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PATENT SECRECY NOTICE

Portions of the information contained herein re-
lating to the variable role convergent-divergent
nozzle are under gecrecy orders issued by the
Commissicner of Patents in accordance with 38
U.8.C. 181-188,

Permisgion has been cbtained to disclose this
information to authorized persons on a "need-to~
know" basis, Anyone recciving the information
must be of known foyalty and discretion, and
must be notificd of the existence of the secrecy
orders. Disclosure of the information to any
unauthorized person {8 punishable by a fine of up
to $10, 000 or imprisonment for up to two years,
or both,
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the SST Program, The Boeing Company hes
maintained a provram of design aralysis and
performance eveluation, with the eooidinated
- participation of both engine contractors. This
~ munayerent approach was maintained to)ensure
L that citl. r of the cngine offerings can by in-
stalled on the B-2707 and that tho inst4licd en-

——
[}

{. match those of the B-2707 to producs neur opti-
«  mum airplane performance=4 As a result, the
‘ General Electric GE41/J5P powercd B-2707 (GE)
e | and the Pratt and Whitney Alrcraft JTF17A-218B
l _ powered B-2707 (PC\VA) airplancs are very
-~ competitive tn ‘erms of overall alrplanc per-
f formance criteria, and efther would make an
! outstandiag ajxline airplane,
Zuck engine has certain advintages and each has
‘ certain devely, mentTisks.
a4 The purpeee of this document is to report the
’( technical cvaluation of the two engines, Con-
s{dcrations tn this cvaluation .nclude cngine/
alrplane matching and performance, engine
design, installation compatibility, development
plan, development risk, and growth potential,

2

A bricf summary of the technical evaluation for
cach of the major areas follows.

1.1 ENGINE/AIRPLANE MATCH AND PER-
FORMANCE

The thrust characteristics of the two offcred en-

gincs are such that, at the sclected airflow

-
i sizcs, both ure matched at near optimum rango-
«d  payload for the B-2707 airplanc at 675,000 1b
taken!f gross welght, However, the GE4/J5P
e tarbojui has greater transonic thrust capability

than the JTF17A-21B turbofan and therefore
ntfords flexihility to meet sonic bhoom restric-
tions.

The range-payload performance of the B-2707
(GF) and D-2707 (P&WA) are cssentially cqual
on a standard and hot day for the design misslon,
For misslons requiring longer suhsonic or
sho.ter superscnic range Increments, the PEWA
turhofan engine has an advantage,

g e P Y
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5 / .L\SUMMARY
Throughout Phase I1-C, as i enrlier phascs of \

The differences in these overall performance con-
siderations arc small and final installation and
performance matching of either engine could
offset differcnces described here.

The estimated engine prices and development
costs ure very similar and the direct operating
cost values calculated by tire ATA formula are
therefore essentially identicol,

The GE4/JGP turbojet, at 620 .o+ SLS afrflow,
has better community notse characteristics than
the JTF17A-21B at 687 pps, during takeoff and
approach. The airport sideline noise levels for
the two engines at full power are ceaentially
equal at 117 PNdB while the takeoff ~ommunity
noise at three miles, after power cutback, are
98 PNdB and 105 PNdB for the GE and P&WA
engines, respectively. Land!ng approach noiss
f# 105 PNdB and 115 PNdB for the GE and P&VA
engines, respectively, one mile from the nmway
threshold,

1,2 GROWTH POTENTIAL -

The GE engine growth after 5 ycars of com=
mercial scrvice will improve the cruise SFC by
about 3 percent, the tukcoff thrust by 9 percent
and the transonic thrust by 15 percent, Supersonic
cruise airflow wil{ increase about 9 percent
which will require an inlet change but not an en-
gine frame size change. All modifications
suggested appear attalnable, Thrust increases
up to 42 ncreent are possible, through zero
staging the compressor and increasing the engine
frame size, -

Tho P&WA cngine growth after five years of
commercial service will improve the eruise SFC
by about 4 percent and improve the takeoff and
transonic thrust by 12,5 percent, Howover, the
compressor and fan modifications and other
component improvement required to obtain this
growth appear more difficult to attain, The
transonic thrust increasc of 12,5 percent, which
fs a-vailable by increasing transonic airflow
through reduced solidity of compressor blading,
will require an inlet size Increase. This thrust
increnso requires a 10 percent increase in air-
flow and possibly an increase In the prosent
compressor size,

V2-R2707-14
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However, a further design refinement of t

P& WA engine by ratsing the bypass ratlo l!:iu
promising. By increasing the bypass ratio to
1.8, additional takeoff and transonic thrust in-
crcascs as high as 12,5 percent are possible
without adding a turbine stage, making a total of
25 preent when combined with the previous im-
provements, Matched cruise SFC would be im-
proved by 8 percent relative to initial produc-
tion. Further thrust growth through increased
bypass ratlo is possible by adding a turbine
stage,

It ‘would appear that the thrust growth potential

of the GE4/J5P 18 achicevable with less engine
redesign, whereas the P&RWA JTF17A-218 with an
increased bypass ratio could provide a botter

SFC growth, The engine welgh® changes occur-
ring due to engine growth woers not considered.

