are set apart , quite distinctl y, from the other units. As opposed to

the JT 8Ds , there is  tendency for smoke numbers to level  off at the

intermediate power setting. Residua l contamination effects are responsible

for the scatter of data at take—off power.

I
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3.4 JT3D—3B ENGINE TYPE

3 .4 .1 Back ground

The Prat t  & Whi tney JT 3D— 3B , as shown in Fi gure 2 3 , is a two
spoo l turbofan eng ine rated at 18 ,000 lbf thrust which was deve l oped to

power long range transport aircraft. A short discharge duct exhausts the

fan air just after passing through the fan. The combustor is a cannu lar

type with ei ght cans and six fuel nozzles per can.

K

Fi gure 23. JT3D-3B Schematic

Emission tests of the JT3D-3B were conducted on installed units

of the DC-8-6l fleet owned and operated by United Air Lines. The tests

took p lace at the San Francisco Internationa l Airport under the direction

of UAL personne l , who operated the MERF . Baseline testing was in itiated

on J u l y 9, 1975 and the last test occurred on October 14, 1976. Amb ien t

conditions varied between the follow i ng extremes: 42 to 64 deg F , 29.92

to 30.32 in Hg abs , and 0.004614 to 0.00998 lb M2O/lb dry a ir. Of the

ei ghteen (18) units wh ich were baselined , ten (10) un its were tested throug h

at least 23 65 hours of elapsed operat ing t ime . The maximum elapsed t ime

was 303 1 hours , and up to six tests were conducted per unit. The eng ines

had basel ine TSOs of between 17, 670 and 31 ,250 hours. A total of 78

eng ine tests have been documented in Vo l ume V for the JT3D-3B .
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3.~4.2 Processed Data Overview

Mean val ues of the measured data obta i ned i n  the JT3D—3B emission

tests are found in Table 11. When compared to the JT3D—3B data for gaseous

pol l utants of Reference 14 the CO , HC , a nd NO
~ 

emission indexes again seem

to be quite reasonable. As the JT3D-7, the varia ti on w it h power leve l and
the low va l ues a gree very we l l  fo r CO a nd HC , althoug h the peak va l ues of

Tabl e 11 tend to be r~i gher. For N0
~
, Tabl e T O genera l ly  g ives hi gh val ues

a t low power and lower val ues a t h i gh power.

Fi gures 24, 25, and 26 prov id e , respectively, va lues of GO , HC
and NO emission indexes versus their appropriate emission factors (as

defined for the JT3D—3B in the nomenclature of Volume V). As for the

JT3D—7, spec ial considerations for the JT3D—3 B led to a modified CO

emission factor which could not correlate the El co versus Fcø data points
with a slope of -1 . However , based on modes 6 throug h 8, the points did

have a correla tion coefficient of 99 percent with a least-squares stra i ght

l ine whose slope was —0 .147. For the remaining JT3D—3B gaseous pollutants ,

• Based on modes 6 throug h 8, EI HC ve rs us FHC data points have

a correlation coefficient of 0.99 with an inverse relationshi p.

• Based on modes 3 through 6, EI NO vers us F
NO 

data points

have a correlation coefficient of 0.95 with direct

proport ionality.

Fi gure 27 provides va l ues of smoke number versus EPR for the

JT3D—38. The values are seen to be very similar to those for the JT3D-7

a t a l l  power levels.

I
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TABLE 11 . - MEAN JT3~ -3B TEST DATA

TEST MODE

Item In i t i a l  Take-Off Climb Approach Fina l
I d l e  I d l e

Performance Parameters

EPR 1.04 1.84 1.65 1.1 7 1.04

Corrected N 1 , 33.5 103.5 97.2 68.14 33.6
per cent

Corrected N2, 60.6 101. 3 98.7 86.1+ 60.7
per cent

Corrected Fuel 1280 9590 7860 3060 1260
Flow , lb/hr

Corrected EGT , 1020 11400 1310 1 090 1020
deg R

Exhaust Emissions

CO 2 Conce ntration , 1 .147 3.3 1 2.91 1.814 1.142

per cent

• CO Em ission Index , 108 1.3 2.0 20.6 109
lb/l000 lb fuel

MC Emission Index , 128 0.5 0.14 3.4 132
lb/ b OO lb fue l

NO Emiss ion Index , 1.6 9.6 8.3 4.5 1.8
lb/ l 000 lb fue l

NOx Em ission Index , 2 .2  9.6 8.6 5.2 2.3
lb/ l000 lb fuel

Smoke Number 21. 9 52.2 52.0 43.3 22.6

~:Wi t ho tit outl y inq va T ues
I
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3.5 JT9D—3A ENGINE TYPE

3.5. 1 Back ground

The Pra tt & Wh itney JT9D—3A , as shown in Fi gure 28 withou t

exhaust p l ug, is a two spool turbofan eng ine with a compression ratio

of approx i matel y 22 to 1 and a bypass ratio of 5 to 1. The eng ine is

rated dry at 143,500 lbf thrust and was developed to power jumbo jet

transport aircra ft. The combustor is an annular type desi gn and contains

two i gn iter p l ugs capable of cor~tinuous duty operation.

Fi gure 28. JT9D-3A Schemat ic

Emiss ion tests of the ,JT9D-3A were conducted on installed un its

of the Boeing 747-100 fleet owned and operated by United A ir Lines. The

4 65
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te~.ts took p lace at the San Francisco Internationa l Airport under the

direction of UAL personne l , who operated the MERF. Baseline testing was

initiated on September 4, 1975 and the last test occurred on November 22 ,

1976. Ambient conditions varied between the following extremes: 42 to

76 deg F , 29.80 to 30.46 in Hg abs , and 0.0046 to 0.0102 lb H2
0/lb dry

air. Of the twenty—five (25) un its which were base lined , ten (10) units

were tested throug h at least 11.90 hours of elapsed operatin g time . The

maximum ela psed time was 2722 hours , and up to seven tests were conducted

per un it. The eng ines had baseline TSOs of between 7,623 and 15 ,270

hours. In tota l , 76 eng ine tests have been documented in Vo l ume VI for

the JT9D.

3.5.2 Processed Data Overview

Mean va l ues of the measured data obta i ned in the JT9D-3A

emiss ion tests are found in Table 12. When compared to the JT9D data

of Re ference 14 for gaseous pollutants , similar tendenc i es are found as

for the previous eng ine types. For CO and MC emission indexes , the

var ia t ion w i t h  power leve l and the low values agree we l l , but the pea k
va lues of Table 12 tend to be hi gher. For NO

~ 
emission indexes , the

va l ues agree well at idle but , as power leve l inc reases , the values of
Table 12 tend to be si gnificantly lower.

Fi gures 29, 30 , and 3 1 prov ide , respect ive ly ,  values of C3 ,
MC , and NO emission indexes versus their appropriate emission factors

(as defined for the JT9D-3A i n  the nomenclature of Vo l ume vi). Althoug h

a good dea l of scatter ex is ts  at Tow emission levels , particularl y in

the case of HC , it can be seen that the values of emission i ndex are

hi ghly correla ted by emission factor where they are most si gnificant.

Speci f ica l ly, for the ent i re  set of JT9O—3A tests ,

• Based on modes 6 throug h 8, El co vers us Fco da ta poi nt s
have a correlation coefficient of 0.98 with an i nverse

relationshi p, while EI HC versus FHC data points have a

correlation coefficient of 0.96.

