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SUMMARY

An experimental program was conducted to investigate exhaust emissions, performance, and
durability characteristics of advanced technology, low-pollution combustors operating with
fuels which represent composition and physical property changes which might result from
future broadened aviation turbine fuel specifications or use of synthetically derived crude
feedstocks. The scope of the program was restricted to investigation of increases in final
boiling point and aromatic content. The four test fuels included commercial grade No. 2
Diesel and No. 2 Home Heat oils and specially prepared blends of Jet A with Xylene and
with Naphthalene blending stocks. The Alternate Fuels program was conducted as an ad-
dendum to the Experimental Clean Combustor Program (ECCP), Phase I, and the technical
effort was integrated with the ECCP testing to allow back-to-back evaluation of the test .
fuels and the baseline Jet A fuel. The program inctuded evaluation of the Hybrid and Vor-
bix combustor concepis.

Results of the program indicate a significant increase in CO and a small increase in NO, emis-
sions at Idle. In the case of the Vorbix combustor, THC emissions increased at the s1mulated
Idle condition when using the subject fuels. Minimal difference in gaseous emission levels was
observed at high power. The two combustor concepts exhibited different responses in exhaust
smoke level and altitude stability. Exhaust smoke increased with increasing fuel aromatic
content for the Vorbix combustor, which employs direct liquid fuel injection pilot and main
zone designs. The Hybrid combustor, which employs intrinsically low smoke, premix-type
burning zones, exhibited no significant increase in exhaust smoke. Altitude stability (blow
out) was not affected for the Vorbix combustor, but was substantially reduced relative to the
Jet A baseline for the Hybrid concept.

Severe carbon deposition was observed in both combustors following the limited endurance
testing using No. 2 Home Heat fuel, indicating a potentially detrimental effect on engine '
hot section durability. No consistent trend to increased liner temperature was indicated
with increasing fuel aromatic content.
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INTRODUCTION

This report presents exhaust gas emissions, engine performance, and component durability
measurements from two advanced-techinology, low-emission combustor concepts operated
with four special fuels and Jet A fuel. The objective of the.program.is-to.provide.a prelim-
inary assessment of the pollution and performance impact of broadened fuel specifications
for combustors designed to attain Environmental Protection Agency (EPA) standards. The
scope of this program was limited to investigation of two specific changes to current avia-
tion turbine fuel specifications, increased aromatic concentration and increased final boiling
point, both of which might be necessary for syncrude derived fuels.

The United States is currently importing approximately thirty percent of the petroleum
consumed in this country. Continuing depletion of domestic crude oil reserves makes it
highly desirable that substitute fuels be developed from other resourees such as shale oil or
coal. Since aviation gas turbine fuels represent a significant percentage of the total petro-
lewm consumption in the United States, it is appropriate that fuels produced from non-
petroleum sources be considered for this application. Due to economic and other considera-
tions, synthetic fuels may not meet present aviation turbine fuel specifications. In addition,
a broadening of these specifications would permit a relative increase in supply from petro-
leum feedstocks. Although broadening of the fuel specifications may increase the supply of
aviation turbine fuels, it may also incur penaities to exhaust gas emissions, engine perform-
ance, and/or component durability.

The Alternate Fuels program was conducted as an addendum to the NASA/P&WA Experi-
mental Clean Combustor Program, Phase II (Reference 1). Testing of the subject fuels was
conducted on two advanced combustor concepts (the Vorbix concept and the Hybrid con-
cept) following evaluation under the basic ECCP Phase II program. American Society for
Testing Materials (ASTM) Jet A fuel was used as a baseline for comparison purposes. Test-
ing was conducted in a 90-degree sector test rig simulating the JT9D engine combustor en-
velope and at simulated engine Idic and Sea Level Take-Off (SLTO) conditions. All com-
bustor inlet conditions were the same as those produced in the engine except for inlet pres-
sure at SLTO, which was limited to 6.8 atmospheres by test facility airflow capacity. The
corresponding inlet pressure produced in the engine is 21.7 atmospheres. Suitable correction
factors were applied to the gaseous emission data to account for this difference. Smoke
levels arc presented as measured rig values.
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CHAPTER I PROGRAM DESCRIPTION

The Alternate Fuels program was-conducted concurrenfly with, and as an addendum to,

the Experimental Clean Combustor Program (ECCP) Phase II, Contract NAS3-18544,
during the last six months of 1975. The program was aimed at investigating exhaust emis-
sions, performance, and durability aspects of low pollution combustors operating with test
fuels that simulate specific characteristics of possible synthetic and petroleum fuels with
broadened specifications. The four test fuels, No. 2 Diesel, No. 2 Home Heat, Jet A +
Xylene bottoms, and Jet A + Naphthalene blending stock, were chosen to provide indica-
fions of the effects of increased boiling point and increased aromatic content (lower percent
hydrogen).

The major program tasks included high pressure screening tests of the Hybrid and Vorbix
concepts with the four test fuels, altitude relizht tests with the No. 2 Home Heat fuel, and
high pressure endurance testing, again with the No. 2 Home Heat fuel.

The screening tests were conducted at the high pressure test facility, test stand X-903. The
Hybrid and Vorbix combustor concepts were evaluated at simulated Idle and Sea Level
Take-Off conditions with the four test fuels and the baseline fuel, Jet A. Data acquired in-
cluded emissions, performance characteristics such as Idle stability and pattern factor, and
liner temperature data.

Following the fuels screening tests at the high pressure facility, both combustor concepts
were tested at the altitude relight test facility, stand X-306. No. 2 Home Heat fuel was
selected for these tests since this fuel was expected to exhibit the greatest deficiency due to
the combined increases in aromatic content and final boiling point.

The Hybrid and Vorbix combustors were then returned to the high pressure test facility for
endurance testing. Each combustor concept was modified in a manner dictated by the
pollution reduction and performance objectives of the basic Phase II program, consistent
with improvement of problem areas identified in the altemate fuels screening tests. The
endurance testing consisted of four hours of continuous operation at SLTO, followed by
visual hardwarc inspection, and four hours of operation at Idle conditions. No. 2 Home
Heat was chosen as the test fuel because it represented the combination of properties ex-
pected to-have the greatest impact on durability. The endurance testing was intended to in-
dicate carbon deposition and nozzle coking problems rather than to predict areas of long
term hardware deterioration.
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CHAPTER II EQUIPMENT AND EXPERIMENTAL PROCEDURES

A. Test‘Combustors

The evaluation of the four subject fuels was conducted on Hybrid combustor configuration
H-6 and the Vorbix combustor configuration $-20. Endurance testing with No. 2 Home
Heat fuel was conducted on Hybrid combustor configuration H-7 and the Vorbix combustor
configuration S-22. All testing was conducted in 90-degree sector rigs simulating the JTOD
engine combustor envelope. Design features of the Phase II ECCP Hybrid and Vorbix com-
bustor concepts are shown in Figures 1 and 2, respectively. A more detailed description of
each combustor concept is provided in the ECCP Phase II Final Report (Reference 1). Spe-
cific design information, including liner hole area distribution, is contained in Appendix A.

Hybrid combustor configuration 11-6 utilized hollow-cone, pressure atomizing pilot nozzles
and low AP main fuel injectors. This configuration had no pilot or main dilution air, but
had increased pilot flameholder and main zone bulkhead cooling. Configuration H-7 dif-
fered from configuration H-6 in the substitution of solid-cone, pressure atomizing pilot fuel
nozzles.

Both Vorbix combustor configurations S-20 and S-22 utilized pressure atomizing pilot and
main fuel nozzles. The principal differences between these configurations were liner airflow
distribution changes affected by modifications to the inlet hood geometry, revised pilot
bulkhead cooling, and increased pilot airflow through use of a larger pilot swirler.

B. Fuels Description

The properties of synthetic aviation fuels will depend heavily on the raw materials available
and the refining processes used. The four fuels selected for this program were intended to
provide a cross section of possible synthetic fuel characteristics. Fuel properties specifically
addressed in this program were aromatic content and final boiling point.

The fc;ur test fuels included:

No. 2 Diesel (commercial grade)

No. 2 Home Heat (commercial grade)
Jet A + Xylene Blend

Jet A + Naphthalene Blend

® o 00

Analyses of the Jet A baseline and the subject fuels are presented in Table L.

The No. 2 Diesel and No. 2 Home Heat fuels tested were commercially available No. 2 oils.
Both fuels had similar boiling ranges with a final boiling point 40 to 50 K higher than the
Jet A specification (ASTM D-1655). Both fuels also contained higher aromatics than the
Jet A specification, No. 2 Diesel with 27.0 percent and No. 2 Home Heat with 38.5 percent.
The No. 2 Diesel and Home Heat fuels selected for this program provide two levels of

4



Specific Gravity 289/289 K

Viscosity @ 311K, (m?/s)
@ 292K, (m?/s)
Flash Point K

Heat of Combustion, Net (j/kg)

Freezing Point K
Suifur (wt. %)
Nitrogen (ppm)
Aniline Point (K)
Luminometer Number
Distillation (K)

Initial Boiling Point

10%
20%
30%
40%
50%
60%
70%
0%

- 90%

Final Boiling Point
Recovery (vol. %)
Residue (vol. %)

Loss (vol. %)

Aromatics (vol. %)

Olefins (vol. %)

Hydrogen (vol, %)
Hydrogen to Carbon Ratio
Naphthalenes (vol. %)

TABLE I

ANALYSIS OF TEST FUELS
ASTM D-1655 P&WA TEST FUELS
Jet A Jet A No. 2 No. 2 Jet A+ Jet A +
Specification Baseline Diesel Home Heat Xylene Naphthalene
0.7753—0.8398  0.8151 0.8519 0.8623 0.8358 0.8571
~ 157%10~6 275%10-6 232%x10~% 1.05X10-6  1.50%x10~6
. 216X 10~6 423xX10-6 347x10~6 137x10-® 2.08x107°
358 327 347 327 316 333
428X 100min  43.2x100  42.7%x106 42,5 X 106 42.3 X 106 42.2 X 105
233 228 253 257 216 229
0.3 max 0.034 0.24 0.18 0.02 0.03
— 5 42 93 6 5
- 335 335 324 300 315
45 min 44 33 21 23 24
- 441 456 437 422 442
500 max 459 495 474 437 468
_ 467 508 493 442 476
— 477 517 507 446 483
— 483 524 518 451 487
506 max 489 532 528 458 491
_ 496 540 538 468 495
- 503 550 550 480 499
— 513 562 561 493 505
— 524 580 579 506 514
561 max 548 605 607 533 536
- 98.0 97.5 98.0 98.0 98.5
1.5 max 1.2 2.1 2.0 1.0 0.9
1.5 max 0.8 0.4 0.0 1.0 0.6
20 max -18.0 27.0 38.5 47.9 35.5
— 0.4 0.3 0.7 0.5 0.4
- 13.71 12.97 12.33 12.20 12.15
- 1.89:1 1.78:1 1.68:1 1.66:1 1.65:1
3.0 2.1 7.1 10.9 1.3 16.2

L1IVHIEIV AINLIHM P LLVYd
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increased aromatic content relative to the Jet A baseline, at approximately constant final
boiling point. The No. 2 Home Heat contained a higher percentage of complex naphthalenic
aromatics and a significantly lower percent of hydrogen when compared to the Jet A base~
tine.