1.3 INLET/ENGINE COMPATIBILITY
Complete Inlet/engine cempatibility can be de-
veloped for the B-2707 airplane using eofther the
GE1/J5P or the P&ZWA JTF17A-21B engines.
The inlet incorporaics features which provide
wide stabllity margins for enginc-generated
disturbances, low circumferential distortion,
and the means to adjust the moderate radial dis-
tortlon to favor the particular engine selected.

From the standpoints of engine airflow stability,
tolerance to distortion and dynamic interactions,
the compatibility davelopment would be the least
difficult with the GE4/35P engine. This is due

to the basic cycle, design, and control concepts
involved. From the standpoint of airflow match-
ing, the P&WA JTF17A-213 has the advantage

of lower ocubsonic inlet drag and a smaller hypass
area requirement,

1.4 DEVELOPMENT RISK ,
The evaluation of the Jdevelopment risk of engine
components hae taken into account the perform-
ance, life, weight, and complexity. Judgment
factors, which have been used, include design

g ‘als, dcmonstrated porformance, past experi-
cnce, technical capability, and the design
approach,

In some Instances, component design and demon-
st.ated performance have shown that the com-
ponent probably does not involve a major risk.
For other components, sn attempt has been made
to catenorize the degreo of risk.

The major development risk categories have been
classified by their SST implicaiions as follows:

® Category 1: Increased development pro.
cost )
Reduced parts 1ife
More complexity
Minor program delays

e Category 2: Payload-range decrement
Incressed DOC
Increased program delays

e Category 3: Major program delay
Major program redirection

The risk evaluation results are listed in Table
1-A. .

Table 1-A. Development Risk Summary

Xem GE PLWA

Fan

Compressor

Fan + compressor
Main burner

Turbine performance
Turbine life
Augmentor

Nozzle performance
Thrust reverser
Weight

Controls and dynamics

b DDt DI B0t b 0 ) e
CBNNNVNEN I N

The GE engine {8 a conventional afterburning
turbojet engine which has as {ts technological
base the GE J93 engine. The major development
rigk with the General Electric englne 18 the aug-
mentation system, in particular the life of the
high-temperature parts,

The P&WA duct burning turbofan is 2 new de-
velopment in supersonic engines which entalls
development risks In scveral areas particularly
the control system and associated engine dy-
namics,

Bascd on tho {nformation avaflable at this time,
the Boeing cvaluation of these cngines {ndicates
that the risk in developing the GE4/J5P engine i3
lower than the risk with the JTF17A-21B cugine,

V2-B2707-14
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1.3 INSTALLATION LiFFERENCES

The GE pod Is 446 In. long, 89 in. maximum
diameter, and weighs 14,312 1b, The PLWA
pod is 315 In, long, 88 in. in dlamecter and
welghs 13, 865 1b,

One of the installation differences between the
PLWA and GE engines s the reverse thrust
availuble, The GE engine provides 50 percent
of the maximum dry thrust or 23,500 Ib in re-
verse as ogposcd to the F&WA 40 percent of
maximum dry thrust or 14,080 lb. Under emer-
gency conditions (fcy runway) the stopping dis-
tance will he approximately 800 ft shorter for
tiic GE-powerced afrplane,

Because of the higher moment of inertia of the
GE rotor, the mount lozds due to engine seizure
arc considerably greater on the GE engine,

The laiger compressor blades of the GE engine
providc a greater capacity to ingest ice, birds,
cte. without damage.

The windmilling horscpower and rpm available
from the P&WA turbofan are adcquate to provide
emergency power in case of fan engine failure,
The GE turbojet does not provide adequate wind-
milling power and for the B-2707 (GE) a ram air
turbine 18 provided. .

The location of the rotating components of the GE
engine 18 farther forward than with the P&WA
engine. This restricts the location of fucl in the
horizontal tail {n a reglon above the compressor,
thus decreasing the airplane fucl capacity by
5,628 1b,

The thermal environment of the nacclle in the
sompressor yegion during cruise is 930°F for the
GE engine and 650°F for the P& WA engine. The
onggine nccessories for the GE cnprine are mounted
fn an accessory capsule which Isolates the ac-
cesorices from the high nacelle temperatures.
Wiih the P&WA cengine, the accesscries are
mount~d in an exposed arrangement around the
engine, Little difference oxists in the maintain-
ability of the two arrangements.

The GE cngine is more accessible for inspection
the PLWA turbolan,

and maintcnance of the interior of the engine than | .