• Based on modes 3 throug h 6, EI NO vers us FNO data points
have a correlation coefficient of 0.95 with direc t

proportiona l i t y .
66
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TABLE 12. - MEAN JT9D-3A TEST DATA*

TEST MOD E

Item I n i t i a l  

- 

Take-Off C l i m b  Approach Fina l
Idle Idle

Performa nce Parame ters

ERR 1.02 1.40 1.3 1 1.08 1.02

Corrected N 1, 28.5 89.8 84.3 56.5 27.5
per cent

Corrected N2, 64 .5 94.5 92.7 83 .9 65. 2
per cent

Corrected Fue l 1920 15, 800 12 ,900 5210 1 840
Flow , lb/hr

Corrected EGT , 1160 1870 1770 1400 1180

deg R

Exhaust Emiss ions

CO
2 

Concentration , 1. 72 3.92 3.48 2.35 1.71

per cent

CO Em ission I ndex , 81.3 0.6 0.7 7.1 82.0
• lb/T000 lb fuel

MC Emiss ion Index , 35. 4 1.0 0.7 0.9 32.7
lb/l000 lb fue l

NO Emission i ndex , 2 .2  2~-+.9 18.6 6.3 1.8

lb/l000 lb fue l

NOx Emiss ion I ndex , 3.3 25.6 19.1 7.6 3.2
lbf l000 lb fue l

Smoke Number 1.5 11.9 9.7 2.7 1.3

~~Wi thou t outly ing va l ues

I
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Fi gure 32 provides va l ues of smoke number versus EPR for the

JT9D—3A . A grea t dea l of scatter can be seen in the va l ues which

increase steadi l y w i t h  power level .
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3.6 RB2ll—2 2B ENGINE TYPE 
-

3.6.1 Background

The Rolls—Royce RB2II-22B , as shown in Fi gure 33, is a three

spool , hi gh bypass turbofan engine with a compression ratio of 27 to I.

The eng ine is rated at 40,600 lbf chrust and was deve l opel to power jumbo

jet transport aircraft. The combustor is annula r and is fitted with 18

fue l spray nozzle assemblies , two of which i ncorporate hi gh energy

i gn i ter p lugs.

0

I ~~~~~~~Fi gure 33. RB2ll-22B Schematic

Emissi on tests of the RB211-22B were conducted on installed

units of the L l O ll  fleet owned and operated by NA. The tests took p lace

at the San Francisco Internationa l Airport under the direction of NREC

personne l , who operated the MERF. Baseline testing was initiated on

June I , 1976 and the last test occurred on October 8, 1976. Ambient

cond itions varied between the following extremes : 59 to 84 deg F , 29.80
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to 30.10 in Hg abs , and 0.00618 to 0.01 1 62 lb H
2
O/lb dry air. Of the

nineteen (19) units which were baselined , ten (10) units were tested

through at least 500 hours of elapsed operating time . The max i mum elapsed

i i - , - W~ I S  F~I9 hours , and up to six ti~sts were conducted per unit. Th&~

- I  • — ~ — I i I ~,ft _ • I I~’ I W~~ 4 I 4  ~~,‘i . i tul  I • • / J~ Ii. , , i i — . — A i i I - I ‘.1

entj i ne tests have been doc~~nen ted i n Vol unie V II I ot the RBZ II -

3.6.2 Processed Data Overv i ew

Mean values of the measured data obtained in the R82l1 emission

tests are found in Table 13. Review of these values by Rolls—Royce per-

sonnel ind i cated that the gaseous emissions were generall y in good agree—

nient with prev i ous measurements of production eng i nes. In the case of

smoke, however , si gn ificant corrections for samp le line contamination have

had to be appl ied a f ter  the fact , as described in Appendix C , and these

corrections have brought the take-off va l ues of Table 13 down to a more

reasonable mean.

Fi gures 34, 35, and 36 provide , respective l y, values of CO . MC ,

and NO emission i ndexes versus their appropriate emission factor5 (as

defined for the RB2 1I in the nomenclature of Volume V II). It can be seen ,

i n  each case , tha t the values of emiss ion i ndex are hi ghl y corre la ted
by the emission factor. Specifical l y, for the entire set of RB2 1I tests ,

• Based on modes 6 throug h 8 , EI CO versus FCO data points

have a correlation coefficient of 0.97 with an inverse

relationshi p, while E I
MC 

versus F
MC 

data points have a

correlation coefficient of 0.98.

• Based on modes 3 throug h 6 , EI NO versus FNO data points
have a correlation coefficien t of 0.97 wi th direc t

proportionality.

F i gure 3 7 prov ides va lues o’ smoke numbe r versus ERR for modes 3

t h r o u g h 6 of R82 l 1  operation . The increasi ng slope exhib i ted by this

data at hi gh power ind i cates tha t res i dua l contam ination effects may

st i l l  be present.

I
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TABLE 13. - MEAN RB2 11-22b TEST DATA~

TEST MODE

I tem Init i a l  Take- Off  C l i m b  Approach Fina l
Idle 

__________ I _________ 

Idle

Performance Parameters

ERR 1.02 1.53 1.45 1 .13 1.02

Corrected N 1, 23 .1. 92.8 87.2 54.1 23 .2

4 per cent
Correcte d N2. 144.6 96.8 93.8 76.8 44.1

per cent

Corrected N3, ‘~2. l 91.7 89.6 77.5 62.2
per cent

Cor rected Fuel 1 560 l~~.7O0 13, 000 42 30 1 5 10
Flow . lb/hr

Corrected EGT. deg R 10 40 1710 1 61 0 12 10 1030

Exhaust Emissions

CO2 Concentrat ion , 1.54 3.88 3.45 1.98 1 . 146

per cent

CO Emission Index , 96.3 1.3 2.0 22.2 108

• lb/l000 lb fuel

MC Emiss ion Index , 93.4 0 .5 0.3 6.7 99.8
lb/1000 lb fuel

NO Emission I ndex , 1.! 314.3 26.2 6.4 1 . 1
lb/)000 lb fue l

• NOx Emission Index , 2 .1  34 .9 26.9 8.4 2. 14
lb / l000 lb fue l

Smoke Number --- 21+.2 17.8 6.6

* Withou t outl y ing va l ues

I
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3. 7 CF700—20 ENGINE TYPE

3.7.1 Background

The Genera l Electric CF700—2D , as shown in Fi gure 38, is

an aft—fan turbine eng ine rated at 1+250 lbf thrust which was developed to

power military and business aircraft. The fan is a sing le—stage free—

floating des i gn directl y attached to the fan turbine. Mixing of the fan

and core gases takes p lace in the exhaust duct. The combustor is an

annular type with twe l ve fuel nozzles.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1iiii~-~~-fl~~ ~~
Fi gure 38. CF700—2D Schematic

Emission tests  of the CF700- 2D were conducted on ins ta l led
units of the Dassault Falcon fleet owned and operated by Federa l Express.

The tests took p lace at t he head q uar ters of Federa l Express , adjace nt

to the Memphis Internationa l A i rpor t .  They were conducted under the
d ir ec ti on of NREC perso nnel , who operated the MERF. Basel ine tes t ing
was initiated on December 6, 1975 and the last tests occurred on Jul y

17, 1976. Ambient conditions var ied between the fo l low ing  extremes:
1+0 to 83 deg F , 29.75 to 30.43 in Hg abs , and 0.00097 to 0.01504 lb

H2O/lb dry air. Of the sixteen (16) un its which were baselin ed , eleven

I
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(11) were tested throug h at least 898 hours of elapsed operat ing time .

