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PREFACE

The Air Force Aero-Propulsion Laboratory (AFAPL) is investigating the effect

of limited fuel property variations on the performance of several classes of
aircraft gas turbine combustion systems. This report covers work accomplished

by the Detroit Diesel Allison (DDA), Division of General Motors, under con-

b tract to AFAPL (No. F33615-78-C=-2006) to assess fuel property effects on cur-
rent high—-pressure ratio, can—type combustors. The work was performed under
Project 3048, Task 05, Work Unit 95. Thomas A. Jackson was the government

project engineer for this program.

Supplemental funding for this program and technical guidance in the measure-

o

ment and correlation of gaseous emissions data were provided by the Environ- j
: mental Sciences Branch of the Environics Division in the Res?arch and Develop~ :
{ ment Directorate of the HQ Air Force Engineering and Services Center, located
at Tyndall Air Force Base, Florida. Formerly this organization has been re-

f ferred to as CEEDO and as the Civil Engineering Center.

Test fuel analysis was supplied by AFAPL tlicough its own fuels laboratory,

under contract with Monsanto Research Laba: atory, and through the cooperation

of the Air Force Logistics Command Fuels Laboratory (SFQLA).

: The assistance and cooperation of these organizations are appreciated.
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SECTION T
INTRODUCTION

Since 1973 the cost 3and availability of military aviation jet fuel have
changed dramatically. Over that period the cost has more than quadrupled. At
the same time, the Air Force has encountered difficulties in procuring annual
quantities of aviation jet fuel, even though these desired fuel quantities are

significantly lower than those procured prior to 1973,

A similac history of rising costs is associated with commercial aviation et
fuel grades. At the same time, to obtain desired fuel quantities, batches of
fuel, which have not fully met the existing specifications, have heen bought.

Limits on aromatic content and the smcke point have occasionally been waived.

Numerous alternatives to petroleum—-derived fuel have been considered as a

means of obtaining price stability and ensuring adequate fuel quantities for
both military and commercial users. The more exotic of these options (nu-
clear, hydrogen, etc) have been discarded in the near term in favor of coa-
In this reogard, nonpetroleum
sources of liquid hydrocarbons lie in shale oil, coal, and tar sands re-

sources. Crudes derived from these sources will be appreciably different from
petroleum crudes. To maximize the benefits of using these alternate crudes,

the effort involved in refining them must be minimized.

Additionally, the Air Force has been comnsidering switching from JP-4 to JP-8
(similar to commercial grade Jet A-1) as its operational fuel. Reduced combat
interest. Operaticnal and performance penalties that may be associated with

such a change need to be assessed,

With these objectives the Air Force, through the Air Force Aero—Propulsion
Laboratory (AFAPL) aud in conjunction with other agencies, has initiated ef-
forts to quantify gas turbine eungine performance, durability, and environmen-

tal impact as a function of selected fuel properties. The effort reported
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herein concerns the fourth contracted investigation in a series of programs
sponsored by AFAPL to evaluate fuel effects in existing and near-future mili=~
tary aircraft gas turbine engines. Preceeding efforts looked at fuel effects
in a current low pressure ratio, can~type combustor (J79, Reference l); and in
a high-pressure—ratio, full-annular combustor (Fl0l, Refereuce 2). This ef-

fort involves the TF4l engine representing high pressure-ratio, can-type com-
bustion systems.
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SECTION II
SUMMARY

The purpose of this program was to determine the effects of fuel property var-
iations on the performance, exhaust exission, and durability characteristies
of the TF41 (high—pressure ratio, cannular) turbofan engine combustion syitem.
Performance and emission characteristics were determined by combustor rig
teasts and substantial data analyses. Pressure and airflow scaling was re-
quired on some high-pressure test points because of rig facility limitatioms.
The operational thermal stability of the fuels was assessed in a series of
short fuel nozzle fouling tests. Durability characteristics of the combustor
and turbine were evaluated by integrating rig test results into computer dura-

bility simulations.

Twelve refined and blended fuels, which incorporated systematic variations in
hydrogen content (nominally 12.0 to 14.5 weight percent), aromatic type (sin-
gle or multi-ring), 104 distillation point (353 to 464 K by gas chromato-
graph), final boiling point (541 to 612 K by gas chromatograph), and viscosity
(0.884 to 2.316 centistokes at 298 K), were evaluated in this program,

At high~power operating conditious, characterized by sea level takeoff, fuel
properties such as hydrogen content, aromatic content, and aromatic type were
found to significantly affect CO and NOx formation, combustion efficiency,
smoke emission, and liner wall temperature. NOx formation was also influ-
enced by the physical properties of the fuel (especially surface tension).

UHC and pattern factor were not affected by fuel properties.

At idle operating conditions no aignificant correlation between combustor per-

formance parameters and fuel property characteristics could be found.

At sea level start conditions, both ambient and cold inlet, the required igni-

tion F/A ratio correlated with 10X boiling point and fuel viscosity.
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At altitude relight conditions, the maximum attaingble successful ignition
altitude was severely limited by decreased fuel hydrogen content (increased
aromatic content). Combustor and/or fuel nozzle design modifications would be

required if lower hydrogen content fuel were specified for TF4l use.

A special one hour fouling/deposition test at modified SLTO conditions was run
with each fuel., Very little fouling or carbon deposition occured, and results
did not correlate to fuel property characteristics. A modified rig test pro-

cedure or an engine test would be required to accurately study the fouling/de-

position potentiel.

Computer projections of hot section hardware life were conducted incorporating
rig data. Combustor life was not sensitive to fuel properties as the wall
temperatures of the life limiting compounent, the discharge nozzle, were es-
sentially unchanged by any fuel tested. Combustor barrel (section of the com~
bustor between the dome and the discharge nozzle) temperatures did increase,
however, as fuel hydrogen content was reduced. Turbine blading life (stator

vane and rotor blade) did not correlate significantly to aay fuel property.
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SECTION III
EXPERIMENTAL

A. TF41 ENGINE AND COMBUSTION SYSTEM DESCRIPTION

The TF41 turbofan engine shown in Figure 1 incorporates a twin-specol axial

compressor—turbine configuration. The low-pressure system counects a three-

stage, low-pressure fan and a two—-stage, intermediate-pressure compressor to a

two-stage, low-pressure turbine. The high-pressure section incorporates ten
through~flow combustion chambers assembled in an aunular chamber with a
twelve-stage, high-pressure compressor directly coupled to a two-stage, air-

cooled, high-pressure (gasifier) turbine.

The TF41 engine currently powers the LTV A-7D and A-7E military fighter/inter-
ceptor aircraft. First introduced in the mid-1960s, the TF4l is used by over

1100 U.S. and allied forces aircraft. TF41 engine production and service op-
eration are projected well into the 1980s.

Figure 1. - TF4] Engine Cross Section.
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The currently produced TF41-A-2 engine is rated at 64500 N thrust (minimunm) at
a nominal pressure ratio of 22:1 and an inlet airflow of 119 kg/sec at SLTO
conditions. The nominal burner outlet temperature at this point is 1502 K.

An abbreviated summary of the combustor operating conditions at SLTO is pre-

sented in Table 1.

TABLE 1
TF41 SLTO OPERATING CONDITIONS

Combustor inlet pressure, kPa 2198.7

Combustor inlet temperature, K 765

Combustor airflow, kg/s 63.0
Fuel air ratio, g/kg 21.6
Combustor outlet temperature, K 1502

The TF41 combustion system shown in Figure 2 is a compact cannular design in-
corporating ten combustion liners in an air chamber formed between the ocuter
combustor case and the turbine cooling air heat shield. Each combustor as-

sembly is composed of the following four separate units:

o Inlet air snout-—distributes compressor discharge air to swirler and dome
flares

o Combustion liner-—stabilizes combusticn and establishes fuel and air dis-
tribution (this is often referred to as the barrel)

o Fuel nozzle-—-provides fuel distribution for good ignition and low-smoke
generation

o Discharge nozzle--provides transitiocn for passage of combustion air to

turbine vane row

Inlet air snouts are employed to direct airflow into and around the combustor
domes. The combustion liners are mounted and fixed on the snouts and allowed
to expand on a slip joint at the turbine. The combustors are interconnected
for cross firing by short crossover tubes, These have a fixed flange on cna

end and a sliding flange on the other to accommodate thermal growth. Ignition

is accomplished with spark igniters located in two combustors.
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Figure 2. - TF41 Combusticn System.

The combustion liner shown in Figure 3 is a welded assembly of formed sheet

metal and machined forging details.

The dome consists of three concentric flare sections forming a hewispnere. At
each flare junction, cooling air is injected through a aplash cooling strip to
protect the flare immediatel downstream, The most forward flsre is protected

by swirler airflow.

Liner wall cooling is accomplished by film cooling air through five wiggle-
strip corrugations, which connect the conical wall sections comprising the
liner body. The discharge nozzle walls (not shown in Figure 3) are cooled by

three rows of baffled cooling holes.
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Figure 3. - TF4l Combustion Liner Details,

Body Section 2
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Primary holes are chuted to improve primary zone mixing and flow distribu-
tion. A backstop and splitters are fitted to the dilution zone holes to en-

gure consistent, uniform airflow into the liner.

The TF41 fuel nozzles are inserted through the inlet snout and into the com
bustor dome. The production fuel nozzle is a pressure-atomizing dual-orifice
design /main and pilot) and incorporates a "four bar" pilot spray tip configu-
ration. The function of the "four bar" pilot spray tip is to provide double
spray cone angles with the wider angle providing fuel for ignition at the ig~
niter plug and the narrower angle providing fuel in the primary combustion
zone recirculating flow path, Fuel is injected through primary and main pres-

sure atomizers having tangential swirl slots and concentric swirl chambers.
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Spray tip design flow numbers (FN)* are 0.36 for the pilot and 8,10 for the

main.

The dual orifice fuel system provides precise fuel metering to meet

variable engine operating conditions and good fuel distribution for cold

starting and altitude relight.

Fuel injector and fuel system details for the TF4l engine are shown in Figure

4., Fuel injector flow performance limits are listed in Table 2.

TABLE 2
FUEL NOZZLE FLOW PERFORMANCE LIMITS

Combined flow rate (3.5 MPa), kg/hr
Pilot spray angle

incer cone, deg

outer coue, deg

Main spray angle, deg

Forwand bypass duct 2

N

\4
2 igniters ——
(4 & 8 combustor lines)

| IL-Primary fusl

¥

i

Enlarged View of Fusl Nozzle

Figure 4. - TF4l Fuel Injection System.

484~499

35-65
75-85
96~103

Main fuel manifold
Primary fuel manifold

*Flow number is defined as (fuel flow rate)/(fuel nozzle differential presSure)l/2
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The fuel injector pilot ai ' main operating pressures are controlled indepen-

dently in the TF41 engine. Pilot system pressure levels are maintained at a

relatively high value (approx 2.1 MPa at starting and idle to approx 5.5 MPa i

at SLTO power) to provide good fuel stomizationm.

MR b b Ll

Ignition is accomplished by high energy (12 J), surface discharge ignitor

! plugs located in two combustion liners operating at a spark rate of one spark

———

per second at cranking speed. The flame is propagated through the croussover

o~ —

tubes to achieve light-arcund.

The TF41 combustor sea level takeoff airflow distribution, based on analysis

——ae

e

and flow tests, is shown in Table 3 and Figure 5.

TABLE 3
AIRFLOW DISTRIBUTION FOR TF41 COMBUSTOR J

e e S

Percent of total combustor airflow

Swirler 10,7 jﬁ
Primary holes 15.2
Dome flare (3 rings) 9.5 1

' Wigglestrips (5) 22.6
Discharge nozzle (3 rows) 7.0
Leakages 1.1 < 9
Dilution holes 33.9

Primary combustion air effectively includes tlow through primary holes,

swirler, and a major part of the dome flare., The interaction of the swirler

. L —— Ay TV — e

aiv with the fuel spray results in significant quantities of the fuel flow |-

reaching the dowe surface, thus making the flare air injection a strong con-

tributor to the combustiou prccess. When considering this flow reactior,

. e o ——

which has been observed experimentally, the primary zone equivalence ratio (¢)

is 0.91 or on the lean reaction side. ‘ .
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Primary Diiution

Swirler holes holes
10.7% 15.2% 33.9%%

Leckages

1.1%
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e rfr\]TH\W T~k
—‘/
r L

3.9%  4.8%  4.8%  5.3% 24%  2.3%  2.3%
J — )
hg v M
Dome flara Liner barrel Discharge nozzle
splash strips wiggle strips splash strips
TE-2030A

Figure 5. = Airflow Distribution for TF41 Combustor at SLTO.
B. EXPERIMENTAL SYSTEM DESCRIPTION

The effect of fuel property variation on TF4l combustion system performance
was evaluated by testing the 12 experimental fuels in the TF4l single-can com-
bustion rig. This rig, shown in Figure 6, simulates a 36-—deg sector of the
TF41 engine combustion system from diffuser inlet to turbine inlet. The cow~
bustor housing, inner heat shield, fuel nozzle arm and tip, inlet snout aud
diffuser section are actual engine hardware. An inlet bell ¢nd profile gene-
rator were used to simulate compressor discharge profile. The combustor exit

plane wall geometry was fabricated to simulate the HP turbine inlet ramp.
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Figure 6. - Combustor Rig Cross Section,

The TF4l combustor rig has been used extensively in the TF41 CIP (component

improvement program) to improve the combustor outlet temperature pattern (Ref-

erence 3).

Numerous rig-to-engine performance examinations (on JP~4 fuel)

have verified excellent rig-to—engine correlation on the following performance

parameters:

[+]

o 0 o

=]

Combustor inlet radial pressure profile

Combustor annulus circumferential pressure profile
Combustor system pressure drop
Combustor exit temperature pattern factor

Combustor exit radial and circumferential profiies of temperature and

pressure

Combustor aystem bleed airflow rates and locations.

All combustor testing was conducted in Test Cell 823 at the DDA~Indianapolis

fac

ility.

For high-pressure testing, nonvitiated air is supplied by & central air facil-~

ity and heated by an oil-fired indirect heater located adjacent to the test
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cell. 1Idle and cruise operating conditions can be exactly duplicated in the
test rig facility. Dash and SLTO operating conditions of temperature, velo-
city and F/A ratio can be duplicated, but pressure and airflow rates must be
reduced approximately 20% because of air rfacility limitations. Low-pressure
test conditions (starting, altitude ignitiom) are achieved by evacuating the
rig tailpipe section to obtain the required combustor inlet pressures. Test

conditions are detailed in Section III-D - General Test Plan.

Airflow for all test conditions was metered with a standard ASME orifice.

Fuel flow rates were measured with calibrated turbine flowmeters corvected for
each fuel's density, viscosity and supply temperature. All high-pressure op-
eration perfcrmance parameters {temperatures, pressures, flow rate) were
linked to electronic data acquisition and processing equipment with direct
vis.al feedback to the test stand operator, Ambient inlet pressure operation
performance parameters were read on direct indicating instruments and recorded

by the test stand operator.

Figure 7 is a schematic of the principal instrumentation that was employed to
obtain rhe combuetion eyetem parformance data. This ingtrymentation is fur-

ther summarized in Tables 4, 5, and 6.

The exhaust gas sampling system consisted of three fixed, radial, five-element
probes located just downstream of the exhaust temperature measuring plane.

The probes were approximately equally spaced circumferentially in the 36-deg
sector with the elements in each probe located in the same radial positions as
the BOT thermocouples. The probes were water-cooled in the gae path and mani-
folded together to a common; electrically heated gsample line. The gas analy-
sis and smoke sampling systems are diagrammed in Figures 8 and 9. The gas
sgmpling procedure conformed to Aerospace Recommended Practice (ARP), 1256,
and exhaust smoke was determined as smoke number according to ARP 1179 pro-

cedure,
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Figure 7. - Principal Instrumentation for TF4l Experimental Fuels Test.

The combustor instrumentation consisted of two wall static pressures in the
liner primary zone plus 31 C~A thermocouples to measure combustor wall temper-
atures., Based upon the indicated metal temperature results from previous
thermally sensitive paint tests and upon the requirments for temperature dic-
tributions and thermal gradients for the combustor lif¢ analyses, the 3] ther-
mocouples were located as shown in Table 7 and illustrated in Figures 10, 11,
and 12. On the combustor liner, two axial rows of ten thermocouples were lo-
cated as shown to record the axial temperature distribution along the length
of the liner. The circumferential temperature distribution for the TF4l com~
bustor liner is quite uniform, thus the axial distribution provides the most

meaningful data for the life analyses. By providing two identical rows of
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gpaaurement

Pressures
Diffuser inlet total (BIP)

Diffuser inlat static

Combustor dome static (hot side) -

Main fuel manifola
Pilot fuel manifold

Temperatures
Diffuser inlet (BIT)
Combustor metal
Combustor outlet (BOT)
Main fuel inlet
Pilot fuel inlet
Main fuel nozzle fuel

Pilot fuel nozzle fuel

Meagsurement

Flow
Rig inlet air
Combustor bleed air
Filot fuel
Main fuel

Exhguat Gas
Carbon wonoxide (CO)
Unburned hydrocarbons (UHGC)

et B L

TABLE 4
RIG PRESSURE AND TEMPERATURE INSTRUMENTATION
No. of Individual or
rakes elements/rake Instrument Accuracy
2 5 Transducer +0.25%
- 4 Transducer +0,252
2 Transducer +0.25%
- 1 Transducer +0.252
- 1 Transducer +0.25%
- 4 I-¢c 1/C +1.02
- 31 C-A T/C +1.0%
1 (traversing) 5 PPR T/C +1.0%
- 1 C-A 1/C +1.0%
- 1 C-A T/C #1.0%
- 1 C-4 T/C +1.0%
- 1 C-A T/C +1.0%
TABLE 5
RIG FLOW AND EXHAUST GAS INSTRUMENTATION
Instrument Aveuracy

Std thin plate orifice +1.0%

Std thin plate orifire (3) 1,02

Flotron +1.07%

Turbine flowmeter *1.02

Beckman Model 8€5~NDIR

Beckman Model 402-heated FID

TECO Model 13A-Cr See Table 6

Total nitrogen oxides (Nox)
Caibon dioxide (COZ)

Smoke

¢ L, . i D

Beckman Modul 864~NDIR
ARP 1179 procedure
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TABLE 6

ON~LINE EXHAUST GAS MEASUREMENT INSTRUMENTS

Unburned Hydrocarbons: Heated FID~-Beckman Model 402

Ranges, ppm
G to 10 -

to 50

to 100
to 500
to 1000

o O o ©

Carbon dioxide: NDIR—Beckman Model 864
0 to 2
0 to5
0 to 15

Carbon monoxide: NDIR—-Beckman Model 865
0 to 100
0 to 500
0 to 250C

Oxides of nitrogen: CL-TECO Model 10A
to 2.5
to 10
to 3
to 100
to 500

to 1000

O O o ©o o O

Range, SN
Smoke: ARP 1179 Procedure

Q ~ 85
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Accuracies, 7

(full scale)
(full scale)
(full scale)
(full scale)
(£full scale)

+
—_

g

I+ 1+ 1+ 1+

1 (full scale)
(full scale)
1 (full scale)

I+ I+ 1+
o

|
%
|
)
;

2 (full scale)
(full scale)
1 (full scale)

P O

I+ e 1+
[

(full scale)
(full scale)
(full scale)
(full scale)
(full scale)
(full scale)

1+ 1+ 1+ 1+ 1+ 0+
L o o
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Accuracy, SN 3
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Figure 8. - Emission System Arraugement (EPA Aircraft System).

SAMPLE IN

INTERLOCKED PRESSURE AND
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SMOKE SAMPLE ]
NEEDLE VALVE BALL VALVE
DRYER AND PUMP
FILTER

Figure 9. — Smoke Sampling System,
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TABLE 7

COMBUSTOR METAL TEMPERATURE THERMOCGUPLE LOCATIONS

Location

Combustor liner
Done
Primary zone
Intermediate zone
Dilution zone

Liner total

Transition

Combustor total

Dome

~— section ‘Tsectlon""’—‘ section

Total No. of TC's

i MR TR oy

No. of spare TC's

ENEES

20

Primary | intermediate

Dilution
section

——— et g

T T

‘uUNN

10

N

. ‘:“—r‘_—-.-- -

(7]

Thermocouple locations —Two axial rows, 180 deg apart with

10YC's per row and

18

total of 20 TC's on tiner

e TP e
S SRl d Yo iy i

A —

TE-7127

Figure 10. - TF4] Combustor Liner Thermocouple Locations.
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Totzl of 11 TC's on transition
TE-7128

Figure 11. - TF4l Combustor Transition Thermocouple Axial Locations.

thermocouples, there is a one-for—one redundancy between the two rows. Each
section of the liner (dome, primary, intermediate, and dilution) has either

four or six thermocouples, providing ample documentation of the temperatures,

Since the combustor transition experiences the highest meatal temperatures, 1l
thermocouples ware used in this section of the combustor to measure hot spot
temperatures and the high thermal gradients. With this many thermocouples,

four thermocouples were considered spares even though there were no truly re-

dundant thermocouples,

The fuel nozzle instrumentation consisted of three thermocouples imbedded in
the nozzle body as shown in Figure 13. These thermocouples were located not
closer than 0.020 in. of the fuel passage walls and measured the metal tem—

perature near the liquid-metal interface. These measured temperatures helped

establish the fuel fouling characteristics of the test fuels.
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TE-7126
Figure 12. ~ TF41 Combustor Transition Thermocouple Locations.
C. EXPERIMENTAL FUELS DESCRIPTION

1. General Description

Twelve test fuels were defined for combustion system evaluation in this pro-
*

gram. The fuels included a baseline JP-4, JP-8§ , five blends of JP-4, and

five blends of JP-8,

*Waived specification on freeze point,

20
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Pilot fue] ~—— ~—— Main fuiel

supply supply
Disassemblable —{L]
fittings TF41 fuel nozzle
body
4.Rx0,10cm

g

slot through L.

