& USARTL-TR-78-55A

i 1M1 SOUTH 34th STREEY
£ © pHOENIX, ARIZ. 85034

March 1979

i

MAOG6T

& Prepared for

Fort Eustis, Va. 23604

N
%;‘ # COMBUSYOR DESIGN CRITERIA VALIDATION
Volume | - Element Tests and Model Validation

¢ N T. W. Bruce, H. C. Mongia, R. S. Reynolds
| (9 AIRESEARCH MANUFACTURING CO. OF ARIZONA

Final Report for Period 2 July 1975 - 31 October 1978

LEVEI>
Mot

i
.
|
i

!
!
!
]
{
z
! §
|
!
{
{
)

Approved for public release;
distribution unlimited,

v APPLIED TECHNOLOGY LABORATORY
f" U. S. ARMY RESEARCH AND TECHNOLOGY LABORATORIES (AVRADCOM)

qu b 9 Jb i




* DISCLADNER NOTICE

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




SRS

e R IS Bl S

APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

This report d scribes an effort undertaken to improve small gas turbineg combustor design
technigues. This analytical procedure is viewed as a significant step toward reducing the
design and development time and the cost associated with future Army gas turbine com-
bustors while simultaneously achisving a more durable and fuel-efficient design, The
reader is referred to the report documentation page for a description of each of the
three volumes of this report. It is considered worthy of widespread spplication with the

turbine industry. Any critique or other response regarding its use should be addressed to
this agency.

Mr, Kent Smith of the Propulsion Technical Area, Asronautical Technology Division,
served a8 Project Enginaer for this effort.
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ABSTRACT

The Combustor Design Criteria Validation Program was con=-
ducted by the AiResearch Manufacturing Company of Arizona under
Contract DAAJ02-75-C-0044 with the Applied Technology Laboratory,
U.S. Army Research and Technology Laboratories (AVRADCOM). The
primary objective of the three-phase program was to devalop and
validate computer analytical models for application to small gas
turbine engine propulsion combustion ayatems,

This report is presented in three volumes, Volume I
describas the formulation and validation through element test-
ing of six computer models conducted under Task I. Volume II
describes the application of the computer models to the design
and development of two combustor concepts conducted under
Tasks II and III. Volume III consists of a description of the
analytical models and a listing of the computer codes with
instructions on usags.

The Program Manager was Mr. T. W. Bruce and the Principal
Investigator was Dr. H. C. Mongia. Principal contributing
engineers were Mr, R. S. Reynolds, who directud the development
of the analytical models and Mr, E. B, Coleman who directed the
design and testing efforts. The program was monitored by
Mr. X, Smith from the Applied Technology Laboratory, U.S. Army
Research and Technology Laboratories, Fort Eustia, Virginia.
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I. INTRODUCTION

A, General Information

Past approaches to the design of turbo-propulsion combustion
systeme have relied largely on empirical correlations derived
from pravious development experience and based on theoretical
considerations of the fundamental combustion processes involved,
These correlation paramaters have proved quite useful for prelim-
inary design predictions and interpreotation of experimental re-
sults in the iterative saeries of development teats that normally
follow. With the increasing demands for improvements in combus-
tion system performance and particularly aince the focus of
attention is on combustion pollutant emiesion reduction, there
has bkeen & racogrilzed nead to obtain a more thorough understand-
ing of the basic combustion processes, Towards this objective
various mathematical models have bean devaloped, The models
have ranged from the perfectly-atirred and plug-flow reactors
where cliemical kinetics are considered to be the primary control-
ling factor to the more rigorous combustor-flow models that also
account for the effacts of heat, mass, and momentum transfer,

Under a pravious program sponsored by the U.S. Army
(Advanced, Small, High~Tomparature=-Rise Combustor Program), an
analytical design tachnique was developed that used varicus
individual models to analyze component processes of the combus-
tion system such as fual injection, primary zone performance,
dilution=-zone mixing, and film cooling. The primary-zone model
was a two-dimensional, finite~diffarence raecirculating-flow pro-
gram that computed flow-fiald velocities, temperatures, and
spacies concentrations. This program demonstrated the feasi-
bility of mathematical modeling as a promising aid in combustor
dasign as a potential means for helping to reduce the time and
cost of development.

21
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The present program represents an extension and refinement
of the previous effort with specific application to the design
requirements of advanced, small, high—-temperature-rise combus-
tors for aircraft engines in the 0.91- to 2.27-kilogram-per-
second flow range. This program was performod for the Applied
Technology Laboratory, U.S. Army Research and Technology Labora=-
tories (AVRADCOM), Fort Eustis, Virginia, by the AiResearch
Manufacturing Company of Arizona during the period July 1975 to
Octobar 1978. The program is documented in this three-voluma
report, [}

B. Objectives.

The primary objective of this program was to further davelop
and validate existing analytical combustor design procedures
that can be umed to significantly shorten the design and
developmant cycle of amall advanced gas turbine engine com=
bustors.

The basic approach of this program consisted of a concen-
tratod analytical treatment of key combustion phenomena affec-
ting nombustor performance complemented by rig tests. The rig
test culminated in a completa series of performance mapping to
validate the empirical/analytical combustor design procedure in
an environment natching an actual operating engine.

The program was initially comprised of four tachnical tasks:

Task I - Analytical=-Model Refinement

Task II - Full~Scale Combustor Darign, Fabrication,
and Preliminary Tests

Tagk III - Combustor~Performance Mapping

Tapk IV - Limited Modification and Retasnt

R e

T e e o




The Task I technical effort is described herein. A
§ ; complete description of the Task II and Task III activities is
? presented in Volume II, The computer codesa for the combustor
design that aevolved from that effort are fully documented in
Volune IlI. The combustor performance goals were achievaed in :
Tasks IY and III; thus Task IV was cancelled, f'

The computer modela are based upon the numerical solution
of the governing aero/thermo equations applicable to turbo-

{ propulsion combustor environment, and are, therefore, applicable |
for analyzing internal flowfield of can, can-annular, and | Y
annular combustor dguometries. Both the in-line and reverse=- 1 9
flow combustor configurations can be analyzed,. |

B R Al R <ot s el kel

e
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i The cost-effectiveness of the empirical/analytical deaign :
: , procedure was to be demonstrated by undertaking the design and R,
developmant tasting of two full=scale annular combustors based

on the following engine/combustor configurations, parametars, and
goalss

. QT s AT A o i TN ST 1S

1, Engine/Component Configuration.

| . Annular-combustor configurations ]
? ° Centrifugal compraessor (last atage)

z . First-stage axial turbine ‘

E ™ Nonregenerative cycle f ﬂ
| ‘ 2, Parameters and Goals.

» Engine airflow, wa3 = 1,30 kg/s
t ® Combustoxr inlet pressure (P3) = 1013 kPa

() Compreasor aefficlency = 78.4 percent (total=-to-static) . {

° Combustor inlat temperature = 622K : f

i
¢
1}
)
{
1
]
‘ 1]
1




e Combustlion afficliency = 99.5 parcent (100 percent
power)
= 98,0 percent (5 percent b

PE = T4 max = T4 avg
davg = T3

where

j power) 3
» ® Combustor pressure loss PT3‘:§4 = 3 percent f f
iﬁ ) Combustor discharge temperature (T4avg) = 1533 K g ?
é e Maximum circumferential pattern factor (PF) <0,23 i § é
:
{

1 ° Average radial temperatuve profile compatible with ]
; typical turbine blade requirements * ?‘

® Maximum radial pattern factor (RPF) <0.075

PF Ty aggﬁ;ad max ; T4 avg 3 g
4 avg 3 3

T4 avg rad max = paak valua of the circumfarentially

averaged radial temperature profile

whaere

® Good light-off/relight capability to G091 meters
altitude and ambient-temperature conditions per |
MIL-E-5007D, Paragraph 3,2.5.1 (dated 15 Qutober, 3 i
1973) Wl 8

° No visible carbon formation with hot fuel or at
high=altitude conditions

° Multifuel capabllity, including JP-4 and JP=5

N BV Vb b 44 - o - oyl ga el b sl Mgt R

oottt g




e FPuel manifold operational capability to run for ‘
20 hours with contaminated JP~-4 fuel in accordance ! J
with MIL~E-8593A, Table X m

° The combined CO and lIC exhaust cemissions will be )
sufficiently low to meat the previously noted com-
bustion efficlency goals at ).NN~ and 5-percent
rated power. The NOx LTO emiassions level will ) -
be at or below the 1979 EPA NO, standards. The &
maximum amoke number will be below the threshold
of the exhaust plume visibility

sy et e

e

] Acceptable component temperature levels and gradients
to anaure long combustion system life and reliability.

® Reasonablae cost and waeight

C. Summary.

L L L N S R P e e

The following six computer aodes were devaloped and refined
during Task I of the program:

o Annulus-flow modal

® 3-D combustor-performance modal

° Liner=cooling madel i 3

! 3

e  Transition-liner mixing model ? i
' i p

° Gaseous-emisaions model ‘ ?

. Fual-ingertion model

25
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A one~dimensional annulus-flow model is used to calculate
the pressure losses and airflow distribution around the combus-
tor liner. Information provided by this model on the jet velo-
cities and efflux angles for the various orifices around the
combustor liner is used for specifying the boundary conditions
required by combustor internal flow programs.

The internal flow-£fleld characteristics, including combus-
tion efficiency, exhaust-temperature gquality, and lean blowout can
be predicted by a 3-D recirculating (elliptic) reacting program.
The program is based upon a computer code procured from
Professor D. B. Spalding, and uses a variant of the numerical
schems described in Reference l. The program is used to
analytically assess the effect of detail desiygn changes on com~
bustor performance.

An accurate prediction of the practical cooling=band per-
formance and attendant liner-temperature l(vels and gradient is
essentlial for estimating liner life. A 2~D parabolic program
based upon the efficient numerics of Patankar and Spaldin92
is used for analyzing the f£low region adjacent to the liner.
Appropriate initial, edye, and boundary conditions are supplied
by the combustor performance model and the annulus flow model,
The 2-D parabolic program is also used to predict the mixing
rate in the transition liner of the reverse-flow annular com-

bustors.

A 2-D parabolic program incorporating a l6-step kinetic
scheme was developed to predict gaseous emissions., The fuel-
insertion model provides a rough estimate of fuel-nozzle system
performance in a specified combustor flow field.

1Patankar, S.V., "Numerical Prediction of Three-Dimensional
FPlows," Studies in Convectiont Theory, Measurement and
Applications, Volume 1 (B.E. Launder), Academic Preas (1975)
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The following elemant tests were conducted to furnish data
for validating the analytical modelss

° Sauter mean diameter {SMD) measurements of practical
% air-assist airblast nozzles and air-assist pressure
! atomizers,
:
L. ° Film effectiveness of a conventional film=cooling

scheme; and three advanced cooling concepts under
simulated combustor environments.

. Mixing of cold transverse jets with a confined hot
stream.

e Can combustor mapping

b
W

, - Nonreacting 3=-D velocity and pressure
meagsurament ;
- Internal profiles of emissions with cJet=A

and natural gas.

- Radiation measurements.

o Transition liner mixing. ;

A reasonably good agreement was achieved between measure-
ments and models incorporating a two-equation turbulence model,
: a two-step kinetic scheme, and a realistic spray combustion
model.

A description of combustor-design procedures is presented
{ in Section II. A brief description of the six combustor

2iﬂatankar, 8.V., and D.B. Spalding, "Heat and Mass Transfer in
Boundary Layers," Intertext Books (1970)}.
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; analytical models is given in Section III (see Volume III for a i g
] detall description of the models and associated computer codes). : }
J Section IV presents experimental data obtained from different b
_ element testa. Model validation is presented in Section V. ¢
3 Conclusions of the present study and some thought for future y

E combustor-modeling activities are summarized in Section VI, 3
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2 II. COHMBUSTOR DESIGN PROCEDURES

' Design considerations for a turho-~propulsion combustor must
address the following performance and operational factors:

) Combustion efficiency

( a ) Lean flame stability and altitude relight

. Ground idle/starting

: s Carbon and smoke formation
#
{ ® Gaseous emissions
‘ [} Exhaust temperature guality (radial and circumfer-

ential profiles)

Liner-wall temperature and permigsible wall-

e

e I R T T

‘ temparature gradients

Many of these raquirementas have to be compromised in order to
achieve acceptable combustor performance over the entire engine

L —

' ’ flight envelope.

Due to the complexities associlated with the combustion
processas and flow field in gas turbine combustors, the avolution
‘ of combustor-design technology haa proceeded along two distinct
! paths, Practical engineers faced with hardware problems have
: daveloped a number of design correlations and empirical design
procedures, such as presented in Section II.A, On the other
t hand, researchers involved in studying fundamental aspects of
reactive flows have developed a number of analytical models
that address specific phenomena.
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The communication gap between practical combustion engineers

and fundamental researchers is quite wide. This program concen= i
trated on bridging that gap, and making available to the gas ;
turbine engine industry a cost-effective combustor design pro- }
cedure that makes use of "experience" correlations as well as %
i

;

|

combustor analytical models based on well-tried, succesaful,
mathematical models of turbulence, chemical kinetics, apray
combustion, and radiation. A complete set of advanced analytical *
; design tools has baen put together to address and analyze !
important aspects of gas turbine combustion phenomena, as
explained in Section III, : )

o 7 TeRe SRt T TS

B T — i mr.

A typical conventional empirical design approach is out~
lined in Section II.A. The coupling of an empirical approach
with combustor analytical models is explained in Section II.B.
The use of new desiyn techniques has been rewarding at AiResearch
in the design and development testing of a numbar of advanced
combustion concepts. It is hoped that with continued improve=
| ment in understanding of roeactive flows, and with a judicious i
; blend of hardware and modeling experience, the empirical/ E 3
analytical combustor-design procedure will become universally 3 )

|
‘,

applicable.

A. Empiricul Design and Development Procedures.

: ' The conventional approach to the design and development of .
§ ' combustion systems for gas turbine engines involves extensive { f
: use of empirical correlations derived from expaerimental analysis, : f
; followed by a series of component-development tests. Through v
; the years, a number of empirical and semi-empirical correlations )
have been developed. by engine manufacturers to provide guide-

\ lines for the initial design of a combustion system, and to pre-
|

|

dict attainable performance on the basis of experience trends. ’

30 3
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The empirical~design approach differs from company to com-
pany, and between individuals of the same company. Neverthe-
less, the design approach must give consideration to numerous
design criteria including combustion efficlency, lean flame
stability, altitude relight, ground idle/starting, carbon and

: i smoke formation, gaseous emisslona, exhaust-temperature quality, i
y . combustor pressure drop, and liner durability.

High combustion efficiency, over the entire engine operating
! range, ias a prima ocbjective in turbo=-propulsion combustion system
design, as it directly affects spacific fual consumption.
Inefficiencies in the combustion process can be explained by
using detailed flow models, such as the 3=D Combustor-Performance
‘ Model desoribed in Section III.B, However, simple semi-empirical
{: correlations, such as Lefebvre's air-loading parameter or its
4 : ninor modification, shown in Figure 1, are quite useful for
eltiﬁating initial combustor=size requirements for a givan
‘ application.

i . Other parameters that are used for scaling combustors are
| heat-release rate and reference velocity shown in Figure 2
(from Reference 3). The cross~sectional dimension can be
astablished consistent with experience correlations between
reference !ltach number and allowable pressure loas, asuch as
typically shown in Figure 3(a).

The required dilution-zone volume, laength, and channel :
height can be estimated by using simple curves, shown in : i
Figure 3(b). 1In this curve, the genaral trend for combustor { j
pattern factor is shown to ba an inverse function nf the i '
pressure~loss factor (AP/qraf) and the dilution zone length-to-
\ ; height ratio.

j Carlson, N.G., "Development of High-Temperature Subsystem
! Tachnology to a Technology Readiness State: Phase I

! Topical Report, Preliminary Combustor Deaign," Technical
' Report FE=2292-~11, November 1977, Work Performed Undar

' ‘ Contract No. EX-76-C=01-2292,
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The liner cooling-air raguirements have been estimated by
using a varlety of correlations, as presented in Figures 4(a)3
-

and 4(b)4, or the following simple expression from Reference”:

Percent Film Cooling = 0.1 Ti - 30 (+10 percent)

The saelectlion of a fuel-injection system is leas rigorous
compared to combustor gaeometrical configuration and the liner-
cooling=air ragquirements. Experiencea indicates that in addition
to air or fual-loading parameters, the fuel-injaction process has
a significant effect on combustion efficiency (particularly at
low~powar points). The fuel-injection system also affacts
exhaust~temperature quality, smoke and carbon formation, lean
blowout, and fual impingement on the liner wall with attendant
liner hot apota. Turbo=-propulsion combustors have employed a
variety of fual-injection systaems in regard to nozzle configura=-
tions (pressure atomizers, including simplex/duplex or airblast),
modae of insertion into the linar (axial versus radial/tangential),
axial location from the dome and orientation relative to the
recirculation zone, and fuel-nozzle characteristica such as
droplet size and cone angle. 80 numerous are the possible com-
binations that the successful developmant of a realistic semi~-
empirical correlation involving aero/fuel~nozzle interaction is

a remote possibility.

Once the initial combustor configuration is established,
the subsequent daeasign and developmant approach is varied, Some
enginaers prefer performing caloulations by using a number of
simple computar programs. The following paragraphas give a

leod, 1, P,, and K. M, Johansen, "Advanced, Small, High=-
Temperature-Rise Combustor Program) Volume II Design and

Test of Pull-Scale Combustion Bystem," AiResearch Manufacturing
Co,, UBAAMRDLTR-74~38, Eustis Directorate, U.S. Army Air
Mobility R&D Laboratory, Fort Eustis, va., AD776978,

Fobruary 1974.

odgerl, J., "Combustion Modeling Within Gas Turbine Engines,"
AIAA Paper No, 77-52.
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brief description of the use of simple calculation methods
based upon the computer codes documented in Reference 6.

A one~dimensional annuluag flow model is used to calculate
the pressure losses and airflow distribution around the com=
bustor liner. The analysis includes the effccts of area change,
heat transfer, friction, drag due to nozzle shrouds and service
struts, and mass addition. The model calculates the flow-
discharge coefficients and efflux angles for the orifices along
the annulus,

An impinging~jet recirculation model predicts the effects
of multiple three-dimensional radial jets and the recirculation
caused with the impinging jets. The control volume axis for
model development is the centerline of the jet-impingement
ragion. “The flow momentum is related to the pressure differen-
tial that results from jet blockage with use of the momentum
balance. Knowing the number and ¢geometry of the primary ori=-
fices, and assuming that the primary-zone exit flow experiences
a sudden expansion loss when flowing past the impinging jets,
the moddl caloculates tha fraction of the primary orifice flow
rate that recirculates upstream,

A dilution jet trajectory moc:l is used to predict dilu-
tion jet trajectory, mass entrainment, velocity, temperature
decay. jet spread, and profile changes after jet mixing.

Fuel-spray trajectory models are used for predicting apray
charactaristice of various fuel injectors. These modals are of
considerable benafit in the selection of fuel injectors and their
optimum location in a specifiecd combuastor internal flow field.

-

6Huntar, 8.C., K. M. Johanasen, H. C., Mongia, and M, P, Wood,
"Advanced, Small, High-Temperature-Rise Combustor Program,
Volume I, Analytical Model Derivation and Combustor-Element
Rig Tests (Phases I and II)," AiResmearch Manufacturing Co.,
USAAMRDL TR74-3A, Bustis Directovate, U.W. Army Air Mobility
R&D Laboratory, Fort Eustis, va., AD 778766, February 1974,

37

A

RV

e —




A one-dimensional wall-cooling model, similar to Reference
7, is used for calculating the liner-wall temprrature levels,
The analysis includes flame radiation to the wall, convection
on both sides of the wall, radiation from the cold side of the
wall to the plenum, and film-cooling effectiveneas. The heat-
conduction loas through a single or multiple material thickness
is also included.

With the help of the above models, it is possible to
identify potential problem areag with the preliminary combustor
configurations. The designs are modified as required. Detail
drawings are prepared, parts fabricated, and component=-
developnent teating initiated, During thesme tests it is impor=-
tant to relate experimental results hack to the empirical
parameteors that were used for preliminary design. A syatematic
means of collecting the relevant data for correlation purposes
and future reference is highly desirable,.

An empirical approach, as delineated above, has worked
reasonably well with combustor configurations that have evolved
from well-proven ccncepts. The design/development time duration
and cost can vary enormoutrly, depending upon the target goals,
With increasingly stringent levels of design requirements, the
inadequacy of simple one-~dime.~suional calculation procedures is
quite obvious, Consequently, th. interpretation of the experi-
mental data becomes more qualitative in nature, with a resultant
increase in development time and coat,

B. Empirical/Analytical Design Procedura.

A more cost~effective design procedure can be developed
if the experimental results are properly evaluated. Not only

. doas it help in planning a correct approach for the component

iBallal, D. R., and A, H. Lefebvre, "A Proposed Method for
Caloulating Film Cooled Wall Temperxatures in Gas Turbine
Cotbudtion Chambers," ASME Paper 72-WA/HT-24.
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rig tests, but well-scrutinized experimental data is also useful
for further improving empirical correlations and for future
reference, The empirical/analytical design procedure is a first
milepost along the path of establishing the combustor design and
developnent as a scientific approach, rather than the "cut and
try" approach that has been used for so long. The approach does
not minimize the importance of the empirical data base. On the
contrary, it (with the help of advanced combustor analytical
modelas) improves our fundamental understanding of the various
physico-chemical process ocourring in gas turbine combustors.
The choice as to which analytical models should be used is very
critical, as it will directly affect the level of asuccess
achieved.

Due to the complexities assoclated with the combustion
process and flow fleld in gas turbine cumbustors, the development
of combustor analytical models has prooceeded along two distinct
pathai

. Simplified or detailed reaction mechanisms with
gsimplifiad £low modalas, and

° Dotailed flow models with simplified or detailed
reaction meshaniams.

A nmajority of combustor analytical models have utilized
ldealized flow models comprised of wall-stirred or partially=-
stirred reactors and plug flow models. Both simple and complex
kinetlic achemes have baen ugsed for predicting fuel/air reaction
rates., These modals have been quite useful for data interpre-
tation, but their application asm combuastor analytical design
tools im quite limited. Tne model limitations8 are associa-~
ted with the inability to accurately predict the effect of com-
bustor geometrical details on residence time and fuel/air ratio

distribution,

Mosier, 8. A., and R. Roberts, "Low-Power Turbopropulsion
Combuator Exhaust Emissions, Volume 3, Analysia,"
Technical Report AFAPL-TR-73-36, 1974,
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The development of detailed flow models has been slow due ,
to a number of reasons including numerics, incomplete under- } 5
standing in regard to turbulence, chemical kinetics, spray com-
bustion, and radiation. As progress is made in these areas, the i
flow mcdels that numerically integrate the 2-D or 3-D field ‘ ‘
j 1 equations will become more popular, This approach provides the
; ultimate prospects of analyzing the effect of detail design
: ' changes on combustor performance, and eventual quantitative
interpretation of experimental data with resultant improvement
b in empirical correlations. '

LS

S R S
-
v

The performance of a combustor is determined by its

: internal flow-field characteristics, which are influenced i

strongly by a number of variables. These include: E 3
3

e
e e W

e Primary~zone volume and equivalence ratio ;
v { :
! !
1 e Level and scale of mixedness ;' 3
5 1 b
N b 3
4 ] Fuel~nozzle spray characteristics and orientation | \
i

wilth respect to the recirculation zone

o -

e Combustor-inlet pressure and temperature, and
? : temperature rise

op e

) Combustor residence time

f For correlating and interpreting combustor data, analytical . i
models are expected to give quantitative predictions (from an
engineering point-of-view) of the following parameters:

: ° Combustion efficiency, especially at low power Vo i
i conditions { E
; N
- ® Exhaust-temperature quality ? 2
§ i
I $
1 40
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¢ Liner-wall temperature levels and gradients,
including hot spots

) Gaseous emissions
® Fuel~-nozzle performance
] Liner pressure drop and airflow distribution

A number of questions must be resolved in order to achieve
a most economical engineering tool for combustor design.
These concern:

o Mathematical models of turbulence, chemical
kinetics, spray combustion, and radiation

® Numerical scheme

° Boundary conditions

These have heen discussed in detail in Volume III. Simple
and well-tried mathematical models of turbulence and its effect
on combustion, spray combustion, chemical kinetics, and radiation
were employed. The models used are a two-equation turhulence
model, a two-step kinetic scheme, and a six-flux radiation model,
as described in Section II of Volume III. The numerical schemes
in the elliptic and parabolic programs are variants of the
numerics described in References 1 and 2. Purther details on
the numeries and boundary conditions are given in Sections III
and IV of Volume III.

Due to computer-memory limitations and extended computation
times with a fully elliptic numerical scheme, all of the
combustor-performance parameters cannot be economically pradicted
by a single computer code., Coneequaently, a multi-lavel mnalysia
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approach has been developed, as presented in the empirical/
analytical combustor-design procedure logic chart of Figure 5.
A brief description of the following six analytical models is
given in Section III.

® Arnnulus—-flow model
° 3-D combustor-flow model
e Transition-mixing model

® Wall-cooling model

® Emiasion model

® Fuel-insertion model

The manner in which the empirical-design approach is inte-
grated with analytical models is deacribed in the following
paragraphs.

After a new engine envelope, associated component con-
straints, and the engine fuel schedule have been defined, a
preliminary combustor sizing is executed by utilizing various
"experiance" correlations. Simplified one-dimensional models,
such as described in Section II.A, are then used to define a
preliminary combustor design. With the help of these simple
and economical calculations, it ls relatively easy to study a
number of different design concepts to arrive at the most
promising configuration.

Further improvement in the basic design is undertaken by
using the advanced analytical models shown in Figure 5. The
necesgity of using this approach becomes more apparent 1f the
new engine envelope forces the consideration of combustor con-
cepts that lie outside the designer's experience and/or
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empirical nmorrelations. The models can be used to parametrically
study the effects of detail design changes on combustor per-
formance. A number of combustor modifications may have to bhe

run before arriving at an acceptable engineering compromise.

The computer~-iteration process might involve many man-weeks of
effort, with attendant computer cost.

A relative comparison has to be made between computer cost
and hardware test expenditure. It is not expected that analy=-
tical experience alone can shorten the combustor-development
time. It is a judicious blend of analytical model predictions
and development experience that would significantly reduce the
time and cost. As technical advances are made in computer
technology, numerical fluid mechanics, and physical understand-
ing of various combustion phenomena, the extent to which
perasonal judgement is required will be minimized. In addition,
with the application of the new design technique to a variety of
combustor configurationa and back-correlating with relevant
data, it is hoped that the technique will become more useful and

cogt~affactive as a design tool,

T SRR b, o SR

e

5 2l adaEiacl LT it




ITI. ANALYTICAL MODELS DESCRIPTION

A brief description of the six analytical models is pre-
sented below. For a more detailed description, see Volume III.

A, Annulus Flow Model.

The annulus flow model is used to calculate pressire losses
and airflow distribution within the annulus external to the
combustor liner.

Annulus losses and flow distribution are computed from the
generalized influence-coefficlent method given by Shapiro.9
This method leada to the following aguation for loss in total
pressure for a small finite-length of duct:

ap 2 [ar da
t_ KM t 4£dx B dw
F;""T[t Y5t G k- * 20y 'w]
where: P, = total pressure

M = average Mach number in element
T, = total temperature

= wall friction factor

dx = element length

D = duct hydraulic diameter
CD = drag coefficient of inserted bodies
AB = frontal area of inserted body

A = duct area

y = velocity of injected mass/duct velocity

dw = injected mass flow
W = duct mass flow

9Shapiro, A. H., "The Dynamics and Thermodynamics of

Compressible Fluid Flow," The Ronald Press Company (1953).
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The Mach number is obtained from a similar influence coeffi-

3 The above analysis includes

cient equation given by Shapiro.
the effect of area change, heat transfer, friction, drag, and

mass addition,

Sswirl effects are accounted for by solving the previous
equations in the direction of actual flow, together with an
equation for angular momentum with friction loases. The computer
program for this model generates a pictorial representation of
the combustor, and tabulates the flow parameters at specified
stationas, A typical computer=-output plot is shown in Figure 6.
The program can calculate pressure drop from an assigned fixed-
orifice geometry, or can size orifices for a desired pressure
drop and an assigned flow distribution,

The annulus~flow model calculates bhoundary conditions, such
as flow distribution around the combustor liner, jet velocity
and angle, etc., which are required by the combuator internal-
flow nodels.

B, 3=D Combustor-Parformance Model.

The combustor internal flow=-field characteristics are
strongly influernced by airflow distribution around the liner,
jet velocities and efflux angles, nozzle-spray properties, fuel/
air ratio, and dwell times of different zones., The governing
aero/thermo aequations are coupled and nonlinear, and defy analy-
tical solutions of all but a few academic problems,

A 3-D combustor=performance model has been developed based
upon a code supplied by Professor D.B. Spalding. The model
numaerically integrates the governing equations for the following
variables:
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® Axial, radial, and taagential velocity components

° Turbulence kinetic energy (k) and dissipation
rate ()

e Unburned hydrocarbons (cxuy)' CO, and composite
fuel-mass fraction

° Stagnation enthalpy

[ ) Radlation vectors along X, Y, and 2 directions

® Spray droplet size and distribution

The two-aquation turbulence model, requiring solution of k
and ¢, is moderately conplex, and is considered to he superior
to other models having a similar or lesser degree of complexity.

This model has been extensively used by many researchers, and
has proved to be adequate in a wide range of flow conditions,

including the complex combustor flow-field mapped in this program

and described in Sections IV and V. More advanced turbulence
models, such as those based upon the Reynolds stress-modeling
approach, are not yet sufficlently developed to warrant their
use in complex combustor flow~field problems.

The combustion rate is computed via a two-step kinetioc
acheme wherein:

X R (%

Cy Hy + (! 4 *) (0, + n Np) "§ x CO + ¥ H,0 + \3+ *)n N,

X CO+ ¥ (0, +nNy) Rogxco, + $nnN,

The effective reaction rate (Rf) for fuel oxidation is com~
puted from the minimum of the reaction rate controlled by chemi-~
cal kinetics, fuel-mixing rate, or oxygen-mixing rate. Simi-
larly, nro denotes the minimum of the reaction rates of CO
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combustion as controlled by chemical kinetics, niixing rate of CO ] ?f
and/or oxygen. Such a scheme has given good correlation with

measured internal-species profiles from & number of combustion
] systems,

s

The 3-D combustor~-performance model was validated with

b, - experimental data on:

?é e  Mixing of cold transverse jets with a confined 3
? o hot stream -
\ ®  Can combustor mapping 3
B E‘ . l §

b - Nonreacting 3-D velocity and pressure A

d measurement |y

‘ |

é - Internal profiles of emissions with natural

gas and Jet-A 3

- Radiation <casurements.

e =3

C. Wall-Cooling Model,

e
oo

An accurate assessment of the liner wall-temperature levels |
and gradients is very important as it directly affects the liner
life. If a wall-cooling model underpredicts liner temperature 1
by 56 K, the liner life will be reduced by approximately 40 per- 3
cent, as reported by Sturgels.lo Conventional, one~=dimensional, -
wall=cooling models are inadequate for predicting liner-wall i
temparatures of current-technology oombustornlo. A full 3~D ‘ 3
elliptic solution for predicting liner-wall temperature is
} ; desirable, but is not economical due to the extended nomputer
: time required to get a suffiocient number of nodes near the
wall for achieving a grid-independent solution.

e,

e e e

Sturgass, G. J., "Gas Turbine Combustor Liner Durability-
The Hot-Streak Problem," Project S8quid (ONR) Workshop on R
Gas Turbine Combustor Design Problems, 1978. 3
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since the velocity vectors near the wall are predominantly
in the same direction as the main €low, a parabolic solution pro-
cedure can be efficiently used to compute liner-wall tempera-
tures. A 2-D parabolic program was developed for this purpose.
The program solves for axial velocity, swirl velocity, turbulence, )
kinetic energy and dissipation, a two-step kinetic scheme, s
spray combustion, a two-flux radiation model, and stagnation
enthalpy. The modal uses a two-equation turbulenca model of
Launder and Joneu.ll The numerical scheme is based upon

Refarence 2. »

Theted T winmier T e OG~ g

T v e e

y The appropriate initial/boundary and edge conditions are
supplied by the 3-D combustor-performance model and the annulus-
) loss model, as desaribed in Volume III. This program is quite
flexible in that single or multiple cooling bands, both in the
primary and secondary zones, can be analyzed. It is possible to
handle.both annular and can geometries.

D. Tranasition-Mixing Modal,

A reverse~flow annular combustor, for a turbine engine that
employs a centrifugal compressor as itm last stage of compression
and axial turbine for its high-pressure spool, has a reversa~flow
transition liner., The flow in practical transition liners
usually does not have a negative streamwisn velocity component.
Significant jet mixing has taken place in the straight section
upstraan of the transition liner. However, the mixing in thea
ragion of the transition liner, where flow changes from axial to "
radial and fully completes a 180-dagree band, muat be computed
to predict the pattern factor of a raverse=sflow combustor that
feeds and axial turbine. ‘ ]
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IlJones, W. P., and B. E. Launder, "The Caluulation of ' ’{
Low=Raynolde Number Phenomena with a Two~Equation Model 4
of Turbulence,”" ASME Paper 72-HT-20, ‘
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The geometry of practical transition liners is too complex
to make efficlient use of tha 3-D combustor-performance code,
If the flow variations within the transition liner along the
circumferential direction are small and can be neglected, a 2~D
parabolic program can be used to predict mixing rates along
{ different Z-r planes, where 2 is the streamwise coordinate.
e A 2-D parabolic program was therefore developed using numerics
’ and mathematical models similar to those of the wall-cooling
model described in Section III.C. It should be noted that for
' nonracirculating flows in axisymmetric geometries with stream-
line curvature, the elliptic effects of pressure along the Z
direction must be takan into account, However, this was not
incorporated in the model as it was beyond the scopc of this
programs the cross-stream variation in pressure, due to stream-
line curvatures, was taken into account,

E. 2~D Emissions Model.

With the embrgence of public concern for air pollution, an
increased emphasis has been made by industry, including
AiRepsearch, to improve the fundamental undorstunding of various
i processes leading to the formation of harmful pollutants.
Numerous detailed kinetic schemes have appeared in the literature
for prediocting HC, CO, and Nox. In addition, different taech~-
niques have been put forward to compute {jameous emissions from
gas turbine engines, Buch as References 8 and 12. Most of these
caloulation proceduras use either a simplified flow-field
. mode1® or estimate "exchange coefficients" from some detailed
\ flow-fiald computations based upon simple kinetic lchemu.l2

Hovwever, some work ham been reported in parabolig flow computa-
\ tion with detailed kinetics, such as Reference 13,

‘ S8anborn, J. W., R. 8., Reynolds, and H. ¢. Mongia, "A Quasi-

& Three-Dimensional Caloculation Procedure for Predicting the
Performance and Gaseous Emissions of Gas Turbine Combustors,"
AIAA Paper No. 76-682,

g 13Edolman. R., J. Booclo, and G. Weilerstein, "The Role of B

) Mixing and Kinetics in Combustion Generated NOx," Paper
Erelented at Aiche Symposium on Control of NOX Emissions

n Direct Combustion Power Sources, 1973,
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A 2~D parabolic program with a l6-step kinetic schema was
developed based upon nodified Patanker-Spalding numerica.2 The
modification was made in regard to computing chemical-species
source terms for a coupled~set of equations, This resulted in
a significant reduction in computation time. Other important
features of this model are:

® Effect of turbulence in combustion, as explained
in Volume III.

® Spray combustion of complex fual, such as
JP=4 and JP=5,

o A two=flux radiation model.

PF. Fuel~Insartion Model.

Small, high-pressure-ratio and high-tempaerature-rise
roverse~flow combustors pose a major problam with respect to
the selection of an optimum fuel-injection asystem. A major
part of the problem i creatad by excaessive or uncontrolled
impingemant of fuel on the combustor wall., To minimize fuel
impingement, it is of paramount importance to attain an optimum
matching betwesn fuel~-nozzle characoteristics and combustor
intarnal~flow field., It may be recalled that the 3=D combustor-
performance model considers spray aevaporation/combustion of
complex fuels, such as JP-4 and JP~5., Consequently, the program
can be used for defining an optimum fuel-injection smystem, as
reported in Section I1I of Volume I1I,

A fuel-insertion model was developed to save computer time
and facilitate a quick selection of an injection system. This
program computes Sauter mean diameter (SMD) of the pressure
atomizer (mimplex or duplex), air-assist pressure atomizer,
and airblast and air-assist airblast nosgles. The droplet
heat-up, evaporation, and combustion are calculated based on
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the Priem and Heidman model14 modified to take into account

variabla properties of the jet fueis., The droplet drag coeffi-
cient is calculated froms

Cy, = Cd / {1+4B)

d g

where Cd is the drag coefficient of a nonreacting sphere, and
B is theeevaporation/burning rate constant.

The spray is initially divided into five droplet-size
groups. The trajectory of each of the droplet sizes is computed
for uniform flow on any specified flow field. Knowing a com~
bustor internal-flow field (as computed by the 3-D combustor-
performance model), the effect of spray-cone angle, 8SMD, fuel-
nozzle pressure drop, fuel physiocal properties on the spray tra-
jectory, and amount of fuel impingement on the linor wall cai be
easily computed with the fuel~insertion model.

1‘Priom, R, J., and M. F, Heidmann, "Vaporization of Propellants

in Pocket Enginas," ARS Journal, Nov. 1959, pp. 036=842,




3 IV, ELEMENT TESTS
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A parallel experimental investigation was conducted during ‘
Task I to verify analytical models described in Section III, and i
to identify potential problems associated with small, high- : _
pressure-~ratio, high-temperature-rige combustors. Major design : f
; problems encountered in the development of advanced small com-
ﬁ‘ bustors are generally concerned with the following components
f; and performance parameters:

i n
> .
By AR T Nt - S I T A2

g ° Liner cooling @3
:‘,]\
i f ° Discharge=-temperature quality i\
b A

;_ ° Gaseous emissions, particularly idle combustion ; ?.
ﬁ ¢fficiency ; ;:

§ ] Fuel injection %

Elenmeant tests were therefore conducted during Task I to | .,
afford a significantly improved understanding of the design con-
straints imposed by each of these.

e A

el A The performance of conventional and advanced cooling con=

| ' cepts was measured under a simulated combustor environment, as

y : sumaarized in Section IV.A. Experimental data on the mixing of

' ' cold transverse jets with the hot-gas stream of a can combustor
was talten (as described in Section IV.B) to better understand the
mixing charactetistics of the impinging jets in grder to mini-
mize the dilution-air requirement. The internal flow-field
characteristivs of a typical Garrett/AiResearch can combustor ‘
v ; wvere measured with and without nomﬁﬁgtion, as summarized in
Sections IV.C and IV.D. The data was taken with both gaseous

and ligquid fuels.
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A limited amount of test data was collected on the radia-~
tion heat lcading and is summaried in Section IVE. The ignition
characteristics of a piloted airblast Nozzle and an air-assist
airblast nozzle were measured and are summarized in Section IV.F,

Fuel~nozzle characteristics, including mean droplet size
and spray cone, strongly influence the combustor performance,
such as idle emissions, light-off and blowout characteristics,
dome and liner wall carbon~formation tendencies, and temperature
levels and gradients. A droplet-measurement apparatus was
therefore developed under this program and described in Section
IV.G. The Sauter mean diameters of an air-assist pressure
atomizer and air~-assist airblast nozzles were measured and
correlated. The mixing rate in a typical reverse-flow combustor
transition liner is summarized in Section IV.H.

A. Liner Cooling.

Liner cooling for a combustor matched to the last staga
of a centrifugal compressor and an axial or radial turbine
imposes severe limitations on the design of low=-airflow, high~
preasure, high-temperature-rise gas generators. The cooling-
alr requirement for a combustor using conventional cooling~film
geometries can exceed 75 percent of the engine tot:al airflow
rate in order to achieve long combuster-life objectives.