The maximum e lapsed time was 1205 hours , and up to four tests were

conducted per un i t .  The eng ines had basel ine TSO5 of between 297 and
3054 hours (ISO , in th i s case, is assumed to be “time since extended

maintenance ”). With a fina l series of tests prec l uded , a total of L+8
eng ine tests have been documented in Volume V I I I  for the Cr700.

3.7. 2 P rocessed Data Overv iew

Mean va l ues of the measured data obta i ned in the CF700—2D

emission tests are found in Table 11.. A published source of comparative

emission data has not been found but , based on persona l communicati on

with GE personnel , it ap p e a r s  tha t the tabulated emission data is reasonable.

Fi gures 39, 1+0 , and 41 prov i de , respective l y, val ues of CO ,

MC , and NO emission indexes versus their appropriate emission factors

(as defined for the CF700—2D in the nomenclature of Volume V III ) . It

is apparent , in each case , tha t the va l ues of emission index are

corre la ted by the emission factor , altho ugh considerable scatter exists

for NO at low power. Spec i f i c a l l y, for the entire set of CF700 tests ,

• Based on modes 6 through 8, El co versus FCO data points

have a correlation coefficient of 0.97 with an i nverse

relationshi p, while E I HC versus FHC data points have a

correlat ion coefficient of 0.91..

• Based on modes 3 throug h 6, E I NO vers us F NO data points

have a correlation coefficient of 0.89 with direct

propor t iona l i t y .
Fi gure 42 prov ides va l ues of smoke number versus ERR for the

CF700 . These values , which were on ly obtained for modes 3 throug h 6 ,

again show considerable scatter and an increasing trend to hi gher va lues
as take-off power is app roached.

H i
I
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TABLE ~L~• - MEA N CF700-2D TEST DATA*

TEST MODE

I tem Initial Take-Off Climb Approach Fina l
I d l e  

_________ ( 
Id le

Performa nce Parameters

EPR 1.05 1.53 1.14 7 1.13 1.05

Corrected N 1, ~
‘
~~

‘- 28.6 99.2 95.9 56.2 29.2
per cent

Corrected N,, ~
‘,~~

‘: 1+7 .1 97.0 914.5 714.1. 1+7.3
per cent -

Corrected Fue l 536 271+0 21+1 0 992 531

Flow , lb/hr

Corrected EGT , 11450 1720 1 61+0 1330 11.30
deg R

Exhaust Emissions

CO2 Concentration , 0.88 1.57 1. 140 0.90 0.85
per cent

CO Emission I ndex , 166 28.5 32.2 88.5 169
lb/l000 lb fuel

HC Emiss ion Index , 22. 1. 1. 2 1 .1  5.3 22.5
lb /l000 lb  f uel

NO Emission Index , 1. 6 3 .4 3 .2 1.6 1. 1+
lb/ l000 lb fuel

NOx Em ist on I ndex , 1.8 3.7 3.6 2. 3 1.8
lb/l000 lb fue l

Smoke Number --- 15.1+ 13.6 3 7  --.-

* Withou t outl y ing values
I

N 1 refers to f~~~n speed whi le N2 refers to core speed
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APPENDI X A

REPRESENTATIVENES S OF EMISSION SAMPLE

INTRODUCTI ON

For some considerable time two major prob l ems with respec t to

emission measurement have been i den tified by industrial and governmental

stud y teams. These problem s involve acquirin g a representative emission

sample from gas turbine exhausts and correction of emission l evels for

the effect of ambient conditions. The fir st of these prob l ems is of

primary concern in this appendix.

Stratification of emissions in the exhaust from gas turb i nes has

been shown in numerous instances through detailed traverse prob i ng and

anal ysis of profile and contou r plots of carbon monoxide, hydrocarbons and

oxides of nitrogen. It would appear that the variability in stratification

presents a prob l em for fixed probe samplin g techniques. However , s tud i es
of data acqu i red by extensive samp ’ing over the exhaust section of a JT80—ll

turbofan eng ine , Reference 4, indicate that the use of fixed probes for

representative sampling is feasible . The optimized probe , for such samplin g ,

is described in Section 2.3.

In the absence of similar data for the additional eng ines s tud i ed
in this program the same desi gn rules were applied for all p robes. It should

be emphas i zed that considerations of consistency of sampling, over long in-

tervals of time , outwe i gh those of sample representativeness. It is the pur-

pose of th is append i x , however , to examine t i s  factor for all eng i nes tested .

COMPARISONS OF CARBON BALANCE AND PERFORMANCE
FUEL-AIR RATIOS

An importan t technique which indicates the representativeness of

sampli ng is a d i rect comparison of measured carbon balance fuel—air ratio

with that derived from the performance of the eng i ne. Carbon balance fuel-air

ratios are calculated directly from the measured exhaust emissions—— carbon

monox i de , hydrocarbons and carbon dioxide. Since only fuel flow could be

measured on the test eng i nes , the air flow pertaining to the performance

A- l
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fuel — air ratio and the operating condition was predicted from performance

data and measurable operating parameters-- N
2 and EPR. Attention should

be drawn to the fact that all performance data used in the prediction of air

flow had no allowance for installation and probe blockage effects. Com-

parisons of fuel—air ratios are shc,.’ i n the following f i gures for all test

data acqui red on each engine type.

DISCUSSION

The fuel-air ratio comparisons for both the JT8D—9 and JT8D-7

are shown in Fi gures A— l and A—2 respectivel y. Both eng ine types show

si m i l a r  trends with ascending power , changing from good agreement at idle

cond i t ions to a h i gher carbon balance fuel—air ratio bias at take—off con-

ditions. It can be seen that considerable data spread exists , presumably

due to unit—to—unit variation , and the maximum deviations amount to approx i-

mately 25 per cent at the hi ghes t power level.

The comparison for JT3D—7 and JT3D—3B , shown in Fi gu res A— 3 and

A—4 respective l y, exh ib i t simi lar but less severe trends than the JT8D type

eng ine. Un it-to—unit spread is si gnificantly improved and the max i mum devi-

ation varies from 10 to 15 percent. Althoug h the trends exhibited in Fi gu re

A-5 for the JT9D—3A are similar to those discussed above, :t can be seen that

a hi gh carbon bala nce fuel—air ratio bias exists at the idle conditio n . With

ascending power an improvement in correspondence is ind i cated and at the take-

off condition the deviation is small.

The fuel—air ratio comparison for the RB211 eng ine shown in Fi gure

A—6 has the same characteristic trend seen prev i ousl y. In this case good

agreement exists at idle conditions and a distinc tl y low carbon balance fuel—

a ir ratio bias exists for hi gher power settings . The average deviation at

take—off conditions is close to 15 percent.

