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Summary

This report is the third in a series whose purpose is to evaluate
the potential of various control techniqu%s fo reduce emissions, to
assess the practicality of sﬁch techniqués on commercially acceptable
engines, and to estimate the time frame in which such techniques can be
made available. As this_document is tﬁe léteét and, as such, reviews
the situation after the greatesf development "effort has been made, it

reflects more nearly the eventual outcome of -the many industry and

government programs now in progress.
This report concludes:

1) NOx control for high pressure fatio-engines remains in an
early stage of development with insufficiéht control of all four (HC,

CO, NOx and smoke) pollutants available and airworthy hardware uncertain.

2)  Although substantial reductions in CO can be attained (~70%),
compliance with the proposed standard would require greater reductions
(180%) . '

s

3) Smoke control is well understood, but its control is comproﬁised

somewhat by the éontrol for HC and, especially, CO.

4) HC control to the level required is readily achievable only if

sector burning is permitted for some engines.

5) The control of HC.and CO by sector burning at idle is very
_effective, but possesses unresolved problems of reliability which, in

turn, impact the economics and potentially the safety of the engines.
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FOREWORD

On July 17, 1973, regulations controliing the ‘gaseous and'smoke
emissiéns form aircraft engines were promulgated.(3)'_The fuel venting
requirement and certain specific smoke standardé are already in force;
the princiﬁal gaséous pollutant‘standafds originally scheduled for.1979
have now been delayed. The interval between the promulgation date and
the compliance date is‘intended to permit the deve1opment qf the requisite
technology,-and in the case of retrofit, fof the orderly installation of

the new hardware onto the in-use engines.

Two previous reports have been issued (4 and 5) which'réview the
status of the deﬁélopment of the control techn§iogy and this.report,
the third in the series, constitutés’aﬁ updaté fo the second. This
update is required téAprovide technical support data for the COmpré-
‘hensive review and revision of the standards that is nowlunderway.}é)

Because this report is only an updating'of‘the previéus:one (5); it
is abbrevia;ed. It'attemﬁts only to éorréct obsolete data.and‘anaiyze
particular points releﬁant to the unanswered issueé confronfing the

revision of the standards.



Section II

INTRODUCTION

Section 231 of the Clean Air Act, as amended by Public Law 91-604,

directs the Administrator of the Environmental Protection Agency to:

(1) investigate emissions of air pollutants from aircraft to
determine the extent to which such emissions affect air quality and to

determine the technological feasibility of control, and:

(2) establish regulations for the control of emissions from air-
craft or aircraft engines if such control appears warranted in the light

of the investigation referred to above.

Furthermore, the Clean Air Act states that any such regulations can
take effect only after sufficient time has been allowed to permit the

development and application of the requisite technology.

The EPA has complied with both mandates of the Clean Air Act, .
first, by publishing a report, "Aircfaft Emiséioné:‘ Impact on Air

Quality and Feasibility of Control" (1), which concluded that tﬁe

impact on air quality by aircraft was sufficient to justify control.

~ and that such control was technologically feasiblg, second, by p;blish—’
ing a report, '"Assessment of Aircraft Emis#ion Contr§1 Technology",(Z){

which offered the best projection at that time of the feasibility of

control with the knowledge then available, and third, by promulgating



standards limiting the emissions from aircraft engines (3).

In keeping with the spirit of the instructions to determine the
technological feasibility of control and to the time required to permit‘
the development. and application of the technolog&, the EPA established
an Aircraft Technolégy Assessment Program fof the purpdsé df ﬁonitoring
the many progrgms-fcf the development of the low emissiops technology
for aircraft gas turbine engines. This program for gés.turbines was
begun in July 1974 and‘has produéed two preyious.report;, "Aiféraft
Technology Assessment ;'Interim Report on the Status of the Gas fufbine

Program, December, 1975" (4), and "Aircraft Technblogy Assessment -

Status of the Gas Turbine Program, December, 1976" (5).

In Mérch, 1978,:the EPA published a Notice of Proposed Rulemaking.
(6) offering considerable revisions to the~exisﬁiﬁg regulatidns (3).‘
These revisions were based upon reviews of aircraft airﬂquaiity igpagt,
economic impact, énd technology 1imitéticns, fhe'latter-being basedlypon

- s

reference 5 and additional material supplied by the industry, NASA, éh@

, s
the U.S. Air Force in the intervening period between the publication of
reference 5 and thé NPRM (6). The NPRM bropéses?_among othér'thinés, to )
'rgstrict compiiance with the gaseous emissioné standards to commefcial':
jet engines of sufficieﬁt size and frequency 5f-opefation as ;o waffanf
their control. This report limits itself to the assesément of the
téchnology.involved in those commercial engiﬁes which are likely to be

affected by the prbposed regulations. Emissions control technology for

engines not affected by the proposed standards for gaseous emissions as



and II-2 present the existing and proposed:standardé in both the old,
english unit format and the new, metric uniﬁlf0rmat.
¢

The c¢lasses of engines‘referred to in the-standards were estab; 4
lished by the EPA to categorize the engines éécordingAto technical,
e;onomic, and safety'constrainté, In the propbsed standards, the
‘subsonic jet classifications become less meaningful in that the éaseous
pollutant standards, like the smoke standards, are monotonic and analytic
fﬁngtions of si;e (thrust) and aré not discontinuous at the class

demarcations. For reference, the classes are listed in Table II-3.

The emissions 1evelé permitted by the standards are described by an
EPA paraheter (EPAP) which is defined iﬁ the aircraft ?egulations.
Briefly, it is a measure of the total emission of a particular pollutant
produﬁed by an engine over a typical\landingftakeéff (LTO) cycle
normalized with respect‘to the useful output of the engine over that
cycle. As such, larger engines performing greater ﬁseful work are
permitted proportionally larger amounts of total émissions over smaliér
engines. The proposed standafds cﬁaﬁged the definition of ﬁPAP by CSE;
sidering the useful output of the engine to be its rated power rather
“than, a$>originally, fhe total work (integrated thrust times time over
the cycle) or total engergy (integrated power times time over the cycle)
as appropriate to each class. As a result, ghe standards no longer give
implicit credit to a high idle point (given becausé a high idle point
increases the useful output term in the deﬁonimator in the calcuitation-
of the total work based EPAP, thereby lowering the emissions rating

_relative to the standards).



Comparlson Between Original and Proposed Standards .

TABLE II-1

(English Units)

Newly Manufactured Engine Standards

Proposed Standard (Commercial Only)

Original Standard (All Engines)

(1
(2)

)

. (&) |
% Pounds of pollutant per 1000 pounds thrust-hour per cycle,

ek

¥%Pounds of pollutant per

SN = 331,8 (lbs. thrust)-0'265 (Presented graphically in original standards).

With additional allowance for PR > 25,

SN = 300.7 (HP) ~0.280

All engines, not just

Pounds of pollutant per
1000 HP-hour,

commercxal.._

1000 HP-hour per cycle. 4

1979 1981 1984 1981
Class Size HC Cco NOx Smoke Size HC co NOx Smoke
Tl 0-8,000 lbs., 1.6% 9.4 3.7 (1) <6,000 lbs, No standard Same
6-20,000 lbs 2.1-0-8 12.9-4.3 4.0(2) Same
T2,3,4 >8,000 lbs 0.8% 4.3 3.0 (1) 520,000 1bs 0.8 4.3 4.002) S ame
TS5 All (1980) 3.9% 30.1 9.0 (1) All (1980) Same
P2 All 4.9%%  26.8  12.9 (3) ALl Deleted Same
~ APU All 0.4%k% 5.0 - 3.0 . - All Deleted -
! [
Newly Certified Engines Standards . :
Original Standard (All engines) Proposed Standard (Commercial Only) 0
1981 1984
Class. Size | HC co NOx Size " HC co NOx
T1 0-8,000 lbs No standard <6,000 1bs 0.4 3.0 4.0 .. .
12,34 - 8,000 lbs  0.4% 3.0 3.0 6,000 1bs 0.4 3.0 . 4.0
TS AL1(1984) 1,0% 7.8 5.0 All Same
P2 All No standard 2,700 HP 0. 8% 6.4 8.4



Table I1I-2

Comparison Between Original and Proposed Standards
(Metric Units) ‘

Newly Manufactured Engine Standards
Original Standard (All Engines)

Proposed Standard (Commercial Only)

All engines, not just commercial.

1979 . 1981 1981 ,,
Class Size HC Cco NOx Smoke : Size HC CO NOx Smoke *
T1 0-36 KN I3.4% 78,9 311 (1) - <27 KN No Standard Same
T2,3,4  >36 KN 6. 7% 36.1 25.2 (1) 27-90 KN 17.6-6.7 106.6-36.1  33.0(2) Same
, 590 KN 6.7 36.1  33.0(2) Same
TS All (1980) 30.7% 237.0 70.8 | (1) All (1980) |
P2 All 0.26%* 1.43 | 0;69 (3) All . Deleted Same
APU ALl 0.24%%% 3.0 1.8 - Al Deleted -
) *
\¥e]
Newly Certified Engine Standards
0ld Standard (All Engines) Proposed Standard (Commercial Only)
1981 1984

Class Size ~___HC - €O NOx - Size HC Cco NOx
Tl 0-36 KN No Standard - <27 KN ; No Standard
72,3,4 536 KN 3.3% 25.0 25.0 527 KN 3.3 25.0 33.0
TS5 ALl (1984)  7.8% © 61.0 39.0 All  Same
P2 No Standard >2000 KW 0,045%* 0.34 0.45

(1) SN=79 (Rated Kilonewtons)-0'265 (Presented grapﬁically in original standards).

(2) With additional allowance for PR >\25.. | .

. (3) SN = 277 (Rated KJ'.loweu:t:s)_o’280 (Presented graphically in original standards).
(4) '



Class

P1

P2

Tl

T2

T3, T4

T5

Table II-3

Summary of Aircraft Classes

Type

Piston engines
(exluding radials)

Turboprop engines

Small turbojet/fan
engines (0-36 RN
thrust)

Large turbojet/fan
engines intended
for subsonic
flight (greater
than 36 KN thrust)

Special classes
applying to spe-
cific engines for
the purpose of
instituting early
smoke standards

Turbojet/fan

. engines intended

for supersonic
flight

Gas turbine auxil--

iary power units

Aircraft Application

Light general aviation.

Medium to heavy general
aviation; some commer—

"cial air transport

General aviation
jet aircraft

" Commercial subsonic
transports :

Commercial subsonic

-transports

SST

Many turbojet/turbopropl

transports and business jets

.
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It is worthwhile to review the present aircraft emissions situation
in order to give the reader some perspective of the demand that the

3
regulations impose on the industry. The emissions performance of

¢
current production engines is presented first. Table II-4 presents a
. list of.ali'produétion and development engines and for each engine, the
standards to wﬁich it must now comply, the prpﬁqsed levels, the emis—-
sions performance in the present production (or gaseline) configuration,
the manﬁfacturer; and an estimate of the engine's production potential,
as defined below, which crudely méasures the likelihood that the ﬁanu—
facturer will attempt to comply. in addition, Figures 1-4 present in
graphical fofm the same-émissions information. The relevant standards .
for these engiﬁes are, of course, the standards for newly manufactured
engines, not those for newly certified engines as these éngines are
either already certified or are expected to be certified prior to the °

compliance date for such engines.

Production potential is not usually available in hard figures.

Generally, though, the production of all engines can be grouped into;]

four categories for EPA purposes: , s



Table Ii-h

Summary of Engines and Their Emissions

MEyridkik

Class Engine Size ' Mfr:
Tl 1979 Std. 0-35.6 KN
Production Engines:
TFE 731-2 15.5 KN _ AR
TFE 731-3 16.5 KN AR
JT15D-4 11.1 KN PWAC
JT12A-8 14.7 KN P&WA
CF700-2D 19.2 KN GE
CJ610~-2C 13.1 KN GE
ALF502D -28.9 XN : LY
M45H 32.4 RN RR/SN
. Viper 600 16.7 XN RR
New Engines:
RB401-07 24.6 RN ~ RR
~ ATF3 ' 22.2 KN AR
ALF502L 33.4 KN : LY
T2, T3, T4 1979 Std >35.6 RN
Production Engines: _ :
' JT9D-7 205 KN P&WA
JT9D-70 228 KN P&WA
CF&-6D 178 KN N &>
CF6-50C 222 KN GE
RB211-22B 187 KN RR
RB211-524 218 KN RR
Spey511 50.7 KN RR . .
Spey555 43,8 KN .RR
(13) JT3D-7 84.5 KN P&WA
(T4) JT8D=-9 64.5 KN P&WA
g JT8D-17 71.2 KN

PEWAT

HC

Var.

46.6/% *%
21.6/%
123/%
47.1/%
97.1/%
159/%*
14.8/17.0
162/16.2
156/*

1.9/%
52.5/%
28.6/15.9

6.7

61.0/6.7
26.0/6:7
43.3/6.7
63.0/6.7
134.6/6.7
110.4/6.7
278.4/12.2

_ 441/13.6

356/7.3

35.1/9.9

E 37.3/8.9 -

co.

Var.

159/%*
129/*
330/*
770/ *
861/%

1450/ *

112/103
526/97.1
924 /%

96.9/%*

153/*

136.0/95.5

36.1

98.5/36.1
87.5/36.1
96.5/36.1

- 119.5/36.1

172.3/36.1
145.1/36.1
435.8/70.9

420/79.8

294/39.7

~124.5/55.9
112.7/49.9

NOx

Var.

43.0/%
52.6/%
35.8/%*
29.0/*
20.2/%
25.2/%
28.8/33.0
31.7/33.0
16.3/%

37.1/%
32.3/33.0

33.0 + Pres-
sure Corr., '

61.8/33.0
54.3/33.0

65.7/33.0

60.8/38.1

51.9/33.4

61.4/34.6
68.1/33.0
49.5/33.0

31.0/33.0

52.2/33.0
60.1/33.0

24/25.5

Production

Sk (1981)
Var.
47/38.2 III
51/37.6 111
14/41.7 III
/38.8 1
24/36.1 II
33/40 1
25/32.4 1V
46/31.4 III-1V
/37.5 I
/33.8 v
/34.7 1V
25/32.2 1V
Var.
4/19.3 T TURIIL
. '8/18.8 111
16/20 111
13/18.9 111
- 10/19.8 111
. 12/19 : III
66/27.9 1-11
- /29.0 I-1I
/24,4 1
23/26,2 184
11



Class Engine Size
- New Engines:
RB410 68.5 KN
RB432 71.2 KN
RB211-535 163 KN
Cr34 40.0 KN
CFM56 107 KN
Cr6-32 157 KN
CF6-80 213 KN
JT10D-4 129 KN
(T4) JT8D-209 82.3 KN
(T4) JT8D-217 92.0 KN
T5 1980 Std All
Production Engines:
OLY593-610 171 KN
* No Standard to be met
dese
feskde
¥¥k¥ AR = AiResearch
PWAC =
P&WA = Pratt & Whitney Aircraft
GE = General Electric
LY = Lycoming
=

M fr e

RR
RR
RR -
GE
GE/SN
GE

CE
P&WA
P&WA
P&WA

RR/SN

__HC

/19.3
/8.9
32.4/6.7
53.1/15.4
12.0/6.7
48.1/6.7
55.0/6.7
/6.7
/7.5
/6.7

30.7

129/30.7

xx/xx = (Actual performance)/(Proposed NME Standard)
Insufficient data to compute standard, probably 33.0.

RR
. SN

SNECMA

Rolls Royce

Pratt & Vhitney Aircraft of Canada

Table 11-4 continued

CO

/52.2
/49.9
96.6/36.1
205/85.2
79.5/36.1
102.1/36.1
/36.1
/36.1
/41.2
/36.1

237.0 -

530/237

NOx

/33.
/33.
49.0/33.
24.9/33,
42.8/33.
69.1/33.
/45.
/***
/33.0
/33.0

NOO OO OO

70.8

70.1/70.8

Sk

/25.
/25.
/20.
20/30.
/22.
/21.
/19.
/21.
/24,
/23.

CO Ut 00 = — WO ~J L

Var.

32725

Production

(1981)

v
IV
1v
v
)Y
Iv
Iv
Iv
I
IV



Production Category

II
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Situation

Engines already outiof.production; engines
certain to be out of production by the com-
pliance date for newly manufactured engines.

Engines at or near the end of their pro-
duction, run by the compliance date. The
few, if any, units produced after that would
not be sufficient to amortize the develop-

ment and certification cost of a low emissions
combustor.

Engines in the broad middle of their pro-
duction run. It is possible to amortize the
necessary development and certification costs
for emissions control over the remaining pro-
duction. It is equally possible to consider

a cost-effective retrofit of the units pro-
duced prior to the compliance date; there

are sufficient units to amortize that develop-
ment and certification costs and to realize
air quality gains.

Engines beginning their production run
shortly before or after the compliance date
for newly manufactured engines. There would
likely be insufficient engines built prior

. to the deadlines to warrant a retrpfit

program.
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HYDROCARBON EMISSIONS VS. RATED THRUST—PRODUCTION ENGINES
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PRODUCTION ENGINES

CARBON MONOXIBE EMISSIOVS VS. RATED THRUST -
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SMOKE EMISSIONS VS. RATED THRUST -
PRODUCTION ENGINES
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XIDES OF NITROGEN EMISSIONS VS.
RATED THRUST -PRODUCTION: EMGINES.
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Section III

EMISSIONS CONTROL TECHNOLOGY
/ :

There are four pollutants of interest here: ﬁhe chemical species,
CO; the combina;ion of the species NO + NOé, collectivély called NOx -
(the latter species is ﬁhe actual pollutant ipsofar as the formation of
smog and toxicity are cdncerned; but‘the formér will eventually combine
with atomospheric 0, to form the latter'at atmospheric temperature due to
equilibrium cheﬁistry considerations); the collective groué of species
of various non-oxygenated hydrocarboné, either raw fuel compouﬁds or
compounds created by the cracking, decomposi;iop? pyrolyzing, or polymer-
ization of the'fue1,>all of which are simply called hydrocarbons or

~ HC.

HC and CO are both products of and occur principally under low
power operating conditions conducive to incomplete combustion. Low
power operation results in low temperatures énd pressures which lead td
the chemical réact;on ratés requiring more time for compietion thaﬁ‘is
available before tﬁe fuel—air mixturé exists the»cbmbustor;.thus, fﬁé
fuel is exhausted from the engine éombustér and cooled before it has had
a chance to burn completely. In addition, thg low temperatures coupled
with the lean mikture conditions at:idle (very low fuel flow) may lead

to regions near the edge wherein the reactions are quenched completely.
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Bevond thz:z, the low gas pressure and the low fuel flow requirement lead
to poor atomization of the fuel and poor mixing with the air which in

turn cause pockets of excessively ruch (no oxygen for buraing) or ex-—

n (too weak to burn) mixture of fuel and air, both of which

0
[{4]
)]
)
=0
<
[
=

“
'-.l
(U]
h)

will lead to incomplete combustion and hence the emission of unburned or

partially burned fuel (HC and CO).

Smoke also is a product of incomplete combﬁétion, but itsAformatiOn
is likely to occur at high temperatﬁre and pfessufe (i.e., high powef)
if pockets of excessively rich (insufficient'oz) mixture occur. ﬁnder
this circumstance, the fuel in the pocket cannot burn (because of lack
of 03), but instead pyrol&zes'in the hot, high pressure environment
laving basically microscopic carbonaceous matter, possibly also coated_

with a heavy hydrocarbon residue.

NOx, on the other hand, is a product of én pninfentional reacfion
vhich occurs only at high temperatures (i.e., higﬁ powver) and with aﬁplg
02, namely the oxidation of nitiogen either from.the air itself (;hg
usual case) or from nitrogen bound in the-fuel...Unlike the others;°6nce
formed it cannot be consumed as it is a final reaction. Portunately, at
the temperatures experienced in gas turbines,'the reaction proceeds

relatively slowly so as the gas is exhausted, the NOx levels are usually’

well below equilibrium.
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The control of these pollutants is achieved through various mech-
anisms depending upon the nature of their formation. HC and CO, both
- being prodﬁcts of ipcomplete combustion are often treated together. |
However,'HC éonsumption'is fast.(producing CO and HZO’ plus intermediate
radicals) and occurs in the primary zoné of the combustqr, whereas CO
oxidation is a relativeiy slow reaction and occurs in the intermediate
2oné doﬁnstream where additional air has been added. Thus, it‘becomes
possible and indeed necessary occasionally to éonéider the two separ-—
ately. In any case, control is aéhievéd by enhancing the combustion
rates, increasing thg residence time in fhe environment most favorable
to combustion, or by improving the mixing of the fuel-air mixture to
better utilize the existing potential for reaction. Proper fuel prep-
aration, inc¢luding thorough atomization and correct spray distribution
is particularly ﬁseful in controlling HC, ﬁut it may also influenﬁe the

CO levels to a lesser degree.

On the other hand, NOx control is achieved by mechanisms which
discourage the oxidation reactions of the fuel bound or étmosphericv;
nitrogen. This ié achievéd by avoidance of high témperétures (>1800°K)
with an ample supply of oxygen. While theoretically simple, such an
approach is difficult to implement practically for such will generally
lead to operational problems (e.g., flame stability) or exceséive low-

power emissions or possibly both.

Smoke, while also a pollutant of incomplete combustion like HC and

CO, arises from the presence of a different set of conditions and
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requires a different means of control. Control is achieved either by
avoidance of the condition which forms smoke (hot and rich).of by
careful tailoring oﬁ the airflow distribution in the aft por;ion;of.the
combustor so that the particulate matter is cpnsumed after it has

formed.

Table III-1 lists all the relevant control techniques for aircraft
gas turbine engines. The techniéues are grouped into HC and CO control
on one hand'and NOx control on thé other. Control techniqﬁes can be
classifiéd‘into four broad categories: (1) operational control, (2)
fuel preparation, (3) airflow distribution, and (4) staging. Wéter-
injection and catalysis are specialized categories which are not‘of
practical significance at this point. A detailed description of each

control method is also presented in Appendix A.