1.6 MAINTENANCE, RELIABILITY, AND
SAFETY
From a maintainability standpoint, the GE4/J5P
engine is better than the PAWA JTF17A-21D cn-
gine. The maintenance frequencies do not ap-
pear to be drastically different, The on-airplane
maintenance cifort should be about equal except
for internal inspections and onboard capability
where the GE4/J5P Lus better provisions for
internal inspectlon, The major difference be-
tween th2 engines 18 seen in the off-airplane
repair and overhaul, ‘The GE4/J5P,because of
ts modular construction, should have a iower
elapsed time and cost {or repair and overhaul,

The reliability evaluation considered basic en-
gine design reliability, goals and apportion-
ments, component life poals considering the
scverity of operating conditions, amrd the esti-
mated cffectivences of the two mamdfacturers?
reliability programs, In all but the last category
P& WA appears to be slightly better than GE, and
with regard to reliability programs they are
essentially equal,

In the arca of safcty, the PWA cngine offers some
installation advantages,

1.7 DEVELOPMENT PLAN, SCHEDULES AND
FACILITIES
The development prograin proposed by the two
enginc companics is considered adequate in both
the comporent and engine development testing,
Endurance testing {8 emphasized, Pratt and
Whitr.ey Afrcraft and GE have provided adequate
engine test facilities to accomplish taelr pro-
grams, DBoth companics plan to couaduct the
inlet /ongine compatibility testing at AEDC, but
P&WA plans to perform the performance demon-
strations in thelr own §*2Mlity while GE wili use
AEDC facllitins for this purpose. Both engine
companics can mect Docing prototype and pro-
duction cngine delivery requirements,

V2-N2707-14
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‘fucl nozzles.

COKFIDENTIAL

2.0 ENGINE DESCRIPTION

2.1 ENGINE AND COMPONENT DESCRIPTION
The tnformation and description presented in
this document represent information available
to Docing as of August 8, 1963, This includes
information obtained durirg a visit to the two en-
gine manuwfacturers in mid-July 1966, and also
data from preliminary drafts of parts of the en-
gine manuwfacturers' proposal documents., R
should e noted that some duferences were found
between the early data obtained in July 1966, and
that information obtained in the draft proposals,

2.2 GENERAL ELECTRIC ENGINE GE¢/J5P
The General Electric engine 18 a single spool,
620 lb/scc sea level static airflow turbojct en-
gine with afterburning thrust auzmentation. The

‘design pressure ratlo is 12,3, wlth takeoff and

climb turbine inlet tcmpcraluro of 2,250°F and
cruise turbine inlet temperature of 2.200’?.

2.2.1 Comprescor

The compressor {8 a low aspect ratio, nine
stage, axial flow design. The inlct guide vanes
(IGV) aud {irst ctator row are variable for ¢n-
gine starting and low speed acceleration, while
the last six etator rows are variable for in-
creascd surge margin In cruise, and cngine-
inlet flow matching purposes. The last stator
can be actuated as a windmill brake in the event
of in-flight engine ehutdown, Inlet flow distor-
tion effccts are stated to be minimized by re-
duccd loading of the front stages, low aspect
ratio blzdes, and the use of a variable exhaust
nozzle under all operating conditions. Hollow
compressor blades are used to rcduce com~
pressor weight. Retor blades can be replaced
tn moment-weighted pairs without rotor disas-
scmbly or rcbhalancing, while stator vanes are
fndividually replaceable.

2,2,2 Main RBurner

The annular combustor {s similar to past GE
hurncr designa.  Fuel 18 provided for the com-
hustion process by 42 varfable arca dual orifice
The lner wall s {ilm cooled.

2.2.3 Turbiro ~
The GL:4/J51" has a 2-stage, axial {low, air-
cooled turbine, designed tor oncration at a high

.

gas temperature for extremely long duration,
Cooling air frum the compressor, including com-
pressor discharge air flowing around the com-
bustor and sixth stage bleed atr throtugh the rotor
shaft, provides film and convection cooling for
turbinoe vanes, blades, disks, and second stage
shroud. Turbine vanes are {ndividually replace-
able and blades are replaceable in moment-
weighted pairs.

2.2.4 Augmentor

The thrust augmentor for the General Electric
engire is a fully modulating afterburner baving
two stages of fuel injection and incorporating
four gutter flame holders. Spark ignition is pro-
vided only during the initiation of a‘terburner
operation, The afterburner liner $s {{im cooled

"by turbire discharge gas.