Considerable unit—to—unit data spread is shown in the fuel—air ratio

comparison for the CF700 eng ine (see Fi gure A—7). Generally the carbon balance

fue l -air ratio appears hi gher than the performance va l ue by amounts from 5 to 15

percent. The unmixed co—axial nature of the fan—core streams presents a con-

siderable prob l em for fixed probe sampling in this particular eng ine. 
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A PPENDIX B

DER IVAT ION OI~ GAS TURBINE EM ISSION CORR ELAT IN G
PARAMETERS AND AMB IENT CORREC T IONS

INTRODUCT I ON

The test program for the development of Time Degradation Factors
for Turbine Eng ine Emissions was conducted on i n—serv i ce eng ines to ensure

that realistic results were obtained over the required intervals of eng ine

operating time. Because of unavoidable variations in a number of factors in

this fie 1d prog ram , particularly ambient and eng ine operating conditions ,
4 the effect of time must be carefully separated from all other variables af-

fecting emissions. Examination of the many factors wh i ch effect gas turb i ne

emiss i ons shows that the operating condition of the combustor , defi ned by the
inlet variables pressures , temperature , humidity , a i r flow and f uel f low , are

most si gnificant. It should be appreciated , howeve r, that for a gi ven engine

the combustor conditions are related specific ~ l 1y to eng ine operating con-

ditions and the prevailing amb i ent pressure , temperature and humidity. From

the more complete listing of factors together with their variables illustrated in

Table B—I , it appears obvious that in order to separate the effect of time

it is necessary to develop quant itat ive expressions wh i ch allow emission cor-

rel at ions for engine operating conditions and ambient corrections to be estab-

l ished , The analysis of these factors aimed at develop ing the requ i red ex—

• pressions is presented in this appendix.
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TABLE B—h - FACTORS EFFECTING ENGINE EMISSIONS

• ENGINE OPERATING CONDITIONS

Independent Var iab le — F

Dependent V a r i a b l e  — 
N 1 N2 MtJ~~ EPR

~~~~
• AMBIENT CONDITIONS

Pressure — Pa
Temperature -

Humid i ty  — Ha

• OPERATING LINE

Compressor E f f i c i ency  — 

~~CP

• Compressor-Turbine Match - A NZ 11+

• FUEL CHARACTERISTICS

Carbon—Hydrogen Ratio

• Aromatic Content

• TIME

I
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BACKGROUND

The probl em ar ea affec t ing em iss i on meas u rement s , wh ich i s of
par t icular impor tance here , i nvolves the effect of changes in amb i ent

tempe rature , pres sure and humidity, on emi ssion levels. The FAA has con—
ducted investi gat ions on this problem at the National Av ia t ion Fac i l i t i es
Experimenta l Center (NAFEC) A t l a n t i c  C i t y ,  New Jersey in order to quantif y
these ef fects for two eng ines , the TF3O-P l mixed flow turbofan and the

J57—43 turbojet eng ine (Re f 13). Whereas the results of these investi gat ions

appea r direct ly appl icable to the data acqu i red from test ing the JT8D and
JT3D turbofan eng ines in the current degrada t ion p rogram , the mathematical

express ions deve loped to describe the emiss ions character is t ics as a function

of ambient temperature and humidi ty cannot be applied wi th any degree of

conf idence to other eng ines . In addi t ion , the res ul ts  provide no quant i tat ive
express ions relat ing emission leve ls  to the eng ine operat ing var iable wh ich

w ill undoubtedly change in pract ice.  It should be pointed out , however , that
the data in covering a wide range of temperature and humidity presents an

idea l source for the verification of emission models.

The der iv a tion of emi ss i on models for NO and CO based on a k i neti cx
analys i s by Pra tt & Whitney workers appears in Reference 15. The v a l i d i t y  of
these techniques was assessed throug h compar i sons of correc ted and uncor rec ted
emission data spread and by the ability of the model to predict changes in

emission levels with variations in burner operating conditions. Comparisons

of the corrections , due to amb i ent effects , with those of the NAFEC work in-

dicated substantial agreement in the case of NO. However , the comparisons

in respect to carbon monoxide and hydroca rbons ind i cated poor agreement and
anomalous effects of amb i ent temperature. An ind i cation of the accuracy of

the P&WA correction techniques is g i ven in Table B-2.

As a result of these findings NREC has directed its efforts towards

• improved emission models for carbon monoxide and hydrocarbons. In this respect

the ear ly work associated w i th  correlat ing combustion ef f ic iency,  Re ference 16 ,

appeared to be a particularly usefu l startin g point.
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TABLE B—2 . - COMPARISON OF EM ISSION INDEX
SPREAD WITH VARIOUS CORRECT ION TECHN IQUES

JT9D P roduction Eng i nes
19 Eng ine Pi lo t  Lot

Based on Interpo lated Values

Standard Tota l Em iss ion -

Inde pendent Deviat ion 2S Index Spread
____________ 

Var iab le  Correct ion Procedure percent percent

NO at Cl imb Net Thrust None 48.0 +25.5
Burner In let  None 30. 4 +23.2
Temperature

Burner In let NO
~ II’ref1l~’

2 17 .5 +17.8
Temperature I~—

L ohs
Burner In let  NOx I1~ref l l4f2 .e l9 ~H 9.8 + 7.5
Temperature

L ohs

CO at Id le Net Thrust None 56.4 +40.9

Burner Fue l None 48.4 ±39.8
A i r  Rat io

Burner Fue l 2o I6 Ico 1~ ’t f I ~
75 rT 

~
1 35.0 +27.0

A i r  Rat io L2ol6~ P I
-j L obsj LTObS

Burne r Fuel CO ‘1
~ob 1 19.6 +16.0

A i r  Rat io
L ref

HC at Idle Net Thrust None 93.0 ±92 .6

Burner Fue l None 64.6 ±62.9
A ir Rat io

Burner Fuel HC . P 28. 1 +30.2
A i r  Rat io  

[
~2.~~
] 

—

ref

I

4 8-4

____ _____  ______________



INFLUENC E OF OPERATING VARIAB LES ON CO EMISSIONS

Althou gh combustion of a hydrocarbon fue l is a complex process
considerab le progress in quan t if y ing i ts description may be made on the

assumpt ion that combustion can be fu l ly  described by a sing le global
reaction. This view is supported by the suggestion that there is a limit—

ing reac t ion wh i ch governs the over—all rate of combustion . Examination

of the chemistry of the process shows that this is unlikely over a wide

range of conditions and its justification lies in the fact that it allows

greater simplification under limited circumstances . In the gas turbine

combustor the circumstances wh i ch appea r opportune for such simplifications

are the norma l operating conditions where carbon monoxide is a major con-

tribution to combustion i nefficiency .

Follow ing the second order reaction rate theory approach of

Longwell , Herbert and others , see Reference 16 , it can be shown that the

rate of fuel burned per unit volume is given by the following expression:

M~ 
F/A .11 = K [F][o2]fP\

2 
T°5 e ~

ElgT

V ~RT)

2 -El
or the f raction burned a VP [F] [o2] e RT 

(B—l)

F/A T ’

where 111VP2 is known as the reaction zone “loadi ng”. A weakness

of Equation (8—1) is the comp l icated function of reaction zone

temperature. In practic a l combustors this expression is not easily de—

scribed and it is clearly advantageous to relate this factor to combustor

entry condi ’ ons which are known more accurately. Fortunately, it has

been found (see Ref 17) , that this temperature dependent term is reasonably

well descr i bed by the term exp ( T b18) ,  where Tb is the burner inlet temper-

ature and B varies with the effective equiva l ence ratio of the reaction

zone , as shown in Fi gure 8-1. It should be added that experimenta l data

• indicates closer agreement with thi s overall model for a 1.75 exponent

of pressure. =

4 B-5
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Hence a modified form of Equation 8— 1 may be wr i t ten :

Tb/B
a • e

L M

2~~ 
_

~~~~~~~~~~~~~ -._______

0~E
I—

o _ _ _ _ _ _ _ _ _ _ _ _ _

o.o~ o.~~ 0.O~ 0,06 0,07

Primary-Zone Fue l-A ir .Rat io

Fi gure B—l. Var iation of Temperature
Factor wi th  Fuel—Air Ratio
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The application of the theory of Greenhough and Lefebvre , Refer-

ence 17, results in a similar relationship which has been widely used in

the desi gn of combustors and correlation of experimental data.

r 1.75 0.75 0,4
I P A D T/Bb ref ref t A P  ‘t b

f ___ 
e •~ (8 2)

L M “ref

or f ( o , c )

where again the reaction zone temperature term is replaced by exp(T
b
/B)in

wh i ch B var ies wi th effective - equivalence ratio ~ of the reaction zone.

