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S UMMARY

ThiughutPhase n-c, an I Ic nrcir phssT ''ho differences iii these overall performance coa-
the &S; Program, The Boeing Company has siderations are small and final installatlon and

I maintained a prouiram of desilgn ar.alysis and performance matching of either engine could
performance evaluatlon, with the coo dinated offset differences described here.
participation of both engine contractors. This
munagerlent approach was maintained to)nsure The estimated engine prices and development
that citl. r of the engine offerings can I>/ - costs ure very similo. ad the direct operating
stalled on the B-2707 and that the I tdIlLd en- cot values calculated by ti e ATA formula are
gine performanciL charactcristic. Ii closely
match those of the B-2707 to oduca neur opti- The GE4/J5P turbojet, at 620 1;,7 SLS airflow,
mum airplane performanc . As a result, the has better cormuni.ty noise characteristics than
Gencral Electric GE'/JSP powercd B-2707 (GE) the JTF17A-21B at 687 pps, during takeoff and
and the Pratt and \%lhtney Aircraft JTF17A-21B approach. The airport sideline noise levels for[ powered B-2707 (MVA) airplanes are very the two engines at full power are essentially
competitive in lerms ef overall airplane per- equal at 117 PNdB while the takeoff -ommunltyformanc criteria, and eithe r would make an noise at three miles, after power cutback, are
outstanding ah-ine airplane. 96 PNdB and 105 PNdB for the GE and P&WAL engines, respectively. Landng approach noise

_ chengine hits er ant--ages and each has ir 105 PNdI3 and 115 PNdB for the GE and P&VAccrtan.tlvclv,,.wev'-" isks. engines, respectively, one mile from the runway. if-""'- threshold.

1r- prTrL of this document Is to report the. techtical evaluation of the two engines. Con- 1. 2 GIROWTH POTENTIAL .

- siderattons In this cialuation ,ncludc engine/ The GE engine growth after 5 years of com-
airlane nujihing and performance, engine mercial service will Improve the cruise SFC by
design, Installation compatibility, development about 3 percent, the takeoff '.hrust by 9 percent
plan, development risk, and growth potential. I and the transonic thrust by ii percent. Supersonic

/j' cruise airflow wilt increase about 9 percent
A brief summary of the technical evaluation which will require an inlet change but not an on-
each of the major areas follows. gine frame size change. All modifications

suggested appear attainable. Thrust increases
S 1.1 ENGINE/AIRPLANE MATCH AND PER- up to 42 percent are possible, through zero

FORMANCE staging the compressor and Increasing the engine
The thrust characteristics of the two offered en- frame size,
gines are such that. at the selected airflow
sizes, both arc matched at near optimum range- The P&WA engine growth after five years of

. payload for the 13o-2707 airplane at 675,000 lb commercial service will Improve the cruise SFC
takcff gross weight. However, the GE4/J5P by about 4 percent and Improve the takeoff and
tirl)ojs.:. has rreater transonic thrust capability transonic thrust by 12.5 percent. However, the

, than the JTFi7A-21B turbofan and therefore compressor and fan modifications and other
atfords flexiility to meet sonic boom restric- component improvement required to obtain this
lieus. growth appear more difficult to attain. The

transonic thrust Increase of 12.5 percent. whichS Thc range-payload performance of the B-2707 Is available by lncrcas.rg transonic airflow
(GF) and B-2707 (P&VA) are essentially equal through reduced solidity of compressor blading.
on a stanctard and hot day for the design mission. will require an inlet size Increase. This thrust
For missions requiring longer subsonic or Increase requires a 10 percent Increase In air-
sho.ter superscnic range Increments, the P&WA flow and possibly an increase in the prosent
turbofan engine has an advantage, compressor site.
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However. a further design refinement of the The major development risk categories have bem
P&WA eng-ne by raising the b)ypass ratio looks classified by their SST implications as follows:
prom i5r4. By increasinz the bypasb ratio to
1.6. additional takeoff and transonic thrust in- * Category 1: Increased development program
creases as high as 12. 3 percent are possible cost
withot t adding a turbine stage, making a total of Reduced parts Il1s
25 p-rcent when combined with the previous Im- More complexity
provementa. Matched cruise SFC would be Im-. Minor program delays
proved by 6 percent relative to Initial produo-
tUon. Further thrust growth through Increased e Category 2: Payload-range decrement
b)pa ratio is possible by adding a turbine Increased DOC
stage. Increased program delays

It would appear that the thrust growth potential e Category 3: Major program delay
of te GE4/J5P is achievable with less engine Major program redirection
r.'design., whereas the P&WA JTFI7A-21B with an
increased byTRass ratio could provide a better The risk evaluation results are listed in Table
SFC growth. The engine weight changes occur- 1-A.
ring due to enine growth weoi not considered.

1.3 INLET/ENGINE COMPATIBILITY Table i-A. Development Risk Summary
Complete inlct/cngine compatibtlity can be de-
veloped for the B-2707 airplane using either the hem GE P&WA
GE./J5P or the P&WA JTF17A-21B engines. 1
The inlet incorporates features which provide Fan - 1
wide stability margins for engine-generated Compressor I I
disturbances, low circumferentfil distortion, Fan + compressor - 2
and the means to adjust the moderate radial dis- Main burner - -
tortion to favor the particular engine selected. Turbine performance - 2

Turbine life 1 1
From the standpoints of eng-Ine airflow stability, Augmentor 2 2
tolerance to distortion and dynamic Interactions, Nozzle performance 2 2
the compatibility dovclopme.t would be the least Thrust reverser 1 2
difficult with the GE4/J5P eagine. This Is due Weight 2 2
to the basic cycle, design, and control concepts Controls and dynamics 1 3
involved. From the standpoint of airflow match-
ing. the P&WVA JTF17A-21D has the advantage The GE engine is a conventional afterburning
of lower oubtionic inlet drag and a smaller bypass turbojet engine which has as its technological
area requirement. base the GE J93 engine. T1he major development

risk with the General Electric engine is the aug-
1.4 DEVELOPMENT RISK mentation system, in particular the life ref the
The rvaluation of the development risk of enges high-temperature parts.
components has taken into account the perform-
:ifmce, life, weight, and complexity. Judgment The P&WA duct burning turbofan is a new de-factors, which have been used, nclude design velopment in supersonic engines %Oilch entails&,as, dcmogtrtcd performance, part cxperi- development risks in several areas particularly

nce, technical capability, and the design the cont and associated engine dy-

approach. namics.

In some instances, component design and demon- Based on the information available at this time,
stiated performance have shown that the com- the Boeing evaluation of these cngines Indicates
ponent prkmably does not involve a major risk. that the risk in developing the GE4/J5P engine Is
For other components, an attempt has been made lower than the risk with the JTF17A-21D cotgine.
to categorize the degree of risk.

V2-112707-14



1.5 INSFALLATh)N LiFFERENCES The GE engine is more accessible for Inspectiom
The GE pod is 446 In. long. 89 in. maximum and maintennce of the interior of the engine thba
diameter, and weighs 14,312 lb. The P&WA the P&WA turbotan.
pod is 345 in. long. 88 in. In diameter and
weIghs 13,865 lb. 1.6 MAINTENANCE, RELIABILITY, AND

SAFETY
One of the Installation differences between the From % maintainability standpoint, the GE4/J5P
P&WA and GE engines is the reverse thrust engine is better th'An the P&WA JTFI7A-21D tn-
available. The GE engint. provides .50 percent gine. The maintenance frequencies do not ap-
of the maximum dry thrust or 23,500 lb In re- pear to be drastically different. The on-airplane
verse as o,.,osed to the ro&WA 40 percent of maintenance effort should be about equal except
maximum dry thrust or 14.080 lb. Under emer- for Internal inspections and onboard capability
gency conditions (icy runway) the stopping dis- where the GE4/J5P has better prisions for
tance will be approximately 800 ft shorter for internal ntspect!on. The major difference be-
the GE-powered airplane. tween th2 enginec Is seen in the off-airplane

repair and overhaul. The GE4/J5P,because of
Because of the higher moment of inertia of the Its modular construction, should have a lower
GE rotor, the mount loads due to engine seizure elapsed time and cost for repair and overhaul.
are considerably greater on the GE engine.

The reliability evaluation considered basic en-
The larger compressor blades of the GE engine gins design reliability, goals and apportion-
provide a greater capacity to ingest Ice, birds, ments, component life goals considering the
etc. without damage. severity of operating conditions, arn the esti-

mated effectiveneEs of the two manufacturers'
The windmilling horsepower and rpm available reliability programs. In all but te last category
from the P&WA turbofan are adequate to provide P&WA appears to be sli&htly better than GE. and
emergency power in case of fan engine failure, with regard to reliabl1.y programs they are
The GE turbojet does not provide adequate wind- essentially equal.
milling power and for the B-2707 (GE) a ram air
turbine is provided. In the area of safety, the PVA engine offers some

installation advantages.
The location of the rotating components of the GE

engine is farther forward than with the P&WA
engine. This restricts the location of fuel in the 1.7 DEVE)PMENT PLAN, SCHEDULES AND
hortzontal tail in a region above the compressor, FACILITIES
thus decreasing the airplane fuel capacity by The development program proposed by the two
5,628 lb. engine companies is considered adequate In both

the comporent and engie development testing.
The thermal environment of the nacelle in the Endurance tcstLng is emphasized. Pritt and
:ompressor region during cruise is 950F for the Whitrey Aircraft and GE have provid(.d adequate
GE engine and 650'F for the P&WA engine. The engine test facilities to accomplish tIelr pro-
..nglne accessories for the GE engine are mounted grams. Both companies plan to crnduct the
in an accessory capsule wh!ch isolat,s the ac- inlct/engine compatibility testing at AEDC, but
cesor!es from the high nacelle temperatures. PMWA plans to perform the performatice demon-
With the P&\VA engine, the accesscries are strations In their own I "illty u\hlle GE wIlh use
mountctl in an exposed arrangement around the AEDC facilities for this purpose. Both engine
engine. Little difference exists in the maintain- companies can meet 1Bocing protot3pe and pro-
ability of the two arrangements. duction engine delivery requirements.

V2-D2707-14



CONFIDENTIAL

2.0 ENGINE DESCRIPTION

2.1 E:NGINE AND COMPONENT DECRIPTION gas temperature for extremely long duration.
The information and description presented In Cooling air frum the compressor. Lncluding c"-
this document represent Information available pressor discharge air flowing around the com.-
to [oeing as of August 8, 1060. This Includes Iibstor and sLxth stage bleed air through the rotor
information obtained durirg a visit to the two en- shaft, provides film and convection cooling for
gine ninufacturers In mid-July 19G6, and also turbine vanes, blades, disks, anm second stage
data from preliminary drafts of parts of the en- shroud. Turbine vance are individually replace-
gine marufacturers' proposal documents. 1t able and blades are replaceable in moment-
should be noted that some ditferences were found weighted pairs.
between the early data obtained in July 1966, and
that information obtained in the draft proposals. 2.2.4 Au.-mentor

The thrust augmentor for the General Electric
2.2 GENERAL ELECTIUC ENGINE GE4/J5P engine is a filly modulating afterburner baving
The General Electric engine is a single spool, two stages of fuel injection and incorporating
620 lb/sec sea level static airflow turbojet en- four gutter flame holders. Spark ignition is pro-
gino vith afterburning thrust augmentation. The vided only during the initiation of a'terburner
design pressure ratio is 12.3, with takeoff and operation. The afterburner liner Is film cooled
climb turbine nlet temperature of 2,250*F and by turbine discharge gas.
cruise turbine Inlet temperature of 2,200F.

2.2.5 Exhaust Nozzle
2.2.1 Comprescor The exhaust nozzle is a two stage, blow-in door
The compressor is a low aspect ratio, nine ejector deign with an actuated primary or con-
stage, axial flow design. The inlet guide vanes vergent section for variable throat area, and an
(IGV) and first ctator row are variable for cn- aerodyrnaniclly positioned secondary or diver-
gins starting and low speed acceleration, while gent section for variable exit area. Nozzle
the last six etator rows are variable for in- cooling is provided by compressor bleed air,
creased surge margin in cruise, and engine- Inlet sceondary air, and turbiae exit air.
Inlet flow matching purposes. The last stator
can be actuated as a windmill brake in the event 2.2.6 Thrust Reverser
of in-flight engine chutdown. Inlet flow distor- This unit reverses thrust by moving the pri mry
tion effects are stated to be minimized by re- or convergent part of the exhaust nozzle aft and
duced loading of the front stages, low aspect inward, thereby blocking the rearwcxd i- ow of
ratio blades, and the use of a variable exhaust exhaust gas, causing the gas to escape In the
nozzle under all operating conditions. Hollow forward direction through reverser cascade
compressor blades are used to reduce com- op~ning-s in the tailpipe wall. This action pro-
pressoi weight. Rotor blades can be replaced vides 50 percetnt of maximum dry thrust as re-
tn moment-weighted pairs without rotor disas- verse thrust.
sembly or rebalancing0 while stator vanes are
individually replaceable. 2.2.7 Bearings and S,-ale

The bearing arrnngerent for this single spool
2.2.2 Main Burner engine consists of a single ball type main thrust
The annular combustor is similar to past GE bearing mounted on the mid-frame and inter-
burner de ,ns. Fuel is p,'ov'ded for the com- changeable roller larlngs on the front and rear
bustlon process by .12 variable area dual orifice frames. Seals are pressurized, floating f.a:,
fuel nozzles. 'ho liner wall is film cooled, carbon type with windbnck ',:yrnth seals as

2.2.3 Turbra N belacku.

The G1:4/J WP has a 2-stage. axial flow, air- 2.2.8 Control System
cooled turbine, designed ior oeration at a high The engine is controlled by positioning a single

V2-112707-14
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CONFIDNTIAL

power lever for reverse. Idle, maximum dry. 2.3.2 Main Burner
maximum augmentr'don, and all intermediate The annular cor 1 astor, termed a ram Inductios

o.-ondltions. The control system also poeltions burner, features a low level of d~ffusou of corn-
the compressor variable stators, the variable presser discharge gas, and a correspondlng
exhaust nozzle, and the thrust reverser, short length. Liner cooling Is accomplished by

high velocity convective flow over the outer sur-
2..9 Materials face of the burner liner. Ignition is provided by
The materials selected for this engine include dual igniters, while fuel Injection Is aecom-
some which have been used extensively !n sub- plished hrough 24 dual orifice, variable see-
sonic engines, and also a high percentage of ondary area nozzles.
age-hardened nickel and iron based alloys, and
titanium alloys which have not been used exton- 2.3.3 Turbine
uively in past enincs. The forward part of the The turbine section consists of a single-stage
compressor uses titanium alloys, while the high high pressure turbine driving the high pressure
temperature rear half uses nickel-based alloys compressor, and a two-stage low pressure tur-
as does the hot turbine section. The basic bin driving the fan. Cooling of all three vane
structure of the engine is of nickel or iron-based rows, and the first two blade rows Is accom-
sheet metal components, with the exception of plished by compressor discharge air employing
the compressor front frame and support vanes, convection methods, including Impingement cool-
which are of titanium alloy. Highly stressed ing of lending edges. Materiai selected for the
parts are of Liconel 718, Rene 41 and Rene 62, turbine includes PWA 658 for all blades, and the
while lower stressed parts such as the corn- last two vane rows, and TI) nickel for the first
bustor are of Hastelloy-X or modifications vane. Vanes r"e individually replaceable and
thereof, blades are replaccable in momeLxt-welghted pairs.

2.3 PRATT AND IIlTNEY AIRCRAFT 2,3.4 Augmenter
ENGINE JTF17A-21B The augmenter, which Is the first fan duct heater

The Pratt & \%htney engine is a dual spool to be npplied to any aircraft, is a unique corn-
turbofan etgine of 687 lb/see sea level static ponent in this engine. Major features include a
airflow, with fan duct burning for thrust aug- relatively low level of diffusion betwc.n the !an
mentation. The sea level static (SLS) bypass and the ram induction augrpcntor. Two zones at
r-ttia Is 1. .1. Takeoff and climb turbine entry fuel injection are provided; the first is a ram
temperature. is 23000F while cruise temperature induction burner with the same nozzles as the
is 22000F. Overall engine pressure ratio is main burner, and a second zone, downstream of
13.0, with a duct fan pressure ratio of 2.96 the first, provides fuel Injection and mixing into
when operating at SLS conditions. the upstream flame zone. Spark ignition is pro-

vided for the forward zone of combustion, while
2.3.1 Fan and Compressor the second zone is autoignited from the upstream
The fan is a two stage transonic design. Two zone. The liner walls are film cooled.
vibration dampers are used on each fan rotor.
Exit flow from the fan is divided into secondary 2.3.5 Exhaust Nozzle
or duct flow, and primary flow, between the The exhaust nozzle Is a convergcnt-divergent
second rotor 9nd second stat )r. Inlet guide blow-in door ejector-reverser combination. The
vanes (IGV) are not used in i. ont of the fan, but convergent nozzle of the primary or core engine
a three-position IGV Is located in front of the is of fixed area. The fan duct convergent nozzle
high pressure rotor. This variable IGV serves ls of variable area. Secondary air from the in-
as the windmill brake for the engine during in- let is used to convcctivcly cool the duct conver-
flight engine shutdown, gent nozzle and !Jcctor. Tertiary air Is auto-

ma!',_-!.&y provided through a pressure balanced
The high pressure conmpressor, driven through blow-in door system for nozzle performance at
a concentric outer ahaft, is a six stage axial transonic and subsonic speeds. The reverser
compressor having a SLS design prcssure ratio clamshells have two non-rcvcrse positions, fixed
of 4.8-1. The high pressure compressor Is of by the tertiary door loc.,ton. For flight speeds
short chord design in the forward stages. above Mach 1.2. the clnmnshell,', form part of the

V2-132707-14
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divergent flow path for both primary and duct also on the low pressure shaft, Is a roller type,
flow streams. At Mach numb-rs less than 1.2. mounted at the last stage of the low pressure
the clamshells move to.a slight'y convergent turbine. The high pressure rotor bearings are
position, admitting the tertiary air to the nozzle No. 2, the thrust bearing located at the high
section. The nozzle exit flaps are pressure lo- pressure compressor IGV. and No. 3, spin a
cated and act as a convergent or divergent part i oller bearing, forward of the high pressure
of the nozzle for both ctrcams, depending upon urbine. Scala are hydrostaUc with tandem pres-
the nozzle pressure ratio. :;%,tized and vented labyrinth seals as backup.

Fan discharge air is used to pressurize the
2.3. r Thrust Reverser labyrinth seal corr.partment, which is then vented
leverse thrust is obtained by rotating the clam- to ambient.
shell doors, which are integral parts of the
exhaust nozzle system, to the closed position. 2.3.8 Controls
This location of the clamshells partially blocks T1e engine is controlled by positioning a single
the ,carward escape of the exhaust gases and power lever for reverse, Idle. maximum dry,
deflects the gas to a for%-ard direction through maximum augmentation, and all intermediate
the tertiary door openings or "blow-in-doors" in conditions. The control system also poitvions
the nozzle outer shell. The failsafe position of the compressor variable IGV, the variable duct
the -e.'erser clamshells is in the open or for- exhaust nozzle and the thrust reverser.