Each technique differs in its capacity (or effectivenéss) to
control each of the pollutants. Simiiarly each technique has its own
level of sophistication (éomplexity). Beyond these factors, it is.aiéo
imperative to consider the breadth of utility of each control methodgé;
(i.é., the extent of application in the inventory of engines) and its
Aimpact on both the engine and the airframe. For this purpose, a fating )
system is‘established. The system evaluates_each of the critéria
mentioned above on a scale of one to four. The implications of each
number for each of the criteria are summarized in Table III-2. Finally,
in Table III-3 are the actual ratings for the various control metﬁods as

assessed by EPA. 1In addition, the expected effect of each teéhnique:on

- smoke production is noted.



Control Technique
Operational
(1) Idle speed
(2) Alr bleed

Fuel Preparation

(3) Spray Improvement

(4) Air blast

(5) Alr assist

(6) Premix

Air Flow Distribution
(7) Advanced cooling

(8) Rich primary*-]
(9) Lean primary*-l

(10) Delayed dilution

Staging
(11) Sector burning

HC and CO Control Techniques

Basis

Higher pressure ratio and hotter flame.

Hotter flame and longer residence time.

Atomization and distribution of fuel to
eliminate excesslively rich or lean spots
flame.

Atomization and distribution of fuel to
eliminate excesslvely rich or lean spots
in flame through use of ailr jets driven
by liner pressure difference.

Atomization and distribution of fuel to
eliminate excessively rich or lean spots
in flame through use of externally sup-
plied air jets.

Distribution and vaporizationvof fuel to
eliminate excessively rich or lean spots
in flame.

Prevents quenching the co » COy reaction
at the liner wall by cooling ailr.

Hotter flame for consuming CO.

Avoids overly rich pockets which create
smoke and HC,

Longer residency at high temperature.

This approach provides, in actuality,
spray improvement (3) and a richer
primary (8) at idle without affec~-
ting the combustor design at higher
POWers.

Comment

~ bine efficiency.

Fuel penalty, noise, exessive braking.

Fuel penalty, noise, extra valving and
ducting for excess ailr. '

Very simple 1f effective. Formation of
carbon and smoke must be watched. May
ald in NOx control (See (15)).

Usually must be applied in conjunction
with alr flow redistribution in liner
to maintain stoichiometry.

Complex external plumbing and air pump.

N
w

Flashback, flame stabilization problems.
Possibly major revision of engine required

to accommodate the necessary geometry.

Has advantages beyond that of lower
emissions.

Causes smoke formation, but has good
flame stability and relight.

Relight and stability problems.

Pattern factor and temperature profile
adjustment difficult.

Fuel penalty at idle due to lower tur-
Additional fuel con-
trol complexity.

* Stoichiometry refers to high power condition.

Lean at high power_means_verv lean at idle.

Rich at high power means near perfect (f/a‘*_.067) at idle. -
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While all of these methods have potential applicaéion in at least
a few engines, only a few seem to be prominent at this point in meeting
the proposed newly'manufactﬁred engine (NME) étaﬁdards for 1981 and
1984. The first is sector burniﬁg (method li) for HC, CO control which
was investigated by General Electric énd Rolls Royce for use on the GE,
' CF6, and CFM56 (joint manufacture with SNECMA)‘engines and the Rolls
Royce RB211 engines. In some cases, it alone is'inadequéte ér faulty
and requirés additional, minor modifications to the spray or'ﬁo ﬁhe
airflow distribution in order to achieve the full emissions control and
proper operational and mechanical performance. In the cése of the
CFM56, an increase in the idle speed (method 1), an operatipnal technique,
is used. The major performance conéerns are fuel control maintenance
and furbine distress due to the sector burning at idle. New‘injecfors,
if needed, may introduce cafbon deposition prdblemsl Thé-princiﬁal _
advantage of sectoring is the lack of influence of the control upon the
engine and combustor'pérformanée in flight. The difficulty with this:
' tecﬁnique lies in its mechanicél complexity which could adversely affect
‘reliability and lead to in-flight malfunction (sectoring in flight isi.
considered dangerous because of possible engine damage or inability_tégf

accelerate, depending on the power level).

The. second major apbroach for HC, CO control is selegtivg:azimuthal
burning (method 22). This is closely related to sector burning, but by
dividing the annular into a sufficient number of sectors, the in-flight
hazards of sector burning disappear because there are enoﬁgh burniﬁg
zones to preserve symmetry: in flight operation is then acceptable.
Also, the coéplexity of the fuel control system and the need for a

failsafe mechanism is removed. It offers less emissions control than



Hating

ol Control Techuiques

Factor

Control Capacity:

(How much control is pos=-
sible in terms of reduc~-
duction or absolute level
in specific applications
for which the system can
be cffective; how many
applications there are for
which the control is ef-

fective is not considered.)

Complexity:
(Exclusive of installation

. w- .problems or inherent--limi-

tations due to peculiar
application; reflects only
the technical difficulties
encountered in getting

the system to perform as
planned,)

potentially might benefit
from the control concept.)

Impact on the Engine:

Impact on the Airframe:

" Application: '
{Considers how many engines

Very strong control of
the pollutants for which
intended. Generally ca-
pable of bringing these
pollutants to below the
statutory emission values
regardless of the engine
in question.

State of the art; little

or no difficulties en= """ -

countered in the develop-
ment of the concept on
most engines for which

it wouli!l be intended.

Potential exists for use
in virtually all engines.

No change at all.

No change at all,

Strong control of the
intended pollutants.
Generally capable of
very effective control,
although not necessar-
ily to the levels re-
quired by the regula-

tions except in the most

* favorable situation.

Only some moderate
difficulty antici~.
pated in the develop-
ment of the concept,
usually associated
with combustor dura-
bility or performance;
development straight-

forward. . .

Many erigines could
achieve emissions bene-
fit from the control
concept.

Minor changes such as
fuel manifold number
or location, altera-
tions to the fuel con-
trol, additions to the
accessory space that
do not radically in-
fluence the packaging
within the nacelle,
small durability sac-
rifice.

Minor changes in weight,

Modest improvement
possible,

A number of difficul~
ties must be overcome
in developing flight-
worthy hardware} pre-
servation of other
design criteria re-
quires a compromise
of goals, emissions
and performance.

Several engines are
appropriate candi-
dates.

Significant changes
such as additional
or larger fuel noz-~
zle ports,large ad-
ditional space for .
pumps, etc., that
result in major
packaging revisions
within the nacelle,
considerable dura-
bility sacrifice,
weight increase, etc,

Modification of

Minor changes;
little effective
control,

A number of basic
‘problems are unre-
solved and are ex- -
pected to yield to
solution only with
difficulty; in fact,
perhaps not all of
"the development
problems have been
congidered.

Control concept is
useful in only iso-
lated situations,

Change in the overall
dimensions of the ba-
sic engine or major
components (e.g., pres=—
sure caseing, shaft
lengths),

Significant chahges‘

n0d-Eey—or—fuel—consunpmmemplunbing—aroundemthom—in-uoight—and-balancay

tion,

engine such as air-
bleed ducts, or mi-
nor changes to the
nacelle to accomo=
date hardware; mod=-
erate increase in
fuel consumption,
etc.

-redesign of wing or
nacelle to accomodate
additional hardware.



: Ref.

Control Technique No.
Idle Speed (1)
Air Bleed ()
Spray Improvement (3)
. (15)

Air Blast (4)
Alr Assist . (5)
Premix=-1l (7

Advanced Cooling - (3

Rich Primary-~1¥% (8)
Lean Primary~]¥ - (9)
Delayed Dilution (10)
Sector Burning an
Selective Azimnthal  (22)
‘Burning

Quick Quench (12)
Rich Primary=-2¥% (13
Lean Primary=2% (14)
Premix/Prevap (16)
Fuel Staging (17, 18)
Variadble Geometry (19)
Catalysis (20)
Water Injection (21)

Control

Capacity

2(HC, CO)
2(H¢c,Co)
ey, 2(co)
4(NOx)

2(1c¢, co)

1(HC)
2(C0)
2(1C)
3(C0)
3(HC)
2(co)
2(nc,co)
3(nc¢,co)
3(co)
1(HC)
2(C0)
2(uC) .
3(c0)

© 2(NOx)

3(NOx)
2(NOx)
2(HC,CO,NOx)

2(uc,co, Nox)

" 2(HC, CO, NOx)

1(1¢, o, NOx)

1(NOx)

Effect

Table III-3

Impact
on Smoke Complexity Application Engine Airframe Comment
None 1 1 1 2
None 1 1 1 3
None 1-2 4 1 1
Increase
None 2 3 1-2 1 Limited to higher pressure
rates at idle, May need to
: change the stoichiometry.
None 1 3 3 2 The external compression is a
difficult mechanical problem.
Decrease 3 2 3 1 .
L]
None 3-4 2 1-2 1 May receive non-emissions
: benefit,
Increase 3 2 2 1
Decrease 3 4 2 1
'3 4 4 1 :
None 2 2 2 1 In-flight malfunction is a con-
_ cern,
None 1 2 1 1 Safe in-flight; less effective
. than sector burning (11),
3 2 1 1 Low power emissions may be high.
Increase 3 2 2 1 Low power emissions may be high.
Decrease 3 1 2 1 Flame stability questionable,
Decrease 4 2 3 1 low power emissions may be high.
‘ Flashback is a concern. ‘
Increase 3-4 2 3-4 2 May not scale down to small
: engine size.
Decrease 4 2 4 1-3 Mechanical reliability in
. question.
? 4 2 4 4 Not readily available to
: small engines. |
2 2 2 3 _Not practical,

None?
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. * .
does sector burning because it is less able to optimize the stoichiometry

and because of the numerous quenching zones between several burning

zones.,

t
¢

The third major'control téchnique-for HC, CO control is the use 6f
airblast nozzles, (method 4) combined with airflow redistribution
'(methods 7-10) to achieve the necessary stoichiometry.. This approach is
_expected on the Pratt and Whitney JT8D, JT9D, and, if built, JT10D
engines. The use of airblast nozzles alone on production type com-
bustors gave inadequate performance because of the‘alteration of the
stoichiometry and forced the use of additional techniﬁues to tune the
combustor to acceptable emissions and performance (e.g., éltitude
relight,vdurability, temperature prqfile, etc.). In total, this
approach leads to changes of the stoichiometry and cooling air éatterns
in flight whi?h lead usdally.to increased smoke and degraded combustor

performance.

One of the major features of the NPRM is the requi;ed retrofit of
in-service T2 and T4 class engines to achieve compliance with the.léél
newly manufactured engine levels. Unfortunately, installation into‘;n-
service equipment may not be duite as simple to achigve as installation
“into newly manufactured equipment because of the need to replace or
modify parts that would be properly installed new on a new engine or
aircfaft. Examples would be nozzles, fuel controls, igniters (causing
perhaps a rework of the oute; casing), combustor liners, and for sector
burning, squat switches sensing the aircraft on the ground so the fuel

control can distinguish between flight and ground modes because (sector

burning is in general prohibited in flight.
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For NOx control (NME 19845,.the leading technology is fuel staging,
(methods 17 and 18) due largely to the joint NASA~industry Experimental
Clean Combustor Program (1973-1977) wherein, first, single étage tech-
niques such as lean burning (method 14) were found inadequate_if em—
ployed alone, and second, fuel staging was invéstigated to resolve the.
deficiencies of the single stage controls. The latter investigation was
carried through to a technology demonstration in two éest engines (not
flightworthy). Two different approaches to fuel Staging were inves-
tigated, axial staging (method 17, used on the JT9D-7) and radial
staging (method 18, used on the CF6-50). Application or transfer of
this technology to other engines, even related 6nes, is not always easy,
howéver, and has not been pushed by the manufacturers thﬁs far. For
instance, the radially staged combustor developed iﬁ the Cr6-50, called.
the "Double Annular'" can be installed on a CF6-6 only with conside:éble
modification to the basic engine, including the casing, although it can
be employed directly into the CF6-50 with only direct changes in the
fuel plumbing and fuel control. This is because the doﬁble annular
airflow requirément iﬁto'the double.dome callé for a dump type diff#ser
from the compressor as is found on the CF6—50. The sm&oth diffuse£i'
found on the CF6—6 would have to be replaced by a dump type in orde;'fo
utilize the double annular idea (Figure 5). Similarly, use of the
- double annular concept in the CFM56 is questionable because its nuch
smaller size (Figure 6) does;not lend itself readily to staging in-
volving.physical separation of the zones. This separation increases
considerably the S/V ratio and reduces simultaneously the residence

time. When combined with the overall smaller geometry of a smaller

engine, both factors adversely impact the HC and CO emissiohs.
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COMPARISON OF DIFFUSERS BETWEEN THE CF6-6 AND CF6-50 ENGINES

Diffuser |

Diffuser

Double Annular Combdstor in CF6-50

Figure 5
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Rolls Royce did not benefit in this technology development by
 direct association with the program and‘consequently has not vet engine
tested a fuel staged combustor in an RB211.; Its recent investigations
have; however, explored the benefits of both radial and axial staging
and it has.leaned in favor of the former b8céusevof the packaging con-
straints imposed by the relativelylshort combﬁstors of the RB211 family.

(a2 similar situation to the CF6).

NOx control by fuel staging is in the exploratory development.stage
~and is not yet ready for final developmeﬁt into speéific-engines for‘
certification of airworthiness. Developmentél pfoblems for which solu-
tions have not yet been identified are (1) the achieving of all four
emissions goals simultaneously, (2) insufficient cooling air for ac~
ceptable durability performance, and (3) engine performance degradation,
notably transient response. Other shortcomings in the concepts at
 présent are considered normal for this stége of development and would Be

expected to be resolved in due course.

As indicated in the preceding paragraphs, manufacturers have often
found it nece#sary to combine more than one emission confrol concept.
‘This is, in fact, the rule rather than the exception. Such compounding
may be necessary because of the inadequacy of a single control concept
to sufficiently reduce the emissions, or it mav be necessary because of
combustor performance deficiencies brought abouf by the use of a single
control scheme. 1In the former category would be tﬁe combining of

airblast nozzles with liner airflow redistribution. In the latter would
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be the utilization of fuel staging with separate lean and rich primary

zones. Often the rationale is a combination of the two.

-

¢

The adding on of one control scheme upon another is not guaranteed
to produce a geometric compounding of. results; there may be, in fact, no
improvement at all despite the fact that each separately may be quite

effective. For example, while redesigned nozzies and‘sector burning may
) ,

individually produce emissions reductions, the first because of improved
atomization, the second becadse-of atomization and stoichiometry, their
joint use is likely to be no better than tﬁe sector burning alone be-
cause that inbitself already accomplishes that which the redesigned A

nozzles purports to do (i.e., improve~atomization).

On the other hand, complementary forms of control may achieve
synergetic results: redesigned nozzles combined with adﬁanced-cooling
techniques may together sérve to reduce emissions that result from dif-
ferent mechanisms of formation (i.e., poor atomization éhd nixing in the
primary vs: ﬁall'quenching on the liner). It is élso possible thag&the'
use of only one control will aggravate a édndition.which will lead ;p
the formation of more pollutants and hence will require twé or more_v
control schemes to balance each other. A significant example of this
situation is the use of airblast nozzles which wﬁile pfoﬁidihg.better
fuel atomization‘and mixing, also leans the primary zone stoichiometry
by its own airflow. This may result in an excessively lean mixture sd,
that an airfiow redistribution to richen the primary is also required.
Together, the two approaches provide improved atomization, better

mixing, and optimal stoichiometry. Similarly, the conflicting require-—

ments of NOx control and HC, CO control require a combination of control
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» . -
techniques, most notably through fuel staging in which the two separate
portions utilize control techniques applicable to the particular pol-

lutants which are expected from them.

The above discussion makes repeated reference to thé conflict
between emissions and combustor performance and this reference is con-
tinued in Section IV. Therefore, a brief explanation 6f combustor
performance is'appropriate. The criteria by which combustor per-—
formance is judged are related to both economic and safety.consider—
ations. The economic criteria are créated by the users while the safety
criteria are dictated by the users, the FAA, and common sense. Com-

bustor performance itsalf is two-fold: operational and mechanical.

Operational performance is measured primarily by ground ignition
and engine acceleration, altitudé relight, and flame stability (com—-
bustor response to éngin%_transienté, either intentional or accidental).
Mechanical performance standards are largely determined by economic’ con-
siderations and the principal criteria are durability, coking, and
carbon deposition. The first two are obviously considerations for éhé
cost of maintaining'the system, but the third may noé be so appareﬁ:;
Carbon deposition impacts the engine durability and hepnce maintenance
cost first through the turbine erosion which occurs when particles arel
broken off the combustor or nozzle surface and sent downstreém, and,’
second, by itS'adverse effect on the combustor cooling (due to-a change

in the radiative emissivity).
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L 4
Teble 11I-4 lists the best emissions pzrformance that has been
zzhizvad in each engine. These data are also presented graphically in

Tigures 7-9. However, in a few cases the da:zza may represent combustor

originated from RB211-22B data). Most importantly, though, the data may
Sa froma a configuraéion which h#s been found unflightwdfthy (e.g. Spey .
511) or otherwise projected as unsafe. The purpose of this table is
merely to present in concise form ;he kind of control that is achievable
by the control methods listed. The standards proposed for eéch engine
are presented also as a point of comparison. A more éccﬁrate interpre-
tation of the situation of emissions reduction is to be foﬁnd in Secti&n

IV, Industry Status.



Summary of Best Emigsions Performance

Table I11<4

Date of
Class Engine Size HC | co NOx Sk Availability Conment
T! Production Engines
TFEYIL-2 15.95 KN 4.5/ % $9.8/% $0.5/* /38 Exturnal wir aswint,
TFE731-) 16.5 KN No Data /38 ' )
JTI5D-4 11.1 KN 1.4/% 1048/#% 41.1/% 42 Primary/injector moditication,
JTI2A-8 14,7 XN ~=w===vNo Technology-===<-=
CF100-20 19.2 XN 16.7/* 861/ 20,2/* 136 Nozzle modificat ion.
CJ610-2C 13.1 XN 23.4/% 1440/* 25,2/% /40 Nozzle modificat ion,
ALF5020 28.9 KN 14.8/17.0 112.4/103 28.8/33.0 /32.4 Certified Airblast nozzle/lbeaner, primary,
MasSH 32.6 kN 30.1/16.2 170/97.1 37.0/33.0 12/3) Jan, 1979 Advianced cooling (dbt. blown
' ring).
Viper600 16.7 KN ——————— No Technology==—=~===
New Enpines .
RB4OL~07 24.6 KN No Data Jan, 1979 Advanced cooling (dbl. blown
ring)
ATF) 22,2 XN No Data
ALFS502L 33.4 KN 9.1/15.9 92.2/95.5 35.4/33.0 /31,2 1979 Combustor same as 502D, ldle
' ' ' at 10,72, NOx high,
T2, T3, Production Engines
TA
JT9p-~7 205.3 KN 4.5/6.7 24.6/16,1 47,4) == <20/19.3. Aerating nozzle/rich primary,
2.176.7 30.2/36.1 26.2/33.0 30/19.3 Low NOx combuator {(Vorbhix
staging).
JT90-70 228 XN 4.0/6.7 20.0/36.1 4R.5/~- <10/18.8 Aerating nozzle/rich primary
Cro~-6D 178 XN 1.8/6.7 28.3/36.1 65.7/~- 16/20.0 Sectnr burning. .
CF6-50C 224 KN 1.0/6.7 37.1/36.1 60,8/~ /18.9 Sector burning/dome and nozzle
" modification,
2.4/6.7 49.8/36.) 44,7/38.7 /18.9 1986-87 Low NOx combustor (DL}, Annu-
' lar)
RB211-22B 187 KN 4.2/6,7 28.8/36.1 64.0/~- /19.8 Sector burning and rich pri-
. mary {(Phase 11).
RB2J1-524 218 KN 3.1/6.7 22.4/36.1 70.2/~= /18,7 Sectur burning and rich pri=-
. mary (Fhase 11). -
Spey 511 50.7 KN 23.0/ 162/ 68.2/ / Approach aban- Reftox airspray.
doned, perfor-
mance not ac=
" ceptable » .
Spey 558 43,8 KN 36.1/12,2 186/79.8 55,2/~ /29.0  Approach aban=- Piloted airblast,
. . doned, perfor-
mance not ac~
) ’ ceptable .
JT3D=7 84,5 XN 158/ == 232/~ 53.0/== 13,3/25.0 Jaun. 1981 Leaner primary & aivblast;
_intended for T3 smoke retro=
fit only, '
JT8D~9 64,5 KN No Data
JT8D~17 71.2 KN 7.6/8.9 49.4/49.9 68.4/-= 125.5 Aerating nozelelrvich primary,
1.6/8.9 83,1/49.9 41.0/33,0  27/25.5 Lox NOx combustor (Vorbix),
Nev Engince .
RB&10 68.5 KR No Data
RBG32 71.2 KN - No Data
RB211-53% 163 KN 8.9/6.7 54.7/36,3  51.3/== /21.2 Sector burning and rich primary
' (Fhase 11).
: 2.5/6.7- '761.5/36.1 30.3/33.0 121.2 Rich primary and quicv quench,
crl4 40 KN 12.2/14.4 * 80,0/85.2 27.0/33.0 20/29.7 Sector burning,
CFM56 107 XN 0.9/6.7 42.0/36.1 . 43.5/== 722.9 Dote of Cert. Sector burning at 6% idle,
CFr6-32 157 KN 2.0/6.7 29.8/36.1 6hy /- /21 Date of Cert. Sector burning, '
CF6-80 213 KN 2.0/6.7 136.1 ! /19.1  Date of Cert, Sector burning,
JT10D~4 129 KN d No Data
JT8D-209 " 82 KN 2.2/7.% 33.6/41.2 54,9/ == 15/24.5 Date of Cert,- Aerating nozzle/rich primary,
JT80-247 ‘92 KN cevranwsw=Ng (ald-mrreveren . .
T5 Production Engines ! '
OLY593-610 171 W €30.7/30.7 €231/2%7 <10.8/70.8 125 Jan, 1980 Blown ring,

¥ No atandard,
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HYDROCARBON EMISSLONS VS. RATED THRUST -~
LOW EMISSIONS ENGINES
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CARBON MONOXIDE EMISSIONS VS. RATED THRUST -

LOW EMISSIONS ENGINES
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OXIDES OF NITROGEN EMISSIONS VS.
RATED THRUST-LOW EMISSIONS ENGINES
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Section IV

INDUSTRY STATUS

Tﬁe discussibn in this section is limited to those enginmes which
will be affected by the standards, namely those in commercial service
with a rated thrust of 27KN or greater. ﬁngines in this:category are
linited to those made by only four manufacturers, General Electric,
Pratt and Whitney Aircraft, and Rolls Royce (certain éngines involve
joint ventures with other manufacturers) and possibly Avco Lycoming.