The over—all parameter given in Equation B-2, symbol i zed by 0 , has been
used extensively to correlate combustion efficiency and in most instances

shows an i nverse proportion ality to combustion ineff .iciency as illustrated

in Figure 8—2. Hence for a given combustor geometry where A ref4 Dref~
and are constants the combustion inefficiency :

P

Constanta = 

L~b
0. 75 Tb 

0.5 
e 
Tb/B

I t fol l ows therefore that correlations of carbon monoxide emission index may

be ach i eved through the following expression : 

1

EIco a 0.75 T 0.5 Tb/B I 
(B 3)

L b  b e 
J
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I t is partic ularl y si gnific a nt at this point to compare the above relation-

ships with those developed for the established rate controlling step for

carbon monoxide oxida ti on , Reference 18.

CO + OH ~ C02 +H

This l eads to the following rate equation :

- d rco] = K [CO] [oHJ’.,.!~\ 
2 
T 
0.5 e 

- E/RT

d t \RT /

For the equilibrium 2 [OH] ~ [H20] + ~
. [02] 

, the above rate equa ti on

y ields the following expression ,

- d [col = K [Co][H2O] 
0.5 

[02]
025 

(P\
’.75 T 0.5 e 

- E/RT (B4~)

dt \RT J

I t can be seen that this expression satisfactori l y explains the experi-

mentall y observed 1.75 exponent of pressure. Equation B—14 also i ndicates

tha t for a g iven change in carbon monoxide fraction , the oxidation time

tox a 

[[H20] 
O.5
[0]

O.25p h75 Tb/B]

Si nce the carbon monoxide i nefficiency A11
~ o 

may be exp ressed i n term s of

the ratio of oxida t ion t ime to the res i dence t ime i n the reac t ion zone,

~ CO a
res

I 8-9

- ~— — --r—-——— — —- —- —- - - . . - - . —

L _ _  
_ _ _ _ _ _

— Pg , t ’ ’~~~~~~

- - -
-

_ _ _ _ _ _ _ _ _  

-
~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 

— -- - -- —



-$-- ------—.-
~~ - -——- -“--- _ _0~~0 ~~~~~~~~~~~~~~~

it follows that for a constant value of M%[Tb and small effects of wa ter
and oxygen concentrations :

El ICO a 

[~b 
0.75 

. Tb 
0.5 

e 
Tb/B]

I t would therefore appear comparing the above relationshi p wI th that found

prev i ously, Equation B—3 , that from both carbon monoxide oxi dation kinetics

and sem i —emp irical globa l reaction rate theory the carbon monoxide emission

i ndex may be correla ted using this expression. In order to further exam i ne

the validity of Equation B—3 , a detailed analysis of the NAFEC work, Refere nce
13, was undertaken . Figure B—3 shows the carbon monoxide emi ssion corre-

lation over the operating power range of the TF3O engine and for amb i ent

temperature vary ing from 18 to 90 deg F. The degree of correlation is very

good and it is also apparent that over the prevailing amb i ent conditions in-

vesti gated these effects are intrinsic to the correlating parameter. Since ,

for a g i ven engine operating condition , Tb and 
~b 

are related only to am-

b ient temperature and pressure , amb i ent correct i on fac tors may be der i ved
directl y from the correlatin g parameter.

The carbon monoxide correlation for the J57 eng i ne data , Figu re
8—1i , al though indi cating some scatter is also good. At hi gh power levels

the effect of amb i ent temperature appears intrinsic to the correlation as

wi th the 1F30. At idle conditions , however , amb i ent temperature had litt le ,

if any , effect on the emissions. It will be seen later that this anomaly

in troduced an error in the derived amb i ent correction factor for both JT3D type

eng ines .
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INFLUENCE OF OPERATING VARIABLES ON HYDROCARBON EMISS IONS

As seen in the p rev i ous sec t ion s impl i f ied homogeneous gas phase
reaction kinetics provided adequate expressions for correlatin g and cor-

rec ting carbon monoxide emissions. Since the gas phase reaction of hyd ro-

carbons are much faster than that for carbon monoxide oxidation , it may be
postulated that the appea rance ot hydrocarbons in the ev laust from gas

turbine combustors is due primarily to vapor or liquid phase—limitin g pro-

cesses. Under such conditions droplet evaporation in the cooler reg ions of

the combustor , for example in film cooling or quenchin g lay ers close to the

l in er wa l ls , is particularl y signif icant.

The f rac ti on of f uel in jec ted wh i ch remain s unbu rned w i ll depend
to a great extent on the over-all time for evaporation compared with the

effective residence time in the combustor. On this basis it is reasonable

to assume :

Evaporation Time - t 
-

HC a ev (B—5)
Res idence Time — tres

It should be noted that this expression appears more valid at low power

conditions of operation of the eng ine where temperatures are low and fuel

drople ts are relatively large due to the low fuel inj ector pressure. It

i s prec isel y these conditions where accurate correlations and correction

factors are required due to the major contribution of low power emissions

to the over—all emission cycle calculations.

I t is well established that the lifetime of a d roplet evaporating

in a hi gh temperature gas s t ream i s g iven by:

Pf d0
2

t
ev 

= 
2.12 ~.L B~~

6Re~
’5

where is the density of the fuel , B is the fuel transfer number , flL
~~ 

is

the qas stream viscosity , Re is the Reynolds number and d0 
is the initia l droplet

size. Since the d roplet size and relative veloc i ty , U , may be expressed in

terms of the fuel inj ector characteristic flow number , EN , and the volume

flow of f uel , Q , as:

8-13
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d = 30C • FN°8 , U = Constant . ________