-a,-d thrust position. The reverse thrust goal
is 40 percent of maximum dry forward thrust. 2.3.9 Materis!s

A more extensive selection of age hardened iron,
2.3.7 Bearings and Seals nickel based alloys, and titanium alloys has been
The two spools of this engine are designed with made fo.'r this engine than in past engines. The
four bearings. This concept is a departure from fan sectlua is of titanium alloy forgings while the
existing two spool engines in service today. The high temperature conpressor section is of
No. I bearing, the thrust bearing for the low titanium, and iron and nickel based alloys.
pressure or fan spool, is a ball bearing mounted lastelloy-X is used In both the main and duct
scar the second fan rotor. The No. 4 bearing, burners.
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1 3.0 PERFOIMIANCE, NOISE. AND ECONOMICS

The maximum range/payload objective for the payload while providing satisfactory airport ad
B-2707 is obtained with both GE and P&VA en- community noise levels and meeting the takeoff
gines at the belected sizes with acceptable take- field length and transonic thrust requirements cS
off field length, airport and community noise standard and hot days.
!evels. and transonic thrust margin. However,
the degree of acceptability varies with the engine Engine sire effects on rone and transonic thrust
choice. " margin are shown on Fi. 3-1. Both engines

gi..: peak range for airplane gross weight of
The GE4/J5P turbojet can meet the 5-2707 Vske- 675,000 lb at" APMAX = 2.5 psi. The GE en-
off requirements, and provides acceptable gine at 620 lb/sec has adequate thrust margin.
transonic performance and has an additional Tiw transonic thrust margin at APMAX-2.5 ps
takeoff Utrust capacity for payload growth. for the derdred 2..WA is marginal (0.:3 versus

0.3 desired on standard day). The .3 transone
The JTFI7A-213 turbofan has less than desired thrust margin is considered the minimum do-
transonic thrust margin needed for operating aired to allow for contingencics that can arias
flexibility and contingencies, during airplane acceleration, such as nonoptimum

climb path, nonstandard day, and unanticipated
The Boeing estimated noise levels, based on drag increase, or thrust deficiency.
engine manufacturers' and Boeing test data, In-
dicate i that either enghie will meet FAA takeoff At the primary and duct burner temperature
airport and community noise objectives although levels, increased maximusn transonic thrust
the GE engine has somewhat more flexibility to capability in the JTF17A-2111 cycle cannot be
trade off airport and community noise by adjust- achieved without advancing the state of the art In
ing airplane takeoff procedures. The landing turbine inlet and duct heater temperatures. In-
noise levels will be lower than the FAA objective creased transonic thrust by increased airflow 1s
in the case of the GE engine, and higher in the difficult to attain, due to mismatch of transonic
case of P&WA. and supersonic cruise airflow for a fixed primary

nozzle design. Use of a variable primary nozzle
The P&WA engine provides better all subsonic for higher transonic airflow capacity, and after-
range. The single engine out range is about the burning in the primary stream have been con-
same for either engine, and both engines enable siderea, but have not provided a significant
reaching a destination on the most critical legs. thrust increase considering the increased weightand conrplex-,ty of cooling and control of the
Engine price, development costs, including the prima ry nozzle. Increased transonic thrust
dependent maintenance, Insurance and deprecia- margin appears available only by irreased
tion cost factors, and trip fuel are approxi- transonic airflow by means of engine scaling or
mately the same for both engines and conase- higher bypass rrtio.
quently the direct operating cost for both engines
should be essentially equal. 3.2 RUANGE AND PAYLOAD

The range and payload capability of the two en-
3. 1 ENGINE SIZE gincs for standard and hot days is shown on Fig.
The engino size selection for the GE and P&WA 3-2 (International) and Fig. 3-3 (domestic).I engines wan based on achieving maximum range/ The performance of the two engines is almost

preceding page B11ank
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identcal for standard and hot days with both operating costs Im approximately the same for
airplanes. either er4ine.

The ngline supersonic and oubonle cruise par- 3.4 KNODIP-OUT PYIFORMANCE
fornincu and mulch points are shown on Fig. The effect of one and two engine-out on airplane
3-4. The engine climb performance comparison ranre and rcserve fuel consumed is shown in
is shown on Fig. 3-5. The turbojet has lower Fig. 3-7.
supersonic cruise and climb Specific Fuel Con- The -2707 with either eng'ne can achieve
sumptions (SFC), but higher subsonic SFC's. 3, 470-nmi range with one engine out at mid-
The net result is that the range and payload per- range point. Both engines require off-loaded
forioance is the same for either engine for the payload to achieve 3,470 noi hith two engines
basic mission, out.

The effect of increasing the subsopic leg at the The effect of one augmentor inoperative for the
begInning or end of tha mission is shown on Fig. 13-2707 (GE) and 13-2707 (P&WA) is shown in
3-6. The P&WA turbofan has 604 nautical miles Fig. 3-8 for a standard day. A greater amount
greater range for an all subsonic mission, of reserve fud4 is consumed by the turboan

since the three remaining engines must make up
:1. 3 FUEL CONSUMIPTION AND DISTANCE a greater amount of thrust.
The fuel consumed and distance covered for the 0
B--2707 (GE) and B-2707 (P&WA) for standard 3.5 AIRPORT AND COMMUNITY NOISE
(ay are listed In Table 3-A. The noise produced by the engines on the inter-

national and domestic versions are shown on
Due to the relative SFC differences between the Figs. 3-9 and 3-10, and are based on engine U
turbojet and turbofan cycles at the required manufacturers quoted suppression and Bo_.cing
thrust, the 1-2707 (GE) requires more reserve estimates for chrked inlet noise suppression.
fuel weight, while the B-2707 (P&WA) consumes Table 3-13 summarizes the noise supprersion
more fuel during climb and acceleration. Trip values used during take-off Pnd la.-ding alcu- H
fuel which is an Important factor in direct lations.

Tuble 3-A. Model. B-2707 Fuel Consumption and Distance - Standard Day

13-27 7 (UJE) B-2707 (P&WVA)
Item Fuel (Ib) Distance (mi) Fuel (Ib) Distance (nmi)

Takeoff 8,210 7,265

Climb 90,190 342 103,440 432 ,

Much 2.7 Cruise 186,791 3271 11,626 3180

Descent 5,270 206 4,304 196 U
Reservr 47,039 42,605

Trip Piel 290,461 296,635 [
Table 3-B Model B-2707 Total Noise Suppression

B-2707 (GE) B-2707 (P&WA)

Takeoff Max Augmented, PNdB 4 4
Cutback at 18. 0)o lIbs thrust, PNdB 7 9
Approach at 1.I nOo Ibs thrust, PNdf 20 10

V1-2,707-1412I
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Takeoff nots" contot In Figs. 3-9 and 3-10 ar Effective jet not % uupression for higha takeoff
based on the use of maximum augmentation with thrust levels and open nozzle control which
gradual thrust cutback over the community sear reduces Jet noti.e durinS cutback and approa&
the three mile point to achieve an unaccelerated power in combination with Inlet choking for
500 ft/min rate of climb. oompressor noise suppreesioc enable the B-270?((IE) to meet the airpoirt and comnunlty noiseThe curve shows the PNdB pah ot atn objectives. The same techniques have beesground level and the flirght path of the arplne. pplied to the turbofan. lowever, jet suppre-
To higher takeoff thrust at maximum augmenta- sion Is less effective for the high velocity
tion for the GE4/J5P erulne results In a hi~her primary stream and with present knowledge fa"
altitude over the community at the three mile duct treatment cannot remove all of the fan
point and nine PNdB lower community noise aftr noise exiting from the secondarynozzle.
cutback than with the P&WA engine. Takeoffs at
less than maxirum augmentation will result In
lower noise levels in the vicinity of the airport 3.6 ECONOMIC CONSIDERATIONS
with some Increase In community noise levels.
The trades between community noise, alrprt 3.6. 1 Engine Price
noise, and takeoff field lcn th for rcducee. power The estimated production engine prices for the
settings are shoun on Fig. 3-11 for both engines, proposed engines are as follows:
As shown on the curves, the B-2707 (GE) at
reduced augmented pover can meet the FAA GE4/J5P $1. 175,000
noise objectives. The 3-2707 (P&VIA) cannot JTF17A-21B $1,210,000
achieve both FAA objectives simultaneously.

The engine manufacturer estimated development
Approach noise contours for the two engncs are costs for each engie are-
shown on Fig. 3-12. The B-2707 (GE) value Is
105 PNdB which meets the FAA objective of 109 General Electric %607 million
PNdB. The B-2707 (P&WA) approach noise L Pratt & Whitney $663 millio
115 PNdB.

120 - _ _ _
10,5 FT FAIR F.L(STD+ 15C)

-iIi -1 -, ZL
110 -- -AX AUG- (T +15.C)

_ __ 

_1 _FA

STD. DAY
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3.6.2 Direc Operating Cost Table 3-C lists a breakdown of the major factors
Direct Operating Cost ( 0OC) comparisons for which contribute to total DOC on the basis of cos
the Boeing B-2707 International Airplane with per block hours.
with the proposed engines Is shown on Fig. 3-13.
rhe DOC's for the two engines areessentlally The maintenance costs or the P&WA powered
equal at design range. airplane are higher since in the ATA formula

engine maintennce costs are computed as a
Direct OperatlngCosts were determined using the percentage of engine price. The higher engine
MNimified 1960 Airl Transpe t A-sociatlion method price and engine development cost amortization
as specified in the SST Economic Model Ground of the P&VA engine also results in higher
Rules dated June 30. 1966 and arc based on 3, 000 insurance and depreciation changes for the air-
hours annual utilization, 15-year depreciation plane.
period, 3,000 hours engine time between over-
hauls. 50 percent engine spares, 12 cents per
gallon fuel price and an engine spare parts factor

of 1.3.

Table 3-C. Analysis oi Direct Operating Cost Components

GE4/J5P JTF17A-21B

Unit engine price $1,175,000 $1,210. 000
Total DOC (to $/Block -hr 3b20 3476
nearest dollar)
Sub-Totals $/Block-h 1385 1325
fuc I& oil at
2000 Stat. mi.

Maintenance S/Block -hr 663 665

Insurance $/Block -hr 35i 357

Depreciation V/B!oC'" -hr 919 029

Crow $/B!rk -hr 200 200

V2-132707-14
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4.0 ENGINE GROWVTN

Engine growth can come either iathe form , would not appreciably help the aircraft range
thrust or SFC improvements in any portion of the factor as the aircraft is presently flying close to
flight spectrum, The perlormance of growth maximum I/D at this engine size. The Increased

. versions of the offered turbojet and turbofan airflow offered in step 3 yicids an additional 9
depend on extensions to the operating tempera- percent in cruise thrust. The airflow improve-
ture limits, component efficiencies, and/or flow ment, coupled with the temperature increase
capacity. Those growth items which can be would provide an equivalent SFC improvment of1 accomplished without major modifications to the 3 percent (100 miles range improvement). Step
Installation or scaling of the inlet are considered No. 4 should offer a somewhat better situation,
most attractive. Both engine companies offered but no data war supplied on cruise thrust.

I Lome growth of this type, That growth which
L comes from large Increases in airflow, would Although the range improveme-.t on the present

necessarily require major propulsion system airplane in rmall, the gross weight improvement
r redesign. A large thrust growth would have to possibilities are qui'e substantial based on ti

be planned into aircraft production model changes, 42.7 pe,.cnt takeoff growth (Table 4-B) offered
such as extended body and/or cidarged wing in Step No. 4, should this be preferred to scaling
area versions, to be practically adopted, because of the engine. Step No. 3 thrust incre.ase of 20.9
of costs and de'elopmOent time involved in percent provides considerable aircraft growth

" accepting thet;na changes. However, the n._...r possibilities without consideration of engine scaling.
engine rework develonents which would call

, for new propulsion pod designs should be com- AU modifications offered are believed to be
pared with direct engine and propulsion system normal developments in engine program.
scaling before they should be attempted.

4.2 PRATT AND WHITNEY AIRCRAFT ENGINE
4,1 GENERAL ELECTRIC ENGINE The JTF17A-21B was offered with a five y'-ar
The GE4/J5P engine wns offered with a specific growth in thrust of 12.5 percent at takeoff rnd
series of growth versions, which are made transonic conditions, and matched cruise SFC
available at three and five years after initial improvement of 4.2 percent. These Improve-
c commercial service. As shown on Table 4-A. ments would come about through increased air-
the emphasis is on changes'which increase thrust flow and component developments. Table 4-A
across the board. Four possible increased lists the improvements to !e expected In that time
airflow versions are offered. Step No. 1, a 4.5 period. Table 4-B shows the thrust and specificTo percent airflow increase at cruise, could probably fuel consumption (SFC) corresponding to these
b. be accommodated on the present aircraft pod changes. The P&WA engine growth will depend
design with a minimum of additional effort on on aerodynamic Improvements in the compressor
, oeing's part. Step No. 2 re-luires an Inlet and nozzle, as well as cycle temperature in-r change whercas Step No. 3 and 4 require both an crease.

- inlet change and a change in pod and frame size.
Cycle temperature Increases, as noted on Table Attainment of certain of these growth Items
4-A. are offered for each of these choices, appears to be more difficult then on the GE
Tatle 4-D shows the thrusts and SFC of the engine. Docing cycle studies Ind'cate that 12.5
oflcred engine groh ratings. prvcent takeof thrust Improvemcnt (listed In

Table 4-B) would require about 10 percent t-
The turbine temperature Increase of 100F would crease in airflow ooupled with the component
allow the present airplane to cruise at an SFC changes offercd. The P&VA plan to achieve thisreduction of about 1 percent. The added thrust

V2 -12707-14
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CONFIDENTIAL

through retuced fwrm and compressor blade 4.3 SUIMARY
solidity, appears optimistic. Pratt and Whitney The GE engine could be modified to improve tlh
A craft plan to Improve the compressor efficiency cruise SFC by about two percent without requir-
by up to six percent as rort of this program, Iag an inlet size change. A cruise SFC Improve-
Alhough tht present design of -1. 8 pressure ratio ment of about three percent and a takeoff thrust
In six stagcs at 86 percent efficiency is % ithin the in:rease of up to 8. 8 percent can be accomplished
present sttate of art, sazch an increase calls for a through airflow changes which would require an
cubstantial improvement in this art over the next inlet change, but not a frame s9ze change. Al.
five years. modifications suggested appear attainable.

Takeoff thrust increases up to 42 percent ore
As a further development, P&WA offered to possible if the frame size can be a!tered.
increase the bypass ratio of the engine from 1.3
to 1. f withcut Increasing the number of turbine The P&WA engine could be modified to Improve
stages, but a nozzle redesign Is required and the cruise SFC by about four perccnt without
this would probably be accomplished by addhig a changing Inlet size. Attainment of the compres-
compressor stage at the compressor inlet. 'lte sor and fan performance required to obtain this
Sea 1Avel Static (SLS) thrust is increased 25 improvement will be difficult. The takeoff and
percent, the transonic thrust by 30 percent and transonlc thrust increas of 12.5 percent will
the SFC ts reduced by a total of 6.2 percent from require an inlet size increase. This thrust
the basic en-ine offering. This evolution appears increase requires a 10 percent increase in air-
to be a reason.ible, meth(d of thrust growth for flow which may be difficult to obtain in the
this turbofan engh.e. present compressor size.

Both of the thrust growth methods proposed by A further refinement by P&WA, raising the
P&WA would require a change In Inlet size. bypass ratio, looks promising. Takeoff thrust
Te four parcenZ cruise SFC Improvement could increa 'es as high as 25 percent are possible
be provided In the present propulsion installation. without adding a i'arbine stage.

V2-132707-14
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Performance gain- from. Engine changes required

General Electric

Evolution of GE4/J5P cycle a. Compressor redesign and resized Wlet

a. Increased airflow 1 - Overspeed, stator reset, and mater
Step I - 57 at Tb & +4.5% at cruise 2 - Overspeed, stator reset, and mater

2.- 2. 57 at T/O & +9. 01, at cruise 3 - Compressor flaring, overspeed, stStep 2 - 1. asubstitution, enlarged augrncntor, n
Step 3 - 413.0% at T/ & +9.0 at cruli. 4 - Zero-staged compressor with redes

Step4-+35 %atT/O

b. Maximum increased turbine inlet temperature b. Increased cooling flow and material out

ATIT = 4 .O0F e-larged turbine ditphragm

c. Maximum increased augmentor temperature c. Modify fuel system to handle increased

AT A/B = +3609F

Pratt and Whitney Alrcra

1-Component development a. Reduced fan and compressor blade soll,

a. Increased airflow at takeoff and trasonic conditions b. Tttd rotors and stators, variable m

b. Increased compressor efficiency (+67), distortion reduced end-wall losses
tolerance, and surge margin c. Material substitution In turbine blades

e. Increased turbine inlet temperature, ATIT= -75F d. Nozzle redesign for better utilization o

d. Improved nozzle pcrformanceACv= +. 3% e. Reduced blade solidity, controlled vort
(lower rpm for same flow), short main
nozzle weight though light weight mat(

e. Rcduced engine weight, A specific wt. - 10% Li reverser design.

2-LIypss ratio Increase

creaaed airflow a. Redesigned fan rotor, duct heater, notejector; resized inlet.



Table 4-A Engine Growth Sunmary (GE)

uired Credibility

C

Iet a.
material substitution I - Airflow capability demonstrated on 475 PPS compressor
material substitution 2 - Airflow capability demonstrated
id, stat,:, react, material 3 - Requires a major redesign but is achicveable within
tor, modified nozzle present design.
redesigned front 4 stages 4 - Requires a major redesign of the entire propulsion pod

but is adtainable through development of present engine
design.

tal substitution with an
b. Achievable through experience and attainable within

present design.
eased flow

c. Achievable through experience and attainable within
present design.

Aircraft

1- solidity a. Requires a redesigned fan/compressor. Short chord blades
with higher stage loading will probably require material

1e camber IGV, substitution on the basis of strength.

b. Requires a major redesign. Efficiency increase is optimistic.
lade- and disco

tion of the pressure c. Achievable through experience and attainable within present design.

3 vortex flow in turbine d. Attainable through development of present design.
main burner, reduced

t material substitution o. Experienco will dictatte amount of weight reduction
attainable with part life and TI30 used as limiting
factors.

r, nozzle, reverser, and a. Present turbine limitations suggest a supercharge of
the primary compressor may have to accompany this.

V2-B2707-I 4
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-Table 4-B Engine Growth Performance Comparisons

GE P&WA

I. Gro h within eng n fr me
A. 3 year growth tep I Des'elopment

o A SLS maxaugFm + 5.8% + 7. 07* A Transonic max aug FN  +10.61 + 7.4I.* A Cruise SFC (constant FN) - 19 -. ,

ComponentB. 5 year growth &ep 2 Development* A SLS mim aug FN  -! 8-. 8% +12.51,
* A Transonic max aug FN +16. 0 +12.55,
* A Cruise SFC (constant FN) - -4.2,

2. Growth with enlarged fram ftep 3(Cori nressor Bypass Ratio5 year growth Flared) (BPR-1. 6)
. & SLS max aug FN  +20. Y, "+25.5%
* A Transonic max aug FN +25. t% +30.5%* A Cruise SFC (constant FN) - 2.87 - 6.21,

Step s Bypass Ratio
(Zero-Staged) (BPR-2.0)*

I A SLS max aug FN  -142.7% +42.57,
* A Transonic max atg FN +48.6% +45.51,
* A Cruise SFC (constant FN). (not given) - 5.7%,

0 May require
added turbin.
stage

I
I
a
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11U. 0 INLET/ENGINE COMPATIBILrrY

Comp lcte Inlet/engine compatibility can be do- Fig. 5-1. Two operating limits for the engines
velopcd for the B-'707 airplane using either the are also shown. The lower limit (labeled steady

. GE4/J P or the JTFI17A-21B engines. The inlet state) Is the maximum estimated distortion that
incorporates features which provide wide stabil- can be accepted without any performance loss or
Ity margins for .:.-ine generated d!sturbances, degradation of design life. The upper limit
Ilw circumfcrenlial distort~nn, and the means to (abeled transient) is the maximum estimated
adjust the mode'ate radial distort'on to favor the distortion that can be tolerated without engine
particular cnv1.ao selected. These features are surge, flame-out or excessive blade stress.
discusecd in detail in the Propulsion Report - Between these limits, some performance lo-
Part A. Xocument V2-132707-12, Sec. 3.0, and can be expected. The 1-2707 inlet I designed
they include: to keep distortion below the steady state limit

for all subsonic and supersonic cruise conditions,
a. The throat bleed vortex valve which and to keep distortion below the transient limit

provides a seven percent flow stability margin during all aircraft and engine power transients
when the Inlet is operating at one percent including takeoff and climb acceleratons.

supercritical.

J b. The centorbody cone bleed scoop which, The distortion levels, in terms of the Gcneral
in conjunction with the vortex valve, provides a Electric distortion index (NDI), are below the
buzz stability margin varying from G8 percent at specified limits for all conditions. This index
Mach 1.4 to nine percent at Mach 2.7. is a term which weights the extent and distribu-

tion of the low total pressure regions at the
c. Vortex generators on both the cow! and comprcssor face, and incorporates a recognition

centerbody, which can be modified in effective- of preferred radial distribution and the rclative
neSS to vary the pressure patterns between the insensitivity of the compressor to small isolated
huh and tip regions of the compressor or fan regions of low total pressure. Figure 5-2 shows
iWet. . that even with extreme super-critical operation

of the inlet, the Number Disto~rtion Index (NDI)
I Of the two engin.r. ,onsidered, the compatibility remaina well below the limits. In the event of an

development would be the least difficult with the inlet hydraulic system failure on tukeoff, with the
GE turbojet. This is due to the basic cycle, inlet centerbody full expanded, the NDI is eight
design, and control concepts Involved. percent below the level %equired to induce stall.

Compatibility between the inlet and engine In terms of the P&WA distortion index,
involves four basic considerations: n Tm - PTmon the distortion levels shown In

(1) Inlet distortion and inlet flow stability PTave
effects on the engine Fig. 5-1 exceed the limits for no performance

(2) Engine flow uta;!!&ty effects on the let loss duriit a portion of the climb condition.
EHowever, the levels do not exceed the stall free

Control Interactions and responses operating limits frw" the engine. Figure b-2
shows the margin for supcrcritical operution.