The two custom blended, Jet A based fuels were supplied by the Ashiand Oil and Refining
Company, Ashland, Kentucky. The first of these fuels was blended from an in-specification
Jet A base fuel (approximately 65 percent) and a blend of alkyl-benzene aromatic compo-
nents (approximately 35 percent), described as “xylene bottoms”. The second of these
fuels was blended from the same Jet A base fuel (approximately 75 percent) and a-naphtha-
lene charge stock (approximately 25 percent) containing greater than 50 percent naphtha-
lene precursors. A representative analysis of the naphthalene stock.used in the Jet A +
Naphthalene blend is given in Table II below:

TABLE II

TYPICAL NAPHTHALENE BLENDING STOCK ANALYSIS

Component Weight Percent
benzene, toluene, xylenes 3.0
alkyl aromatics (not naphthalenes) 13.7
indane 0.5
indene 4.3
tetralin 5.1
naphthalene 19:9
dimethyl naphthalene 331
biphenyl naphthalene 13.6
higher boiling naphthalenes 6.3
other 0.5

These aromatics might be expected in alternate gas turbine fuels since most either occur
naturally or derive from conventional refining techniques.

The two blended fuéls were chosen to simulate a synthetic fuel with a boiling rangs within
the Jet A specification but with a percent hydrogen about 1.5 to 2.0 percent lower than a
typical Jet A fuel. The aromatics exceeded the Jet A specification by magnitudes of two to
three. The two blended fuels were designed to permit identificatior: of the effect of aroma-
tic type (simple versus complex) at approximately constant final boiling point and hydrogen
content.

Certain other requirements of the Jet A specification, such as freezing point and luminometer
number, as well as operational requirements such as resistance to thermal decomposition

and oxidation, have not been met by the test fuels. For these reasons, the test fuels may

not be representative of actual aircraft quality fuels having these values of final boiling point
and aromatic content. In fact, relaxation of the final boiling point and aromatic content
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may prove incompatible with maintenance of the other requirements of the Jet A specifica-
tion. Howeyer, the fuels selected are in keeping with the program objective:of discerning
the first-order effects of relaxing current aviation turbine fuel specifications in the principal.
areas being addressed,

C. Test Facilities

The combustor tests were conducted in two test facilities. The emissions, performance,

and endurance evaluations were conducted at X-903 stand, a high pressure test facility
locatec at the P&WA branch plant in Middletown, Connecticut. Altitude stability and relight
testing was conducted in an altitude test facility, stand X-3 06, located in East Hartford,
Connecticut.

A detailed description of both facilities is presented in the ECCP Phase I Final Report
(Reference 2). The only modification to the Middletown facility was the addition of portable
storage tanks for the two Jet A fuel blends. Two existing on-site tanks were used o store

the No. 2 Diesel and No. 2 Home Heat oils. Separate lines were plumbed to the test cell

for the fuels tests. A constant displacement pump was used in conjunction with a return
system to continuously circulate the fuel to ensure that the blended fuels remained well
mixed. The capacity of the pump was eight.to ten times that required for the test rig.

Prior to testing each of the fuels, the common lines were flushed with the fuel to be tested
and all filters were changed. A fuel sample was drawn at the test rig before each run for
verification of the fuel quality.

Two 90-degree sector combustor rigs, fabricated during the ECCP Phase I, were modified
for use during Phase II and the Fuels Addendum programs. A detailed description of the
rig configuration is provided in the ECCP Phase 1 Final Report (Reference 2). A schematic
diagram of a test rig and the adapting duct work installed in the test facility is shown in
Figure 3.

D. Instrumentation

Both the high pressure test facility and the altitude test facility contained sufficient instru-
mentation to document the rig operating conditions. In addition to the basic instrumenta-
tion contained by both facilities, the high pressure facility contained an automatic-
sequencing fraversing probe located at the combustor exhaust plane to obtain temperature,
pressure, and gas sampling information.

The altitude test facility was equipped with exit plane temperature instrumentation to per-
mit determination of the lit or unlit status of the test combustor for altitude stability and
relight testing. This facility also contained a closed-circuit television system to permit ob-
servation of the flame propagation after lighting. A detailed description of the gas analysis
equipment,. automatic data recording system, and other combustor instrumentation is pro-
vided ir. the ECCP Phase I Final Report (Reference 2). Specific improvements to the £as
analysis equipment and the automatic-sequencing traverse rake systems installed for the
Phase I1 test program are described in the ECCP Phase II Final Report (Reference .
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Embedded liner thermocouples were utilized during the alternate fuels screening tests to
measure liner temperatures as a function of changes in fuel composition and operating con-
ditions. Liner thermocouple locations for the Hybrid and Vorbix test combustors are
shown in Figures 4 and 5, respectively. Chromel-Alumel thermocouples were used. The
thermocouple junctions were installed employing the “wedge-wire” technique illustrated in
Figure 6. Since combustor durability is proportional to maximum liner temperature, the
thermocouples were located in regions of expected highest temperature. Both louver lap-
joint weld areas and single-thickness louver locations were utilized. Redundant instrumen-
tation permitted a modest thermocouple failure rate to be absorbed.

E. Test Conditions and Procedures

The combustor tig test conditions were set to match the JTID-7 design table engine condi-
tions for SLTO and Idle as closely as possible. The Idle condition, run with simulation of
compressor air bleed, was typical of engine conditions which would occur in an engine in-
stalled on an aircraft in service. Fuel-air ratio excursions were investigated at both SLTO
and.Idle conditions. The overall fuel-air ratio was varied from 0.006 to 0.016 at Idle and
from 0.014 to 0.023 at SLTO.

The test rig conditions are listed in Table II1 below and are compared with the corresponding
JT9D-7 engine conditions.

TABLE 111
TEST RIG CONDITION AND ACTUAL JT9D-7
ENGINE CONDITIONS
Bled Idle Sea Level Take-Off
Rig Engine Rig Engine
Compressor Exit
Pressure (atm) 2.93 2.93 6.80 21.70
Compressor Exit
Temperature (K) 428 428 769 769
Combustor Total
Airflow (kg/s) 3.90 16.53 6.88 92.90
Combustor Fuel
Flow-(kg/s) 0.049 0.209 0.156 2.110
Fuel-Air Ratio 0.0126 0.0126 0.0227 0.0227
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All operating conditions were duplicated except for the inlet pressure at SLTOI cox}diﬁons,
which was limited .by the test facility .airflow capacity to 6.8 atmospheres. Test fig-fuel
and airflow rates are scaled to the nominal one-quarter sector rig.

Variation of the pilot-to-main fuel flow split was investigated for each combustor configura-
tion using Jet A fuel as part of the basic Phase I test program. Pilot-to-main fuel split

was varied while holding the total fuel flow constant. The resulting data provided a basis

for determining the optimum fuel distribution between the pilot and main burners. The )
optimum pilot fuel-air ratio (pilot fuel flow divided by total burner airflow) was defined as
that which provided the lowest value for the emissions index of oxides of nitrogen (EI NOy)
at 99+ percent efficiency. This pilot fuel-air ratio was then maintained constant for each '
combustor configuration during the subsequent special fuels tests. Overall fuel-air ratio was
altered by varying main fuel flow only.

Altitude stability tests were.conducted at simulated JT9D-7 engine windmilling conditions.
Actual engine combustor inlet temperature and pressure conditions were simulated while
fuel flow and airflow levels were scaled for the one-quarter sector rig. The range of
simulated conditions is shown in Figure 7, defining the flight regime in which the engine is
required to relight in the event of a blow out.

‘The Fuels Addendum testing was conducted concurrently with the ECCP Phase 1T program.
The Alternate Fuels program was integrated with the main program {0 minimize cost and
provide back-to-back tests of the baseline fuel (Jet A) and the subject fuels. Details of the
high pressure and altitude stability test procedures implemented during the Fuels Addendum
portion of the program are discussed in the ECCP Phase I and Phase II Final Reports (Ref-
erences 2 and 1), The endurance testing was conducted in two continuous four-hour seg-
ments for each combustor concept. Sea Level Take-Off power was evaluated first since pilot
coking was expected to be more severe at Idle operation. Both combustors were visually in-
spected after the SLTO test to note any distress or carbon deposits. Following tests at the
Idle condition, a detailed inspection of the combustors was made.

F. Emission and Performance Data Calculation Procedures

1. Emissions

Fuel-air ratio was calculated by two methods, from measured flow rates for air and fuel and
using the carbon balance method in accordance with SAE ARP 1256 procedures, Reference
3. Froim the-carbon balance fuel-air ratio and the volume concentration of pollutant, the
emission index (EI) can be expressed as grams of poliutant per kilograms of fuel. The de-
tails of this calculation are discussed in the ECCP Phase II Final Report (Reference 1).

The combustion efficiency was calculated on a deficit basis as described in Reference 2.
The smoke numbers presented in this report have been obtained in accordance with pro-
cedures outlined in SAE ARP 1179, Reference 4, and the Federal Register, Reference 5.

Details of the smoke measurement system are contained in Appendix A of the ECCP Phase
I Final Report, (Reference 2).

