!
.
4

&
¢
b r;‘
&
i
-
¥
.
1=y
G-
N
5.
b
3
b

e

S rae s Eaat Deton ot

Ly fea s TT 7T TR RO

S s e T

AD~.762 935

LOW-POWER TURBOPROPULSION COMBUSTOR
EXHAUST EMISSIONS., VOLUME I. THEORETI-

CAL FORMULATION AND DESIGN ASSESSMENT

Stanl'ey:A,._'_M-osievr, et al

Pratt _énd Whitney Aireraft

P.r"epar*ed for:

Air Force Aero Propulsion Laboratory

Juns 1973

DISTRIBUTED 8Y:

Naona‘l Technical Intatﬁo Seice
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

e b SN RERTH
B e S tis R A

P TR 7 - RN

R IN SO




Best

- Available

Copy



AFAPL-TR-73-36
YOLUME ¢

LOW-POWER TURBOPROPULSION
COMBUSTOR EXHAUST
~ EMISSIONS

t

'vmumes THEORETICAL '
T EORMULATION AND
DESIGN ASSESSMENT

AD 762935

Stenley A. Mosier
Richard Robe_rﬁs

Prait & Whitney Aircraft i

Division of United Aircraft Corporation E , Y
AP

Technical Report AFAPL-TR-73-36, Volume |
June 1973

Approved for Public Release; Distribution Unlimited

Air Force Aero Propuision Laboratory
Air Force System Command
Wright-Patterson Air Force Bass, Ohio

Ruprod\;md by
NATIONAL TECHNICAL
{INFORMATION SERVICE

U S Departmant of Commatce
Springfield VA 2215}




e+ A e e s e 1.

YA b n s,
3

A3 MY I T A o e e B VAR 10

“
-

L NOTICE

| When Government drawings, specifications, or other data are
usad for any purpose other than in connection with a definitely related
Go&emmen? procurement operation, the United States Government

thereby incurs no responsibility nor any obligation whatsoaver; and the
fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data, is not to
be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or permission to manufacture, use, or sell any patented invention that
may in any way be related thereto,

Copies of this report should not be returned unless return is
required by security considerations, contractual obligations, or notice
on a specific document.




A
AL

B T e A S O

UNCLASSIFIED

Security Classification

" DOCUMENT CONTROL DATA-R&D

(Security classification of title, body of abstract and indexing annorauon must be antered when the averal! report is classitied)

I o iy o coeih B sttt ot
ra ey Airer vision '
of United Aircraft Corporation - Egggssmed

West Palm Beach, Florida 33402

3 REPORY TITLE

Low-Power Turbopropulsion Combustor Exhaust Emissions

4 DESCRIPTIVE NOTES (Type of report and inclusive dates).

~ Technical Report Vol, 1 30 June 1971 through 30 November 1972

3 AUTHORIS) TFiest name, middle initial, last name)

Stanley A. Mosier

B

Richard Roberts
: 8- REPORY DATE™ ~ e T-OATALV NO. OF\P'A.GE\S- ;b. NO. OF REFS

June 1973 | - S 3I30 31

8. CONTRACT OR GRANT NO. 94, ORIGINATOR'S REFORT NUMBER(S). -
F33615-71-C-1870 ' C

b. PROJEC Y NO- FR-5415

- 3066

cj’l‘ask No. 306605 T ob, cohiT:‘rEo:o:‘t}); RORT NO(S} (Any other numbers that may be asaigned
d. : : AFAPL-TR-73-36 Vol. I

19 OISTRIBUTION STATEMENT

Approved for public release; distribution unlimit_ed

1 SUPPLEMENTARV NOTES
. This report is Volume I of the final report
for Contract No, F33615-71-C~1870

12. SPONSORING MILITARY ACTIVITY
Alr Force Aero Pro 8ulsion Laboratory
Alr ¥Force Systems Cocmmand
Wright-Patterson AFB, Ohio

i3 ABSTYRACT

" An exploratory development program was undertaken to formulate and develop a com=
puterized, theoretical model to predict emissions characteristics of gas turbine engine
combustors. In support of the model development, a number of experimental studies were
conducted to provide informatior for structuring the formulation and for guiding-its rcfine-
ment. - Direct support was provided by three laboratory test programs and a burner survey
-test program, The laboratory programs were incorporated to provide data, unavailable in
the combustion literature, on reaction rates under realistic burner operating conditions.,

The survey program was incorporated to provide baseline emissions charactoristios for a

number of existing gas turbine engine burners against which the generality of the model could

be assessed, Indirect support of the model was provided by a comprehensive test program

in which component design techniques for reducing low-power emissions by controlling the

primary-zone equivalence ratio were cvaluated using a researct combustor. Control means
- included air-staging, fuel-staging, and premixing of fuel and air prior to their being intro-

was used; CO concentrations, however, remained relatively high, When fuel staging was
used both UHC and CO concentrations remained high, However, very low concentrations of
UHC and CO were achieved when fuel and air were. premixed prior to their being mjcctcd
into the combustor. , ,

FORM- I 4 73

1 NOV: ‘D

UNC LASQIFILD
T Sect urity C"i;;llﬂcluun

duced into the combustor. Low values of UHC concentrations were obtained when air staging ~ .




TSI AN e

e i A a e d PO A K Yo a s

1 e RS AN e €

UNCLASSIFIED

Security Classification

KEY WORDS

LINK A . LINK B

LINK €

ROLE wT

Low~Power Emissions
Combustor Emissions
Exhaust Emissions.
Air Pollution
Analytical Model

“Computer Model

Reaction Kinetics

Turbulent Flame Studies
Premixing Combustor
Aerothermodynamic Model
Emission Reduction Techniques
Pollution Measurement Techniques
Hydrocarbon Combustion Studies
Gas Turbine Engine Combustion -

1 Air Staging Combustor

Fuel Staging Combustor

rRoOLE wY ROLE wT

S as - — ,sgml.waoumuﬂou;-




FOREWORD

This report was prepared by the Pratt & Whitney Aircraft Division of
United Aircraft Corporation under Contract F33615-71-C-1870, "Low-Power
Turbopropulsion Combustor Exhaust Emissions.' It is Volume I of the final
report, which encompasses work associated with the accomplishment of Phases I
and II of the subject contract from 30 June 1971 through 30 November 1972, The
originator's report number is FR-5415,

: The Pratt & Whitney Aircraft Program Manager is Mr. Stanley A, Mosier
of the Florida Research and Development Center, West Palm Beach, Florida 33402;
the Deputy Program Manager is Dr. Richard Roberts of the Connecticut Operations,
East Hartford, Connecticut 06108, :

Contract F33615-71-C-1870 is being sponsored by the Air Force Aero
Propulsion Laboratory, Air Force Systems Command, United States Air Force,
Wright-Patterson Air Force Base, Ohio, under Project 306605. The Air Force
Project Engineer is Lt. Dennis E., Walsh,

This report was submitted by the authors in March 1973,

The program managers wish to acknowledge the valuable contributions
mede to this exploratory development program by personnel from the Air Force

“Aero Propulsion Laboratory and from Pratt & Whitney Aircraft's Experimentar -

Engineering Department. They wish to acknowledge specifically the following:
Mr, R. E. Henderson, AFAPL/TBC for his direction and suggestions on all -
phases of the program; Mr. R, J, Mador of the Combustien T&R Group for his

efforts in the programming and development of the analytical combustor model;
Dr. &, Kollrack and Mr, L. D. Aceto of the Scientific Analysis Group for their

. developr:ent of the hydrocarbon chemical kinetics mechanism; Mr. E. D, Taback - o S
and Dr, A. Vranos of the Combustion T&R Group for the conduct of the Labora- - -

tory Test Programs; Mr. R. M, Plerce of the Applied Research Combustion
Group for his conceiving and developing analytical tools and concepts used tn. .

-accomplishing tho design nssessment offort; Mr. P, W, Smith and

Dr. W, R, Kamins'd, formerly of the A nlc4 Research Combustion Grd\zp, for

 thetr exccution of the design, fabrication, ««.g.perimental portions of the assess- L
ment effort; Mr. W, J. "B, Purvis of the Applied Research Combustion Group for

his development and opevation of the on-line emission analysis system: and to

Ernost C. Simp
" Director, Turbine

ingine Division © -

Alr Force Aero Propulsion Laboratory -~

" Messrs, E, R, Robértson of the Applied Research Combustion Group and R.. Taber
. of the Instrumentation 'Labomtory,fpr their support of the engineering operations, - .

" * " Publication of this roport does not constitute Alr Fofce approval of thi: re= < . - -
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ABSTRACT

An exploratory development program was undertaken to formulate and
develop a computerized, theoretical model to predict emissions characteristics
of gas turbine engine combustors. In support of the model development, a number
of experimental studies were conducted to provide information for structuring the
formulation and for guiding its refinement. Direct support was provided by three
laboratory test programs and a burner survey test program. The laboratory pro-
grams were incorporated to provide data, unavailable in the combustion literature,

on reaction rates under realistic burner operating conditions, The survey program

was incorporated to provide baseline emissions characteristics for a number of
existing gas turbine engine burnhers against which the generality of the model could
be assessed. ‘Indirect support of.the model was provided by a comprehensive test
program in which component design techniques for reducing low~power emissions
by controlling the primary-zone equivalence ratio were evaluated using a research
combustor. Control means included air-staging, fuel-staging, and premixing of
fuel and air prior to their being introduced into the combustor. Low values of
unburned hydrocarbon (UHC) concentrations were obtained when air staging was
used; carbon monoxide (CO) concentrations, however, remained relatively high.
When fuel staging was used both UHC and CO concentrations remained high, How-
ever, very low concentrations of UHC and CO were achieved when fuel and air :

- were premixed prior to their being injected into the combustor. -
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SECTION I

. GENERAL SUMMARY

- The first two phases of work specified under Alr Force Contract
F33615-71-C-1870 have been completed. In the {irst phase, a generalized, -
theoretical combustor model was developed for predicting concenirations and dis-
tributions of nbjectinnable exhaust emissions from and within gas turbine engine
combustors. The basic model has been formulated and is currently applicable
for predicting emissions generated during low-power operation. The model was
developed using a building block philosophy whevein three portions of the overall
analysis were developed separately and were then combined into a single model
structure adaptable to the spectrum of current and advanced burners. The
modules composing the general analytical system are a two~dimens’onal stream-
tube flowfield calculation procedure, a hydrocarbon combustion kinetica treat-
ment, and a physical combustion formulation.

To facilitate deve!opmem of the genoral modcl. three catogorios of labara-
tory tests weore conducted as a part of the first phase of the program, These -
tests provided information concorning fundamental hydrocarbon combustion
mechanisms directly applicable to the main burner coviroament. The first tost
program involved dotatled probing in the primary zone of a swirl-stabilized J18D
burner can to obtain axial and radial distributions of unbumed hydrocarbons,
carbon monaxide, and local fuel-air ratios to assixt in determining the validity of
the overall medel arrangement and in guiding model refinements whero required,
The sccond experimental program invelved turbalent flow reactor tests to provide

realistic reactiva rate data for hydrocarbons and carbon monoxide under conditions '

of temperature, concentration, and turbulence lovel comparable to thoso foursd in
combustors during low-power operation. The third experimentai investigation .
fnvalved low~tomperature hydrocarbon kiactice tosty, coaducted ih a flow reactor,
to provide information about hydrocarbon oxidation uuder ovorall misture conditions
where strong cxothermie effecte are cm!ud@d

Under the soconid phase, a comprehensive cxpcrimmlal cerapohent investi-
gration wag coaducted to define and assess combustor design techniques for the
croasing comrbustion officiency during low-power operation, consoquently, re-
ducing the concentrations of objectionable cmissions. The first and scecas phases
of work were conducted concurrently; continuous interchange of information betwoeen
the two enhanced the accomplistment of cach,  The objective of the three basic de-
sign techniques cxamined during the sccond phase was to control the primary-zone
equivalence ratic of the comlaistor over a wide range of overall fuel-air ratios.
Variable airflow (air staging), variable fuel Now {axia! and circumferential fuel
staging), and fuel-air premixing voncepts wore examined experimentally to assess
their capabilitics Jor reducing the quantity of umdesirable exhaust emissions, low
concentrations of unburned ydrocarbons were oblained  with combustor configura-
tions incorporating the alr staging, citcumivrential fuel staging, and premising
concepts. However, low concentrations of carbon monoxide were achioved only
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with those in which the air-staging and premixing concepts were used, Of the
burners employing these two coacepts, ihe premixing configuration was superior,
producing but a fraction of the carbon monoxide generated by the best of the air
staging arrangements.




SECTION II

INTRODUCTION AND PROBLEM DEFINITION

During the past several years, significant technological advances have been
realized in gas turbine cngine combustion system design and performance. Ad-
vanced and future primary combustors should have the operational flexibility to
accept wide variations in compressor discharge pressure, temperature, and air-
flow with minimum pressure loss and good design-point combustion efficiency
while providing an acceptable exhaust gas temperature profile into the turbire,
More recently, however, an additional requirement has been imposed: to reduce
objectionable exhaust emissions,

Increased citizen awareness of environmental issues, coupled with the
visible smoke emissions {rom aircraft powerplants, has brought substantial
public attention to aircraft-contributed pollution. Although smoke by itself may
not be harmful, its r:sence focused attention on the gas turbine engine as a
potential source of additional pollutants: the undesirable gaseous emissions
carbon monoxide ~O; unburned hydrocarbons, UHC; and oxides of nitrogen,
NOy. Even thoug. turbine engine-powered aircraft contribute but a small amount
to the overa®® air pollution problem, these cireraft can become significant con-
trihutors ir and around high-traffic airports and military air installations.

Of particutar concern are the relatively high levels of invisible emissions
produced duriag part-power or low-power (idle/taxi) engine operation. These
invisible emissions are principally UHC and CO. Both are nonequilibrium by-
products of tiue combustion process between engine fuel and air. Under ideal
thermodynamic conditions, neither should be present as combustion products;
however, under low-power operating coanditions, the cfficiency of current gas
turbine engine combvstors tends to be low., Consequently, thermodynamic equi-
librium it not attained during the combustion process and objectionable exhaust
cmissions are produced. Minimizing tt - inc engine exhaust pollution requires
that emission controi and abatemeni techniques beccme a major consideration in
the dos.gn and development of future combustion systems.

To provide effective emission control without compromising required aero-
thermodyunamic performance of the combustor, two basic approaches may be con~
sidered.  Une approach is to conduct an extensive experimental combustor develop-
ment program invclving the evaluation of muny design changes and variations
addressed to reducing pollutant ~oncentrations without incurring system perform-
ance uegradation. Unfortunately, his approach is »ften very costly and time-
consuming a.d generally require~, ultimately, some system performance com-
promisca and penalties, Another approach is to develop a generalized, analytical
comhbusgtor raodel that realistically deseribes the coupled physical and chemical
processes occurring within the combustor and predicts the exhaust product con-
centration and distribution produced by the combustion system as a function of
comouctor design, acrothcrmodynam’cs, and general operating conditions. Such
a moile] could then become a vital engineering tool, permitting the designer to
assess the impoct of design changes for ex! wust emission control of component
performance prior to initiating costly development testing.
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An exploratory drvelopment program was therefore undertaken to formulate
and develop a computerized thecretical model to predict emissions characteristics
of gas turbine engine corabustors. In support of the model development, a number
of experimental studies were conducted to provide information for structuring the
formulation and for guiding its refinement. Direct support was provided by threc
laberatory test programs and a burner survey test program. The laboratory pro-
grams were incorporated to provide data, unavailable in the combustion literature,
on reactien rates under reslistic burner operating conditions. The survey program
provided baseline emissions churacteristics for a number of existing gas turbine
engine burners, permitting the generality of the model to be assessed. Indirect
support of the model was provided by a test program in which design techniques
far recucing pollutant emission levels from zn annular research burner were defined
and assessed. Data from this pregram served as a guide for refining the modei.

*A detailed discussion of the model development, laboratory tests, and survey
tests is presented in Section IIl. The annular burner test program for evaluating ..
design techniques is prezented in Section IV, A comparison of the exhaust concen-"
trations predictsd for the combustor configurations examined in Phase II with the ~
actual data obtained during the experimenial evaluation is presented in Section V,

This report has been physically arranged such that figures and tables re-

lating to a particular section or subsection will be found as ¢! »sely as possible to
the written portion of the section or subsection in question. '
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An exploratory development program was therefore undertaken to formulate
and develop a computerized theoretical model to predict emissions characteristics
of gas turbine engine combustors. In support of the model development, a number
of experimental studies were conducted to provide information for structuring the
formulation and for guiding its refinement, Direct support was provided by three
laboratory test programs and a burner survey test program. The laboratory pro-
grams were incorporated to provide data, unavailable in the combustion literature,
on reaction rates under realistic burner operating conditions. The survey program
provided baseline emissions characteristics for a number of existing gas turbine
engine burners, permitting the generality of the model to be assessed. Indirect
support of the model was provided by a test program in which design techniques
for reducing pollutant emission levels from an annular research burner were defined
anc assessed. Data from this program served as a gnide for refining the model.

A detziled discussion of the model development, laboratory tests, and survey
tests is presented in Section III. The annular burner test program for evaluating
design techniques is presented in Section IV. A coraparison of the exhaust concen-
trations predicted for the combustor configurations examined in Phase II with the

. actual data obtained during the experimental evaluation is presented in Section V.

This report has been physically arranged such that figures and tables re-
lating to a particular section or subsection will be found as closely as possible to
the written portion of the section or subsection in question.
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SECTION III

PHASE I ~ THEORETICAL FORMULATION

A. SUMMARY

Work under Phase I of Contract F33615-71-C-1870 has been completed.
This was an analytical and experimental effort to establish a theoretical com-
bustion model for predicting low-power exhaust emissions of unburned hydro~
carbons and carbon monoxide from gas turbine engine main burners. The items
of work that were accomplished under Phase I are outlined in the following para-
graphs.

1. Streamtube Combustor Model Development

A preliminary low-power emissions concentration prediction model was
formulated on the busis of an existing combustor model. This model was used
to predict emissions levels for the proposed Phase II Combustor A test program,

A more comprehensive analytical model for predicting concentrations of
unburned hydrocarbons and carbon monoxide during low-power operation was
formulated, programed for solution on a digital computer, and developed to
functional status. The principal components of this model include a multistream-
tube internal flowfield model, a treatment of the physical combustion process, and
a treatment of hydrocarbon oxidation kinetics.

Exhaust plane emissions survey measurements were obtained from advanced
premixing and piloted swirl combustor rigs.

: A parametric study was conducted using the streamtube combustor model
' to predict the influence of combustor inlet temperature, pressure, reference
velocity, fuel injector type, and wall cooling layer on exhaust emission concen-
trations.

2. Low-Power. Emissions Research Studies

Chemical species concentration profiles were measured at three stations
within the primary zone and at the exhaust of a JT8D can-type combustor at
simulated idle and approach power settings. The corresponding gas temperature
and combustion cfficiency profiles were generated from these data.

Unburned fuel and carbon monoxide concentration profiles were measured
in a turbulent flame reactor test rig. Test conditions were chosen to represent
combustion in a gas turbinc engine burncr at idle and approach power settings.
Measured values of combustion rate were used to generate an expression for
turbulent mixing-controlled combustion rate as a function of fucl-air ratio and
inlet temperature,

A serics of tests was conducted in an adiabatic reactor test rig to investigate
possihle hydrocarbon oxidation reactions under relatively cool, fuel-rich conditions,
representative of wall quenching regions. No significant reactions were found to
occur,




3. Presentation of Predicted Results

, Carbon monoxide and unburned hydrocarbon concentration levels have been
predicted using the streamtube model for a series of combustor configurations.
Comparisons of predicted and experimental values are presented in Section V for

the following:

1. JT8D Probing Tests

2. Phase 1I, Combustor A

3. Phase II, Combustor B ,
4, Parametric Study.

B. PRELIMINARY COMBUSTOR MODEL
1, General

The complexity of the generalized combustor model, in particular the flow
field calculation procedure, prevented developing a functional computer program
in time for application to the early Phase II testing. Therefore, a preliminary
combustor model was developed for use until the generalized model was functional.
In addition, the preliminary model served as a test vehicle for development of the
physical and chemical combustion mechanisms prior to incorporation into the
streamtube combustor model.

2. Description

The preliminary low-puwer emissions model was constructed by modifying
an existing three-zone combustor model developed by Pratt & Whitney Aircraft
for NOy prediction (Reference 1), The principal modification was to replace the
existing equilibrium hydrocarbon chemistry with a simplified hydrocarbon kinetics
treatment, combining kinetic and equilibrium features., Also, the input to the
three-zone model was modified to accept fuel injection at multiple axial stations.

The principal elements of the analysis are a combustor internal flow field
model, a fuel droplet dynamics and vaporization model, and a treatment of finite-
rate hydrocarbon oxidation chemistry. The combustor flow field model is shown
schematically in figure 1. The primary zcne consists of a central recirculation
zone (Region I), characterized by reversed flow and high levels of turbulence and
temperature, and an outer streamtube of reacting flow (Region II). The dilution
zone is modeled as a single streamtube in which chemical reaction may occur.
The division between primary and seconaary zones occurs at the first row of
liner penetration jet holes, in accordance with experiment (Reference 2). By
considering the primary zone to be divided into two parallel flowpaths, a combina-
tion of one-dimensional analyses is used to represent the salient two-dimensional
features. This flow field treatment is applicable to conventional swirl-stabilized
can or nnular combustor designs, Chamber geometry, inlet air temperature and
pressure, inlet fuel flow, and axial airflow distribution are input quantities.
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Figure 1. Schematic Diagram of Aerodynamic Model  FD 68873

The recirculation zone boundary is determined by use of the semiempirical
relationship developed in Reference 3:

- f an x‘W (1)
9

"3

where

R,. - the ratio of reclrculaition 2zone boundary radius to com-
bustor radius, "r/"w

M axial flux of angular momentum leaving the swirler
p g local gas density
V  axial volumetric flowrate
f{ ] denotes u functional relationship

The lndépendcm parameter contained within brackets in'cqu,ation (1) may be'ex-
pressed in terms of geometric parameters as follows:

M r 2r '
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where

Agy ™ swirler flow area

Ccv sw swirler discharge coefficient
0 - swirler vane turning angle
r, swirler inner radius
ry = swirler outer radius

Once the recirculation region has been defined, the area between its boundary
and the chamber wall defines the streamtube region (Region II).

It is assumed that unburned combustion jet air and a fraction of the Region I
mixture cnter the recirculation zone (Region I) at the downstream hounda-y »f the
primary zone. The quantity of mixture entering the upstream flow regioa ia Jdeter-
mined from an empirical correlation. All flow recirculating upstream in Region |
is assumed to enter Region Il at the swirler face. The combustion products from
Region I are assumed to mix instantancously with the unburned air entering
Region II, Other than these discrete input flow adjustments that account for mass
transfer between reglons, therc is no interaction between the primary-zone flow
regions. Subscriving to the one-dimensional nature of the flow field treutment,
air that is added to the combustor through tiner holes is ussumcd to mix instan-
taneously with the fluid within, :

Except for Region [, the combustible mixture preparation sz;v Is nssumed
to be governced by the rate of fuel droplet vaporization in the presence of diffusive

~ burning, It is further assumed that (1) the fuel spray (s uniformly distributed

across the Reglon [ streamtube; (2) Interaction between burning droplets §s in-
significant; (3) vaporized fuel mixes instantancously with the surrounding gas-
phase mixture, and (1) the spray can be adequately characterized by a single

value of the Sauter mean diameter (SMD). Fuel that enters Region | is assumed

to he fully vaporized and pcrtvc-tlv mixed with thv airflow withln Reglon L '

The fuel zIMplvl Vnportmuon rate in Reglons | and 1 is cnlcumted from an
expression due to Wood, Lovell, Rosser, and Wisc (Refcrcucea 1 and 5), based
on local fuel und gas propertios.  The calculation procodure is essentially ideatical
to that deseribed in paragraph C, Streamtube Comsbustor Model, and will not be .
deseribed here.  The quantity of fuel vapor that is-produced in an increment of
combustor length, when fresh vapor is mixed with the products of combustion re-
sulting from reaction between the preexisting vaporized fuel-aie misture, {8 avail-
able for combustion. tn the preliminarysmodel, it Is assumed that combustion.
oceurs at local hulk mixture atrength, corresponding to complete mixing of all
vaporized fuel and afr avallable at cach axial location in the combustor,

Chemical reaction of the hydrocarbon fuel and atr detormines the gas tom-
perature and the concentriition of aciive combustion species. The hydrocarbon

.chomistry treatment contained $h the preliminary model was evolved from examina-

tion of a scries of one-dimensfonal streamiube calculations using the hydrocarbon




oxidation kinetics system presented in paragraph C (table II), Conditions com-
prising equivalence ratios from 0.5 to 2.0, over an inlet temperature range of
800°K (1400°R) to 2000°K (3600°R) at a pressure of 2 atm have been studied
with the emphasis on the final spectrum of products. Examiuation of these
results showed that the UHC, excluding raw fuel, could be represented by the
single species CoHg, Examination of the predicted CO concentrations indi-
cated that, in the primary zone, the levels were close to equilibrium values.

Using these conclusions, the detailed hydrocarbon reaction system was re-
duced to that given in table I. As shown in this table, the preliminary hydrocarbon
system consists of rate-limiting steps between raw fuel and equilibrium combus-
tion products, with CO concentrations assumed to be either at equilibrium or
frozen. Rates of the first two reactions, representing fuel breakdown for both
lean and rich mixtures by Oy and OH reactions, are the same as those of the full
kinetics treatment. A portion of the reaction products are immediately equilibrated,
whereas the remainder are identified as YUHC. The proportioning has been adjusted
* to be consiatent with the kinetic studies and experimental evidence. The third and

fourth reactions represent the family of UHC oxidation reactions and also result

1in equilibrium products of combustion. These reactions have global rates repre-

" senting the Cg2Hg system as contained in the full kinetics system. The equilibrium -
hydrocarbon thermochemistry calculations are based on procedures due to Brinkley
{References 6-and 7)., Simultanvous checks of the kinetic rate of change of CO con-
centration are then made. When the kinetic rate drops below that mqulred to main-
tain equiltbrium. the CO concentration ts oonaidered to be frozen. . '

_Table I. Prellmtnlry Hydmcarbon Kineucs System

Cghg (VAPOR) + 0, * 1/2 canm +1/2 [4 UHC)
Cailyg (VAPOR) + Ol % 21/2 csum “12 44 uuc;
U“C ¥ 02 l/*’ 03"13
1, . 3
L--zuc sont 1(4 gy
cooonscoz*u' o
Cky T8 w6 'r‘ .8 o{-7400/T)

Ky o 2.5 K
- 5.6 x 10} (ST

~ NOTES:
1.  Temperature, T, tn K

2. | Reaction rate constant, k, in cmslmole-sec
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Table I. Preliminary Hydrocarbon Kinetics System (Conilnued)

A
3. CgH; g represents equilibrium products of combustion at the
local value of FA

4,  Sudden freezing criteria:
d[CO) d[CO)_ 4
a2 a0+ ot 7 (COlequit, ¢+ at

i

d(COl dICOl .
If —5— < 2, (€Ol , 4 = (COY,

5.  UHC is assumed t~ be CyH, in the preceding chemical equations.

3. Phase Il Predictions

: The preliminary low-power emissions model represented a first-pass
attempt at a prediction model for CO and UHC. In addition to support of the
Phase [I test program, it served the purpose of identifying those areas where
model improvement was nceded. The preliminary model was used to predict
UHC and CQ emissions for all configurations proposed for Phase II combustor A

“testing. Agreement between predicted and experimental vnlues was not unitormly o

good although major trends were predicted correctly.

A comparison of predk.ted and measured pollutant coneemrauons with fuel-
afr ratio is presented for Scheme 1-1A of combustor A to demonatrate the capa-
bility of the extended, preliminary model. A description of the Scheme 1-1A
burner and tost sories is pmmnmd later In: '%ccuon v,

Hmm 2 compures predicted ;md moasured eoncentrauons for U NC. A

' similarity In the rate of change of UHC concentration with fuel-air ratlo, FA, is
~evident in this figure. lHowever, if the prodicted curve were. shifted to the loft

by an FA incroment of approximately 0, 004, much better agreement would bo

obtained; the moawrvd and prod!ctcd curves would nearly coincide,

A possibto iustification cxists for shifting the predicted curve toward the
left. The prvllmlmry combustor model predicts that the Scheme 1-1A combustor
will not remain Ht below an FA of 0,005, In actual rig testing, thiz combustor

" had a lcan blowout FA,; LBG, of 0.0014. The difference between the predicted

and mearured loan blowout fucl-atr ratios ix approximately 0.00§. The difference
in operational limits suggesis that the modol ix simulating a combustion procesa
with an unrealistically low local FA in the primary zone. Indoed, it woulid not be -
possible for the comtiustor to operate <t values of FA approaching 0. 004 if locsl

“values of equivalence ratio coricaponding to those predicted by the model did, -

in fact, exiat. Consideration of the fuel vapor-air mixing mechanism Incorporated ‘

in the pmummnry model supports this proposition.

In the preliminary model, it was assumed nm vaporized fuel mixed instan-
tancoustly with all of the air thit was admitted to the primary zone. This i« not

‘especially realiatic. A more plausible situation, which is incorporated in the

general combustor model, considers conditions in the primary zone to be largely

10




nonhomogeneous, with regions of very high and very low fuel concentrations in
evidence. The heterogeneous conditions provide local equivalence ratios suf-
ficiently high to sustain combustion at lcw overall values of FA.

100

50
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 Figure 2, (“ompaﬂsm of \!casumd and Predicted OF 96043
, ~ UHC Concontration with Fucl-Atr Ratio '

' Figure 3 compares the eariauom- in measured and prvd!ctcd concentrations
of CO with FA.  The goneral shapes of the two curves are similar, and as observed
for CHC, the predicted curve is displaced to the right of (he moasured data by a
differonce in FA of approximately 9, 004, in addition, the predicted concentrations
are approximately one order of magnitwde greater than the measured. The pre-
dicted curve appears to be in error because the values of combustion efficlency
that would result {f the CO data were correct would be well below the va!ﬂea of
combustion cmc!em:y actually measured.
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: A pousible nxp!muuon for the high levels of CO conceammm tnvolves the sud-
den freczing criterion that has been imposed as an assumption in the preliminary com-
busior modcl, (See table 1.) In the preliminary moxdel no change in CO concentration
is permitted when the kinetic rate of reaction drops below that required to maintain an

equilibrium concentration of CO. Experlence guined in working with the preltmisary

model has shcwn that this assumption leadd to unrcalistic results. For exampiv, for
the test points presented in figure 3, the model predicts sudden freezing of CO con-
centraticn immediately Jownstream of the primary zone. In three of the four chsew

© examined using the preliminery model to simulate Combustor Scheme 1-1A (at fuel-
. air catios of 0,008, 0.012, and 0. 018), this frozen condition was maintained for

the entire length of the comimistor, with the frozen concvutraticn serving as the
predicted concentration of CO at the combustor exhaust plane, In the fourth case
{(at a fuel-air ratio of 0. 022}, however, the kinetin rate of reaction rose sbove

. that reculexd to maintaln equilibrium at a location only 1.5 in. from the exhavst

planc of the combustor. According to the freeting ceiterion, the CO concentra-
tion immediately becomes that corresponding to aquilibrium conditions. The
equilibrium concentration, however, has declined steadily with leagth to a level
near zero at the afl end of the combustor. The preliminary model, therefore,
predicts that the CO coucentrstion drops from 7, 500 ppmv to €. 01 ppin at the
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k . . exit of the combustor. This value of 6.01 ppmv, however, is an equilibrium

N ; value and is not comparable to the frozen coacentrations of 2835, 2090, and
: ; 7653 ppmv predicted for values of fuel-ajr ratio of 0. 008, 0.012, and 0. 018,

respectively. Realistic exit concentrations probably lie somewhere between the
frozen and equilibrium values. Thervfore, for consistency, 21l predicted data
presented in figure 3 represent frozen CO concentrations. For the data point at
a fuel-air ratio of 0.022, the frozen concentration shown was predicted by the
model for a location 1.5 in. upstream of the combustor exit plane.

Figure 4 compares the predicted and measured variations in NOx concen--
y 3 ¢ tration with fuel-air ratio over the range of conditions investigated. ' The shapes
" 3 , of the predicted and measured curves are similar. However, as observed for
: s s the UHC and CO cases, the predicted curve is shifted well to the right of the
measured. And in contrast to the UHC and CO cases, the predicted NOy con~
] centrations are less than those that were measured. An explanation for this
B o ' could be forwarded based upon the existence of noauniform fuel-air ratios through-
e ' out the combustor, as opposed to the uniform fuet-air ratio profile assumed by the
. preliminary model. The amount of NOy formed in a nonuniform system will cer-
tainly exceed that. formed in a untform one.
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The principal reasons for lack of agreement in particular cases were the
absence of a wall-quenching layer and the discontinuous CO characteristic pro-
vided by the freezing criterion. In an actual combustor, the wall film cooling
layer freezes partially reacted species that enter the layer. In general, the
preliminary model tended to predict very low exhaust concentrations of CO and

- particularly UHC, despite high primary zone concentrations. This indicates

that bulk gas quenching is not a significant factor in low-power emissions c¢f CO
and UHC, and emphasizes the need for a cooling layer quench mechanism as in-
cluded in the streamtube model. The CC mechanism incorporated in the prelim-
inary model produced order of magnitude variation in CO concentration as the
freezing criterion alternated betwecn the frozen and nonfrozen states, As a
result of this behavior, a mechanism providing kinetic cmversion from CO to
COy was devaloped for the streamtube model.

C. STREAMTUBE COMBUSTOR -MODEL

1. Conceptua! Approach

Although the preliminary combustor model represents a significant step
toward a realistic emissions prediction model, several inherent deficiencies make
the prediction of CO and UHC, in particular, difficult, The need for a more localized
treatment of the internal acrodynamic flowflold and for a sequence of chomical species
between raw fuel and equilibrium combastion products becomes apparent. The
streamtube combustor model was formutated with the specific intent of remectymg
these defictoncles. ,

- The approach taken in the develnpm.t of the low-power em.iuions com-
bustor model has been to formmlate mathematical treatments for principal
physical and chemical mechanisms that influence the combustion process, and
to istegrate these mochanisms through a sequence of thermodynamic statos ob-
tainod from the coupling of these mechanisms with the physical combustor flow- -

field, The simuitancous solution of the combustion rate mechanisms and the

flutd dynamics provides the gas temperature, flow velocity. and chemical spocies
soncentrations as a function of position within the combustor, which, in tum, in~
fluence subseguent combiistion.  The prinvipal elorents of the analysis ave a
combustor intermal flawfield model, 3 physivat mmmshon model, vmd 2 (wzmwnt
of hydrocatbon-alr ehemlea! kinetics.

pﬂm:y objective of the modeling effort was to dvvolcp an @nzinaering

tml W ansist in the design and development of low-emission combustor hardware.

For this reason, the analysis must include sufffcient detafl to draw a correspond-
ence badween the combuatica process and combustor geometry, fuel injection

-characteristics, and engine operating conditions, Development of individual sub-

models and combination {n modular fashion allowed the roquisite detail to be in-
corpordted in 9 tractable mathematical analysis. A necegsary coastraint on the
degree of complexity, however, was that the resviting analytical model must be

. practical in terms of computer time required for routine mg’lmwnng use.

18}
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2. Description of the Combustor Mode!l
a. Internal Flowfield Model

The combustor flowfield model, with input quantities of chamber area as
a function of axial distance, inlet air temperature, pressure, and axial location
of air addition sites defines the physical system upon which the gas dynamic and
combustion rate calculations were based. The experimentally determined interral
flowfield for a conventional swirl-stabilized, can-type combustor is shown in fig-
ure 8. The flowfield is secn to include a region of highly turbulent, reversed flow
in the front of the chamber, surrounded by a region of rclatively uniform down-
stream flow. The forward region including the recirculating flow is designated
the primary zone and the downstream region, the secondary or dilution zone.
The primary zone serves the purpose of stabilizing the combustion process.
Liquid fuel is conditiored for burning and combustion {s largely completed in
this zone. The mixture of high-temperaturo combustion products and reactants
leaving the primary zone continues to bum and subsequently is mixed with dilution
afr in the secondary zone to provide a suitnble temperature profile for entrance
to the turbine. -

Sicrion 88 - Settion AA

bigure 5. 'Pﬁmnryﬂam Flow Pattetr Obrerved in FD 68733
‘ Can=Type Combustor (Relerence 2)

: The combustor flowficld model employed in the presemt analysis §s shown
schematically in figure 6 for the case of a can-type combustor, The two-dimea-
- sional tnternal flowficld has been approximated by a set of coannular, one-

dimiensional reacting streamtubea.  The recirculation zone boundary, enclosing
region (D, defines the location and size of a scro net flow, one-dimensional
streamtube representing the rcirculating flow, The nrcirculation zone boundary
has the physical significance of separating the net upstream and downstream por-
tions of the primary-zone airflow. Alr entering the froat of the combuator =
assigned 1o the main flow stres mtubes on an equn) haxis., Downstream combustion
and dilution jet alr is apportioned 1o the streamtubes by means of a jet penetration
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and mixing model described later. Aill wall cooling air is assigned to the outer
streamtube that begins at the first cooling air addition site. The airflow dis-
tribution to combustion and cooling holes is specified as model input. The stream-
tube boundaries are defined by inner and outer radii and are computed as dependent
variables. The outermost streamtube is bounded by the location of the chamber
wall, which is provided as input.

Dilution Air\ Cooling Air
Combhustion Chamber —4 4

//’ © —— —————_;

Entramment

_—l o .

Fuel Nozzle

Figure 6, Schematic Diagram of Internal Flowfield FD 66734A
Streamtube Model for Can-Type Combustor

The applicability of the model to particular combustor types is determined
by the flowfield analysis, and includes can and annular configura‘ions that are
adequately described by a radial array of one-dimensional, coannular stream-
tubes, symmetric about the geometric combustor axis. The recirculation
region(s) may either be symmetric about the combustor axis or be symmetric
about individual, regularly spaced axcc themselves symmetrically arranged about
the combustor axis. In the Jatter case, transition to the annular streamtube
arrangement is made at the end of the recirculation region. The can and anrular
versions of the model are currentiy limited to Jour and seven streamtubes, re-
spectively.

The steady-state, onec-dimensional analysis of the flow in a streamtube for
the downstream direction, x, is obtained by solving the equations for conservation
of mass, momentum, and energy. It is assumed that wall friction, drag of internal
bodies, gravity forces, and external heat exchange are negligible. With these as~
sumptions, and considering the list of symbols, presented at the beginning of this
report, the differential equations for continuity and linear momer:ium for the jth
strcamtube bounded by--Rj and Rj..1, may be written as shown in equations 3 and 4.

dw

d e |
&(pJUJAJ) " Tix j @)
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The equation of state, p = P/RT, is employed io express dp/dx in terms
of dP/dx and dT/dx in equation 3, In the case of a nonswirling flowfield, statie
pressure is uniform in the radial direction, For nonzero inlet swirl, additional
conservation equations for angular momentum and radial equilibrium are written
for the jth streamtube. They are shown, respectively, as equaticns 5 and 6.

dw
d -
’
dwt
+ o (Cp:,: Tg.. s ~ Ch. Tq.)
dx i+l Pj+1 ~0j+1 Pj "9

(R +R 1! dw

dx i-1,} (6)
L
(R._; + R,_,) (R, + R, )
Av i1 -2 -1
(”.i-l Vi3 ‘
dwt

4 ——

dx

o< R ]

(Rpyq * R (R, = Ry_y)
+1 Vit 2 Vit
Jel

In the structuring of the computational procedure, the requirements for
conservation of cnergy are realized through a series of species conservation
cquations that together specify the enthalpy of combustion, Because of the nature
of the hydrocarbon thermochemistry model, combustion enthalpy is determined
by the quantity of fuel that has reacted to form partial equilibrium products of
combustion. This reacted fuel flow is expressed in terms of the local stream-
tube I'A, as shown in equation 7.

~
W, dw dw
aral Yy tl , ‘ ;
(p; U A ) - (1‘1\._1 - FA) +—=— . (7)
j dx |j dt dxh_ i o) o
dw

(FAjy - FA) - FA 5F

where W; represents fuel mass that has reacted to partial equilibrium products
of combustion at the local fuel-air ratio, and FA; W, i/ (p UjAi).  Additional
equations for the conservation of unburned fuel vapor (Wl V) u%bunwd hydro-
carhons (WHC), and carbon monoxide (WCO) mass flow complete the specifica-
tion of combustion enthalpy at each streamtube location x:

17
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:131 ( meci+1 WHC. )
+ -
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. d (1. . U, A, U.A,
X !j t d‘";-u (ps-l i1 J"'l) (ps j Jy
dwt

wCO, wCo,
+ —t i+l
g \Pralaied B0

The rate of change of WUV with time is determined from the fuel droplet vaporiza-
tion rate expression discussed later. The time derivatives of the species W, WHC
and WCO are obtained from the hydrocarbon thermochemistry system, which is
described in detail iater.

A calculation procedure has been devised to determine the rate of transfer
of mass, momentum, and energy hetween the recirculation zone and the outer
streamtubes. With the definition of a mass flowrate, wy, representing entrain-
ment flow entering or leaving the recirculation region, the conservation eguations

(continuity, linear momentum, and energy) for region @ may be written as fol-
lows:

dw

d r
ax P11 U1 A G ' an
dwr

dR U, = w. <0

d 2 Lod _1 1 dx T
j;z aj Uj “"'—dx W!‘ >0

dFA1
— =0 (13)
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where w,. has been defined te be positive for mass entering the recirculation zone
and ajdw,/dx defines the fractional exchange rate with streamtube j. Entrain-
ment exchange with the outer streamtubes requires that terms including dw,/dx
in equations 11 and 12 be applied to equations 3, 4 and 7 in the proportion a; such
that total entrainment mass flow is conserved. Experience has shown that Satis-
factory results are obtained when entrainment flow is uniformly exchanged with
all outer streamtubes, with the exception of the wall cooling streamtube(s). The
current recirculation zone model gives the most satisfactory resuits when a con-
stant, stoichiometric fuel-air ratio is assumed for region % ,» as expressed by
equation 13, :

Specification of the recirculation boundary, Rj{x), allows the computation
of w,. as an additional dependent variable. However, for arbitrary recirculation
zone size, the computed entrainment flow may not be consistent with the requir=d
boundary conditions that the recirculation zone contain zero net mass flow and
that the axial recirculation velocity, Uy, approach zero at the upsiream and down-
stream limits of the recirculation zone envelope. By expressing the recirculation
zone boundary in functional form, R; = f(x), it Is possible to iterate on zone length
until the boundary conditions are satisfied. Satisfactory results have been ob-
tained employing elliptical zone contours following the work of Reference 8, With
this treatment of recirculation entrainment, both recirculation zone size and magni-
tude of recirculation flow may be computed as dependent variables.