Although conventional film=-cooling concepts are suitable
for low=pressure ratio combustors, and are inexpensive to fabri-
cate, their disadvantages and limitations provide impetus for
evaluation of more advanced cooling concepts. Disadvantages of
conventional film-cooling conuvepts include

] Saw-tooth wall temperatures resulting from pure

film cooling without attention to the cold aide
of the liner
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) Parformanca that is strongly regilon-dependent
] Fair-to=-poor coolant-flow control

) Dagradation of pattern factor

® Overcooling at low power, thus cquenching the

combustion reactions and contributing to HC and
CO emissions.

Quantitative knowlaedge about many frequently used £ilm-
cooling configurations under combustor-operating conditions is
limited because of the difficulty encountered in obtaining
detailed and reliable data with known coolant=-flow distribution,

Most of the practical cooling-slot geometries, Figure 7,
generate a 3-D flow-field downstream of the lip. The moat
significant geometric parameters governing the film-cooling
performance are metaring-hole~area/slot open area and the
relative cover-plate length L/SG. It was experimentally
obgerved (for tha low temperature difference and low turbulence
level) that design correlations derived for the impingement
film configuration also apply to pinched impingement film and
wiggle~strip geometries. The hnle step design did not perform
as wall as the other configurations.

The above tests were conducted at approximately ambient
pressurae and temperature, The effect of the ratin of the main
(hot) stream to the .cooling stream gas temperatures (or the
density ratio) significantly affects the cooling-slot perform-
ance, This was reported by Burns uind Stolleryls, and shown

typically in Figure 8. Thereiloure, the performance or a
1snurne, W. K. and J. L. Stollery, "The Influence of Foreigu
Gas Injection and Slot Geometry on Film Cocling Effective-

ness," Int, J. Heat and Mass Transfor, Vol. 12, pp. 935~951,
1969,
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practical cooling=band configuration was experimentally measured
under simulated combustor temperature environment as listed in
Table 1. The temperature ratio (density ratio) and jet-to~hot~
stream velocity ratio were varied over the range of interest in
a typical combustor environment,

The test rig and associated instrumentation is described
in Section IV,A,l. The description and data for the four cooling
concepts listed in Table 1 are given in Section IV.A.2 through
IV.A.5. Finally, a comparison between three cooling concepts
(namaly, conventional film, conventional film/extended surface,
and impingement/film) as inferred from wall-temperature levels
and gradients determined by thermal=-pensitive paint (Thermindex
0G=6), is given in Section IV.A.6.

1, Liner-Cooling Test Rig and Instrumentation

A general layout of the test rig is shown in Figure 9. A j
glave can combustor was used to supply a hot airstream for the
liner-cooling or jet=mixing test sections. Different test
sections can be flanged to the combustor, as shown in the ¥
%! layout. The test-section plenum was made compatible with [
E;ﬁ different test-section liners, , %b

The cooling and annulus airflow rates were measured at the
_ inlets, shown in Figure 9. The air for the test sections
- enters the annulus through 60 orifices of 7.2 mmn diameter,
arranged in six staggered rows, giving approximately a 5-percent
pressure drop at the design condition. A mattling length of
approximately 20 cm (9 timems the annulus hydraulic diameter) was i
provided for the flow to mettle before entering orifices of the
conventional film/convection cooliny band. Airflow rates at the
outlet wers measured., The difference between the measured flow -
rates at the inlet and outlet constituted the cooling airflow
rate. Annulus air static pressure and temperature were measured
at a plane 3.9 om upstream from the cooling~-slot discharge lip.
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TABLE 1, LINER COOLING TEST GECMETRIES AND 4
FLOW CONDITIONS. [ '
/
g Cooling Configurations j
xﬁ - Conventional Film/Convection Cooling
4 -  Conventional Film/Extended Surface Convection =
| Cooling
g - Impingement/Film/Convection Cooling ) :
‘r - Coarss~Pore Transpiration/Convection Cooling b+
JZ Range of Flow Parameters . 3
| Combustor Inlet Pressure = 2 - 10 atm ]
? Annulua Air Temperature = 300 - 600K 3
!{ Hot Stream Vaelocity w 35 = 45 m/s '
ii Hot Straam Temperaturs w 1100 - 1300K '
] Coolant Jet Velocity =~ 30 - 100 m/s | :
..; Thot/T‘m - 2 . 2 - 4 . 3 ‘f ‘
v Uj“t/uhot - 008 - 2.5 ’
g Annulus Velocity w 20 = 45 n/s Y
41 1 ,-
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Annulus air temperatures were measured by two rows of thermo-
couples, inline and in-between the orifices, starting 1.91 mm
(one slot height) downstream from the lip. Each row consisted
of 11 chrome/alumel {CA) thermocouples of 1.02 mm diameter.
The axial locations of the annulus air thermocouples, as
measured from the cooling-slot lip, are listed in.Table 2,

The annulus air temperature was maintained close to ambient

s0o as to minimize the heat loss to the surroundings.

The initial internal velocity and temperature profiles were
measured at 3,8l mm downatream from the lip. Velocity was
calculated by taking P, traverses and using a wall statio tap.
A Kiel probe was used for measuring the Pt pxofile. Internal
temparaturs profiles were measured by a CA thermocouple rake,
which had two degrees of freedom (along the axial and circum-
ferantial directions). The rake was mounted on a 2,54 cm diam=
eter water/air cooled shaft opsrated by an actuator shown in
Figure 10, This actuator, operated by a 24~volt d¢ motor, can
traverse an axial distance of 30.5 ¢m, with an angular aweep of
180 degrees.

The slave combustor-discharge temperature profile was quite
acceptable, with a pattern factor of 0.08, at a combuastor
temperature rise of 1068K. Figures 1l and 12 show the rig setup
in thé combustion test cell. The same rig was modifiad to
conduct other element tests as deacribed in Sections IV.B through
IV.G.

2. Performance of Conventional Film/Convection Cooling Scheme

The performance of a typical cooling film band, shown
in Pigure 13, was measured at the diffurent flow conditions
given in Table 2. The cooling band has 60 aqually-spaced
orificen of 2.31 mm diameter, giving a total geometric area of
%2 mmz. The slot height is 1.91 mm, and the corresponding

slot open area~to-orifices area ratio is 2.90. The orifice

— -
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4 gtation No, axial Distance, mnm .\
\ K 1 1-91 .;
p ! 2 5.72 g
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gpacing, based upon the can diameter of 12.66 cm, is 2.87 hole
diameters., The cooling-band lip is located 6.86 mm downstream
from the center of the metering orifices, giving an axial length
of 3 diameters for the impinging jets to spread before exiting

_the impingement plate. The lip thickness is 0.53 times the slot

height. Twenty two CA thermocouples were ﬁack walded to the
liner wall and covered by a nichrome strip to minimize convection
heat loss from the junction. ' The thermocouples were placed
inline and in-between the metering orifices, shown in Figure 13,
covering. a toral distance of 762 mm downstream from the lip, or
approximately 40 slot heightas. Thus wall-temperature measure-
ments were made for the region of interest in a typical com-
bustor liner,

Table 3 tabulates the test conditions for which the
liner wall-temperature measurements were made. The hot-stream
flow conditions including density and velocity were maintained
relatively conatant, as shown in the table. The test-section
pressure was varied independently, thus setting pressure drop
acrosg the cooling orifices from 0.81 to 5.88 percent of the
test-=gection pressure (identified here as annulus pressure).
The corresponding jet velocity ratios varied from 0.86 to 2.37.
The annulus air velocity was kept around 20 m/s. The parameters
of ganeral interest are listed such as the ratios cf density,
velocity, mass vélocity, and momentum. It can be seen that the
measurenants were made over a wide range of parameters for the
density ratio normally encountered in the primary zone of gas
turbine combustors,

Figures 14 and 15 give the measured wall temperaturaes along
planes inline and in-between the metering holeg for all five sets
of deta. The figures also show the fluctuations in wall-
temperature values, as obtained over more than 10 scans of
intornal-profile measurements. Table 4 presents the measured
data in terms of "film effectiveness" defined as:
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;. TABLE 3. TEST COWDITIONS FOR CONVENTIONAL FILM COOLING. .“- g
4 s
5 i
. get-1 Set-2 Set-3 Set-4  Set-3 ‘3 -
7 ; Hot Stream .;"
| % Adrflow, ka/s 1.412 1.417 1.417 1.411 1.414 | ¢
F . Temperature, K 1270 1270 1270 1270 1270 -
b Pressure, kPa 974 976 976 977 976 |
S velocity, m/s 43.4 43.5  43.5 43.3 434 -
_ [, Cold Stream 3
{. . Orifice pressure drop, k
1 Cooling Alrflow, kg/s 0.0853 0.1225 0.1562 0.1998 0.2368 |
b Temperature, K 295 293 293 295 295 3
Annulus Velocity, m/s 22.9 22.0 21.4 20.7 20.1 ;—
: ' Parumeters ’ﬂ
% Pgror/Pyor 4.30 4.33  4.3¢ 431 4.3 ﬂ
Ay . £ [ i
‘\ 2jet OT 3
3 ‘ uslot/uhot 0.296 0.420 0.536 0.693 0.819 3
4 ! i
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TABLE 4,

MEASURED "FILM EFFECTIVENESS"

FILM COOLING SCHEME,

Inline with Cooling Orifice

OF CONVENTIONAL

b e - Pt S ST e S

Film Effectivensss, n,
Axial Dist,

Lg{c X/s Set 1| Set 2| Set 3| 56t 4] Set 8
) 1.0 0.968 | 0.971] 0,974 | 0,981 | 0.987
2 3.0 0,965 | 0,966 | 0.968 | 0.972 | 0.976
3 6.0 0.935 1 0.939| 0.944 | 0.949 | 0.952
4 9.0 0.924 | 0,933 0.940 | 0.948 | 0.953
5 12.0 0.898 [ 0.916 | 0.926 | 0,937 | 0.944
6 15.0 0.897 [ 0.918 | 0.927 | 0,939 | 0.947
? 20.0 0.B9) | 0,915 ) 0,925 | 0.937 | 0.946
8 25.0 0.896 {0.919]0.920 | 0,941 | 0,950
9 30.0 0,873 | 0,902 0.914 | 0.927 | 0.937
10 35.0 0.6871 ]0.899 | 0,912 ] 0.926 | 0.936

11 40.0 0,861 | 0.6889 | 0,908 | 0.919| 0,930
In-Between Cooling Orificves
Film Effectiveness, ne
Axial Dist,

/¢ X/8 Set 1| Set 2] et 3 | Set 4 | Set &
12 1.0 0.966 | 0.976 | 0.984 | 0.994 | 0,997
13 3,0 0.958 ) 0.965 | 0.974 | 0.984 | 0.987
14 6.0 0.935 | 0.946 | 0,957 |0.967 } 0.967
15 9.0 0.913] 0,931 | 0.944 | 0.955 | 0.958
16 12.0 0.917 ] 0.938 ] 0.951 |0.962 | 0.964
17 15.0 0.896 {0,924 ] 0.940 | 0.953 | 0.9%6
18 20.0 0.884 | 0,918 | 0.934 | 0.950 | 0,9%2
19 25.0 0.860 | 0,915 [ 0.933 | 0,949 | 0.952
20 30.0 0,867 ) 0.904 | 0.924 | 0,941 | 0.945
al 3%.0 0.667 | 0,903 | 0.923 |0.939 ) 0.944
22 40.0 0.87310.907 | 0,926 |0.941 | 0.944
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It was observed that the Np variation between the two
8-planes is quite small, and that the cooling jets had picked
up heat from the splash plate to give effactiveness less than
1.0 at the first axial station (located one slot downstream
from the lip). 1In order to facilitate a comparison with

other researchers, it was therefore assumed that the cooling=-£ilm

temperature at the lip exhaust is equal to the wall temperature
at § = 1.00

The modified film-effectiveneas data for the plane in line
with the orifice ia presented in Figure 1l6. The annulus air-
temperature rise over the test-section length of 76 mm was
approximately 5K for Set~l, and approximately 0 for Set=5,

indicating that the system was close to the adiabatic assumption,

Nevertheless, the main objective of the liner-cooling tests was
to show relative comparison between the various cooling schames,
followed by a can-combustor demonstration of the most promising
schemes, as summarized in Section IV.A.F, Consequently, small
errors in measured film effectiveness due to nonadiabacity of
the system was not considered so critical.

The measured data (Figure 16) illustrates the effect of
slot-to-main velocity ratio on the performance of the conven=
tional film-cooling scheme. The film effectiveness for the
smallest velocity ratio of 0.296 decreases to 0.89 at 40
slot distance downatream from the lip. Aa the velocity ratio
increases, the film effectiveness improves, giving 0.94 at a
velocity ratio of 0,819. Burns and Stollery reported only a
limited amount of impervious film-effoctiveness data for' the
region close to the lip (Figure 16) for a velocity ratio of
unity. Their data is comparable to the measurements of this
program.

Design correlations for clean, 2-D cooling slots in low-
turbulence levels and low-temperature-difference applications

S e B
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are tvell established, shown in Figure 17 (taken from
Goldsteinls). The correlating parameter X/S M Resl/4 has not
been verified for the region less than 2 due to the lack of data.
The present data is plotted in Figure 18, indicating the applic-
ability of the cocrelation with practical cooling geometries,
with typical parameters of interest to a combustion engineer,

3. Performance of Impingement Film/Convection-Cooling Scheme

An impingement film-cooling scheme is a simple extension
of a conventional film-cooling scheme in that a longer impinge-
ment plate is used. The splash-plate cooling is acocomplished
by the impinging rows of jets. Therefore, the temperature of
the cooling £ilm exiting the lip is generally higher than that
of a conventional cooling f£ilm, with attendent loss in the film
effectiveness of the former scheme. The objectivas of the test
series vere to document the degradation in the film effectivenesa
downstrcam from the lip, compared to conventional film, and

to make limited wall-temperature measurements of the splash
plate.

A simple impingement-£film configuration was selected, as
shown in Figure 19. The splash plate was similar to that of
the conventional film except for length. The lip ims located
22,1 mn from the center of the first row of orifices, com-
pared to 6.46 mm for the film-cooling geometry. It has three
staggerod orifice rows, as shown, consisting of a total of 180
holes of 1,24 mm, with circumferential spacing of 5.3%5 mm hole
diameters, and axial spacing of 6.71 mm diameters. The total
geometric area of 219 mm2 is alightly less than that of the

film-cooling band 252 mmz. The slot-to=-orifice area ratio ias
3.33 mm.

16boldltoin, R.J., "Pilm Cooling," Advances in Heat Transfer
V. 7 (1971).
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The wall temperatures downstream of the lip were measured
by 22 CA thermocouples, similar to those used in the conven=-
tional film, Five thermocouples of 0.5 mm diameter were
weldad on the inside of the splash plate, as shown in Figure 19
(numberaed 23 through 27), to measure wall temperatures directly

‘under the radial jets, and at two axial stations in between tha

three rows. Data on wall temperatures was taken fox the test
conditions listed in Table 5. Twelve sets of data were taken
with the slot-to=main stream velocity ratios varying from 0,27
to 0.90, and the donsity ratio varying from 1.8 to 4.3.

Figure 20 showa a typical wall temperature of the splash
plate an a function of axial distance from the center of the
first row of orifives, with orifice pressure drop and denaity
ratio as parameters. The wall-temparature levels follow a saw-
tooth profile, and there is & decrease in wall temperatures
with an increase in pressure drop. The effectiveness defined
in a manner similar to film effectiveness is comparable to the
performance of a typical cooling slot at approximately 40 slot-
heights downstream from the lip, as shown in Table 3, The
corresponding performance of the cooling f£ilm exiting from the
slot is shown in Figure 21.

As shown by PFigure 21 the film effectiveness of the
impingement/film configuration in the region ciownstream from
the lip is lower than that of the conventional film (Table 3),
This can be explained partly by observing that the £ilm teampera-
ture at the lip is slightly higher with the impingement confiy-
uration, Tha modified film-effaectivenass variation with X/s
is shown in Figure 22 by amsuming that the film temperature at
the lip is equal to wall temperature at § = 1,0,

The performance of both films is comparable, as infmrred
from Figures 16 and 22, although the impingemant/film is mslightly
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; inferior., However, a total distance of 9.83 cm is being pro~

tected by the impingemert/film, as compared to 8.31 c¢m with the
conventional f£ilm configuration--which in turn reduces the cool-~

E ing air requirement per unit surface area by approximately 15

i percent. Another advantage of the impingement/film configura=-

, ‘ tion is that the entrainment of the mooler film air by the main
combustion air is delayed as compared to the conventional f£ilm, *
thus minimizing wall quenching with attendent imprdvement in

f; idle efficiency.

g The perfoxmance of the scheme for density ratiocs egual to
.# 1.82 and 2.65 at low liner~pressure drop, typical of AiResearch
‘[ reverse-£flow annular combustors, is shown in Figure 23. The

g ; film effectiveness ia significantly lowered, as expected,
' Finally, Figure 24 gives a design~correlation plot for the £ilm
effectivenaess of the impingement/film configuration as a funcw

tion of the film-corrslating parameter, X/MS (%F Res)o'zs.
HOT
This figure can be compared with Figure 18 for the conventional

film-cooling band performance. For obtaining comparable

A i performance with both cooling concepts, approximately 3 percent
more cooling air weuld be required with the impingement/film
configuration, 8Since the surface area covered by the impingement/
£ilm band was l5-percent larger than the conventional £ilm, the
net reduction in the cooling-air requirement would be approxi-
mately 12 percent,

- o5~ e
A i

4, Performance of Conventional Film/Extended Surface Convection
Cooling Scheme

- e, Pt et o et e

The conventional film test section was modified to install
3 : an extended-surface geometry, as shown in Figure 25. “he
: extended-surface configuration consisted of sguare fins of
1.57 mm height and width machined with center-to-center spacing
of 5.08 mm, or 3.24 times the fin height. The fin is located
4.11 cm downstream from cooling holes, or 17.9 slot~heights
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dovmstrean from the lip of the splaah plate. Consequently, this
part of the test section was protected by the cooling £ilm, The
presence of the fins increased the cold-gside heat transfer,

This was due to an increase in the turbulence level caused by
tripping the boundary layer, and also by the inorease in surface
area by approximately 63 percent. Consecuently, the deteriora-
tion in the film effectivencas beyond 17.9 slot-heights is com-
pensated by the enhanced cold-side heat~transfer process.

The test section wall-tomperature msasurements were made
for different orifice pressure drops and density ratios, as
listed in Table 6. Figure 26 shows the measured film effective-
ness with density and velocity ratios as parameters, The
extended-purface geomatry performance at 50 slots downstream
from the lip was comparable to that of the conventional f£ilm at
é = 40, as shown in Table 3. This means that the cooling air
requirement with the advanced scheme is reduced by approximatsly
20 percont,

5. Performance of Coarsa=Pore Transpiration Cooling Schema.

A coarse-pore transpiration cooling scheme, as shown in
Figure 27, was experimentally studied at the test conditions
listed in Table 7. The gaometry consisted of eight staggered
rows of 0.83~mm diameter orifices. Each row consints of 60
equally-spaced holes around the can of 26.66 cm diameter giving
center-to=center spacing of 8 mm hole diameters. The axial
spacing of the rows is 6.65 mm or 8.01 mm hole diameters, as
shown in Figure 27, The total geometric area of the holus ia
257 mmz, as compared to 252 mm2 of the conventional film-cooling
scheme,

Thirty-=two fine CA thermocouples of 0.5l-mm diameter
were tackwelded as shown in Figure 27, The thermocouples
numbersd 1 through 10 ware placed in line with one of the orifices
of the firat row, whereas numbers 23 through 32 lay along a line

.
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{ * TABLE 7. TEST CONDITIONS FOR COARSE-PORE TRANSPIRATION

] COOLING SCHEME.
1 Parametera Set~l Bet-2 Set-3 Set-4 Set~5 SZet-6
| Hot Btrean 3
o Airflow, kg/s 1,424 1.414 1,415 1.413 1.417 1.416 3
b Temperature, K 1270 1270 1270 1270 1270 1270 { |
. Pressure, kPa 977 8717 917 917 976 976 ' :
| Velocity, m/s 3.4 43,3 434 433 435 434 \ X
4 Cold Btream t ;
B Pressure Drop, § 0.91 1.93  2.74 4.66  6.35 9.07 ] 1
b Cooling Airflow, kg/s 0.0938 0.1375 0.1639 0.2171 0.2565 0,3124 ! 3
g | Temperature, KX 293 293 295 292 289 287 ! .
| Annulus Velooity, m/s 22,5 21,7  2l.4 20,2  19.4 18.2 5 4
. Parameters i
1 Psror’ Puor 434 4.33 4,30 4.35  4.39  4.42 k !
i V4et/VHor 0.91 1.33 1,60 2,10  2.44 2.96 | g’
; (V) yat/ (V) youp 3.93  5.77  6.87 9.11  10.74 13.09 { =
! (pvz)j,t/tpu Yo 3.57  7.67 10,97 19,10 26.28% 38.71 l 3
| Math "/ (pU) yor 0.0436 0,0639 0.0762 0,101 0,119 1,14% 3
[} m" = Cooliny flow rate based upon the test section : :
: € length of 4,66 cm. }
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in between the orifices. Figure 28 shows typical wall tempera-
tures measured along lines A and B marked cn Figure 27. There
are only minor differences in the overall performance along both
linee. Figure 29 shows the computed film eftfectiveness versus
X/d along line A, with orifica—praalure'drop as A parameter, 0

: increased with § due to addition of cooling air from different

rows. The increase in p continues approximately 10 orifice
diameters beyond the last row of holes, as shown in Figure 29,
However, bsyond that, :hevo is exhibited a decrease in Npe

\ Thare ipo an increase ii g with increasing AP and attendent
1}
9 -——-; c
blowing parameter (pnoé-UE;:) up to 2.74 percent, beyond which
the jets overpenetrate with resulting lous in Np+

r

o T
e s

& Recently LoBrooq}7 et al,, raported their experimental data

on a coarse=pore transpiration-cooling geometry comprised of
1.59 mm diamater orifices drilled in a flat plate at a 8 hole
diameter spacing. Figure 30 shows typical results or the
lnparvious wall effectivencss as a function of the blowing
parameter (M) with density ratio as a parameter. With freon
(py/Pe = 4.23), the maximum effectiveness was obtained at
Mw0.0625, us compared to M=0.0762 in the present study. The
variation of o with X is also given in Figure 30, showing an _
. increase in o with X, similar to that measured in the prasant ‘
l study.
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The limited amount of measured data on the coarse-pore j i
transpiration configuration indicated that the schemec ic quite :
suitable with a low-pressure drop combustion system up to a
momentum ratio of around 1ll. However, the performance is quite
inferior compared to other schemas inveatlgataead. Its use
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‘ I’Leurooq, P.V., B.E. Launder, and C.H. Priddin, "Discreta Hole
Injection as a Means of Tranmpiration Cooling; An Experimental
“ Study," Proceeding Instn. Mech. Engrs., 1973.
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therefore, should be limited to local cooling of potential hot
spots, such as behind the igniter and the fuel-nozzle grommets,
or where geometrical constraints make other more efficient
cooling concepts less desirable.

6. Relative Comparison of Cooling Schemes

The performance of the four cooling schemes was investigated
under a nonreacting flow environment with the temperature ratio
varying over the range of interest in gas turbine combustors.

The results have been presented in the previous four sections.
FPigure 31 shows a relative uomparison of the four cooling schemes
at low-to~moderate pressure drops for a 4.34 temperature ratio,
which is typically encountered in the combustor primary zone.
Based upon the measurements, the.best cooling scheme appeared

to be film/extended-gurface geometry. The second best was

the impingement £ilm configuration., Three combustor cana were
fabricated to compare the performance of the following schemes,
deduced from the temperature-sensitive paint:

® Conventional £ilm
° Impingement/Film
® Conventional film/extended surface

Figure 32 gives wall~temperature characteristics and a
description of the important geometric details of a can combustor
that employed a conventional cooling band. The recirculation
zone is establiahed by primary jets and dome louver air that
enters the combustor with 90-degree swirl angle. The cooling=-
glot height is approximately 2 mm, The lip of the slot extends
6.4 mm beyond the center of the cooling air holes. Cooling air
for tha primary and intermediate panels meters through 30 ori-
fices of 4.4~ and 4.8-mm diameter, respectively, wlith the corres-
ponding circumferential spacing of 3 and 2.8 mm hole diameters.
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Figure 31. Comparison of the Four Cooling Schemes in
Norireacting Flow Fields.
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E This insured a relatively uniform £ilm exiting the lip. The

: center-to=-cunter distances for the first and second cooling=film
bands are 7.14 and 8.22 cm, respectively, which corresponds to
35 and 41 mm slot heights. The computed cooling-airflow rate

) : for both the primary and secondary panels was 0.58 g/s cmz,

L ' which corresponds to a typical cooling flow=-rate requirement for

a can combustor with inlet pressure squal to 10 atmespheres.

R o i
T Reressie R i e

G ot

| A typical temperature-sensitive paint run of the can combus-
' tor with conventional cooling ascheme is shown in Figure 32 for a
combustor inlet pressure and temperature of 10 atmospheres and
622 K, respectively. The maximum wall-temperaturna levels of
1172 K cbtained at a combustor-exit tempsrature of 1422 X was
considered to be high for a long=life c¢.mbustor.

h
i
A
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The combustor was modified to incorporate an extended
surface geometry, as shown in Figure 33. Four fins of 1.57
mm height and 1.57 mm width were machined atarting 38.1 mm
downstream from the first cooling orificves. The centar-
to=center spacing of the fins was 5.1 mm, Similarly, 10 fins
were machined for the secondary panel as shown. Because of the
fine, the surface area increased locally by approximately 63
i percent with an attendent increase in local heat-transfer coeffi-
cient. Conseguently, the resultant hot spot was reduced by
approximately 478 K compared to the conventional film-ccoling
L configuration.
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Figure 34 shows a typical thermal paint run on a can
combustor that used an impingement/film cooling configuration,
A total of 240 holes of 1,57 mm diamoter were drilled, as
shown, forming a four-row staggered arrangement. The splash N
plate with 2 mm height was welded with the lip extending 6.4
mm beyond the last row., The same orifice size and arrangement
was used for the secondary panel also., This resulted in
approximately & lS5-percent reduction in the cooling-flow rate
) for the mecoridary panel, compared to the baseline Zcubustor
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Figure 33. Wall Temperature Characteristics of
Film/Extended Surface Cooling Scheme.
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(PFigure 31). Hot spots of the impingement/film configuration
reduced to 1089 K as compared to 1172 K obtained with the
conventional £ilm can.

B. Jet Mixing

In advuanced, high-temperature-rise, small combustors, a
small fraction of the combustor air is available for dilution
and trimming of the exhaust-temperature profile. Measuremants
were therefore made to study mixing characteristics of impinging
dilution jets in a can test section of 12.6 om diameter. A
slave combustor (shown in Figure 9), supplied the air for
the test section at a relatively constant temperature of 1200 K.
The dilution jet air temperature was maintainad at approximately
300 K. A number of orifive arrangements were studied, as listed
in Table 8, Internal~temperature profiles were measured by a
10~-thermocouple rake which had 2 degrees-~of~freedom along longi-
tudinal and circumferential directions.

The orifice configurations were selaected to allow a rela=~
tively wide ranga of circumferential spacing between the orifices.
The geomaetrical apacing to the orifice diameter ratio was varied
from 8.3 to 20.3. In order to facilitate a comparison with the
data of Holdeman and Walker18 on the mixing of multiple jats into
a heated cross flow in rectangular test sectionas, the effeoctive
spacing of the jJet was defined based upon the same equivalent
cross-atream flow area per jet in a rectangular test section
of height R, where R is the can radius; i.e.,

ﬂR2

Sppp R ® 5

Realizing that the circumferential apamcing between n

orifices on a can is given by SapoM ™ 27R/n, Sgpp is simply
half of the 8

Igholdeman, J.D., and R.E. Walker, "An Empirical Model for the

Mixing of a Row of Dilution Jets with a Confined Crosaflow,"
AIAA Paper 76-48,
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|13
TABLE 8. MIXING CHARACTERISTICS OF IMPINGING JETS, n .
: % 1
: IMPINGING JET CONFIGURATIONS R/D (S/D)GEOM (S/D)EFF .
] |
y =~ 2 Opposed Plunged Orifices i
] of 9.8 mn 6.5 20,3 10.15 > 3
' - 4 Opposed Plunged Orifices é
of 9.8 mm 6.5 10,15 5,07 P
¢ - 6 Opposed Orifices of 8.0 mm 7.9 8.3 4.14 . {
5 Single Row /
: i [
? Two rows Inline Separated by AX = 42,4 mm = 5,3D {_ :
ﬁ' Two rowa Staggered Separd%ad by AX w 42,4 mm =~ 5,3D { 3
b ' 4
\ 3 i
! RANGE OF FLOW PARAMETERS 5 '
L ]
: -~ Pressure = 10 ATM : ,
\ - Orifice Pressure Drop = 1 -~ 10 Percent 4
! : ~
{ Tior & 1200K
i 3
Tany = 300K 1
b
Uyop ® 40 /8 }
Vygp ™ 40 - 150 M/s |
.: (p '! v l)z hd K \
! JET MOMENTUM RATIO 2- 4 - 60 ) )
: | ProT Uuom‘) |
¢ | '
| i
i L 3
| Lo
| ]
a ; ]
‘ll ‘;
1 3
‘5‘ }
] 104 |
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The six-orifice configuration gave effective spacing cf
4.14D, Thia configuration was more thoroughly studied by
measuring the mixing characteriastics of single row and two rows
axially separated by 4.22 cm. Both inline and staggered con=-
figurations were investigated and a typical conmparison is
shown in Fiqures 35 and 36, The hot stream and initial jet
velocites and deonsity, as listed for both configurations, were
slightly different, with the resulting jet momentun ratios being
13.5 and 11,1, respectively, for the staggered and inline jets
of the first rows. No appreciable difference betwoen the jets
is avident in the region upstream of the second row, The
measured data shows the splitting of tha core of the jets into
two separate vortices (regions of minimum temperature) at 3.53
to 4.95 P) downdtream from the first row in casa of the staggered
configuration. On the other hand, it happens between 2.48 and
3,80 Dj for the inline rowa., The aspreading of the inline jet
appears to be slightly more than that of the staggered jet. The
mixing characteristics are quite different for both geometries
in the region downatream from the second row, as shown in Figure
36, which is located at % = 5.9, The jet penaetration slightly
downstream f£rom the second row is relatively more with the
inline configuration due in part to the low pressure ragion
creatad by the first jet. The inline jet further strengthens
the first jet; whereas in the staggered confiiguration the mixing
region is establishaed in the region previously occupied by the
first jet. The aspreading of the jets with attendent uniformity
in the cirocumferential direction 18 more pronounced with the
staggered jets; however an increased penetration is obtained
with the inline configuration of dilution rows.

The measurements for different jet configurations are aum-
marized in Sections 1IV,.B.l through IV.B.4,
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1. Mixing Characteristics of Two Opposing Jets

Mixing characteristics of the jets emanating from two
diametrically opposed plunged orifices were studied for a
range of pressure drops from 1.16= to 1l2.04~percent, as listed
in Table 9., The corresponding mass-velocity ratio varied from
4.53 to 15.28, with attendent range of jet-momentum ratio from
4.74 to 60.46.

The jet penetration, centerline temperature, and the jet
half-widths, reduced from the data in line with the center of
the orifice, dre shown in Figurae 37. Here jet penetration ia
defined as radial distance of the jet centerline from the test-
section wall. The maximum possible jet penetration of the
oppoaing jets can be equal to the ‘can radius (R) of 6.33 cm.
The jet half-width im defined by the following equation:

2

where AJ1/2 is the jet half-area measured at an axial distance

X downstream from the dilution orifice.: The tinimum jet tempera-

ture T o is presented by the normalized temperature Bco
defined as

where: Tj = Initial jot temperature at X = 0,

A number of empirical correlations have been proposed by
different researchers for predicting the mixing characteristics
of unbounded jets. lowever only a limited number of investiga-
tions have been conducted on jetas in a confined streamla. An
effort was therefore made to correlate the present data with
both original and slightly modified relations developed by

Holdeman and Walker. The modified Holdeman coralations over-
111
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{ TABLE 9. TEST CONDITIONS OF TWO-OPPOSING JETS.

Parameters Set-1 Set-2 Set-3 Set~4 Set-5

Hot Stream

Alrflow, kg/s 1.40 1.37 1.41 1.40  1.41 .
‘ Temperature, K 1247 1268 1221 1184 1113
Pressure, KkPa 978 1016 975 977 974
| Velocity, m/s 42.19  40.50  41.68  40.03  38.12 : 1
g | Dilution Jet j ﬁ
P Pressure drop, 8  1.16 2.24 5.16 8.07 12.04 | f
R Temperature, K 289 290 289 288 288 ! 3
| oy kg/n3 11.74 12,15  11.70 11,77 11.73 \ }
1 |
g. Vi m/s 44.23  61.92 95.20  120.7 150.8 3
§ ; Parameters |
3 ' .
e (0v?) 4/ 00%) yon 4.74 10,22 22.04  17.38  60.46

Ray X 103 2.01 2.9l 4.31 5.49  6.84 =
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predicted the jet penetration. The ~greement with the jet
centerline temperature and half width was generally poor.
Development of a new met of empirical relations was considered
beyond the scope of the present program, and therefore was not
puraued. However, an extensive comparison between the 3~D model
predlctiona and measurements was made for all of the jet mixing
cases, as summarized in Section VB. The agreement was reasonably
good.

2. Mixing Characteristics of Four Opposing Jets

Internal temperature measurements were made for a four-
opposing plunged orifice configuration with different jet-to-
crogs~stream momantum ratios as listed in Table 10. The orifice
diameter of 9,8 mm was equal to that of the two-opposing jet
configuration reported in the pravious section.

The reduced data on the centerline jet trajectory, jet
half-width, and the centerline temperature versus axial distance
from tha orifice center is shown in Figure 38. This data can be
directly compared with that of the two-opposing jets to discern
the differences between the mixing characteristics of two- and
four-opposing jets. An in~depth comparimson is given in Section
IV.B.6, where mixing characteristics of differant oxrifice config-
urations are summarized.

The jet penetrated approximately up to 2 Dj at the lowest
momentum ratioc of 2.88, which increased to 4.5 when J = 11.9,
As J was increased to 20.89 the asymptotic jet penetration did
not increase, although the slope of the jet trajectory was con=-
siderably increased. Further increase in J to 41.84 and 65.14
brought significant change in the shapes of the isothermal linea
in the region beyond a 2 Dj downstream from the jet origin, as
shown in Figure 239,
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A TABLE 10, TEST CONDITIONS OF FOUR OPPOSING JETS. h

j Parameters Set-1  Set-2 Set-3  Set-4 Set-5
] Hot Stream
‘ ! { K
L, Airflow, Kg/s 1.39 1.42 1.41  1.40  1.42 1
| i Temperature, K 1135 1138 1097 1085 1017 ' '
b Pressure, kPa 977 973 975 975 973 ]
§ Velocity, m/s 39.95  39.37  37.54  36.82 35,08 i
E Dilution Jet | 4
B Pressure drop, § 0.67 2.73 4.45 8.32 12,03 i
b Tempytat are, K 292 289 289 288 287 | i
\ Pyo ky/m’ 11,61 11,67  11.71 11,75 11.76 g
. { -
/I vy n/8 33.68  68.45 88.08  122.7 150.4 i
A { Parameters ,
| (PV) 4/ (PV) o 3,421 6.846 8.90  12.55 15.19
S 2 2 .
. (PV*) 4/ (PU%) 2.88 11.9 20,89 41.83 65,14
. 370 Mo
Q Re, x 10 1.51 3.09 3.99 5.57  6.84
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b Figure 39 (a) presents the measured isothermal plots at %—
] = 1.16 as affected by the jet momentum ratio, J = 20.89 (Jet j3),
J = 41,03 (Jet 4) and J = 65.14 (Jet 5). The jet shapes are
relatively similar with discernable jet cores. However, at

%~ = 2,02, the profiles are quite different., Jet 3 maintains | L

a relatively intact shape. Jet 4 is about to break, whereas

the decay of Jet 5 has already begun. Jat 3 development »
continues at %— = 3,173 it has not penetrated up to the center=-

) line of the combustor. In the casa of other jets, the minimum ; {
4 temperature is near the centerline, although the jets have !
already broken. Consequently, with high jet-~momentum ratlos, the : ¥
conventional jet correlations for trajectory and mixing rate are [
! ugeful only for a relatively small axial distance downstream from
g{ the jet origin. There does not exist any simple correlation for
i{ pradioting the mixing rates in the region downstream from the

i jet breakup., Howevar, the 3~D combustor performance model can

B be used for correlating the jot-mixing data in all of the regions
! of intereat including jet development, jet decay, and mixing
region. This comparison is presented in Section V.B,
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1 ; 3. Mixing Characteristics of 8ix-Opposing Jets

—— ST el o T

Internal temperature profiles were mnasured for a 6-flush- b

3 orifine configuration at different test conditions, as listed in \ {
‘ Table 11. The reduced data on jet trajectory, je* half=width, '
' and jet centerline temperature is presented in Figure 40, Like
in the four-opposing jat case, there was no increase in jet
penetration with jetemomentum ratios higher than 41, Similarly, v o
there is a negligible increase in the jet half-width beyond !

J = 41.




: TABLE 11,

TEST CONDITIONS OF SIX~OPPOSING JETS.

Parameters Set~1 Set-2 Set-3 Set-~4 Set-5
] ; Hot Stream
. e
] ' Temperature, K 1239 1204 1140 1072 1083
; Pressure, kPa 980 977 980 976 972
] t Velocity, m/s 41.36  41.06 38.59 36.51  37.25
3 Dilution Jet
] Pressure drop, $ 0.77 2.63 3.78 8.13  11.96
i : Temperature, K 294 292 290 289 289
f | Pys kg/m> 11.60  11.60 11.72 11.72  11.67
)
! Vyr m/s 36.24  67.03 81.04  121.5 150.4
h
; Paramelers
3 : (PV) 4/ (PU) o 3.69 6.73 8.26 12,34 15,13
! f 2 2
] (PV) 4/ (PU%) gou 3.23  10.99 17.34 41.06 61.08
| Ro; x 1073 1.33 2.46 3.00 4.50  5.54
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4. Mixing Characteristics of Inline and Staggered Rows of

Six Opposing Jets

[ s B T R

_ The mixing characteristics of the two rows of six-opposing
*ﬁ i jets emanating from flush orifices were studied for both inline
and staqggered configurations. The test conditions for inline and
staggered arrangement are presented in Tables 12 and 13,

- respectively. A typlcal comparison for the jet development,
decay, and mixing characteristics of both configuratinns was
previously presented in Figures 35 and 36.

— i - a

] The reduced data on the jet penetration, jet half-width, and | 4
B jet centerline temperature for both the first and the second
Q jets for the inline configuration is presented in Figure 41,
i The corresponding data for the staggered-row geometry, where the »
'ﬁ second~row jets lie in between the first-row jets, iy shown in ? i
ﬂ Figure 42. '

- In the case of the inline configuration (Figure 41), the jet ] 5
. penetration and half width of the second-row jets were more than
3 that of the first-row jets, due in part to a low-pressure region |
created by the latter. It should be noted that the second row

3 - was located 5.9 D, downstream from the firet row. The jet-
y;  centerline temperature was higher for the second row than !
fur the first-row jets. The results for the staggered geometry
were quite different as shown in Figure 42. For the lowest
jet-=momentum ratio case (J=4.3), the penetration and mixiny rate , i
(Dw/Dj) of the second jet were slightly higher than for the é
, first jet, At higher jet-momentum ratios, the trend was opposite ; 3
& f to that of the inline. The higher veloocicy region created by k
é the first jet, in the region in between tiie jets, resulted in
} reducing the penetration of the second jet. Some reduction in ' B
E the second jet penetration was expected since a slightly higher S
@ through-flow was passing across the jet. This implies that if é
! \ the crogs-stream flow rates were equal for both the first and
|

i

’l




4 TABLE 12, TEST CONDITIONS OF TWO ROWS OF INLINE

»§‘ SIX~OPPOSING JETS,

Set-=1

Cat~2

Set-3

ﬁ Parameters

|d ;

> Hot Stream
Aixflow, kg/s

Temperature, K
g Pressure, kPa
R’ Velocity, m/s

Dilution Jet

i A Pressure drop, %
Temparature, X

ki
pj, kg/m”

Rt e Tt e e | e

f Vi m/s

ﬁ Parameters

' ;

i {

y (0v?)y/ (pU?) om

- : Rej X 10-5

‘

4,

.
S

-

¥

K .