2.  Performance

A complete description of the performance data calculations is presented in the ECCP Phase
II Final Report (Reference 1). '
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3. Bxtrapolation of Pollution Data to Engine Conditions

Due to facility airflow limitations, it was not possible to simulate combustor inlet pressure
and airflow in the sector rig at the SLTO operating point. In addition, a small amount of
variation in-the'setting'of combustor inlet conditions wasunavoidable forsuccessivetest
fuels. Therefore, the emissions data for oxides of nitrogen (NOX), carbon monoxide (CO),
and hydrocarbons (THC), were corrected to full engine operating conditions to permit pre-
cise comparison of the results. The NO, emission indices were corrected for pressure, refer-
ence velocity, combustor inlet temperature, combustor exit temperature, and ambient hu-
midity. CO and THC were corrected for pressure only. Smoke data are presented as mea-
sured at the reduced pressure, rig operating conditions. The correlations used are as follows:

0.5
Vref. meas. TtS COIT, \

NO, corr. = (NOy; 1eas) -
1)t4 meas. Vref. corr. TtS meas. }

{Reference 1)

T -T. .
t4 corr.” ' t4 meas.
exp [0'01 88 (Hpeag, - Hcorr.)] exp

288
P
t4 meas.
COcosr. = (Comeas.) -
P4 corr.
{Reference 6)
P
t4 meas.
TI_Icco:rr. = (THCmeas.)I -
Pt4 COIT.

(Reference 6)

where:  NO Emission level of oxides of nitrogen, Equivalent NOy (g/kg fuel)

X
CO = Emission level of carbon monoxide (g/kg fuel)
THC = Emission level of total hydrocarbons, Equivalent CHy (g/kg fuel)
Pig = [nlet total pressure (atm)
Tiq = Inlet total temperature {K)
Vief. = Reference velocity (m/s)
H = Inlet specific humidity (g H,O/kg air)
TtS = Combustor exit temperature (K)
10
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and subscripts:

Relates to value at corrected (engine) condition
Relates to value at measured (rig) condition

COfT.
imeds.

It

11
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CHAPTER 11l RESULTS AND DISCUSSION

A. Idle Emission Resulis

The Idle emission results at the design table Idle condition are presented in Table IV and are
plotted versus overall (pilot) fuel-air ratio in Figures 8 through 13).

TABLE IV

IDLE EMISSIONS DATA FOR THE HYBRID AND VORBIX COMBUSTORS
CORRECTED TO ENGINE CONDITIONS

HYBRID CONFIGURATION H-6

No. 2 No. 2 Jet A+ Jet A +
Jet A Diesel Home Heat Xylene Naphthalene
Idle (ED) .
NOyx (a,¢) 4.3 4.5 4.3 4.5 4.5
Co (b) 10.0 21.0 18.5 12.0 15.0
THC (b,d) 4.4 2.5 3.2 4.7 4.0
Efficiency 99.2 99.2 99.2 99.2 99.2
VORBIX CONFIGURATION §-20
No. 2 No. 2 Jet A+ Jet A+
Jet A Diesel Home Heat Xylenc Naphthalene
Idle (EI)
NO, (a, ¢} 3.1 3.2 3.6 3.7 34
CO (b) 46.0 54.0 69.0 67.0 46.0
THC (b,d) 6.3 10.6 10.2 6.9 4.2
Efficiency 98.2 91.5 97.2 97.6 98.4

(a) NO,, corrected to engine design table values of inlet pressure, temperature, reference
velocity; f/a = 0.0126, corrected to 0.0063 specific humidity.

(b) CO, THC corrected to engine design table inlet pressure.

(¢) NO,, expressed as equivalent NO,.

(d) THC expressed as equivalent CHy.

Both combustor concepts exhibited increases in NO, and CO emission indices, relative to

the Jet A baseline values, when burning the subject fuels. With reference to Figure 9 for the
Hybrid combustor, CO exhibited an increasing trend with both aromatic complexity (Jet A +
Xylene versus Jet A + Naphthalene) and increased final boiling point {No. 2 oils versus blends).
The increase exceeds 100 percent at the design Idle fuel-air ratio. However, the trend versus
hydrogen content was not maintained with the No. 2 oils, The increase in CO emission in-

dex for the Vorbix combustor, up to 50 percent at the design point, and the smaller increases
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in NO,, for both combustors did not occur systematically with fuel properties. The trend to
reduced THC emissions observed for the Hybrid combustor is attributed to the premix-type
pilot zone design employed with this concept. The lack of a systematic response makes it
difficult to generalize the Hybrid and Vorbix results with respect to fuel properties. Asa -
less-specific generalization, the test-fuels as a class produced emissions in excess of the Jet A
baseline in all cases except THC for'the Hybrid combustor. © '

B. Sea i'_.evel Take-Off Emission Results
The SLTO emission results are presented in Table V at the design conditions, and are plotted

versus overall fuel-air ratio in Figures 14 through 19. Pilot fuel-air ratio, which was held con-
stant for this sequence of tests, is identified in Table V and the figures.

TABLE V

SLTO EMISSIONS DATA FOR THE HYBRID AND VORBIX COMBUSTORS
CORRECTED TO ENGINE CONDITIONS

HYBRID CONFIGURATION H-6 (Pilot f/a =0.0076)

No. 2 No. 2 JetA+ Jet A+
Jet A ‘Piescl Home Heat - Xylene Naphthalene
SLTO.(ED
NO, (a,c) 18.3 18.6 20.8 ’ 213 220
cG (b) 5.2 24 2.5 3.0 3.0
THC (b,d) 0.4 0.2 0.1 0.2 0.2.
Efficiency 99.8 99.9 99.9 999 - 999
VORBIX CONFIGURATION S-20 (Pilot f/a= 0.0044)
: No. 2 No. 2 . Jet A+ JetA+
Jet A Diesel ‘Home Heat .Xylene .Naphthalene
SLTO (ED) .
NO, (a, ¢ 15.6 15.7 14.7 16.1 149
CO (b) 11.0 12.1 5.8 8.1 11.0
THC (b,d) 0.l 0.1 Q.1 ¢} 0.1
Efficiency. .99.7 997 99.9 59.8 99.7

(a) NO, corrected, to engine design table values of inlet pressure, temperature, reference
velocity; ffa = 0.0227; corrected to 0.0063 specific humidity.

(b) CO, THC corrected to engine design table inlet pressure.

() NOj expressed as equivalent NO,.
(d) THC expressed as equivalent CHy.
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Examination of the plotted curves indicates that variation of fuel properties at SLTO did
not produce the general increases in gaseous emission levels observed at Idle operating con-
ditions. Only the observed NO, level for the Hybrid combustor exhibited a significant in-
crease over the Jet A baseline. The maximum increase was approximately 20 percent at the
design fuel-air ratio, in a direction which might be attributed to reduced fuel hydrogen con-
tent. CO and THC emissions for both combustors were at or below the Jet A baseline values,
indicating no impact on high power combustion efficiency for the range of fuel composition
investigated. The difference in observed NO, trend for the Hybrid and Vorbix combustors
is possibly due to differences in main zone fuel preparation technique. Fuel is injected and
partially premixed at compressor discharge conditions in the Hybrid, while main fuel is in-
jected directly into the heated pilot exhaust flow in the Vorbix. The hot environment and
locally fuelrich mixture conditions in the Vorbix would tend to minimize changes in burn-
ing rate and localized peak temperature due to changes in fuel evaporation characteristics.
Although there is a small theoretical increase in peak flame temperature with decreasing hy-
drogen content, this is compensated by a corresponding decrease in heating value for the test
fuels.

It was anticipated that NO,, emission levels would be higher for the No. 2 fuels as compared
to Jet A, since the nitrogen content in these fuels was significantly higher (42 ppm for

No. 2 Diesel and 93 ppm for No. 2 Home Heat versus 5 ppm for Jet A). Since not all fuel
properties were held constant, the scatter observed at both Idle and SLTO may be due to
other factors not under investigation, such as fuel viscosity or volatility.

The SAE smoke numbers for the Hybrid and Vorbix combustors at SLTO are presented in
Figures 20 and 21, respectively. The Hybrid combustor demonstrated very low smoke num-
bers (less than 5) at rig pressure for all of the fuels tested. Smoke number was below the
Jet A baseline at lower fuel-air ratio, increasing to approximately the baseline value at the
SLTO design fuel-air ratio. The Vorbix combustor, however, exhibited significant increases
in smoke number for the subject fuels. The highest Jet A smoke number was 4 as compared
to the smoke number for Jet A + Naphthalene which was 23. Smoke number appears to in-
crease with decreasing hydrogen content, with the Naphthalene blend producing consider-
ably higher smoke levels than the Xylene blend. The relatively low smoke produced by the
No. 2 Home Heat fuel indicates that neither hydrogen content alone, nor simple characteri-
zation of aromatic content, is sufficient to specify smoke formation tendency. The absence
of an increasing smoke trend for the Hybrid combustor suggests that intrinsically low smoke
concepts, such as the premix-type Hybrid pilot and main zones, will be more tolerant of fuel
composition changes which would tend to increase smoke level in a conventional, direct in-
jection combustor.

Figures 22 and 23 show that the combustor radial cxit temperature profiles for both com-
bustor concepts are unaffected by the range of fuel composition investigated.

C.  Altitude Stability and ldle Lcan Blow Qut

Minimum pressure blow out (MPBO) tests werc conducted at the altitude simulation test fa-
cility to evaluate altitude stability. No. 2 Home Heat oil was selected as the test fuel since,
duc to its increascd final boiling point, it was expected to produce the greatest deterioration
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in altitude stability. Results for the Hybrid and Vorbix combustor concepts are presented

in Figures 24 and 25, respectively. Vorbix configuration S-22 exhibited no deterioration

in MPBO, while the Hybrid combustor demonstrated a significant reduction in MPBO capa- .
bility. A reduction of 1000 m was noted at the low airflow windmilling curve and a 6000 m
deficit was incurred at the highest girflow. It appears that the premix pilot incorporated-in

the Hybrid concept is much more sensitive to increased final boiling point at simulated altitude
conditions-than the conventional-type Vorbix pilot. In contrast to the deteriorated altitude
stability of the Hybrid concept, the Idle lean blow. out data {Table VI) indicate no penalty

for the range of fuels tested. Similarly, the Vorbix combustor indicated no Idle stability
problems.

TABLE Vi

IDLE LEAN BLOW OUT FUEL-AIR RATIOS -

M Vorbix
Jet A 0.0063 0.0038
No. 2 Diesel 0.0054 0.0036
No. 2 Home Heat 0.0051 0.0037
Jet A + Xylene - 0.0039
Jet A + Naphthalene - 00037

D. Combustor Liner Durability

Liner temperature data were acquired for both the Hybrid and Vorbix combustors during
the tig Idle and SLTO fuels screening tests. These data were taken for the purpose of identi-
fying potential liner durability problems relatable to fuel composition and physical proper-
tics. Temperatures were measured by installing approximately 20 embedded thermocouples
at selected locationson the Hybrid and Vorbix combustor liners. Interpretation of the result-
ing temperature data is difficult, since not all of the thermocouples exhibited similar trends..
This is possibly due to a variety of reasons, all relatable to the non-uniform nature of the
burning fuel-air mixture in the combustor primary zone. Changes in fuel viscosity; volatility,
and chemical composition are all expected to affect the atomization, ignition, and combus-
tion processes. Furthermore, the actual burning equivalence ratio and fuel aromatic content
will influence the radiant heat flux emitted to the liner. Since the radiant heat load is very .
significant at high engine power, the reduced rig pressure level of 6.8 atm could mask poten-
tial durability problems associated with high pressure radiation loads.