Pilot interface
metal temperature TC~.1

Maln interface
e metal temperature TC

Nozzle tip
metal temperature TC

TE-7404A

Figure 13. ~ TF4l Combustor Rig Fuel Nozzle Body and Instrumentation.

ALl fuel quantities were f{uruished by AFAYL and blended at DDA-Tndianaspolia,

The baseline JP-4 fuel came from a special fuel batch that was used in similar
AFAPL fuel character effects programs (listed in Referemces 1 and 2). Two
different types of aromatic components were systematically blended intc the
base fuels to reduce hydrogen content and to vary aromatic comtent: a single
ring aromatic (xylene bottoms) and a multi~ring aromatic described as '2040
solvent”" (a napthalene concentrate). The final boiling point of two fuel
blends was increased by the addition of minerzl seal o0il (a paraffinic white
oil similar to cooking o0il). This high boiling-point material incregsed dis-

tillation end point by approximately 25 to 70°C.

The fuel blends tested and their principal fuel properties (intended hydrogen
content, aromatic content, and digtillation end point) are summarized in Table

8.

Fuel blending and sampling procedures utilized by DDA during this contract are

described in Section III-D.
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TABLE 8
FUELS AND FUEL BLENDS TESTED

Proportions for

Fuel 730 gal of blend Intended hydrogen Aromatic content, End point,

No. Fuel Volume, gal content, wt I vol 1 _ .4

1 JP~4 special 750 14.% 10.3 S41

2 JP-4 special 488 12.90 &i.9 587
2040 solvent 64

3 JP~4 apecial 598 13.¢ 29.4 567
2040 solventc 152

4 JP-4 special 358 12.0 56.6 559
Xylena bottoms 392

] JP~4 special 522 13.0 36.8 357
Iylera bottoms 228

6 JP-4 spacial 595 1.0 18.2 612
Xylens bottoms 65
Gulf minmral seal oil 90

7 JP=3 750 4.0 13.6 576

8 JP-8 513 12.0 41.1 569
2040 solvent 237

$ JP~8 635 13.0 1.1 569
2043 solvent 13

10 Jr-8 380 11.0 3.4 579
Xylens bottoms 362

1l Jr=p 572 1.0 P 368
Xylene boctoms 173

12 JP-8 660 14.0 13.7 604
Qulf minetal seal oil 90

Tast method DI70I-K ASTY D2789-71 ASTM D2887

2., Physical and Chemical Darcription

Detailed fuel property analysee for the 12 test fuels were deterwined by Mon--
santo Research Corporation under contract to the USAF. Post-test anslysis of
test fuel characteristics by Monsanto Research Corporation indicates that,
despite rigorouvs precautions takern by DDA, fuel~to-fuel contaminstion of fuels
used in low-pressure tasting (starting, relight, a»d LBO) did occur. The cou-
taminan%s have been identified aw previously tested fuel bleuds, uot faoreiga

material. Therefore, two sets of fuel property data ar2 presen:ed where

available and are designated as follows:

o
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o High-pressure fuel sample--includes sli steady-state performance, emis-
sion, and durability testing (Fuel sawples drawn throughout this cest

1 sequence show no appreciable change in praperties from samples drawn at

the time of blending.)

o Low-pressure fuel sample~—includes sea level starting (cold and ambieat),

altitude relight, and idle LBO testing

PEPTS,

o Major fuel propertv snalysis results are presented in Tables 9, 10, 11, and 12,

Bt

TALLE Y
PRINCIPAL FUEL PROPERTIES--HIGH-PRESSURES TESTS

PP

Fuel Hydrogen, P, 5¢% EP, EP, Smoke Lower heating
No. Description _wer K K K point, mm value, MJ/kg
: 1 JF-6 146 294 4l6 541 38.0 43,56
2 JP~4 + 2G40 12.0 a8 482 587 12.0 42.13
:J 3 Je=4 + 2040 12.9 296 431 567 14.0 42.70 .
i 4 JP-4 + Xyl 11.9 298 436 559 11.0 42.21 :
) i 5 JP-4 + Xyl 13.¢ 308 &A8 §57 14 .0 £2.73 :]
' 6 JP=4 + Xyl + oM 13.9 257 441 612 23.0 43.31 |
’ ? JP-8 13.9 402 504 576 26.0 43.06
] 8 JP-8 + 2040 11.9 k1.3 494 569 12.0 41.97
' : 9 Je-8 + 2040 12.9 374 492 569 16.0 42,59 Y
{ 10 JP-8 + Xyl 2.0 33 462 579 12.0 42,15
. ; 11 Ji-8 + Xyl 12.9 431 483 368 18.0 42,59 1
i

. 12 JT-8 + GM 13.9 402 500 804 25.0 43.16

in the blending process to vary fuel properties. no single property can be L

T — s P TR

altered without affecting others. Fual property characteristics are inter-

related. TPast examinations that have demonstrated these relationships betueen

e v st e,

e i e g T

fuel properties may help explain how fuel property variations alter combustor

periormance behavior., In this prozram lincar single regression techniques

L)

‘ were cuployed to determine the interdependeacy of fuel praperties, aud the

res.its lster compsred to cumbustor pertormance (see Sections IV-B and -C). j
b
?
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TARLE 1i0
PRINCIPAL FUEL PROPERTIES-~LOW-~PRESSURE TZSTS

Fuel Hydrogen, I8P, 50X BP, EP, Aronatics,

No. Description wt % K K X vol %
1 JP~-4 14.4 298 438 561 9.4
2 JP-4 + 204Q 12.3 310 485 $90 3.7
3 Je-4 + 2040 12.6 302 457 576 32.6
4 JP~6 + Xyl - - — — -—
5 Jy=4 + Xyl 13.1 306 466 590 26.9
6 JP=4 + X1 + M 14.0 282 427 592 15,1
7 JP=b 13.9 348 499 575 11.7
8 JP-8 + 2040 12.1 358 492 571 34.2
9 JE-8 + 2040 13.0 342 497 590 23.3
10 JP-8 + Xyl 12.3 304 452 560 42.0
11 JP-§ + Xyl 12.7 323 471 564 31.6
12 JP-8 + A 13.2 330 484 610 24.3

*¥u2l 4 samnle deatvayed in tramsit.

A coefficient of deter: ination (Rz--an indicator of liaear curvefit, 1.0
equals a perfect fit) value 2 0.75 was arbitrarily chosen to suggest a
"strong" dependency/relationship of one fuel property to another. An R

value = 0,50 was chosen to suggest a ‘‘reasonable" corrclation between fuel
properties. Table 13 1lists the fuel prouperty cozrelations deemed as

“strong" or "reasonable" and illustrates the expected relationships, i.e.,
hydrogen content and aromutic content, hydrogen content and smoke point, sur-
face tension and vapor pressure, etc. All regression analysis was done with

the high-pressure fuel samplc prepertics.

Tables 14 and 15 show the hydrocarbon composition (by mass spectroscopy) of

the test fuels.

Tables 16 and 17 list the gas chromatographic -irmlated distillation (ASTM
D2887) data for the test fuels, high-prrssare and low-pressur= samples, re-
spectively.
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TABLE 13
FUEL PROPERTY CORRELATION

Fuel property Curvefit correlation parameter, RZ

These fuel property combinations exhibit a "strong" degree of dependence:

Monsanto total aromacic conteat & 0,982
D1319 aromatic content

Hydrogen content & Mcusanto total 0.902
aromatic coatent

Hydrogen content & D1319 total 0.893
arcmatic content

10% distillation point & kinematic 0.858
viscosity

Hydrogen conteat & smoke point 0.818

Surface tension & vapor pressure 0.802

These fuel property combinations exhibit a "reasonable' degree of dependence:

Monsanto total aromatic content & 0,741
single ring aromatic content

102 distillation point & vapor pressure 0.730
Monsanto total aromatic & smoke point 0.720
D1319 total aromatic content & 0.676

smoke point

Density & surface tension 0.662

D1319 cotal aromatic content & 0.656
single ring aromatic content

102 distillation point & 0.653
surface tension

Hydrogen content & density 0.592

Kinematic viscosity & vapor pressure 0.532

Dengity & smoke point 0.520

Densgity & vapor pressure 0.516
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TABLE 14
TEST FUEL HYDROCARBON TYPE ANALYSES (MASS SPECTROSCOPY, ASTM METHOD 2789-71)--
HIGH~-PRESSURE FUEL SAMPLE

Compound type 1 2 3 3 5 [ 1 8 3 10 11 12
Liquid voluma percant in fusl numbar

Paraffine 62.2 37.6 45.6 30.6 [ 85.3 42.3 29.1 3.9 22.8 33.0 43.9
Moanocyclo-paratfine 26.1 20.5 25.0 10.4 15.1 23.4 41.0 28.0 3.4 20.5 30.2 39.1
Dicyclo-paraffins 3.4 —_ - 2.4 3.7 1.1 3.1 1.9 1.6 2.3 3.1 3.3
Alkylheuzenss 8.6 1.6 11.0 35.6 35.3 16.2 7.5 11.3 9.4 32.4 0.4 7.6
Indens avd tetraline 1.3 4.3 3.3 0.6 1.0 1.4 4.l 6.1 5.2 — 1.8 4.1
Napthalenes 0.6 24.8 15.1 0.4 0.5 0.6 2.0 23.7 12.3 1.0 1.% 2.0

Total sromstice 10.3 41,9 29.4 56.6 6.8 18.2 13.6 41,1 27.1 33,4 33.7 13.7

TABLE 15

TEST FUEL HYDROCARBON TYPE ANALYSES (MASS SPECTROSCOPY, ASTM METHOD 2789-71)--
LOW-PRESSURE FUEL SAMPLE

Compound type L z ] e 6 z ) ? o n 12
Liquid voluse parcent in fuel number
Paraffins 63.8 40.1 42.0 —_— 43.5 8.1 45.1 3.4 39.8 32.9 7.8 41.5
Movncyclo~paraffing 22.0 25.2 5.4 -— 29.6 z1.} 4l.4 30.8 3.4 2.8 30.8 33.4
Dicyclo-parafiine 4,8 -—- _— — — 5.5 1.8 1.6 1.5 0.3 0.8 0.8
Alkylbanzenes 7.7 16.6 2.1 -_ 21.0 13.2 7.0 10.7 9.5 37.3 26.7 20.9
Indans and tatralins 1.3 31 1.7 -_— 1.5 1.4 3.2 5.2 4.l 0.1 1.8 1.7 ‘
Mapthalemss 0.4 15.0 3.8 -— 4.4 0.5 1.4 18.3 9.7 4.4 5.1 1.7
Tntal aromatics 9.4 3,7 32,6 -_ 26.9 15.1 11.7 36.2 23.3 42.0 3.6 26,3

#*Fual sampla lost in shipwent.

Table 18 presents the conventional fuel data, generated by the Air Force lLo-

——

gistics Command Fuels Laboratory at WPAFB, These data may aid in assessing

v the variability and accuracy of test methods and for comparison to these fuels

used in other investigations,

vt

Some fuel property data shown in Table 18 duplicates data generated by Mon-
santo Corp. and was presented earlier in this subsection, Whenever fuel pro-
perty tests were duplicated (for exaaple aromatic content and distillation

data), the Monsanto results were chosen to define the fuel properties,
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TABLE 16
TEST FUEL GAS CHROMATOGRAPHIC SIMULATED DISTILLATION (ASTM METHOD D2887)-~
HIGH-PRESSURE FUEL SAMPLE

Fuel number

percent recovered 1 2 3 6 s 6 1 S R N T T
0.5 (IBP) 294 308 296 238 308 299 402 381 374 393 401 402
1.0 295 s 300 308 318 308 425 401 397 412 411 416
5.0 334 359 339 335 358 343 451 437 436 420 425 442

10.0 353 mn 362 364 375 264 464 452 450 428 433 456
20.0 3638 403 384 397 402 390 479 465 AN 438 439 470
30.0 384 426 299 416 419 40} 488 476 475 460 456 481
40.0 399 456 423 428 437 425 497 485 484 446 471 490
50.0 416 482 451 436 448 44] 504 496 492 462 483 500
60.0 441 496 473 440 453 460 513 500 500 481 439 <08
10.0 463 516 490 445 464 485 520 507 507 495 504 520
80.0 483 521 505 4h3 489 509 533 521 519 510 516 539
90.0 503 560 523 498 516 546 545 533 531 529 531 554
95.0 518 554 531 517 530 578 554 542 sa4l 543 s43 575
99.0 536 577 557 548 551 604 $70 563 560 568 560 598
99.5 (¥BP) 541 587 547 559 557 612 576 569 569 579 568 604
TABLE 17
TEST FUEL CHROMATOGRAPHIC SIMULATED DISTILLATION (ASTM METHOD D2887)--
LOW-PRESSURE FUEL SAMPLE
Temparature (K) at Fuel number
percent recoverad 1 2 3 4 S 6 7 8 9 10 11 12
0.5 (IBP) 298 310 302 - 306 282 348 3s8 342 304 323 330
1.0 300 322 312 -~ 326 29) 368 380 263 324 kY 342
5.0 338 3z 359 - 364 326 423 429 414 362 380 391
10.0 300 388 375 - 382 47 451 445 443 38g 407 418
20.0 378 416 401 .- 415 373 471 461 466 416 425 438
30.0 397 448 429 - 436 391 481 472 478 421 433 448
40.v 4ia 454 462 i L4k 412 492 4Bl 490 433 456 471
50.0 438 486 457 -— 466 427 499 492 497 452 471 484
60.0 458 501 479 —— 483 451 508 497 508 471 482 496
70.0 478 517 495 - 498 474 516 505 513 486 4695 510
20.0 496 526 511 — 510 495 528 517 5217 500 506 525
90.0 515 S44 529 = 529 528 S&1 530 540 518 520 566
95.0 529 558 541 ——- 545 560 551 540 552 53i 534 570
99.0 549 580 365 s 578 586 389 563 578 552 254 601
99.5 (FBP) 563 590 576 — 590 592 375 571 590 560 564 610
“Puel wample lost in tramnsit.
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TABLE 18
TEST FUEL CONVENTICNAL INSPECTION DATA~-HIGH-PRESSURE FUEL SAMPLE

Ffuel nymber

Hethod 1 2 3 4 i3 6 1 a 3 10 u 12
DIa? Cravity, °ABI 54.0 37.9 (T3 41,1 4.3 49.7 42.2 32.1 7. 36.8 39.4 2.0
D2386 Freszing point, K <215 226 <213 205 208 2t 228 226 225 220 224 244
0381 Existent gua, ag/100 @} 0.8 2.2 2.6 1.4 2.2 1.4 1.2 2.6 1.6 a.8 0.2 1.4
D120 Luminoseter number 76 24 34 2z 3 33 50 16 10 19 2 4B
D1266 Total sulphur, wt % 0.02 0.0t 0.0l 0.00 0,00 0.02 0.09 0.0% 0.02 0.03 0,05 0.03
51319 Aromartics, vol % 1.6 43.2 31.0 59,1 40,1 21.0 19.0 48.2 33,1 58.5 40,6 17.6
01319 Olefins, vol 2% 0.8 0.7 0.3 9.4 0.8 0.8 1.9 2.3 2.6 1.8 2.2 1.7
Ds6 Plashpoint X -— e -— --- --- -— 33 332 333 316 323 339
4.1 Cistillation
Initisl boiling point, K 313 346 341 351 %7 347 50 455 460 432 440 466
101 37 388 380 406 389 378 473 476 475 4Gl 451 .79
202 387 405 396 418 404 399 480 %82 480 4ab 457 [1.1%
501 428 470 454 432 432 442 493 496 493 459 479 501
901 498 $le 518 4B2 493 542 520 52 320 517 518 547
Endpoint -— 347 551 524 522 550 538 545 512 538 $3e 576

D. GENERAL TEST PLAN

The twelve experimental fuels exhibit significant variations in fuel hydrogen
content, aromatic content, aromatic type {single ring and multiple ring), dis-

Taole 19

gummarizes come of the key combustor performance parameters that may be af-

tillation characteristics, and viscosity as shown in Section III-C,

fected by these fuel property changes, To fully assess the fuel property ef~

fects, a comprehensive test program was generated to encompass essentially all
important operating conditions. This overall test plan sequence is shown in
Figure 14. High- and low-pressure test series were accomplighed in the same
DDA test facility. High-pressure tests include:
o Performance tests

¢ Fouling and carbonin

Performance tests were accomplished at idle, altitude cruise, dash, and SLTO
conditions., The fouliug and carboning test is a separate test, performed at

SLTO conditiona. The low-pressure tests include:

o Sea level start tests (ambient and cold days)
o Altitude ignition tests
o Idle LBO

30
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TABLE 19
FUEL PROPERTY EFFECTS ON COMBUSTOR PERFORMANCE

Potential combustor

T
; i Kev fuel nroperties Process affected performance effects
i Hydrogen/aromatic Fuel breakdown process 1. Radiation (liner
’ content (carbon formation) wall temperature)

|

i 2. Carbon deposition
y (dome, nozzle,
1

i

|

liner)

3. Emission levels

e ¢ i——

: Volatility Initigl vapor formation Ignition performance

: (vapor pressure) (SL and alt)

i

i Surface tension Initial vapor formation Ignition performance
Boiling range Reaction time Combustion efficiency
(10% boiling point, Exhaust temperature
end point) pattern
Fuel stability Fuel breakdown/gumming Fuel nozzle coking/
{(JFTOT breakpeint) tendency plugging in long-term

service

The high-pressure tests were done first to use most of the fuel immediately
after blending. The entire quantity of an experimental fuel was blended at

| one time. After blendiung, a one-drum sample was sent to WPAFB for analysis,

i and another two drums were set aside for low-pressure testing later. The bulk
‘ of the experimental fuel was burmed in the high-pressure tests. Upon comple-
tion of all high-pressure fests, the low-pressure tests were run from the two-—

drum fuel quantities previcusly set aside. This operating sequence minimized

PRy S

fuel handling, storage, and safety problems. Figure 15 presents a milestone

chart of key test plan events.

To ensure that fuel character was maintained, the entire system was drained

after each test (high and low pressure) and was then air purged. After the

! purgi_ngp the system was filled with 30 gal (113.6 L) of the next fuel, circu-
! lated, and then drained and purged again, The system was then filled and cir-

culated.

In addition te the aforementicned one-drum fuel sample, three other fuel sam~

ples were drawn during the test sequence. The rig fuel sample point was lo-
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procedures.

stability.

Operating Conditions

—
i
i
4
{
!
Instali ;’
combustor i
4
Ty ) 3
Performance and SL starts 1
flame stability ¢ Standard day
o idle * Cold day i
* Altitude cruise Switch to i
e Dash ;
next fuel !
« SLTO 1\“ 1,
. Altitude ignition j
Switch to & Four pressures
next fuel ) * IGN and LBO _
* Fouling and , ‘
carboning i
(SL70) ]
All ‘
fuels
All - completed ?
fuels NO Yes
completed ?
No Yes Testing
complete
High Pressure Tests low Pressure Tests
TE-7102

Figure 14, - Detailed Test Plan Sequence and Test Points.

cated as close to the fuel nozzle as physically possible to ensure that tche

fuel to the combustor and the fuel withdrawn at the sample point were equiva-

A 1-qt (0.9-L) sample of each fuel was withdrawn at the combustor at the start i
of the idle tests and at the start of the low-pressure tests. These samples

were sent to AFAPL for analysis to verify integrity of the DDA fuel switching

A l-gal (3.8-L) sample of each fuel was withdrawn during the fuel

fouling and carboning tests to document any changes in the fuels' thermal

The combustor rig operating conditions for the Figure 14 test points are shown

in Table 20,

The condition scale is summarized in Table 21. The idle, alti- .
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Figure 15. - Key Test Plan Events.

tude cruise, and SL start conditions are at full engine scale. The dash and
SLTO pressures and airflows are mildly scaled to approximately 85% of engine
values as a result of the facility pressure limit. The altitude ignition

points were run at pressures corresponding to nominal 3, 11, 12 and 15 km (0.6
flight M, 3 sec engine out).

tests.

Ambient inlet temperature was used in these

This represents approximately 80% condition scaling on inlet tempera-
ture. Airflow was scaled to wmaintain flow factor (wA ﬁ-/'P). Since temper-
ature is legs than actual engine conditions and airflow is greater, conserva-

tive altitude ignition results were obtained.