Each manufacturer and its products will be treated separately.

1. General Electric

General Electric is a large diverse manufacturing comﬁany in the
AUnited States. Its commercizl aircraft engine opefations are located in -
Cincinnati, Ohio (CF6, CF56) and in Lynn, Mass. (CF34, CF700, CJ610).
The CFM56 is a joint venture with SNECMA of France, the core of which is
based upon the military F10l engine designed for the B-1 bomber. In -~
addition to these civil engines, GE makes a number of military vari-
eties, some of which are essentially the same as the civil engines. A

surmary of the company's civil engines is presented in Table IV-1.

Summary of Research and Development Effort CF6, CFM56

CE6

General Electric's NOx control effort has centered largely around



Table IV-1

General Electric Engines

. Cert., Number Product ion
~ Engine Class Thrust BPR PR Combustor Application Date . Delivered Category
CF6-50 T2 224 XN 4.4 29.8 A DC-10,B747,A300 III
CF6-6 T2 175 KN 5.9 24.5 A DC~10 I1I
CF6-32 T2 145 KN 4.8 24,4 A Potentially B757 0 v
CF6-80 T2 213 KN —— 32.0 A B767, A310 1981 0 v
CFM56 T2 107 KN 5.9 25.6 A Possibly B707,A300B11 0 LY
CF34 . T2 40 KN 6.0 19.5 A None -0 v
CF700 Tl 20 KN 1.9 6.6 A Falcon 20,Sableliner75A 11
CJ610 Tl 13 KN 0 6.8 A Learjet 24/25 ' : -1
PROSPECTUS
Prospects of Meeting:
_ ‘Emissions Performance Operational Mechanical
Engine 1981 1984 HC co NOx Sk Performance Performance Time
e poor¥ X X X .
Cré-30 - poor X X X X X
- poor¥* X X X
CF6=6 marginal X X X X X
e poor* X X X
CF6-32 marginal X X X X X
marginal X
CF6~80 marginal X X X X X
CFMS6 marginal _ X
fair X X
' good .
. CF34 . 500d R

* Assuming sector burning is not used.
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the NASA Experimental Clean Combustor Program (ECCP). This portion of
the jointlylfunded program with NASA utilized the CF6~50 engine as a
testbed, but it should be considered as a technology demoastration
program having application to annular combustors in géneral, within
geometric limitations. The ECCP was divided into three phases, the
first being a screening of several concepts involving pfeaixing, air-
blast, lean primary burning, and fuel staging incorporating some or all
of the previous concepts. The second phase involved refinement of
selécted concepts and the third phase was an engine test of the best.
The program is now completed (except for documentation of the final
engine testing). The final concept developed by GE is termed the

double annular combustor and is shown in Figure 10. It is a radial fuel
staging cdncept and is particulafly-well suited to GE engines which have
short annular combustors and are, therefore,.less amenable to the
physically longer axial staging concept (e.g., the Pratt and Whitney
JT9D Vorbix). A detailed description of how such staging reduces

emissions given in Section III and Appendix A.

The engine test in phase III of the ECCP se%ved as both é proof ;}
concept demonstration (with partial success) and, in fact, went one step
further by attempting to provide flightworthy quality hardware in the
demonstration. Unfortunately, but perhaps predictably, this was at
least partially responsible for the failure of the systen to live up to
the expectations of phase II. The specific fevisions to the engine
hardware for phaée III included a modified inner liner, revised liner

cooling, additional allowance for thermal expansion, and changes in the
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connections between liner parts. Together these'changes led to a more
durable combustor, but one which also suffered from an inferior fuel
injection pattern and degraded mixing which manifested itself through a
deteriorated emissions performance. However, a realistic development
program must eventually address the durability problem and as the phase
1I results suggested that the emissions were sﬁccessfully under control,

turning attention to durability was a reasonable next step.

Current problems with the double annular combustor as presently
-configured in the -50 are: (1) high CO -~ due largely to the hardware
changes incorporated in thé engine test to aid dprability (the Phase II
rig version had acceptable'CO); (2) high NOx -~ a definite proBlem
although GE sees some room for improvement; (3) high smoke - due to
inadequate mixing in the robust version which if eliminated would bring
the NOx down, too (the Phase II rig version had acceptable smoke); (4)
durability - mostly an.unknown but the uncooled centerbody is definitely
subjected to a severe environment and the leaﬁ'front end (primary)
leaves less cooling air for the liner (see TableAIV—Z); (5)_temperat£¥é
profile - the high air demand of the double burner dome (as seen in
Table IV-2) to run lean in the main burner plus have a separate pilot
burner plus the cooling air requirement for the liner leaves only 2% of
the air left to trim T4 instead of the usual 20%-30%, and impacts the
turbine durability); (6) flow control - an altitude compensating control
is necessary to distinéuish at equal flow rates between high altitude
cruise (both annuli burning) and approach (pilot only). Any change in

the configuration to improve upon these problems must retain the other



44

expected operational performance levels such as acceleration, relight at

altitude and so forth.

On the positive side of the ledger, however, ground start, altitude
relight, lean blowout, pressure loss, carbon deposition, cruise com-
bustion efficiency, liner wall temperature, and engine acceleration all
meet or appear to meet engine requirements. The exit temperature pat-
tern, although out of specification, could be at leasﬁ partially due to
the high fuel-air ratio required by the "worn" test engine. This is
presumed because temperature pattern exhibited a hot hub consistent with
an over fueling (by 17%) of the main stage inner annulus. Sufficient
refinement of the péttern may then be possible despite the shortage of
dilution.air (Table IV-2) with which to work (the temperature profiie
can also be afﬁected by manipulation of the airflow pattern within the
primary zone although this may be anticipated to be deleterious to
enmissions). Finally, it should be observed that despite the excess fuel

no liner hot spots or carbon deposition was observed.

Table IV-2

CF6 Airflow Distribution

CF6-50 Standard CF6-50 Double Annular
Dome: 35% Primary 25%}_ 76
Main 51%
Cooling: 327 22%
Dilution: 33%* 2%

*Not all of this is required for temperature trimming. The CFM56,
for instance, uses about 20%.
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Doudle annular staging apparently requires single stage‘operation'
at approzch a5 wall as at ground idle (both stages at high power) in
ordar to lower the CO (the use of oniy oﬂe stage creates better at-
orization and more concentrated burning). This creates the additional
need to ascertain in detail the staging behavior in flight, both in
norzal operation aﬂd with malfunctioning in the fuel control logic or in
the valving. The single stage operation at approach does contribute to -
the high NOx level which is of concern (about 18% of the cycle NOx

arises in the approach mode).

The present design allows no room for significant simplification-in
terms of liner configuration, number of fuel nozzles, and manifolding.
Hence, it may be expected that cost estimates based upon the present

configuration are realistic.

A double annular configuration has been designed for the CF6-6
engine (Figure 11) and although differing in detail from the CF6-50
configuration, it is in essence the same, working on the same princiﬁlé
and with similar design parameters. Certain problems have been iden=*’
tified with the use of the double annular conéeét in the CF6-6, however.
Presently, the -6 has a smooth diffuser which is incémpatible with the
flow pattern needs of the wide dome of the double annular comgustor;
hence, a step or dump diéfuser, similar to that employed in the -50 is
neaded (scaled to size, of course). Because the diffuser and casing are
integral (coopressor rear frame), this change would neceésitate a major
redesign of that high pressure shell at a cost estimated by;GE in the

neighborhood of 40 million dollars, if pursued. The ensuing changes in .
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the external dimensions, although not large, would impact the naéellg
packaging of the components external to the engine casing, such as the
fuel manifold, compressor bleed, etc. Another problem is that tﬁe large
fuel nozzles required by the double annular concept do_hot fit readily.
in the -6 which now uses smaller nozzles. Beyond rquiring larger holes
in the casing, the larger nozzles have a significant effect on the. flow
pattérn and pressure drop across the combustor. For these reasons,
direct scaling of the -50 design is not considered feasible, and addi-
tional development work specific to the -6 would therefore be ne;eésary,

even if all the deficiencies identified in the -50 program were remedied.

The CF6-32 is a clipped fan CF6-6 having the same core and hence
the same combustor, and although operating at different éonditions; it
is expected that the -6 design will be adequate in the -32. GE has not

yet committed to testing the -6/32 configuration even in combustor rigs.

GE is actively contiﬁuing its double annular technology devé10p;
ment, though, in the NASA Enefgy Efficient Engine (E3) Program. Thi§,
is also a technology demonsfration program (not a prototype development
effort) in which it is hoped to demonstrate more efficient>components
‘and engine cycles on an engine assembled from these new components and
sized to the 110-130KN range. Thus, this development aoes not directly
relate to the CF6 developmént and, in fact, t£e GE combustor configur-
ation and size are more related to the CFM56. Nonetheless, the tech-
nology improvements should be relevant. Principal advances to be ex—

plored are (1) single fuel injector stem per nozzle pair, (2) cooled
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COMPARISON BETWEEN PRODUCTION AND
LOW NOx COMBUSTORS IN THE CF6-6
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centerbody (separating the stages), (3) advanced cooling, and (4)
better NOx and smoke control. The best airflow pattern refinements for

emissions and operational performance will be sought.

GE has alsé pursued independent investigation of simpler ;oncépts
through their IR&D funding; These concepts include compressor bleed,
advanced idle, sector burning, nozzle modification, and.liner redesign
(airflow redistribution). These approaches are directed at HC and CO
control only and despite their relative‘siﬁplicity, they can be quite
effective. Much of the preliminary investigation was done on thé
developmental CFM56 (F10l) as the early CF6 effort was devoted prin-

cipally to the NASA ECCP.

GE elected to continue development of the sector burning concept inl
the CF6 for the proposed 1981 requirement. ‘The governing prihciples‘
behind the sector burning concept are described in Section IIT and
Appendix A. Although sector burning creates a fuel control problem with_
its staging at idle, a very desirable feature is that during proper

operation, there is no effect of the emissions control oh the combusgég
in flight so concerns about operational and'mechanical performance are
considerably reduced. Used alone, this method is sufficient only-in the
CF6-6 and probably CF6-32 engines. The CF6-50 and -80 would still
suffer from high CO-because of their very short combustofs._ CO, in
fact, tends to be a problem in all of the GE engines due'to their short
combustor designs which allow inadequate timé for its oxidation to COZ'
A short combustor is pursued becéuse it .requires less liner cooling air

(hence more is available for radial. temperature distribution trimming

and for turbine cooling) and it creates a shorter and hence lighter engine.
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T-e CF6-50, in addition to the sector burning, requires new fuel nozzles
5 improve the mixing and local stoichiometry in the primary. The new
nozzles insure that at idle all the fuel is being injectedAthrough only
the'pribéry orifice in each of the pressﬁre-atomizing duplex nozzies,
thus providing'greatér atomization. From exiéting data this solution
gives the CF6-50 a 15% margin in CO emissions, but because of the antici-
pated engine-to-engine variability, there may still be compliance problems.
Further reductions could be achieved by increasing the idle power, but

as this is an engine already in use, such a procedure would run afoul
commitments to the airframe manufacturers and would particularly be
difficult to implemeﬁt in a retrofit program (proposed in-use compliance

requirementAby 1985).

A major concern with sector burning is the effect of the asymmetric
thermal loading at idle when the fuel is sectored in the annulus. The
most favorable fuel distribution with regard to emissions is to have a
single iarge sector off and the remaining sector on (here 180° on and
180° off). This, howeaver, is the most adverse for the turbine stator
-and guide vanes. Furthermore; the frame distortion may cause increas;dq
wear on the rotor blades with subsequent efficiency losses at all powé;i
_=modes. In addition, the asymmetric heat imput reduces the mechanical

efficiency of the turbine which leads to a fuel economy penalty during

the sectoring node.

The fuel control and delivery system also has additional complexity

(see Figure 12), but this is outside the hot section and is thus easier
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to handle. The fuel control musg be able to sector when required, must
distinguish between in-flight idle and ground idle, aﬁd must be fail-
safe (any failure will cause the sysﬁem to revert to full annular
operation at the proper flow rate). The failsafe mechanism is crucial

. to the safety of the system as inadvertent sectoring in flight ﬁight
lead to engine aamage or inability to accelerate, depending on the power

level at the time.

Sector burning development ceased in 1979, however, when GE was
informed by its customers that, in their'opinion, sector burning's
potential hazards and idle fuel penalty.ren&ered it unacceptable. _éE
has since revertéd to a selegtive azimuthal burning arfangement. This
involves ée;ective nozzle firing at idle, but instead of a single, large
sector being turned off (eg, 180 sequential degrees), this concept might
turn off, say, 120 degrees distributed over five individual‘sectors [for
instance, if there are 30 fuel nozzles, at idle, a pattern of 4 on éﬁd 2
off would be repeated 5 times]. This arrangement permits.acceleratidn
in flight and avoids the hézards of asymmetrical thermai loading on the 
guide vanes and stators which could damage the engine. Thus, there 1§ 
no botential in-flight safety problem and the system is used for both

flight and ground idle. However, the emissions performance is degraded

somewhat.

A new dome is to be incorporated, partly to help emissions, but
largely to improve pre-existing deficiencies in the mechanical performance
of the original combustor. This dome is a version of the new design

that was developed for the new CF6-80 engine and hence represents little
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additional development effort or expense.
Cr6-80

The CF6-80 is a new engine family based upon the best technology of
the CF6-50, but incorporating many new features. It constitutes a new
fanily because in its conception total design flexibility was permitted.
As a consequence, major changes in the hardware are:

(1) Aerodynamically superior fan blades (same diameter),

(2) 15 cm reduction in length of diffuser,

(3) 8 cm reduction in combustor length and replacemeﬁt of the
conventional brazed ring type with a new machined rolled-ring

type,'
(4) Elimination of the turbine midframe (18 cm), o {f
(5) New low pressure turbine.
The overall length is -shortened By 4 cm, the'eAgine lightened By 130-

230 kg, and cruise specific fuel consumption is improved by 6Z over the

CF6-50.

The new combustor incorporates a revised airflow pattern to improve

burner life and performance. Less cooling air is admitted at the dome
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- - E .
which permits (1) a richer front end (and hence better relizht) and (2)
more cooling air for the aft liner (and hence a cooler linz). -A longer
version of this improved combustor will be used in new CF6-30s and may

be also available as a retrofit option. In response to airline desires,

GE will make every effort to avoid the use of sector burning as a control
technique, but the shorter length will work to the disadvantage of CO
control; on the other hand, it will work to the advantage c¢f XOx control

and may help to mitigate the adverse effect of the very high pressure

ratio.

The anticipated control scheme is selective azimuthal burning which
was discussed in the CF6-50 section. The neceési;y for in-£light operation
requires a minimum of 5 sectors in order to preserve sufficient symmetry.
With 30 fuel nozzles, this means 4-on - 2 off, S times around. Withk.
this operation, altitude relight is marginal; howevef, a 2 on -1 off
afrangement, 10 times around (ie, 10 sectors), resolves this difficulty,
but at a cost of further reduced emissions effectiveness. Téble Iv-3
Summarizeg the known abilities of thé differeﬁt conceptsvés zpplied to

the CF6-80.

Table IV-3

performance of Control Techniques

Control ’ - ’ HC EPAP

Sector Burning
15 on - 15 off, once around 1

Sective azimuthal burning ‘
4 on - 2 off, 5 times around#® 6

2 on -1 off, 10 times around* : 12

* possible for in-flight use
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. S )
Littlz information about NOX control. is known at this time. However,

it is apparent that the small available volume will make the incorporation

rh

of staged systems quite difficult. Yet, because of the small size,
cooling air requirements are reduced and mor; air is therefore available
to the two stages of a double annular combustor with, pérhaps, sufficient
air left for temperature profile tailoring: tﬁis may make the staged

combustor mores viable in this application, if it can be fitted in.
Cris6

This engine, designed jointly with SNECMA of France, has a core
which is derived from the military F101l engine. The cyclé.of the hot
core is roughly that of the military engine, but the initial combuétor
intended for the military was not suitable for commercial use and con-.
sequently a prograa for the development of a proper combustor was
-established. Much of the emissions development was done on'this later-
model combustor (the PV combustor) which is shown in Figurebl3.

- ¢

In addition to a design effort to configure the double annular )
R (-

concept to this engine (Figure 14), GE has pursued other avenues of NOx
- control during the development of this engine through IR&D funding.
This approach attempted to make use of the.short configﬁration of the
combustor which tended to lower NOx levels anyway (short residence
time). Because of the short Qesign, special effort had been made to
achieve proper combustion in a very shért distance by excellent fuel
preparation (atomization and evaporation) and mixing with the aif. This
feature, aided if necessary by sector burning at idle, could be suf-

ficient to permit the application of a quick quench approach to NOx



PV COMBUSTOR (CFM56)

Figure 13




DOUBLE ANNULAR CONFLGURATLON FOR CFM50
(SHOWN HERE, ENERGY EFFICIENT ENGINE PROPOSAL)
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control (see Section III and Appendix A) and yet have acceptable low
TWET eaissions. Theladvantage of such an approach is first mechanic;l
icity versus, e.g., staging, and second,"inﬁerent flamévstability‘
cozpared with lean flame NOx control. . As_exﬁlained in Appendix A;
howevér, the drawback to quick quenching is that while it quenthes ﬁhe
NZ -+ NO reaction (a benefit),»it also at idlé quenche; the CO <>
CO2 réac;ion and possibly also the oxidation of HC (a detriment). -Ve:y
quick combustion as occurs in an advanced combustor may bypass that
difficulty. Rig testing in‘an F101 testbgd with the original combustor
demonstrated a 30% reduction in the NOx EI. Later testing in the new
combustor, however, was'not as successful, and further exploration was
shelved. Development of a double annular combusfor for this eﬁgine ﬁas
not proceeded beyond the design study because of the need to reéolve the
developmental problems of the concept on the parent engine (CF6-50)

firsc.

HC, CO control by sector burning and selective azimuthal burning

(SAB) was investigated early in the F10l1 combustor rig. The new PV

combustor with SAB had better emissions than the original combustor with

SAB; however, its operational performance was degraded considerably and

Py

ne CO was still too high. Specifically, the pattern factor and altifudg

(e

relight were deficient and the CO was twice the standard. In addition,
the liner cooling requifementvwas not met. A Subsequgnt program to
renady these deficiencies through va;iationé in the vent;ri configuration
of the airblast nozzles, the fuel spray angle, the primary stoichiometry,
apd the manner of dilution air entry (theAdegree bf penetrétion) was
undertaken. There developed  a tradeoff situation between relight capa-

bility on one hand and CO and‘smoke on the other. - CO and relight remain
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as problems and exploration to resolve the relight deficiency is continu-
ing, but presently any improvement in relight is made at the expense of
CO which is not too sensitive to the burning érrangement in this case
because the origin of the CO problem is not ;n the primary zone (ﬁhere
selective burning helps), but rather in the secondary which is too short
to permit oxidation of the CO. CO remains an unresolved problem if the

final standard is equal to the proposed value.

The CF34, a civil version of the military TF34 nay be regulated if
used on an airframe finding commercial applicatioﬁ. This engine has.
received the least work especially now in light of its likely exclusion
through the general aviation exclusion. In anticipation of commercial
use, selective azimuthal burning has been investigated on a prototype
engine and a modified combustor simulating sector burning has been rig
tested (sector burning alone left the CO too high). Because of its‘high
bypass (6) leading to a low takeoff SFC, its moderate p%essure ratio;(ZO),
and its short combustor leading to short residence times, ‘the baselinée

engine already meets the proposed 1984 NOx requirement.

CF700, CJ610

As the CF700 and CJ610 would not be controlled under the proposed
requirement and as the information in the December, 1976 report is still

essentially correct and current, these engines will not be considered

here.
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Table IV-4 presents a summéry of emissions performance of the GE
-engines, Rig data are ideﬁtified. A projection of the performance of
-the double annular combustor in the_CF6-6 and CF6-32 is made, but none
is made for the CFM56 because of the scaling uncertainties. Expected
availability of the technology.is also given based upon the manufac-

turer's current position and existing or anticipated problems.