The above considerations imply that the use of liner maximum temperatures to grade the
durability impact of the test fuels could be misleading, since shifting lincr hot spots cannot
be accurately monitored with a finite number of liner thermocouples. Therefore, it was de-
cided to examine the liner thermocouple data on the basis of an average of all temperature
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readings relative to the average baseline readings. The same set of thermocduples was used
for all tests of a given combustor configuration. Thermocouples-which failed part way
through the screening tests were eliminated from consideration.

Average liner temperature data for the Hybrid inner liner (pilot side) and Vorbix pilot zone
liners are presented in Figures 26 and 27, respectively, for Idle operation. As can be seen
from Figure 26, the Hybrid inner liner thermocouples indicated higher metal temperatures
at 1dle conditions for all of the subject fuels when compared to Jet A. The Vorbix data indi-
cate some scatter on either side of the Jet A baseline. Vorbix liner temperatures were ap-
proximately 200 K higher than the corresponding Hybrid values at the Idle design point and
exhibited a much steeper trend with fuel-air ratio. This is assumed to be due to the higher
bulk fuel-air ratio of the Vorbix pilot design and less conservative liner cooling. However,
the actual liner temperature levels for both combustors remain considerably below the maxi-

mum levels achieved at high power operation, so the consequence of any local increases is
probably small.

Average liner temperature data for the Hybrid outer liner (main zone side) are presented in
Figure 28 for simulated SLTO operation. These data correspond to rig operation at 6.8 atm,
and have not been corrected to full engine pressure. As can be seen from Figure 28, only a
small amount of scatter was observed in average liner temperature level. Since all of the liner
thermocouples were located in the pilot of the Vorbix and the pilot fuel-air ratio was held
constant at SLTO, liner temperatures did not vary at simulated take-off conditions with
changes in main fuel flow. It cannot be concluded on this basis that the variations in fuel

properties and chemical composition investigated in this study pose a threat to liner durabi-
lity.

E. Endurance Test Results

Endurance tests were run on both the Hybrid and Vorbix combustors with No. 2 Home Heat
fuel. The program was conducted in two segments; four hours run at SLTO followed by a
visual inspection, and four hours run at Idle, followed by teardown and a full inspection.
The SLTO portion of the endurance testing was conducted with pilot fuel-air ratios of
0.0077 and 0.0020 for the Hybrid and Vorbix combustors, respectively.

Results of the Hybrid endurance test at SLTO indicated localized burning and carbon depo-
sits on the pilot flameholder. The flameholder distress and carbon deposition continued dur-
ing the Idle portion of the program. Pilot flameholder durability has been a problem in the
past. However, carbon deposition and local burning of the flameholder were noticeably
more severe with the No. 2 Home Heat fuel than with Jet A. Figure 29 shows the pilot
flameholder in the Hybrid combustor (configuration H-7) following completion of the en-
durance testing. Carbon deposits were not apparent anywhere in the main zone.
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A slight build up of carbon was noted on the outer liner near the main fuel nozzles follow-
ing the SLTO portion of the Vorbix endurance test, as'shown in Figure 30. Figure 31 shows
several large carbon deposits removed from the pilot of the Vorbix combustor following the
Idle-portion of the endurance-test. Although this carbon deposition was located in a region
where aspiration from the combustor had occurred, similar deposits were not found follow-
ing the baseline Jet A test program or the SLTO portion of the endurance testing. The
severe carbon deposition encountered in the Vorbix pilot, when compared to the lesser
amount deposited in the Hybrid, suggests that a pilot of conventional design is less tolerant
to increased fuel carbon content and/or boiling range. This observation parallels the ob-
served smoke characteristics at high power, where the premix-type Hybrid combustor proved
insensitive to fuel composition and property changes. :
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[RRT NS TR TY ]

LRI IR N T

(A1

[ AR W



PRATT & WHITNEY AIRCRAFT

'HYBRID COMBUSTOR CONFIGURATION H-6 SLTO SMOKE NUMBERS

SAE SMOKE NUMBER
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FUEL-AIR RATIO

Figure 20 Hybrid SAE Smoke Number as a Function of Fuel-Air Ratio
(Pilot fuel-atr ratio = 0.0076)
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Figure 21  Vorbix SAE Smoke Number as a Function of Fuel-Air Ratio
(Pilot fuel-air ratio = 0.0044)
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Figure 22  Hybrid Scheme H-6 Combustor Radial Exit Temperature Profile
(Pilot fuel-air ratio = 0.0076)
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Figure 23  Vorbix Scheme S-20 Combustor Radial Exit Temperature Profile

(Pilot fuel-air ratio = 0.0044)
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Figure 24 Hybrid Scheme -6 Minnmum Pressure Blow Qut Results
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Figure 25 Vorbix Scheme $-20 Minimum Pressure Blow Out Results
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Figure 26  Average Inner Liner Metal Temperature at Idle, Hybrid Configuration H-6
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Figure 27 Average Pilot Liner Metal Temperature at Idle, Vorbix Configuration S-20
(Pilot only fueled)
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Figure 28 Average Outer Liner Metal Temperature at SLTO, Hybrid Configuration H-6 (Pilot fuel-air ratio = 0.0076)

0.023

LIvHOHIV ATINLIHM P LLVHd



JOOd SI HHVd TVNISIYO
THL d0 ALTIg0Ndodddd

Sy

Figure 29

PILOT
FLAMEHOLDER

MAIN
SWIRLERS

ﬂww

View Looking Upstream, Hybrid Combustor Configuration H-6, Following the
Endurance Test on No. 2 Home Heat Fuel

13VHEHOHIV ASNLIHM 7 LLVEHD




v

7,
~WETN SWIRLERS

i
B v

Figure 30  View Looking Upstream, Vorbix Combustor Configuration 5-22, Following the Endurance
Test on No. 2 Home Heat Fuel
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Figure 31  Carbon Deposits Removed from the Vorbix Combustor Pilot Zone Following the
Four-Hour Idle Endurance Test on No. 2 Home Heat Fuel
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CHAPTER IV SUMMARY OF RESULTS

The Alternate Fuels Addendum test program was conducted to provide an assessment of

the effects of increased hydrocarbon fuel aromatic content and increased boiling point for
two advanced-technology, low emission combustor concepts. The Hybrid and Vorbix com-
bustors developed in the Experimental Clean Combustor Program represent fundamentally
different emission control strategies. The Hybrid is a premix-type concept, where fuel in-
jection and partial premixing occurs prior to fuel entry into the pilot and main burning zones.
The Vorbix combustor employs a conventional, direct fuel injection pilot design with main
fuel injected directly into the pilot zone exhaust stream. Not unexpectedly, the two com-
bustors responded differently to the four special test fuels in certain performance categories.

At Idle, NO, and CO emission levels for both the Hybrid and Vorbix combustors were gene-
rally higher for the test fuels when compared to Jet A. Hybrid CO emissions exhibited an
increasing trend with both aromatic complexity and increased boiling point; however, the
trend versus hydrogen content was not maintained with the No. 2 oils. Unburned hydrocar-
bons exhibited a similar trend in the Vorbix combustor with three of the four test fuels
showing higher THC emissions when compared to the baseline fuel. The Hybrid combustor
did not exhibit a systematic trend with respect to hydrocarbon emissions.

The only significant emission changes observed at simulated SLTO operation were a modest
increase in NO, level for the Hybrid combustor and a substantial increase in smoke for the
Vorbix combustor In each instance, the increase appeared to correlate with reduction in
fuel hydrogen content. The absence of an increasing smoke trend for the Hybrid combustor
suggests that intrinsically low smoke concepts, such as the premix-type Hybrid pilot and
main zones, will be more tolerant of fuel composition changes which would tend to increase
smoke level in a conventional, direct injection combustor.

At simulated altitude conditions, the Hybrid combustor demonstrated a significant deteriora-
tion in minimum pressure blow out (MPBO) capability while the Vorbix combustor showed
no change in altitude stability between the Jet A baseline and No. 2 Home Heat fuel. In con-
trast to the deteriorated altitude stability of the Hybrid concept, neither combustor exhibited
a penalty in Idle stability (lean blow out) with No. 2 Home Heat fuel. No consistent trend

to increased liner temperature was observed at simulated SLTO operation for the range of
fuels investigated. However, excessive carbon deposition was observed on the Hybrid pilot
flameholder and on localized regions of the Vorbix liner at Idle following endurance testing
with No. 2 Home Heat fuel.

48



PRATT & WHITNEY AIRCRAFT

CHAPTER V CONCLUDING REMARKS

Selection of the four test fuels was based on anticipated future trends in the composition of
jet fuels, both due to broadened specifications for petroleum-derived fuels and consideration
of alternate raw material sources. Since synthetic fuels could be produced from a number of
raw material sources, such as shale oil or coal, the composition of these fuels-is expected to
vary widely. The four fuels investigated in this program were chosen to simulate fuels with a
higher boiling range and/or varying fractions of aromatics when compared to current Jet A
fuel.

As shown in Table I, the Jet A + Xylene and the Jet A + Naphthalene blends meet the boiling
range specification for Jet A and are very similar with respect to other Jet A properties, such
.as viscosity and freezing point. The fuels were custom blended to simulate high aromatic
synthetic fuels. The xylene blend represents a simple benzene derivative aromatic and the
naphthalene is a more.complex aromatic. The No. 2 Diesel and No. 2 Home Heat fuels were.
chosen to simulate higher boiling fuels with varying fractions of both simple and complex
aromatics. Since it was not possible to hold all other fuel properties constant, the impact of
certain of these changes may mask the trends associated with the properties under investiga-
tion. However, since both No, 2 oils were commercial grade fuels, the changes in viscosity
and freezing point are those which would naturally accompany an increase in final boiling
point. It probably is not appropriate to consider an increase in final boiling point without
these other property changes.

At the outset of the Alternate Fuels program, it was anticipated that the following could
result from increasing the aromatic content of the fuel:

®  jncrease in flame radiation and higher combustor metal temperatures
@  increase in smoke emission levels

® increase in NO, emission levels

e  increase in carbon deposition tendencies

It was also anticipated that increasing the final boiling point would lower the volatility making
such fuels more difficult to vaporize and burn. This could be reflected by a reduction in
Idle efficiency and stability (blow out).