2,2,5 Exhaust Nozzle

Tho exhaust nozzle {s a two stage, blow-in door
cjector deeign with an actuated primary or con-
vergent section for variable throat area, and an
acrodynamically positioned secondary or diver-
gent section for variable exit arca. Nozzle
cooling {8 provided by compressor bleed air,
inlet sccondary air, and turbine exit air,

2.2.6 Thrust Reverser

This unit reverses thrust by maoving the primary
or convergent part of the exhaust nozzle aft and
fnward, thereby blocking the rearweid viow of
exhaust gas, causing the gas to escape in the
forward direction through reverser cascade
openings in the tallpipe wall, This action pro-
vides 50 percent of maximum dry thrust as re-
verse thrust,

2,2.7 Bearings and Scals

Tac bearing arrangement for this single apool
engine consists of s single ball type main thrust
bearing mounted on the mid-frame and inter-
changeable roller bearings on the front and rear
frames, Scals are pressurized, floating facs,
carbon type with windback Y= vrinth gcals as

backup,

2,2,8 Control System
The engine is controlled by pesitioning a single

V2-B27C7-14
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power lever for reverse, idle, maximum .
maximum augmentsdon, and all intermediate

conditions. The control system alao positions
the compressor variable stators, the variable
exhaust nozzle, and the thrust reverser.

2.2.9 Materisls

The materials selected for this engine include
some which have been used extensively ‘n sub-
sonic engines, and also a high perceiitage of
age-hardened nickel and fron based alloys, and
titanium alloys which have not been used exten-
sively in past engines, The forward part of the
compressor uscs titanjum alloys, while the high
temperature rear half uses nickel-based alloys
as docs the hot turbine scction, The basic
structure of the engine is of nickel or {ron-based
sheet metal components, with the exception of
the compressor front frame and support vanes,
which are of titanfum alloy, Iiighly stressed
parts are of Inconcl 718, Rene 41 and Rene 62,
while lower stressed parts such as the com-
bustor are of Hastelloy-X or modifications
thereof.

2.3 PRATT AND WHITNEY AIRCRAFT
ENGINE JTF17A-21B
The Pratt & \Whitney engine is a dual spool
turhofan cngine of 687 1b/scc sca level statie
airflow, with fan duct burning for thrust aug-
mentation. The seca level static (SLS) bypass
mtio 5 1,21, Takeoff and climb turbine entry
temperature 18 2300°F while cruise temperature
is 2200°F. Ovcrall engino pressure ratio is
13,0, with 2 duct fan pressure ratio of 2,96
whcn operating at SLS conditions,

2.3.1 Fan and Compressor

The fan i{s a two stage transonlc design., Two
vibration dampers are uged on cach fan rotor,
Exit flow from the fan {s divided into secondary
or duct flow, and primary flow, between the
sccond rotor and sccond stator. Inlet gulde
vanes (ICV) are not used in f.ont of the fan, but
a three-position IGV {8 located in front of the
high pressure rotor. This variable IGV scrves
as the windmill brake for the engine during in-
flight engine shutdown,

The high pressure compressor, driven through
a concentric outer shaft, s a six stage axial
compressor having a SLS design pressure ratio
of 4,84, The high pressure compressor is of
short chord design In the forward stages.

2.3.2 Main Burneyr

The annular comtustor, termed a ram inductioa
burner, features a low level of d'ffusjon of com-
pressor discharge gas, and a corresponding
short length, Liner cooling {s accomplished by .
high velocity convective flow over the outer sur-
face of the burner liner, Ignition is provided by
dual igniters, while fuel {njection i» accom-
plished through 24 dual orifice, variable sec~
ondary area nozrles.

2.3.3 Turbine

The turbine scction consists of a single-stage
hgh pressure turbine driving the high pressure
compressor, and a two-stage low pressure tur-
bine driving the fan, Cooling of all three vane
rows, and the {irst two blade rows {s accom=-
plished by compressor discharge air employing
convection methods, including impingement coal-
ing of lending edges, Material selected for the
turbine includes PWA 658 for all blades, and the
last two vane rows, and TD nickel for the first
vane. Vanes rre individually replaceshle and
blades are rcplaceable in momert-weighted pairs,

2,3.4 Augmentor

The augmentor, which 15 the ﬁrst fan duct hester
to be applicd to any afreraft, is a unique com-
ponent in this engine. Major features include a
relatively low level of diffusfon betwcen the fan
and the ram induction augmentor. Two zones of
fuel Injection are provided; the first is a ram
induction burner with the same nozzles as the
main burner, and a second zone, downstreem of
the first, provides fuel injection and mixing into
the upstream flame zone. Spark ignition is pro-
vided for the forward zone of combustion, while
the sccond zone I8 autoignited from the upstream
zone. The liner walls are film cooled.