Turbulent mixing between adjacent streamtubes may be expressed in terms
of a rate of mass exchange between the streamtubes, wt. The change in momentum
resulting from this mass exchange may be related to the Reynolds shear stress
acting at the boundary between the streamtubes

TA = (U] - Uj—l) Wi

where A = 27 Ri.1dx, The Reynolds stress may be exnressed in terms of the
turbulent eddy viscosity coefficient, M, such that

T =iy QU/OR)= By = Ujeq) -vj = ry- 1)

where rj, rj-1 are internal streantube radii corresponding to the "half-jet"
approximation. u; may be related to local flow quantities by an expression of
the form '

Mt = pkb,Un‘lax - Uminl

where k is an empirical constant fitted to experimental mixing data for two-
dimensional turbulent jets, and b is proportional to the width of the mixing
region (Reference 9). With appropriate selection of the eddy viscosity model,
the rate of mass exchange between udjacent streamtubes is written:

v 2T 1/2 1/2
-t R i 2 2 _ 2 2
d fy g,y 40 pj(v* +VJ) pj-l(uj-l +vj-1) (14)
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The rate of external air addition to the streamtubes defining the i1iernal flowfield,
w,, is determined from a jet penetration and mixing model. With reference to
figure 7, a transverse jet is assumed to enter the combustor with negligible
momentum in the streamwise direction. In the process of mixing with the stream~
tube flow, the jet is turned in the downstream direction and is zccelerated up to
the local stream velocity, The trajectory of the jet centerline at the point of
uniform velocity defines the jet penetration. An empirical correlation is used to
express the penetration of a single transverse jet in terms of local jet and main-
stream flow properties (Reference 10):

U \0:85 fp \ 0.47 0.32
Y = 0.87 D (ﬁ-‘; (—bi) sin g (%i) (15)

where the subscript B denotes bulk-averaged streamtube velocity and density.
The jet cross-sectional area is computed with the assumption that jet pressure
is equal to the local stream pressure. If the shape of the fully developed jet
cross section is assumed to be an ellipse with ratio ¢f major to minor axes of 5:1
(Reference 11), the jet cross section is located with respect to the streamtube
boundaries by the local value of penetration distance, Y(Ax). Jet air addition to
the jth streamtube is proportional to that fraction of the jet cross-sectional area
intersected by the streamtube boundaries located at Rj-1 and Rj. The jet is
assumed to be fully mixed with the respective streamtube flows at a position

Ax = 10 Dy downstream of the air-addition site, following the assumption of full
penetration in that distance. Jet air addition rate is specified as a sine function
of axisl distance over the mixing length, as shown in equation 16:

w
A_c ax .1
o) = F e sin (ch 2) 16)

Ug
L]

Combustor Chamber

Wall —-\

Ye g ”” AX = 100, ——o
0
pe il
Figure 7. Transversc - Jet Penetration Model FD 68736A
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b. Physical Combustion Model

~ The rate of combustion of liquid fuel is governed by the respective rates
of fuel-droplet vaporization and mixing of vaporized fuel and air in the presence
of diffusive burning. It is assumed that fuel droplets are uniformly distributed
within a streamtube, that interaction between burning droplets is insignificant,
and that the fuel droplets within a given streamtube are adequately described by
a single value of Sauter mean diameter (SMD). The fuel droplet vaporization
rate for burning droplets, dWUV/dt, is calculated from the following expression
due to Wood, Lovell, Rosser; and Wise (References 4 and 5):

dwuv _ 2¥DgA

i QYo, Cp N
dlg In l1+ T 2 -1y - T)] -d (17
g d

dat Cp
Equation 17 is based on assumptions of spherical symmetry, steady-state condi-
tions, inderendence of transport properties on temperature and composition, and
negligible radiation effects. The liquid surface temperature, Tp, is taken to be
the ASTM 50% distillation point in accordance with the conclusions reached in
Reference 5 for multicomponent fuel blands. Equation 17 is multiplied by

1/2 ,.1/3

1.0 + 0.276 Re Pr

where the Reynolds number is given by
Re = 'Ug - Uy |Dd Pg/#g
and the Prandtl number by
= /
to account for convection (Reference 12),
Since the fuel-droplet velocity typically differs from that of the streamtube
flow, acceleration or deceleration of the droplet because of acrodynamic drag must

be included. This is accomplished by including a drag force term in the droplet
momentum equation. The resulting differential equation for droplet velocity is:

% 1 (o) |, .y
dx Uy \ 4Dp) g~ d
The drag coefficicat is calculated from one of the following cquatione, dcpending
on Reynolds number (Reference 13):

* (Ug - Ud) “8)

Cp 27 Re™ %84 0<Re < 80 | |
Cp = 0.271 Re%217; 80 < Re < 104 (18)
Cp * 2.0; 10" <Re -

Inftial values of mean droplet size and injection velocity are-deturmtned

from fuel-injector characteristics. Initial fuel mass distribution among the
streamtubes s specificd as model input. Separate droplet vaporization equa-
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tions were written for each streamtube containing liquid fuel. Fuel that enters
the recirculation zone is assumed to be fully vaporized .ad mixed with the
region @ airflow,

In keeping with the physical droplet burning mou 21 represented by equa-
tion 17, fuel, once vaporized, is assumed to react in stoicliiometric proportion
. with the surrounding air in the streamtube. The computation: of streamtube
1 aerodynamic parameters, however, is based on bulk-mixture conditions at all
4 times. In the case of premixed fuel and air, comk.:stion occurs at the injected
mixture proportions. Combustion of injected fue! vapor ¢r partially evaporated
fuel droplets is assumed to occur on a stoichiometric basis as above.

c. Hydrocarbon Thermochemistry Model

E The quantity of fuel vapor produced ir ar increnient of combustor length,
] when added to the preexisting fuel-air combustion product vapor mixture at that
axial station, is available for combustion. Chemics reaction of the hydrocarbon
fuel and air determines the gas temperatvrs and concentration of :ictive combus-
tion species. The degree of completion of the comustion reactions determines
the exhaust concentration of CO and UHC. The number of possible reactions in-
volved in the breakdown of hydrocarbon /scls is extremely large, and few have
been investigated with respect to their rates. It is, therefore, convenient to
assume that fuel breakdown to elemertdi species occurs in a small number of
global steps. The hydrocarbon kinetics system investigated in the present study
is shown in table II. As represented vy this mechanism, the complex oxidation
: of hydrocarbon fucl is viewed as occurring i three broad stages. The first
: stage, represented by global reactions (1) tirough (3), produces light, unburned,
partially oxidized hydrocarbons, . The rate constants for these reactions have -
: been adjusted to fit experimerdal ignition delay data following the approach of
Edelman and Fortune (Reference 1), The hypothetical aldehyde intermediate
(Cy4HyO) is introduced for computational ‘convenience. The subsequent sequence
of reactions, comprising thv sevond stuge of combustion, includes the principal
exothermic rerctions and peoouces iavge amounts of HoO and CO.  The particular
reactions included i the curcent system are considered to represent families
of intermediate spectes ¢f stmilar-cheracter, The final stage of combustion i
characterized by the cor ourlon o7 CO to €Ny via reaction (19), The reaction rate
~ conetantahave veen taken fr:m Pefdrences 14 through 22 as indicated in table 1,
with the excepion of reaction (7), where the ratc has been deduced from resul(s
presented By ‘welerences Ty, thraugh 15 and 22, JP=5 fuel is represented chemieally
= o by the formuiation Cghlyg, ulthiouga it ir not meant to be a true olefin, - The thermo-
- dynamic popertics (specific heui, heat of formation) for Cyllyg are consistont with
. those of Ji*~85, ,
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A : | Table i1, Reactivns. Constituting the Hydrocarbon Oxidation Kinctics System

Rcforvncc

Reaction _Rh(c(?mntnht; emS-mole” '-see™!  Source
f (1) Cghpg t Oy 2C, 110 ok 5 x 108 TI5 ¢TI0 g pem
@) Cqligd + 0y 1Oz » €O+ Clly » Cylly ky - 1011 7H5 - 10000/T - goo et
@ Callyg * O + 1,CO + Clg + 3CoN,  ky 3 x 1010 7 ¢74500/T See Toxt
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Table 1I. Reactions Constituting the Hydrocarbon Oxidation Kinetics System

0y + H . 20K

(Continued)
A : 3 -1 _1 Reference-
Reaction Rate Constant, em -mole -sec Source
() Clg+0 - H,CO+ H ky < 2x 1013 15
(5) CHy + O, = HyCO + OH kg - 1012 16
(6 1yCO + Ol - 11,0+ CQ + H kg - 1014 ¢74000/T 15
(1) CyHy + Oy - 2H,CO k; =3 x 10% 125 See Text
(8  Cylly + OH - CHy + H,CO kg = 5 x 1013 ¢~3000/T u
(9 CHg +Hy - CHy + H kg - 6 x 1011 ¢-5500/T 18
A0 Cylly CyHy ¢ 1y kyg 7x 108 ¢m23250/T 19
(1) Cylly + O - CHy ¢ €O kyp + 1013 x (-3500/T 16
(2 20 M H, M kyg - 2x 108 170 14, 19
'(13; 200 M0, Y kyg 1017l m_._-jzo
_m.“ O < 1+ M Hy0 « M kyq 7 x 1018 =1 20, 21
8 Mo, O o kig 2.24 5 oM omBIOO/T 4y
T Hy OH o_u' kg 174 x 1013 o=4730/T gy
N7 1 MO My OH Ky 8.4 x 103 «=10030/T g
{18 0+ néo M Kyg - 575 x 1013 ("8000/T )
(9 COLON Coy + 1 Kyg 5.8% oMl @ 80/T
(200 N0y > M H o0y 0 M Kgo 2.4 x 1018 ~22050/T 5
21 kgy 6x 1013 20, 22

time, The approach tahen in the dovelopmoent of the moded was to replace the

While It & foit that the Kinetic mechanixm preseniod in table H offers an’
wdoquate representation of the detafled hydrocarbon process, the simuitancous
solution of the nystom of cquations does not lend ftselfl to coupling with the stream=
tute flowficld model. in particular, compulational step size must be very amall
as spocies cquilibrium is approached resulting In exceasively long computation

full kinctic mechanism with a roduced kinctic-partial equilibrium systom capable
of predicting those aspects of the full system behavior that are fn, ortant to the

determination of ¢xhaust emissions.
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The kinetic mechanism, presented in table 11, is readily solved for the
plug-flow combustion of premixed fuel and air. The computed behavior of
selected intermediate species is shown in figure 8 for the case of a stoichio-
metric mixture st a pressure of 2 atm and an initial temperature of 1000°K,

The combustion is characterized by a period of abrupt change in species con-
centration corresponding to rapid temperature rise, followed by a period of
relatively slow approach to equilibrium., From the point of view of emissions
modeling, the relatively slow post-flame reactions are moast significant, repre~
senting the reaction of intermediates on a time scale compirable to the combustor
residence time. The time spent ip the transitory, rapid temperature rise period
is an order to magnitude less than typical values of combustor residence time,

In addition, the ignition delay period for raw fuel can be significant at lower mix-
ture temperatures. Thus, a reduced system, which provides the ignition delay
and post-flame behavior of the full hvdrocarbon kinetics mechanism, will ade-

‘quately predict the nﬂucnce of the chemical combustion rate on exhaust emis-

sfons.
wir
- CO
w02
urj" : .
§ 1ot
RS
3 s} _
HOy
w08k =HC0
»CNyg
w!
- o | CMe
e 2n 04 4230 ex 10
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Figum 8. Var{ation in Specics Concentration with FD 887357
Time (Stolchiomatric Equivalence Ratio,
P :2atm, Ty, - 100°K)
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, The behavior of the full kinetics mechanism was documented by performing
plug-fiow cotnpittations for a range of initizl temperuatures, pressures, and FA.
This behavior war then fitted with the reduced kinetic-partial equilibriumn mech-
anism shown in table II. This system provides for the rate-controlled conversion
of raw fuel-air mixtures to partial equilibrium products, both directly (Ry and Ry)
and via an unburned hydrocarbon intermediate (R3 through Rg). CO2 has been re-
moved as an allowable species in the partial equilibrium state. Subsequent con-
version to fuil equilibrium products is controlled by reaction (Rg). The combus-
tion product temperature and species concentrations are determined by interpola-
tion between the partial and full equilibrium states based on [C09}/[CO2) eq. It
should be noted that this treatment of hydrocarbon combustion kinetics requires
only that carbon atoms be conserved. Therefore, with the exception of reaction
{Rg)» only the characteristic reaction products are stated and no reverse reaction
is provided. The reaction rate constants for reactions (Ry), (Ry), and (HG) cor-
respond to those given in table 11 for the same reactions,

Reaction (Rg) represents direct formation of light, intermediate, unbumod
hydrocarbons typified by Colis. Examination of results obtained from the fuli-
kinetic system indicated that Intermediate UHC appear in significant quantitics
after about half the original fuel is consumed. Furthermore, the dependence of
UHC concentration on FA and inlet tcmper:zturv was not simply related to either
the OH or Oy equilibrium concentration,  The qualitative hehavior of the inter-
mediate unburmed hydrocarbons was fitted bost by relating the farmation to 1) eq.
Thiz reaction has ne chemical significance, representing only o 11t to the observed
behavior. The rate indicated in table 111 has, likewise, been {itted to the observest
behavior of the full system.  Reactions (R and {Ry) represent reaction of the
iatermediate UHC with HOy and Ol te partta!-oquilibrium products, The rates

adicated in table {10 are reproscatative valves for roacuw fwolving Hght,

inteemediate hydrocarbons, obtajoed from Hoelerences 17 and 23, respectively.
Since the species THORT e §s not provided by the rqumbrmm chemistey compu-
tation, reaction (Ry) has beon written in terms of [04) o, with the assumption
that [(M] o {8 two mﬂcrvz of magnitude greater tlm'x'fllm: o) for tiwv: conditions
of inferest.  The caleulation subiroutine cmployed for the mumbrium hydrocarbon

. mvrmorhbmistn' is baged on procodures of Brinkley (Referencex § & and 71,

Application of the combustion model 16 n computational procedure that

-guarantecs onergy conservation requires couscn ation of the contributing speciey’

mazs flowrates, as expressed in oquations 7 through 10, Liquid fuel droplets are
vapotized at a rate dWUV/dt, determined from oquations 17 through 19, to form
fuc! vapor, WUV (Cullpg vapory. _The rate of formation of partial equilibrium

- products of camiastion Uslyg, AW/dt in equation 7, is governed by reactions (1),

(ah (R, and iRz, The net rate of unburned hydrocarbon formation, or d«vplu-
tion, dWHC /dt in wmaliﬁn 9, i governed by reactions (Rg), production, and (Ry)
and {/g), dopletion. Consequently, the nc'( rate of change of unburned rucl vapor
tn equation 8 is AWUV/dt ~ dW/dt - dWHC “dl. The rate of formation of CO from
combusting furl is proportional to dW/dt, while the rate of depletion ic governed
by t-action (Rg). These competing reactions determine the net chemical rate of
change of WCO, dAWCO/dt in wquation 10, The local CO conceatration determined
from cquation i0, relative to the equilibrium level, specifics the loecal state of
petiial cquilibrium of the buming mixture, and, thus. the local streamtube gas
temperature,
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3.  Application of the Streamtube Model

The applicability of the model to particular combustor types is determined
by the formulation of the streamtube flowfield analysis. The streamtubz model
is capable of treating three basic combustor configurations: (i) a can-type com-
bustor with single axisymmetric recirculation zone, either bluff-body or swirl
stabilized; (2) an annular-type combustor with annular, biuff-body induced re-
circulation zone; and (3) an annular-type combustor with multipls discrete, swizl
or bluff-body induced recirculation zones, symmetric about individuai. regularly
spiaced axes themselves symmetrically arranged about the combustor axis.

These combustor configurations are treated by permutation of twe. basic
flow-field models, correspoading to configurations (1) and (2) in the pruceding
discussion. Combustor type {(3) is (reated by applying model (1) on a single re-
circulation zone basis te the {orwand »urtion of the combustor and applying
model (2) to the it portion. In the case of bluff-body stabilized recirculation,
transition between models occurs at the end of the recirculation zone. In the
case of gwirl-stabilized recirculation, transition occurs when the tangential
velocity about the swirler axis has become insignificant. Interaction between -
adjaeent recirculation zones is assumed to be negligible. In this manner, the
preparation of two basie computational procedares permns the tre=tmient of a
- wide varfet) of geometric canfigurations.

The can combustor streamtube analysis consists of four coannular stream-
tubes, arranged as shown in figure 6. Flow in the outer throe streamtubes may
be treated with or without a swirl veloeity cemponent depending on the type of re-
circulation zone cmployrd (swirl or bluff-body fnshiced). Fusl {njection is Himited
to a single source located at the vocirculation yone axis. Any type o{ fusl injoo-
tion is permitted, including prevaporizes and gascous hmls.

~The annular combustor streamtubx analysis consists of geven coannnlar
strcamtubes, symmotric about the gepmetric combustor axis. Swirling Now ia
not troated in the annuiar system.  Primary-zone fuel injoction is treated as
contintous in the clrecumforential direction, coincident with the lecation of e
annular recirculation zone. Sccomulary, or downstream fuel injection transveexe
to the streamiube flow direction is alse permitted in the mum!ar version u¥ ih:z
model,

{.  Computatinasl Proccdurcs

The streatblubs conservation equations and the physical amd ok Wil com-
bustion modcels have been programmed for solution oo a digital comgster. A sim-
plificd flow chart of the lewepower o ixgions praficiion computer ptogra b is
xhown in figure 9.

input (o the compiter program tncludes specification of combuster type,
chamber arca ax 2 function of axdal distance, inle! afr temperature, pressure,
axial location of air addition sites, and fuel Injectar patamoteors. Initisl vaiues
of the independent and dependent variabler ih each streamiuse are determini
from combustor geonatry and input conditions. Prior tv beginning the calculs-
tion, a table of gas temperature and chomical specics concentirations for partial
equilibirium (COg exciuded) and fuel equilibrium comaustion is gencerated as a
function of FA., This informaltion s xiored in subroutine VEMP. Intu.ipolated
values of gas temperatune and chemical species concentration are retrieved
during the course of the calculation,
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The aerodynamic equations of motion are written in differential form for
each streamtube. These equations, when coupled with an cquation describing
the recirculation~zone boundary and arranged in matrix form, constitutc a set of
linear differentiai equations that may be solved simultancously for parametric
derivatives with respect to x. These differentials are numerlcally integrated
over the in.crval Ax using a Runge-Kutta procedure to obtain values of parameters
at X + Ax. Integrated values of paramcters at X + Ax are then used to obtain new
derivatives which are integrated to yield vatues of parameters at x + 2Ax; this
procedure is repeated until the exit plane is reached.

Production of vaporized fuel, chemical reaction of fuel and afr, external
alr addition and turbulent exchange between streamtubes are evaluated in sub-
routines external to the streamtube equation matrix. Updated values of deriva-
tives with respect to X are provided at the ¢nd of ecach computational stop for
integration in the nevt step.  For this approach to succeed, it is necessary that
variation in parameters not included as dependent variables in the differential
equation mutrix be small across the computitional step. This arrangement of
the computational procedure permits concentrations and flow properties of com-
bustion product species to be caleulated as o function of position along the individual
streamtubes for fairly arbitrary specification of the nhysical and chemical combus-
tien maodels,

With reference to the program flow chart (figure 9), the mateix of differential
equations tx sct up in subroutine MFEQ! for the can system and DIVEQ? for the
annular svstem, The mateix is then solved sinultaneously in' STMQ for the x~
derivatives at vach point X.. Control of the numerical integration procedire is
embodicd in subrontine RROGS, However, transfer fram the an system (o the
anpaiar system ax well as teansfer fram e primaey sone tfour or seven siream-
tibes) o the sccomdary zene (theee or g1 streamtubest s made 8 LEEDR, in
which overall control of the calculation vexis, Subroutines CHEN, TEMP, DROP,
WIET, SIMQ, KRGS and PRINT are commaon to both the cu and asnular systoms,

Al cach point X, streamtube gas veloofiy, pevssurs, femperatuee, adr flow-
rate, FA, roefrculation zone entrainment Nowrate, fucl dropled size and voloeity,
arct thr mass foweates of untrned vapor, reacted fuel, VHC, €0, and COa are
ayvallable for printaut, Tvpical computad values 6f pressure, volocity and ateeam
temperature are shown in figures 10 and 11 for 2 can~type combustor with 2eto
fniet sairl, ' '

0. SURVEY TESTING
1. moral

The thearctical combustor mode! develupment offort fnelwded & serios of
oxit plane fmissions survey fesis that were o be condaeted fa three tvpes of ad-
vanced cambastors:  a high-porformaace, suiri-stabiiized conbusior: a pro-
mixed combustor; and a pilote:d-2wir! cotrhustor. The purpese of these tosts
was Lo cetahligh baseline vxhausi emission characteristics for Hvergent com-
hugtor types, and to axeist in evaluating the genvrality of the theoretical medel,
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2. Discussion

Attempts to gain access to an advanced development engine and combustor
rig were not successful owing to priorities within that program. As an alterna-
tive, emissions data obtained from current Pratt & Whitney Aircraft commeir-cial
engines were substituted. These engines are fitied with conventionat swirl-
stabilized, liquid-fuel-injection can and annular combustors. A body of such
data was accumulated under EPA Contract 68-04-0027, Collection and Assessment
of Aircrait Emissions Baseline Data - Turbine Engines and is available in Ref-
erence 24,

Emissions survey data for annular premixed and annular piloted swirl com-
bustor configurations became available during the Phase I effort for model evalua-
tion purposes. Funds from Contract F33615-71-C-1870 were not used to obtain
these data.

The premixing combustor concept is characterized by one or more pre-
mixing passages upstream of the primary combustion zone, wherein fuel is in-
jected and is partially vaporized and mixed with the primary-zone airflow. Burning
is stabilized in the wake of a perforated piate flameholder. The objective is to re-
duce combustion heterogeneity by reducing the impact of the rate-limiting vaporiza-
tion and fuel-air mixing processes on primary-zone combustion.

The piloted swirl combustor concept makes use of swirl-induced flow insta-
bilitics to accelerate mixing between hot pilot exhaust gases and the main com-
bustor fuel and air flows, With this concept, substantially faster mixing rates
are provided than those obtainable with conventional turbulent jet mixing, allowing
combu..tion to occur at high velocities with no regions of recirculation, This more
rapid mixing results in increased sensitivity of the burning mixture to the addition
of dilution air, theoretically permitting controlled quenching for reduction of NOx
emissions.

E. LABORATORY TEST PROGRAMS

1. General

A series of three laboratory research programs were conducted to assist
in the devalopment of the theoretical low-power ciuissions model. These studies,
which provided representative data necessary for a practical solution to the low-
power emissions problem, consisted of the following:

1. JT8D Burner Probing Tests
2. Turbulent Flame Studies
3. Low~-Temperature Hydrocarbon Kinetics Studies.

The burner probing tests provided experimental mappings of UHC, CO,
COg, Oy, Ng, A, and HpO concentrations, and temperature distributions within
the front end and at the exhaust section of a JT8D burner at simulated idle and
approach conditions. This information assisted in the structuring of the main
burner analytical model by providing a check on the model predictions. A sec-
ondary ohjective was to provide some assessment of intermediate species con-
centrations in order to verify the hydrocarbon kinetics scheme. For this pur-
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pose, concentrations of low molecular weight hydrocarbons (CHy, CoHy, C3H ,),
Hp, and water-soluble aliphatic aldehydes were measured; the latter species
were measured only at a limited number of locations.

The turbulent flame studies provided realistic reaction rate data for inclu-
sion into the reacting streamtube analysis of the analytical model. Reaction rates
were measured for the rate of disappearance of fuel and for the rate of formation
of CO under conditions of temperature, concentration, and turbulence that are
typical of gas turbine engine combustors at low-power operation,

The low-temperature kinetics studies provided reaction rate data for
vaporized fuel and CO under overall mixture conditions where strong combustion
does not occur.

Such mixtures are characterized by high fuel concentrations, low oxygen
concentrations, and temperatures ranging from 500 to 1300°F, The objective
of this testing was to determine the extent to which chemical reaction under such
conditions is responsible for the production of CO, UHC, and aldehydes at low-
power operation,

2. JT8D Burner Probing Studies
: a. Description of Test Apparatus and Facilities

1 ) The burner probing studies were conducted using an existing JT8D single-

‘ segment rig., The rig was mounted in a closed duct test facility as shown in

figure 12, A JP-5-fired, single-pass heat exchanger was used to supply un-
vitiated air to the test burner. Remote control valves upstream and downstream
of the test section regulated airflow and burner pressure, Lxisting rig instru-
mentation was used to sct inlet Mach number, temperature, and fuel flow, Burner
exit temperatures were also monitored to ensure proper burner operation.

All sampling tests were performed with the same JT8D Bill-of-Material
(B/M) smoke reduction burner and fuel nozzle hardware. Sampling probe loca~
tions are shown in figure 13, Gas samples were withdrawn 1,54, 2,69 and
5.69 in. downstream of the nozzle face, at two azimuthal positions, and at the
center of the exit transition duct. Samples from locations 1 and 2 were obtained
with probes shown in figure 14A, Samples from the third front end location and
from the burner exhaust were obtained with the probe shown in figure 143, Both
probe designs utilized steam cooling to maintain sample gas temperatures in
excess of 300°F. In both designs, the cooling steam was exhausted dewnstream
of tiie sampling inlet in high velocity jets to prevent dilution of the exhaust gas
sample, A remotely controlled traverse mechanism, mounted to the rig sidewall,
was used to radially position the sampling probe. A typical installation of the
- sampling probe and traverse mechanism is shown in figure 15,

4 The sampling train shown in figure 16 was used to collect gas samples for 4
g 4 both batch and on-line analyses. All constituents except NO, NOg, and UHC were :
: measured usging batch analyses while on-line techniques were used for measuring 2
NO, NOg, and UHC concentrations and as a backup technique for determining CO

concentraticns to verify measurement accuracies at low concentrations (<2500 ppmv).

On-line measurements of COg concentration were also made initially to verify com-

patibility of the batch and on-line techniques. The batch gas sample analysis was
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performed on a CEC Model 620-A mass spectrometer and a modified F&M Model 700
gas chromatograph with a Trachor ultrasonic detector. Gas chromatography was re-
quired to separate CO and N9, which appear as a single peak in the gas sample mass
spectrum. The on-line analysis of CO and CO9 was accomplished with a Beckman
Model 402 HT hydrocarbon analyzer. A Beckman Model 315 nondispersive infrared
analyzer was used to determine the NO concentration. Measurements of NOg were
made using a Beckman Model 255 nondispersive ultraviolet analyzer. Teflon sample

lines were used where possible. All lines were electrically heated to maintain sample
gas temperatures in excess of 300°F.

Stand Orifice —\ /— Heater Burner
/ Air In
re===2

==

Heat Exchanger

Exhaust
Duct

To Sampling Train

E
;
_(:.
:
E
¢
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L L

Figure 12. Schematic Diagram of JT8D Burner FD 56971A
Probing Rig
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tos Water Bath _ With Ouick Disconaect Vihes
Cold Tree . T/C Probe
Vaym Pumg
Figure 16. J18D Burner Probing Sampling Train FD 71970

In preparing the gas sampling train, both staintess atecl and glass sample
bottles wore avallable for use.  The steel bottler were preferable because sample
logs duce to leaknge occurced leas frequently, the bottles could be pressurized
without breakage, and handling problems woere simplificd. However, It wax
known that at low CO and COg concentration levels (<100 ppmv), error could be
introduced by the adsorption of CO and CO9 on the “valls of the steel zample
bottle. To investigate this posxibility, comparative tests were run with ginss
and metal bottles uning a gas of known composition.  The results of these tosts
indicated that any crrors fntroduced by an adsorption on the moetal walls were -
obecured by the level of experimental uncertainty,  Therefore metal bottles were
used for the test program,

b, Tost ngru'm

Probing of the JTSD burner was accomplished at simuluted engine idle and
approach conditions, Full sets of gas samples were withdrawn at the lecations
and conditions shown in tables IV and V. Concentrations of CO, €Oy, Og, Hg,
and UHC woere determined at all probe positions, and operating conﬂ'mons. con-
centrations of NO and NOg were measured at the 2A position during simulated
idle operating conditions; and concentrations of aldchydes were measurad at the
28 position during simulated idle operating condmam.




Table V. Test Matrix for JT8D Probing Tests

Axial Prohe Location Operating Azimuthal Probe
Downstream of Condition Location
Nozzle Face, in, {Sce table V.) _ {See figure 13.,)
() 1.54 fdle (Half traverse) B
(2) 2.69 Idle A, B
: (3) 5.69 Idle : AB
{4) Burner exhaust ldie Radial pline of
symmetry
{2y 2,069 Approach ' B
(3) 5.69 Approzch (Half _ B
traverse)
z (4} Burner exhaust Approach Radial plane of
\ symmetry

Table V. Operating Comditions for Simulation of Engine ldle und Approach

nlet - Inlet Alr Fuel
Pressure,  Temperature, Flowrate, Flowrate, Fuel-Air
Conidition in. HgaA °F pph pph Ratio
thhe 73 240 13,451 101 0.0075

Approach T 669 9,764 £28 2., 0131

Concentration-location profiles for most of the aforementionod spreles oly-
Grined during the probing tests and the corresponding calculated fuel-air ratio~
location profiles are presentind in Appendix [ Concentrations of CO, COg, Oa,
Ha, and NO measured ave reported in ppmv on a dry basis; cohcentrations of
UHIC, ax equivalent methane, are reported in ppmy on a wet basis,  Aldebyde
concentrations refer to soluble aliphatic aldehyde concentrations vxpresscd in
ppiav ax equivalent formaldehyde.  Concentrations of NOg measvred during the
probing tests did not excewd 3 ppmv and are, therelore, not ircluded in the data
‘rhown in Appeadix 1, In addition, ddata on thie concentrations of Ha measured at
stmulated fdle aperating conditions and of Ha and UHC measured i the combuation
exhaust gax were also found to be © qunthllv mzhgib!r andd are not shown in
\ppmdh: I

oy B i RO
ik acdo ity ki 4 o

As indicated in table IV, data at two locatipns were obtained from half-
traverse measurements,  This procesdure was deemed necessary under some
concditions o minimize probe--tip plugging with coke from the decomposition of |
raw fucl, Plugging of the steam=-conled sampling probes was a porsicient prob-
lem throughout the test program for all operating conditions,  (See Hgure 17,0
However, ds a general observation, plugging beeame more =covere during tosts
in which pmhing at touationg near the pazzle Gace and at high power scllings was
involved, (% the other hand, probe dovability problems were most covere &f the

: end of the primiry zone (location 3) where the combustion process was nearing
completion, but hefore significant amounts of ditution air had been addeal,  bx-
: pericnce showed that plugging could be minimized by proper peobe design and by
arrangement of the test Roquence (o minimize exposure time,

14




Figure 17, - (Upper) View of Gas-Sumpling Probe FD 11971
Before Testing: {Lower) View of Gas- _
Sampling Probe Tip Showing Plugging

¢.  Discussion of Results

In analyzing the probing data to ideatify the moechanisms responsible for
iow=power emissions, local CO concentrationa were found o correlate with ledal
fuel-air ratio ax ahown in figures 18 and 19, Several {nteresting resulis emoriye
from the correlation at stmulated idle operating comxditions, figure 18 '

1. CO concentration is found e be greatly fn exness of the
cquilibrium concentration far lean mistures and for rich
mixtures up to a fucl-air ratio of 0.9092

CO oxidation is qﬁmth’nd in m{au cooting layers, as reflected
by the fact the CO concentration is higher sear the wall than
in the core of the hurmeor ,

to
.

3, CO concentration is a atreng fx‘niction of the local fucl-alr
tatlo.
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The data taken ot simulated approach conditions are presented in figure 19,
The will-quenching effect is absert at this operating point, and CO levels within the
burner ave higher than those at idle conditions at the same fuel-air ratio,  How-
ever, CO levels within the burner at approuach conditions are much closer to the
equilibrium values: the echaust concentration of CO is lower than at idle condi-
tions (i.c., 200 ppmv v~ 950 ppmv). In addition, the percentage reduction in
UHC concentrations in the combustor exnaust gis {s significantly greater than
that for CO; UHC concentrations were reduced from 9138 ppmnv to 7 ppmv equiva-
ient metha-»

The reasnons for the aforementioned behavior have not been completely ex-
plained. Hewever, considering the combustion process s consisting of two sue-
cussive steps, i.e., the oxidation of fuel to O fellowed by the relitively slow
conversion of (O to CO4, the observed behavior suggests that the reduced emis-
siona at approach conditions are ‘primarily the pesult of the higher burner inlet
air texl'npcnture ‘The latter increases the rate of fucl consumption in the primary
zona, t Near the wall and in the secondary <one, the higher temperature of the
combustion products and the cooling and dilution air et to aticnual, quenching
effects amd fncrease the rate of oxidation of CO te CO,,

To complete the analysis of the JT3D probing data, local values of com-
hugtion temperature and efficiency were computed from the epecids concentration
daty that were obtained at simulated tdle and approach operaling ¢ nditions. The
local combuxtion temperature wag caloulatidd from an enthalpy balance between
the quenched species and the local fuel-alr misture, assuming that the unreacted
JP-3 extsts in the vapor state and that the dissociation of Hs( to H and O i
equilibrated, Two methads were gsed o compute the local combustion officiency:

6 e 40C o (26

iﬁw cffect of initial lemperature on TO and THC cencentration s repdily soen

in the results of e turbulent Nane ey, sich or Heeadsod fu paragraph ¥ 3,
following., In figeses 28 and 39, the o Shosth don of D asd VHRC s opreseated
for an equivalence ratio of 1.2 3. alvate ieryeramries of 230 a0 GA5F . onp-
respoading to idle and approach Jawthliond, reepoviecs B0 110 s that at 668§
U0 concentrations are zrvam‘ B €XTY 3 o7 1L Al THE npd CHC bevolx ae
markedly reducad. '




where
T, - the initial temperature of the combustible mixture
T, ¢ actual temperature of combustion products

Ty, = temperature of combustion products as a result of complete
combustion

Cpa = heat capacity of quenched combustion products
‘ Cpth ~ heat capacity of products of complete combustion
.‘(02 in° 0.2316/{1 + FA)
xO?m “ mass fraction of oxygen in combustion products
XO2th - mass fraction of oxygen in products of complete combustion

Equation 20 compares the quantity of energy sctually released as a result of com-
bustion to the quantity of energy supplied by the fuel. Equation 21 is an oxygen
depletion officiency baseil on the ratio of oxygen actually consumed to that con-
sumed at equilibrium. :

The resultant temperature and combustion offictoncy profiles, corresponding
to {.‘)‘E probing locations shown in figure 13 are presented in Appendix [, The axygen
depletion efticiency I8 presented for all probing locations and ope rating conditions,
- Corrcsponding values of the encrgy officiency sre phown at various tecations within
the combustor in figures 185, 186, and 138 in that Appendix, [ {8 seon that the
agreement betwern the two metheds is poor af the most upstream position in the
front end where combustion efficleney is low,  The agreemont improves with
Cchwvnsteeam pogition, the valucs of combustion officieacy from the Hve metiwds
becaming virtsally identical 3 the end of e front end.  This bebavior is attributed
peimarily 10 uncertaiaty s to tw chentival and physical state of the uareacted fuel
in the Jow ofciciey regions of the combustor.

The CO concontration and combustic. femperaturs profiles were examined
to delofmine the tomperature below which - 2 oxidation i quenched,  Using the
corrciztion of U8 cagcenieation with fu. lsair ratic teddentify the guenched gtate,
figure 18, it aas found thist puenching crurs at approvimately 22000F, A carpes-

ponding sogregation of UHC concentration into quesiched and unguenched states
wore not ohsereed, ‘ . :
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3. Turbulent Flame Studies
a, Description of Test Apparatus and Facility

Turbulent flame tests were conducted in the facility shown scheinatically
in figure 20, Air was supplied to the test section by a remcte high-capacity
blower and was metered by a calibrated flat-plate orifice. An electrical air
heater, 10 kw, supplicd the capability for varying air temperatures from 240
tc 665°F over the range of airflow rates required. Liquid fuel was supplied from
a storage tank, which was pressurized by nitrogen, and was metered by a cali-
brated rotarieter. The fuel was heated by an electrical heater to provide vaporized
fuel at the injector inlet, A mixture of 83% isooctane and 17% venzene was selected
to simulate JP-5 fuel in both the turbulent flaine studies and the low-temperature
hydrocarbon kinetic studies; the latter is described in paragraph E. 4, following.
The isooctane-benzene proportions were selected to represent the principal com-
ponents of JP-5 fucl. The two-component fuel blend permitted close determination
of phvsical properties, and since it was injected as a vapor, a well defined vaporiza-
tion temperature was provided,

The test section is shown in figures 21 and 22. Vaporized fuel was injected
through a ring injector with six holes directed in the upstream direction to provide
the ¥ "tial fuel dispersion, The fuel-air mixture then passed through a baffled mixing
sectiwl and wes introduced into the test section through a slotted (1.0 by 0,64 in.)
flat-plate flameholder. A converging bell mouth was installed tu prevent recircula-
tion upstream of the flameholder. The cross-section of the water-cooled rectangular
combustion chamber was 1.5 by 3.0 in., and its length was 18.0 in. It was con-
structed as an assembly of interchangeable sections having various lengths. The
probe section allowed probing to be accomplished across either rectangular axis,

By selectively interchanging the sections, gas samples could be withdrawn at
1. 0-in. increments along the combustion chamber axis.

Gas samples and total pressure measurements were obtained with the probe
shown schematically in figure 23. This constant blockage (12%), air cooled,
elliptical cross section, stainless steel probe was inserted through the 1, 50-in.
sidewalls into the gas flowpath, The minor axis of the probe was normal to the
flow. Calibration tests were performed on the probe to ensure issokinctic sampling.
Samples withdrawn from the test section were collected in stainless steel sumple
bottles and were subsequently analyzed by the methods described earlier in this
report for the JT8D studices.
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Test Section

]I
i

Flat Plate Fiameholder
(0.840 x 1.00 in.) —

n/

Water-Cooled
Ball Mouth Section

|| P4

inlet Saction

Heated, Premixed
Fuel and Air

Figure 22, Test Rig for Turbulent Flame Studies FD 60889A
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b. Test Program

Full sets of gas samples were withdrawn at the locations and conditions shown
in table VI. In this table, ¢ is the fuel-air equivalence ratio and T is the inlet tem-
perature. Test conditions were chosen to be representative of the conditions existing
within a JT8D burner at low-power operation. The inlet temperature points corres-
pond to the idle and approach vonditions in the JT8D burner probing test matrix,

(See paragraph E.2, preceding.) (Gas samples were withdrawn along an axis
normal to the flow within the chamber and across the 3-in. dimension. Velocity
profiles were also measured at earh test condition. Typical concentration pro-
files obtained during these tests are presented in figures 24 through 27. The
corresponding centerline concentrations of CO and UHC are shown in figures 28
through 31 as a function of axial distance downstream of the flameholder. Total
UHC represents the sum of the individual methane, ethane, propane, and parent
fuel (isooctane - benzene blend) values.

c. Discussion of Results

The objective of the turbulent flame studies was to obtain global reaction
rate expressions for the rate of disappearance of CO and fuel (total UHC) under
conditions of temperature, concentration, and turbulence typical of low power
operation. To generate the desired global expressions, local reaction rates for
fuel and CO had to be determined from the measured concentration profiles. An
analytical procedure was developed for solving the species and momentum con-
servation equations required to obtain the reaction rates. This calculation pro-
cedure is described in Appendix III, Figures 32 and 33 present the resulting
reaction rates for fuel and CO at the various locations downstream of the flame-
holder., For both species, the reaction rates are observed to reach maximum
values in the x direction between 4 and 6 in. (from the flameholder} and then fall
off as the distance, x, increases. The peak values are much greater for the
higher equivalence ratio and temperature conditions.

Table VI, Test Matrix for Turbulent Flame Probing Studies

Axial Probe Location

Downstream of Flame- o ~ 1.0 ¢ 1,2 ¢ -1,2
holder, in. T - 240°F T = 240°F T - 665°F

3 * * *
4 * * *
5 * * *
6 * * *
7 * *

8 * *
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The fuel reaction rates shown in figure 32 were correlated using the parcel
splitting model of Howe and Shipman (Reference 25). This model charactericod
the turbulent burning zone by spherical parcels of unburned gas dispersed through
the burned gas, with reaction occurring at the periphery of the parcels as laminar
combustion waves., Measured fuel reaction rate data were fitted to theoretically
derived expressions of the fo ~m:

03, Fo 250X - Xpy) - bV @2
= A .. abt/3

erofzpb(xj - Xjp) b (23
where

Q; - rate of fuel consumpti&x,‘ lhmf’fts se¢
Py dengity of the burned parcels, !bm/ﬂ3
p, ceasity of the unburncd parurls, ibm:"ﬁ3

p - combinet mixture density of burned wd wnburned parcels,
TN

~Anjtial mean parcel radiug, ft
5 - normal Burming velochly, fisce

initia! mass fraction of fucl

¥
Xgy - mass feaction of unburned furl in the mixture ef urped and
unburneid parcels
Njp - mass fravtion of urted fuel in the mixtere of tatned and

unbomed parcels

b number of oqually sized sphetical particles (o rmid whon one
paveci in aplit

»  sphtting probability, see”

£ {ishe, soo

Fraaation 22 was used where the volume fraction burted was Jess i 0.7, =
eiation 23 was ured when the fraction wag greates than © 20 In fing 200
measured reaction rale data o emeafions 32 and 23, e wias meamired from
the point shere mensad able £ was aharryed,  FElapsed Lime was caloulated

fram the knosy olneifs o eyl e as follevne

e s
: (3

O
Py

=
o




where

Xq & location where the reaction was deemed to have started as
indicated by measurabie CO concentration, ft

x; = location from which sample was withdrawn, ft

2

Voj = gverage velocity between Xg and Xjs ft/sec

The normal burning velocity, S, was determined at each test condition
from equation 24, which relates nurning velocity to inlet temperature, pressure,
equivalence ratio, oxygen content, and fuel composition.

$=3.280 x 1072 X7 [( 0.381 1ot (y - 0.120) - 100) (2.6 log A + 0.94)] | (24)
[P~0-3% 4 3,281 x 1072 Xp [(1. 00395 T+ 7€ - 100) (2.6 log B + 0.67)]
(p~0-39]

where

cquivalence ratio (¢) for ¢ less than _1.03

§ - (2.06 - ¢) for ¢ greater than 1,03

o for ¢ less thun 1,34
B -

(2.68 - ¢) for ¢ greater than 1,34
¥ - oxygen concentration = Og/(Oy + No)
® - cquivalence ratio : FA/0.0678
X; - mole fraction of isooctane in fucl blend  0.76
Xy mole fraction ~f benzene in fuel blend 0,24
S burning velocity, ft/scc
P pressure atm
T temperature, °K
Equation 24 was developed by fitting experimental laminar flame speed data
presented in Reference 26, Although the pressure dependency was not required

in the anndysis (all testing was done at 1 atmosphere), pressure terms were in-
ciuded to enhance application to the streamtube combustor model,
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Following the practice of Howe and Shipman, the constant b was assumed
to be exactly 2, since it could not be independently determined. To determine
the constants T, and a, the logs of the left-hand sides of equations 22 and 23
were plotted against time as shown in figure 34. A straight line was then fitied
throigh the data. The slope of this line defined the average splitting probability,
a, and the intercept at t = 0 determined the initial mean particle rad*uz, T,. The
tailed point shown in figure 34 was not used in the determination of a and ¥, due
to difficulties in defining its value when X;~ Xju, i.e., when burning has just
begun. With T, = 1,34 ft and a = 4660 sec~}, equations 22 and 23 become:

Py PS 0.51 x 10%t
Q = =685 (X; - Xj,) 2 (25)
)
1000,
« — <>
w amand
E -
- -
g
2 1004— ® - |
= —— =1 o
k = “ O ¢ =10, T = 240°F
a e / & ¢=12,1 = 240°F
€ ?/ A ¢=12 7 = 665
!
Q o
12081 X:
s Correlating Parameter g Cirol20S1X; Xip] Unshaded Symbols
lﬁ ijbrolpupS(Xj-Xiu) Shaded Symbols
| |
1
03 0.20  0.40 060 _ 080  1.00 120 140 160

TIME - millisec

Figure 34. Variation in Covrelating Parameter with  FD 71979
Time and Test Conditions

Cerrespording to equations 22 and 23, cquation 25 was used when the volume
fraction burned wag less than 0.5 and cquation 26 was used when the {raction was
greater than 0.5. As a final check, cquations 25 and 26 were used to calculate
fuel reaction rates at cach test condition. The calculated values are shown plotted

against the measured values in figure 35.  Agrcement was within approximatcly
20(%)0

Attempts to correlate the CO reaction rate data with an Arrhenivs function
ar with models similar to the parcel splitting model all failed to yield satisfactory
vesults. This was principally because of uncoertainty in determining the split
bewween the competing formation and consumption reactions.  The experimental
CO r.action rate daia obtained in this study are in general agreement with similar
data roported by Fenimore and Jones (Reference 27).
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Figure 35. Comparison of the Variation in Actual and FD 71980
Measured Reaction Rates

4, Low-Temperature Hydrocarbcn Kinetics Studies
a. Descriptior of Test Apparatus and Facility

The test apparatus used in the low-tcmperature kinetics studies is shown
schematically in figure 36 and during the eurly stages of installation in fig-
ure 37. Air, supplied from a high-capacity blower, and nitrogen, supplied
from a 2000-psig tank, were mixed to provide a source of oxygen-deficient air
for use in the tests. The flowrates of air and nitrogen were varied independently
to yield the desired total flowrate and concentration of oxygen in the mixture.

After the prepier mixture and flowrate were achieved, the oxidizer was
passed through a 60 kw electrical heater; this heater was capable of heating the
incoming jas to 1800°F, Flow distortions and temperature gradients introduced
within the heater were climinated by passing the nitrogen-~cdiluted air through a
«ories of four baffles. Instrumentation was installed at the exit of the baffle
¢ .ction to confirm the removal of any distortions.
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Figurc 37. Hydrocarbon Kinetics Rig ' FD 71983

Liquid fuel was supplied from two nitrogen-pressurized tanks located out-
side the test cell. As discussed in paragraph E.3 preceding, a mixture of 83%
isooctane and i7% benzene, by weight, wis used to simulate JP~-5 fucl under
laboratory conditions. Before entering the injection section, the fuel was heated
and expanded through a throttling valve; the vaporized fuel temperature was ap-
proximately 240°F,

The fuel injection section was designed to provide rapid mixing of fuel and
air before they entered the test section. To accomplish this, the airflow was first
accelerated before it entered the mixing nozzle. In the mixing nozzle the vaporized
fuel was injected at high velocities normal to the airflow through eight equally
spaced orifices. Subsequent to this, diffusion of the fuel-air mixture produced
additional mixing of the two bhefore 'tho.y entered the test section,

The test scction, which was designed to function as an adiabatic reactor,
was constructed from a eylindrical vycor tube 6 ft long, with a 2.70 in. inside
diameter. Vycor was sclected as the duct material to minimize wall catalysis.
The duet was heated celectrically with beaded nichrome wire wrapped around the
duct in a helical fashion to provide constant temperature opervation, A 0, 5-in,
layer of ingulation between the wire and duet wall assisted in distributing the heat
evenly, while several outer layers of insulatton were used to minimize heat loss
to the surroundings. Figure 38 shows a photograph of the test scction as installed,
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Figure 38, Test Section Installation for the Adiabatic FID 71984
Reactor

Since a high-temperature combustible mixture having the potential for
autoigniting was being exhausted from the rig, it was necessary to provide a
means to control the burnoff of the exhaust product. 7To accomplish this, the
downstream end of the reactor duct was inserted through the outer wall of the
test cell, where a flameholder, complete with an ignition source, was located.
(See figure 39,) The flameholder, cooled with cthylene glycol, was also designed
to serve as a heat shield for the probe, drive mechanism, and associated hard-
warc. As a further precaution, against the possibility of autoignition, the entire
burnoff arca was shielded by a steel barricade 6 ft high,

The sample probe, shown schematically in figure 40, wuas used to withdraw
exhaust gas samples at sclected points along the centerline of the reactor duct.
The probe was positioned with a remotely controlled traverse mechanism located
in the burnoff arca. Sample temperatures in exeess of 300°F were maintained within
the probe by passing heated air through the probe. The gas samples were trans-
ferred through a heated Teflon line for on-line analysis of ('O using » Beckman
Mudel 315 NDIR analyzer. The batch analysis system usced in the turbulent flame
studies was also used for collecting exhaust gas samples at selected points,

S 6




TR e T A A YN, TR SRR T T

Figure 39. Burn-Off Area FD 71985

All air and nitrogen flowrates were metered by calibrated orifices. Except
for the sample probe cooling air, which was preset with a hand valve located with-
in the test stand, flowrates were controlled by pneumatically operated valves.
Fucl flowrates were measured upstrecam of the fuel heater using a turbine flowmeter
and were controlled by remotely operated hand valves. Sampling flowrates were
measured with a rotameter and were controlled by a hand valve located within the
test stand,

Temperatures were monitored as required for control of all flow measure~
ments. In addition, scveral skin and ambient temperatures were monitored with-
in the burnoff arca and at a number of locations in and around the flow reactor.
The exit temperatures of cach electrical heater were atso monitored to prevent
overloading the electrical elements. A chromel-alumel thermocouple, fabricated
as an integral part of the sampling probe, was uscd to monitor rcaction tempera-
turcs while the entire duct length was being traversed., To correct for radiation
errors, the thermocouple was calibrated with and without cooling air to the
sampling probe. Without cooling fiow, radiation and conduction losses to the
sample probe body were eliminated.
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b. Test Program

Initial tests were conducted to establish the range of conditions over which
appreciable reaction could be expected. Measurements of CO concentrations
were made at the end of the test section at a fuel-air equivalence ratio of 4. 9;
an oxidizer content of 15.3% oxygen; and at temperatures ranging from ;50 to
1025°F, As shown in figure 41, the results indicated that no appreciable reaction
occurred below temperatures of approximately 1000°F. For example, for a
residence time of 75 msec and a temperature of 1000°F, the CO concentration
was 63 ppmv. Subsequent testing was, therefore, limited to fuel-air mixture
conditions corresponding to temperatures in excess of 1000°F.

100

80

60

|
EEE

GW/L

CO CONCENTRATION - ppmv

0 700 800 900
TEMPERATURE - OF

1100

Figure 41, Varfation in CO Concontration with Tem~  FD 71988
©operature (15,35 Og, ¢ - 4.8, Residence.
Time - 75 mseq) A C
_ %\-!-.v::smmanté of €O concentration were mude along the reactor conteriine
for the range of eonditions shown in table VIL . ‘The axial distributions of CO ob-

~ tained with an oxygen concentration of 12, 5% arc shown in flgure 42, Measure-
-ments of COg concentration were also obtatned durlng the high temperature run

112, 5% oxygen, ¢ 2.5, and 1287°F) to determine if measurements of this con-

©_stituent were required at the lowes :ern_pcrntqmﬁv‘ togt conditlons,  Although the
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reaction was observed to accelerate toward the end of the test section, as indi-
cated by a measurable temperature rise, no significant concentrations of CO9
were found.

Table VII, Test Matrix for Adiabatic Reactor Program

o)) Initial Mixture Weight Flow of
Concentration, Equivalence  Temperature, Air + Ng,
mole % Ratio °F pph
12.5 2.5 1165 226.0
12.5 2.5 1214 220.7
12.5 2.5 1257 212.7
12.5 4.0 1146 225.6
12.5 4.0 1220 214.8
15.3 2.5 1214 262.9
15.3 2,5 1275 2564.5
15.3 1.8 1272 256.5
Syl %0, | s | Femmmaner e
/N12s] 28 1188 :
() ]1258] 258 1214
[[1]25] 28 1287
O (s eo 1140
5 1000 k¢ D128 ] «c 1220
5' - ‘ :
E i /< '
F
& r
<_ g >
3 100
1 ol
L 3
¢ _ AXIAL DISTANCE - h
4 Figure 42, Variation in CO Concentration with Axial  FD 71987
& Location and Test Conditions
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C. Discussion of Results

Individual reaction rates for each of the test conditions shown in table VII
were required to generate a global reaction rate expression for CO. Since the
velocity at each test condition was known, the reactiou rates were simply deter-
mined by taking the slope of a straight line passed through the individual CO con-
centration-distance data. As shown in figure 42, most of the data can be cor-
related with straight lines and, therefore, the error introduced hy this graphical
approach is minimal. The reaction rates were then subjected to a least squares
analysis to fit an Arrbenius' function of the form;

‘. "!‘A/RT

The analysis yielded values for the cxponents a and b, the constant A, and the
activation energy E. The resulting rate expression derived for CQO is:

. 8, 0.104 0,431 0,535 -52,600/RT .
Qeg * 3.5 x 108 N Ngo p e (27)

where
' Q(fn- - rate of CO formation, gm-moles/cma-sw
N - mole fraction 6{_&1@1
r 2 3 Favey ook ~'v |7
"_02 : mou ffactlcvn ef\oxyg;n
p - density, gm- x_mle,sj{cm‘l
R -ux_tiwréml'r.::ui constani, 1,957 eal/gm-moli-*K
(i h mpcxmture “h :
!hc :**nu.m» of e'qu:ziiou ’: ts ?cmxmslu!vd in {Mm- 43, in which the
rigd with thes “nrm»zﬁm;xling mensured vaiues,
‘As obgerved, a satisfactory Ioast squaces fE wie obtalned,  However, the amull
“number of data avatlable: f:rc(‘lwtol & atgtistioally scoirate determination of the -

individual carrelating eoe ffleionts. This iy m:siwlnrly truc of the expenents 4

'm_} B, The use of ma»tim 27 s, thevvlots, nel fecormensded outsh: lo the range
of conditions used in h‘w .m.slyf‘i:a, tuble VI

Since the onsel o: rour non. N ek uuvd tw the presence of U0, was Foad
to cotrelale with aa Arrhentud temperature dependence, it is concludd that no
signiticant reaction oveurs. sutside the limits define:l by the bady of hydrocarbhon.
reaction rate data contained in the Hturawwrs, A bvdroearbon chemistry madel
based on rates fousd In thie Hierature is, thvrv!oro vim‘uuto for analytical
modoling purposes. -

68

IRV SRS RIS

7 el A L s > s’




0.50

_ 0.40
] “
£
g % 030
1
M
a3
4 ‘20.20
f '3‘

0.10

0 »
9 010 020 - 030 0.40 0.80
CALCULATED REACTION RATE -
o™ moles/em3 sec (Miltionths)

Figure 43, l‘n'nipmson of Calculated and Actual Re- K 72144
setion Rates for CO

Dlcadeudectucatol dubiideitc ot n v
. O R

69

NI TRTE SUN AP TGO




SECTION tV

PHASE I - DESIGN ASSESSMENT

A SUMMARY

Work under Phase I of Contract F33615-71-C~1570 has been vinnpleted,
In Phase Il, component design techniques for reducing low-power emissions by
controlling the primary-zone equivalence ratio were evatuated experimentally
using o research combustor. Control means included air-staging, fuel-staging,
and premixing of fuel and air prior ta their being introduced into thu combustor,

Four fixed-geometry combustor schemes were uged to simulate the opera-
tion of a variable-geometry. air-staging combustor. A compesite curve of data
from the four schemes exhibited high combustion cfficiencies aver the entire

. range of fuel-alr ratios examined from ldle to full power. UVHC concenteations
were low over this range, but CO concentration levels remadned velatively high,

Svcondary tuel nozzles mounted immediately downsteeam of the primary
zone of the combustor were usidd in combination with conventional, dome-mounted
fuel nozzles to evaluate axial fucl-staging, Copcentrations of sbjoctionable exhaust
emissions were high when sccondary fuel injectors were used,  ihis has been at-
tributed to inadequate burning tength in the sccomdary fuel zone of the paptionlp
research burner used, -

( ircumh‘rcnwd fuel staging was evaluated using two dome mounted inimlor
nrrmgcmnntx. In the first, only the fuel nozzles in alternating lacitions wore
operated.  Both UHC and CO concentration levels remafaed eolatively high, In
the second, only hall of the fuel nozzles localed sequentially were operatest, UHC
concentrations decreased gignificantly, tut the CO concentratinn lovel remained
~ high. '

Brief investigations were conductid ta evaluate the offects of sccondary
influences gn exhaust emission conventrations and combustion cfficioncy.  See-
ondary influences included combusior reference velocity, inlit air temperature,
fuel atemization, and primurv-sone air-film cooling.  As relerchce velocity was
fncreased, CO concentrations ncreased and UHC concenteations decreased,  As
inlet tomperatures were ceducad, both UHC and CO concenirations increasedd,
Poor lucl atomization caused a jarge increase in concentritions of objectionable
rimissions, with a correspensding decrvase v combustion efficiency.  Elimination
of primary-zone, air-film cooling had an insignilicant ¢flect on reducing emigsion
comcenttations,

Very low voncentrations of UHC and CO woere achicvesd when fuel=air proe-
mixing or carbutetion e were used to repiace the conventional dome-mounted,
pressurc-atomizing fuel nozzles. Program goal UHC concentrationg of 10 ppmw
(2 ppmvy at iow power were readily achievald, CO yoal concentrations of 10 ppmw
fea 10 ppmv were clasely approached,. The lowest valde of €O concentration
achicveil In this program st simulated low power operating conditions was 28 ppmv,
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i, DISCUSSION

i, Objective und “\pproach

Phize [ was (‘On”'l’x ted concurrently with the development of the analytical
model to evatuale coniseneat design techniques for lowering pollutant emission
levels at part-powe: 2 “uﬂ"in(‘ operation and to provide experimental data to zssist
in rafining the ‘umutwal combustor model.  Continuous interchange of informa-
tion between the amaiytoal and experimental programs served to enhance the
successfzt acvomplishment of beth,

s virtually impossible to closely contrel or regulate the environment
within cirrent fixedd-geomatry burners at both high and lows power operating
eonditions bovause of the nature in which they operate.  Even ot full power, the
ove sait fuci-alr ratio les well below the lower flammability limit for mixiures
of uireraft fuel and air. - Consrqueatly, it I8 necessary to burn the fuel with but

Ca fraction o1 the available aie at a local fuel-aie ratio well within the Namm: ability
limits for the fuel-aty mixture, amd w B addd the remaining combustor-designated
Air to the mm!m%tictn nrexlucts.