With the exception of an increase in exhaust smoke for the Vorbix combustor (conventional
pilot), carbon deposition problems relatable to the No. 2 Home Heat fuel, and a deteriora-
tion in altitude stability for the Hybrid combustor (premix-type pilot), these expectations
have not been realized. The lack of a strong negative impact in advanced technology hard-
ware suggests that broadening of aviation turbine fuel specifications in the directions inves-
tigated may be one approach to possibly increasing the available fuel supply for future air-
craft operations. In particular, the differing responses of the two combustor types to changes
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in fuel composition and physical properties suggest the possibility that selection of a'low-
emission combustor concept might be influenced by the need to accommodate specific fuel
characteristics.

In-interpreting the results-of this-program, it should be realized that the scope of the pro-
gram was limited and only general trends could be observed for each of the fuels tested. In
particular, the limited endurance testing may have prevented identification of trends which,

_although-small, would have a detrimental impact in long-term operation. The following ad-
ditional research is suggested to better define the suitability of alternate fuels for aircraft
gas turbine applications:

e  better definition of all fuel property changes which will accompany cofnposition
changes for fuels refined from identifiable feedstocks;

®  definition.of whether such property changes are or can be made acceptable for
aircraft flight operations;

® actual engine testing as proposed alternate fuels and production-candidate ad-
vanced techrology combustors became better defined.
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CONFIGURATION H 6
1 ? 3 4 5 6 7

8 210

11 12 13 14 15 16 17

COOLING HOLE PATTERRN

INNER LINER OUTER LINER
 TDIA. AREA DIA AREA
Louver] mx 103} = HoLes Im2 x 106°%] | LOUVER | m x 1673} = HOLES|m? x 107
1 1.32 g5 1.17 1 1.32 110 1.51
2 1.22 a5 117 12 1.32 110 151
2 1.32 85 1.17 13 1.32 110 1.51
4 1.32 85 1.17 14 1232 110 1.51
5 1.32 02 1.26 15 | 183 60 1.75
6 1.22 81 1.1 16 . 2186 60 2.19
7 132 92 1.26 17 231 50 2.52
8 132 122 167 18 2.36 60. 263
9 159 85 168 19 1.59 110 2.17
1 10 155 85 168

PILOT BURNER FLAMEHOLDER

PILOT BURNER FLAMEHOLDER WEEP

MAIN BURNER OUTER SWIRLER

MAIN BURNER INNER SWIRLER

BULKHEAD COOLING

FLAMEHOLDER COOLING [ON OUTER WALL)
FLAMEHOLDER COOLING tON INNER WALL}
FiInwaLL® UNNER wALL) -
FinwaLL®iouTER WALL)

SIDEWALL COOLING

TURB!NE COOLING {INNER WALL)

TURBINE COOLING (OUTERWALL)

PILOT BURNER NOZZLE — P/N

MAIN BURNER NOZZLE — P/N

94 @ 080 x 10~ 2 DIAMETER 47.26 Ap
7.43 A
11 LEFT HAND SWIRLERS 62.31 AC
11 RIGHT HAND SWIRLERS 3442 A0,
172 @ 0 411 X 10" %m DIAMETER 22.87
39 ®0.254 X 10°*m DIAMETER 1.97
38 @ 0.254 X 1072 m DIAMETER 1.92

1.01% Wap {BULI'ER AIRFLOW)

1.23% Wag (BURNER AIRFLOW)

5 00% Wa g4 [TOTAL AIRFLOW — STATION 4}
7.5% Wagq (TOTAL AIRFLOW — STATION 4}
8.4% Wag {TOTAL AIRFLOW — STATION 4)
DLN 27700-11 10 LOCATIONS

LOW AP 11 LOCATIONS

MODIFICATIONS REFERENCE HS

ELIMINATE INNER LINER DILUTION COOLING

ADD 35% OF DILUTION AIR TO BULKHEAD COOLING
ADD 65% OF DILUTION AIR TO OUTER LINER FLAMEHOLDER COOLING

PRIMARY FUEL INJECTORS EXTENDED ONE INCH DOWNSTREAM

INCREASE P1LOT BURNER PREMIX PASSAGE AIRFLOW

18 19

AREA m? x 1074
#

{(EFFECTIVE AREA)

{EFFECTIVE AREA)
{EFFECTIVE AREA)
(EFFECTIVE AREA}



APPENDIX A (Cont’d)
CONFIGURATION H7

1 2 3 4 5 6 7 B8 910

11 12 13 14 15 16 17 18 19
COOLING HOLE PATTERN ’
INNER LINER OQUTER LINER
DIA. AREA DIA. AREA
LOUVER] m X 103 | =HOLES Im2 % 10 JLOUVER | m x 10°3 | = HOLES{m2 x 1074
1. 1.32 85 1.17 1 1.32 110 1.51
p 1.32 85 1.17 12 1.32 110 | 1.51
3 1.32 85 1.17 * 13 1.32 110 1.51
4 1.32 85 117 14 1.32 110 1.51
5 1.32 52 1.26 15 1.93 60 1.75
6" 1.32 81 1.11 16 2,16 60 2.19
7 1.32 <} 1.26 17 2.3 60 2.52
8 1.32 122 1.67 18 236 60 2.63
9 | 159 | 85 | 168 19 1.59 110 2.17
10 1.59 85 1.68
AREA mZ x 104
PILOT BURNER FLAMEHOLDER ’ 94 @ 0.80 X 10 2m DIAMETER 47.26
PILOT BURNER FLAMEHOLDER WEEP . 7.43 Acy, (EFFECTIVE AREA)
MAIN BURNER OUTER SWIRLER 11 LEFT HAND SWIRLERS 62.31 Ay, (EFFECTIVE AREA)
MAIN BURNER INNER SWIRLER 11 RIGHT HAND SWIRLERS 34.42 A, (EFFECTIVE AREA)
BULKHEAD COOLING | . 172 @ 0.411 X 10"2m DIAMETER 22.87
FLAMEHOLDER COOLING {ON OUTER WALL) 39 @ 0.254 X 102m DIAMETER 197
FLAMEHOLDER COOLING (ON INNER WALL) 38 @ 0.254 X 102m DIAMETER 1.92
FINWALL — (INNER WALL) ] 1.01% Wag (BURNER AIRELOW)
FINWALL ® (OUTER WALL) 1.23% Wap (BURNER AJRFLOW)
SIDEWALL COOLING 5.00% Wag4 (TOTAL AIRFLOW — STATION 4)
TURBINE COOLING {INNER WALL) 7.5% Wa 4 (TOTAL AIRFLOW — STATION 4}
TURBINE COOLING {QUTER WALL) 8.4% Waa {TOTAL AIRFLOW — STATION 4
PILOT BURNER NOZZLE — P/N DLN 34800 10 LOCATIONS
MAIN BURNER NOZZLE — PN LOW AP 11 LOCATIONS

MODIFICATIONS REFERENCE HE
INSTALL SOLID CONE PILOT BURNER FUEL NOZZLES
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CONFIGURATION S 20

1 2 3 4 5 6 7 8 8 10 11 1213
h'\\
INNER AND OUTE;\ \ N
LINER DILUTION , nr}
HOLES IN LINE INNER AND QUTER LINER ~

WITH INJECTORS

e

DILUTION HOLES
s IN LINEWITH
PILOT INJECTORS

18

2B 4

COOLING HOLE PATTERN

INNER LINER OUTER LINER
DIA. AREA DIA. AREA
Louver| mx10° |#HoLes | m?x10% ||rouver| mx102 | #Hores | m?x10%
1 163 84 1.74 14 2.34 84 361
2 163 84 1.74 15 1.63 84 1.74
3 - 163 84 1.74 16 1.63 84 1.74-
-4 1.63 84 1.74 17 1.63 84 1,74
5 1.96 84 2.52 18 1.80 84 2.15
5 2.27- 84 3.45 19 2.08 130 4.43
7 1.93 85 2.49 20 1.63 99 2.05
8 1.32 85 1.17 21 1.63 a9 2.05
9 1.32 85 1.17 22 1.32 118 162
10 1.32 85 1.17 23 1.32 95 1.30
11 1.32 85 1.17 24 1.32 106 1.45
12 132 85 117 25 1.79 85 211
13 1.32 85 1.17 26 1.32 110 1.51

PILOT BURNER SWIRLER

BULKHEAD COOLING

MAIN BURNER NOZZLE COOLING

PILOT BURNER DILUTION {INNER WALL)
PILOT BURNER DILUTION {OUTER WALL)
MAIN BURNER SWIRLERS

SIDEWALL COOLING

TURBINE COOLING {INNER WALL)
TURBINE COOLING (OUTER WALL)
PILOT BURNER NOZZLE

MAIN BURNER NOZZLE

MAIN BURNER DILUTION (INNER WALL)
MAIN BURNER DILUTION (OUTER WALL)

AREA m2 X 10°%
24.38 ACD {EFFECTIVE AREA)

7 LEFT HAND SWIRLERS

147 @ 0.226 X 10"°m DIAMETER 5.90
52 @ 0,254 X 10-2m DIAMETER 2.63

7 @ 1.631 X 10"2m DIAMETER 14.62

7 @ 1.631 X 102m DIAM “TER 14.62 )
28 RIGHT HAND SWIRLE\TS 101.16 Ay, (EFFECTIVE AREA)
B% WAg (TOTAL AIRFLOW — STATION 4)
7.5% W4 (TOTAL AIRFLOW — STATION 4}
8.4% Wa4 (TOTAL AIRFLOW — STATION 4)
DLN 27700-11, 7 LOCATIONS
DLN 27700-11, 13 LOCATIONS
7 @ 1.664 X 102m DIAMETER
7 @ 1,664 X 102m DIAMETER

15.22
15.22

MODIFICATIONS REFERENCE S 19

INCREASE PILOT BURNER SWIRLER AIR FLOW
DECREASE MAIN BURNER SWIRLER AIR FLOW

34
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CONFIGURATION 822

g 10 N 12‘!3

]

I]

COOLING HOLE PATTERN

N

INNER LINER OUTER LINER
DiA. AREA DIA. AREA
couver| mx103 | #HoLes| m2xio? |]Louver| mx10® | #HoLes m2x 10

1 163 84 1.74 14 234 84 361
2 1.63 84 1.74 15 1.63 B4 1.74
3 163 84 1.74 16 1.63 84 1.74
a4 1.63 B4 1.74 17 1.63 84 1.74
5 1.96 84 252 18 1.80 84 215
6 227 84 3.45 19 208 130 4.43
7 1.93 85 2.49 20 1.63 09 2.05
8 1.22 85 1.17 21 1.63 99 2.05
9 1.32 85 1.17 22 1.32 118 1.62
10 1.32 85 117 23 132 95 1.30
1 1.32 85 117 2 132 106 1.45
12 132 g5 117 25 1.79 85 211
13 132 85 117 % 1.32 110 1.51