The standard procedure for each fuel was to run a BOT survey at four sets of

conditions! idle, cruise, dash, and SLTO. Airflow and inlet pressure were

initially brought to near the required point, and the inlet temperature was
then attained with thermal research heaters. The combustor was fired at the
idle conditions, and the flame was maintained throughout all high-pressure

testing. Stable emissions data deterwmined the initiation of data acquisi-
tion, The emissions cart remained "on line" only during the time required to

take manual data.

Immediately after the SLTO point, the fuel was heated to 366 K and run for 1
hr at takeoff conditions to investigate the nozzle fouling and liner carboning

characteristics of the fuels. Upon shutdown, the flame was maintained umntil

33
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TABLE 20
COMBUSTION RIG TEST CONDITIONS

13.9

15.2

18.9

2i.6

21.6

964

1141

1405
1504

1504

W, ¥ BIP,k%  BIT,**
?
kg/sec MPa K WAJT/P
I. Performance and
flame stability
Idle 1.06 0.293 422 74.2
Alt cruisge 1.70 0.511 577 79.9
{10.7 km)
Dash (SL)* 5.49 1.950 740 76.6
SLTO* 5.36 1.969 760 75.0
II. Fouling gnd
Carboning*
o SLTO* 5.36 1.969 760 75.0
IIT. Sea level starts
and LBO
o STD day 0.76 0.117 Amb 110.0
o Cold day 0.79 0.117 262 110.0
IV, Altitude ignitiom
& LBO (3 sec out conditions)
3;049 m, 0.6My 0.89 0.149 Amb 101.0
10,668 m, 0.6My 0.55 0.093 Amb 101.0
12,192 w, 0.6My 0.47 0.079 Amb 101.0
15,240 m, 0.6My 0.34 0.062 Amb 101.0
*Scaled condition, see Table 21
**Condition at diffuser inlet
***Condition at combustor inlet
34
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TABLE 21

SUMMARY OF CONGITION SCALING

Test point

1. Performance and Flame Stability
Idle
Alt cruise (10,668 m)
Dash (SL)

SLTC

Il. Fouling and carboning

SLTO

ITI. Sea level starts and LBO
Std day
Cold day
IV, Altitude ignition and LBO
(3 sec out conditions)
3,048 m, 0.6My
10,668 m, 0.6My
12,192 m, 0.6My

15,240 m, 0.6My

Test scale

100%
100%
87.0% on BIP, and Wy

85.0% on BIP, and W,

8§5.0% on BIPF and Wy
Factor of 500 on fuel fouling
rate

100Z depending on Typhient

1002

80% on BIT; Wy scaled to
hold Wy JT/P

the outlet temperature was 533 K to minimize the thermal shock effects. After

shutdown, the rig was opened up, and pictures of the liner interior were taken

for carboning documentation., The fuel rozzle was then removed and flowed, and

samples were weighed for fouling effects determination.

After the high-pressure testing of all fuels, the rig was set up for ignicionm

work. Ambient temperature sea level and altitude points for each fuel were
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run first with the rig set up for evacuaticn. The inlet air was thon refrige-
rated to 272 R to attempt the SL cold ignition. TLis was fallswed by the
high-pressure ignition and LBO for idle and cruis~ conditions. For all igni-
tion testing, airflow and inlet temperature were set, and attempts to fire
were made at small increases of fuel flow, Fuel flow was then decreased -mtil

the flame was extinguished. This process was repeated until the band narrowed.

2. Fuel Fouling Test Detail Plan

a. Introduction

Fuel nozzle fouling can result from fuel thermal decomposition and is general-
ly a long-term problem, This can occur in the fuel nozzle feed arm, the noz-
zle tip, and the fuel injector face. The fouling tendency of the 12 experi-~
mental fuels was evaluated in a special l-hr rig test (concurrent with the
carboning test). The fuel temperature was increased and che fuel nozzle was
modified to increase the potential fouling rate so that the special test would
simulate long-term fouling. The selected fouling test strategy was based on
an analysis of fuel fouling rate, TF4l engine duty cycle, and a fuel injector

thermal analysis.

b. Fuel Fouling Rate

A number of experimental studies to determine the effect of fuel temperature
on coking rates have been completed. Most of these employed standard pro-
cedures (ASTM D1660 and D3741). Data from an EXXON study (Referenmce 4) were
used to estimate fuel fouling rates., Analysis of the data for standard JP-5
indicated a nearly linear Arrhenius plot over the range 215-350°C with a
coking rate increase of 280. These results indicate an apparent activation
energy of 24,000 calories per mole for fuel decomposition reactions. Based on
these resulrs, the relative fuel fouling rate &s a function of temperature is

shown in Figure 16.

c. TF4]1 Engine Duty Cycle

The TF4l duty cycle was determined from an analysis of typical shore-based

misgion profiles (Reference 5). These missions and mission mixes follow:
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Figure 16. - Relative Fuel Fouling Rates.

The mission descriptions (time, altitude, engine rpm) allowed an approximgte
breakdown of each of the missions into the four engine performance modes of
this program from a consideration of engine power versus engine rpm, as illus-
trated in Figure 17 for sea level. The results of this mode breakdown analy-
sis are shown in Table 22. The overall duty cycle resulting from the mission

mix follows:

SLTO 122
Dash 22%
Cruise 37%
Idle 292
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TABLE 22
ESTIMAT™D MISSION-MODE BREAKDOWN

Misgion time in mode, %

TE-7104

Figure 17. - TF4]1 Eugine Power Versus Speed.

SLTO Dash Crulse
20 47
21 0 57

1 64 i3
20 0 44
32 20 25
10 1 43
13 Q :
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1 d. Fuel Injector Thermal 4nalysis

The TF41 fuel injector is shown in Figure 18, The feed arm has separate pilot
and main fuel passages. The feed arm is exposed to high-temperature and
~pressure air, especizlly in the core engine. This increases fuel iaterfac~

temperature with potential fuel fouling. Feed arm fouling deposits can flow

to the nozzle tip to block flow, especially in the pilot. Fuel nozzle fouling
! is also conceivable in the tip itself or on the fuel nozzle face as a result

} of the thermal breakdown.

Fan
duct

%

! f |
| engie %éi

TE-7105
Figure 18. - TF4l Engine Fuel Injector,

The fuel nozzle feed arm temperatures were estimated at idle, cruise, dash,
and SLTO by a finite-alement convection/conduction heat transfer analysis con-
sidering the air heating and fuel cooling. Typical results (at SLTIO) are

shown in Figure 19 for ambient (27°C) fuel inlet temperature. The analysis

B R TENE e s Foy A ST S P—
i e~ T

indicates very high feed arm/fuzl interface temperatures (up to 3189C).

i : These high temperatures can cause fuel breakdown {fouling). The pilot and

. main peak interface temperatures, relative fuel breakdown rates (from Figure
. i 16), and fuel fouling in each engine mode are summarized in Tables 23 and 24.
41 The following conclusions are apparent:
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1. As a result of the low pilot fuel flow, the most fuel fouling (by a " .'.':t
L factor of 6000) is expected in the pilot passage. 2
F 2, The pilot passage has a maximum fouling temperature (at SLTD) of 7
:- 318°Cc , ‘L“_l
: 3. The pilot passage has 49 of its fouling at SLIO.
. 4, The main passage has a pesk fouling temperature (at SLTIO) of 13h°C.
: 5. The main passage has 27% of its fouling at SLIO, .
i i ‘
o _..
:
| : Sea level takeoff combustor conditions
|_ " Fuel inlet temperature ~ 27°C 1 N
! 286 239 [
| T 2 | §
po : ¢ o219 | '
{ 336 L 258 _J: _____ 0189 & 5
| m %00 0 F107 | 134 |
!. 229 " 18 '
: Pllot Bulk Main Bulk {
Fuei temperature = 33°C Fuel temperaturs -28°C ) -
| TE-7106A | .
| | =
: Figure 19. - Typical Calculated Fuel Injector Temperatures. | o
| TABLE 23 t
_: FUEL FOULING RATES (ANALYTICAL)
Fuel fouling rate -
. interface temperaiures, °c {1 st 27 °c) | =
f Mode Percent Pilot Main Pilot Main | B
I i
| x SLTO 12 318 134 3.2x1008 3x10
| ' Dash 22 307 133 1.8x108  3x10
) Cruise 37 179 118 5 x10° 1 x10*
L Idle 29 88 69 1 x 103 200
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TABLE 24
FUEL FOULING (ANALYTICAL)

Fuel fouling

(rate x time) Percent fuel fouling
Mode Percent Pilot © Mein Pilot Main
SLTO 12 3.8 x 107 3.6 x 107 49 27
Dash 22 4.0 x 107 6.6 % 10° 51 50
Cruise 37 0.02 x 10’ 2.9 x 10° —_— 22
Idle 29 —— 0.1 x 100 - 1
Total 7.8 x 107 13.2 x 10° 100 100

The fuel nozzle tip temperature was estimated as 149°C at SLTO. The temper-
ature of this component is much less because this fuel injector part fits into
a fuel injector ferrule and therefore does not experience much convective
heating. With low tip temperatures, the tip will have a fouling rate 3000
times less than the feed arm pilot passage.

Fouling can algo occur on the fuel nozsle face. The temparaturu of this item
is influenced by interactions with the combustion zone that are not readily

analyzed. The TF4l is not prone to this type of fouling on standard Zuels,

however.

With baseline conditioms establizhed, analysis wag contiuved to define severe
conditions (by fuel heating or othcr mesns) wiin the goazl of obtaining, in the
l1-hr SLTO fouling test, the fouliug expected in 500 engine service hours, The
analysis indicates that the pilo: feed arm pagsage ig expected to have the
greatest fuel fouling., Mission snalysis, as previously presented, indicates
that 1 hr of SLTO operation is equivalent tec L.l br of mission operation.
Therefore, a pilot fculing rate increase of 127 is required to duplicate 500
engine service hours. Figure ¢ indicatez that this requires an interface
temperature increase from 3i8 to 4777, However, experience with the TF(]
combustion rig indicates that the fouling rate weould be excessive ar this tem-
perature. For instance rig percotice is to start fuel flow at SLTO hot condi~

tions (487°C LIT}. With this procedura, the pilot nozzle often plugs in-
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atantly, indicating that the fouling rate at 477°C would be excessive, even
with conventional fuel. In view of this consideration, an intermediate goal
temperature of 393°C was used, providing a severe fouling test equivalent to
approximately 75 service hours. A fouling rate increase was also imposed on
the nozzle tip temperature from an estimated 149 to 204°C, providing a se-
vere fouling test equivalent to 115 hr of mission operation for this component

per previous considerations.

Heat transfer studies were done on requirements to elevate the nozzle arm pi-
lot interface temperature from 320 to 393°C. The effect of fuel heating and
pilot flow is shown in Figure 20. The pilot interface temperature does not
respond sufficiently to these measures because of conduction to the wmain
"siak." To overcome *his problem, 50 and 100% depth fuel nozzle slots, to
thermally isolate the pilot passage as illustrated in Figure 21, were stud-
ied. These results, shown in Figure 22, indicated that this approach could
provide a reasonable solution. The nozzle was therefore completely slotted,

and the pilot flow was reduced to 30X of normal flow to provide the severe

Goal

2

]
=

- Fuel inlet

Metal 4 iquid Interface temperature—~"C
b
(V)
[=]

temperature~"C
27
®
93
i L 1 _ |
300 10 3050 10

Percent pilot fuel flow
Te-7107

Figure 20. - Effect of Fuel Flow Rate and Fuel Inlet Temperature on Nozzle

Feedarm Interface Temperature (Standard Nozzle),
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to 50% of hody thickness

l—Combined slot penetration

@)
Combined siot penetration

to 100% of body thickness

TE-7108

Figure 21, - Slotted Fuel Nozzle Configurations.

fouling conditions to simulate 75 service hours. The main fuel was heated in
a steam heat exchanger to 93°C to provide a simulation of 115 hr service
hours in the nozzle tip. This solution, althougn falling short of the origi-
nal goal of 500 hr of service simulation, provides the most severe fouling
conditions practical without major modification to the test rig or rig oper-

ating procedure.
The fuel system components applicable to the fouling test are shown in Figure

23. Pilot and main fuel flows were separately established and measured by

individual Flo-trou mass flow meters and thermocouples.
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Metal Jiquid Interface temperature—"C

0
) L |
300 10 30 50 100
Percent standard pllot fuel flow
TE-7T109

Figure 22. - Effact of Fuel Flow Rate and Nozzle 5lot Depth or Nozzle Feedarm

Pilot Iluterface Temperature

Pliot qu /F\ Pila
fuel e Fuel Fuel nozzle
Flow control  Fiotron temperature pressure

valves flowmeters
Maln Dl:] @ LQT_DQMain

fuel l 0390 nozzle

Fuel 1}
heater Fuel
sample

Flow
valve

TE-7110
Figure 23. -~ Fuel System Schematic for Fuel Fouling Test.
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SECTION Iv
RESULTS AND DISCUSSION

This section provides a summary of major results obtained from the test pro-
gram. The first subsection (A) presents actual high-pressure test conditioms
and any correction/normalizing factors applied to the raw data prior to anmaly-

’
sis. Detailed test results from all rig testing are tabulated in Appendix 4.

Results of the analyses of combustor performance with JP~4 and JP-8 at differ-

e e+ o o e,

ent power sattings are discussed in Subsection B. Linear regression analyses

J r—

of test results correlated with fuel properties are presented in Subsections €

e ey

(single variable) and D (multipla variables). Projections of combustor and

turtine hardware lifs based on this test program are discussed in Subsection E,

A, TEST CONDITION SUMMARY

-
e e e e e

Although great care was taken to reproduce test conditicns for successive
fuels, some variation in the setting of test parameters is unavoidable.

: Tables 25 through Z8 present some of the important test parameters for the

four high-pressure test points: idle, altitude cruise, sea-level dash, and
sea—~level takeoff, It can be seen that as inlet flow rate and pressure level
increase (to simulate conditions from idle to SLTO) variability from set point
is significantly reduced. 1In order to permit precise comparisons of the re-
sults, the emissions data for oxides of nitrogen (NOx), carbon monoxide

(CO0), and unburned hydrocarbons (UHC), were corrected to respective full en-
gine operating conditions for the four test points, described in Table 20,

The NOx emisgion indices were corrected for pressure, combustor inlet tem-

re

y COm

1 : peratu Ust oL exil fewperature, and reference veloecicy. €0 and UHC

; emission indices were corrected for pressure only. Smoke data are presented

as measured at the rig overating conditions. The correlations used follow:

Oxides of Nitrogen

0.5

NO‘ corr = (NOx meas ) PT in €OTT Vref meas Tour. corr exp Tin corr = Tin meas
- P

i
\ T in 048 Vref corr Tout meas 288

e e B e e ——

(Reference 6)

) No relative humidity measurements were taken during rig testing, therefore no

i humidity correction can be made. Relative humidity measurements made in simi-
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lar DDA rigs at comparable test conditions indicate 14-20 grains of water va-
por per kilogram of dry air.

Carbon Monoxide

P. . corr

PT in Teas ;
€O corr = (CO meas) f[——— i
' T in

(Reference 7)

Unburned Hydrocarbons 1:

P, . corr
T in

PT iu meas !
UHC corr = (UHC meas) [ B :
(Reference 7) 3

where: NOx = Emission level of oxides of nitrogen, j
Equivalent No,, g/ kg fuel
co = Emission level of carbon monoxide, g/kg fuel
UHC # Emission level of unburned hydrocarbons,

Equivalent CH,, g/kg fuel

i

4 '

P in = Combustor inlet total pressure, atm 4 f
L = Combustor inlet total temperature, K ¥
Voas = Reference velocity, m/s h?
Tout = Combustor exit total temperature, K I

and subscripts:

corr = Relates to value at corrected (engine) ’
condition
meas = Relates to value at measured (rig) condition 4
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TABLE 25
COMPARISON OF IDLE RIG TEST CONDITIONS TO ENGINE CONDITIONS
F/A req, F/A test,
Fuel No. BIT, K* BOT, R¥* glkgk*x g/kg
1 416 956 13.9 l4.1
2 409 930 14.4 14.2
3 427 985 14.2 14.8
4 446 1029 14.3 15.5
5 429 959 14.2 14,2
6 437 1003 14.0 13.8
7 425 857 14.0 14.0
8 434 1025 14.4 15,0
9 438 1003 14.2 14.5
10 432 985 14.4 14.4
11 416 992 14.2 14.6
iz 431 543 14.5% 1%.%

*TF4] idle BIT is 422 K.
**TF4]1 idle BOT is 964 K.
**XF/A ratio required to achieve TF4]l idle temperature rise of 542 K (7= 100%Z).

B, PERFORMANCE ANALYSIS

The kest program matrix was completed with ne majo
ation. Posttest fuel sample analysis indicated contamination in the ignitiom
test fuel samples, which resulted in the need to use different fuel properties
to correlate the ignition test results (refer te Section III-C). This subsec~
section presents & comprehensive summary of general combustor performance
characteristics over the specified range of simulated engine conditions (power
level, altitude simulation, etc). JP=4 and JP-8 performance resulte are pre-

sented. DDA facility JP-4 test results are also presented wherever appli-
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TABLE 26
COMPARISON OF CRUISE RIG TEST CONDITIONS TO ENGINE CONDITIONS

F/A req, F/A test,

Fuel No. BIT, K* BOT, K** g/ kghk* g/xg
1 575 1063 15.2 15.2
2 585 1146 15.7 16.0
3 604 1137 15,5 15.1
4 577 1130 15.6 15.4
5 579 1107 15.5 15.3
6 582 1157 15.3 15.6
7 578 1038 15.3 15.1
8 570 1135 15.7 15.8
9 577 1128 15.6 15.5
10 583 1158 15.7 15,7
11 570 1130 15.5 15.4
12 575 1125 15.3 14.7

*TF41 cruise BIT 1s 577 K.
**%TF4] cruise BOT is 1141 K.

**%F/A ratio required to achieve TF4] cruise temperature rise of 564 K (7 =
100%Z).

cable. Single~ and multiple-variable regression analyses in Sections IV-C and

basic performance characteristics presented here.

1. CO and UHC Emisgiomns

Carbon monoxide (CO) and unburned hydrocarbon (UHC) emissions are products of
incomplete (i.e., inefficient) combustion and, therefore, are most prevalent
during low-power operation (idle and cruise). Figure 24 shows the strong
infiuence operating conditions have on CO formation. No effect of fuel varia-
tion (JP-4, JP--8) is evident. The same strong relationship to operating con-
ditions can be seen for UHC in Figure 25. Combustion efficiency, calculated

from gas emission data, is shown in Figure 26.
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TABLE 27
COMPARISON OF DASH RIG TEST CONDITICNS TO ENGINE CONDITIONS
F/A req, F/A test,
Fuel No. BIT, K* BOT, K¥* g/ kghicr gllg
1 749 1344 18.9 18.6
2 744 1403 19.5 19.6
3 745 1407 19.3 19.2
4 744 1409 19.4 18.9
5 749 1396 19.3 19.0
6 144 1411 19.0 18.5
7 739 1370 19.1 18.7
8 T44 1404 19.5 19.2
9 741 1377 19.3 19.1
10 746 1412 19.5 19.2
11 739 1407 19.3 19.3
12 743 1408 1.1 18.7
*TF41 dash BIT 1s 740 K.
**TF41 dash BOT is 1405 K.
**kF /A ratio required to achieve TF4l dash temperature rise of 665 K (9= 100%).
2. NO Emissions

Orxidea of nitrogen (NOx) are formed from oxidation of nitrogen, the sources
being inlet airflow and fuel-bound nitrogen. '"Thermal Nox" is an equili~
brium product of high~temperature combustion, and correspondingly is more evi-
dent at high-power operating conditions. Figure 27 shows the strong relation-
ship between operating conditions and thermal uox formation. Again, little

or no variation exists between JP-4 and JP-8 fuels.

3. Smoke Emiamsions

Like CO and UHC, smoke emission ia a product of incomplete cumbustion. How—

ever, high-efficiency combustors can produce visible smoke plumes of soot par-

ticles. The TF4l engine produces a visible smoke trail at nearly all high-




TABLE 28
COMPARISON OF SLIO RIG TEST CONDITIONS TO ENGINE CONDLITIONS

F/A req, F/A test,

Fuel No. BIT, R* BOT, Ki* g/kghr* _g/kg

; 1 759 1492 21.6 21.2
! 2 756 1474 22.3 21.7
% 3 759 1495 22.0 21.9
: 4 761 1508 22.2 21.6
; 5 756 1475 22.0 21.5
i 6 760 1509 21.7 21.2
7 758 1470 21.8 21.4

8 760 1497 22.3 21.8

9 767 1477 22.1 21.9

10 762 1488 22.3 22.2

11 757 1488 22.0 21.7

12 762 1503 1.8 Zi.6

*TF41 SLTO BIT is 760 K.