Conventional combustors arc typically operated at near-stoichiometeic fuct-
alr ratios in the primary zone at a aclected design point such as full pover. They
ar then operated below thix design-point fucl-air ratio at ali other comlitions,

At full-power and ncar-full-power conditions, the reaction tempe ratute in the com-
hastor §x high and reaction eates are fast, Coasequently, both UHC and CO con~

cienteations in the exbaust gas are very low and combastion offjciencios sre typic 1!1)’
very high, O the other hand, at low or part-power condilions, these combstors
sprerate at overall and loeal fucl-air ratios weil below thoke achjeved 2t high power.,
A¢ 3 rezull, combustion femperatures ape low and veaction rates are slow: cone
sequently, concentralioas of aoth UHC amd CO in the cxhaust gas are high, and
combustion «fficicncies are low, _

Doring low=-padrr operation, the principal combustor-generated v ghaust
patlutants are UHC amd COU I the coscenteations of these speeies can be io-
creasicd, combmzation officioney aill be fnereased diee ctly ag shown in the following
oxpunation

13438 - 21500

N j00-i00 P
18,42 < 19

(o %y

where

N combustion officivney,
£,385  deating vahie of €Oy Biu Th
21,500 heating value of methane,; mufi!:m
X emiisiny inlev aof OOy !hm i, BaG R.xm LITPRH

b4
“Part-power or lw-poner cnmbustor opsration is defined ax that peiformance

anaociated with the lower onhe-half «f a tvpical turbine engine poner curve; it
specifically includes those power points reprosenting idle amd taxt opwerations,




¥ = emission index of CHy, lby; CHy/1,000 by, fuel

15.45 x 10 = proportionality constant which includes the heating value
- of the fuel used (18,450 Btu/lb}

This relationship was proposed by Capt. W. S. Blazowski, Fuels Branch, Fuels
‘and Lubrication Division, Wright-Patterson Air Force Base, Chio.

. Three promising means of reducing pollutant emissions levels during low-
power operation were evaluated during the experimental program: air staging,
fuel staging, and premixing. The principal cbjective of each was to closely con-
‘trol the environment within the combustor to effect a more complete reaction
between fuel snd air, thereby minimizing the formation of the products of incom-~
' fplete combt.stion. viz., UHC and CO, : ,

. . With the air-stag'lng concept combusuion chamber environmental control

was achieved by changing the distribution of air entering the combustor as the
‘rate of fuel flow was changed so that tise local fuel-air ratio in the primaiy zone
was kept ut u predetermined, constant value. Hence, although the overall fuel-
air ratin increascs as the rate of fuel flow is increased and decreases as the rate .
of fuel flow is decreased, the desired primary-zone fuei-air ratio does no: change.

-With the axial fuel staging concept, control of the environment within the
~ combustor was achieved by changing the distribution of fuel entering the com-
bustor as the rate of fucl flow was changed. . As a result, a preestablished local
fuel~air ratio was achieved but not exceeded in the vicinity of each injection

" station. Although the overall fuel-air ratio increases as the rate of fuel flow is

“increased, locsl desired fuel-air ratios in the vicinity of the axial fuel injection
stations do not exceed t‘m predetermined value. 'y

With the premixing concept, control of the combustion environment was
accomplished by intimately mixing fuel and air in a predetermined ratio prior
to their being introduced into the burner. A homongeneous combustible mixture,
in a controlled range of fucl-air ratios, was thereby presented to the reaction
front. Undesirable reaction products that are formed as a result of nonuniform
fuel concentration and temperatuce profiles in the primary zone are reduced or
eliminated. Premixing in combination with air staging affords an ideal means
for reducing objectionable emissions at hoth low and high-power conditions.

2. Constraints and Qualifications

This comprehensive experimental component investigation was conducted
to define and assess promising combustor design techniques for increasing low-
power combustion efficiency and, consequently, improving low-power exhaust
emission characteristics. However, of the design features offering potential,
only those of a practical design having reasonable maintainability and relfability
were considered for evaluation, The Intended risk level of this program was con-
sidered to be such, nevertheless, that at lcast one novel or unique design approach
for improving part-power performance would be considered. However, regardless
of the approach taken, it was essential that combustor performance be maintained
at all power settings with no appreciable increase in emissions at operating points
other than low power, Means for providing performance improvements during
low-powar operation ut the expense or compromise of performance at high-power
operation were not considered to be acceptable approaches for accomplishing the
objectives of Phase II.

72




During low-power operation, the principal combustor-generated exhaust
poliutants are UHC and CO; a third pollutant, NOy, is generally produced only
in small quantities under these conditions, However, as combustion efficiency
is improved, the reaction temperature is increased and although concentrations
of UHC and CO are reduced, the concentration of NOy is often increased. Though
the oxides of nitrogen have little or no effect on overall combustion system per-
formance, they are, nevertheless, undesirable byproducts of airbreathing com-
bustion. In sufficient concentration they are by themselves toxic, and in com-
binatfon with hydrocarbons in the presence of sunlight they react to produce smog.
Therefore, continuous attention was to be given to the presence of this pollutant
sincz potential compromises to improve overall exhaust emission performarce
by decreasing UHC and CO concentrations at the expense of increasing NOy con~
centration have already been observed and are not necessarily desirable. _ '

-~«Calculations of combustion efficiency using both a rigorous ther modynamnic -
“approach that considers all measured products of corabustion and the simplified.
approach of equaticn 28 yielded results that were essentially the same. There-
fore, unless otherwise noted, combustion efficiencies derived fror exhaust gus
analysce in this program were obtained through the use of eguation 28,

Of equal importance to the successful development of design techniques for
enhancing low-power combustor performance was the accurate snalysis of cxhaust
products sampied during the test program. Noi only was it necessary to mecasure
combustion efficiency accurately, but verification of low emission levels was alsc
required to determine trace quantities of the exhaust gas constituents resu'ting
from low combustion efficiency. Therefore, a number of guideiines were estab-
lished relating to the experimental portion of this phase of work, including:

- 1, - Concentrations of UHC, CO, COg, NOy, and vaier vapor
. were to be measured during each test,

2.  To accommodate variations in exhaust constituent levels
existing at the exit plane of the combustor, means for multi-
point sampling at the exit plane were to be incorporated.

3. On-line measurenient techniques were to be employed exten-
sively. If batch sampling should be used, care was to be taken
to ensure that no further reaction of the constituents occurred
between the time the samples were taken and the time thoy were
analyzed,

1.  Sampling techniques used were to be such that further reactions
of constituents within the sampling line were prevented.

B Initially, measurement methods responsive to both NO and NQg
were to be used to determine the concentrations of NOx. The
measuremer.t of NOg was to be discontinued if sufficiont empirical
evidence indicated that the concentration of NO constituted more
than 96% of the NOy concentration.
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6. The method for measuring water vapor was to include the
determination of the pH level in the exhaust sample.

7. Methods for measuring CO, NO, NOg, and UHC were to be
‘sensitive to concentrations to 10 ppmw and accurate to within
+5 ppmw, For COg and water vapor, the measurement ac-
curacies were to be within +0. 05% by weight.

8. A1l exhaust constituents were to be measured at the same time
- under steady-state operating conditions, and local sampling
point temperature and pressure conditions were also to he
recorded, In addition, absolute humidity (weight of water per
unit weight of dry air) of the combustor inlet air was to be
noted periodically during a test run.

9. All tests were to be conducted using JP-5 fuels.
3, Experimental Combustors
a, General

Tests conducted to evaluate design concepts in Phase II were accomplished
using derivatives of an annular research burner that had the basic arrangement
shown in figure 44. This hardware was designed to be generally representative
of conventional static-fed combustors. Diameters of the outer and inner liners
of the flametube were 18 and 19 in., respectively. The length of the burner from
the primary fuel nozzle injection station at the dom< to the exit plane of the dis-
charge transition duct was 16 in. The combustor was fabricated from heavy-gage
(0. 0625 in,) Hastelloy-X sheet stock. This unusually thick material was sclected
for the research burner to provide physical resistance to overcome both geometrical
distortions associated with thermal stresses developed during testing and mechanical
forces gencrated during programmed modifications. The walls and dome were film-
cooled by air cntering the combustor through judiciously placed louvers along the
inner and outer liners.

The first arrangement of the basic research burner is referred to as com-
bustor A. This hardware and its modifications were used to evaluate the air and
fuel staging concepts. The second arrangement is referred to as combustor B,
This burner and its modifications were used to evaluate the fuel-air premixing
concept. Detailed descriptions of combustors A and B are presented in the fol-
lowing paragraphs.

Combustors A and B both had the same nominal design point: a reference
velocity of 106 ft/sec, and a temperature rise commensurate with an overall fuel
air ratio of 0,022,

To simplify the test matrix, all tests were conducted at one inlet pressure
(approximately 15.5 psin), and for most tests, the inlet temperature was held
constant at 400°F. This temperature corresponds approximately to idle conditions
for an advanced high pressure ratio- engine, :
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Figure 44. Combustor A Prior to Installation in FE 112131
Rig Case

For the purpose of calculating airflow distributions within the combustors,
actual hole areas were multiplied by discharge coefficients of 0.62 for penetra-
ticn-holes and 0. 80 for cooling holes. In combustor A, a discharge coefficient
of 0.85 was used for the primary air swirlers. In combustor B, the premixing
tube flowrates were determined experimentally as a function of total pressure
drop prior to the combustor test program. In combustor A, the total pressure
drop of the liner was 1.8%; in combustor B, a pressure drop of 38.5% was used
to enhance operation of the premixing tubes.

b, Combustor A

Combustor A was arranged to easily accommodate modifications required
for the evaluation of air and fuel staging concepts. It was provided with two fuel
injection stations, as shown in figure 45. The first station was located in the
dome and served the primary zone in both air and fuel staging tests. The other
station, located halfway between the dome and the exhaust plane, served the sec~
ondary zone in the fuel-staging tests. The primary zone fuel system consisted
of 14 fuel nozzles evenly spaced along the mean circumference of the dome. The
fuel nozzles used in both primary and secondary zonee were pressure atomizing,
simplex type, producing a 90-deg dispersion angle hollow cone spray. The sec-
ondary zone fuel system conaisted of 14 fuel nozzles mounted on the outer liner of
the combustor so that the spray axis of each nozzle was normal to the horizontal

axis of the combustor. The nozzles were centored within holes in the outer liner

through which secondary combustion air entered. Circumferential locations for -
the secondary nozzles were staggered with respect to those for the primary zone.
nozzles. In figure 46, combustor A is shown with secondary nozzles- mounted for
fuel-staging tests; the primary zone fuel nozzles are not mounted.
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Figure 45. Research Combustor Arrangement FD 71991

The combustor A penetration air hole pattern consisted, first of all, of
28 primary holes in each of the inner and outer liners; these holes were staggered
circumferentially with respect to both the primary and secondary nozzles. Next,
28 dilution slots in each liner were located in-line circumferentially with either
primary or secondary zone fuel nozzles. Finally, 28 intermediate zone holes
were located in the outer liner oniy. with alternate holes serving as injection
ports for the secendary nozzles. Ail penetration holes were equally spaced
around the circumference of the combuetor. and dtrectly opposed to corresponding
holes in the opposite liner.

Rows of film cooling air holes were located at four axial stations on each of
the inner and outer combustor liners, at one station on each of the outer and inner
transition liners, and in a circular pattern around each primary zone nozzle boss.
Cooling airflow passing through these holes impinged on louvers attached to the
inside surfaces of the walls and was directed along those surfaces as a oonvective ,
cooling film.

Flame stabilization in the primary zone was accompllshe_d by 14 axial flow
air swirlers mounted around the primary nozzles; and by recirculation flow from
the primary penetration air jets. The axial-flow air swirler around each fuel -
nozzle had an outer diameter of 1,68 in., an inner diameter of 1,20 in., and in-
corporated 16 vanes. In alternating locations, swirlers contained vanes arra,nged
at an anglie of 45 deg to the horizontal axis; in the remaining seven locations,
swirlers contained vanee arranged at an angle of 135 deg to the horizontal a.xie.

: In aceompllehlng the afr etaglng tests, ohangee in oombuetor airﬂow dls--
tribution were achieved by varying the areas of the penetration and cooling holes,
und the primary swirler passages. This was done by affixing temporary sheet metal
patches containing the required hole areas atop existing air-entry holes. Each air-
flow distribution, therefore, involved only simple modifications to the combustor .
hardware; to change from one air distribution to another, all that was involved

* was to remove existing patches and replace them with a new set. This method -

was also used to set up the required airflow distributions for the fuel-staging
tests and for all other tests conducted with comhuetor A. Flcure 46 ehowe oom-
buaeor A as it was modlﬂed for Scheme 4=1A,
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Figure 46. Combustor A Modifiad for Scheme 4-1A FL 119108
Arrangement

c. Combustor B

, The principal differences between combustors A ard B were that com-

bustor B was provided with premixing tube fuel inject- et~ replnce the primary
zone fuel nozzles and primary air swirlers used in cosauusto: A, und that the ,
secondary fuel injection station used i combustor A was ellmlnated. 3 A schematfe

- diagram of combustor B is presented in figure 47,

The tubes were mounted in the bosses used for the primary nozzle/swifiér o

assemblies in combustor A. Changes in combustor airflow distribution, as re-

~ quired for the various tests performed with combustor B, were accomplished by

means of the tcmporary sheet metal patches described earlier. Euach of the pre-

‘mixing tube fuel injector assembltes, shown in detail in figures 48 and 49, con-.

sisted of a 1-inch diamcer premixing tube with a pressure-atomizing fuel

nozzle mounted in one c.d and a primary air swirler mounted in the other. Air
was forced through the tube by the difierential pressure acting across the com-
bustor, - An inlet venturi minimized total pressure loss at the entrance to the
premixing tuhe and a centerbody mounted in the swirler provided a low loss
transition to the annular swirler passage at the exit. The fucl nozzle used was

a preasure atomizing, simplex type having a 90-deg dispersion angle hollow spray
cone. Initial atomization and distribution of the fuel in the air entering the tube
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was provided by the fuel nozzle. Subsequent stomization occurred in the pre-
‘mixing tube as the result of droplet shattering in the high velocity airstream.
Digpersion of droplets in the airstream also occurs, along with inftial vaporiza-
tion and mixing of fuel vapor and air., At the swirler discharge plane, an airflow

. deflector ring was mounted at the end of the outer wall, This ring served as a
final meanz for atomizing fuel that might have collected on the wall of the tube.
High velocity air passing over the lip of the deflector broke up any film of liquid
fuel on the wall, shearing it into small droplets,

Figure 47, Schematic Diagram of Combustor B 'FD 71992

. BECTION AR .

- Figive 48, Carbucetion Tubs Assembly FDTIOR
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' The prembdng tubea used in combustor B were 6 ln. long. Thlu length

was determlned from preliminary flow tests to be ndequate for good intermixing -
of fucl and air, Although it is believed that shorter tube lengths may also suffice,

‘no attempt was made in Phase [1 to determine the minimum length required. In-
stead, a margin of premixing capability was sought, so that the teat program
- could be directed toward determining the effects of premixing on emissfons

rather than methods for implementing it. The tubes were designed to prevent

* fNlameholding and autoignition within the premixing passages by providing mixture
“residence times much shorter than those needed for a sustained reaction. This

- approach allowed fuel-nir equivalence ratios near tho stoichiometric value to be
“maintained {n the tube: providing the capability for premixing all the primary

zone fuel and air (cooling airflow excluded). At a typical operating point, the
mixture velocity within the be was approximately 200 ft/sec at an equivalence
ratio of 0.8 for a combustor overall fuel-air ratio of 0.008. Flameholding within
conibustor B was provided primarily by the premixing tube swirlers; in some

- tests, it was also provided w recirculating flow from primary pcnctrauon air

]Oﬁ. -
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4,  Test Rig and Stand

The test rig used in the experimental program is shown schematically in
figure 50. It consisted of a large upstream plenum chamber, a test section in
which the combustor was mounted, and a traverse case containing temperature,
pressure, and gas-sampling probes. The traverse case was also used to collect .
exhaust gas from the test section and to direct this gas intc the exhaust system of
the test facility. The upstream pleaum chamber was designed to diffuse the com- :
bustor inlet airflow to very low velocities to minimize the possibility of obtaining
nonuniform flow distributions around the combustor. External aerodynamlc in~ .
fluences were not considered in this research program.

Unvitiated air was supplied to the combustor from the bleed ports of a J75
turbojet slave engine. An indirect heat exchanger was provided in the airflow
system to maintain combustor {nlet air temperature at the desired level, In
most of the tests conducted in tbis program, the rate of airflow to the combustor -
was approximately 6 Iby,/sec and the air tempersiure was maintained at approxi-
mately 400°F. All tests were conducted at combustion chamber pressures sllghtly
above atmospheric.

5.  Traverse and Sample-Gas Transfer Systemn

Temperature, pressure, and exhaust gas composition d!stributions for the
entire exhaust gas flowfield at the exit plane of combustors A and B were deter-
mined during each experimental test. A four-arm, rotating traverse probe
assembly, shown achematically in figure 51, and during assembiy in figure 52,
was used in the accomplishment of these measurements. Two of the probe arms,
located 180 deg apart, had five equally spaced, radially positioned platinum/

_ platinum-10% rhodium, aspirated thermocouples alternating with four comparably =

spaced total-pressure probes. The remaining two probe arms, also located 180 deg
“apart, but positioned circumferentially halfway between the first pair of arms, con-
- tained inlet ports. at five equally spaced radial positions through which a small

quantity of exhaust gas from the combustor was vontinuously abstracted. The inlet .
ports for one arm are shown in figure 53. Gas entering the inlet ports discharged
into a common line in each arm. The gas samples from each line then discharged

_into s single manifold. This consolidated sample was directed through a heated
- transfer line to a set of on-line gas analysis instruments (described in the pnn-
- graph B, 8, following) from which the average composition of the exhsust gas &
" u fixed circumferential location was obtained. Up to the Teflon,. electrically .
- heated truufe‘r line shown ln ﬂc\lre 54, the gu nmple line was fabrlcatad from
otdnleas steel,

Antbetr:nnlngpmbemmbhdﬂ:roughmmchoflaomgnmnd

~ the cenierline of the burner, each pair of arms surveyed half of the oombustor
. discharge annulus. -An entire 380~deg survey was thereby sccomplisbed by

- - rotating the traversing probe system through only 180 deg. For the tests con-
 ducted in this program, exit plsne measurements for a full traverse were taken -

at 12-deg intervals during the 180-deg survey. A total of 160 discrete tempera-

" ture measurcments, 120 discrete pressure measurements, and 16 ten-point

avorm exhaust m compocltion meuuremenu were obuinad in each survey.
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Figure 53. Sample Gas Inlet Ports on Rake Arm FD 71996
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In the initial gas sampling and analysis system, combugstor exhaust gas
was transferred from the ex’t traverse probe to the mobile gas unalysis cart
through two 10-ft sectious of well-insulated, electrically beaied Teflon tubing ‘
having a wall thickness of 0,035 in. After a number of tests had been conducted,
analysis of the data indicated the presence of a leak in the Beckman Instruments-
supplied Teflon tubing. Subsequent physical examination of the line, after the
insulation had been removed, revealed a large crack in the fube wall approximately
4 ft from the beginning of the second section of transfer line; a locatior where the
line was subjected only to the lnad resulting from iis own weight.

. Generally, if :he gas-sample pressure in the transfer line is greater than
ambient, leakage of the gar sample to the environment does not present a prob-
lem; the leakage is always from inside io outside. However, if the gas sample
pressure is subatmospheric, no leaks whatsoever can be tolerated, because a
flow of ambient air ito the sample gns will occur, which will dilute the sample
an indeterminate amouni. In the rig arrangenient used in Phase II, the sample
gas pressure was subatmospheric; consequently no leaks could be allowed, This
necessitated development and use of procedures to ensure that there were no
leaks in the sampling and measurement syste.a.

An investigation of the line failure wa: conducted. It was determined that
the transfer line sup. i+ by the vendor waa faulty, and that this was a problem
that had been report: . by a number of their customers. The vendor stated thai
the quality of Teflon that they had received from their supplier was inferior to
the grade stipulated by Beckman and that, as a consequence, the heated lines
showed a propensity to explode during use.

The remaining 10-ft section of transier line was then scrupulously inspected.
After it was certain that there were no visible flaws, the line was reinsulated and
connected to the sampling probe discharge line and to the UHC analyzer inlet line.
(The cart and related equipment were moved closer to the combustor rig to accom-
modate the decreased length of transfer line.)

Figure 54 is a schematic diagram of the sample-gas transfer system as it
was originally arranged for tests No. 1-1A-1 through No. 1-1A-20; figure 55 is
a schematic diagram of the system as it was arranged for tests commencing
with No. 1-1B-1, The single section of transfer line, shown in figure 55, was
used throughout the rest of the program without incident. ' '

In this experimental program the temperature of the gas sample was main-
tained at an elevated level from the probe tip to the UHC analyzer. Keeping the
sample hot should prevent FID-detectable species from condensing in the transfer
line. (See Reference 28.) The Teflon portion of the transfer line was electricaily
heated; the remaining stainless steel sections of the 1ine were convectively heated
using hot air from an external scurce.

Sample gas temperatures wer closely monitored along the transfer circuit
from the probe tip to FID analyzer. As shown in figure 56, four thermocouple
stations were in the gas transfer circuit for tests up to No, 1-1A-20, Three
thermocoupic stations were incorporated during tests commencing with No, 1-1B-1,
The variations in sample gas temperature with flowpath location for tests conducted
in Phase II are shown in figures 57 and 58. As observed, sample gas temperatures
were quickly reduced to values below thoese that would encourage continuing reactions
among the exhaust species, but above those levels at which condensation of UHC
species could be a problem.
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Arrangernent

6. Exhaust Gas Analysie System .

The composition os exhaust gas abstracted at the exit plane of combustors A
and B was determined using an on-line, mobile ‘nstrumentation systerr, which was
developed independently of this cxploratory deve'~nment program. The instru-
mentation system is shown schematically in figure 59 and on location at the test
stand in figure 60. It consiated of the appropriate c'rcuics, controls, and quantita-
tive analytical instrumentation to determine the concentrations of UHC, CO, COg,
NO, NOg2, water vapor, and Og. UHC concen‘rations were determined using a
modified Beckman 402 flame ionizaticn detector (FID); concentraiions of CO, COg
and water vapor were determined using modified MSA Lirs Model Series 300 non-
dispersive infrared (NDIR) analyzers; NO concentrations were determined using
a modified Beckman Model Series 315 NDIR anslyzer; concentrations of NOg were
determined using a modified Beckman Model Series 256 nondispersive ultraviolet
(NDUV) analyzer; and concentrations of Og were determined u~ing a Beckman
Model Series 742 polarographic analyzer. Prior to our ruodifying the Beckman
cquipment, serious dalays in accomplishing the program objectives were encountered
because of design, development, and field support problems with the analyzers as
recaived from the veador.
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Figure 57. Variation in Sample Gas Temperature with DF 96046
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Figure 58, Variation in Sample Gas Temperature with DF 96047
Length for Modified System
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Figure 69. Schematic Diagram of Instrumentation

13. Cooling Coil and ice Bath
14. Water Sample Tep

18. 60-Micron Filr

16. Oxygeri Analyzer

17. Bumer Temperature

15. Rig Air Sample Intet

FD 719988

The instruments were calibrated using vendor-certified span gases. Typical
certifications obtained for the calibration gases are shown in figures 61 and 62,
The gases were supplied in desired concentrations of the species of interest in
carrier or dilution gases. Standard high-pressure cylinders were used for ship-
ment of the gases from the vendor and for their subsequent storage. The shelf -
life for the majority of the calibration gases containing the species of interest
was unlimited; however, the operating shelf life for the NO and NOg gases was
finite. The vendor recommended that these gases be replaced after 3 months.
Nitrogen was used as the carrier gas for all of the calibration flulds except
NOg; in this case air had been recommended and used by the vendor.



Figure 60. Instrumentation Measurement System FE 124483

The analyzers in the exhaust gas analysis system had tbe following character-
istics. The possible full-scale error for each of the multiple ranges of the UHC
analyzer was +1%; the maximumm full-scale sensitivity for this instrument was
0-1 ppmv, The CO analyzer had a maximum full-scale sensitivity of 0.1% CO
(by volume) with a possible full-scale error of +0,2%. The NO and NOg analyzers
had maximum full-scalc sensi:vities of (=500 ppmv and 0~-200 ppmv, respectively;
their possible full-scale errors were 1.5 ppmv and 1 ppmv, respectively. The
water vapor analyzer had a maximum full-scale sensitivity of 0-1% HgO (by volume)
‘with a possible fuli-scale error of +0.2%. Finally, the full-scale sensitivity of the
O, analyzer in the range used during the Phase II tests (0~26% Og, by volume) was
+1

The lnstrumentationﬁsystem shown in figure 59 incorporated two independent
gas-sample transfer circuits, These circuits emanated from the single, heated,
exhaust gas mupply line that delivered exhaust gas from the traverse probe to the
instrumentation system. (See paragraph B,5.) One circuit was externally heated;
- sample gas flowing along this path was directed to the FID for UHC analysis. The
second circuit was insulated but not heated externally; sample gas flowing into this
path was directed through three parallel lines. One line was directed to the NDIR -
water vapor analyzer; one line was directed to the NO and NO9 analyzers (which
were arranged in parallel); and one line was directed to the distribution manifold.
The gas sample was not physically or chemically conditioned (other than being
directed through filter acreens) prior to its entering the water vapor and NOy
analyzers. The gas sample was conditioned, however, prior to its entering the
remaining analyzer. A drying or absorbing agent contained in a cylinder was
ircorporated at the inlet to the NO NDIR analyzer to eliminate water vapor from
the sample gas and prevent its interfering with the NO-analysis.
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Figure 61. Typical Vendor Certification for NO Calibration Gas
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The sample gas flowing to the distribution manifold was directed through a
line contained within an ice-water bath upstream of the manifold to condense the
major part of the water contained therein. The partially dried gas sample
leaving the condenser and the manifold to enter the CO, COg, and Og analyzers
was further dried by passing through cylinders containing drying agents imme-
diately upstream of the analyzers.

EPIATT LT ERATEETTARTT T AL TR, T o P AR

The condensed water from the sample gas was removed from the ice-water
bath after each full-traverse test and the pH of the condensate was measured using
calibrated pH paper and a Beckman Model Series SS-1 pH meter. No pH measure-
ments were mede after partial-traverse tests because the quantity of condensate
was essent} ally negligibie. Full and partial-traverse tests are defined later.

(See paragraph B.8, Test Classificatiou.) :

7.  Concept Evaluation
a. Alr and Fuel Staging

‘With reference to figure 63, the air staging and fuel staging concepts
evaluated in the experimental program can be described by four primary param-
eters. The first, PSAR, 18 the ratio of the air flowrate in the primary zone to

_ the air flowrate in the secondary zone. The second, PSER, is the ratio of the
“fuel flowrate in the primary zone to the fuel flowrate in the secondary zone. The
next, PHIP, is the fuel-air equivalence ratio in the primary zone. The fuel-air
‘equivalence ratio is defined as the ratio of the local and stoichiometric fuel-air

- ratlo for the oombuator.

Fu\u'e 83. Renuch Combustor Nomenclature | - FD 86741A

ratios for the fuel-air mixture ot intereat. The lut FA. Is the overull mel-alr .
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3 Three of the preceding four variables are independent. If any three are
specified, the fourth can be readily derived from the combustor geometry shown
in figure 63.

PSAR = (29)

1
{(PHIP)(0, 068)/FA} [(PSFR + 1)/PSFR] - 1

_ [(PHIP) (0. 068)/FA] [PSAR/(PSAR *+ 1
PSFR =1 [(PHIP) (0. 068)}FA] [PSA-R7(PSARH+' D] (30)
3 " PHIP = (FA/0. 088) [PSFR/(PSFR + 1)] [(PSAR + 1)/PSAR]  (31)
FA (PHIP) (0. 068) (32)

i ~ [PSFR/(PSFR + 1)) [(PSAR + 1)/PSAR]

Evaluation of the air-staging concept involved determining the variation in
distribution and concentration of exhaust pollutants with the air distribution
parameters PSAR and PHIP, and the overall fuel-air ratio, FA, at specific values

. of combustor inlet air temperature, pressure, and flowrate. A practica. combustor
design based upon the air-staging concept would require means to continuously vary
the afr distribution as FA was varied. No attempt was made to synthesize such a
configuration in this program, however. Instead, as discussed earlier, a research
combustor wss modified to have sufficient flexibility to facilitate the predetermined
variation of airflow distribution into the burner. For discrete values of PSAR, the :

burmer was determined over a range of overall fuel-air ratios. Results {rom tests

" {nvolving the systematic varjation of PSAR were then combined to describe results
that should be obtainable from a comhustor having a conttnnously modulaung air
d!smbutton system,

i , Evn!umnn of the uxhl mel-shging ‘concept involved detemming the varia~
‘tion in distribution and concentration of exhaust pollutants with the air distribution
- parameters PSAR and PHIP, the fuel-distribution parameters PSFR and PHINT,
- and the overall fusl-air ratio, FA, at specific values of combustor air inlet tem-
" perature, pressure, and flowrate. PHINT has been defined as the intormediate-
- zone equivalence ratio. (See figure 63.) Each test series conzisted of selecting
" adircrete value of the air distribution parameter PSAR, which established the
_ primary-zone equivalence ratio PHIP, and increasing the overall fuel-air ratio
by introducing additional fuel into the combustor through the secondary fiel nozzies
located downstream of the primary rone, Aa FA was lncreued then, PSFR de~
creased and PHtNT increased. ,

b.  Premixing : S
Whereas the air and fuel staging concepis described in the preceding section
-could be readily evaluated with respect to four derived paramoters, this was not -
~ found to be the case with the fuel~air premixing concept. Although some param-
eters peculiar to the premixing concept were derived, snd are described later in
this report, it was felt that the operational characteristics and performsance of

~ the premixing tubes could be better determined by examining them as a fnction
- of geaeral variables. The general variables investigated included iiner total

“variation in emission concentration and distribution at the exit plane of the research
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pressure drop, primary airflow distribution, and primary fuel flow distribution.
Evaluation of the premixing concept, then, involved determining the variation in
distribution of exhaust pollutants with variations in these general factors.

8. Test Classification

Two types of tests were conducted during this experimental program. The
first was a full-traverse test in which a detailed examination of the temperature,
pressure, and composition field was made at the discharge plane of the combustor.
Measurements taken during a full-traverse test were described earlier. (See
paragraph B.5, Traverse and Sample Gas Transfer System.)

The second was a partial traverse test in which the traversing probe was
not rotated through a full 360 deg to acquire daia at 15 circumferential locations.
Instead, the probe was rotated through less than 360 deg and dats at less than
15 circumferential locations were obtained. "In some cases, the traverse probe
was held stationary at a single location that was essentially representative of an
average species concentration, and combustor operating conditions were varied
to examine the resulting trends. Partial-traverse tests were also used when,
during the conduct of a full-traverse test, it hecame apparent that the design con-
cept being investigated did not show sufficient promise to justify a full-traverse.
test. Tho partial-traverse test provided a meaus to acquire a great deal of in-
formation expeditiously regarding the identmcauon and development of improved
component dasign techniques.

- In the graphical pmsentauon of data shown in the following sectioua. full-
traverse data are represented by open symbois, partial-tmverse data are repre-
sented by closed or darkened symbols, -

§. ° Combustor A Tm Program
s | Genen!

Combustor A was used to investigate the gencral concept of controlling
primary-zone equivalonce ratio over a wide range of fuel-air rétios. Two
principal means of accomplishing thix control were considered: axial alr staging,
or variable airflow, in which the rate of airfllow %o the primary zonc was varied
“with a concomitant variation in sccondary and dilution airflow rate to matntain
~ a'constunt total pressure drop across the burner s# the primary-zone fusl flow
rate was changed; and fitel staging, or variable fuel flow, in which the afrflow
- distribution throughout the burner remained fixed, and ose fuel injection zone
was used for low=power (low fuel-air ratfo) operation and snother zone was used,
in combination with the first, for augmentation to high-power (high fuel-air ratio}
- operation. {Se¢ figure 63 for the roglons in the burnor defined as the primary,
secondary, and dilution zones.) Although cne type of air-stagiig was evaluated,
axial, in which the amount of air aliowed into each of the three principal 2ones
“was controlied (paragruph B.7, Concept Evaluation), two types of fuel stagicg were
examined. The first was axial fuel sluging in which the secondury fuel fojection
zone was significantly separsted ia the axial tireci!>n from the primary fel
injection zone (a8 shown fn figurcs 48 and 83). The second was circumferential
- fuel siaging (n which the primary sone of the combustor was supplied with fuel
from only seven of the fourteen normal, dome~mounted fuel noszles. In some of
those fuel-staging tests, seven sequentially located fuel acazles were used (the
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remaining seven sequentially located fuel nozzles were disconnected from the

fuel supply manifold). In the remaining circumferential fuel-staging tests, seven
alternately located fuel nozzles were used (the remaining seven alternately located
fuel nozzles were disconnected from the fuel supply manifold).

In the following paragraphs, the resuits of the combustor A test program
are presented. Observations and conclusions offered are those derived from an
experimental, phenomenological viewpoint, A comparison of the experimental
data obtained during the evaluation of combustor A with predictions generated
using the general analytical model described in Section III is presented ir Section V.
The paragraphs are arranged in the general sequence in which the experimental
program was accomplished, commencing with the determination of baseline emis-
sion characteristics for the research combustor used, and concluding with the
results obtained from the circumferential fuel staging tests. In general, the
data presented and discussed include combustion efficiency, determined from
both exhsust gas temperature and species concentration measurements; and
pollutant species concentrations and distributions as functiona of fuel-air ratio
for specific design configurations, Although the text is replete with graphical
presentations to quantify discussion of the data, no extensive tables of data are
interspersed. Instead, capaclous tables of data are offered in the appendixes.

b. Buel!ne Emisaions Charaeteristics
The intent of this initial seﬂea of tests was to establish baseline emissions

. characteristics for combustor A over a range of fuel-air ratios that encompassed

5oth low-power and high-power conditions. Results fiom these tests were in-

. tended to serve as a datum for a representative full-scale, statio-fed, annular

combustor that had been designed without proviston for reducing or eliminating

_ undesirable exhaust emisafons, The results were to serve as a basis of com-

parison for test results that were to be obtained later in the experimental proznni.
The baseiine configuration of combustor A, Jusigoated Scheme 1~1A, was designed

E to operute at an oversll fuel-air ratio of 0,022, A summary stowing the airflow

disteibution schedule for Snheme 1- 1A 18 presonted in figure 84, At the overall

" design fuel-afr ratio of 0,022, the prinary-zone equivalence ratio (PHIP) for

this configuration was 0.7, and the primary-to-socondary airflow rate ratio
{PSAR) was 0,36 {this was ths highest value of PSAR evaluated during the com-

- bustor A test programj. The total amount of air used for cooling of the Scheme 1-1A |

burner (COOLP) wai approximotely 30% of the combustor total airflow. This was
a conservative amount that had provided ample codling of the liners in previous
tests using this combustor. Approximately 30% of this total was used foi cooling
the liners msd dome in the primary xone (CAP), The amount of air entering the
primary zone through the dome-mounted fuel nozzle swirlers (SWAP) wis approxi=

_mately one-third of the total air entering the primary zove. The remaining air

entering the primary zone to achieve a PHIP of 0.7 at a fuel-sir ratio of 0, 022
was deflned as primary penetration air (PAP). Dilution-zone penetration air

was supplied equally from the ID and OD linere. As described esrlier, there
were two air penetration holea for cach primary fuel injector; this wus considered
to be consistent with conventional practice, providing an acceptable scale of turbu-
jence for mixing. mmdarummmtwlmumdurmlyhdu is shown

inm:'e«.
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0.004 - 0.020

Figure 64. Summary Sheet for Combustor A - FD7 1999
4 Schemes 1-14 and 1-1B o

In the course of the initial baseline tests with Combustor Scheme 1-1A, it
“became apparent that the combustion efficiencies being obtained in the low fuei-
alr ratio range were higher than those thet were usually experienced tn practice
with conventional combustors, In general, combustion efficioncy would be ex-
- pected to peak-out at its design-point value (in this case 0.022) and then gradually

drop off as the fuel-air ratio was reduced (o that corresponding to idle operation. .

An ostensible reason for the resulls obiained was that the fuel thjectors
being used provided a greater degree of fuel atomization at the low flowrates
aseociated with idle operation than fuel nozzles typically used in practice. The
fuel frjectors used in the initial basoline tests were common, simplex, ofl~
-burner nozzles that provided s 90~deg, hoilow-~cone dispersion of JP-5 fuel at

8 design-point flowrate of 4 gph at a difforential pressure of 128 pst.

- Accordingly then, a second series of basoline tosts was conductod using

. the same combustor arrangement, but a differont set of fuel notiles. The over-
all combustor scheme used for these tests was referred to as 1518, The re-

- placeinent noztles were also common, stinplex, ofl-burner injectors thut pro-

- vided a 80-deg, hollow-conc disparsion of JP-5 fuel; however, thelr design-point

. flowrate wue 2 gph at a differential pressure of 125 psf. The fuel flowrate-
pressure drop characteristics for the two sets of fuel nozsles are shown in -

ure 85, Although no experimental determination was made of the spray char-

acteristics of ¢ither set of notzles, ostimates of the Sauter mean diameter (SMD)

of the apray from each type as a funclion of pressurc drop were mado using the

method of Reference 29. (See table Vill.) Lower combustion efficioncies, more

in keeping with conventional practice, were thus obtained in the idle ringe using

the 2-gph fuel noxzles. As a result of the use of two differeat fuel injectors, a

_ m’org comprehensive set of baseline test results was obtatned.
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Table VIII, Predicted Droplet Diameters
! _ I 2 gph Nozzles 4 gph Nozzles
' Fuel Flowrate, AP, SMD, AP, SMD,
FA pph psid - microns psid ‘microns
0.002 3.v9 5.3 109 1.5 180
0.004 6.17 21.2 74 6.0 124
0.003 12, 34 86.0 0 23.8 85
0,012 18,51 190.0 - 41 K0,0 69
0,16 24,70 340.0 34 88,0 60
0,013 27.80 430.0 32 112,90 56
0,022 33.90 625.0 29 163.0 50

Figure 66 shows the variations in combustion efficiency, using both tem-
peraiure and exhaust gas analysis measurements, with fuel-air ratio for both
sets of baseline tests. Throughout this report vaiues of combusiion efficiency
determincd nsing temperature measu.cments will be referred to as EFFMB;
values of combustion efficiency determined using gas analysis measurements
will be referred to as EFFGA. Yor Cumbustor Scheme i~1A, values of EFFMB
ranged from 92% at a fuel-air ratio of 0, 0027 to 97% at fuel~air ratios above_ 0, 006.
On the otker hand, EFFGA was higher over this range of fuel-air ratios, from ap~
proximately ¢ percentage points at the low~power end to approximaiely 2 percent-
nge poinis ai the higher. This trend was not nearly a3 pronounced for the tests
condunted using the 1~18 confiquration even though generally high levels of com-
bustior. efficiency were obtained. In fact, the number of tests in which EFFMB
‘was grocter than EFFGA were nearly the same as those for which the opposite
was observed. _
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3 180 DIA
3
Design Point Charactsristics l
Oversit Fusl-Alr Ratio 0.022
3 Primary Zone Equivalence Ratio o7 10.0 DIA
: Liner Presure Loss 1.5%
Reterence Velocity 100 fps
Fuel Injector Pressurs Atomizing
Film Coofling Air Flowraste 30.0%
Test Conditions
(nket Air Tempersture 400°F
lnlet Air Prossure ’ 15.2 psis
Fuel Air Ratio Pangs 0.004 - 0.020
Figure 64. Summary Sheet for Consbustor A FD 7199¢

Schemes 1-1A and 1-1B

In the course of the initial baseline tests with Combustor Scheme 1-14A, it
became apparent that the combustion efficiencies being obtained in the low fuel-
air ratio range were higher than those that were usrilly experienced in practice
with conventional combustors. Ia general, combustion efficiency would be ex~
pected to peak-out at its design-point value (in this case 0.022) and then gradually
drop off as the fuel-air ratio was reduced to that corresponding to idle operation.

2 Fror P R

An ostensible reason for the results obtained was that the fuel injectors
being used provided a greater degrce of fuel atomization at the low "owrates
associated with idle operation than tuel nozzles typically used in practice. The
fuel injectors used in the initial baseline tests were common, simplex, oil-
burner nozzles that provi .ed a 90-deg, hollow-cone dispersion of JP-5 fuel at
a design-point flowrate of 4 gpi at a differential pressure of 125 psi.

Accordingly then, a second series of baseline tests was conducted using
the same combustor arrangement, but a different set of fuel nozzles. The over-
all combustor sci.eme used for these iests was referred to as 1~1B, The re-
placement nozzles were also common, simplex, oil-burner injectors that pro-
vided a 90-deg, hollow-cone dispersion of JP-5 fuel; however, their design-point
flowrate was 2 gph at a differential pressure of 125 psi. The fuel flowrate-
pressure drop charactervistics for the two sets of fuel nozzles are shown in fig-
ure 65, Although no experimental determination was made of the spray char-
acteristics of either set of nozzlcs, estimates of the Sauter mean diameter (SMD) B
of the spray from each type as a function of pressure drop were made using the
method of Reference 29. (See table VIII.) Lower combustion efficiencies, more i
in keeping with conventional practice, were thus obtained in the idle range using §
the 2-gph fuel nozzles, As a result of ihe use of two different fuel injectors, a :
~more comprehensive set of baseline test results was obtained.
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Figure 65. Variation in Fuel Flowrate and FA FD 72145
with Pressure Drop

Table VIII, Predicted Droplet Diameters

2 gph Nozzles 4 gph Nozzles
Fuel Flowrate, AP, SMD, AP, SMD,

FA pph psid microns psid microns
0.002 3.09 5.3 109 1.5 180
0.004 6.17 21,2 74 6.0 124
0.008 12.34 86.0 50 23.8 85
0.012 18,51 190.0 41 50.0 69
0.016 24.70 340.0 34 88.0 69
0,018 27. 80 430.0 32 112.0 56
0.022 33. 90 625.0 29 163.0 60

Figure 66 shows the variatious in combustion efficiency, using both tem-
perature and exhaust gas analysis measurements, with fuel-air ratio for both
sets of baseline tests., Throughout this report values of combustion efficiency
determined using temperature measurements will be referred to ss EFFMB;
values of comburtion efficiency determined using gas analysis measurements
will he referred to as EFFGA. For Combustor Scheme 1-1A, values of EFFMB
rany, .d from 92% at a fuel-air ratio of 0.0027 to 97% at fuel-air ratios above 0, 006,
On the other hand, EFFGA was higher over this range of fuel-air ratios, from ap-
proxiii -’ 'y 4 percentage points at the low-power end to apnroximately 2 percent-
age poinis 't the higher. This trend was not nearly as pronounced for the tests
conducted using the 1-1B configuration even though generally high levels of com-
bustion efficiency were obtained. In fact, the number of tests in which EFFMB
was greater than EFFGA were nearly the same as those for which the opposite
was observed.
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The reasons for the differences between EFFMB and EFFGA in the
Scheme 1-1A series have not been completely ascertained. One might be
tempted to accept EFFMB as correct if precedence or past experience were the
predominant influence. However, an error of only 2% in EFFMB is needed tc
achieve the EFFGA values. To encounter such an error in temperature measure-
ments used to determine EFFMB is not inconceivable. On the other hand, an
error of over 100% in measured concentrations of UHC and CO would be needed
to have EFFGA match EFFMB, It is highly improbable that such concentration
measurement errors could be obtained at low values of fuel-air ratio where UHC
and CO concentrations are relatively high. It would appear that EFFGA at low
fuel-air ratios should be more correct than EFFMB, Unfortunately, others who
have conducted tests to compare temperature and concentration determined com-
bustion efficiencies have also observed EFFMB to be lower, and significantly
lower in some cases, than EFFGA, see Reference 30. Of th>-27 tests reported
in Reference 30, only four showed EFFGA lower than EFFMB, . -eyer, the
values of fuel-air ratio for these four tests were all greater than 7,008, Under
these circumstances, it is not inconceivable that EFFMB was highe. than EFFGA
because the measured temper ~tures were higher due to catalytic reactiors occurring
at the tips of the thermocouples. Additional work needs to be done in this urea of
efficiency measurement using thermocouples before any conclusions can be drawn.

- Figure 67 shows the variation in UHC concentration with fuel-air ratio for
tests conducted using Combustor Schemes 1-1A and 1-1B, In the initial series
using 2-gph fuel nozzles, UHC concentrations less than 10 ppmv were measured
above a fuel-air ratio of approximately 0.007; this level is not characteristic of
operating engines. The UHC level was not elevated that dramatically, on an
absolute level, when the 4-gph fuel nozzles were substituted. On a relative basis,
however, the UHC concentration did increase ten-fold at a fuel-air ratio of 0. 006:
demonstrating the strong influence of fuel droplet size on completeness of com-
bustion (for a system in which the residence time is fixed).

In general, for Combustor Schemes 1-1A and 1-1B, as the overall fuel-
air ratio was reduced below its design-point value of 0. 022, which corresponded
to a PHIP of 0,7, UHC emission concentration increased. Although the absolute
levels were relatively low, the trends were simflar and significant, They indicated
that as the fuel-air ratio was decreased, PHIP was further removed from its design-
point value, the primary zone became leaner, the local combustion temperature
decreased, and the concentration of UHC in the combustor exhaust gas increased.
This increase in UHC concentration resulted in the decrease in combustion effi-
clency. (As shown in equation 28, the influence of UHC in the exhaust gas is the
prediminant variable influencing combustion efficiency, contributing four times
as much to inefficiency, for each emission index unit, as CO.)