PILOT BURNER SWIRLER (INCLUDING SLOTS IN
CENTER TUBE OF SWIRLER)

BULKHEAD COQLING

MAIN BURNER NOZZLE COOLING

PILOT BURNER DILUTION (INNER WALL ROW 1)
PILOT BURNER DILUTION [QUTER WALL ROW 14}
MAIN BURNER SWIRLERS

SIDEWALL COOLING

TURBINE COOLING (INNER WALL}

TURBINE COOLING {OUTER WALL)

PILOT BURNER NOZZLE

MAIN BURNER NOZZLE

MAIN BURNER DILUTION QUTER WALL

MAIN BURNER DILUTION INNER WALL

AREA m2 X 1074

7 LEFTHAND SWIRLERS

140 @ 0.234 X 10 °m DIAMETER

6.09
52 @ 0.254 X 10 2m DIAMETER 263
7@®1.63 X 10 2m DIAMETER 1462
7@ 1.63 X 10 2m.DIAMETER 14,62

28 RIGHT HAND SWIRLERS
5% W, ‘TOTAL AIRFLOW — STATION 4)
7.5% WA4 {TQTAL AIRFLOW — STATION 4]
8.4% Wag (TOTAL AIRFLOW — STATION 4}
DLN 27700-13, 7 LOCATIONS
DLN 27700-11, 13 LOCATIONS
15.22
15,22

MODIFICATIONS REFERENCE S21

INSTALL HOOD

INSTALL NEW SWIRLER — TORROIDAL DEFLECTOR WITH 3.3 ¥ 102m DIAMETER HOLE.

ADD OUTER LINER SCOOP

REVISE BULKHEAD WITH COOLING AIR ENTERING THROUGH FllNG CONCENTRIC WITH SWIRLER.
ADD TEMPERATURE-SENSITIVE PAINT ON LINER (INSIDE AND oUT}

REMOVE PREMIXING TUBE FROM MAIN BURNER.

27.48 Agp {EEFECTIVE AREA]
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POINT

F/APILOT
F/A TOTAL
T4 ™~ K

T/C 209
T/C 210
T/C 211
Ti/C 212
T/C 213
T/C 215
T/C 216
T/IC 217
TiIC 218
T/C 220
T/C 223
T/C 224
TIC 225
T/C 226

APPENDIX B

LOOKING DOWNSTREAM

HYBRID LINER TEMPERATURE DATA (K)

IDLE
8 1
0.0i02 0.0123
0.0102 0.0123
430 . 429
661 682
528 539
587 593
545 570
490 4908
677 722
561 567
521 536
567 583
518 528
442 448
452 459
460 470
461 471

6

0.0157
0.0157
426

696
559
614
580
508
742
695
b54
598
549
448
464
478
479

FUEL = JET A

7 POINT

0.0077
0.0077
427

8537
445
482
4586
438
509
454
464
457
464
428
433
433
433

SLTO

19 23

0.0076 0.0075
0.0223  0,0199

767 767
B2 935
859 866
203 897
878 873
856 852
1045 1036
1004 998
956 264
981 973
970 973
807 808
850 836
914 821
870 876

24

0.0076
0.0160
773

932
867
892
829
852
1629
994
956
968
963
793
822
856
829
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HYBRID LINER TEMPERATURE DATA (Cont’d)

FUEL = NO. 2 DIESEL

1DLE SLTO
POINT 305 306 307 308 POINT 318 3219 320 321
FIAPILOT 00099 0.0125 0.0132 0.0161 0.0077 00077 00077 00077
F/IATOTAL 00098 0.0i125 00138 0.0161 00226 00200 0.0181 0.0160
TTq4 ™~ K 432 430 430 429 767 767 771 766
T/C 209 656 694 706 717 938 935 922 914
TIC 210 551 572 579 588 880 877 866 855
TiIC 211 609 645 653 679 886G 883 873 867
TiC 212 542 572 582 595 842 841 829 822
T/C 213 519 529 534 542 a71 868 854 844
TiC 215 660 707 724 744 1016 1017 1003 996
T/C 216 640 652 657 667 1035 1030 1008 995
TiIC217 563 599 617 656 998 998 981 966
TiIC 219 647 666 674 684 908 994 976 963
T/C 220 548 575 592 631 Le}s] ] 988 971 959
TIC 223 444 453 457 465 o812 209 797 785
TIC 224 429 436 439 4189 893 863 844 819
T/C 225 456 469 476 489 897 879 861 838
TIC 226 465 483 493 42 858 849 834 813

FUEL = NO.2 HOME HEAT

' IDLE SL.TO

POINT 205 206 207 208 POINT 218 219 220 221
FIA PILOT 0.0102 0.0125 0.0142 00160 0.0076 0.0077 0.0072 .0.0076
FIATOTAL 00102 00125 00142 0.0160 00223 0.0199 0.016% 0.0159
T4~ K 431 428 428 431 772 759 767 772
TIC 209 666 686 688 720 927 912 938 923
T/C 210 546 573 587 612 879 859 864 860
T/C 211 631 672 712 736 896 876 878 874
T/C 212 539 567 587 608 843 824 840 832
TIC 213 509 527 542 566 867 846 858 849
TiC 215- 657 706 742 776 1026 994 1012 998
TIC 216 616 646 665 714 - 1024 1001 1011 997
TIC 217 573 631 704 774 991 0948 262 967
T/C 219 606 647 671 77 998 972 983 968
TIC 220 556 594 653 731 994 956 961 959
T/C 223 447 462 473 489 828 804 807 803
TIC 224 457 473 443 456 871 839 855 836
T/C 225 454 474 490 512 898 848 849 832
T/C 226 467 495 519 552 289 919 862 853



POINT

F/A PILOT
F/A TOTAL
Tra ™ K

T/C 209
T/C 210
TiC 211
T/C212
T/C213
T/C 215
T/C 216
T/C 217
TIC 219
T/C 220
TIC 223
TIC 224
T/C 225
TIC 226

POINT

405

0.0101
0.0101
426

660
556 -
637
554
507
659
618
591
446
563
440
433
449
459

F/A PILOT
FIATOTAL
T4 ™K

T/C 209
T/C 210
T/IC 211
T/C 212
T/C 213
T/C215
TiC 216
T/C 217
T/C 219
T/C 220
T/C 223
T/C 224
TIC 226
TIC 226

APPENDIX B (Cont’d)

HYBRID LINER TEMPERATURE DATA (Cont’d)

IDLE
406 406
0.0130 0,0132
0.0130 0.0132
424 429
696 699
569 576
695 692
578 589
526 533
726 740
654 663
667 674
656 666
625 832
454 461
442 446
469 475
488 495
IDLE
505 506
0.0103 0.0126
0.0103 0.0126
427 428
645 681’
545 567
611 640
521 557
507 527
624 698
611 648
575 632
611 651
564 600
445 458
453 469
453 471
464 491

FUEL = JET A+ XYLENE

407

C.0141
0.0141
426

698
572
691
594
535
748
666
691
668
654
462
479
479
504

409 POINT

0.0164
0.0164
431

692
590
697
615
552
772
688
721
695
683
473
495
496
524

FUEL = JET A + NAPHTHALENE

507

0.0140
0.0140
426

678
bE6
652
571
531
723
651
€682
657
649
464
479
483
508

508 POINT

0.0160
0.0160
427

€89

' 584

667
592
b51
744
680
718
701

699
472
491

498
527

518

0.0076
0.0223

766

928
877
882
840
263
107
1027
1006
984
1004
817
868
892
866

418

00076
0.0224
759

927
876
891
831
855
1032
1013
979
a87
985
209
859
894
882

SLTO

419

0.0077
0.0199

772

931
881
897
837
862

*

1038
1016

979
a9
984
813
854
883
866

SLTO

519

771

926
873
881
837
860
1012
1017
9984
984
991
814
863
873
859

0.0076
0.0199

520

420

0.0076
0.0180
772

924
873
889
832
854
1030
1000
968
975
amn
840
861
861
869

521

0.0076 0.0076
0.6179 0.0162

in

926
871
882
832
855
1004
1007
976
975
974
808
832
858
852

768

921
863
876
8256
847
999
994
962
964
961
794
2823
:» 839
; 826

421

0.0077
0.0161
774

9
871
888
8386
854
1029
997
971
974
1025
80
832
844
838

59
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LOOKING DOWNSTREAM

POINT

F/A PILOT
FIATOTAL
TTa™~K

T/C213
T/C215
TIC 224
T/C 225
T/C 226
T/C 229

APPENDIX B (Cont’d)

[eii>]
7| B
[riF2) >
& =
2 B
2
\\
@D S

VORBIX LINER TEMPERATURE DATA (K)

IDLE
2 3
0.0125 0.0158
0.0125 0.0158
427 427
599 635
1002 1040
836 925
689 708
M2 1022
1161 1064

4

0.0080
0.0080
426

541
819
638

. 1025

724
767

FUEL = JET A

5 POINT

0.0059
0.0059
428

488
652
566
698
641
668

SLTO
16 19 20

00045 0.0045 0.0045
0.0226 0.0189 0.0159
769 768 768

842 843 845
977 964 963
853 954 932
1022 1043 1017
299 998 965
1026 1020 993

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



APPENDIX B (Cont’d)

VORBIX LINER TEMPERATURE DATA (Cont’d)

FUEL = NO. 2 DIESEL

IDLE SLTO

POINT 302 302 303 304 305 POINT 318 319 320 321
FfA PILOT 0.0126 0.0124 0,0160 0.0078 0.0058 0.0045 0.0040 0.0044 0.0044
F/ATOTAL 00126 0.0124 0.0160 00078 0.0058 00225 00200 0.0161 0.0139
Tga ™K 426 429 429 427 427 m 765 768 770
T/C213 639 744 653 5656 491 828 818 819 828

. Tic21é 989 283 268 665 558 o7 932 918 '921 |
TiC 224 893 860 01 . 684 548 911 882 962 958
T/C 225 757 780 772 891 648 i072 994 989 988
T/IC 226 a86 981 777 752 655 1036 992 1015 1011
T/C 229 1225 1189 1162 953 780 1054 1008 966 972