**TF41 STTO BOT is 1505 K,
***F; 4 ratio reguired to achieve TT41 SLTO temperature risc of 744 X (n= 10C%).

powar operating peints. Figure 28 shows smoke number as a2 Tunction of oper—
ating ‘evel, with wvisible smok: in avidence over most of the engire operating

range. JP~4 and JP-8 operations produce essentiaily the same smoke resul:.

o, Liner Wall Temperature

Liner and discharge nozzle wall temperaturez were measured at 3] igcations as

. g WA e

described ia Section ITI-B. Liner temperature is uotrongly influenced by flame
radiation and therefore by ovperating power leval. Figure 29 shows the highesti

liger metal tempezvature weasured 38 & funution of operating conditions.

Aerodynamic modeling of the TF4l combusiion cystem suggests a substantial

ovar-zuclirng of the liner barr¢l through the "wigglestrip" 200ling slots,
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Figure 24. -~ Effect of Operating Con-

ditions on CO Emission Levels.
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Figure 25. - Effect of Operating Con-

ditions on UHC Emission Levels.
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This is supported by service experience indicating nearly infinite liner

life. The bolt-on discharge nozzle (transition section) however suffers heavy
damage, particularly the inner wall ramp, in a relatively short service time,
High combustor loading, radical geometry change, and combustor zonal burning
characteristics are the suspected reasons for this condition. It is not suz-
prising therefore that in all instances the maximum recorded wall temperature

occurred on the discharge nozzle inner wall ramp.

Tn order to further study the effect of fuel properties on combustor durabili-
ty, liner barrel wall temperatures (primary and intermediate zone thermo-

couples only) were analyzed independent of the discharge mnozzle thermocoupls

data.

Figure 30 shows the maximum liner barrel temperaturs versus operating condi-~
tion, and indicates a substantial temperature reduction from the levels of
Figure 29. Figure 31 illustrates the average liner barrel temperature vs op-
erating conditions. The strong influence of increased radiation from in-

creased power level is evident.

1100
)'{ 1000} & @’. 1000
I Y
E 900 @ 900F < o
2 2
£ 800f C
5 2 O
g Tr & KEY £ 7004 KEY
g | S DDA faciity P-4 ] © O Test IP-4
5 Grestard z 00 & Test Jp-8
g 500} 8 & 5 500}
g ) C{ 2 4001
300 a S Lo \ L L ol L i 300 . . . N N ;N . N
B W 15 1 W 8 19 2 21 2 23 B o1 15 16 U 18 19 20 21 2 23
ruelfalr ratin—gkg TE§0~307 Fuetiatr ratio~gkg TEB0-308
Figure 30. ~ Effect of Operating Con Figure 31. - Effect of Operating Con-
ditiony on Maximum Barrel Wall ditions on Average Barrel Wall
Temperatures. Temperatures,
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5. Carbon Deposition

Fuel nozzle and combustor dome carboning characteristics were determined dur-
ing a special l-hr test at SLTO conditions, as described in Sectiom III-D.
Fuel nozzle flow numbers for JP-4 and JP-8 as recorded throughout the test are
ligted in Table 29 and show no appreciable clogging. Photographs of the fuel
nozzle face and combustor dome posttest are shown in Figures 32 and 33 for

JP=4 and JP-8 fuels. No significant carbon deposition was evident.

TABLE 29
FOULING AND CARBONING SUMMARY

Measured pilot nozzle flow nozzle

Flow Rig test data using test fuels Flow

bench Combustor rig operating time, min Bench
Fuel pretest¥ 0 15 30 45 60 posttest*
Jp-~4 12,78 9.72 9.72 9.72 9.67 9.72 13.11
Jp~8 12,89 11.14 i1l.14 11,14 11,14 11.09 12.07

Measured Main Nozzle Flow Number

Flow Rig test data using test fuels Flow

bench Combustor rig operating time, min Bench
Fuel pretest* 0 15 30 45 60 posttest*
JP-4 276 241 243 240 240 240 275
Jp-8 275 235 238 239 238 236 256

*Nonflammable test fluid used on flow bench, viscosity different from test

fuelso

. = kg/s fuel flow
Flow number units ‘iMPa fuel pressure differential

54

P b s A5 e o Mt 3ot . BB N it

A e e b et

e e e A TS a iy v R S LI SVBLA M2 v
i o

.o
[

R s

o




|
!
'
-
[+)
j=]
(<%
. !
s
]
; ]
; e
’ Q
o
o
‘; Lol
: 2
[=9
| a
[=]
o
é v
L
Q
@
—
N
N
o]
' =
-
V @
; =
’ 2
. el
=
o
k © _1
g :
{ 3] :
; g ‘
[ - l ‘
] 1
( | o ,
! e !
' i
i A ;
H i
. : :
o0 i
1 m :
| ]
. i
. 1
55
: .
e - s e et st .. i_
J RO R 1
T Rl e ¥ N . !
ik e il i :




Ll ot c4 Ca 8 TR A - = O T R I e T = W WET T AT — e ¢ ) - ‘é

i
{ .
S :
>
W J
¢ :
“. §

i ‘Toni g~dr--uor3ifsoda uoqae) d[zZoN JINJ PusB SwwqG - °¢¢ 2and13 ;

_ +

t

i

)

, .
) i
- :
Y. .

wm
he -
- o . T ma g
o s e e o " P, L el By AU o A ——— e -+ s o D ot P A, QS T 8 bt GRS . e b -

o ——

1)




e B A TR W T 0 RTINS L

6. Combustor Pattern Factor and Exit Profile

The combustor exit temperature distribution was measured with a five-clement
swing probe. Sample overall temperature distributions at SLTO for Jk-4 and

JP-8 fuels are shown in Figure 34. Peak temperatures generally occur in the

upper left-hand quadrant (looking downstresm) for all fuels.

The exit temperature pattern factor correlation to operating conditions 1is

shown in Figure 35. Pattern factor is relatively constant at all cff-idle

’ operating power levels, Radial temperature profiles at the combustor exit are

shown in Figure 36. As power level increases, the radial profile flattens

/
{

Fuel 7 (P

Pipis a7¢
shown In °F

TE-T4%

Figure 34. = SLTO Qutlet Temperature Patterps.
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Figure 35. ~ Effect of Operating Con- Figure 36. ~ Effect of Operating Con-
ditions on Combustor Temperature Pat- ditions on Combustor Exit Radial Tem—
tern factor. perature profile.
appreciably. Very lilile difference between JP~4 and JP-8 pattern facter re-

sults can be noted.

7. Altitude Ignition and L30

Altitude ignition tests were conducrad to establish the approximate altitude
ignition envelope and stability margin. The experimental work was conducted
at 0.6 MN flight conditions at 3 sec flame out. The nominal start condi-
tions Lhai were atiewpied iu this program are listed inm Table 38. 4 calcu-
lated parameter, § (Reference 8), is used to quantify the severity of the com~
bystor loading. Altitude ignition and LBO data are usefully correlated to

the # parameter, defined as follows:

0 = p1'75Ar h e

W
c

T/b
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» combustor loading parameter

= combustor inlet pressure, kPa

combustor height or dia, m
= bage of natural logarithms

= combustor inlet temperature, K

o 3 0 = ? g @
»

= function of reaction zone equivalance ratio, taken as

stoichiometric conditions

W, = combustor airflow loading, kg/s

S - e
[

difficult combustion conditions are indicated by low fvalues.

ficult start conditions.

TABLE 30

NUMINAL STAKT CORDITIONS

1 tial.
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I)
= combustor reference area (cross section between combustor cases), m

300 at

@ is basically the chemical reaction related to combustor loading, so that

Figure 37 is g

plot of @ versus altitude for the TF4l at 0.6 My» 3 sec out windmill condi-

tions. With increasing sltitude, 0 reduces drastically, indicating more dif-

P Y v, T F/A ratio, g/kg¥**
: Condition kg/s kPa K_ 0 Pilot, max
Alt cruise 1.70 511 377 678.3 14.4
Idle 1.07 293 422 242.9 23.6
| 3.0 km windmill®* 0.88 149 283 56.9 28.9
i SL start** 0.79 17 283 41.5 32.6
10.7 km windmill 0.60 93 283 36.6 42,7
: 12,2 km windmill 0.52 72 283 31.7 49,9
15.2 km windmill 0,40 62 283 27.0 64.1
é *All windmill conditions at 0.6 flight My, 3 sec out.
P **Equivalent to 6.7 km windmill.
J o *¥Maximum PZ F/A ratio obtainable on pilot at 4.5 MPa fuel pressure differen-
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Figure 37. - Effect of Altitude on Combustor # Parameter.

Figure 38 illustrates successful ignition results for JP-4 and JP-8 fuels.

Rig ignition results on JP-4 exceed the engine specificatiom, but rig results
on JP-8 fall below the engine JP-4 spec.

18 18
KEY KEY
© Demonstrated ® Demonstrated
start, P4 o start, JP-8
B 15
|74 ‘ vk
g 0 g / .
E €
P Hot engine JP-4./ ¥ o Hot engine Jp-4-J
2 rellght specification o relight specification
z (3~sec spooldown) ._3 (3-sec spooldown) i
6 <4l
3} o] 3} e
ok 1 I Lol i L ¢ 1 1 1 1 | S
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1¢
Aight Mach number Flight Mach number  TES)-312
Pliot fuei flow only
Figure 38. = Altitude Relight Envelope Limits--JP-4 and JP-8 Fuels.
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8. Sea Level Starting and Stability

Sea level start and stability tests were conducted at ambient inlet (approxi-
mately 15°C) and cold inlet (approximately -29¢) temperature levels. The
rig environment simulated engine ground idle operating conditions. The resul-
tant ignition and LBO F/A ratios for JP-4 and JP-8 are shown in Figure 39.
The data does not readily correlate with inlet air temperature as might be

expected, but JP-8 fuel does indicate a higher F/A ratio requirement than ;P-4
for ignition and LBO limit.

Generalized combustor stability, as described by F/A ratio at LBO versus the §
parameter, is detailed in Figure 40. As previously mentioned, low # values
indicate more severe starting and stability conditions. Again JP-8 ruel ex-

hibits g more restricted LBO envelope than JP-4.

12,00 —
Start minimum
10,00} o o
i c
o)
8. 00
- KEY
r | OTest JP-4
':‘é OTest JP-B
A~ 6.00F
Q
T
E =
L B Lean blowout
4,004 @
N ®
2.00f-
[ A 3 1 L
-10 0 | 10 20 30

Infet temparature~"C
Cold dsy~——l—- Ambient day TE80-313

Figure 39. - Effect of Inlet Temperature on $Sea Level Ignition and L3O.
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Figure 40. - Effect of Combustor 6 Parameter on LBO F/A Ratio.
C. SINGLE-VARIABLE LINEAR REGRESSION ANALYSLS

The TF4] combustion system was tested in a single liner rig test with 12 dif-
forent fucls consisting of basic JP-4 and JP-8 fuels and blends of these fuels
with arometic and paraffinic stocks to alter the basic fuel properties. In
the process of blending fuels to vary specific properties, invariably other
properties are affected. In this program fuel properties of interest were
analyzed to determine which ones were statistically interrelated (refer to
Table 13). The fuel properties were then grouped into two categories. Ele-~

) ments of each category have a significant statistical relationship to the

other elements of that particular group.

The fuel properties used in the data analysis presented in this report can be

H grouped aa follows:

\

i

{

i o Gronp I

1 . Hydrogen content

} Armmatic coatent-—-total, gingle, and multiple ring

Swoke point
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o Group IL*
10X boiling point distillation temperature
End point distillation temperature
Viscosity
Surface tension
Vapor pressure

Breaktoint (JFTOT)

These individual fuel properties were used as the independeat variables in a
single-varigble linear regression analysis technique to relate fuel property
changes to changes in basic combustor performance parameters. These combustor
performance paiameters, detailed in Section IV-B, serve as the dependent vari-

ables in the regression analysis and include the following:

o SLTO conditions
Combustor efficiency
Emission levels--CO, UHC, NOx and smoke number
Pattern factor

Liner metal temperature - maximum, average
o Idle conditions

Combustor efficiency
Emission levels--CO, UHC

o Low pressure conditions
Idle ignition and LBO F/A
Cruise LBO F/A
SL ambient inlet ignition F/A
SL cold inlet ignition F/A

Maximum ignition altitude and LBO F/A

These regression analysis results were examined for causa/effect relation-
ships. A good correlation; one which would indicate a significant cause/ef-
fect relation, was arbitrarily designated as any fuel property—combustor per-
formance regression analysis result with a coefficient of determination (R2

value) of 20.400. A list of all correlation results

*This group contains many of the physical properties of fuels.
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(R? values) from the regression analysis can be Iound in Table 31. “he

ey ik

haat-fit regzression results {where R® 2 0.400) are discussed in the follow-

ing text. ]

——

TABLE 3!
SIMGLE-VARIABLE LINEAR REGRESSICNS SUALARY

U gh-Fressura Pue! Sample

s

PR P .
i

Cosfficiant of date mination, B3

Saa-level takeolf . S ldle
Liner Barrel Barrel ]
Fual co THC wy Combustivn Seoke Pectern mp~ reys avg €0 Combugtion
Jrgparty smissions ion emission efficiency emi‘sion factor  tump. tewp. tawp. mingic efficiency 1
Bydrogen N
coatent 0,633 0.21y 0.36¢ 0,655 0.490 0.18)  0.498 (.400 0.3 0. 0ue 0.232 0.189 E
Totsl arcmatie
i contast 0.523 0.197 0.230 0.52 wslt 0.258  0.221 0,190 0.158 0.026 .32l 0,283 {
i Jingle ~in3 31
: aromsric conmteot 0.146 0.048 0.044 0.169 0.:04 0.260 9 12% - 0.004 0.074 0.3e8 0.304 i
! Muso.sriong i
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l. Combustor Efficiency--SLTO and Idle

Combustion efficiency values from the rig test program are summarized in Table
32. Although the total variation in combustion efficiency at SLTO is only

2z 0.15%, there were definite correlations to fuel property variation substan-
tiated by statistical analysis., Combustion efficiency increases with increas-
ing hydrogen content, decreases with increasing total aromatic content, and
increases with increasing fuel smcke point, as shown in Figures «! through

43. Other fuel properties affected the SLTO efficiency but the correlations

were not considered statigtically significant,

At idie, combustion efficiency is substantially reduced as lower combustion
reaction rates result from the lower inlet temperature and pressure condi-
tions. No significant correlations between idle combustion efficiency and

fuel property characteristics were found.

TABLE 32
SUMMARY OF COMBUSTION EFFICIENCY TEST RESULTS

Fuel Combustion efficiency, % _

No. Idle Cruise Dash Takeoff
1 9.8 99.0 99.9 99.9
2 93.3 98.7 99.8 %9.8
3 9.9 98.7 99.7 99,8
4 97.0 99.0 99.8 99,8
5 96.0 99.1 99.8 99.8
6 94,9 99.2 99.9 99.9
7 9.4 99.1 99.9 99.9
8 97.9 99.1 99.8 99,8
9 9.0 98.8 99.8 99.9
10 96.1 99.0 99.8 99.8
11 96.4 9%.4 99.8 9.8
12 95.2 99.3 99.8 99.8
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2. CO Eminsions--SLTO and ldle

CO formation (like UHC formation) is the result of incompiete combustion and

is most prominent at low-power settings as demonstrated by Table 33. CO emis-

sion levels & SLTO are vary smzll but do exhibit correlation to fuel proper-
f ties very s'milar ta combustion eificiency results; CO emissions decrease with
increasing hydrogen content, increase with increasing total aromatic content,

! . . , .
and decrease with fuel smoke point. These results are displayed in Figures 44

e3>

through 46, As shown, (0O emission levels at idle were mich higher than at

g
'% SLTO but 10 not readily correlate to any measured fuel property. Fuel droplet

) ; sizes (SMD) were calculated aad analyzed versus idle CO, bu: no sigaificant

e ,

vy correlation was found, as shown in Figure 47.
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TABLE 33
SUMMARY OF CO EMISSION TEST

RESULTS

0 . . L

)|

d
10 1 r 1
Hydrogen content—wt %

68

m B
TEgC-318

Fuel CO emission index, g/kg
No. Idle Cruise Dash Takeoff
1 72.2 27.3 0.8 1.0
2 91.8 28,5 2.2 1.9
3 68.9 20.5 2.0 1.8
: 4 59.0 28.4 2.0 1.9
% 5 67.1 23.2 1.2 1.7
; 6 60.7 16.8 1.1 1.2
i 7 68.7 23.1 1.6 1.6
8 53.5 25.7 2.1 2.0
i 9 67.1 25.6 2.0 1.5
§ 10 67.5 22.5 1.8 2.0
| 11 67.9 16.1 1.2 1.2
‘ 12 72.2 18.7 1.1 1.5
B
2.4
SLTO EICO = 5.517 ~0, 303 (% H)
\ 2.0
! g L
\ £
s L o =
; £l ™
A}

Figure 44. - Effect of Fuel Hydrogen Content on SLTO €O Emissions.
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UHC Emissions-=-SLTO and Idle

much higher at low power settings.

TABLE 34

UHC emissions are also the results of incomplete combustion, and therefore are
Rig tests of UHC levels are shown in Table
No substantial correlation between UHC emission levels and fuel proper-

ties exists at either SLTO or idle, but the regression analysis results may i

indicate a combination of fuel properties control UHC formation,

SUMMARY OF UHC EMISSION TEST RESULTS :

PROR

i AL Sk

70

i surface tension, with SLTO NOx emigsion level increasing with increasing

Fuel — UHC emission index, g/kg
No. Idle Cruisge Dash Takeoff
1 48.8 5.5 0.1 0.1 |
2 65.4 8.5 0.7 0.4 :
3 46.3 11.3 2.9 0.5 3
4 23.3 4.8 0.5 0.3 %
5 3.2 5.4 0.7 0.5 1
6 58.5 5.1 0.6 0.5 ~-;
7 50.8 4.5 0.3 0.2 3
8 15.9 3.7 1.2 0.5 i
9 63.3 8.1 0.4 0.2 3
10 35.5 5.9 0.8 0.4 ’<
, 11 35.1 2.7 0.3 0.3 i
| 12 51.3 4.3 0.7 0.3 ;
. i,
} oo 4. NO_Emissions--SLTO i
' {
Thermal NOx emissions are the product of high temperature combustion and
e thus are highest at high-power operating conditiona. This is demonstrated in
!1 the TF41 regults shown in Table 35, The strongest fuel property correlator is
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surface tension, as shown in Figure 48. Other fuel properties showing a weak-
er correlation to SLTO Nox levels are vapor preseure, smoke point, and hy-

drogen content.

TABLE 35
SUMMARY OF NOx EMISSION TEST RESULTS

Fuel NOA emisgion index, g/kg

No. Idle Cruise Dash Takeoff
1 S.1 5.3 22.2 17.5
2 3.5 6.6 26.8 27.6
3 1.3 6.2 23.4 26.4
4 3.1 6.9 27.9 29.1
5 2.5 6.2 20.7 20.2
6 2.7 6.8 26.2 28,1
7 2.1 6.0 21.4 24.3
8 3.5 7.2 26.7 30.1
9 1.9 5.4 22.9 25.2
10 2.9 7.1 256.5 27.4
11 3.1 7.6 28.8 29.3
12 3.2 7.3 24,1 28.0

5. Smoke Emission-—SLTO

Smoke is also a product of incomplete combustion, but visible smoke may exist
ir an erfficient combustor if soot particles are couwparable with the visible
light spectrum. All smoke Jdatas ig ghown in Table 36, with visible smoke in

evidence (SN 2 25) at nearly all off-idle operating conditioms.

Smoke levels increase as fuel hydrogen level is decreased as shown in Figure
49, TF41 combustor smoke increased as total aromatic content increased, per

Figure 50, but no correlation to aromatic type or fuel smoke point was noted,
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TABLE 36

SUMMARY OF SMOKE EMISSION TEST RESULTS

Swoke number

Idle

18
60
37
45
34
1o
30
41

-
-

34
28
26

Cruise

29
36
29
30
39
12
27
31
3%
48
19
26

Dash

36
43
47
48
26
16
42
37
49
45
45
33

Takeoff

42
44
45
58
43
35
40
54
49
45
41
39
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6., Liner Wall Temperature

The presence of carbon particles in the combustion zone from incomplete com-~
bustion or poor fuel atomizatien may lead to increased liner wall temperature
bacause of higher radiation. Poor fuel placement or inadequate fuel-air mix-
ing in the primary zone could cause liquid fuel to reach the combustor walls
and burn locally. It is believed that these conditions may exist in the TF&4l
combustor but that overcooling the liner wall through the corregated "wiggle

strip" cooling slots minimizes the impact and masks the effects.

Wall temperature results at SLTO conditions were analyzed in three ciassifica-

tions for correlation to fuel properties.

0 Peak measured wall temperature is the maximum temperature reading re-
corded. It was stated earlier that all maximun temperature readings oc-—
curred on the discharge nozzle inner wall,

o Peak barrel wall temperature is the peak temperature recorded in the pri-
mary and intermediate reaction zones only.

o Average barrel wall temperature is the average temperature from the six

thermocouples in the primary and intermediate reaction zomnes.

Peak mesasured wall temperature results are summarized in Table 37. Hydrogen
content and total aromatic content are statistically significant correlatioms
to the peak wall temperature, as shown in Figures 51 and 52, but the slopes

are essentially zero.