."

. W

N )’:

. "

1 '

A )

ERTREAR O i L

1,41
1177
974
40,34

0‘88
288

11.73
38,31

3.88

3.69

l1.42

122

1.40
1150
977
39.12

2.61

288

11.76
66.70

6.81

11.61

2.48

1.41
1126
976
38.49

4.38
288

11.76
87.24

8.86
20.09

3.24

-xx“x._miiﬁﬁ}-;.xk—iiﬁéiw‘é&
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e
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TABLE 13. TEST CONDITIONS OF TWO ROWS OF STAGGERED
S1X-OPPOSING JETS.

e T e

{ Parameters Set~1 Set-2 Set~3 Set-4
3 Hot Stream
k . Airflow, kg/s 1.41  1.39 1,40  1.41
R !
" : Temperature, K 1166 1156 1126 1091
L f Pressure, kPa 975 977 979 976
i : Veloeity, m/s 40.02 38,95 38.25 37.30
E i
R \ Dilution Jet
! | Pressure drop, %  1.06 2,98  4.16 8,51
i . Temperature, K 289 289 288 289
N ﬁ pys kg/m® 11,70 11,73  11.78 11,72 1
E [ vy, m/s 42,3  71.58 84.99  124.,5 i
3 . '
g , 1)
4 ‘ Parameters 4
4 | i ;
% { 2 2 1
b i
; ! (V%) 4/ (U)o 4.51 13,52  19.3 42,08
i | Rey x 107° 1.56  2.65  3.16 4.6l I
; 3
{ s
g L
-': l ‘.
i i
i 1 23 | v‘z
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second row of jete, the penetration of the second jet would he
slightly higher than presented in Figures 41 and 42.

C. Can Combustor Cold-Flow Mapping

A can combustor, presented in Figure 43, was used for
cold-velocity mapping. The combustor has three cooling skirts
with slot height equal to approximately 2 mm., The discharge
face of the fuel nozzle was nearly flush with the conical dome
leading edge, i.e., 2.01 om from the top face giving a combustor
length of 39.5 om., Axial locations of each of the air-injection
points (measured from the face of the fuel nozzle) along with
orifice size and geometric area are given in Table 1l4.

Cold velocity traverses were taken at 21 stationsa; the
axial and circumferential locations are indicated in Figure 43,
Four traverpes were made in the primary zone, seven in the
intermediate zone and ten in the dilution zone. The symmetry
of the internal flow field around a primary jet and a dilution
jet waa checked at two axial stations, namely at X = 5,99 and
12.85 en,

Most of the velocity-measurement ports were fitted with
alignment grommets to minimize air leakage. A calibrated five-
hole pyramid (described below) passed through a tube seated on
the grormet seat in order to minimize air leakage across the
velocity port. The velocity ports not in use wera covered hy

plugs.

e+ gyt
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TABLE 14, COLD FLOW CAN COMBUSTOR GEOMETRICAL

DETAILS.
} Axial
1 Number of Orifice Geometr13 Distance,
3 Orifice Type Orifices Size, cm __Area, cm cm
gf Dome louvers 30 0.36 3.02 -
ﬁ Primary 6 1.12 5.89 9.09 .
, Dilution 6 1.42 9.53 17.21
Cooling slot 1lip
] No. 1 30 0.44 4.60 5.08 .
i No., 2 30 0.48 5.43 12.20
! No. 3 30 0.48 5,43 20.59

The combustor was installed in a test rig presented
previoualy in Figure 9. Air entered the test assembly plenum
through a baffle which had 40 orifices providing a l0-percent
i preasure drop at a design corrected flow rate of 0.2 kg/s.

' This baffle along with approximately 20 cm of settling length
was provided to achisve a relatively uniform annulus airflow
distribution.

. e~ e —— . . . _

A schematic of the five-hole pyramid probe for measuring
three velocity components, and static and total pressures is
ahown'in Figure 44. Calibration of the pyramid probe was obtained
on a flow rig, also presented in Figure 44. The probe yaw-angle
setting was obtained by installing the probe and the actuator on ;

a lathe bed, as shown. The probe was clamped in position where )

both of the yaw pressures were equal, The zero-yaw setting g }
| _
|

could be repeated within +0.5 degrees. The pitch-angle calibra-
tion was obtained by immersing the probe in the nozzle jet at a
known pitch angle. The data was recorded for avery S5-degree , '
interval over the range of =45 to +30 degrees pitch angle at )
different flow Mach numbers ranging from 0.04 to 0.3,
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An electronic micromanometer (Datametrics Barocel Electronic
Manometer No. 1173), which could accurately read the preasure
differential over the range 0.001 to 100 inch of water, was used
for recording the pressures,

The measured data was reduced and correlatud with the
following three parameters:

Pe=Py
e Total pressure parameter, PPl - g
PE-P
. Static pressure parameter, PP, = aw
PuPy
o Pitch parameter, PP3 - g
where: P, = true total pressure
PH = true static pressure
Pl = proba total praessure
pyaw = probe yaw (static) preasure

P,.=P, v pressure difference between upper and lower
pitch ports of the probe

q = true kinetic head.

All of the three parameters were found to be independent of
the Mach numbar over the range M=0.04 to 0.3. The data was best
fitted by polynominalas of differaent orders. Little reduction in
the mean square orrors of the parameters PP1 and sz was
obgerved beyond a sixth-order polynominal. On the other hand, a
fifth-order polynominal gave the best f£it for the PP, data. The
results along with the best-fit expresasions for one of the two
probes calibrated is prosented in Figure 45.

Throe isothermal (cold) flow-mapping tests were conducted
with the can combustor installed in the rig. A close~-up view of
the test setup and test conditions are presented in Figure 46,
Two probe stops, indicated as lower and upper stops in
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Figure 46, were provided ac that the probe would traverse a
prescribed length of 11,7 ¢m, whereas the combustor internal
diameter was 12.5 cm. When the probe was at its lowar stop, its
distance from the lower wall was 3.8 mm; similarly when at the
vnper stop, the distance from the upper wall waas 3.8 mm. These
atops were provided to avoid any structural damage to the probe.
The combustor-inlet pressure and temperature were neasured by
three total-pressure probes and two CA thermocouples. The probe
traverse of 1ll.7 om was made with an existing traversing mechan-
ism that provided an automatic yaw null. The transducer pressure
traces and yaw angle were recorded on Hewlett-Packard chart
recorders, Typical traces are shown in Figure 47. The top half
of the figure shows the variation of yaw angle (looking down on
the probe) and the difference in pressurea measured at the upper
and lower pitah holes. Note that the pressure fluctuations of
up to 100 om of water were measured indicating a high lavel of
flow=veloaity fluctuations. The probe total pressure (Pl) was
moeasured with respect to the combustor inlet pressure (Pa) in
order to eliminate any possible inlet line pressure fluctuations,
The yaw pressure was measured with respect to the prohe total
pressure. Fluctuations of up to 60 cm of water in the total
presgure and the probe kinetic heat (Pl'Pyaw) were obsarved.
These fluctuations ware greater than the combustor exit mean
kinetic head of 5.1 cm—Hzo corresponding to an airflow rate

of 1,367 kg/s. Consequently, it was quite diffiocult to make a
good estimate of time=-mean values of the probe output.

A computer program wag used to expedite the raw data raeduc-
tion. 8ince a large quantity of data was obtained, typical
axial-veloolty profiles are presented here as an illustration:
The rest of the data, along with the 3=-D model predictions, 1is
gshown in Section V.C. Figures 48 through 51 present axial-
vaelocity profiles for a total of 16 ports at test condition
No., 1.
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Figure 48 shows radial profiles of axial velocity at axial
Stations 1, 2, and 7 in the primary zone, and Station 8 which is
:! immediately downatream from the primary jet. At port No. 1
(approximately 1 om downstream from the lip of cooling slot No. 1
and 3 com upstream from the primary orifice, and lying in between
the primary jets) the measured recirculation height was approxi-
mately 4.5 cm or 0.72 of the can radius. There is some differ-~
ence batween the radial profiles on both sides of the can center-
line., Illowever, the small difference could be caused by:

(a) airflow distribution around the liner, (b) the blockage
caused by the 21 tubes/plugs through the outer annulus, and

(e¢) inaccuracy in calculating time-mean values. The results for
i ] port No. 7, which was lovated in line with a primary orifice,

'ﬁ 5 were similar to those of port No. 1. At this location, the

: probe could not be nulled at many of the radial stations., How-
ever, .it is interesting to note that the axial velocity near the
wall and the can centerline at port No, 7 were approximately
aqual to those of port No. 1, thus lending confidence to the
meaaurements. The measured recirculation=zone height at port
No. 2, which was located between primary orifices and 5 rm
uwpstrean of the primary orifice row, was approximately 4 om.

A slight reduction in the axial velocity near the wall may be
noticed as expected, The 1ecirculation zone was terminated by
the primary jets, as shown by measurements at port No. 8 5
located 1.3 cm downstreaam from the primary orifice. {
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The experimental data for port No. 3 (Figure 49) appear
to ba suspect in that the velocity peak near the wall, created
by the cooling £ilm, is not evident except by an isolated -
point (numbered l). This observation is further supported by [
. the data for port No, Y, where a velocity peak near the wall was

observed as axpected, A reduction in the cooling-film velooity
[ with axiul distance downstream from the lip is quite obvious, as
: shown for port No. 19. The data for port No. 4 appears suspect N
when compared with that of port No. 19,

SN el ey e s b et gt L CYR PRSPPI 71}




Although there waa more scatter in data for ports No. 12 ,
E and No., 20, as shown in Figure 50, a peak in the axial-velocity
profile (caused by the presence of the cooling film) is obvious,
¢ Further reductions in the peak value with axial diatance can be
g noted for ports No. 5 and No. 13. Other data for the dilution
zone is presented in Pigure 51, }

From a genaral reviaw of the data, it was concluded that

the data was valid; although some discrepancies were noted
i batween the data from the lower and upper halves of the combus- v 1
tor, These discrepancies are consistent, and can ba explained.
It is apparent that for highly turbulent recirculating flows, & '
measurement system should be utilized that minimizes flow-field |

distortion.
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D. Can Combustor Reacting Flow Mapping

A can combustor, presanted in Figure 52, was used for
mapping radial profilea of CO, coz, Nox' and HC at different ,
axial stations. The mapping was conducted with both gaseous
(natural gas) and liquid fuels (Jet=A). The can combustor was
mimilar to that used for cold-flow mabping, axcept for a fourth
cooling alot shown in Figure 52,
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USRS

A water/steam cooled stalnless ateel emission probe
(PFigure 53), with 10 individual radial points was designed and
fabricated under this program. Heated water at approximately
423 K and under presaure entered the emission probe., The water~ A
flow rate was adjusted to maintain the probe-hwad surface temper-
ature at approximately 423 K. A hot water/ condensing unit was
used for supplying the required hot water flow rate, and for
condensing the water/steam mixture exiting the smission probe.
A detailed thermal and stress analysis was conducted for the
enigsion probe to insure proper quenching of the sample and dura-
bility of the probe. The probe was succasssfully used for |
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! CAN RADIUS = 4.38 om ‘.
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: ALL DIMENSIONS IN CENTIMETERS [
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L

: REACTING FLOW CAN COMBUSTOR GEOMETRICAL DETAILS i

; NO. OF GEOMETRIC AXIAL DISTANCE ;

! ORIFICE TYPE ORIFICES S!ZE (em) AREA, cm? {om) !

DOME LOUVERS 30 0,36 3.02 - 3
PRIMARY a 112 5.89 9.09 »
DILUTION 6 142 0.83 171 1
COOLING SLOT LIP b
' # 30 0.44 46 8.08 ‘
"2 30 0.48 5.43 12.20 o
¥3 30 0.48 5.43 20.80 o
4 30 0.48 5.43 2067 '

o

Figure 52. Can Combustor for Reacting Flow Mapping.
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measuring emissions for all of the 13 teat conditions listed
in Tables 15 and 16 without incurring any structural deterior-

ation,

A natural gas nozzle with nozzle~exit diameter of 7.67 nn,
and an air-assist airblast nozzle, as presented in Figure 54,
were used for the can combustor mapping. The reduced data of
radial profiles at different axial stations is given in Appendix
A. A circumferential position of 0 degreas lies along a plane
midway hetween the primary jets, whereas an x-r plane in line
with the center of the primary jet is denoted by 30 degrees.
The axial distance is measured from the face of the nozzle that
was inatallod flush with the combustor dome. The unburned
hydrocarbons (expraeassed as C1.1:7 H4.254 for natural gas, and
G0 H19.20 for Jet-A), CO, and Nox are expressed as parts-per-
million (PPM) wet; whereas 002 is presonted as percent moloam of

the products.
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Figure 54. nNatural Gas Nozzle and Airblast Nozzle Used
for the Can Combustor Mapping.
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Radial profiles were measured at up to eight axial stations,
namely x = 6,0, 8.5, 10.4, 12.9, 15.4, 18.8, 21.3, and 26.2 cm,
Up to five circumferential stations were mapped to measure vari-
ations of the profiles along different x-y planes. It is wall
known that there is a measuremant error involved with perturbing
types of probes auch as used in the praesent atudy. Every effort
was made to minimiae the probe cross-dimension; however, the
measurement errors were expacted to be quite high in the primary
zone and near the liner wall, In addition, the errors in mea-
sured HC were the highest. Consequently, only limited mmasurea-
ments were taken upstream of the primary orifices,

Figure 55 showa typical HC radial profiles for the six
axial stations along two circumferential planes, inline and in-
between the primary jet. The pxowentod results are for Set=l
listed in Table 15. The radial profiles at # = 0 and 68 = 30

degrees at approximately 3 om upstream from the primaxry orifices

were relatively aimilar, and the peak is close to the can com=-
bustor centerline. liowaver, ut 1.3 om downstream from the pri-
mary orifice, the profiles were considerably different. There
was approximataly two orders of magnitude reduction in KHC near
the oan combustoxr venter, compared to the upstream station at

x = 6 oms The peak in the HC profile was vloge to the liner wall
for 6 = 0, but was near thae can combustor centerline for ¢ = 30
doegrens. Howaver, 1.5 om further downstream at x = 12.9 om, the
radial profiles of HC along 6 = 0 and 30 degrees were approxi-
mataoly similar. At 1.6 om downstream from the dilution orifioce,
X« 18,8 om, a minimum HC value of 40 ppm occurred at 3.0 am
radius for the plane inline with the dilution jet. At x = 26.2
om, the profiles are relatively one-dimenalonal.

Figures 56 through 59 prasaeant average axial profiles of HC,
CO, and Nox for Set=1 thrnugh Set=13 to illustrate the offect of
different parametars, including fual/air ratio, combustor inlaet-
flow conditions, and the type of fuel on combustor pexrformance.
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X rigure 58. Average Profiles of HC and CO for Set-8 Through Set-13,
1
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| First, the resulta with gaseous fuel will be discussed. With
increasing fuel/air ratio (such as Set-1 versus Set-2, and Set-5
versus Set~6) there wae an increase in HC and CO, as shown in -
Figures 56 and 57. An increase in pressure resulted in a
decrease in HC and CO. An increase in combustor residence timae
"(as in Set=1 versus Set-3, and Set-7 versus 3Jet-5) resulted in ! {

|
% a decrease in HC and CO,
!

T e I YT B v
e

-

f The fuel-nozzle characteristics strongly affect combustor
parformance, shown by test results of Set-2 and Set-8. The
[ natural gas nozzle had approximately a zero apray angle, com-
pared to a 90-degres spray angle of the airblast nozzle., Set=-2
had 15,000 ppm of HC at x = 10.4 cm, compared to 500 ppm in
Set-8. However, at x = 26.2 om, the results were comparable.
on the other hand, at x = 10,4 cm the CO lavels ware comparable |
with both natural gae and liquid fuel, whereas at x = 26.2 cm
1 the natural gas had a lower CO lavel. Increasing fuel/air ratio
A ! had a minor effect on exhaust HC and CO emissions. An increase
) in pressure caused a decrease in exhaust HC and CO emissions., A
comparison betwaen Nox emitted with gasecus and liquid fuels ia
presented in Figure 59, Both Set-2 and Set-8 gave similar exit ;

R IR S e e o r o TR —

S e e T L T e

! F NOx emissions,

f A comparison betwean analytical predictiona and measure- 3
ments ls presented in Section V.D.

; ‘ E. Radiation Flux Measurements. ;
[

The thermal radiation from the can combustor (Figure 52) at
two axial locationa, namely through primary and dilution
. orifices, was measured with a Leeds and Northrup Ray-O-Tube. ,
The two sapphire windows were cooled by a double filtered plant
air line, The radiometar was focused at 38.1 cm from the

centerline of the can.
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k Since the radiometer was viewing through the primary and
% dilution orifices, the background (wall) radiation was negli-
_; gible. The instrument had a background emf of 0,005 mV, and was
i approximately independent of the combustor inlet pressure and
vé ; temperature. On the other hand, the emf reading through the
i primary orifice with P, = 1013 KPa, T, = 933 K, and £/a = 0.0215
1 & was 3,05 mV. A typical fluctuation in the emf reading of the .
instrument was 0.05 mV. Therefore, the background radiation
y contribution could be neglected. Table 17 summarizes the radia=~
] tion flux measured through the primary orifice with natural .
k gas as the fuel., The measured radiation flux increased with
; pressure and fuol/air ratio as expected.

Table 18 presants the measured radiation flux through the
primaxry orifice with Jet=A fuel, Again, expected reasults were
obtained. The radiation flux with Jet=A was considarably higher
than with natural gas, as may be seen by comparing Tables 17 and
18, The measured data cannot be compared with semi~-empirical
relationships, such as Reeve's Expression, which are strictly
applicable to calculating radiation flux from a relatively
uniform hot stream. The measured emissions profiles at stations
1.3 om downstream from the primary orifice and 1.58 om down-
stream from the dilution hole showad significant variations in
the radial direction, as shown typiocally in Figures 60 and 61
for the test Set-13 of Table 16, respectively. As shown in
Figure 60, approximately two orders of magnitude variation in
radial profiles of CO, Coz' and consaquently water vapor, exist
slightly downstream of the primary orifice. Consequently, the .
measured data will be compared with the prediction of the 3-D '
slliptic program that includes a six~flux radiation model.
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o TABLE 17. RADIATION FLUX THROUGH THE PRIMARY 4

| ORIFICE WITH NATURAL GAS.
Test  Pyj T waj Fuel/Air  Radlation Flux
1 N (kBd) 0 (g/3) Ratio (3/8-0%) ; }
b . e
3 1-2 508.7 497.5  757.5  0,0042 5.83 x 109 4
] s 3
u 2-2  507.6 498.0  760.2  0.0082 8.83 x 109 j
g 32 508,7 500,8  755.8  0.,0152 7.88 x 109 :
1 . 1=3  1013.3 626.4 1376,5 0.0043 11,35 x 109
] 23 1012.2 618.3 1368.2 0.0110  16.07 x 108 i
z 1
- TABLE 18. RADIATION FLUX THROUGH THE PRIMARY
o ORIFICE WITH JET-A FUEL.
E |
| . Test  P¢3 T3 way  Fuel/Air Radiation Flox
| | No. _ (kPa) (K) (g/8) Ratio (3/8=m°)
] % s 407.3 448.9  508.6 0.0148 3,15 x 10° !
1 )
S ll0  406.3 450.8  506.4 0.0220  3.74 x 10° »

1-11 509.7 531.7  702,1  0,0133 4.41 x 10° {

] l-12  610.0 532.2  703,5 0.0195  5.36 x 10°
L 1-13 1013.3 622.8 1073,9  0.0215 7.25 x 10°

{ l-14  1013.3 622.2 1069.8 0.0132  6.62 x 10° | |
o

‘ }
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i TABLE 19. RADIATION FLUX THROUGH THE DILUTION
- HOLE WITH JET=-A FUEL.

-E \ Radiation
§ , Flux
1 ; Test Pe3 T3 Waj Fuel/Alr 2
v | No, (kPa) (K) (g/8) Ratio (J/8=m)
“
P 29 406.3 452.2  507.7 0.0148 0.69 x 10° .
E 2-10 4052 452.8 509.3 0.0219 1.99 x 10°
L | 2=l 609.0 535.6  711.6 0.0133 0.74 x 10°
] y [ ]
1 | 212 608,0 536.1  711.2 0.0193 2,49 x 10°
| : 2-13  1013.3 621.4 074.5 0.0216 4.41 x 10°
1 ; 2-14  1012.2 621,1 10723 0.013 0.91 x 10°
! a

A significant decrease in the radiation flux through the
dilution hole was obtained, #s shown in Table 19, compared to
that through the primary orifice. The reduction in the flux was
due to a lowar local fuel/air ratio and gas temperature. The
measured radiation fluxes will bs correlated with the 3-D
J( elliptic model predictions.

| ! F. Ignition Tests with Airblast Nozzles.

Ignition tests of the can combustor (Figure 52) with an air~-
blast, air-assist/airblast, and piloted-airblast nozzle operating
on JP=4 fual ware complsted. Tha lgnition tests were conductad
with a raference velocity equal to 1.5 m/s which simulated a 10~
percent anginae cranking speed) and 3,05 m/s at flow conditions
corrasponding to standard-day oea level, 3048 and 6096 mater
altitudes. The combustor inlet temparature was maintained close
to 300 K. The measured ignition fuel/air ratio duta are listed
in Table 20.




The pure airblast (AB) nozzle required an ignition fuel/
alr ratio greater than 0,025 (Test No. 1~2) even at the sea-level
point. However, the light-off fuel/air ratio of the piloted AB
nozzlae was much lower at 0,01l32 (Test No. 4-2), The ignition
fual/air ratio of air-assisted (AAB) nozzle was similar at a
booat pressure ratic of 1.6, as shown by Test No. 3=-2, On the
othar hand, the AAB nozzle exhibited lowex ignition fuel/air
ratios at higher simulated ignition altitudes compared to the
pilotad AB nozzle,

TABLE 20, LIGHT-OFF FUEL/AIR RATIO OF A CAN
COMBUSTOR WITH JP-4 FUEL,

Light=-0ff
Test P¢3 Alr=Assist Waj) T Refarence Fuel/Air
No. (kPa) Press./Pr3 (g/8) (K?

Velocity (m/a) Ratio

Pure Airbiast
1=2 122.0 w(= 4,2 >0.0252
Alr-Agsist Alrblast

2«2 123.0 1.20 0.0163
3-2 122.0 1.61 0.0137
2-3 84,8 1,20 0,020¢
2~4 85.2 1,19 0.0121
3«3 84.8 1,60 0.0204
-4 84,8 1.60 0.0127
2~4 85.2 2,30 0.0121

Piloted Alirblast

4-2 122.3 0.0132
4-3 84,7 0,0307
4-4 B4.7 0,0154
4-6  47.4 0.0450
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G. Nozzle Spray Sauter Mean Diameter Measurements.

The combustor efficiency, gaseous and particulate emis~
sions, discharge-temperature quality, lean-flammability limits,
and light-off characteristics of small, high-pressure-ratio,
and high-temperature-rise combustors depend upon internal flow-
field characteristics and major features of the fuel nozzle (such
as Sauter mean diameter (SMD) and spray-cone angle). Although
#pray cones may be easily photographed, very elaborate test
facilities have been required to measure SMD until roccntly.19
A less costly optical device was built in parallel with this
program to determine the mean droplet diameter of an atomigzer
spray from an analysis of the diffractively scattered light
intenaity. ‘The apparatus was used to measure the SMD of an
air-assist pressure atomizer and an air-assist airblast noxzle.

1. Desgription of Apparatus

The main advantage of the light-scattering technique is
that it does not alfect the nozzle-spray pattern or secondary
atomization, as do other methods. The technique, am develcped
by bDobbins, Crocco, and GIAllmanlg, is based on the forward
scattering of a parallel beam of monochromatic light that is
passed through the spray. The angle through which the light
is scattered by the droplets can be theoretically related to
the mean droplet size,

The optical system is shown schematically in Figure 62,
Laser light, collimated into a beam approximately 1 om in diamo-
ter, is passed through the atomizer spray, and ia focused upon
an aperture in front of a photomultiplier tube. The intensity
of the scattered light can then be determined by traversing
the photomultiplier tube uperture across the light beam.

1gbobbin|, R.A., Crocco, L., and Glassman, I., "Measurement of
Mean Particle Sizes of Sprays From Diffractively Scattered
Light," AIAA J. 1, 1882-1886 (1963)

2oni:kalln. A.A., and A.H. Lefebvre, "The Influenuea of Air and
Liquid Properties on Airblast Atomisation,"" ASME Journal of
Fluids Engineering, Sept. 1975.

160

i it

ks s S I Sl i

o B e et ARl Tt

e~ i -

. g Dl i T e T T e o e




e o TSR,

e —— A g e ——
2 Qe o e ——

0 = ANGLE OF UCATTERING

d/21, = INCIDENT BEAM DIVERGENGE ANGLE

QOLLIMATING
LENS

MIOROS0OME
OWICTIVE
HE-NE LASER \\" -
.* LA L 1 \
COLLIMATING
APERTURE
A | PRAY
Ab | oRovLETs
RECEPTION
PLANE
RECHIVING
LANS
!
OPTIC AXIS re '""]"\"‘
TRAVERSING PPl
PHOTOMULTI- et e /J
PLIGR TUBE - e
] LINEAR TRANSDUGHER
CALINRATION SWITCH
|
I POWEN
sUPRLY AMPLIPIER
X L)
X-Y PLOTTER
Figura 62, Schematic of Optical Apparatus used in

Light-8cattering Techn
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A 5.0~milliwatt helium-neon laser produces the source of
v o light with a wavelangth of 632.8 nm, and a microscope objective
' lena {ocuses the laser beam onto a 25-micron collimating
| aperature. This aperature provides a roint source of light at
i the focal point of the 11.5 om focal length acromatic golliimator
. ‘ * lung, thus forming a parallel beam of light.
|

The ratio of the collimating aperaturas diameter to twice
. the collimating lens focal length is the divergence angle of the
1 incident beam, which must be small comparnd to the angle of .

3 scattering., Since the angle of scattering decreames as particle

N size increases, the divergence angle detarmines the upper limit

of mean ¢ -plet size that can be measured, The divergence angle

of the system is equal to 0.012 degreae, which is smaller than

the 0.02)1 degree of the apparatus of Prolessor A. H. Laefabvre

using a mercury ara lamp light lourca.zo

e e ————————

The lassr beam is reflected by a 45-, 90~, and 45~degres
prism through the spray onto an identical priem, which yeflects
the light to the receiver lens. Again, the lenyth of thu system
v is shortened by the use of the prisms. The receiver lins
] focuses the light onto a 2%-micron aperture in an otherwise
g » light-tight photomultiplier box. The RCA photomultipliexr tube
: has a maximum seansitivity at 420 nm, utilides a 0-1600 VDC power
s1pply, and is connected to a logarithmic amplifier.

L S PR}

e
R I

The photomultiplier box can be traversed at right anglss

| to the optical axis up to 2.54 om, A miorometer adjustment givam .

| the position of the photomultiplisr box (relative to the optical
:g t axlis) to an accuracy of 0.025 mm. The position of the photo=~
' | multiplier box is indicated on the x-axis of the x-y plotter by '
a liner position transducer, and the light intensity at a given
scattering angle is recorded on the y=-sxis on four-cyals
samiloyarithmic papar. The entire optical aystom is mounted on
an ailr-suspended table, and ls shown in Figure 53, An wnclosure
.. that shiolds the systam from stray light wam removed for the

f photograph.
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2, Theory

The theory for the scattering of light by a polydispersion
of dielectric sgpherical particles of size number o (equal to
"D/A, whera D is the particle diameter, and A is the wavelength

of incident light) makes the following assumptions:
[ 1
. The incident radiation is plarar and monochromatic
) The forward angle of scattering, 6, ix small -
° The particle size number o and the phase shift 2 o
(M~1) are large (M is the refractive index)
. The particles are nonabsorbing
M The distance betwean the particle and observer is
large compared to Dz/k
e All the particles are illuminataed equally; i.a.,
the attenuation of the incident beam is slight
because the optical depth is small (Dobhins et al,
found the effects wf finite optical depths to be
neqligible). |
— }
The intensity of ‘the scattered light due to the polydispersion, |
normalized by dividing by the intensity of the light scattered j
in the forward direction 6 = 0, is equal to the following .
expreasion from Reference 20. \
1
D {
n 27, (a8) . )
o ""TT"' r(D)D ]
I(6) = J
f m N, (D)D dab !
o
164
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where Dm is the maximum particle diameter, Jl is a Beasel func-
; tion, and N. (D) is the particle diameter distribution function.
j The upper limit distribution function proposed by Mugele and
Evans %% has been shown to be quite adequate in describing
experimentaily-mealured droplet-aize distributions, and was used
to define N, (D) by Dobbins et 21.%% ohe two variablas of
A importance in describing a particular distribution are the §
, skewneas (most probable to maximum diameter ratio 57Dm), and the g
i : spread of the distribution function (a monodispersion having
‘ the smallest spread). Roberts and Webb?? found that when the P
) , scattered light intensity, I(8), is plotted againet the reduced s
é | angle, wDBze/A, (D32 is the volume=-to=-surface mean diamelar or
it ; SMD) , the scattered light intensity is almost independent of the -
f } particle~size distribution function., For wide diatributions, .
; and narrow ones approaching monodispersions, and for 0,13
{w, g < BVDm < 0.8, the theoretical illumination profiles were nearly }
3 i coincident) the mean illumination profile from Reference 22 is _
? shown in Figure 64. The minimum standarxd deviation from the @
‘ mean (about 1 percent) occurs when I(6) = 0,08. For convenience, f?
f the point to fit an experimentally-determined illumination .
. profile to Figure 64 is chosen as I(6) = 0.1 and nDaae/A = 2,647, '
! Therefore, by measuring the angle 6 to the pcsition where the [
light intensity is equal to 10 percent of the intenasity of the :
forward scattered light (8 = 0), the SMD can be calculated
] ; knowing the wavelength of the inuldent light. '

1 T TR ™ nm

3 i A typical light-intensity profile plot cbtained using the
AiResearch equipment is shown in Figure 65 for an airblast
atomlizer spraying water. The unscatteraed light masks the
forward scattered light near X = 0 regquiring an extrapolation :
of the scattered~light intensity. The extrapolation should ;T

21Mugele, R.A. and Evans, H.D., “"Droplet Size Distribution in
Sprays," Ind. Eng. Chem. 43, 1317-1324 (1951)

22Roberts, J.H. and Webb, M.J., "Measurements of Droplet Size
for Wide Range Particle Distributions," AIAA J. 2, 583-585 "
(l1964). y
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[,

follow the shape of the mean theoretical illumination profile,
and a typical extrapolation is shown as a dotted line in

Figure 65. The point on the scattered-light intensity is

10 percent of the forward scattered light intensity, and is also
shown in Figure 65. The traverse distance to the subject point

can be seen to be agual to 1.5 om. Therefore, the S!D can be
calculated in meters from the following equation: ¢

SMD = 2.647 A/T tun'ltx/fc)
where:t A = 632.8 x 10™°m

tc = 762 mm

x = traverse distance

Droplet=siite measurements taken at Cranfield Institute
of Taechnology on an airblast nozzle are compared in Table 21 to
the measurements using the AiResearch apparatus. The agreement
varies from very good to pnor) however, the AiResearch data is
salf consistent and some of the error may be attributed to the
difficulty in reproducing the experimental conditions exactly.
The Cranfield Aata was taken using kerosine and the AiResearch i
apparatus is limited to water only; therefors, the AiResearch
data was corrected to kerosine using the following equation for
low viscosity liquids from Rizkalla and Lefebvra: 20

SMD p
le.amun e [l = 0.544 at 289K
H,0 °uzo°n,o

SMDJETA/SMDH,O = 0.512 at 209K

Another comparison between Cranfield and AiResearch data is
provided in Table 22 for a pressure atomizer with and without
external air assist; the external air assist being provided
through the secondary fuel passage. Again, the agreement varies
from poor to good, but the AiResearch data is self-consistent.
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{ 3 TABLE 21. COMPARISON OF DROPLET SIZE MEASUREMENTS 1
/ ! TAKEN AT C.I.T. AND AIRESEARCH ON
. | AIRBLAST NOZ3LE. ;
! 3
{ Airblast Air Assist Fuel Flow 8MD )
1 Pressure Pressure Rate Cranfield/AiResearch 3
;f ‘ ) (Pgiggnt) (kPa) (kg/h) (Micxonas) i
b 4.0 0 2.7 56 58 i
s 4.0 69 29 25 ]
A 4.0 207 17.5 16 3
A 5.5 0 45 51 }
1 5.5 69 28 22 i
4 5.5 207 16.5 14.5 3
i 7.0 0 30 29.5 1
o 7.0 69 22,5 21,5 LS
) 7.0 207 2.7 15.5 13 | X
] 4.0 0 3.6 59 61.5 ]
| 4.0 69 33 23 :
[ 4.0 207 18.5 16 1
) 5.5 0 47 52 I
1 5.5 69 29 21.5 3
] 5.5 207 17 14 , d
F 7.0 0 32 k1 ; 4
g 7.0 69 27+ 20 i
| 7.0 207 3.6 16 12 |
4 |
} - *24.5u using nitrogen freezing technique ;
i -
: 3
| 169 ]
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TABLE 22. CONPARISON QF DROPLET SIZE MEASUREMENT
TAKEN AT C.I.T. AND AIRESEARCH ON
PRESGURE ATOMIZER.

b : Fuel Flow Aix-Assigt SMD

4 Rate Pressure Cranfield/AiResearch

(kg/h) (xPa) (microns) !

3.2 0 53 76 ’ 1

3 3.2 69 40 43

3.2 207 27 32

K 4.5 0 53 3 .

‘ 4.5 69 4 36 )
4.5 207 29 29 i

3. S8MD Corrslation

The SMD data from two air-assist airblast nozzles was
correlated by using a modified Rizkalla and Lefebvre expres-
nion,zo wherein airblast air velocity V, Was replaced by V.!!
as defined below:

th - “avu +n h._ v

Spotal vo!! conv aa aa

where?
J m -m +m

Airblast airflow rate

- 4
L}

P e

- 4
|

Air-assist airflow rate

<
|

Airblast air velooity 5

<
]

Air-ausist air velocity } /
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The conversion efficienay "conv is a function of air-aussist

passage pressure drop and nozile geometry.

A typical correlation with a pure/air-assist airblast
nozzle atomimation characteristiocs is presented in Figure 66.
By using the above-mentioned expression for Vare and Ngone equal
to unity, & single equation successfully correlated SND data of
the airblast noszle with and without external air-assist.

A production air-sssist pressure atomizer nousle was used
for studying the effect of external air-assist pressure drop on
EMD, The measured data, presented in Table 23, could not be
correlated with a modified Parker-Hannifin cup:cllion.e shown
hy Curve ) in Pigure 67. However, the data was successfully
correlated by the following expressiont

TABLE 23. PRESSURE ATOMIZER SMD DATA.

Alr=Assist

Tast Praeassure Fuel Plow 8MD
No. (kPa) (kg/h) (4icxron)
1 0 3.2 53

2 69 40

3 207 27

4 345 3.2 Unstable

5 0 4.5 53

6 69 41

7 207 4.5 29

8 0 6.8 50

9 69 43
10 207 6.8 30
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; SMD = C (APAA) wF0.131‘/“:0.135

‘ whore C im a function of nozzle air-assist pressure drop. The
ﬁ exponents of fuel-flow rate (WF' PPH) and fuel pressura drop
(APg, paid) were taken from Hiroyasu and Kudota.23 The constant
C was fitted as a function of air-assist pressure #rop. The
predicted values are in good agreement with measurments as

i shown in Figure 67. The variaticn of the constant C with air-

assistc aPpa is shown in Figure 68.

H. Transition Liner Mixing Tests.

. e A T et

A transition section mixing rig was used to measure mixing
! of hot and cold atreams in & tranei!tion section wherein the

:3 conbustor exit flow is turned through 1080° to the turbine inlet.
The rig (shown schomatlically in Figure 69) involved minor modi-
ficatiors to an existing combustor and rig. A photograph of the
nodified combugtor is shown in Figure 70. Figure 71 shows
phivtographs of the rig installed in the teat facility.

|

§ All original combustor air orifices were blovked. One air

‘ stream was provided from a manifold and entered through what
previously were five start-nozizle ports and 10 run-nozale ports,

) shown in Figure 70, Fiftaeen orifices were provided on the ID

\ of tha combustor liner to admit the second air stream via the

\ combustor annulus. Circunmferential locations of thease orifices

i coincided with those of the start- and run=nosale ports.

| A splitter plate was provided (Figure 70) to separato the ¢

1 . cold and hot streams at the inlet to the transition section.

3 The splitter plate length of 8.13 om was estimated to be

adequate in order to provide enough wnlxing of the individual

streams bhefore joining at the transition section inlet.

D

Hiroyasu, H., and T. Kadota, "Fuel Droplet Si-~e Distribution
in Diesel combustion Chamber," SAE Paper 74071%, 1974.
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OUTER PANEL

‘ ORIFICES
!
{
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IR " . ' GROMMET
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1 :
i : Figure 70. Modified Combustor Used for Transition Mixing Tests.
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Three total temperature (Tt) and one total pressure (Pt)
rakes were located 5.59 cm upstream of the transition section
inlet. One of these rtationary l0-element thermccouple rakes was
positioned in line with one of the astart-nozzle ports, its cir-
.cumfarential positicon being 36 degrees counterclockwise from
the rig top dead center. The second thermocouple rake was placed
in line with a run-nozzle port at 126 degrees counterclockwise
and the third thermocouple rake was placed at 228 degrees
counterclockwise between a start- and run-nozzle port, A staw
tionary lO-elenent Pt (Kiel) rake was placed at 216 degrees
counterclockwisa, between nozz2le ports. Four wall static pres-~
pure elements were used to measure the static pressure distribu-~
tion immediately downstream from the splitter plate. The tran-
sition liner inlet channel height was 4.5 cm.

The transition liner exit had inside- and outside~-radii of
7.52 and 9.02 cm, respectively, giving the exhaust channel
height of 1.5 cm., The transition liner equivalent mixing langth
(defined asg liner volume/ inlet flow area) was 15 cm or 2.9
times the inlet channel height.

The temperature profile at the transition linexr exit was
measured by a rotating 7-element thermocouple rake which made a
complete 360-degres sweep at l5-degree intervals.

The thermocouples numbered 3, 5, and 7 were located at
the sane radial distance, but at different circumferential loca-
tions. Therefore, the measurements by these thermocouples were
used for checking the repeatability of the exhaust profile
measurement.

A set of five data points was first obtained with the cold
stream flowing through the upper channel of the combustor.
Another set of five data points was obtained with the cold
stream flowing through the lower half of the combustor. Inlet
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1
|
1

flow rates, pressure, maximum and minimum temperatures, and
exit average temperature and pattern factor of these 10 runs
are listed in Table 24.

The cold stream temperature varied from 229 to 450 K,
whereas the hot-stream temperature varied from 511 to 678 K.
Inlet flow rates were changed from 0.57 to 1.7 kg/4; and inlet
pressure was maintained at approximately 1013 kPa.

Although there ware significant variations between the
inlet temperature profiles at the three circumferential stations
measured, the difference betwaen the average and minimum values
of the cold stream was quite small. The same observation can be
made for the hot stream,

The inlet circumferential pattern factor (PF) as defined
below is the maximum local value, and did not consistently occur
at the same circumferential locations.

T - T

PF = max avg

avy

By comparing Scana 1 and 2-1, one can deduce the influence
of the location of the cold stream with respact to the hot
stream with other parameters remaining the same. At first it
was postulated that the residence times of the hot and cold
streams and the residence~tima ratios would influence the mixing
rate. By defining the tranaition liner mixing parameters as
[PF) 4 aciar = PP ginal/ ®F) inipiayr the effect of the

residence times and attendant ratios on mixing were guanti-
fied as tabulated in the last four columns of Table 24; whare
the residence time, 1, ia defined as

- Ugger (lower) Half Transition Liner Volume
T nitial Volume Flow Rate Through Upper (Lower) lalf

of Combustor
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By comparing these mixing parameters to the residence=-time
variations it is quite evident that the postulate of mixing
dependence upon residence time is not valid over the ranges
tested. It does appear, however, that the location of the hot
and cold inlet stream, l.e., whether the cold flow is from the
outer and inner combustor annulus, significantly influence the
mixing rate, as nearly twice the mixing rates were achieved
with cold flow from the inner annulus.