FUEL = NO.2 HOME HEAT

IDLE SLTO

POINT 202 202 203 204 205 POINT 218 219 220 221
F/A PILOT 0.0124 0.0125 10,0159 0.0079 0.0080 0.0045 0.0044 0.0044 0.0045
F/ATOTAL  0.0124 0.0125 0.0159 0.0079 0.0060 00225 00196 00158 0.0141
Tra™~K 426 427 426 427 426 768 767 967 768
T/C 213 578 622 662 549 468 822 823 819 751
T/C 215 268 973 - 1063  B97 581 949 245 847 826
T/C 224 897 892 m 803 638 1018 1002 1022 893
T/C225 867 813 893 564 503 840 854 864 807
T/C 226 972 951 957 647 555 934 929 245 955
TfCc 229 1037 1068 883 671 566 925 916 926 1005

61



POINT

Fi/A PILOT
FIATOTAL
TTa™ K

Ti/C213
T/C215
TIC 224
T/C 225
. TIC 226
T/C 229

POINT

F/IAPILOT
F/A TOTAL
Trg ™~ K

T/C 213
T/C 215
TIC 224
T/C 225
T/C226
T/C 229

62

402

0.0124
0.0124
434

713
1089
1073
790
1012
1084

502

0.0126
0.0126
424

680
961
884
856
868
988

APPENDIX B (Cont’d)

VORBIX LINER TEMPERATURE DATA (Cont’d)

402

0.0122
0.0122
429

706
1082
1043
749
adq
1044

502

0.0126
0,0126
425

694
973
887
819
826
1094

FUEL = JET A+ XYLENE

405

0.0060
0.0060
424

469
630
675
512
608
624

POINT 418
0.0059 .0.0044
0.0059. 0.0221
428 768
472 822
629 942
680 1013
512 938,
602 930
624 868

SLTO

419 420

0.0045 0.0045
0.0200 0.01569

768 771
824 822
942. 940
1016 1015
847. 852
920 924
913 922

FUEL = JET A + NAPHTHALENE

IDLE
403 404 |
0,0156 0.0077
0.0156 0Q.0077
429 429
781 501
1066 732
805 747
867 577
1049 739
1076 745
IDLE
503 504
0.0160 0.0080
0.0160 0.0080
426 427
871 556
1232 633
824 572
937 954
19 712
1317 882

505

0.00861
0.0061
424

481
570
536
676
584
667

POINT

518 519 "520'

0.0044 0.0043 0.0045
0.0220 0.0128 0.0158

766 767
846 841
240 a78
903 " a0l

770

864
964
912

1027 1035 1024
1008 1009 1020
1020 1024 1037

420 © 421

772

828
858
1004
861
939

916

SLYTO

521

0.0045
0.0135
767

851
962
207
1019
1020
1036

0.0044 0.0044
0.0161 0.0142

771

826
979
1026
869
247
926

621

0.0045
0.0137
768

847
961
915
1051
1045
1063
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< 3 o (A = [ & & £2 ale = = & I O = Z & «»  Comments
4eBh B85 Q.04T2 U0 Ve04T2 3024 429 293 0.0122 0.0 2.0 902, 1BZle lua%4a L7.9 0.0 0.0 0.0 0.0 U0 0.y 1.0 JETA
a9T 3,95 (0485 (.0 0.,0485 3Ule AZFs 2.93 04OLZ3 040090 .73 w01, Us 0.0 18,3 1l.84 L840 T2 ot YHal 993 1a0 JETA
4eP4  Ja?d 0eQ612 Vel Gellbl2 301s 425, 2.90 UuQl56 0,0LLT 0.7> 1015, Ge 0.0 1B.3 2431 17.1 5Sb.e 4.4 4att FBed 140 JETA
5404 4s02 0.0307 0s@ 00307 301e 427e 2491 040076 0aUG29 3B  732a e Lalt 1be8.0e54 2042 1985 0.0 1.0 95,4 1.0 JETA
4.8 3.82 0.0390.0.0 040390 300. 430, 2.94_ G.0102 0,0074 0.73 £29. o 0e0 177 1450 18T illed 1le? 2a7 98.4 0.9 JETA
BTl Ha93 0,05256 0,1019 0.L545 500, T&Te 6492 0.0223 {,0215 0.96 Lblo. Ue Cu0 Zaoh 5232 1348 1743, 2.1 1Le2' 99.4 1.3 JETA
Beb3 0BT 00547 0,0822 0.0369 300 ToTa 6291 VULIYY VaDlby Ga90 1645, Do Ul 2842 3.TT l4eb L9 be¥  LOu4 98.7 l.l JETA
Bab0 6484 L0524 0.0065 UallHY 301a T70s 0,79 00159 VL0150 094 1324, O 0u0 240.7 2.92 lb.0 Ti.b Fut Ted 972 1.5 SN=5 JETA
Beb3 6a86 0522 Uew5T2 Uek0Y% 30Le 773 680 00159 0.0 00 1327.r 1567, G.a

0 2448 9.0 0.0 Ge O Gl Gud Qul le3 JETA

O XIANHddV
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Configuration H-6  (Cont’d)

g
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a B2 s E E E’ b
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=z 4 4 A & & RO = 3 .2 £ & 28 & 8 E § 2 & Comments
318 B.60 .85 0.0524 0.L019 0,1543 300. 767, 6.82 0.0225 0.0212 0,94 1523, Ou 040 2444 4234 Lhal T8 0.7 Ll.b6 99.7 1.5 SN=2 DIESEL
319 B.63 87 0.0531 0.0841 0.1372 300. 767. 5.85 0.0200 0.0186 0.93 1445, Dr 0.0 24,4 3,82 14.9 14.9 1.2 10.3 99.5 1.7 SN=1 DIESEL
320 8.59 6483 0.0524 0.07i1 0,1235 300. 770. 6.80 0.0181 0.0167 G.92 1391. O 0.0 24e4 3.40 15.5 32.3 2.8 9.1 98.9 1.7 SN=l DIESEL
321 8448 0.9l 0.0529 0.0578 G 1107 300. T65. 6.84 L.0L60 0.0142 0.89 1322, Do 0.0 24.6 2.81 16.5 66.9 10.5 B.3 97,2 1,7 SN=2 ODIESEL
321 8,468 6491 0,0520 0.0566 0,1086 300. 77l. 6.82 0.0157 0.0 0.0 1317, 1556 Qeht 2448 0.0 0.0 0.0 0.0 0.0 Ce0 1.7 DIESEL
505 4.76  3.80 U.0390 Q.0 0.0390 296, 427+ 2.93 0.0103 0.0081 0.79 830, O 0u0 L1746 L1a73 1843  ToT 5«1 2.3 99.2 l.3 JETA+NAP
506 4.85 3,85 0.0484 0.0 0.0484 295, 428, 2,93 0.0126 0.0108 0.86 91l. O 00 1748 2425 175 1447  4ue 443 99,1 1.3 JE TA*NAP
507 4.85 3.85 0.0540 6.0 Q.0540 296, 426. 2.95 0.0140 0.0127 G.91 950, 0. 00 17.7 2.59 1740 39.6 3.6 5.0 98.7 1.3 JETA+NAP
507 4.89 3.89 U.0541 0.0 VUS4 296., 42T» 2.93 0.0139 0.0 0.0 958, 1793, 1.57 18.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 JETAENAP
508 4,88 3,88 0.0619 0.0 0.0619 296. 427+ 2.95 0.0159 0.014)1 .89 1028. Ou 00 1TaB 2,82 1625 B8Te2 442 5.2 975 13 JETA+NAP
518 8467 .91 u.0522 0.1018 0.1540 297. T66. 6.B7 0.0223 0.0211 0,95 1515. O 0u0 2445 4037 14e3 9.1 0.7 13.1 99,7 1.7 Sn=4 JETA+NAP
519 B.62 0.B5 0e0519 D.0843 U.1362 298. T70. 6.88 (20199 0.0186 0,93 lb4s, 0. 0.0 24.4 3.84 15.1 15.0 1.3 11.3 99,5 1.7 JETA+NAP
520 B.V2  b.94 0.0526 0.0714 0.1240 298. T70. 6482 0.0179 0.0162 0,91 1384, O 0D 2449 3229 15.8 42.7 T3 B.8 98.2 1.5 SN=2 JETA+NAP
521 B470 6493 0.0529 0.0588 0,1117 298. 768. 6.87 0,016l 0.0143 C.B9 1328, 0s 0eD 24.6 2.86 16e6 6B.4 14.1 7.8 96.8 1.6 SN=3 JETAtNAP
521 BeT2Z 6494 L0530 U.0589 welll9 299. T66s 686 G,0161 0.0 Uel 1326. 1584e 0446 24.7 0.0 0.0 0.0 0.0 0.0 0.0 1.5 JE TA+NAP
220 B.6T 6.91 0.04%8 0.0660 0.1167 296. T6T. 6.B81 0,01469 0.0169 L.od 1351. O. 0.0 24.7 3.38 15.6 34.5 3.1 8.8 98.8 1.6 K2 H
405 4,80 3,81 0.0384 0.0 0.0384 299 420. 2.85 0.0101 0.0084 C.83 B21. 0, 0.0 18,1 176 18.3 B.1 8.1 2.8 99.2 1.2 JETA+XYL
406 4.75 3,78 0.0498 0.0 0.0498 299. 429. 2.97 U.0132 0.0114 0.56 935, 0. 0.0 17e3 2,37 17.2 17.0 4.7 4.8 99.1 1.1 JETA+XYL
406 4484 3.85 0.0493 0.0 Us0493 299, 424, 2.97 00,0128 0.0 0.0 9lb. 1516. la21 17.4 0.0 0.0 0.0 0.0 0.0 0.0 1.1 JETA+XYL
40T 4484 32.85 U.0541 040 00541 300, 425, 2.98 0.0141 0.0125 0469 963. Os 020 1744 2456 17.0 31aT  4e3 5.2 98.8 0.9 JETA+XYL
408 4,78  3.80 0.062Z4 0.0 040624 299, 431e 2.91 040164 0.0147 0.90 1048, Gs 040 17.9 2,94 163 T5.7 3.8 5.1 97.8 0.9 JETA+XYL
418 B.73 6.95 0.0525 0.1030 0.1555 300. 75%. 6.85 0.0224 0.0231 1.03 1513, 0. 0.0 265 4,76 13.5 9akk  0e6 13.0 99.7 leé SN=2 JETA+XYL
4l 8463  6.8T 040527 040842 0,369 30k, T72. 485 0.0199 0.0206 1.04 lak9, Ou 0.0 24,6 .23 L4+4 140 1.3 11,2  99.5 1.4 SN=2 JETA+XYL
420 8469 6491 040524 0.0717 G.1241 301, 772. 6.85 0.0180 0.0183 1,02 1388, Do 0.0 24.8 3.75 15.1 25.7 2.3 9.9 99.1 L.4 SN=3 JETA+XYL
421 BebB 6,90 0.0524 0.0974 0.1098 301e 774e 6485 0.0159 0.0 0.0 13264 1584s 0,47 24.8 0.0 0.0 0.0 0.0 0.0 0.0 1.4 JETA+XYL
421 B+59 6483 0.0528 0.0570 0.31098 301. TT4e 6487 0.0161 0.0152 0.94 1331. Oe 040 26,5 3,07 1642 62.2 946  BeB  97edh 1lah SN=3 JETA+XYL
205 4,95 3.93 0.0401 0.0 0.0401 296, 430. 2.97 0,0102 0.0085 0.83 B30, Oe 020 1B.l LoTB 1842 Bab 3ob 2.9 99.4 0.9 2
206 4,86 3.87 U.04B1 0.0 UeUhBl 296. 428, 2.93 0,0424 0.0105 0.85 908. 0. 0.0 17,9 2.19 17.5 16.9 3.4 4eb 99,2 1.0 B2
206 #4483 3,85 0.0443 0.0 0.0483 296. 42B. 2.95 0.0125 0.0 0.0 912. 1693, 1.61 17.7 0.0 0.0 0.0 0.0 0.0 0.0 1.1 H2HH
207 4eT68 3480 0.0537 0.0 Cau53T 296e 4284 2093 VeOl4l 0.0121 0.86 968. Os 0.0 17.6 2,40 17.0 46.8 3.0 4e® 98+6 lel #2
208 4.B7  3.87 0.0619 0.0 UeUALY 2964 43l. 2497 0.0160 0.0145 0.91 1034, Os 0a0 17.8 2.86 16.2 101.2 2.9 4&o7 97.3 l.1 #ZH
218 8468 6.91 0.0527 0.1010 U.1537 296« T72. 6.49 V0223 040216 0497 1519. Ov 040 2642 4247 1329 941 0.7 12.0 99.7 L.4 SN=3 H2HH
219 8472  6.94 0.0532 0.0845 0.1377 296. 759. 6.90 0.0199 0.0L87 0.94 1436, O 0.0 2443 3487 4.8 17.7 L.9 104 99.4 1.6 SN=l #2HH
221 8,67 6490 0.0523 0,0567 0.1090 296, T7le 6479 0.0158 0.0 0.0 1320. 1534 0,39 24.9 0.0 0.0 0.0 0.0 0.0 0.0 .5 #2H
221 8465 6.89 0.0523 0.057L 0,109 296. T72. 6.84 0.0159 D.0142 0.89 1323, 0. 0.0 24,7 2.86 1623 7T7.9 w1 Teb 98.2 14 SN=2  #2H
305 4485 3.86 0.0382 0.0 VL0382 298, 432. 2.93 0,0099 0.0080 0.4l B20. O 0wl 1Bel 1e65 1822 7.2 38 3.2 99.4 1.1 DI ESEL
306 4.91  3.90 0.0487 0.0 0.0487 296, 430, 2.92 0,0125 0.0L05 0.84 9lu, Ou 0.0 18.3 2.17 1743 1944 2+5 4e9 99.3 l.1 DIESEL
30b 4.87 3.48 0.0494 0.0 0.0494 298, 429. 2.89 0.0127 0.0 0.0 920, 1817. 183 1843 0.0 0.0 0.0 0.0 0.0 0.0 1.1 DI ESEL
307 4,87 3,87 0.0535 0.0 0.0535 298, 430. 2.93 0.0138 0.0124 0.90 959. 0. 0.0 18,0 2.49 L7.0 46+0 2.2 5.2 98.7 1.} DIESEL
308 4.92 3.91 0.0629 0.0 0.0629 299. 429. 2.97 0.0161 0.0132 0.B2 1035. 0. 00 1B8.0 2.55 1647 120.5 2.4 4.7 9629 L.} D1 ESEL