Table VI-4

Ceneral Electric Performance

Projected ’
Implemen— Origin
: Technology EPAP Development tation of
Engine Concept Category HC co NOx - Sk Status¥* Date Datax
CF6=~50 Proposed Std. 6.7 36.1 38.1 19
Production 63.0° 119.5 60.8 13 18
Sector Burn w/ 2 1.0 37.1 60.8 SE ET
Nozzle Mod, ET
Dbl. Annular 3 2.4 49.8 44.7 - R 1986~7 Rig
Selective 1 12.0 ID 1983 ET
burning (SAB)
CFr6-~-6 Proposed Std. 6.7 36,1 33.0 20
Production 43.3 96.5 65.7 16 IS BT
Sector Burn 2 1.8 28.3 65.7 16 SE ET
‘Dbl. Annular 3 2.8 61.5 35.2 1986-7 Proj.
SAB 1 11.0 iD 1983 ET
CF6-32 Proposed Std. 6.7 36.1 33.0 21 :
Production 48.1 102.1 64.1 IS Proj.
Sector Burn 2 2.0 29.8 . 64.1 - SE Proj.
Dbl. Annular 3 3.2 72.6 35.6 1986-7 Proj.
SAB 1 12.0 ID
CF34. Proposed Std.. 14,4 85.2 33.0 30
‘ Development 2 53.1 205.0 24.9 20 1D ET
SAB 1 12.7 80.0 27.0 20 - ID Cert. Date
CFM56 Proposed Std. 6.7 36.1 33.0 22,9 _
Mod. PFRT 2 12.0 79.5 42.8 ET
Sector Burn, 2 1.5 51.7 42.8 ET
SB + adv., idle 2 0.9 . 42,0 43.5 ' ET
SAB 1 4.0 . ET
CF6-80 Proposed Std, 6.7 36.1 45,2
- Sector Burn 2 2,0 Rig
SAB 1 6,0 1D Cert, Date Rig

¥ 1Q ® * “arvice C SE = Service Evaluation ID = In Development

09
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2. Pratt and Whitney Aircraft

’

Pratt and Whitney Aircraft (P&WA) is a ﬁgvision of the United
Téchnologies Corporation (UTC). P&WA is Fhelmajér producer of jet
engines for commercial aviation, its most popﬁ;ar being the ubiquitous
JI8D (B727, B737, DC-9). It also manufactures :t‘he JT3D and the JTID as
well as several models of military engines. Anogher division of UTC is
Pratt and Whitney Aircraft of Canada, a manufacturer of small jets and
turboprops for business aircraft. A summary of the company's engines is

presented in Table IV-5.

Summary of Research and Development Effort
JI9D

NOx confrol for annular combustor engines originated around the
NASA Experiﬁental Cleaﬁ Combﬁstor Program (ECCP). This portion of tﬁé
jointly funded program with NASA utilized the JT9D-7 engine as the
testbed, but, as in the GE case, this effort should be considered a .
technology demonstration program, applicable generally to annular
combustors such as are also found in the JT9D-70, JT10D, and other
engines of similar geometry, specifically tﬁose capable of ho&sing the
relatively long vorbix configuration when it is properly sized for its

operational performance requirements.

The ECCP was divided into three phases: (I) preliminary screening

of several concepts, (II) refinement of the best, and (III) engine



Table IV-5

Pratt ‘& Whitney Aircraft Engines

x : Cert. Number Production
Engine Class Thrust BPR PR Combustor - _Application Date Delivered Category
. JT9D-70 T2 228 KN 4.9 24 A B747 1974 I
" JT9D-7 T2 205 KN 5.2 21.4 A B747 1971 11X
JT10D T2 ' A None 1979 0 1v
JT8D-209 T2 ‘ Cn-A DC-9-580 : 0 v
- JT8D-17" T2 71.,2kN - 1.0 17.0 Cn-A B727, B737, DC-9 III
JT8D-9 Tl . 64 . 5KN 1.0 15.9 Cn—-A B727, B737, DC-9 : . 11
- JT3D - Tl 84, 5KN 1.4 13.5 Cn~-A " B707, DC-8 I
PROSPECIUS
Proéggcts of Meeting:
‘ ' Emissions Performance Operational Mechanical
Engine 1981 . 1984 HC - co NOx Sk ~ Performance Performance _-Time
- good e
JT9D-70 poor 7 X X X X X
_ good »
JTeD-7 % poor ‘ ' X X X X X
JT10D --not known-= : : ' -
- good . ’ )
JT8D-209 500z " X XX X X
_ good N
- JI8D-17 DooT ‘ X X X X X X
_ good ' ' '
JT8D-9 PoOT X X X X X X
e no X X X
.lJTSD = X X X

<9
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*

demonstration. In phase I, three concepts were explored, (1) modifi-

- cation of a cbnventional combustor (carbureted lean burning combustor),
(2) a radial/axial fuel staged combustor with premix/pfevap fuel. prepar-
ation, and (3) an axial staged combustor with conventional injection and
mixing (swirl) called the vorbix (VORtex Bufning and mIXing), shown in
Figure 15. The philosophy behind axial staging is explained in Sec;ion
IIT and Appeﬁdix<A. The vorbix was continued into phase II and ex-
tensively optimized so that one version (S27E) was eventually tested in
an 9ngine (phase I1I). The éoncept performed well in the engine demon-—

stration and showed thé viability of the system (see Table IV-6 below).

Additional.development work is needed to resolve defigiencies in
the concept iﬁ order  to bring the vorbix to "state-of-the-art" per—
formance, at_which time detailed development for specific hardware
application could be undertaken. The first deficiency was that while
the gaseous emissions were acceptable, the smoke levels were consider-
ably in excéss of the standard (30 vs. 19). This was totally unexpected
from the results of the rig tests in phase II. Subsequent investigatibn
re§ea1ed that ﬁhe probéble cause was the main zone fuel injectors which
differed from those used in the rig tests. Presumably, therefore, this
problem can be eliminated. The second problem was that several of the
OpérationalAand mechanical performance criteria were out of ssecific—
ation. . In particular, the temperature profile‘was slightly beyond
tolerance and because of the shortage of dilution -air (characteristic_of
lean, staged combustors), control would be more difficult. Also,
coking was observed in the main stage fuel lines and carbon was de-

posited locally within the combustor. Durability was also called into
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question because of the appearance of localized hot 3pdts on the liner.
Finally, the engine performance criteria of ground starting and ac;
celeration were deficient. Thé latter was marginally acceptable- (i.e.,
met standards) in most cases, but quite infefior to that of the pro-
‘duction engine. This was due principally to fhe time required to £i11
the main stage fuel manifolds above idle powef;V~Barring a technical
solution, it would seem that the definition of a’flight idle with both
stages fueled would improve the required acceleration sufficiently.
This would require a squat switch so that ground idle could be identi-
fied and single stage operation used. The ground start problem has qun
identified as the primary stage fugl injectors. iet any change to
correct this problem would likely influence the altitude relight which

at this point has not been well investigated anyway.

In addition to these emissions and performance problems, the ECCP
configured vorbix suffers from certain mechanical complexities, the
consequences of which would lead to an expensive and probably difficult-
go-maintain piece of hardware. Featufes like the throat and the 90 -
nozzles and swirlers in the 1in¢r and dome make fabrication difficult”
and expensive. Also, the axial staging leads to the requirement for
either two axially located rings of nozzle holes in the outer pressure
casing (costly) or long cantilevered nozzle supports in the igterior
subjected to the high temperature (coking and structural problems) as
shown in Figure 16. The throat section between the two stages is not

only difficult to fabricate, but is particularly susceptible to failure

because of the:high heat transfer and difficulty in cooling the region.
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This, of course, would lead to high maintenance expense.

It was found that, at least in the JT9Q;7 application, both stages
can operate in all flight modes and yet provide acceptable emissioﬁs
levels. This minimizes the fuel control logic, enhances reliability (by
not having the stgging cycling on and off repe;;edly while on appro;ch),
and lessens the coking tendency in the long secondary.stage nozzle
supports. (because fuel is always flowing in flight), or alternatively,
improves the engine acceleration (bécause the secondary fuel manifold,
which might otherwise be drained to prevent coking, need not Be refilled
prior to fuel flowing into the secondary during acceleration). This
. situation is in contrast to the GEﬂdouble annular staging system.whefein
CO control dictated pilot stage operation only up through approach power

(30%). Nonetheiess, coking in the fuel passage was observed in the main
‘stage (which sees a hotter environment) after the ECCP phase TIIL test-

ing.

Since the conclusion of the NASA ECC?,.vorbix work has concentrgﬁed
on the development of a new simplified and.improved vorbix system rather _
than upon the refinement of the one developed during the NASA work. A
simplified system would include, if at all possible, a reduction or |
elimination of the throat and reduction in the number of fuelznozzles
(the }atfer may badly affect the low power emissions as too few nozzles
would lead to very lean’éoﬂes between the nozzles and subsequent quench-
ing of the reactions). Improvements would include lower smoke levels

-and improved operational performance obtained through better air dis-

tribution and fuel control.
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. Advanced E3 Program Vorbix

Original ECCP Vorbix

Figure 16
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The post-ECCP vorbix work has been supborted by IR&D funding and
the_ﬁASA Efficient Energy Engine (E3) program. The E3 program is just
bezinning and is directed towards the demonstration of a lightweight,
low specific fuel consumption engine in the 140KN thrust size range.
This engine is to be a technology demonstrator ohly and is not intended
by XNASA to be a prototype. Hence, the combustor desigﬁ is not directly
usadlie in the JT9D-7; however, the technology is transferable. The P&WA
comdustor configuration for the_E? program will be é throatless vorbi#
with 24 aerating nozzles in the primary (vs. 3Q for the JT9D ECCP) and
48 pressure-atomized carbureted nozzles in the main zone with radial
inflow swirlers to provide fuel-air mixing and flame stabilization in
the main stage. The fewer nozzles compared with the JT9D-7 shoula not
necsssarily be construed as a simplification as it merely reflects ﬁhe
smaller size of the engine (air flow rate: 65 Kg/sec vs. 95 kg/sec).
The combustor also features a single plane entry gf the primary and
and main stage fuel nozzle supports which are then cantilevered fore and

aft to their respective locations (Figure 16).

R
e

The IR&D vorbix study first investigated simplifications of the
ECC? configuration which included a reduced number of primary nozzles
‘and variations in the throat size. The rig work was done simglating the
JI9D-7 cycle. However, despite variations in the primary sto;chiometry,
the enissions performance with these simplifications was found to be
inadequate. Additional investigations of advanced ﬁézzle'concepts
including carbureted nozzles and aerating nozzles on reduced length
burners (for low NOx) were also carried out. In 1977, the carbureted

nozzle work was continued and concepts refined. A new vorbix configur-
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ation (Vorbix II) was designed and adapted t§ a can burner (JT8D). This
concept employed the tested high power stage (NOx control) with.a new
primary stage offering potentially improved low power emissions.. This
stage utilized the new carbureted nozzles and preheated air for better
vaporization and mixing. Testing continues, but no data are available

by which to judge the potential of the new configuration.

The status of development work for compliance with thé proposed
1981 HC, CO and smoke standards is slightly unceftain at this point'
because the more explicit idle definition in the March 1978 proposal
differs from P&WA's earlier usage on which the bulk of their effort and
data are based. This new definition has been found to have an iméact on
the EPAP values of up to 50% which would Qastly reduce or even eliminate
their margin for Qariability in most cases. The information'presented
here is based on P&WA's interpretatioﬁ of EPA's original idle defihi—
tion. The D-7 and D-70 have separate development programs and are

discussed separately.
(JT9D-70)

The D-70 has a bulkhead type burner (Figure 17). P&WA began with a
rich primary aerating nozzle configuration and met with succe;s after
numerpus revisions to the liner and nozzle configurations. Pressure .

~atomizing nozzles were also e?aluated and found to have inferior emis-—
sions performance, however. Development was done with both‘engine
testing for emissions (rig data being considered unreliable) and rig

‘testing for relight, coking, and durability and, in addition, a nozzle
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support program was al;o conducted to examine nozzle durability, coking,
etc. Despite a persistent tradeoff between smoke and NOx (P&WA was
aftempting to keep NOx at its January 1976frecommended level), one
configuration finally yielded acceptable HC,Co; smoke, and NOx, and
acceptabl& small penalties in pattern factor and combustor pressure
drop (Figure 18). Initially altitude relight was deficient, But ninor
alterations remedied.that difficulty, improving relight to beYond that

of the production combustor.

Durabilit& remains a concern because the 1ow emissions air dis-
tribution is considerably different from that dictated byAconventional
design. The aerafing nozzles, in particular, suffer eariy distress.
Durability assessment of alternate construction techniques, alternate -
materials, and rédesigned nozzles, along with cyclic endurance testing
continue. Radial temperature profile tailoring began in late 1977 and
should be concluded in tiﬁe for service evaluation in 1979. Effects on
HC, CO emissions are gxpected to be minor as the dilution air is addéd

Pa—

too far downstréam to impact on the reactions.
(JT9D-7)

P&WA experienced more difficulty with the D-7 combﬁstor thch,-
differs from the D-70 (see Figures 17 and 19) by having a short cone (20
" of them) burner rather than a bulkhead burner. On the basis of the
early (Phase I) ECCP data, P&WA began with a lean primary short cone
burner with aerating nozzles, which was compatible with the éxisting Df7

geometry. After extensive experimentation, it became evident that it
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JT9D-70 PRODUCTION COMBUSTOR

Figure 17

JT9D-70 LOW EMISSIONS COMBUSTOR

Figure 18
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was impossible to satisfy all the emissions requirements (including thé

P&WA NOx goal of about 60 gms/KN). The short cone burner was deficient
because it restrictéd the fuel'distribution{in the dome, in fact; wash-

ing the walls with fuel and, secondérily, its-inherentlyvlower pressure

drop limited the turbulent mixing in the primary. Both of ﬁhese effects
promoted the existence of rich pockets, resulting in high smoke. Atteﬁpt§- 
to reduce the extent of the rich pockets By leaning the overall mixture

then resulted in lean pockets elsewhéfe giving rise to excessive HC, CO;
hence-a tradeoff existed between HC, CO on one ﬁand and smoke on the

other.

P&WA finally abandoned the aerated nozzle short cone bﬁtner for an
aerated ﬁozzle bulkhead type burner (Figure 20) similar to that Q%ed in
the D-70. This represented a major change, reqﬁiring lengthened nozzle
supports, new combustor supports, and a reevaluation of the effective-
ness of the diffuser. This change resolved the emissions problem whén
it was found that smoke:could be controlled independéngly by the amo#nt
of air admitted through the swirler surrounding the nozzle. Initiaii‘
configurations gave unacceptable pattern factor, tempefature distrib;—
tion, relight or pressure drop, but eventually most of these operational
‘parameters have been improved to within acceptable limits. ngelopment'

is expected to be completed by the end of 1978 and endurance and per-

formance testing will continue through 1979.. Service evaluation should

begin in 1979.

Table IV-7 summarizes the emissions performance of the important

low emissions configurations.
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JT9D-7 PRODUCTION COMBUSTOR

Figure 19

JT9D-7 LOW EMISSIONS COMBUSTOR

Figure 20
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JI2D

The NOx control effort for can-annular engines such as thg JT8D has‘
been limited compared with the annular combustor effort. The effgrt
began with the joint P&WA/NASA Pollution Reduction Technology'Progfam, a
progran which was designed after the ECCP of the JT9D. The brogram.
utilized ghe JT8D-17 and was initially intended to have three consecu-
tive phases, parralleling those of the ECCP., However, the NASA‘sponsor—
ship was terminated after the first phase, éppafently because NASA felt
that continued suppoft of low NOx technology for can-annular combustor§
was a benefit only to P&WA and the JT8D (an older engine to begin with)
and hence not of sufficiently general interest to warrant public funding;
Thé prégram, however, was successful as far as it went.  In addition to

the NASA work, P&WA has carried on some IR&D supported work.

The NASA work had three elements, each representing a different
degree of complexity. The elements are outlined in Table IV-6. The -
first involved a continuation of some earlier in-house work on airblast
and carbureted nozzles with airflow redistribution to affect the priﬁhfy
zone stoichiometty. In general, such an approach is not expected to
‘have much positive influence on NOx. The second element involved the ..
adaptation of the vorbix concept to a can-annular combustor'sgch as in
the JT8D. The vorbix in this configuration had an airblast primary in
each can and two pressure—atomizing simplex nozzles in the same axial
plane injecting into two carburetor tubes which carried the fuel and

inducted air downstream until past the throat at which point they
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entered the can through swirler orifices forming tha secondary or main
burning zone (Figure 21). The étoichiometry in the carburetor tubes was
rich beyond the flammability limit to avoid %laéhback'into the tubes. |
: ¢
This configuration minimized the extent to .which the internal (to the
casing)'pressurized fuel manifolds were subjected to high temperature
(equal to the compressor discharge temperature 715°K, or higher). The
third element relied upon staging again, but with prevaéorizing and
premi#ing fuél preparation. For this system to wofx safely and prop—
erly, variable geometry features possibly would be required to control
the local stoichiometry at the various power settings; such features
were not explored in this program, however. Furthermore, without such

features, the total NOx level over the LTO cycle did not improve over

that of the vorbix and the CO was worse due to the very lean stoichié

ometry.
Table IV-6
NASA/Pratt and Whitney JT8D Program Elements
Element I Minor modifications to the existing JT8D combustor
and fuel system; including fuel nozzle modifications
‘and replacement and airflow redistribution.
Element II Advanced .versions of the Vorbix, including carbureted
fuel induction into the main stage.
Element III Premix/prevaporization combustor schemes which'employ
the vaporized state of the fuel to control flame
. - stoichiometry for emissions control. Variable geo-

metry may be a necessity to achieve acceptable emissions
and stable burning, but this was not explored in the
study.

The control concepts were tested in a single can (40° sector) rig
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at actual engine conditions which tended to give higher absolute emis—
sions levels than an engine test (based on production combustor data)-
Wnile a nﬁmber of deficiencies in operational and mechanical performance
could be and were identified in the program, transient phenomena were
not even investigated as this requires engine testing for evaluation.
Hence, a major portion of the required performance characteristics is

not yet known, making evaluation of the vorbix's potential still more

speculative.

' The emissions performance of thg vorbix was good considering the
preliminary nature of the experiments. The best configuration, however,
met onl& the HC standard while NOx and smoke were 10%Z higher than tﬂe
proposed 1984 standards (higher if a margin for variability were con-
sidered) and CO, although improvéd considerably, was 257% higher. While
smoke may be improved by continued development, it is a fact that thg
combustor performance in terms of the combustor inefficiency and the NOx
emissions index (EI) matched that of the JT9D vorbix whiéh gas undergone
nuch more refinement (Figures 22-23). It is, therefore, difficult to’
anticipate significént CO and NOx improvements with this scheme. In )
fact, the CO level achieved was accomplished by operation at pilot only
during apppoach (as opposed to the JTID scheme which operated both
stages in the air). As this may be considered a detriment (die to the
need to cycle staging whiie in flight), the CO level may instead in-
crease rather than decrease with any further development.that would
operate only with both stages above ground idle. Perfo;mance problems

that have been identified already are carbon deposition in the main

stage carburetor tubes (due to pyrolysis in the ultra~rich mixtures),
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overheating of the liner wall, especially in the throat,lﬁatferh factor
deficienéy and altitude.relight (minimally examined). The radial exit 
'temperatﬁre profile (important for turbine durability) was nof inves— |
tigated. Temperature profile adjustment with any vorbix can be dif-
ficult because the high air demands of the two stages ana the'cooling
requirement leave little left for dilution near tﬁe exit. The other

operational and mechanical performance deficiencies: appear to have no

special problems that could not be resolved with normal development.

Qn the positive side, though, tHe combustor possesses a lqwerbthan
normal pressure drop which can be converted to fuel Savings 6r exchanged
for incfeased mixiﬁg and possibly reduced CO.  Another favorable feature
of this vorbix combustor in the JT8D is that no major changesvtﬁ the
engine are réquired (diffuser, casing, or transition duct). Only a

proper fuel control must be designed.

Further NOx control investigation was conducted by P&WA in 1976
with IR&D funding after the conclusion of the NASA program. The eféo}t
centered around achieving a simplification of the vorbix concept'by *-
reducing or eliminating the throat and wrap-around carburetor tubes.
These proprietary configurations led to compromises in the lgcation of
the main stage injection, the degree of swirl (mixing aﬁd stiﬁilizing),
and” the aﬁount of premixing in the main stage (carburetion). The emis~
sions performance of theéé-configuratibns'was degraded, some pbilgtants
-substantially (HC, sméke)g the operational performance is not known to

the EPA. This work is being continued under a general advanced vorbix

developnment program whose emphasis is the improvement in low power
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emissions, largely through advanced nozzle concepts. Although not
considered by P&WA a part of the JT8D low emissions program (possibly
because P&WA was convinced EPA would drop the NOx requirement), the

experimentation is being performed on a JT8D sized burner can.

Tﬁe HC and CO control program originated out of the earlier smoke
control program and element I of the NASA program, aﬁd funding via IR&D
has carried the program on. With the control concept selected in 1976
(airblast nozzles with proper airflow fedistribution ~ a richer pri-
mary), engine testiné began in 1977 for the development of durability
and température pattern. Wﬁile the testing has yielded'a éonfiguration
with less margin than hoped for, a numbér of operational perfdrmance
criteria appear to have met or exceeded that éf the production version
now in use: (1) Better altitude relight, (2).better cold start, and (3)
no appearance as yet of durability problems. Two separate, but similar,
burners are normally required for the JT8D, one for the b—17 and aﬁother
for the D-9 model; howevef, P&WA has concluded that only minor changes
will be needed for the D-9 tb achieve its proper temperature profile;‘
(the D-9 has uncooled first stage turbine valves and hence reqﬁires a

different temperature profile from the D-17 which has cooled vanes).

Table IV-7 summarizes the emissions performance of several of the

impgrtant low emissions configurations.

JT10D

This is a totally new engine designed to the anticipated needs of

_the next generation of commercial aircraft. As it was not selected
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-

initially to be used on the new Boeing 757 or 767/777 families, its
ultimate utilization is in question. It is intended to be in the 110-
:160 KN thrust range although its final cqnfiguration has not yet - been
established. If built, it presumably would be certified prior to(1984
and hence its HC, CO emissions levels would se dictated by'the>proposed
1981 NME standards and not the more severe 1984,new1y éérfified engine
(NCE) standards. Like all new larger enginés, it employs an annular

combustor.

In anticipation of a low NOx requirement, the JT10D casing and com-
bustor housing was designed to accept a vorbix type'combustor,'patferned'
after that which would go into the JT9D. Howévef, pending the develop-
ment of an acceptable vorbix configuration, the 10D would use a con-
ventionél, singlé stage combustor employing onlyvthe HC, CO controls
used on the JTI9D (airblast nozzles and rich primafy zone). The success
of é vorbix type combustor in this application is, of course, uncertain
inasmuch as considerable development work is still required to refine
the vorbix into a state-of-the-art concept.‘ Further hardware develq;;‘
ment would then be required to apply the cdncept to the JTiOD config;;;
ation. On the other hand, the P&WA work for the NASA Energy Efficient
Engine Program (providing a demonstrator engine in the IOOAKN;class)
should be very helpful as they are céntinuing deveiopment of 1he vorbix

type burner in that program.