The exit-temperature profile for S8can-l, shown in Figure 72,

is three dimensional, A flat average~temperature profile

tor this run, as well as other test casea, was obtained as shown

in Figure 73. The difference between maximum and minimum
t temperature profiles is guite large. The exit-temperature
1 profiles for the other nine runs exhibited similar three-dimen-
' sional characteristics, At first glance, it could be concluded
that due to the 3-D flow effects, none of these testas can be
used for validation of the transition mixing model. Although
better controlled transition mixing testa (which would provide
2=D inlet as well as exit profiles along with more information ¥ A
on the inlet profiles variation along the circumferential direc- b
tion) would be desirable, this data can be used for a "first ] 3
level" validation of the transition mixing model by using data
from selected sectors of the transition liner as explained in
the following paragraphs.

F Figure 74 shows the inlet-temperature profile in line with i
é the start nozzle located at 36 degrees fox Scan l; also shown : §
fy are exit-temperature profilas at 30 and 45 degrees. The exit ' )
o average tamperature of 490 K at 45 degrees is quite close to the \ '
inlet Tnvg of 509 K, whereas at 30 degrees Tavq = 580 K. It t ' {
was also noticed that exit Tavg at 60 degrees was 437 K. It '
therefore appears that there was probably some swirl in the
inlet stream which caused this circumferential temperatura shift.
The inlet PF of 0.579 was reduced to 0.155 and 0.075 at 30 and
45 degrees, respactively. Similar data for the sector in line
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with the main nogzle port is shown in Figure 74. The inlet Tavg ‘ i
was aqual to 490 K at 126 degrees; the exit Tavg being 527 and

3 A 469 K at 120 and 135 dagrees, respectively. Again, a circum=-
ferential shift in temperature can be seen. The inlet PF was A !
equal to 0,72, the exit PFs at 120 and 135 degrees were 0.063 and i ¥

% ; 0.169, respeactively.

, From the figures and results from other test conditions,

b 5 it was concludad that the flow can be considered approximately

) two dimensional in a given sector, and can therefore be analyzed
by the 2-D transition mixing model.

e e A TR

Figure 75 summarizes all experimental results in terms of

@' the mixing parameter, the residence time of tha hot stream, and
ratio of the residence times. 8Solid symbols denote results for

¢ ! the cases where the cold stream flows through the inner annulus

ff ' of the combustor, whereas open symbols are for the cold stroam

4 ‘ through the outer portion. The global mixing rate, as deter-

mined for the Ty-traverse and shown as rectanglas, clearly

: damonstrates that lmproved mixing is obtained when the hot

5 atream is through the upper half of the combustor. It may be

! noted that the global mixing~rate characteristics, and not the

i \ local (sector-wise) mixing, are generally of greater interest to

the combustor designer. This limited set of data shows only a

weak dependence of the transition liner length (residence time)

and the ratio of residence times on the mixing rate. The signi-

ficant observation is that the global mixing-rate characteristics

F Co are influenced more by the radial profile of temperature exiting

from the primary, and not by the reamidence time, The equivalent

4 : mixing length, and the radii of curvature of the liner are

! important because it is the latter which favors the transfer of

; hot gases toward the center of curvature of the liner surface

1 and enhances the mixing between the hot gases from the O.D. with

: cold gases from the inner annulus of the combustor.
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1 V. MODEL VALIDATION |

There were three main ohjectives of the model=-valiu.
i phase. First, differaent mathematical models had to be validated |
g baefore they could ha uwed with soma confidence to design and
taat two full-scale combustor systems (the main objective of
Tasks II and III of the program). Second, validation was done
X for the test combustors, which closaly simulated the test con- v
b ditions usually encountared in turbopropulsion combustion sys-
*[ tems. The third, and perhaps thae most important objective,
{. was to make predictions for the element tests with minimum '
< information regarding initial and boundary conditions. '

Consider a typical combustion system, as shown achematically ;
3 in Figure 76. 1In order to predict combustor performance param-
L ; eters, it is necessary to predict the combustor internal £low-
¢ fiald, which in turn requires information concerning the foullow=-

b ing:

ﬁ ° Alrxflow distribution around the liner

i ] Velocity componants of radial jets

) Bwirler vane diszharge velocity components

] Velocity profiles at the lip exit of cooling bands

° Spray characteristics including droplet distribution,

e ———— e .

| initial droplet velocity distribution, and spray cone ¢ 4
‘ angle ‘ ﬁ
; ,l‘
* ® Turhulence properties, such as turbulence kinetic v ' &u

energy and length scale, of air antiy points }
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® Hoat~-tranasfer coefficient on the cold side of
liner walls.,

' Flow distortion at the compressor discharge; and
local distortions created by different cbstacleas
such as nozgle shroude and utility struts, ate,

The airflow distribution around the combustor liner can be
calculated in principle by using an annulus flow model, which
could be as simple as a 1-D or as complicated as a 3~D flow
model. If a 3-D annulus flow model is used, it will require a
more accurate desvcription of the compressor-discharge conditions
than is currently known. Moraover, the airflow distribution
will be strongly influenced not only by compresacr~discharge
profiles, but alwo by geometrical details of the liner (including
details of plenum and different local obstructions in the flow).
Sinca the informatinn on the latter is not available, and since
manufacturing tolerances cause variations in the flow dlstribu=-
tion anyway, the 3=D annulus flow model is not needed during the
initial combustor-design phase. Inatead, a simple 1=D annulus
flow model is adequate for the time being.

With the l=D annulus flow model, it is possible to compute
airflovw distribution around the liner, velocity components of
radial jets, and average heat-transter coefficients for the cold
slde at differsnt liner axial stations. fThe Sauter mean diameter
and the fuel noazle spray=-cone angle can be easily measurad on a

noztle spray rig, but not as easily in actual combustor-£low
conditiona,

The remainder of tha boundary conditions cannot be measured
easily, and must be specifind, Even if extensive reasurements
are taken to dooument thess houndary conditiona for a4 combustor
installed in an engine, there is no guarantee that another engine
will give the sama boundary conditions. 1Ian addition, if a new

| ]

¢ -
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combustion system is to be developed, such measurements cannot

be made as no engine exists. So it appears that the design of

a new combustion system, or the analysis of an existing produc-
tion combustor, will have to be undertaken with insufficiently

specified boundary conditions.

Consequently, most of the Task I element tests were con=-
ducted with some of the boundary conditions known; whereas
othersg, which cannot be easily measured on production combustors,
had to be assumed. The objective was to study the smensitivity
of the prédictiona to the boundary conditions.

The following topics are currently under intensive investi-
gation by a number of researchers:

° Turbulence

° Effect of turbulence on combustion

® Transfer of passive scalars such as temperature
) Spray dynamics, evaporation, and combustion

° Radiation
] Smoke

In the present study, emphasis was put on the first four topics.
The objective was to compare measurements with predictions of
the model that are based on currently well-developed and well=
tried mathematical models and their minor modifications, as
described in Volume III. ‘The validation of liner cooling, jet
mixing, can combustor cold flow and reacting flow, radiation,
and transition-liner mixing is presented in this chapter.
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A. Liner Cooling

A number of studies have been reported to evaluate the per-
formance of different liner-cooling schemes. The study reported
in the following paragraphs is limited in scope in that the
enphasis is8 placed on computing hot-side heat-transfer rate only,
By using suitable expressions for the cold-side heat-transfer
coefficients, the approach presented here can be used for pre=-
dicting wall-temperature levels and gradients of combustor liners
that employ advanced cooling schemes. Therefore, results are
presented only for the conventional flow=-cooling geometry experi-
mentally studied in this program, and as reported in Section
IV.,A.2, The corresponding flow conditions were previously
reported in Table 3.

A 2-D elliptic program was used to compute initial profiles
of velocity, temperature, turbulence kinetic energy and dis-
sipation rate in the region immediately downstream from the
cooling=-slot lip. The initial free~stream velocity and tempera-
ture profiles were taken to be uniform. The turbulence kinetic
energy and length scale were taken to be 0,003 U2 and 0.02 Ay,
where U, 18 the free-stream velocity, and Ay is the normal
distance from the wall. For the cooling slot, turbulence kinetic
energy and length scale were assumed to be equal to 0,02 Ug and
0.02 hs, respectively; where Us and hs are the slot velocity and
slot height, respectively. The initial slot-stream temperature
was assumed to he equal to the measured annulus alr temperature.
Annulus air velocity and slot velocity were taken from the

meaguremants.

For the downstream region, which did not have a reverse-flow
region created by the splash plate, the wall=cooling model was
used for predicting liner wall temperature as a function of X
and liner-pressure drop. The liner test section was divided
into 200 cross=-stream nodes, with 60 ot these distributed within
the slot height of 1.91 mm. The marching step size was taken to
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| be 0.1 hs‘ Figures 77 through 81 show a comparison between
predicted and meagsured wall temperatures for Set-1 through

Set-5 listed in Table 2, The effect of the initial slot- |
3 velocity profile on predictions is ghown in the figures. The ? 3
4 I slot axial=-velocity profile was computed by: “

3 N Ug ™ Ug lﬁc ;
] vhere: C =2 Abs (FL -0.5) 3
] 8 3

b= 0,83

o T T AT G Akt «

A M e = ]

| 1-b
where Us is the average slot velocity, and Ay is the distance -8
from the liner wall or splash plate.

——

e 27

As shown in Figures 77, 78, and 79 for the case of pressaure
drops encountered in reverse=flow combustors, the agreement
between predictions and data is quite good. liowever, the cor-
relation is not so good with higher pressure~drop cases, as shown i
in Figures 80 and 81, due to the following reasons. Because of ! i
‘ the high pressure drop with attendant high jet velocity, the ’ f
g initial slot-velocity profile is significantly different from § o
] the asgumed symmetric profile. In addition, the turbulence
level is greatly increased. Nevertheless, predictions are
reasonable enough to ensure the usefulness of the wall-cocoling
model for predicting liner=-wall temperatures for reacting £lows.

R 5

B. Jet Mixing.

The 3=D elliptic program was used to correlate jet-mixing
data presented previously in Section IV.B, The computation was
; started with initial conditions specified for an x-y plane
6.35 cm upstream from the jet centerline., Temperature profiles
were measured at the initial plane. The axial velocity was

PRI e g

RS




WALL TEMPERATURE, K

/
440 / yd

Z
420 -

g

380

O IN LINE

0O IN BETWEEN COOLING |—
ORIFICES
= Ug UNIFORM

===~ Ug PROFILE a—

340

320 ot —— ;*\
0 1 2 3 4 ] 8 7 8 9 10

DIST. FROM LIP, CM

Figure 77. A Comparison Between Predicted and Measured
Liner wWall Temperatures for Set-l of Table 2.

Uelot/um = 0,3
Liner AP = 0.8%

194

P oot
- Ll 4, P
. LYL LY P
PR A R A o N

4 T M A 1 R AR g o (s A e Rt ‘“\“*WWKWW\WWNI’J%N&W& L ;ﬂ‘w'

PR

e s e,

i
|
'TE
)
)
!

e N )




0 1 2 3 4 6 6 7 8 9 10
DIST. FROM LIP, CM
Figure 78, A Conparison Between Predicted and Measured

Liner wWall Temperatures for Set=~2 of
Table 2.

440 p= —
L
7
420 A
- 7
P V4
i
sé // A
- 400 /ﬁ ‘
, § yan |
i u 7 9/ 0 i
/ 0 .
o« / !
B 380 7 = / 3
A o
g 8/ A & |
O ,d L
3 W5 }
: p P .
i i
| D / |
C 340 ,/ / {
- 4 A IN LINE !
~ / O N BETWEEN | |
E' COOLING OHIFICES '_ |
= Ug UNIFORM :
320 — Ug PROFILE — : 1
| | o
! 300 L ! —— ! ;
!

Uslot/uw = 0,4
Liner AP = 1,6%

195

.
|
|
!
1
)
|
)
!
!




420

: 400
\ ) //

/

x /,{ }
;o e .
| g 4
L 2o 1A |
E | 360 o/ /
| 3 al o A /
', AN w] //' /

340 Ny /

(. 5/7/

,0 [ ‘—-'-#

| ! O N LINE

i 320 IN BETWEEN COOLING
O oRiFice

A
[AYm}
~=—— Ug UNIFORM
E =~ === Ug PROFILE
0

1 2 3 4 6 6 7 8 9 10

DIST. FROM LIP, CM

f A
i A ) ?
) | ‘
', Figure 79. A Comparison Between Predicted and Measured ' :
| Liner Wall Temperatures for Saet-3 of ]
i Table 2, A ‘
‘ Liner AP = 2,6% C
; { 3
196 i '

;
.'..':7.}.5"‘; L~ R




= e D

Y

ie

o

|

i
-4

\

i

e BT o R

PPN

T

-

m g
380
AN
ol O
) W
o 360 _..Jvﬁﬁyg
E FAY W 4}29 (]
0 //7
340
:.':u ,
-
320
#3 O IN LINE
0 O g" #l'z":r;vaen COOLING
= Ug UNIFORM
300 = Ug PROFILE
20 L i

Figure 80,

TSRO TNITEL AR

2 3 4 ] L 7 8
DIST. FROM LIP, CM

A Comparison P.itween Predicted and Measured
Liner Wall Te.peratures for Set~4 of

Table 2.
Ugrot Ve = 047
Liner AP = 4,3%




e ]

380
:. 360
§
&
g a0
g

320

O IN LINE

O !N BETWEEN COOLING
ORIFICE

== Ug UNIFORM

~—== Ug PROFILE

¥
b

4 6 6 7 8
DIST. FROM LIP, CM

2 10

Figure 8l., A Comparison Between Pradicted and

Measured Liner Wall Temparatures

for Set-5 of Table 2.
Uslot/uw = (0.8
Liner AP = 5,9%

198

ety g e e

g e

e




e Tt

© ETTRTENN T

<+ g T

e et i e

agrumed to be uniform and was calculated from the measured mass
flow rate and arithmetically averaged temperature and known main-
stream presasure. The mainstream and jet turbulence kinetic
energy was assumed to bet

k = 0,003 y2

The length scale distribution for the mainstream was assumed to
be given by:

% = 0,238 y, whera y is the radial distance from the wall.
On the other hand, for an orifice of diameter D, 4 = 0,238D.

Based on the total and static pressure drops across the
test section liner wall, the jet angle was assumed at 00 degrees.
The jet velocity was calculated from the liner pressure drop.

The test section of interest was divided into a number of
unevenly-gpaced finite-difference nodes, such as presented in
Pigure 82 for the 4-opposing jet case. A 90~degree sector of
the test saction was divided into 30 x 15 x 18 nodea along the
axial, radial, and circumferantial directions, respectively.'

The dilution jet was represented by 4 nodes, as shown in Figure
82. The major criterion of convergence was cumulative mass resid-
uel defined asi

S = Iiyy |Sigx|

where 8ijk is the mags continuity error for the node (i,j,k).
The convergence was assumed to be achieved when S <0.00l. The
maximum Sijk was of the order of 0.00001, and the corresponding
variation in the axial velocity componant between the last two
iterations was around 0.2 percent. Typically, 100 iterations
were needed to achieve convergence with a new case.
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Figure 83 presents the effect of cumulative mass residual,
8, on predicted isothermal lines alony an x=~y plane in line with
the dilution jet. Predicted profiles in the region upstream and

slightly downstream from the jet origin are relatively unchanged

from S = 0,01 to 0.002. However, further downstream the pro-

files are quite different,

Vo b

Ty
T T DN e

i The effect of initial jet angle on the predicted profiles is

shown in Figure 84 for the x~y plane in line with the jat. The
C predicted jet trajectory agrees reasonably well with the data i
, when the jet angle aequals 80 degraes. As expacted, the results 1
{ were significantly affected by initial jet angle.

B

A i e

Modal predictions were made by assuming an effective Prandtl

number equal to 0.%, and an effective Schmidt number for turbu-
lance kinetic energy equal to 0.9. As presented in Figure 85, i )
the effect of change in effective Prandtl number from 0.7 to 0,9 1 ]

on predictad isothermal lines is negligible.
!

B
T TR TS e

TR T

Figures 86 through 91 present typical comparisona batween

! 5 predicted and measured jet trajectories and isothermal profiles,
The effect of jet=momentum ratin on the predicted profiles, )

|

along an x-y plane in line with the orifice center, is shown in
Reference

R L ey

T e Sl A b R R et g s o

Figure 86 for the four-opposing jet configuration.
should be made to Tahle 10 in Section IV.B for the test flow
including mass=velocity ratio, 7

conditiona and other parameters,
Predicted jet trajectory,

i ~ denaity ratio, and pressure drop.
* definad by the locus of minimum temperature, agrees raeasonably

i well with the data. A uomparison batween predlcted and measured
profiles is presentad in Figures 87 and 88 at different axial

stations for typically selected isothermal lines. Figure B87(a)
and 87(b) present measured isothermal lines of 800 and 1100 K,
respectively, at x = 6.86 om, whereas the jet origin is at x m=

6,35 om, Pradicted results, shown by dotted lines, are for x =
As i3 evident, the model overpredicts the jet

S

R
S ) na St A

e = e

6.57 and 7,00 om.
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expansion rate., The same observation is valid for another down-
stream plane at x = 7,37 cm, as shown in FPigure 87 (c) and (d).
However, further downstream at x = 8.13 c¢m, the jet core (T =

800 K) 1s underpredicted whereas the peripheral isothermal line is
overpredicted, until x = 9,14 cm, shown in Figure 87 (h). Beyond
X = 9.14 cm, shown in Figure 88, the model underpredicts the

4 area under T = 1100 K isothermal lines. Nevertheless, the model
L gives reasonably good agreement with the data considering ten
radial thermocouples were used to define the profiles., Figures

89 and 90 present comparison for moderate and high jet~-momentum

_ ratios of 20.9 and 65.1, raspectively. For the moderate J, the

Sﬁ model underpredicts jet expansion along the circumferantial
direction, except in the region close to the jet origin. However,
for J = 65.1, the model slightly overpredicts the jet shapes, as
shown in Figure 90.

e ———
S A

s

|

1

{

!

{ Figure 91 shows a comparison between predicted and measured
h

! jet trajectories of the six-opposing jets at different jet-

i

| momentum ratios. The model overoredicts jet penetration at low
; values of jet-momentum ratio, but gives good agreement for
g

moderate-to-high jet-momentum ratios. The corresponding jet
shapes are shown in Figures 92 through 96.

e == T

Finally, Figure 97 shows results for a two-row staggered
six-opposing jet configuration at a low jet-momentum ratio of |
4.5. The model overpredicts penetration for the first jet, but }
gives good agreement with the second-jet data. !

{

j

l é It therefore can be concludgd that 3=-D model predictions

R &. are in reasonably good agreement with measurements. Further '
' improvement is needed in regard to the jet expansion rate.
Nevertheless, the 3-D model can be used for studying mixing of
transerve cold jets with confinaed hot stream. Figures 98 and 99
present predicted isothermal plots for a two-row inline six=-
opposing dilution jet with a liner pressure drop of 2 percent.
The first-row jet originates at x = 6,35 cm, whereas the
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second-row orifice is located at x = 10.59 cm. The development
of the first-row jet continues and is fully developed at

x = 9,91, which is located 0.68 cm upstream from the second row.
The jet has penetrated a radial distance of 2.1 cm. The corres-
ponding hot stream maximum temperature is less than the initial
maximum temperature of 1250 K. Figure 99 shows the development
of the second-row jet. The jet shape is maintained up to x =
20,32 cm; i.e., 9.73 cm downastream from the second row. The
corresponding jet penetration ia 3.6 ocm. Consequently, the hot
core of 1200 K near the can centerline has not been dissipated
by employing 2 rows of 12 jets,

C. Can Combustor Cold-Flow Mapping

The 3-D elliptic flow program was usud to predict internal
profiles of the can combustor, shown previously in Figure 43;
the corresponding test conditions were presented in Figure 46,
A 60=degree sector of the combustor was divided into 32 x 16 x 14
finite-difference nodea along axial, radial, and circumferential
directions, respactively. Figure 100 shows the grid spacing.
The primary jet was simulated by six finite-differenca nodes,
whereas the dilution jet was simulated by four nodes, Airflow
distribution around the liner was calculated by the annulus flow
model. Jet velocities were calculated from measured liner-
pressure drop and the Mach tables. The radial jet angle was
estimated to be 90-degrees. The turbulence kinetic energy and
length scale of the radial jet were assumed to be 0.003 ij and
0.02 Dj. reapactively) whera Vj and Dj are the radial jet vel-
ocity and diameter. Similarly, turbulence kinetic energy and
lenyth scale asmociated with cooling~slot air were 0,003 U.
and 0,02 8, respectively. Here, U..denotes slot-air velocity
and 3 is the slot height, respectively. The dome inclined wall
was simulated by broken lines indicated in Figure 100, whare a
continual increase in the flow area was substituted by three jumps
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in the cross-saction flow area, Further improvement in the
4 inclined-wall simulation could be achieved by increasing the ’
) number of X~nodes near the inlet with a losa in the resolution @
somewhere else in the flow field. !

a The calculations were initiated for all of the three test

! cases with assumed uniform profiles so that the convergence rate ¢
could be checked as a function of combustor pressure drop and
airflow rate. Convargence was checked by conparing maximum

nodal mass residual; cumulative mass residual; total mass flux
error at the combustor exit plane; the variations in pressures

for the nodes (2, 15, 2) and (31, 15, 2); and variations in

axial, radial, and tangential valocity componenta for the node
having the maximum maas residual. The convergence rate was

quite fast for achlieving a cumulative mass residual of 0.05 LA
it was moderate for achiaving an error of 0.01 WA  and quite slow
j for getting down to 0.005 Wa . The corresponding maximum nodal

ﬁ nagsa residual was typically 3.0 X 10"5 Woot and the exit plane

{l mass residual was 1.0 x 10-4WA3' The pregaure variations j
o between successive iterations were of the order of 0,5 percent. ’

I

The maximum nodal mass residual was genarally at a node with

either small velocity components or with large gradients.

i : Typical variationa in axial, radial, and tangential velocity i
components for the node with maximum mass residual were of the \
order of 0.04 m/s, |

Pigures 101 through 106 present a comparison batween pre-
dicted and measured axial-velocity profiles for the thraee test \
sats at different x=-y planas lying in line and in between the
primary jet (shown previously in Figure 43). The accuracy of ‘
the measured data was less than satisfactory, as oxplained in .o 3
Section IV.C; due in part to high turbulence levels, and
errors introduced by the perturbing velocity probe., 8ince the &
A pyramid probe used in this study was originally designed for
i measuring high subsonic flows, such as encountered in compressor
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_ vane passages, its accuracy at low velocities was questionable.
! Figure 101 and 102 present the comparison for the lowest-airflow-

rate case! i.e., 1.82 kg/s with the corresponding combustor ref-
erance velocity of 11,7 m/s. The predicted results were in
'ﬁ A reasonably good agreement with measurements in the high=velocity
3 g region, such as near the liner wall, close to the combustor dome
3 ﬁ at x = 5,99 om for both x-y planes in line and in between the
! ‘ primary jets. 1In general, it can be said that the predictions
‘ are in gualitatively good agreement with measured axial-velocity
i . profiles. A similar level of qualitative correlation was obtained
3 } for both radial and tangential velocity compouents. In order to
3 ' further improve the flow model, it will be desirable to undertale
:. . internal velocity measurements of the can combustor by using a
lagser-Doppler velocimeter,

i

b . The 3=D elliptic program can provide detailed understanding

of the combustor internal f£low field, including turbulence prop-

erties. Figure 107 presents the predicted reverse-flow region

: ' for both isothermal and reacting flow fields. The cold=flow

recirculation zone extends up to the dilution orifices, and

g encompasses two small positive-velocity regions located slightly

K downstream f£rom the dome and near the can center (around X = 9

g . and 12 om). With reacting flow, however, such as shown for :
Set-1l3 of Table 16, the recirculation extension beyond the ;

B ; primary orifice is quite small. Tha recirculation-zone volume

N | was relatively unaffected by the reference velocity. On the

' other hand, the turbulence kinetic-energy protiles changed with

, the reference velocity. Figures 108 and 109 show predicted pro-

¥ files of turbulence kinetic energy (k) at liner-pressure drops

of 5 and 7.4 percent, respectively. The results are shown for

the three x-y planes along 6 = 0, 14, and 27.7 degreeas; whereas

the primary and dilution jets are located at @ = 30 degrees.

The profiles of the 6 = 0~ and l4-degree planes are approximately

similar, but the profiles for the plane c¢lose to the transverse

jets are quite different. The tranaverse jets create a nigh

turbulence region behind the jet, as wall as along the radial

ey T
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direction, Whereas the primary jet creates a maximum k value
along the radial direction in the plane in line with the jet,

the dilution jet creates more turbulence near 6 = 14 degrees.

The level of k increases with an increase in liner-pressure drop,
as inferred from Figures 108 and 109.

D. Can Combustor Reacting Flow Mapping.

The 3-D combustor~performance model was used to pradict
intarnal profiles of the can combustor, shown previously in
Figure 52, to correlate emission data with natural gas and
Jet=A fuel, The relevant combustor=flow conditions and param-
atars for amissions mapping were tabulated in Tables 15 and lé.
A 60-degrea mactor of the combustor was divided into 32 x 16 x
14 finite~difference nodes along axial, radial, and circumferen-
tial directions, respectively. A number of computer runs were
made to achieve an acceptable two-step reaction scheme that
gives reasonably good comparison with measured data. The reac-
tion rate for fuel is taken to be the minimum of the following
‘three rate expressions:

n n n
- n 1 2 3 «E/RT
Rtu,ch Kllp (mfu) <mﬂzo) (mox) e (1)
R -C. pm, (2)
£ ymurb Ry fu k
m
OX ¢
R - C p

Equation (1) represents the fugl oxidation rate as deter-
mined by chemical kinetice. The overall reaction order (n) is
equal to nl+n2+n3. The first computer run for natural gas was
made with kl' ny Nyy Ny and E, as given by Williams, Hottel, and
Morgan24, expressed in S.I, units:

nw1111ams, G.C.,, H.C. Hottel, and A.C. Morgan, "The Combustion
to Methane in a Jet-Mixed Reactor," Twelfth Symposium (Inter-
national) on Combuation, The Combustion Institutes (1969).
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14 2 1/2 1/2 28500
Rtu = 3.0 x 10" 7p Mg, Mo My o e T
ch 2
Similarly, for CO oxidation, the following equation26 was used:

8 2
Rog,on = 6:4 x 107 o" myy m,, @ 25—

The effect of turbulence on combustion was taken into account
by using Equation 2 only with CRl = 1, A similar expression waa
used to obtain RCO,Turb' After a number of computer runs, tha
following set of equations waas found to give reasonably good
agraeement with data for natural gast

Reu,on ™ ¥o pt+® mtul/z Moy © QZ%QQ (6)

Rtu,Turh = 30 Meu % N

Rtox.Turb m 3 ng % (8)

i Rag,on ™ 6:0 % 108 o2 Moo Mox © £3329 (9)
1 Roo,Turb ™ 4 P Mco R (10)
é Rccox,'rurb "4 ;%2 % )

where il and 12 are stoichiometric oxygen-~to=-fuel and oxygen=-to=
CO ratios for the two-step scheme. The il for natural gas and
Jet=A fuels is 2,93 and 2,26, respactively. The corrasponding
values of ko were 2.0 x 1016 and 3.3 x 1014. The stoichiometric

oxygen-to-CO ratio is 0.57.




Figure 110 presents a comparison between predicted and
’ measured profiles of unburned fuel (IliC) for the x-y plane lying
g in between the primary/dilution jets (refer to Figure 52 for
1 combustor geometrical details). The x-y planes in between the
primary jet have been arbitrarily denoted by 6 = 0 degrees, thus
making the 6 location of the plane in line with the jet equal to
4 30 dagroes. The results discussed in Figures 110 through 124 are
for Set-2 of Table 15 with tha natural gas burning at 2.0 atmos=
: pheres, with a combustor inlet temporature and pressure drop of
™ 369 K and 3.28 percent, respectively. It may be recalled that
F . the primary and dilution orifices are located at 9.09 and 17.21
R ‘ cm from the nozzle face, respaectively. The predicted recircula-
’ tion zone extended up to approximately x = 9,75 cm. Consequently,
the first two stations presented in Figure 92, i.e., x = 6.0 and
y o 8.5 om, are expected to contain the regions of reverse flow. The
i next three stations, x = 10, 13, and 15, lie in the intermediate
zone between the primary and secondary orifices; whereas the laat
1 two stations are in the dilution zona.

Figure 1lll, like Figure 110, shows a comparison between
| maasured and predicted HC for the x=-y planaes along 6 = 15 daegrees.
! ' The radial profiles for the first four axial stations are sim- )
ilar for both 6 = 0= and l5-degree planes, indicating approxi-
mately a two=-dimensional flow field with little variation along }
the clrcumferential direction. This, however, does not imply j
1 that a 2-D elliptic program could be used for analyzing practical
‘5 g combustor geometry (such as shown in Figure 52), becausa such
T an approximation would not give backflow created Ly strong pri-
k. f mary jets, The profiles for the x~y plane (6 = 30 degrees) in
‘ I line with the primary jet, as shown in Figure 112 are signifi-
u cantly different from those of the 0 = 0= and 13-degree planes.
: The profiles for the last three stations; i.e., x = 15, 19, and
] 2l om, for both 6 = 0= and l15-degree planes are slightly dif-
ferent.
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Pl T

Figure 112 gives a comparison between measured and predic~ 3
ted HC for the x=-y plare in line with the primary ~nd dilution g
jets. The measurement errors for this plane were expectel to be
quite large, .compared to the 6 = 0- and 1l5~degree planes because
ofs £first, large transverse flow induced by radial jets; and
second, blockage introduced by the probe in allowing the primary )
{ jet air to go upstream. The quality of correlation and shape of 9
the prefiles for the first two stations of the 8 = 30-degree
plane are comparable to those of the 6 = (O-degree plane. Howevar,
t x = 10 cm, due to the presence of the primary jet, the peak i
is around ¥ = 2 om for the in-line plane (6 = 30 degrees), com=- 4
pared to the 6 = 0-degree plane where the peak is closer to the
liner wall. Slightly downstream, at x = 13 cm, the profiles are
gimilar for both planes, although the peak is about an order of
magnitude smaller for the plane in line with the jet. A similar
trend is observed at x = 15 cm, .

LY

R T e

Significant measurement errors are introduced by the physai=~ 5
cal presence of the emiassion probe in a recirculating f£low field.
In order to estimate the measurement errors, the 3=D model was
run for Set-2 with the emission probe placed in line with the !
primary jet at x = B.5 em, Figure 113 compares predicted pro- 1
files of fuel/air ratio, unburned fuel, CO, and axial valocity 3
component with and without the blookage introduced by the 1
enission probe. Also shown in Figure 113 are measured values. :
The prasence of the probe stops the primary jet air from going 3

t
|

toward the dome, with the attendant absence of the reverse-flow

region near the combustor center, as shown. Consequently, with
| probe blockage, significantly higher levels of total fuel are ;
predicted near the combustor center, as compared to the results i b
without blockage. The reverse is true near the liner wall. A
difference of up to an order of magnitude in predicted fuel/air
ratio exists between results with and without probe blockage,

thereby making it difficult to verify the model within the pri-
mary zone.
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The effect of probe blockage on predicted HC profiles is
evaen more pronouhced, as ghown in Pigure 113, The upstreanm flow
induced by the primary jet, without the physical presence of
the proha, reduces the IIC concentration near the center by three
orders of magnitude, compared to what one obtains with the
Llockage. However, a relatively small effect is felt on the CO
profilaes. “

At x » 6 cm, the radial profiles of predicted and measured
HC are qualitatively similar. The modal underpredicts the fuel
oxidation rate over the entire combustor radius. Further down-
stream at x = 8,5 om, i.e., 0.6 cm upstream from the center of
the primary orifices, the predictions for the center half of the
can conbustor do not agres qualitatively with the data, although
the agreament for the region beyond ¥ = 3 cm is quite good. The
modal predicts two regions of minimum HC at approximataly Y =
1.5 cm and close to the liner wall. Since tha fuel nozzle
(Figure 72) axially injects the gaseous fuul hear the combuslorx
canterline, a maximum level of HC is axpected to be near the can
center, such as shown for x = 6 om, until the upstream flow from
the primary jet displaces it toward the liner wall for the x=-y
plane in betwean the primary jet. Consequently, it appears that
predictions for x = 9,5 om appear to be more plausible than the
neasurements, as shown. t

At x = 10 em, i.e., approximately 1 cm downstream from the
primary jet, the radial profiles of predicted and measured HC
are again in qualitatively good agreement, although the model .
now overpredicts the fuel=-oxidation rate for the region close to
the center. Tha predicted HC is lower than the measured values
by up to a factor of ten. At x = 13 om, i.e., 4.21 cm upstream )
from the dilution jet, predictions agree reasonably well for the |
outer half-radius of the combustor. Whereas predictions show - .
similarity of the radial profiles at x w 10 and 13 ¢m, with a
continual oxidation of fuel ovar the c¢ombustor haight, measuras- }
ments show the freezing of the reaction near the combustor .
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canter, Dua to the impinging primary jets, the combustor center
is expected to have high turbulence with its attendant increase
in the fuel-oxidation rate; and one is at a loas to explain a
sudden loss in reactivity near the center, as inferred from the
data at x = 13 om. It tharefore appears that the data at both
the x = 13 and 15 cm locations must have considerable measure=~
ment errors due to the physical presence of the probe. Nevertha-
less, it appears that the model is underpredicting HC in this

ragion, as well as for the dilution zone, by two-orders of
magnitude.

In the dilution zone at x = 19 and 21 ¢m, the predicted
profiles are in qualitative agreement with the data. Although
predicted values are lower than measurements by up to two orders
of magnitude, the absolute values are too small to cause signi-

ficant ervors in the computed combustion efficiency (as shown
later in Figure 120).

Figure 114 presents a comparison between predicted and
measured profiles of CO for the planaes in between the primary
and dilution jets for Set=2 of Table 15. The corresponding HC
profiles were praviously presented in Figure 110. Relatively
flat profiles of CO were measured for the first four axial
stations in contrast to those of HC. The model overpredicts CO
in the region up to x = 13 omy further downstream the model
underpraediocts the data. At x = 6 om, the location of the peak
is determined by the rate of fuel oxidation, and diminution of
CO by cooling air and CO oxidation rate. At x = 8,5 om, the
profiles of CO and HC are quite similar. The quenching of CO
near the combustor center is due to the radial jet penetration
for the region downstream from x = 13 com.




e i T T A T LR I S D R T LR L DR U Y S R T JPRR TR TS O LR

Like HC predictions, the radial profiles for the first two
stations along the 6 = 0= and l5~cdegree planes are similar, as
‘ . shown in Figures 115 and 116, indicating again a 2=-D flow field
{ for this region. I!inor variations along the 6 direction exist
at x = 10 and 13 om. Howaever, significant variation in the
profiles (up to a factor of 3) exists for the last three stations
of the 6§ = 0~ and l5-~degree planes, as shown. Figurae 116 shows ,
' the corresponding profiles of CO for the x-y plane in line with
j 1 the primaxy jat.

] ° Figures 117, 116, and 119 present predicted and measured
fual/air-ratio profiles for the x-y planes along 6 = 0, 15, and
30 degrees, respactively. At x = 6 om there was qualitatively
[ good agreamant between predictions and data., However, the model °
predicted an extremely rich fuel region near the center. This
discrepancy betwesn the model and data can be partly explained
.ag follows. It was assumed that the fuel was exiting the nozzle
as an axial jet with velocity computed from the nozzle~pressure
drop; which in the case of Sat-2, the initial fuel jet velocity
wos astimated to ba 57.9 m/s. Consequently, the fusl jaet astab-
lished a positive axial valocity field near the canter that
extended up to x = 7,5 om, The length of this reyion could be
reduced by either decreasing the fuel jet initial velocity, or
by imparting some radial velocity component to the fluel jet.
Neither of these ware attempted as it is well known that it is
possible to improve model correlation by changing boundary condi-
tions. 8ince boundary conditions such as these are not properly
known in practical combustors, the view taken was that one
should not generally sxpect good corrslation near the nozzle

boundarien.
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The poor comparison achieved from the x = 8,5 om location
was due to measurement errors caused by the perturbing emiassion
probe, as previously discussed in Iigure 113, especially for
the planes 8 = 15 and 30 degrees. The error is expected to be . .
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least for the x=~y plane in between the primary and dilution jets,
and other planes lying further away from the radial orifices.

It can be seen that for the 8 = O-degyree plane (Figure 1l17),

good agreement between predictions and data was obtained for

x = 10, 13, 15, 19, and 21 om. On the other hand, reasonably
good correlation was achiaved for the 6 = 15- and 30~degree .
planes at stations x = 13, 1%, and 21 cm., For the remaining
stations, it is believed that the quality of the data is not
good enough to make any assertion. Navertheless, it appeara that
tha pradicted results are plausible.

Conmbustion engineers are interested in knowing fuel/ air
ratio and combustion efficiency distributions at different
stations within the combustor. The results presentaed in
Figures 116 through 119 indicated good correlation for the fuel/
alr-ratio distribution. Figures 120, 121, and 122 present the
corresponding results fo: combustion efficiency. Keeping in
mind the measuraement errors discussed for Figure 113, the model
pradivtions are in good agreement with measurements. At
X = 6 om, a minimum combustion afficiency of 5 percent axists
near the center (Figure 120), and efficiency reaches a maximum
value of approximately 90 percent near the liner wall. The
raciroulation=zona combustion efficiency is around 90 parcent
at x =2 8,5 om, whoraas the minimum efficiency is approximately
50 percent at Y= 4,5 ocm., The overall combustion efficiency is
approximately 85 paercent at x = 10 ¢m (i.e., 0,91 om downstream
from tha primary orifices), with the minimum value being 65 per-
cent. A continual increasa in combuastion efficiency continues
with increasing values of x, as shown by predictions at x = 8,5,
10, and 13 om; the shape of the profiles ramains relatively
similar for this region. At x = 15 om (i.e., 2.21 cm upstream
from the dilution jet), the predicted combustion efficiency is
approximately 95 percent. The minimum is near the center, which
should be expected for a combuator using axial jet fuel nozzles.
This type of radial profile is maintained for stations at
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x = 19 and 21 cm, The shape of the predicted combustion-
efficiency curve at x = 19 aom is similar to measurements. How-
ever, at x = 21 ¢m, the location of the measured peak efficiency
is quite different from that of the model. Nevertheless, the
predicted overall combustion efficiency of approximately 99 per-
cent compares favorably with the measured value of 97 percent.
Similar arguments apply to pradictions and data for the 6 = 15-
and 30-degree planes preasented in Figures 121 and 122,

Bafore presenting compariaons for the remaining 12 sets of
emigsion mapping, it will be worthwhile to discuss Set=2 in
regard to regions where the fuel-oxicdation rate is controlled
by chemical kinetics, and the rate of fuel and oxygen availabil-
lty. It may be recalled that the net fuel-combustion rate is
determined by the minimum of the three expraesasions, which cal-
culate reaction rutes as controlled by kinetics, fuel concentra-
tion, and oxygen concantration. Figure 123 presents prediocted
regions for Set-2 of Table 15 for the two x-y planes; i.e.,

0 = 0 and 30 dagreas, For the plane in between the primary jet,
the gas temperaturas in the regions near the dome, the linar wall,
and the middle half of the exit plane are low enough to make the
overall reaction rate controlled by chamical linetics. The
region bounded by broken lines is fuel=rich and has high gas-
temperature levels so that the reaction rate is controlled by
oxygen., Regions like this are prone to producing carbon. The
rest of the combustion arva is controlled by the availability

of fuel., The fuel-limited region containa a small kinetically-
controlled region creataed by the primary jet penetration.

Similarly, further downstream near the burner exit middle haléf,
the kinetically=-controlled region is created by the dilution

jets. The ragions pradicted for the 6 = 30-degree plane in
Figure 123 are similar to those of the 6 = N=daegree plane inmso-
far as the flow areas near the dome and liner walls are concernad,

272

oY .