Inlet/engine flow matching While this margin is somewhat less than that for
(4) tthe GE engine, it Is sufficient to allow for shock

5. 1 ENGINE INLET DISTORTION AND FLOW excursions resulting from power and inlet control

STABILITY EFFECTS transients.

The measured overall compressor face distortion Aside from the differences in distortion Indices
levels for normal Inlet operation are shown in and limits employed by GE and P&Wt, the
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JTFI7A-21D Is considered to be Inherently uore change. The Inertia of the rotor, and the choking

sensitive to inlet distortion. The overhung fan of the turbine diaphragm. dampens engine gem-

rttor, short bearing span design requires high erated disturbances before they veach the inlet*

stage loading, short chord blsding and no Inlet permitting the Inle control to follow cloel y.

guide vanes. Further. the primary gas genera- Figure 5-3 shows the results of a mathei-.fllC5
tor flow has a relatively steep hub to tip Inlet model simulation study of an afterburner l1gU-

total prespure gradient. mince it receives only off at Mach 2.2.
the inner annulus of the inlet flow.

The P&WA JTFI7A-21B turbofan. with duct

The GE4/J5P design employs a relatively Mach number control of airflow and u.chokod flow

moderate front stage loading, moderate aspct across the fan stage, mill occasionally create

ratio binding and variable inlet guide vanes and flow variation rates exceeding the capability of the

stators. inlet control system. This will occur primarily
during power changes. In these Instances, the

Tests and studies of the InkIt, Inlet control and vortex valve will come into operation to hold the

inlet/engine dynamics have revealed only one shock until the inlet control responds. Figcure 5-3

significant effect on the engine, and that is stall shows the results of a mathematic model sirmu-

induced by the inlet unatart transient. In the latton study of a duct burner light-of' at Mach 2.2.

event of an inadvertent unstart at high super-
sonic Mach ntmbers, it Is anticipated that thc 5. 3 CONTROL ryrERACTIONS AND IESPONSES

sudden reduction in Inlet pressure will cause a Inlet/eng ne mathematic simulation studies to

momentary engine stall, date nave indicated acceptable control systelb
interactions and responses.

Ebsed on the J93 engine flight test data, the
GE t/JSP engine can normally be expected to When sufficiently refined simuIation models are

recover from the stall in a fraction of a second available, a btudy will bc conducted to determine

after unslart. Similarly, if the afterburner if the inlet control and the turbolan duct Mach

flames out. It %IllI auto-ignite In a fraction of a number control interact across the low pressure

second after the unstart. Flight test data on ratio fan. Similarly, tests are required to

current supersonic aircraft Indicate there Is determine if inlet distortion will carry through

little likelthood of a primary Imrner flameout in the fan and result in erroneous engine duct Madb

either the GE or P&\VA engine, number control signals.

Th,3 J'rFI7A-21B is also exTcted to recover 5.4 INLET/ENGINE FLOW MATCH

from the unatart induced etall in a fraction of a Dith engines provide the mcans to adjust engine

recond. However, the duct burner fuel to airilow to match the inlet capture flow at the

nttomati'ally shut off, and the pilot must re- design cruise condition. This adjustment pro-

cycle the power lever through the duct heater vidcs compensation for manufacturing and

Ignition zone to affect a re-light, control tolerances.

5.2 ENGINE FLOW STABILITY EFFECTS ON The GE4/J5G provides for automatic airflow

INLET trim (e.iglne rotor speed and secondary airflow

The inlet control system Is designed to respond control bias) to compensate for non-standard

to all but the most extreme engine Induce. flow (lay cruise operation. This trim ndjustment

variations (e.g.. cngine stall). If a redIctlon results in maximum propulsion pod thrust minus

in fow exceeds a rate of 15 percent per second drag for any ambien temperature.

and an amplitude of 1/2 percent, the inlet normal

shock will momentairily move into the vortex The I'&VA JTF17A-21 1 airflow control

valve throat blced slot. If the inlet is unstarted, schedule maintains good flow matching, with

the (.nterldly cone bleed scoop will prevent maximumi thrust minus drag. for ambient tem-

engine flow Instabilities from indiscing Inlet buzz. peraturvs at and above standard. There Is no
trim capability for cold day operation with the

The GEI/.J5P turbojet, with direct control of Boeing selected engine flow ochedule. As cruise

rotor speed, produces relatively slow rates of temperatures decrease from stan'i,xl., !he nor-

~[
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inal shock beomotes progresuively more super- ratio under these condftions than do"s the
critical (more ot#Lblu) with some resultant lose In 0E4/J5P. As a cobsequence. the bypass system
Wnet recovery. Is approximately 25 percent smaller for the

turbofan. During subsonic cruise operatioun, the
71e Inlet bypass system Is sized for the descent turbolan again has a mass flow ratio advantage;
condition with the windmill brake applied. The tdis 1 equivalent to a two percent SFC subsonlc
JTFlIA-21B engine passes a larger mass flow advantage.
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I
6.0 ENGINE DEVELOPMENT RIMC

This evaluation is based on information received The SST Program implications are:
from the two engine manufacturers during the
SST program. The most specific and recent Increased development program costs
lformation was obtained during a visit by Boeing Reduced parts life
representatives to the manufact-rers' facilities More complexity
In mid-July. 1966, and from preliminary draft Minor program delays
copies that represented portions of the Phase
I1 C engine proposal documents. b. Category 2 - A component placed In

Category 2 suffers the same risk as Category 1,
In general, the propulsion system and components but to a higher degree. Moreover, additional

for the SST represent an advance in technology program implications are present, especially if
over present flight propulsion systems. Because the goals are not reached. Quite possibly, not
of this, each component of the engine represents all goals will be reached, particularly in early
a development risk, to some degree, and each commercial service.
component considered was placed in one of three
risk categories. Briefly, component/system The SST Program implications (additional to
, rform 'ice, life, complexity, and weight were Category 1) are:

considered in placing that item in a risk category.r- The judgement factors used were: Payload-range decrement

Increased direct operating cost (DOC)
• Design Goals Increased program delays

0 Demonstrated Performance c. Category 3- A Category 3 Item is one
which Is a risk item as in (1) and (2) above, but

" Past Experience has the potential of significantly affecting the
overall program. The attainment of specified

e Technical Capability goals and performance is doubtful.

e Design Approach The SST Program Implic~tlons (additonal to
Cztegory 1 and 2) are:

In some instances component design and per-
formance were, when measured against today's Major program delay
demonstrated technology, of such a low risk ap to Major program redirection
not warrant being placed in one of the three
major risk categories (i.e., a normal develop- Note: The material in the following sectcens Is
ment program should ensure specil~ed based on a more complete treatent of -.he

performance), subject contained in Appendix A.

The risk categories are: 6.1 GENERAL ELECTRIC GE4/J5P ENGIN

a. Category 1 - The component of design 6.1.1 Compressor
has some questionable aspects at this time. The 620 lb/sec nine stage compressor has . sea
Some problems are foreseen, and an above level static (SLS) pressure ratio of 12.3 at 86.0
aver ge success, In a well run development percent efficiency. Crudse efficiency will be
program, will be required to accomplish the 84.5 percent. The demonstration engine has a
design goals. The performance goals will pro- 475 lb/sec eight stage compressor, which has
bably be reached. been rig tested. The demonstrated test results

I
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and lack of known mechanical design problems Iat GE may have esign problems with film
indicate that the compressor performance closa.ly cooling development and achievement of the
approx.imates the design goals. The distortion desired material properties In Rene' 69, or
test results reported to date on the eight-stage coating problenis if lene' 100 is used as a
dtemnstrator compressor indicate that distortion substitue. The GE4/J5P turbine blade life is
problcms will likely be minimized. In addition, therefore classified as a Category I risk item.
the inherent flexibility of a variable geometry
de .ign allows significant changes In compreesor 6.1.4 Afterburner
performance without redesign of the compressor, The maximum afte.-burner (A/B) gas tempera-
should problems arise. Overall, the GE corn- ture Is 2,840'F. Afterburner entry temperature
prcssor is not considered to be in one of the in cru!se is 1, 600F. Augmentor temperature
major development risk categories, rise in cruise is about 300"F, and afterburner

chemical combustion efficiency is about 99
6.1.2 Main Burner percent.
The annular main burner has a film cooled wall,
giving wall temperature of 1, 500F. At cruise The GE augmentor is based on actual flight
the burner efficiency is 98.75 percent, with a experience with the J79 and J93 engines. An
7.2 percent total pressure drop. important question is one of commercial life o

augmenter parts. General Electric has set a
The design space hea. release rate and the exit design life goal of 4,900 hours without repair.
temperature profile are two aspects requiring Attainment of this goal will be difficult. ne-
further development work. At this time a full cause of the parts life question at this time and
scale air flow rig his not been used. General the consequcnt effects on airplane dirpatchability,
Electric's past experience with similar the augmenter life is classified as a Category 2
burners, and the test program and demonstrated risk item.
performance to date are encouraging. Overall
the GE.I/J5P main burner does not fall into one 6. . n Nozzle/Reverser
of the major risk categories. The lack of substantiating test data from models

exactly duplicating the present two-stage ejector

0.1.3 Turbine nozzle design, the apparent inecperience of GE
The turbine Is designed for a gas temperature with this particular ejector concept, and the
of 2,250" F Inlet temperature at takeoff, in climb strong effects of nozzle performance on payload-
and in acceleration, and for 2,200*F in cruise. range, make the nozzle a Category 2 development
Cruise efficiency is 90.3 percent. risk item.

The GE4/J5P turbine work output requirement is The thrust reverser should perform as quoted by
such that the two stage turbine easily meets this GE, but the life and reliability factors make this
work requirement. General Electric has other component a Category 1 risk item.
operati, nal engines such aE the J79 and J93 run-
ning at these turbine work and efficiency levels. 6. 1.6 Engine Weight
The turbine Is therefore a conservative aer~dy- Boeing does not feel qualified to present a
narnic desigm. The design offers the flexibility detailed nnalysis of the weight of the GE4 engine.
to extract more v.ork If this should be required There exists no operational precedent for the
during engine development. The aerodynamic nozzlc-thrust reverser system as offered.
performance of the GE turbine is not considered Bcause of this, there is every reason to con-
a risk item. sider the possibility of weight increase above

the present engine company esUmates. This
factor, together uith the consequences of over-

Mechanically, the first stage turbine blades weight on airplane performance, classify the
operate at a tensile stress of 13,300 psI at the weight of the GE engine as a Category 2 develop-
critical section and have an average metal ment risk.
temperature of 1,550*F. Total cooling flow is
12.3 percent. The blades are mcde of cast
Ilenc'69, the first stage vanes of cast X-40, and 6. 1. 7 Controls and Engine Dynamics
the other vanes of lenc' 77. There Is a possibility General Electric is offering a control system

V2-112707-14
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which is virtually Identical ta previous operation- The lack of dlpturtion testing togpther with the
&l control systems. The compressor variable fluid state of the fao design, make the achieve-
atators offer a degree of flexibility In engine- ment of stated fan performance goals a Category
inlet compptibillty problems. I development risk item.

General Electric has an experience background At sea level static the six-stage iP compressor
that is directly applicable to control system has a design pressure ratio of 4.64 with 85.9
simulation and has shown that this simulation percent efficiency. At cruise the efficiency is
gives realistic predictions. 86. 8 percent. The lilP compreasor design Is

still in a early development state, performomee
Afterburner light-off does not present problems goals have not been demonstrated and distortIon
for the inlet even with a delayed light-off. The test results are not available. These factors
afterburner operates during most of the mission indicate that the liP compressor is a Category 1
under auto-ignition conditions. A computer run dc'.'elopment risk. Considering that the IP
with forced bliw-out showed engine airflow compressor must be developed to accept fan hub
transients within 1> )eing limits, flow, the overall compressor secUon of the

JTFl7A-21B is viewed as a Category 2 develop-
The GE-i/35P engine will probably experience a ment risk.
momentary compressor s.all due to an Inlet
-,mstart. The main burner will remain lit at all 6.2.2 Main Burner
times. The afterburner will probably blow out The main burner i an annular ram induction
but will auto-ignite within a fraction of a second. burner with a bumrner efficiency of 99 percent.

The burner liner peak temperatUre is 1. 800"7
General Electric has Initiated a well defined to 1, 850"F.
program on compressor surge margin and
dlst rl.icn tolerance. Distortion test data for The ram induction concept is new, and no flight
the ight stage compr( .or looks good for this experience is available as a technological base.
phase of the prog;ram. Iowever, the nine stage However, test performance to date is encourag-
compressor differs significantly from the eight ing and there is reason to believe that P&WA can
stage demonstrator (aspect ratio of first stage achieve their goals. The main burner thereforo
blades of 2.4 and 1.3 respectively), does not fall into one of the risk categories.

j Thus the distortion tolerance of the nine stage 6.2.3 Turbine
compressor remains to be demonstrated. In The turbine is designed for 2, 300"F turbine gas
case of persistent dlitortion or dynamic control Inlet temperature at takeoff and acceleration,
problems GE can incorporate the variable stators and 2, 200"F in cruise. The cruise efficiencies[ In the high response part of the control system. for ip and LP turbine are 86.9 and 88.0 per-

cent.
For these reasons, the controls and dynamics of
the GE4I/J5P engine constitute a Category 1 The JTF17A-21B turbine is a highly loaded
development risk. serod..amic design with high cascade Mach

numbers and low exit hub/tip ratios. It appears
6.2 PRATT & Wh1ITNEY JTF17A-21i3 ENGINE that the efficiency will be difficult to achieve as

the specified rotor tip clearances of 0.02 - 0.035
6.2.1 Fan and Compressor inches %%III be difficult to maintain in operational
At sea level static design conditions the fan has engines. An increase to a mnre conventional
a tip specd of 1694 fps, a tip relative Mach 0.08-inch clearance will cobt about 2 percent in
number of 1.67, and efflciencles of 78.8 percent turbine efficiency. The JTFI7A-21B turbine
for the outer a-midus, or duct side, and 88.8 per- aerodynamic periormance is classified as a
cent for the inner annulus, or engine side. At Category 2 development risk item.
cruise the efflcicencies are 80.8 and 89.8 percent,
respectively. Typically, a fan engine turbine blade has rather

high stresses at mid span. The average metal
The fan is still In an early development state and temperature of 1, 640"F together with the con-
performance goals have not been demorstrated. vection type of coolitng, and the material selected
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for the turbine blades (PIWA 658). make it difficult meats to avoid ingestion and impingement on
to obtain the stated creep life of 10.000 hours, aircraft surfaces, ms) lead to a weight icreae.
The JTFl7A-21 turbine life is classified as a There is reason to expect a weight Increase In
Category I development risk Item. the engine fan/compressor as a part of thr Ceort

to achieve the required steady state distoa tic,
6.2.4 Augmentor and dynamic distortion tolerance.
The augmentor. a ram induction burner, is
designed for a maximum gas temperature of These Lactors classify the weight of the JTF 17A-
3. l.iOF and a maxdmum temperature rise of 21B as a Category 2 development risk item.
2. 800"F. The nominal cruise temperature rise
Is around 930"F kt a chemical combustion 6.2.7 Controls and Engine Dynamics
efficiency approaching 100 percent. Film cool- flased on the analysis avai;lie at this time.
ing of the liner results In metal temperatures of there are several areas of concern relative to
1, 200*F to 1,400"F in cruise. Light-off occurs at the P&WA control concept.
a fue. to air ratio of 0. 002.

In the duct heating turbofan cycle, the f&n inlet
The burner concept is new. and is without past airflow responds very quickly to downstream
supersonic flight experience as a technology base. duct pressure condit'ons because pressure
The augmenfor must perform under a wide range transients downstream of the fan can travel up-
of flow conditions from the fan; and at high str,.am, through the fan. For this reason,
combustion efficiency levels. Because of the transients due to duct heater 'ightoff, duct
effect of duct burner efficiency on cruise SrC heater blowout, changes in augmentation level,
the duct burner is classified as a Category 2 and normal fuel flow transients, can cause fan
development risk item. These comments are airflow variations. In the P&WA ergine control
based on steady flow operation. Duct burner system these airflow transients tend to be damped
dynamic considerations are treated later, during duct burning by the variable duct nozzle.

which is controlled by measurement of duct air-
6.2.5 Nozzle/Reverser flow. This flow is measured by a pitot tube
Although P&WA tests tend to substantiate the located downstream of the fan and upstream of
nozzle performance level at supersonic cruise, the duct burner. The purpose of the measurement
further development is required to achieve the is to keep the total fan inlet flow constant at any
nozzle performance goals at other flight condi- power setting above max dry. Several aspects
tions. In view of the strong affects of nozzle of this control concept are of concern:
performance on airplane performance, the
nozzle is considered a Category 2 development a. The pitot tube must sense total to !tstlc
risk item until specific tests prove that the presFrn'e differences accurately in a stream
performance levels can be attained. flow ing at around Mach 0.5. A reliable and true

Indication of airlow by this technique is a
Pratt and Whltney Aircraft reverser model tests difficult Instrumentation problem. This is mainly
Indicate that the reverse thrust design goals wIll due to the effect of steady state and/or dynamic
be met. However, ontrol of reverse gas flow changes in the radial or circumferential pres-
direction and distribution is expected to present sure profiles at the pitot tube (in contrast to
problems with the present design, in which the pressure changes without profile shifts). Such
flow must exit through the blow-in-doors. The changes could originate upstream of the fan,
ilow angle is such that the flow could attach to within the fan Itself due to changes in oiperating
the ,:ngine nacelle and enter the engine inlet, conditions, or from internal duct pressure
For this reason, the reverser concept is disturbances.
considered to be a Category 2 risk item.

b. Because changes in fan inlet flow %ill
6.2.6 Engine Weight occur as the direct result of the duct transients
Boeing does not feel qudri'cd to make a detailed descrilbd above, the lIP compressor stall margin
analysis of the weight of the .TF17A-21B engine, provided in design, under both distorted and
There exists no precedent tor the offered nozzle- fluctunting flow. must be adequate. However,
thrust reverser system.and targeting require- there are no provisions in this engine design to
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balance the load between the fan and compressor air ratios would produce unacceptable airflow
In the hub flow region (such as variable stators transients.
and variable primary nozzle). P&WA data show
that a duct burner blowout will cause fan stall, At the present time, the P&WA dynamic analysis
mainly because the duct pilot tube and nozzle procedures are not sufficiently complete to allow
area control cannot respond fast enough. There a study of the control of the dueled fan cycle Ia
are no data taken either on the fan or compres- depth; and fan/compressor component tests to
sor rigs to date which show that this compre-,sor determine response to dynamic pressure dis-
or fan design can tolerate the resultant distur- turbances have not yet been performed. Such
bances or distortion, work is planned by P&WVA in the development of

the JTF17A-21B engine.
c. In the event of sufficiently large ductI pressure transients causing more than a four Because of the unknowns regarding the control

percent increase in indicated duct airflow, the sybtem concept. and because the rcbponse of the
present control aittomatlcally shuts off th, duct engine system to transient disturbances may, to[ fuel flow. An airflow transient greater than a certain degree, be fundamental to the turbofan
four percent will result in a duct leater blow- cycle, Boeing believes the control and engine
out, which requires a shutdon of heater fuel dynamics represent a Category 3 development
l ow. This fuel flow shutdown is essential risk. This is believed to be true until sufficient

because an uncontrolled heater relight is component and/or engine testing, together with
unacceptable. Only a controlled relight at detailed mathematic model studies, have shown
minimum fuel/air ratio produces sufficicntl that no fundamental problems exist.
small airflow transients. Relight at high fuel/

[
[!
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7.0 INSTALLATION DIF £RI.NCEB

The isitalled performance of the engine In the Electric-powered airplane rolls 5.500 it under
airplane depends itpon the physical position of these emergency conditions, while the P&WA
the powerplant with rcbpcct to other components engine-powered airplane will roll 6,300 ft afLar
as well as the Interaction of the engine and the touchdown. With the use of reverse thrust as
airframe. The following discussion will be well as the brakes for a normal reaction tin.e
devoted to differences between the 1-270' (GE) from the pilot and average runway condlUont-, a
and B-2707 (P&WA) with respect to safety, difference In landing distance of 100 ft can bc
maintainability, life, and structure, expected as shown in Fig. 7-1.

[ Performance comparisons will be made only The efficiency of the Inbtalled reverser system
when a significant effect upon installed perfor- is greatly Influenced by the design of the reverser-
rance Is irdicated due to the arrangement or stabilizer region where a portion of the reverseoocraton of the entine. The intent is to
present an overall comparison of the two flow is directed forward over the top of the
engines as a functional part of the B-2707 a-abilzer.
plane.