2.3.5 Exhaust Nozzle

The exhaust nozzle {8 a convergent-divergent
blow-in door ejector-reverser combination. The
convergent nozzle of the primary or core engine
{8 of fixed arca. The fan duct convergent nozrle
i8 of variable arca, Sccondary sir from the in-
lct is uscd to convectively cool the duct conver-
gent nozzle and 2jector, Tertiary alr is auto-
mat!. 2!y provided through a pressure balanced
blow~{n door system for nozzle performance at
transonic and subsonic spceds. The revereer
clamshclls have two non-reverse positions, fixed
by the tertiary door locuilon, For flight speeds
above Mach 1,2, the cloinshells form part of the

[ 4
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divergent flow path for both primary and duct
flow streams, At Mach numb-~rs less than 1,2,
the clamshells move to a slight'y convergent
position, admitting the tertiary air to the nozzle
scction. The nozzle exit flaps arc pressure lo-
cated and act as a convergent or divergent part
of the nozzle for both vtrecams, depending upon
the nozzle pressure ratio,

2.3.6 Thrust Reverser

Reverse thrust i8 obtained by rotating the clam-
ghcell doors, which are integral parts of the
exhaust nozzle system, to the closed position,
This location of the clamshells partially blocks
the searward escape of the exhaust gases and
deflects the gas to a forward directjon through
the tertiary door openings or "blow-in-doors’ in
the nozzle outer shell, The faflsafe posftion of
the ~everser clamshells is in the open or for-
wocd thrust position, The reverse thrust goal
is 40 pereent of maxirium dry forward thrust.

2.3.7 Dearings and Seals

The two spools of this engine arc designed with
four bearings. This concept 18 a departure from
existing two apool engincs in service today. The
No. 1 bearing, the thrust bearing for the low
pressure or fan spool, i8 a ball bearing mounted
aear the sccond fan rotor. The No. 4 bearing,

also on the low pressure shaft, s a roller type,
mounted at the last stage of the low pressure
turbine. The high pressure rotor bearings are
No. 2, the thrust bearing located at the high
pressure compressor IGV, and No, 3, againa

1 oller bearing, forward of the high pressure .
wurbine, Scals arc hydrostatic with tandem pres-
ivrized and vented labyrinth seals as backup.

Fan discharge air is used to pressurize the
labyrinth seal compartment, which is then vented
to ambient,

2.3.8 Controls

The engine is controlled by positioning a singla
power lever for reverse, idle, maximum dry,
maximum augmentation, and all intermediste
conditions, The control system also positions
the compressor varfable IGV, the variable duct
exhaust nozzle and the thrust reverser.

2.3.9 Materials

A morc extensive selection of age hardened iron,
nickel based alloys, and titanlum alloys kas been
made for this engine than in past engines, The
fan sectiva is of titanfum alloy forgings while the
high temperature compressor scction is of
titanfum, and iron and nickel based alloys.
Hastelloy-X 18 used in both the main and duct
burners.

VI-B2707-14
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3.0 PERFORMANCE, NOISE, AND ECONOMICS

The maximum range /payload objective for the

B-2707 {8 obtained with both GE and P&WA cn-

gines at the selected sizes with acceptable take-

off ficld length, afrport and community nolse

levels, and transonic thrust margin. However,

tcl;‘c degree of acceptability varies with the engine
oice. -

The GE4/J5P turhojet can meet the B-2707 take-
off requirements, and provides acceptable
transonic performance and has an additional
takeoff thrust capacity for payload growth.

The JTF17A-218 turbofan has less than desired
transonic thrust margin needed for operating
flexibility and contingencics.,

The Boceing estimated noise levels, based on
cnglne manuwfacturers' and Boelng test data, in-
dicate s that either engiue will meet FAA takeoff
ajrport and community noise objectives although
the GE engine has somewhat more flexibility to
trade off airport and community noise by adjust-
ing airplane takecoff procedurcs. The landing
noise levels will be lower than the FAA objective
in the case of the GE engine, and higher In the
case of PLWA,

The P&WA engine provides better all subsonic

range. The single engine out range is about the
same for cither engine, and both engines cnable
rcaching a destination on the most critical legs.

Enginc price, development costs, including the
dependent maintenance, Insurance and deprecia-
tion cost factors, and trip fucl are approxi-
mately the same for both engines and conse-
quently the direct operating. cost for both engines
should he essentlally equal,

3.1 ENGINE SIZE
The engine sizc sclection for the GE and P&WA
engines wus bascd on achleving maximum range/

payload while providing satisfactory airport and
community noise levels and meeting the takeoff
field length and transonic thrust requirements oa
standard and hot days.

Engine sire effccts on rorg;e and transonic thrust
margin are shown on Fiz, 3-1, DBoth enginecs
gt. ¢ peak range for airplane gross weight of
675,000 1b at” APMAX = 2.5 psi, The GE en-
gine at 620 1b/sec has adequate thrust margin.
‘I'iie transonic thrust mmargin at APMAX=2.5 psf
for the donired V& WA {8 marginal (0. 28 versus
0.3 desired on stundard day). The .3 transonie
thrust margin is considered the minimum de-
sired to allow for contingencics that can arise
during afrplanc acveleration, such as nonoptimum
climb path, nonstandard day, and unanticipated
drag increase, or thrust deficiency.