Despite P&WA's funding of JT10D emissions since 1973, little about

the combustor geometry, performance, or status is known to the EPA at

this time.
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atle IV-7 presents a summary of the enissions performance of the
A eéngines. Rig data are identified. A projection of the performance
of the verbix combustor, as presently configured, is made for the JTID~
70 for which no testing has been done. Expected availability of the
technology is also given based upon the manufacturer's current position

and existing or anticipated problems.



Table IV-7
Pratt & Whitney Performance

Projected
> Implemen- Origin
Technology EPAP Development tation of
:ine Concept Category HC €O NOx Sk Status¥® Date Dat a¥*
iD-70  Proposed Std. 6.7 36.1 33.0 19
Production 31.5 87.5 54.3 8
Aerating Nozzle : '
w/ Rich PZ. 2 3.9 24.4 48.5 10 ID, FT 1982 ET
Vorbix 3 2.0 26.3 35.2 R 1986-8 Proj.
:D-7 Proposed Std. - : 6.7 36.1 33.0 19
Production 61.0 150.0 61.8 8 18 ET
Aerating Nozzle :
w/ Rich PZ 2 9.5 28.0 47.4 20 ID, FT 1982 . ET
Vorbix _ 3 2.1 30.2 26.2 30 R 1986-8 - ET
iD=-209 Proposed Std. 7.5 41.2 33.0. 25
Baseline :
Aerating Nozzle _
"w/ Rich P2 2 2.2 . 33.6 ~ 54.9 15 - ID - Cert. Date Proj.
Vorbix (NASA) 3 1.4 67.4 40.7 R ? Proj.
iD-17  Proposed Std. : 8.9 49.9 33.0 26 .
Production 37.3 112.7 60.1 24 A 18 ' ET
Aerating Nozzle ' . ‘ ,
w/ Rich P2 2 5.6 46.5 68.4 . 14 ID, FT . 1982 ET
_Vorbix (NASA) 3 1.6 83.1 41.0 27 R 7  Rig
-9 Proposed Std. . 9.9 55.9 33.0 26
Production - ' 35.1 124.5 52.2 23 , S ET
. Aerating Nozzle ' ' : '
w/ Rich PZ 2 . 6.7 48.5 59.1 11 1D . .1982 Proj.
Vorbix (NASA) . 3 1.6 88.0 36.0 ' R ? Proj.
IS = In Service * SE = Service Evaluation .. ID = In Development
R = Research ‘ ET = Engine Test FT = Flight Test

0j = Projected , - Rig = .
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3. Rolls szce

Rolls Royce is a large British manufacturing firm, occasionally
owned by the British government. Its two major divisions, Bristol and
Derby, manufacture a variety of civil and military gas turbine engines
of their own design as well as of céoperative Aesign. The giyil engines
ére, in descending order of size, the RB211 family, Olyméus 593, RB432
(in development), the Spey family, M45H, RB401 (in development) and
Viper for the jets, and the Tyne and Dart for the turboprops. A summary

of the company's engines is presented in Table IV-8.

Summary of Research and Development Effort

RB211

The RB211 consists of the original -22 model, the larger -524
model, and the proposed -535 which is smaller than the_—22, but has its
entire high pressure core intact, including the identical combustor.;
The ~524 was developed with a different combustor designed to alleviafé'
some of the operational problems experienced by thé early -22 combustogs,
such as durability and smoke. That combustor, called'the stage I com-
bustor, has since been incorporated virtually unchanged_inté tha -22.
Inasmuch as all models of the RB211 presently utilize-virtuallyzthe same

combustor, the discussion will generally consider all models together.



Table IV-8

Rolls Royce Engines

. Cert. Number Production
Engine Class  Thrust BPR PR Combustor Application Date Delivered Category
RB211-524 T2 218 KN 4.5 27.2 A B747,1-1011 1975 III
RB211-22B T2 187 KN 5.0 25.0 - A L-1011 1973 540+ I11
RB211-535 T2 163 KN 19.3 A B757 1v
Olympus 593 T5 0 A ' Concorde c.80 I
RB432 T2 A ' None 0 A
Spey 511 T2 50.7KN 0.64 Cn-A GS-IIX 1963 1560+ II-1IY
Spey 555 T2 43, 8KN 1.0 16.1 Cn—-A F-28 1963 1560+ II-II1
M45H Tl 32.4KN 3.0 16.9 A VFW-614 1974 38 III-IV
RB401 Tl 4.2 16 A None 0 v
Viper Tl 0 ' HS-125 I
PROSPECTUS
Prospects of Meeting:
Emissions Performance Operational Mechanical
Engine 1981 1984 HC co NOx Sk Performance Performance Time
RB211-524 poor¥* | X X X
poor ? ? X X X X
RB211-22B poor¥* X X X
' poor 7 ? X X X X
RB211-535 poor* ' X X : X
' fair ? ? X
Olympus593 good .
' ' no'std, X
RB432 --not known--
Spey 511 no X X ~ X X
: no X X X X X
Spey 555 no ' - X X
' no X X X X X
M&SH marginal X X (Limited Data)
poor X X X

*  Assuming sector burning is not used.
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Rolls Royce appears to be somewhat behind the U.S. manufacturers in
the exploration of fuel staging as a means of 30x control due largely,
‘perhaps, to their lack of participation in tﬁe NASA Experimental Clean
Combustor Program. However, since then Rolis Rovce has begun its own
investigation with a goal of a 50% reduction in the NOx EPAP while main-
taining acceptable idle emissions; their effort has been financed partly
by British government funds. Due to the short combustor design of the
RB211, similar to that of the General Electric CF6 family, Rolls has

elected to pursue the radial staging approach.

Two alternative designs were chosen for evaluation, with the
better of the two slated for a pfoof of concept demonstration (similar
to ECCP phase III) test in March 1979. The selected.design (Figure 24)
is a double annular comBustor with the pilot and main stage nozzles
housed within short cones and surrounded by air swirlers to enhance the
fuel-air mixing. The épproach is similar to GE's inasmuch as both have
double annuli of nozzles surrounded by swirlers, forming two stages
separated by a centerbody; both require a dump typé diffuser to provide
airflow acceptable to the dome. However, the differences are also

considerable.

The GE combustor has the nozzles piercing the flat dome directly
into the burning volume common to all nozzles in the stage (see Figure
10); the Rolls nozzles enter into individual cones wherein mixing,

vaporization and some combustion of the fuel occurs prior to passage

into the annular burning zone. The Rolls combustor provides for cooling
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.
of the centerbody which is not found on the original GE version of the
double annular combustor, although a later version as planned for in the
E3 program with NASA has centerbody cooling. The Rolls arrangemgnt
requires, unfortunately, a new combustor casing and a neﬁadiffuser (the
original RB211 diffﬁser being a smoath type), although not evidently a
diffuser casing. The GE combustor was designed to fit into the existing
CF6-50 envelope although application in the CF6-6 would require a new
diffuser and casing (the -6, like the RB211, has a smooth type diffuser).
Also, it is of significance that the Rolls double annular combustor has
72 nozzles fed through 18 bosses. It thus has four times the nozzles §f
the production engine (18), but manages to minimize fhe impact on the
casing by utilizing the existing béss arrangement. In contrast, the GE
double annular combustor only doubles the number of nqzzles from 30 to

60, using the same bosses also.

Rig demonstration.and development of the conceét has been ongoing
since mid-1977 and is expected to continue through 1979 in an_effort to
resolve a number of difficulties which include ignition and temperature
profile shortcomings and, especially, inadequate emissions reductions.
The actual performance demonstrated to date in the rig is not known to
‘the EPA nor are other important operational points such as the need for-
in-flight staging (as in the GE combustor). New ideas are still being
invgstigated, but the program is continuing with an . engine aemonstraﬁion
(equivalent to the NASA ECCP phase III testing) scheduled early in 1979.
Design and development of production quality hardware will begin in 1979

and will involve separate, but similar, combustors for the three vari-
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ants of the RB211. Full production is possible in 1986, if no major

development difficulties’ arise.

In addition to fuel staging, Rolls Royce has in&éstigated-the
potential of NOx control via quick quenching used in conjunction with an
extended rich primary zone that is swirl driveﬁ._ This'approach was very
similar to that explored by GE in the CFM56 engine. Their progréﬁ goél
was a 257 reduction in NOx.. This combustor has been teéted on a ~-524
engine and while the excessive CO and smoke demonstrated‘that this Qas
ﬁot a sélution in its present developmental state; the‘potential does
exist. The actual EPAP.figures for the —524 test are not known, but a
Rolls Royce extrapolation of the data_to the -535 operating conditions
(lower pressure ratio, in particular) predicts fhaﬁlthe -535'ﬁould meet
the 1984 NOx requirement. This is called the stage II1 combustor and is

discussed again in the HC, CO section.

~ Acceptable HC, CO emissions in the RBle-have followedra long péth
since the original 1967 design. The originél combustbf,>aithough ;‘
possessing a slightly 1eanvprimary zone and airblast'nozzles'(simplekl
however) suffered.a higﬁ degree of non—uniformity (in#dequate mixing)
which resulted in excessive smokeAemanatingvffom rich pockets. Com-
pounding the ﬁroblem was the faét that the comb;stor ha&vonly—18 nﬁzzles
(each éOo) despite the engine being equal in size to tﬁe CFé6 (30 nozzleé)
and the JT9D (20). Correction of this problem (smoke being consiaered a

nuisance even before the 1973 regulations) led to a redistribution of,"

as well as an overall leaner, éé?ichiometry in the primary, both conditions -
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.
of which would lead to less smoke production. However, as this led to
very leén conditions at idle, the combustion éfficiency there suffered,
'giving the -22 the worst idle emissions among the new high pressure

ratio engines. Thislcombustor was referred éo as the stage 1 comﬁustor

(Figure 25) and as it entered service in 1975, it permitted the RB211l to

comply with the 1976 large engine smoke standard.

A paraliel development, the stage II combustor (Figure 26), was
initiated at the same time (1973) in an effort to imprer the HC, CO
emissions and a number of operational and mechanical deficiencies of the
stage I burner. This combustor operates with a richer primary (by
airflow redistribution and new airblast simplex injectorsj,and yet
provides sufficient uniformity'tovkeep the smoke within limits. The

stage II is now entering production in the ~22B and -524.

The operational and mechanical performance of the stage II burner
is indeed superior to that of the stage.I burner; however, it does not
provide sufficient emissions control. The control improves in the higher
pressure applications. The performance of the -524 (PR = 27), for insgénce,
is roughly edual to that the best non-sector burning CF6-50. technology.
On the other end of the spectrum, the smaller -535 (PR =‘19) with the
stagg II burner is little better than the baseline JT9D-7. Hence, Rolls
Royce has explored other avenues to supplement or replace the stage II
combdétor. Operational control by_compressor bleed and sector burning,
in particulér, have been investigated té supplement the stage'II combuétor.
Sector burning by firing 12 of the 18 nozzles (a 240° sector) at idle

permits the -524 version to approach HC, CO standards. However, the

data available to the EPA show that the =22B, operating at a lower idle
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.
pressure and with a lower rated output, is still well above tﬁe stan-— :
dards despite the sector burning. The —~535 fares even worse. Additional
improvement is not expected by firing fewer than 12 nozzles during

dector burning (GE fires only a 180° sector), as the stoichiometry is

optimized at 12 firing.

Rolls Royce is committed to the stage Ilucombustbf in.éll appliéations
at the present, largely because of their contractual éuaraﬁteés for long
combustor life, but also because of the ecoﬁomy'involved'in héving a
single combustor for all engines. This is true even for the -535 model,
which being new, might normally be expected to have a shorter initiél

combustor life.

As insurance against the failuré of the emissions performance of
the stage II burner and out of expectation of failure for the —535,.
which operates at yet a lower idle pressure and with less rated output
than the -22B, Rolls began preliminary work in 1977 on thé étage I1L
burner, which employs an extended rich primary zone, stabilized by ..
substantial swirl from around the nozzles, and followed by a quench t§
stop the NOx reactions (Figures 27 and 28). This burner is pfesently in
the research stage and with é commitment to proceed, it woula be available
in 1985 or 1986 (service evaluation included therein). The oﬂiy emissions
performance data for the stage III combustor which is available to EPA
is that from an ea%ly version of the cémbustor which did not have the
strong swirl aerodynamics in the primary driven by the swirl cups around

the nozzles (see Figure 28). That data shows the emissions performance

to be still insufficient.
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Rolls Royce is predicting that a fully developed combustof with
acceptabia operational and mechanical performance could have an HC EPAP
0f less than 20 in an RB211-535 application. This is a considerable

: ' , T
improvement beyond the stage IT (EPAP = 35); but it is still little -
better than the baseline JT9D-70 (It mus£ be remembered, however, thaf
the JT9D-70 combustor Qas designed initially with emissions in mind and
is, therefére, much cleaner than other presentiy produced engines).
Significant CO improvements are unlikely because the quick quench design
would promote the freezing of the CO -+ CO2 oxidation.outside the primary.
This represents a prime example of CO-NOx tradeoff inasmuch as this
quick quench feature reduces the NOx from an EPAP of 51 for the stage-iI
cozbustor to possible 30 for the stage III (marginally below the 1984
standard). Nonetheless? the addition of the swirl should have some
beneficial effect on the CO level, in particular, although a prediction
cannot be made. Again, it is possible that thg addition of sector
burning to the stage III combustor might provide a sufficiently favorable
environment at idle to promote faster CO oxidation and offer additional
HC control. However, this cannot bg relied upon without demonstracipﬁ
because with the primary already redesigned to provide a hotter, richer
flame at idle, further richening may be excessive and in fact increase
the CO emissions (see Figure 33).

s
Table IV-1)presents a summary of the emissions performance of the

RB211 family.
Olvmpus 593

- This is the only TS5 class engine in use. It is an outgrowth of an

older family of Olympus engines, but was considered best suited to the>
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COMPARISON BETWEEN tow EMISSTONS COMBUSTORS

Stage 11T

Figure 27



STACE 1TT COMBUSTOR

Figure 28

L6



98

task because it was sized right and possessed the proper thermodynamic
cycle for supersonic flight (moderate pressure.ratioAand no bypass).
This engine is a collaborative project, with SNECHaA responsible‘for the
development of the afterburner, a feature not found on engines intendgd
_for subsonic use. Because of the vintage of parent engine, the 593
began with a can-annular type of combustof (like the P&WA JT8D and RR
Spey) with pressure atomizing nozzles. Smoke problems éarly on érecipi—
tated a conversion to én éirspray type of nozzlé>(an airblast ﬁozzle
similar to some of GE's with a low pressure orifice surrounded by a
swirl ring). This improved mixing and leaned out the primar& zone.
However, this too proved inédequate,llafgely because the fequiremants of
coast~down from supersoﬁic flight fofced the use of a veéry rich primary
zone. This led to a total redesign of the combustor resulting in the
enployment of a modern annular combustor (like,le.g,, that in the JT9D

or RB211) and vaporizer injectors.

Vaporizer injectors‘are not used by any U.S. manufacturers, but are
found in several Rolls Royce combustors of various vintages (see Api‘
pendix A, #1). It is basically a premix/prevaporizing concept wharéiﬁ
low pressure fuel is injected intq a tube which also contains a portion

of the compressor zir entering the burner dome. The heat of the com-

.
"

bustion within the primary zone into which the vaporizer tube is in-
serfed vaporizes the fuel stream before it flows out of the tube into

the primary. The usual configuration has a reverse flow at the exit,
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makingAthe vaporizer resemble either a-"T" or a walking cane ("J") as’
the case may be. Both the cooling needs of the_vaporizer (done'by the
fuel) and the prevention of flashbacks requ?le very rich stoichiometry

£

in the tube.

Becauée_of the relaﬁive leniency of the T5 standards cohpared with
the T2 standards, Rolls Royce is able to comply>with thé 1980 reqﬁire—
ment (HC, CO only) with only the épplication of their "blown ring“ 
advanced cooling technology. Thié technology, which is also employed in
the M45H (discussed below) controls the amount and direction of cooling
air into the dome so that premature quenching of the reactions near the
wall is avoided; While this advanced cooling scheme does result in
marked HC, CO reductions (to the levels required by the TS5 standards),
nevertheless, the combustor still has a greater combustion inefficiency
at idle than would be expected of a new high pressure fan engine (e.g.,
the JT9D) run at those operating conditions and using the best HC, CO
control (Figure 29), despite the fact that the high pressure engines
need and are designed for high liner cooling flows capable of signif-,
icantly quenching thebreaction. ;

Additional combustion inefficiency (HC, CO) is found in_the.after~'
burner employed at takeoff. This is to be expected in light of thé low
pressure (thdugﬁ high temperature) and short residence time. Methods to
improve the combustion éfficiency have apparently been identified by'
SNECMA, the reséonsible partner, which would raise the efficiency from

957 to 997 (downstream from the exhaust at the completion of Teaction).
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Such methods would presumably include better and more rapid miXing of
the fuel-air mixture, probably at the expense of a slight increase in

the pressure drop across the afterburner (and therefore poorer fuel

economy).

The standards for T5 newly manufactured engines do not include any .
significant requirement for NOx control, the standard in fact permitting
a minor increase in NOx in exchange for CO control. Conséquently, no

technology for NOx conﬁrol has been investigated.

RB432

The RB432 is a new engine now under development‘whiéh‘is sized tb
compete directly with the existing JT8D. The engine was begun as a
successor to the Spey although its size has now grown somewhat beyond
that. it is essentially a straightforward scale—ﬁp.of the 25KN RB40O1
engine which is also under development for the business jet market.
Very little is known about the engine at this time in view of its e;riy
stage of development. The smaller RB4O1 has_been'designed.by Rolls.z;
satisfy the presently promulated Tl class emissiéné standards and con- !
sequently, it may be éxpected that the larger RB432 would pe;form as

well. The combustor is annular with vaporizer nozzles.

g

Spey

The Spey family consists of a lérge number of members.which orig-—-

inated in 1963 (date of first certification). Being of older vintage,
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the Spey uses a can-annular burner (Figure 30), with duplex high'pres—
sure fuel nozzles. Beyond that, it sufférs three additional disad-
vantzgzes, the first being a low bypass ratio (0.6-1.0) giviﬁg it a ﬁigh
sea lavel SFC compared with modern engines; the second being a l;rgerv
nuzber (10) of highly loaded short cans, and the third being a burner
fabrication technique which uses "wiggle stripﬁ cooling (Figure'31);
This approach to supplying cooling air to the burner is simple, but-
excassive, yieldiqg a can with‘exceﬁtidnal durability'(lﬁ,COO hfs.).
The excessive cooling air, couplea with the small size of the cans
(implying short residence time and larger surface to volume.ratio which
enhances the importance of quenchihg of the reactions by the copling.:
air) together create an environment conducive to incomplete coﬁbustion,
especially at idle. Hence, the HC, CO emissions are very higﬁ (idle
cozmbustion efficiency is only 90%) and extraordinary effort must be made
to reduce them. Smoke zlso is a problem due to poor mixing in the
prizary zone, a result in part of the small pressure drop across the.
combustor head which is, in turn, partially a result of tﬁe 1arge c&ol-

ing air flow (low resistance). -

Low emissions work first began in 1969 when Rolls was first con-
‘tracted by the USAF to produce a low smoke coﬁbustor for the TF41 (a
military Spey). Both a piloted airblast nozzle and a reviseé‘combustor
head configuration (the conical head) were invesfigated (Figure 32).
These approaches reduced smoke (to SAE No. 14) through iﬁproved local
stoichiometry, but witheut any concurrent HC, CO feduction. Addition- |

ally, the conical head scheme, which was the better, suffered persistent
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and severe carbon deposition and durability problems.. A low Hc; Cco
emissions (as well as smoke) investigation was begun in 1972. This
program was quite extensive, involving half a dozen different approaches
and nearly 400 rig and engine tests through 1976, at which time.Rélls
concluded that while substantial reductions to tﬁe HC and CO could be
nade, compliance with‘the existing HC and CO standards.(and for that
iatter, with tﬁe proposed regulations) was impossible. The basic con-

cepts that were investigated are listed in Table IV-9.

TABLE Iv-9

Low Emissions Investigation - Spey

1. Imnproved atomization
2. Airblast nozzles
3. Sector burning

4. Advanced cooling
5. Vaporizer nozzles

6. Reflex airspary burner (RAB)

There was a considerable variation in the degree of success andfﬁhe
difficulties encountered among these six concepts. Improved atomization
was possible by rescheduling the duplex nozzle fuel flow to run on ﬁhe
primary only at idle. The primary, being sized for ignition, gave gbod.
atomization at low power and, if used alone, afforded some reégctions.
Apparently, though, this was not the pfincipal source of the emissions
as the amount of control was quite modest. Piloted airblast nozzles

reduced smoke by leaning the primary zone some and improving mixing at-
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high power, but had even less effect on the emissions at low power, both
because poor atomization was not the principal source and because the
airblast feature was least effective at the low pressure drops expe-

. . : F

rienced at idle.