Duo to the more forward location of the General
7. 1 PEVERSE THRUST Electric engine, the position of the reverserI The reverse thrust erformance is compared on doors on top of the stabilizer tends to be
the basis of normal as wll as emergency perfor- iestrictive as to the portion of the periphery
mance margins. The first is related to airplane which can be opened to allow the use of a rever-

. kinetic energy and brake life while the second can ser. The P&VA reverser doors are located In a
be evaluated primarily in terms of safety. The more rear location and therefore can be larger
GE powered airplane is superior when normal due to the Increase in nozzle periphery area
lan ding conditions prevail due to the greater available. (See Fig. 7-2 for reverser door[ amount of reverse thrust available from the locations.) Although this accounts for only 3/11
engine. The comparison of the amount of kinetic of the total periphery, it is the flow in this region
energy reacted by four engines Ia: of the airplane which Is the most effective in con-

tributing to stopping. This Is due to the fact
that no other airplane surfaces or ground effect
will be chanrgng the airplene drag and hence theGE 6 P&WA 6 effective reverse thrust.

31.5 X 10 ft-lb 19.1 X 10 ft-lb

1. 7.2 SIZE AP SHAPE

f W/hen a comprrison is made based on a landing
where the brakes have compl.c'ly failed, it shows 7.2. 1 Dinensiooas and Weight
that the value of reverse thrust provided by the The General Electric engine la installed in a pod
General Electric engine will reduce the landing- which is 446 in. long and wei.hs 14,312 lb. while
roll by 800 It more tha i the P&WA engine. This the Pratt & Whitney Aircraft engine is instsllod
is based on a reverse Itirust static diffcrence in a pod which is 345 In. long and weighs 13, 8S
between the engines of approximately 10, 000 lbs lb. The difference in the maximum diameterr (rcverse thrust for the Pratt & Whitney Aircraft between these two pods is 1.0 in. (S9 in. for the

I engine is I.I, 00 lb while reverse thruht for the General Electric and 88 in. diameter for theGeneral Electric is 2:1,200 lb. The General Pratt & Whitney Aircraft engine).
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Table ?-A We*Ia

P&WA BS GE LB
]9e . 940 6 20

Diverter 200 0 O0

Cowl and door 4,160 S80

Engine cowl panel. 900 1. 370
Aft engine cowl - 600

Table 7-B Nacelle Loads

P&WA GE
Magnitude Magnitude

Resultant Load Acting at Engine Pod, C.O. (Max) (Max)

Aerodynamic sideload on entire pod 33,500 lb 34, 500 lb

Moment due to acro. sideload on entire pod 3390 In-kips 3660 in ki

- Aerodynamic vertical load on entire pod 22.300 lb 23, 000 lb

Moment duo to sero. vertical load on entire pod 2260 in-kips 2440in-ki

Poll moment duo to engine seizure 820 ln-kIps 3370 in ki

z ngne mounting system loeding

7.3.2 Lngestion With the Pratt & Whitney Aircraft engine, It is
The General Electric engine has a better capabi- possible to extract 0! hp from the auxiliary drive
lity to Ingest forms of Ice which the airplane may system on each engine while It Is wndmilling.
encounter. The General Elcctric engine is guar- This amount of power Is sufficient to provide the
anterel to continue to run after ingesting 3 in. emergency power required to control the airplane.
diameter hailstones while the Pratt & Whitney
engine has been guarantced for 2 In. diameter Since the General Electric engine cannot deliver
hall. A similar (lifference exists when comparing the require I horsepower while windmllling, a
the e nginc manufacturers' stated capability for retractable ram air turbine will be installed In
Ice Mi', ingestion. The GE engine can ingest 2 the wheel % ell.
in. thick slabs while the P&WA can Ingest only
1/2 In. thick slabs. 7.3.4 Rotating Machinery

With the engines pods mounted on the stabilizer,
7.3.3 Windmill Power It Is desirable to place the rotating machinery at

r . The airpiano has been des.gned to provide for a station location which Is as far aft as possible
control In case of the simultaneous failure of all and thus provide no interference with other air-
four engincs. To maintain this control a mini- piano components in case of engine failure. The
mum horsepower :equlrcmeja has been design criteria used for locating the engine are

- eatalilhlked %khlch will provide for actuation of such that in the plane of the rotating machinery,
the nerody)namlc control surfaces as well as there will be no primary system elements which
emergency subsystems.
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could be damaged In case of a failure of the 7 4 MADTAIABILrT's AND LIFE
turbin, or compressor.

7.4.1I Accessories
"the location of the rotating machinery in the The difference between the two engines with
G:neral Ile,-trc engine installation of the air- respect to location of engine mounted acces-
plane ts farther forward than In the Pratt & sories makes the accessories on the General
Whitney Aircraft engine installation. This for- Electric engine operate within an ambient temp-
ward location of the Inboard. engines limits tle eratu-e area 150 F above the, ,mperature of the
storage L I fuel In the stabilizer in the region engine mounted accessories on the Pratt &
above the compressor of the GE engine as shown Whitney Aircraft engine.
it Fig. 7-4. With the farther aft location of the
compressor in the Pratt and Whitney Aircraft To partially offset the more severe environment,
engine. it is possible to ute additional portions the accessories en the GE engine have been
of the stabilizer trailing edge for tankage and grouped into a capsule which has a double walled
thus increase the fuel capacity by 5628 lb.. Inner surface that is provided with a supply of

cooling air. Additional cooling is attained from
7.3.5 Fire Protect!on the fuel components in the compartment. Since
The possibility of an engine primary combustor the accessories on the Pratt & Whitney Aircraft
burnthrough due to burner can failure is reduced engine are mounted in an exposed arrangement
In the P&WA engine compared to the GE engine, around the bypass air o,. the ambient temper-
because the primary burner is surrounded by ature will be only 550"F. This makes it unneces-
the low pressure engine fan ducting which would sary to -r ,ide a separate cooling compartment
block and contain the burnthrough. although fuel cooling is uied for those Items which

are especially temperature sensilive.
7.3.6 Mode Selector
The greater number of modes will require more The location of the augmentor on the two engines
attention from the flight crew of the B-2707 (GE) does not significantly affect the temperature of
airplane. The crev attention factor in compensa- the components mounted .n the engine compressor
ted by the fact that in the P&WA engine it is case. The P\VA engine depends upon duct heat-
necessary for the flight crew to adjust the exhaust ing for thrust augmentation, while the GE engine
gas teniperature. However, this adjustment will depends upon the afterburner. Generally, only
be made Infrequently. It will also be more smal; quantities of augmentation are required
difficult to provide suitable linkage adjustments dur!,g cruise flight and the duct heater effectively
between the selector valve on the GE engine and provi(L's an additional layer of low pressure
the control on the flight deck. The GE selector cooling air between the main burner and the outer
valve requires the use of five positions and an engine case.
angular travel of 132 , while the I'&WA engine
requires only three 1xpsitions with a total travel
of only 90 . The P&\VA selector valve has more There is no significant difference between engines
generous allowances for the deadband at each in terms of maintainability. This is due to the
end of the travel. A compari:on of the pos;A.lons fact that the pod cowling provides the cover for
for the selector valves is shown below, the capsule on the General Eluctric engine. To

gain access to either engine acccsscry area It will
be nee, sary to ope'n the cowl pancls. The

P&WA GE access;ories in the compartment of the GE engine
are piackaged closer together and 'equire add-

Windmill Brake Itional time for servicing. The pxickage concept
Shutdown Sh1utdown will preclude the use of more than one mechanic
Run Dencent at a time working on accessories. l)Nstribution of
Secondary Air Run accessories around the out ide of the PLWA engine

Cruise & Holding makes it possible for more than one
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ENGINE TURBINE ROTOR

.L ENGINE COMPRESSOR RVTOR PORTI-IN OF TANKAGEI.WIPED OUT ' t INSTL

V Fifuse 7-4. Fuel Tofi& Loati-

V2-I127O7-14
49



mechanic to work oa engine accessories simul- 7.5 OPERATION8
t mly. The number of controls for mode selecUos and

thrust control are the same for both engines;
7.4.2 Aectuelbilhti however, it i necessary to provide a manual
The inspection of the PWA eniei interior trim capability In the Pratt and Whitney Aircraftthrough hatches will require more time because e*ngine to compv'nsat for exhlutt cimerature in-

of the concmtric duct around the primary com-
pressor vatic. T"he GE engine %%III require the creases with engine usage. Since both engines
remova of on y • single cover to reach the same have instrurnentation which provides informntloe

twithin e e e. on cxhaubt gas ivnhimraturcs. there is no difference
eqvalnt oint withintwith regard to number of flight deck displays re-

quirod.
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8.0 MAINTAINABILITY, RELIABILITY, AND SAFETY

8. 1 MAINTAINABILITY to maintain the respective engines by revaew of
Maintanablity involves the evaluation of main- the designs for maintenance features and cor-
tcnanc-, effort and maintenance time. Mainten- paring stated objectives by both manufact trers.
once effort Is the product of maintenance This review does not emphasize the frequency
frequency.which is primarily a fuuction of of mrntenance. The frequency of mantnanceI reliabilityand maintenance manhours which to a must be derived by the reliability evaluatiow.

product of the number of men required and the
time required to accomplish a maintenance task. 8. 1. 1 Engine Comparisons
This evaluation directs itself to comparing the A comparison of GE4/J:,P and JTFI7A-213 en-
,xpected task time and r 'r of men required gincs is prcentod in Table 8-A.

Table 8-A. Maintainability Features

Feature P&\V JTF17A-21B GE4/J5P

(1) Maintenance frequency
(a) Dcsign life objectivesf with repair

Major Cases 50,000 hours unlitited with repair
Discs and Rotors 20,000 hours 36,000 hours
Easily replaceable parts 10,000 hours
Compressor blades 18, 000 hours min.

Turbine Blades 12,000 hours min.

Sheet metal and wear surfaces 12,000 hours min.

[ (b) Unscheduled maintenance rate .200/1000 E.H. .250/1000 E.H.

(c) Inspection frequency
lot Section Inspection 5000 hours No time stated. On-17 Also on-airplane airplane with borescope

borescopc provided

(d) TBO Goals 5000 hours in No hours stated.
4 years with on- On-condition object~ve
condition objective

(2) Maintenance Manhour GoalsSUnscheduled Line None stated 31.7 MMH/1000 E.H.
Scheduled Line None stated l13.3 MMII/1000 E.H.
Rcpuir and Overhaul None stated 500.0 tMMII/1000 E.H.

Engine Sections (Typcal)
lemove and leplace
Exhaust Duct/Case 9.5 Elapsed hmirs 1.9 Elapsed hours

18.0 Manhours 4.9 Manhours
Front Section Assy (Fan-P&WA) 3 Elapsed hours 4.2 Elapsed hours

(Front Frame - GE) 5.0 Manhours 10.0 Mardhours
Turbine Rotor 9.5 Elapsed hours 9.5 Elapsed heurs

31.0 Man hours 20.1 Monhours
Combustor 7.0 Flaps. hours 9.0 Flapse.i hours

21. 5 Mnho-:, 1 22.2 Manhours

I%
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Table 8-A. M tnalnahility Features (Concluded)

Feature P&W JT F! 7A-21B GEA/JbP

(3) Accesuibllty/Packsglig on-airplane
Oil and Fuel Filters and Screens GOOD GOOD
Boresoope ports GOOD GOOD*
Icnitors and Exctorg FAIR GOOD

Nla ring Replicement GOOD GOOD
Engine Components GOOD GOOD
Compressor blade replacement FAIR FAIRFuel Nozzles FAIR GOOD l

(4) Accessibillty/ackaging
Off-airplane

Bearing leplacement GOOD GOOD.
Compressor Ulade Replacement FAIR GOOD E
Turbine Stator Vane GOOD GOOD
Turbine Blade Replacement FAIR G'X)D
Major Sections FAIR GOOD+

(5) On-Condition Maintenance
Program

AIDS program FAIR GOOD
Inspection FAIR GOOD

(6) Maintenance Material Costs(a) Rework capability GOOD GOOD+(1) Dollars/flight hours Not Stated Not Stated

8.1.2 Evaluation
An evaluation of the maintainability features for
the GE4/JSP and JTF17A-21B engines is pre-
sentcd in Table 8-B.

Table 8-B. Engine Maintainability Evaluation

Total P&W GE4/J5P
Evaluation Item Points JTF17A-21B

1. Maintenance Frequency 10 10

P&WA engine has lower premature
removal rate thaMn GE engine. GE's
deoign life goals with repair are higher
by a factor of 1.2 to 1.8 than P&WA.
The indication is that more repair will
be rcquircd on the GE. Inspection
frequencies arc about the same although
GE has not statcd a lIST frequency. Both
manufacturers are p!annlng on on-
condition repair. Inspcction frequencies
will have to be established to support his
concept.
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Table -B. Engise ?.taintainabIll y EvaluaUon (Contlma4

Evaluation Rom Total P&W GE4/JP
Points JTFITA-214

2. Maintenance Manhour Goals 15 10 1
P&WA has not provided engine maintenance
manhour goatl. GE has provided MMI
goals. P&WA and GE have both provkW
elapsed Ume and maintenance manhour
goals for Individual engine component.
The goals provided by GE appear to be
optmiatic. P&WA component goals
appear realistic. P&WA wans reduced $
points for not providing total engine goals.

3. Accesslblllty/Packagng On-Airplawn 10 10
P&WA components have been packaged
and well :ocated for ene of removal.
Pods have been provided to hold the
heavy eng'lne components for removal
and rep.2cment, GE h r, pavkaged
most engine componenta in a module
thus requiring opening ol a second
cover. The components in the module
are difficult to remove IndTvdualy,w/ti ,!he mnoduIo on the ong n. Themodule should remove easily*

4. Accessiblity/Packaglng Off-Airplane 30 21 30
GE has modularized the engine for
replacement and repair of major
engino sections and components in
the shop. Tho P&WA engine is
much the same ns precent P&WA
e-ince In its modular sectioning.
The GE design should reduce repair
and overhaul time constderably in
comparison ta P&WA engine.

S. On-Cordiltion Mtintenanco Program 11I
GE has defined on-condition determination
re:uircments, and incorporated design
features to facllt*'te these InapectIcn,.
GE's program for the aircraft integrated
data system development is well thought
out. Test parameters and test points
are well defined. P&WA floes not have
as good a program and does not appear
to hvec done as much detailed work In
either area when compared to GE.
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Table tl-B. Engine Maintainablilty Evaluatlqn (Concluded)

Evaluation Item Total P&W GE
Points JTFI7A-21B GE4/JSP

6. Maintenance Material Costs 20 3

Neither engine manufacturer has
provided any informatiln or data om
maintenance material costs. In
revieving both engines for features
which affect this cost, it is et""* t
that GE has done considerable work
to provide extra strength for reworking
frames, blades, sheet metal, etc. R
is noUccable in many areas that P&WA
has actually lightened parts and sections
over previous P&WA engines, thus reducing
the rcworkability of the engine. L

TOTAL (100 possible) 65 81

8. 1.3 Conclusions complexity, and use of design features which
Vieviiig the two ungine desins from a pure specifically aid reliability.
maintainability standpoint, the GE4/J5P engine is
better than the &WVA JTF17A-21B engine. The rratt & whitney Aircraft has the benefit of sub-
maintenance frequencies do not appear to be stantial experience meeting the high reliability
drastically different. The on-airplane mainten- requirements of airline engines. while the GE
ance Wffort ehould be about equal except for military engines are produced with a lower reli-
internil inspcctiorsand onboard capability. The ability factor. Overzall the two offerings are
GE-1/J3i has better provisions for internal rated about equal on basic engine design consid-
inspection. The onboard nonitoring of the erations (Table 8-C).
engines could be brought to an equal capability
during dcsign and was not considered as a major 8.2.2 Reliability Goals and Apportionmerts
discrepancy on the part of the P&WA engine. Pratt and WVhitney Aircraft scores higher than
The major difference between the engines to seen GE for inflight shutdown and augmentation loss
in the off-airplane repair and overhaul. The rates. Premature removal rates are about
GE4/J5P is superior to the PW iTFI7A-21B equal. liiabmlity growth also favors P&WA for
because of its modular construction which early flight and miture engine goals. The time
should result In a lower elapsed time and cost base for the early flight goals as stated Is not
for repair and over!.'ul. lefinite. P&WA gives early flight goals while the

GE goals are for th( en]l of Phase IU development.
However. P&WA is given thc better score because

8.2 RELIABILITY the eatly goals are much higher.

8. 2. 1 Basic Engine Design
The sections of both engines are evaluated with Evaluation of failure rate apportionments is
respect to acccptable life capability and Infre- based primarily on the credibility of the failure
quent failure potential (refer to Table -C). rates stated fcr the various engine components,
The criteria applied Include the manufacturer's and the relative magnitudes offered by each en-
experience with the particular design, relative gine producer for the same engine sections.
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The owerall score under reliability apportionment specifically to aid reliability. Pratt ad Whitney

I- on the Accompanying Table 8-C favors GE be- Aircraft ti slighUy favored. The second are.
rause of better recognition of the difficulty of Reliability Goals and Apportionments, reflets the

radtcally reducing failures as demanded by SST magnitude and credibility of established failure

system reliability with such sevcre operating frequency goals. Pratt and Whitney Atrcraft tO-

and environmental conditions. The higher overall ceives 26 points to GE's 19. The third scoring

engine failure rate offered by GE is compatible component. Life. deals with the respective fAg-
with SST system reliability. niltudes of the proposed life goals in the light ofVsoverity of operating conditions in the varlis

8.2.2,1 Life engine sections. The P&WA score is 12 to 10

Evaluation of the design life obJectives of the en- for GE. The final area of scoring is the e.ti-

gine sections is based on the magnitudes of the mated effectiveness of two reliability programs

proposed life values In relation to the severity of in Increasing the reliability of the engine uliU-

the resective operating conditions and environ- matety produced. in ere the companies receiv
ments ol the engine sections. These factors are equal scoring.
combined with the relative experience of t%:') pro- .
ducers with the particular types of components. S. S SAFETY
The scorig appears in Table a-C. 8.5. 1 Engine Rotating Machinery Safety

[ . 2.3 lelbillty Program The General Ehe'trc and Pratt & Whitney Air-

The prt-raans of the two engine producers are craft engines prc: sed for the SST airplane both

basically quivalcnt. loth employ staff organza- require containment within the engine case of

tiuns which smpport engIneering and have well failed compressor and turbine blades. ster,

deflned rcspor ibilities. The GE program activity and guide required by FAIR 33.19. Tbe

ts more cxteivAve and makes uae of sophisticated fan duct on the P&WA engine provides greater

tnli a ! pr(~hrT. The P&W program directs Inherent energy absorption mass thin is pro-S e.mithais to arcas known to have the greatest vided with the GE turbojet engine. The fan duct

'ifects on engine problems in commercial provides an dded protection against compessor
service. Fraining is emphasized in both pro- and turbine disc failures which is not part of

the turbojet engine. This Is not true in the fan
grams. section where the fan blades extend to thc engine

P&W exp rience in activities to attain the high outer Case.