0 
~~55 O 5 ~Q ‘ FNPf

[ p
~ 

FN
then t = Constant •cv

~~
g Pg

The vol ume f low of f uel may be exp ressed al terna ti vely as Q = (M•F/A) /~~f

and since for norma l operating condition of an eng ine M
~~~

’
b
/Pb 

is constant ,

the above expression may be written

Pf
1 ’2 5 FN L7

t = Constant 0.5 0.5 / 1.325
fi1g Pg (P b

.F
A

I%
~
Tb

O
~
S Pf

or 

FN~~~t = Constantcv 
Pb~~

825
(~~A \

l.~ 25
fflAg~~

.5

Since the gas viscosit is propor...io nal to the square root of the gas

temperature , ~he term ~ Lg
/T
g)
05 is approximately constant for the normal

operating range of a combustor. Also , since the effective res i dence time

of the droplet i s rel ated to the percen tage pressure d rop , AP/~~ 1 a charac-

teristic length , LE , and the tempera ture , the following expression may be 
-

derived :

I

B-l4

I.

4
F’

L ~~~~~~~_ ~~TTh~~I . .~~~~~~~ ~~~~~~~~~~~~~~~~~~ - j
~
__ . ._ - . ,
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t~ Pf
2 575FN ’’7AP/Pb 1 ____________________= 

L
E j P~T.825 Tb°5 

f(F/A ,Tb) 
(B—6)

Examination of Equation 8—6 indicates the powerful effect of fuel density

and inj ector flow number and to a lesser extent , the influence of charac-

teristic length. Also from both Em ’muations 8—5 and B—6 it can be seen

that for a given combustor , fuel inj ector and fuel properties , the effec t

of operating conditions on hydrocarbon emissions may be ccrrelated through

the expression :

El a
L b  b A ’ b

Al though the precise functional relationshi p between the gas ter iperature

effec ti ng d roplet evaporation , fuel-air scitlO and combustor inlet temper-

atu re is d i f f i cu lt to es tabl i sh , a conven i ent expression may be incorporated

as fol lows :

EI HC a 
ER b

i .8 
Tb e

T
b
~~ ] 

(B-7)

where B will depend on the effective fuel—air ratio in the reg ion of

drople t evaporation.

The valid ity of Equation B—7 was initially examined through the
analysis of the NAFEC work , Reference 13, and the res u lti ng correla t ions for
the TF3O and J57 are shown in Fi gures B—S and B—6 respective l y. In both

cases the low power , idl e and approach , hydrocarbon emissions are illustrated . 
-
~

As can be seen the degre 3 of correlation for the J57 eng ine is noticeably

better thi~n for the TF3O and would appea r adequate for further deve l opment.

I t is of interest to note that although a search of the literature produced

no help in establish i ng the above relationship, Equat i on B-7, a recent pub—

licat ion of work conducted by the General Electric Company , Refere nce 21 ,

4 8—15
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also ind icates a pressure exponent of 1.8 controlling hydrocarbon emissions

at low pc~e~ conditions.
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DEVELOPMENT OF CORRELAT ION S

As ind icated in Section 2.6.3 correlating parameters , derived
on the theoretical basis outlined in the previous sections , were developed
for each eng ine type during the course of the program. As derived they are

of the bas i c for m :

T / B
[Pb 

T
b e 

b 
- for carbon monox i de

1 8  
1/82

[Pb 
. T

b 
e 

b ] — for hydrocarbons

1 
~ ~ 

(T
b
/8
3
_ 19f1)1

Vb 

e j - for oxides of nitrogen

The subscr i pt b in the pressure and temperature terms denotes bu rner inlet

condi ti ons and B 1 , 82. and 83 
are cons tan ts which depend upon eng ine type.

The burner inle t conditions , themselves , can be represen ted in terms of
measured operating parameters and amb i ent conditions .

In add ition to the basic data provided in Reference 13, analys i s
of results from individual eng ine types in the degradation program prov i ded

the appropria te val ues of 81 . B2, and 83
. The appropria te correlating param-

eter and cons tants for each eng ine type are g i ven in Tables 8-3, 4 and 5.

I t should be noted , however , that in the case of hydrocarbon emissions from

the JT8D type eng i nes , a si gn ificantl y better correlation was found us ing the

carbon monoxide parameter.

I
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4
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TABLE B-3. - CORRE LATI ON PARAMETER FOR CARBON MONOXIDE

CORRE LAT ING

ENGINE TYPE PARAMETERS

CAR BON MONOXID E

JT8D-9 
~b \ r~~ 

e
T
~~
’B l B1 

(400 — F/A 
- 1o~)

315 Idle

J18 D 7  
- 

~~b e 
Tb/B 1 B1 = 

(1+00 - F/A . l0~)

330 Idle

JT3D 38 Pb \ r
~~ e 

Tb/B l B 1 = (1400 - F/A - 1O~)

JT3D 7 
~b 

e 
Tb/B 1 B~ (400 - F/A iO n)

JT9D 3A 
~b
°75

~fc 
e
Tb~

B
l 

B
l 

(1+00 - F/
A 

1O~ )

CF700 
~b \ ~c 

e
lb?’Bl B = 

(600 - F/
A 

. IO~)
1 500 idle

RB2 I1 
~b V ~~ 

e
Tb/B

l 
B

1
= = :

I___________________ ___________________ 

Idl e and Approach
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TABLE 6-4. - CORRELAT I ON PARAMETER FOR HYDROCARBONS

CORRELATING

ENGI NE TYPE PARAMETERS

HYDROC A RBONS

JT809 e Tb/(500 
- F/

A 
. 10

k
)

JT80-7 e 
T~/(11-O0 - F/A 

. 1O~ )

JT3D-3B 
~b~~~~c 

e 
Tb

/)1+O

JT307  e 
Tb/1140

JT9D-3A 
- 

~b v c  e 
Tb/21+O

CF700 
~~~~~~~~ 

e 
Tb
/1475

R8211 
~~~~~~~~ 

e 
Tb/45O
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TABLE 8-5. - CORRELATION PARAMETER FOR OXIDES OF NITROGEN

CORREL.AT ING

ENGINE TYPE PARAMETERS
- OXIDES OF NITROGEN

- JT8D-9 
~b 

• 
Tt,/725 

‘
~e 

19H

JT8D-7 
~b 

. ~~~~~~ 
“e 

19H

JT3D-38 1’b e
T
~~

675 
/ 19H

JT3D-7 
~b 

- e
Tt1600 

“e 19H

JT9D-3A 
~b e

T
~
/f2ZS

/e 19H

- CF700 - e b /e l9H

RB2 II 0.5 Tb/27S
e 

~
‘e 19H

-I--

I

B-2 I
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AMBIENT CORRECTIONS

A convenien t method of establishing uReferencel va lues of emis-
sion indexes is provided by normalizing the correlating parameter with

respect to some reference va l ue. These correlations are g i ven below us i ng
a notation consistent with Reference 15, bu t it should be noted that——

Subscript “ref” refe rs to ref erence val ues , arbi trarily

chosen as the average values for the baseline tests (and

at take—of f power where appropriate )

Subscript “obs” refers to ac tual val ues or val ues observed
for a par t ic u lar tes t and mode
Subscript “std” refers to standard day conditions (i.e.,

518.7 deg R , 29.92 in Hg, and 0.0 lbm H2O/lbm dry air) , or
a val ue corrected to standard day conditions.

The normalized va l ues of the correlating parameter are identified as

“Emission Factors” — F
~0 

, FHC and !No - and are def i ned:

I T~~0~5/8~ 1
I e — I for idle

10.5 L Tb,ref/(81
_F/Aref* lO )  j

F b 1obs b obs e
CO = 

[Pb ref [Tb refj

I elsewhere

L e
Tb,ref ,/

’
l
_
~~

A ref~~
0’i J

F I!b.obsTh.8 [Tb obslO.5 (T
~~o~5 

- T
b .ref)/B2H C I ~~ 1 T e

L b~ refj b .refj -

FNO 
= [P

b ob]0
5 

~(
Tb b  

- Tb f.I/63 
- 19H }

b ,ref

P for Idle
where B ’ =

• 8 1 + F/A.10
4 elsewhere
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I t follows therefore ,

EI CO =

ref 
Fco

El IHC —

ref HC

and EI NO F
~EI ~ 

= NO

4 
‘ NO’ref

Each of the above Em issi on Factors may be eval uated in terms of cockp it

data by defining the burner inlet conditions Pb and T b from:

1’b ,ref = 

~a ,ref (
T
b r f )

a

a, ref
Tb ref = T ref . f(N2 ref / / T a ref

514.7 V 518.7

P P ./Tb ,obs a ,obs I ______

a ,obs
Tb obs = Ta obs . f (N2 obs / /Ta obs

514.7 V 514.7
where the f unc ti ons f and a are ob ta in ed fo r an eng ine type from the
manufacturer. The relationship necessary to correc t emission i ndexes

to “standard” cond i tions may be similarly derived :

(EI CO)std =