'Séctof burning provided considerable redqctioﬁ, especialiy of HC,
by richening the primary {(the Spey rﬁns sligﬁtly lean at full power, and
leaner yet at idlevin normal operation) and improving atomization. This
large improvement would not necessarily be witnessed with combustor
configurations other than the productibn (its success is very dependent
upon the sensitivity of the combustion efficiency to the fuel/air ratio
in the.primary as is seen in Figure 33), but inasmuch as Seétor burning
alone cannot achieve compliance, thenléompounding of this with other
schemes for emissions reduction would be mandatory.' However, it is
undersfood that this sector burning was achieved by the elimination of
only 3 of the 10 cans (leaving a 252° sector on). GE fires only a 180°
sector fo achieve its reductions and while this adds to ;he potentiai
operational and mechanical problems, it is likely to be more effective.
An ehginé test of sector burning with 3 cans out resulted in the burnout
of some nozzle guide vanes so the mechanical problems are ipdeed a
reality. Also, sector burning in a can—annular sysfem results in
peculiar crossover flow patterns resulting from a difference in pressure
droE between the 1lit and unlit cans. This possibly would affect the
liner durability. On the other hand, the primary zone stoichiometry is
not the only contribution to the emissioﬁs problem as was discovered

during the investigation of advanced cooling.
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Advanced cooling schemes are based upon recognition that the
primary source of HC, CO emissions in the Spey is the reaction quenching
that occurs adjacent to the lean primary atfidle. Sector burniﬁg, in
contrast, richens the primary to reduce the quenchiﬁg effect, but
advanced cooling attacks the problem directly by designing the combustor
to survive without the excessive film cooling ehet is érovided‘(without
choice) by the "wiggle strip" construction. The basis of the advanced
cooling is the use of a new composite sheet material (unknown to EPA)
which is more durable in the thermal environmen; than what is now used
in production. This requires less ceoling air to provide the same
excellent life and, therefore, permits the redesigﬁ of the cooling. air
petterns accordingly. Fabrication problems'have been solved and the
operational perfofmance has not degraded. The mejor mechanical problem
seems to be the_interface beﬁween witﬁ the compesite ehd the conven-—
4.tiona1 materials in the latter half of the liner. ﬁxperiments have
shoﬁn that about half of the quenching was-at the head and the other
half in.the front portion of the liner, so all of this must be made of

-

the new material. Idle combustion efficiency increased from 907 to
96.9% using production nozzles which is, unfortunately,-etill insuf—?
ficient. Continued development would necessafily consider the effect of
compounding schemes, in particular, the mating of the advanceg cooling
burner with such as cross stream aerated injectors, piloted a;rblast

nozzles, sector burning, blown rings (see Olympus or M45H), and enhanced

mixing domes ("potted head").

Vaporizer nozzles were investigated early, being a standard feature
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on other Rol;s Royce engines (e.g., M45H). Although emissions were re-
duced some (smoké especially) and most oper?tional critéria vere satis-
factory, relight was much degraded, evidengiy due to the airflow dis-—

turbance resulting from the blockage cause&‘by the vaporizers themselves

(5 per can). This in turn led to the develdpment of the reflex airspray

burner (RAB).

 The RAB as developed 1s not merely a fuei injeétor concept;-ai—.

though that is an important facet'of if. Tﬁe RAB in;lﬁdgs a radical
- change in the primary zone aerod}namics, specifically a dual reversai_
flow which acts as an aerodynamic staging system (éee Figure 34). -The
first reversal is sized for idle and ;he second for takeoff. At téke--
6ff, the first zone burns excessively ricﬁ (without fuel staging,>it
still accepts all the fuel) and acts as pilot zone for the second re-
versal. A simplex injector is employed and iocated within a carburetof
tube which acts as a vaporizer. Evaluation of numerous variants has led-
to a best veréion attaining a 98.4% combustion éfficiency a;ridie withi
an improved pattern factér. Additional work resolved earlier head if
cooling problems, but the deteriorated ignition and rélighf hés rehdﬁﬁed
intractable. in theory, the concept also has the poteﬁﬁial fof NOx
‘reduction by controlling the residence time in the se;ond fe&ersal zoﬁe;
Although two attempts at control gave 30% and'SCZ reductionsi they—cﬁuld

not, be achieved without deterioration of the still high idle emissions.

The RAB and the advanced cooling approaches gave the best emissions

(Table IV-9), but because of-the constraint upon resources, Rolls was
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forced to select only one for continued development. In 1977, Rolls
chose to abandon the RAB for although it gave the best emissions, the
relight and ignition problems appeared insurmountable while, on .the
other hand, advanced cooling seemed to have the potential to at least
match the RAB emissions performance with better operational perfq}mance.
/

Table IV-10 summarizes the Spey performance to date.

M4 5H

The M45H was originally a collaborative project wiﬁh'SNECMA and wés
developed for_application in the short haul airlines, the VFW-614. Thg
airliner, however, had few buyers and production ceased in l978’afterA
only 16 were built, thus leaving the M45H without purpose.l Since 1976 V
Rolis Royce has taken over full.responsibility for the engine which is-
now its own. The engine is quiet and fuel efficient which is likely to
be favored in future aircraft for which its size is appropriaté. A
large refanned version using thé same core, célled the M45SD (RB&lOfnhas 
been demonstrated and should expand its potentiél for future applicaft
tion. In fact, the -SD at 64KW is sized slightly larger than Spey and _'

so is a potential replacement. The -SD remains a collaborative venture

with SNECMA and Dowty Rotol.
The engine utilizes an annular combustor with vaporizer nozzles
(walking cane configuration). Its production version is quite high.ini

.HC and CO due to reaction quenching at the wall by entrainment of the
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fuei into the film cooling air. However, employment of the “blown ring"
advanced cooling technique, used also iﬁ the:Olympus 593, bfings the HC
and CO emissions to within the proposed staééards. The NOx emissions
are already below the proposed. level becausé'of the moderate pressure
ratio and low sea level SFC which occurs as é;resdlt of the moderately
" high bypass ratio. It remains to be seen, howéyer, if-pheré is suf—
ficient mérgin (for CO and NOx eépecially) for Qariabiiity, buﬁ if not,
slight modifications to the liﬁer to provide a better airflow distri-
bution may pro?e sufficient. Other 1qw emiséions conéepts which had
been investigated earlier on the MAS5SH were redesign of the vaporizeré,
alternative schemes to fuel the vaporizefs (specifics unkﬁown), and

leaner primary zone stoichiometry, but none of these were successful in

- lowering the emissions to the requisite level.

Further low emissions development work has ceased pending the

identification of a new application of this engine.

Table IV-10presents a summary of the emissions performances of ‘the
various Rolls Royce engines. While most data was obfained by engine’ﬁ
testing, some was from either rig testing or was derived from extra-
polation from other conditions (e.g., the RB211-535 data). In ce;tain
cases, the Aata, while showing excgllént emissions conffol, m;y also.
reflect unflightworthy hardware or operationall& defective systems..

Therefore, care should be exercised in the evaluation of the potential

success an engine may have in achieving a given emissions level.



Rolls Royce Performance

Table IV-10

Téchnology EPAP
ine Concept . Category EC Co NOx Sk
1211-22B  Proposed Std. 6.7 36.1 33.0 20
Production 135 172 51.9 15
Phase II 2 - 8.3 49.6 61.7 18
Phase II w/ sector burn 2 4,2 28.8 64.0
Double Annular 3 .
1211-524 Proposed Std. 6.7 - 36.1 34.6 19
Production 110 145 61.4 18
Phase 1II. 2 6.0 39.0 68.0 18
Phase II w/ sector burn 2 3.1 22.4 70.2
Double Annular 3
;211=-535 Proposed Std. 6.7 36.1 33.0 21
Phase II 2 19'1 90-0 49-0
Pirase II (7% idle) 2 32.4 96.6 '
Phase II w/ scctor burn 2 8.9 54.7 51.3
Rich PZ w/ Quick Quench 2 - 2.5 67.5 30.3
lympus593 Proposed Std. - 30.7 -237.0 70.8 25
Production 129 530 70.1 26
Blown ring 2 <30.7 <237 <70.8
pey MK5!1 Proposed Std. 12,2 . 70.9 33.0 - 28
Production 278 - 436 68.1 66
RAB 2 23.0- 162 68.2 '
Advance cooling - 2 75.5 229 58.0
pey MK555 Proposed Std. s 13.6  79.8 33,0 29
Production S 441 420 49.5
' RAB 2 36.1 186 55.2
Advance cooling 2 . 75.6 232 54.2
45H-01"  Proposed Std., . - " 16.2 97.1 33.0 31
‘ Production : - 162 . 526 31.2 - 46
) 2 Blown rings (7% idle) 2 ~30.1  169.9 37.0 12
IS = In Service:- 'SE = Service Evaiuétion

R = Research

-

- ET. = Engine Test

Projected
Implemen-
Deve lopment tation
Status¥ Date
IS
ID,FT
ID 1982
R 1986+
IS
ID,FT
ID 1982
R ' 1986+
1D 1983
ID - 1983
R 1986
R - 1986+
18 e
ID,FT " 1980
IS .
- ID Cancelled
ID 1982
1D - Cancelled
i 1982
1S In abeyance
ID pending new
orders

ID = In Develoément R
FT = o

Orgin
of
Datax

ET
Rig
Rig

ET
Rig
Rig

Rigs ('78)
Rig ('79)
Proj

Rig

ET
Proj

ET
ET
‘Rig

ET

ET
Rig
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4. Avco Lycoming

Avco Lycoming (generally referred fo as simply "Lycoming") is’
a U.S. manufacturer of both pistoﬁ engines (Williamsport, PA) and gas
turbine engines (Stratford, CT) for aircraft."It is a subsidiary of the
larger Avco Corporation. The gas turbine divisipn produces principally
shaft power turbines for fixed wing'éircraft and'helicobters, largely
for military applications. Of interest here, however, is ;he new ALF
502 turbofan engine of the Tl class. Because of its size (29-34 KN), it
- would be subject to the proposed standards if used commercially. A ‘

description of the ALF502 is given in Table IV-1}1.

Summary of Research and Development Effort

It was recognized early that the prototype 502 would not comply

with the standards promulgated in 1973.

The basic engine core is that of the T55 turboshaft éngine (2800 °
KW), a design which dates back to about 1960. That core was first tried
in jet applications in the F-102, a military éredecessor to the ALF502
series. Although the cores are essentially the same, minor combustor
modifications are necessary in the new applications in order t; provide
acceptable performance in the new environment (e;g., increased cooling
in higher presgure applications). The combustor is a reverse flow-

annular type and is the only such one affected by the proposed stan-

dards.,



Table IV-11

Lycoming Engines

_ \ Cert. Number Production
Engine Class Thrust BPR PR Combustor Application Date Delivered  Catepory
ALF502D Ti 28 .9KN 5.8 11.1 RFA None . 1976 . 0 v
ALF502H - Tl 29,8KN 11.4 RFA HS146 - 0 IV
ALF502L - Tl 33.4KN 13.3 RFA Challenger - 1979 0 1V
PROSPECTUS
Prospects of Meeting:
' Emissions Performance : Operational Mechanical
Engine 1981 1984 HC co NOx Sk . Performance Per formance Time
fair X X
ALF502D fols X X
7 .
ALFS502RH - =
'4ALF502L fair X X

marginal X X X

911
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The baseline engine,'employing fhe T55 standard dual orifice
nozzles, required more than a 50% reduction in KC and CO emissions to
mzet the 1973 mandated levels. This was due largely to the fairly iow
combustor inle; temperature experienced at idle which made vaporization
difficult and the reaction speed slo&. Countering this to some degree

was the excellent fuel dispersion which arose from the iargevnumber of

nozzles (28, each covering only a 13° sector).

Methods to reduce HC, CO emissions logically centered around means
to enhance the fuel vaporization. Vaporizing injectors similar to those
-used by Rolls Royce én some of its engines were invéstigated; however,
because of the low air temperature entering the coﬁbustor, the vapor—
izers could not function adequately. This was unfortunate in thaﬁ such
injectors have the potential to reduce high power NOx préduction suf-
ficiently (13% or more) on the 502 to achieve compliance with that

standard also.

Airblast injectors were also tried with greater success. Theée
injectors, supported by combustor airflow redistribution, pro?ided the -
best HC, CO control although the best configuration still failed to meet
the 1973 HC and CO requirements and, in additioen, suffered from degraded
operational and mechanical performance. Subsequent developmengito
improve upon these deficiencies increased the HC, CO eﬁissions somewhat
(certificatioﬁ configuration). Variations in the primary zoné stoi~
chiémetry, cooling air flow mixing patterns, and residence times were
explored and tradeoffs between reductions in HC and CO on one-haﬁd and

radial temperature profile, pattern factor, and the lean stability limit
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on the other were found to exist which could not be eliminated.

Lycoming has never emphasized fesearch on NOx control, preferring
instead to rely upon the output of the NASA Pollution Reduction Tech-
nology Program for Small Gas Turbines (PRTP~SGT), the contr;ct for which
had been awarded to AiResearch rather than Lycomiﬁg. This prograa will
be completed in 1979. Nonetheless,.Lycoming claims té have examined NOx
control techniques such as premixing, fuel staging, and staged air
introduction. Nothing is known about the extent of the work and pre-
sumably it has not been carried beyond preliminary rig testing. Ac-—
tivity in this area was continuing in 1977, but.né'further information

has been provided.

With the loss in 1976 of the contract for the U.S. Céast Guard
medium fange surveiilance aircraft which would havé used the_ALFSOZH
model, the first use of the 502 ﬁow appéars to be the CanadiaﬁVChal— ‘
lenger (formerly Learstar 600),'a new business jet which eéploys two
502L engines. The L version, using nearly the same combustor as the D,
(except for minor durability changes) also fails ﬁhe 1973 requirements: "
In fact, at the originally specified idle of 1800 KN, it suffered a
greater combustion inefficiency (HC and CO) than the H model? apparently\"
bécause of its even lower'pressure and temperature. To échievé com~
pliance, Lycoming resorted to an advanced idle point which is an-op—
er;tional control technique. Unfortunately, the app%oach borders on the
desperate in this case, for an idle power of 10.7% is réquired (3580 KNj:A

which has precipitated a need for thrust spoilers at idle, thus adding -

weight as well as noise. In fact, while the 10.7% is ample.for an

adequate margin for variability under the 1973 standafds, the proposed
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standards, although relaxed in principle, do not give- '"credit" for a
high idle in the denominator of the control parameter and hence nearly
all of the margin is eliminated. How Lycoming plans to deal with this

is uncertain at this time.

Cértificaciqn of the Challenger is planned with the high idlevand
tthSt spoilers and is expected next year. Under 1973 standards,
Lycoming was in an excellent position to comply in a timely fashionj;
.hoﬁever; with the proposed standards and the eroded margin, its status -
is less certain, although the two year delay should be sufficient for
adjustments to be made. The biggest advaptage for Lycoming and the
Challenger is the general aviation exclusion which eliminates the ALF502
from control unless, perhaps, Federal Express decides upon the Chal-
lenger in addition to its freight fleet. The ALF502 is also scheduled
for usevon‘the néw four eggined HS146 short haul airliner by British
Aerospace Corporation (formerly Hawker Siddeley). However, this air-
craft appears to be aimed principally at the European market and thus
.would not be under the umbrella of the standards. Should U.S. commuter
airlines deéide to buy it, however, Lycoming would again be confronted.
with the issue whether to proceed with advanced idle in this application

for emissions control.

Table IV-12 summarizes the emissions performance of the various 502

configurations.



Table 1V-12
Lycoming Performance

Projected
' : Implemen~ Orgin
: ' Technology ’ EPAP X Development tation of
Engine ' Concept - Category " HC Co - NOx Sk Status¥* Date Data*
ALF502D  Proposed Std. ‘ . 17.0 103 33.0 32
Prototype 31.0 183 38.3
Airflow distribution 2 14.8 112 28.8 25 IS Cert. ET
plus airblast nozzles
ALF502L  Proposed Std. ‘ 15.9 95.5 33.0 31 _
Baseline (sgme as'SOZD | 28.6 136 32.3 FT 1982 BT
Cert. configuration) _
Advanced idle 1 9.1 92.2 35.4 FT 1982 ET
* IS = In Service SE = Service Evaluation - ID = In Development
R = Research ET = Engine Test : FT = Flight Test

Proj = Projected : Rig

0¢1
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APPENDIX A
EMISSIONS CONTROL TECHNIQUES

HC and CO Techniques :

Operational Control Techniques

1. Increase in Idle Speed - As engine power is incfeased, HC and

CO levels generally decrease as a result of higher teﬁperatures and
pressures at the combusto; inlet. However, the NOx level may increase
because of the increased temperature in the combustor. The increased
idle speed is limited on turbofan and turbojet engines by the capability
of the aircraft brake systems as there is an incréase in thrust at idle.
This problem does not exist with turboprop (class P2) engines asvthé
thrust can be held néarly constant by propefly varying the propeller

pitch with engine speed. However, there is an attendant increase in

fuel consumption and noise with increased engine speed.

2. Airbleed - Airbleed (of compressor air) is a means of in-
creasing the work load'of an engine with, hobefully, the same result ag '
occurs by increasing ‘the idle speed (another fofm of work load), yet
without the concomitant penalty of higher thrust and its ensuing braking
requirement. To be effective, the engine must increase its fugl con-—
-sumption with the bleed to prévide the necessary energy for coﬁp;essing
the extra air and to maintain the idle power. Failure to do so will

cause the engine to lose power and the emissions to rise.
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Fuel Preparation Control Technigues

v

3. Spray Improvement — Design changes to pressure atomizer

nozzles can lead to changes in the character of the fuel dropiet éize
distribution. Decreasing the flow number (equal to the fuel.flow raté»
divided by the square root of the injector pressure différential)
reduces the droplet size. This in'turn reduces the evaporation time and
strongly influences the amount of HC left unburned. To a lesser extent,
the change in the evaporation rate affects the local fuel—-air mixture
ratio and thus the local temperature which would likely affect the CO
and NOx levels. This approach is. not universally profitable, however,
as at very low combustor inlet temperatures, no degree of-aﬁomization
will improve the droplet evaporation for there is simply insufficient

heat available.

Incorporation of this approach into a hardware system involves
changing both the pressure differential across the'injector and the
orifice diameter  as otherwiée the fuel flow rate would be increasedAat
each power setting because of the change in pressure. Changing the
pressure differential requires only a new set of valves and possibly a

pressure boost in the fuel pump.

In addition, nozzle design changes intended to optimize the fuel
spray cone angle, and thus the distribution of fuel in the primary zone,
are relatively easy to incorporate into a combustor. Decreasing the

angle.of a wide (richening the. mixture) angle spray cone reduces wall

wetting and increases the local equivalence ratio to produce a hotter
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flame which in turn helps to reduce HC and CO. Similarly, widening the
spray angle reduces the equivalence ratio, providing a leaner mixtﬁre
which might be necessary in the case of an excessively rich mixtpre
(insufficient oxygen to burn the fuel). There is no impact on the
system hardware as only the fuel nozzle is changed and thé new one is no
ﬁore complex than the o0ld. The new heat release distribution, however,

may require changes in the liner cooling air.

$1D. FUEL NOZZLES  NARROW ANGLE FUEL NOZZLES

GE CJ610

4. Airblast — The pressure differential that exists between the com-—
pressor and the combustor is employed to achieve high velocity air through
a venturi system in the fuel nozzle. This high velocity air is directed

at the fuel stream as it comes off a lip. The fuel is thus sheared

off and shattered into minute droplets, conducive to dispersion and

complete evaporation. The addition of the airblast air into the primary
affects the stoichiometry and consequently it proves necessary to re-

distribute the airflow throughout the liner in order to reestablish the



o

optimal fuel-air ratio pattern.

Success in. improving the combustion efficiency by ﬁtilizing this
techﬁique has varied among the manufacturers depending upon the extent
to which the liner flow was optimized. Alsﬁ, it has been found that
NOx increases sligh;ly at idle as a result of the better combustion ef-
ficiency. At low power and especially in low pressure fatio engines,‘
the pressure differential across the injectors is reduced'cauéing the
air velocity around the fuel injectors to be reduced. Therefore, the
airblast effect on fuel atémization tends not to be as effective at iow
power where the bulk of the HC and CO is formed. Thé concept also tends

to be less effective in reverse flow annular combustors as the nozzle is

located so as not to be able to take advantage of the dynamic component

of the pressure.

- ' ("f-—"'—* _
. E-oj - : e H - -

-

Conventional Pressure -
Atomizing Nozzle Airblast YNozzle
' P&WA JT8D '
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5. Air assist — In the air—assist technique compressor air is
diverted and compressed externally, and then discharzed around the fuel
injectors. This high velocity air is directed through the fuel in
jectors in a manner similar to the airblast technique and achieves the
same goals. However, the external compression provides high velocity

air at all powers so this technique may be expected to be more effective

than airblast in controlliﬁg HC‘and CO at idle.

The use of air assist would have a large impact on aircfaf; hard-
ware systems because of the requifement ﬁo bleed compressor air and
compress it externally with an auxiliary compressor. The externally
compressed air is more effective than the air of the airblast concept
and so less is needed. This then has.a less marked impacf on the
stoichiometry so that the need to redistribute the liner airflow is

considerably lessened.

Airblast —™

Compressor
Air-Assist >
Far] Burner Turbine
Fugl —»
. §
« - ~
- . : External
Air-Assisted, Airblast Fuel Nozzle Compressor

AiResearch TFE731 Concept
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6. Premix(l)* - The basic idea is that HC and CO emissions often .
arise because of poor mixing within the primary so that whiie the -
average equivalence ratio in the primary may be a;ceétable (roughly
stoichiometric at idle), there'areAzones of excessively rich of léan
mixture, both of which lead to HC and CO'production.' One Qéy to prevent
this is to premix (and prevaporize) the fuel prior to the flame zone so
that tﬁe additional mixing time will lead to a more homogeneous mixture.
In order to prevent flashback of‘the flame, the-premixingAcan be com~
prohised é bit by keeping the local équivalence ratio above thé stable
deflagration limit in the premix zone. Upon entering the flame zone,
further mixing can occur, permitting combustion. Although thié can-leéd
to less than perfect mixing and thus reintroduce to a'degree the
6riginél problem, the HC and CO emissions are much imﬁroved because of.
the partial mixing and total fuel evaporation in the p;emix 2§ne. Thé

excessively rich premix zone can lead to carbon deposition, however.

NOx cannot be controlled by this approach unless total and lean
premixing occurs which directly leads to the flashback problem, making -

premix for NOx control considerably more complex (premix(2)).