F reliability levels demanded by commercial air-
lines should aid the conduct of an effective rolia- The P&WA engine is shorter than the GE engine.

bility lorogYram. The GE program activity must On the 13-2707 airplane, the shorter P&WA engins

undergo re-orienUtion from military to commer- has an advantage In placement which results in a

cial environment, better placement of r-tatlng machinery. Both
'ia lnvi~nt. " engines are located with the aft end of the exhaust

-cit lplani Ing, monitoring. and data feedback Is nozzle 50 In. art of thi horizontad stabilizer

systeniatially and effectively plannrd by both trailing edge. This places the rotating machinery

companies. Comlarizcd tiwt;.e and retrieval on Lhe I'&WA engine aft of the main fuel tansr.

of hi;toricil rellability data appars efuiivalent To obtaln the same rotating machinery location

In Ijth lrogram. 114,,t conplc's e.hlilmit con- for the GE engine would result In a weight and

titrati(tive .attitudes toAvard the ptential reliability balance penalty.
problcens In their proposed engines.e Fire Safety

F. 2.4 nfltlahtllty Evaluation Summary The P&WA fan engine has three Inherent fire

The ,vi rall score In Ta e 9-C favors P&WA. safety advantages:
The firn;t eomixncrnt of the tot.l score. 1rulet h

Engine D.rsl;:n. rcpre.qents cap1rhiilty of the basic (1) The crgie case temperatures at th.
en-ie to nch'eve life and rell:hilltv goais with aft end of the enl'ine cavity are 300oy 1 .s8 at
rc.',ict to minufaeturer' e.pcrlenee, relative supersonic cnilse. This reduces the Alty

engine emplcxity and use of d.eslgn features

%'2 -11 2707 -14
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Table O-C. Reliability Evaluation Siummary_____

GE P&WA

BASIC ENGINE DESIGN (5 IN-into 
UW

Compressor (and Fa4* 4 5
Combuxtor 5 4
Turble 5 4 [1
Augmeotatlom 2 S
Exha.st Nozzle & Reverser 3 5
Accessories & Controls 5 4
Berings & Seals Sumotal 29 31

lEI.IABIIITY GOAlS & APPORTIONMENTS (30 Points)

Overall Engine - Inflight Shutdown Rate 1 3
Augmentation Loss ,,e 1 3
Premnture Removal Rat. 2 3

Growth - Early Flight Goals 1 3 [I
Mature Engine Goals 1 3

Apportionment - Compressor (and Fa 2 2
Combustor 2 1 11
Turbine 2 2

Augmentatfon 2 2
E '.aust Nozzle & Reverser 1 2
Accessories & Controls 2 1
Ieirings & Scala Subotal 2 11 2

LIFE (1' Points)

Comprssor (and Fan) 1 2
Combustor I 2
Turbine 2 1
Augmentatio 1 21

Exhaust Nozzle & Reverser 2 1
Aceessnrien & Controls 2 2
nearings & Seas 1 12 12

Sutnnl10 12 |___

RIEI.ABIL.ITY PROGIRAM EIYEMENTS (20 Points)

Organizationl 2 2
Integratlon with De'elgri Engineering 2 2
Experience 1 2
Coordination with Al rframe Contrnetor 2 2
Test Pl-nning. Monito'ing. Dita Feedback 2 2
llntnrical Data System 2 2
Prediction Analysis Methods 2 1
Fillure Mode and Effect Anlyse 1 2
Facilities 2 ]

Attitude Towaird Potential Problems 2
Subtotal 18 18

TOTAL SCORE 76 87
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.!r temperature and reduces the possiblilty o (3) The P&WA fan io not as susceptible to
spontaneous Iiltlon of Aiel from a mptured line. engine C.ise burn through from the primary cons-

bustor as the GE turbojet because the faU duct
and fan dct air flow provide a bard er. There

(2) The air flow through tho cavity on the is. however, no equi'alent barrier for the duct
P&WA f.w is less because there is no variable heater comtustor which Is similar in design
stator leakage Into the cavity as there is on the to tht primary combustor. Since the P&WA
GE turbojet. This reduces the amount of air engine use& the duct heater throughout moct o
available to support combustion, the flight, the advantage may be in rduced flame

pressure of a burn through.
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9.0 DEVEIAPMIENT PLAN, SCHEDULES, AND FACILITIES

The engine development test plan of each manu- in Fig. 9-2. An additional i4 Ours will be
facturcr was reviewed in terms of quality and accumulated by mid-1974. airplane certificatlo.
qu:%itity of tsting. especially engine endurance
testling. A comparison of the significant milestones and

test hours of each engine test plan Is shown In
General Elcmtric's development test program is Table 9-A.
suIl.-orted by a detailed breakdown of the various
teats aw-d schedules planned. Endurance testing Boeing considers the GE program to be adequate
throughout the entire program has been empha- for both component and engine development test-
sized. with tomting oriented about the SST ing. Endurance testing is well stressed during
mission profile conditions, their program.

I Pratt and Whitney Aircraft plans a program which Boeing considers the Pratt and Whitney Aircraft
is based on experience galned from past programs, program to be adequate for total component test-
eslx:ctally the J58 engine. An extensive and de- tog. The cumulative engine test hours at engine
tailed component test program is planned. Th. type certification Is 14,500 hours and the P&WA

I engine test program parallels General Electric's JTFI7A-21B cngine will be certificated 12 months
but offers less test hours by engine certification earlier.
date. En(urarce testing is planned with various
tylipc of endurance tchts defined. llowever a 9.2 ENDURANCE
summary of the endurance test hours or schedule General Electric plans extensive engine endurance
was not given. testing. Over 20.000 hr of endurance testing In-

eludes: certification endurance (1,000 hrj; acOCl-

9.1 IIVEIX)PMENT TEST SCIIE[)ULE crated cyclic endurance (4,000 hr); accelerated

General Electric plans a component test program service endurance (8.000 hr); accelerated margt.

of over :00,000 hours, which includes 91.000 endurance (1. 850 hr); and simulated service en-

hours of testing on main engino components and durance (6,000 hr). These tests span the entire

1 215. 000 hours of testing on controls and acces- engine development program and encompass most

sories components, subsystems and systems. of the test engines from early in the program
through airplane certification.

The engine development test plan (shown inr Fig. 9-1) vili use 29 engines to provide 25. 000 During this test period, it is planned to accumu-

hours of testing by aircraft certification In mid- late high run times on indJvIdu3l engines. Under

1974. Three of thene engines will Ix run in the the accelerated nnd simulated ervice endurance

AEDC facility and will accumulate 750 hours of test programs. General Electric plans to run five

?e ,_'ng. An additional 12.000 to 20.000 engine engines to 1.000 hr by engine certification and

hwir'. will be accumulated cluring prototype fEight six engines to 2.000 hr by airplane ccrtilication.

testing. Pratt and Whitney Aircraft plans an engine en-

Pratt and Whitney Aircraft p.ans n component test durance program which includes the following

prodgram of over 2,10.000 hours, which includes type tests:
or.)o0 h'ur i of testing on main engine compo-

tierts and 17A.0110 hours on contris and ncces- • T SST mission cycle endurance
sofnes cnmponcnts, subsystems and systems. 0 Low cycle fatigue testing of turbine airfoils

The cju:Ine lvelnpment test plan will use 15 Thermal fatigue cycle testing of rotating parts
vrirtn to provide 14. 500 hours of testing by
engine t)l~e certification In mid-1971 and is shown 6 Company FTS endurance

1
V2-P2707-14

59

I Preceding Page Blank



ENGINE CERTIFICATION

-- CCETTIIICTTON.

U---STATUS.C, TIF CATOYA TIM E

10 STATU. INLET TEMPERATURE

1967 68 69 70 71 72 73 74 75 76

YEAR

Figure 9-1. o. :re Electric Engine Test Pico

40 - -~7III.IIIIIII

, AIRPLANE CERTIFICATION

30 -- *.--i----- _

C'ENGINE IDIAL MEu
-_ -. __ C E R T IF IC A T IO N ,

320 
-

RATED TUMINE
o-INLET TEIAPE-ATUREI- FLIGHT-

TEST HEATED INLET
u10 .,..US 

_ _L° I II/.;

191 61, 69 70 71 72 71 7, 75 I'

YEAk

Figure 9-2. Pratt A WhiNmsy Aircraft Engine Test Mm

V2-V '07-14

60



I

Table 9-A. EnginE Test Plan Comparison

Flight Test Engine Type Airplane
Status (FT.,) Certification Certifleation

A Generd Electric (Md-1969) (Mld- 572) (Mid-1974)

Total test hours 4,500 17,100 25.000
L Heated Inlet hoirs 1,600 8.000 13,090

iated turbine inlet
. temperature hours 1.850 9,360 14,450

Total enturance test hours 1,950 12.500 19.650

Pratt & Whitney Aircraft (rld-l9J (Mild-1971) (MIJ-1974).A

Total test hours 4,000 14,500

Heated hidet hours 2.000 7,250 13.750
Siatet( Talobis inlet
temperature hours 2,400 8,200 16,500
Total endurance test hours 1,175 2,690

9.3 FACILITIES the fcur engines required to support the AEDC
Gen,2ral Electic snns to use seven engine test tests and the Boeing propu!sion system ground
cells located at Evendale, Ohio, to conduct their rig test program. The foi ow!ng schedules
factiry development prog-ram. Two of the tesl are in coronance with the SST flight test program=
cells vill Le toncv ram-altitude cells to be con-
structed and ready for operation by January 1, a. Genc 'Ixl Electric
103,3. An outdoor facility at Peebles, Ohio, will General Electric has given Air. "livery dates
be un:-! for reverser and noise suppressor de- for four ground test engines with ;irst shipping
vcloprcnt and nal-weather terting. The facilities date in October 19G8 and for sixteen protot)p
at AEDC will be used ior guarantecd performance flight statu3 engines with first , ipping in July
demonstrations und to conduct the inlet/engine 1969. The first four prototype engines will not
enpatibllity test programs, be flight qualified engines, but will be modified

as necessary by GE after the completion of
Pratt and \Thitncy Aircraft plans to use ten en- their flight qualificntion tests. Therefore, the
gine test cells to conduct their factory develop- first flight qualified engines will not be delivered
ment program. Three of these cells presently until September 1969.
exist: dic others will be available during the/ i ~ period 1967-1,69, Pratt and Whitney Aircraft General Electric plats to have four type cerfi-
will use the A EDC fcility to conduct the Inlet/ fled production enginrs available by September
engine cop-paibility test program. For demon- 1972.
strntnj g:aranteed performance, P&WA plans
to us.- their own altitude facilities. b. Pratt and Whitney Aircraft

Pratt and Whitney Aircraft has given firm d*-
P ,ein ; ronride-s that GE and P&WA hav,3 pro- livery dates for four ground test engines with
vided adeqcuaite engine test facilities to accom- first shipping date in October 1965 and for six-
plitih their test programs. teen prototype flight status engines with first

shipping iii $'uly 1969. AP protottype engines
• * 4 E:(.INE DEIIV'RY SCIIEDULES will be (ligit qualified upon delivery. Four type
Fifi: e f,-1 shows the engine delivery schedules certified production engines will be available
for cach enine. Included in the schedhiles are in June 1972.
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) A.0 INTRODUCTION

This .arpendix contains a technical evaluation of Tht. risk categories are:I the conpinent performance and mechanical
design for the two SST engine offerings. Also, a. Category I -The component or desigu
consideration was given to the proposed control has some questionable aspects at this time.
yslems, ergine-inlet comp'atibility. and Some problems are foreseen, and an above

dynamic inte-actions of the uverall I)roru.,Ion average success. in a well-run development
system. program, will be required to accomplish the

design goals. These performane' goals will
This evaluation Is based on Information from probably be reached.
the two engine manufacturers throughout the F'ST
Program. The most specific and recent infer- The SST Program implications are:
mation was obtained during a visit by Boeing
representatives to the manufacturers' plants In Increased devct opment prograam costs
mid-July. and from preliminary draft copies of Reduced parts life
,"rs of the ihaselI-C engine proposal More complexity

documents. Minor program delays

i!n general, the propulsion system and compo- b. Category 2 -A component placed in
nents for the SST represent an ad:ance In tech- Category 2 suffers the same risk as Categnry 1.
nology over present fli,;ht propulsion systems. but to a higher degree. Moreover. additional
Bcause of this. each component of the engine program implications are present, especially
represents a development risk to snme degree, if the goals are not reached. Ou'.e possibly,
and each component considered was placed in not al) goals will be reached, particularly in

I one of the three risk categories defined below, early commercial service.
Briefly, component/system performance. life.
complexity. ard weight were considered In The SST Program implications (additional to
placing that Item in a risk category. The Category 1) are:
Judgement factors used were as follow:

Payload-range decrement
Design goals Increased DOC
Demonstrated performan".e Increased program delays
Past experience
Technical capability c. Caegory 3 -A Category 3 item is one
Design approach which Is a risk item as in (1) and (2) above. but

has the potential of signficantly affecting the
In some instances, component design and overall program. The attainment of specifi,,,d
performance was. when measured against goals and performance is doubtful.
today's demonstrated technology, of such a lowi risk as to not warrant being placed in one of the The SST Program implications (additional to
three major risk categories; i.e.. a normal Category I and 2) are:
development program should ensure specified
performance. Major program delay

Major program redirection

1
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A2.0 GENERAL ELECT1RIC GE 4/JSP ENGINE

A2.1 COMPRlESSOR been raised to 12.3 to 1. but the stage loading
The nine-stage GE4 compressor Is designed for has been decre-ised. Figs. 3-3a and 3-3c of
a 12.3 to 1 pressure ratio and a mass flow of Volume II C show pressure ratio and work
;20 lbhsec. The IGV and first stator are coefficient per stage and give some Indication
variable to Improve pcrformance during low of the decreased loading. A picture of loading
inlet total temperature operation. Stators 4 is given by the Diffusion Factor (Ref. NASA R11
through 8 arc variable to Improve performance ESADO1). An examination of the relative
(luring high inlet tutal temperature operation, diffusion factor levels between the eight- and
and permit engine-inlet airflow matching, nine-stage compressor has verified that loading

has been reduced in every blade row except the
The last stator is uted as an aerodynamic brake. Jast stator, which remained unchanged. The
General Electric de,;crbes the compressor as a lower bladle loading is estimated to allow staU
lightly loaded design. margins to be increased and make the GE4

goals of 18 percent margin at SLTO and 30
Performance data available to substantiate the percent margin at CRUISE become reasonably
nine-stage design is from the eight-stage SST attainable. The blade aspect ratios versus hub-
demonstration compresbor designed for 175 tip ratio have been estimated by Boeing and
lb/sec mass flow and a pressure ratio of 9.5 to plotted in Fig. A-2. An Increase in aspect ratio
1. Table A-A summ,, izes the performance In the first rotor from about 1.3 to 2.9 Is noted.
measured on the ei0it-stage compressor, in This change can adversely affect compressor
terms of demomntrator design goals, and distortion tolerance. However, this aspect ratio
mecapured test results. is sUll less than t>:,t for the first rotor of the ,;93

compressor. An increase in mechanical tip speed
The points shown as SLTO and CRUISE are RPM has alro been made from 1180 fps to 1310 fps in
points simil!ar to those conditions in the final the nine-stage compressor.
engine. Both flow rate and pressure ratio
exceeded dcsi?,n values at 100 percent design
RPM. In addition to the performance tests a General Electric Is planning to run tests to
series of distortion tests are being run and determine the sensitivity of the nine-stage

r some data are available at the present time. The compressor to turbulence early in 1967. These
data currently available for three corrected tests will be similar to those conducted recently
engine rotation speeds is shown in Fig. 3-14a, by GE and AEDC using a J93 engine.
page 3-17. of General Elctric's Volume III A
proposal. flub radial distortion up to 39.8 In summation, the demonstrated test results
percent Ptmax "Ptmtn was tolerated with no and lack of known mechanical design problems

Indicate that the compressor performance
tave closely app.roximates the design goals. The

change I". stall margin and only slight decreases distortion t,-st re:jlts reported to date on the
(about 2 percent) In flow. The data for tip radial eight-stage demonstrator compressor, and the
distortion are not available at this time. but attention being paid to both steady state and
General Electric has stated that Improvement dynamic distortion, are indications that distor-
in tolerance of tip radial dh:'?ortion will be tion problems will likely be minimized. In
designed into the nine-stage compressor, addition, the inherent .cxiblllty of a variable

geometry design allows significant changes In
The basic reason for changing from an eight- compressor performance without rcdesign of
stage compressor to a nine-Ntage compreosor the compre sor shoud problems arise. Overall.
Is tn Increase the design flow from 475 lb/sec the GF. compressor Is not considered to be a
to 620 ib/sec. The pr(,my-ure ratio overall has major development risk.

V2-112707-14
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Tibla A-A. Comiressor Performance Compaurusoo

RPM Stal DitortioePress. Corr Design Adiabatic Margin Toleranc4
Ratio Flow Pr-. cent Eff Percent Percent

SLTO Design 9.51 475 100 86 17Test 10 505 100 85.7 16.3 39.890
CnUZZ Design 4.65 300 73.7 84.5 23.2Test 4.65 300 73.7 1 84.2 19.9 24.6

at 90 percent RPM

3~~ .......
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A1.2 MAIN BURNER 7he corresponding 'value of tiils criterion forThe main burrer propostd by Gereral Electric the GE4fJ&P during Mach 2.7 cruise at 85.000Is of annular design. similar to the burner used ft Is 1.25 by 106. Ak limited marvey shows thisin the J-835, T-64. T-58. GE-i. Tr-39. and vr lue to be conservative forarae ooubutors
J-9.1 ergines. Figure A-2 shows a comparison a A should provide margin for future growth.
of the volwnetr!c or sipace heat release rate
for inany engines. On the basis of this compari- 'rhe combuistor thermal efficiency goal of 98.75
son, the space heat release rate is high, but percent is a nominal advance over presert
not outside the expected growth possibkr f !i- engines. The trend curve shown in Fig. A-3
burners of this design, lndicates that the GE combustor pressure,

temperature, and reference velocity are such
Because heat releat's is reaction-rate limited, that high combustion efficiency vislues should be
another parameter for evaluating gas turbine expected. Where heat release ts reaction rate
combustors Is: limited as In this design, combustion efficiency

(fti- flow rate) X (enthalpy-increase/lbi can be correlated with the parameter
(combustor volume) X (pressure) P p. 1 75 (T~ /5 4 0)X 0.ef

with units of Btu/hr-ft 3 -atm 1.8. in re rf

TEA LEVEL. TAKE-OFF ~ ~ ~ -

- CRUISE FL. 1IT .-

170 ~GE ENGINEI ;. 4 ....

I A . -1

6.0 ~ ~ ~ ...

44.0 ~

tz~~ ~~ tZ16.' - I'.C

Firwo A-2. Burne Volumetric Most. Rofeem. Rot* - Compoif mon *1 Enyino ".Is
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COAL
*GE4 MAIN BURNER
* J-93 MAIN BUJRNER

o GE4 AUG 0 CRUISE
o JTF17 DUCT I'EATtR-CRWISE

71T7" UT EAE

COMBUSTORUNER

- ~ T1 DUC E4ATERRE-

5GE4 MAIN BURNER 1
o .. .... O

V/PT (FT3/SEC/LB/DEGREE R)

Flguu. A-3. Combustor Efficiency Tr."d

an shcevn In Fig. A-4 for developed annular efficiency value was exceeded on this test r!g.
combustors. It can be further shown that lean but full cruise pr.!ssure testing has not been
blowout occurs it the value of 9 where the curve roported.
becomes vertical, Figure A-I shows G values
for tho GE main combustor for various flight The design pattern factor Is 0.20. and Is con-
conditions. sidered to be a reasonable goal. The J-93 SST

demonstrator engine has obtaiined test values of
Burner rig testing at full-scale entry tempera- 0.16G, whije the TF-39 has demonstrated a value
ture, temperature rise, and reference velocity of 0.22. The temperature profile from rig
has been conducted. The one atmosphere goal testinc shows a hot spot of around lOO*F above

V2-132707-14
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300 -- ...... -..- -

90 -

EFFICIENCY CORRELATION
~FOR ANNULAR COMBUSTORS.

- - I
7- FLIGHT CONDITION. VALUE OF I

S-TFOR GE4iJ$P
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60 - CRUISE 10.7 x 101

T.,KEOFF 7.8 x log
Wm
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EFFICIENCY CORRELATING PARAMETER, u 104

OFIigum A-4. GE,/JSP CoemEw~uio Efficiency Cormfooles
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the desired value at 30 percent turbine blade design Is summarized in Table A-B. i'here
height. This represents a design problem, con- variables which approach severe design values
sidering the temperature profile effects on tur- have been circled for emphasis.
bine blade stress, temperature, and life.

This turbine is a conservative aerutynamIc
Burner rig aerodynamic distortion tests, with design in the sense that all varl..b!es are within
both radial and annular distortion, have been established ranges used by turbine designers.
completed andi have shown both good distortion
tolerance and attenuation results. The design offers flexibility to extract more work

from the same number of stages at a small
Figure A-5 presents typical operating values of efficiency penalty, should a problem in another
reference Mach number and pressure loss for area in the engine establish the need for more
annular aircraft-engine combustors. The design work extraction.
values at SLTO and Mach 2.7 cruise are shown
for the GE burner. The figure indicates that the The value of overall adiabatic efficiency quoted
des!gn is conservative with regard to pressure by GE is compared to other turbines on Fig. A-4
loss as a function of wheelspeed-loading parameter,

which Is a form of Parson's number.
Liner metal temperatures are stated to be less
than 1,5000F, with the cooling method propoaed. The GE experience curve, from which the base
From stress-rupture considerations, a metal value of efficiency for the GE turbine was
temperatureof 1.500F appears to be the obtained, is seen to be substantiated by test
maximum value compatible with a long-life values for existing designs. The adjustments
(10,000 hours) design. To achieve this tempera- which GE used to get from the base value to the
ture level, at the elevated turbine Inlet tempera- GE designi value are also reasonble.
tures proposed, a considerable Improvement In
liner cooling technique over current practice Is GE presents a cetailed accounting for qd,'erse
required, effects of the cooling flow (including pumping

work and mixing loss), balanced by the favorable
Of equal Importance to the metal temperature are effects (including boundary layer changes and
low metal temperature gradients. The tempera- increased mass flow to downstream stages).
ture gradients shown by GE resulting from their which appears to justify the small penalty for
test program are considerably lower than for the Introduction of the cooling flow.
the CJ805.