~~~~~ ref 
(F co std

(EI HC
)std = (~~

___
)

~~~~~ ref HC s td

N O s  = )( E I ) f 
(FNO s td

4 8—23
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where

e Tb ,std/B l
0.75 T 0.5 ( for idle

_____ _____ 

(Tb ref B’ - F/A •T 0(FCO)Std = F’~b ,stdl ~ 
b ,stdl ) e / 1 ref )

L1’b ,refj LTb ,refJ 
d 

lOu)e (T
b ,std~

’B’ - F/A
I st

e~
Tb ,ref~

’B’ — F/A . 1O~ref elsewhere

(FHC)std 
= I~b ,std1 ITb stdl 

. e
(T

b ,std 
- Tb ref)/B2

LF’b ,refj [Tb ref]

0.5

(F ) rp
NO std b ,std 1 (Tb ,std 

- Tb ref)/B3
LPb ,ref i

and 
~b ,std 

= 

~a ,std 
(T b,5~d~\

a 
Tb s td 

= 
Ta s td . 

f (N2 Std / h a std
514. 7\ a,std / j( 514.7 /

The val ues of the eng ine operating parameters in the standard i zed

emiss i on factors may be obtained by assuming that corrected thrust remains

constant. Therefore ,

F/A and N2

~
;-

remain constan t , and the equat ions for T
b , 

and (F ) 
td shou ld be

std C O S
modif i ed to read

Tb std 
= 

_____ . f (N2 obs(
%

/T~~obs 
)

e 
Tb t d /B

_____   

(F/A bs /Ta ,obs).104t I
0.75 0.5~ 

[e
(T

b ,ref /81 
- F/A ref • 10

4
)] 

for idle

(F CO)std I~b ,std1 ITb,stdl 
~
Tb~s td/B l

_T
a,std °

• L1’b ,ref] LTb ,ref j [~~~T lO~b ,ref ”B - F/AL e 1 ref ot herwise
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Div iding the equations for standardized emiss i on indexes by the

equati ons for observed values , emi ss i on i ndexes correc ted to s tandard
ambient cond it ions can then be ca lcula ted from

(EI CO)std = ______ 
EI~ 0

C O s td

(EI HC)std 
FHC . EI~~
~~H C s td

— (F )
and (EI NO)td 

— 

F 
s td EI

NO
NO

I n genera l the comparisons between NREC and FAA corrected data for CO , HC ,

and NO are ex tr emel y good. Ty pi cal examp les are shown in F i gure B-7, B—8,

and B-9 for the JT8D-7. In some instances , however, dev i at ions appeared,
particularl y at idle conditions for carbon monox i de and hydroca rbons ,
which indicated a need for further examination.

I n the case of the JT3D-7 and JT3D—3B var iability in the carbon

monox i de comparisons are eviden t—- Fi gure B—1O and B—i l . Althou gh

the actual correlations of data for these eng ines appeared par t icularl y good
from F i gu res B—12 and 8—13, closer examination of the ori gina l data from
wh ich these correlations were derived showed that the carbon monoxide

emission i ndex at dle had little if any dependence on amb i ent conditions

(see Fi g. B4). It is evident , therefore , that in this particular case the

deviations indicated are introduced by the appl ication of the NREC ambient

correc tion factor. Althoug h a simp le sol ution to this anomaly could be

the elimination of any correction , in order to preserve the above rationale

a mathematica l approach is adopted. The approach consists of increasing

the constant , B , in the correlating fac tor so as to make the correction I 
-

relative l y i nsensitive to ambient temperature at the idle condition . The

modified expression used for this particular case is:

p 0.75 T / 2x103
b e b

B—25
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The resultant improvement in comparisons of NREC and FAA corrected index

i s cl earl y indicated in Fi gure 8-11+ and 8—15.

Due to considerable d ifficulty in app lyi ng the s ta ndard
hydrocarbon correla ting pa rameter , in the case of the JT8D-9 and the

JT8D-7, the carbo n monox i de para meter was app l ie d more successful l y.
However , the comparisons between NREC and FAA corrected emission i ndexes in

Fi gure B—16 indicates poor agreement in the case of the JT8D-9. It

should be noted tha t for th i s par ti cular eng in e type cons i derable problems
were encountered in measuring consistent hydrocarbons due to fue l leaks

from ‘‘B’’ nuts.

Ge ne ra l l y it can be stated that correlation and correction

factors were found to be successfull y applied on most eng ines. Diffi culties

we re on ly encountered with the hydrocarbo n fa ctors app lied to the mixed

flow type eng ines.
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APPENDIX C

DEVELOPMENT OF SMOKE NUMBER
CORRECTION FACTORS

INTRODUCTION

During the test prograt ~or the deve l opment of Time Degradation

Factors for Turbine Engine Em issions in addition to m onitoring gaseous

em i ss i ons of carbon monox i de , hydrocarbons , and oxides of nitrogen ,

exhaust smoke was also measured . The techni que emp loyed for these smoke
measurements was essentially that outlined by EPA , for aircraft eng i nes

in the Federa l Reg ister , July 17, 1973, Volume 38, Number 136 Part II.

The method is basically one of paper f iltration under controlled flow

cond ition s and subsequent smoke spot reflectance measurement. Althoug h

a smoke meter con for min g to the req ui red standards was employed for smoke
number determination procedura l difficulties were encountered in the

execution of the method due to the limited time eng ines could operate

at take—off power. Consequently smoke measurements were made at only
one sample wei ght per square inch of filter paper and corresponding to

the interpolated va l ue, 0.0230 l b/sq ins required in reporting the smoke

number by the EPA method.

In addition to the above limitation it became evident as the

program proceeded that samp le line and smoke system contamination resulted

in spurious smoke number measurements. The effects were most noticeable

wi th tests conducted in San Franc i sco where smoke data from the JT9D and

RB2 l1 appeared h i gher than norma l and also some unexpl icabl y hi gh smoke
numbers were encountered from time-to—time on the JT8D-9 eng i nes. From

• the evidence accumulated the prob l em appears to be related to soot build-

up in the samplin g li ne and smoke sampling train and is reasoned as follows.

The testing of JT3D type eng i nes , wh i ch are cop ious producers
of smoke resul ts in gradua l accumulation of smoke particles on the Inside

surfaces of the san~~le l ine and smoke samp li ng train. Subsequent

operat ion of the system at hi gh pressures , part icularly at take—off EPR ,

scours the soot from the surfaces resulting in apparent ly hi gh levels
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of smoke due to this additiona l soot deposition on the filter paper.