At the primary and duct burner temperature
levels, increased maximun transonic thrust
capability in the JTF17A-21D cycle cannot be
achieved without advancing the state of the art {a
turbine Inlet and duct heater temperatures. In-
crecascd transcnic thrust by incrcased airflow is
difficult to attaln, duc to mismatch of transonic
and supersonic cruise airflow for a fixed primary
nozzle desfgn. Uso of a variable primary nozzle
for higher transonic airflow capacity, and after-
burning in the primary strcam have been con-
siderca, but have not provided a significant )
thrust increasc consi{dering the increased weight
and co~.plexity of cooling and control of the
primary nozzle. Increascd transonic thrust
margin appears available only by in.reased
transonic alrflow by means of cngine scaling or
higher bypass retio,

3.2 RANGE AND PAYLOAD

The range and payload capability of the two en-
gines for standard and hot days s shown on Fig.
3-2 (International) and Fig. 3-3 (domestic).
‘The performance of the two engincs is almost

preceding Page Blank
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Figure 3.1, Model B-2707 Aitflow Sixing, AP, = 2.5 PSF
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identical for standard and hot days with both
a‘mlam.o

The engine supersonte and subsonic crulse pore
formunce and match points are shown on Fig,
3-4. The engine ¢climb performance comparison
is shown on Fig, 3-5. The turboject has lower
supcersonic cruise and cltmb Specific Fuel Con-
sumptions (SFC), but higher subsonic SFC's.
The net result is that the range and payload per-
forinance 1s the samo for cither engine for the
basic misslon,

The cffect of increasing the subsoric leg at the
heginning or end of thae mrission {8 shown on Fig.
3-6. The P&WA turbofan has 664 nautical miles
greater range for an all subsonic misaion,

3.3 FUEL CONSUMPTION AND DISTANCE
The fucl consumed and distance covered for the
B-2707 (GE) and B-2707 (P&WA) for standard
day arc listed in Table 3-A,

Duc to the relative SFC differences between the
turbojet and turbofan cycles at the required
thrust, the B-2707 (GE) requires more reserve
fucl welght, while the B-2707 (P&\WA) consumes
more fuel during climb and acceleration, Trip
fuecl which is an important factor in direct

operating costs Is approximately the same for
either erngine.

3.4 ENGINF-OUT PENFORMANCE

The cffect of one and two engine-out on alrplane
range and rcserve fuel consumed is shown in
Fig. 3-7,

The B-2707 with cither cngfnc can achieve
3,470-nml range with one cngine out at mid-
range point, Both engines require off-loaded

payload to achieve 3,470 nmi with two engines
out,

The effect of one augmentor inoperative for the
B-2707 (GE) und B-2707 (P&\WA) is shown in
Fig. 3-8 for a standard day. A grcater amount
of reserve fucl {8 consumed by the turbolan
since the three remaining engines must make

a greater amount of thrust, '

3.5 AIRPORT AND COMMUNITY NOISE

The noise produced by the cngines on the inter-
national and domestic versions are shown on
Figs. 3-9 and 3-10, and are based on cngine
marufacturers quoted suppression and Boing
estimates for choked inlet nolse suppression,
Table 3-B summarizes the noisc suppression
values used during takeoff 2nd lunding calcu-
lations.

Table 3-A. Modcl_B-2707 Fucl Consumption and Distance — Standard Day

B-2707 (JE) B-2707 (P&WA) —
Item : Furl (1b) Distance (nmfi) Fuel (1b) Distance (nmi)
Takcoff 8,210 7,265
Climb 90, 190 342 103, 440 432
Mach 2.7 Cruise 186, 791 3271 121, 626 3180
Descent 5,270 208 4,304 196
Reserves 47,039 42,605
Trip Fuel 290,461 296, 635

Table 3-B Model B-2707 Total Noise Suppression

B-2707 (GF) | B-2707 (P&WA)

Takeoff Max Augmented, PNAB 4 4

Cuthack at 18, 000 1ha thrust, PNdB 7 . 9

Approach at 14,000 Iha thrust, PNdB] 20 10
V2-R2707-14
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Takooff noise contouvs in FPigs, 3-9 and 3-10 are
based oa the use of maximum augmentation with
gradual thrust cutback over the community near
the three mile point to achieve an unaccelerated
500 ft/min rate of cltmb,

The curve shows the PNJB noise contours at
ground level and the flight path of the airplane,
The higher takeoff thrust at maximum augmenta-
tion for the GE4/J5P engine results in a higher
altitude over the community at tha three mile
point and nino PNdB lower community notse after
cutback than with the P&4WA engine. Takeoffs at
less than maxiraum augmentation will result in
lower noise levels in the vicinity of the airport
with some increase in community nofse levels.
The trades between community noise, afrpurt
poise, and takeof field lenzth for reduced power
settings are shown on Fig. 3-11 for beth engines.
As ghown on tha curves, the B-2707 (GE) at
reduced augmented power can meet the FAA
noise objectives, The B-2707 (P&WA) cannot
achieve both FAA objectives simultansously.