A2.3.2 Turbine Life
Mechanical design problems Include welding The GE4 turbine employs astroloy discs with a
across brazed joints, and the potential problem design ultimate life, with repair, of 36,000 hours,
of rivets in the aft section of the burner and Ilene' 69 blades with an ultimate life with
separating and causing foreign object damage in repair of 12,000 hours. The discs are burst
the turbine. limited and thererore have a long low cycle

fatigue life. The blades are creep limited.In summary. the space heat release rates and

efficiencies appear achievable but the exit Care nust be taken In the fabrication of forged
temperature profiles will require further Astroloy discs to avoid undesirable low trans-
development. Overall, the GE main burner Is verse ductility. GE Is developing techniques In
not considered to be in one of the major develop- conjunction with their suppliers to enable them
ment risk categories. to avoid problems in this area.

A2.3 TURBINE The Rene' 69, which GE is planning to use for
the turbine blades, is basically the same as

A2.3.1 Aermlynamic Performance IN100 (called Iene' 100 by GE) but has 5 percent
The GE engine employs a two-stage turbine more chromium which provides a material with
with conventional free-vortex radial aerodynamic good oxidation and suiphiclation resistance. GE
loading distribution. The turbine aerodynamic plans to use coated Ilene' 100 blades In the first

VW-12707-14A
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I' OPERATIN~G AREA FOR ANNULAR COMBUSTORS-

PRESSbURE LOSS.-- -

I' FACTOR

U 3 0

CRUIS E

0 -7700 & .1 0.0 81

KREFERENCE MACH NUMBER. IIIREF

H P~Fgw. A-S. CE4/JSP Rviflif Prs~3w L~a.
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Table A-B. Summary of Turbine Aerodynamic Design

Design Quantity Mild Severe GE 4 (Free Vortex)

Design Design First Stage Second Stag
At Mean Radius

Stator exit angle P2 30. 20" 23.14 25. 91
Stator exit mach (c/a') 3  0.8 1.15 0.91 0. 2
Rotor inlet relative mach (W/a*') 3  0.4 0.7 0.4P4 0.:W9
Rotor exit relative mach (W/a*')6 0.8 1.15 0.74 0.73
Rotor exit axial mach 0.4 0.7 0.403 0.413
Stator aspect ritlo 2.3 3. 053
Rotor aspect ratio 3.008 5.204
Stator solidity (width/pitch) 1.098 1.315
Rotor solidity 1.457 1.20
Rotor exit D'IUB/DTIP 0.8 0.5 0.79 0.67

At Blade Root

Stator exit angleP2  30 20" 20.93 21.6,2
Stator exit madh (C/a*)3  0.8 1.15 1.0 0.97
Rotor inlet relative mach (W/a*') 3  0.4 0.7 0.614 0.583
Rotor exit rclatlve mach (W/a*') 6  0.8 1.15 0.70 0.66
Rotor turning angle b0" 120" 109" 102"
Degree of reaction (V6 /W 3 )-1 0.35 0 0. 1 0.Ob

___Other Desi Variables
Stage work, ah 95.3 74.1
Stage efficiency 89.7 89.6
Mean blade speed, U 1130 1130
Loading parameters, U /2g JA 0.268 0.345
Tip Clearance 0.060" 0.080"
Tip clearance, % blade height 1.0 0.8
Tip clearance, % Up diameter 0.1 0.13

Blocked variables approach severe design

mgincs. while long term tet:ts are conducted on blade LCF life, taking into account temperature
Rene' 69 to assure that i stable composition gradients and the entire three-dimensional
with no sigma-phase precipitation will be stress situation. They have achieved good
achieved for production engines, correlation of analysis with test results.

GE will use Rene' 100 if fene' 09 turns out to LCF life of the blades is predicted by GE to
be unstble because it h:ts the same prop- rties exceed 12, .30 hours. The large number of
as Rene' 69. Use of Rene' 100, however, ,iulreo cooling air holes in the blades does not add to
good coatings against ocdatlon and sulphidaUon. FOD susceptibility because, there are no holes
Use of corl-d Ilene' 100 in the GE4 would at the leading edge.
necessitate more frequent blade recoating. Internal clogging of the cooling passages Is not
Considerirg low cycle fatigue (LCF). GE has expected to be a problem because the cooling
given Boeing a detailed accounting of the air supply is bled at the compressor exit hub
procedures w/hich they use to predict turbine- section where centrifugal forces will minimize

air contamination.
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A sir. plifled creep life calculation was made for desired material propertie In Rene' 69. or with
the GE4 turbine to make an estimate of the risk eiating problems if P.ene' 100 is used as a sub-
I n the turbine blade creep life quoted by GE. stitute. The GE4 turbine blade life Is therefore
The mid-span section of the first rotor vas classified as a Category I risk item.
chosen as a point indicative of minimum creep
life. Values of !emperntures and stresses were A2.4 AFTERBURNER
obtained from the GE4 proposal. The GE afterburner Is a direct outgrowth of the

J79 and J93 augmentors. The GE4 afterburner
Several values used in the calculations are operates in a more favorable environment, to a
summarized as follows: lower absolute temperature, and over a lower

augmentation range, than its J79 and J93 prods-
* Calculated stress - 13,300 psi cessors. Turbine exit temperatures and there-

fore augmentor Inflow temperature is above the
Design factor 0.74 auto-ignition temperature. Spark ignition Is

required over a small portion of the flight
e Design stress 18,000 psi enveiope.

0 Average rotor gas temperature = 2,530*R The peak chemical combustion efficiency goal Is
i ~99 percent during cruise. This goal. adjusted

e Average metal temp.rature = 2,0106R to one-atmospbere pressure cordition. has been
demonstrated in a ground test rig at full-scale

* Coaling effectiveness = 0.535 Inflow temperature and velocity. It is not known
at this time if the high level of efficiency has

" Larson - Miller Factor = 47.800 been demonstrated over the full cruise range of(for Rene' G9 to 0.2 percent creep) required augmentation temperatures. Referring

to Fig. A-3, the combination of -ifterburner
" Estimated creep Wife = 6,300 hours reference velocity, temperature, and pressure

Is such tha the attanment of this efficiency
The calculated life agrees reasonably well with level s e artbaben
the GE prediction, considering that a change
of about 1 percent in the Larson-Miller factor The afterburner Is designed to maintain the hot
changes the calculated life from 6,300 to flame in the center of the augmentor, thereby
9.000 hours. Also, a small change in metal maintaining liner and case temperatures within
temperature will cause a large change in design limits. No combustion takes place In the
calculated life. turbine discharge gas adjacent to the liner walls.

1 FIn addition, compresp-r seal discharge leakage
In summary, the GE4 turbine work output serves to cool the liner. The resultant liner
requirement is such thit a two-stage turbine temperature is calculated to range between
easily meets this requirement. The turbine is 1,565"F and 1,G00"F during cruise using a
therefore a conservative aerodynamic design calculation technique verified by test. Although
which should have no difficulty meeting the there is no experience under similar conditions
specified efficiency and work output. GE has for long life duration, the CJ805 main burner
othrr operat!onal engines such as the J79 and liner, under higher pressure loads, has hot
.193 running at these turbine work and efficiency spot temperatures to 2,000"F with an average
levels. The design offers flexibility to extract temperature of 1,2007F. The time between
more work. For the above reasons, aerody- repairs for ihis liner is now above 3,000 hours.
narric performance of the GE turbine is not with an ultimate expected life of more than
considered to be a risk item. Mechanically. 8,000 hours.
the first-stage turbine blades operate at a tensile
stres. of 13,300 psi at the critical section and A significant life problem exists with the
have an average metal tcmperature of 1,550"F. flameholders operating at a continuous metal
Total cooling flow Is 12.3 percent. There Is the temperature of close to 2.100"F. lfnstalloy-X
possibility 'Jiat GE could have design problems Is now proposed with TD Nichrome as a more
with film cooling (ieveiopcnt in achieving the expensive backup material with 4 or 5 times
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longer life. The quoted expected life for Hlast- discharge air is provided to keep the primary
elloy-X will be 2.000 hours, with repair, bt r.ozzle within design metal temperature li.mits
long term testing to validate this goal will be and reduces temperature gradients. Approxl-required. No previous experience In crtmmercial mately 30 hours of hot testing have beenservice exists to validate this life. completed to date, with no problems of hinge

In summary the GE auginentor bi based on 
[9

and J93 actual flight experience. An important A2.5.2 Reverser
question Is one o! commercial life of uur.entor The design of the thrust reverser is such that no"
parts. GE hab set a design life goal of 4,.000 major problems are anticipated in obtaining
hours without repairs. Attainment of this goal ae %quate reverse thrust performance with good
will be difficult. Becauseof the parts life question directional control.
at this time and the consequential effects on
airplane dispatchability, the nugmentr life Is In summary, the lack of substantiating test
classified as a Category 2 development risk item. data from models exactly. duplicating the pre-ieat

two-sXge ejector nozzle design, the apparent
A2.5 EXHAUST I!OZZLE/REVERSER inexperience of GE with this ejector concept, and

the strong effects of nozzle performance on
A2.5.1 GE Exhaust Nozzle airplane performance make the nozzle a
The nozzle-installed th.,ust minus drag coeffi- Category 2 development risk item. The thrust
clents proposed by GE and P&WA aie plotted in reverser should perform as quoted by GE. but
Fig. A-7 as a function of flight Mach number, the life and reliability factors makes thl'_
The values shown are from the engine companies' component a Category 1 risk Item.
performance docks, with Beeing-estimatedboattail drag corrections applied In the case of A2.6 ENGINE WEIGHT
GE. The coefficients shown are defined on the Boeing does not feel qualified to present a
figure and are for a typical climbi and acceleri- detailed analysis of the GE4 engine, but the
ticn placard. Pcints for holding, subsonic nozzle-reverser does represent an unknown at
cruise, and supersonic cruise are also shown, this time. There exists no operational precedent

for the nozzle-thrust reverser system as offered.
The nozzle design is a new concept for Gereral Because of this, there Is every reason to
Electric. consider the possibility of a weight increase

above the present engine company estimates.
General Electric has performed tests of nozzles Tnas factor, together with the consequences of
similar to their offered two-stage ejector design. overweight ca airplane performnce, classify
Model test data has been provided for their the weight of the GE engine as a Category 2
design at supersonic cruise. Data have been development risk Item.
provided for takeoff, subsonic cruise, and Mach
1.2 climb from models quoted to be similar to A2.7 CONTROLS AND ENGLNE DYNAMICS
the offered nozzle. These test data points are
shown in Figs. A-8 to A-11. On each figure a A2.7.1 Control System
ioal point has been added, showing the installed A functional description of the control system In
thrust coefficient used by Boeing in Its perfor- presented In the following paragraphs:
mance calculations. in each case. the GE model
data meets or exceeds the Fpecifled performance. A2.7.1.1 Main Fuel Control (see Fig. A-12)
While final validation must await receipt of data
from models duplicating the offered nozzle a. Primary functions
exactly, with inclusion of the effect of nozzle
leakage, the GE data shown tend to substantiate Control engine speed ,luring steady-state
their quoted performance. and transient operation of the engine.

Reliability and life of the nozzle and Its many Position the compressor variable stator
small parts In a hot environment represents an vanes to achieve the required compres-
unknown. During afterburning, compressor sor air flew and stall margin.
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Figm. A-I?. Sekonefle 0I109". Of MOIR rv.I COntrI Syat.

b. System operation c. Sensed quantities[

Steady-SL't. l ine rpm (N)[

Fuel flow Is varied to maintain engine Thr~ust lever angle MTA.
rpm av required by thrust lever position
Compressor stators are positioned an Compressor Inlet total temperature
a function of engine rpm (N) and corn- (TT ) i/pressor Wnet temperature (TT 2). 2

Transent 2Compressor discharge pressure (P.)
Stator angle (position feedbaclO

Fuel flow Is limited by acceleration and
decelerntion schodules to provide rapid d. Controlled cutpts
rpm change without encountering comn-
pressor stall, engine flame-out, or ex- Gas generator fuel flow (WF)
ceoding engine tempernture limit.
Tbepe schedules are a function of corn- Compressor stator angle (2 sets -p,
pressor discharge pressure (P3), corn- and 1
procsscor inlet temperature (TT2) and
engine rpm (N).
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A. 2.7.1.2 AugmentaUo Fuel Control (see scheduled by thrust lover angle (7LA

Fig. A-1) from full open at Idle power to rcarly ftt
closed at a powtr setting Justbelow ma-

a. Primary functions Imum dry. The variatlo In nozzle areais required to provide sufficient cora-
Schedule fuel to the nugmentor during pressor stall margin at all operatin
steady-state and tranmilent operation of conditions and allow the maximum tur-
the engine. In the augraented range. bino Inlet temperature (T4 ) to be attained

at maximum dry power. The combina-
b. System operatio. tion of increased turbine temperature

I(because of both rpm increase and nozzle
Steady-state area decrease) and Increased airflow

(because of increased rpm) provides
Augmentor fuel flow is metered as a thruat increase as the thrust lever
function of thrust lever angle (TLA) and moves from Idle to maximum dry power.
comprescor discharge pressure (P 3 ) to

provide the desired temperature rise In At power settings above maximum dry
f the augmenter. (I.e., augmented power). the nozzle

area must Increase to allow fuel to be
Transient burned in the augmenter without increas-

ing back pressure on the turbine. An
Two conditions must be met before aug- Increase in back pressure would tend to
mentation can be Initiated: thrust lever decrease engdne rpm, because of de-
In augmentation range, and engine rpm creased work output from the turbine.
must exceed 90 percent (to assure suffi- The main fuel control attempts to main-
cient airflow to give successful aug- tain 100 percent rpm during. augmented
mentor light-off). operation, and gas generator fuel flow

would therefore increase to restore en-
Following light-off, augmentor fuel flt-, gine rpm, thereby resulting In turbine
increases until desired level is reached. over-temperature. To prevent this, the

nozzle control senses turbine discharge
c. Sensed quantities temperaturo (T5 ) and varies the nozzle

area to maintain a given level of T S.
Thrust lever angle (TLA) This maintains turbine Inlet temperature

(T4 ) with'.n acceptable limits. The ref-
Compressor discharge pressure MS) erence level of T Is based as a function

of compressor inlet total temperature
d. Controlled outputs (TT).

Augmentor fuel flow (WFR) Transient

A2.7.1.3 Nozzle Area Control (see Fig. A-14) Several features are included In the
nozzle area control to Improve engine

a. Primary function trmsient response and augmentor light-. off following throttle burst. These -

Control primary exhaust nozzle area include:
during steady-state and transient opera-
tion of the engine. Modifying the TS error signal as a tune-

& tion of TS rate of change (dT5/dt) to com-
b. System operation pensate for thermocouple lag.

Steady-state modifying the T5 error signal as a func-
tion of rpm rate of change (dN/dt) to Im-

Primary nozzle tecn (A8) Is varied as prove control stability and response.

SV2 -132707-14
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1
Overriding the T S error s&ga us a Zune- used as a two-position system. flowevret I
lion of rpm to hold nozzle area open until case of dynamic control problems, the staors
the engine is close to mamlmum rpm fol- could be used to %ary the compressor character-
lowing throttle burst. liolding the nozzle istics at specific operaUng conditions to Cape wit
open provides shorter engine acceleration these problems.
times by reducing turbine back pressure
during the rpm build-up.

A2.7.1.6 Summary
c. Sensed quantities GE is offering a control system which Is vir-

tually identical to previous operational control
Thrust lever angle (TLA systems. The compressor variable stators offer

a degree of flexibility in engine-inlet compatibility
Turbine discharge temperature (TS) problems.

1 1Er4igne rpm (N) A2.7.2 Dynamics

., Compressor inlet total temperature (TT2) A2.7.2.1 Background
I IGE In the last 5 years has worked extensively

Nozzle area (position feedbaclo on the control system of the J93 and on a digital
analog computer program (Dynasyar) for analyz-

d. Controlled output ing engine and control dynamics. This tool has
been refined and proved on the B-70 program.

Exhaust nozzle area (A.) Detailed dynamic effects can be studied, for
example, burner blow-out can be predicted, i nd

[ A27.1.4 Background the varying degrees of inlet distortion during
The GE4 control system is very similar to the offdesign inlet operation can be studied. In rd,,-
J79 (Mach 2) and the J93 (Mach 3) control systems. mary. GE has a directly applicable background

In control system simulation and has ohown that

A2. 7. 1. 5 Special Features this simulation gives realistic predictions.
I The most significant aspect of a turbojet control

is that th. variable nozzle operates behind the A2.7.2.2 Simple Power Setting Changes
gas generator. This gives the designer the flexi- The two predominant characteristics of the turbo-
bility to control gas generator pararr eters by jet engine which govern engine/Inlet d)amlcs
means of nozzle area. Two applications In the compatibility are as follows:
GE4 engine are: a. Airflow transients caused by rotor rpm

TT5 Is controlled by means of nozzle area, changes are relatively slow because of the rotor
Becauce there is a close relatonsk.no be- inertia.
tween TTg5 and TT4 (turbine Inlet tempera-
ture), there is an almost direct control.of b. Airflow transients orig!natlng in the
T4 in the GE4 engine, augmentor and nozzle are separated from the

inlet by a choked turbine diaphragm.

For operation between Idle and Malximum
Dry, the nozzle is always over-area during Because these effects reduce or eliminate air-
a transient, except at 100 percent mechanical flow transients, simple power setting changes
rpm. This schedule provides extra surge will pose no problem for the inlet.
margin, hence faster aeveleratio'n. It also
results In higher SFC beiow 100 percent A2.7.2.3 Afterburner Light-off
mechanical rpm. Figures A-15 and A-16 show Dy-nas,% ar data for

a normal light-off, and an artificlally delayed

If GE should have control development difficulties, (and hence extra luard) light-off. The latter case
t'e design olfers the opportunity to include the is hypothetical in th.it no such light-off has ever
voriable comprcssor stators !n the control loops. been recorded for the J93. The airflow change
In the present design, the stators are essentially in Fig. A-16 falls within the Ber.g inlet stability

" I ,,%2-B2707-14
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limits. These data were based on a control sy$- a naomentary fuel flow Interruption. The latter
tern without a light-off Interlock. Such an inter- case is shown in Fig. A-18. Relight occurs about
lock would (1) allow only a small fuel f(ow for 1 see later and compressor airflow changes are
light-off, (2) determine whether the A/B light-eff again well within Boeing specification limits.
has occurred by checking nozzle area change. ,ad
(3) shut off fuel flow if light-ol has not ocur',d A2.7.2.6 Compressor Surge
shortly after light-off initiation. Such an inter- The Influence of the J93 experience is evident in
lock is unnecessary when the augmentor operates the GE program. A continuing research com-
with auto-Ignition Inlet gas temperatures. Fig- pressor development program is being conducted.
ure A-17 shows that the GE4 ufterourner operates In noditton to n,,rmal performanc- testing, steady-
during most of the nori,l airplane mission under state distortion effects on airflow characteristics
auto-ignition conditions. Only in descent do auto- and surge margin are measured. Plans exist to
ignition conditions not exist. start testing the nine-stage demonstrator com-

pressor with turbulent and distorted inflow early
In summary, afterburner light-off does not pre- in 19G7. J93 experlence has shown, in the last
sent Inlet stability problems for the inlet, even 2 years, that distortion screen testing is not
with a delayed light-off. The afterburner suf'Icient. Therefore, the nonsteady distortion
operates during most of the mission under auto- testing will be significant to inlet engine com-
igniticn conditions. pr.tibillty development.