Implementation of this scheme into an existing design can be

difficult in that the rather major combustor modifications must normally

#Number refers to one of two different degrees of control generally

recognized possible with this concept.



be xept within the constraints of the existing envelope. The more space
that is tzken for the premix region, the less that is available for
dilution and pattern factor adjustments. Ideaily, the combustor would

" be made longer with the premix zone merely being tacked on to the

existing geometry (with some airflow adjustments).

PREMIXiNG TUBE

P&WA JT8D

Air Flow Distribution Control Techniques

7. Advanced Cooling - High pressure ratio engines which operaté

at high combustor temperatures require high levels of cooling air to
control the temperature of the liner (the amount of cooling air requirea
is even higher because the high pressure ratio causes the cooiing air to
be proportionally hotter and therefore less effective). This cooling
air, upon entering the liner, tends to quench the reactions of the

burning fuel near the wall, especially that of CO > C02. Any

advanced cooling technique which will provide the requisite cooling
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effect while at the same time reducing the air needed may imprdve co
enissions and possibly also HC emissions. The key to its effectiveness
is the degree to which combustion, prinéipally Co oxidation?.is ocguring
near the wall. | -

The overall impact of such a revision is-considerable for it
represents essentially a totally new combugtor. While benefit§ beyond
simple emissions control may be accrued (combustor of greater lqngevity),

the development cost>is likely to be high.

01d

1
L]

New _ "

GE CF6 Combustor liner

8. Rich Primary (1) - the term "rich" applies to the stoichio-

Y

metry at the design point (high power). Such a condition leads natural-

ly to near perfect stoichiometry in the primary at idle. This results
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in a very hot flame which is most conducive Ior evaporating and burning
the fuel despite the quite low pressure experienced at idle. The hot

flame does leave considerable equilibrium CO which must be consumed by

proper temperature control (>1500°K) in the intermediate zone.

The biggest difficulty with the rich primary cohcept is that
because it is rich (excess fuel) at the high pressure high power condi-
tion, there is a strong tendency to produce smoke in the primary which
in turn must be consumed in the intermediate and dilution zones. This
is not readily done so smoke control is usually done another way, by
running. the primary with peifect or slightly lean stoichiometry, not

rich. Thus, smoke control in this instance opposes HC, CO control.

It is also possible to have excessive HC levels despite the favor-
able flame temperature if the mixing and fuel distribution is inadequ-
ate, thus leaving pockets of excessively rich mixture which cannot burn.

Proper spray characteristics and atomization are thus required.

Secondary air admission

Primary air
admission

————

- 'E_J‘\/Combustion
Rich /\ zone

Swirler
flow

—~—Fuel spiay

Primary:/

WY

Fuel
nozzle

/

Liner cooling air
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9. Lean Primary (1) - As noted above, this approach

intrinsically producss low smoke at high power. Howeve;, at idle the
nixture is even leaner. If done properly, this is beneficial because.
excessively rich pockets are aVoided, thus%controlling HC, and fhe co
level may be lower than in the rich primary case because the lower .
flame temperature will result in a lower CO équilibriug level. - In any

event, the CO will have to be consumed in the intermediate zone.

Difficulties with this approach lay in the possibility of exces-~
sively lean pockets wherein the reactions may be quenched (Excessive HC
and CO)vand in flame stability and relight (especially at altitude). |
Also, as this approach utilizes more air up front in the primary, there
is-necessarily less for use in the aft portions for éooling and tem—.‘
perature profile control (dilution). This can have serious ramific-

ations for combustor and turbine durability.

Secondary air admission

Primary air .
admission _ ~ .
S T f‘* S L

Swirler
),Combustion b '
- zone :

flow

— ) \
3 —-—-—-—Fuel spray
7

fjf Prlnary |

Fuel
nozzie




A-11

10. Delaved Dilution - By delaying the introduction of dilution

air, a longer cémbustion zone at intermediate tempsratures is provided.
This increaées the residence time of the reactants which aliows the CO
to CO2 conversion to approach equilibrium and for unburnt hydrocarbons
to be consumed. The temperature in the intermediate zone should be,

however, low enough so that NOx formation rates are slow. The‘dif~

ficulty lies in adjusting the air flow into tﬁe intermediate zone pro-—
perly at all power settings so it is hot enough for CO consumption, yet
gold enough to prevent NOx, and still achieving flame stabili;y,-liner

durability, etc.

\ooo@o/ | oeo_oo]‘

000 0O 0o

000|

Conventional Liner Delayed Dilution Liner

Allison 250

Staging Techniques

11. Sector Burning - Sector burning is a circumferential fuel

staging technique designed to combine elements of the spray improvement
and rich primary control techniques (3 and 8) and at the same time not
affect in any way the combustor at high power (e.g., smoke from a rich

primary). If the baseline combustor has a lean primary, then at idle
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when the combustor is burning quite lean and at low flame temperature,
the combustion efficiency is poor, resulting in ﬁuch HC and CO, because
of inadequate heat to vaporize the fuel and to stimulate the CO -> €O,
reaction. This problem is resolved by cutting off the fuel entireiy to
part of the combustor (usually about half) and injeéting it with the
rest of the fuel into the remaining part of the qdmbustbr. Tﬁis has two -
beneficial effects: (1) the pressure drop across the.nozzle is neceé—
sarily increased, improving atomization and (2) the,fuél/air:ratio is .
increased (richened) so that a hotter flame exists, iﬁpro?ing véporiz—

ation of the fuel and enhancing the CO > CO2 reaction.

Hardware requirements include a split manifold, proper cracking
.pressure of the valving in the nozzles, an additidhal vaivé in tﬁe fuel
control system to control the sector burning itself (witﬁ an oferride to
avoid it entirely while in flight), and a sensing device to_defermine'
flight vs. ground activityi Changes in the nozzle orifices may be
necessary to provide proper fuel flow at all power, regardless of thé

.

sector (on or off at idle).

The primary concerns with this system are the reliability of the

more complex fuel control system and the possible degradation of the

%

turbine efficiency at idle (while sector burning) with an ensuing fuel

~ penalty.

Ao—j

Fan Compressor Burner | Turbine

. Normal Fuel Sectored P
Operation at ldle

GE CF6-50
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NOx Control Technique

Air Flow Distribution Control Technigques

12. Quick Quench Primary - The idea here is to introduce the

intermediate air as close as possible to the upstreai dome §r bulkhead
s0 as to minimize the extent of the primary zone. This zone, operating
at high power near to the stoichiometric point, produces a very hot
flame (2600°K) well in excess of that needed to activate NO production.
The reaction time to equilibrate NO at this temperature is only a few
milliseconds so in order to avoid significant NO production, it is
necessary to introduce the intermediate air quickly to quench the NOg
producing reactions (temperaturé < 1800°K). However, as the quench
temperature should still be in excess of 1500°K in order not to quench
the CO oxidation, great care is required to properly tailof.the girflow.
The problem is that the quick‘quenching occﬁrs also at idle and if tuned

to work correctly for NOx control at high power, it tends .to quench the

HC and CO consuming reactions at idle producing excessive low power

- 1

emissions.

%j
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13. Rich ?rimagzﬁ(Z) - A ;ufficiently rich primary at high power
will provide a cooler flame and a shortage of oxygen, both of which will
discourage NO formation. As there will be furthér reaction in the inter-
cediate zone where more air is available tg-burn the excess fuel'(and:.
create NO), it is necessary to carefully tailor the airflow in order. '
to maintain the cbol flame throughout. This approach is not satis-
factory, however, because of the high smoke levels énd~the genérally.
poor low power emissions (HC, CO) whith'arise.from the‘excessivglf rich

primary which occurs at idle.

14. Lean Primary (2) - The lean primary zone is achieved by intro-
“ducing a larger percentage of the total combustor airflow into thg
primary zone. In sufficient amount, this creates a very leén, and
therefore, cool flame which prevents the formation of NOx by l&wering

the N2 -+ NO reaction rate.

Several problems are created, however, by this procedure. First,

the large amoun; of air into the primary creates a shortage of air .
downstream for use in cooling and temperature profile control (dilution).
This may adversely affect the durability of the liner (cooling) and the
‘turbine downstrean (temperatureiprofile). Second, HC and COiemissions
are very much affected adversely. Too cool a flame ét high power may
quench the CO oxidation as well as the NO production. More importantlj,‘
however, is the fact that being lean at high power implies a very lean
flame at low power (e.g., idle) so that under those adverse conditions v
of low temperature and pressure, the fugl may not vaporize, the HC and €O

oxidation reactions will proceed too slowly, and in the extreme case,

will cease (flame instability). This also creates altitude relight

problems.
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fuel Preparation

15. Spray Improvement - The spray improvements discussed ip (3)
also affect NO prodﬁction. Better atomization eliminates droplet
burning (locally stoichiometric and‘hot) and thé spray angle affects
the fuel distribution (local hot spots). Better atoaization is univer-
sally good for all pollutants, whereas a change in the spray angle may
adversely affect one or more pollutants while favoring the others, or
it may favor all. The outcome dépends on other factors.in the primafy
zone, specifically the initial fuel-air distribution, the airflow

.pattern through the dome and the amount of cooling air.

16. Premix/Prevap - Fuel and air are mixed in a‘ptechamber prior
to entering the primary combustion zone. This preﬁixing allows combus-
tion to occur at a much leaner condition where NO formation rates aré
slower. This technique is most épplicable‘to high pressure ratio engines,
which produce the high coﬁbustor inlet temperatures required to sufficently
vaporize the fuel. With the premix concept careful attention must be-
given to the prechamber exit conditions. Exit velocities of the fuel-air’
mixture must be high enough at all power levels to prevent flashback
which is very damaging to the liner and the nozzle. Also, in Ereating
a uniform lean primary zone, stability may-be a problem leading to alti-
tude flameout and difficulties in relighting. Low powef emissions(HC,
CO) may be a problem if adequate mixing‘and vaporization do not occur

at 'idle where the conditions are much less favorable.
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The prenix concept requires a significant change to the combustor

liner geometry since the premix chamber must be included in the com-

3

ya

C

ustor. This may lead unavoidably to a longer overall combustor, thus
to major changes in the engine configuration. The alternative, to
exchange some of the combustor length in the dilution zone for the

remix mechanism, also can lead to complications because there is then

el

less space available to tailor the temperature profile at the turbine
inlet. This compounds the already difficult tailoring job precipitated
by the shortage of dilution air arising from the lean (excess air)

primary (see 14).

1

MAIN ZONE
. PREMIX
TUBES 13 LOCATIONS

Premix combustor as seen on an axially staged(18) combustor

P&WA JT9D-7 -

w

re

w
o

ing Techniques

17. and 18. Fuel staging ~ The combustor is divided into two

regions, each having its own fuel injection system. These are termed

the pilot stage and the main stage. At low power, fuel is supplied 6nly
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to the pilot stage, thereby alléwing a much higher local fﬁel/air rapio
than would be possible if the fuel were distributed throughout the
combustor. This is basically the rich prima;y apprbach (8). This
mixture is ﬁhen able to burn hotter,'enhancing droplet evéporation
(aiding'HC burﬁing) and CO oxidation. Some form of fuel preparation

control (3 or 4) would also be incorporated.

At high power, the bulk of the fuel is injected into the main stage
which désigned_to burn lean for NOx control (concept 14) and low smoke.
Flame stability is provided by the primary stage which is still burning
rich. The pollutants produced by the primary at high powér'(CO and
smoke) should be consumed when diluted by the much larger main stage

flow.

Staging requires two manifolds and two fuel injection locations and
adds to the complexity of the fuel supply system and the fuel control.
The combustor liner is also more complex with additional cooling and

temperature profile problems. -

' There are two basic types of fuel staging here, radial (17) and
axial (18). In the former case, the stages are in parallel and fit more
readily within a short combﬁsfor volume. In the latter case, ‘the stages
.are in series. Its primary advantage is that the.upstream primary stage

is better located to act as a flame stabilizing agent on the main stage

wvhich may then be run more lean.
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; " Pilot 2219 -
pilot zone swirfer "'s’",‘ I“"“’
Py . ]
fuel injector wirlers

fuel Injector

Radial Staging (17) : v ~ Axial Staging (18)
GE CF6-50 P&WA JTSD-7
19, Variable Geometry - Variable geometry (or air staging) provides

airflow control of the primary and intérmediate zones such that the
stoichiometry provides stable efficient combustion with a minimum of NOx
production overAthe completg operating range of the enginéi- Airlenters
the combustor through holes equipped with a mechanism (usually a sliding
ring) that meters the airfléw in proportion to the fuel flow. - With this
systen the‘primary zone fuel air ratio can be controlled to be soichié—v
metric at idle power for HC and CO reductions, and to be leén (but -
stable) at high power for NOk reductions. Howéver, as there is no flqme
stabilizing mechanism here, the degree of lean burning, and hence the

NOx reduction, is limited. : o

This system has a number of operational drawbacks, primarily the
reliability of the mechanical system in such a severe environment which
is a safety issue. However, the notion of moving mechanical systems in

severe environments is not new to gas turbines; variable pitch com-

_l:lain 20n8 . %
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pressor stators and variable turbine nozzle guide vanes do exist. . Failure
of the mechanism, however, must not prevent the engine froa providing

adequate operational performance over its flight regime.

VARIAGLE GEOMETRY COMIAUSTCR

QOTATYAGLL VANIS

-
J 9 > ’ -
AT 1OLT - QLOSID TO RIDULE CCSWT AR AL

AT TASROFF » OFPLN TO ALLOW HIGU DOWMI MR VoW

Cétalysis

20. Catalysis - Catalysis is a process by which a special sub=-

P

stance, usually a solid substrate, causes the acceleration of a chemical ’
reaction while not being permanently affected itself. Catalysis is

often used on current automobiles to limit the emissions of HC and CO by

P

the placemant of the catalyst in the exhaust gas so that these pol-

‘lutants, which are products of incomplete reaction in the cylinders, can

be consumed.

In an aircraft engine, however, the catalyst would have to be
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placed in the combustor proper. This then pernits the reaction to
proceed under uniformly lean conditions, therzby giving a cooler flame
and less NOx production while still consuming the EC and CO through the

enhancement of the reaction rate.

Primary development problems are getting the catalyst to work
quickly during the warm—ub pefiod, pre&ention of poisoning of the'
catalyét, prevention of mechanical wear on the catalyst material,
prevention of excessive pressure loss through the catalyst bed, and
prevention of flashbacks into the premixed air-fuel ubstream of the
catalyst. Recent investigations suggest that, if used for NOx, a
catalyst would probably have to be used in conjunction with variable

geonetry in order to keep the stoichiometry within limits acceptable

to the catalyst.

Catalyst

b

g S
/[ f -

Catalyst Combined with Axial Staging

General Electric
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Water Injection

N
fet

Water Injection - Water injected into the primary zone of the

cozmbustor results in a lower primary zone temperature. This lower
prizary zone temperature in turn results in a significant reduction in
N0x 2s a result of the lower N2 -+ NO feactioﬁ fate. Hdwever, if the
temperature is reduced too much, an increase iﬁ CO occurs due to the
quenching of the CO oxidation. Water flow rates equal to that of the

fuel flow rate are possible giving a 507% reduction in the NOx level.

The use of water injection presents a number of problems: (1) The
increased aircraf£ weight due to the mass of water carried may reduce
the useful payload of the aircraft. (Usually, however, water injection
results in increased fhrust, and hence the payload possibly can be
increased if takeoff performance is thé critical factor); (2) Higher
fuel consumpéioﬁ is required to maintain turbine inlet temperatures;‘(3)

Precautions must be taken to prevent ice formation in the water. in-

‘jection system for operation at ambient temperatures below the freezing

point of water; and (4) water must be demineralized in order to prevent
turbine blade corrosion and pitting. The use of tap water results in
substantial turbine deterioration and thus compromises safety and enginé
reliability. Also, demineralized water can be very expensivei(over

$0.30 per gallon) depending upon the location. Logistics for demineral-

ized water may be a problem also,'especially for those aircraft using

snaller, more remote fields.
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New Procedures

22. Selective Azimuthal Burning (SAB) - This control technique for
HC and CO is an offshoot of the sector burning conceptl(ll). The two
drawbacks to sector burning are récognized as (1) fuel penalty whileAin
operation as a consequence of the severely'asymmetrié ibading on the
turbine, and (2) the potential hazard arising from a mélfunction that
might cause sector burning in flight. At higher power, the turbine
would be damaged, and at flight idle, the engine might be unable to

accelerate. SAB removes both of thesé difficulties.

The essence of the method is to reduce the number fuel nozzles
in operation at idle so as to improve the atomization of those in use
and, especially, to improve the local stoichiometry. This is, of course,
precisely the procedure and rationale for the sector burning idea. Im
this case, however, therdistribution of thosé nozzles firing and those
off is more of less uniform around the annulus. For instaﬁce, in the
CF6;50, sector burning would include a solid 1800 sector (15vnozzles)
off and the other 1800 sector on. For selective azimuthal burning,;bh
the other hand, a typical arrangement might be to distribute 20 firi;g
nozzles into 5 segments of 4 each so that each segment will be separated
by 2 off nozzles [ie, 4 on - 2 off, 5 times around]. Maqy other arrange-
ments are possible and the optimum is chosen by the competihg demands'of

emissions control performance, operational performance (eg, relight),

and mechanical performance (eg, pattern factor).



A=-24

This method eliminates the problems of sector burning because'it
provides sufficient symmetry arouﬁd-the annulus. Thus, at idie, the
turbine efficiency and acceleration are not noticeably degraded, and
at low poﬁer above idle, the pattern factor is nof so poor as té cause
significant turbine damage. It follows then that SAB can be used
successfully in flight,-thus removing the need for much of the complex
plumbing and the failsafe mechanism needed cOlprevent a malfunction from

leading to inadvertent sector burning in flight.

There is, of course, a drawback to this procedure: iﬁ»ié nbt as
effective as sector burning in redpcing HC and CO. Tﬁere'are two reasons
for this. First, in order to pfovide an accepcasle temperature distribution
for the turbine, fewer nozzles can be turned off. Hence the stiochiometry
and atomization quality are comprimised. Second, quenching of the reaétiohs
always occurs at the boundary between a reaction zone and an adjacent,
cool airflow. Sector burning has only two such boundarys, Qhereas SAB has
several, the number depending upon the gebme;ry (eg, for the 4—2.casé
nentioned above, there are 5 such quenchiﬁg boundarys). There would_be,
therefore, a motivation towards the minimum number of quenching boundaries
and towards fewer nozzles in operation at idle. This would be nothing
more than sector burning. The practical limit is the point at which the .-~
drawbacks of sector burning come into play, that.is, wheré SAﬁ can no
longer be used in flight because of possible turbine damage or failuré
to accelerate, or where the degradation of the turbine efficiency leads
to significant fuel penalty. In fact, if the method were to be used in
flight on a normal basis, then there are other pérformance cqnsiderations

that weigh on the selectionof the actual geometry. The syétem must
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(1) provide stable combustion over flight envelope, (2) be able to

relight over same envelope, and (3) be 'able to accelerate from starting

powver (sub-idle), as well as (4), accelerate from flight idle.
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_ Engine: CF34 | | Thrust (KN) PR BR S/V(m D). Idle

40 19.5 . 6.4%
. LI
P3 T M : Mf Comb. :
Baseline (atm) (°é) (Kp?S) (Kg/hr) f/a Ineff. HC* co* Ngfjiv",
Idle 3.1 447 4.0 173 .0119 .04 87 28.2 104. 8 2.2
Approach , . 430 : .0018 0.2 6.9 3.1
Climbout o : 1230 .006 0 - 2.4 11.2
Takeof f 19.5 1480 . 0004 0 1.9 14,2
| ' EPAP 53.1 205.0  24.9
Sector Burning at Idle '
Idle ' : 173%% L0146 6.7 38.1 3.3
Approach | '
Climbout
Takeoff
EPAP - 12.7 80.0  27.0
Idle
Approach
Climbout
Takeoff

_ *EIs estimated from EPAP values.
**Assumed unchanged. o




. , , o
Vg bnees DM Thrus t (KN) PROOBR O S/V(m ) Ldle

10/ 2.0 'l:':'.() A% Anot Pl

T
' 1’3 T » 'M; Ml’ F,'omb. .

Mod ,PFRT (atm) (°K) (I(;',}S) (Xg/hr) f/a Ineff. Hne co NOx sk
Idle 3.6 463 360 -0189 8.0 51.7 3.5
Approach 10.6 617 1087 . .0013 0.4 4.0 9.3
Climbout 21.9 762 3042 o .0003 0.1 1.0 20.6
Takeoff 25.6 779 3758 .0002 0 1.0 23.9 |

EPAP 12.0 79.5  42.8
Sector Burning at Idle (15 of 20)
‘Idle - 360%* . 0083 0.8 32.6 3.5
Approach '
Climbout
Takeoff

EPAP 1.5 51.7 42,8
Sector Burning at 6% Idle (15 of 20) '
Idle ‘ 400% .0057 0.3 23.4 4.3
Approach ' | | '
Climbout
Takeoff

EPAP 0.9 42.0 43.5

A

- ¥Based on full annular performance. It is understood that with sector burning the turbine efficiency
may be degraded at idle to the point that additional fuel would be required to maintain power.

€4




*Estimated from EﬁXP values, _ ,
*%Based on full annular performance.

EPAP

3.2

It is understood thét with sector burning the turbine efficiency

may be degraded at idle to the point that additional fuel would be required to maintain power.