Approach nofse contours for the two englncs are
shovn on Fig. 3-12, Tho B-2707 (GE) value is
105 PNdB which meets the FAA objective of 109
PNdB. The B~2707 (P&WA) approach noise 1
115 PNdB.

Effoctive jet nol » wuppression for high takeolf
thrust levels and open nozzle control which
reduces jet noire during cutback and spproach
power {n combination with tnlet choking for
ocompressor noise suppressioz enable the B-2707
(GE) to meot the atrport and community notse
objectives. The same techniques have been
applied to the turbofan. However, jet suppres-
sion 18 less effoctive for the high veloctty
primary stream and with present knowledge fax
duct treatment cannot remove all of the fan
noise exiting from the secondary nozzle,

3.8 ECONOMIC CONSIDERATIONS

3.6.1 Engine Price
The estimated production engine prices for the
proposed engincs are as follows:

GE4/J5P
JTF17A-21B

$1, 175, 000
$1,210, 000

The engine marufacturer estimated development
costs for each engire are:

General Electric
Pratt & Whitney

2607 million
$663 million

m A I ' B 3
/-L 10500 FT FAR F.L.(STO+15°C)
- prPLVA ‘
4 as.sn—-;k rlr
aUe—i Ll — 8,600 FT FAR F.L-—
é e e | ¢ (mi +15°C)
: iy S o
E . \ | - .
lm L =3
i T0. DAY 10,500 FT = |
o RGW=625000L8 | 4" I .| .. _7/_‘ e WAXAVG. . L
GE~ 8,200 FT :
” - TP anew . -4 -— - —
]
13 ) 11 16 n i
AIRPORT NOISE ~ PNIB

Figure 3-11. Alrport & Community Nolse Trodes
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3.6.2 Dircct Opersting Cost

Direct Operating Cost (JOC) comparisons for
the Bocing B-2707 International Afrplane witk
with the proposcd engines s shown on Fig, 3-18,
‘The DOC's for the two engines are csscntially
equal at design range,

Direct OperatingCosts were determined using the
Modificd 1960 Alc Transpe t Association method
as specified in the SST Economic Model Ground
Rules dated June 30, 1966 and are bascd on 3, 000
hours annual utilization, 15-year depreciation
period, 3,000 hours cngine time between over-
hauls, 50 percent engine spares, 12 cents per
fallcn fuel price and an engine spare parts factor
of 1,3,

Table 3-C lists a breakdown of the major factors
which contribute to total DOC on the basis of cost

per block hours,

The maintenance costs of the P&WA powered
ajrplane are higher since in the ATA formula
engine maintcnance costs are computed as a
porceentage of engine price. The higher engine
price and engine develupment cost amortization
of the P& WA engine also results in higher
insurance and depreciation changes for the air-
plane,

Table 3-C. Analysis ol Direct Operating Cost Components

GE4/J5P JTF17A-21B
Unit engine price . $1,175,000 $1,210, 000
Total DOC (to $/Block -hr 3520 3476
nearest dollar)
Sub-Totals $/Block -hr 1385 1325
fucl & oil at
2000 Stat, mi,
Mazintenance  $/Block -hr 663 665
Insurance 8/Block -hr 355 357
Depreciation  3/Bloc’ -hr 919 429
Crew $/Blcck -hr 200 200

V2-N2707-14
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4.0 ENGINE GROWTH

Engine growth can come cither in the form of
thrust or SFC improvements in any portion of the
flight spectrum, The pertormance of growth
versions of the otfered turbojet and turbofan
depend on extensions to the operating tempera-
ture limits, component cfficiencies, axd/or flow
capacity. Those growth items which can ve
accomplished without major modifications to the
installation or scaling of the inlet are considered
most attractive. Both engine companies offered
tome groewth of this type, That growth which
comes {rom large increascs in airflow, would
necessurily require major propulsion system
redesign. A large thrust growth would have to
be planned into aircraft production model changes,
such as extended body and/or eilarged wing

arca versions, to be practically adopted, because
of costs and declopinent time involved in
accepting thesa changes, lHowever, the n..!or
engine rework developments which would call

for new propulsion pod designs should be com-
parcd with direct engine and propulsion system
scaling before they should be attempted.

4.1 GENERAL ELECTRIC ENGINF.

The GE4/J5P engine was offered with a specific
gseries of growth versions, which are made
available at tiiree and five years after. initial
commercial service. As shown on Table 4-A,
the cmphasis is on changes which increase thrust
across the board. Four possible increased
airflow versions are offered, Step No, 1, 2 4.5
percent airflow increase at cruise, could probably
be accommodated on the present afrcraft pod
design with a minimum of additional cffort on
Boeing's part. Step No. 2 rejuires an inlet
change whercas Step No, 3 and 4 require both an
inlet change and a change in pod and frame rize.
Cycle temperature Increascs, as noted on Table
4-A, avo offcred for cach of these cholces,
Table 4-D shows the thrusts and SFC of the
oifcred engine growth rutings.