A2.7.2.4 Inlet Unstart Compressor eurge caused by nozzle!augmenter
Inlet unstart causes a sudden reduction of engine transients is most Improbable because of the
face pressure. This change increases with flight choked turbine diaphragm between corrprcssor
speed &nd Is more rapid at high inlet recovery at and engine exhaust.
a given flight Mach number. Indications are thit long chord (i. e.. low aspect
J93 da~a for the B-70 has shown that inlet unstart ratio) blades are tolerant of dynamic diatortfr, .
at Mach .S normally resulted in compresso: surge The eight-stage demonstrator compressor ha. low

but neve: in main burner flameout. The after- aspect ratio (AR) tlades (AR 1.3 for first stage),
burner flamed out because of the Initial reduction but the GE4/J5P nine-stage compressor wIll have
in tallpipe pressure but relit because of auto- a first stage with Ar 2.88. Aft stages will have
ignition almost instantaneously. The a:terburner aspect ratios similar to those of the eight-stage
blow-out and relight were unnoticed by the pilots, compressor. The eight-stage compressor has

been shown to have quite good steady-state dis-
On the B-2707 airplane, inlet wistart in cruise tortion tolerance at the hub, but only moderate
will cause an inlet presure transient similar in tolerance at the tip. GE is planning to distkibute
magnitude to that on the B-70. On the one hand, the steady-state distortion tolerance more evenly
the 13-2707 flies at lower Mach number, but on in the nine-itage compressor. The Introduction
the other hand it has a much smaller volume be- of a first stage with AR 2. 88 in the GE4 compres-
tween the shock and engine face than in the B-70. sor makes the eight-stage demonstrator distor-

Thus the GE4 compressor may be expected to tion data not directly applicable to the nine-stage
surge, but if A/B blow-out occurs, auto-ignition compressor. But, eight-stage distortion char-
will restore the thrust. ncteristics indicate that GE hat a good under-

standing of stead: -state distortion. Dynamic
In summary, the GE4 will probably experience disiortion tolerance remains an open question
a momentary compressor stall because of an until early 1967 tests of the nine-stage com-
inlet unstart. The main burner will remain lit pressor.
at all times. The afterburner will probably blowout but will auto-ignite within a fraction of a The possible use of variable stators for soitton

second of dynamic problems has already been pointed
out. It is a high response method which has been
used on nome fighter airplanes to rrevent com-

A2.7.2.5 Afterburner Blow-Out pressor stall during transients (e.g. hot gas In-
Although afterburner blow-ot In cruise is very gestion from guns). Another possbilily to re-
unlikely. It could occur because of inlet unstart or solve dynamic problems is compressor redesign

NV2-112707-14
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Figure A-18. GE Augmentor BhoWe.

to obtain lower acpect riktio blades or more the eight-Etage demonstrator. The nine-stage

stases. This would be a ma'jor undertaking and compressor ha3 a first stage with an aspect ratio

result in a welglt and IcnZ;th pena Ity. However. of 2.9 and the eight-stage compressor has an

the three-bearing defsin of the engine at least aspect ratio of 1.3. The distortion tolerance of

offers this possibility without any further design the nino-stage compressor remains to be demon-

changes. stratd. In case of persistent distortion or
dynamic control problems. GE can incorporate the

In summiry, General Electrio has initiatod a well- variable stators n the high response part of the

defined program on compressor surge margin and control system.
distortion tolerance. Distortion test data for the

elht-stago domonatrator comi -;;or looks good A2.7.3 Controhv and D)ynamics Summary

for this phase of the prog-ram. However, the Overall, the controls z-d d)namics of the GE4

nine-sage compreusor differs significantly from engine cr-istituto a Category 1 development risk
Item.

vW-f2701-14

CONFIDENTIAL



CONFINTAL

A3.0 PRATT AND WHITNEY AIRCRAFT JTFITA-21B E.GDE

A3. FAN/COMPR'iSSOR pressure ratio 2.74. 2.7 desred;
Compression of the air for the JTF17 engine is emiencies same as No. 2.
accompl ished by a two-stage fan with a 2.84
average pressure ratio and a six-stage high- Build No. 4 IdenQeal to No. 2 except the 'iter
pressure compressor with a 4.84 pressure ratio. part-span shrouds were removed
The gis g-nerator flow of 287 lb/sec at sea level from second stage blades; short
-.ns an over.il pressure ratio of 12.97 to 1; the test to determine performance and
duct flow of 390 lb/sec has a pressure ratio of vibration effects of second stage
2.%6 to 1. The fan and compressor are treated blade cange; high blade stresses
separately In this section. attributed to blade flutter at 59 per-

cent design speed; no data obtained.
A 3.1.1 Fan
rhe fan flv is divided into engine side and duct Build No. 5 Identical to No. 2 except airflow
aide flow with fan pressure ratios of 2.68 and splitter was drooped; same as first
2.. respectively. The mean inlet axial Mach experimental engine; airflow 1/2

imrber to the fan Is 0.592, and the tip velocity percent above design; bypass ratio
of the first rotor is 1,69.1 ft/sec giving a tip 1.37, 1.3 desired: prcssure ratio
relative Mich mmber of 1.68. The fan rotors 2.72, 2.7 desired; peak efficiency
are provided with two vibration dampers each. en-tne s'de 82.5 percent, duct side
The duct side exit guide vanes are clotted airfoil 78.5 percent; significant Improve-

,C sections. The two stages currently proposed in ment in sur-e margin at 100 percent
the JTF17 fan consist of a scaled JTF14 fan as speed over No. 2: separation noted
the first stage, and a second atage similar to fan on splitter; comrlete map obtained.

*fbuild No. five tested In the P&\A 0.02-scale
test rig. Based on the information available Build No. 6 Filler ring added to smooth Inboard
from P&'VA, an attempt has been made to under- side of splitter; complete spNd
stand the details ar.d proper interpretation of lines run; overall performance

L the tin test prosress. There has apparently been slif1tly degaded from No. 5;
a total of nine different builds with multiple de- Stator I closed 4 degrecs and speed
signs of both first and secona stage fan rotors. lines rerun: no improvement In pat
The following lists the major tests and findings speed surge; engine side flow down
as Boeing ur'derstands them. 1. 9 percent; total airflow down I

percent.

Build No. I As designed; airflow 3-1/2 percent
below design; bypass ratio 1.37 Build No. 7 Redesigned first and second stage
compared to 1.3 desired; pressure blades based on No. 3 data; over-

" ratio 2.51 compared to 2.7 desired; cambered leading edges: relocated
no efficiency data. part-span shrouds at 75 percentand 40 percent span as against 88

1:.1id No. 2 Streamlined part-span shrouds; percent and 50 percent span: peak
airflow I percent below design; efficiency exceeded uruhie goal by
bypass ratio 1. 15. 1.3 desired; one count.A: pressure ratio 2.68, 2.7 desired;
peak efficiency engine side 84 per- Build No. 8 No data available.
cent; duct side 76.5 percent.

Build No. 9 Redesigned second rotor blades,
1. Build No. 3 Overcambered first fan blade; air- new flow splitter,. will use first

flow 1-1/2 percent above design; stage blades from No. 7.
|, bypass ratio 1.15, 2.3 desired;
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Vata from Build 5 (tested in Feb. 1966) are they have stated that: "As development proreeds
_.ted in the draft copy of the P&WA proposal as with the selection of an airframe contractor andPhme U-C demonstrated values. The perform- farther defiition of the Wet design, more e-ance data for Build 5 are summarized In Tables tensive Information on the distortion will becomeA-C and A-D. Performance golii are shown for available making It possible to start fan comupo-comparison. Build 5 test goals have not been nest testing with simulated distortions." Add-clearly stated; therefore, production engine goals quite fan toleration of distortion at the abhave been used as Indicated. because of the flow inducing nature of a two-

spool engine may be realized. LIkewise, attenm-Build 3 performed well in terms of flow and ation of distortion through the duct side of thepressure ratio at SLTO-simulated conditions, fan may result from suitable airfoil section, hutbut an improvement In engine side efficiency Is there Is currently no known way of analyticaiYrequired. At simulated cruise conditions, the predicting these facts, and no substantiatiar
efficiency was acceptable and the pressure ratio test data is available.
was reasonably close, but higher RPM was re-.
quired. Stall margin ou both sides of the fan In summary, the fan is in an early developmentat SLTO Is low. The combination of a JTF14 state and performance goals have not been demon-first stage and a Build 5 second stage can cer- strated. The lack of distortion testing togethertainly not bo tn_1en as final, and additional with the fluld state of the fan desiru make thedevelopmental changes are anticipated before achievement of etated fan performance goals adesired porformance goals are reached. P&WA Category x development risk.
has not provided distortion test data; however,

Table A-C. Fan Performance Comparison- Duct Side

I Press. Specific RPM Per- Adiabatic Stall DistortionRatio Flow cent Design Eft () Margin ( ) Tolerance

Goal 2.7 100 78.8w 11.0*; SLTO

Test 2.7 41 99 78 5

Goal 1.56* 63.6 89.8* 28.50
CRUISETest 1.50 30.3 69 78 24
* Production Engine Goal

Table A-D. Fan Performance Comparison - Engine Side
Press. Specific RPM Per- Adiabat'c Stall Distortion
Ratio Flow cent Design Eft (%) Mvrgin ( ) Tolerance

Goal 2.7 100 88.84r  9.2*
SLTO I

Test 2.5 41 99 79 7

Goal 1.560 63.6 89.8*
CRUISE Test 150 30.3 69 85.5

- -

*Production Engine Goal

V2-B1?707 .14
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A3.1.2 Il1gh-Pressure Compressor that the flow range of a rotor definitely decreases
Demonstrted performance for the high-pressure with the dccreasig chord length.
compressor comes from Build 5 of the 650 lb/see
compressor and Is summarized In Table A-E. In summary, the HP compressor design is In an
In the absence of specific Build 5 performance, early development state: performance goals hew
the production engine goals have been used as not been demonstrated, and distortion test results
indicated. Low efficiency and lack of stall mar- are not aw. ' le. Theas fators indicate that the
gins at SLTOa mu definite problem areas. The high pres .. -r. ,compressor Is a Category 1 de-
stage by stage performance detailed on pages velopment rsk. Considering that the high pres-
BIL\-44 and 45 of the P&VA Phase Il-C draft sure compres-tor must be developed to accept
proposal received by Boeing on P August 1966 fan hub flow, the overall compressaon section
represents a complete change from the stage by of the JTF17 Is viewed as a Category 2 develop-
stage data received on a .!sit to Pratt and Whit- ment risk.
nay on 22 July 1966. :;owev(,, no changes in
,!'erall high pressire compressor performance A3.2 MAIN BURNER

were noted. The P&WA ram induction bjrner is a new concept
with major features being short len-tb and high

In Fig. A-19, rotor blade aspect ratios are efficiency. The reduced length is made possible
plotted versus hub to tip ratios. Two sets of by a low level of diffusion upstream of the burner.

r data provided by P&WA earlier In the year are Air is injected into the burner liner by a velocity
shown, but no data of this type is present in the head conversion rather than a static pressuret current draft proposal. The plotted data were difference.
current in March and July of 19r)G. In the same.
time perk, 1, blade failures on the first rotor of Figure A-2 shows the volumetric heat release ior
liP compressor were experienced; first, In this burner to be reasonable, with a demonstratedBuild 1 on the compressor rig and later In the value higher than the design goal for the proto-
second demonstrator engine. Because of blade type engine.
failures and flutter problems encountered on
the CS-A demonstrator engine, the commercial The heat release parameter discussed in Par.version (the JTSD) has on additional stage and A2.2
lower aspect ratios. For these reasons, the (fuel flow rate) X (enthalpy inrease/
structural integrity of the JTF17 short chord I.$ o

,design is now'an unknown. A second unknown (combustor volume) X (pressure) 1

is the probability of achieving the necessaryr flow -ange with the short chord design approach for the P&WA JTF17A st Mach 2.7 cruise Iccurrently being used. Several publications (for 1.13 x 106. This value is considered to be con-
example. NACA RM E47103, Feb., 1958) show servative and should provide margin for future

growth.

Table A-E. JTF17-fIlgb Pressure Compressor Performance Comparison

Press. Corr RPM Per- Adiabatic Stall Distortion
Ratio Flow cent Design Eff r%) Margin (r) Margin

Goal 4.77 130.3 100 85.9* 17*I SLTO

Test 4.75 131.5 100 81.8 0

Goal 2.92* 98.4 81 86.80 30*
STest 2.75 98.4 so 85.5 27.5

*Production engine design goal.
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I
.7I

Hue/Tip RATiO

Figwe A-19. Aspect Rotio Versus Hub.Tip Ratio for Pmot and WIti. 7 Egine

Combustlo- .i:v, values of 99 percent have rig test has demonstrated this value. However,
been me.irn d in the JT4 dmonstrator engine values of 28 percent to 29 percent have been
with the ram induction bur-- . Combustion shown in most of the data available at this time.
efficiency,, .i be correlated wl'h the parameter including engine burner data from the JT4 and

(T in . /540) 0.75 JTF1T demonstrator.j'l,7 X Aref X Dre

- XAeXAeodynaric radial distortion testing has been
WA  conducted'with good distortion attenuation In the

120-degree sector rig test facility. Circumfer-
as shown in Fig. A-20 for d, .! ,d annular en'tal distortion testing has not been mentioned
combustors. It can be furl r 6 own that lean to date.
blow-out occurs at the value (.f 9 where the
curve becomes vertical. Figure A-20 shows Figure A-21 presents typical operating values
values of 0 for the P&WA main combustor for of reference Mlach number and pressure loss for
various flight conditions. The value of 0 at annular combustors. The design values at
idle conditions appears marginal; however, it Is SLTO and Mach 2.7 cruire are shown on the
not known to what extent this curve is applicable figure for the P&WA burner. The figure shows
to the ram induction burner, that the design is conservative with regard to

pressure lose.
Thu design goal of dmax, an indicator of maxi-
mum temperature profile quality of the burner, Maximli e .r metal temperatures of between
to stated to be 10 percent. A 120-degree sector 1,800 and 1,8500 F in the region near the swirl
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EFFICIENCY CORRELATION
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OPERATING AREA FOR ANNULAR COBSTORSi.
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Injectors. have been measured. The tempera- cent for the controlled vertex design as opposed
ture range along the liner is 1,000 to 1.700OF to a free vortex design seems high in light of the
at take, it and 1. 350 to 1. 8000F at cruise. The highly loaded aerodynamic design of this turbine.
maximum liner temperature appears high but no It is felt thut the 42.0 percent gain would have
information Is available on the effect of these been appropriate if lower base-efficiency values
temperatures on liner life. had been chosen (lying closer to the dotted lower
Ilimit line for low hub/tip ratio desigr4.
In summary, the ram induction concept is sow,
and no flight experience Is available as a tech- A second -2.G percent efficiency adjuctment was
nological base. Combustor efficiency and space taken by P&WA for reduced tip clearance and
heat release rates appear achievablc, hut the hence is justifiable on an aerodynamic basis.
exit temperature profiles require further do- However, tip clearances of 0.02 tc 0. 035 in.
velopment. The test program and demonstrated could impose mechanical design problcms. As
performance to date are encouraging. Overall, seem on the botto's line of Table A-F, these
the I'&WA mirA burner !a not considered to be clearances correspond tn less than one-half of
in one of the major development risk categories, one percent of the rotor tip diameter. Develop-

ment problems may be anticipated in achieving
A3.3 TURBINE and maintaining these values in operational en-

gines in an SST environmenL
A3.3.1 Aerodynamic Performance
The JTF17 engine employs a three-stage turbine A3.3.2 Turbine Life
with a controllcd-vortex ,adial acrodynarmrc The JTF17 turbine employs coated P&WA 658
loading distiiblition. The first stare drives the blades with art ultimate life with repair of 10,000
high-pressure compressor, and the second and hours. The discs are burst limited and therefore
third stages drive the fan. The turbine acro- have a long, low-cycle fatigue life. The blades
dynamic design is su 'marized in Table A-r-, are creep limited.
where variables which approach severe desiju

values have been circled for emphasis. Care must be taken in the fabrication of forged
Astroloy discs to avoid low transverse ductility.

t This turbine Is a highly loaded aerodynamic de- P&WA has conducted a large development pro-
sign in that high cascade Mach numbers and gram with disc suppliers durinL the past several
turning angles are generally employed. The low years and has been able to achieve excellent
values of rotor e'xmt hub/tip ratio for the second transverse ducUlity. P&WA is not expected to
and third stages also indicate a difficult design have any problems in this area.
because of the large radial variation IW tangen-
tal blade speed. The P&WA 658 turbine blades require a coating for

oxidation and sulphdation resistance. P&WA has
Because the three stages of this turbine are devoted much research and development effort
highly loaded, there is little margin for redesign toward effective coatings. It is therefore antici-
to extract more work. without an additional tur- pated that they will be able to develop an edequate

,} bine stage, should a problem during engine coating for the blades.
development establish the need for more work
extracztIon. Boeing has not atienpted to judge the low cycle

fatigue (LCF) chara,:teristics of the JTF17 tur-
The values of oveerall efficiency quoted by P&WA bine because of a lack of sufficient Information
for the high pressure and low pressure stages at this time. No problems'are anticipated from
are compared to othe- turbines on Fig. A-22 as internal clogging of the cooling holes, and no
a function of wlh,,J speed loading parameter, additional susceptibility to foreign object damage
which Is a fcrm of Parson's number. The base is expected because of the lade cooling design.
values of effic!ency given by P&WA are seen to
be In line with €slues for other turbine designs. A simplified creep life calculation was made for

the JTFl7 turbine to estimate the risk In the
Also shr wn ow' Fig. A-22 are the adjustments P&WA-qited turbine blade creep life. The mid-
whi.h Pb' 'A uscd to get from the base values to span section of the first rotor was chosen as a
the design values. The adjustment of +2.0 per- pnint indicative of minimum creep life. Values
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Table A-F. Summary of Turbine Aerodynamic r; sip

JTFL7A
(Controlled Vorte4

Design Quanity Mil Sevs, First Stage Second Stage Third Stage

At Mean Radius

Stator axlt angle ft 2 30 20" 21.87 34.03 36.16
Stator exit mach (c/a' 3  0.8 1.15 0.94 0.79 0.76
Ro.tk Wlet relative mach .W/a) 3  0.4 0.? 0.57 0.48 0.47
Rotor exit relative mach (W/a&)6  0.8 1.15 0.92 0.8 0.77
Rotor exit axial wach 0.4 0.7 0.43 0.445 0.49
Stator aspect ratio 1.91 3.1 5.65
Rotor aspe-,t ratio 3.33 5.0
Stator solidlty (width/pitch) 1.15 1.45 1.40
Rotor solidity 1.33 1.25 24
Rotor exit DHUB/DTIP 0.8 0.5 0.74 0.6 0.48

At M3ade Root

Stator f xt ,-nglel 2 300 2(" 2G. 2 35.55 39.75

S ~(tor xitm:ch (c/a' 3  0.8 1.15 ].(. 0.90 0,95
Rotor ilet rclative mach (W/a') 3  0.4 0.7 0.72.. 0 0.7
Rotor exit relative mach (W/a") 6  0.8 1.15 0.ej5 0,, 0.93
Roto, turning angle 80' 120 107 .' -.
Dejree of reaction (W6AV3-1) 0.35 0 0.31 0.26 0.?

Other Deal n Variables HP LP - Stg. 2 & 3

't age rrk. A h 112.38 113.72

Stage rficiency 86.9 88.0
Nean blade speed, Um 1144. 782.
L oaing parameters. U2 /2gJAh 0.72- O.2
Tip Clearance 0. 023" 0. :o" 0.0 ,5"
Tip clearance, % blade height jo..s.* l',T 07110

Tip clearance. % tip diameter 0.055" 0.0075 0.0o0

E J Blocked variables approach severe desip

of temperatures and pressures were obtained o Average metal temperature - 1,6400F
from the JTF17 proposal.

o oling effectiveness a 0.421

Several values used in the calculations are sum-
marized below: o Material W P&WA4S8

o Calculated tensile stress a 19,200 pal d o Larson-Mfller factor
(for P&WA 658 to

o Design factor a 1.0 1.A percent creep) - 47.800

o Design stress W 19,200 psi k' Estimated creep life = 3,160 hours

o Average rotor 2a 0 The calculated life Is about one-third of the lifej temperature - 2,010°F quoted by Pa4WA, but this Is not too unroason ble
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considering that a small change In the Larsoo shown, at around 06 percent. Other points near' Miller factor or the blade temperature wW this fuel-air spectrum are below the roeal effi-
cause a large change In the calculated life. eiency and show a wide range of scatler.

The estimated creep life Is based on a P&WA de- Figure A-3 may be used as an Indicator of ast-
sign crittrion of I ix.reent creep, Ihis criterion petted efficiency. The relatively low dact heater

, would make little difference in the life calculation entry temperature is offset b) low reference
& for very high stress values (greater than 50.000 velocity. Therefore, based on this trend curve.I p1): however. it has a large effect on the cal- high values of efficiency should be expected for

culated life for stresses in the 20, 000-psi range. the duct heater.