Engine: CF6-32 Thrust (KN) BR S/V(m ™) Ldle
145 24.8 4%
I, T, M N _ Combh.
(uém) (°ﬁ) (Kgl$) (Kg}hr) f/a Ineff. HC co NOx Sk
Idle 2.6 427 443 . 0482 36.1% 73.3% 4.3
Approach 9.7 599 1584 L0014 - .2 5.5 11.0
Climbout -21.5 749 4772 . 0002 1 0.6  29.0
Takeoff 23.1 166 5779 . 0002 .1 0.6 33.2
EPAP 48.1 102.1 64.1
Sector Burning Projection ' ‘
Tdle 443%% .0055 1.3% 18.7%
Approach |
Climbout
Takeoff '
. EPAP 2.0 . 29.8 - -
Double Annular Projection
Idle .0117 2.0 42,9 3.7
Approach .0046 - 0.6 17,7 8.6
Climbout 0005 0.1 1.8  14.0
. Takeoff . 0004 0 1.6  16.3
72,6 35.6

!
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*Estimated from EPAP values,
*“Based on full annular performance.

EPAP

Engine: CF6-6D  Thrust (KN) PR BR va(m"l) Idle
174.8 24,5 5.9 24,8 3.34%
R EL
P3 T, M . Comb.
Production (atm) (°ﬁ) (Kg?S) (Kg;hr) f/a Ineff. HC co NOx Sk
Idle 2.7 435 10.1 483 .0132 .0489 36.0% 76. 9% 4.6
_Approach | 1728 -0014 0.2 5.5 12.1
Climbout 5206 . 0002 0.1 0.6 32.4 16
Takeoff ©24.5 779 71.2 6304 .0244 .0002 0.1 0.6 39.7 |
, ' ' EPAP. 43.3 96.5 65.7
Sector Burning at Idle
Idle i 483%% .0056 1.1% 19.9% . 4.6
Approach
Climbout
Takeof} '

' EPAP 1.8 26,1 65.5
Doublgménnular Projection ) .
Tdle .0112 1.9 41.0 4.0
Approach .0040 0.6 14.8 8.7
Climbout .0005. 0.1 1.8 . 15.6
Takeoff - 0004 0 1.6 18.1

2.8 61.5 35.2

It is understood that with sector burning the turbine efficiency -
may be degraded at idle to the ‘point that additional fuel would be required to maintain power.

c-q



S/v(m'l) Idle

*Estimated fromwﬁ?AP values.
*%Based on full annular performance.

2.4 49.8

Engine: CF6-50C Thrust (KN) PR BR
224.2 29.8 4.4 27.2 3.47
jOp
, P 3 T M; M. Comb.
Production (atm) (°2) (Kg?s) (Kg;hr) f/a Ineff. e co NOx Sk
Idle 2.9 429 13.8 548 L0110 | .0765 59.3% 109,4% 3.5% 13
Approach 11.7 630 47,6 2394  ,0140 .0010 0.2 3.9 12.0
Climbout 25.9 786 92.1 7034 .0214 .0001 0.1 0.7 29.1
Takeoff 29.8 820 103.0 8554 .0231 .0001 0.1 0.7 33.9
_ EPAP 63.0 119.5 60.8
Sector Burning at Idle with Nozzle Modification ‘
Idle 548%% .0079 0.7% 31.4% 3.5%
Approach |
Climbout
Takeoff
EPAP 1.0 37.1 60.8
Double Annular o
Tdle 0103 1.8% 37,7% 4. O
Approach 0028 0.5 10,1 10,0
Climbout 0005 0.1 1.8 19.1
Takeoff 0004 .0 1.6 25.5
| EPAP Lb,7

It 1s understood that with sector burning the turbine efficiénéy

may be degraded at idle to the point that additional fuel would be required to maintain power.
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Fongloe:  JI3p-7 'l‘l{L'ust(J(N) Pl BR '-b'/'\’(m‘i) bl
Bh.h 3. L.
¢
ELx
]’3 T , M‘ M r Qoml,z . ‘
Production (atm) (°K) (Kg}s) (Kp/hir) f/a . Ineflf. Hne Co NOx - ‘m"fhwmﬂw_”
Idle 460 1561 149 119 1.4 11
Approach 1400 . 0043 2.6 8.5 4.6
Climbout 3720 o011 0.8 1.5 9.4
Takeoff 4525 .0008 0.6 0.9 12.0
EPAP 356 294 31
Aerating Nozzle/Leaner PZ Combustor
Idle ‘ . 0788 66.0 94.1 2.3
Approach .0026 1.2 6.7 7.8
Climbout .0005 0.3 1.2 16.0
Takeoff 0004 0.3 0.7 20.3 ]
EPAP 158 232 53 -
Idle
Approach
Climbout
Takeof [

*Els és@imated from earlier dapa:‘

(-9



Fnpine: JTRD-9 : Thrust (KN) PR BR s/vmh 1dle

8-4

. 64.5 16.9  1.04 25.2  7.0%x
EI
3 dek T ek M‘ .M Comb. :
Production (atm) (°K) (Kg?S) (Kg;hr) : fla ) Ineff. HC co NOx Sk
ldle 2.7 404 476 .0168 10.0  34.5 2.9
Approach 6.6 530 1072, .0037 = 1.7 9.4 5.6
Climbout 14,7 673 ' 3044 .0008 0.5 1.7 14.2
Takeoff 16.9 708 3744 L0007 0.5 1.2 17.9 23
. | ' EPAP 35.1  124.5 . 52.2
Aerating Nozzle/Rich PZ Combustor Projection ' ’
Idle : | .0053 2.2 145 . 3.3
Approach | . . .0010 0.3 3.4 6.4
Climbout _— ' | .0003 0.2 0.6 16.0
Takeoff | . 3 . 0002 0.2 0.2 20.3_
' : - EPAP 7.8  51.3 59.1
Vorbix Projection |
] Idle ‘ .0049 0.26 20.0 2.4
_ Approach | o , » ' 0013 0.14 5.2 © 5.3
Climbout | .0022 0.32 8.3 8.6
Takeof f , [ .0015 0.15 5.8 11.2
EPAP 1.6  88.0 36.0

*Quoted value, unrealistically high
**Estlmates



s/v(m )

Engine: JT8D-17 Thrust (KN) BR Idle
A . 71.2 17.4  0.99 25.2 7. 0t
EI
P T M v M Comb.,
Production (atm) (°Q) (Ka?S) (Kgyhr) f/a Ineff. "HC Cco NOx Sk
Idle ' 531 .0160  10.2 31.0 3.3
Approach 1275 0037 2.0 8.5 6.1
Climhout 3588 .0010 0.8 -~ 1.0 15.2
Takeoff 4482 .0008 0.7 0.7 19.2 24
‘ EPAP 37.3  112.7  60.1
Aerating Nozzle/Rich PZ Combustor .
Idle .0049 2.1 13.7 3.7 vedk
Approach Production .0010 0.3 3.2 7.0 .
Climbout Values .0003 0.2 0.6 17.3 w
O
Takeoff .0002 0.2 0.2 21.9
EPAP 7.6 49,4 68.4
Advanced Vorbix (II-9) Rig Test
Tdle 2.87 412 14.2 514 .0100 | .0046  0.25 18.9 ° 2.7 ‘
Approach 6.83 535° 30.9 1247 .0112 .0011 0.14 4,9 5.8
Climbout 15.08 - 678 60.0 3553 .0164 .0019 0.32 . 7.8 9.3
Takeoff 1 17.40 714 67.1 4406 ,0182 .0013 0.15 5.5 . 12,1 27
| EPAP 1.6 83.1  41.0

*Quoted value, unrealistically high.
**%Els estimated from EPAP values.



Engine: JT8D-17 Thrust (KN) PR BR S/V(m_l) Idle

(continued) 1.2 17.4  0.99 25. T 7.0%%

P3 T M M Comb. )
Production (atm) (°é) (Kg?s) (Kg;hr) f/a Ineff. HC co NOx Sk
Idle
Approach
Climbout
Takeoff
Advanced Vorbix (P&WA proprietafy configuration)
Idle ' | .0075 3.0 22.2 3.3
Approach Production .0012 | 0.3v 4.5 8.0
Climbout Values .0008 0 3.8 12.2
Takeoff | .0005 0 2.4 14.3
EPAP 10.0 85.9 53.3

Idle
Apprdach
Climbout
Takeoff. {

*Quoted value, unrealistically high.

'
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Enpine:  JTOD-7 ' Thrust (KN) PR BR - S/V(m ) fdle

) 205.3 21.4 5.2 19.3 7.0
| EI
P T M M Comb. .
Production (a tI%) ("12) (RKe?3) (Kgihr) f/fa . Ineff. HC CO NOx ' Sk
Idle 3.6 447 20.6 780  .0105 .0360 26.4  57.0 3.1
Approach 8.8 588 43.7 2109  .0134 .0013 0.6 3.3 7.4
Climbout _|  19.1 736  81.0 6010  .0206 .0004 0.3 0.4 31.6 4
Takeoff 21.4 764 88.6 7303 0229 . 0004 0.3 0.4 42,4 4
| | LPAP 45.4  98.5 61.8
Acraring Nozzle/lRich. Pz Canbustaorn
Ldle .0056 2.9  13.2 2.9
Approach . . .0013 0.6 3.3 7.4
Climbout - . . 0004 0.3 0.4 23.1
Takeoff ' ' .0004 0.3 0.4 30.8 <20
EPAP 5.7 24.6 . 47.4
Vorbix (827L5)
dle |} . - ,0038 1.0 12.8° 2.9
Approach - | | .0029 0.5  10.8 4.7
Climbout 1| v | .0004 0.1 1.2. 11.6
Takeoff ' ' S | .0003 0.1 1.0 13.8 30
EPAP 2.1 30.2 26.2

*EIs estimated from EPAP value.

%
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Engine: JT9D-70 Thrus t (KN) PR BR s/v(m ™) Tdle
228 26.2 4.9 7

o P Tk M M, Comb. =

Production (ati) (°£) (Kg?S) (Kg;hr) f/a Ineff. HC co NOx Sk

Idle 4.1 465 853 o .0228 12.6 53.0 3.0
“Approach 10.0 612 2649 ‘ .0007 0.3 1.7 7.8

Climbout 21.6 764 © 7199 ' | .0002 0.2 0.2 25.6

Takeoff 24,2 793 | 8791 .0002 0.2 0.2 31.6 8

| o EPAP. 20.0  87.5 54,3
Aerating'Nozzle/Rich PZ 'Combustor )

Tdle ‘ 0044 2.0 1l.4 2.9

Approach { . ' I -.0007 0.3 1.7 7.8 '
Climbout ' .0002 0.2 0.2 21.7 =
Takeoff ‘ .0002 0.2 0.2 28.9 <10

EPAP 3.8 20.0 48.5 -

Vorbix Projection :

Tdle - | -} L0031 0.9 10.1° 3.3 i
Approach | ‘ , . : . .0026 0.4 - 9.5 - 5.8

Clinbout | - | .0003 0.1 0.9 . 14.5

Takeoff - o . 0003 0.1 0.8 17,4

EPAP 2.0 26.3 35.2

*Estimated



. . _l .

Enginet  3rgp-209 Thrust (KN) PR . BR - S/V(m ) Idl¢

. 85.6 19.2 1.62 25.2_ T7%

- ET
Py T M M Comb. ,

(i) (°R)  (Ke)S) _ (Kpfur) £/a Incff., NG CO Nox sk
Idle
Approach'
Climbout
Takeoff

Aerating Nozzle/Rich PZ Combustor Projection
Idle 544 0.74  10.7 - 3.4
Approach 1265 0.12 2.3 7.9
Climbout 3511 0.02 0 16.7
Takeoff . 19.2 4355 0.01 0.9 21.3
EPAP 2.2 33.6 54.9 15

Idle
Approach
Climbout
Takeoff

Wy e

*Quoted value; unrealistically high
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S/V(m-l)

Engine: M45H-01 Thrust (kN) BR - Idle
- 32.4 16.9 3.0 23.75_ 7.0
P3 T M a Mf Comb. EL
Production (atm) (°é) (Rg/“S) (Kg/hr) f/a Ineff. HC co NOx Sk
Idle 3.0 424 ©5.24 191 ~ .0101 . 0935 59.5 178.4 1.5
Approach 6.5 541 10.8 4 526 .0135 .0183 7.4 51.0 3.6
Climbout 14.6 693 21.2 1498 .0196 . 0024 0.7 7.9 9.3
'Takeoff 16.9 723 23.8 1793 . 0209 .0021 0.8 6.2 11.5 46.3
3 . EPAP 162.4 526.0 31.2
‘Double Blown Ring
Idle 200 .0222 10.7 55.5 2.1
Approach 508 . . 0043 1.0 14.7 5.1
Climbout 1444 . 0009 0.2 3.0 10.9
Takeoff 1753 . 0006 0.2 2.0 13.1 12
EPAP 30.1

169.9 37.0

% Normal minimum 1d12’13 7.6% |




Fogine:  Spey MSSH5D Thrust (KN) PR BR- S/V(mnl) Tdie
) 43.8 6.1 1.0 38.7 Min.
‘ EI
P RS M, M, Comb. ‘

Production (agm) (°K) (ke ?9) (Kgyhr) fla Ineff. HC CO NOx Sk
Idle 2.1 388 6.86 . 341 .0138 141 130.0 117.7 0.9
Approach 7.0 546 . 22.2 793 .0099 .0118 8.3  -20.0 5.9
Climbout .14.2 667 39.5 2126 .0150 . 0005 0.5. 0 © 14,7
Takeoff 16.1 698 43.3 2606 .0167 .0048 5.1 1.1 19.0

EPAP 441 420 4975 '
RAB
Idle 301 .0122 .0235 11.4 57.4 3.4
Approach 785 .0098 .0029 1.7 4.9 7.9
Climbout . 0008 0.1 3.9  14.0
Takeoff .0008 0 4.3 16.1

EPAP 36.1 186.1 55.2
Cvs '
Idle 305 .0124 0380 24.3 72.0 3.1
Approach 785 .0098 .0029 2.0 5.1 8.2
Climbout 1 .0008 0 3.6 13.7
Takeoff .0008 0 3.4 15.4

EPAP 75.6 232.0 54.2
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S/V(m—l)

Engine:  Spey Mk511 Thrust (KN) PR BR Tdle
X 50.7 19.9 0.64 38.7 Min,
EX
P 3 'I‘,3 M‘ M c Comb. )
Production (atw)  (°K (Kg?s)  (Xg/hr) £/a Incff. HC o NOXx Sk
Idle 2.2 407 7.5 401 .0149 094 76.7  117.4 1.1
Approach 8.0 575 23.6 998  .0117 011 7.2 20.3 7.9
Climbout 17.1 700  47.2 2619 L0154 - .0016 1.3 2.1 19.2
Takeoff 19.9 734  52.4 - 3202 .0170 .0012 1.0 1.8 . 23.3
EPAP 278.4  435.8  68.1
" .
Idle 370 .0137 .0165 6.7. 46.3 3.8
Approach’ 990  .0116 .0002 1.4 3.3 9.1
Climbout | .001 0 4.3 16.2
Takeoff .0009 0 4.1 18.8
EPAP 23.0 161.6 68.2
cvs |
Idle 377 .0140 L0355 22,9 67.2 1.1 o
Approach 900 L0116 - .0022 . 1.6 3.6 9.4
Climbout | .ooo08 0 3.4 15.5
Takeoff .0005 0 2.3 17.5.
~ EPAP 75.5  229.0 58.0
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Bt s/v(ml) Idle

Englue:  RB2LL-221 Thyus t (KN)
- 187 250 5.0  20.11  Min.
‘ ET
, Py T M M, Comb.
Phase I (atm) (°ﬁ) (Kg}S) (Kg/hr) £/a .Ineff. HC co NOx Sk
Idle 3.6 446 18.1 627 .0096 .100 86.8 104.9 2.3
— Approach 10.6 616 46.1 2007 .0120 .010 5.8 21.1 8.2
 Climbout 22,1 752 83.2 5555 .0185 .001 0.9 1.6 25.4
Takeoff 25.0 781 91.5 6716 .0204 .001 0.8 1.4 33.2
EPAP 134.6 172.3 51.9
Phase II
Idle 571 .00875 .0131 5.6 35.0 4.3
Approach 1989 .0120 .0007 0.3 1.9 12.4
Climbout 5550 .0185 .0005 0.4 0.7 29.0
Takeoff 6712 .0204 .0004 0.3 0.6 34,3
‘ EPAP 8.3 49.6 61.7
Phase IT with Sector Burning _ |
Idle 568 .0087 .007 2.54 19.6 5.5
Approach -
Climbout
Takeoff
EPAP 4,2 128.8 64.0
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Fogine: RB2L1-~535 v Thrusat (KN) PR BR S/V(m—l) Td1p

‘ ' 142 19.3 20.11 Min,
LI
P, T M M Comb.

Phase 1I (atm) (°ﬁ) (Kg?S) (Kg&hr) f/a Ineff. HC co NOx Sk
Idle 3.1 T 424 15.8 544 .00955 .022 1.1 52.2 4.3
Approach 8.3 574 36.8 1561 .0118 .001 0.28 3.4 9.3
Climbout 17.0 701 65.0 4340 .0188 .0007 0.46 . 1.1 21.4
Takeoff 19.3 727 71.6 5305 .0206 .0006 0.41 1.0 25.0

. . . EPAP 19.1 90.0 - 49.0
Phase II with Sector Burning
Idle 540 .00947 .011 4.9  30.8 5.4
Approach '
Climbout
Takeoff

EPAP 8.9 54.7 51.3

Phase  IIT with Quick Quench
Idle 539 .00946 .009 0.84 37.2 3.9
Approach - : | .002 . o0.55 5.3 6.3
Climbout _ ' : | .001 0.49 2.0 11.8
Takeoff : ' - .001 0.50 2.1 13.9

e ‘ | . EPAP 2.5 67.5 30,3
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Engine: RB211-524 .. : Thrust (KN) PR BR S/V(m-l) Idie

218 27.2 4.5 - 20.11 Min.
' KT
P3 33 M( Mf Compi ]
Phase I (ati) (°K) (Kg?S) (Kgp/hr) f/a Ineff. He co NOx Sk
ldle 3.7 453 19.7 661 .0093 | .093  79.8 99.8 2.5
Approach 11.3 629 50.9 2498 .0136 - .009 5.8 17.8 9.1
Climbout 23.9 771 94.4 6684 .0197 .0007 0.7 0.7 30.2
Takeoff 27.2 801 104.1 8120 .02167 .001 1.0 0.8 40.5
EPAP 110.4 145.1 61l.4

Phase 11
Idle 609 .00854 .011 4.5 030.7 4.4
Approach ) 2477 .0135 .0007° 0% 1.7 13.6
Climbout 6677 .01966 - .0004 0.3 0.6 32.1
Takeoff - 8144 .02165 .0002 0.1 0.5 38.3

» EPAP 6.0 39.0 68.0
Phase II with Sector Burning |
Idle ‘ o 604 .0085 .0058 2.1 16.9 5.5
Approach | |
Climbout
Takeoff

.- ‘ . : EPAP 3.1 22.4 70,2
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Thrust (KN) PR BR s/v(m'l) Tdle
, 171 15.5 0 4.7%
Engine: Olympus 593
I’3 . T M M Comb. EI

Production (atm”) (°ﬁ)v (kg7s) (Kg;hr) f/a Ineff. e co NOx Sk
Idle ‘ ‘ 1140 1.0584 36 118 2.5
Descent : 2360 ' .0380 22 82 4.0
Approach ' 4550 .0201 8.5 55 6.5
-Climbout ' . . 9100 , .0059 1.5 20 12.5
Takeof f 15.5 12700 .0003 -0 . 1.1 22.3

Afterburner%# 10000 ‘ . 0207 6.6 64.5 0
| EPAP 129 530 70.1
Blown Ring (Projected Worst Case)
Idle . .0166 7.2 44.8 2.5
Descent o _ - .0162 7.7 41.3 4.0
Approach . ' .0110 2.9 36.8 6.5
Climbout < o ' - 1.0039 . 0.8 13.8  12.5
Takeoff* ' , ' , . ' .0002 0 0.7 22,3
Afterburner** ‘ L ‘:,0102 3.4 | 31.4 0

- EPAP 0 30.7 237 70.8

*Data on this row refer to main burner only,
#%0n during Takeoff only. .
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Engine: ALF502D Thrust (KN) PR BR S/V(m"l) [l 1t
, 28.9 11.1 5, 38.0 oo
. T N
P, T M, M Comb.
Cert.Config.* (ati) (°ﬁ) (Kg?S) (Kg;hr) f/a Ineff. J3{6 co NOx. Sk
Idle 2.3 397 3.6 168 0130 | .0139 5.6 40,7 2.9 3]
- Approach 5.0 499 8.0 354 0123 | .0028 0.6 11.0 5.9 9
Climbout 9.8 614 13.1 1005 .0213 .0002 0.1 0.5 9.2 25
Takeoff 11.1 639 14.4 1205 .0232 .0002 0.1 0.5 10.1 25
EPAP. 14.8 112.4 28.8
Dual Orifice Pressure Atomization (Baseliney
Idle L0256 11.9 67.6 4.1
Approach .0042 1.2 15.0 6.8
Climbout .0002 0.1 0.5 12.3
Takeoff ,0002 0.1 0.5 13.7 23
| 'EPAP 31.0 183.4 38.3 -
Idle o
Approach
Climbout
Takeolf

*Includes airblast nozzle and combustor liner cooling air adjusted for durability.
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S7V(m |

foptes | ALFS0ZL Thrust (KN) PR BR Ll
’ 33.4 13.3 38.0 SRV
: 151, L
P3 33 M‘ M. Comb .,
Baseline (atm) (°K) (Kg?S) (Kg;hr) f/a Ineff. HC co NOx Sk
Idle 2.1 381 3.76 173 .0128 .0240 12.6 56.0 2.6 - 5
Approach 5.6 511 8.06 478 0165 | .0020 3 8.6 4.7 13
Climbout 11.7 636 15.3 1185 .0215 .0001 0.7 10.7 25
Takeof f 13.3 662 16.82 1416 .0234 .0001 0.7 12.1 25
| | EPAP 28.6  136.0 32,3 '
Idle at 10.7% '
Idle 3.18 426 5.29 200 .0105 L0098 3.4 31.8 3.8
Approach
Climbout
. Takeoff

EPAP 9.1 92.2 5.4
ldle ]
Approach
Climbout
Takeof .
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