TABLE 37

SUMMARY OF WALL TEMPERATURE TEST RESULTS

Fuel Maximum liner wall temperture, K

No, Idle Cruise Dash Takeoff
1 712 899 1175 1238
2 773 940 1204 1251
3 759 944 1184 1247
4 820 929 1183 1254
5 734 891 1166 1219
6 795 247 1159 1221
7 770 939 1166 1234
8 816 1145 1221 1244
9 777 957 1164 1236
10 746 941 1177 1249
11 742 910 1181 1235
12 800 896 1158 1218
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Figure 52. - Effect of Total Aromatic Content on SLTO Maximum Lirer Wall

Temperature,

Peak barrel wall temperature- re summarized in Table 38. Peak temperatures
increase as hydrogen content is reduced, and increase as multiple-ring aro-

matic content is increased, as shown in Figures 53 and S54.
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TABLE 38
SUMMARY OF BARREL TEMPERATURE TEST RESULTS

Fuel Maximum barrel wall temperature, K¥

No._ Lile Cruise Dagh Takeoff

486 677 970 996

2 508 76l 1049 1042

3 505 753 996 1030

& 538 728 1009 1045

3 493 687 936 1016

6 498 684 935 1019

7 490 679 965 1008

8 044 162 1164 1178

9 503 720 984 1088

10 513 724 1620 1050

11 481 716 997 1029

12 499 69¢ 933 1014

*Primary and intermediate zones only, see Figure 10.
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A dimensionless liner tempecature (TL max = T max, JP-4)/(T, max,
‘ Jp-4 - T3) was utilized to correlate g wide variety of data involving com-—

i bustion systems with pressure atomizing fuel injection systems frow different
engine manufactures, TF4l data plotted over previously publistied data (Refer-

ences 1, 2, and 9) shows an increased sensitivity of TF4l barrel temperature

to fuel hydroeren content, as illustrated in Figure 55.

Average barrel wall temperatures, which respond similarly to peak barrel wall

temperatures, are shown in Table 39, Figure 56 shows the correlation between

; average barrel temperature and multi-ring (bicyclic) aromatiec content. Peak

P N

barrel temperatures may be slightly more sensitive to hydrogen content than

average barrel temperature, but both peak and average barrel temperature re-—

spond similarly to multi-ring aromatic content.
|
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TABLE 39
SUMMARY OF BARKEL TEMPERATURE TEST RESULTS

Fuel Average barrel wgll temperature, K

No. Idle Cruise Dash Takeoff
1 459 650 906 932
2 482 708 942 967
3 486 704 927 955
4 509 684 931 971
5 473 666 926 949
6 %76 666 910 948
7 467 651 906 943
8 529 690 1123 1150
9 485 682 910 966
10 487 692 938 975
11 463 661 923 958
12 479 658 913 949

7. Pattern Factor and Exit Profile

The combustor exit temperature distribution was measured with a multi-element
traversing probe as discussed in Section III-B. Pattern factor level and exit
profile shape are dependent on operating conditions, as power level is iu-
creased pattern factor generally declined and the exit profile flattened.
Pattern factor results are listed in Table 40. No significant correlation
between SLT0 pattern factor and fuel property characteristics was noted. Ap-

pendix B contains combustor exit isotherm plots for each of the test fuels.

8. Carbon Deposition and Fuel Nozzle Fouling

A special l-hr test was conducted at SLTO operating conditions (with elevated

fuel temperature) to accelerate carbon deposition and fuel nozzle fouling ten-

dencies.

78

DT TTE S ! N
m,.umm A ot b b il it s s nct AN . MM, B, i, ™ o

TP TR

T

b s

LWt o PPN

o 1 L, . X0
e AU e I e K Mt Y et B\ 1 )




s 4

TABLE 40
L SUMMARY OF PATTERN FACTOR TEST RESULTS

Fuel Statistical psattern factor

No. Idle Cruise Dash Takeoff
1 0.43 0.31 0.32 0.35
2 0.52 0.26 0.30 0.30
, 3 0.27 0.25 0.27 0.27
i 4 0.31 0.28 0.31 0.35
\ 5 0.23 0.34 0.26 0.27
g 6 0.47 0.29 0.30 0.32
. 7 0.52 0.30 0.29 0.31
; 8 0.31 0.21 0.29 0.29
i 9 0.33 0.33 0.21 0.25
: 10 0.29 0.29 0.28 0.32
11 0.44 0.25 0.31 0.32
12 0.55 0.35 0.27 0.28

TF41 service experience shows that while the combustior dome remains essencial-

ly carbon~free (due in large part to the construction and cooling scheme), the

pilot face of the fuel nozzle accumulates carbon in short rumning time. Pho-
tographs of the combustor dome and fuel nozzle face after each fuel test are

presented in Appendix C. These photographs show no correlation between fuel

————

properties and carbon deposition potential,

Fuel nozzle flow number and nassage carbon deposition data, presented in Table
41, were subjected to statistical analysis versus fuel properties daia. ¥o

significant correlation to fuel property was found.

9. Sea Level Starting

B Ry me A i Y YT SRG——

Sea-level ignition tests were conducted at engine cranking conditions at two
inlet temperature levels, ambient inlet (286 K nominal) and cold inlet (272 R
nominal). The fuel/air ratios required for ignition of the test fuels at

these conditions are summsrized in Table 42.

. . b
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TABLE 41
FUEL NOZZLE FOULING SUMMARY

>

Fuel 1 2 3 4 5 6 7 8 9 10 11 1

e —— —_— ——— —_ — — ——— — ——— ———— —

Pilot nozsle flow numbe:

Pretest 12.8 12.0 13.1 1.0 13.3 11.6 12.9 10,6 1l1.7 13.7 1l1.4 12,6
Pogtteat 13.1 11.9 13.2 11.4 11.0 11.9 12.1 10.5 10.3 11.5 11.5 13.1
Pagsage catbon, mg 1.0 0.4 1.3 0.3 4.0 5.8 0.3 0.4 0,2 4.5 3.1 2.1

Main nozzle flow nuamber

Pretest 276 258 275 258 277 258 275 258 256 280 257 276
Postteat 275 243 279 258 276 258 256 260 258 26} 255 276
Passage carbon, mg 0.0 060 0.0 00 0.0 00 00 00 00 00 0.0 0.0
TABLE 42
SEA~LEVEL STARTING TEST SUMMARY
Fuel 12 _3 & 5 6 7 8 9 10 _u 12

Igniiion 774, i/ki
Cald day (272 K nominal) 8.70 8.55 10.26 9.00 S.07

Ambisut day (284 X nomipal) 9.38 8.01 8.18 9.37 9.53 8.8

10.16  9.34
10.16  9.07

10.5¢ 10,33 10.98 9.76 9.43
10,07 11,41 9,75 8.28

The F/A ratio required for ignition increased as the 10% distillation boiling
point temperature increased, and also increased as the fuel viscosity in-

creased as illustrated in Figure 57. The cold inlet ignition test results
followed essentially the same correlation trends as the ambient inlet test
results but were not nearly as strong statistically. No correlation was found
to exist between sea-level starting performance and hydrogen or aromatic con-

tent.

10, Altitude Ignition and LRO

Altitude ignition and LBO testing wereattempted at four altitude levels simu-
lating 0.6 M¢» 3 sec out, engine windmilling conditions. Detailed test re-
sults are tabulated in Appendix A and are summarized in Table 43. The maximum

ignition altitude and the F/A ratio required for ignition at a givean altitude
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TABLE 43
ALTITUDE IGNI1TION SUMMARY

Fuel

1 2 3 ) 3. 6 7 8 9 10 11 12
3.0 kxm altitude,
Ignicien F/A 6.76 6.48 6.58 1.67 7.69  7.21 7.71 7.95 8.26 6.92 7.47 8.30
10.7 kn sltitude, No Ko No
Iznicion F/A 10,98  etart 12.28 start 12,10 11,97 12,38 11.93 6.76  start 11.Q7 12.12
12.2 km altitude, No No Ho No No Yo No No No
Ignition ¥/A $.66 start start start start 10.43 16,14  etart start start start start
15.2 wm altituds, Ro No Mo Ko No Ko No ¥o No No
Ignition ¥/A 11.16  start start setart arart 11.69 start etart start start start  start

/A units ~ g/kg

varied smong the test fuels. Altitude ignition capability increased as hydro-
gen content increased, and decreased as total or single-ring aromatic content

was increased, as shown in Figure 58 through 60,
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Lean blow out (stability), once ignition was achieved, was strongly influeaced
by fuel properties affecting fuel preparatiom. The LBO f/A ratio at 3-km al-
titude increased with increasing surface tension and decrease with increasing

vapor pressure as shown in Figures 6l and 62.

10-km gltitude results follow the same trends as the LBO F/A ratio increasing
with increasing 10% boiling point temperature and with increasing fuel vis-
cosity, as shown in Figures 63 and 64. As before the LBO F/A ratio decreased

with increasing fuel vapor pressure, shown in Figure 65,
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11, Flame Stability

»,

Flame stability can be represented by the difference betwzen operating F/A
ratios and LBO F/A vatios at lcw power conditions. Table 44 illustrates that

! the idle and cruise LBO F/A ratios vary widely: from 1.1 to 1.9 at idle and

from 1.0 to 3 at the cruise condition. However flame stability is more than

i Rt 0

adequate as the engine operates at 14.0 F/A ratio at idle and at 15.2 F/A ra-

tio at cruise.




v " e

— o —

LR ——

e

4.0 4.0

)
.
(=]

e
-
N

~Ny
.
00

LBOF/A =2,118
+0, 198 (SURF TEN}

LBO F/A = 3,878 - 0, 248 (VAPOR PRESS)

3-km altitude L8O fuel/air ratio—gky
3«m altftude LBO fuelfair ratio—akg

2.4t
2,41 a
2.0 L N
24 26 28 30 2.0
Surface tension-dyneskcm 10 20 30 20 50
TE80-335 Vapor pressure-mm Hg  TE80-336
Figure 61. - Effect of Fuel Surface Figure 62. - Effect of Fuel Vapor Pres-
Tension on 3-km Altitude LBO F/A sure on 3-km Altitude LBO F/A Ratio.
Ratio.
10

~O
T

Pe

(=
-
7
2
; e
: E gt .
[ § 3 LBOF/A - 2,832 +0, 0223(10% BOILING PT) /
i i Q
: | a
E g7
i =2
=
P E
' ¥
-3 H 2 6
]
1
i 5 A A | - k.
. 340 360 380 400 20 440 460
E 10% holting poiat tamperaturc ~K TERD-337
L .
1 Figure 63. ~ Effect of Fuel 10% Distillation Point on 10-km Altitude {
} LBO F/A Ratio. 1
L
84 y
v 1
1 ,Vl
el v een v - - e ———— : ” 5 ﬁl( o MAe m e nmarf Ay - mdfee mas e e« AT Be Ak Aot AT o7 .:
‘ b7 ""‘"r(‘r-, et —
. [ | " Iy T P Tt ulvom o ow DRk T B b e o ol




e .

el g

b

— o~ >

PO )

, G i g e

A meemem s

10
o
= 9}
o]
! a
£
B 3
5 o :
= LBO F/A = 3,944 + 1,314 (VISCOSITY) 1
3
o
]
o T}
3
£
L o ;
!
vl 1
5 L Il 1 L | )
0.8 12 L6 2.0 2.4 2.8 3.2 g
Viscositv—s TEB0-338 ‘;
1

Figure 64. -

10

Effect of Fuel Viscosity on 10~km LBO F/A Ratio.

o
s

0
Y

-
3/

104&m altitude LBO fuelfair ratio—gkg

AL
T

LBO F/A = 8,012
~0,0591 (VAPOR PRESS)

5
10

20 30 40 50
Vapor pressure—mm Hg  TE80-339

Figure 65. - Effect of Fuel Vapor Pressure on 10-kum Altitude

85

B

CorARes odasm | M Bl

LBO F/A Ratio.

o e v s samen

1
o

¥ e el oo



T e S e v ey s g

=

D .

W e de—are =

Cag AR | RO AN AR T - e T
TABLE 44
FLAME STABILITY DATA SUMMARY
Idle conditien Cruise condition
Fuel LBO F/A, glk; LBO F/A, g/kg
1 1.1 1.0
2 1.6 1.3
3 1.7 1.0
4 1.6 1.0
5 1.4 1.0
6 1.5 1.1
7 1.1 1.1
8 1.4 1.0
9 1.9 1.3
10 1.7 1.0
11 1.9 1.0
12 1.9 1.3
Engine operation
F/a 14,0 15.2

None of the fuel property variables produced a reasonable correlation of idle
LBO F/A ratio. There was a trend, however, to correlate idle LBO F/A to hy-~

drogen, single ring aromatic, and total aromatic content.

Cruise condition LBO F/A ratios tended to correlats slightly to fuel physical
properties, particularly to end point as shown in Figure 66. As fuel end

point increased, the cruise LBO F/A ratio also increased, perhaps as a result

of a decreased vaporization rate.

e L, WAt 2




e,

s R s S . B YT e

L6
o
7 LBO F/A -
e 2,584 +0, 0064 {END POINT)
E ) 49’/
=
[:%)
)
8 L2t
g
=
Ix]
10
540 @0
End point=X TEB0-340

Figure 66, - Effect of End Point Temperature on Cruise LBO F/A Ratio.
D. MULTIPLE-VARIABLE LINEAR REGRESSION ANALYSIS

A multiple-variasble linear regression analysis was conducted with the goal of
identifying fuel property coefficients or exponents providing performance cor-

relations not evident with single-property regression analysis.

In Saction IV-C fuel properties were catagorized into one of two groups by
their interdependency. This list is re-established in Table 45, since only a
maximum of one fuel property from each group can enter the multiple regression
analysis and maintain the truly independent nature required of the independent

variable.

It was anticipated that the multiple-regression analysis results would improve
some cause-effect relationships between fuel propeities and cembustor perform-
ance. Nearly all sreas of combustor performance that were analyzed by sin-
gle-variable regression were subjected to multiple-variable regression. Ounly
those performance parameters where no single-variable correzlations were found
were exempted frow this effort. Table 46 lists the dependent performance par-
ameters and the independent fuel properties used in che multiple-variable
linear regression analysis. Iundependent varisbles were selected as those
showing greates* relative strengzth from the single~variable regression amaly-

sis results.
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TABLE 45
INDEPENDENT VARIABLE (FUEL PROPERTIES) GROUPINGS
t
I. Group 1 ‘_.,
Hydrogen conten:
Aromatic content -~ total

- single riag*

-~ multi-ring¥*

Smoke point

II. Group II

10% boiling point distillation temperature

e e et M Lt ko o

End point distillation temperature
Viscosity

Vapor pressure

Surface tension

Breakpoint (JFTOT)

*Cannot be corrvelaled to total aromatic content. May be used as separate in-

dependent variables. J

USSR

Results from the multiple~variable regression analysis are summarized in Table }
47 and the resulting correlations and equations are shovim graphically in Fig-
ures 67 through 82. While suwc ~f *+¢ fuel property-to-performance correla- j
tions were strengthened with multiple independent~variable input, no signifi~

cant improvement in correlations were noted., The multiple-variable regression {j

analysis did not identify any new correlations between fuel properties and

TF41 combustion system performance.
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TABLE 46

PARAMETERS USED IN MULTIPLE~-REGRESSION ANALYSIS

Dependent (performance)
variable

Combustion efficiency - SLTO

Idle

CO emissions - SLTO
Idle

UHC emissions - SLTO
Idle

NO, emissioms - SLTO
Smoke Emissions - SLTO
Maximum liner wall

temperature - SLTO

Maximum barrel wall
temperature - SLTO

Average barrel wall
temperature ~ SLTIO

Pattern factor - SLIO
Ignition F/A ratio - ldle
LBO F/A ratio - Idle

Ignition F/A ratio - SL amb

Maximum ignition altitude

v eerw Riem

Independent (fuel property)
variables

Smoke point, multi-ring arowmatic content,
Surface tension

Single-ring aromatic content, surface
tension

Smoke point, wmulti-ring aromatic content,
vapor pressure, JFTOT

Single-ring aromatic content, vaper pres-—
sure

Smoke point, end point, JFTOT

Single-ring aromatic content, surface
tensien, end point

Smoke point, multi-ring aromatic content,
surface tensiom, end point

Hydrogen content, mulri-ring aromatic
content, end point, JFTOT

Hydrogen content, multi-ring aromatic
content

Hydrogen content, multi-ring aromatic
content, surface tension

Hydrogen content, multi-ring aromatic
content, surface tension

Total arowmatic conteut, end point, JFTOT
Multi-ring aromatic content, end point
Total aromatic content, surface tension

Single ring aromatic content, 10% boiling
point, viecosity

Total aromatic content, surface tension
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TABLE &7
MULTIPLE-VARIABLE LINEAR REGRESSION ANALYSIS SUMMARY

‘ Coefficient of determinationm, R

‘ Individual Cumulative

‘ parameter multiple-variable

l Idle combustion efficiency

; Single-ring aromatics 0.304 0.304

: Surface tension 0.248 0.420

: SLTO combustion efficiency

i Smoke point 0.714 0.714

: Surface tensium 0.303 0.728

% Multi-ring aromatics 0.169 0.741

i Idle CO emissions _‘..

! Single-ring aromatics 0.074 0.074 '-l

. i Vapor pressure 0.082 0,138 ‘

‘ SLTO CO emissions
. Smoke point 0.680 0.680
! Multi-ring aromatics 0.216 0.701
! Vapor pressure 0.235 0.710
o JFTOT 0.227 0.771 ;
.
! E Idle UHC emissions
i ' Single-ring arcmatics 0.348 0.348 1
! 1 | End point 0.179 0.448 a3
I ‘ : Surface tension 0.201 0.559 R
I i SLTO UHC emissions
: Smoke point 0.384 0.384
b JF10T 0.371 0.516 \
5 _i End point 0.102 0.667 '
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TABLE 47 (CONT)

Coefficient of determination, R2 £
Individual Cumulative
parameter _ wultiple-variable
SLTO NO emissions
!
! Surface tension 0.405 0.405
End point 0.247 0.603
; Smoke point 0,393 0.711
¢ Multi-ring aromatics 0.130 0.742 .
‘ AR .
i SLTO smoke emissions
= L
Hydrogen content 0,490 0.490 .
End point 0.148 0.693 .
Multi-ring aromatics 0.149 0.694 :
JETOT G.232 0.694 &
| SLTO maximum liner wall temperatuare
l ‘
i Hydrogen content 0.498 0.498
k i Multi-ring aromatics 0.197 0.514
! SLTO maximum barrel wall temperature
i T
! &
‘ ; Multi-ring aromatics 0.514 0.514 It
) Surface tension 0.295 0.657 f
i
s : . Hydrogen content 0.400 0.664 K
L )
. SLTO average barrel wall temperature g’
i . lHydrogen content 0.377 0.377 Zt
-i Multi-ring aromatics 0.412 0.492 .;
- Surface tension 0,261 0.576 §
- 3
|
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TABLE 47 (CONT)

. . . . 2
Coefficient of determination, R

Individual Cumulative
parameter multiple-variable
! SLTO pattern factor
{
' Total aromatics 0.259 0.259
‘ End point 0.284 0.343
. JFTOT 0.201 0.364
; Idle ignition F/A ratio
- End point 0.269 0.269
! Multi-ring aromatics 0.194 0.482
; Idie LBO F/A ratio
i Total aromatics 0.345 0.345
Surface tension 0.293 0.408
-t SL Ambient ipnition F/A ratio
Viscosity 0.494 0.494
Single-ring aromatics 0.186 0,558
10Z Boiling point 0.375 0.580
1
Maxioum ignition altitude
1
! Total aromatics 0.657 0.657
Surface tension 0.058 0.675

E. LIFE ANALYSIS RESULTS

Projected life calculations were computed for the combustor and for both the

first-stage, high-pressure turbine vanes and blades. Data from combustor wall

temperatures and exit temperatures were incorporated into the analyses, De-
tails of the life analysis procedure used are found in References 9, 10, and
11,
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The possible modes of failure in a combustor are:

Low cycle fatigue (LCF)

o

o Oxidation/corrosion

o Stress rupture

a

Buckling

The maximum combustor metal temperatures are not in the high oxidation-rate
renge.  Stress rupture failure resulting from thermal stresses is not probable
since, as the metal creeps, the stresses are relieved and redistributed.
Buckling can be ruled out as a failure mode since the differential pressure is
low and does not change with fuel type. A higher metal temperature decreases
the buckling margin by weakening the wall material, but since the margin is
high and the wall temperature change small, it wag decided to base the life

evaluation on LCF alome.

Experience with the TF4] engine has shown the mode of failure in the HP-1 vane
to be oxidation. The peak metal temperature for each fuel was determined by
heat transfer analysis, and the oxidation penetration rate was determined from

available experimental data.

Experience has established the failure mode of the HPT-1 blade to be stress

rupture. A study of temperature versus radial position on the blade and of
average blade stress versus radial position indicsted that the mean section

was the most critical section.