This reasoning is substantiated by the fac t that mos t of the erra ti c
levels of smoke are recorded for eng i nes operating at take-off conditions.

Also it has been seen tha t af ter cooli ng of the sample line , purg ing

wi th nitrogen , at the appropriate pressure and- flow for take—off conditions ,

depos its considerable amounts of soot on the smoke samp ling filter paper.

Detailed examination of the contaminating soot shows flakes of various

sizes all much larger than norma l soot particles. In addition it was

found from chrono l ogica l examination of smoke results that hi gh smoke
results usually appeared subsequent to JT3D testing.

This appendix sunv~arizes the finds of work aimed at:

1. I dentif y ing smoke contaminated results

2. Est ili shing appropriate correction factors.

APPROACH

Following carefully examination of numerous smoke spot filter

paper samp les it became apparent that si gnificant variations in the ratio
of front to back side smoke number occurred when unusuall y hi gh smoke

numbers were detected. An appreciation of the change in va l ue of this

rat io  can be made from the data illustrated in Fi gure C— I . It can be

seen that at hi gh operating EPR values , for the JT8D-9, JT8D-7, JT9D-3A

• and RB2 II eng i nes , a si gnificant increase in the ratio symbolized by k
occurs. The unusuall y hi gh values of k were found to be the result of

soot flakes on the front side of the smoke spot.

Further examination of many smoke samp le spots , for a l l  the
eng i nes in the test program , prov i ded the ave rage va lues of k shown in

Fi gure 111- 2 . Here the smoke ratio is compared with front side smoke

numbe r and it ca n be seen for low smoke engines large devia t ions f rom
the average rela tionshi p are exhib i ted. As a result of these findings -

. -

it would appear that i dentification of contaminated results may be

made through hi gher than average va l ues of fron t to back side smoke

number. In addition , si nce in most instances the back side smoke numbers

• were not appreeiab lj changed by contamination a corrected va l ue of

C-2
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front side smoke number may be predicte d for all but the JT3D and JT8D-7

eng ine types from the average relationship shown in Fi gure C-3.

Corrections were not made to the smoke number data for both JT3D type

eng i nes. In the case of the JT8D—7, the following equations were used:

a) Basel ine , 600—hou r , and 1200—hou r test series

SN
F ~f k�l.38

SN
F co rr = 

1.38 SN
B 
otherw i se

b) 1800-, 21400-, and 3000—hour test series

SNE if k �1.28
SN =F ,cor r

1.28 SN
B 

othe rw i se

(The JT8D-7 corrections differed according to test series due to a

variation in flow conditions.)

A suninary of the corrected and uncorrected smoke numbers at

take-off and climb is g i ven in Table C-I.
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TABLE C-l. SUMMARY OF SMOKE NUMBERS

ENGINE TYPE TAKE-OFF MAX CONT
________________ - 

Max Mm Mean Std Max Mm Mean Std

JT8O-9 w/o uncor 44.0 21.2 31.2 14.147 37.7 22.3 30.0 353
w/o cor 1+0. 1+ 21.2 30.7 14.16 35.8 22.3 29.6 3.142
w uncor 55.0 21.2 32.3 5.91+ 1+0.8 21. 1 30.0 3.99
w co r 50.3 21 .2 31.3 5.23 40.8 21.1 29.7 3.90

JT8D—7 w/o uncor 51.7 27.5 35.5 14.77 hl.2 214.9 32.7 3.82
w/o cor 1.0.6 27.5 33~~1 2.73 39.14 214.9 31.7 3.03
w uncor 85.3 00.0 36.0 9.19 53.7 214.9 33.0 14.1+0
w cor 140.6 00.0 32.1 6.15 39.1+ 214.9 31.4 4.21

JT3D-3B w/o uncor 63.8 142.1 52.2 14.69 58.8 45.3 52.0 3.61
w/o cor 63.8 1+2.! 52.2 14.69 58.8 1+5.3 52.0 3.61
w uncor 75.9 1+2 .1 52.8 5.95 58.8 30.1 51.6 4.50
w cor 75.9 1+2.1 52.8 5.95 58.8 30.1 51.6 4.50

JT3D-7* w/o uncor 60.9 39.5 50.7 4.38 56.8 42.7 50.5 3.141
w/o cor 60~9 39.5 50.7 14.38 56.8 42.7 50.5 3.1+1
w uncor 69.2 38.4 51.0 5.86 64.6 1+0.7 50.6 3.98
w cor 69.2 38 .14 5 .0 5.86 64.6 140.7 50.6 3.98

JT9D-3A w/o uncor 25.3 14.64 15.2 5.19 18.3 2.8 11 . 1 4.05
w/o cor 18.7 4.64 11. 9 3.61 16.5 2.4 9.7 3.37
w uncor 35.8 00.0 15. 1 6.1 21.1 00.0 10.9 4.50
w cor 18.7 00.0 11 .6 14.014 18.0 00.0 9.5 3.78

RB2 11 w/o uncor 36.~-4 21.3 29.8 3.23 26.7 11.4 19.4 3.514
w/o cor 29.1 18.9 214.2 2.142 24.6 11 .2 17.8 2.93
w uncor 148.0 114.7 29.7 L..66 30.2 8.0 19.1+ 14.37
w cor 33.3 114.7 214.3 3.10 27.2 8.0 17.7 3.53

F700 w/o uncor 21.2 9.9 15.9 3.18 19.9 7.3 13.6 3.23
w/o cor 21.2 8.7 15.4 3.37 19.9 7.3 13.6 3.27
w uncor 22.9 8.7 15.9 3.1+1.4 19.9 7.3 13.6 3.23
w cor 22.9 8.7 15.6 3.51 19.9 7.3 13.6 3.27

w/o denotes data without outly ing val ues whi le  w denotes da ta w it h such val ues

excluding low smoke combustor - Unit 13
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APPENDIX D

NO CAL IBRATION GAS CORRECTIONS

Examination of da ily calibrati ons indicated that the specified

concentrations of two NO gas bottles used on the San Franc i sco MERF were

in substantial error. One , Bot t c  No. 52671 with a specified concentration

of 192 ppm , was i nstalled 11/18/75 and removed 1+/22/76. The second , Bottle

• No. 72902 with a specified concentration of 50 ppm, was installed 10/10/75

and removed 6/14/76.
Mont hly calibrations performed on 2/25/76 and 4/22/76 confirmed

the errors and were used to correct the concentrations. Fi gur~ D-l show~-;

the responses to a number of calibration gases on Range I of th, NO

ana l yzer on those dates. A least—squres fit through the ori gin , for
each case , ‘,ielde d calculated concentrations for Bottle No. 52671 of

208 ppm and 207 ppm , respect ive l y. As a result , an average concentration

of 207.5 ppm was adopted for Bottle No. 52671. In addition , Fi gure D-2

shows the responses of the two gas bottles in question on Range 2 of

the NO analyzer for the same dates. Assum ing a linea r response of the

analyzer , respective concentrations for Bottle No. 72902 of 53.9 ppm

and 53.6 ppm were calculated. Again , an average concent ration of 53.7
was adopted for Bottle No. 72902.

A l l  affec ted da ta , including JT8D—7, JT3D—7 , JT3D-3B , JT9D ,

and a few RB2ll tests were reprocessed using the adopted concentrations.

New emission levels were stored as Items 65 through 72 of the System

NREC data array . The ori g ina l emission levels were retained as I tems

49 through 52 and 55 through 58.
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