Figure 68 shows the variation in CO concentration with fuel-air ratio for
tests conducted using Combustor Schemes 1-1A and 1-1B, For the tests of
Scheme 1-1A, CO concentration initially decreased, passed through s minirmum
at a fuel-air ratio of approximately 0,007 and then commenced to increase. In
tests of the 1-1B combustor arrangement, CO concentration increased continuously
with fuel-air ratio.
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Figure 66. Variation in Combustion Efficiency with DF 96048
Fuel-Air Ratio for Tests with Combustor
Schemes 1-~1A and 1-1B

Figure 67. Variation in UHC Concentration with Fuel- DF 96049
Air Ratio for Tests with Combustor
Schemes 1-1A and 1-1B
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Figure 68. Variation in CO Concentration with Fuel- DF 96050
Air Ratio for Tests with Combustor
Schemes 1-1A and 1-1B

The differences in the shape of the CO concentration-fuel-air ratio curves
for the two schemes at very low fuel~air ratios can be attributed to differences
in the effective local equivalence ratios within the primary zones of the com~
bustors which are caused by different degrees of fuel atomization produced by
the two types of fuel nozzles. At higher fuel-air ratios, the trends were gen-
erally similar, and in terms of combustor operating characteristics, can be
attributed to the fact that as the fuel-air ratio was increased, combustion loading
was increased and the reaction front was moved downstream out of the primary
zone. At the higher fuel-air ratios, the reacting gases were quenched by dilu-
tion afr in the secondary zone. In general, CO concentration would be cxpected
‘o decrease with increasing fuel-air ratio as long as the reaction front remained
upstream of the dilution zone, as might be the case if the fuel droplets were
small, but would increase if the reacting mixture contaoted the dilution air and
was quenched. If large droplets are present, this quenching ocours at very low
fuel-air ratios because these droplets require a longer length to burn to comple-
tion and, therefore, come into contact with cold penetration air sooner. This
proposition was supported by visual observations of the combustion process during k
the tests. At'a fuel-air ratio of approximately 0.004, a visible, luminons flame -1
front was observed that extended from the primary zone approximately half way to : :
the dilution zone. However, at a fuel-air ratio of approximately 0.012, the flame :
front extended the entire length of the combustor to the exit plane. These observa-
tions were only qualitative, but they do provide a plausible explanation for the
trend observed. The overall levels of CO concentration obtained with baseline
Schemes 1-1A and 1~1B, however, were substantially above, acceptable low~- .
emission limits throughout the entire range of fuel-air ratios examined.
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The variations in the concentrations of NO, NO2, and NOy (NO r NQg) with
fuel-air ratio for Schemes 1-1A and 1-1B are shown in figures 69 through 71.
NO concentrations generally increased with incr«asing fuel-air rat.s in the tests -
of both schemes; however, the levels were noticeably lower for those in which
4-gph fuel nozzles were used. NOg concentrations, on the other hand, were
nearly the same for both schemes over most of the range of fuel-air ratios
examined. However, at the highest values of fuel-air ratio, NOg concentrations
measured during tests of the 1-1B scheme were markedly lower. Concentrations
of NO and NO, in combination are shown in figure 71. NOy levels obtained during
tests of the 1~1A scheme were approximately twice those obtained during tests of
Combustor Scheme 1~-1B. Thege concentration levels were generally representa-
tive of those observed in exhaust gas from operational engines having combustor
inlet air temperatures in the 400°F range. (See Reference 31.)

c. Evaluation of Air Staging

The concept of air staging was evaluated by systematically varying the com-
bustor airflow distribution to achieve & near-constant value of PHIP over the
range of FAs corresponding to those from idle to full-power operation, In con-
ventional burner design practice, a fixed airflow distribution is used that provides
near-stoichiometric values of PHIP only at full-power conditions. Therefore, at
lower values of FA, as discussed earlier, PHIP is much lower, ranging to values
of 0.3 and less at idle. With the air-staging concept, primary-zone airflow {s
controlled and is reduced during idle operation to achieve a value of PHIP near
the stoichiometric value.

RN

Flgure 69. Varlntlon in NO Concentrmon with Fuel- DF 86051
Afr Ratio for Tests with Comhushor
Schemu 1-1A and 1-1B
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_ Figure 70. Variation in NOg Cuncentration with Fuel- DF 96052
Afr Ratio for Tests with Combuntor
Schemes 1-1A and 1-1B
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Figure 7. Varlatlon in NO, Concentration with Fuel- DF 96053
Afr Ratio for Test with Combustor
Schemes 1~1A and 1-1B
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PSAR was designated as the defining parameter in the air-staging tests.
As discussed in the preceding section, this parameter defines the combustor
airflow distributicn required to achieve a desired value of PHIP at a particular
value of the overall FA, The interrelationships between these derived parameters
were presented in an earlier section.

To vary the combustor airflow distribution in actual practice would, of
necessity, require some mechanical or aerodynamic means for continuously ad-
justing combustor air-inlet hole area to provide the optimum airflow distribution
in the primary zone for a given value of FA. In the tests conducted under Phsse II
the adjustment feature was achieved not in a continuous mede but by using four
fixed airflow distribution schemes, each designed for a different value of FA.

The important design-point parameters for these four schemes are shown in
table IX. Summaries of the airflow distrlbution for the four schemes are shown

in figures 64, and 72 through 74.
Table IX. Air-Staging Design~Poiat Parameters

Design-Point PHIP at
Scheme PSAR FA Design~Point FA
. 0.88 0.022 07
2-1A 03l . 0016 1.0
314 0.2 0012 - 1,0
4-1A 0,18 0,008 RN ]

~ With reference to table IX, each scheme was tested over a range of FAs
centsred about the design-point value, It was expectod that combustion effi-
clency would be high in the vicinity of the desigu point for each scheme, with a
decline occurring at both extremes of the FA range evaluated, Therefore, by
combining the results from the evaluation of four different airflow distribution
schemes having four different design-point FAs, the good performance (high com-
bustion efficiercy and low UHC and CO concentrations) achievable with a con- -
tumoucly varisble air distribution lyntem could be estimated.

~ To tsolate the influence of PSAR as completely as poutble. care was ukan
with the experiments] hardware to retain the same combustor hole pattern and the
same values of the swirler-to-penetration airflow ratio in the primary zone of
each of the four schemes. Variations in combustor airflow distribution were
‘accomplished by changing individual air-entry hole aress within the fixed distribu-
, tiod pattern. Thus, the parameter PSAR could be altered without introducing the
- dﬂdmdhﬂmm&ﬂﬂgﬂhnnmwdmmmsmmmmedr-

entry distribution pattern. :

: Ofthem&ypeodmdmzlemedmmeweIMem theal-gphooarser
atomizing injectors were selected for use in all of the ur»shginc tests becmse .
they were more representative of conventional practice,
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Scheme 4-1A

. ’teai results ob.wned with the fou.r schemes verified the expécted improve- -

ments {n combustion efficiency at low~power as PSAR was decreased. The varia-

tion in both EFFMB and EFFGA with FA and PSAR is shown tno figure 75, The

" ourve showing the dats for Scheme 1-1B, in which PSAR was 0,88, {s x reproduc-

~ tion of the baseline rosults that were shown in figure 86 for tests conducted with
. 4<gph noszles. This scheme, which had a design~point FA of 0,022, exhidbited
combustion efficiencies in excess of P9% in its design-point range and above 985
to an FA of 0.008, At values of FA lower than 0.008, a decline in efftciency to
95% was observed. Scheme 4-1A, in which the PSAK was 0,13 and the design~
© point FA was 0,008, demounstrited higher efficlencies at low-power operation a4

anticipated; officiency levels were maintained in excess of 987 to an ¥\ of 0, 0045, )

.~ At'values of FA above 0,010, the level dropped below 98%, indicating that the
" usefil range of operation for Scheme 4~1A was in the range of FAs from 0.0045

" t0 0,010, With Scheme 3-1A, in which the PSAR was 0. 21 and the design-point
FA way 0,012, efficiencics ubove 98% were maintained over a range of FAs from
0.007 to 0,014, Scheme 2-1A, with a PSAR of 0.31 and a design-point FA of

. '0.016, demonstrated high efficionsies over the brosiost range of FAs; lovels

near 99% were achieved over an FA range of 0.008 to 0. 014, and levels in oxcess
of 987 were attained up to an FA of 6.019. By combining the bast portions of

. each curve, combustion efficiencies can be maintained above 98% down to an FA
of 0.0045, Figure 75 shows, therefore, that air staging can be used to extend the
same high values of combustion efliciency obtained at Kli-power operutm to the

"~ low-power range.
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Figure 75. Compurisan of Variations in Combuaﬁon DF 96054
Efficiency with Fral-Air Ratio for Tests .
Conducted with Combustor Schemes l—lB. :
2-1A, I»1A, and 4=3A

The variation in UHC ooneentration with FA and PSAR for the four combustor
schemes evaluated is shown in figure 76, Scheme 1-1B, the baseline, configura-
tion exhibited relatively low levels of UHC concentration only in the vicinity of the

drsign~point FA. Scheme 4-1A achioved the greatest reduction in UHC concen-
. trations at very low values of FA. Schemes 2-1A and 3-1A exhibited UHC con-

ceatration levels below baseline values over the FA range {rom 0.008 to 0. 019,

By combining the best portions of each of the preceding curves, UHC concens

tration lovels below 45 ppmv cai bo minuﬁmd over the FA range from 0,004

l&) 0. QSQ

Scheme 4~1A, whk:h had been especmd to ptodnm the !omt moentralion
of UHC during kil operation, exhibited an tnercasing trend tn UHC concentration
atove an FA of 0.006, This curve crossed and exceedsd the UHC curve for

“Scheme 2-1A st an FA of approximately 0.0092. This trend is believed to have
- been caused by an over-rich condition in (he primary zose, which might be the
‘result of s assumption used {n cstablishing the dosign point, vis., that all pri-

mary penetration airflow recirculates in the combustor and &8 Nlly utilized tn -
the reaction process. It would sppear that this aesumption is not entirely correct;

_only part of the penetration uir {s effectively recirculatod and that the actual, ex-

perimentally determined, design-point FA is closer to 0.005. In this case, the
original design-point FA of 0. 008 corresponds to a PHIP of 1.6, which is well
beyond stoichiometric and sufficientiy high o cause a decline in combustion effi-
clency and an fncrease in UHC concentration. No explination s resdily apparest
for the behavior of UHC voncentration with FA for Scheme 3-1A; it had been ex-
pected that Scheine 3-1A would have produced lower th cmission levels than

- Schome 2~1A.
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Figure 76. Comparison of Variations in UHC Con- DF 96055 .
centration with Fuel-Air Ratio for Taests E
Cotducted with Combustaor Schemes I-IB.
- 2=1A, 3—1A, and 4-1A :

The vnrinuon in CO onncentrauon wi'.ts FA and P:;AR is shown in ﬁgure 1?. _
The baseline configuration preduced CO concentration levels in éxcess of 400 ppmv
- over the FA range from 0,004 to 0,020. Reductions in these levels were achieved
in Schemes 2-1A, 3-1A, and §-1A in the lower-power range. By combining the
best portions of the CO concentration - FA curves for cach scheme a composite
curve can be synthesized that has CO concentraiion levels increasing frox a low
_-value of approximately 140 ppmv at an FA of 0,004 to & high value of 600 ppmv -
at as FA of 0.0185. This composite curve would be composed of the Scheme 4~1A
results tn the FA range less than 0. 006; of Scheme 2-1A results in the FA runge
" betwoen 0.008 and 0.012; and of Scheme 1-1B resulis at values of FA above 0,012,
“Agein, as to the vase of UHC, no explanation is readily spparent for the fact that -
Bcheme 3=14, with » design-point FA of 0, 012, produced higher concentration
levels of CO than Sébemu. 2-1A with a design-yolnt FA of 0.018 tn the low power :
rango.

~ The CO concentrations obthimd with all four :chem v ‘---tad were htgb.
represcoting decreinents tn combustion eificiency from 0.7 to 1%. However,
the genersl capibility of reducing CO emission levels at low-power conditions by -
incorporating the air staging voncept was demonstrated. The tnability to achieve
lower CO concentration lovels may be due to. a limitation of the fuel delivery means

- {pressure~-atomizing fuel noxtles) that were etnpleyed, oc to detalled considerations
relating to the edmission of air into the four resesrch burner configurations. -
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F!gure 77. Comparison of Variatiens in CO Con- DF 95056
. centration with Fuel-Air Ratio for '
Tests Conducted with Combustor

. Schemes 1-1B, 2-1A, 3-14, and 4-1A

The variations in NO, NQg, and NOyx (NG + NOg) concontrations are shown

in figures 78 through 80, respectively. The trends s caonform generally to
~those expected. Both NO and NOy concentrations increasad with increasing

values of FA, and with decreasing values of PSAR, These results indicate simply

that higher concentrations of NO and NOj were formed as the primary zone became

richer and reaction temperatures incroased. In the case of Combustor Scheme 4-14,

however, thers was n decroase In concentrations of both NO and NOg with FA in the

FA range from 0,008 to 0,010, In this range, values of PHIP were above stolohio~

metric, and it is believed that the declines in concentrations correspond to do-

creased reaction temperatures eommcnmra&e with equivalanee ratiog greater

than stoiehtometm,. ,
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An exception to the general mmd of nttrogen oxide concentrations increasing ST
with FA {3 seen in figure 80 where the NOy concentration for Scheme 3-1A is higher = cod

at an FA of 0,004 than at 0.008. No explanation is readily apparent for this trend.
Data contained in figures 78 ummgh 80 for UHC, CO, and NOy, concentrations, :

_ respectively, have been crosa-plotted in figurce 81 thmugi: 83 to terms of varia- L
. tions in pollutant concentrations with PSAR for various values of FA. For twoth .

UHC and CO, the lowest concentration levels attatned for a nominal idle FA of
0. 008 were achieved at a PSAR of 0,31 using Scheme 2-1A. As discussed tn a : S
preceding section nn UHC results, it is belioved that the effective design-point S
FA was actually differcnt than the original caloulated vajue, f.e., 0,018 for

Scheme 2-1A, and was, in fact, approximately 60% lownr. Under these clrcum-
stances, Scheme 2-1A wouid have been operating at a PHIP of 0. 8 at an FA of 0.008, §
which is ideal for pruducing iow concentrations of UHC and CO, 5o
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Figure 78, Comparison of Variations in NG Con- DF 96057

centration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 1-1B,
2-1A, 3-1A, and 4-1A
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Figure 79, Cowparison of Variziions in NOy Con-

"DF 96358
centration with Fuel-Air Ratio for Tests '
Conducted with Combustor Schemes 1-13,

2-1A, 3-1A, and 4-1A
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Figure 80, Comparison of Variations in NOy Con-  DF 96059

UKC CONCENTRATION - ppmv

centration witk Fuel=Air Ratio for Tests
Conducted with Combustor Schemes 1-1B,
2-1A, 3-1A, and 4-1A
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Variation in UHC Concentration with DF 96060
PSAR and FA for Tests with Combustor
Schemes 1-1B, 2-1A, 3~1A, and 4-1A
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Figure 82, Variation in CO Concentration with DF 96061
PSAR and FA for Tests with Combustor

z Schemes 1-1B, 2-1A, 3-1A, and 4-1A
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The variation in NOy concentration with PSAR is shown in figure 83. Except
for the hump in the curve at an FA of 0,004 for a PSAR of 0.21, a reasonably con-
sistent family of curves was obtained. Figure 83 shows clearly that NGy concentra-
tion increases both with decreasing PSAR and increasing FA; the direction of both
trends leads to increases in reaction temperature.

d. Evaluation of Axial Fuel Staging

The concept of axial fuel staging has been generally described in preceding
paragraphs., In brief, with axial fuel staging, both primary and secondary fuel
injection zones arc used. The primary fuel injection zone, located in the forward
part of the combustor served to provide a flowrate of fuel intothe combustor
commensurate with low-power engine operation, PHIP was maintained at a limit-
ing value for idle-operation by incorporating a fixed, low-power, combustor air-
flow distribution schedule and limiting the primary injection zone fuel flowrate.
The secondary fuel injection zone, located further downstream near the axial
midpoint of the burner, was used to provide flowrates of fuel into the combustor
to achieve values of FA greater than those corresponding to idle conditions, Fuel
from the secondary zone was used to augment that from the primary zone to
achieve values of FA up to those corresponding to full-power operation. The ex-
perimental hardware used in the evaluation tests has been described earlier.

(See paragraph B.3, Experimental Combustors.) Specifically, however, the
hardware was arranged to accommodate two different fixed airflow distributions
and two types of secondary fuel nozzles,

The two airflow distributions represented'values of PSAR of 0.15 cnd 0,31,
corresponding to Combustor Schemes 4-1A and 2-1A, respectively. {These
schemes were described earlier,)

The two types of fuel nozzles used in the secondary injection zone were air-
blast and pressure-atomizing. Air-blast fuel nozzles were used initially because
of their demonstrated capability in previous experimental programs to provide
extremely good fuel atomization at low flowrates. Unfortunately, it was not dis-
covered until later in this test program that these air-blast fuel injectors pro-
vided very poor atomization under the conditions of fuel flow and burner pressure
drop at which they were being operated, Atomization characteristics for the air-
blast nozzles are shown in figure 84, The good physical characteristics that had
been observed with these nozzles in previcus programs were largely caused by
the available air pressure being much higher than it was in the fuel-staging test
series. This information was not obtained, however, until after the series had
been completed. Accordingly, then, an aclditional test series was conducted using
pressure-atomizing fuel nozzles in the secondary injection zone. These pressure
atomizing nozzles werc the same as those used in the 1-1A test series, viz.,
those having design-point flowrates of 2 gph JP-5 at a differential pressure of
125 psl; their flow characteristics were shown earlier in figure 65.

The potential for the axial fuei-stagirg concept to serve as hypothesized
with the specific combustor configurations was somewhat questionable from the
onset of the experimental program, Analytical predictions made using the pre-
liminary combustor model, indicated that secondary-zone performance would be
poor; concentrations of UHC and CO in the combustor exhaust gas would be high.
This conclusion was predicated on the fuel and air arrangement in the vicinity of
the secondary injection zone. Physical limitations of the regsearch combustor
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configuration were such that only a very short mixing and burning length, approxi-
mately 2 in., was available from the axial location at which secondary fuel
entered the burner to the location at which air entered through dilution jets,
Despite the anticipated poor performance predicted by the preliminary analytical
model, the axial fuel-staging tests were conducted as planned not only to evaluate
axial fuel-stagiug as a design concept, but also to provide experimental data to
verify or negate the model predictions. The use of data from closely controlled
experiments is invaluable in guiding, qualifying, and refining analytical predic-
tion methods. In the case of the fuel-staging concept, analytical predictions

were verified by experiments.

SMD - microns

100 —

105" |
o/f:/iklti

/ 24 868 010

FUEL FLOW - pph

l
I
I
|
I
I
|
l
I
I
I
ol

Figure 84. Variation in Sauter Mean Dlameter with  FD 72108
Afr Differential Pressure and Fuel Flow

The variation in UHC concentration with FA and PHIP, for the initial sexizs
of fuel-staging tests is shown in figure 85. Additional curves, superimposed on
this figure for comparison include the variation in UHC concentration with FA
from tests of Combustor Scheme 4-1A without secondary fuel injection, and from
tests of baseline Scheme 1-1B. The UHC concentration levels obtained using sec-
ondary fuel injection were two orders of magnitude higher than those obtained
using the baseline 1-1B configuration or the 4-1A nonstaged arrangement. UHC
concentration increased with increasing values of FA and with decreasing values
of PHIP. (For a given value of FA, PHIP was decreased by transferring fuel




from the primary zone to the secondary zone fuel injectors.) The general con-
clusion from these tests regarding UHC emission levels obtained during fuel-
staging tests is that very high concentrations of UHC were observed whenever
fuel was supplied through the secondary injectors, and that the concentrations
increased in proportion to the amount of secondary fuel added.

Figure 86 shows the variation in CO concentration with FA and PHIP for the
initial series of fuel-staging tests. Superimposed on this figure are results from
baseline tost series 1-1B and from tests of Combustor Scheme 4-1A without sec-
ondary fuel injection. As in the case of UHC emissions, CO concentration levels
increased only one order of magnitude. It would appear that UHC was being
quenched at a more rapid rate than the rate at which fuel was being converted to
CO.
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Figure 85, Comparison of Variations in UHC Con- DF 96063
contration with FA and PHIP for Tests
Conducted with Combustor Schemes 4-1A
and 1-1B . _

The variation in NO, concentration with FA and PHIP {s shown in figure 87,
with reference curves for data obtained from tests of Schemea 1-1B and 4-1A
{without secondary fuel injection). - The NO, concentration levels observed when
secondary fuel injection was incorporated were higher than those obtained from -
either the baselite tests or tests of Scheme 4-1A without secondary fuel infection,
NOy concentration levels generally increased with both FA and PHIP., At values
of FA lessa than 0.0166, NOy concentrations increased directly with increasing
valucs of PHIP; however, at values of FA greater than 0.0166, NOx concentra-
tion levels increased more rapidly with decreasing values of PHIP. It is sus-
pected that at an FA near 0,0166, a transition occurs in the mechanism(s) re-
sponsible for the formation of nitrogen oxides. For values of PHIP {n the range
from 0.5 to 1.25 up to an FA of 0.0166, NOx was most likely formed primarily by
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a thermally induced mechanism, i.e., as FA was increased, the reaction tem-
perature was also increased, the rate of reaction for NOy formation was greater,
and more NOy was formed. However, at values of FA greatc. than 0, 0166 for a
PHIP of 0.5, the thermal mechanism appears to be supplarted or hyperactivated
by another mechanism and NO, concentration levels increased significantly., With
due reservation, because of aTack of detailed substantiatiox, it is conjectured that
the other mechanism responsible for increasing NO, concentrations is catalytic in
nature. When high NOx concentrations have been ol’)‘selved in this experimental
program, primarily in the fuel-staging and atomization evaluatiou tests, high con-
centrations of UHC have also been observed. It is not inconceivable that homo-
geneous catalytic reactions involving partially oxygenat:d hydrocarbon species
could be responsible for the high NOx levels. Additional work shou'd be under-
taken in this area to better understand mechanisms ccatributing to the formation
of oxides of nitrogen i{n gas turbine engine combustion <hambers.

Flgure 86. Comparison of Variadons fn CO Con- ~ DF 96064
centrution with ¥A rnd PHIP tor Tests
Conducted with Combustor S:hemes 4~1A
pad 1-1B

The variatiou in combustion emclency.i both EFFMB and EFFGA, with FA
is shown in figure 8. Inasmuch us on'y two ‘ull-traverse tests were conducted,
only two data poi-ts are shovm for EFTMB. Full temperature traverses were
necessary to cal :ulate meaningful values of EFFMB. The decision to eliminate
-most of the full-traverse t«-sts that had been original!y planned for evaluating axial
. fuel-staging, in deference to partial traverse tests, was predicated on the high
levels of objectionable eminsfons observed while testing, Valuos of EFFGA shown
in figure 88 were calculated from partial-traverse concentration data. Concentration-
based values of combustion efficiency calculated from small population samples
have inherently greater accuracy than thermocouple~based calculations. Consequently,
values of EFFGA for both full and partial-traverse tests are preseated in figurc 88,
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In general, it can be seen that efficiency increases with FA despite the fact that
both UHC and CO concentrations also increase. This behavior indicates that even
though the absolute concentrations of UHC and CO increased with FA, the fuel-flow
normalized concentrations, i.e., emission indexes, decreased. As shown in
equation 28, combustion efficiency increases as UHC and CO emission indexes
decrease.
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thure 87 Compariaon of Variations m NOg Con-  DF 96065
centration with FA and PHIP for Tests : '
Conducted with Combustor Schemes 4-1A
and 1-1B

The reason for the discrepancy between EFFMB and EFFGA is believed to
be due to catulytic reactions of combustor exhaust products such ac UHC and air
on the platinum/platinura~10% rhodium thermocouples and thermocouple sheaths
in the exit travorse probe. If this does, In fact, occur in the immediate vicinity -
of thermocouples, erroneously high exit traverse temperatures would be recorded,
k. resulting in higher values of combustion efficlency than those calculated from '
¥ exhaust emission concentrations.

™ sl R L ShSCANNRERE Cts 0 o\ s e

A second scries of axial fuel staging tests was conducled {o ascertaln

_ whether the poor results obtained with the axial fuel-staging concept were due
2 S to the air-distribution scheme (4~1A) and secondary fuel nozzies (air-blast) used
= - or to the concept itself. A leaner fromt end air-distribution scheme was selected

© to decrease the quantity of quenchiag air aft. The fuel nozzles seiected for use in
the secondary injection zone were the 2-gph pressure-stomizing type that had
performed so well in the 1-1A baseline test series. This nozzle-combustor

configuration was referred to as Scheme 2-1B.
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Flgure 88. Comparison of Variations in Combustion DF 96066
Efficiency with FA and PHIP for Tests
Conducted with Combustor Schemes 4-1A
“and 1~1B -

. Experimental evaluation of Scheme 2-1B demonstrated that the trends in -
-UHC and CO concentrations with FA and PHIP were similar to those observed in

the first serles; the concentration lovels, however, were somowhat less in the

second series. These results are shown In figures 89, and 90 for UHC and CO,

respectively, with results obtained from the Scheme 4-1A series shown superimposed -

for reference. The slightly lower UHC and CO concentration tevels are attributed
to both the alr distribution and fuel Injection modifications imorporated in
Scheme 2-1B,

. Strangely enwgh. as shown in figure 91, significantly lower concentrations
- of NOx were Shiained in the tests of Scheme 2-1B than 'vere obtained in the (irst
axial fucl-staging series using Scheme 4~1A, The resson for this trend is still
unclear. Conditions throughout the combustors in the 4-1A md 2-1B series
-should have been qum- simnar.

The variation in combusucn efficiency with FA and PHIP is shown in
figure 92. As with Scheme 4-1A, combustion efficlency increased as PHIP was
increased; the efficiency levels for Scheme 2-1B, however, were higher than
those for Scheme 4-1A. This trend follows because UHC and CO coacentrations
in the exhaust gas from the Scheme 2-1B combustor were tess than they were
from the 4-1A. The discrepancies between concentration-determined and tem-
perature-determined combustion efficiencies were also observed in the tests of
Scheme 2-1B for the same reasons described earlier.
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Fig'ure 89, Compartson of Variations in UHC Con-  DF 96067
centration with FA and PHIP for Tests
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Figure 90, Comparison of Variatioes in CO Con- DF 96068

centration with FA and PHIP for Tests
Conducted with Combustor Schemes 4~1A
and 2-1B
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Figure 81. Comparison of Variations in NOy Con- DF 36049
centration with FA and PHIP for Tests
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i In the fuel-staging tests conducted using combustor Schemes 4-1A and 2-1B,

: very high concentrations of objectionable emissions were produced. The emission

levels were generally proportianal to the amount of secondary fuel injected into

! the burner, at a given value of PHIP. The results described might be dve simply

to the method cf secendary fuel injection and to the physical constraints of the

. research burner used. If so, the axial fuel-staging concept might not have received

a completely fair appraisal. However, the extended combustion zone that results

: when two fuel injection zones are widely separated can premote the foriaation of

NOx by increasing the resideace time of combustion gases at elevated temperatures.

: Also, the low equivalence rutios that wero eliminated in the primary zoue during

low-power operation by providing a fixed low-power airflow distribution tend to

reappear in the secordary zone, downstream, under conditions in which secondury

fuel fiowrates are low. This is the result of the large quantity of secondary com-

: bustion air required for operation at vaives of FA corresponding to full-pow:r

' that, at intermediate values of FA, cause low-gecondary-zone equivalonce ratios
and contribute to thée high concentrauons of UHC and CO observed.

e.  Evaluation of Reference Velocity zmd Am:ﬂhry Effects

A limited number of full and partial traverse tests wore condueted in an’
attempt to examine the influence of combustor reference velocity on UM, CO,
and NOyx emission levels. These teste were accomplished to support develop-
ment of the streamtube combustor model, Unfortunatoly, with the experimantal
arrangemeont used, it was not possible ‘o readily vary reference velocity at fixed
values of FA without also varying thw air and fuel flowrates, For example, to
st 3 highor reference velocity at a fixod vilue of FA, it was necesgary to inorcase
both air and fuel Nowrates. As a result, the Hoer and {uel nozzle pressure drops
wore increased, ' - ~ :

The Increase in fuel vaporization and reactant mixing rates within the com-
~ bustor, affonded by higher fuel nozele and liner pressure drops, respectively,
appeared to be a significant facto~ in jowering UHC emission concontrations.
This is readily apparent from the data shown in tabie X and figure 83, {f referenc:
velocity, which is essentially a measure of rexidence time, wore the pohinary in-
fluence, then, as reference veloeity was inervased, the UHC concentration would
alse be expected to ingrease because of the reduced residence time for the reactants:
within the combustor. However, as shown in figure 93, the UHC concertration - -
croased {nxtond, indicating that the effects of increasod fuel atemization and rer @ -
 actant mixing ntrmgly countoracted and overwhelmod the offect d mducod ros e
time, s

2 PERTIRE PRI O™ a5 st st el sl s - .
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On the other band, for CO oxidition, as shown by the lmr curve in figure 84,
it would appear that as referonce velocity waz incrvased, the reaction front was dis-
placed toward the aft ond of the burner (combustor loading was increased) and wiux i
brought into contact with jeis of primary and secondavy cir. These jets of W05°F .
alr reduced local temperatures below the quenching level for CO oxidation. {Fee 3
Section HILE. 2, JT2D Burner Probing Studies.) With reference to n;m N4, aw 3
reference velocity was increased from approximately 75 to 100 ips, tw nﬂncum N
of 11, 5% alr jets on local gquenching was significant. However, as the reference '
velocity was increased from approximately 100 o 150 fps, the reaction fronl was
simply displaced aft without being acted upon by any intermediate zone atr jels (fig-
ure 64). However, whoen the reference velocity was increased to approximatety
170 fps, the reaction front contacted the 17, 0% dilution alr jets, and lacal gquenching
of the CO oxidation rcaction was aguin observed, as shown by the moasured tncrease
in CO concentiration in the exhsust gas (figure 54).
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Table X. Summary of Selected Data for Tests Conducted Using
Combustor Schemes 1-1A, 1-1B, _and 4-1A

Va4 ur 7 s\ ke

AR e A RIS

et e BN

o Total Fuel Nozzle Reference Ailr Inlet Burner

Fuel-Air Fuel Flow, Fressure Velocity, Tempera~ Pressure

Test No. Ratio pph Drop, psid fps ture, *F  Drop, &
1-1A-10 0.0040 87.50 22 102 403 1.73
1-1A-1} 0.0039 87.50 22 102 400 . L7178
1-1A-12 0.0027 60,80 9 102 395 1.70
1~1A-13 6.0067 148,00 63 102 390 1.72
1-1A-14 0.0080 173.00 8s 101 402 1.74
1-1A-18 0. 0060 130,10 49 102 407 1.74
1-1A-16 0.0039 85.40 21 102 408 1.73
1-1A-17 0,0123 265.00 205 102 400 1.78
1-1A-18 0,0165 3568.10 an 101 400 1.83
1~1A-19 0.0G188 403.60 481 101 407 1.8¢
1-1A-20  0.0081  177.40 920 102 400 1.78
1-1B-1 0.0082 179,08 24 104 400 - 1.8
1-1B-2 0.0038 84,65 8 107 . 490 1.82
1-1B-3 - 0.0122 - 3287.37 53 105 398 1.83
1-1B-4 - 3, 0041 134. 96 14 148 395 3.43.
1-1B-§ 0.06833 265. 81 53 146 398 - 3.40
1-1B-§ 0.0128 402.83 120 148 388 3.80
1-1B=-T 0.0189  403.35 120 103 400 1.82
1-1B-8 6.0200 433.70 - 138 103 400 1.88
1-1B-9 0.0132 67.63 54 108 401 1.80
1~1B=10 ~ 0.018% 0137 130 R {}] 450 - 1.89
11-1B-1} 0.0084 IN. 4 : y{ 1%} s 4.51
1-1B-12 0. 0082 159,92 s ™ 250 1.26
1-18-13 0.0083 - 131.22 13 - 395 1.01
1<1B-14 - 06,0084 211,78 3¢ ] 46 1.92
1-1B-18  O.c082. 2B2.47 59 131 uS 3.4
1-18-16 = 0,0081 177,52 L] 104 400 1,74
1-1B-17  0,0061 132,87 H 104 410 .72
1-18-18 0,0102 221.93 37 - 104 - 400 1.74
1-1B-19 . ©,0082 177. 40 24 104 {00 1.1
1-1B-20 0.0062 133,587 14 104 - 400 1.78
4-jA-1 0.0042 133.88 14 3. 399 1.60
§-3A-2 0, D084 179.53 - i 400 1.82
i-1A-3 0,003 85 % 6 108 39% 1.63
4=1A-4 0.0102 221,81 37 04 396 1.65
§-1A4-8 0,0980 118, 4 . - 105 408 1.63
4-1A-8 €.0038 85,36 8 108 405 1.63
$=-1A=7 9.010% 221.48 37 1408 405 1.88
4-1A-8 9.00681 134,33 13 108 400 1,68
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The variation in NOy concentration with reference velocity and FA is shown
in figure 95. It appears from this curve that residence time had a significant in-
fluence on the NCy concentration levels observed. As reference velocity was in-
creased (residence time was decreased), the NOy levels decreased. This is
understandable inasmuch as NOy is formed by the prolenged residence of reactants
at elevated temperatures.

s
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Figure 95, Variatiun in NOy Concentration with Ref~ DF 96073
erence Velocity and lnlet Temperature '
for Tests Conducted witk Combustor
Scheme 1-1B

f.  Evaluation of Inlet Air Temperature Effects

A Hmited number of full- and partial-traverse tests were conducted to
examine the *.fluence of inlet air temperature on UHC, CO, and NOy emission
levels.

Figure 93 and table X show the variation in UHC concentration with reference
velecity and fuel nozzle pressure drop at an FA of 0. 008 and inlet air temperatures
of 250 and 400°F for the 1-1B combustor. Reference velocity was used as the
principal independent variable because the majority of tcsts involved were con-
ducted at a fixed value of FA and only inlet air temperature ¢ad these quantities
affecting reference velocity were varied,

As discussed in paragraph B.9.e, combustor pressure drop and fitel nozzle
pressure drop appear to be much more influential in reducing UHC emission levels
than reference velocity., However, it is readily apparent that regardless of whether
reference velocity, burner pressure drop, or fuel nozzle pressure drop is used as
the inGependent variable, the influence of inlet air temperature is significant. For
example, at a reference velocity of 100 fps, the UHC concentration was increased
by a factor in excess of 6 when the inlet air temperature was reduced from 400°F
to 250°F; at a reference velocity of 75 fps, the factor was approximately 5; and at
a reference velocity of 130 tps, the factor was approximately 7.
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These increases are the direct result of decieasing the inlet air temperature
and are not the result of burner pressure droo or fuel nozzle pressure drop varia-
tions. In fact, in the tests conducted at 250°F, both of these variables were larger
than their 400°F counterparts at comparable values of reference velocity.

The effect of inlet air temperature ai: CO concentration is shown in fig-
ure 94, Although only twe data noints were obtained at 250°F, these are adequate
to establish that CO levels were significantly higher at reduced inlet temperatures.
This trend is attributed to mere effective quenching of the CO to COp reaction
caused by colder penetration air.

The effect of inlet air temperature on NO;, concentration is shown in fig-
ure 95.. Concentration levels at 259° and 400°F were nearly the same at reference
velocities greater than 100 fps. However, at lower reference velocities the NOy
concentration levels varied inversely with temperature. At given values of ref-
ercnce velecity and FA, the NOy levels observed at an inlet temperature of 460°F
were higher than they were at 250°F. This vefiects the general temperature trend
observed in other tests that NOy formation is enhanced as reaction temper ature is
increased. '

g. Evaluation of Air-Blast Fuel Nozzle Effects

A single series of tests was conducted in which the air-blast fuel noz:les
that had been used in the secondary injection zone of Combustor Scheme 4~1A
during the first series of fuel-staging tests were used in the priinary zore of one
of the research burner configurations. The objective of che series was to deter-
mine if the poor emission levels obtained during the fuel-staging tests were
largely the result of the air-blast fuel rozzles that had been used.

To accomplish these tests,. Combustor Scheme 2-3A was used. This com-
bustor had the same general features as Scheme 2-1A; i.e., a primary-zone
equivalence ratio of 1,0 at an FA of ¢. 016, resulting from a PSAR of 0.31, How-
ever, for Scheme 2-34 the OD liner, which had been modified to accommaodate
staged fuel injectors, was returned to its former, nonstaged condition. Directly
opposed, intermediate-zone air penetraticia holes were added to both the OD and
ID liners, replacing the OD-only peretration holes that had been used in Scheme 2-1A
in conjunction with secondary fuel injectors. The total hole area and distributien
were kept the same as they had been in the basic 2-1A arrangement to maintain the
same liner total pressure loss.

The variation in UHC concentration with FA is shown in figure 96. Tncluded
in this figure, for reference, are data obtained from tests of baseline Combustor
Scheme 2-1A in which 4-gph, pressure-atomizing fuel nozzles were used. UHC
concentration levels obtained nsing air-blast.fuel nozzles were two orders of
magnitude gereater than those obtained using the pressure-atomizing fuel nozzles.
In addition, UHC concentrations for Combustor Scheme 2-3A increas.d with in-
cveasing values of FA, instead of decreasing as observed for Scheme 2-1A.
These results indicate that the air-blast fue! nozzles were directly re<ponsible
for the trends shown and that their spray quality rapidly deteriorated as fuel flow
was increased. These results were verified when the air-blast fucl nozzle char-
acteristics, shown in figuve 84, were obtained, Under the conditions of fuel flow
and air pressure drop used in the experimental program, values of fuel droplet
SMD were very high, . Consequently, the fuc! was not being properly prepared to
readily vaporize and react with air to form CO.
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Figure 96. Comparison of Variations in UHC Con- DF 96074

centration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 2-3A
and 2-1A

The variation in CO concentration with FA is shown in figure 97 for tests
conducteci using Combustor Schemes 2-3A and 2-1A, for reference. Both the
shape of the curve and the CO concentration levels from the Scheme 2-3A tests
were different than those obtained from the 2-1A tests. The peculiar reversal
was double-checked on the test stand to be certain that an instrumentation problem
had not developed. CO concentrations were measured for tests commencing at low
values of FA and progressing to the higher, and for tests commencing at high values
and progressing to the lower; the double reversal in CO concentration with FA was
well defined. It is suggested that this trend is simply peculiar to the air-hlast
fuel nozzles used.

The variation in combustion efficiency with FA is presented in figure 98 for

Combustor Schemes 2-3A and 2-1A. The generally low .evels obtained for Scheme
2-3A are due to the high concentrations of UHC and CO that were observed in the ex-
haust gas. Although EFFMB and EFFGA showed the same general trends over the

! : FA range investigated, their absolute values differed significavtly, This situation

! is very similar to that obtained in fuel-staging tests of Combustor Scheme 4-1A.,

: " The hypothesis suggested earlier to explain the Scheme 4-1A results is also

; suggested to explain the Scheme 2-3A results. The platinam/platinum-10% rhodium

‘; thermocouples and sheaths served as catalytic surfaces on which UHC could react
to completion; thereby causing the thermocouple to indicate a higher value of emf .
than it would -have had no catalytic reaction been involved.
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Figure 98. Comparison of Variations in Combustion = DF 96076
Efficiency with Fuel-Air Ratio for Teste
Conducted with Combustor Schemes 2-3A
and 2-1A
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The variation in NO, concentration with FA is shown in figure 99 for Com-
bustor Schemes 2-3A and 2-1A., Below an FA of 0,0087, the NOy concentration
levels for the pressure-atomizing fuel nozzles were higher than those obtained
with the air-blast. This trend reflects the fact that higher mean reaction tem-
peratures were achieved in {csts of the pressure-atomizing fuel nozzles (higher
values of combustion efficiency) than in those of the air-blast, At values of FA
above 0.0087, NOy concentrations obtained with the air-blast nozzles were higher.
A possible explanation for observations of this type was suggested earlier in para-
graph 7.e.

h. Evaluation of Circumferential Fuel Staging Effects

Circumferential fue! staging offers another means for controlling PHIP,
It requires no change in conventional combustor hardware other than providing
a vehicle for shutting off the flow to some of the primary-zone fuel nozzles during
low-power operating conditions.

Two types of circumferential fuel staging arrangements were investigated.
The first was alternate fuel nozzle staging in which fuel was supplied to seven of
14 fuel nozzles in an alternate "on~off"’ pattern in the baseline 1-1B combustor con-
figuration. The second was sequential fuel nozzle staging in which fuel was sup~
plied to scver fuel nozzles in sequence, and the burner was operated with the re-
maining seven fuel nozzles "off"" in a half-1it condition., The latter arrangement
was much more effective in reducing UHC and CO concentration emission levels
than the alternate fuel nozzle staging arrangement. Both schemes, however,
ylelded high NO, concentrations.

‘he exhaust gas temperature and concentration profiles from the cir-
cumfe rential fuel-staging tests were anticipated to be quite different from those
obtained in the more conventional tests. In the case of alternate fuel nozzle
staging, these profiles were expected to be cyclic because only those fuel noz-
zles in alternating locations were to be in operation. In the case of sequential
fuel nozzle staging, these profiles were expected to be extremely warped because
seven nozzles in sequence serving half of the burner were to be in operation and
the other seven in sequence were not.

Consequently, if the gas sampling means used in previous tests of this
program were also used in the circumferential tuel staging tests, it would not
be possible to acquire a representative gas sample, As discussed earlier the
sample probe was initially arranged to acquire exhaust gas samples through inlet
ports in each of two :.o:ms located 180 deg apart, Gas entering the ports in each
arm were then directed to a common manifold from which a consolidated sample
was then transferred to the analytical instrumentation system. If such an arrange-
ment were used to obti.la exhaust gas samples from a combustor in which a cyclic
concentration and temperature profile were anticipated, then one of the probe
arms would be acquiring exhaust gas directly in line with operating fuel nozzles
and the other arm would be acquiring exhaust gas in line with an inoperative fuel
nozzle, The net result of mixing sample gases from the two probe arms then
would be a gas sample providing mean emissions concentrations at each cirocum-
ferential location rather than one providing the real, nonnormalized value. There-
fore, to acquire real, nonnormalized exhaust gas samples at the exhaust plane of
the combustor the gas path through one of the probe arms was closed. This was
accomplished using a valve located at the inlet to the mixture manifold immediately
aft of the probe locating ball. Traverses of 180 deg were then made using the
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single sample probe arm, instead of 360 deg traverses using two arms. Employing
this technique, detailed descriptions of the emissions concentration sigaatures re-
sulting from circumferential fuel staging were achieved.
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Figure 99. Comparison of Variations in NOy Concen- DF 96077
tration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 2-3A
and 2-1A -

The variaiion in UHC concentration with FA is shown in figure 100 for both
sequential and alternste fuel staging. Inciuded in this figure, for roference, are
data from baseline Combtistor Scheme 1-1B,

In the sequential tests, half of the burner was operated at an effective value
of FA that was twice the overall value, and the other half was operated (or not
operated) at an effective FA of zero, It might be expected, then, that the average
concentration of UHC at the exhaust plane would be that corresponding to the
average of zero and the value of UHC concentration in the exhaust gas corres-
ponding to the concentration measured in the baseline tests in which the value of
FA was twice the overall value of FA in the staging test. As may be seen in fig-
urec 100, this was indeed the case. At an overall value of FA of 0.008 in the
sequential fuel-staging test, the measured UHIC concentration was approximately
20 ppmy; this value was half that obtained at an FA of 0,016 in the baseline tests.
This result implies that the two halves of the burner function essentially indepen~
dently, each having its own FA and producing UHC concentration levels corres-
pouding to those obtained at the 3ame half-burner value of FA in the baseline tests.

In tests of the circumferential alternate fuel-staging concept, UHC concen-
trations were significantly higher than those obtained in the baseline tests. This
result is attributed to the interaction between adjacent reacting and nonreacting
regions in the primary zone. Hot gases from the reacting regions downstream of
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operating fuel nozzles expand into colder nonreacting regions where a sharp de-
crease in temperature and equivalence ratio occurs. Consequently, local UHC
concentrations increase sharply within the chamber and at the exhaust plane.

Figure 101 shows the variation in UHC concentration with circumferential
location. The data shown for sequential fuel staging encompasses a 180 deg sector
centered at the interface between the hot (1it) and cold (unlit) sections of the burner.
Some spillage of UHC is evident from the hot sector into the cold. UHC concentra-
tion levels in the hot region are on the order of 40 ppmv, whereas those in the cold
region approach zero, for an overall average UHC concentration of approximately
20 ppmv., The data for alternate fuel nozzle staging show that peaks of UHC con-
centration occur downstream of the nonoperating fuel nozzles. This reflects the
low reaction temperatures and low equivalence ratios at these locations.

The variation in CO concentration with FA is shown in figure 102, Levels
for both the sequential and alternate staging concepts were higher than those ob~-
tained in the baseline Scheme 1-1B (unstaged) tests. As in the case of UHC con-
centrations, these results are believed to reflect the interaction of hot reacting
gases with the cold air in the nonoperating sections of the combustor. Below
approximately 2200°F, the conversion of CO to COg is terminated with high con~
centrations of CO observed in the exhaust gas. In the alternate staging tests,
the reaction zones downstream of each operating fuel nozzle were surrounded by
cold air from swirlers around nonoperating fuel nozzles. This promoted cooling
of the reactants and produced very high exit concentrations of CO. In the sequential
staging tests, contact between the hot reacting gases and cold air was limited to the
interface between the operating and nonoperating halves of the burner. While this
arrangement was less effective in cooling the combustion reaction, the sensitivity
of the CO to CO9 reaction, plus the tendency of the hot gases to diffuse into the
cold half of the burner, resulted in a net increase in CO concentration in the ex-
haust gas relative to levels obtained in the baseline (unstaged) tosts. -
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Figure 100, Variation in UHC Concentration with DF 86078

Fuel-Air Ratio for the Circumferential
Fuel-Staging Tests Conducted with Com-
bustor Scheme 1-1B
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Figure 101. Variation in UHC Concentration with Cir- DF 96079
cumferential Location for the Circum- '
ferential Fuel-Staging Tests Conducted
with Combustor Scheme 1-1B at a
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Figure 102, Variation in CO Concentration with Fuel DF 96080
Afr Ratfo for the Circumferential Fuel-
Staging Tests Conducted with Combustor
Scheme 1-1B
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In figure 103, the variation in CO concentration with circumferential loca~
tion is presented. The curve for sequential staging exhibits considerable spillage
of CO from the hot sector into the cold sector, with levels of 100 ppmv measured
in the middle of the nonoperating half of the combustor ({.e., the data point at
257 deg). The curve for alternate staging exhibits the same periodic variation as
that found with UHC in figure 101. Although the CO levels are considerably higher
than the UHC levels, the periodic variation is less pronounced. This is believad
to reflect the greater sensitivity of CO to cold air temperatures and the ability
of CO to diffuse into the surrounding regions of the combustor.

The variation in NOx concentration with FA is shown in figure 104. In both
the sequential and alternate staging tests, higher levels of NOx were obtained than
in the baseline Scheme 1-1B (unstaged) tests. This can be partially explained by
the fact that higher peak reaction temperatures (caused by higher local equivalence
ratios) were produced by using only seven of the 14 primary fuel nozzles. However,
the levels obtained are higher than those associated with increased equivalence
ratios alone. For example, at an FA of 0. 008 levels of 18 ppmv were obtained
in both the sequential staging and alternate staging tests. If half the burner had
been operating at an FA of 0. 016 (twice the overall FA of 0.008) the baseline
curve indicates that a level of about 20 ppmv would have been produced in haif
of the burner. In the remaining half, however, a level of zero ppmv would have
been obtained (corresponding to an FA of zero), with a resulting overall average
of 10 ppmv. This hypothetical case represents the maximum reaction tempera~-
tures and therefore the highest NOx concentrations attainable at an overall FA
of 0.008. The 18 ppmv level actually obtained was nearly twice as high. In other
tests, a correlation has been noted between high NOy coacentrations and high con-~
centrations of UHC, While this might account for the unusually high NOy concen~
trations in the case of alternate staging at very low values of FA (where UHC
levels as high as 295 ppmv were measured), it does not account for the fact that
high NOy levels were measured in the sequential staging tests where relatively
low UHC concentrations (less than 40 ppinv) were observed. Thus, no appsarent
satisfactory oxplanation is available currently for the high NOy levels obtained.

B AR A Al SR ek d
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The data obtained in these tosts, with the hardware described, indicate that
simply staging the fuel flow to the primary zone nozzles in a conventional annular
combustor does not significantly reduce both UHC and CO at low power conditions.
Alternate staging was observed to be severely limited by interactions between ad-
jacent regions of reacting and nonreacting flow. Sequential staging was observed
to produce a reduction in UHC concentrations at low power, but cause a slight
increase in CO and NOy concentrations becanse of the aforementioned interacttons.
Unless both air and fuel are staged in the primary 2one, eliminating the pregence
of cold, nonreacting flow, these approaches appear to offer iittle promise.

{.  Evaluation of Primary-Zone Film-Cooling Effects

Film-cooling air on the walls of a combustor contritutes to a more hetero- -
gencous combustion process. In particular, the layer of relatively cold air along
the flameside boundary of the primary zone is exposed to burning fuel droplets
that penetrate into the cooling film where they are totally or partially extinguished
by a sudden drop in temperature. In this way, bhigh concentra’ions of partially re-
acted species can be formed in layers along the walls. Unleas these species are
subgequently entrained into the main flow stream and are reacted to completion,
they contribute to the overall levels of UHC and CO concentrations measured at
the exit of the combustor.
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Figure 103. Variation in CO Concentration with Cir- DF 96081
cumferential Location for the Circum-
ferential Fuel-Staging Tests Conducted
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A limited series of tests was conducted to determine the portion of the exit-
plane emissions that were derived from the quenching of reactants in the film-
cooling layer of the primary zone. Combustor Scheme 2-1A (PSAR of 0.31) was
chosen for these tests as that arrangement having the best airflow distribution for
low—-power operation (based on the air-staging test results). Film-cooling air was
prevented from entering the primary zone by means of temporary sheet metal
patches. To mazintain constant combustor total pressure drop, the reduction in
total open hole area resulting from closing the primary cooling holes was com-
pensated for by an equal increase in the area of the primary penetration holes.
The combustor was then operated at values of FA in the low-power range. Com-
parison of test results from this series with those obtained using Combustor
Scheme 2-1A in the air-staging tests {with the full complement of cooling) made
it possible to determine the influence of primary zone film cooling on emissions
levels.

In the tests with no primary-zone film cooling, a slight decrease in the
concentrations of VHC and NO,, and a slight increase in the concentration of CO
were observed. The variations in UHC, CO, and NOy concentrations with FA
are shown in figures 105 through 107 respecuvety For referenca, data are
included in these figures for the tests conducted proviously with the full comple-
ment of cooling. The data obtained for Combustor Scheme 2-1A withcut film -
" cooling is confined to values of FA below 0. 008 because of the desire to avoid
excessive metal temperatures in the uncoolad sections of the combustor.