N 4
: \
rue ety s S o~
o - fwh'_)..';'. o R .

o
Vs B e AN BRI A4 6 N AN 10 ol B0 00 A0 A b VU 200 0T 0 T A

-

— et et T4




.. 7-50 ; ‘:
; 0 = 0° (IN BETWEEN PRIMARY JET) .( 3
1 6.25 ; 1
| 5.00- \ FUBL LIMITED REGION
P Joxvamn
£, - »7 LIMITED
l 5 375~ REGION
3 1’ >
“;. & . T 2,60~ '5
o ‘s
| 1.26 7 -
} i
t & 3 . .
000 300 620 96.00 1200 1500 18,00 21.00 24.00 27.00
X(LMm) ] !
)
7.60 A . -
» : 8 = 30° (IN LINE WITH PRIMARY JET) ,j
'3 6.26 - u J
o i
'. 6.00 ~ ! 3
1 ' _5_ 3.767 REGION ; ]
! ! > A |
L 2,60 - ! b
) 125 3
\ E‘ "
: ! 0.00 ~ I i T T N
s 000 300 600 900 1200 18.00 1800 21.00 24.00 27.00 3
A ; i
X(CM) 3
i ) Figure 123, Predicted Regions Controlled by Availability of
. Oxygen and Fuel and Chemical Kinetics for R
Set-2 of Table 15. 3
=
273 ;
L 5‘




|
!

The major difference ia in the region covered by the primary and
secondary jet trajectories, which have further increased the
zories controlled by chemical kinetics.,

Figure 124 shows the regions (similar to those of Figure
123) for Set-l of Table 15, it may be recalled that the flow
conditions for both Set-l and Set=-2 are identical, except the
former has an overall combustor fuel/air ratio of 0.006, as
comparxed to 0.0097 for Sat-=2. Due to a lower fuel/air ratio of
Set-1, chemical kinetics control the reaction in most of the
combustor region. This, along with the fuel-ascaping ignition
wlthin the fuel-limited rogion, constitutes a majority of the
inefficiency at idle. Plots like Figures 123 and 124 are vary
useful for improving fundamental understanding of the combustion
processes occurring within a typical turbo=propulasion combustor.

A detailed discussion is given in the following paragraphas
for a test set with Jet-A fuel., Set=8 of Table 16 was selected
as it had comhustor inlet-flow conditions and a fuel/air ratio
similar to those of Set=2 with natural gas, discussed in Figures
110 through 124, It should be noted that no attempt is being
made here to compare the combustor performance with liquid and
gasaeous fuaels as the nozzles used in both cases were quite dif-
ferent. As pointed out earlier in Section IV,.D, the main reason
for selecting two different nozzles was to provide an opportunity
to test the model predictions with data from different combustox
flow fields, as influenced by both nozzle characteristics and
the type of fuel.

Figure 125 presents results of fuel/air-ratio profiles for
different x~y planes in between the primary jet for Set-0 of
Table 16 and should be compared with the results of natural gas
sliovn in Pigure 117. The predictions are in good agreement
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30°) for Set-8 of Table 16
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(6 = 0) In Between Primary Jet (6 = 30°) for
Set=8 of Table 16 (Sheet 2 of 2).
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with measurements, especially at x = 10, 13, 15, and 21 cm,
Compared to results with natural gas, the following observations
can be made. At x = 10 cm using Jat-A fuel, the centerline
fuel/air-ratio is equal to 0.016, whereas the peak value of
0.04 occurs at ¥ = 5.5 cm. On the other hand, with natural gas

‘the corresponding values are 0.015, 0,084, and ¥'= 4,6 om. By

this station, approximately 75 percent of the spray has evapor-
ated, The improved mixedness achieved with liquid fuel is due to
a 90-degree cone, as opposed to an axial jet produced by the
natural gas nozzle, and spray evaporation.

with liquid fuel the peak fuel/air ratio of 0.044 occurs
at x = 13 cm, beyond which there is a continual decrease in the
peak value (signifying a mixing proceass). With natural gas, the
peak fuel/air ratio of 0,084 occurs at x = 10 cm. Of course,
the maximum value of 1.0 is at the natural gas nozzla face. With
both fuels, the centerline value remains relatively constant for
axial stations located at x = 10, 13, and 15 cm. Due (in part)
to the presence of dilution orifices at x = 17.2 cm, the
centerline value is reduced at station x = 19.0 cm, Further
reductions in the centerline value with increasing x is quite
small, indicating that the dilution-jet penetration was more
or less completed by x = 19 om, with further mixing taking place
through a shear layer-mixing process.

Figure 126 presents a comparison between predicted and
meaaured profiles of fuel/air ratio for the plane lying 15
degrees from the center of the primary jet, for Set-8 conditions
of Table 16. Due to large measurement errors at x = 10 and 19 om
(because of the presence of primary and dilution jets), good
agreement is not expected at thase stations, Relative to the
v-y planes in between the jets, the profiles are similar, indi-
cating a 2=-D flow field in the casa of liquid fuel, as was
previously observed with gaseous fuel. The model vorrelated
the data rasonably well at x = 13, 15, and 21 cm,
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Figure 127 presents fuel/air ratio profiles for the x-y
planes in line with the primary jet. Compared to data Eor the
plane in between the jet at stations adjacent to the primary and
secondary orifices (i.e., x = 10 and 19 cm) as shown previously
in Figure 125, the results are quite different. At x = 10 cm,
the peak fuel/air ratio values at 0= 0 and 30 degrees are 0.021
and 0.029, respectively. The profile for the region up to

! Y= 4 om is relatively flat for the in-line plane, caused by
the primary jet. At x = 19 cm, the corresponding peaks are
0.024 and 0.0l2. It can therefore be concluded that at stations
- close to the radial injection points the circumferential varia-
tion is quite small for the region 0 < 6 < 15 degrees, whereas
it is significant around ¢ = 30 degrees. However, the circumfer-
| ential variation for other axial stations is quite small, This
é is an important conclusion as it justifiea to some extent the
b | use of  the 2~D liner-~cooling, emission, and transition-mixing
| models used in this program. However, as combustors with high
f heat-release rate are designed with discrete transverse jets,
N there might prevail a 3-D flow field encompassing most of the
combustor. In such circumstances, the usefulness of 2-D auxil-~
iary programs ls expected to be limited.

vl

i s e e pm i, L

! A comparison between predicted and measured profiles of

! combustion efficiency for the x~y plane in between the primary

: , jet is presented in Figure 128, The correlation is reasonably

A : good for the first three x-stations. The results with liquid and

; ' qgaseous fuel (Figure 120) are quite different because of the

fi ' use of different fuel nozzles. It may be recalled that the gas

3 nogtzle injected the fuel axially, whereas the airblast nozzle .
used for liquid fuel injection had a 90-degree included spray | :

, angle. This resulted in a lean primary zone in the case of ’ -

) liquid fuel. 1In addition, more fuel was deposited near the liner , E

Consequently, at x = 10 om the combustion efficiency near ‘

e wall,
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the combustor center was lower with ligquid fuel, and the peak
was located near the wall, In addition, there was a sig-
nificant drop in efficiency near the wall due to wall quenching.
The shape of the curves were quite different at x = 13 cm,

~again due to diffaeraent nnzzle characteristics, The shapes of
the curves bogin to look similar at x = 16 cm, although the drop
in efficiency near the conter and near the wall is more pro=-
nounced with liquid_fuel. A seamingly poor correlation for
stationa at x = 19 and 2) om is perhaps due to measurement error
at these stations because the average combustion efficlency
appears to be lower than that at x = 15 em,

Piguras 129 and 130 present results for the planes at o =
15 and 30 degraees, where the primary and dilution jets are
located at § = 30 degrees. Although it has been pointed out
earlier that the measurement inaccuraciern increase as 6
approaches 30 degrees, the results are presented to illustrate
inefficiencies at low-power points caused by the cooler primary
and dilution jets. Notice a drop in efficiency at x = 10 and
19 ¢m for the plane in line with the primary/dilution jet. Con=
sequently, combustion inefficiency near the wall is mora for the
6 = 30~degrees plane., It also appears that the model correlation
with gombustion efficiercy within the dilution sone is less
satisfactory with liquid than with gaseous fuel. A plausible
explanation is an increased level of wall quenching in the case
of liquid fuel, that cannot be accurataly predicted by the
combustor performance model due to lack of required space
resolution for the ragion adjacent to the liner wall, Neverthe-
loss, the model gives adeguate correlation with meagsurements to
justify the usefulness for relative performance evaluations of
combustor dasign changas.
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Figures 131 and 132 compare predicted and measured profiles
of unburned fuel and CO for the x~y planes in betwween the pri-
mary jet for Set-8 (liquid fuel) and may be compared with the
corresponding results of gaseoua fuel presented previously in
Figures 110 and 114. The correlation for the first three axial
gtations of the liquid fuel case is reasonabley good, and the
profiles are quite different from those of the gasecus fuel
(Figure 110). ©On the other hand, the correlation with the gas-
eous fuel data was not good., A possible explanation for this
discrepancy might be due to poorly defined boundary conditions
assoclated with the gas nozzle; in the case of ligquid fuel, an
increase in HC quenrhing near the center and liner wall. The
CO correlation is also better with liguid fuel. For the region
up to the intermediate zone, there also appzars to be an
increasad level of CO near the center and near the wall. Howaver,
in the dilution zone, the CO quenching is more pronounced near
the linur wall.

Figures 133 through 154 summarige results for the remaining
1l sets of emissions data. Only the profilas of fuel/air ratio
and combustion efficlency are presented for the x-y planes in
between the primary jet, &8 the measurement errors are expacted
to be minimal for these stations. Only the salient points
will be presented while discussing these figures.

Figures 123 and 134 show the results for Set-l, and ahould
be compared with Figures 117 and 120 for illustrating the cffect
of overall combustor fuel/air ratio on radial profiles of fuel/
air ratio and combuation efficiency. Although the ratio of
overall fuel/air ratios of Sets-2 and -1 was 1.6, the ratio of
peak fuel/air ratios at x = 6 om is 4.4. Also the shape of the
fuel/air ratio profile is quite different at this astation. The
profiles are relatively similar at x = 10 cm, and at stations
further downstream. The ratios of paak fusl/air value at x = 10,
13, 15, and 19 om are 2.08, 1.95, 1.9, snd 1,77, respectively,
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versus the overall fuel/air ratioc of 1.6. Decreasing the
overall combustor fuel/air ratio increased combustion efficiency
at x = 10 and 13 cm. Howaever, further downstream overall com-
bustion efficiency 1s lower for Set-l.

The effect of an incraease in combustor-residence time, and
a decrease in pressura drop on the profiles of fuel/air ratio
and combustion efficliency can be estimated by comparing results
3 ' of Set=1 and Set-3, as shown in Figures 133 through 136. Decreas-
f ing combustor pressure drop increased the peak value of the
fuael/air ratio, and thus decreased the mixednass. Consequently,
there was an increase in combustion efficiency) however, the
v j profiles of fuel/air ratio remain similar.

1 t The effect of an increase in pressure on the combustor per-
] formance for the same residence time, combustor inlet tempara-

é ture, and overall fuel/air ratio can be obtained by comparing

| , Sets~2, -4, and -6 (Figures 117, 120, 137-140). A similar com-
‘% ‘ parison at the lower fuel/air ratio of 0.006 can be made by

§ referring to Sets-1l, -5, and -7 (Figures 133, 134, 141-144). A
% : small decrease in the level of mixedness was noticed with in-

¥ f creasing pressure. The profiles of fuel/air ratio remained
unchanged with pressure. As expected there was an increase in

o overall combustion efficlency with pressura. However, the

' increase was mostly due to an improvement in combustion effi-
ciency away from the liner wall. The level of wall quenching
did not change with pressure. The conclusions in regard to
fuel/alr ratio profiles of Sets=l, =5, and =7 were similar to
those made above for the high fuel/air ratio teat cases. The
improvement in combustion efficiency occurred over the entire
9ronn-noctian of the combustor. v

The test data with Jet=A fuel was taken at conditions sim-
ulating different cycle-pressure ratics at a constant combustor
corrected-flow rate., BSet=-8 data was taken to comparxe performance
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with liquid versus gaseous fuel, as given by Set-2. The effect |
of engine cycle~pressure ratio and fuel/air ratio can be illus-
trated by Sets-9 through -13, as presented in Figures 145 through

C 154.

f The effact of pressure was negligible on the predicted
fuel/air ratio profilea downstream from the dilution orifices.
However, there was a significant increase in maxirmum values of
fuel/air ratio in the primary and intermediate regions with an
increase in pressure. The effect of pressure was more pro=
nounced in this regard with liguid, as compared to gaseous fuel.

= o

Increasing fuel/air ratio extended the flama further into
the intermediate zone with a resulting decrease in combustion
efficiency in the primary and intermediate zone. However, the
reaction was mostly completed by x = 21 cm, where the effect of
fuel/air ratio on combustion efficiency values and profiles was
negligible. 1Increasing the prallura improved combustion effi-

g \ clency in the primary and intermediate regions. But aince reac-
ﬁ . tion was mostly complated by x = 21 cm, the chamber pressure had
ﬂ ! no effect on the combustor efficiency.
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E, Radiation Model Validation

3 As previously reported in Section IV.E, radiation measure-
5 ments through the primary and dilution orifices were made on the
can combustor at various inlet flow conditions., The following
set of conditions was selected to validate the six-flux radia-

£
© rm— e

tion model employed in the 3-D Performance Model and simul- v
oy % taneously the two=-flux model incorporated in the 2-D Program. |
i RADIATION MODEL TEST CONDITIONS ' <
)

) P, = 1013 kpa

| T, = 622 K

5 ‘ W, = 1.07 Kg/Sec ]
» 3

£/a = 0.0132 f

g The combustor waa modelzd using a grid network identical to
‘ that enployed for the can reacting flow mapping comparisons. i
For the absorption and acattering cocefficients, constant values
of 0.1 and 0,01, raspectively, were selected. Obviously, these
quantities were not constant in a combustor since they vary with
B the chemical species present and their concentrations. However,
4 data on the variation is scarce.

S el AP

B g
HEAEE s RIS

When the flow=-field had converged to an acceptable level of

f masg-error, the net radiation f£lux, in the +y direction through

E the primary and dilution orifices, was calculated and is com=

1 pared to the following measured values: »

—rse -3

Primary Dilution

Measured Radiation
Flux (J/M3-gec) 6.62x10° 9, 2x104
Calculated Radiation
Flux (J/Mz-Sec) 5.21x105 1.44x105
: 334
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N 3

Though the model is slightly underpredicting the flux,
manipulation of the absorption and scattering coefficients, to

_obtain better agreament, was deemad pointless considering the

quantity of unknowns involved in the experimental measurements,
such as temperature and specie concentrations, Within the scope

" of tha measurements, the above agreement is certainly acceptable.

Figure 155 shows a gontour plot of the net radiation flux
to the can combustor wall for the above case., Regions of low
flux are clearly visible around the primary and dilution orificaes

and the cooling slots.

F. Transition Mixing Model Validation

The transition mixing data, described in Section IV.B.4, was
usad to validate the Transition !lixing tlodel. Although the
data was highly three-dimensional in nature it was concluded
that a "first level" validation could be obtained.

First, the effect of atep Bize on the predicted results
was studied., It was found that with 98 equally spaced cross-
stream nodes, there were only amall differences between the
results obtained with marching step sizes of 0,05 and 0.025 times
the channel height. Therefora, all of the results reported here
werae obtainaed with maximum step size being lass than 0,025
channel height,

The effect of initial turbulence kinetic energy lavel,
normalizaed by the square of tha time-mean velocity of individual
straama, and length scala normalized by the channel height of
cold and hot stream passages on the transition liner exit temper-
ature profiles is shown in Figure 156. The computation was
started with initially uniform mass averaged velocities for the
208-dagree sector, which lies in between the main and start
nozzle ports as explained in Section IV.H.
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Predicted exit temperature profiles for scans 1 through 5
and 2~1 through 2-5 are shown in Figuros 157 and 158, respec-
tively. Each scan corresponds to a partiocular hot and cold
flow rate as ! .sted at the top of the figure with Figure 157
for cold flow from upper half aud Figure 158 for cold flow froum
the lower half. Also yiven are tha maximum, minimum, and aver-
age temperacures over the#eng§ra‘transit%on.liner axit,

!l l‘

A comparison batween %eauurhd and predicted TSF
(4 [Tmax - Tavﬂ /Tavg) is shown in Figure 159. The agreement
is reasonably Jood in that the two-dimensiional model is being
used to covralate a three-dimen.iona). £low with incomplete
initial profile data, particularly with rcgard to the velooity

and tha turbulence intensity and scale profiles.
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VI. CONCLUSIONS

During Task I, the following six combustor perforiiance
models were formulated for application to small gas turbine
combustor geometriest

Annulus Flow Model =~ Calculates presgure losses
and airflow distribution within the annulus
axternal to the combustor liner

3~D Combustor Performance Model - Calculates
axial, radial, and tangential velocity compo-
nents; turbulence kinetic energy and disipacion
rate; unburnad hydrocarhons and composite fuel~
mass fraction; stagnation enthalpy: radiation
vectors along the %X, vy, and z directions, and
fuel spray droplet size and distribution.

Wall-Cooling Model - Calculates axial velocity,
awirl velocity, turbulence, kinetic energy and
disaipation, and stagnation enthalpy and liner
wall temperatures.

Transition Mixing Model - Calculates mixing rates
in the combustor transition liner.

2-D Emissions Model = Calculataes HC, CO, and
NO, anisrions by using a detailed kinetic¢ scheme.

Fuel Insertion Model - Calculates the effect of
fuel-spray cone angle, SMD, pressure drop, fuel
physical properties on spray trajectory, and
amount of fuel impingement on liner wall surfaces.
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Element teats were conducted to provide input necessary for
formulating each of the models and then to provide test cases
for validating the models. The following conclusions are drawn
regarding the model validation for each series of element tests

run:

o Wall Cooling Tests - Correlation between 2-D
program and measurements was made for profiles
of velocity, temperature, and turbulence kinetic
energy and dissipation rate downstream from a
cooling geometry. The correlation was good for
pressure drops encountered in reverse-flow com-
bustors but only fair for liner pressure drops
higher than 4 percent,

° Jet Mixing Tests - Correlation between the 3-D
program and the measurements was made for jet
trajectories of various configurations. The
correlation was good but improvement is needed
in regard to modeling the jet expansion rate,

® Can Combustor Cold=-Flow Mapping Tests ~ Correla=-
tion between the 3=D program and measurements
was made for internal flow profiles including
axial velocity and turbulence without combustion.
Good correlaticn was obtained, especlally in the
high velocity regions of the combustor, such as the
liner walls, dome area, and in between the primary
jeta,

e e e e e s o Wi e+ =

) Can Combustor Reacting Flow lMapping ~ Internal %
flow-profile correlations were made between the ;
3=D program and the measuremenis for reacting
flows. Reasonably good correlation was obtained ;, 5
for unburned fuel calculations/measurements although '

343
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the agreement was more qualitative than quantative.
Measurement errors, due to emissions probe dis-
turbances, were the main reasons for the discrep=- i
ancies. However, despite the probe disturbances, ‘
good correlation was obtained for fuel/air ratio
and combustion efficiency both for Jet-A and
natural gas fuels,

e Radiation Tests = Limited correlation between the !
3=D and 2-D programs and radiation measurements was i
made. Good correlation was obtained.

) Tranaition Mixing Tests - Correlations were made | f
with a 2=-D model and test measurements in a l ;
transition section which included 3-D flow §
characteristicas., Good correlation was obtained &
aspacially in view of the limited initial profile
data that was availabla.

All of the combustor analysias models were sufficiently :
developed and validated in Task I to permit advancement to tha i
next step of the program. This next step entailed the use of
the analytical models to agsist in the design and successful
development of two combustor concepts. This work is reported
in Volume II of this raport,
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APPENDIX A

; TABULATION OF INTERNAL EMISSIONS DATA OF ;
4 SET=1 THROUGH SET 13 OF ;
_ TABLE 15 AND TABLE 16 \

DATA SET=-01 CIRCUMFERENTIAL POSITION ¢ 0.0 DEG, i ¥ .
(IN RETREEN JETS) !

AR POS, (CM) 605 10443 12490 1537 18402 24,22 |

; RAD. :OSQ UNAQURNED HYDROCARBONT (PPu) . 4
i 44 : b
! .64 468,84 1064.8 91%.% 61,2 128,1 11148

3 4,04 2390, 14638,0 1093,.9 7%.9 270.1 123,08 ‘ '
A € 23 4623,7 24483, 109.1 43.9 429, 193,.7 ) E:
: .43 3¢462,0 25200,.9 103040 13947 7,4 118,42

A 3,02 405873 21424,8 454,11 2080,0 100,46 1720,1 W
X .42 42081.,1 &MNB7,.8 676.0 864, 2 187,46 124,1

. 1.00 STCA8.4  £123.4 1635,0 064,98 14 LYY ) 19,4

d 1.07 6387142 412%5.3 109%.0 1019%,.) 104,06 149,0

ot0 TOOTT.7 1863.0 1924,2 1183,0 489,1 170.%

200 914212 1197.7 1211.0 94242 418,? 162.9

RADs POS. co (pri)
(cm

Se44 1739,9 266943 232%.9  T47.3  44%, 0 304,4 )
LT L 292340 3263.6 2330.7 933,2 T13.1 372 ! ]
4,29 331041 33402 263%.1 112043 640,77  379,7 ;
3,83 332946 320144 1695.,0° 1029.6 301,46 3A%,4
3.02 325747 8044.0 1315.8 12%6.3 1re,3  gag.g
2.42 32617 2498.9 1295.7 13741 291,3 372,%
1e80 244,83 22187 140%.6 1488,3 400,84 ATA,Y
1,07 227449 19857.1 1412,9 1541,9 501,1 363.7

o 80 3232.9 1405.8 1295.8 1367.2 A07,7  39%.4

+ 00 394061 127246 1190.0 1229.5 674,84 27,4

———_ e e

—
Py S

O L e

i —— e o e ..

! RAD. POS. NOX (PPM) 4
g (cry 3
3 8,44 82.7 30,4 43,9 3646 23,4 14,1 | 1
. .04 60,0 52,9 47.0 52,4 2%, 17,4 !

' f 423 61,0 53,5 62.0 53,9 14,9 20.1 | :
] , Y 2.8 A2,2 313.2 56,5 1143 19,9 t 5
3 ‘ 3,02 58.0 28.0 24,2 28,44 Q,4 10, m ) ;
; 2442 54,9 20,3 1846 2046 (SR !

) 1,00 ‘7&. 1644 1648 17.4 9,9 1’03 ( ’
§ 1.07 38,3 14,2 19,0 14eé 11,6 19,1 , 1
-g + 80 29.6 19%.1 16,9 13,3 12,8 10,8 { 3

3 » 00 25.1 17.0 19,9 13.4 18,2 12.9 , 3
| ' RAD. POS, €C2 (PCRCENT)

A (e .

S.44 4,37 3,37 3.29 24,92 2440 1.20

A acle 5,38 5,48 'Y 4,24 .78 1e86 . 3

y 4,23 t.30 5,60 35.13 %.01 1.7Y 1,47 ‘ -

. 3,03 ¢, T0 4,82 4,05 4,78 1.M1 1.99 l b

[ 3.02 6.%99 3,64 1,76 4,07 9 1.94 } 3

i 2,62 620 2.9 2,80 3437 NT) 1409 ! 3

l ; 1.¢0 Se00 1,60 2,13 2,81 W39 1,40 |

i 1,07 4,49 1024 1.69% 2.14 1.16 1.%% 3

\ ' &0 3:30 1.21 1,41 1.00 1.%7 1:40 ]

{ +00 2.9¢ 1.18 1.39 1.7¢6 1479 1431 p

, CABLE i
SHIS PAGE I8 36T QUALTTY PRACTL L PG XS B ;
FROS 00X IARRISHED 10 DDU  oeer 348 . ' ‘
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THIS PAQE 1S BEST QUALITY PRACTICABLY
3 FRON OOPY FURRISHED 20DDC¢ .

DAYA SET-01 CIRCUMFERENTIAL FOSITION » Vb NEG,
AXePOS,(CM) 4408 10443 12:90 13,37 10,0 24,22

y PaDy pos. UNBURNED HYDFCCARBONS {®p)
i ten
K 5e44 1 107760.9  790,4 I 371 M,
) to04 I 2009¢,0 53,2 T 294,72  ov,y
K ( 4,28 I 34332.9  708,3 T 22,3 113,48
S 3,63 I 1172044 14644 I 12,6 138,7
1 3.02 1 12706.5  189,7 I e',e 7.
1 2,42 I 9047.4 1.0 I 16%,0 129,%
b 1.00 I 710%,9 1330.7 I 270,10 12708
: 1.07 1 95981.3 1568, I 432,85 41,7
. t +60 I 2794,% 12393, I 4268 177,90
r { 00 1 2282.2 1387.0 (ST PE U TS 2
)
. R0, POS. co (PrN) 1
A (cmy
: 8,44 I 2012.4 2192, I 6%1,8 274,48
i 4,84 I 2343,1 2497.9 I 897,40 384,98 -
- 4,23 1 3343,1 2003,8 1 a20,3  se2, 3
[ t 3.6) 1 942.7 1678,9 ! WALY 364,64 .
. 3,02 1 2252.8 12400 I 281,y 37,7 k
'3 242 I 2304.8 1202.4 1 317.% 79,7
. g 1,80 1 238643 1500, 1 473,89 375,y 3
;o 1.07 1 22933 1434,¢ 1 848,7  aes,0 4
L +60 I 1744.0 1278.9 L T I TT I
] { «00 1 1367.2 1144.0 I 7,0 3. ‘
i K
! RAD. POS, NOX (PPR) ; 4
- (e | i i
. Se44 I 35y and I 271 130 ; 4
T N T 1 453 48,9 I 2401 v,y ,
T 4,29 1 37,4 48,3 T 16,4 20,8 4 :
4 3,63 T 1066 3403 I 10,7 21,9 i 3
: ' 302 ) { 11,2 23,9 1 L% 4 1.2 1 |
" 2042 1 1l.1 17.% 1 7.3 20,8
; 1,80 1 11.2 16,2 1 % . 18,4 .
f 1,07 I 114 13,2 I 1148 1a.4 9
; 60 I 10,8 13,8 I 1% g8,y )
» 400 1 12,0 12,8 I 1n2 14,2 {
) PO oS, €02 tPERCENT) ¢
S I 5,44 1 339 a2 S T R , y
‘ 6,06 1 8,72 4.2 I %098 .00 : .
' ‘2 I 402 5,10 I 1.9 1,92
3.68 I 2.9  a.50 I 100 1,98 P
3,02 T 1442 3,89 1 9 p,0n ;
b 2.42 1 1487 2,97 1 71 1,02
1.80 I 127 2,2e 1 9% 1,79 to
1.07 1 leds 1.7¢ i 1.29 1.99% i
! »60 H § ledls 1.4) Y 1044 1.4)3 i
00 I 1.8 1,38 I 1462 1,92 .8




ST PAGE 18 BEST QUALLTY PRACTICARMS
7RO 002Y JURKISHED T0DDC |
DAYA SET-01 CERCUMFERENTIAL PESITION = 1341 DFG. |

[ —

-

AXLPOS. CCM) 6408 10063 12,90 19,37  1%.%2 24,22 !

aa?en:os. UNBURNED HYDROCARBCNS (PPM) i
: 8.44 0.0 8387.5  692,0 48,2 79,8 87,8
3 4484 106340 1450%.0 79,8  1C.&  177,1  104.%
i 4¢23  9060,0 332640  T31.9  B8.¢ 99,4 101,1 |
i 3063 24004.7 1596,9  385,9  101.] 37,3 116.¢ ;
F | 3,02  35706.7 202746  133.1  207.6 .6 1224 .
b ! 2042 4T7201.0 1024646  372.6  415.2  1%1,7  130,4 )
i i 1480 56019.9 T7985¢2 122443 125C.9 324,00  143,7
: i 1007  66038.F 505648 2169,1 1370.7 424,64  149,0 |
t «60  03170.7 30%9,1 2115,9 1280,2 8°%,%  149,0
b ¢00 0969143 2395,3 195642  992.7  423,1  170.9 y ;
; :
N RAD, POS. co (PPM) |
v tem i
; 5,44 806¢6 3236,0 10887.1 57043  488,6  24%,1 - ‘ ;
; Ao84  2340,2 3231,1 Z357.3 935,86  IN.A 387,7
i 4023 320044 1974,0 2282,2 1189,7  377.4  390,0 ;
! 3063 331402 031,56 1982.7 1246.6  106,4  ARAS :
: 3,02 323001 OTI.A 14590 12084 164,7  9Na,0 4
! 2042 3210.2 2265.9 1360.2 123046  2%4.3 3044
4 1600  3210.2 2090.9 1949.3 1332.8 401,0 374,
i 1007 3279.8 2020,8 14050 1377¢6 T1%1  %A7,0
: +60  8342.5 204406 1279.2 1260.2 TG 333,64 -
i l $00  3330.0 1423.6 1138.0 1132.1 73,0 M. é
RADs POS. NOX (PPM) )
(cw) j
| 5444 3909 3642 4248 30,4 0,4 10,4 %
! : N 5401 2948 48.2 1.7 28,3 17,8 {
¥ ! 981 6048 1249 4545 479 1241 2944 5
b ! 3. 63 27.4 9.5 36.8 4601 1 22.9 B
! ; 3402 56.7  10s2 20,0 31t & 2,0 ;
: ’ 2.82 519 13.8 19.4 26,1 7.1 2.7 ;
! 1,80 03,5 18,5 15,2 20,9 Y02 19,3 ;
; 1,07 33,5 2142 16e1 18,2 12,7 14,8 ‘ l
! +60 2706 10,4 1'% 17,0 14,9 19,9 ) :
: 00 2406 2161 1846 2143 14,7 14,7 i ;
, ®ADs POS, €02 (PERCENT) ;
i (cr ]
h Bo44 2,72 4480 3,23 2,33 2,00 1,09 {
y 4004 010 3,97 481 2,03 10 1ML ]
B 423 6413 1440 5,208 400 1,29 1,09 ) ! :
9 3.4) b.5%8 53 %.3¢4 2.07 .1 2.0¢ (
i 3.02 6413 T Y Lt 43 2,09 ;
; | 2462 590 1403  3.34 3.3 81 1,099 \
: 1.080 5420 1,90 2,38 258 27 1.#0 i
1 1. 07 4,00 2.27 1. 74 2419 138 1.9 "
‘ «60 2,98 1433 1442 1,83 1,90 1.4 :

«00 2441 1419 1,39 1.79 1.43 1.3 )




] ‘ 1618 PAGE IS BEST QUALITY PRACTICABLE 4
. FROB OOPY PURRISHED 10 DD0 .

DAYA SET-0) CIRCUPFERENTIAL POSITICN « 2245 OEG.
AXPOS.(CP) t.0% 10443 12,90 15437 1R.H2 26.?? 3

S lA?E”POS. UNSURNED HYDPOCARRBONS (PPN) y
\ ] )
x 5,44 1 3326.8  918,2 1 "0.6 n.o ]
3 4,84 1 14904,2 1131,1 1 83,8 111.0 2
4,23 1 25609%,1 425.8 1 64,9 LLTY) L -
k: 3,63 1 39522.7 1%09,.¢ 1 29,3 102.9 {
X ¢ 3.02 1 50033,9 2327 ! 87,2 122,84 ¥
g 2.42 1 71194,1  %19.0 1T 1%0.4 142,64 ;
P 2 1.00 1 21424,0 163,08 1 2%%.9 1%,4 E
| 1.07 1 46575,0 1649,9 1 903,85 14,8 9
i « 60 1 22489.4 16%0.1 1 4631 1940 i
b I ', 000 1 763241 1%80.¢ I ARRA 147, >
. RAD. POS. CO (PPM) b
4 ter) 2
7 ‘ S, 44 1 2765.6 1934,7 T A79.%  201,¢ |
u NI 1 3337.3 2834,2 I 462,46 375,02 9
k. 423 I 3341.9 2739.8 1 191,35 34,1 :
K 3,63 T 3310.3 2389,4 I 341.0 400,
! %.02 I 31655 176447 T 108,46 4040 :
! | 2442 1 3119,0 14%¢.2 1 280,86 29,0 ¥
) : 1.80 I 2927.0 151844 1 3509.3 4,1 E
4 ! 1.07 T 2504,9 1430.0 1 7T 3.9 ;
S { 60 I 206243 127942 1 8222  3%4,9 A
b +00 1 1309.1 1097.0 1 737%.1 31,0 4
N RA
5 ' RAD, POS. NOX LPPM) f
' ) :
¥ 5444 1 0, a%,.¢ 1 22,2 178 9
4 4404 1 686 52,7 1 224 1640 3
3 4,2 t 50,9 10,6 1 17,2 19,0 4
‘Q 3.63 1 3.2 81,8 1 1441 20.8 : 1
i i 2,02 1 27,1 11,9 1 0.8 N, .
A 2,42 1 2248 21.8 1 Teb 29,9 4
3 a 1,80 1 17.8 176 1 10.4 10,4 \
- 3 ' 1.07 | 1447 1649 1 13,2 1%.9 :
‘l obo 4 1207 1700 ! 1‘0.0 1‘.’
y +00 [ ¢ 14.0 1.7 1 1%.7 1%.,4
3 . RAD, PDS. €02 (PERCENT)
' i L]
, ) 5404 1 4,08 .58 1 2,14 1420
9 t 4,04 1 be b)Y 4,01 4 2.9  TLL) .‘
' . 423 1 6,99 5,00 i 1.02 2.00 . j
. 2.63 1 5,764 5,61 1 1.4 2,07 3
4 2.02 1 4,73 Y] 1 81 2,10 -
" : 2,42 1 423 T 1 N1 .09
) o 1,80 1 3,30 2,40 1 1.01 1,4 i
1.07 I 2,57 1. 77 1 1,62 1.%9 “
[ '60 1 1.76 1e46 1 1.%6 1,49 ol
R 100 1 1,22 1,27 1 1447 1,94

351
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THIS PAGE 1S BEST QUALITY PRACTICABLE '_

TROR 00PY FARMISHED T0 DDC -
DATA SET-p} CIRCUMFERENTIAL POSITION « 0.1 nFrg, 3
tIN LINE VITH JETS) . 3
AN POS.(CH) 6.0 10.43 12,00 13037 16082 24,20 ) j;
D,
RAD. POS, UNEURNED MYDRCCARRLNS (ppw) .
ten) ~
8.44¢ 5855.2 2022,4 71,4 110,# 07,1 AT, 8 k
e84 26218.4 1147,7 2102,¢8 932 71,9 ar, 3
4,28  350987,0 U 242141 1171.0 62,9 ywa, ¢ [
2063 63600,9  ps,4 202,80 1677 47,9 1,0 V- 3
3,02 70262.6 19¢94,p R38,4 288,80 19,9 197,.0 1

2442 78825, 2927.8  748,2 4068 R L 2 N
1.00  85032,2 $%491.9 1240,0 1104,8  352,9 16%,7
1607  92382,9 15219,4  2129,2 13440C  m0n, 7 44,4

" S ey =

100 gailid AR2eLS 202109 127400 sasis  deed y b
"00  EILEAE 1023100 190200 Alsaia  ajare  Ipete 4

i

rac. pos, co tpom) R

(cw) | :
Sede 21570 2444,2 2509,4 4)12.1 50,7 s, 9 X
(1.1} 3344, 120%,7 2988.8 - 1370.¢ 431,4 362, k.
4,28 32%6,} 357.7 20e5,) 15610 31,0 LLL ) 3
.83 320%.¢9 570.% 2878, 1619,2 243,40 429,08 ?m
3,02 322%5.0 207%.8 1088,2 1658,2 1%0,0 38,4 -
2442 327176 3047, 16271 1412,9 26049 19,0
1400 3332.,9 2649,p 1998,¢ 1420.% 1er.s - LLINY
1.07 334608 2087.9 1%41,9 1423, 4 26,7 67,9 g
W60 3340,5 1083,2 1262.8 1242.0 Ad7,1 87,7
+00 3346.0 1292, 109d,2 111444 7%0,2 M50

RAD. POS, NOX (PPN} ) |
(cn ' p
5444 NS CTE B PE ST X S P | 4
04 eSS S S O+ 2% TP N S T00 S 1 ! ;
4123 M LS DY AR T I T8 S 13 1
163 IR O T OF SR T N I P NS - }
3.02 28,2 3.6 12,12 30.) ot .0 | g
2,82 -3 S LS A T 75 B T SR L ;

1,80 SR LT § 2U TS - ST R S {
1.07 SN 1LY ST 2 S T S G- ) '
‘40 A A S| MR T S D¢ S

+00 SAL R L L 25 2N LY T PO S j

RADs O3, €02 (PERCENT) )
(cH) } -
5044 AR L3 SNNLYS ] S DY VOO PO
4404 SO SR L T I T HEE O O 3 5 . | 1
4023 00+ ST RN 1T SR N TSR S 1 \ ;
3.83 4,81 49 5,97 4,00 9% 2,08 ? !
1.01 O CJNE TLL R RPN S S A P,
2,62 SEAANE DL I ] S 0 - B S0 :
1,80 it 3% 230 2l g1y o0d “ A
1.07 33 LT0 a0 2026 yiay -
.80 504 SN U3 LR DY T R T S S4B . .
<00 AAALTINNE ELISS PEL SN P N 0 T 1 ‘
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THIS PAGE IS BEST QUALITY PRACTICARLE '
FION 0OPY FURKISHED TODD0 - |

DATA SET-02 CINCUMFERENTIAL POSITICK = Qo0 JE5,
(IN RETWEEN JETS)

AX.POS.(CM) ¢.0% 891 10443 12.90 15,77  1n, 02 21,09 26,22

3 M(‘)E"I;Oh UNBURNED HYDROCA®ACAS (POW)
K
544 133,1 10246,6 11085,1 9714.,3 3R7%,4  ®ar 4 437,1 2302

4,04 2794,% 52207,7 J9T7M0.9 Q9P)1,.3 1A10,? 110,4 708,4 169,0
? 4,2) 1583547 52002.% 43110.7 £284.4 . 4447, LLLI%) 280,? 99,8
3.06) 40507.3 58¢02,9 41119.6 330%,0 47¥Y.0 (3.1 111.9 LT
2,02 6T00141 8783, 4 B4066.T 1483,0 1226,Y 430, 111." 11049
t FLY TOOTYe? T1IT2E00 28437.0 2803.0 1714,4 2.2 210, 17%.7
: ) 1.80 0237242 7710246 204933  T718e2 VDM AR A 3906, 20640
b : 1.07 G804, 2 25053 1817043 TER8L2  41%1,8  172%4,0 447, 32647

i . obQ 123225, 7 RPATAT.6  THB.EZ  TIHEL9 430,10 1870,.0 AR8,.7 33%.) ;
o 2«00 13600G0.7 06743.7 5980,) 272241 27AAN 1421,8 L LYY { 419,2 )
A \ RAD, POS,. : Co (PPM) ]
?; ¥ (cm) k
i \ Seda 1792.2 307241 3202.0 3343,1 3D461,4 N6 ,N 19%4,0 6689.% B
{r . 4,04 296&.1 321142 286,90 8343,95 MRA Y 2120,7 2000,2 7052 !
- 4,23 3304,%  3221,6 329043 33485,.% 'MAA,]  140%.0 1p08,7 60,7 |
- .63 9300845  3234,0  3337.6 D293.2 AN, 1 1021.% 1%40,? 662.7 1
] s 3,02 3238.1 321,17 292,00 29%C.85 061,86  SR4h 001,  644.8 , |
3 ‘ 2442 3211,2 2206.7 3072.1 272246 2741, Q04,7 LI L 602.,0 i
N i 1,00 3102,¢6 VIR4 2903.0 2644%.,3 2R73,4 11R1,) 877.9 7111 ]
2 1,07 B2T4.9  3043,2 2625.3 253047 280%,1 1401,0 940.9 T68.1 A
{ : 260 3365,9 134549 217946 227044 2%00,% 14ATR,Y CLY Py TA7.2 %
i ! +00 327000 334346 2078.0  2143.2 222741 16%A,0 910,9 76640 }
B
g i RADs POS, NOX (PPM) ’
v (cr)
' ﬂ ; .44 0.0 9 o2 o2 0¢9 1 ! 21.0
. { 4,84 0.0 o1 o} o2 1 L] I 2%.7
. , { 4073 0.0 o1 ok o) 1 t 1 20.¢
C ! 3.4 0.0 0:0 o2 '3 1 1 1 29.2 }
3 . .02 0.0 0.0 Y 4 o) 1 7 S 264) g
. ’ 2.42 0.0 ol ) o 0ed ! ' 2440 ;
! ! 1.80 0.0 0.0 3 o3 t ! ' 20.¢
J ; 1.07 0.0 1 oh od 1 4 ) 17.) .
i 260 0.0 0.0 o} % | 0.9 I ! 133 A
« 00 0.0 0+0 o3 o2 0.0 I ! 1%,
i RAD. POS CD2 (PERCENT) Y
1 ' (cmy “ .
3 S04 deld LI% 4 4,00 4,90 8449 8,72 .74 2.%0
T 4,04 %.1) 5,20 6.1 t.7% T.%% 4,07 &4 .11 y
423 617 .19 6.06 7.31 7429 2.90 4011 3.9 L
: 3463 bebd 4449 Yeb1 b9 Te?1 1404 3,74 .74 p
’ 3,02 9.39% 4,08 L L1} 53.6) 4,72 1.7 1,84 .44
. 2462 LTy 1] t FY.1) 2.008 4,05 4,77 1.%1 .92 1.2¢C .
1.00 had? 3,20 1:.%0 296 .5 1e44 2,79 2,70 ' ;
1,07 370 2984 1.25 1.99 L L) 2.99 2,02 2.4) o
60 2e84 2409 1.24 1.6)3 (L L] 2.%0 1.81 .11 )

+00 2,00 2452 1.34  1.56 2,26 2.3% 1,84 1,08




ODATA SET-02

. TZI8 PAuws 1S BEST QUALTTY PRACTICABLE
* FROM OOPY PURNI SHED 10 DDC

CIRCUFFERENTIAL PCSITION = 1%5.1 DEG,

; AXoPOS(CH) 6.0%
0 RAD. POS.
! tem
: l Se44 I
[ 404 106440
! 4.2 6919,8
.63 4043040
3.02 T2191.0
' 2.42 0237242
1.80 85699,1
1.07 99937.6
: , 60 12309240
. (00 136004.¢
i RAD. POS.
A (cCM)
i L T Y T43e2
s 484 2263.%
; 420 327°.0
; 2.63 13 '
- 3,02 82,8
; 242 d2l1e2
0 | 1. 80 3200.2
S 1,07  3279.8
y . 60 3344,
; +00 3200.1
RAD. POS.
(cH)
j $444 040
4 f 4,84 0.0
) ‘ 4e2) 0.0
E 3.6) 0.0
1) ; .00 0.0
! 2,42 040
: 1.00 0.0
: 1.07 0.0
3 Y.11] 0.0
; 400 1
K RADS POS
i (§4 })
2 t JR L) 2ebd
\ 4,04 Y70
' ‘ 423 5.79
P 3463 6430
. 3,02 .10
- 2.42 4.5
1.00 430
1.07 3467
80 281
«00 .11

8,51

1C. 43

12490

15,37

UNQURNED HYDRDCARBCONS (PPM)

159¢.,9 21657.1
14038,0 2940%,2

30000, 4

3089,)

$2166,7 2262.2
63742.0 692,86
T17206.4 20227.1
T7040,3 26421,°
01174,6 1064%,0
01C41.% 9847,

87029.0

27710 ,.9
33413,8
330%.5
324741
3276,0
330%.9
3272
1344 4
2362, 6
3338.1

o
-0-1-1:’-1-a-‘-¢-o—-

4,18
(X33
L ILL)
%oht
4,30
.08
%1.21
2.04
2403
2.9%0

54%0,0
co

3344,
§344,8
2979.9
1199,0
1841,9
2749.9
313449
3044,0
2426,0
209143

NOX

705249
59¢00,)
e307.%
e347.8
23053
405748
425%8,1
6254,4
C28444
4657.¢

{tPPR)

328240
3348,7
3845,9
334240
3250.2
294646
284147
281¢.42
23718,
21632

(PPHF)

o)
o3
b
ok
oh
o)
'y |
3
oh
L]

€02 (PERCENT)

5,99
6,91
1.70

39

&3
1,16
2,04
2,20
1o41
1,13

85,02
(- YLL!
Tedé
T¢%)
6.32
4o
3.09
2.7
1e87
149¢

3s4

2049,3
431146
439144
318044
360649
14090,0
2914,

4128,

4231,7
192%.7

?T19,7
3120N.2
9340,9
3272.0
3141,2
2738,4
29714
2500,0
2361,9
2224,

o
-
D =S 78 »eg v O »0 @ =4 4

o
.