1. Combustor Life Analysis

Metal temperatures were supplied from heat transfer analysis and from test
thermocouple data. Since both the measured peak temperatures and the thermsl
gradients were larger in the tramsition section and since past durability his-
tory on this engine has shown the transition section to be the life limiting
section, it was used to evaluate the effect of the various fuels on combustor
life. The stress analysis was accomplished with the use of a finite-element
computer program (see Appendix D)., Because of the complexity of the mathe~

matical model, the cost of auaiyzing each of the 12 fuels would have been

100
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prohibitive. Eleven of the fuels produced wall temperatures in the transition
section of th: combustor that fell within a natrrow band for both peak tempera-
ture and axial gradient. The remaining fuel (Fuel 8) had significantly higher

temperatures but lower axial gradients across the cooling hole sectious.

It was decided that a satisfactory evaluationm could be made by analyzing the
JP~4 baseline fuel (Fuel 1), and those producing the maximum and minimum ther-
mal gradients, Fuels 10 and 7, respectively. Fuel 8, which generated substan-

tially higher wall temperatures, was also evaluated,

The combustor LCF cyclic lives for the four fuels considered are shown in
Table 48. Only the relative lives shown in the last columm should be con-
sidered valid, because only high cycle fatigue, load-controlled data was
available for the materials and the plastic line, and consequently the low
life end of the LCF curve was of necessity based on a theoretical assumption.
Since Fuels 7 and 10 represent the extremes of the 11 fuels that were closely
grouped with regard to combustor wall temperature, these 1l fuels have combus-
tor lives between 10,000 and 12,000 cycles. Fuel 8, which had higher wall
temperatures but lower gradients, has an estimated combustor life of 26,000

cycles.

Based on the assuaptions previously stated in the results, the use of alter-
nate fuels has little effect upon combustor life. ILEleven of the fuels re-
sulted in a combustor LCF life between 100 and 1207 of the baseline. The

other fuel resulted in a higher life, 260% of the baseline.

2. HPT-1 Vane Life Analysis

Figure 83 shows an axial cross section of the HP-~1 vane and a radial section
of the mean section at which the peak temperature occurs. Table 49 shows the
peak vane metal temperature (leading edge), the oxidation penetration in 100
hr at that temperature and the relative penetration rate compared with the
baseline fuel. The temperature differences are quite small, but because of
the slope of the oxidation penetration curve in this temperature range the
penetration rate varies considerably from 0.16 cm in 100 hr to 0.6l cm in 100
hr.
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TABLE 48
COMPARISON OF COMBUSTOR LCF LIFE FOR FOUR REPRESENTATIVE TEST FUELS

Stress range,

Test MPa Tenp, Cyclic Percent of
fuel Min Max K _tife Baseline
1 (JP-4) 0 651 1127 10% 100
7 (Jp-8) 0 582 1102 1.2 x 104 120
8 0 418 1152 2.6 x 10% 260
10 0 658 1153 10* 100
TF41 HP-1 Vane
AMS 5382
.LQEF'
AFT — T4

50.2 cm dla

Seciion A-A
Mean section of vane

TE-7563
Figure 83, - Mean Section of HPT-] Vane.
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TABLE 49
COMPARISON OF OXIDATION PENETRATION ON TF41 HPT-1 VANE FOR THE 12 TEST FUELS

Oxidation
Max metal penetration
! Test temp (LE), in 100 hr, Percent
E fuel _ K - mm of baseline
f
i 1 (baseline JP-4) 1412 2.59 160
! 2 1427 3.28 126
i 3 1409 2.41 93
4 1405 2.26 87
: 5 1428 3.33 128
k 6 1391 1.83 71
1 7 (Jp-8) 1414 2.61 101
8 1410 2.43 94
9 1411 2.49 96
10 1459 6.09 235
11 1406 2.28 88
12 1382 1.60 62

Seven of the fuels resulted in HP-1 vane oxidation penetration rates lower
v than baselipe, the lowest being 62X of baseline. Four of the fuels resulted

in oxidation penetration rates higher than baseline., The highest was 235% of

baseline.

Single-variable linear regression analysis results, which comprise Table 5l,

show no significant correlatiou between fuel properties and relative vane

P RS
. -
- T~

life. Subtle trends, however, may exist between relative vane life and hydro-
gen coutent, aromatic content and aromatic type. This would be expected since
vane life is directly related to pattern factor, which also shows some cor-

relations to these fuel properties.

103




- ——

-

[REP

e B vy ptaars e R NN

3. HPT-1 Blade Life Analysis

A view of the HPT-] blade and a radial section at the mean radius are shown in
Figure 84. Table 50 lists the midspan blade temperature, typical stress rup~
ture life, and relative life compared with the baseline, for each of the 12
fuels. The temperature variation is very small, from 6°C under the 1127 K
baseline temperature to 12°C over the baseline. Because of the position on

the stress ruprure curve, however, the life ranges from 58% of baseline to

133% of baseline.

TABLE 50
VARTATION IN STRESS RUPTURE LIFE OF TF41 HPT~1 BLADE FOR THE 12 TEST FUELS

Midspan

Test blade temp, =30 stress Percent

fuel K rupture life, hr  of baseline
1 (Baseline JP-4) 1127 24000 100
2 1130 21000 83
3 1135 17000 71
4 1130 22000 92
5 1122 32000 133
6 1126 27000 113
7 (Jp-8) 1127 25000 104
8 1132 20000 83
9 1139 14000 58
10 1123 30000 125
11 1124 28000 117
12 1127 24000 100

$ix of the fuels resulted in HPT-1 blade stress rupture lives equal or higher
than baseline. The highest was 133% of baseline. Five of the fuels resulted

in a lower life, the lowest being 58X of baseline.

Single-variable linear regression analysis results, which comprise Table 51,
show a statistical correlation between relative blade life and multi-ring aro-
matic content. The correlation plot shown in Figure 85, however, illustrates
no conclusive relationship. Therefore it is felt that no correlation exists

between fuel property and relative blade life for the TF4l combustion systeua,
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TABLE 51
TURBINE LIFE REGRESSION ANALYSIS

Coefficient of determination for

relative life (JP=4 = 100%), R*

Fuel property Vane Blade
Hydrogen content 0.196 0.049
Total aromatic countent 0.287 -

Single-ring aroma:ic content 0.287 0.171
Multi-ring aroma.ic content 0.002 0.4381
10X boiling point temperature 0.001 0.001
End point temperature 0.019 0.019
Viscosity 0.033 0.075
Surface tension 0.105 0.001
Vapor pressure 0.016 -

Smoke point 0.117 0.030
JFTOT 0.135 0.013

TF41 HPT-1 Blade
EMS 73646

—

Y ﬂ'" "_ATT

26,8 cm mean rad

=

'T'IL'

TE-7564

1

Figure 84. - Mean Section of HPT-1 Blade.
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SECTION V
CONCLUSIOINS AND RECOMMENDATIONS

Based on the TF4l combustion system experiments and analyses conducted in this

program, the following conclusione and recommendations were offered:

A. CONCLUSIONS

1.

4.

.w‘ - 3"

Hydrogen content, total aromatic content, and multi-ring arcmatic
content strongly affect CO ‘and smoke emissions, combustion effi-

ciency, and liner wall temperatures at high power operationm,

Fuel properties affecting atomization and vaporization such as sur-
face tension and vapor pressure mildly influence NOx formation but

do not present strong correlation to any other performance paramweter
a: high power. End point and surface tension properties affect sea-

level ignition and LBO characteristics.

Statistical evidence indicates that the influence of multi-ring aro-
matic countent on liner wall temperature is equal to, and sometimes

greater than, the influence of hydrogen content.

None of the fuel property characteristics produced any weasurable
effect on combustor exit temperature distribution (pattern factor or

radial profile), idle performance or emissicns, or hot section hard-

war~= life.

Maximum achievable ignitiom altitude is most strongly influenced by
total arcmatic content and hydrogen content. Once ignition is
achieved, combustor stability is controlled by 102 boiling point,

viscosity, vapor pressure, and surface tension.
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The fuel properties examined in this program can be classified into
two groups. Elements of each group are properties that show a sta-
tistically significant relgtionship to other members of the group.
In the multiple-variable regression analyses, these groups were use-~
ful in determining which fuel properties could be used in a single
analysis. 1In general, two members of the same group could not be

used 1n a single correlation.

The multiple~variable regression analyses did not accomplish any sig-

nificant improvement in the correlations established in the single-

variable analyses.

RECOMMENDATIONS

1.

TF41-A-2 engine tests with selected fuels are recommended to verify
trends and results obtained in this series of single-combustor rig

tests.

Alternate fuel thermal stability (fouling/deposition) characteristics

on long-term rig or engine testing is recommended.

A similar fuel character effects program is recommended for the TF4l

LamilloyC)* combustion system.

*Lamilloy is a registered rrademark of the General Motors Corporatiom,
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APPENDIX A
GENERAL DATA SUMMARY

The following experimental da2ta was obtained:

Performance
Tdle
Altitude cruise
Sea~level dash
Sea-level takeoff
Flame stability
Fouling
Carboning

Sea~level gatarts

The thermocouple locations are illustrated in Figure A-l.
PERFORMANCE DATA SUMMARY

The performence dara at idie, altitude cruise, sea Javel dash, and zea level

takeoff are swmarized in Tubles A-1;, -2, -3, and -4, respectively,
The following fuel schedule was employed in these performauce tests:

¢ 106X pilot fuel to 4.4 MPa pilo: (epprox 18.19 kg/hr)

¢ Additional fuel is all wain

The ges analysis resulte employed stsndard practice ARP 1255 andll7%, The

NO, El is the sum of the measured NO vnd the measured N02, the reported

111
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Dome Primary , Intermediate Dllution
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—]

section

Thermocouple focations—~Two axlal rows, 180 deg apart with
10TC's per row and totai of 20 TC's on liner

Te-7127

Figure A~1, - TF4l Combustor Liner Thermocouple Locations.

combustion efficiency is the actual enthalpy increase resulting from combus-
tion divided by the ideal enthalpy increase, assumin; only CO2 and H,0
combustion products. The gas analysis provided the enthalpy loss from combus-

tion inefficiency from the measured CO, HC, WO, and NO The following ex—

g
pressions were used:

JP-4 heating value

Reactants Products (MJ/kg) at 2509
Co + 1/2 02 - 002 -10.1
CH + (1 +a/4) 0, - €0, + /2 H,0 ~42.0 to 43.5
1/2 N, + 1/2 0, - NO +3.0
1/2 N2 + 02 — NOZ +0.74

The gas analysis sample integrity was determined from a comparison of the -om~
bustor exhaust F/A ratio from the air and fuel flowmeters with the exhaust F/A
ratio as determined from gas analysis. Tables A-] through ~4 compare "gas

analysis" and "meter" combustor exhaust F/A ratios. JP-4 was tested first.
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Fusl No,

Base fuel
Addicive fuel
Meseured vt T H

Set point
':' kg/sec
BIP, kPa
BIT, K
Fuel/air, g/ky

9
Pacrlity
Jr=4
14.5

0.985
298.7
443.4
13.91

Gas anslysis (corrected)¥

Comb eff, I
EICC, g/kg

EIHC, g/kg
lINOx. g/ks

SAZ smoke number

Wall cewperature, X
i Total avg
Total max
Doma avg
Dome max
PZ avg
t P2 caz
! IZ avg
12 aax
DZ avg
DI wax
Trans avg

1 Traos max

Exit temperatures
Ideal avg, K
Meas avg, K
Hexs wax, K
Stat max, K
Tocsl PY
PF (90T span)
PF (702 span)
P{ (50X apaa)
Pr (30 epan)
PF (102 apan)

e —

95.28
64.50
36.9
1.92
16.2

428.5
914
293.0
306.3
298.7
3050
293.3
301.2
394.5
503.8
640.3
9.6

982.6
1002.1
1323.4
1300.8
0.6306
0.0236
0.029¢
0.0820
0.0633

-0.2105

Yual/sir ratios, g/kg

Chamical
Machanical
X difierwace

JP=4
Spacisl
14.4

0.973
292.6
16,0
14.13

94.75
72.13
48.73
5.26
17.5

508.4
712.1
452.3
477.1
446.1
£51,8
486,46
475.9
467.1
486.2
601.8
712

965.4
955.5
1201.8
1306.7
0.425)
-0.0725
0.0538
0.1670
Q.1722
=0.320%

16,15
14,13

14.3

TABLE A-1
IDLE CONDITION PERFORMANCE DATA

2 3 - 3 6 7 8
Jp-4 JP~4 P~ JP~6 JP=4 Jp-8 Jp-8
+AR *AR X X X+ +AR
12.0 12.9 11.9 13.0 13.9 13.9 1.9
0.971 0.952 0,934 0.994 0.961 0.958 0.939%
291.2 286.4 291.6 284.4 290.4 296.3 289.6
408.9 26,5 45,6 428.3% 437.3 425.4 634,90
14.15 14.83 15.4% 14.19 11.75 13.99 15.00
93.26 94.92 97.03 96.04 94,91 94,44 97.91
$1.18 67.77 58.73 65.10 60,12 69,42 52.92
64,95 47.61 23.16 33.15 57.95 51.38 15.72
.80 1.30 2.71 2.%9 2.53 .27 3.15
59.9 36.8 it 36.2 15,0 29.7 41.2
533.1 543.1 5717.% 534.5 550.0 516.6 590.3
773.0 754.5 820.4 733.5% 794.9 170.1 815.9
462.4 472.7 302.2 455.6 475.8 £51.0 474.1
497.5 506.3 526.6 478.9 489.6 461.2 495.1
466.8 473.1 491.9 459.3 458.0 451.4 425.8
£90.2 £21.3 518.0 473.4 &85.% 457.9 SLL.5
492.2 491.3 s18.2 479.5 484,1 472.7 564,8
508.3 504.8 537.6 492.3 496.2 483.9 644.0
487.3 490.1 519.0 480.9 “87.0 476.7 567.1
493.9 $01.6 536.8 490.7 498.0 489.9 603.6
634.0 653.3 704.5 646.8 686.2 614.3 724,56
773.0 758.,5 820.4 733.5 794.9 770.1 815.9
945.7 990.7 1023.1 910.6 968.9 964.2 994.7

930.3 983.3 1029.3 958.8 1002.5 856.6 1024.8
1232.4  1158.0 1221.6  1106.1 1226.3  1251.2 11%81.0
1230.4  1236.5 1302.1 1194.4 1252.5 1472.0 1270.0
0.5253 0.2735 0.3077 0.2284 0.4718 0.5174 0.3067
0.0012 -0.1008 -0.1566 =0.1214 -=0.1364 03,2505 -0.1159
0.0280 0.0064 —0.0552 ~=0,0036 -0.0525 0.3084 -0.0339
0.0733  G.1299 0.0850 0.1075 0.0757 0.317% 0.0804
0.0802 0.131% 9.1975 0.1618 0.1877 0.1916 0.1730
~0.1832 -0,1682 <~0.0709 =0.1448 =0.0741 ~-1.0684 -0.103%

16.28 16,73 17.70 15.82 17.58 15.44 18.93
14.15 14.83 15.45 16.19 13.718 13.99 13.00
15.1 12.8 14,6 1.3 27.9 10.4 26.2

*C0, UHC, and NO: valuus ave corractad per the technique described in Section IV-A,

—~—
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Jp-8
+AR
12.9

0.981
286.7
437.3
14,56

93.95
65.66
61.97
1.87
4.6

543.7
776.9
417.9
504.0
470.6
&33.5
491.8
503.1
493.8
503.4
647.2
776.9

988.8
1003.2
1183.4
125Q.7
0.3288

-0.0990
0.0117
0.1273
0.1273

-0.1874

16.664
14.54
14.3

JP-3
X
12.0

0.966
290.9
431.6
16.39

96.09
67.04
35.28
2.83
53.5

554.5
745.8
481.3
489.6
468.7
450.1
493.5
s12.5
&97.7
5il1.¢
672.6
745.8

973.8
985.1
1169.5
1195.6
0.2862
~0,0708
0.0199
0.0882
0.1037
-0.1404

17.08
14.39
18.7

Jp-8
X
12.9

0.941
296.9
415.5
14.59

96,37
68.76
35.57
2.98
7.9

528.2
141.9
471.1
508.3
452.7
470.6
468.3
480.5
67.9
479.0
64k .6
741.9

971.6
991.6
1235.0
1309.1
0.4440
-0,1878
=0.0311
0.1163
0.1856
~0.0830

19.01
14,39
3.3

12
Jp-8

13.9

0.956
293.5
©30.8
14.39

93.23
72.32
51.40
3.09
26.3

$34,7
799.6
471.4
478.9
466.9
£7%6.1
484.3
497.3
484.6
498.9
639.7
799.6

984.,1
yi2.)
1295.9
1400.5
0.5491
0.1271
0.1611
0.1548
0.1013
=0, 5445

18.79
14,39
30.6
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TABLE A-~2
CRUISE CCNDITION PERFORMANCE DATA

Yual No. 0 1 2 3 &4 3 & 7 8 9 10 11 12
Base fual Facility Jr-4 Jra Jr-4 P-4 Je- TP~ JP-8 Jr-8 JP-8 Jp-8 Jr-8 Jr-8
Additive fuel JP-4 Spacial +AR +AR +X +X +X+GM +AR +AR +X +X +Qe
Maasured vt T H 14.3 14,4 11.0 12.9 1.9 13.0 13.9 13.8 11.9 12.9 12,0 12,9 13.9
Set point
W.r kg/sec 1.565 1.580 1.523 1.633 1,382 1.59% 1.545 1.%62 1,583 1.553 1.572 1.587 1.381
BIF, WPs 313.6 312.9 501.0 314,9 505.9 309.9 519.8 $29.7 509.2 54,2 522.8 524.1 5137
BIT, ¥ 363.9 57%.1 584.9 604.2 $11.3 378.5 582.3 $78.2 569.8 577.1 587.8 569.9 574.9
Pusl/air, g/kg 15.27 15.13 15,96 15,11 15.3% 15.25 15.5% 5.1 15.7% 15.33 13,63 15.42 16.73

Gas analyeie (corrected)

Cowd off, £ 98,93 98.95 %8.70 98.65 99.01 99.06 99.21 99.08 $9.14 98.17 99.03 $9.43 99.33
RICO, g/kg 25,20 27.42 27.92 20.63 28.14 23.12 17.11 23,99 25.58 3.72 22.97 16.52 18.77
RIBC, p/kg .61 5.52 8.29 11.34 4.75 3.36 5,15 4,61 3.73 B.13 6.02 2.80 4,28
lmx, t/kg 6.321 3.78 6.53 6.00 7.26 6.38 6.49 6.31 7.59 3.4 6.80 7.71 7.53
SAR swoks pumbet 29.4 28.9 3.0 28.9 29.6 3%5.0 12.0 16.9 .l 34.9 48.0 18.9 3.7

Wall towparature; X

Total avg 494.6 686.0 749.6 748.0 725.0 714.0 715.8 688.6 742.3 710.6 739.0 7i1.3 712.5
Total msxz 896,53 299.4 939.9 943.9 929.0 890.7 946.5 939.1 1165.4 936.5 940.6 909.% 895.6
Doma avg 309.0 627 .4 667.6 658.6 627.9 631.6 614.8 623.6 637.7 622,7 643.9 609.4 631.8
Doms wax 349.4 645.9 718.4 677.3 645.4 652.4 629.4 636,1 664.1 639.2 662.3 624.4 639.1
PZ avg 297.8 643.8 705.6 659.2 676.6 653.7 670.5 640.2 683.4 674.5 667.1 664.2 641.9
? max 358,35 663.9 732.8 709.2 703.1 673.3 718.8 656.1 762.4 705.8 694.0 715.6 62,0
12 uvg 293.3 658.7 124 .4 716.0 699.7 680.4 689.4 661.6 713.0 695.4 710.4 667.9 670.2
17 sax Joi.3 676.7 760.7 7%2.6 721.6 710 683.7 678.5 756.3 719.5 751.3 693.7 §93.7
DZ avg 485.1 648,1 692.9 696.4 675.8 665.1 659.1 631.0 672.4 674.4 697.2 651.5% 662.3
TZ wmax 686.1 660.0 716.6 720.4 694,1 ©o86.9 679.6 661.6 702.3 09,5 723.9 669.2 682.1
Trans avg 182.6 7%9.1 837.1 853.% 813.3 807.6 819.0 767.1 854.0 778.0 834.5 88,7 820.1
Traos max 994.3 499.4 939.9 $463.9 929.0 890.7 946.5 939.1 1165.4 936.5 940.6 999.6 823.6

Ixit temperaturse

Ideal evg, K 1133, 1138.5 1158.4 1153.1 1132.9 1136,1 1155.8 1134.4 1136.6  1142.3 1i46.9 1132.6 1119.9
Veas avy, L 1i61.1  1263.4 1166.1  1137.4 1130.2  1106.7 1157.0  1038.3 1134.7 1128,3 1157.6  1129.8 1124.8
Meas max, K 1313.3 1311.4 1330.4 1299.9 1306.0  1336.1 1326.4 1310.3 1281.1  1343.0 1330.4 1287.1 1319.5
Stat max, K 1342.8  164l.9 1378.0  132¥.8 1340.0  iezi.i 133i.5 338.2 152520 . §5 183 10 1AM R 1358.6
Total PP 0.3143  0.3059 0,2630 0.2450 0.2766  0.3335 0.2862 0.3011 0.2148 0.327¢ 0.2873  0.2486 0.3536
PF (90X spsa) -0.0266 0.1786 —0.C4% -0,0092 Q.0104 =0.0740 -0.00683 0.2271 0.0140  0.0635 -0.0477 =0.0336 ~0.0933
¥ (70T apan) 0.0125  ¢.2290 0.0235 0.0506 0.0436 0.0312 0.0618 0.2782 0.0331  0.0840 0.0360 0.031 0.0184
Pr (501 apen) 0.0961 0.2391 0.0887 0.1080 0.0763 0.1170 0.0786 0.2:06 0.0713  0.0784 0.0943 0.082) 0.0971
PP (30T apan) 0.0927 0.2116 0.0932 0.0745 0.0832 0.1255 0.069)  0.1482 0.0685 0.0051 0,0897  U.0377 0.1131
PF {10% spanm) =0,176% -0.8788 ~0.1577 ~0.223% -0.2132 -0.1994 =0.1831 -0.9246 =0.1889 -0.2)06 =0.1635 -0.1629 ~0,13%2

Tuel/air ratios, g/kg

Chymicel 16,82 17.27 16.75 1.7 16.92 17.30 16,32 17.72 16,91 17.72 18.12 18,67
Nachanical 1%.15 15.96 15.11 15,38 15.2% 15.3% 15.11 15.78 13.5) 15.66 15.42 14,73
X difference 9.7 8.2 0.9 12.5 10.9 11.2 3.0 12.3 8.9 1.2 17.3 26.7

0, UBC, and l)l values are corrected pear the techmique deecribed im Section IV-aA.