As may be seen in figure 105, the climination of primary-zone cooling caused
3 slight downward shift in UHC concentrations but did not change the general trond
of its variation with FA. This result {s consistent with the hypothesis that UHC is
formed in part by the extinguishing of burning fuel in the film cooling layer of the
primary zone. When this laver was climinated in these tosts, a slight decline in
UHC conceotrmou_ resultod,

In figure 106, it may be seen that an opposite :um occurred in CO concen-
trations whor fiim-cooling air was removed. This resuit is not unexpected be-
cause of the manner in which CO is produced. CO ia an {ntermediate combustion
product formed when an otherwise efficient reaction is cooled too rapidly. This
process ocours more in the free-stream regions of the combustor, where rela-
tively cold penetration air mixes with the products of combustion, than along the
flameside toundaries where only Himited surface contact occurs bétween hot com-
bustion gases and the layer of cold film-cooling air. Thus, the elimtnation of the
film-cooling layer would aot be expectad to reduce CO concentrations significantly.
tn fact, if the air that has been used for Mlm cooling s added to the fiee siream,
as was done tn thia case, it might be expected ﬁm CO concentrations would in-
crease, as they did in these msn!ts.

The varistion in NOy ooncenlnuun with FA {2 shown in figure 107. Lower
concentration icvels were oblained in the toste with no primary film cooling.
Results of this type ordinarily indicate either that peak reaction temperatures
have been lowered or that the residence time of rexctants at elevated tempera-
tures has been diminished. Because nothing was done to affect residence times,
the former change must have occurred. This would be the case if the hypothesis
set forth in the discussion of CO concentrations is true. The primary tone film-
cooling sir, when readmiited as penetration air would have lowered the effective
equivalence ratio, thereby reducing peak reaction temperatures and causing a
decline in NOy concentrations. Thus, the results cblatned for oxides of nitrogen
also tend to support the hypothesis for the incrmase in CO levels, -
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Figure 105. Comparison of Variations in UHC Con-  DF 96083
centration with Fuel-Afr Ratio for Tests '
Conducted with Combustor Schemes 2-2A
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Pigum 107, Comparison of \'ariations in NOy Con-  DF 96085
centration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 2-2A
and 2-1A

‘rm variaticn in comhusum efficicncy with FA is pmmwd in figure 108,
Eliminatior. of primary-zone {ilm cooling produced caly & slight change tn EFFPGA.
However, a decline of about 3.5% was registored in EFFMB, One hypothesis that
accounts for this rravit ix that sigaifican.ly more heat was transferred from the
dome anv! ipates.un laess of (e combustor L the tests without primary film
vonling becrute of Increasnd Madtation from U generally hotler metal surfacos
to the rig cute. Thia beat jog4 wae roflected in generally lower exit traverse
tetnpe = ures and reselted in errovsetse low thermocouple cfficiency readings.
Valees of EFFGA are accepled as corroct.

The u:,nﬁts obtained in these toste tndicatn that slight reductions in NOy
and UHC copoamtralions can be achieved by the elinitativn of primary-zone film
cooling. In tae combustor configuration tested, thees reductions were made at
e mponse of a siight increase in CO concentrations. Saveral implications of
thesr results merit addition:l comment. The relatively small sffect of primary-
rune Iilm oocling on emissions may not apply in other casee. . Different front-ond
configuraticas and diffcrent amounts of cooling may affect the rieraction between

" the cooling fiim and the reacting mixture. In combustors with very high concen-

{ration levels of UHC and CO at low-power operation, the influgnee of fllm cooling
wnay be relatively mare important. The siight reduction in N0, obtatned ia these
ests may have bee due to increased radiative cooling of ih¢ reaction in the pri-
1351y zone. I this is the case then the varfcus sititians S%ich todght be fmple-
mosted to remove the cooling film from rh: .- 333 ui fsce of the ,.‘zmvy xon
{such ax convective coolitig of the cutati: mN-«t«ei ol et b mhm:c
cooing sod restore NOy corcentration. @ their onglnai tove's,
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Figuro 108. Comparison of \'ariations in Combustion DF 96086
Efficiency with Fuel-Afr Ratio for Tests
Conduteted with Combustor Schemes 2-2A
and 2-1\ ,

10, Combustor B Test ngmm
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a.  General

Combustor B was used to investigate another means for controlling PUIP,
and thereby regulating the formation and concentration of objectionable oxhaust
emizsions during low-power operating conditions. In thia concept, fuel and air _
in conirollxd proportions were mixed prior to thelr being injocted into the primary
zone of the combustion chamber., '

The primary motive for the design, fabrication, nd teating of a xecond L
vombustor, combustor B, wzs to evaluate pertinent 2~ ¢ not covered by com- L
bustor A testing. The desigr ~f combustor B was 1 be based principally on the .3
toxults frem the analytieal model of Phase 1, the vosults from combustor A tosting, ' {

~ and an ovaluation of material obtained from rescarch literature and in-house studivs. 3

Combustor B ewmbodied features resulting from consideration of the afore-
mehtioned criteria to achieve reduced emissions at low power. These features
included means for providing good fue! and air management with resulting con-
trolled burning within desired fucl-air ratio limils over the tange of combustor
operation. ,

Throughout the course of the program, ag the results of Phase | and Phase 11
testing and the Phase 1 modeling effort have become known, a ocept of what was
required to achieve emission-free operation tn 2 gas turbine combustor was evolve.
The main points of this concept may be summartzo ae follows; fuel must be mixed
with air and prepared for burning before tnjention into the combustor; and combua-
tion must take place within a narrow range of primary zone oquivalence ratios.

- These two polnts were chosen as the foundation for the desiga for combustor B.
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3eod fuel preparation was accomplished by mixing fuel and air in premixing
or carburetion tubes, which replaced the conventional fuel injectors used in cora-
bustor A, Coentrol of primary-zone FA was provided by two methods, fu=] and
air staging. These drew upon the experience already gained with combustor A.

Excepf for those features related to premixing and the staging of fuel or air,
combustor B was identicai to combustor A. This close similarity in design made
it possible to relate the results obtained with combustor B to those already obtained

with combustor A, Table XI shows a summary of the design features of combustor B,

Details of the designs of the carburetion tube fuel injectrrs, were presented in an
earlier section.

The design of combustor B was based on good fuel preparation and closely
controlied burning af desired values of FA., Good fuel preparation involves pre-
senting fuel and air to the combustion zone in as homogeneous a condition as pos-
sible. Ideally, fuel preparation occurs before the onset of combustion; if it does
not, the final stages of fuel dispersion, atomizatior, and vaporization, and the
mixing of fuel with air occur simultaneously in the midst of the rombustion process.
Burning then occurs at a variety of different local equivalence ratios as fuel, in
various stages of preparation, ignites. Only when proper preparation of all of
the fuel precedes ignition can it be ensurecd that combustion will occur at a known
or predictable value of equivalence ratio. Combustor B incorporated fuel pre~
paration - 2ans that provided a near-homogeneous mixture of fuel and air to the
combusto. over a range of design-point equivalence ratios to estabhﬂh the most
desirable value for reducing harmful exhaust emissions.

Conventional fuel injectors generally fall short of ideal fuel preparation in
several respects. First, liquid fuel ic dispersed in the air as a spray of fine
droplets. Vaporization occurs as the droplcte move through the air. At some
point, ignition of the very rich fuel-air mixture around the droplet occurs, and
combustion takes place at high values of equivalence ratio. Although adequate
amounts of cir may be available in the primary zone at large for lower equivalence
ratios, combustion occurs mainly at local equivalence ratios oatside the ideal range.

Second, the mixing of burning fuel and air continues on a ronuniform. basis
ag the reaction progresses. In some regions, excessive amounts of air may be
mixed with the reacting constituents, lewering the temperature and quenching
the reaction. In other regions, inadequate amounts of air may be added, resulting
in exygen-starved mixtures that cannot bura to completion before they pass out of
the primary zone.

Third, the quality of fuel preparation varies with engine operating conditions.
At full power, both fuel atomization and the distribution of droplets over the volume
of the primary zone are excellent. The droplets burn rapidly and mix effectively
with the available air. If sufficieni primary-zone air has been admitted to achieve
an average equivalence ratio just under stoichiometric, reaction products, in-
luding NOy, can be low. At low power operating conditions, or the other hand,
fuel in;ector pressure drop is reduced, resulting in relatively large droplets and
poor distribution over the primary-zcne volume, Even with air-assist-type fuel
injectors, which utilize inlet air pressure drop for better atomization, large
droplet busning can still occur at equivalence ratios outside the ideal range, re-
sul.ing in incomplete combustion and large amounts of undesirable exhaust emis~
sions,



Table XI. Combustor B Rasic Design Features
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2’:’ Type Combustor Annular, Static Fed,
§: Film Cooling, Carburetion
¥ . ; Tubes With Swirler Discharge
P Length, in. 16.0
s Height, in. 4.0
‘Outey Diazeter, in, 18.0
Inner viameter, in. ' 10,0
Cbmbu‘stor Ref Area, sq in. 176.0
Type Fuel Injectors Carburetion Tubes
‘Number of Fuel Injectors _ 14
'Combu'sbor Material Hastelloy X
Wall Thickness, in, : 0..0625
Design Point Conditions )
Fuel~Air Ratio 0.022
Volumetric Heat Release, 5.2 x 106
Btu/hr-atm-ft3
Based on
Iniet Pressure, psia 330
Combustor Airflow, 1b,,/sec 120
Combustor Ref Velocity, ft/sec 100
Combustor Total Pressure Drop, % 3.5
(iniet Total)

Good fuel preparation of the quality required for combustor B involves the
atomization and dispersion of liquid fuel in air, subsequent evaporation of the
droplets, and thorough mixing of fuel vapor and air prior o irtroduction into the
combustor. The premixing or carburetion tubes -vere designed to satisfy all
these requirements. Six series of tests were conducted using combustor B to
eva'uate and refine the selected premixing concept, and to investigate methods
of combining this concept with both air and fuel staging. The initial tests were
conducted over a low- power FA range, 0,004 to 0,010, to determine the effacts
of primary-~zone airflow distribution and combustor air pressure drop on emis~
sions reduction. In the remaining tests, methods of extending combustor opera-
tion into the intermediate and full-power ranges were investigated. These means
included the use of air staging, circumferential fuel staging, and carburetion
tubes in a fixed combustor geometry.

b. Evaluation of Liner Toial Pressuvre Drop Effects
To provide fuel-air mixture velociifes in the premixing tubes sufficiently

high to prevent flamehelding and autoignition, an increase in liner total pressure
drop .- 4,5%, from the 1.8% used in the combustor A tests, was required.
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Therefore, to relate the results obtained using combustor B to those obtained
using combustor A, the effect of increasing the liner total pressure drop for
combustor A from 1.8 to 3.5% had to be determined.

Accordingly, the first series of tests conducted with combustor B was
accomplished with a configuration (including the 4 gph pressure-atomizing fuel
nozzles) almost identical to Scheme 4-1A. The two notable differzances were the
increased pressure drop feature, and a decrease in design-point PHIP from 1.0
to 0.8. This latter modification was made in order to establish some commonality
with the remaining combustor B configurations that were designed with a PHIP of
0.8. The new burner configuration, designated Scheme 5-1B, was achieved by
decreasing the size of all air-entry holes to effect the desired twofold increase
in pressure drop. The scheme sheet for the 5-1B configuration is shown in fig-
ure 109, Test results obtained using this combustor were then compared with
those previously obtained using coinhustor A Scheme 4-1A. Combustor
Scheme 5-1B produced lower concentrations of UHC, higher concentrations of
CO, and approximately the same concenirations of NOy as those generated by
Scheme 4-1A,

|

180 DIA
Design Point Characteristics
Overell Fuel-Air Ratio 0.008
Primary Zons Equivalence Ratio 1.0
Liner Pressure Loss 3.5% 100 DIA
Reference Velocity 100 fps
Fuel Injector Pressure Atomizing
Film Cooling Air Flowrate 26.8%
Test Conditions
inlet Air Temperature 400°F
Inlet Air Pressure 15.6 psia
Fuel-Air Ratio Range 0.004 . 0.012
Figure 109, Summary Sheet for Combustor B : FD 72104

Scheme 5-1B

The variation in UHC concentration with FA for combustor Schemes 5-1B

- and 4-1A (for reference) are shown in figure 110. Scheme 5-1B demonstrated
significantly lower concentrations than those obtained with the 4-1A configuration.
At values of FA greater than 0,005, UHC concentrations were less than 10 ppmv,
This trend is atiributed to an increased turbulence level in the primary zone
caused by the increased liner total pressure loss,

The trends in UHC concentration with FA for Schemes 4-1A and 5-1B are
quite different above an FA of 0.006. The upward trend exhibited by Scheme 4-1A,
and not by 5-1B, is attributed to the 4-1A primary zone being over-rich,
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Scheme 4-1A was designed to have a PHIP of 1.0; Scheme 5-1B was designed to
have a PHIP of 0.8. The greater amount of air in the primary zone of the latter
scheme is believed to have prevented the primary zone from becoming over-rich
and contributing to high concentrativns of UHC in the exhaust gas.

The vuriation in CO concentrations with FA for combusior Schemes 4-1A
and 5-1B are shown in figure 111, Above an FA of 0,004, the rate of change of
CO concentration with FA was much greater for Scheme 5-1B than ior Scheme 4-1A,
and at an FA of 0.010 the absolute value of CO concentration was also significantly
greater. These generally higher values are believed to be the result of two events.
First, the decrease in PHIP increased the amount of air in the primary zone that
was available to effect a greater conversion of fuel into CO (the low UHC con=
centrations attest to this). Second, a higher quenching effectiveness was achieved
in the secondary zone as a result of the greater liner total pressure loss.

The variation in NOy concentration with FA is presented in figure 112 for
Schemes 5-1B and 4~1A. The curves are similar in shape and magnitude, with
Scheme 5-1B exhibiting higher concentration levels at values of FA of 0. 008 and
0,010, and Scheme 4~1A exhibiting higher levels at 0,004 and 0.006. Both schemes
produced an increase in NOx as FA was increased (peak reaction iemperatures in-
creased) and a subsequent decrease as values of PHIP exceeded unity and reaction
temperatures began to drop. The curve for Scheme 5-1B is somewhat shifted to
the right (higher values of FA) with respect to the curve for Scheme 4-1A. This
is believed to be a result of the increase in the quantity of air added to the primary
zone of Scheme 5-1B, which caused a correspending shift in PHIP. If both com~
bustor schemes had been designed with the same value of PHIP, little difference
in the NOy concentrations would most likely have been observed despite the dif-
ference in liner total pressure drops.

fal e
\ K Scheme 5-10

] 0004 0.008 0012 ooté 0.020 0.0M
PUELAIR RATIO

Figure 110. Comparison of Variations in UHC Con~ DF 96087
centration with Fuel-Air Ratlo for Tests
Conducted with Combustor Schemes 5-1B
and 4-1A
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Figure 1i1. Comparison of Variations in CO Con- DF 96088
centration with Fuel~-Air Ratio for Tests
Conducted with Combustor Schemes 5~1B
and 4-1A
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Figure 112, Comparison of Variations in NOy Con- DF 96089
‘ centration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 5-1B
and 4-1A
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The variation in combustion efficiency with FA is presented in figure 113
for Schemes 5-1B and 4-1A. The results obtained for the two schemes are in
close agreement, reflecting the fact that differen<es in the combined (weighted)
totals of UHC and CO concentrations were small.

Results obtained in these initial tests have estabiished that increasing com-
bustor liner pressure drop from 1.8% to 3.5% does not yield an across-the-board
reduction in objectionable emissions conceriration at low power. On the basis of
these results, reductions in emission concentrations achieved in subsequent tests
with carburetion tube fuel injectors can be attributed exclusively to the premixing
concept rather than to increased liner pressure drop.

100
[}
% %
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¥
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0.004 0,008 Q012 anlé 0.020 0.024
FUEL-AIR RAfIO

Figure 113, Comparison of Variations in Combustion DF 96090
Efficiency with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 5-1B
and 4-1A

c. Evaluation of the Basic Premixing Combustor

The basic fuel-air premixing concept was evaluated using combustor
Scheme 5-1A. A schematic diagram showing the salient features of this con-
figuration is shown in figure 114 and a photograph of the physical hardware prior
to testing is shown in figure 115, The combuster airflow distribution was arranged
to provide a PSAR of 0,18, with the entire primary-zone airflow entering through
the premixing tubes. The design-point PHIP with this arrangement was 1.0 at an
overall FA of 0,008,

The first test series was conducted at values of FA in the low-power opera-
ting range from 0.004 to 0.012, both above and below the design-point FA of 0. 008,
Results obtained showed that the concentrations of CO and NOx were significantly
lower than the values obtained during tests of the 5-1B configuration; and the UHC
concentra!ions, above the lean blowout FA limit (LBO), were as good as they were
in the 5-1B series.
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Figure 114, Combustor Scheme 5-1A FE 125486

The improvements in low-power emissions obtained with the 5~1A arrange-
ment were made at the expense of increasing the .LBO. The LBO observed iu the
5-1A series was approximately 0.0049 and in the 5~1B series it was approximately
0.002, For comparison, the LBO observed in the basi:line 1~1B series was 0.0014.

After the test series had been completed, an obstruction in the inlet to the
burner was discovered. A thermocouple junction box used in the flashback moni-
toring system for the carburetion tubes had been mounted in close proximity to
the combustor, impeding the flow of air into one of the carburetion tubes, This
obstruction resulted in a lower airflow rate through the tube, which yielded a
locally high equivalence ratio in that section of the primary combustor zone being
fed by the partially air-starved tube. Emission concentrations at the exhaust
plane in line with the affected tube were noticeably different from those in line
with the other carburetion tubes. Consequently, the obstruction was removed
and the test series was repeated. A discussion of this first test series and the
effect of combustor inlet airflow distortion on emission concentrations and dis-
tribution is presented later in this report.
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" 32.6% 17777 1s00iA
e L
Design Point Characteristics
Overall Fuel-Air Ratio 0.008
Primary Zone Equivalence Ratio 08
Liner Pressurs Loss 3.5% 10.0 DIA
Reference Velocity 100 fps
Fuel Injector Premixing Tubes
Film Cooling Air Flowrste 23.4%
Test Conditions
Inlet Air Temperaturs 400°F
inlet Air Pressure 15.6 psia
Fuel-Air Ratio Range 0.004 - G.012
Figure 115, Summary Sheet for Combustor B FD 72105

Scheme 5-1A

Tests accomplished with combustor Scheme 5-1A were accomplished at
reference velocities of approximately 120 fps instead of at the nominal design-
point value of 100 fps. This change was necessary to compensate for a problem
that had been encountered when modifying the combustor hardware to the 5-1A
configuration, The combustor total hole area after modification was approximai ‘ly
20% greater than that needed to provide a liner pressure drop of 3.5%. To com-
pensate for this, combustor airflow rate was increased until the desired 3.5% li:er
total pressure drop was achieved. The effect of the resulting increased referen:e
velocity on emissions concentration was considered to be essentially negligible,
however. In the combustor A test program, it had been found that higher value:
of reference velocity, as produced by increased airflow vates, generally resulted
in higher concentrations of CO and lower concentrations of NOx. Inasmuch as the
tests with combustor B Scheme 5-1A produced the lowest CO levels observed in
any test up to this point in the Phase II experimental program, the effect of the 20%
increase in reference velocity can probably be discounted. The lower NOy levels
that were observed, however, could be due in part to the higher reference velocities.
The observed effect of reference velocity on NOy concentration was discussed earlier.
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The variation in UHC concentration with FA is shown in figure 116 for
Schiemes 5-1A and 5-1B. Both schemes produced very low levels of UHC at low-
power operating conditions; at values of FA greater than 0,008, the UHC con-
centrations produced by combustor Scheme 5-1A were slightly lower. The dif-
ferences, however, are on the order of but 1 ppmv. At values of FA below 0. 008,
however, Scheme 5-1A exhibited a sharper increase in UHC concentrations as FA
was decreased. This trend was a conscquence of the higher LBO experienced
with Scheme 5-1A. A concentration of 38 ppmv at an FA of 0,0049 marked the
boginning of an exponential risc in UHC at the onsct of LBO for Scheme 5-1A,
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In comparison, the UHC concentration obtained with combustor Scheme 5-1B
was 15 ppmv at an FA of 0,004; this value of FA, however, was well above its
lean limit, and the value of UHC concentration observed was simply the result
of a low value of PHIP,
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Figure 116. Comparison of Varjations in UHC Con- DF 96091
centration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 5~14A
and 5~1B

The variation in CO concentration with FA {s shown in figure 117 for com-
bustor Schemes 5-1A and 5~1B. The curve for the Scheme 5~1A data passes
through a minimum value of 58 ppmv at an FA of 0.006. This concentration was
the lowest obtained for CO up to this point in the experimental program. Condi-
tione appeared to be nearly ideal in the primary zone in order for these low con-
centrations of CO to have been achieved., At the FA of 0,006, the fuel-air mixture
discharged through the carburetion tube had an equivalence ratio of 0. 8; this value
was sufficiently high for efficient rcaction, bul lean enough to provide the .eces~
sary alr for initiating the conversion of CO to COs. In addition, quenching air
was added to the primary-zone reaction products sufficiently far downstream to
preclude dilution air from terminating the CO-to-COp reaction. At values of FA
above 0.006 the primary zonc became fuel-rich, resulting in a shortage of air
for the oxidation of CO., However, the concentration levels and the rate of change
of CO concentration with FA at values of FA above 0,006 are somewhat deceiving.
In nearly all tests conducted in this experimental program burner inlet temperature
was maintained at a valuc of approximately 400°F, Consequently, all viaigsion con-
centrations above those corresponding to low-power, or idle, must be tempered in
light of this normalization. In an actual engine situation, burner inlet temperature
is not a fixed value, but increnses as the power demand (increased values of FA)
is increased. From both kinetic studies and direct observation, as discussed in
Section III, CO concentration decrcases as burner inlet temperature Increases.
Therefore, values of CO concentration above an FA of 0.006 would, in a real
engine situation, be lower than those shown in figure 117, However, to ascertain
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relative effects and trends, comparing emission concentrations for a given con-
figuration with those of a baseline system has been shown in this program to be a
good, reasonable, comparative experimental technique. Detailed evaluation of a
final combustor configuration should be accomplished in an experimental arrange-
ment that more closely simulates actual engine conditions. Now, at values of FA
less than 0.006, the combustor inlet temperature used in the experimental pro-
gram was approximately the same as it would have been in practice; however, the
primary zone became lean, resulting in lower flame temperatures and a less effi-
clent reaction. Higher values of CO concentrations were achieved because the
rate of conversion of fuel to CO was slower at the lower equivalence ratios and the
CO-to~-COq reaction was delayed. This delay resulted in relatively large con-
centrations of CO being in the reaction products entering the dilution zone from the
primary. Consequently, the jets of dilution air quenched the CO before it could be
oxidized. In comparison, Scheme 5-1A exhibited a relative overall decrease in CO
concentrations in the low-power FA range, which was primarily due to better pre-
paration of the reactants by the carburetion tube fuel injectors.
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Figure 117, Comparison of Vartations in CO Con- DF $6002
centration with Fuel-Afr Ratio for Tests
Conducted with Combustor Schemes 5-1A
and 5-1B

The variation in NOy concentration with FA is shown in figure 118 for com-
bustor B, Schemes 5-1A and 5-1B. DBoth curves are simtlar; they each initially
increase with FA and then decrcase. In the case of Scheme 5-1B, NOy concen-
tration increases with FA to a value of 0. 008, reflecting the increase in re-
action temperature with FA; and then decreases above an FA of 0,008, re-
flecting the nonincrease in temperature beyond this value of FA, for the reasons
presented in the preceding discussion on ('O emissions. The curve for Scheme 5-1A
is shifted somewhat to the right of that for 5~1B, This {s attributed to PHIP being
lower for the 5-1A arrangement. NQ_ concentration levels observed for Scheme 5~1A
were lower than for §-1B because of fhe increased design-point reference velocity
for Scheme 5-1A. As discussed earlier, increased reference velocity results in
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a Jdecreased residence time. The lower the reaidence time in the primary zone
for a reacting fuel-air mixture, the lower will be the resulting NOy concentration.

Figure 118. Comparison of Variations in NOy Con- DF 96093
centration with Fuel=Air Ratio for Tests
Conducted with Combustor Schemes 5-1A
and 5-18B

The variation in combustion emclency with FA for combustor Schemes 5~-1A
and 5-1B are shown {n figure 119. Higher efficiencies were obtained with :
Schome 5-1A than with 5-1B, primarily as a result of the much lower concentra~
tions measurcd at the low-power condition. Over the ontire FA range evaluated,

~~ EFFGA obtained for Scheme 5-1A was greater than 9%%. Close agroement was

also obtajned between EFFGA and EFFMB in this series.
d. Evaluation of Pﬂmary Zone Airfllow Distribution

Although the carburetion tubes were designed to admit u}l the primary-zone
air required for complete combustion at an overall FA of 0. 008, {t was conjectured
that better performance could be obtained (better flame stalilization, lower values
of LBO, and lower emissions) if part of the combustion air were mdmitted to the
combustor through primary penetration holes.

A series of teats was conducted, therefore, in which the primary zone air-
flow distribution (the relative proportions of carburetion tube and penctration
airflow) was systematically varield., The defining parameter used in these tests
was PXPAR, the premixing-to-penetration airflow rate ratio. In the basic pre-
mixing combustor arrangement (Scheme 5-1A) described in the previous section,
PXPAR was infinite; all primary-zone combustion afr was introduced into the
burner through the carburetion tubes and the quantity of primary-zoae penetration
airflow supplied was zero. In theé current test scries, additfonal values of PXPAR
t1.8, 1.0, 0.6) were investigated. A separate combustor configuration with ap-
propriate penetration bole and carburction tube deflecior arcas for the desired
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flowsplit was used to evaluate each value of PXPAR.
were designated Schemes 5-2A, 5-3A, and 5-4A. Their salient features are pre-
sented schematically in figures 120 through 122, Dats were obtained for each
scheme at several values of FA for concentrations in the low-power range. Com-
parisons of the emission concentrations and the combustor operating character-
istics at these values of PXPAR and FA made it possible to determine, within the
limitations of the hardware, the best split between carburetion tube and primary

The three new configurations

penetration airflows to achieve the greatest reduction possible.
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Figure 119, Comparison of Variatiobs ta Combustion DF 96094
' Efficiency with Fuel-Air Ratio for Testx
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The test results obtained revealed that emissions concentrati-ns, LBO, and
general performance were affected by variations in PXPAR. In particular, adjust-
ments in PXPAR brought about a reduction in CO (by a factor of 2) with respect to
the very low levels obtained with the basic premixing configuration (Scheme 5-14A),
discussed earlier, Generally, it was found to bhe more advantageous to inject some
of the primary-zonc airflow through penetration holes in the liner than to supply all
of the air through the carburetion tubes.

The variation in UHC concentration with FA is shown in figure 123 for
Schemes 5 1A, 52A, 5-3A, and 5-4A: these schemea represent values of
PXPARof = , 1.8, 1.0, and 0.6, respectively. The generaily low UHC con-
contrations observed with Scheme 5-1A were again observed with the three new
schemes; UHC concentrations less than 10 ppmv were obtained with each at values
of FA greater than 8,006, These levels are well below the program goal of 10 ppmw
{13 ppmv). At values of FA above 0,007 there was no significant differcnce in con-
centration levels for the four schemes. This rosult reflected the basic importance
of premixing fuel and afr o promete an efficiont reoaction. By comparison, the
influence of primary airflow distribution appeared, as far ng UHC was concernad,
to be of secondary importance. At values of FA less than 0. 007, differences can
be noted in the rates at which VHC conventration luvels tnoreased as FA was de-
ercasod and LBO was approached, Those differences reflect the influence of
primary airflow distribution {(PXPAR) on LB0, which Is discussed later in this
section, . o
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The variation in CO concentration with FA is shown in figure 124. All four
schemes exhibit.:d very low concentrations of CO near an FA of 0.006. The
bucket-shaped concentration - FA curve obtained with Scheme 5-1A was also ob-
tained for Schemes 5-24, 3-3A, and 5-4A. However, the low CO concentration
exhibited by Scheine 5~1A was improved upon by two of the three new combustor
schemes, in inverse proportion to PXPAR, With combustor Sctieme 5-1A, the
value of PXPAR was = and the CO concentration was 58 ppmv; with Scheme 5-2A,
PXPAR was 1.8 and the concentration of CO was 32 ppmv; and with Scheme 5-3A,
PXPAR was 1.0 and the CO concentration observed was £8 ppmv, With Scheme 5-4A
in which the PXPAR was 0. 6, however, the CO concentration increaced to 51 ppmv.
These results showed that PXPAR had a decidedly influential effect on CC concen-
tration levels and that for a given general combustor configuration PXPAR could
be optimized to reduce CO concentration.
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Figure 124, Comparison of Variations in CO Con- DF 96096

centration with Fuel-Air Ratio for Tests
Conducted with Combustor Schemes 5-1A,
A~2A, 5-3A, and 5-4A

The reason suggested for the trends observed, at least in part, is that the
primary penetration air in Schemes 5-2A and 5~3A promoted betier mixing, and
resulted in more CO being converted to COy in the favorable environment in which
the FHIP was 0.8. In poorer mixing environments (such as in Scheme 5-1A),
more CO passed from the primary zone unreacted and was quenched by dilution
air, Although the shifting of combustion air from the carburetion tubes to the
primary penetration holes made less air available for premixing, any resultant
detevioration in quality of fuel preparation that might have occurred was out-
weighed by the benefits of better primary-zone mixing: down to the PXPAR of
0,6 (Scheme 5-4A),

The variation in NOy concentration with A is shown in figure 125, The
familv of curves fur the four schrmes is confined to a relatively narrow band.




At values of FA greater than ¢, 008, nearly identical resulis were obtained; how-
ever, below an FA of 0.008, some variation was experienced. The trend shown
simply indicates that NOy concentration increased as peak reaction temperatures
were increased by increasing FA. Above an FA of 0. 010 the tendency for NOx
concentration {o increase with FA for Scheme 5~1A decreases. This trend is due
B LG to an over-ri~h condition in the primary zone. At values of FA less than 0. 008,
N Schemes 5-1A and 5-2A exhibited somewhat lower NCx concentration levels than
P 3 _ the other two schemes. This trend may be a result of more thorough premixing
E of fuel and air. In Scheme 5-1A, all combustion air was admitted into the primarv
. : zone through the carburetion tubes. This resuited in good premixing of fuel and air,
R : faster reaction rates, and short residence times at elevated temperatures. As
SRR : a result, this scheme produced the lowest NOy conceniration levels. In Scheme 5-2A,
R - which utilized a modest amount of primary nenetration air, the NO, concentration
T levels produced were higher than those in Sfcheme 5-1A, but lower than those in
. Schemes 5-3A and 5-4A. This implies that an intermediate degree of premixing
32 -4 : results in intermediate concentration levels of NOx. It thus appears that NO,
T levels in the low-power range are directly related to the degree of premixing.
i 4 it is also evident that with the premixing concept NOy levels were reduced below
S ' those achieved using conventionai pressure-atomizing fuel injection. This may
e o i : be seen by comparing the levels obtained here with those obtained for Scheme 5-1B
' : in which 4-gph fuel nozzles were used (figure 118); NOy concentraticns observed
with the pressure-atomizing system are higher by 5 to 20 ppmv.
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Figure 125. Comparison of Variations in NOy Con~  DF 95097
centration with Fuel-Air Ratio for Tests
5 Conducted with Combustor Schemes 5-1A,
5-2A, 5-3A, and 5-4A
o Combustion efficiencies obtained using Schemes 5-2A, 5~3A, and 5-4A were
S very clos< to those obtained using Scheme 5-1A. The data for these schemes have
E not been presented graphically because of their clese similarity to the curves pre-
- o sented for Scheme 5- 1A in figure 119, Instead, values for both EFFGA and EFI'MB
- are presented ia {abular form in Appendix VI, High efficiencies were ~btained




throughout, in keeping with the low levels of UHC and CO concentrations measured.
Generally close agreement between values of EFFMB and EFFGA was also obtained.

in the initial tests of the premixing concept using Scheme 5-1A, a value of
LBO was measured that was considerably in excess of that obtained with the pres-
sure-atomizing nozzles using Scheme 5-1B. With Schemes 5~2A, 5-3A, and 5-4A,
high values of LBO were alsc measured. In the discussion of the basic premixing
combustor, presented earlier, an LBO of 0.0049 was quoted for Scheme 5-1A.
This value corresponded to the point at which the erergy level of the exothermic
process was so low that the reaction would not propagate when the fuel flow was
increased. The determination of this point is difficult and subject to error. For
the purpose of comparing values of LBO in this discussion, an alternative defini-
tion was chosen. LBO was defined as the point at which the concentration of UHC
exceeded 10 ppmv as FA was decreased. Although this point does not truly repre-
sent blowout, it does identify the sharp increase in emissions that appears imme-
diately before LBO occurs. With reference to figure 123, values of LBO of 0, 0058,
0.0063, 0,0056, and 0.0056, according to the aforementioned definition were ob~
tained using Schemes 5-14, 5-2A, 5-3A, and 5-4A, respectively. These results
indicate that for all but one of the schemes, as the amount of carburetion tube
airflow was decreased (PXPAR decreased), LBO decreased slightly. The excep-
tion was Scheme 5-2A (PXPAR = 1.8), in which the highest value of LBO was
measured. The decline in LBO with decreasing PXPAR agpears to reflect the
inherently narrow flammability limits of a premixed reaction. These limits occur
because .of the homogeneity of the mixture, which eliminates locally rich pockets
of fuel and air that can sustain the combustion process at very low valu:s of FA.
The high value of LBO observed with Scheme 5-2A is not readily unders.wod.

During accomplishment of the tests in this program, visual observations
of the combustion process within the research burners were periodically made.
As shown in figure 50, the rig case and traverse case were separated by a finite
distance. By standing aft of the rig case at an angle approximately 30 deg to the
axis of flow, it was possible to see within the burner up to the dome and injectors.
Information on items such as flame structure, flame-front location, and quantity
of luminous flame were obtained. In the premixing tests the quantity of luminous
flame observed near the injectors was very revealing. In general, at values of
FA corresponding to a low-power design point (0. 006 - 0.008), a predominatly
blue flame was observed. At greater values of FA, as the tubes became more
heavily loaded with fuel, large droplets of fuel began to be emitted in the discharge
flow from the carburetion tubes. This resulted in a luminous flame indicative of
droplet burning and elevated emissions levels. In tests of this series, the amount
of luminous flame decreased as FA was decreased, and disappeared entirely,
leaving only blue flame, prior to L.BO,

PXPAR also had an inflicuce on the quantity of luminous flame present.
At an FA of 0,008, the flame within combustor Scheme 5-1A (PXPAR =) was
approximately 10% luminous; with Scheme 5-2A (PXPAR = 1,8), zero; with
Scheme 5-3A (PXPAR = 1,0), 5%; and with Scheme 5-4A (PXPAR = 0.6), 50%.
It appeared that the increased degree of mixing promoted by primary penetration
air jets in Scheme 5-2A helped to further atomize and vaporize the small quantity
of large droplets in the discharge flow of the carburction tubes and, as a result,
served v eliminate the luminous flame. In the other three schemes, luminous
flarme was encountered either because of the absence of primary penetration air
(In Scheme 5-1A) or because of excessive amounts of penetration air (in Schemes
5-3A or 5-4A) that resulted in less carburetion tube air available for premixing
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fuel and air. Thus, if the quantity of luminous flame is used as an indicator of
premixing and mixing effectiveness, Scheme 5-2A can be cited as the best con-
figuration, representing a well-balanced combination of carburetion tube and pri-
mary penetration hole airflows.

e. Evaluation of Fuel-Air Premixing in Combination with Air Staging

Tests conducted using combustor B up to this point in the program were
accomplished at values of FA in the low-power range. These tests were designed
to determine the basic operating characteristics of a premixing-type burner and
to optimize PXPAR at low-power for an injector-burner combination, Improve-
ments in low-power emission concentrations attainable with good fuel preparation,
as provided by carburetion tubes, were ascertained.

Emission-free operation over the FA range from low to high power requires
that the proper proportions of fuel and air be maintained in the combustion zone
at all operating conditions. In the combustor A test program it was demonstrated
that FA could be controlled by sing the air-staging concept. The method of air
distribution employed involved varying primary and secoridary airflow distributions
simultaneously in order to conserve the overall total effective hole area of the
burner and maintain liner total pressure loss at a constant value. As the primary-
air hole area was reduced at low power, for example, the secondary-air hole area
was increased. Consequently, liner pressure drop was eliminated as a variable
in the air-staging evaluation tests.

A major difficulty in implementing the type of air-staging described above
is in devising a means for varying both primary and secondary hole areas using
practical combusior hardware, The problem can be simplified, however, if only
the primary-air hole area were varied, allowing liner total pressure drop to vary
within allowable limits. This approach was evaluated in the test series described
in the following paragraphs.

A variable airflow distribution burner was simulated using two fixed-
geometry configurations of combustor B. Scheme 5-5A, described in figure 126,
represented the low-power configuration; Scheme 5-7A, described in figure 127,
represented the full-power configuration. The overall operation of the simulated
combustor was evaluated by combining the results of the tests conducted using the
two burner schemes. During high-power combustor operation, simulated by using
Scheme 5-7A, the primary-air penctration holes were fully open, admitting the
amount of air required to achieve complete combustion at a design-point FA of
0.022. The liner total pressurc drop at this value of FA was 3.5%. Now, as FA
was decreased, the primary-air penetration hole area was decreased to maintain
a constant value of PHIP., Accordingly, burner pressure drop increased because
the secondary-air holec area was not opened to compensate for the decreasc in
nrimary zone air hole area. At a low-pewer FA of 0. 008, using combustor Scheme
5-TA, the primary-air penctration holes were completely closed; all of the air
required for combustion was admitted into the burner through the carburetion tubes.
Liner total pressure drop for Scheme 5-7A at this FA had increased to approx-
imately 7%.
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Although it was expected that this simulation of a variable airflow distribution
combustor would produce lower emiseions at idle (because of the increased liner
total pressure drop), and generally good performance at full power (because of
premixed fuel injection), the test results were generally disappointing in both
respects, At low power, simulated by using Scheme 5-5A, LBO increased
significantly to the highest value observed to date in the experimental program:
0.007. At high power, simulated by using Scheme 5-7A, extremely high con-
centrations of UHC and CO were obtained; the values were higher than those
observed in the tests of the baseline combustor A Scheme 1-1B, which also had
a design-point of 0. 022, but which also used pressure~atomizing fuel nozzles.

The variation in UHC concentration with FA is presented in figure 128
for Schemes 5~5A and 5-7A. Scheme 5-5A displayed very low UHC levels at
values of FA greater than 0.008. These compared to the levels obtained in
previous tests using combustor B, Below an FA of 0.008, UHC concentration
levels increased sharply because of the very high LBO. Scheme 5-7A exhibited
very high concentrations of UHC at full~power vaiues of FA, These levels are
believed to be the result of poor fuel preparation at high values of FA; the fuel
flows were extremely high, the airflows were extremely low, and premixing of
the two was poor. Consequently, the distribution of the fuel and air discharging
from the carburetion tubes into the primary zone of the combustor was inadequate.

The variation in CO concentration with FA is shown in figure 129, Included
with the data for Schemes 5-5A and 5-7A are the data for Scheme 5-3A (also
shown in figure 124), in which test series the lowest concentrations of CO were
observed, prior to the series of Schemes 5-5A and 5-7A. In the FA range
between 0,008 and 0. 010 Scheme 5=5A produced even lower concentrations of
CO than Scheme 5-3A. These lower values of CO concentration observed with

Scheme 5-5A are believed to be the result of the increased liner total pressure
loss.

UHC CONCEXTRATION - ppow
& &

» - O e heme 874
) / N
Scheme S5A ~
00 0004 .00 LO:OI! 1T a0 0024
FUEL-AIR RATIO
Figure 128, Variation in UHC Concentration with DF 96098

Fucl=Air Ratio for Tests Conducted
with Combustor Schemes 5-5A and 5-7A
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Figure 129. Variation in CO Concentration with DF 96099

Fuel-Air Ratio for Tests Conducted
with Combustor Schemes 5-3A, 5-5A,
and 5-7TA

The very high CO concentrations obtained with Scheme 5-7A are believed
to reflect overloading of the carburetion tubes with fuel at high values of FA,
as discussed earlier, and quenching of reaction products by primary penetration
air at intermediate values of FA,

The variation in NOy concentrations with FA is presented in figure 130
for Scheme 5-5A only. Data for NO concentratjons were not obtained with
Scheme 5-7A because of an instrumentation malfunction; consequently, no data
for NOx with Scheme 5-7A are presented. In the curve for Scheme 5-5A, the
NOy concentration observed at an FA of 0, 0084 (28 ppmv) was the lowest value
obtained at that fuel-air ratio in the full-traverse tests accomplished using com-
bustor B. However, a very high concentration of NOy (556 ppmv) was observed
with the same combustor configuration at an FA of 0.0105. The sharp increase
in concentrations between these two values of FA is believed to reflect the sharp
increase in reaction temperatures as FA was increased from 0,008 to 0.010
(PHIP increased from approximately 0.8 to 1.0), The slope of the curve is
steeper than that obtained for Scheme 5-1A (in which all combustion air entered
through the carburetion tubes, as it did in Scheme 5-5A) because of the differences
in lner total pressure drop. The 7% pressure drop in Scheme 5~5A promoted
better mixing and fuller realization of the maximum reaction temperatures at a
given value of FA, than the 3, 5% value in Scheme 5-1A.

The variation in combustion efficiency with FA is presented in figure 131,
The high levels obtained with Scheme 5-6A reflect the very low concentrations of
UHC and CO measured at values of FA above LLBO, In Scheme 5-7A, relatively
high levels ware obtained in the intermediate and full-power ranges. The dif-
ferences between EFFMB and EFFGA observed in the test series of Schemes 5-5A
and 5-7A are attributed to the same causes discussed earlier for series exhibiting
simu?ar trends. No cxplanation is readily apparent for the values of EFFMB above
100%.
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Tests conducted of the air staging concept with combustor B have indicated
that several features of the simulated variable-airflow-distribution burner must
be changed. First, the restriction of not varying carburetion tube airflow must
be lifted to prevent overloading of the tubes at high fuel flowrates. Second, the
flameholding capability of the carburetion tubes must be improved to lower the
lean blowout limit at high values of liner pressure drop. Third, the primary
penetration air must be introduced more gradually to ease the quenching of CO.
If these changes are accomplished, the concept of air staging investigated in
these tests shows great promise for producing low emissions over the entire
FA range from idle to full power.

f. Evaluation of Circumferential Fuel Staging with Ccnbustor B

With combustor A, it was determined that simply staging the fuel flow to
the primary-zone pressure atomizing fuel nozzles in a conventional annular
combustor did not yield significant reductions in low-power emission concentrations.
The two types of circumferential staging evaluated, alternate and sequential, were
found to be severely limited because of interactions between adjacent regions of
reacting and nonreacting flow in the combustor, as discussed earlier. It was
concluded that unless both the fuel and air were staged in the primary zone, cir-
cumferential staging holds little promise as a method for reducing low-power
emissions,

Despite the poor results obtained with circumferential fuel staging using
combustor A, it was conjectured that better results might be obtained if car-
curetion tube fuel injectors were used. The premixed fuel-air emanating from
the carburetion tubes might react nearly to completion before appreciable inter-
ference occurred from adjacent streams of cold air. Accordingly, a brief series
of tests was conducted using Scheme 5-7A, described in the preceding section,
to evaluate both the sequential and alternate modes of the circumferential fuel-
staging concept. As in the tests conducted using combustor A Schema 1-1B,
fuel flow to seven of the 14 carburetion tubes was stopped; but the airflow was
not blocked in the fuel-inoperative tubes,

Results obtained using combustor B were not significantly different fiom
those obtained using combustor A with pressure-atomizing fuel nozzles. No
significant reductions in UHC or CO concentrations were obtained with either
mode of fuel staging with combustor B,

The variation in UHC concentration with FA is shown in figure 132 for both
alternate and sequential circumferential staging, Included for references are data
for Scheme 5-7A in the unstaged mode. The concentration levels obtained with
the scquentlal staging arrangement are higher than those obtained using the unstaged
configuration, In the FA range evaluated, a given UHC concentration was achieved
with the scauential-staged burner at half the FA at which this concentration was
achieved with the nonstaged configuration. This I8 unvsual because even though
. only half the combustor is operating at twice the overall FA with the staged burner,
the overall average UHC concentration observed corresponded to the entire com-
bustor operating at twice the overall FA, ‘The reagon for this 10sult may be seen
by referring to figure 133, wherce the variation in UHC concentrations with
circumferential location at an FA of 0,008 are presented. In the curve describing
the sequential staging data it is noted that a sharp peak in UHC concentration
occurs just within the nonoperating half of the burner. The concentration peak ob-
served indicated that a strong interaction occurred between the two halves of the
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burner. It is conjectured that part of the reacting mixture near the interface of

the two halves moved into the nonoperating side of the burner where a sharp de-
crease in equivalence ratio and temperature occurred. Locally high levels of UHC
concentration resulted, which accounted for the aforementioned peak. The UHC
concentration levels obtained for the alternate circumferential staging con-
figuration are much higher than those obtained in the unstaged case, as shown
in figure 132, It is suggested that the interaction described for the sequential
staging system was responsible for the high UHC concentrations observed with
the alternate system as well. In figure 133, it may be seen that concentration
peaks in the alternate staging data curve tend to occur at nonoperating nozzle
locations. This is ascribed to interactions between adjacent regions of reacting
and nonreacting flow, in which reactants were cooled and diluted by their contact
with the surrounding cold air; consequently, high local concentrations of UHC
were formed,

The variation in CO concentration with FA is presented in figure 134. The
curve describing the sequential staging data is virtually an extension of the
unstaged curve. The CO concentration levels obtained with sequential staging at
a given value of FA were approximately half those obtained in the unstaged tests
at twice the value of FA, As discussed earlier in the section on circumferential
fuel staging using combustor A, this result implies that the two halves of the
burner function essentially independently, with the overall average exit con-
centration being the average of zero (the concentration corresponding to an FA
of zero), and the value corresponding to twice the overall FA in the unstaged tests.
Verification of this is shown in the curve describing the sequential staging data,
figure 135, wherein there appeared to be a clear separation in concentration
levels between the operating and nonoperating halves of the burner. The curve
describing the data obtained for the alternate staging arrangement, in figure 134
shows that CO concentrations were higher than those for sequential staging, and
higher than those projected for the unstaged combustor in the low-power range.
The reason suggested for this trend can be seen by referring to figure 135, where
the curve describing the data for the alternate staging arrangement shows very
high concentrations of CO in line with both operating and nonoperating carburetion
tubes. CO produced in the reacting regions of flow appeared to diffuse readily
into the nonoperating regions, with the result that appreciable auenching occurred
in both regions, and that the overall average exit concentrations were high.

Data for NO concentrations were not obtained in the circumferentlal staging
tests using Scheme 5-TA because of an Instrumentation malfunction, Consequently,
information relating to the variation in NOy concentration with FA was not
determined.

The variation in combustion efficiency with FA {8 shown in figure 136,
The levels obtained during both sequentiatl and alternate staging tests reflect
the UHC and CO concentrations levels discussced earlier in this section. In
the case of alternats staging, good agreemoent was obtained between EFFMB
and EFFCGA. In the case of sequential staging, however, the values of EFFMB
weee above 1005, These efficiency levels might be the result of the method
used to determine EFFMB,  [n calculating EFFMB in this test program an
arca-woighted technlque was used. Goener.ully, the arca-weighted average is
very nearly cqual to the mass-welghted average. However, n situntions wherein
strong temperature and mass differenees occur over large distinet arcas of the
exit flow field, area weighting the average exit temperature could yield results

161

C R A - - T T s e e R



D ST e e e TR R AR R T T e Il e o M " Iy MRS ¥ WY

different from mass weighting. This point was not pursued further because of
the generally poor emission concentration levels obtained with the circumferential
fuel staging concepts.
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K. . Fvaluation of Carhurction Tubes with a Fixed-Geometry Combustor

Although some form of air or fuel staging will probably be necezaary o
achieve low concentrations of chinctionable exhaust emissions over a wide range
of fuel-air ratios, a significant reduction might be achieved if the premixing
concept were used in combination with a fixed-geometry cambustor thst had »
conventional, full-power FA design palnt. The final test series of Phase I was
conducted using a modification of combustor B to evaluate the potentiz! of such
a configuration. '

Cambustor B Scheme 5-7A had been designed previously {or full-power
operation. In the air-staging tests, this configuration was operated over the
FA range {rom 0,008 te 0,022, However, as discusked cartier, high con-
centrations of UHC and CO were produced at intermodiate and full-power valucs
of FA, Two featurcs of this scheme contributed largely to the high concentrations.
First, the emall carburection-tube discharge rrea that was required to simulate
air-staging restricted the airflow and caused poor fuel atomization at high fuel
flowrates. Second, the rather large primary-air penetration holes quenched the
CO oxidation reaction and cavsed high concentrations of CO in the combustor
exhaust gas. In this final series of tests, the features contribuling o poor
performance in Scheme 5-TA were cortected; the carburetion-tube discharge
arca was increased, and the large primary-air penctration holes used in Scheme
5TA were replaced by a combination of smaller holes in the primary and inter-
mediate zones.  The resultant configuration, designated Scheme 5-8A, is
described in Nigure 137,
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scheme 5345

i the design of Scheme 3-8A, use was made of infonnation geaeyated in
provious testa of the experimental program. First, results of the primary-zone
atrflow digtribution tests indicated that Scheme 5-2A was the best owverall con-
figurution al low power. The primary«zone configuration {rom this schieme was
fncorparated into Scheme 3-8A. Next, in several sérics of testd, the cambustion
process was viewed and it was abgerved that the reactian soae 2t high combustor
toadings clongated and extended to the plane of the downstream difution hales at
high values of FA, Based oa this, an oloagated primary zoac was defined for
Scheme 3-8A that included both the primary and intermediate penctration holes,
it was anticipated that during low-power operation, the reaction wagld be crmfined
to the vicinity of the carburction-tube and primary peactration air injeciion sites,
and that the intermediale holes would provide graduai dilution of the products of
cambustion. At full-power operation, comhustor INading wouid be vory high and
the reaction zone would have clongated e include the intermodiate holes as a
source of combustion atr. Thus, a fixed combustor grometry was provided that
appoared to be capable of satisfying many of the requirements for providing low
emissions conceniteations over the entire FA range from idls to full power.