4,10
bob?
7411
T.00
6,08
476
3.72
?.92
244
2.0

10,02

204,2
VAN
164,04
44,9
164,4
70,8
"M1.7
12%0,9
1734,4
1674,7

20,0
1713, 4
7!!.]
45%,1
220,
629,08
11%4,0
14%0,9
178¢6,4
1608,9

— = G g S ot g = g -

5.5}
LYY
1.77

o7

8?7
1.9
1.7%
.49
2.%%
2400

21420

340.7
147,7
108,0
%849
Re.%
210,
10%,.7
ALY )
511.0
sop.0

1%441,9
1A28,0
1086.1
1040,0
fe0.9
R?2%,?
P71
PR2,0
96049
o150

-l 4 g oy = i} ool wll ol =g

LIy 1)
4,0
%a02
LYY Y.)
3,70
2.7
?.21
1.90
1. 74
1448

26,22

312.7
198.)
11444

T9.8

91,8
134,44
2118
e,
267.9%
40149

703.2
RLY IY
7090.1
699.3
8301
63742
$98.3
73%.)
76142
781.4

18.¢
2444
279
1.1
31.¢C
7.0
238
18,8
16,0
14,4

2.0¢
3.01
3.79
3,90
3.9
3e7¢
.17
257
2.19
1.9¢
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IS PAGE IS BEST QUALITY PRACTICARLY
FROM OOPY FURNISHED TODDC

DATA SET=02 CIRCUMFERENTIAL POSITION = 30,1 DEG.
(IN LINE WITH JETS)

AXePOS4(CM) .05 8.51 10,43 12.90 15.37 18,02 ?1.29 26.22

> PaD, ens, UNBURNED HYCPOCARBONS (PPM)
A (cv)
S 5ehé 390,2 5C38.3 B5649.0 11176.1 4145.2 1483,8 206,90  271,5
i ] B4 £387,5 30873.0 3193.8 52046 TOI17.R  SR6.5 187,66 15846

o 4423 411196 4750643 106446 1226247 11637.1  252,8  143,7  103,8

A 3,63 £6931,0 62C12.1 4524.5 9448,2 6540,8  266,1  181.0  102.8

S 5002 79464, 6 T1460.3 29143.0 526,35 3772,7 13,1 175,7  101.1

o) 2062 T7O178.5 70178.% 45777.1 50%56.F 1430.4 42,4 260,08  126.4

S 1,80 B698,3 B2372,2 3127242 518949 234%,7 8817  346.0 22049

} 14C7 10E553,8 BE098.3 2674747 TT1642 33£4,7 136641 446201 300.7

ﬁ Lo €0 12€6E%,6 8676347 15037.3 S9ER.3 072,64 1623,%  552,3  328,7
: €O 132728.5 7758146 625404 S5569.1 291%,3 1836.3 32,3 438,1

| RAD. POS. O (PPH) ;

]

! ) \
; Se44 209842 3085,8 3283.9 3337,3 274,11 237%.4 14desk 72940 3 '

\ 4ofb 3234.0 23334,0 260Te4 232721,9 3230.0 1°982,7 112¢4,2 715.0 ’
\ 4e23% 331246 375849 10107 3323,3 3344,8% 1279%,.4 988, 8 761.8 )
& 3.63 321447 327649 1760.5 3344,4 3341,.% t61.? f1%5.4 723.0 1
¥ 3.02 317646 3279.8 31231.,8 3247.9 2215.9 342.1 787,2 653.8 é
: , 2ok 3lé4ed 220346 3335.7 306106 2RGL.T 51%2.1 778.7 680.1 !
g ) 1.80 321142 3330.8 320647 2907.1 2530.4 120%,7 f13,.13 683,90
{ 1.07 2315.,8  2245,7 312%5.64 272647 2%50%,0 1744,0 006,3 7432 !
: &0 33308,R  3345.7 2669.7 2421.4 2356,5 1802.? 933.1 755%.¢ ;
i «00 3322.0 3338,8 20644,6 225047 2211,2 169140 013.3 T649.4 J
] 9
4 : RAD. POS. NOX (PPM) ;
! (cv) :
b Sebd 0.0 0.0 I +3 1 1 1 19.0 3
2 f 404 0.0 1 o1 vl 1 T T 26,0 k 3
g . 4,23 040 0.0 .0 o3 1 1 1 28,9 ;
E ; 3.¢3 0.0 1 I o3 T 1 1 30.7 : ;
3 3.02 1 0.0 0.0 ol I 1 1 29,8 ; :
4 2462 0.0 I 0.0 o2 I A\ 1 27.2 ) 3
; 1.80 0.0 0.0 040 .2 1 1 ! 2441 ! !
4 1.01 0.0 0.0 0.0 ol 1 \ 1 1907 i \1
! 80 0.0 0.0 0.0 o2 T T 1 17.4 :
€0 1 0s0 ol b I 1 T 16,0 i H
RAD. PCSe €02 (PERCENT) { ;
(ce) 4 b
- ) Dbk 3490 3,19 5.05 $e32 3.47 4,49 beOh 2.232 ! |
' . boB4 5.87 5¢56 2.22 Ga75 £.79 1.77 1,53 3.27
i 4.23 6475 %52 &9 7.27 7449 2. 224 3.97
: 3,63 5454 4,37 b1 €e93 Te24 97 2,464 4,11 - i
} 3.02 bbb 3.71 2400 te2Y heTh o492 ?.32 3.9 5
’2 s 2462 hob? 2,23 3,88 LEY-14] 5.20P 1.0? ?2.10 3,03
N 1.90 4,30 2.90 3.57 3.04 4,29 2.M 1.9? 3.12 :
I3 1.07 3.25% 2467 274 2e26 2,13 YL 1,73 2.5%0 : ?
i 60 2448 2457 1.79 la76 255 2443 1,70 2421 :
P{ «00 2423 259 1433 1459 228 2407 1,06 1,98
Y
i
N y
\ ;
't 3
y 355
3 ] "
X ¢
§ : : 4
k %}. : ) [ e L
| e~ d
e e s A e ==



3 . SNYS PAQE TS BEST QUALTTY PRACTICABLY
“i ' 508 00PY FURRISHED TODDC -

i DATA SET-03 CIRCUNFERENTIAL POSITION » 0.0 DEG,
(IN SETWEEN JETS)

AX<POSJLCM) 10443 15,37 10,82 21.29 24,22

e M ST e W i

4 Rl?. POS. UNBURNED HYDROCARBORS {PPM)

] ! tr) -
y: ' 5.44 0.0 0.0 21,9 61,2 51,2 "
('; : 6,04 0.0 169,0 178,3 €3,9 41,3 ] A

N | 4,23 2129,2 35,9  14%,0 75,9 11,3 3

b : 3.63  50%5.7  87.8 9.3 50.6 4749 b ;

Al 3.02 1 2076 105.1 39,8 75.9 9

i 24462 212.9  363.3  115,8 6942 56,6 oS

3 1.00 252.8  2367.3  219,¢ 88,2 57,2 : 1

i 1.07 1 507.0 210,) 93,2 62,5 B

"1 0 1 673.3 2%56,2 122,80 61,2 i b

' «00 332.¢ 348,7 194,13 T4.% 75.9 i“

- RADs POSs Co (PPM) ) -
C B tcmy { 3

8 NS 187040 729,0  269.,0 217.6 1%7,% .

R 484 1982.7 763.9 308,9 23044 1746.0 i ;

: 4623 2837.6  791.5  365.4 215,17 202.1 X -

) .63 2778.5 460,08  242.2  204.%5 201,2 b

b 3,02 200448  9552,0  192.2  178.7 202,64 Q 4

! 242 12358 659,13 23%.2 18446 184,2 4

\i 1.80 806,7 70€,1 325.9 168.,9 103,13 ‘

1 : 1.07 476,43 747,33 379,77  207.7 1M4,2 3

\ 40 51141  £06,%  401.8 21%.2 169.6 ! 5
; «00 R20,9 453,08  365,5  181.4 183,38 ] b

i k-

i | RADs POS. . NOX (PPM) I

'\B(} (CH) v:.

4 : LY 50,9 43,9 28,2 23,1 159 ' 3

: i 4olb 75,1 87,2 27.8 23,7 20.0 i 4

g } 423 69,8 5241 19+ 2144 22.9 i

.t » 3.63 6%.2 49,6 15.0 19.7 22.2 3

1 § 3.02 06,6 41,1  11.6 18,3 22,9 )

‘ F LY 33,1 31,2 12.9 17.0 22.% )‘ K

1.00 22.9 2440 14,1 15.7 2043 , 3
1407 20.5 2048 1645 1444 19.9 ; ‘_
«80 19.1 1902 1702 13!1 17'6 1 i

_ «00 21,6 19,6 17,3 12.6 16,8 I

i RADe POS. €02 (PERCENT) 3 3

- - FLL) 3.30 3,22 290 1.90 1.49 ¥

3 | 4o Ge68  4ckb 2,77 1496 1,72 ooy
- ' 6,23 5,63 4,36 1.84 1408 1.87 { 3

; 3,63 5.2 16,99 1,19 1,69 2.01 { :
: 9.02 3.70 4,14 '} 1.%0 2,02 ¢
g 2042 2443 3.11 91 1008 1.%6 ! 3
g 1.80 1.56 2424 1.20 1,29 1.72 ]

‘ i 1.07 1021 1.97 l.38 1.19 1.5%7 q

- ( +60 1403 1.78 1,49 118 . 1.4A 3

3 : +00 1.17 1.78 1. 40 1,07 1.40 \

i . A

: Vo]

: b

..’ {

1 1'

356

;e
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E _ SH1§ PAOK 1§ BEST QUALITY PRACTICABLE 4
‘ " FROW-00PY FURNISHED TODDO

: DATA SET=C2 CIRCUFFERENTIAL POSITICN = 1%.1 7€5,
' AXoPDS.(CM) 1043 15,37 18,82  2142¢ 26,22 ;

RAD, PCS. UNBURNED HYDROCARECAS 28wy
tcH) ; 1
| 046 131704 1640 T3 16,0 1440 a
i Gobé 8450.1 21,3 3743 17.2 7648 .
; 4e2) 479.1 33,3 21,3 37.% 12,9
. 3,83 10643 B7.8 &7 5Cet 1,8
{ 4 3,02 958.1 15947 16.0 5C.6 M4
; 2,42 42%.8 32847 51,9 70.¢ tL~,0 4
1 1,80 1982.8 439,1 2358 92.2 T2 3N
1.07 452,4 96042 32047 6741 47,9 /.
: W60 11844 %40.3  28&.1 102, “1.2 o
P +00 11677 457.8 238, 101.1 £3,2 Y
¥ PADs POSe co (PPM) §
i (cn) . q 4
! ! 8,44 25171 50447  197.7  187.F  111.R o
b ' 4,04 2722+%  923.1 21845 16%. 1 1480
: ! 4,23 104046 102849 13040 1760 1%2.0 3
: i 3463 409.3 101047 69,6  20%.6  100,6 b,
{ , 1,02 08,6  585.9 5.9  206,0  18%,2 By
i ; 2442 16420.1  £36,1 2033  198.,9  274,0 g 0
i i 1.80 144%.3  761.8  373,3  211.% 186,90 § 4
3 . 1.07 620.2 THB.1  ATR.2 232,80 184,7 3
) «60 702.9  bB7.7T  451.6 22641 179,1 a .
i 00" 787.2 63040 41%.3  219,0 1779 4
. RADs POS. NOX (PPM) o
: tcm) b
' B.44 4943 18,7 31.0 21.2 18,4 A
| 4el4 h3,2 5%,.1 26.9 228 274 ,\1
i 4,23 164 5127 11.8 2.0 26,9 ] !
i 3.69 1144 88,4 8.5 2244 28,9 L,
) 3.02 1401 4147 707 25T 2444 19
' 2442 2240 21,1 1049 20,0 2044 [
3 1.80 23.1 25.% 15.0 15.6 27,9 k:
A 1.07 2046 21.7 16,5 14,9 19,9 1
f «60 146.5% 202 17.6 13,9 14,9 1 ;
1 .00 18,0 2143 16.7 1249 14,2 t
; _ PAD. POS. €02 (PERCENT) 4
! R tcM) 4 3
: { Boké 2.64 2472 2.28 1499 1.14 :
: 484 3,83 1,46 2.08 1.0 Te%6 3
- 423 1447 4436 o9e 1.4% 1,99 i
j 3.63 063 431 89 2064 ?.1%
3,02 «10 1,09 ], .21 217 4
_ 2042 1.72 2441 o7 1,82 2426
i i 1,80 2-19 2011 1033 1153 1-!5 o
3 iEon 1.07 143% 1.68 1469 1426 1446 ]
: = 80 1.09 1457 1.64 1.19 1.51 v
. «00 1.1% 1.%6 1.58 1.17 1.6 k
{
{ 357 o
3 i
‘ |

»
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SNTS PACE 1S BEST QUALITY PRACTICABIA i

| | FRON 0OPY PURKISHED TODDC ; 1
3 ! DATA SET-03 CIRCUMFERENTIAL PDSITICN = 3041 NEG. 4
4 f CIN LINE WITH JETS) 3
; AXePOS.(CM) 10,42 15,37 18,82  21.29  26.2? ) i
4 ; RAD. :os. UNBURNED HYDRCCARRBCAS (Pev) ! 1
b : tew ~ ‘
3 [ S04 692.0 &e? 12.0 47.9 24,0 4
i : 4,84 173.¢ 840 1446 17.3 20,3 "
' : 423 1 19,2 10,6 33,1 Y'Y g
L. 1,63 252.% 13444 6¢7 27.9 54,6 t ..
R ( 3,02 1304,0 22746 0248 3446 LYY ) 4
[ 2ok 2162, % 25246 141.1 69,2 62,9 k.
3 ] 1,80 196945 43244 26448 73,2 60,2 1
4 ‘ 1,07 211%.%  409.9  208,9 91,0 79,2 R
3 160 15637  ¢08.1  280.8 11%.8 £8,2 d
, +00 811.7 41748 23649 79,0 74,8
§ RAD. POS. cq (PPF) 1 A
4 | LL1) 4
3 5,44 1493.0 383,86  152,7 162,00 123.1 { 3
: 484 519.2 47,0 87.1 213.8 1%7.% -
! 4.23 105.1  %40,4% 6242  170.% 19%,0 i i
| 3.6 35643 407,) 1509 22442 223,7 b
4 3,02 146%,3  533,7 70,8 216,66 222,M -
¥ 2,42 271%.7  €3946  228.3 22049  214,2 3
; 1,80 2267.6 75345 492,0 232.3 207,59 ' -
| 1.07 1230.6  789.7  457.7 261.0 202.% }
i : »60 10,2  729.0 4477  22%.6 101,90 ;
) +00 T45.3 48041 40%.9 19849 18%,1 4 d
[} u
{ ‘ RAD. POS. NOX (PPM) ;
i : (cm .
i | 5,44 29.7 3.8 18,9 24,8 179 | :
: * 4,084 16.8 4%e0 19,0 25.4 22,9 ‘ ,
‘i 6,23 Gel LLTP) 10,7 35,0 24,% 3
¥ : 3,63 15,13 4742 5.6 21.9 Y 4
E 3.:02 31.2 4le0 Ted 28,1 29,7 v
3 2,42 45,7 32,8 11.0 23.0 273 \ 3
5 1.80 32.¢ F{ 1Y) 19,8 19.0 2%.0 ' o
A 1.07 26,7 2245 19.9 1%5.3 21,9 | F |
\ 60 1t.¢ 2140 17.4 13.3 10,0 § 4
s + 00 1642 2l.l 16.4 131 17,1 } 1
] -
- RAD, POS. €02 (PERCENT) }
q (cM) { i
g , 5044 2489 2,06 1496 1.89 1429 : .
9 4e04 1.22 3,79 82 2482 1467 ' I N
- 423 o19 1,93 o7 2.02 1432 4 b
; 3,63 37 3. 40 W26 2.91 ?.11 .
‘ , 2,02 2.2¢ 3,12 85 2456 2.29 \
! i 2-*2 4,30 2.53 lnl‘ 2605 7015 X '
: 1.00 3,41 2,06 1,05 1443 1,92 T
1.07 2471 179 1471 1440 1e87? { 2
; '60 1038 1489 1467 1422 1469 } *
d 00 1.15 1,60 1,54 14164 1.19 :

y
R
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N ! DATA SET=-04

1 : AY<POS.(CM)

RADs POS.

! e
i % 5eb4
b (XYL
- 4,23
; t 3 3.63
3,02

24462

1,00

1.07

W60

. .00

; RAD. POS,
] ey
Ry §.44
-8 . 4,04
} : 4,23
| 3,63
; 3.02
: 2eb2
! 1.80
i 1.07
} «60
«00

i I =

i
f RAD. POS.
(cry
\ 5,44
H 4ol 4
4,293
3.63%
2,02
' \ 2442
3 : 1,80
i N 1,07
80
«00

RAD. POS.
(cm)
] LILY
" 4 4,04
| 4,23
h 3.63
1 | 3,02
3 . 2,42
L h 1.80

ez e

T

¥

1.07
60
«00

141§ PAGY IS BEST QUALITY PRACTICABLE
" TRON OOPY FURNISHED TODDG

CIRCUMFERENTIAL POSITION ¢ 0,0 92%G.
(IN RETWEEN JETS)

1537

705249
971443
951447
377943
28345
1428.9
203640
2984,¢
263249

3559,

3162.¢
334608
2346.0
3316.8
3119.0
2357.3
2102.7
2143,2
2031.3
1074,3

58.9
753
25.%
T7.6
60+
4144
2949
23.0
20.3
19 &

5461
.10
8.490
8.8
Tets8
602
4,59
L PRY]
2441
250

18,82

21429

26422

UNBURNED HYDRCCARRONS (PPM?

35943
30641
37246
385,9
4465.8
45%.8
¢92.0
1024,7
1503.7
1650.1

2765.6
2271%.0
90447
(1 1.Y%
785.1
798.0
915.8
1195.9
1640243
1634,4

50,0
51,2
20,6
20,0
17.1
16,42
17.1
19,3
21.0
21e4

4.%0
beb)3
3,24
2.22
1.70
1.60
1.81
214
2048
2.%0

117.1
1411
121,1
185,7
174.9%
215.¢
2701
403.2
39648
40947

o

82242
81%.6
680.1
610.9%
56544
567.1
894,64
64247
709.1
731.0

NOX

16.9
34,8
27,3
24,9
22.%
200\\
174
l1¢.:.
1648
15.7

20049
129.1

75.9

7.0
111.8
153.0
166,.9
83,4
124,47
315640

(PPNR)

263,7
54044
503.1
494,22
50649
5273
572.2
L1 Ty )
¢10.3
¥99.8

(por)

27.8
367
4042
3943
36.%
2.4
27.8
24,2
2le4
0.1

C02 (PERCENT)

3.84
3.%
2.05
2.9%9
231
2.11
1.02
1.77
174
174

2.%%
3.6)
1,95
3.09
3,53
3,30
2.90
2440
2423
204

359




F SHIS PAGE IS BXST QUALLTY PRACTICARLE
- FROR O0PY FURMISHED T0 DDC
i
3 DATA SET=04 CIRCUMFERENTIAL PCSITION = 18,1 DEC, ,

A AXoPDSS(CM) 15,37 18,82 21,29 26.22
l_ s
) e.oE POS. UNBURNED HYGRCCARBONS (PPV)

r. ( H'

: 5. 44 I 998.,0 323.4 319,64 :

‘; ; 4e04 1 190,46 202.% 159.7 §
! 4 4,23 1 21249 A2 97,1 .
] : 1.63 T 1éébeb 79.8 70.8% - 3
K. , 2,02 I 106.85 90,5 908 v i
4 ; 2,42 I 2646,0  218,2 12644 A
b 1,80 1 70%5.3  291.4 189.0 | !
ks 1,07 1 122443 37646 20049 3
o «60 1 1622,9 408,64 299,4 9
4 2 00 I 1703,2  812,8 843, ) A
}} ' "AD. POS, CC (PPH) F !
E ! (CN) ;
i , 5,44 T 259643 1427,2  60%.0 } 3
) 404 I 1642.9 1%5%3,3 6103 i
3 ‘ 623 I 566,38  948,2 548,.7 3
i : 1. 63 1 18,7  878.2  492,0 ;
.. 3,02 I 287,64 899,88  692,0 , Y
X ' 2442 I 527.3  599,8  810,8 \ ;
! 1,80 I 879,86  640,9 575,64
g 1.07 I 120%.7  661.2 891,1 4
¥ .60 I 1462.%  731.0 601.5
y +00 1 1674.%  721.0 605,0 L
it RAD. POS. NOX (PPN} 3
4 (em
. , 5,44 1 5648 5,1 25.7
i he A | § 33.4 5644 36.2
o 423 1 11.7 60,6 40,5
o 2,63 1 Te4 42.0 40,9
3 3.02 I Cot 22,9 3.

! 2.42 1 12.2 2647 33,2

K 1,80  { 16.3 19,3 26,9

9 : 1.07 I 19.7 17,2 23,0

- +860 1 21.0 1666 19.5

X | «00 2141 1¢.6 10,7

| | RAD. POS, C02 (PERCENT)

L s (cM)y

%.44 I 7413 459 2.4)

3 - 4,84 1 426 6.01 3,47 . ,
A .23 ! 1410 5,21 4,19 ) ) ]
A 3,63 1 B4 458 4,10 l :
] 3.02 1 Y] 3.30 3,97 ' )
, A 2,42 I 1406 2,50 3.40 | )
! 1,80 I 1. 06 2214 2.9% . i !
3 : 1.07 I 2.31 1.87 2,49 ) k
,5\ 060  { 257 1.80 218

3 +00 1 2,57 1.78 2,00 5
| ]

.. l 360




; DATA SETmpq CIPCUPFEOENTIAL PCSITION 0.1 neg, /
i UIN LINE wpTh JETS) /

i AX.POS,(cm) 1%.37 18,82 21,29 26.22
RAD. pos, UNBUENED HYDRCCARRLNS thow)
(cry
:.4: 1 03504 33505 254,42 )
Y. ! 279.5% 259, 15044 CASLE 8
;-:3 1 31:0‘1 13:03 102.8 18 PAGK IS BESY Qu%"gomux 3
b3 1 239,8 63, 49,2 PRRISHED s F
3,02 188 10205 go'%  pwow oory q
2042 1 268,1 175.7 1703 : .
1.80  § 58,1 294} 108,
1407 1 1477.% 411.2 22,2 3
60 T 1t6Ba4 4473 228,90 3
+00 1 1769,9 50C.¢ e, 4
R&D. poS, €O (rop) 4
(cny 48
- Py YY 1 202e,09 165¢C,9 421.0 o
4,04 1 1398.7 1412,9 ¢15,4 b
4,23 H 85640 1132,1 562.1 Y
3.63 1 386,85 LIPS ] 520,49
3.02 1 289,4 640,9 524.7
2,42 1 482,68 60F.6 982.0 [
1,80 I 1016,1 624, 504,2 A
.07 I 1452, 609,¢4 004.8 k.
i 260 I 1%3a,% 727.0 619,2 k-
: 00 1 1%00, 3 27,0 10,3 )
| RAD. pps, NOX PPNy b
f (Cm) p
; 844 1 34,8 41,7 2647 5
4,84 1 2548 4o ,2 e, L
9021 1 1’06 ‘5., ,716 .
i .43 I 7.6 1.8 3T 8
{ 3.02 H LYY 3.4 3%,9 i
i 2442 1 10.2 20,¢ 30,4 3
1 1.!0 1 1900 22&‘ 2‘1‘ b
‘ 1.0 b 24,5 19,3 17.8 ;
80 b 24,4 18,1 16,2 J
i «00 I 24,1 12,3 15.2 3
¥iD, ppS, co2 {PERCENT)
cmy
LYY ! 4,48 Yebd 270
4,84 1 3.24 4,99 3.88 k
4,2) b 1.8% 4482 t}) i
3,63 ! + 86 3.98 ele
2,02  { b2 2.5 4,00
.42 [ { 8?7 2474 3. %0
3 1,00 LS PL TR 2496
1.07 1 281 1.92 2449 A
+ 40 1 2,48 1.82 2418
»00 I 2451 1,78 2.0}

361




E $HIS PAGE 1S BEST QUALITY PRACTICABLE
!  7ROM 0OPY FURBISHED T0DD0

3 DATA SET-08 CIRCUMFEPENTISL POSITICA s 0.0 "EG.
@ ' (IN BETVEEN JETS)

e —— g ot~
- e bl o piiatd

' AXePOS.(CM) 6405 8451 10443 12.9C 19,37 10,82 21429 26422

g . RADs POS. UNBURNED HYDRCCARAONS (DPN) .

4 tCM) \

3 LILY) 0.0 173C.0 2927.¢ 202247 119,13 49,8 147.7 11%,4 f 4
J

Z 4,04 239%5.,3 2761341 2009245 3976.7 319,4 LI 101.1 LLIY 4 )
423 39309,6 53761,5 2714649 2049, 130,7 LU | 1109 1091 ' 3

ol 3,63 30074495 6260540 9712746 1038,4 144,64 A?,0 107,08 9% 2 v A
b 202 43377.9 T4254,8 2701).8 492,46 682,1 N,y ), 9.8 ! f
i 2+ 42 €2072.7 7%682.4 29681.0 62844 M5,9 85,9 151.1% 9,8 } A
EA 1,80 6320947 7719244 1104841 1367.Y 1.9 21,2 172,4 123.8 s -+
| 1407 02239,2 T1662,5 2915.9 1783.2 1024,7 68,2 1%%,0 12%,.¢ .
- 60 04634,% 61745,9 590941 1809.¢ 11977 43%,1 17,0 167, . x
g 00 946190 3223648  1730.0 1427,2 1M, 4 (24 PR 147,7 162.9% \ :
{ RAD. POS. ca tremy 3}
iz - I ) b
5 ’ S.44 8046 2640,9 1381.4 2267,.8 404,90 44,0 14,2 220,.9 A
N . 484 26029 3300.,¢6 33300 25C.% 1177.4 31047 207,08 276,2 A
3 4,23 330147 323941 329349 26106 2020,9 261.9 202,9 204, 3
4 3,63 3297.7 32%4,9 3329,9 3Co9,.3 18572,.8 149,0 244,1 274,17 ) ;
f 3.02 322%,0 32%6.1 32210 19%é&s% 1720.8 90,9 241,8 271.7 .
3 2042 1230, 7  3222.2 2%29.42 101C.7 2,0 102," 2R, 8 294,7 b
N 1.80 3253,2 3209,1 24638.7 12274 33,9 242,2 298,17 250.% ?
| 1,07 3247,3 . 3289,1 2230845 112941 28,1 412,13 234,7 240,12 3
b 060 334%8,7 3329.6 1%61.44 9%%.2 857.9 03,4 240,09 234,2 k
% «00 31340.2 3033,2 1010.8 T55.¢ 75%.4 4ns,7 M.,.6 227.¢ r k.
] RAD. POS. NOX (PPM) A
Y ({4 3] 3
4 S.44 61,0 43,5 37.2 30 19,7 37,0 291 1%.9
i ; 4o 4 775 £9.3 6040 t1.9 59,9 1L TY) 20,6 2%.2
b i 4423 03,5 61,2 6040 7%.2 79,9 1%.1 25,0 2%.7 k.
ﬁ . 3463 70.8 408 47.3 7%1 Té.1 LEYL) 2% 26,2 3
. 3.02 54,9 0.9 31.6 - 58,7 6le & LY 20.4 29%.1 i
g 2ed2 43,9 8,2 204 h 37.¢ 64,9 7.0 14,1 2%.0
3 1.80 33,6 28,3 1645 £C¢ed 20,8 11.2 16,0 20.7
R 1.07 34,9 2046 145 200 27,0 18,8 14,7 18,%
, 60 2.8 25,7 14.5 19,3 10,4 17.0 1%, 0 17.} if
. f «00 2106 2748 13,9 17.9 1%, 4 17.2 12,9 ' 17.1 3
RADe POS, €02 (PEPCENT) ]
3 (cHy K
; : Sebd 4.10 2.81 2.81 2499 148 LI Y 2.7 1449 3
] Ao 04 5.4 %30 8,48 %481 4,27 .00 .M 2.06 s 4
423 &.T¢ 9.07 6. %0 to1¢ 4420 .M 2.3} 2.3 ’
3.69% 6470 byB4 5.7% é.1? R,0T n ?2.9% 2.37 :
. 3,02 S48 .65 LY9Y LEYT LY B.64 ok 1M 2411 ‘ [}
i 2042 ho52 3432 258 .51 450 b7 144 2.14 2 . b
y 1.f0 3.5) 149 2.01 &1L} 7,18 L 1,66 1.04 } ¥
1.07 4,09 1.9 1.49% 202 2.9 1¢69 131 1.72 o
80 2.00 (YR} 1.47 1.4¢0 2.06 169 1.%4 1.9% 3
200 2.37 .08 1.28 168 108 1o 1.1 lebd

362




3 SIS PAGE IS BXST QUAL1TY PRACTICABLE
1 | FROM 00FY PURNISHED T0 DO
. DATA SET-035 CIRCUMFERENTIAL POSITION = 13.1 9ES,

[ AX(POSLCM) 6.0% .45 106463 12490 158,37 19,02 ?21.20 20422

. PAD. FOS. UNBURNED SYDROCARBDNS (PPN)
] f (c”)
1 i LN 26641 0.0 3728.C #%1%5.1 124, 9l,%  179,7 90,8

LI L 1863.,C 1¢912,0 1863C.2 223%.6 119.0 66,8 90,¢ 69,0

1 5 6423  124640,4 36C62.8 5458.0 37527 42%,4 a7, LI 0%,2
i % 2,631 B6609,) %4092,3 395,2 2195, 399,2 88,0 88,5 7.0
J r o202  BT006.8 3722144 2528,4 372,86 252,90 49,? 75,9 93,2
: l 2062 GOAT2,0 68931,9 8186,9 4301  30A.1 BheY 07,1 119,08

3 140 634T75,9 51346,7 13041,2 1260.0 82,1 1599,7 14244 95,0
) 127 TT980.8 44506.,6 11043,9% 157043 INLg 278, % 15444 98,8
.x : o8 CRO94cd 49837,8 6853,7 19183 1144,4 470,58 108,0 19%.0

E o«CC  BE3O0.3 3606142 2828.4 1144,4 1104,5  443,1  179.&6 161.0
. 3 \-
H 3 RADe P0S. €O (PPN}
# : (en
i Sedd 375.) T709.1  2179.4 1719.4 49,9 79,7 78,9 221.8

o84 122%«% 329144 33323,0 2014.5 113%,1 M7.? LI RY 01,0
4,29 32025 329%.,6 1936.,0 3191,% 1823,? 240,98 31%,2 291,1
9.¢3 331%.8 322%,0 008.9 3075.5 18%1%,% 142,2 20%,.4 03,4
3.C2 32204 3234,9 84400 216343 11078 101,2? 2h0 4 270.2
282 3229,0 3250.9 1999.0 10%7.2 770.2 1108 206,44 262.1
1.%0 3209.8  3204,6 2602.9 1111.% 72,6 [ Y} 24,4 28%,2
1,07 3330.8 3309.1 2977.9% 11869,7 9254 2w82.1 240, 240,1
80 V46,5 3343,0 22%2.2 98t .0 #80,9 470.1 ?40,) 33,0
«€0 3389.,5 3140,85 1221.0 131 73140 477.9 4 3 Py 28,2

Y e e, PR

v WUn. P0S, ACY (PPP)
! 1] ]
j Sebd 317 3¢.1 “ed 19,4 28,3 2.4 27,2 1641
i M1 58,6 83,8 40,8 58,3 59,4 “Agh 0,8 22,1
¥ | 4,23 81t 76,5 174 2.6 M) 17,0 M6 28,5
k i 3.¢) bbb 53.4 Q.1 762 70,6 9.9 70,0 28.2
i 1 3402 9.3 30,2 Ne0 82,9 s4 1 Tl 25,2 23,2
1 | 2,42 36,8 36,7 1Cu6 42T 64,Y 7.1 20N 23,4
& ! 1480 28,3 37,0 1642 2044 31,0 1061 17,8 20,8
3 : 1.07 25,3 35,6 2342 2241 24,8 17,9 18,0 18,¢
. ot0 23,5 35,3 17,9 184 P16 TR0 1Ak 17,2
ﬁ 00 23,0 30,7 1t49 18,3 2N h 14,7 15,7 19,0
f RAD. POS. €N2 (PERCENT)
j ; (cr)
! t 5,44 2012 2,21 1T .26 1,98 2,0 1,00 1,3
1 ; 4ot 3063 6,07  5.32 5,01 453 aals 2,5 2,01
: b 4o 23 8.84  6.68 165 be36 &M 1.9 2.0 202
) s 2,69 623 5.23 6 b.42 K019 WP 2,00 2,42
1 1,02 4T 5.46 ) 8,61 %17 %2 2,27 2.30 i
.8 2442 4432 4,06 76 8,26 A2 67 1401 2,10 :
- i , 1420 3,63 4430 1,62 3,08 1,28 79 1,98 1,96 :
A " 1.07 2.88 4,83 3.2% 2.14 2.43 1 24 13% 1.72 ;
p o0 2447 4497 1492 1467 2404 100 1424 1,90 1

1 «00 2442 3.90 1,29 1.43 1,00 120 1410 1.42 '




g Wemn e . . B R S P

JHIS PAGE IS BEST QUALITY PRACTICABLR
FROR 002Y FURRISHED 7O DD(

OATA SET-0S CIRCUPFERENTIAL POSITION = 10,1 NEG,
(IN LINE WIVH JETS)

AXWPOSa tCMH) .05 2,51 10,43 1290 1%,27 1A, ?1.29 26422

k } Rﬂbe PrOS. UNBURNED HYDRCCARRCAS (PPN)
ki g {43 '
i S.44 0.0 399,2 T08,4 2661, 519,90 \l 8,0 01,8 1
4 dolb 239%.3 199¢.1 13%.1 521¢&.9 104,9 \ 1%4,4 109,1 '
3 42) 32069.1 42317.2 1 1M).% 119.1% ' "4, 8 49,2
p 3403 5055242 64073,5 040 4724,) 492,484 \ 76,0 122.4 1
o 3.02 T1061.0 72657.9 239%,3 1423.9 17949 1 10?.% 90,2
3 .42 00%09.2 T3589.4 13972.7 30,8 412.% T 129.1 109.1
o 1.00 G640V T223847 3792%.8 1104,9 7T1.0 1 178 .1 110.% :
j' 1.07 083605 6414142 147711 169¢,1 A65,.9 t 144,3 118,4 4
- +60  91022.C 350633.9 4924,9 191e,) 938.0 t 1960, 0 1331 YR E:
4 200 0317047 190420,7 1730,0 1030,0 Q94,7 1 174,9 129.1 k.
i RAD« POS. co (pp) Al
i () . 3
& Seb4 407.0 889.1 2102.7 2403.1 590,46 A\ 489,08 2397 -
i 4,94 2462.9 207%.8 73,0 ¥291.4 1034,1 1 47,2 282, o
. 4.23 3343,0 233%6,0 226.8% 9333.0 2791.% 1 00,0 207.¢ 3
. 1Y} ) A231.7 32%6.1 126.,0 32781 23)32.4 1 27,2 202.) H
3 3,02 3244, 3250.9 83142 27049 1474,8 1 299.7 269.2 3
b 2442 3309.1 3209,1 2761.3 131%.% 91%.% 1 282,13 26042 E
\ 1.080 334640 3310.9 3247,9 )243,4 40,3 t 40,4 24049 41
' 4 1.07 334042 3934,0 3075.9 1214.7 90T . A 2%8,2 237.2 3
i \ 40 334%,1 3301.0 18%52,9 960, 9 LETYY) 1 28], ¢ 229.¢ ‘
s ‘ «00 3346,0 2830.0 00,4 T03.2 743.2 A\ 247, 4 222.0 4
d RAD. POS. NOX (PPN) 3
A i 143 N
i S.44 4%,4 26.9 41.5 90.2 2041 A\l 2440 16.0 }
9 ] 4,84 T2 3649 16,9 7040 52.4 1 22,9 13 XY N
i 4,23 779 32.9 4.2 781 Aled  { 29,1 24,42 } {
‘ﬁ 3.6) 404) 36.5 5.0 7%.0 77.% | § 24,9 2% b A
3 : 3.02 0.1 20,2 8.9 61,8 A5,.4 1 744 2.6 ' £
3 2.2 9.3 217 20.7 45,0 47.9 t 9.9 237 ; h
k. 1,80 23.9% 27,0 32.1 30.2 12,4 A { 174 2144 ' b
b 1,07 22.1 277 29,0 21.9% 24,2 ! 14,6 19.1 y §
K Y1 2%.3 20,2 PLED! 10,3 20,9 Al 1.4 174 ;
: +00 2447 25.4 1%.1 15%.7 19,4 ¢ 1%1 10644 \ i
A RAD. POS. COZ (PERCENT) 3
4 {4]] ,
4 5e44 2470 1471 3,97 421 )62 N 2,726 1.47 (
4,04 5.01 297 1.70 .90 4,99 1 LALL) 1.92 y) i
4.2) 7.09% 6.22 «30 Te1b 6,10  { 281 To1¢
3.3 3.1% 4,92 + 08 G4 630 1 P.41 2.27 3
3,02 4,00 3.7 v 43 5.97 4,97 A 2.19 2.7 {
3 .42 282 3.50° .23 A 49 (YY1 ] 1 1498 2.17 ‘. f
: 1.00 .M 3.92 4,23 3,20 2,18 1 160 1.9) \
. 1.07 2418 417 3.89 232 2.40 A\ 1.7 1.7
] 0 2.41 434 2.04 .M 2.10 \ 1.27 1.5¢ ' b
' 00 .79 .18 132 1e47 1.8 1 1.18 1.42 \ i
)
364 i ‘
]
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TABIE AT ANt R T R L e e T L