114

AT e A P Y . i w4t - -

e——- ' T TR I e

L

el et




Epate—

————— -

T,

o,

Fual fo. 0
Basa fuel Facility
Additive fuel Je-4
Messured wt I H 14.5
Set point
Wer kg/eac 5.13%
BIP, wPa 1815.1
31, K 740.5
Fual/air, g/hg 18,62

Gas analyesis (corrected)

Comd off, 1 79,80
21C0, x/kg 1.63
EINC, g/%g 0.43
mo_, g/ 25,99
SAE swoke number 3.6

Wall tamperature, K

Total avg 932.0
Totsl max 1155.6
Dome avg 875.6
Dome max 955.1
PZ avg B86.>
PZ max 932.3
12 avg 929.8
12 max 963.0
DZ avg 904.1
DZ max 928.0
Trans avg 988.3
Trans max 1155.6

Exit teaperaturas

ldeal avg, K 1394,1
Meas avy, K 1381.0
Moas usx, K 1596.4
Stat =3, & 1645,2
Tocal PF 0,3080
PF (90X span) 0,0368
PY (70X span) 0,0790
P7 (501 span) 0.0999
PF (302 span) 0.0331
Pr (10X span) =0.2486

Pusl/air catios, g/kg
Cheanical
Mechanical

% differancs

1

JP-4
Spacial
14.6

$.125
1819.5
749.3
18,62

99.87
0.78
0.11

23.6%
35.6

933.9
1175.3
887.7
938.4
864, i
927.)
933.0
970.4
$01.1
934.1
989.9
1175.3

1401.2
13415
1607.9
17651
0.3151
~0.0054%
0.0303
0.0823
0.0643
~0.1913

19.92
18.62
1.0

JP4
+AR
12.0

$.001
1835.3
743.5
19,58

99.80
2.16
0.65

26.8)
4£2.8

979.1
1204.3
901.0
980.4
518.4
973.3
974.0
1019%.1
934.9
970.1
1059.5
1204.3

16409.1
16402.8
1633.4
1670.3
0.300%
0,0117
0.05%%
0.0940
0.0517
-0.213%

22.18
19.58
16,4

+AK
12.9

5.089
18z1.3
44,8
19.23

99.65
1.96
2.90

23.96
47.4

969 .4
1184.0
882.8
966.0

892.3

947.5
954.4
995.7
927.5
970.7
1062.6
1184,0

1406.2
1407.4
1601.4
1638.6
0.2734
0.0035
0.0611
0.1036
0.0411
-0.2093

22.53
19.23
17.1

s Tt R

TABLE A-3
SL DASH CONDITION PERFORMANCE DATA

+X
11.9

5.133
1812.4
743.8
18.93

99.80
1.93
0.53

28.99
48.2

968.7
1182.%
925.5
982.6
o0e. L
955.5
963.5
1009 .1
920.0
949.3
1039.4
1162.9

13%0.6
1409.6
1612.5
1633.1
0.3087
0.0029
0.0482
0.0840
0.0359
=0.1907

21,37
18.93
14,0

+X
13,0

5.109
1847.0
749.4
19.02

99.83
1.18
0.66

20.7
36.2

965.%
1166.4
889.4
961.9
90L&
955.1
952.0
995.5
922.5
961.¢
10458.6
1168 .4

1604.2
1396.0
1585.8
1647.9
0.2563
-0.0278
0.03)7
0.0920
0.0724
—-0.1578

20.27
19.02
6.6

*C0, UHC, and “Ox values are corracted per the tachniqua descrided in Sectiom
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+X+CH
13.9

5.122
1847.8
64,0
18.52

99.83
1.09
0.60
26.38
35.5

956.8
1158.0
930.6
1014.5
A90.5%
930.4
931.7
$85.2
902.6
935.5%
1035.5
1158.6

1390.9
14111
1591.6
1633.2
0.3027
-0,0211
0.0456
0.0776
0.0553
-0.1372

24.31
18.52
1.2

Iv-A.

P L T

Jp-8

13.9

5.106
1832.2
739.1
18.69

99.85
1.69
0.34

22.71
42,3

927.7
1165.8
829.3
985.0
888.5
930.6
933.0
965.3
895.0
914.6
971.0
1165.8

1388.3
1370.4
1583.5
1619.3
0.2860
0.0318
0.0810
0.0942
0.052i
-0.2589

21,17
18.69
13.2

JP-8
AR
1.9

S.147
1840.6
744.0
19.19

99.77
2.07
1.15

27.31
6.8

1116.0
1221.4

989.8
1156.8
1086.9
1148.9
1148.9
1163.6
1337
1144.6
1153.4
1221.4

1395.2
1a06.3
1613.9
1640.6
0.29%46
0.0147
0.0612
0.092%
0.0%18
~0.2204

22.57
19.19
17.¢€

JP-8
+*AR
12.9

5.118
1828.9
760.6
19.14

9%.82
2.0l
Q.47

24.20
49.1

939.¢
1163.9
896.1
1005.4
887.5
936.0
915.3
983.7
907 .6
945.1
908.4
1163.9

1398.5
1376.8
1351.6
1603.8
0.2093
0.0031
0.0728
0.1140
0.0280
-0.2177

20.71
19.14
8.2

e oA

10

+*X
12.0

s.128
1838.7
745.0
19.17

¥9.80
1.81
Q.30
26.72
45,2

378.9
1176,6
332.9
388,38
312.8
262.0
970.9
1020.4
930.5
969.9
1049,2
1176,6

1398.¢
1412.3
1607.0
1636.1
0.2336
~0.0035
0.050¢
¢.0821
0.0339
~0.1833

12.81
19.17
19.0

1
Jr-8
+X
12.9

s.970
1849.6
738.9
19,36

99.83
1.24
V.31

29.20
46.3

963.0
1181.4
925.1
983.5
900.2
985.0
956.6
992.3
91L.0
935.1
1035.0
1181.4

1603.2
1406.5
1629.0
1628.2
Q.14
0.0081
0.0554
Q.0786
0.043¢
-0.1859

22.22
19.34
14.9

JP-8
-
13.9

5.081
1828.9
763.1
18.71

99.84
1.08
0.67

.51
32.%

951.7
1158.2
907.1
9350.2
91,2
931.8
939.2
983.1
907.7
947.5
1062.0
1158.2

1394.0
1607.9
1574.4
1603.3
028537
=0.0331
0.0355
0.0815
0.0668
~0.1509

22.41
18.71
15.8

1ol aa o ol
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Fuel Ho.

Base fuel
Additive fuel
Neasured wt T E

Set point
"c' g/ sac
BIP, hPa
AT, K

Puel/air, g/vg

0
Pacilicy
JB=4
18,3

5.002
1817.3
761.3
21.19

Gas analysis (corzected)

Comb eff, I
RICO, g/kg
XI8C, g/kg
tnco‘, g/%g

SAE smcke nunber

Wall tempetature, K

Total avg
Total max
Doma avg
Dowe wax
PL avg
PZ max
IZ avg
1Z max
DZ avg
DZ wax
Trans avg

Trans aax

Exit temperatures

Ideal avg, K
Meas avy, K

PF (90X span)
PF (702 epan)
PF (50% span)
PF (30X span)
, PP (10X spaa)

99.82
Q.68
0.27

28.23
43.6

971.9
1221.0
899.8
985 .4
912.7
963.0
967.3
1001.7
967.5
985.7
1041.6
1221.¢

1492.0
1474.8
1719.9
1773.7
0.3102
0.05611
0.0769
0.0996
0.0353
-0.25%2

Puel/air racios, p/kg

Chemical
Mgchanical

1 diffarence

Special
la.4

4,977
1843.0
759.0
21.24

99.88
0.96
0.10

18.62
42,1

$646.3
1237.5
892.27
Yyup . B
897.4
947.0
960.9
995.3%
938.9
978.4
1038.2
1237.5

1491.2
1491.8
1747.1
1767.2
0.3471
G.0102
0.0388
0.0838
0.0629
=0.2162

21.08
21,24
0.7

SLTO CONDITION PERFORMANCE DATA

12.0

5.066
1845.1
756.3
2L.66

$9.81
1.89
0.40
30.062
43.9

1007.8
1251.3
908.7
9id.3
932.0
989.9
998.1
1061.7
970.3
1009.5%
1104.0
1251.3

1483.2
1473.3%
1726.5
1765.6
0.2992
0.0103
0.0565
0.0938
0.0545
-0.2167

5.15
21.66
16.1

12.9

4,950
1833.9
759.4
21.94

¥9.82
1.72
0.53
27.63
45.4

1005.1
12671
897.8
575.0
9:7.3
969,7
962.5
1030.0
965.4
1010.2
1118.7
1247.1

150L.8
1495.0
1718.9
1751.1
0.2712
0.0215%
0,0691
0.1059
0,0328
-0.2291

15.60
21.94
16.7

Y R

TABLE A-4

+X
11.9

5.020
1860.1
761.4
21.60

99.81
1,84
0.33

29.87
8.3

1012.9
1253.5
947.2
1007 .34
931.0
985.0
1007.8
1045.4
975.0
1014.3
1999.4
1253.5

1487.2
1508.4
1765.8
1776.8
0.3502
0.0134
0.0556
0.0898
0.0564
-0.2133

23.47
21.690
8.7

JP-4
A2 4
11.0

4,958
1839.4
756.3
21.49

99.82
1.68
0.47

.78
43.4

994.8
1219.3
895.8

Yy
755,

915.0
F68.1
976.8
1015.6
955.8
1000,1
1091.1
1219.3

1486.0
1475.3
1697.7
1819.8
0.2696
-0.0284
0.0298
0.0915
0.49739
-0.166%

22.%°
21.49
3.0

+Xe@
13.9

4.991
1871.5
760.2
21.18

99.85
1.15
Q.46

28.53
35.4

995.6
1221.0
937.5%
1012.0
y12.7
961.4
979.7
1019.0
950.8
990,53
1088.5
1221.0

1687.6
1508.9
1727.9
1755.2
. 0227
~0.0182
0.0462
0.0811
0.0604
~0.169&

28.10
21.18
32,7

*C0, UHC, ard mx valuse are corrected pat the tachunique described ia Section Iv-aA,
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Jp-8

12,9

3.97)
1859.6
738.4
21.41

99.85
1.57
0.21

25.92
40.4

967.6
1233.7
907.5
10051
911.4
958.7
972.2
1007.6
9465.¢6
974.2
1025.5
12337

1489.0
1469,6
1726.8
1738.0
0.3107
0.0277
0.0742
0, 0846
0.052)
~0.2385

24,65
21.41
15.1

—TEN AR A

Jp~g
~AR
11.9

5.049
1847.0
760.0
21.81

99.80
1.92
0.50

31.81
53.9

1146.2
12643
1000.0
116e0.0
1136.6
1i57.>
1161.3
1177.¢
1150.9
1164,0
1194.6
1264.3

.488.3
1496.5
1731.0
1771.0
0.2933
0.0162
0.6623
0.n0972
0.,0547
~0.2301

25.75
21.81
18.1

Jp-8
+AR
12.9

4.941
1839.6
766.8
21.93

99.85
1.6l
0.15

26.07
9.3

992.2
1236.1
923.6
10368
954.4
1088.8
981.5
1022.5
963.3
1009.2
1050.7
1236.1

1506.0
1477.4
1705.5
1741.9
0.2461
0.0070
0.0744
0.1161
0.0304
~0.2277

24.80
21.93
13.1

o omow -»-:~—::~.3~.s*!!!&~i$§! !
10 1t
JP~8 Jp-8
*X +X
12.0 12,9
5.001 4.983
1860.8 1823.6
162.4 756.8
22.23 21.67
99.82 99.82
1.98 1.15
0.42 0.26
28.34 31.55
45.0 4l.2
1022.3  1000.0
12649.3  12)4.8
941.0 942.2
983.0  1000.5
vi3.9 921.4
288.0 970.4
1010.2 994.9
1050.1  1028.¢
982.5 957.8
1028.1 987.3
1112.8  1083.8
1249.3  1134.8
1505.6  1489.7
16487.9  1487.9
1768.9  1743.%
1832.8 17512
0.3183  0.3206
=-0.009¢ 0.0160
0.0656  0.0600
0.0884  0.0766
0.0626 0.0401
-0.186% =D.1929
27.36 22.94
22.23 21.67
23.1 5.9

17
JP-3
+Co
13.¢

4,953
1857.7
762.3
21.16

99.83
1.51
Q.31

28.46
39.3

9917.5
1218.3
928.4
974.8
915.0
961.5%
978.6
1013.6
951.1
995.7
1095.4
1218.3

1456.)
1502.6
1697.0
1732.9
0.2796
-0.0300
0.0381
0.0837
0.0675
-0.1391

23.29
21.16
10.1
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Gas analysis F/A vatios on the hign side are expected berause the gas sample
rakes sample the flow core and not the cooling air-cont:ining wall film. The
gas analysis probe locations were left undisturbed for the nrogram balance
based on the excellent JP~4 results, As shown in Tables A-1 through -4 some
of the experimental fuels had much larger disagreements between chemical and
meter F/A ratios. Large disagreements appeared to be associated with JP-8
based fuels, and with mineral seal oil additiom, suggesting the possibility of
a temperature pattern shift with fuel volatility. However, the outlet temper-~
ature pattern results do not appear to indicate such a shift. On an average

basis (at idle, cruise, dash, and SLTO) most of the fuels have chemical analy-

sis F/A ratio deviations within 15% of JP-4. Because virtually all gas sample
F/A ratios were greater than meter F/A ratios, the exhaust emissions reported
in this program are conservative, i.e., perfect sampling would result in lower

reported emissions,

In addition to overall average and maximum combustor wall temperatures, Tables
A-1 through =4 also provide the following combustor wall temperatures (average

and maximum):

o Dome

Primary Zone (PZ)

[}

Intermediate Zone (1Z)

[}

Dilution Zone (DZ)
Transition (TRANS)

o ©

Tables A-1 through A-4 also provide the following combustor outlet temperature

pattern information:

o

Idesl average temperature

(o]

Measured average temperature

o Measured maximum temperature

¢ Statistical maximum temperature
o Total Pattern Factor (PF)

o Radial PF (various % span)
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The ideal average temperature is based om actual BIT, F/A ratio, fuel heating
value and hydrogen content, and 1002 combustion efficiency. The statistical
maximum temperature is a statistical projection of the 3000 BOT data points
obtained in the five depth temperature traverse to yield (to a 992 ronfidence
level) the hot spot that would actually be measured with an infinitely detail-
ed temperature survey. The statistical maximum temperature is considered more
stable and reliable than the sctually measured hot spot temperature. The sta-
tistical method has been exclusively used on all recent TF4l temperature tra-
verse work, The "total PF" is based on the statistical hot spot. The statis-

tical hot spot was calculated as follows:

where THS = gtagtistically projected hot spot
TAV = gverage measured temperature
K = gelected comstant (2,326 for 99% confidence level)
o

= temperature standard deviation, determined from the 3000

point survey

The combustor pattecn factor is defined as follows:

Twax ~ Tave
PF = s
AVG 1IN
TMA = maximum statistical temperature, X

TAVG = average measured exit temperature, K

TIN = combustor inlet temperature, K

The reported radial PF values were calculated from measured maximum and aver-

age radial temperatures. The various percent spans are from hub to tip.

FLAME STABILITY DATA SUMMARY

Flame stability was determined at idle, and altitude cruise conditions. Re-
sults are summarized in Table A-5. LBO F/A ratios were determined at idle and

cruise flow conditions. Minimuw ignition F/A ratio was determined at idle
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TABLE A-5
IGNITION AND FLAME STABILITY SUMMARY
Conditiom 1dle Cruise SL cald SL emd 3,040 0 10,668 ¥ 12,192 % 15,240 X
N Fual 1
i Inlet parameters
: Airflow, kg/sec 1.066 1131 0.117 0.704 0.836 0.357 0.47% 0.137
. Temperature, K &19.8 378 .4 271.9% 279.8 282.0 278.7 °8.7 278.7
: Prassure, KPa 291.1 n2.1 119.9 119.9 148,35 9.8 19.2 62.0
. Plow factor, 0.073 0.079 0.098 0.098 0,100 o.102 0.100 0.0t
(ha- JR)/(anc-k¥a)
L Igmitice
. Tual flov, kg/hr 21,64 - 22.43 .17 21.68 2.1 17.19 14,33
: Avg fuol/air. g/kg 5.491 - 8.650 9.164 6.760 10.973 9.661 11.1%
: ¢ 27,02 x 10° - 1 x et 10.%9 x 10} 41,84 2 10° 39,43 67.32 a3
.’. Leao blow our
} Pl flov, bg/he 4.08 4,08 8.56 9.93 7.62 10.82 9.66 8.82
Avg fual/aiv, 5/ks 1.066 1.003 3.270 3.929 2.388 5.304 5.688 7.281
' ’ .60 x 105 7100 s 100 9sr2x 10 137 s W5 178 2 10°  1noe x 10° 19,00 x 107 15,00 x 10!
1
’ Yual 2
Inlat parsmatars
Airflow, kg/esc 1.080 1.147 0.706 0.681 0.862 - —_ -
Tewerstus, & 416.3 3609 2731 287.6 187.6 -— -— —
Pressure, kfe 2.9 1587 116.2 118.2 165.3 —- — —
Tlon factor, 0,078 0.080 0.100 0.098 0.099 - —_ —
(kg-ofK)/(sac-kPe)
Igaition i
Fuel flow, kg/hr 20.64 ——— .71 19.8& 20.68 —— — —
i Avg fuel/air, g/kg 3.15) — 3,417 7.8%1 6.477 -— — —
: ¢ 25.96 x 107 e s xiel z0zxiol 9167 s 10! — - —
Lesn blow out
Fual flow, kg/br 6.17 5.49 11.16 10.70 9.39 — - ——
i Avg fusl/aiv, B/kg 1.387 1.3% %.362 5,363 3.026 -— — —
» 10.13 x 100 39.70 x 10’ 99,38 x 10 18.91 x 10° 2.2 x 10° — —
l Puel 3
t Inlet paramatars
Airflov, kg/eac 1.671 1.1%0 Q.700 0.691 0.87% 0.533 — -—-
Tomperature, K a16.5 66.5 2718 0.9 282.0 204.3 — —
i Presaurs, WPo 292, 3418 117.2 117.9 147.3 3.1 — -_—
Flow factor, 0.075 0.078 0.098 0.098 0.100 0,100 — -—
(k;-{l-)/(nc-kh)
. Ignition
Fuel flow, kg/hr 20,00 — 2988 0.7 21.14 24.83 — -—
s H avg fuel/sic, ¢/kg 5.118 — 10.081 8.002 6.5 12,18 - -—
: ! [ so.28 x 10° — .0 1693 xiol  else x 10! 33.75 — — ;
! Laso blow out .
;' Tusl Flow, kg/he 6.51 .08 10.93 10.93 10.66 12.84 - —_
. Avg fual/aiv, g/kg 1,633 0.9%¢ 4.3%8 4.393 3.302 TR —_ —
’ P 10.21 x 16°  32.08 x 10 956 x10* 1420 10° 17z e10® saxidt - --
‘ .
.l k
{,
]
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E TABLE A-5 (Continued)
u
Condition Ldle Cruise Sl cold SL b 3,043 % 10,668 X 12,192 X 15,260 X 3
9
Puel & :
In'at paramaters
Lirflow, kg/esc 1.066 1.122 0.702 0.694 0.884 —-- — —-
Temparature, K 424.8 577.6 272,0 2747 279.3 — — —
Pressurs, kEa 29.6 318.7 1. 118.5 169.0 - — .~
! Tlow factor, 0.075 0.08 0.098 0.098 0.099 — — —
' (k.‘{i‘)l(lﬂc'ul)
! lgoition
. Pual flow, kg/hr 18.78 - .72 73,41 2.3 — — -— oy
' Avg fuslisic, g/¥s 838 — 8.978 9.159 7.665 — — -
; s 14,56 x 19° — 1.9 x 10! 1.5y x 10! 25.25 x 10t — — -—-
legn Elow vut .
! Poel Clow, kg/nr 6.30 4.08 10.84 11.02 10.84 — —- 3
: Avg tusilorr, g/kg 1o 1.011 4,291 4,412 3.408 - — - :
P a6 x 10% 79.05 x 10! 98,03 x 10" 13.07 x 10° 15.67 ¢ 10° —- — - ¢
Fuel 5 )
t Inlet narameters )
| Airlow, \g/aac 1.067 1122 0.725 0.708 0.843 0.348 — -— ]
1 Teaperstury, K 422.0 577.4 270.9 277.6 27..6 279.8 - — "
i Fressure, WPa 2929 338.7 119.9 172 150.7 93.1 - - 2B
Flov tactor, 0,075 0.980 0.100 0.101 0.099 0.098 . —
(kg-ﬁ)/(nc-u’u)
Ignition
Puel flow, kg/hr 17.46 —- 23.68 %.27 25.21 2%.77 - — -
Avg fueriair, glkg 4,370 -— A.°90 9.455 7.693 12.097 - -— -
] 12.80 x 108 — 10.77 % 10! 98.06 31,02 x 10! 56.23 — - )
i Luan blov eut g
; Fuel flow, ¥8/ht 5.31 %.08 10.09 2,05 9.19 25.74 - —- )
‘; Avg fuel/air, g/ks 1.382 Lo 3.86% 3.552 2,358 12.786 -— —
i 8 12.80 - 10® 79,05 x 10! 93,47 L 10° 1z.02 x 10> 14.80 x 10° 52,85 — —_
Pug. 8
Inlet parsmeters ,
! Airflov, kg/uec 1.62 1.148 0.79 0.678 0,380 0.939 0.434 0.3%1
Teaperaturs, K 4N 577.6 2137 239.8 202,0 277.4 281.1 1787
Pressure, KPa 296.8 355.6 118.5 1.5 169.0 91.1 79.2 62.3
Flov factor, 0.07% 0.078 0.099 0.097 0.0)9 0.100 0,096 0.09% ;
kg~ YRJ/Lsac-eru)