Scheme 5-8A was aperaind over the FA range {rom 9, 8066 (0 0, 0241,
Very grod tesl results were oblained, with significant improvements achieved
in CO and UHC concettrations, cominstion officiency, and vidual Hame qualily
over the entire FA radge iosted. The sleep rise in CO encountered in previous
carburction tube r~hemes on the high U side of i TO cantentration = T4 murve
was flattenesd. VHC concentration lovels were fess thas thye progeam goal of
10 ppmw over the ontire range {ested, Values of combwation efficiency were
above 99, 5% cver the entire range.  Visual flame quality wag the best obfajned
in the eatire oxperimentai program, ranging from a eompletely blue flame at
idle to 2 predoaminantly transparcat hat gas 3t iatermediate and full power, These
improvements were obtained at the expense of an increase in LBO o i FA of
0. 0083, 165
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The variation in UHC concentration with FA is shown in figure 138. Very
low concentrations were obtained, with the maximum level of 12 ppmv observed
an FA of 0.0241. These resuits surpassed the program goal of 10 ppmw (18 ppmv)
THC at low power. The curve describing the data passes through a minimum
point of 5 ppmv at an FA of 9, 0072. The gradual slope between that point and
the maximum poiut at an FA of 0.0241 has been attributed to a slight deterioration
in the quality of fuei preparation as the carburetion tubes became more heavily
loaded with fuel.

e

Figure 138. Comparisov of Variations in UHC Con~  DF 96107
: . centration with Fuel-Air Ratio for Tests |
Conducted with Combustor Schemes 5-8A
and 1-1B

The variation in CO concentration with FA is shown in figure 139, A
minimum conceutration of 69 ppmv was measured at an FA of 0.0072, From
that point, C'O levels increased gradually to a maximum of 725 ppmv at an FA
of 0,0241. At valves of FA greater than 0,007, the concentrations measured
were lower than those obtained in any other tests with combusgtor A or with
combustcr B, These results reflect the successful combinatior of the primary-
wone airflow distribution used in Scheme 5~2A (which produced very low CO
concentrations at low power), and the gradual introduction of air in the inter-
mediate zone in the amount required for complete combustion at fell power,
without excessive quenching of CO at low power., Although further reductions
will be required to achieve the program goal of 10 ppraw CO at idle, the results
obtainad in Scheme 5-8A represent a substantial improvement with respect to
previous results and nrovide a strong endorsement for the methods employed.
It is suggested that the desired reductions can be effected by further talloring
the hole pattern for the gradual addition of intermediate~zone air, and by
providing better premixing through refinements in carburetion tube design.
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Figure 139, Comparison of Variations in CO Con=-' DF 96108
centration with Fuel~Air Ratio for Tests
Conducted with Combustor Schemes 5-8A
and 1-1B

The variation in NOx concentration with FA is shown in figure 140. Included
for reference is the curve describing the data for the basel.ne cortbustor A con-

figuration with 4 gph fuel nozzles, The curve for Scheme 5-8A is higher than the

one describing the baseline scheme. It is suggested that this result is due to
the better fuel preparation achieved in Scheme 5~8A, which produces a more

. {lntense reaction with higher peak temperatures.
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The variation in combustion efficiency with FA is presented in figure 141,
The curve for Scheme 5~8A represents fulfillment of one of the original program
goals: an entirely flat efficiency curve at near-100% levels over the entire FA
range from idie to full power. The values for both EFFMB and EFFGA are in
tlose agreement and, except for one point, are above 99.5% over the entire range.
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Figure 141, Comparison of Variations in Combustion DF 96110
Efficiency with Fuel~Air Ratio for Tests
Conducted with Combustor Schemes 5-8A
and 1-1B

In general, very good performance was obtained using the carburetion-tube
fuel injectors in a fixed geometry combustor designed for operation at full power.
By utilizing the concept of an extended primary zone with the gradual addition of
combustion air, reduced emissions were obtained over the entire FA range from
idle to full power. The approach taken in these tests shows great promise and
confirms the possibility of an ultimate solution to the general emissions problem
that avoids the use of variable geometry hardware.

h. Evaluation of Airflow Blockage Effects

In the Phase II experimental program, an effort wug made to exclude com-
bustor inlet airflow and pressure variations as additional variables to consider
in evaluating design concepts for reducing undesirable exhaust emission con-
centrations during low-power operation. Consequently, a large plenum chamber
was installed upstream of the burner and the burner itself was contained within
a large-volume case to diffuse the supply air to low velocities and simulate
static-fed operation. The external aerodynamics of the experimental arrangement
were, therefore, completely repeatable from test to test.
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However, in the initial five tests conducted with combustor B, Scheme 5-1A,
locally nonuniform airflow was inadvertently produced by a blockage within the
rig plenum, A thermocouple junction box used in the flashback monitoring system
for the premixing tubes had been mounted in close proximity to the combustor,
as shown in figure 142, obstructing the airflow into one of the premixing tubes.
This arrangement caused the primary zone in the vicinity of the obstructed tube
to be fuel rich, which resulted in locally high concentration levels of UHC and
CO.

The data obtained with this arrangment are presented in the following
paragraphs to illustrate the effects of a nonuniform inlet airflow cn exhaust
emission concentrations. In figure 143 the variations in UHC and CO con-
centrations with circumferential location are presented. Both curves exhibit
a peak in the vicinity of the obstructed premixing tube. In addition, the high
concentration levels diffuse into adjacent regions of the annulus with some of
the high concentration influence still evident, in the case of CO, as far away
as 90 deg.

In subsequent tests, the thermocouple junction box was removed from its
initial location and was mounted at the rear of the rig plenum where no inter-
ference with the combustor inlet airflow pattern could occur. The circumferential
profiles of UHC and CO obtained with this revised arrangement were uniform,
with no concentration peaks present of the magnitudes previously observed.

These profiles are shown in figure 144,

The locally high concentration levels that had been produced in the tests
with the obstructed premixing tube resulted in significant increases in the overall
average exit concentrations of UHC and CO, In figures 145 and 146, the variations
in UHC and CO concentrations with fuel-air ratios are presented in tests with
blockage and in tests without biockage. At an FA of 0,006, UHC concentration
levels were in excess of 100 ppmv higher in the case with blockage; CO con-
ceritration levels were 150 ppmv higher.

The variation in NOx concentration with FA is presented in figure 147, Con-
centration levels for the blocked and unblocked cases were comparable in the FA
range from 0,005 to 0, 008, but diverged at higher values of FA with lower levels
being obtained in the tests with blockage. This result i8 charged to the slightly
lower average reaction temperatures encountered in the teste with blockage.

The results obtained in these tests emphasize the need for developing
methods for eliminating or counteracting the effects of inlet airflow distortion
in future applications of low-emission combustors,

I, pH Measurements

For each full-traverse test conducted, the pH level of the combustor
exhaust gas was determined. A portion of the gas that was abstracted for
analysis from the exhaust stream at the exit plane of the combustor was con-
densed, removed from the condenser, and examined., Initially, pH paper,
acourate to 0, 1-pH unit, was used for analyses; later a Beckman Model 88-1
pH meter was added to the instrumentation system and used. Good agreement
between the two methods was obtained when they were used to scrutinize a
common sample,
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Flgure 143, Variation in UHC and CO Concentrations DF 96111
' with Circumferential Location for Tests
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. Figure 144. Variation in U and CO Concentrauonq DF 96112

" with Circumferential Locanon for Teats
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Figure 145. Comparison of Variations in UHC Con-  DF 96113
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ocentration with Fuel-Air Ratio for Tests
with Blockage and No Blockage

Figure 146. c:ompamon of Variations {n CO Con- . DF 96114

“centration with Fuel~Air Ratlo for Tests
with Blockage and No Blockage
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Flgure 147. Comparison of Variations in NOy DF 96118
Concentration with Fuel-Air Ratio ,
for Tests with Blockage and No
Blockage

The condensation and collection systems included a tightly cofled, 10-ft .
gection of 1/4~in. OD stainless steel tubing and a small stainless steel bulb,
The bulb wus affixed to the tubing and served as a liquid collector. The tubing
an: bulb were located in a stainless steel contuiner that, when filled with a

r.ixture of wnt&r and {ce, functioned as a batch condenser.

After each full-traverse test, the flow of exhaust gas tnto the ocondenser

was halwd. and the exhaust condensate was transferred from the condensation
~ system, using gaseous nitrogen under pressure, into a polypropylene contalner

for examination. The condensation system was then purged free of moisture
using gaseous nitrogen until operating conditions for the next full-traverse test
point were achieved, The condensate drain line was then closed; exhaust gas
was allowed to enter tha eondenner. and llquefnot&on of the sample gas was

again begun,
" The basic system and procedure juat described were lncorporated fnto the

: 'exper!menm program prior to commencing the Scheme 1-1B test series. The
_system and procedure usad in the Scheme 1-1A series was found to be unsatis-~

factory with respect to system cooliag effectiveness and sample residence time
fn the condenser. This change in the modus operandi for obtaining exhaust gas
condensate is considered to be the principal reason for the difference in pH level
obtained In the seven tests of Scheme 1-1A and that obtained in the remaining -

- mu of all other combustor cchemes evaluated under Phase II.

" The pH data obmned for all full-traverse tests conducted under Phase 11
are shown in Appendix IV and figure 148, Excluding the 1-1A test series, pH
‘levels for tests conducted with combustors A and B ranged trom 2.5t04.2
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over a range of fuel-air ratios from 0. 0038 through 0.0241. The only con-
culsions apparent are that the exhaust emissions were definitely acidic and
that the acidity increased slightly as the overall fuel-air ratio was increased.

»

Figure 148. Variation in pH with FA for Full- - DF 96116
: " Traverse Testa of "ombuators A . L
a,nd B
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SECTION V
COMPARISON OF PREDICTED AND MEASURED EMISSION CONCENTRATIONS

A. GENERAL

 This section presents UHC (nd CO emissions concentration predictions ob-
tained using the streamtube combustor model described in Section IIf. The com-
bustor cunrigurations and operating conditions chosen for input to the modsl cor-
responded to the JT8D probing test series (shown in table IV and figure 13}, aad
to selucted combustor A and B test points. (See Section IV.) The predicted
CO and UHC roncentrations have been compared with the corvesponding expori-
mental data. Examples from the parametric study were selected to correspond

“to test cases conducted under the combustor A test pregram insofar as possible,

and the predicied results were compared with the experimsntal data where ap-
pticable. In the cuse of iniet pressure variation, no evteosive experimental data

. exist for comparison with the predicted concentrations,

"B, JT8D paoﬁmc STUDIES

Predicted CO and VHC concantrannu profiles and FA proﬁtes have been

compared with the experimental probing data In figures 149 through 151 for the
. idle condition and in figures 152 through 154 for the spproach conditfon. The
' proftles have béen plotied at the correct axial looations, deploting the actual -
- combustor geometry at each probe locutioh. The predicted concentration levels

are in gederal agreement with the measured values, Qartimlsﬂy for the approach |

condition. l.ack of detail in the central region of the biirner is & cohsequence of

. the streamtulw arrangement iamrporateﬁ i the ‘model, “The discrepancy betwoen
" predicted and measured FA proffies riear the front of the burpey, cspocially ap~

" pavent in the idie case, {8 a measure of the difference hatwese the tolal fusl Tlowe
rste, approximated by the measuresd viluen; and Qv sméont of fuel vaporited und

- oreacted (predicted values), The two values appiosched cue another with movement

- dowri:the burner,  Thiz {s in qualitative agresment ‘with the discrepanoy between -

enthelpy=based and cwmdeﬁcﬁemya-basad eamim&tim @fiieiﬂnulaa found BoRr -

the fmnt of the tmrner.‘_ (%2 Section m

'f‘he mammd and pmd!clm exhwat-plme mcemrstms m ﬁhown ix: :
table XI. As indiosted, there {8 only qualitative agtenment with the UHC con-
centration levels snd poor agreewent with the 0O valuea, The prédicied vx?wca(

* levela, at the presest state of mode} development responded relatively more -

strongly to changes in FA thui to Inlet temperature varisttons. This f& costrary
to the experimenial trends, The vidues of FA roportsd in table XI¥ exceed the -

' ',;cet values of 0,0075 and 0,013} sirce they ropresentad imidspas averages and. |
~ hence did not tnclude. fael-Tree wall caoltng_ air at the periphery of thg oomh_smter.;‘ o
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Table XII. Comparison of Predicted and Measured JT8D Probing Data
Exhaust Plane Emission Concentration

: ' Experiment Predicted

£ Condition CO UHC FA CO UHC FA

Idle 920 900 0,010 | 315 233 0,0088
e Approach 320 ¢ 0,018 1223 81 10,0150

C. PHASE II ~ COMBUSTOR A

S Predicted values of CO and UHC concentrations were compared with the
£ exhaust traverse data obtained from the tests conducted using combustor A in
7 Phase II. Comparison of the predicted and experimental data are shown graph-
b {ically as follows:

1,  Figures 155 and 156 show comparisons of the effect of air
) : staging using Schemes 1-1B, 2-1A, 3-1A, and 4-1A,

b 2.  Figures 157 and 158 show comparisons of the effect of fuel
P staging using Scheme 2-1B, Scheme 2-1A results (unstaged)
A : are shown for comparison,

3. Figures 159 and 160 show comparisons of the effect of fuel
staging using Scheme 4~1A,

In all cases, as will be the convention for the remainder of this section,
P the predicted points have been indicated by darkened symbols that have been
b connected by straight lines. The fuel~staging cases have been confined to a
. single value of PHIP, 0.85.

With the exception of the 1-1B configuration, the predicted CO concentra-
tions exhibited substantial agreement with the measured data. The UHC concen-
tration predictions generally exceeded the measured values for those cases in
which fuel was not staged, often by as much as an order of magnitude, and tended
to underestimate the measured values in the fuel-staging cases. The predioted
trends are generally correct, however. There i8 reason to believe that the UHC
concentration predictions for the fuei-staging cases can be brought into line with
the measured values by adjustment of the radial distribution of secondary fuel.
The reason for the strong lack of agreement in the 1-1B case is not readily
apparent.

o2 L e it
e pves P i

D. PHASE II - COMBUSTOR B

Predicted CO and UHC exhaust concentrations were compared with the
measured values for Scheme 5-1A of the premixed-tube combustor in figures 161

! - and 162, As observed for combustor A, there was reasonable agreement between

‘ the predicted and measured CO concentration values, while the predicted UHC con-

: centration values exceeded the measured values by one and a half orders of magni~
tude. However, the predicted UHC concentration values for the premixed configura-
tion were substantially below the corresponding prediotions for the nonpremixed,
exhibiting the correct qualitative trend.
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Figure 158, Comparison of Predicted and Measured DF 86120
Variations in UHC Concentration with .
FA for Fuel-Staging Tests (Scheme
2-1A, 4 gph Fuel Nozzles in Primary -
and Secondary)
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E. PARAMETRIC STUDY

The parametric variation of predicted CO and UHC exhaust concentration
was investigated with respect to the following input variables:

1, Figures 163 and 164 show comparisons of the effect of inlet
air temperature using Scheme 1-1B at an inlet air pressure
of 1 atm, FA of 0.0082, and reference velocity of 100 fps.

2, Figures 1€5 and 166 show comparisons of the effect of inlet
air pressure using Scheme 1-1B at an inlet air temperature
of 400°F, FA of 0.0082, and reference velocity of 100 fps.

3.  Figures 167 and 168 show comparisons of the effect of ref-
erence velocity using Scheme 1-1B at an inlet air pressure of
1 atm, FA of 0,0082, and inlet air temperature of 400°F,

4,  Figures 169 and 170 show comparisons of the effect of alr- '

: blast fuel injection (increased fuel droplet size) using
Scheme 2-3A at an inlet air pressure of 1 atm, inlet air tem~
perature of 400°F, and reference velocity of 100 fps. Data
for Scheme 2-1A (pressure-atomtzing fuel nozzles) are shown
for reference. '

5.  Figures 171 and 172 show ecmpnt!aona of the eftect of dome
cooling using Scheme 2-2A (reduced dome cooling) at an inlet
air temperature of 400°F, inlet air pressure of 1 atm, and
reference velocity of 100 fpa Data for Scheme 2-1A are shown
{or reference, , o

_ Analytical model input conditions wete chosen to cormpond to tost po!nts
accomplished in the Phase Il combustor A teat program.  This was done to pro-
vide experimental verification of the model predictions wherever possible. Only
the cases {nvolving variation of inlet pmssum have been presented without cor-.

responding experimental data.

~ Inthe cueq of variation of fnlet tempemm,re and reference voloclty. it was
unfortunato that all testing was comducted utflizing the 1-1B coafiguration, This
configuration exhibited the worst agreement belween predicted snd measured
-values of concentrations, The predicted effect of inlet temperature variation .
showed poor qualitative and quantitative agreement in the case of CO and only
woeak agreement in the case of UHC, - The predicted effect of inlet preasure was
quite strong, - although the validity of the predictions cannot be determined with
~ the ltmfted data at hand. The predicted effect of reference velocity exhibited
qualitative agreement with the measured values in the case of CO, but showed
the reverse {rend for UHC. The extent to which this lack of agreement was due
to the dltﬂoumeo with Schema l~lB described above, has not been determined.

The air-blast fuel injectors used in Scheme 2-3A produced a relatively coarse
spray. This was stinulated in the model by an increased input value of fnitial fuel
“duoplet size, 200 microns. As shown in figures 189 and 170, the model predictions
indicate a reduction in CO concentration and essentially unchanged UHC concentra-

tion with increared fucl droplet size. The predicted UHC trend is in particularly
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poor agreement with the experimental data. This poor agreement indicates that
there is more involved that a simple increase in fuel droplet size, as a significant
change In radial fuel distribution.

The effect of reduced dome cooling, in the configuration investigated, was
both predicted and experimentally measured to be small. Returning to the pattern
of the air and fuel-staging cases, the predicted CO concentration values showed
good agreement with the corresponding measured values, while the UHC predic-~
tions exceed the measured values by approximately an order of magnitude,

F.  DISCUSSION OF THE MODEL PREDICTIONS

Examination of the predicted CO and UHC concentrations within the combustor
indicates that these emissions result from premature quenching of the respective
chemicsl reaction mechanisms as the streamtube temperature was reduced by air
addition. CO concentration level is controlled by the kinetic conversion to COg,
while the UHC concentration level reflects both raw fuel,” which has failed to ignite,

~ and intermediate hydrocarbens, for which oxidation has been halted. Examination

of the detailed predictions indicates that CO conversion {s quenched at a higher tem- |

 perature than the hydrocarbon oxidation reactions. Thus, continued hydrocarbon

reaction oroduces CO below the temperature at which conversicn . COq9 can ocour,
With respect to the combustor internal flowfield CO is quenched in the downstream
portions of the central streamtubes, following dilution air sddition, and everywhere
in the wall cooling streamtube., Quenched UHC is principany confined to the outer
wall cooling air stteammbe. 4 :

" The increase in exit piane CO and, particularly, UHC concentrations with
combustor wall fuel injection (fuel staging) is the result of severe yuenching by -
dilution alr addition downstream of the fuel {njection site. Examination of the
detailed modal predictions indicates that Yor the particular configuration investi-
gated, insulficient time has been provided for the rate limiting procasses of fuel
droplet vaparization and chemicxu react!on of the secondary fuel. A

. The degroe of agmcment obtained botween the predicted and oxperimentally
measured values of CO and UHC concentrations, both within the bumer and at the
exhaust plane, indicate that the modeling approach is fundamentally sound. In
addition, the generally good agroemont in absolute level obtained for CO conven~
tration indicates that the CG mechanism [ncorporated in the model is correct.
There are, however, significant instances where the model is unable to predict
the observed levels and trends, The most serious shortoomings are the generally
high predicted values of UHC in the exhaust and the lack of a strong trend with
changes in inlot temperature. Extensive experimentation with the analytical model
has indicated that these problems will not be rectiffed by simple changes in kinetic
rates, fuel distribution, or other items that constitute the input data. Rather,

the discrepancies noted In this section indicate a degree of inadequacy in the com~
bustion models as preseatly formulated, particularly the physical model tmsting
fuel-air mixture preparation prior to and during bisrning. Rice identified; those

:'peou of the model reqn!rtng further development can be troatod on an indeuat
is.
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SECTION VI

NOMENCLATURE FOR TEST DATA SUMMARY

The following nomenclature was used for the test data summary.

Symbol Definition Units
PSAR -Primary to secondary airflow ratio -
FA Overell fuel-air ratio -
PHIP - Primary zone equivslence ratio -
PSFR - Primary to secondary fuel flow ratio -
PHINT = - Intermediate zone cquivalence ratic- -
TT3 ' Combustor inlet total temperature °F
VREF Combustor reference velocity ft/sec
LPL Combustor total pressure loss %
EFFMB - ' Combustor efficiency from temperature .
P “ “measurements %
EFFGA - Combustor efficiency from gas analysis o

. - - . measurements ® -
PT3 . " Combustor inlet total pressure psia
X~ Mean absolute humidity lby, HoO/lby, dry air

: --_Thé‘fo_llowing symb&is refer to overall average exit concentrations of the
noted species.

HCTOA

UHC volumetric concentration

; . ppmv
- HCTPW UHC wmess concentration ppmw
~HCTDX YHC emission index 1by, UHC/1000 by, JP-5
CO0A CO volumetric concentration ppmy
CGPW - CO mass coucentration ppmaw
conx CO emission index by, CO/1000 by, JP-5
NOOA NO volumetric concentration ppmv
NOPW NO mass concentration ppmw '
NODX NO emission index lby NO/1000 lby, JP-5
NO20A NOg volumetric concentration ppmv
NO2PW NOg mass concentration ppmw
NO2DX NOy emission index lbm NO3/1000 by, JP~5
NOXOA NOx volumetric concentration ppmv
NOXPW NOyx mass concentration ppmw
NOXDX NOy emission index lby, NOy/1000 lby, JP-5
CO20A COg volumetric concentration ppmv
CO2PW CO9 mass concentration ppmw
Co3DY COg emission index by, CO2/1000 1byy, JP-5
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APPENDIX I

4T8D COMBUSTOR CONCENTRATION AND
FUEL-AIR RATIO PROFILES

~ Concentration and fuel-air ratio profiles obtained during probing tests on
the JT81 combustor are shown in figures 173 through 184,
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APPENDIX I
COMBUSTION EFFICIENCY AND TEMPERATURE PROFILES

Combustion efficiency and temperature profiles obtained during probing
tests of the JT8D combustor are shown in figures 185 through 192,

. r
120 T ‘l
/

3 110 /N

. ]

NN
100 1 A
: !

2 {
§ > / V
2 A
: 5 80 +
E ! /
2 70 AL
S A
: {7
o 60
Y- ]
: 5 |
50
@ O] Oxygen Depletion Efficiency
: A Enthalpy Efficiency
40
30
aoo_o » ')q
& 3000 — - R
\
]
-
o
-4
d o
1000
0 1 2 3
DIAMETRAL POSITION - in.
Figure 185. Variation in Combustion Efficiency FD 72133

and Temperature with Diametral
Poaition (Probe Location 1B, Idle

Operuation) 207

! e g g
< . ¢ o e o BT . e 1 T O M T 1 T g o TP TTER



COMBUSTION EFFICIENCY - %

TEMPERATURE - °R

100

30

4000

1500

(O Oxygen Depletion Efficiency
!
J\ Enthalpy Etficiency

AN
1 ' 2 3 5
DIAMETRAL POSITION - in.
| Figure 186. Variation in Combustion Efficiency FD 72134

and Temperature with Diametral
Position (Probe Location 2A, Idle
Operation)

208

N R LT

e




&

g
(

COMBUSTION CFFICIENCY - %
2

() Oxygen Depletion Efficiency

30

4000 (00—
£ ool —— £
-
g_
f o

1000

0 1 2 3 4 ]

DIAMETRAL POSITION - in.

Figure 187. Variation in Combustioa Efficiency FD 72135
and Temperature with Diametral
Position (Probe Location 2B, idie
Operation)

209




S
X
R
47
I

COMBUSTION EFFICIENCY - %

TEMPERATURE - °R

100

50

40

30

1000

(O Oxygen Depletion Efficiency
£\ Enthalpy Efficiency

0 1 2 3 _ 4 s
DIAMETRAL POSITION - in,
Figure 188, Variation in Combustion Efficiency D 72136
and Temperature with Diametral

Position (Probe Location 3A, Idle
Operation)

210

Ly

e Ry
. Esha




COMBUSTION EFFICIENCY - %

TEMPERATURE - °R

100

O Oxygen Depletion Efficiency

e \D\o---n/L d

g

g

1 2 3 [

DIAMETRAL POSITION - in.

Figure 189, Variation in Combustion Efficiency
and Temperature with Diametral

Position (Probe Location 3B, 1dle
Operation)

211

FD 72137

R RS 0 Bl o S s 4 e

R

-




100

(D Oxygan Depletion Etficiency

COMBUSTION EFFICIENCY - %

k)
4 5000

&
w -
[ 4
3 =
9 > A L—/
t
e
o 2000 )

1000 . 4
L | 2 3 4 & ' L

" DIAMETRAL POSITION . in.

Figure 190, Variation in Combustion Efficiency ' Fi) 12138
and Temperature with Diametral
Position (I*'robe Location 2B,
Approach (pcration)

-
B
B,
By
)
%
b

212

PR AL KB 370 481 o e,



S N YO ST Sy
RS R e e e b i g

o

COMBUSTION EFFICIENCY - %
8

TEMPERATURE . or

100

) Oxygan Deplation Efficiency

] 2 3.

DIAME TRAL POSITION . .

Figure 181. Variation in Combustion Efficicncy

e,

and Temperature with Diametral
Position {Probe Location 3B,
Appronch Operation)

214

%7
Z
s
9
7
t.

. FD 72139

BorbianAll e sy




COMBUSTION EFFICIENCY - %X

20004

C‘ nt‘ it o
(4] Corme s |

| ey |
(e, Yol S Immnt o3 i

"

: ] § 2 3
' ' POSITION .

1
TEMPERATURE - OR

Tt sl

Figure 192, Variation in Combastion Efficiency T FD 72140
and Temperature with Position at '
The vombustor Fxit (Idle and
Approach (perations)

R R O I Rt T T ERC Tt




rm S e S e RETINT  RTRETER

X = distance downstream of the ﬁameholdor
Y - direction normal to flow within th@ sampling plane
YA dinmtion normal to Y

§
] APPENDIX I ;
', PROCEDURE FOR CALCULATING REACTION RATES FOR FUEL AND CO

: This appendix describes a procedure for calculating the reaction rates for

fuel and CO as a part of the turbulent flame laboratory studies. .
Reaction rates are first determined by solving the continuity expression,

: equation 33, below, for the particular species of interest. As will be shown,

4 some simplification can be gained by solving for the reaction rate at points where :

. at least one of the variables is known to be zero. With reference to the nomencla- !

. ture of figure 193, the continuity expression for the species of interest (j) is i

4

i, oy IC C € 3¢, A ¢ Bt%fj\_ ,

3 A R TR PRl £ rie o e o v
: o (.Q._J ﬁ___l .‘.L.l = Q (33) t
r 3x? By 322
£
- 3 where
' Cj = concentration of the species (j)
€ turbulent diffusivity
P  donsity |
;. Ugs U,s Uy - are the velocities in X, Y, and Z directions

. - reaction rate for specles |

~ Assumiing that the flame i two dimensiohal, f.e., that no variation occurs
in the Z divection, equation 33 becomes:

v €, py. SC LIS ¢
N"x%%'m"y’g}j' (%}"Si dy %‘}) _ (_Q_,é “’J) Q 6

Ax* 3y

el e
K>

Some. simptmcauau is obtalned by solving for (i#i at 9C}/dy - &; then equation
3¢ becomes: 7

. Tsac _m . _Qﬂ | .
ptx BX %}X_ X ax ¢ ay Qj ' m,

The various derivatives of Cj in equation 35 can be cvaluated graphlcally from
the species concentration profiles. The diffusivity terms, however, must be -
cviluated from the momentum equation as {ollows:

2 .
Uy UL _u)) ou
_a_g‘,a“’x‘ XX, . ( )
S5

o s st e

3 ax ' ox 3y @8)
3 where P - static pressure. 3
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Figure 193, Schematic Diagram Showing Sampling F T2
- Pane and Coordinate System for
Turbuleat Flame Rig

Intcg;rnﬂng and simplifying,

aml R -
. -—---—~- iy * pt l - ﬂl’,\.{‘-}, (37}
» R ‘ * “3 \“
¢ T‘ - ¢ --i
whote
3’1 aix}
are spoecificd streamlines,
E Y2 A
k. Leibnitz' Theorem applicd to the term f -§;5- dy
= Yy
3 yiclda:
- bixi b{x)
f -(,-i—r {(x,¥) dy a—‘-‘; [ { ) dy * fAx, am;—ﬂm fix. bm!-——u (38)
afx) a{x}
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where:
U = £(x,y)

Therefcre,
Yg 2 'Yu
| f Aa(pm tl I P ¥y
= ‘/ piaysjovl P -levdl 2] e
Yy {x, Yy X Yq)
But, along a streamiine:
[ T Y |
U, dx* Y 7 Vxdx _ ;
Therefore, |
YQ a( 2) Y l 7
f altﬁ drf OU dy + pU_ Uy - pU U | 40}
Y . . Y (x Y ) : (KQYG‘ 7
S S 1
Subatituting equation 40 into 37 ylelds the final form:
_ : v |
I IRYEE o,
¥y . : \ Yy

ancwc solving equautm 31 for the difmsmty. the streamlmos for vach ﬁan’w :
(luee, T, )} are evaluated as follows: :

3

The total mass flow st any X locadon - fm.:x dy
o Y,
_ A/_; pU dy . .
Therefore, the fraction of Nlow between 0 and ¥, = . lf.i';: :
PU_dy

for a duct 3 in, wide,

Equation 42 is used o define the desired streamiines (points tn the X
direction where the fraction of low ia constast) with integrations calenlatad

graphically.

Equation 41 caa now be evaluated between selected streamiines with
fatogrations and differentiations done graphically. In each casc, the upper Himi
of integration, Yo, ~orresponils (0 the 50% streamline, while the lower limit, Y,
corresponds to some other streamitne between 0 and SOE.  The values of diffusivity
determined in thic manner represent an average between the valuea at Yo and Yy,

217

B L




" In the limiting case, as Y 1 approaches Ys the value of diffusivity corresponds to
the destred value at dCj/dy 0. 'lowever, in this case, the indeterminate form
0/0 is obtained as shown in cquation 43,

Application of L.'Hospital's Rule allows evaluating th - diffusivity in the
limiting case by taking derivatives of both the numerator and denominator of
: equation 13 with respect to Y2~Y1 and evaluating the resultant expression
- at Yy - Yg. Ioour case, these dorivatives are taken graphically uslng a suf-
- « - ficient number of points, values of numerator and denominator in equation 43,
3 to define 3 smooth eurve as the Hmit iz approacaed.

aB'P dy '(L pL dy
Limite Limit Y} ~" 0 )
Y=Yy Yy =7, el BUX | 0

The resulting values of diffusivity, waen used in equation 35 to determine
the reaction rates, accuintad for less than 100 of the final answer. This relatively
qma!l gradient climinates concern over the accuracy of the graphxcal approach used
gzmerating values of diffusivity.

218

PP T R T TR T T -
N . e 2 4 h R L T T T



APPENDIX IV

FA, X, AND pH TEST DATA

Table XUI contains FA, X, and pH data obtained from tests conducted on
combustors A and 2 during Phase II.

Humidity data are presented for each test, while pH data are pregented
for full-traverse tests only.

R R

F A

o R

i I o

X
R e N
b




TEST

1=1A=1
l=lA=2
1=14=3
l=1A=4
l=lA=5
l=1A=6
l=1A=7
l1=-1A«8
1=1A=9
I=1A~]10
l=1A=11
1=1A~}2
l=lA=13
l=1A=l06
l=1A=15%
1~1A=16
1=1A~17
1=1A=18
l1=1A=19
lel1A=20
1=1%=]
l=18=2
1=1-=3
l=1R=g
l1=1H~8
1 ' lag
1-1H4=7
l=13=~8
l=]l8=g
1=1R=10
l=1H=11
l=1t=12
l=]1K=123
l1=18~1¢
1=18=15
l=14=16
l«l1R=17
l=%i=]8
l=lK=19
1=1H=20

Table XIII.

FA

0«C039
0.0080
040083
060039
0eltd22
Ds01832
Qs2120
0e0121
040123
02040
0e 0039
J¢0027
00067
0.0080
00060
000039
0e0123
040165
0.0188
0.0081
00082
0.0038
0e0122
Je00&1
0.0083
0e0125
00189
040200
0eDl122
0s0185
00084
GeQ0B2
0e¢0083
De 1084
0.0082
0e0081
00061
00102
00082
060062

FA, X, and pH Test Data

0,0118
060119
060144
0¢0164
Qe0143
Qellad
00100
00094
0s0109
0e0142
00107
00062
0e 0069
0eCll6
060134
060134
0e0142
0e0144
De01l46
0.0142
0.0132
040116
060137
040142
0e0142
00142
060152
0e0147
0.0147
Qe0laub
0eDl46
0edl54
0.0156
00155
0.0163
040140
040139
0.0141
0eQ145
0.0152
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PH

547000
546000
58000
56 1000
4¢9000
540000
543000
245000
248000
3.4000

349000
444000

3.,1000

42000

344000
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-1}
A

S

R
1
oy

E i TEST
g 4=1A=}
~ S 4e)A=2
. G=1A=3
S 4=lAms
¥ t4=1A=5
A 4olA=h
¥ 4=1A=7
S 4=1A=8
: 4=1A=9
¢ 4=1A~10
i > . 4=1A=il
E 4=14=12
. - 4=1A=13
A L 4=1A=14%
E 4=lA=15
-} t=1A=16
¢ 4elh=17
; 4=1A=18
¢ 4=1A=19
¢ 4=1A=20
! . 3=lA-]
! 3=1A=?
. ; 3=1A=3
'%; ' , A=l A=y
: ‘3 . 3"1A-5
3 Belinmg
i3 2=1A=1
3 _ 2=)A=2
E 2=1A=3
S 2=limb
| 2=1A=5
e 2=2A=1
' | 2~2A=2
2=2h=3
H
.
i
E
N
3 é
-

FA

0e5062

0.0084

0.0039
Ge01C2
09080
0400329
0.0102
040061
0.0085
00125
0s0166
00206
0.0064
00104
00163
0s012¢4
0e0166
040208

00146

040075
0.0072
040092
0s0124
0sGClad
060042
0.0133
0.0059
0.0091

0.0132 -

Ne0162
0s0196
00040
0+0060
0.0080Q

Ue0162
Qa0228
0601513
101523
2201690
Gs0180
0e0163
Ve0164
0e0157
0s01465
0:0143
0e0142
0e0143
001432
060142
0s0142
UeD152
0s0152
0+0152
0s0152

Q40166

DeQlbE
00169
0sQ176
040176
0.0176
0s0154
0v0164
Qat)177
0.015%
0e0185
Ne0181
0e0183
Oe01l64
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Table XIII. ¥A, X, and pH Test Data (Continued)

PH

442000
3,89000
444000
3,7000

3.8000

342000

349000
3.1000

467000
446000
451300
3.9000

33,4000
341000
3.0000

349000
349000
3.8000
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1 Table XIll. FA, X, and pH Test Dat (Continued)

TEST

Z=3A=]

2=3A=2

2=3A=3

2=3A=¢

2=3A=5

2=3A=6

d=34=T7

2=3A=8

2=34=9

2=18=]

2=1fi=?

- S 2=1H=3
S 2=18=4
' : 2~=1B=5
2~18=6

2=1B=7

2~1R=8

2=1B=9

FA

040061
00082
0s0134
0.0113
040093
040081
De0040
0«0059
0+0060
0e0039
0.0088
Oe01l158
De21096
00119
00160
Ge0200
040160
040200

040170
040169
0e0172
040172
00171
0.0170
QeC1T71
040171
020171
00156
0«0158
0e0156
0.0157
0e0156
0.0157
00157
0e0156
Ce0170

PH

30,0000
2490600
208000

303000

247000
246000
246000
245000
2.9000
2¢6000
27000
247000
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3
3
i
e TEST
. SmlB=]
> Salfen?
3 S5=18~3
B S5m1K=4
E S5elA=l
: S=lA=2
3 . SmlA=3
L B Ams
4 ¢ SmlAeb
-3 S=lA=6
& Sm]lA=?
E ] S5=1A=8
. ; S5=1A=G
3 ; S5wlA=]0
K y S=1A=11
A 4 5mlA=12
. S=2A=]
:g 5=2A=2
-3 5=2A=3
L3 i S5m2Amy
& © 5m2A=5
A 5m2A=6
iy 5m2A=T?
kb Sm3A=]
R & : Se3Aw2
. g =3t =3
B § b=3A=y
' ' S=3A=5
E b 5=3A=5
¥ - o BmfAm]
3 SafAm2
9 SefAm)
¥ - SabAmiy
:-: 5"‘0A-5

FA

040040
0.0081
0.0101
040061
040070

- 040087

002100
040051
0400560
040082
00071
040060
0+0101
060121
040060
060049
0.0081
0.0100
040059
040079
040068
040055
0.0063
00083
040062
0.0102
040054
00057
060067
040080
00099
00050
040054
00059

0.0152
040152
040165
060165
040151
0.0151
0«0157
0eCl57
0.0157
0.0158
CeC1l58
0.0158
00140
060140
040140
040140
Oe01l61
0.0161
040167
040167
040167
040167
040167
De0162
Ce0162
040137
040137
0.,0137
0401237
00080
Ce 0080
040080
00080
040080

Table XIII. FA, X, and pH Test Data (Continued)

PH

3.7000
3.5000
3,2000
3,3000
4.0000
38000

3.5000
345000

39000
3.1000
348000

3,4000
343000
3.8000

3.1000
345500,
3.1000

3.0000
249000

3.1000
302000
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| Table XIIl. FA, X, and pH Test Data {Continued)

TEST FA X PH
. Se5Aw] 060084 CeCl53 344000
A 5=5A=2 060105 Ce0153 342009
E S5=5A=73 00073 0e0156
? L LY A 040075 Je0158
4 S5l =b 0s0076 Ce0156

. 5=5A=b 940078 040156 346000
; 5~7A=] 040080  C€,017¢ 347000
5=7A2 040118 040141 346000

(ly ezt

. 5=7A=3 060157 Ce0l64 3.1000
; SeTA=4 0.0228 040144 344000

5=TA=5 040086 Ge0153 341009

5=TAw5 040042 040153 4420090
. S5=7A=? 040086 040151 440000
& S=TA=p 040079 040151 343000
g 5=7A=9 040050 0e0151 340000

L 5=8A=] 040085 040147 4419009
y SmBA«? 040129 0e01l41 3.89000
N hega=3 040173 001590 3.7000
E 5«84=4 040241 040153 345000
o begpa=s 0¢207% J¢0153
i S5=8A=f 040072 040153
: BegimT 00066 00153

i
g
b
-4
E
3
o
ks
i3
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APPENDIX V

TEST DATA FLOWPATH

Three types of data were recorded during combustor testing in Phase 1I,
as shown in figure 194. Test stand data included those variables used to monitor
overall stand conditions; rig data included those variables needed to determine
operational and performance characteristics of the combustor configurations
being evaluated; and gas analysis cart data included those variables needed to
determine distribution and concentrations of exhaust emissions.

Each set of data taken included ambient readings that were used to correct
instruinent bias errors, In addition, the gas analysis cart data included a three-
poine prerun calibration (zero point, half span and full span) for each of the ana-
lyzers. The three-point prerun calibration was reinforced by conducting periodic
multipoint caltbrations for each analyzer.

All raw data were hand recorded on specially prepared forms to facilitate
keypunching of the data on IBM computer cards. The keypunched cards were
then processed using a data reduction computer program with which combustor
operating and performance characteristics were calculated. A complete set of
computer printouts for data obtained during the accomplishment of Test Matrix
Point No. 5-8A-1, using Combustor Scheme 5-8A, is included in table XIV.
The information shown In the data set is self-explanatory.

e s AR
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Ambient
Corrections

Instrument
Readings

Test Stand
Data

— Ambient
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instrument

Rig Data

Keypunch Data
on IBM Cards

Dats Reduction

Computsrized

Graghs -

Figure 184. Test Data Flowpath
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APPENDIX VI
CONTROLLED AND MEASURED
TEST DATA

Table XV contains controlled and measured data for tests conducted on
combustors A and B during Phase Il. Specific data presented, where applicable,
for cach test are Test No., FA\, PSAR, PSFR, EFFMB and EFFGA.

EFFMB and EFFGA are presented for full-traverse tests conducted using
combustors A and B. EFFGA is also presented for the partial-traverse tests
conducted using combustor B.
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TEST

l1=1A=]
l=lA=2
1=1A=3
1=1A=4
l=1A=5
l=1A=§
1=1A=7
1=1A=8
l=1A=9
l=1A=10
1=1A=11
lelA=]2
l=1A=33
l=1A~14
l=]lA=15
I~1a=-16
1=1A=17
1-1A~14
l=1A~19
1=1A4+20
le18=1}
leliym?2
l=1lHe3}
1=1R=4
lelti=f
lelhes
1=18=7
1=1H«A
lwlrneg
lelH=}l
1=1d=11
leln=])2
leltel)
l=lt=]4
l=1u=}5
l=lt=16
1=18-17
l=1t«18
l=1H=1Y
1«14«20

Table XV. Controlled and Measured Test Data

FA

00039
040080
040083
040039
0s0122
0eC183
0+0120
060121
0eD123
040040
00039
040027
040067
040080
040060
040039
00123
J¢0165
00188
J.0081
00082
0.0038
DeQl22
0e0041
040083
0.012%
040189
00200
0.0122
0.0185
0e0084
0«0082
0.0083
040084
340082
J0081
Ne0061
Ne0102
0.0082
040062

PSAR

01300
041300
08600
048600
0«8400
048600
048600
0.8600
Ce8600
0+8600
0+8600
08600
08600
00,8600
Q8600
0eB8600
048600
048600
D+86Q0
0.8500
0.8600
08609
Q+8600
0+86Q0
0.860Q0
Q8600
Q«HEQQ
Q8500
Ce8600
Je8600
J.860C
0.8600
0.8600
O+ 8600
08600
08600
Q48600
068600
0.8600
V8608

243

PSFR

LN N R AN SN DN D B D I R D D D DR DA DR D R N N BN RN DN NN NN BN BN AN |

EFFMY

9543707
9742642
9749572
9543076
100.6059
064805¢
963939
9743765
97.8921
95,1186
Fhe24656
Gled564
97.3486
9843563
96,3392
9247296
96,8093
96,9268
9743378
97.193¢
98,3389
95,0533
844827

FY.6490
98,7894

9B.2064

10643314

EFFGA

9645187
95.7597
¥548919

9942119
99.1183

9845600
9644868
994155H
9941109
99,1675
98.9859
97,8067
95,8203
98.6296

$9.2104
99.1272

9549935

FHa2989




Table XV, Controlled and Measured Test Data (Continued)

E TEST FA MSAR PSFR EFFsS EFFGA

b=lA=] 0.0062 0.1300 9846618 98.758¢%

: b=1A=2 0.008¢ 0.1300 - 98+46543 98.5832
é ' bh=1A=3 040039 , 041300 - 973776
A b=lA=l 0.0102 041300 - 97.8430
b=1A=5 0.0080 0s1300 - _
Lm]lA=p 0.0039 021300 - 9747924 93,6482
4=lA=? 040102 0+1300 - 98,2758 FRLH987
G=]1A=2 00061 Ce1300 -
2 L=]A~Q J.0089% 0.1300 Q9008 BU.OL1Q6 6641069
3 4=1A=10 0.0125 1¢1300 Qeb798 8646386 693337
¥ b=1A=11 00166 341300 0.3218
4=1A=]12 043206 J¢1300 Oed64?
Lk=lA=]13 0420064 341300 . 146580
b=lA~l4 140104 0.1300 3,3G18
b=1A~1% Cas0163 0e1330 Q.3251
GalAmlg CeQ1l24 041390 1.86Q0%
~lA=l7 0.0166 0.1300 Ca9465%
4=1A~-18 Qo208 061300 Qebbi®
h=]lA=l9 QeQl6d Q0+3130¢ 2+29U4
b=lA=ZY 42079 31309 Qe6983 :
Yelaw] Je 2072 Ga2100 - F8,2579 98.6738
3~lA«? J.0092 02140 - P845368 S8e7347
J~]A~3 0e012& D.2120 - 97.98¢91 VA X115
3=lAa=d Celléas 24210C - 97.6891 CEXL S TYS
I=1A~% 00042 CellUl -
Je]lAes JeG133 Qe2122 242956
2=1Aa~}) 0.0059 Ce3l00 - 98.6618 FdePl4l
2=1A=2 G091 S«3100 - 97.852¢2 9849049
2~1A=3 0.0132 043100 - 97.56687 987852
2=lA=4 Je2162 Ce3i0C - 9243268 SHe0658
2=1A=S 0s01986 Q3122 - 909037 -1 X%-Y-% 1]
2=24=] De 2060 303108 - 95,3216 9B 7478
2=2A=2 340086C 343130 - 2%.3976 9847509
2=2AR~3 © 340080 Ce3lCC - $5.3289 98.6519
-
3
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TEST

2=3A=]
2=3A=2
2=3A=3
2=3A=4
2=3A=5
FEX YT
2«3A=7
2=3A~8
2=3A~9
2=1R=]
2~1rw?
2=itw}
I=1v=0
d=lti=5
2=11~§
2=ln=7
Z=ih=g
2-1k=9

Table XV, Controlled and Measured Test Data (Continued)

FA

0.0061
040082
0e0134
0.0113
0.0093
0.0081
0.0040

0+00%0

040060
00039
0.0086
0.0158
De198
0e119
Fe2k60
042200
00160
340200

PSAR

03100
063100
0«3100
043100

.Qe3100

0e¢3100
043100
043100
043100
0.3100
0s3100
04310Q
Ce3lOQ
C.3100

Qe3100

03130
0e3100
G«3100

245

PSFR

1}

243927
0e6278
Qed&?9
2¢1558
1.04¢3
QeT013
3.2359
157062

EFFNB

88.0620
91e2547
936552

93,2064

§7.5510
9843736
39,5859
S5« 3048
978245
98,3780
YB4Q4606
$7.7283

EFFGA

T78+63867
81.3607
7354601

83.6889

T5¢21 64
724184
8043401
8543404
8le2963
#).1815
23,5684

C FUetkIab




Table XV. Controlled and Measured Test Data {Continued)

TESY FA H3AR PSFR EFFNMB EFFGA
Selti=l Qelda8 2:1300 - 97,4302 98,7169
S5=1B=2 Q.0081) U0el300 - 97.316¢ 9843286
fm]lfe3 0.010% Cel30Q - 9844252 GHs1795%
S=18es4 0.0061 TUe1300 - 98.5180 FheTob2
S5=1A=~1 0.0070 Os1625% - 8.5%24 9¢2ideal
5-1A«2 040087 Uelbil - $9,5990 FH.8823
SlAwd 2.0100 Jelnza . | 98.9937
b=lA~b 2.0081 Jeld8 - 5.7T084 331359
S=lA=% T«0060 QelbO8 - 99.8574
S=lA=% 0.0082 Je1636 - F3.1188 Y elGa)
S5=1A7 0.2071 PFR L “ P55’
5=1A=8 N L 1.0 Celd2y - FREVal §246820
SwlA=S CeQ1I0} Celbin - 962402 Vie i 780
Sela=iy Ga.2121 T Dei0i7? - TEFRLIC $T« 7500
FelAwll 030080 Quitip = I9.7583
S5ela=]2 242049 Teigl - Fde8li6
Se2A~] C.0081 Oal1751 - 13§A93é3 Fre4869
S§m2Ae2 Ge0100 Je1730 - 2¥e5%6d 958602
GwlAel Q5059 Cel?32 - _?§09223 V8544
Seldivi JeTGTY GelTad - V¥t %2
§e2a-g JeCQ68 CelTad B P08} 78
§lhey Ta30%% TelT&2 kel PHed059
Smh-" o083 G+i%a8 - $FaTHL
Fe3hwl G 20B2 Gaivun - ¥Y.23022 FVaenda?
Se3ae? J50862 el TH3 - LA RE X i Fye.85¥%
3=3Aa=~3 JeiNR Tt g - F9.1339 Fravl2}
Im 3t Je5034 CeiTeB - YEsaxg?
T IAwy J+00%7 VeiTH] - FFes?l6
Sw3amg JeT24? ) v?ﬁﬁﬁf - FR2LTH
LY M BN s E: Nl Saitey - 1304008} 9943485
SwiAm2 Gei399 Sal?2% - iued3n: $E,B3IVS
5‘5“‘3 ;'~\Sk <E3737 - LA RTELY:
Setdeg JeiChe Jsl38 - iU a %833 99.,368
SeiiAey ReolBy Vel?33 - idid N P FUGT
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TELTY