{PJE0D) D XIANAAY
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E} Z z Z & £7E 2% T35 EIE = £ £ = T gz D A § 2 % Comments
0.%0 U.0537 0.1065 0.1605 294, T70. 6.82 0.0233 0.0213 0.91 1543, 0. 0.0 24.7 4.38 14.3 12.2 0.6 12.7 99.6 1.0 #2r
6093 UL U530 D.AU6Y U.1599 295, 764, 6,91 0,0231 0.0212 .92 1541, Us 0.0 24.6 4037 1442 134 0.7 12.3 9946 L.l #2Hn
Ba9l 0.0527 041028 0.1555 295, 770« 6u87 0.0225 0.021L Ouv4 1525,  Ov 0ul 2427 4434 M4uh  13.2 0.9 17243 99.6 1.1 HZHH
6,93 G.0533 0.1065 0.1501 296. T66. 6£.93 0.0231 0.0206 0.49 15640. O Daf 24.3 4.24 1443 15,2 0.8 12.8 99.6 L2 W2
6487 040536 Dulubl VL1595 296, 769+ 6479 0.0232 0.0210 ue93 1545,  Ov 0ull 2447 4¢43 l4e2 15.4 0.9 13.0 99.5 1.1 R2H
3.85 0.0408 0.0 00068 294, 434, Z2.87 0.0l22 0,0093 0.76 903,  Ds 0.0 18.4 1490 7.9 36.9 5.0 4«0 98,6 1.1 A2t
3,88 1.0673 0.0  0.0673 294, «30. 2.8 Gs0122 0.0 0.0 901, 1443, 1.19 1B.5 0.0 0.8 0.0 0.0 0.0 0.0 1.l #2H
3.91 0.0472 0.0 0.0472 294, 430. 2.9 U.0121 0.0091 0.75 97, 0o 0.0 AB.e 1,88 1B.0 32.8 2.B 4.2 98.9 l.l B2
3P4 ULDuTh Dal  0uO4Th 29, 43us 2,89 0,01Z0 0.0 0.0 895, 1455, 120 8.7 0.0 0.0 0.0 0.0 0.0 0.0 L.l N2
3,05 0,047 0.0 v.ue7l 289, &30, 2,97 0.0122 6.0091 0.75 903, 0, 0.6 18.0 1.87 18,0 33.0 2.5 4.é 98,9 1.1 W2
3.88 U.0473 0.0  0.0473 294, 430. 2.89 0.0122 0.0 040 900, 1454, 1418 18.3 0.0 0.0 0.0 0.0 Q.0 0.0 1,2 E2HH
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3.88 0.0473 0.0  0.0673 293. 2B, 2.87 0.0122 0.0 0.0 699, 1539, l.3c 1844 0.0 0.0 0.0 OO 0.0 0.0 1.1 42ZH
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Ve
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Vel
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Q.0
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419
420

421
419
502
502
503
504
505
518
519
520
520
521

5211
302
302
303
304
305,
318
319
320
320
321
320
320
321

Airflow-Combustor
kgls
kegfs

Fuel Flow - Pilot

Ze93 Vel
394 Le5626
351 D309
3.91 0,0234
690 040308
694 {10308
€a9& Del308
6492 yeli3lh
3.91 0.0480
3.98 0.0480
3497 Caf)6L3
3299 uen302
3.98 M{237
3.95 velr49G
6.95 0.0306
6486 04,0311
6eBE 040312
6283 040303
6e90 0a0306
6.84 D.0336
3488 0,0483
Beb9 DaD4B2
JeB5 0.0610
385 o352
390 0.0236
€488 040299
6uO4 Ge(299
€a92 DW(308
691 Da0308
6.92 L.0308
6.88 0.0307
3268 Da487
3491 DoC4B4
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6.82 0.0302
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0.0878
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0.0795
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GeD661

Fuel Flow - Total
kg/s

Fuel Temperature
K

00490
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Ve3UT B04a
0.0234 306.
Ue1549 304,
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0.0480 304,
040480 304,
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041124 305.
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6480
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#2HH
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t.0221
0.0220
340220
Nei221
8di129
Yeil29
0.0130
00129
Lell 30
A .H130
re0l2B
0.0130
Na 0130
2ai29

Configuration S-22

Fuel-Air Ratio

Casbon Balance (CB)

DeD284
val 284
0.029]
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P'oint

Number

EES PV

APPENDIX D

ALFITUDE STABILITY TEST RESULTS

FOR HYBRID COMBUSTOR CONFIGURATION H-6

Combustor Operating Conditions at the Minimum Pressure Blow Out (MPBO)

Airflow
Total kg/sec

oo
o ~l
)
LRy

0.992
1.229

0.670
0.847
0.856
1.028
1,028
1.245
1.245
Q.675

Fuel Flow
Total kg/sec

0.0208
0.0208
0.0208
0.0208

0.0208
0.0208
0.0208
0.0208
0.0208
0.0208
0.0208
0.0208

Fuel Temperature

[ ]
O \D
~1 2

297
297

297
295
296
295
295
294
294
294

Inlet Air Total
Temperature
K

B D b
[S
o QA

267

243
250
250
260
260
267
267
243

Inlet Total
Pressure atm

Iniet Air

Dew Point
K

294
294
294
294

288
288
287
287
287
285
285
288

Fuel Type

Jet A
Jet A
Jet A
Jet A

No.
No.

No.
No.

No.
No.
No.
No.

2 H.H.
2 HH.
2 H.H.
2 H.H.
2 H.H.
2 H.H.
2 H.H.
2 HH.
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ALTITUDE STABILITY TEST RESULTS
FOR VORBIX COMBUSTOR CONFIGURATION.S-20

APPENDIX D (Cont’d)

Combustor Operating Conditions at the Minimum Pressure Blow Out (MPBO)

Airflow
Total kg/sec

Fuel Flow
Total kg/sec

0.0208
0.0208
0.0208
0.0208
0.0208
0.0208
0.0208
0.0208

0.0208
0.0208
0.0208
0.0208
0.0208
0.0208
0.0208
0.0208

Fuel Temperat
K

Inlet Air Total
Temperature

K

Inlet Total
Pressutre atm

O 0O
L) W W
boco 0
[an R el B o]

0.340
0.317
0.327

.0.267

0.273

0.317
0.327
0.270
0.270
0.337
0.337
0.370
0.377

nlet Air
ew Point

—

284

284
284
283
283
283
283

. 286

286

1287

287
287
287
287
288

Fuel Type

Jet A
Jet A
Jet A
Jet A
Jet A
Jet A
Jet A
Jet A

No.
No.
No.
No.
No.
No.
No.
No.

2 HH.
2 HH
2 H.H.
2 HH.
2 HH.
2 H.H.
2 HH.
2 H.H.
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