N Ignition b
b Tual flov, kg/hr -- - 26.81 11,54 22.82 2,54 18,03 15.0: :
g avg fuel/air, s/xg - — 10.472 8.655 7.200 11.974 10.431 11.693 ]

6 .- — 18,02 resz xiob 30.13 x 10! 54,20 63.54 4608
i . Lesn blow out 3
! . 1y Fuel flgw, bg/hz 5.60 TN 10.80 9.68 11.39 11.75 10.68 9.84 T
: 1y Avg ftuel/air, glig 1403 1.0930 a.ug :'97: :.59: 5.53; s.s&i 7,748 i
3 ¢ . 18.12 x 10%  34.02 x 10 10.52 % 10 20.88 = 10 17.58 x 10 13.98 x 10 37.37x 10 11.60 = 10!
‘, ‘
i .
, :
.

L ]

! N

-

I 120

. .
FN
| . o S oL atg T < - SR . e




i} . L e— AAHWI-MM -
I.
]
I
TARLE A-3 (Continued)
| Condition tle Cruise L cold SL amb 3,048 H 10,668 M 12,192 ¥ 15,240 #
rual 7
Tnler parametere
| Airflow, kg/sce 1.083 1.146 0.706 0.682 0.879 0.357 0.461 -
i' Tesparature, & w256 $72.0 270.9 287.6 289.8 284.3 283.1 -
) Preasurs, kPs 292.9 18.8 us.s 118.5 150.0 93.1 18.9 -
Plov factor, 0.073 0.079 0.098 0.098 0.100 0.101 0.098 —
E (kg- K2/ Coac/xra)
H Ignition
! Fual flow, kg/ht 19.08 -—- 26.17 24.72 26.40 26.90 26.94 —
HE Lvg tusl/air, okt 4,917 — 10.164 9.650 7.1 12.383 16.142 —
e 15.27 x 107 —_ 81.23 10.18 x 10! 23.76 » 10 53.83 37,48 .
: 4
. - Lean blow out
) Puel flov, kg/hr 4.08 4.72 11.66 11.27 11.06 17.83 16.03 —
: avg fuss/uiv, 8/kK 1,067 1163 4,603 4.5%0 3.490 8.807 10,133 -—
' kg x 10® 63,23 s 2080 sasr .10t 18,98 x 100 2031 x 10 91,12 65.32 -
F|
Fual 8 5:
lglet parameters
Airflow, kg/sec 1.043 1.129 0.722 0.704 0.87% 0.542 — —
Tewperaturs, K 33,9 572.0 269.3 282.0 2887 87,6 — —_
Pressure, kP2 287.9 318.7 120.6 121.2 149.0 93.5 —_— ——
Yiov factor, 0.076 0.080 0.098 0,098 0.099 0,098 —_ —_
(k;/ﬁ)l(nc-kh)
Igaition
Fusl flov, kg/hr 26.04 —_ .53 28.94 26,95 23.86 — —_ !
Avg fuel/aiv, s/ikg 6.401 -— 10,966 .27 7.958 11.925 - — i
[ 19.88 x 10° - 75,00 9.0 23.61 x 100 61.83 — - i‘
La-n blow out !
Ful flow, kg/ht 5.26 4.08 13.99 13.04 11.73 13,59 -— —- i
Avg tuel/uir, g/ks 1.401 1.004 5,383 5.162 3.73 5.962 -— -— i
’ na2x10® ez x10t? 270 x o} a6 w100 2306 x 100 355 x 10F — — i
1
Yuel 9 ‘
Inlet parammters ‘:
Airflov, kg/eec 1,063 1122 0.723 0.670 0.839 0.557 — — ,
Temperature, K 410.9 577.6 268.7 208.7 302.0 279.8 — - i
Prassure, PR 2965 338.7 117.9 118.5 149.7 93.3 —_ —- i
Flow factor, 0.073 0.080 0.100 0,098 0,097 0.100 — -— ]
(kg- “—-'.)I(u':l".'_) B
' Ignitiva "
b Yual flow, kg/hr 22.68 - 25.40 2).54 26.9% 27.12 —_—- — !
Avg fual/aiz, /i 5.928 — 9.1%0 9.604 8.263 6.758 - —
’ 48.03 x 10° — so.50 L.t xl0b 22.10x il 3.9 x 0t —_ — ¥
Laap blow cut
P! Fual flow, kg/hr 7.26 5.26 11.36 11.16 9.7% 27.12 — =
E Arg fual/air, s/kg 1.897 1.297 4.368 4.62) 3.130 13.516 — — 3
' ’ a3.22 x 107 79,05 x 1010 332 x Wb w10’ 438k 10° 48.94 — -
.
{
i
|
|
i
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TABLE A-5 (Concluded)
Sondition Idle Cruise SL cold SL a2mb 3,048 N 10,668 K 12,192 M 15,240 X
Twal i0
Iolet pasramxters
Alrflov, kg/vac 1.067 t.122 0.7%2 0.683 0.866 —_ - —
¢ Tomperoturs, K 4220 $77.6 271.0 287.8 287.6 — -— - 3
{ Pressurs, KPa 292.9 338.7 119.9 118.9 149.0 —_ -_— —
¢ Flow factor, 0.07% 0.080 0.102 0.097 0.098 = -— -— E
(kg )/ (sac/xPe)
Iguition
Tual flow, kg/he 20.73 - 25.17 26.37 21.93% — — .- 3
. Avg tusl/air, g/kg 5,197 -— 9.2359 7,793 6.9185 - — -—
: ’ 11.98 x 107 — wa2ex 10 21,89 x 100 5134 5 10! —- — —
Lean blow cut
Puel flow, kg/hr 6.9 4.98 11.93 10.5? 19.39 —_ -— — :
Avg fuel/uir, g/kg 1.689 1.011 4477 4.298 3.1 —— — -—
; ] 12,80 x 10° 79,05 x 100 95,57 x 10*  19.04 x 10° 22.37 x 19° — —-- —
Fual U1
: Inlet pavameters
; Lirflow, kg/esc 1.967 1.123 0.722 0.7:2 0.900 0.539 - —_
Temperature, K 422.0 577.6 272.¢ 272.0 272.0 273.8 — —
§ Pressure, kPa 292.9 338.7 121.6 121.6 149.0 93.5 — — 3
i Tiow factor, 0.015 0.080 0,098 0.092 0.100 0.099 —— —
’ Ceg-f K)/ (sac/kPa)
ignition
l Toel flow, kg/ht 25.49 - 26.40 26.40 22.68 22.82 —_— -—
! avg fuel/air, g/xg 6,578 — 9.8812 9.882 7.669 11.073 -— -— .
. 88,31 x 102 - 20,39 90.39 2%.37 = 10! 60,63 — —— :
! Lesn blow out
i Tuel flow, kg/hr 7.62 4.02 12.59 12.59 11.29 13.99 — e 1
Avy tual/aic, g/kg 1,93 1.010 4.843 “.84% 3.488 6.747 — -_—
t ' 12.80 x 105 70,99 x 1000 10,07 x 10° 10,07 x 10 1152 x10°  30.83 a 10! — -—
'f Fual 12
! Iolet parsamtsrs
Arflow, kg/oec 1064 1,187 0.708 ¢.703 0.875 0,933 — —
Temparature, K 422.0 569.3 272.9 278.1 278.7 84.3 - -—
, Pressure, kPa 292.9 348.8 119.2 183 150.4 93.3 — -
Plow factur, 0.075 G.078 0.098 0.099 0,097 0.100 — -— 4
v . (u—{l)/(n:-"l) ]
P Ignition
t Pual flov, kg/hr 18.42 — %0 22.93 24.5) .77 - -
.1 Avg tusl/aiz, g/kg 4,608 — 9.337 9.002 8.297 1,17 am —_ 1
i ¢ 12,8 1 108 — 96,59 10.95 x 10} 16.82 x 10! 35,63 - -—
Lo \ Lean hlow wat
I el flow, ke/tr .14 .17 1.2 .14 11.36 12.70 - —
t . ‘.’ Avg fral/air, g/kg 1.886 1.153 &.407 4,402 3.603 €.360 -— —
i ' ’ 12.00 x 108 30,33 £ 1007 seiex 10t 12,63 x 10° 15.91 x 105 353.06 x 10} - -
| .
! dvg P/ are arithmetic sversges of IQN/WO IGR or LBOL/LBOZ ¥/A vatios.
: ¢~ (‘ul.ﬂl Ar h .(Bﬂ‘/b))/gA with wiulmom b = 23 K, and based om average IGH F/A or avarags L3O P/A ratios.
: {
1
!
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only. Stability and ignition data (as well as combustion efficiency) may be

correlated against the combustor loading parameter, # . It is defined as fol-

lows:
) - Pl 754 1 eT/b
W
[ =4
wvhere P =  combustor annulus pressure, MPa

2
Ar = combustor reference area (area between cases), m

h = combustor annulus height, or combustor dia, m
e = base of natural logarithms

T = combustor inlet temperature, K

b = function of combustion zone equivalence ratie
w, = combustor airflow, kg/s

For ignition/stability correlation, optimum results would be expected for a
stoichiometric combustion zeme. Under such conditions, b may be taken as 300

Other fixed values for TF4l are:

Ar ~ 0.223 u?
h = 13.2 cm

The fuel schedule for these data follows:

o 100Z7 pilot fuel up to 4.48 MPa pilot (approx 19 kg/hr)

o Additional fuel is all wmain

FOULING DATA SUMMARY

A l-br fouling and carboning test was run for each fuel at SLTO conditious.

Severe fouling conditions were establiIshed at the nozzle by the following mea-

sures:

o lUeated main fuel to 93°C
0 An unusually low pilot fuel rate (4.5 kg/hr vs 18.6 kg/hr nmormal) tou es-
tablish severe pilot passag.: fuel interxface temperatures
o Slotted neuzles to prevent pilot passage cooling by conduction to the
main fuel
123
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These severe conditions in 1 hr give the fuel fouling expected in 75 hr of

typical mission operation,

The fouling results are summarized in Table A-6, This tabulation shows pre-

test and posttest pilot and main nozzle passage flo' numbers, as well as flow

numbers at 15 min intervals during the fouling test. The pilot passage flow

was momentarily increased to obtain accurate pilot nozzle passage flow number

data.

After each pilot test flow bench calibration the nozzles were disassembled,

o e o

and any passage deposit was carefully removed mechanically and weighed to pro-

i vide another fouling indication. These results are given in Table a-7,

\ SEA LEVEL STARTS DATA SUMMARY

Ignition end LBO F/A ratios were determined at sea~level start conditions,

over a nominal temperacure range from 274 to 282 K. Combustor flow factor,

wéJEVP, was held constant. Resulis are given in Table A-5.

ALTITUDE IGNITION DATA SUMMARY

As previously discussed, altitude ignition data were obtained at flow condi-~

tions corresponding to 3 sec out engine conditions at 0.6 flight MN’ at 3,
11, 1Z and 15 km conditions.

The procedure was to establish airflew conditione and then establish the mini-

wmunt ignition F/A ratio through a series of attempted lights., Approximately 39

sec were allowad to achieve ignition, as indicated by a temperature rise. The

wmaximum overall F/A ratio attempted was 30.0, well beyond stoichiometric in

the combustion zone.

The LBO F/A ratio was determined by reducing fuel flow slowly and noting the

axtinction fuel flow, based on temperature rise. Airflow conditions were al-

lowed to change as F/A ratio changed. Airflow conditions at extinction were

reported.

The altitude ignition data are summarized in Table A-S5.
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TABLE A-6
SLTO0 FOULING AND CARBONING DATA

Tuel Flow Flov Passage
Pusl wisle bench Cowbustor rig opsratirg time, min bench rban
Mo. ssrial number pretest 9 15 0 43 50 posttest o8

Messured pilot noszla flow numbars, kg/sec/ 4 MPa *

1 z 12.78 9.72 9.72 9.72 9.67 9.72 13,11 1.0

| 2 1 11.96 11.03 11.03 11.03 10,98 11.03 11.85 0.6
! : 3 2 13.11 12.40 12.50 12.35 12,45 12.54 13.22 1.3
i ! 6 3 10.98 12.40 12.40 2.9 12.40 13.00 11.36 0.3
! s 2 13.27 10.22 10.22 10.22 10.27 10.22 10.98 4.0

j 6 3 11,64 12.78 12,78 12.89 12.95 12.84 11.91 5.8

S 7 1 12.89 AT 11.14 11.14 .14 11.09 12,07 2.3

} ; s 3 10.60 12.29 12,89 12.95 13.17 13,00 10.56 0.4
P ¢ 3 1.7 12.51 12.51 12.56 12.67 12,45 10.32 0.2

10 2 13,56 10.82 10.82 10.65 10.60 10.65 11.47 4.5

! 1 1 1142 13.27 13,27 13.38 13.49 16.20 11.47 3.1

i 12 2 12,62 14.75 16.75 15.97 13.98 16,15 13.11 2.1

Measured wmain nozzle flow numbers, kg/esc/ VJ MPa *

1 2 276.4 240.9 242.5 240.4 240,46 240.4 275.3 0.0
2 3 257.8 240.9 241.3 241.5 0.9 241.5 243.1 0.0
3 2 275.3 250.2 250.7 250.2 250.2 249.6 278.6 0.0
4 3 31N 238.3 232.2 232.2 232.2 230.0 257.8 0.0
3 3 an.o 26,4 246.9 245.8 28,0 246.9 276.4 0.0
6 3 137.8 23,1 262.5 244.2 264,2 266,48 258.4 Q.0
7 1 6.8 134.9 i57.4 232.7 237.% 236.0 255.7 0.0
a b ] 257.8 26,4 262,95 262.0 244.2 243.6 239.5 0.0
9 3 255.17 s, 7 239.3 233.3 218.7 233.8 257.8 0.0
10 2 280.2 263.1 242.0 243.1 263.1 241.5 280.6 3.0
1i 1 236.7 243.6 218.2 235.4 237.1 237.6 155.1 Q.0
12 2 276,4 261.8 266.6 264.4 263.8 2644 276.4 Q.0

Plow rate  kg/aac
Flow mumber = —oommmn— = e

eraseure o W2

: *Rouflasmmable test fluid used on flow bench, viscosity differant than tast fuels
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TABLE A-7

FUEL FOULING TEST RESULTS—-FUEL DEPOSIT INVESTIGATION

Fuel Initial¥*
No. weight
1 6.36
2 6.29
3 6.33
4 6.46
5 6.34
6 6.43
7 6.20
8 6.39
, 9 6.23
5 10 6.44
;’»“ 11 6.43
Y
i
12 6.30

Final¥
weight
6.40
6.30

6.36

6.46

6.35

6.44

6.20

6.39

6.23

6.44

6.43

6.31

Fuel

deposit*

weight Comments

C.0010 Very light carbon— pilot;
main~-clean

0.0004 Small amount wet & dry
deposits——pilot & main

0.0013 Slight amount wet & dry
deposits-—-pilot & main

0.0003 Pilot-—small amount
wet & dry deposits; main--
clean

0.0040 Pilot--black granular
deposits and ligint carbon;
main--clean

0.0058 Pilot~-black granular
deposits; main--clean

0.0003 Essentially no deposits

0.0004 Small amount of wet &
dry depositg--main &
pilot

0.0002 No deposits, slight
amount of metal removed

0.0045 Pilot—-black granular deposits
& carbon; main--clean

0.0031 Pilot~—~black granular deposits
& light carbon; main--light
carbon

0.0021 Pilot—black granular deposits

& carbon; main--light carbon

*Measurements in grams (taken with gramatic balance).
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APPENDIX B

j COMBUSTOR OUTLET TEMPERATURE PATTERNS

Combustor exit temnerature distributions at SLTIO conditioms (normalized to

1502 K) as presented for all test fuels in Figures B-1 and -2,
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TE-7489-1
Figure B-1, = SLTO Combustor Outlet Temperature Patterns-—Fuels 2 through 6.
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APPENDIX C
CARBONING DATA SUMMARY

Fuel nozzle and zombustor dome carboning characteristics were determined dur-
ing a special l-hr test at SLTO conditions. A special low thermal shock shut-
down procedure was employed to preserve any carbon deposits. Posttest photo~

graphs showing carben deposition include Figures C-1 through ~10,
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APPENDIX D
STRESS LIFE ANALYSIS

A calculated life analysis was performed on the life limiting component of the
TF41 combustion system - the discharge nozzle - for four of the test fuels,
Fuels 1, 7, 8, and 10, The maximm von Mises equivalent stress and the maxi-
mum component stresses for each of the four fuels in shown in Table D-1.

These stresses can be compared to the yieid and ultimate strength of the Ni-
monic 263 material in Figure D-1, The location of these stresses is shown in
Figures D-2 and =3 depending on whether they occur on the inner or outer sur-
face. These figures also show the mathematical model used in the analysis.
The computer program used assumes elastic behavior, and the stresses in Table
D-1 are equivalent elastic stresses, i.e,, the elastic stress that is compat-
ible with the calculated strain. Normally the squivalent elagtic stress range
is considered to he a2 valid representation of the strain range; however, in
the case of the combustor where large portions of the wall exceed the propor-
tional limit, the calculated strains and equivalent elastic stresses could be
unconservatively in error especially in the hottest regions and should be used
only in 4 relative seuse to compare one fuel with another. Only Fuel 10 has
an equivalent stress higher than Fuel I, the baseline. TFuel 8, because of its

lower gradient, has an equivalent stress well below the others.
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TABLE D-~1
MAXIMUM STRESSES IN THE TRANSITION SECTION OF THE TF41 COMBUSTOR
FOR TYPICAL TEST FUELS

Fuel 1 Fuel 7 Fuel 8 Fuel 10
(JP-4 Laseline)
Stress, Temp, Stress, Temp, Stress, Temp, Stress, Temp,

MPa K MPa K MPa K MPa K
von Mises 651 1127 582 1102 418 1152 658 1154
equivalent
Tx '
max tension 681 889 643 883 399 1033 662 866 1’
max compress 618 1116 554 1091 403 1172 650 1142 P‘
max tension 454 889 436 883 283 1033 410 911 !
max compress 487 1043 450 1027 358 1141 395 1020
oz
max tension 4RS 889 438 883 256 1124 426 911
max compress 470 889 450 883 266 1191 422 911
Uttimate Strength and 0.2% Offset Yield Strength
140 vs Temperature
*~ Nimonic €263 Ref. Rolls Royce
10+ ™ Materlals Handbook

120 }+
110

Stress {ksh) and percent efasticity
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Figure D-1., ~ Strength Versus Temperatu.e--N263 Material.
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Figure D-2. - Computer-Simulated Discharge Nozzle Inner Surface
(STRATA Model).
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