S=5a~-]
S=5A=~2
S=5a~3
Se=BA=hs
S5=54=5
LY RIS
4ala=}
S=TA=2
3=TA~)
B=TA=4
beta-t
S=Taeg
S~TAC?
§=Thwp
S«Ta=y
$eBhn)
5mBas2
G~8A-]
S=Bx«4
3=fant
GmBAns
$8A-T

TFable XV. Controlled and Measured Test Data {(Continued)

FA

CaQU34
J401C5
340073
G.307%
Je30178
0078
JeUT8O
0.Q118
TeGib?
Dep 238
T 308G
Q.0Q43
2400806
0.007%
D«0050
TeU0485
020129
C.GLT3
Qel24)
040075
040012
0.CG6s

HSAR

Celbb?
CLlhab
Je}£32
216353

Celb3l

Dealded
Q8331

24314}
Yedida
Jedile
SedlNE
Q«3348
T43092

04309}

3
~y

PSFR

t )3

f

s 3

EFFvY

iCleBS5Qs
101.23%0¢C

101187
¥5:31463
FTebB1i5
982360
9341058

187337

10564658

iCTe1973
§7.058¢
1SR ELL]

12U «52¢8

Y¥ 9342
996078
$IBUIS

EFFGA

995687
89647
F¢3w?3
L83
9925234
F9ebT02
Yi.adl8
CEEY 1Y
9843172
SE.NILG
Ju.2019
4. TBE7
FEL6I%0
AT XY
Fbhe33n}
VEPREL Y
FFebTh2
LA RS2 1
99.2%%¢
347090
9G4TS
IEL0532




APPENDIX VII

SAMPLE~GAS TRANSFER LINE
TEMPERATURE DATA

Table XVI coni2ing sample-gas transfer line temperature data obtained
from tests conducted on combustors A and B during Phase Il. (See Section IV,
paragraph B.5 for a discussion of the traverse and gas sample transfer systems. )
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TR YA ey

AT RN

TEST

1=1A=}]
1=1A=2
l=1A~3
1=1A«4
l=1A=5
1=1h~p
l=1A=7
l=1A~8
l=1A~9
l=3i=10
l=1A=11
l=1A=12
1=14=13
i=lA=14
l=1A=15
l=1A=16
1=1A=17
l=1/=18
1l1A=19
1=1A=20

Table XVI. Sample-Gas Transfer Line Temperature Data

FA

060039
040080
0.0083
040039
00122
00183
00} 20
040121
0e(123
0«0C40
040039
040027
00067
040080
040060
00039
060123
040165
0.0188
000081

TSG1

6542500
49642500
44540000
410,000Q0
480,0000
53000001
67940000
550640001
48642500
49347500
4275000
45245000
433,7500
47142500
44745000
43347500
47347500
£125001
53642501
44642500

T8G2

34045000
34857500
322.5000
315,0000
33347500
35347500
32842500
38542500
335400606
382,5000
32847500
31745000
3100000
12847500
313.,7500
317125000
318:.75%00
34142500
347.5000
32040000

15G3

8le7500

8347500
35550000
35040000
35142500
35540000
332,0000
333,0000
327,5000

TSG4

34245000
343,7500
34245000
32607500
34942500
35442500
36540000
32540000
325,0090
3237500
32847500
377.5000
35347500
37347560
38040000
32245000
34847500




TEST

1-18-1
1=18=2
1=1B=3
1=1B~&
1~18=5
1=18=6
1=18=7
1=18~8
1=18~9
1-18~10
1=18=11
1=18=12
1=18=13
1=18~14
1-18=15
1=-1B~16
1~18~17
1=18=18
1~18=19
1=18=20
4=1A=-]
4=1A=2
4=1A=3
4=1A=4
4miAms
4=1A=6
4=1A=7
4e=1A=B
4=1A=9
4=1A=10
4~1A=11
4=lA=12
4=1A=13
4=1A=14
4=1A=15
4=1A=16
4=1A=17
4m1A=18
helA=)?2
4=1A=20

Table XVI. Sample-Gas T-ansfer Line Temperature Data (Continued)

FA

0.0082
00038
00122
00041
00083
Ce0125
0.0189
0+0200
0.0122
00185
0.0084
0.0082
040083
0,0084
040082
C«0081
0«00861
0.0102
00032
040062
060062
00084
0400239
040102
00080
040039
000102
00061
00085
060125
060166
060206
040064
040104
00163
0e0124
020166
040208
0¢0146
00075

TSG1

5262501
455,0000
48745000
420,0000
465,0000
51040000
54847501
56840001
%0500000
555.0001%
47240000
4%5,0000
47540000
43147500
46040000
46040000
4150000
48060000
455,6666
4700000
47162500
48245000
48540000
55347501
45040000
41547500
47142500
43040000
45142500
50340000
50540000
55540001
485.0000
480,0000
50540000
47540000
50540000
55040001
495%.0000
425,0000

7862

34745000
34240000
345,0000
3100000
320.0000
33040000
34847500
36642800
35640000
360.0000
347.,0000
3200000
330,0000
32040000
325.0000
3275000
31060000
335,0000
33040000
33060000
322,5000
32745000
28347500
303,7500
32540000
3150000
3275000
3140000
20440000
22847500
33540000
36040000
33640000
31040000
33060000
315.,0000
33040000
350.0000
34040000
29%,0000

250

1563

35347500
35445000
332.0000
36040000
375.0000
350.0000
35040000
353.0000
317.0000
35040000
35540000
39040000
39540000

- 3575000

33740000
34347500
34540000
35000000
36146686
3500000
31040000
30745000
31847500
31857500
31540000
31745000
31745000
31540000
313.7500
318,7500
32060000
320,0000
315.0000
310,0000
310.,0000
310.0000
3100000
310,0000
31040000
310.0000

1564

323,0000
334,4,2500
316+0000
335.,0000
35040000
330.00090
32540000
32347500
27000090
315.0000
3250000
35040000
355,0000
327.5000
33540000
30347500
31040000
320600G0
31343333
30040000
321.,2500
31347500
32745090
33347500
31040000
333,7500
33245000
36040000
33847500
30142500
350,0000
340,0000
30040000
350,0000
34540000
34040000
34540000
345,0000
35040000
35040000

HCAT1

31646951
33606898
30906317
31546084
316606431
31340005
304e633)
33146912
294 e T4y
32945178
390447260
29846564
29802217
32843224
36640299
32449537
322.9978
31241311
31965204
312.1311
28849850
29862217
31343264
289,6370
29344403
29541790
2978958
30245684
27849877
28603770
28447470
29340057
293,8750
28949630
30546111
30043950
29241364
3016991
302.1338
28649203
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TEST

3=1A=}
3=1A=2
3=1A~3
3=1A=4
3=1A=5
3=1A=6
2=1A=]
2=1A=2
2~1lA=3
2=1A=4
2=1A=5
2=2A=1
2=2A=2
2=2A=3
2=3A=1
2=3A=2
2=3A=3
2=3A=4
2=3A=5
2=3A=6
2=3A=7
2=3A=8
2=3A=9
2=18~1
2=18=2
2=18=3
2=1B8=4
2=18=5
2=1B=6
2=18=7
2-18=-8
2=18=9

Table XVI, Sample-Gas Transfer Line Temperature Data (Continued)

FA

00072
040092
00124
040144
Qe0042
0e0133
0.0059
00091
0.0132
00162
00196
040040
040060
040080
0¢0061
00082
0¢0134
040113
0.0093
00081
00040
040050
040060
00039
00086
00158
00196
040119
040160
00200
040160
060200

T8G1

46245000
45642500
49245000
48040000
440,0000
80,0000
41847500
445,000C
46540000
47540000
48540000
365.0000
38847500
42245000
41245000
42245000
453,7500
435.,0000
41040000
42040000
375,0000
3800000
392.0000
385,0000
39642500
4362500
41142560

39742500

416425%00
40745000
37142500
40745000

TS8G2

30847500
305.0000
33142500
33142500
315.0000
34040000
30642500
322.5000
343,7500
35540000
360.0000
311.2500
318.7500
325,5000
31642500
328.7500
33745000
330.0000
31540000
313,7500
29440000
297.,0000
30540009
323.0000
31540000
353.,7500
32642500
311.2500
330,.,0000
32642500

29745000

33245000

251

7863

332,5000
32347500
315,0000
31847500
315,0000
315,0000
28847500
300,0000
31142500
33040000
330.0060
31642500
3250000
32347500
31040000
2900000
30142500
30500000
3100000
318,7500
30040000
315,0000
31840000
30540000
30540000
3070000
303,590

3000000
2975000

300.0000
2962500
295.0000

TSG4

30847500
310.0000
32847500
28847500
26040000
31040000
33642500
3287500
32745000
332540000
3400000
328647500
32142500
30945000
22040000
30642500
32040000
33540000
33040000
32847500
295,0000
31040000
31540000
34540000
343,7500

33642500 -

33347500
335.0000
317.5000
3312500
31847500
330,0000

HCAT1

30007211
3072411}
310.7184
30649151
30241338
3125658
31244570
31448478
3075670
3108270
32244325
33047131
3091970
2303456464
31566084
32642578
31143704
30763497
3051764
30248944
29600484
2921364
30245684
28546163
32348871
3C24.0250
30665978
300e2864
30341117
30543937
30344378
309450223




TEST

5=18=1
5=18=2
5=18~3
5=1B8=4
S=1A~1
S=1Am2
S5=1A=3
S5=1A=4
5=1A=5
S5=1A=8
S=lA=7
5=1A=8
5=1A=9
5=1A=10
5=1A=11
S5=1A=12
5=2A=]
5=2A=2
5=2A=3
5=2A=4
5=2A%=5

. 9=2A=6

5=2A=7
5=3A=]
Sm3p=2
S5w3Am)
5=3A=4
5=3A=5
5=3A=6
S=4A=]
SmbhAw2
S5=4A=3
S=bA=b
S5=4A=5

Table XVI.

FA

040040
G.0081
00101
040061
040070
00087
040160
0.0051
00060
00082
0.0071
00060
00101
0.0121
040060
0:0049%
0.0081
040100
040059
00079
00068
040055
040063
0.0083
040062
0.0102
040054
040057
00067
00080
0.009%
00050
040054
00039

TSG1

41642500
455,7500
477.5000
44245000
3665000
381,2500
36060000
362.5000
37040000
41642500
40540000
39642560
45040000
455,0000
36540000
35040000
393.,7500
40502500
399,2500
400.0000
395.0000
39040000
40040000
42245000
400.0000
44042500
39040000
40040000
405,0000
41740000
42842500
37440000
383,7500
37942500

T8G2

313.7500
330.7500
34545000
32142500
29840000
33445000
290.0000
29745000
300.0000
321.2500
315,0000
3100000
345.0000
370.0000
280.0000
27040000
3075000
30647500
315.,0000
30540000
300.0000
29040000
305,0000
32142500
310.0000
33%4:5000
29040000
285.,0000
2950000
31540000
33545000
300.,0000
315.,0000
321.2500

252

T8G3

33142500
31040000
29040000
30745000
34742500
31547500
29040000
30040000
300.0000
30040000
280,0000
27540000
26642500
30343333
30640000
30040000
328,0000
33945000
34640000
32540000
33040000
33060000
33740000
33265000
34245000
33840000
33040000
33940000
335,0000
31042500
32145000
32345000
32447500
32642500

Sample-Gas Transfer Line Temperature Data (Continued)

TSG&4

34642500
30847500
29142500
303,7500
349,0000
323.,0000
252.0000
31545000
315,0000
35245000
335,0000
34445000
36245000
333%,3333
32540000
322540000
392.5000
36340000
32640000
31C«0000
32060000
32540000
325.,0000
32642500
35245000
33042500
330.,0000
33040000
330,0000
353,0000
33442500
32640000
32642590
332.0060

HCAT]

28042916

. 33144728

347.6652
332,7778
28446383
30148078
30443070
30241337
303.8724
28341170
32403018
3150651
31347611
32043898
30344378
29443097
232.5868
23241522
24740395
26842296
2773577
26048402
26940990
26249101
27044030
3156084
31407391
31644778
31340005
28042918
33642551
313.8698
2869203
283.2257
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TEST

S=5A=]
[RYYRY:
Sw5A=3
S8 A=k
S=5A=5
S5e5A=6
S=7A=1
SwTAn2
S=TA=3
S=TA=d
SeaTA=5
SaTA=6
5=TA=T7
SmTA=g
S=TA=9
5=gA~1
SmBA=2
SegA=~3
S5=BA=4
S=BA=5
5=8A=6
S=B4=7

Table XVI.

FA

040084
00105
060073
00075
00076
000078
040080
0.0118
00157
00228
040086
040043
00086
040079
0+0050
C.0085
00129
040173
0s0241
00075
040072
040066

Sample~Gas Transfer Line Temperature Data (Continued)

TSG1

41940000
44340000
40740000
40740000
407.0000
413.,0000
40245000
40647500
44040000
44245000
41245000
36745000
4087500
393,0000
373.7500
42642500
44245000
45142500
52847501
2650000
260.0000
2550000

T5G2

33045000
345.0000
32040000
32040000
320.0000
32540000
30847500
319.7500
339,2500
341.7500
34340000
31040000
34245000
331,2500
31545000
33847500
34142500
35142500
39142500
215,0000
210,0000
205,0000

T5G3

33147500
3257500
32540000
325,0000
33040000
32662500
28847500
30645000
30942500
30840000
29347500
29540000
29740000
28642500
29642500
30642500
31745000
32245000
32540000
31540000
315.,0000
315.0000

T5G4

24040000
23347500
23500000
2400000
26040000
375.0000
35745000
34000000
31942500
29745000
29642500
32540000
32942500
30060000
327.,5000
34745000
35540000
35040000
34000000
335,0000
33540000
335,0000

HCAT1

26804465
293.8750
29763524
29940911
2921364
293.0057
24202582
20061777
335,0805
44,1878
28345516
28640510
29047236
31745645
31569345
26442090
28648117
24644962
23865635
2643.0189
23748028
23048481




Table XVI. Sample-Gas Transfer Line Temperature Data (Continued)

TEST

lelA=]
1=1A~2
1l=1A=3
1=1A=4
1=1A=5
1=1A=§
1=1A=7
1=1A=8
i=lA=9
i=1A=10
1=1A=11
l=1A=12
l=1A~13
lelA=14
1=1A=15
l1=1A=16
1=1A=17
le«lA=-18
1=1A=19
1=1A=20

FA

040039
040080
00083
00039
00122
0.0183
00120
0e0121
000123
00040
040039
00027
040067
040080
00060
040039
0.0123
00165
0.0188
0.0081

SIT1

37348539
40441720
32643665
31265657
313,0G04
31760211
3588579
2750757
353,4246
352.0119
335,0598
32947351
339.0805
27444236
31446304
35640325
35647932
3406018
323.975%7
31865424

264

HCAT1

3899367
38743286
30649151
30248944
30648064
312.2398
30148076
34248838
33604724
35165772
3334.4298
35744452
32645838
31407390
33646898
32145851
36449432
34447311
33049304
31822164
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APPENDIX VIII

MEASURED TEST DATA

Table XVII contains measured data for tests conducted on combustors A

and B during Phase II.
PT3, VREF, snd LPL,

The operating variables listed are Test No., FA, TT3,
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APPENDIX VIII

MEASURED TEST DATA

Table XVII contains measured datu for tests conducted on combustors A

and B during Phase II.
PT3, VREF, and LPL,

The operating variables listed are Test No., FA, TT3,
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Table XVII, Measured Test Data

TEST FA Tr3 PT3 VREF LPL
l=]lA=] 0.0039 39745000 14,8071 10940100 145607
lelA=? 0.0080 399,1666 14,7271 109¢555¢4 1.9018
l=1A=3 0.0083 40040000 15,2066 10445762 1.8201
l=1A=4 Ce0039 39646666 1542068 10542934 l.8188
l=1A=5 0.0122 39646666 1543068 10564227 l.8838
l=1A=¢ 0.0183 396.6666 1544067 10441490 149671
l=1A=7 040120 40243333 15446068 10542706 1,8801
l=l1A-8 00121 40040000 1544067 103.9805 1.8113
l=1A=g 0e0123 397.5833 1543442 10349606 148202
l=1A=10 040G40 403,3333 1562067 10541596 1e7892
lelA=]1 040039 40040000 15+2068 1060094 leB&62
l=1lA=12 0s0027 395.0000 1542067 10446763 le754]
1=-1A~13 5eQ067 39040000 1541068 10449614 l1e7787
l=1A=14 040080 42040000 1542565 103.2986 le7924
l=]1A«15 040060 407.0833 1542067 105434131 127926
l=1A=16 00039 40445833 1541317 10546971 1.7892
l=1A=17 0e0123 4000000 1562067 10448283 1.8357
l=1A~18 Ce0165 40040000 1543066 10440760 l1.887%
1=1A~19 00188 40646666 1545066 103,3529 1480873
1=1A~20 De0031 4000000 1543068 10540962 lLe8607
lelt=] 040082 400290000 1544066 103.5378 1e¢793¢
le=1R=2 Ce0038 40040000 15,2319 10645658 le8158¢s
l=1H=13 0.0122 39542500 1544068 106445276 148330
l=ll=y Ce0041 395.0000 1660142 14749809 346306
1=18~5 000813 395.0000 1640639 le6.186% 343984
l=18=§ 0.0125 395.0000 1641890 l4c.0898 3.495%
l=li=? 0e0189 «00.0000 1546064 101.3933 le8l61}
1=1R~8 0+,0200 40040000 1545066 103.0721 1.8789%
1=1H=9 Qe0122 40200000 1544068 10449705 1e8279
l=18~10 Gs0189 40040000 15645068 10343026 148880
l=18=11 CeC084 405,0000 1647196 17142228 405138
1=18=12 00082 2500000 1541545 78455123 142579
l=18=13 040083 39%.0000 15,0035 76.9858 140082
l=18=14 0.0084 24547500 15.4074 99.2096 le9248
1=18«15 0.0082 24540000 16.013¢4 130+559% 343382
1=-18=16 0.0081 40040000 15464067 10440196 1a7355
1=18=17 0+0061 ©1040000 1544068 10442829 le7172
l1=lH=18 J¢0102 40040000 15:4067 10444922 le7408
l-1fi=19 040082 400,0000 1544066 103.5038 147690
l=18=20 00062 40040000 1544068 103.8258 le7598

256
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TEST

4=1A=]
4=1A=2
he=lA=3
4=lA=4
4=1A=5
LG=)A=§
4=1A=7
4=]1A=§
4=1A=9
4=1A=1D
L=lA=11
=la=]?
4=1A=13
Ge=]lA=14
4=1A~15
b=1A=1n
HelA=1T?
L=lA=~]8
b=lA=]y
L=lA=20
Im=lA~]
3=1A=2
JulA=d
I=1A=4
i1=1A=5
3=]1A=5
2=1A=])
2=1A=2
2=1A=3
2=1A=4
Z=1A=%
2=2A=]
2=2A=2
2=2Ah«}

Table XVII.,

FA

00062
00084
040039
0.0102
040080
040039
0.0102
0.0061
0.0085
0.0125
040168
De0206
QeCObG
Uel104
QeQ163
Qe0124
J¢3166
D40208
CeQ1l4b
040075
0.0072
30092
0eQ124
OeQlbb
De00 a2
Qef .37
0.Q0%%
040209,
OsUt s
wvaeQl62
De5196
CsC0%0
C.0060
240080

TT3

39847500
40C«CUQ0
393,7500
39540000
40540000
40%,0000C
40U 60000
40040000
40245000
4CC.0000
4050000
40540000
40540000
«02.0000
405.0C90
4092000
400.,0000
CU. 0000
400.0000
€2J+0000
03.000¢C
L£)040200
©£0J.0000
40720000
L4110« J020¢
&£070,0000
0540030
3195,0000
39%,0000
39540000
395.,000¢C
395.,0000
395,.,6166
0646666

57

PT3

15,4066
1544066
1542318
15,3317
15,4067
15430068
153318
1544069
1543067
15440586
1beaQ67
15,6066
1942068
1540068
1%e4068
1544068
154640066
1545066
194066
1544066
1543066
1543087
1%43067
15,4068
1543067
15,3067
1543318
1564067
15,4006
1545066
1550066
15.1880
1542067
15.2818

Measured Test Data (Continued)

VREF

10343657
10349347
10547094
10443135
10449061
10945062
10543779
10547051
10447816
103,8295
106.9174
1029732
1060195
105440264
1054402¢
105464290
10372823
103.0598
103.8499
103.8499
10442314
10422095]
10445189
103.84627
10445366
1044538¢
105,6529
103.685]
103,6938
10249925
1029524
10546865
106,8535
10641722

LPL

145984
le6184
146326
leb6489
leb280
146301
le6769
leb483
le6319
1e6934
le7940
149017
le6245
1.6849
le8359
le7168
le7537
letlBS
17054
159864
leblas
16299
1466131
146800
leb34?2
ls6888
le6688
leb54¢
1¢7028
leT654
18303
1e6453
l1e6563
16903
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TEST

2=3A~1
2=34A=2
2=3A=3
2=3A=4
2+3A~5
2=3A=6
2=3A=7
2=3A~8
2=3a~=9
2=18=}
2=18m~2
2=18=3
2=1B=y
2=1H=5
2=18=~4
2=1H=7
2=15-8
2=1lH=g

sl od@d Howitiemistaait wini.

Table XVII.

FA

00081
Ce0082
N¢0134
0.0113
040093
0.0081
00040
0.0050
00060
040039
Q.GC086
00158
040196
0.0119
00160
0.Q2200
021860
00200

TT3

40245000
405,0000
406266066
405.0000
409.+Q0090
487.91686
39603333
394,3333
39443333
40%.0000
40642500
41040000
40742500
40%.%000
#0%,0000
405%.,0000
4050000
2Q5%.0000

258

PT3

1562067
15.2817
1544566
1545065
1545065
1562054
1542067
15,2067
15,2067
15,2068
15,2067
155254
155816
15.4566
15506%
155085
15440565
1945068

Measured Test Data (Continued)

VREF

104 .9825
104,9861
103.,7096
103.0750
103,467%
9942510
10445940
10446146
10446146
10643324
10947647
10440019
103¢3256
10347404
102.7303
102.85%9
103.8304
10343342

LPL

le6654
146962
1,.6982
147084
1e6652
143369
leb684&
166735
l.6888
147453
1e7218
148054
le7524
147198
le7849
1.8723
ie796G8
leBEYE




Table XVII. Measured Test Data (Continued)

TEST FA TTH T3 VREF LRL
HSelu=] Qel042 &0Q.000¢ 15.5067 12602815 345231
S=lbe? Ue0081 40046000 156067 135185 3.4811
S5=iti=3 0.0121 398.75G0 1547066 10246064 35,4583
Selii=g 040061 395 .808G 15.6066 10245407 3e61i2
S5wlA~] Q43072 399.0833 15470Q8% 11849500 3.58%2
SelA=? 043087 395441686 157340 11¥%40971 J«»709
Se=iA=] ,-ulOO 39643333 15.708¢9 11848355 3 6‘1_
Qumlb=g 0051 39640000 15%46715% 11942710 ekl B
H=1A=9 ﬁ.ﬁObO 395,0000Q 197089 118458C3 Je233}]
S=lA=t DeC082 ©09.8333 1547590 12041705 3ebédn
Swiaw? JeQ0T} 39343333 12.70%1 119.602¢ Jab952
B~]1A<H Teu060 392.0833 157091 1194642¢C 3459CH
=lAmS 0.Q01C1H 390 .000¢C 157090 11940698 342153
Smla=} Tedl21 392,222 1%2.809¢ 11809251 3abddG
GelA=ll Ce0062 394 020¢C 1567089 1l8e2j42 Jallb
Swell=i? JeliC&? 393.00030 134089 1182536 3.5923
5“2“"& i.—iubai “\:31753C 164 chl :i§o§1‘09 bxinwiy
Swlhn? el 395 42500 128077 1ive 2797 Je56é7
PLPILE T2 TVEY 394 d232 1573017 Piceb53a J.8158
teZa=t GaVG79 35,0808 1572719 11ie73CH deb912
hedi=s FaJ0AR IR LUTUU 1947079 1ilebniden 3ebY99y
fmli=b 2200%% 395.2000 1567079 11le 7302} 2a671%
Ym2A=7 D63 393.0030 15.7019 1ilewllis JabF04
be3Aa~] Ve QAS 6206 00N 156880 iGY9e37a8t Jakd 79
S5e3im? 20062 W2lie005° 15¢6333 I29¢670n laky2%
be3aw-} Fedin2 n:i,s'n: 1547823 T Fukld Joaul™?
SeFiey e 0D%46 DI IR AN £ ibet0? 3 1d8ebT JedL B8
badims " 3037 “‘@;:Q3s‘ 1548373 1082104 Faeulls
Ge3a=4 D.0G467 Wileun 30 1348273 10 Te980¢ EPR- TR
Gmif=] Jel0AD 393,323 1546328 128,44} Jabd%s
Setet=? 243699 3IR3 4 1hb0 1247078 iutedel)? Jauy 12
Lafa =} Tel 058 3648333 156078 18548727 1a301%
Swbeii =k Ja305%% I%L G106 1546078 iCBeBI0Y Jewps}
Gelii=S DeC059 35627530 1567274 iCBedalH Jendaug




N S T A R R N R . R e e R R N T = T s

Table XVII. Measured Test Data {Continued)

TEST Fa 1T3 °T3 VREF LPL

' Jeba=l NeufEa  401a2500 1641810 9642726 7.0805
Bmbhbm) Uel 105 GQleb666 1862060 9541657 T«0729
5B ied 3.2073  401.6666 1641060 9047063 741198

GmE A To00T% 401 8666 161060 9645345 Te1100
Sefimt 9.3075 4llebbss 1641060 96,8191 741199
et i, S.307TF L00e4166 1641059 9642650 740656

, SeTas; GeTOBO 63442000 156574 10942226 346859
- L s~ iAe? C.ui138 83463333 1%. 7274 1091231 307072
3 HaTAm 0e01%7 $2%4300C 158072 107.098¢C JeTou2
S=Th=i 40228 39,0090 16400273 10649393 1,71971
S Fias De3088 LT e3UTC 0 1546138 1084895 3,72Cs
SwTPimb 240002 L3l.20J8 5627% 1092928 347118
Sutta? 240026 3540202 1346074 108.6929 3o 7089
57 ren Je3U79 B0 e0T I 196076 1C9.8070 3eT%17
Swliey Je 305 kidadlay 12627 1394259 ¢ 30“02
Yo -l De 308 430 ebhbE 1306542 Qhe2¥V7 147237
Gefs~r Te3129 ClC el 18,7258 $559301 3eb292
P=8iel Te3173 Wl a5 19,7807 854038 3ez¥a?
Hefa—i Desdui I8, ¥4 15,9047 H.0uBs Jebbus
_ Yedams TedlYH IQS U 15.8368 iT3LE18Y 3.3313
2 S=Ba=t Ned278 395.UCL i2.8269 10387600 Segal”
] S5efie" Telnht 3952757 158289 10349831 3ol

R Al i o O
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APPENDIX IX

UHC EMISSION CONCENTRATION DATA

Table XVIII contains data on UHC emission concentrations obtained during
tests on combusiors A and B during Phase II,
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TEST

1=1A=]
lelAw?
l=]A=3
l=] A=y
1=1A=5

ClelA=6

1=1A=7
1~1A=~8
1=14=9
1~14~10
1~1A=il
1=1A=12
1=1A=13
1~1A=14
1=-1A~15
l=1A=16
1=1A=17
1=1A=18
1=14=19
1=1A=20
1=1R=1
le1He?
1=18=3
==y
1=1H=5
1=1R=6
1=16=7
1=1R=8
1=18=9
1=18=10
l=1R=11
1=18w12
1=18=13
1=1b=14
l=1B=15
1=1R=16
1=18=17
1=18-18
1=1H=19
1=18=20

Table XVIII,

FA

00039
00,0080
0.0083
Q40039
0es0122
- 040183
Ce0120
00121
040123
00040
0.0039
040027
000867
0.0080
040060
040039
Q.0123
040165
- 040188
0.0C61
040082
0.,0038
0s0122
040041
040083
0+0125
0e0189
040200
0s0122
00185
00084
00082
0.0083
040084
00082
0.0081
040061
0e0102
00082
00062

HITOA

6148251
5649303
BO«5619
748200
37074
142497
591249
261137
11.7592
£eb521
349825
10745631
102.8424
6942340
6516944
12,8180
245706
260487C
1903743
5163671
13,0184
349478
94843106
21048014
637,73948
26442197
19244040
29543423
13847717
1946973
3546102

262

UHC Emission Concentration Data

HCTPW

3441082
31,5095
4445891
50435]
ZeQ51¢
748869
32,7242
2el699
6:5085
341283
242042
5945336
569208
3843194
3643602
TeQ944
le4227
1446599
10.7232
284304
Te2054
2¢1849
52448675
11646735
35249739
14642393
10644911
16344649
76080068
109040
1947094

HCTDX

8s5427
840023
1642092
O0e81l61
02585
l1¢3281
843887
C«0975
044054
Oel711l
042760
Te3294
1540356
3.2194
848365
DeB8T10
Qelléd
0.8021
0e5520
2¢3763
04011
042650
6543201
1442596
4248674
1842194
13428064
2649386
767120
163547
3e2456
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Table XVIII,

TEST

4=1A=]
Gul A=
4=1A=3
4=1A=4
b=1A=~5
b=l A=G
L=1A=~T
helA=R
L=1A~=G
4=~1A~10
4=1A=11
L4=lA=12
4= A=]13
4GulAm]ly
4mlA=15
HLelA=16
4eulAw]l?
L4=]1A~18
4e=]lA=]19
L4=lAw2(
3=1A=]
3=)A=2
3~1A=3
2=1A=¢
3=1A=5
3elA=p
2=1A=]
2=1A=2
2=1lA=3
2=1A=4
2=1A=5
2=2A=]
2=2A=2
2m2A=3

FA

040062
0s0C08B4
042039
040102
0.CC80
060039
00102
00061
00085
060125
0601656
0e0206
0+0064
060104
0e0163
DeQl24
0eCl66
060208
0eClad
CeQ075
060072
Ce0092
0e0124
0e0l44
0400642
040133
040059
040091
0e0132
0e0162
00196
040040
040060
0.0080

HCTOA

2845400
4047383
4164849
8245923

38.1838.

3048475
LH6e46EUH
2942213
394348813
509741834
599248759
652164423
40023051
146242795
577343759
229248461
427844550
550048320
205246923
4013.,8549
6440760
5742497
5243652
4149885
58e4228
1156449492
3647522
4240802
2343322
1346196
Be7457
33,2044
33,5082
31,2009
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HCTRW

1547962
2245477
2249609
4547128
2141338
1740733
2547148
161733
2.i8248452
282141704
331649150
360944438
221541816
80943371
319544272
126940361
236840234
304445800
113641167
222145737
3564645
3146863
2849829
2342396
3243356
63942369
2063414
2342904
12.9138
745381
4eB4OS
1843778
1845460
172690

UHC Emission Concentration Data (Continued)

HCTDX

245913
2647644
549570
“e 5836
266723
be&l29
245777
246994
26146629
23162247
20549362
180.:6336
348,0082
7945130
20048321
10446342
14645152
150,9718
8040016
301e3622
449763
345061
244047
le6615
Te8324
49,2080
344871
2¢61T74
1.004648
Des781
0e2554
446613
301319
241930




Table XVIII. UHC Emission Concentration Data (Continued)

TEST

2=3A~1
2=3A=?
2=3a=3
2=3A=¢4
2=3A=5
2=3A=§
2=3A=7
2=3A=8
2=3A=9
2=18~1
2=1R=2
2e=lti=3
2=1H=4
2=1H=5
2=18=f
2=1H=7
2=1H=8
2=1R=9

FA

040061
0e0082
040134
0.0113
0e0093
00081
040040
040050
040060
040039
0e0086
QeC1l58
Ce0196
040119
040160
040200
0.0160
040200

HCTOA

179440285
213943466
498540976
417740966
290046347
187242080
177247624
196946835
212445312

3948226
296441074
602042588
5115.,9082
227341157
394649589
436747597
1087.0524
226042548

264

HCTPW

99249523
118440775
275941337
2311.9238
160544328
103642229

98is1821
109041733
1175.8776

2240408
1664045634
3332.0708
283145336
1258.1157
218445483
241744516

60146578
125049975

HCTOX

16449206
14743393
21162952
20849642
17646095
129,7994
264842805
2192986
19840233
546666
19443981
2170537
14849452
10841560
14041850
125.1784
3846364
6446360
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Table XVIII.

TEST

S5=1H=1
HmliRem2
S=lti=3
Selti=g
5=1A=]
G=]A~?
S5=1A=3
hulA=4
HelAmb
belA=p
b=lA=7
f=1A=Yy
5=1A=9
5=1A=10
Se]lA=]11
S5=1A=12
5w2A=]
Bm2A=2
5«2A=]3
Hm2A=4
bw2Ang
H5=2A=6
Hm2A=T7
S5e3A=]
5m=3Am?
Swipe]d
Em3Amy
S5=3A=5
Ge3Amb
GafA=]
S=bA=2
SeyA=?
HebAwd
S5=4A=5

0.0040
0.0081
0.0101
NeC061
240070
00087
0.0100
0¢0051
00060
00082
0s2071
0e 0060
00101
0eQl21
040060
040049
0e0081
00100
040059
0e2079
0.0068
J« 0055
CeQ08&3
040083
NeQ062
Ne0102
00054
00057
0e0087
040080
0.0099
N«C0O%0
0.0054
040059

11CTCA

la.6459
Jea013
247831
345222
13,3096
9.0132
0e9322
39040789
1041085
248729
340592
845623
145277
143538
540665
3842738
1e8261
Ved674
l.9982
2e2493
240760
5541486
8e¢2011
247599
341727
245807
1942937
249650
2e2249
1e¢9248
143915
2740068
17.0128
le3444

265

HCTPW

B.1062
l.8825
le54LJ4
1,9494
Te3666
49886
0+5159
215.8994
505948
145901
1¢6932
447390
OeBa55
OeT493
208062
2141836
1,0107
Oe¢l1369
048292
le2449
1¢1490
3045234
4e539]
1¢5275
147560
lets 283
106786
leb41}
1:2314
1.065%3
0e¢7701
1469476
9eb162
OeT44]

UHC Emission Concentration Data (Continued)

HCTOX

240598
042365
0el550
0+2238
1.0736
Oebu48
040526
4246446
0e¢9380
Velv76
0e2410
0e7965
VUa08B53
040635
Qel754
443476
041271
Ue01la0
Osla2l
Qel604
0e¢1710
5¢6414
Qe7261
0e.1880
02877
Qela2?
240121
Q¢29C7
0.18%9
Oelldu3
Ge0786
340073
1¢74%%
Oe12%8




Table XVIII. UHC Emission Concentration Data (Continued)

TEST

S=bAm]
5=5A=2
5=5A=3
S5ebA=4
5=5A=5
S=5A=f
5=T7A=]
S5mTA=2

SmTA=d

S=TA=4y
S=TA=b
S5«TA=p
S=TA=T
S5=TA~g
S=TAmg
fmBAe]
5=BA=2
S=gA=]
SwBA=b
SwBA=S

SmBAms

Segie?

FA

040084
0e0105
040073
00075
0.0076
040078
00080
0a0118
040157
00228
0eQO8S
040043
040086
040079
00050
00085
060129
De0172
Gs0261
0e0075
0e0072
0¢2066

HCTOA

163475
0¢4589
1846228
11,0179
Be398l
348806
“eb276
31.7289
38,5893
13,2895
621974
10,2758
3743513
26244821
9342510
447737
646659
B8+6945
1241430
5¢2859
4e5969
745090
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HCTPW

Oe7458
042540
10,5773
640981
“eb48]
2e¢1478
245613
175612
2143582
73554
3464248
5.6874
206730
164542776
5le6122
246421
3e6894
4Lbe17015%
527208
29256
205443
helB4]1

HCTDX

00906
Oe0246
144306
048227
06209
Ve2782
De3274
leb5215
103937
0e¢3333
4e0745
1e¢3422
2e455]
1846322
1044697
043157
Ced936
Ce2795
0e25890
0e3943
Qe3605
Ue6340




APPENDIX X

CO EMISSION CONCENTRATION DATA

" Table XIX contains data on the CO emission concentrations obtained during
tests on combustors A and B during Phase II.

!
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TEST

lelh=]
1=1A=¢
l=14=3
1=1A=4
l=1A=5
1=1A=6
1=1A=7
1=1A=38
1=1A=9
I=1A=10
1=1A=11
1=1A=12
l=1lA=]3
1=1A=~14
l=1A=1%
I=1lA=14
1=1A=17
1=14=18
1=1A=19
1=1A=20
1=1H=]
1=lH=2
1»1H=}
l=]lHwy
l=lti=5
1=1b=6
1~lH=7
l=1lH=n
l=lti=9
1=18=10
l=lta=1]
1=iH=12
l=1t=13
1=18~=14
1=1tt=1%
l=1H8=16
l=lH=l7?
l=18=~18
l=l8=19
1=18=20

Table XIX. CO Emission Concentration Data

FA

040039
040080
0,0083
040039
Je0122
Qe0183
040120
0.0121
0eC123
0611040
040039
040027
040067
043080
0eQ06C
0e039
0e.0123
De016%
0.0188
0e0081
040082
00038
0s0122
0e0061
040083
040125
0.0189
00200
0.0122
0.0185

040084 -

0e0082
0.,0083
040084
Ce0082
0.0081
040061
J:0102
0+0082
040062

CO0A

43646757
8T2478%7
268,475
203.1857
23741625
33546278
63540118
£39,01335
59443217
69341103

06,7686
47803499

404s15048
$2059430
52046655
464,0108

56047419
559,4598

690.622%
46348099
60043560
529.0128
V746822

3877640

71645463

867,1156
75041443
9716640
5541606
49149258

248

COPW

4219194

55346829

25945216
19644096
287,2523
3244043486

42045063

42643919
57645013

63143332

333,2708
Wh243%72
39046762
0345702
803.0888

448453063

54240613
540,802
667:5905

42940090

58043343
51143704
722074
37648322
69246499

83841976

72541286

93942596
82749503
47541336

CoDX

10546740
14046187
Fae3b2h
2944945
3641378
5446338
10747944
3544045

- 3547853

344.54)8
GleT410
5649276
103.1967
wdo3080

12242646

5540694
990“070
29+592%
34,3691
3%.85806
32,307
620334
89496463
58113
8441199

10649312
119,996
9443098
£5.6038
1842637
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Table XIX. CO Emission Concentration Data (Continued)

TEST

b=1A=]
4=1A=2
4=lA=3
4eulA=d
4=1A=5
4=1A=6
halA=T
4=1A=8
4=1A=9
4=1A=10
4=1A=11
b=lA=]2
b=1A=13
b=lAelb
b=lA=15

b=1A=16

GulA=]17
b=lA=~lE
b=lA=]l9

CbmlA=20
C 3=jA=]

InlA=2
Jela=l
I=lA=y4
3=lAo

 Imlass
2-1A=l

imiA=2
2=lhe}
Qe lhw
2=}A=%

L=2h=]

2=2A=2
2=24=3

FA

040062
0+0084
040039
00102
0.0080
0.0039
0.0102
0.0061
00085
040125
0.0166
0.0206
040064
0e0104
00163
0«0124
00166
0eQ208

Ve0 186

0.0075
0:0072
00092

Je0126

a0l

0s0062

Je01133
0.0GH9

S 0s009%1

Ds0132
Galls2
B.0196
0,0040
Ve QCHU
00080

COOA

25147602
39246242

37142796
14245090
48249884
20648308
1260847553
199648090
27183.90172
345044516

66747718

11214539}
27%3,1%28
1318.6818
222063239%

30294792k

1618434613
10834670

233.,8609 .

I3R8951

54948973

éﬁQ.B?S&
16940589

119C 2858
17443501

30valal2

62113923
863471

11678024

12643978

23042230
37603322
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CoPw

24343641
37945303

35648976
137,75%63
46646809
23845591

1207.1098"

1930,2163
269140642
333543803

58745029
108347495
266143359

127447043
L i32eTY8E

216642822
292847500
137140462

101843342
- 22640907
32748530

57968309 .

TTO. 65065

163.4408

118845903

168453%%
~2984831%

5997045
§56.7878

11288566

12241825

22846418

C 38547152

CODpX

3949234
4645318

4543817
3546057
6548016
3948244
lébo 6881

15842016

167+0793
1663173
REe2978

10604738

16702645
105.101%

145.2282

T 96 Shi2

138,1396
3147240
o2 2687
“8.1136

-fﬁ&.?bﬁq
B N8RGY:

3845718
288424
33.58%
4628637
S5ha306Ty

5%8.57713 - .

T 30,9902
ITJRTBY
Wbob&d? .




Table XIX, CO Emission Concentration Data (Contirucd)

TEST

2n3A=]
2=3Am2
dm3A=3
2=3A=4
2=3A=8
© 2=3A=p
dmIAw?
I=3h=3
2=3A=9
a=1f=]
- 2wile2

:=f2~1ﬂ?3

dmlB=4h
dmltimg
S 2=if-s

o iBw?

. 2=lp=d
2=18-9

FA

0s0061
0.0082
0eQ134
00113
QeQQ92
0.0081
0« 0040

00050 -

040040
040039

Q.0088
Q0188
“0.0196
00119

- 00160
_0e0200
G20160

Cooa -

56749292
5190“075

106346650
67341102
55440106

41641895
44%,080)%

6GBLTHZ

625643%04 .

Q448340
- 19045730

1Tu0 4938

19254510}
106240209
xﬁ22c239§;
189540441

132142287

173046635
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COPw

54849888
ECZati8%7
1008.85%91
65245995
53545348
40243097

- 43042370
588.181a.
508 e4b19 -
23646689

S T64.2058

188244092 .

186142990

102640030
15681070
.1§1¥?3h11

L2TTe 1682
1632400087

CodXx

911822
2:4764
1742587
58.9851
5869127
- 9023941
08,8681
11843183

10149626
[ 60eBaTH

§045943

10745960
$7.5086
8He2538

1008326

- 96448551

. 86ea370
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TEST

#,
et ot A,

: Seltim]
L ' : Gwllm?
e SwlHa3
. z Seli=b
Smlim].
SwlAmg
- SwlA=]
SwlAmg
- SmlAwS
Seldeg

- RemlA=fl
SwlAwg
EmlAw]ll
Seldel]
- GmlAw}2
Su2An]
TS 10
Seghm3-
HuZhen
17 TN
S=BAvy
BudAw?
. 5»3*%‘
. 8e3Ae2

sujﬂdg
QaFh=d
LS TN
GmteAn]

Sni A=)
Sl At

fif‘;ﬂ L SelAeT

SedA~3

. BehAws

A

CeQQ4Y
0«0081
00301
00061
Qed070

0+008T.

0.C100

0005
Qe 00&0

Je008B2
CeQ071
0e00860C
240101

040121

00060

J.C069
00081

0a0300

Qe900%2
. 00075
De Q048

Vs 0065

- Ge 0043
- 0.0083
' 0-9962
Qell02
D005

0:00%7

:000061'.

040080

-F« 0099
G+0050

G+ 0084

00059

Co0A

164549021

576a1168
7872430
321.9171
22304650
1¢3.7067
©31406436

) 577o3132

6lel818
27345105
1008013
5849200
790.8087
116342010
4348228

14546502

17641286

89,4198

3240711
l23l1652
48,0040

23243897

3546226

17247026
. 28.7038

71%.7958
GhesbT8Y
‘232382
3T.9971

- 21943180
95,7892

Bacﬁ?ga
. 86.1083
5°§7797

[ -
-
S

COPYw .

164140364
55649012

TEO9ELT -

3il.1812
21640128
380.5747
416486389

3640738

49,1413

26443892
Fe6398
58.955¢

Thbe35%

132645470
4%7,19%%

16047928

168,221%

- wT3.0975

3L0016
11643384

- Wbeal3)

26458396
35.40%2

186.9629 -

«59,9292 -
. B2.328%
d244613

35(7299

21140353
- w19, 2%68

85,5233
53,8036
49,0862

Table XIX. CO Emission Concentration Data (Continued)

CoLx

35.8138Y
89,9660
7546213
5146966
3l 0819

GheblTH

4245181
1240028

F29160 -

A2,8513

S l3eBY

9.5127
T7.1181
$543387

43019

25.89%9

21,1801

- 843851

543139

les 975

649091

ele5165

546636

235 %464

TP TS B

45,9658

1is Thed
3.9800
555474
26.6C38 -
aB.9272
1742064

1148737

843033




Table XIX, CO Emission Concentration Data (Continued)

TEST

Se5ha)
5=5A~2
5«5A=3
S=5A~4
5e5A=5
BafAwp
SuTAm}
5=1A~2

_5.7Aq3
- BeTAws

SwTA=s

S=TA=f
EMIWE

GmTAmY
AmTAng

D GmBAw]
- GmBAn2
b LE XN

SugA=s

T BeBAw)
B lAns
'~i“°A~1

FA

0.Q084

" 040105

040073
0s0075
040076

QsQ078

0.0080
J.0118

Ns0157

0.0228
C40086
00043
00084

- Qa?9
 DL00%0
L £a0085
QeCl29
003173
040241

040075

- 0400012

Gy 2046

CO0A

152.2807
46744956
153,950}
135,2193
133,052}
132,869¢
458,885)
193,585

102447023
‘102341857

49148796
1965562
48446944
995,057}
529,3753%

87.209%

161!6&11"

308,895
‘726 ¢6917
19,7548
6849513
7826139
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COPwW

lat.2022
481.9049
148.8159
130.70%8
12846149
1284427y
463.582¢

T67.5063

99645289
989.0629
47542823
15040011
«58.45301
9461.8723

. 31147208
86443011

1554709}

29845943

0240626
T7.0948

6846518

74,0802

Cobx

17.8848
b3.8882
20456559
178309
17.1817
1606369
567119
6644970
bbb 386
L6 e8256
56¢2547
GhoB623
55,8624
12342691
1038042

10.07a)
1243928

17474526
30eci?
1043916

Vikbd
11.5020
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APPENDIX XTI

NITROGEN OXIDE EMISSION CONCENTRATION DATA

Table XX contains datu on the oxides of nitrogen (NO, NOg and NOy)
emission concentrations obtained during tests on combustors A and B during

Phase II.