FROR OOPY JPURMISHED 70 DDO

oAYML SET-08 CIRCUMFERENTIAL POSITION = 0,0 OFG,

}'
{ WIS PAGR 1S BEST QUALITY PRACTICABLE
} CIN BFETREEN JETY)

AXPOS.LCM) 8.51 12,90 15,37 16,82 74,22

: @AD. POS, UNBURNED HYDROCARRCNS (PDM)
] (cmy
} Bedd TORE 129%00.9 1683.0 212,99 A0

} : 084 30207 32469,8 09%0,% 9]6,2 114,4
” J 4,23 55092, 31037.9 10778,9 239,53 10%.0
A b} 3463 6760141 1437149 R7B2.8 424,60 AQ,?
i 8,02  T119ALL  751.3  4923,7 319,4 04,9
ekl TO517.C 292746 1996.9  439,1  12%.1
1480  01706.8 545640 1483,8 668,46 190,90
1,07  B6630.6 765241 220242  G84,7  24A.8

e T T N

| . 60 88493.¢ T135.9 268148 135T.3 29344
! - «00  B8227:5 6623.7 3326.% 1676.7  30RT
| D, POS, ce tpr)
4 (cM)

' 5,44 920,1 3282.0 2718.0 2023.3 %127

‘ 484 3344,8 220941 344,08 309%,.9 507,09
. 4,233 319644 2289,1 3327.,2 1108&,6 27,9
3,63 3104,0 9323,) 3327,2 819,.4 104,4
3.02 3208.,9 32679 334646 T17.0 194,4
242 3234,5 2¢30.7 302%.9 6¢%,1 427,83
[ ‘ 1.80 3277.4 2487.9 2252,2 7%1,4 36,2
‘ . 1,07 33174 241648 2026.9 06,8 496, 4
R | 60 333042 2C90.2 2004.0 266,11 %514,0
{ «00 3345.2 178%.0 18317 1377.¢ 20,0

-

N eAD. POS. NCX tPPM)
3 {4 )]
N - TLL) 39.5 1Y 1% 4243 4944 2647
4 404 65.0  63eh  TR.E 80,4 90,8
g { 0 2) Bl.8  TesT 88,4 49,3 47,9
i 3.03 41.0 773 94,9 29,9 51,0
4 ! 3,02 36,0 B84 82,4 22,0 4n,?
H 2.62 310‘ ‘607 QQOQ 1°o° ‘202
1,80 27.% 3140 42,08 1946 36,7
b 1.07 24,8 26,08 30.1 2.9 1,2
). i «80 232 21.9 24,4 25.¢ . T% |
N : 00 22.2 2.9 2246 26,0 2t.%
: PADs POS, C02 (PERCENT)
1 ' (cr)
3 - TL] ) 238 412 412 4407 2499
: J 4,04 64,00 (Y% 1 ] 6.70 498 .81
§ . 4,29 .42 7.03% Tebd 496 1,90
. ' $.63 4440 Te52 L) 2491 4,11
3 3.02 4.0) 7.08 T.80 2.10 3,90
Z I FLY 4 3,7¢C 5,70 . 7Y-}) 1469 1,89
‘ ¢, 1,80 3eda 1,67 9,10 1,77 %11
R 1.07 2.9¢8 2.66 3,70 2.17 2.02
3 « 60 2.74 1.99 2492 2.%0 2.42
. «00 2407 1e04  FX] 2.7H 2.19
i}
; 365
B




FROA O0PY PUREISHED T0 DDO

| AX+PCS, (CM) 8.51 12.90 1%.37 10.02 26,22
[ RAD. POS.

e e o iy

X 7 UNBURNED HYDRCCARBONS (Ppu)
i )
1 , 5,44 040 TEB1,3 T84 758,35 44,8
i { Cof%  ETE2.8 AILT7,5 5880,1  385,% 27041

4,23 JEBYT.Y 2400642 T082.9 26641 1000
3.63  52430.8 16900.3 13993,0 53.2 7.2
: 2,02 6453400 OBAT.4 505648 119.0 1.9
3 2042 T42%4,0  2681.3 1197.7 18643 11090
: 1.80  78779.3 5189.9 1197.,7 37%.6 223,86
' 1407 0410242 P214.,7 2394.3  RAGT 2679
' 60 8838045 0019,8 3499,9 1357, 920.7

+00  911%5.1 5722.1 3993.0 1530.3 3217,.4

' nAD, POS, o (prr)
; ({4}
Sebd 922,64 3141,2 1549,5 221142 45,4

; b4 3202.0 324,93 3280.2 2704,8 $70.9
¢ &, 23 32776 332149 334149 697.5% 504,.7
& 1. 63 319246 3339,2  3%64,4 363406 AT4,8
f 2,02 3207.6 3335.7 1844,8 21%.7 444,9
y 2.6 3241.2 2911.1 303501 320,18 4%50,1
3 1.80 B277.4 29357.9 221142 4104) 479,9%
1.07 331846 24467.1 208849 1026.9 $00,9

o 60 3341,9  2134.2 199%.9 133842 54040

+ 00 334840 171142 1001.7 1605.0 59%5.%

AAD. POS. NOX (PPMH)
(cm)
‘ Lo bd 4248 46.1 36,2 3049 2%.1
‘ (XY 1) 88,0 40.3 T34 6342 3.4
g 4,23 897 70,2 91.3 1641 48,0
3.63 679 7.8 93,7 "0 (LY}
3,02 17.7 7%.9 82.8 Te} ATo2
24462 0.1 51,0 6241 101 42.%
: 1.20 2.2 33.8 41,1 1644 7.0
1.07 2%.2 253 30.7 2249 1.3
b0 LYY § 21.0 20,8 26,.) 26.9%
« 00 2209 218 2449 270 1,1
"AD, POS. CO2? (PERCENT)
{(cr)
3,44 299 4.02 %27 A 70 204
: o 04 8.70 5.9 (131 9.99 $e %4
B : 4,23 T.11 T406 7.7 1449 8.7%
) . 1.4} 5.87 Te69 T.89 160 (X1 )
- H 3.02 4,45¢ T.13% T.58 42 3,90
7 2.42 3.47 6.13 4,76 o TE .40
! 1.80 3,28 4,30 by 78 14} .19
. 1,07 2482 291 3.76 2.3)3 .72
' o 80 200‘ 200! 2191 2.7 2061
+ 00 2.5 1.60 t FL L) .08 218

366
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[RETCRANCR 7 e N

DATa SET=-08 CIPCUMFERENTIAL POSITION o 18,1 7€G,

THIS PAGE IS BEST QUALITY PRACTICARLY

B

[ S SY FR




4,
s e ——

1
. PRI, SRR

L 3

DATA SET=00

ARWPOS(CY)

RAD. POSe
{cn)
L ILL)
4. 84
4,23

. giitd PAOE 1§ BEST QUALITY PRACTICABLE

FRON 00PY FURRISHED T0 DDO

CIRCUMFERENTIAL PESITIC: o 30,1 neG.

0.51

CIN LINE WITH JETS)

12.90

UNBUPNED HYDROCATAONS

1931 T5A%.2
2060, 7 24006.2
103797 3¢46240
671679 2408642

3.3
1,02 A TLATY
2442 2239, 2
1.20 £7419.0
1.07 93151.2
«60 Q4eel, )
« 00 qokee.§
RADe POS.
tem
S.40 1269.9%
(7Y 1) 296649
623 1317,.)
8,43 71318,.9
2,02 32473
2.42 129%,.¢
1.80 9209,.1
14017 21324.0
N1 1930, 4
+00 13308, 4
RAD. POS.
114.}) )
S04 176
404 69,1
4,23 T84
3.43 6140
3,02 38.}
.42 3042
1,80 6.0
1.07 62
o0 2343
o CO 3.8
tDe POSe
ey
Subhb L1
4,06 %.09
A28 7.21
3,63 tob?
3.02 4,11
2,42 3,28
1,80 2.98
1,07 2.60
60 2e%¢
+00 209

0¢49.8
15913.0
5322.49
9189.9
6919,8
8C8¢6 .0

1322.0
332446
12724
131248
39868,9
31026
203844
296649
2104,0
171944

6142
69.9
723
7249
6040
5149
34,3
2542
2140
2043

5.19%
b87
T.28
T.20
1 2% 1
b.32
(7Y 1)
3.11
2.09
1.40

1%9.37

1713C.¢C
T183.8
34%0,9
1184,¢
Q71449
2920 .4
11977
2189.2
292748
29270

to

13011
2200.1
3299.7
13017
3339.7
31 M4
242840
2003 ,¢0
198635,.2
121048

NCR

2748
T4a1
9243
9544
LI-XTY
bt 2
4944
31249
26,7
2hed

18.82

10¢3,5
652,0
4tt,0
sl
93,2
178.0
482.4
10779
148%,4
1864,6

TITT

2078, %
11€CT.2
2er,S
Y310y
F 14 XY
LY
1111
12118
137¢,1
11,1

(ph¥)

beah
3140
2Ce2
1le8

7.0
1041
16,7
27.7
LEY
28,4

C02 (PERCEST)

2+29
(TY 1)
Teb1
1473
Tebl
T.08
3.11
300
208
2,460

Pt g ey -
- I ' %ed [

© e » 0 &

LA WA O

PRCTLA AF AN AR

L)
3,48
1478

1)

»3

N ]
173
L)
2492
2498

367

Al

26,22
(opw)

208,4
1M
a8,%
RG,.2
LLTY 4
114,18
190, 4
204,2
?204,1
397,4

uT,0
9.1
$11.1
50,9
6%%,9
42,4
43,0
534,9
SyA,0
9349,9

278
41,0
W, 0
1.1
L0,2
10,0
2048
74,0
20,46

2446
1,47
hyOb
4,18
1,94
1,47
1,18
2.7
2.3
"1

v~

. .
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b
gsi18 PAGE IS BEST QUALITY PRACTICABLE
s PR QKX INBRLSHED 20 D00 oo™ {
3 )
; DATA SET=C? CIRCUMFERENTIAL POSITION « 0.0 NFG. ]
1 (IN QETWEEN JETS) : ‘
3 ' AXPDS (CH) 6.08% 8,51 10,643 12.90 1%,37 10,02 26,22 i ;
| ’ ¢
\ na?E":os. UNBURNED HYDROCARBONS (PPN) i )
, 8,44 1 1197.7 3060.7 2914:3 11%7,7  ses.a 309,60 i
1 i 0,84 0.0 21957.1 23553,9 6547,2  7035,1 428,80 101,?
b - 4,23 €65.4 48571,7 34320,0 427146  372,6  MINA AR1,) ,
A 3,63 612144 04407.4 23420.9 1840,7  #11.7  A24,4  207,9 ¢ A )
¥ : 3,02  33002.1 72024,1 33401.8 130440 519,00  41%.%  342,0 :
4 ) .02 49749.8 TT102,4 21201,7 2661.9 1827,2 206,72 LLE Y 4 ;fi
§ 1 1,00  £CO016.0 71850, 211%0,8 4410.0 2561,7 88,0 30,4 ) i
i : 1,07  &7201.9 60064,0 1490402 4657.6 3320,7  828,1  A¢h,4 i
P ‘ 60  23037.6 65338.9 11843,5 5380, 526,64 128047  487,0 . b
: } (00 9268348 44218.3 5180,0 34sh.6 MNLO,1 1970.%  A34.8 : :
3 \ RAD. POS. cO (PPN é
3 ' (M q
1 544 32146 10741 1627,1 2010.0 1177.,4  A70,2  927.3 {
3 404 640,90 3112.5 3250.2 206F.6 147,80 Q50,3 £42,7 ;
\ 4023 201946 334643 3340,2 310042 P43%.4  ON1.4  fre,8 :
3 3063  B265.7 3336.8 32%0,6 1AL 23%0,2 729,90  A48,6 :
X 3,02  3042.5 3340.2 2968,0 2373.9 2000:2 12,7  A29.8 ;
e 2,42 3320.4 3344,0 2656,4 21613 1754.7  A37,8  610.) . )
1 1,00  3323.0 3330.0 2485,3 227046 10043 322,46  979,0 ‘
, 1,07  3366,0 3308.1 23985 2116.2 1791,4  701.3 %421 ' !
iy : 60 33181 3248.5 2247.6 1760.9 1703.1  02%,1  fwr,1
i ( «00  3207.9 2958.3 1572,% 3405.0 1467, 1018.1 52244 .
\ RAD. POS. NOX (PPR) g
! (cm) , |
| CIYS 3700 2661 2642 2849 2047 2044 19,4 « :
i LIL L) 9.4 51.6 5043 40,4 07,7 18,8 18,7 1
4 ‘13 8.9 538 81.4 0.6 A6 3,9 20,9
5 .69 80,2 3844 35,4 BY.T  6be4 13,3 2.6 ¥
| .02 €742 2049 2041 M40 R2,A 9,4 21,1
;' 2,42 52,80 2843 138 29.0 15,9 " 19,9
\ 1.60 65,7 2147 11.9 2140 24,9 LY ) 17.9%
* 1.07 32.9 2241 11.9 164 1946 1Nt 198
i 00 237 217 114 14.0 17.1 12.0 14,8
3 +00 10,2 2044 1146 14e6 1642 1449 1340
L RADs PCS, CO2 (PERCERT) |
y (cn !
1 5,04 2,96 2,27 2,30 234 2,08 2,51 1,42 i
[ 4,84 3093 S.14 551 5,10 478 4,06 1,97 ;
; o129 Su04 e84 B.1T G417 8.2} 2)95 2.7 l ]
Y G840l B.01  A.AB 4,47 1,80 2,90 ‘ 4
o 3.02 ¢o91 347 2.79 5.%% .49 1.02 2.%% }
) 2,62 5,42 12 1471 363 4,00 77 211 oo
1400 4,60 3,00 1,81 2,74 3,29 e 1,00 VI ;
1.07 3,54 319 1,29 2,06 .66 113 1,70 §
i <40 2459 3433 1433 182 1499 1,63 1,9Y :
‘ +00 1007 2469 1,20 1443 1479 1,59 1,49 i
:‘;
] i
"‘
i
368 :
I 4
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%% g1g PAOR 18 BEST QUALITY PRACTICABLE
FROX 0OPY FURBISHED TODDC

OATA SET=07 CIRCUMFERFNTIAL POSITION = 18,1 NEG.
AX.POS,.(CM) 6.05% 8451 10,63 12.90 15.37 18,82 24,29

e s

L' RAD. POS. UNBURNED HYDROCARBCNS (POW) :
k (CM) i
4 5444 1 1330.7 4391.4 2515.1  A91.48 45,2  4e0,n
: { 4Bk T 1304142 4526,5 29B0.8 41241  212.9 &52,4 : ;
3 { 423 0o0 2716.5 1663,8 5283.0 519,90 AL64D £32,5 5
4 I 3063 16038,0 5935Ce6  522.3 234847 P17 230,% 414,98 4
; ; 1 3,02 45646,1 70661.8 306047 102447 r70,3 193.1 184,0 v'
. { 2042 B5C967.0 6999L¢5 6915.9 1730.0 122443 224,72 281,90 3
g ; 1.80 5762047 7185945 198694,8 ~779.,3 2222,1  %05,7  2%4,4 3
‘ ¢ 1407 £6127.2 7026246 2555040 3P59.1 3140.% 9%1.7 473,1 3
J3 i 60 B2239.2 5495942 1171044 4050,7 2102,% 1480,8  4%3,) : i
b I o000  G38%50,4 4245063 5988,3 3153.8 2741.3 150%,7  4Aeo4 b
¢ . RAD. POS, co (PPM) 4
b ; tCH) ]
! : 5,44 190.9 1079.8 22R8,7 1284,6 02°,1  04%,4  8e3,) -
| 4. 84 362,11 3228.6 2669.7 276248 1142,1  TT0.,2  &52,0 k!
' 4,23 11640 226642 116842 3134.9 2032.%  #27,3 (00,4 ﬁ b |
1 3.63 29505 334046 43043 3128.4 2170,4  34T.6  ATR,2 i 1
4 2,02 334448 33643,0 631 F 2731¢1 2004¢Y  228,3  tuk,4 ! J
3 : 2462 332549 334646 1760.% 212Ce7 16%0,8 240,68 492,90 "
A ( 1,80 3325.9 3364,0 26087.4 226143 10722,2 447,00  seg,0 . 1
. : 1.07 3366,% 334042 293848 2107.2 1738,0 42,2 E70.% i b
. 2 '60 3303.6  3303.4 2498,9 176045 16F8,0  97&,4  540,4 ‘ A
1 ‘ 200 3185,9 3079.0 165648 1391, 16470,% 103%,4  59%,7 A B
g ! ! ;
4 ; RAD.s POS, NOX (PPM) i
o - tcm ! ,
';Il i S5e44 19.% 2942 2647 225 16,1 24,9 170 3
# | 4o04 28,2 6749 2643 44,2 ae,s LU 17.1 ‘ ki
i i 4e23 4842 59,8 9.1 5843 620 12,2 20.0 : "v
- | 3,63 75.2 43,8 5.0 6245 bbb 7.% 1.0 « P
i ! 3,02 7041 3447 47 5247 53,0 5,8 21,08 ; i
; ' 2442 48,2 3149 Tt 35,8 15,7 5,0 19,1 f 3
9 : 1.20 39,2 31.1 12.2 244t 2%.0 "3 18,0 _ 3
3 ; 1,07 30.1 30.7 164¢ 18,0 10,6 11,4 10,2 ; b
. ‘ 060 23.0 30,3 1246 15,2 17.1 12,0 11,9 { 3
«00 18,7 25.9 11.3 164.5 14.3 14,7 12,7
{ Raeé":os. €02 (PERCENT) 3 ;
¢ 5eb4 1.09 2.18 2,19 2431 1,6 2,74 1.3* 3 -‘
i 484 2412 te26 3,38 4462 .75 4,01 1,91 ] X
f '\ 4423 3,75 430 .99 6423 8,31 1468 2,29 ' 1
' 0y 3.¢3 6413 4496 035 heb? 6,22 2 ?.M :
§ iy 3,02 £.61 3.87 0264 6404 5,79 o bR 2,20 %
, ¥ 2442 5,04 3.56 82 teb3 LY} W63 2.1 i
3 'Y 1.80 4,51 3.66 1.40 3.04 2,29 L] 1.9 !
| 1.07 3.%4% 3,88 2,27 2.12 242 1,19 1,40 ]
; 60 2,36 4.21 1.5%3 1etd 2.904 1e%6 1.9 b )
. 00 1,76 3,20 1.21 1.41 1.9% 1e51 1.81 1 ]
i ‘ i
3 369 ) -
o ;
) i ‘,‘ .
] 3 -
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[ e

OATA SET=-07

AX.POS. (CN)

.0, POS.
(cmy
5444
4o B4
4e23
3. 63
3.02
Qeh2
1,80
1.07.

o 40
«00

RAD. POS,
cr)
Bekd
4o 84
4,23
3.6%
3,02
2442
1.80
1,07

« &0
+ 00

RAD. POS,
tcmy
TR L]
4eB4
4,23
3.63
3,02
e 42
1.80
1.07

o460
00

RAD. POS,
(cM)
Gedé
beB4
4423
3,63
3.02
2e42
1.80
1.07

60
00

6405

|

i13,1
652048
35929,7
51765,4
56023.¢
64539,7
73855, ¢
B4900. 8
93603, s

66,8

QR4e2
293049
3342.0
331%.E
3305%.%
3312.¢
3364347
3311.1
3228.¢

2243
47.9
T6.8
2.8
59,6
45,8
38,6
287
21,13
1844

1.%2
2.94
65453
6,92
%.81
.87
4,%5
3,17
2439
1,89

JHIS PAGE IS BEST QUALITY PRACTICABLY

FRON 00PY FURKISHED 10 DDC

"

CIRCUMFERENTIAL SCSITICN = 32,1 NFG,
CIN LINE WITH JETS)

8,51

10.43

12.6C

UNBURNED HYTRCCAFECNS

132047
IRV ETR]
LT Y
624677.4
T0129.%
T2258.7
7132742
£2810.%
55092.2
15629.7

1193.5%
243947
3327.9
334640
234645
334246
332449
226144
3120.1
279545

1649
29.8
44,1
24,9
2742
24,8
24,4
2%.0
25.0
23,1

1433
2449
502
be25
3.39
3.13
3,21
31,32
3.29
2480

332¢.8
79844
CeC
399,2
7718.2
26215844
3060¢,8
29293.9
B117.%
3992.2

¢c

2662.%
10746,1

291.¢

217.3
1627.1
29134,9
E3RANY
29G6.3
2279.¢
1645,3

NO%

3249
8.9
4.0
o2
9.0

17.1

2%, 2

1R, C

13.8

11.¢

16460 ,4
£35%1.5
556248
2602446
2324,.8
106C,¢
34%6,C
2C1,2
£24%,1
2352,4

(per)

logé.0
3177.2
3326.C
3285,.8
3¢0c,?
2363,¢
22344 ¢C
2176,
1740,1
1374,1

(PPK)

2849
Sttt
tfe2
6348
LY
ELEY ]
2844
19,C
15.9
12.0

CO2 (PEPCENT)

410
1.C0
+18
12
Tl
2.0¢8
3. 09
2.7
1.7¢
1427

2e83
. 597
Te27
T.08
6,123
bekp
.26
2.20
1.88%
1,62

1%.27
(PR

479,1
208, 7
77148
6.0
10884
1171, 0
2700.0
P047,4
83,9
A024,1

94640
1260,2
236w, 2
2100,%
21470
1402,9
17¢4,7
1708,0
1666.9
16%9,4

1143
29,9
63,7
63,1
54,0
18,2
76,1
19,0
1646
15.%

1.00
2,01
k.08
“e8
5,40
Gobh
2. %%
2447
2405
1.20

12,82

LY 119,
aey,. 0
39¢,1
248,1
172,0
104,13
470,1
1n01,2
142%,0
1817.0

112%,?
7%3,4
627,2
407,13
26%.3
227,13
4%4,7
T04,0

1024,2

1064,

2,0
1.9
12,9

3,9

LIS ]
2,2
124
1%.4
16,48

.32

.29

1.7
1M

26,22

424,58
431,2
40,5
278,90
400,46
67,3
612,%
421,2
A77,0
308,

560,7
¢39,1
625, 4
6P, 0
A%,
ho2.0
502, 0
547,11
%47, 0
52641

1%,¢
17.¢
18,7
21,2
21.%
19,0
17,2
1%,?
13,0
1241

I TLL)
1.92
2.2
?.29
?2.11
?.12
1.9
Teb0Q
1.%4
1,41

T e kT ST e i Bt TS A

ST e B e, =,




4 ; 261§ PAQGE IS BEST QUALITY PRACTICABLE
: FROM 0OPY FURNISHED TO DDO

g
_,‘- ? o I |
3 [ DATA SET-08 CIPCUMFERENTIAL POSITION » 040 NFG, g
J ; (IN BETWEEM JETS) } 3
: i ANGPOSS(CM) 10,43 12,90 13,37 16,82 21,29 26,22 I
b i , .
, RAD. POS. UNBURNED HYDRCCARRBONT (PPW) ol “
4 ; (cn) I
3 ! 5,44 Z02.% 19240 26245 13645 1A&.% 1ev,y
3 . 4e84 337,49 66D 75,0 765 100.9 1478
M g 4,23 339.0 4Ce8 2440 102.0 97.% 17,0 4
a J 3,63 168.0 4240 36,0  94.8 94,0 183,9 3
b ‘ 3.02 22%.0 24,0 79.% 7.5 99,19 124,8
2.42 2730 172485 149.5  TB«C 99,0 11749 3
' 1.80 310.0 276440  210,0 93,0 97,8  10%.9% !
K 1.07 40048 379,35  246,0 118,35 192,0  9).8 3
i & .60 439,85  626.0  238,5 1440 138,8 w79 3
b ; 00 33640 34948 21145 157.% 1020 ") 3
- | RAD, POS, Co (PPM) E
: | ({4, }] i .}
ﬁ : S0k 2923,0 2271.1 1678,9 1285.8 10344 O01,) 4
! i 4,04 3335,7 262947 1619.2 115&:C 9% 1111.% 4
: 8 4,23 333808 2494e4  1243.4 06848 08,4 1102,0 f’
3 j 2,63 3047.% 178%.5 1129.1  487.7 031.2 11%3,.7 3
b : 2,02 267441 171843 14%9,3 852.0 77243 1148,0 I
4 ! 2062 239345 175644 171142 8946 767,3 100¢,1 &
E : 1,80 200942 176045 17688 75345 743,22 G4, .
2 } 1,07 1501, 1786.4 1670,9 1091e2 792,9 9044 .
4 - e60  1662.¢ 1703¢1 1727.6 136347  833.4 047, i 9
5 i 00 16626 1627.1 1699,1 1430.8  85%,9 31,2 i 8
s { RAD. POS. NOX (PPM) ]
: tevy L,
‘ Sebb 7240 5C.2 36.3 272 20.9 17,9 By
I | G084 11605 22,7 6347 2343 231 20,8 4
4 j 4023 108,2 83,7 7449 15,6 20,8 21,3 )
; ] 1,63 65.0 6245 63,0 13,7 2044 27,3 I 3
9 ( 2,02 27,7 32,5 28,0 10,9 16,8 23,0 i 9
4 s 2442 10,0 19,0 2347 10.4 14,8 29,4 § 4
v ' 1.00 12,7 1¢42 19,1 1146 13,7 18,9 ;
3 ! 1407 10a7 1248 1746 13.1 0 13,7 17,4 1
4 ! « 60 9.6 12.8 16.9 13.4 12,1 14,4 i A
3 : «00 1008 12.7 17,3 124 12,7 12,2 i -
k- ‘ ®AD. POS. CD2 (PERCENT) i 2
] ] {43 k:
1 , LY 618 5439 4458 4k 1,20 3N 4
| A N 9¢1% 7,06 .26  3.ee Y11 2,m 4
3§ z 4,23 9462  To4b  6.BE 2,33 2402 3,7 3
! ' 2,83 €a5¢ 6,22 5487 151 247 A2 K
1 ; 1,02 3,068 heb2  449C 1.2 2410 311 )
‘j ' * 2442 24089 3,20 3.72 1,11 1,08 2.97 N e
g , 1.00 2012 2.%0 3,01 1437 1490 2,78 3
. 1,07 1661 2415 2,58 1,90 1.7Y 2,64 :
+ 60 1.¢0 2.02 2:.5¢ 2440 1.7% ?.2% 9
3 i .00 1.85 2,06  2.57  2.66 1.0 %11 3
1
371
4]

-f__,
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f
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.
o
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.




L

DATA SET-00
AXoPCSe(CM)

RAD. POS.
e
Sebd
LYy 1Y
423
3003
3,02
2442
1.80
1.07

«60
«00

RADs POS.
(e
8444
4. 04
423
3463
3,02
2442
1.20
1,07

o080
+00

RAD. POS.
{CM)
5.44
404
be)
3.03
3.02
242
1.80
1. 07

80
«00

RAD. POS,
(CH)
S.44
hol4
4,23
3.63
3.02
242
1,80
1.07

Y 1y
00

10.42

49945
65645
72648
T12.%
2240
361.9
265.5
36640
920.5
36640

308%.0
2T48 .4
13430
24,1
75144

T 1982.1

263%,.1
222944
186144
175242

49,4
34,5
11.0

8.5

8.2
11.0
15.2
14,2
10.0
10,0

.14
3,83
1.24

12.90

8IS PAGE IS BEST QUALITY PRACTICABLY

TROR OOPY PURAISHED T0 DDC
CIRCUPFEPENTIAL POSITION = 18,1 DFR,

15.37

18.82

21.29

UNRURNED HYDROCARRONS (PPM)

354,0
108,0

37.%

37.%

72,0
1462.0
267.0
384.0
h24.5
340.%

2539,.0
2540,0
2261.)
1760.%
1823.2
2053.%
203143
1068,2
1760.9
1670.8

42.7
608.2
77.2
6242
37.5
2242
1642
1%.0
14,0
14,0

5443
6.7)
LA}
Se47
5,07
3.7
2488
2436
2«11
2,09

253.5
57.0
1645
30.0
66.0

144.0

200,%

25240

247.%

220.5

ce

2134.,2
1934.,7
13846
11493,0
1522.9
10823,2
1943,.4
19%2.1
1840,2
1756, 4

NOX

38,1
T9.4
86,3
68,7
L) 9y
2%.:6
17.8
16.1
1544
19.2

130.,0
130495
1¢60,0
111.0
7540
7%.0
G&.0
132,49
14740
144,0

(PPN}

145642
9s2,)3
709,1
48547
27640
36040
T25.0

1227.4

1480,.3

14850

tPeM)

33,4
19.9
11.8
11,0

8,5

9.3
11.3
16.2
1445
14,8

CO2 (PERCENT)

%.40
Te70
8,03
(7Y 1)
5.2¢
4,12
3.30
2.04
2464
2487

.10
318
1,61
1,00

)]

b6
1.28
2,008
2.64
2.1

04,0
276.0
201.0
164,0
141.0
123%,0
112.9%
114,59
112.%
106.9

1295%,.%
1292.4%
123046
1102.9
10008,0
910,9
51,9
fMT.1
279.6
50,6

168
1.0
?21.0
2244
18,1
15.%
14,3
14,1
13,2
1%.0

2.499
3.21
3.0
2.97
2.78
2.4
2,06
1.91
1.0%
1.7%

26.2?

202,92
280,44
245%.9
207.9
164648
19%,.8
10%,.%

Q7,8

93,9

9.9

1040,0
1293, 9
130%,?
1367.?2
134%,0
1240,90
1004,1
84,9
e86,.7
LEARY )

17%.1
2%.7
%4
20,9
2.9
27,9
2% %
10,7
14,9
16,8

2.3
2.90
3.2
330
41
430
2,98
2044
2.%4
2.1%

e i




e

OATA SET-0Q

AXPOS,(CM)

RAD. POS.
({4.3)
L IL L)
484
4,23
3.0)
3.02
2.42
1.80
1.07

60
«00

RAD. POS.
(4 }]
Sebé
4eB4
42}
363
3.02
2ed2
1.00
1.07

o600
+00

RAD. POS.
(cm)
Sebké
4,04
4,23
3.6}
3.02
2042
1.80
1.07

60
«00

RAD, POS,
(cm)
S.44
4,84
4,2)
3,63
3.02
262
1.80
1.07?

&0
«00

10.43

419%,.%
£43,5
532.¢
934,0
294,0
160%.0
226.9
3499
42,9
381.0

294247
1192,.¢
KO8 Y
16460,9
257549
20935,0
27698,9
266343
2643048
1827.5

42,7
12.0

95
13.0
18,5
28,5
22.0
1%5.7
11,7
10.9%

5.00
9
50
95

2449

6,49

a,1¢

3,50

276

1.87

12.990

15,37
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PEST QUALITY PRACTICABLR

FRON 0OPY FURRISHED 10 D00 —

CIRCUVFERENTIAL POSITION = 30,1 DES,
(IN LINE WITH JETS?

1f.82

21429

UNSUSONED HYDRCCARBONS (PON)

49,0 69040 301.9 I8
118,8 17,0 238,95 175.9
1%,0 30.0 132.0 13%,0
34,8 1840 440 100.9%
47.0 4240 A2.% 171.9
126.% 10649 88.9 12040
22%.0 170, 11249 111.0
345,0 2178 139,9% 115,85
“02.0 223.% 15149 102.0
121.0 208,.5 147.0 24,8
CO (PPM)
2.4 220647 1269.3 14609.8
128,486 2485,) 621.,0 12¢0,1
260249 19477 379,77 11451
1605241 1456,8 240,80 1004,4
2C18.0 19%26.7 295.,9 1000.92
2167.0 108235,9 594.6 5%, 2
212947 12934,7 1040,9 063,1
187044 1969.6 1683%,6 92%,.4
1821.7 1848,7 16231 304.0
185440 175644 1504,2 LY %
NOX (PPNM)
479 19.¢6 1%.0 18.1
9242 62.% 11.0 229
7.7 82.9 8,0 2149
3.2 73.7 9.6 2%.%
42,0 (Y. 7Y LY ) 17.3
2649 244 11.3 15,4
17.5 16.1 13.6 14,1
147 1442 15.% 1%5
153.5 13,1 15.8 12.7
13,8 12,6 15.6 12.1
€02 (PERCENT)
.28 3,78 2:92 2,12
5,85 6,92 1.2% 0,54
LIS 1 7.99 39 3.,1%
6. 8¢ T.27 %]} 2%%
5.59 6401 054 Poh4
429 4,55 1,10 2eb)
.13 3,50 1.98 2.20
2447 2.98 259 2.0
2.20 2.69 2.3 1.9%9
.00 202 2+76 1.7%
373
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2022

172.0
121,90
223,9
177,90
15%.9
120,9
117,0
10%.0
193.5

,9

LD )
1147.0
1217,0
22149
1%439,9
1285,0
114%,)
1009,0

LL L%

3%, ?

1649
2%.9
28,4
1nN.%
277
24,9
21.1
19.1
1%.12
16,9

2.1%
2,07
3. 40
2,67
3.8
8, %9
19
2. 7%
2,84
10
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DATA SEY-09

AX.POS, (CM)

RAD. POS,
(Cn)
Sebd
4elh
6e 23
3,63
302
2042
1,80
107

Y1)
«00

RAD. POS.
(CN)
Sehb
4eb 4
4, 2%
3463
3.02
2+ 42
1.80
1.07

280
«00

RADs POS,
(CH)
S.44
4,04
4,2)
3483
3.02
2042
1,20
1.07

ot0
«00

RADe POS.
{CK)
Sebd
Lelh
4a2)
3,49
3402
2eh2
1,80
1407

60
+00

‘ THIS PAGE IS BEST QUALITY PRACTICABLY
T )aqlour!!umusumnronnc

et

CIRCUNFERENTIAL POSITION = D0 MEG,
(IN BETWEEN JETS)

10.43 12.90 15.37 18482 21429 26,72

UNBGURNED HYDROCARBON® (pPv)
18.0 10.0 1046 10.3 LI 1161
33,0 LI% 4 2.8 4.9 3.4 1%.7
114.0 1.6 1.6 Te3 4,0 12,7
$7.¢ 1.9 2.2 09 ta1 11.4
0.0 3.1 L XY ] 7.3 7.2 ',
3,0 7.0 9.0 Ted Teb LI
6e 0 1%.1 1744 Tel L TY) s
16,9 27.1 26,7 (Y %.? .0
26.5 40,0 27.3 1141 70 .4
38,0 4844 27.9 117 Te® LY
ce tepPp)

1991.5 7C9.1 344,7 31146 287, 25?74
3327.9 120%.3 298.7 3%0.0 208,19 127,48
3844, 46 33,4 26641 395.9 291,? 1793
3162.6 47649 294,95 315.9 264,7 08,0
2149,2 093,64 439, 4 2704 2%741 I, T
1861.4 605.0 610.3 263.3 26tk 34%.1
154169 653,80 75%.6 317.% 84,9 49,3
1091.2 799.7 867.9 415,23 200,13 1274
963,95 802.9 90640 54%4 4 308,90 7Y
906.0 92047 910.9 8¢e,0 A24, 8 32%,.9

NOX (PPM)

113.0 8.2 72.0 59.4 LY NM,.*
190. % 167.7 108.0 6249 48,9 49,1
197.0 14642 116.2 6le? 82,1 42,4
168,2 117.0 110.2 30.2 37.9 44,9
122.0 84.0 88,7 24,8 1,1 43,1
$0.93 60.0 6740 2249 20,4 Al
63,53 40,0 1.2 247 27.7? 30,7
44,0 3%.0 43.8 29.2 28, 14,7
37.2 33,8 40,0 3%.3 7%5.9 A%, 4
34,0 33,5 40.0 39,2 29%.% 3249

€02 (PERCENT)

6.38 467 399 3.4C 2.7 . Y
10.52 7,11 5:92 3.9 2.1 2,47
11.20 .00 6,20 2.0 2.5 ¥, 0
10414 4407 6403 1.91 204 1474

751 XY 1) 5.10 1498 2.10 2,08

6409 3.65 &0 1.4) 1.9 2,2

4,23 2484 3,42 1.61 1."9 LR |

2.88 4% 1 3,08 1.09 178 200

2.%0 2438 2.9 239 1.2) 2,20

2.33 2.3% 2450 2.7 1.2 .19

374

L o A

: e e oy D
S L. KR
St LS gy

¢

A

1 T it St RSN b e et e

TS S L A2 M AP A SO 612




bbbl i d i st A

TH18 PAGE IS BEST QUALITY PRACTICABLE
FRON OOPY PURBISHED 10 DDO

DATA SET=06 CI®CUMFERENTIAL POSITION = 1%.1 NEG.