In summary, the JTF1I turbine Is a highly loaded Aerodynamically. the duct burner must be de-
acrodynamr! design with high cascade Mach num- signed to accommodate th, flew exiting from the
bers and low exit hub/tip ratios. It apoears that fan. The specified goal cold flow and hot flow
the goal efflcWency will be difficult to achieve, losses have been demonstrated with rig tests.
The rotor tip ..Iearances of 0.02 to 0.035 in. are Cons iderations should be given to pressure
required to achieve t'e stated efficlencles, losses in the presence of fan distortion into the
Thcsa' viarances will be difficult to maintain In diffuser and burner as they will occur in actual
operational engines. An increase to a more con- practice. P&WA har stated that rig test work
ventional 0.08-in. clearance will coat 2 percent has been completed with simulated steady-state

I in turbine efficiency. TL}e JTF17 turbine acro- distortion, and that the diffuser and burner
dynamic performance is classified as a Category handled it well. No data from these tests have
2 risk item. been made available at this time. In addition.

unsteady distortion, (turbulence) testing has not
TypicAlly a fan engine turbine blade has rather been reported for this burner.
high stresses at rnid-span. In this engine, the
average metal temperature of 1,6400 F. together Burncr liner temperatures during cruise are
with the material selected ior the turbine blades estimated to average between 1. 200 and 1.400oF.
(P&WA GS) and the high stresses Involved, vill Maximum temperatures are reported to be
make it difficult to achieve the creep life of 1, f50 and 1,440 0 r for the outer and Inner liner$
10,000 hours. The JTF17 turbine life Is cl: -i- respcvtively, and with proper design control.
fied as a Category 1 risk item. long life should be attained at these temperatures.

Thus. liner life is not considered In a major risk
A3.4 AUGMENTOR category.
The thrust augmentor for the Pratt and Whitney
engine is a duct heater, the first to be proposed In summnry, the burner design concept is new,
for flight application. The heat release rate is and is wi~hout previous supersonic flight expert-
substantial as can be seen in Fig. A-2. Because ence as a technology base. The augmenter must
of the similarity of design, the demonstrated perform under a wide range of flow condition,
heat release iate of the primary burner tends to from the frn and at high combustion efficiency
substantiate the duct burner design g . i nels. Because of the effect of duct burner

eificiency on cruise SFC. the duct burner is
The goal thrust-averaged combustion efficiency claisified as a Category 2 development risk item.
is 97 percent over the augmentation range from The.'e comments are bsed on steady flow opera-
minimum duct heat to 2, 5000 F gas temperature, tion. The augmentor dynamics are covered In
with a dccre.se In efficiency to 90 percent at Section A3.7.I 3.G000F gas temperature. According to P&WA,
this Implies a chemical combustion efficiency of A3.5 EXHAUST NOZZLE/IEVERSER
nearly 100 percent over a broad range of augmenta-
tion temperature. Test re-ilts shown In Fig. A3.5.1 Exhaust Nozzle
A-23 t not verify these goals, especially in the In its August report to Boeing (P&WA FR-•6-100),
cruise range of fuel -air ratios. In this region rWA supplied data points from tests of the 650
(fuel-air ratio & 0.014 to C 121. only one lb/sec JTFl7A-20 nozzle. Test data for takeoff.
c cruise-dem,(mstrated efficiency test point is subsonic cruise. Mach 1. _ climb, and supersorde
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oruise are shown in Fig. A-24 throuh A-2T. On withn 10 to 30 degrees of the engine centerline

each figure, thrust coeilcent g.xils are shown at through the blow-in door opening. Depending

'ie operating presure ratio for both the -20 and upon the design blow-In door angle, nacelie flow

-21B engines. The3e goals are derived from the attacjament, with attendant reingestion problems.
P&WA performance eocks. At the subsonic and is possible. P&WA model test performance
transonic conditions, he P&WVA model perform- demonstrates that the reverse thrust goal of 44
ance does' not mect tho -20B goals. In addition, percent can be achieved.
the -21B goal Is hi~hcr tho: tbo -20B goal at
Mach 1. 2 which makca tL. performance decre- In summary, nlthough P&WA tests tend to sub-
ment even greater at that condlticn. The speci- vtantiato the nozzle performance level at auper-
fled performance is met at supersonic cruise, sonic cruise, further development Is required to
the most important condition, but further narzle achieve the nozzle perforriance goals at other
development will be requiroO to improve the off- flight conditions. In view of the strong effects
design thrust coefficlonts, of nozzle performance on airplane performaw.e,

the nozzle is considered a Category 2 develop-
A3.5.2 Reverser ment risk item until specific tests prove that
With reverser clamshells in the reverse position, the periormance levels can be attainedL
a considerable gap exists between the clamshells
and the shroud. T'he extuuat gas escaping rear- Pratt and Whitney Aircraft reverser model tests
ward causes a double penalty to potential reverse Indicate that the reverse thrust design goals w li
thrust. In order to achieve the reverse thrust be met. lowever, control of reverse gas flow
goal, the exhaust gas must be directed forward directon and diatributon is expected to present

V2 12707-14

108 CONFIDENTIAL



I" CONFIDETMA

Ll- . • ,AL--, - J

I -.. .. . I

GAS GENERATOR PRESSURE RATIO, PT/PAMI

[ FItwr A-24. PSWA Kloul. Test Defe Telroeef

S BOEING MFCH 0.9 A ....

'5 - (' e "- --20-

(-20

ATA (-208)

2 3 4

GAS GENERATOR PRESSURE RATIO. PTPAI

Fimn.* A-2S. PAWA Retil Te eft Moc, .9 eCau.

V2-12707-14

C €ONFIDEDITIAt 100



CONFIDETIAL

TEST DATA

" -' -- ~ COL-21.)-- (-08 _ /

GOAL. (-2W8) A

94 "NOTE: TRAIULNG EDGE FLAPS
iE! INTERUEDIATE

.90 -

4.5 5.0 5.5 6.0 •u

GAS GENERATR PRESSURE RATIO, PTgAM

Fiure A-M. PAWA Hozle Test Date Mal 1.2 CIIm

: :TI AND REPRESENTING

ItGOAL (-2OB,

'---GOAL (-218)

12 14 16 1 28

GAS GENERATOR PRESSURE RATIO. PT91PAMS

Figue A-27. IPAWA Nozzle Test Dote Mock 2.7 Crvbe

V2-112707-14

110 CONFIDENTIAL



CONFIDENTIAL

F
pruiblei-s with the present design. In which the flow/burner ressure ratlo(WF 'P4 is
fliw must exit ihrough the blow-in doors. The scheduled as a function of TLA and TT2.
flw angle is such that the now could cling to s rpm t then maintained by
the engine nacelle and enter the engine Inlet ,as.ng the abov value of W /p with a
For this reason, the reverser concept Is consid- "/PB proportionai to the dfffeeAeo
tered to be a Category 2 risk Item. bvtween scheduled and actual rpm.
A3.O ENGINE WEIGHT Actual fuel fow to the engine i deter-
Boeing does not feel imlifled to make a detailed mined by the product of required W
weight utauysis of the JTF-17 engine. Neverthe- PB and sensed burner pressure (Pi.
less. two comments are In order. At low corrected speed, a steep droop
There exists no precedent for the offered nozzle- slope is used; at high corrected rpm.r thrust reverser rystem. and gas flow reuire- much more -droop is allowed.
manta to avoid engine ingestion and impingement
on airplane surfaces could very well lead to a The HP compressor IGV Is positionedweight increase, as a function of N2 and T 2 (only 2
w hn apositions). 2

There is reason to expect a weight Increase In
the engine fan/compressor as a part of the effort Transint8E to achieve the equired steady-state distortion
and dynamic distortion tolerance. These factors Fuel flow Is limited by acceleration
classify the weight of the JTF17 as a Category 2 and deceleration schedules to proidedevelopment risk item, rapid rpm change without encountering
drcompressor 

stall, engine flame-out, or
A3.7 CONTROLS AND ENGINE DYNAMICS exceeding engine temperature limits.

These schedules are a ,'unction of PB,
A3.7.I Control System TT2 and N2 .
A functional description of the control system
is presented In the following paragraphs.

jj A3. 7. 1.1 Main Fuel Control (See Fig. A-28) TLA

a. Primary flAncUtIoUS

Control engine speed during steady-I state and transient operat!on of the TT2
engine.

Control fuel input during transient opera-Jr tion to prevent compressor stall, engine d. Controlled output
flame-out, or turbine overtemperature. Gas generator fuel flow (WF)

Position the variable IGV of the HP
compressor. Hp rotor IGV angle

b. System operation A3.7.1.2 Duct Heater Fuel Control (See Fig.l A-2
Steady-state a. Primary function

Fuel flow is varied to maintain gas

generator rpm (N2) as scheduled by Schedule fuel to the augmentor during
thrust lever angle (TLA) and compres- steady-state and transient operation of
sor Inlet total temperature (TT2). the engine In the augmented ra-ie.j An approximate value of engine fuel

I V2-12707-14
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b. System operstlos A3.T. 1.3 Duct Nozzle Area Control (See Fng.

LdA A-30)' Steady-state

a. Primary function
Duct heater fuel flow-burner pressure
ratio (wjV, /PB) is scheduled as a function Control duct nozzle exhaust area during
of thrust lever angle (TLA) and corn- steady state and transient operaton
pressor Inlet total temperature (TT2) of the engine.
to provide the desired temperature rise
and thrust augmentation In the duct b. System operation
heater. Actual fuel flow to the duct
heater Is determined by the product of Steady state
WFR/PB and sensed burner pressure , Durin dry operation, duct nozzle area

Transient operation tAy) is scheduled by thrust lever angle

Two conditions must be met before aug- (TLA) and compressor inlet total
mentaton will be initiated: cemperature (TT2) from full open at

Idle power to nearly full closed at MaW-

Th. nower lever must be In augmentation mum Dry power.

range and engine rpm must exceed 8 During augmented operation, the nozzle
percent. is controlled to maintain corrected en-

If augmentation irdtiation does not pro- gine airflow as a functiGn of compressor
duce an At clmngo within one second, inlet total temperature. An approximated8eanAF chng wivlueofnozzenreaIsecheoneda

then augmentation initiation Is terminated value of nozzle area is scheduled as a

automaticall -  ''he power lever must be function of TLA and TT2. Laict Mach

recycled to Maximum Dry before a new number jurt alt of the an is determined

attempt can be made to light, by sensing total and static pressures

(PT3 and PS3) and combining these
Augmentation initiation includes an pressures tn the rauo
automatic preopening of ASF. This Is V3T3 - PS3 A P
removed after the light-off Is completed. 

*
Following light-off, augmentor fuel
flow is increased until the desired level TheA P/P required to maintain constant
is reached, corrected airflow is scheduled as a

function of gas generator rpm (N2) and
c. Sensed quani ltes compressor face total temperature (TT,'.

T!%.'s value of A P/P Is maintained by
TLA biasing the duct nozzle area through a

closed-loop control.
Compressor discharge pressure (PB)

STT 2Transient
Several features are Included in the diet

d. Controlled outputs nozzle control to improve engine
transient response and augmentor light-

Augmentor fuel flow off. These include:

I

V2-112707-14

CONFIDENTIAL 113



CONFIDENTIA

THRUST FEA T
LEVER +
(TLA) C AE BF SCIIED 4AF Ai$ 3

TONTROL I FEED SACK

Piture A-30. Schematic of Duct Nozzle Are& Control System

B F = f( 2 . T 2. T L A , PT3

(1) An increase of the nozzle area one sea c. Senised quantities
before Paugmentor Ignition to increase
inlet stability margin. Thrust le'ver angle (TIA)

(2) A signal to the duct heater fuel control Fan discharge total pressure (P.3)
to cut off augmentor fuel flow when the
measured A P/P corresponds to a cor- r'an discharge static pressure (P.3)
rected airflow more thnn 4 percent
above the scheduled value. Gas generator rpm (N2,

(3) A signal to the main fuel control to de- Compressor Inlet total temperature
crease gas generator fuel flow (WF) (T
when the measured A P/P corresponds
to a correcte~d airflow more than 4 Nozzle area (position feedbaclo
percent abo-e the scheduled value. This
will prevent excessive rotor ovorspeed d. Controlled output
folioing duct heirter flame-out.

Duct nozzle area (AF)
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(1) An Increase of the nozzle area one sea c. Seised quantities
before augmentor Ignition to Increase
iWet stability margin. Thrust lever angle (IA)[

Ml A signal to the duct heater fuel control Fan discharge total pressure (PuM)
to cut off nugmentor fuel flow when the
measured A P/P corresponds to a cor- Fan discharge static preseure (P3
rected airflow more than 4 percent
above the scheduled value. Gas generator rpm (No)

(3) A signal to the main fuel control to do- Compressor Inlet total temperature
crease gas generator fuel flow (WF) IJ
when the measured AP/P corresponds
to a corrected airflow more than 4 N4ozzle area (position f.eedbecl
percent abo-'e the scheduiled value. ThisE
will prevent excessive rotor overspeed d. Controlled output
following duct heater flame-out. Duet nozle area tA*r)
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A3. 7.1.4 Background nozzle nrea using a pitot static tube as a measure
Experience pined with previous P&WA engine of airflow. The P&WA control system offers oaly
designs Is directly applicable to the main fuel the variable IGV of the liP rotor to smooth out
cttrol and the duct heater fuel control of the high-frequency control problems. This IGV, how-
JTFIT. ever, will have very limited influence on the iP

compressor.

AS. 7. 1. 5 Special Features A3.7.2 Dynamics

A fundamental aspect of the JTF17 engine Is the A3.7.2.1 Background
fact that the primary nozzle is fixed and the sec- P&WA has in the last year or two started to use
ondary nozzle variable. Changes in the variable more sophisticated digital simulation techniques.
nozzle area directly affect fan duct airflow, and flhcently Boeing was given a very simple digital
hence, total engine airflow, which Is an advantage mathematic model of the engine and two months
of the fan cycle. However, such nozzle area ago, a more sophisticated model. This model Is
changes have little effect on gas generator control still not as wel developed as Is required for good
parameters such as lip spool rpm (N2 )5and TT4 control system studies. An example Is main
(turbine inlet temperatur _). Turbine inlet leMp- burner and DI! fLame-out. The user of the P&WA
erature control through the main fuel control Is program mnst as an input, select whether thes
apparccrtly not suffi :ently accurate. P&WA had burners will or will not flame out during a tran-
added an t-,,ra TT4 'rim to maintain TT4 within sient. Another matter which the P&WA program
desired limits, does not take into account is the changing Inlet

distortion during transients and its effect on fan
The variable fan duct nozzle is used tc oontrol and compressor maps.
fan duct flow during augmented operat'on. This
particular system Incorporates two rubsystems, Compar'.ons between J50 digital analog runs and
each of which has a high response: the hydraulic exper!mental data were made available and good
nozzle positioning system and the fan duct Mach correlation was obtained. However, no turbofan
number sensor and computer. correlations are available.

Boeing has not becn provided complete Inform-ation about the details of the new P&WA digital
The former needs to have rapid response, while simulation of the JTF17 control system.

the latter is a link In compensating for duct flow

trnnsicr.ts. This situation could lead to InbLability In summary, PINA has only recently provided
e. the overall nozzle control system. P&WA ac- Boeing with a "airly sophisticated digital simu-
knowledges this under 'anticipatcd problem areas:' lation program. However, this program does
and states that extensive dynamic bench and en- lack some important capabilities. The detail@
gine testing will be conducted to obtain satis- of the control system simulation are not
factory system performance, revealed by P&WA.

In case of control problems, th, P&WA design A3.7.2.2 Nozzle Area Control
offers the opportunity to Include the variable IGV During unaugmented operation, the nozzle area
of the 1iP rotor in the control system. Because control schedule is only a function of M":' spoot
this Is esaentially a one-stage variable stator, rpm and TT . During augmented flow. the duct
the effect of the change will be small. In the nozzle area s controlled to kep fan duct Mach
following discussions it should be borne in mind number constant for the purose of keeping
that It would only affect the lIP rotor and gas gen- engine airflow constant. Fan duct Mach number
erator airflow, not the duct airflow. Is measured by a pitot tube. This is a difficult

instrumentatlon problem considering that the
Mach number Is about 0.5, that the sensor must

A3.7.1.f6 Summary be capable or responding rapidly, and concider-
P&WA !s offering a control system which In one Ing the effect of steady-state and dynamic clhnges
important aspect has no dire't precedent, namely In pressure profiles at the pitot tulx (in contrast
the control of fan duct atrflow by means of variable to pressure changes without profile shifts).
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Such changes could originats within the fan Itself AS.7.2.6 Fan ad Compressor arge
becase of chage. in eperating conditions, or P&WA program planning Indicates that fan d.-
from Internal duct pressure dsturbances. tortlon testing will not start until after the BIT

trframe contractor has been selected. P&WA
A3.7.2.3 Duct fleater LlJgt-Off has not presented a plan for testing with stead-
Tran.lents during a duct heater light-off at Mach state diutortion and turbulence.
2.7 cruise are shown In Fig. A-31. The tran-
sients clearly show the effect of opening ASg The aspect ratios of the HP compressor blades
prior to light-off: the engine airflow increases are high. In fact, they are close to those of the
and the normal shock moves away from the C-5A demonstrator HP spool and higher than
throat. Light-off therefore will not cause un- those of the JT8D and JT9D spools. No test data
start, though the transients are significant in have been presented.
their rates and absolute values. With respect to the fan, distortion attesation I&

Duct heater lght-off at speeds below Mach 2.? the tip region is an unknown. The P&WA pro-
(when the bypass doors are partially open) Is a posal points at the well-known flow-work rela-

tAonshp of a rotor to explain that the tip of adiferer~t matter. After opening of A8 F., the by- rotor blade will attenuate djsto.-tion much more
pass doors close to bring the shock back to its than tae root. This is based on subsonic flow
normal position. This takes place just before theo This o ba on u ondc 1
light-oft. Ths recult is that light-off causes the theory and Is probably even true around Macth I
shock to move forward from ita normal position, (which Is whore the fan tip operates in crusel.
comlnj much closer to thu throat than in Fig. However, for vuboni flight and transonic sael-A-31. H~ard lf,t-offs are prevented by the light- eration the fa tip relative 111ach number In ap-
off Inaerlok o betreen prfuevconteld y thliproximatcly 1.67 and subsonic theory does not

off interlock between DH fuel control and ASF. apply. Under these conditions shock and separa-
tion phenomena (as Indicated by the low efficiency)A3. 7.2.4 Duct Heater Blow-ut can create and expose the duct burner rd duct

Duct heater blow-out translents (Mach 2.7) are flow control sensors to a non steady flow. Pratt
abown in Fig. A-32. BloD-out causes a sudden and Whitney Aircraft has not revealed a clear cut
ncrease In fan airflow, which shuts down the

duct heater Lel flow and nozzle ABF as rapidly approach to this problem.
as possible. The rapid increaso in airflow will The use of the variable !GV for control purposes
cause super critcal operation of thte inlet normal is of limited value because only one row of vanes
shock, which could cause en no stall. The sys- is used. lederILa of fan or compressor to pro-
tern is deigned so that an airflow transient vido more chord (lower aspect ratio), an extra
greater than 4 percent will 'ehult in shutdown of stage, or a fan IGV are possible problem solu-
duct heater fuel flow. This fuel flow jhutdown tions. However, these approaches are particularly
is essential because an uncontrolled heater unfavorable to a four-bearing engine layout and add
relight is unacceptable. Only a controlled re- both weight and complexity..
light at minimum fuel/air ratio produces suffl-
clertly snall airflow transicnts. "telight at In summary, because transients in fAn inlet flow
high fuei/air ratios would produce Idgh airflow will occur as the direct result of the nozzle con-
chanZes. Duct heaLer relight must be initlated trol oscillations, the I1P compressor stall margin
by recycling the thrust lever through the Max- for both distorted and fluctuating flow must ac-,um Dry position. The P&WA augmentr operat- cept the transients. There are no data available
ing Ilinits are shown in Fig. A-33. for either the fan or compressor which show that

this cornprcasor or fan design tolerate these
transient disturbances or distortion. P&WA

A3.7.2.5 Inlet Unstart data show thata dct burner blowout will cause
An inlet unstart simulation jFlg. A-34) shows that fan stall, mainly because the duct pitot tube and
the fLa surges and the airflow increases above the nozzle area control cannot respond fast enough.
nomiwil value. At 4 percent above nominal flow,
the DH Mach number computer shuts down the A3.7.3 Controls and Dynamics Summary
duct heater fuel flow ant closes down the ASF Decause of the unknowns r-gardinV 'he control
as described above. The diict heater relight system conccpt, and because the i >onse of the
sequence is described In the preceding paragraph. engine system to transient dlsturbantces
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may. to a certan degree. bo ftidamental to the- suff~cient component and engine testing. togetbaturbolan cycle. Boeing believes the control and with detailed mathematic model studies, have
engine dynamics represen~t a Category 3 develop- shown that no kandamental problems exist.
mont risk. This is believed to be true unti
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