273

RERILAE AL e e o




Table XX. Nitrogen Oxide Emissicn Concentration Data

TEST

lelp=]
l1=1A=)
1=1A-3
1=18=4
1=1:a=5
i=la=-6
1=1A=7
l=18=n
l-14A~9
1=" =10
- -
1=31A~17
1-1a=13
1=1A=14
1=1A=15
1-1A=-16
1=1A=17
1=1A=18
1~1A=19
1=-1A=20
1=1p=]
1=1la?
l=]lii=2
l=1lh=4
l1=1K=5
I=1R=qn
1=1ti=?
l1=]1H=g
l=1t=q
l1=ib=}ly
l=18«11
l=lrw=l2
1=1H=113
1=1i=14
1~13«15
lelii=m]
1=1H=17
l=1H=18
1=1ti=19
1=1r=20

FA

N4C039
020080
00083
0e30N39
DeQ10

0eG183
0a0120
CsC1l21
0el123
0eCC6I
Qs G03Y
Na2027
0eCCBT
040080
DeCORD
0,0039
0.C123
Qe 165
00,0188
040081
0e0082
Ne0038
060122
D.¢0041
00083
OQQI?B
DeQ189
340200
Oe01r2
003185
0.0084
040082
Qe0083
Ues00BG
Q082
0.0081
N.0061
0.0102
0e0082
Ne 3062

NOGA

156731
748369
13,4913
1846834
13,8772
10.1333
2443397
30464560
298328
17,4496
6e 0525
0.9524
Te4303
1.7968
11.8935
1347660
2163159
23,1245
14,2380
2245111
Te¢3081
441075
12¢1443
342641
ls6126
11,0407
Bals 69
1241879
1346717
1440653

274

NCPy

1642369
8+1188
13,9767
19.5627
l4e3760
lUs4978
2542153
l1eT0H5
30.9059
18,0773
6427027
0.9847
747597
148615
1243214
1442591
22.0427
23.5564
1447502
2343209
745710
442552
1246226
2.,3816
1.6707
11,4279
B47093
12.6264
la,1636
14,5713

RNECDX

4e1236
299513
209838
204651
244210
246610
241035
19775
146909
202641
Qe 771y
042606
Debb1Y
Oet524
le5127
lelb81
1,2083
le2333
le2323
Le 2GR
JeGlR&
Ce5295
le5427
O0e& 106
Vel(81
lets264
lLete352
1e2678
le759w
243995
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Table XX, Nitrogen Oxide Emission Concentration Data (Continued)

TEST

GulhA=]
4=lA=?
4=1A=3
=)A=y
4=1A=5
b=lA=6
4=1R=7
G=]A=8
4=]1A=Q
4=1A=10
G=1A=11
4=1A=12
4=lA=13
h=lA=14
4e]1A=15
L=1A=10
4=l A=17
4=1A=18
L4=1A=19
4=1lA=20
3=1A=1
3=]Am?
3=1A=3
A=1A=y4
3=1A=5
A=1Aa=6
2=1A=]
2=1A=2
2~1A=3
2=1A=4
2=1A=5
2=2A=]
2=2A=2
2=2A=3

FA

00,0052
0«0084
00039
040102
0.0080
Q.0039
040102
0.0061
0+C085
Ce0125
0.0166
0e0206
0.0064
0s0104
00163
QsQl24
0eCl66
060208
0«0146
00075
0a0072
00092
0s0124
0«014s
0400062
060133
0.0059
0e00C1
0sC132
NDaCl62
060196
0a0040
0eUG6ED
C«0080

17,5142
2741161
1245317
23.1847
1645687
1ls4490
2148703
12,9473
Ts4861
1149565
20,9832
2946347
541386
1240913
L2e6461
62,9704
8148829
58.8605
10440420
1084+9818
128544
1449576
lia2728
1965469
10,6968
13.3650
1049438
1449358
2347938
2247619
2hebb29
4ebR8]
bew283
10ad049
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NCPW

13e¢l443
28.0915
12.9825
2440187
17.1648
1148609
2246570
12,4130
TeT554
123866
2147380
3047007
53235
12.5262
4401802
6542357
B4eB285
102¢4168
10747847
112.9022
13,3168
1564957
1849302
2042501
11.0816
13,8458
1163375
1544731
24e6L9B
2345807
2545294
4eB568
6:6595
111936

NODX

249785
3ed444]
343682
2.4083
261704
340656
262712
2¢2387
09295
l.0152
1e3496
le5364
QeB8363
142306
2477617
543788
542485
5:0785
745898
1543154
148685
le7146
1457086
lek4a78
206842
l.s0658
149436
1,7389
149180
ls4957
143473
1e2318
lel246
leds2lh




Table XX. Nitrogen Oxide Emission Concentration Data (Continued)

TEST FA NOOA NGPW NGDX
2=3A=] 040061 2+881l8 2:¢5855 0e4958
2=3A=2 00082 3,8765 40191 Ge5001
2e3A=3 040134 640736 6¢2921 0s4818
2=3A=y 0.0113 Te7615 80408 0e7267
2=3A=5 0.0093 8.7491 940638 049970
2=3A=h 0,0081 3,7778 349137 04402
2=3A=7 ~e 0040 5.0478 5¢22%4 103232
=3l =y 0.0050 605113 667455 143569
2=3n=9 040060 TeT687 80481 1,3553
2=1lb=1 00039 3.8423 3.9805 1¢0Q234
2=lti=2 Je 0086 449072 5.0837 06024
2=1P=3 0.01%78 626832 649236 Ces510
¢=1B~=4 De01 & B8sCl46 849240 0eb594
2=18=5 0.2119 99118 10e2684 Qs88e7
2elBep 0s016C 14,7978 1543301 0.9837
2=18«7 J4U200
2=1b=8 0:0160
2=18~6 140200
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Table XX. Nitrogen Oxide Emission Concentration Data (Continued)

TEST FA ~00A NCPW NODX
SmiHem] 00040 8e2721 Be5697 241776
5=18=2 040081 1746586 1842938 242983
5=]4~3 0e0101 2044019 2141358 241280
5=1Bwd 0.0061 1445134 1540355 244978
SmlA=] 060070 843522 Beab6527 142610
HulAw? 040087 1448075 1543402 le7984
5=1A=3 040100 2444038 2542817 245797
S5=1A=b 040051 504049 505993 141056
S5mlA=5 060060 541130 562969 0+8881
S5e]A=6 0e0082 2le3164 22,0832 227644
SelA=? 040071 1207318 13,1898 148780
. 5=1A=8 040060 945260 9.8687 le6586
§ S5mlA=9 040101 3141849 3243068 342591
; Se=1A=1C 0e0121 2840162 2940241 244607
i 5=1A=11 040060 1442012 1447121 204944
k& Sw=lA=12 0e004Y 1067295 11,1155 242813
i 5=2A~] 00081 20e4381l4 2141146 246568
E 5m2A=2 040100 2549526 2648852 207497
E Ba2A=3 0e0059 1040455 1044069 147838
- Sm2 Al 00079 2349250 2647856 3e1942
P Sm2A=5 0e 0068 17,5156 1841457 247018
W 5=2A%6 De0055 bet4586 646910 le2366
.S Huw2A=T 060063 1247521 1342109 201135
g © Sm3A=] 0e0083 1904522 2041520 244802
- B3 Am2 00062 1064277 1048028 1e7703
‘ ag S5w3A=3 00102 2740658 2840394 248022
b Su3Amy 0e 0054 1340529 1345275 245480
2 Swe3A=5 Jev057 1543695 1549224 248213
SedA=h 060067 2243356 2341390 304947
BubA=] 00080 2244289 2542358 249291
SehAe? 00099 2843525 2943724 249986
HugAw3 040050 1340653 1345353 207231
SefA=h Ue G054 1440008 1445065 246950
GuhAm5 040059 1843910 19,0526 302220
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Table XX, Nitrogen Oxide Emission Concentration Data (Continued)

TEST FA NOOA NOPW NODX
Sebhm] 0eQ0084 1644530 1760448 240709
Smbpm2 040105 3540695 3643311 3.5282
S5=5A=3 0«0073 1547437 1663101 202638
S5=5A=4 060075 1542936 15.84138 2041376
SefAmb 040076 167790 173826 263221
Bubprmb 040078 1741948 17,8133 243073
S=TA=] 0«0080
SmTia=2 00118
5=7A=3 0s0197
S=TA=y4 040228
5=TA=5 040086
S5=TA=6 0e0043
SauTbe? 00086
G=TA=H 040079
S=TA=9 00050
SmfA=] 0e0085 13,1890 13,6635 le632Y4
GmBA=? 0e¢0129 2546025 2665235 241110
5¢«8A=3 De0173 30,6088 31.7099 18852
bwBA= 00241 40é4871 41e9436 18039
SmBA=5 040075 1648073 1744119 203469
Sw3A=6 00072 1346358 l4e1263 240020
SmpAmT 060066 1046230 110051 16789
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TEST

1=1A=1
1=1A=2
1=1A=3
1=1A=4
1=1A=5
1=1A=¢
1=1A=7
1~1A=8
1=1A=9
1=14=10
1=1A=11
1=1A=12
1=1A=13
l=1A=14
1=-1A=15
1=1A=16
1=1A=17
1=-1A=-18
1=1A=19
1=1A=20
1=1H«]
1=18=2
1-18~3
l=lti=¢
1=18=5
l=l8=6
l=1t=7
1=1R=3
l=18=9
1=18+~10
i=1l=11
1=1R=~12
1=18-13
1=«18=14
1=10=15
l=18=1%
1=18=17
l=-1B8=18
1-18+19
1=18«20

FA

00039
00080
0.0083
0400239
0s0122
00183
00120
Nes0121
0s0123
040040
00039
0.0027
040067
0.0080
040060
0.00239
040123
040165
0.0188
0.0081
0s0082
0.0038
0.0122
040041
0.0083
0s0125
0.0189
040200
0.0122
0.0185
0.0084
0.0082
0.00823
0.0084
0.0082
0+00C81
0.0061
040102
0.0082
0.0062

NO20A

1:8184

61496
321722
440696
548898
845249
1246161
1249611
5¢1906
601296
5¢1633
9.9832
1¢7609
1.3801

L8286
3.15%60

B TY X417

2:¢9554
10,3701
10.6498
10,2311
10,0892
T.9617
TeT470
8.7085
55988
4e8590
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NO2PW

2.8882

947676
540385
644640
943230
13,6993
20:0387
2045867
1465979
9.7360
842012
15.85648
2e¢T652
£41920

Te66%5
5.0128
Tek262

heb942

1646713
16.9156
16¢2%05
160252
126460
12+3049
13.8322

8.8928

TaT178

Table XX. Nitrogen Oxide Emission Concentration Data (Continued)

NO20X

067335

leb 668
Oeb6349
1.0085
202899
ielk28
le2082
141263
le8283
1.1986
241663
le3322
0e¢6720
02691

CedFud
Qukll9
Uedelds
DeB694
20498
240674
1.973%%
1e9985%
15770
2.0278
1.3888
141050
1.2709
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Table XX, Nitrogen Oxide Emission Concentration Data (Continued)

TEST

4=1A=]
@=1A~2
b=1A=3
belA=y
b=1A=5
b=iA=6
“-lA..’
helA=g
b=1A=9
4=1A=10
4=1A~11
4~1A~-12
4=lA=13
b=lA=14
l‘ulAul’
L=lA=16
e=1A=17
LwlA=18
4=lA=-13
b=1A=20
3-1A=]
3~1A=2
J=lA~3
Jeibmi
dulAey
I~jAvg
e=1A=}
2=1A=2
2=1A=3
2elA=t
2=1A=%
2=2A=]
2=2A=2

- 2=2A=3

FA

060062
Ca0084
00039
0s0102
0.0080
040039
0.0102
0.0061
040088
00125
0.s0i66
N+0206
00064
Qe0104
00183
0e0126
00166
00208
0aClns
0.0075
0.0072
0.0092
CeQl24
0.0144
040042
$.0132

0.0089

0.009;
0.0832
0.0182
040198
00040
0.0060
0.,0080

NOZOA

26,6979
2640380

1747627
1667775
1740400
19.933¢
3547050
7366254
199.1040
4346,659%
54544}
86,6476
9045174
5726272
84.3219
112.305%8
79.6220
80.+7684
2044128

L 2%43370

2842169
3241380
2Tsbkk}
4140304
19,0099
18,2228
26.62008
2%5.6889
‘2548120
8.7118
12.005¢
117693
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NO2PW

39,2287
41¢3574

2842133
264648Y
2740654
3146814
56,7118
11609425
31642459
69043890
7243398
9002936
10307720
$1.5319%
133,92322
1768.3803
126056872
128.288}
3022}

&Qel038

LY TN YR
5100ty
23,9907
551704
238409

23*?&#1}-
§222957

40.8029
4099846
13.837)
19,0691
18.8937

020X

6404354
560705

345675
648878
27131
9e2846
647976
95846
19:6346
3445501
11e3646
8.8708
9038}

- TeB546%

Be2687
848453
8.90%4
1Te0026
P TY TN
Hah%30
3.718%

T 3edéVE

1045588
220187
%0871
Je2528
329l
2+%882
del6¥W?

- $45098

3.2203
£e3740
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Table XX, Nitrogen Oxide Emission Concentration Data (Continued)

. TEST FA NO20A NO2PW NO20X
; 2=24=1 000061 1644407 2601135 43372
2=3Am2 000082 2341777 3668142 05809
23R 040134 7945245 12643123 946730
PV 040113 6667496 10660213 945827
2=3A=5 000093 3943562 6245113 648767
PR 040081 35,8852 569981 741387
2 3A=? 040040 1247187 202017 541119
2=3A=8 040050 1525931 2447672 ©e9821
2m3A09 000060 1746985 2841113 447340
2elf=1 040039 1944626 3049130 749477
2=16=2 040086 2246597 35,9916 002647
2e1B=3 000158 2945283 4649012 340851
2m1B=4 060196 32,6198 5148118 247284
2e18=5 040119 2348749 37,9215 342599
2eiHet 040160 2541286 3949129 245612
g 2=38=7 040200 2943029  4b¢3431 244100
¢ 2=1t-8 040160 25,2862 4041632 . 245791
5 218=9 040200 2946893 47,1868 244366
¥




Table XX. Nitrogen Oxide Emission Concentration Data (Continued)

TEST FA NO20A NO2PW NO20X
5«18»] 040040 1441342 2244501 507048
5=18=~2 00081 40,4526 6402527 840724
S=1B=3 0s0101 2645051 “2+0992 42388
5«1B~4 040061 191095 3043524 840426
§=1A=1 00070 342611 541798 047549
SmlA=2 0.0087 563754 8.5381 1.0009
5=1A=3 00100 Tel054 11,2858 141515
SelA=y 040051 4+0101 663696 le2%81
SxlA=8 0.,0060 29791 4e73186 047932
YalA=g 040082 646169 1045100 ls3061
S5elA=? 040071 3.3086 5.2%%3 0s76082
S=1A=8 00060 241661 344406 0e9782
SwlAeg - 0.0101 940709 1464077 . lee334
5=1A=10 00121 1146587 18,2003 145631
S«lA«1l 00080 248144 - 3.9938 = Oub7M)
S=1A=12 040049 202121 3,513 0«7211
S«2A-1 00081 = 8.8106 13.67867 . 37209
5=2A-2 0.0100 1243839 196700 2.0117

- §e2A=y 040039 . 641868 9+8268 146843
Se2Any 040079 9.2527 14:6906% Le8940
5-2A=5%5 0.0068 749790 12,6735 1.8670
Se2A=g 0,008% 649981 10.0801 109369
Sw2A=? . 060062 - T.8799 1245160 2:0023
“Se3A=] 0.0083 1042304 1662494 1.9998
Se3A=2 0.0082 741373 1163386 185708
S=3A=) 040102 13,0859 2047649 240772
S=3Amh 0eCUSH 6.7670 1047483 240293
Je3A~g 0.005%7 Te8612 12,0098 241200
Suip=f 00067 8.6638 13,7611 - 240783
SwbA=]} 0.0080 8.173% 12,9826 163066
LY T 0.0099 1242853 19,51 “le9921
LY L 040050 $.00%9 T+9511 145996
LY TN 0.0054 548340 9420686 17217

SwbA=S 040059 Te¢1918  11s623) " 149322
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Table XX. Nitrogen Oxide Emission Concentration Data (Continued)

TEST

5=5A=]
5=5Am2

5=5A=3 .

LELY T A
S5=5A=4
S5ebA=g
SwTh=}
SwTaA=2
S=7A~3
SaThwb
S=TA=S
S5«TAx6

BuTA=T

SeTA=d

S=8A=~1
$=8A=2

T 9=BA=)
. SeBA=y

SegAng
SeBAwh

SeBAeT

FA

0+0086
00105
040073
00075
00076
00078
040080
Des0118

040157

De0228

Q00086
© 340043

N.0086
00079
00050

- 0e0089%

0.0129
JeQ1T¥
0s024)
Q40073

J.0072
040066

NO20A

1165595
2001938
10434568
1046957
1061523
1048552
942220
14,1491
1844487

16+34]10

393,46335%
2441904
29:6167
211111
1448127

11,4689

1640479
20+856123
2407009
14,0060

i3.89%3
12:5601

283

NQRPW

1843605
32.0747
l6eb343
169885
1641253
172418

1406677

22441736
2943029
2549552
62542257
3844227
4647240
33,5317

26471044
18,2166

254898
33.1032

3742335
22424664

28+0705

- 19.956)

NO2DX

242307
3ellhg

402811

202920
2el54]
242333
143727
149471
le91d2

lel764

T440021
veQbB1
Se5483

4¢3007
56170

221769

240287
R 110

leb876
249986
3al2y

JeQhabu

[ LI

i A S GRS




” M 2o ki g f s ot B
Galies. o b ol R RS RR G

Table XX, Nitrogen Oxide Emission Concentration Data (Continued)

TEST

- l=lA=]

1=14~2
1=1A=3

1=1A=4
- 1=1A=8

1=1A=¢
1=1A~7
l=lA~g
1=1A=9
i=1A=10
l=]Aa=]]

l=1A=12 .
- 1=14=1)
A=JA=14

l=la=13
1=1a=]6
l=fA=17

1=1A=18
1=1A=19
 1=1A=20

lelfi=]

- lelBew

1=18-3
1=1Bws
l=18e8
l=18=5
1=18e7
1=18=8

1=18=9

l=18=10
l1=1f=1:

lelBel?

1=16=3)

1=38el¢
i=18e15

1=18=14
1=18=17
1=18+18
1=18~19
1=18=20

FA

00039
0+,0080

0.0083
0.003%

Ce0122

0.0183

040320

040121
0.012%

0:.0040

0.0039

0+0022
010047

0+0080
0.0060

02009

0‘0123
00108
C.0388

0.008%

0.0082
C«Q038
0:0122
0+004]
00003
0u0}28
00189

00200

00122

0e038Y

040084

00082
000083

0¢0084
00082

0+0081 .

040081
0+0}02

Qe 0002

Ce 0082

NOXOA

1744915
1906410

22405564

179489 -
16,0030
32'95~§~
- Ade2821
4247939

2806402

- t2slod2
bellls

1744738
. M
132737

2749532

- 17+3960
471965

102639

YT YA )

2220342
13.4992
11e7019
190028
16,1559
2028965
192706
189204

264

NOXPW

19,1252

23¢f&b§

- 2648012

-0e8608

19,8209

38.9344
31.78M2
S5l.6927
32:4732
1840063
L FRY X4 ]
2548160
4286208
1645133

318260
i%.7630
30747}
123s2892
20+ 1208
29.3342
19,632}
1789859

‘280839

21e010)
2844386
230964
22420892

NOXOX

; ¥58571
" Je5658

3,1001
345006

5.0810

342406

. 362287
- de8172
T Re0924

1+9708
204249
1e984}
lel24s

del81¥

1e8281
leb6318
1e7117
lea370
£e8794

2 3.6101

293842
22046
3.003%
3.4831
2+6504
2+863%9
3.6708
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Table XX. Nitrogen Oxide Emission Concentration Data (Continued)

TEST

4elA=]
helA=2
b=1A=3
4mAwh
4=1A=%
4=1A=b
Q=1A=?
4~1A~8
anla~9

he1i=10-

4=1A=11
4~]A~12
4~lA-l3

enlA=l14

bolA=12

evlA=18
4~1A=1T7

4~jA-18
anlA=]9
o=14=20
InlA-]
I=lAe2

3=lAw)

LT LYY
JolAes
InlAng

d1A=]
A L L

2=1A=3
2=1Aes

2=lA~9 -

2~2As)
2n24e7
2-24=3

FA

040062
040084
0¢003%
0.0102
0.0080
0.00%9
00102
0.0061

0008%

040125
CeQlb8

- 0402006

0+008%
Q.0104

0018
Q00128
0.0166

0.0208
0405406
0.0075
0.0012

- 000092

0:0124
Qelloe
Q.0042
0.0133
0.0039
0.0091

DeQ132

0:01082

00198 .

00040
C.0080
043030

NOXOA

€242122
5341561

. 3443315

2842266
‘3849103
32.8809
341912
855819
220.0873
bbb 2942
$50.6028
68,9389
1331838
120,%977
10642048
21341463
I83.606400
1894,7%02
33,2689
02967
LBenE97

51.6850

38.1409
36,3998
£5:9537
33.1580

- 8046227

846509
8040850
1343999
18,4340
22+5743

285

NOXPwW

57.373)

69.4&90

‘5.3781
38,5094

“9,7224

#3,074%

63,487
- 1493291 -

337.,983¢9
21,0897

T7.86633
102:,8)98
187,953}

1987676

218:7408

80,7971

23402519

2141903

45,7389

5573986

63+748)

T1e2964
58,6123

79:0163
35,1784
Sboeh}lT2

60,9458

64,3837
63279

184094}
237287

€9:887T4

NOXDX

9:4l119
645147

5.7379
9.9539%
“a9084)
T«5233
TeT272

1045998

209842
36,0865
122010
1041018
1leBl28

1249257

1349382
13,9239
1644982
32.7180
644180
41678
S.:2892
5:097%
1342428
6.0820
6.0367
409917
542091
s 0840
F8111
boT41%
&3040
3.795%%
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Table XX, Nitrogen Oxide Emission Concentration Data (Continued)

TEST

2=3A~]
2=3A=2
2=3A~)}

223A~y

2=3A=5
2=IA=H
2=3A=7

- 2=3A=8
2=18=-]1

2~18=2
2=18«)
=18w=y

2 ll=S

FA

0.00861

0+0082 .

0+0134
00113
0e009)
0.0081
040040
0+00%0
040060
0+003%
G»0086

0.0158

Ve01l9¢

0.0319 -
Ce0180

NOXCA

1943228
27,0873
8545982
T4e5111
48.105%3
39.6631

- 17478668

2241044
2544672
2343047

3745669

3642815
4le2344
337807

39,9286

236

NOXPW

29.0991
40,8332
122.8045%
1140621
T1e5781

60.%119

2544311
3le8128
36,1598

3u¢8936

4140752
5348248

6073080

481899
582431

NOXDX

48331
5.08.0
101548
1023090
Te738
T¢6299

be0381

6+339)
640896
849711
deB47)
3.506)
31948
“elad?
345650
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Table XX, Nitrouen Oxide Emission Concentration Data (Continued)

TEST

5=18=1
5=18=2
5=18-3
5=18=¢
5=1A-1
5=1A=2
5=1A=3
S5=1A=4
SmiA=§
5=1A=6
S5=1A~7
S=1A=x
5=1A=G
5=14-10
5=1A=11
5=1A=12
f=2A-]
H=2A=2
5=2A=3
5=2A=4
5=2A=5
5=2A=6
Se2A=7
5=3Au=]
H=32A=2
5=3A~3
S5=3A=4
5=3A=%
S5=3A=6
ReyA=]
Sm4A=2
S5=4A~3
Rud A=y
SebA=5

FA

040040
040081
00103
0.0061
0.0070
0.0087
-:0100
040051
0.0060
0.0082
00071
540060
00101
00121
0.0060
060049
0.0081
00100
0.0059
vaNOT9
0+0068
060055
0.0063
0.0083
00062
00102
040054
040057
040087
0+0084U
0.0099
040050
60054
00059

NOXOA

224064
58:1112
46,9070
3346229

1e6133
2041830
3145092

8.04150

840921
c7¢9333
16,0405
1146922
40,2558
3944749
18,7157
1249417
2849521
38.33066
1642329
33,1777
2564947
13,023
2046320
296827
1745651
4041517
1948199
2249307
3049994
3046020
4046378
1840713
1948348
255828

287

NOXPW

3l.,0198
8245466
63,2350
4543880
1348325
23,8782
3645676
11,9888
10,0288
32,5932
1844451
1343093
46e 7145
4762245
18,7059
1446292
3447913
4645562
2042337
3944822
3048193
171712
2547269
3660014
2201395
4848244
2442706
2769322
3649002
3642184
48,8858
2144865
2347709
3064757

NOXDX

Te8824
10,3708
Se3669
Te5403
20:0159
27994
3.7313
243641
le6815
4¢0505
216263
242369
LeT7126
440038
341715
3.0024
4¢3778
Ge7614
344682
5+0832
445888
301736
441159
444801
346282
4¢8795
405733
459494
55731
4,5658
449907

443228

4ok 168
541551




-_ ' Table XX. Nitrogea Oxide Emission Concentration Data (Continued)

TEST FA NOXOA NOXPW NOXDX
E”fZWE: SeBA=} 0.0084% 2840125 3546054 4e3017
£ 0 Sabpe2 0.0105 5502633 6844058 648431
{fﬂ . 2 S5=5A=3 0.0073 2649906 3247444 4e5449
E . - 3 S=5A=4 00075 2549894 3248324 404296
S5«5h=5 0.0076 2649313 33,5079 Hheb762
B=3A=g 00078 28,0500 35,0652 445407
. SmTA=] 0.0080
.3 DaTA=2 C.0118
-8 EmTA=3 040157
5aTi=y 0.0228
S=TA=5 00086
B=TA=6 00043
S=TA=7 0.0086
S5«7A~8 0eC079
S5«TA=9 00050
BewgA=] 0e0085 2446580 31.8801 3.8098
B=BAw? 00129 4148504 5240131 4al397
SwBA=3 00173 514502 6448132 3.8534
S=BA=4 De0241 6541881 8le1772 364914
SeBA=5 040075 3048133 39.6583 503455
bmBA=E 060072 2745311 3641969 51300
5=BA=T 040066 23.16871 309613 beT233
288




APPENDIX XII

Y e D L

€Oy EMISSION CONCENTRATION DATA

Table XXI contains data on COg emission concentrations obtained during
tests on combustlors A and B during Phase II.
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Table XXI. CO2 Emission Concentfation Data

TEST FA CO020A Co2pPw Co2nx

lelA=} 00039

1=1A~2 00080

l=1A=)3 040083

1=1A=4 0-0039

le]AwE Qevl2e

1=1A=6 0¢C183

I=1A=7 0+0120

l1=1A=8 0e0121

l=1A=9 0401223

1=1A=10 040040 0e82387 102740 319140527
l=]A=]1 040039 048505 162920 328143828
l=1A=12 0e0Q027 0e7852 1le2473 417047265
l=]1A=13 040087 16076 204419 3867.119)
l=1A=14 Q.0080 leBl6S 2¢759% 3477.3994
1=1A~15 00060 144203 2015764 363342622
l=]1A=16 0.0039 0e9716 144759 3783,55317
l=1A=17 0e0123 207460 401713 347949204
l=1A~18 0e0165 346052 5¢4764 341142710
i=1A=19 0.0188 347098 506352 308342036
l=1A=20 00081 1¢7053 205904 324444760
1-18-] 0.0082 1.7539 2.6643 328041748
1=18=2 0+0038 OeB1l58 102389 3272.6523
l1-18=3 00122 245862 349286 330046630
1=18=4 0e0041 0e8792 143355 3245,8530
l=]18=5 0.0083 148089 2,7478 3373.7514
1=18=6 040125 2e¢7532 401822 342643559
l=1B8=7 0.0189 349272 569655 2328443242
l=18=8 040200 440947 642200 32024238"
l=1B=¢ 060122 245732 3.9088 326742260
l=18«10 0.0185 2.8408 5¢8343 324840210
1=18~11 0e0084 1e8842 248622 3647241752
l=18~12 0.0082 145802 244003 298743115
l=18=13 040083 146800 2:5519 3118,9658
1=1B=14 040084 166342 244824 2301448432
l=18=15 040082 196064 204402 304042153
1=18=«16 040081 1¢684% 245588 3191,097%
1=18-17 0¢0061 141708 147785 293049385
1=18~18 0.0102 240723 3.1482 316140781
l=18=19 0.0082 le8249 2eT72)1 344448904
1=18=20 Q0062 142190 168518 32049.5327
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Table XXI, CO9 Emission Concentration Data (Continued)

TEST

4=1A=1
4=lA=?
4=1A=3
4=1A=t
4=1A=5
4=1Awb
4=1A=7
4=1A=8
4=1A=9
4=1A=10
4=1A=11
4=1A=12
4=1A=13
4=1A=14
4=1A=15
4=1A=16
4=1A=17
4=1A=18
4=1A=19
4=1A=20
3=1A=1
3-1A=2
3=1A=3
3=1A=4
3=1A~5
3=1A=6
2=1A=1
2=1A=2
2=1A=3
2=1A~4
2=1A=5
2=2A~1
2=2A=2
2=2A=3

FA

060062
00084
040039
0.0102
040080
040039
00102
040061
0.0085
060125
0e0166
060206
040064
00104
00183
00124
040166
0.0208
060146
040075
040072
040092
040124
0e0l44
060042
0.0133
00059
0,0091
0.0132
040162
00196
00040
040060
040080

CO20A

12853
le6718

149056
0e8269
240051
162171
1643736
201256
247409
346281
09168
146152
247687
243349
3.0432
38787
207553
ls0788
143791
167147
202649
3.0708
1.1082
247521
142774
149606
247899
3.2031
3.7462
09369
141999
145670

201

CO2PwW

1:9%524
245395

248947
1e2562
3,0459
148489
2.0866
3.2288
bel635
55112
163926
244536
402057
3.%467
4e6227
5.8919
4e18523
le6388
2+0950
246046
3,4398
bebbLS
1,6834
41806
149404
249782
“e2379
4eB8656
546907
1e4232
1.8227
2:3804

C020X

3202.8808
3113.5874

366043750
324609453
305343120
30859921
250141259
264643798
258449858
275840546
218748676
241049932
2664343061
292443784
286041801
292146269
294742060
222341611
293946919
208241206
285440615
3335.,0542
407746821
3218,2128
332645996
33470361
32975986
308643623
300343642
3610.,0371
307842421
302340195
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Table XXI. COg Emission Concentration Data (Continued)

TEST

2=3A=}
2=3A-2
2=3A=3
2=3A~4
2=3A=5
2=3A=6
2=3A=7
2=3A-8
2=3A~9
2=1B=]
2=1B=2
2=18~3
2=1B=4
2=18=5
2=1B=§
2=18=7
2=18-8
2=18=9

FA

00061
040082
040134
0.0113
040093
0.0081
0¢0040
040050
040060
040039
0e 0086
0+s0158
0+0198
0.0119
Ce0180
0.0200
0.Q160
040200

C020A

1.0971
le4523
245094
149502
l1e5768
le6878
Veb4B6
0.8538
1.0738
0e7851
1.6775
3.1121
4e0474
244946
343083
440507
342901
440945

292

Co2pw

le6665
242061
3.8118
249625
243953
2.5638
0¢5853
142970
leb3l2
141926
205482
“e7274
6e148]
3.7893
5:02%4
641532
4¢9978

642196

C020x

276749926
274542251
291941298
2677.,685%50
263540336
321144936
2693,4222
2609.0810
274740507
306641850
3019.8253
30794682
3234540766
3257.5927
322449082
318642202
320944488
3213.5%95
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Table XXI. COg Emission Concentration Data (Continued)

TEST

SelB=]l
S5«1B8e2
=18=3
Se)Beb
SmlA=]
S=1A=2
Sm1A=3
S=lA=4
S=1A=5
S=1A=6
S=1A=T
SwiA=8
S=1A=9
S=1A=10
Se=lA=1l
S=]A=]2
S=2A=1
Y=2A~2
Sm2A=3
fm2A=b
Swir=d
d~2A=~6
Ya2A=7
Su3ha]
Sw3A=2
SmIA~d
SeIhnh
Su3A~S
Sw3a~b
SwigA=]
SehAn2
SehA=d

C SemGA=b

SwiA=S

AR S o

FA

040040
00081
0.,0101
0.0061
040070
0.0087
040100
0.0081
040060
00082
0e00TL
00060
0e0101
040121
00040
0.0049
Q0.0081
040100
0+00%9
040079

040068

0.0055
0e00623
040083
Qe0062
0.0102
010054
0+00%7
00067
00080
040099
0.00%0
0e00%
00059

CO20A

0467172
146890
240264
143235
144013
147206
108149
1.0140
11106
147504
165454
le3264
21086
2e665%
le281¢
10771
146597
19837
1e2632
1.8
1e429%
lela$8
103364
126703
1430013
20110
162270
12862
1ebb690
10694}
240137
118179
141599
162662

293

CO2ZPW

1032325
245656
3.0751
20105
21286
206136
2475869
145410
1.6870
2465950
263475
240169
3,2030
37148
1494668
146361

"2e9212

290829
1.8889%
244057
2ells
14T060
2+0300
2+9%372
149751
3.0548
148638
149538
2el324
2¢%73%
3.0%89
leTlh}
17619

1:923%

CO20%

338641196
322344199
30962524
33404064%
310243457

306441706

281341858
3043.8129
2020846079
330445208
334266100
3386263%7
3231.3252
314945999
3300, 79%9
335840434
3172.9%81

3080.721)

3237140837
31004536
3233.1899
322841917
324707309
312224787
32369809
3053,0107
351241147
3646240971
33718903
324642831
31228393
3%569.0721
327348735

325347294




Table XXI. COg9 Emigsion Concentration Data (Continued)

TEST

SmBA]
SmBA=2
YmSA=3
SafAmb

S5=8Awb

SnBA=b
S=TA=]
SaTA=2
SuTA=3
BmTA=4
5«TA=5
SaTA=f
SeTA=]
S=TA=8
S=TA~9
S=8A=-1

BuBAo?

S=8A=~13
Y=8A=bh
SmQA=S
SwBA~b
S=8A=T7

FA

0.0084
0.03105
040073
00075
040076
040078
0.0080
040116
040157
040228
Ge0086
0e004)
040086
C.0Q079
0.005%0
0+0089%
040129

040173

QeG246)
0:007%
0.0072

0.0068

CO20A

1.8106
242001
144964
148306
15526
1683
15161
242918
3.03%8

43952

145%20
Qe7978

15750
1464605

lelad2

1.8731

2+7982
345728
50232
18538
le774}
1.569%

284

Co2pPw

201504
343621
242731
2¢3251
23584
23572
243030
3.40809
heblild
645676%
243576
1e2119
23928
244918
147381
2084653
€ 1907

Beb268

Teb3006
2408160

2:6950
263360

Co20x

334146953
3245.6899
3155.23%3
313649700
315048787
3312442%0
294443823
301549443
300941167
302641489

‘2T90 4852

2860.,308%6
284) 03642
31%602172
3525.8193
340043813
3335,3999
3226440687
32810281
3785.7085
381945482
3848,8598




2 e R [P P SM pyn T A

R A T sty £ ol WAL SN %S ST v

R L N TR

< Bty

R

RSN I e T LT

257280

R

S

ravey ,A
oaca

APPENDIX XIII

HyO EMISSION CONCENTRATION DATA

Table XXII contains data on HoO emission concentrations obtained during
tests on combustors A and B during Phase II.
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Table XXII., H9O Emission Concentration Data

TEST

o l=1a=]1

1=1A=2
1=1A=3
l=1A=4
1=1A=5
1=1A=p
l=1A=7
1=1A~8
1=1A=%
1-1A=10
l1=1A=11
1=1A=12
i=1A=13

I1=]A«lé

1«1A=13

l1=1lAw}b

1=1A-17
lelA-l8
i1=1A=19

1=1A=20 -

leif=}
1=~18=2
1-16-3
1=1B8=4
1=18-3%
i=18=6
le18~7
1«18=8

1=18-9
l=18«]0

1=-18=11
le18=12
1=18-13
1=18=14
1~18~18
1-18~1%
1=18«17
1-18-138
i=ifB=19
1=18=20

FA

00039
040080

00083

00039
00122
0.0183
QasC120
0s0121
00123
00040
00039
040027
0« 0087
040080
Q+0080
00039
0.0123
0e0ibd

CeQl88

De0081

Q40082

000308
G122
0«0081
0008
0e012%
Ce0182
0.0200
Je0122
0.018%
Ce0084
00082

040083

0. 0084
0.0082
0.0081
040081
0s0102
Ce0082
0.0082

H200A

2¢71317
2+1584

- 245087

244097
3.649)
3,1491

- 2e8%M7
~helll8

&e 3880

409532

31058
#.0210
2+46708
5.0%8%
2.8138

3.9929

‘le&?
$¢39%0
L5491
“:01064

- hellle
®,Q0062

hob312

EX3 23 1]
S.78853

5.7419
webb94

3.%29 .

3.,9502
3,718
b 2828

296

H20PW

1.6990
1e342s
1+560)
ls0987
2414682
149928
17749
24537

2e7168

3,0807
1.90)%

- 245009

1.5367
EFPY Y Y
147%0)

Zeb82h

340021
3.35%%
2.0419
QokVas
245697
2.4908
27688
27875
3.599%0
3.5837
2+9042
22180
2c4569
2+3458
268312

H20DX

4255435507
34095068
567442158
225067060
270343130
3298.4212
2549493468
2133.56444
165220810
1685.,%827
26319.,2069%
3079,0581
4059.353%
2066342641
2253.2998
3049,1215%
26459,5087
183641389
1463.0813
2084,9438
16430.06182
3021,2280
346505009
3370.1928
437049240
S454,9150
3621.89%5
365240297
2566,95%50
2916.9092
4363.945%3
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Table XXII. Ho0O Emission Concentration Data (Continued)

TEST

4elA=)
bmiA=2
b=1A=)
he=lA=4
4=~1A=S
4m=lAmg
L=lA=T
4=1A=g
belA=9
4~1A=10
a=lA=]]}
helA=12
4=14-13
G=lA=lé
a=1A~19
bnlA~lb

e=lA=1?
4=lA=18.

helA=i9
Av1A=20
I=lA=}
3=1A=2

3=lA=3

InlA=g
Y= lAeS
3=lA=p
i=1A=]
2=1A=2
i=1A=%
L=lA=

C2=1A=3

2-2A=]
2~2A=2
2=2A-3

FA

00062
00084
0+0039
0.0102
040080
0.0039
0.0102
040061
00085
0.012%
00166

- 0402098

0« 0064
040106
0eQ163
00124
0s0106
0+0208
Cu0lad

0.00G75 -

0.0072

0:0092

Qe126
Ce0lb4
090042
0.013

0.005%9

040091
Je0132
0.0152
0.0198
040040
0-0360
0.0080

H200A H20PW 1H200X

LT XL ¥4 207579 452643935

4e7521 249556 3623¢7627
297
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Table XX1I, 1150 Emission Concentration Data (Continued)

TEST

2=3A=1
2=3A=2
2=3A-3
. 2=3A=g
2=3A=5
2=3A=g
 2=3A=T
2~3A-8
2»3A=9
2=18~]
e=lte2
2=18~13
2~18=4
2~18<Y%
2184
2=18e?

2~10=8
2189

FA

040061

0.0082
0+013%4

- 040113

0.0093
0.0081

040040

0+00%0
0.0080
0sQ039
0.0086
G«0158
0+0198
0.0119
040160
0.020%

- 0s0180
J«0200

H200A

298

H20PW

H200X
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Table XXII. HoO Emission Concentration Data (Continued)

TEST

S5«18=}
5n]1fAm2-
S=lB=3
S=1B=b
LTS Y T

iR Ll LLF
. SalA=}

Julhed
Swldes
SelAwpd
S=lAe?
Sela=g
SwlAwy
§=1Au10
SwfA=1l
S~lh=}2
$=2A=]
S5elA~
Lw2Awy
Smdhod
Swla=s
Se2A=b
$=2A~?
S=3A=]
S=3A=2
503‘-3
SaJA=s
S=3A=5
Se3A=wy

SekA=]

SebA=2
Sebh=}
bebA=s
SepA=Y

FA

. 00040

00081}
0.0101
0006}
00070
0+0087
00100
00051
Q0040
00082
04007}
00060

0.030)

Q0121

0.006Q .
 Qs00n9

0.0081}
Q40100

- Qe00%S

0+0079
040088
0+00%5%
Ge008)
G«0083
00082
30102
0+0054
0.008%7
040067
0.00480
0.009¢
0,00%0
0+00%
Ce00%9

H200A

34,0687
3:.7529
3.08357
3e76Q7
3.6878

3493713

4.08%1)
3N
34984

646682

3.3388

343029

e 0933
LY Yo7 1.

‘342290

30842

460251

eebdis
38079
&,11%0
4,0089
37519
3.851)
347782

3.3457

be0557

31819
3,20886

- 3,8%]178

+6919
28647
24258
242272
242603

299

H20PW

1.8962

243280

2436327

203390

222937
248659
2.56402
2+1130
2:173%9
beldla
2.0766
2+0792
2454459

2:7420 .

2.0087
149058
2¢%03%
2.7781
243684
2+5819
26930
243333

2+4014.

23499

2.0809.

2+522%
149790
1.9932
2.1879
1454%8
1.6%86
145096
1.3852
1e6030

H200X

AB18.5527
2924.08276
260241059
3885.8950
334200857
2871,0361
2%95,1762
1737627
36468.2017
51563134
295040496
Jafh bl
2568438462
2326 .82908
340957451
3911.%190
313%04.2336
28392421
35944308
3301.71%
3712460080
3125791
384240307
209242158
341002919
25%21,07%2
3729.170%
3331.00¢%1)
330445639
1983:8479
1693.2900
303648004
2573.8994
237041054
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Table XXII. Ho0 Emiss!bn Concentration Data (Continued)

TEST

SeBA=]

- §eBA=2

S=5A=3

Se5s -

SwBhA=S
S=8A=5
8-7A=1
SuTA=?

S=TAw) -
© SwTA=e

234 T8
S“?A"G

SeTA=?

SaTA~8

S=TA~%

S=8A~]

B=8And
S«fA~)
SaBi=y
SuBAns

S=BAE
SefA~?

FA

0«.0084
240105
00073
0.0075
0.0076
J.0078
00080
0.0118
0.3.57
0«0228
OeCOBS
QeQOk3I

000886

0.007%
0.00%0
0.008%
0eQ129
020173

Ge02al

O Qa007S

0.0072
000886

H200A

40724
4486000
400929
Gelil76
4el1479
hel884s
37079
Ae3813
48579
48022

340330
320348

33103
34,6295

3,4880

L¥S 1111
(TS24 1
4e54090
4a08930
hohld8
be&l?2
he33l0

o0

H20PW

205329

248611

2+5456
245984
£e5799
2:50%0
2430062

247250
3.021%

2+9808
de1352
le8874
2.0589
2+2%7)
2+ 1698

ek %8

247202

228237

229206
227827

FeT4TY .

2+6938

H20DX

307745053
277845488
3533,4404
3505,6928
3846405195
337443504
294845341
236140219
197147475
1353.8017
25273154
4a5k4 5908
240541977

289343149

440148556
294648325
2165.08629
16780812
1256.1826

37i0.4199

3893,7710
4109.5919
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APPENDIX X1V
PERFORMANCE PARAMETERS

Table XXIII contains derived performance parameters in tabular form for
teste conducted using combustors A and B. The parameters listed are FA,

PSAR, PHIP, PSFR, and PHINT,

Y



o Table XXM, PCerformanss Parametars

= D3 TEST FA PSAR PHIP PSFR LOPRINT
e ©1mlA=] 0,0039 0e1300 0s1236 -
UL 1=<1a~2 . C.J080 Del1300 0e2527 ~
M - 1=1A=3 0.0083 Ce8600 0:2606 -
R 1=1A%¢ 040039 048600 0el250 -
R 1=14=5% De0122 048600 0e3828 -
E - . i=la=aA i SeU183 Je86V0 Ce5755 -
s l=1A=7 = D220 VeBSOC CeldT796 -
1l=3A=8 Q42121) Je8502 0e3833 -~
L=1A29 2e0123 De 85630 0e3875 -
1-2A=10 e Q0T JaB6U0 0al275 -
1=1A=11. Je 039 08600 041258 -
1=1A~32 Qe0027 048600 00878 -
1=3A=13 7 0,00867 Je8600 0e2133 -
T l=la=l4 e 0B8C U e8600 VelBu6 -
1=1A=15" Qo068 Deb6UD 0+19C1 -
{=1A=~16 940039 0e8600C Qel2066 -
S amlARRT 0e01273 08600 0e3861 -
Cl=13=-18 040165 Je8600 05193 -
. 1"1.A"'19 060188 0.8600 025926 -
1=1A=20 040081 068600 062561 -
1=1te] 740082 048600 Ve2606 -
l=wibh=? 00038 0eB8800 0el209 -
l=lte3” Devl22 VeB60C 0e¢3834 -
1"1.”""'0 "\)QUG‘#]. CeBOVO 001315 -
1=1n=5 240083 J+B8600 Qe2613 -
1eli=6 0.C125 048600 043933 -
l1=ln=? Qs0189 048600 065925 -
l1=1n=R 040200 VeB600 046305 -
1=15=9 00122 048600 0e3854 -
1=]1rte]10 0.018% UeB8600 0e5822 -
1=1=11 e Q0BG 0+8600 0e2645 -
1=1h=12 Ued082 048600 0e2578 -
1=1H~=13 )e0083 Ue8600 062625 -
l=lit=l4 Qe 0084 08620 Qo2662 -
l=1i3=15 0,0082 (Ge8600 0¢2575 -
1=1H=]6 Jeu08l Ve8600 Qe2b73 -
1=1t=17 060061 048600 0e1943 -
l1=1ti=18 Ne0102 048600 03202 -
1=113=19 0e 0082 048600 0¢2582 -

1=]like20 DeU062 048600 Del94s -



[ v

TEST

G=1A=]
4=l A=2
4=1A~3
G=1D=y
f=lA=58
Lelh=f
Golhwe?
b A=8
4=1A~9
L=]lA=10
G=in=11
4e=la=12
4~1A=13
helA=]14
4=1A=15
b=1A=16
G=]1A=17
4=1A=18
4=1A=109
b=1A=20
3=1A=]
3=1A=2
3=1A=13
=)A=y
3=1A«5
3 lA=f
2=1A=1
2=1A=2
2=1A=3
2=1A=4
2=1A=5
2=2A=]
2=2A=2
2=2A~3

B sl

'T::blerx,‘-ﬂll. Pecformance Parameters (Continued)

0+0082
0s008¢
240039

040102 .
0+0080 -

0e0C39
0.0102
Ce0361
JeCO85
0.0125%
Oed166
0602G6
D005
0sC1l04
OeQ163
0.0174
040166
0e2208
Ce01l46
00075
Q.U072
040092
0«0124
QeClos
040062
0.0133
060059
0.00¢%1
00132
0e0162
040196
040040
0+006C
0.,0080

FSAR

Cel3CC-
041300
De¢1300
0¢13Q0
0«1300
0s1300
0e¢21300
01300
N0e1300
041300
0.1300
01300
0.1300
041300
041300
041300
Cel1300
041300
041300
0s1300
0s2100
0s2100
0.2100
042100
02100
0.2100
043100
0¢3100
0.3100
043100
043100
0e3100
Ce3100
0e3100

303

PHIP -

07643

- le0248 -

Cek822
1e2554
09934
O0es%4840
142557
De7511
0e5082
04991
0eb967
0e49986
0.4980
069836
Catt944
049952
1.0057
1.0057
162497
De3799
045997
Qe7620
140193
le1852
Oe3463
0a7660
03671
0.5618
QeBlab
1.0023
142086
0e2476
043727
0¢4966

PSFR

0e9408
Qek798
Go321d
Qadau?
l.6580
343018
De3251
18609
0e9655
Oebas§
202904
06963

PHINT

01831
Us3516

045212

0e6901
OelOla
01204
0eb131
Vedl?l
Qeb 248
Oeb359
Oel&?]
Cel772

062357

e A




TEST

2=3h=]
da3Aw?
2=3A=3
2=3A=y4
2=3A=5
2=3A=g
2=3A=7
2=3A=8
2=34=9
2=18=1
2=~1H=2
2=1R=3
2=1B=4
2=18=5
2=1R=6
2=18=7
2=10R=8
2=1R=3

Table XXIII. Performance Parameters (Continued)

FA

0¢0061
00082
040134
CeQ113
060093
OeU081
Qe0043
00050
040060
De0QG3%
0.0086
00158
0e0196
0+0119
00160
040200
0sCl86C
060200

PSAR

03100
0s3100
03100
03100
043100
Je3100
Ce310¢C
0e3100
03100
063100
03100
043100
0e3100
0.3100
0e3100
03100
063100
0e3100

PHIP

043790
05069
0.8279
0470060
05740
045035
0e2482
0e3126
043738
Ve2443
0s37586
03763
03751
05031
0e5072
0e5079
De7562
0e7556

PSFR

203927
06278
Oetse?79
241558
140493
0e7013
342359
le57862

PHRINT

Vel352
Oeb167
0e7213
02259
Qee697
O0e7044
0e2396
Qs6142




Table XXIII, Performance Parameters (Continued)
TEST FA PSAR PHIP FSFR PHINT
Switiem] "0aC060Q 0e1300 0et923 -
Hmlli=? 0.0081 Jel1300 Ce999Y9 -
belBel 0.0101 0¢1300 1e2501 -
S5=1Rk=y Oe U061 04130C 0.7547 -
HmlA=] Ve 0070 0s1625 Del2b0 -
Se]lA=2 0s0087 Oelel? 0e9104 -
5'1A°3 0.0100 001638 100337 -
S=ihA=4 040051 Qel608 Ce5401 -
Hmlh=t 040060 0s1608 046367 -
HemlhA=5 0e0082 Os1636 08480 -
Bw]Aw? 040071 Oelbe3 0e7368 -
5=1A=8 0+ 0060 0e15609 0e6347 -
B=lA=9 De0101 Osl61l8 140566 -
HealA=10 0edl2l Qelbl7 1.26C5 -
SmlA=]l 060060 Osl628 06230 -
SmlAel? 060049 0s.1621 0e5161 -
H5w2A=] Qe0081 Qel761 Oe7864 -
Hm2Aw? 0sClCO 0el730 09842 -
5=2A=3 0.005¢9 Del738 0e5826 -
Su2Awy 0s00Q79 JelT746 0e7735 -
Gml2A=b 040063 Uel740 Ceb6708 -
He2A=b 040055 Qel7u? 04653690 -
5'2A'7 000063 001746 006220 -
Be3Aw] 0eC0483 Cel799 0e¢7898 -
Hed A= 0630062 041793 045937 -
Sm3Aw] 0s0102 Uel780 0e983¢ -
S5e3 A=, De005& Del798 OeBl46 -
HS=3A=b 0aQ05%7 Cel7€1 0e5493 -
Ge3 A=t 042067 0s1797 Oebb32 -
Smbh=] 00080 Pel740 0e¢7931 -
S=fAw? 00099 Qe1736 09830 -
Swi4A=3 00050 01737 0eb961 -
Hufy Ay 040054 0e¢1738 05371 -
Bty bt 0«0059 0s1733 Ce5918 -
305
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4 Table XXJII. Performance Parameters (Continued)

o i TEST  FA MSAR PHIP PSFR PHINT
. SubAmy 040084 Oelb4? 0eB8628 -
L. §ebAw2 0s0105 Oels46 10821 -
BefAn3 040073 0el652 07529 -
SefAmy 040075 PRY-LE 0eT741 -
S5=5AxS 00076 0sl851 007825 -
Sw5Ans 040078 041649 048080 -
- . SoTA=] 040080 . 0¢8%31 0e2518 -
& S5mTam2 040118 008533 Ce3729 -
3 Se7h=3 0e0157 0e2545 . 0e&966 -
P SaTAms 000228 - 0eB5%1 . 047197 -
3 Su7A~8 040086 . 048538 002720 -
3 BuTA=b 040043 048534 . 041358 -
E SeTA=? 040086 048537 0s2711 ‘-
- 5=7A=H 040079 0eB543 0e2508 -
: 5=7A=9 040050 0eB545 0el158] -
5=8A=] 040085 043161 065191 -
S5=8A~2 040129 0e313¢ 0e7840 ~
3 SugA=] 040173 0e¢3136 160538 -
- SuBA=b 000241 0e3l48 lets1l8 -
3 Se8A~5 040075 de3C88 Qete657 -
. A SeBA~b 040072 043092 Qebt s -
. 5=8A~7 00066 03091 0.6108 -

306
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