AX.POS.UCY) Te43 12,90 1%.37 10,82  ?1.29 24,22

i i 'l?c POS, UNPUSNED HYCROCARRGNS (ohW)

i i c»)

k ; $ebt 35.0 2447 19.8 13.2 2441 ?2%.0
ki | b4 9245 el 3,4 tel 10,6 bk
-k 423 26,0 1.8 2.2 13.¢ 13,0 2%.%
- 3483 “53.0 1e9 1.5 be? 1.9 16,2
. J 3,02 33.0 2.1 3.0 601 LRy 1%5.7
| : 2442 19,8 67 9.0 7.0 R 11.?
3 180 12.¢ 14,8 18.4 (XY ] 9.4 9.4
3 1.07 9.0 3044 26,4 1C.3 7.9 7.0
B ot0 2959 46e8 3046 12.1 7.9 ",
f’ Q‘ 00 37.% 44,8 2.7 127 9,2 9,0
4 RAD. POS. Co (pPPM)

R (cm)

'8 ! L FLL) 28617 682,0 473.2 3¢7.9 151,09 47,4
1‘ % Gl 4 1319.9% 69746 430.3 318.7 ART7,0 448,59
g ! 4,23 b4 3 I} ] 695,86 166,.9% 16644 1LY 492.0
) 3,63 146147 473,2 33440 1C1.2 317847 50%,1

3,02 15C0+9% 50447 470.1 Qh,0 4,7 448,98

0 i 2.42 1§30: € £64.9 640.9 166.3 MO0.2 411,10
. 1.80  1321.6 77646  831,2  31a.4 301,84  247,0
i 1,07 1615.3 87449  930.¢  49R.6 31148 AN
- ‘ +60 1009.6 95342 963.5 82646 325,09 3274
i i +00 §13.1 950.7 955,80 640,2 3244 h 1M, Y
) PAD, POS. NOY (PPM)
- (cm)
| 5,44 120.5 %42 65,5 733 487 10,7
3 4,04 191,0 118.5 10745 57.1 54,6 41,
i 4,23 ele? 1297 12447 2245 88,4 48,1
A 3,63 29,2 11642 12240 12.9 5A, 4 4,
1 3,02 29,0 87,0 99,0 117 4l.6 470
K 2,42 19,0 6148 73,2 18,8 LI 8"
i 1.80 49,2 477 B4,? 2249 20,0 a1,
] 1.07 43,2 18,9 49,2 e 2,0 34,1
) +60 34,7 33,3 4142 30,4 26,9 17,9
L .00 31.3 3440 41,8 3¢,9 26,4 29,4
bk RAD, POS. €02 (PEFCENT)
ko (M
¢ 5,44 T.68 4437 3,74 t1e 2,77 2,10
T ' 1¢.6C 6.10 5,07 L) 2,29 2,04
. { 4,23 4457 6,87 6.73 1ot} 1.1 ’,
A 3.6 1.9 Y 619 ob4 1,12 5,48
K ! 3,02 2.01 3,01 $,91 068 2.7% $,47
s ] 2062 2.%0 3492 4o %4 o0 .M 3.7
: Y 1,280 1.8% 3.13 3.7¢ 1463 2.04 2,08
N 1.67 2,90 2467 3.22 2418 1,92 2,48
b 160 2.32 244)% 3,00 bt 1.0% 2,47
u:f. 100 2.10 240 2.9¢ 2.09 149 2,19
. '
. 375

L v . . )
v et R

W -
L ALY LSRN

w !
e 2 i L [ S
e A
. .

. ORI N b
IR L AR K A ]
-t (',.‘.un.\f'f":u}-;;‘d"'l & *




© e AR

SU1$ PAGE XS BEST QUALITY PRACTICABLY
FROA 00PY FRALSHED 10 Dl -

DATA SET=09 CIPCUMFERENTIAL POSITION » 3041 NEG,
CIN LINE wWITH JETS)

k. i AXPDSL(CM) 10,43 12490 15.37 18,82 21.29 2R 2?
\ l nAD. POS, UNBURNED HYDRGCARBCNS (PPN)
] )
é ! L TLL) 69.0 3%.4 79.9 49.0 4R, 0 49,9
} l 4ol 76.0 13.2 16486 31.3 21.7 41,0
§ 1 he23 20,5 9.0 3.1 2249 1246 12,4 "

3,69 33,0 1.2 1.3 904 1048 2% ¢

\ 3.02 9.0 1.3 3.7 5.0 1148 16

' 2442 6.0 4,8 8.7 T2 10.% 13.4
3 1.80 15.¢ 147 1.6 9.3 105 L)
j 1.07 1240 3244 2%.0 10,9 LTY ] 7.9
i 0 39,0 471 28,2 124 9.1 LY y:
§; ; «00 37.% hba b 288 12.9 9.4 .=
3
i ®RAD. POS. CO (PPM)
* (e
s ] S.44 17647 155741 T0%.2 . 495,2 56544 437,90
‘ held 78,0 2407.7 98,7 340013 830,98 S4%,7
) .29 16643 2040.2 $80.1 204,48 480.1 547,11
' 3.9 18647 833.4 476.3 29,7 4070 $11.1
: 3,02 130%.7 60848 4934 6344 72,3 501. 6
3 2,42 21613 737.1 51,9  166.3  344,7 4S9

1,80 2430.9 86749 84249 40043 40,3 304,9

A

:\:1 1.07 1087.1 985,80  045.&  603.3 343,72 969,2
3 ‘ 60 1830.5 96,8 98A 6 60T7.7  344,7 349,)
' «CO 997.4 985,80  923,] 67046 44,7 134,0

- RAD. POS. NOX (PPM)
k. i (e
- | I L) 63.0 90+2 40.7 30,4 48,0 29.7
b 4e84 22.0 1508,7 109.0 22.3 4£0.9 a.5
Ky 423 8,9 199.0 137.2 14.0 9¢.9 5944
3 3,63 9.5  129.2  134.0 108 %34 7,0
4 1 3.02 26,7 9T.7  107.2 9.9  hheh 99,4
i ! 2442 86.0 69.7 78.2 167 .4 3.2
k. 1.00 11%.¢ 49.7 5¢.9 0. 92.7 he,?
i 1.07 75.2 38,5 47,2 38,0 10.1 14,5
< «80 44,0 33.0 42.7 1.1 9.0 32,2
2 00 16,7 3342 42.2 39,0 27,9 299
k!
. RAD, PDS. €02 (PERCENT)
3 (e
ur LI 1) 4,61 S.48 204 2+9) 1,29 .24
x 4,04 I ad 8.89 611 1.99 3,64 .17 ‘
. 4,23 21 9.2 7.52 90 3.7 LI
- 3,63 16 T.02 T.42 ohe %.1? 4,04
b 3.02 1.7} 5,07 6.4 29 2404 4,93
- 2.6 6.00 hebd 4,09 92 2446 3,77 f
1.80 Beds 1,4) .02 1.92 .19 IR 4] «
A 1.07 9,51 2.78 3.37 2.76 2406 2.0
3 + 60 3,31 2o00 3,02 2.97 190 .40
p: + 00 202 2.38 2.94 2.98 1,83 221
| 376
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( FRON-0OPY PUNBISHED TODDC
, DATA SET=10 CIRCUMFERENTISL POSITION » 0.0 NEG. ]
; (IN SETNEEN JETS)
4 i AXGPOS.(CM) 10,43 12450 15,27 18.82 21,29 24,27
8 ; nn?éngos. UNBUANED HYDPCCAPBLAS (PPM) .
E d 8
"‘ } Se b 22%.0 330.0 19%.¢C 0.1 "5.9 3.8 BF:
' h 484 I 7230  6).é 3.9 8.9 19,0 1
k. 423 1 1 ! ! 1 1 :
A ¢ .63 I 708.0 7.3 3.7 1,3 1,0 4
4 J 3,02 1560.0 127.5 2.4 4.3 1.4 *9 B
L 3 2042 300.0 1 2l $.2 3.3 1.8 i
3 i 1,80 1 10,9 762 5.9 1.1 2.2 i
b | 1.07 |} 40.9 20.9 (YY) %9 2.4 9
| + 60 1 Té.8 1.9 LYY 3 40 14 i
S & 400 060  85.5 3,7 100 08 2.9 g
b 1 RAD. POS. €O (PPM) 4
p ! (CH) ¥
b S.46 203304 2025.0 1470.8 1279.2 10%1.7  927,4 4
A 4,04 T 333249 3028.5 1043.,3 727,0 94,4 3
3 : 4e 23 ! ! ! 1 ! Y C Y
g 3,63 1 3325.9 3162.6 5257 SR, 7 44n,8 ‘
$ ; 3.02 326701 295640 22567 %0341 517,86  Al8,° 1
g @ 2042 330645 129941 883,1  4T4eR 482,64 41,2 4
9 180 297349 1448.9 933,01  S19,2  44R, 5 42N,8 3
.4 | 1007 2339,0 150040 122442  666,%  458,2  449,5 E
¥ 80 2078.8 1522.9 11374,1 863,2 482,46 460,4 48
200  1564,8 1445.3 1409,4  992,1 342,1 4857 3
4 : RAD. POS, NOX LEPM) ;
B , (CN) :
¥ \ 5,44 8.2 6840 94,9 71,0 5%.A 41,9
- ‘ 4,84 I 163,00  1%1,0 117,85 P29 83,2
423 I 1 ! ! 1 1 )
3,63 I 153.% 192.7 47,7 55,9 7,7 E
3.02 12847 126.7 16240 2¢.7 L LI 1.7 ¥
F , 2,42 102.7 90,0 1172 12,2 44,0 87,8 3
i 1.80 80,5 56,5 79,0 33,2 A0,7 42,7 | 4
- 1.07 5%.2 39.0 ‘o7 20,5 14,7 54,7 4
‘ «80 47,7 20,5 47,0 héod 16,0 47.0 E
00 37,7 2042 43,0 5047 37,0 44,9 i
{ RAD, POS. CC2Z (PENCENT} 3
s (em) ., -
X Sehd bel8 6.04 4,28 4490 3,94 2.%) ;"-
: 4,04 1T 10.56 9,23 687  %.18 1,99 3
X | 473 t 1 1 ! 1 t 3
1 3.63 4 11.25 11.03 3.11 1,54 4,49 4
| 3.02 10,61 10405  9.93 2,58 Y 4,49
_ 2,42 9,85 7011 7,3 2426 2494 62
L g 1,80 831 680 9,32 2,36 2,44 SR ,
1 ‘ 1,07 4,40 3,51 421 2,00 2,91 3.0 3
60 .78 2.01 3.%% 3.99 2449 9,22 L
+00 2,70 2481 3.34 3,95 2,79 2.9" Lol

ce, S W e e e e et - . e . 1
A ‘.'w”'i’t‘i' [
) N KA R

RO FRINCWLA 4 e i

[P TP ITURPIIT SRR . e e S PP TIV b b .
e e e e i o0 s At et~ e o et e o




1
)
T
'
i

B
SE—

%

DATA SET~10
AX.POS. (CH)

RADs POS.
tcny
Sehé
4,04
4,23
.43
3.02
2.42
1.80
1.07

«60
«00

RADe POS.
(cH)
S04
4e 04
4,2

. 3403
3.02
20,42
1.80
1,07

260
«00

RADe POS.
(cH
Sedéd
4,04
4,28
.63
3,02
RTLYA
1.00
1.07

80
« 00

RAD. POS.
(cm
L LY
4,04
4428
3. 43
3.02
2442
1,80
1.07

060
+ 00

G e

; s’.!.’ﬂﬂlISBIBTQUALIT!Pﬂlorlclnn.
FROE 0OPFY PUNAISHED O DDO -
CIRCUPEERENTIAL POSITION = 15,1 DEG, l
10,41 12,90 1937 108,82 21.29 208422
: L
UMBURNED HYDROCARBONS (povy
480.0 1 144,0 64a2 12142 45,4
1 1 1.7 4ol 0.8 2144 4
1 1 1 1 21.9 t
480.0 1 54,1 .Y ) b 43 L
925.0 { 9.2 6.0 L) P \
30040 0.0 2.9 6.0 1.9 1.4 ¢
28%.0 12.0 0.4 1Y) 2,0 1.4
0.0 46,9 2341 7.9 LY 2.2 b
30.0 799 35.4 1.9 4.0 2.4
10%.0 1.8 %049 0.9 (T} ] 42 ﬁ).
. i
CO tPPN)
32540 T 1835,0 13685,2 11491 86d.4
1 Y 2902.4 1094,1 I7%.4 627,08
1 I 1 1 101047 1
28417 1 20334 443,89 5139 471,7
2907.1 1 2198, 304, 4 540.4 439, 4
3022,3 12%56.3  953.2 334,848 501%,.1 416,10
Y036.8 1441,7 1035,1 hob,0 01,0 434, 0
2006,9 1627.1 1305.7 6938, 4 AR2,4 431,46
27998 156846 143444 90346 309.3 447.,0
2147.0 14081.9 1447.2 101047 AN, 4M.0
NOX (PPM)
54,0 I 61,7 9.7 50.2 §1.7
1 | 14147 137.0 9%.90 84,2
1 1 1 1 4,? !
30.7 1 192.0 2947 89,53 1.7
18,7 I 16240 207 72.2 6.9
23.7 9.3 112.0 2240 LIS | IATY {
31.7 6042 7%.0 2840 6,7 6%.2
58.5 43,2 89.2 39.0 10,9 LY ]
3643 3440 &éed 49,0 14,7 %0.0
26.7 32.0 44,0 52.7 L LY 45,7
C02 (PERCENT)
Tebl 1 4,58 S48 4,09 2.79
1 1 f.83 7.87 5.97 11
1 1 | 1 L TRL] b
2.97 T 11,20 2,06 5,91 4,9 r
2497 1 9.60 1.27 (Y Y 4 4 N7
Jabb 6:71 T.27 1,40 L) 41
3.% 477 %.40 .12 3,77 4,00
5.96 3.92 4,23 3,01 ?2.70 3,49 J
heb2 2490 .01 3.72 281 IR B! )
t XYY ] 2:.4) 3044 4,09 £ -1 3,09 }
378
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DATa SET=10

¢ ‘XQPCSg(CH)

! RAD. PQOS.
(Cny

LI L}

404
{ 4,28
]

) .63
3,02

2,42

1.80

1.07

60

« 00

} %
? RADe POS,
' ten)
- TL1)
4oy
4. 2)
| 3443
3. 02
} 242
1.00
1,07
| o
' «00

RADe POS,
{4 }]

.44
4,84
{ 4,23
i
!

1.4)
3,02
Qeb
1.80
1.07
+ 60
00

A
§ RAD, POS.
3 (cr)
& 5,44
4.84%
1 .23
3,63
i 3.02
2442
£ 1.80
? 1.07
N 60
} « 00

10.43

10%,0
285,0
1
1%0.¢
Se8,0
225.0
73%.0
111040
940.0
945,.¢

2590,4
2060.?

144,7
1773,0
3210.¢
3291.3
3253,2
2702, 8
1835.9

697
2o

10.2
15%.2
3.2
115.2
11049
6l1.%
34,8

.13
2040

%4 )
T:29
10,94
10,52
3.98
2,09

. Ve owg -~ b Ay
— W

e 'h'""\”';.-}:“\( T e e T " e dr o (N R MRS

Lo : TR AT PO AeTdeaiis

o b D A R A 13 AR RS AN i .\ o

S TR L TPTEN

CIRCUMFERENTTAL PLSITION »

(IN LINE NITH JETS)

12.90

18,37

18,82

21,29

UNBURNED HYDRCCARBONS thbwy

hup g P g Poy g

4%,0
79.9
99.0

g pug Bk Py g

1305,2
1391,7
186074
13301
1463,.8

o4 G But St g

106.5%
66.0
42.7
34,0
32.%

A‘.

e
ey

7.2 3040 40,2
LY 4 29.2 %0
I 1 14
2044 12.9 1.2
2.0 6eb 1.2
2.4 Te9 149
1746 7.8 1.9
18,08 7¢% 3.3
M &7 &3
37.% LY ) 4.0
Co tepm)
174440 11009,7 1102,
314403 1062, 004,84
I 1 t
3144, 4537.7  ane,»
2480,7 178,35 $1%,7
10%:,) e22.? 562.1
1037,8 49844 82e,9
“123k,7 815,86 810,2
142%,¢ 973.8 120.9
16423,0 1010, L LYY
‘0! (PPM)
2.2 75.2 100.8
1%4,3 54,3 20,?
! !  {
192.¢ 2140 10%.%
141.,0 9.8 172.7
11247 14,7 152,22
13.0 30.7 17,2
£3.2 47.2 100.7
LI PY ] 52,9 00,7
3.7 5440 N2
CT2 (PEWCENY)
4,70 9,40 2494
1Ca0e 3,84 4,00
1 !
3457 1.39 4492
12429 o7 LTS L}
T.39 + 98 Yol
5. 50 2,21 .22
L,29 3.59 ?.39
347 440) 2,48
3049 4,08 2,54
379
Cw I
P

IS PAGE IS BRST QUALITY PRACTICARLE
FRONOGPY PURNISHED T0 DDC

o1 NEG,

26422

32,2
1.4
t
4.9
%.1
1.8
1%
2,9
2.3
b2

601,
92,9

t
a2
424,13
303,9
61%.9
43,9

454,2

74,3

. 920

75,4

t
Q4,0
n,n
L X% !
.2
4,2
3147
47,2

1.9
LTL) ]

.91
.51
IR ]
L PLb]
1,24
%07
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DATA SeT-qy

AXoPQS, (OM) 10.49
RAD. POY.
M
3. 44 6.0
4,04 23%.%
4,23 244,38
3,6 106.9
3,02 20.7
2042 9
1.80  {
1,07 0.0
60 0.0
«00: 0.0
RaD, ros,
{1}
S.44 12%9,%
LTy 1} 38,8
4,23 334041
3.69% 3284,
3.02 2424,0
242 943,
1.080 7997
1,07 6349,)
+ 40 43,9
+00 3753
RAD. POS,.
{1.}]
5044 14.4
4084 210!
428 2244
3.63 10.2
5.,02 1.0
2.42 11. 8
1.00 84
1.07 (. 7% )
060 40
+ 00 L Y Y
RAD, POS.
temy
- PY 1Y 562
4,04 979
4.23 996
3.43 9400
J.02 f.18
2042 8.72
1.80 4.1}
1.0? 287
060 254
« 00 2241

.

4

| !
.

[

L R
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CIRCURFERENTEIA POSITION =

W18 PAGE I8 BEST QUALLTY PRACTICABLA

g

FROR O0PY, FURKISHED 70 DDO

. (TN BETWEEN JEYS)
1290 18,02 21.29 26,22
UNBURKED HyprOCampONS (ppn)

$.4 2.7 2.6 1.3
9.4 ob 1.2 1e2
10.0 o b 9
2.8 b Y o7
ol b Y] o4
ol ob b 9
oy o 7 o
oy o ot o3
o 1} b )
L) oé b 'S |
Co trpm)

7371 219,.2 188.7 1%),8
22204 139, "149.9 168,09
2308,4 129,32 1228 136,0
1138.0 115.2 §0.4 149,35

208,8 9043 03,3 140,2

2732 78,2 4,7 t20,s

343.8 79,2 82:8 101,38

394,44 111.8 fbes 117.9

398,0 1453 04,9 113,58

0.5 ire.9 92.0 112,2

NOX (paM)

58,0 3.8 67.0 7.9

06,0 94,8 77,8 42,9

88,1 M.0 T2.8 721

™7 5042 65,8 T4ed

61,8 37.2 58.4 72.9

42,9 29.6 51.0 71.6

2.0 0.7 67.1 67,0

29,8 19.¢ 43,6 83,6

tLT% | 48,5 42,3 1%5.9

25.% 54493 4240 53,9

CO2 (PENCENT)

4.80 .13 . 2e99 1.99

Ted? 4,90 .24 .62

8.21 .47 Jel2 5.16

.77 228 2:.79 3.19

7% 1) 1.07 2.49 .14

4,70 1425 2.20 .16

3449 1.2¢ 2,00 .92

2.98 1456 l1e87 2.77

2.70 .09 1.%0 Ped?

2460 2:40 174 2.27
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g \ DATA SEV=ll
} AXoPDS4 LCNY
! RAD. POS.

: (cr)

———
& -

F 2

S04
4,084
4,23
369
3,02
2.42
1,80
1,07

60

+00

RAD, POS.

(], }]
.44
(1Y L)
423
5,63
3.02
Qed2
1.80
1407
80
+00

RADs POS.
(CN)
.44
4,04
4.2%
363
3.02
2442
1,80
1.07

+ 60
00

RAD, PO3,
(cn)y
- IYLY)
4,04
4,29
3,48
3,02
2442
1.00
1,07

60
«00

\

10.43

2140
220.0
109
10.9

2152.)
1 ELY- YY)
1561.0
874.9
79%.8
1114.4
1230: 6
017.8
689,46
401,08

1.5
15.6
6,0
1,8
3.3
LTy )
(7Y )
8.1
6.0
6.8

.04
10,34
4402
104
150
2.1%
3.1}
9.67
2461
2.22

CIRCUMRERENTIAL POSITION « 1%,1 nFg,
1290 18.02 21.29 2822
UNBURNED HYDRCCARBONS (PPM)

10.8 et 2.8 9
13 b 1.9 1.8
1.2 1e8 1.2 9

Y] 1.0 7 ' ?
o1 o7 ob o?
ol ob L) o4
0.0 ob N b
o) b ob b
od oh ob )
'} oh ) %
CO (PoN)

49446 21244 19740 116.9%
1141.0 12%.7 102,9 151,
971.2 104,0 158,0 164,12
T49.4 49.4 133,46 150.7
224} 36,4 111.8 140,19
245,0 41.% §8.0 140,2
151.9 e, 96.1 1268,7
392.9 130.1 95,8 119.?
401.8 17%.1 98,0 107.4
400.3 198.4 99.7 106.6
NOX (PPN)

464 3.0 60.5 (LTS |
69.0 3%.9 T647 56,7
80.9 20.0 1.9 7.7
TT% LIy ) 77.1 0.4
61,7 é.1 (1.7} 77.1
46,0 T8 50,5 The b
34,6 123 90.7 40,9
27.9 17,7 L1.7% ) 62.9
20.9% 22,2 43.0 57.2
31.6 24,0 4040 43,7
C02 (PERCENT)

4,21 .33 2.9 2,02
6.38 412 3.26 ' P18 ]
T.51 229 Jebd 3,79
Tebd 1.03 3.%¢ 3009
6:5) N 1) 200 93,39
.07 57 .52 LI}
.76 le24 .17 3,21
35.10 1e04 1.97 2,70
2.1 237 1.04 ?.91
2.00 281 1.79 2.%0
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TICADUS
18 BEST QUALITY PRAC
:5.'533 PUMISHID 10 D00 o

DATs SET.1) CIRCUMFERENT AL POSITION = 39,3 NEG.
CIN LINE wITH JETS)

AXGPOS, (CM) 10043 12490 10,82 21,29 28,22

i RA?. POS, UNRURNED HYDROCARPONS (PpN)
i cny

B 50“ 9.0 4,8 1.9 lo‘ 1.0
k: 4484 19,5 2.5 le2 1.0 9
g 4o 23 T8 9 1.0 o? 'Y
j 3.6) 3.0 o o7 v o?
3 8.02 6.0 0.0 7 Y] 7
1 . 2edQ 6.0 0.0 6 o8 oh
o 1.80 16,9 ol ) Y] 1}
B 1.07 0.0 3 oh b oh
ﬁ 80 0.0 X oh 'Y b
) 00 0.0 Y 7 ob od
g | RADe 203, CO (pry)

(1.}

-t LT 123370 03,8 170.3 167,0 117,90
4486 729.7 22%0.8. 110.9 63,8 184,09
4,23 159, 20268,9 70.2 130,80 1371
3.6 1228 703,2 19,8 123.8 138,08
2.02 948,2 205,9 28,0 110,¢ 132,%
2.42 17072 274,40 49,8 107.¢ 12%,9
1.80 270449 372.3 04,9 107,9 117.%
1.07 1013.4 3192.9 IM.¢ 108.) 110.9
480 $5%.0 406,93 202446 1092 104,4
«00 409.3 400.3 20246 108.7 103,90

RAD, pps, NOX (PpN)
4.}
o LYY 99 58,7 2640 Y448 81.2
- 404 3.9 88,0 1%.1 84,08 63,9
4,23 18 04,8 8,2 79 ¢ 71.¢
s FY .Y ) 2.0 02,2 4@ 77.0 T7:%
A 30?. 5.0 65,9 5.8 40,9 0.1
g 2.42 12.9 48,0 10,8 63,9 78,9
B! 1,00 15,2 34,4 174 3649 1291 )
4 le07 10.8 2?%.0 23,1 81.4 ar,0
i 280 6.9 25,8 26,1 “é,9 h0,2
«00 6,9 22,8 26,4 43,9 34,0
X RAD. s, co2 (PERCENT)
) (Cry
N Je84 5432 8440 3,26 304 2.08
; 604 208 872 1.68 LYY 200
r : 423 3 9.9 SR T T
¥ L P} ol 8417 X} ¥ 19 2,10
g . 5.02 le70 Te11 37 2.84 .29
. 2442 630 S48 «94 .88 .48
2 1.80 827 468 le 72 24} .20
i 1.07 ¢34 3.0 2438 2417 L PLE )
' 80 3430 2492 2486 1.99 2454

«00 250 2715 2m gl 2024 r 3




T eI S e e e

DATL SET-12

AX<POS,(CM)

Ral. POS,
{(cmy
- Y
b B4
4023
363
2.02
2442
1.80
1,07

50
«00

RAD, POS,
(CM)
5.44
hel4
6,23
3.63
3,02
2442
l.00
1.07

60
«00

RAD. PDS,
(CH)
Sebd
LYY
6,23
3,63
3,02
2062
1480
1.07

+ 60
+ 00

RADs POS,
{CM)
Sebi4
484
4,23
3,63
3.02
2442
1.80
1.07

60
+00

10443 12.90
1 49,5

I 124,53

1 210,0
2310.0 8,5
9750 1.9%
45.0 1

1 1

1 0.0

1 0.0

1 0.0
2T52.7 213¢4,2
T 324444

I 332¢4.6
3162.¢ 2333,0
328242 2202.1
3223.,¢ 506.2
1874, 545, 4
1353,3 665,.8
1117,3 78,2
16640 648,2
13.5% 1448
1 23.9 .

I 2%5.1

17.3 2346
1641 2142
14,90 1.7
11.8 10.5%
7.2 8.0
ot 6,8
5e8 bok
7,51 6426

14 10.29

! 10,32

§.64 11403
10,80 9.29
%.96 6,71
1434 4,88
508 3,90
3.3¢ 3,28
2497 3,07

281§ PAGE IS DEST QUALITY PRACTICABLE
FROR OOPY MWRRISHED TODDO

CIRCINFERENTIAL POSITION »

CIN BETWEEN JETS)

15,37

18.82

2.9 NEG,

21,°9

UNBURNED HYDROCAPRONS {ppw)

10,8 LY
2404 vk
17.8 5
LY ) o7
4.0 9
2.5 1.0
b Y.
b 8
1.0 7
1,3 o7

CO (rrMy
729,0 360.8
28%7.4 204,90
3059, 1556,3
2576.5 159.7
272244 14042
1789,6 127.4
507.9 13243
367.9 16244
£€27,3 218,35
$%72.0 2%8.7

NOX (PPM)
11.4 36.8
25,4 59,58
0.6 39.4
.9 26,3
11,7 2143
2643 17.9
19,0 1844
12.9 2047
9.0 25.8
LY 2946

€02 (PERCENT)

.24 3.08
.03 2.70
10.,3¢ 4,19
1C.80 2488
10.7% . 2437
D49 2402
748 2.07
5.1 2437
heQ9 3.01
3,84 3,39
383

D ),

o ',.
.f‘)__«,‘\ e

e, ..,st..,.,,,,‘,,r,ﬂ,,r,;“uv-,.mu,‘.\.

RS ——

—

314
181,4
1%4,9
153,90
1%1.7
1477
122.7
124,90
135,0
151,12

31,7
68,2
19,9
L
30,0
27,7
?2%.2
2%.0
22.?
2241

3,61
Loen
3,3
1otk
3,08
2,79
2483
2,61
2ok
2412

-~

A gy

—_—

28422

171,
173,?
14n,2
129.4
1.9
117.4
123,
121,.¢
132,71
130 ,¢

27,0
2,7
3,7
3,4
4248
43,1
.7
11,7
1.4
2%,

2. 91
e 78
41
bhel?
4,08
.07
1,49
2,11
2.7
2408

RN, (o AWy o

A e e ——

P o




P18 PAGE 1S BEST QUALITY mcrmm
FROM 00PY FURRISHED 10 DD0 e

1

DATA SET-12 CIRCUMFERENTIAL PCSIYION = 1%,1 nFG,
AXWPCSo (CH) 10,43 12.90 14,237 l8.82 21,20 26,22

A | PADE":USc UNBURNED HYDRCCARBLNS (PPuy

q | (
'ﬁ | a4 “65,C héel 14,2 8,0 11.9 2.6

ﬁ : be bt 258040 114,0 Bt 3 22 1.¢

i ’ 4,23, 165,0 147.0 13,9 »9 «? ¥

jt 3.63 15.0 67.5 Seb o3 ) oh

) 3,02 0.0 €0 ls6 1.1 o} o

. 2ok I I o7 1,0 od o3

4 1,80 1 1 ok @ %] 3

i . 1.07 1 ! b 7 oA b

ﬁ : v 60 1 0.0 .9 Wb oh o

. ! .00 1 Ce0 1.0 8 s ] >

; RAD, POS, CO (FPPNM)

| 44,7 ] '

% ) - T L) 332%.6 2120.7 13,3 399, 2771 1%1.9

% 4e84 3142.6  3247,.9 1¢48,9 210.8 270,40 10,4

g 4,23 32132 332¢.0 2%46,3 152.4 188,7 158,

3 . 3468 2111,7 3207.% 2746,9 143,13 1847,.4 1%0.1

. 3,02 2202.1 1917,3 1*19.0 €242 15°,4 114,13

N 2042 2307.0 440,49 433,32 £3.9 152.4 116,83

b g 1,80 2134,2 520.8 207.3 110.0 14%,1 119.4

b 1.0? 1764,7 6%1.9 13%,8 169,46 141,% 1,0

o . 260 16744 ET44 4 1%82.0 234,7 140,86 132.7

1 ' +00 268,3 639.1 171.0 26847 14%,8 142,2

i ! RAD. POS. NOX (PPF)

(cH)

.3 Seb4 14.8 12,8 1045 “5.1 32,1 M

o 4.84 10.8 22.1 22.9 1.4 45,7 42,2

| : 4. 23 97 24,8 20,2 3te4 50,2 47,7

3 3.6} 4.3 24,5 31,4 150 47,2 (L% 4

B 3.02 4,7 2C.1 2742 LY ) 40,4 47,7

3 Qo4 €2 14,9 2040 Se9 33,7 44,9

' 1,80 €.9 10.5 14,0 13,9 eR,? 60,7

i 1.07 11.1 8.1 1Ceé 20.0 24,4 34,2

{ +60 6.3 69 9.0 27.0 23,9 3149

k 00 5.0 65 LY S 30.9 2244 2R,7

RaD. fOS, CI2 (PERCENT)
| My

% { LYY 917 8.%9 (XY 2 4440 244 2+99

3 6e04¢ 494 10422 .03 TR 4,7% 4,10

; 4,23 8.07 110645 13496 .48 4,77 LYY )

3463 102 1137 11,32 1073 4.ss s {

3 3,02 2493 9,68 13.29 1.02 3,94 4. %1

q 2,42 416 6:90 .92 1.10 3.31 S, 10 [

1 l.80 5438 5.19 4,07 1,52 2e00 3.%7 b

1,07 754 4408 4,70 2448 2.%9 3.1 S 3
d 160 .11 3.39 bo12 31,20 2469 3.1% N P
+ 00 2e74 3.07 3,84 3.59 2461 2290 .

384
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IS PAGE I8 BEST QUALITY PRACTICABLE :
FROM 00PY PVRAISHED T0DD0  _.

‘ P
\ DATA SET-12 CIRCUMFERENTIAL PDSITION = 30,1 COFG. l H

: (IN LINE WITH JETS) i
' AXePDS4lCM) 10443 12,90 15,37 18482 21429 24,27 | :
f ; nAD, oS, UNBURNED HYDROCARBONS (®P¥) ! '
y M) 3
» - PLY) 0.0 22.3 5.9 1.7 2.5 1.% >
, ' 4,84 15.0 141.0 4249 149 7 Ny :
» 3 : 4,23 0.0 12640 545 240 Y o5 4
: 3,63 1 51.0 3.4 1.6 3 " 4
' 3.02 0.0 4.9 o9 1.3 3 o "
{ . 2,42 10040 1 ob 1.1 o3 o ]
k. 2 1050 955;0 t 8 oe 3 oh
3 1,07 225.0  § ot ob oh ) Y.
% < 60 1 0.0 1.0 o6 .8 o X
i 200 | § 0.0 1.1 Y] 5 ok A
i RAD. POS. co tPeK) 1
| (cm) X

Sk 2018.0 2607.4 224,2 317,95 264,11 1Nn.o
(YY1 136742 332648  542.9  328.9 206.9 17%5.9%

4,23 20445 3243.1 553.0 22347 190,09 14a,8
4 : 3.62 177.2 3)4T.4 473.7 128.8 194,3 1M,* 3
| : 3.02 1735,8 1752.,2 333,0 59,8 1%4,6 11%,9 g

2442 326340 41640 124,4 €3.6 1720 114.1
1.80 330545  %503.1 10444 126.1 1811 11%.8%
3 1.07 334440 62140  142.4 20440  130,M 12345
d , +60 12726  663.1 167.8 25143 14m, 4 13),%

’M"-‘- . S
e

; +00 7514 830.0 173.2  266.6 147.7 113,98 2
¢
i RAD. PDS, NDX (PPM) ; E
. : (CMY [ k-
] . Se4é 10.3 15.8 10.% 47.3 %1 344 3
; 4e84 heb 21,9 26.0 30.0 49,0 47,? 3 p
t 4,23 1.2 2%.9  30.8 16,8 &8, 5,3 3
) { 3,63 1.3 25,8 3.7 1244 62,0 5249 ] ;
! | 3,02 5.6 21,2 103.2 S I T 53,7 . -
3 . 2,42 16462 15.3 74,0 8.6 24,1 43,1 3
] : 1.80 15,9  10.3 51,7 170 29,2 . ' §
X 1,07 13.3 8.2 39,7 2644 2%.7 LI :
: «60 To? 6.9 34,1 30,6 2%, 32,1 i
: _ 00 6o 6.7 32,7 31,0 2241 20,4 3 ‘
: : RAD. POS. €02 (PERCENT) ! ;
s { (cm) ‘ 3
F O 5,44 6,51 8,10 4,49  &,8¢ Lo 2,59 3
A [« by B4 3,00 11,42 1043 3.08 6,00 4,37 :
: 4,23 Lk 12.11 11.50 2:07 bo49 43 |
K 3.6) 12 11.9%% 11.37 1.20 4,29 he97 f\
. t 3,02 2.0C 10,00 9,88 W63 2,90 4,72 h
3 B 2.42 9441 727 T.70 B0 .90 4099
‘ ‘ . 1,80 10,87  5.10  %.89 1,68 3,04 L)
: 1.07 10,22 4,064 4,70 3,01 2.7 1,99 C
; i «60 4e 7} 3,40 4,04 3,61 7.5%9 3,90 ‘A.
.00 3.1¢ 2,09 3,78 3,67 .41 2.%¢ :
i R
: } 388 i .
L ]
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TN1§ PAGE IS BEST QUALITY PRACTICABLE
FROM 00PY URRISHED 20 DDC o

DATA SET-13 CIRCUMFERENTIAL POSITION = 0.0 OFG,
(IN BETWEEN JETS)

1

AX.PDS. (CM) 10. 43 1290 15.37 18,82 21.79 2672

4 RAD. PDS. UNBURNED WYDRCCARBCANE (PPW)
R (CH)
4 5e44 39,0 22%.0 o4 o3 3 o?
i 4,04 2520.0 $60.0 2.5 ol ol ? F
423 2172.,0 1095.0 1.2 ol ol ol b
3.63 1380.0 420.0 9 ol ol o) s
i 3,02 381.0 0.0 3 o1 o1 ol b
3 ! 2042 91.5 ) ol o2 o1 ol K
4 l 1,80 0.0 1 1 o2 N o 3
4 ) 1. 07 0.0 1 el o2 o1 o1 i
ﬁ 1) 0.0 1 0.0 ol o? o1 X
? «00 .9 0.0 2.4 ol ? vl ﬂ
RADs POSe CO (PPN) ¥
tcm) 3

LI L) 3310,1 236645 334,84 119.¢ N, ? 3.7
helB4 3079.2 23209.6 1829,9 €7 52,4 4,0
4,23 3023.¢6 3343.5 240%.1 3.2 8640 40,7
2,63 31471 3270.0 2234,0 b4e8 LY 3%.1?
3.02 3338.4 1599.6 115%3,0 5644 %349 13,
2442 314402 233,88 0E,.8 4841 %10 .1
1.80 1230.6  236.6  143.3 4%.2 0.2 2%5.3

1.07 640,7 287 4 164,.9 5042 &7.7 37.%
60 495,2 297.3 186.1 58,5 4,1 41,1 )
+00 367.9 28%.9 171713.0 6T 8 68,13 42,8 i
RAD: POS. NOX (PPM) i
(cH) ]
LI} 1.0 80.0 201.0 197.7 17%,0 12%,) B

A ; 4,084 2.0 83.7 40640 2ETLY 214,06 174.0

i 4,23 5.0 97.2 508.0 2C4,.7 191,90 ?70%,0
j 3.6 25440 9247 51940 13040 1720 209,72 3
3 3.02 23390 75,2 421.0 10240 141.9 204,0 [
f 2e62 209.0 53,0 302.0 04,0 1641,9 194,0 A
k. 1.80 172.0 38,0 217.0 4.2 127.9 1700 3
it 1.07 122.0 29.7 172.0 GALP 114,090 19%,9 3
7 60 112.,0 2547 146,90 11042 107.9 1422 F
] +00 11440 257 360.0 123.2 100,92 13349 1
; ' RAD. POS, C02 (PERCENT) A
A | (cMy 4
) S.44 Qb3 7.4} %5.27 687 404 2,9% k.
' b 04 9,05 11.13 9.213 6,22 LI ] 4,07 2
R 4,23 8408 11.39 10,60 he#C bl (TLY 1 3
i 3,63 97 11.1% 10,75 3.%¢ Y4064 by b2 }
) . 3,02 10.78 956 Q.96 28 .99 4,92 q
' ! 2.42 990 Teld "10 2e28 1,27 6o N1 ] b

f. 1,80 7036 832 6,3 2,26 2,30 4,09 Jo -

4 1,07 %.09 4,37 5.8 2.%3 2.79 .40 i '
+60 4.00 3.83 4071 3.C4 289 3400 f k.
+00 3460 3461 0,99 2,66 P88 3,07 { §

386




E THIS PAGE IS BEST QUALITY PRACTICABLE 4
: FROM OOPY PURMISHED TODDC  ___ 3
A , DATA SET-12 CIRCUMFERENTIAL POSITICN = 15,1 OFG. K
1 AXCPOS(C¥)  1066%  12.90 15,37 18.82 21,29  24.2? i
% .
! R4De POS, UNBURNED HYDKCCARBONS (POW)
3 o)
s 5,44 127240 2140 b 2 o o2 ]
;. 4,84 8649,0 54,0 1,8 o1 s ol [ A
i 3 4,23 3.0 48,0 21 »2 o1 ol i
b, i 3483 13 15,0 oh 2 o1 ol _'
,‘g 1 & .02 0.0 0.0 o3 o) o1 o1 -
o | 2442 %0 1 ol o3 o1 o
). : 1.80 19.5 1 el o2 ol ol
“i' 1.07 33.0 1 ol o2 B! el
p 60 1 0.0 0.0 o1 o1 ol b,
!, ? 1: 00 I 0.0 0.0 ol o2 ? i "
E: RAD. POS, €0 (PPM) g
4 tem K
3 8,44 2258,0 21%2,3 313,0 139,3 111,3 43,1 4
1 N 1267,7 3233.86 1467,2 1070 72.4 48,7 i
: 4e23 1647048 331%.4 242640 92.8 8247 Al g
i 2,63 1599,6 3188,7 2%03.5 55,2 "4, 17,4 3
] 2,02 1336.2 1%62,0 156%.6 3448 23,9 18,1 i
i 2062 102702  225.,9 %22.4 12,9 52,9 3.1 :
i l 1,20 1430.8 228,33 1772 2.2 5046 34,1
1 ; 1.07 1538,1 27640 19943 57.7 49,3 39,9 k
4 s 160 582,85  204e8  188.1  £9.9 489 Aked j 1
| , +00 363,6 280.8  200.% 7441 a1 (YIY { .
5L
: RAD. POS. NOX (PPP) o
i : (M ~ k.
: | 5,44 222.0  235,0 1%&,0 2%52.7 172.0 11449 b,
\ hel4h 1200.,0 33%,0 379.0 HII¥Y 221.9 LT ] .
3 ; 4,23 97,0 299.,0 503.0 1245 241,0 219, A
4 3,63 ¢1,06  39%,0 53%,0 £0,0 224,0 224,90 !
8 ‘ 2,02 87,0 33%.0 467%,0 42,% 104,0 212 i
b : 2,42 125,0 23%.,0 326,0 48,8 167,0 208,
e : 1,80 170,6  171.0 23,0 7€,%  139,9  1%%,9 [
; 1.07 157.0 12940 177.0 104,77 1200  142.0 " b
i 60 101.0 115.0 1%2.0 1213  199,0  141,9 \ 3
1 100 93,0 112.0 143.0 129.7 10%0 132, ' 3
' ; RAD. POS. CU2 (PEFCENT)
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