The turbine temperature increase of 100°F would
allow the present airplane to crulse at an SFC
reduction of abou: 1 pereent. The added thrust

would not appreciably help the afrcraft range
factor as the aircraft is presently flying close to
maximum L/D at this engine size, The Increased
uirfiow offered in step 3 yicids an additional 9
percent in cruise thrust. The airflow improve-
ment, coupled with the temperature increass
would provide an cquivalent SFC improvement of
S percent (100 miles range improvement). Step
No. 4 should offer 2 somewhat better situation,
but no data war supplicd on cruise thruot,

Although the range improveme:t on the present
afrplance i3 £emall, the gross veight improvement
possibilities are quite substantial based on the

42,7 pe, cent takeoff growth (Table 4-B) offered

in Step No. 4, should this be preferred to scaling

of the engine, Step No. 3 thrust increase of 20,9
percent provides considerable afrcraft growth
possibilities without consideration of enginc scaling.

All modifications offered are belleved to be
normal developments in engine program,

4.2 PRATT AND WHITNEY AIRCRAFT ENGINE
The JTF17A-21B was offered with a five ynar
growth in thrust of 12.5 percent at takec!f and
trunsonic conditions, and maiwched cruise SFC
improvement of 4.2 percent. These improve-
ments would come about through increased afr~
flow and component developments, Table 4-A
1ists the improvements to he expected in that time
period. Table 4-R shows the thrust and specific
fucl consumption (SFC) corresponding {0 these
changea, The P&WA engine growth will depend
on nerodynamic tmprovements in the compressor
and nozzle, as well as cycle temperature in-
crease,

Attainment of certain of these growth items
appears to bo more difficult then ou the GE
engine. Docing cycle studies ind'cate thet 12,8
pereent takeoff thirust improvemcat (listed in
Table 4-B) would require about 10 percent in-
creasce {n airflow ooupled with the component
changes offercd. The P& WA plan to achicve this
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through reduced form and compressor blade
solidity, appears optimistic., Pratt and Whitney
Alvcraft plan to improve the compressor efficiency
by up to six prreent as port of this program,
Alihough the present design of 4, 8 pressure ratio
in six stages at 86 percent eificiency i8 within the
present state of art, such an increase calls for &
substantjal improvement in this art over the next
{five years.

As a further development, P&WA offered to
increase the bypass railo of the engine from 1.3
to 1.4 withcut increasing the number of turbine
stages, bhut a nozzle redesign is required and
this would probably be accomplished by adding a
compressor stage at the compressor inlet. The
Sca Level Static (SLS) thrust {8 increased 25
percent, the transonic thrust by 30 porcent and
the SFC {8 reduced by a total of 6.2 percent from
the basic engine offering. This evolution appears
to be a reasonablc. methed of thrust growth for
this turbofan englne.

Both of the thrust growth methods proposed by
P&WA would require a change in inlet size,

The four percen: cruise SFC improvement could
be provided in the present propulsion installaticn,

4.3 SUMMARY ‘

The GE cngine could be modified to improve the
cruise SFC by about two percent without requir-
ing an inlet size change.
ment of about thrce percent and a takeoff thrust
increase of up to 8.8 percent can be accomplished
through airflow changes which would require an
inlet change, but not a frame slze change. All
modifications suggested appear attainable,
Takeoff thrust increases up to 42 percent are
nossible {f the frame size can be altered.

The P& WA engine could be modificd to {mprove
the cruise SFC by about four percent without
changing Inlet 8ize. Attainment of the compres-
sor and fan performance required to obtain this
fmprovement will be difficult. The takeoff and
transonic thrust increas: of 12,5 percent will
require an inlet size increase. This thrust
increase requires a 10 percent increase in air-
flow which may be difficult to obtain in the
present compressor size.

A further refinement by P&WA, raising the
bypass ratio, loo}s promising. Takecoff thrust
increa 'es as high as 25 percent are possible
without adding a iarbine stage.

V2-D2707-14
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Performance gain>d from:

Engine changes required

General Electrie

Evolution of GE4/J5P cycle g. Compressor redesign and resized {nlet
. 1 - Overspeed, stator reset, und mater
s !gtlzse?s-eﬁl %h;g-.‘_“:t T/O & +4.5% at crulse 2 - Overspeed, stator reset, and mater
Step 2 - + 2’5(1( at T/0 & +9. 0% at crulse 3 - Compressor flaring, overspeed, stz
Step 3 - ”3' 0;1, at T/O & +9'0¢., at orult . substitution, enlarged augmentor, n
P * <0 ' 4 - Zero-staged compressor with redes
Step4-+35 T atT/O
‘ b. Increased cooling flow and material suk
b. Ma.\dmuzn'ml?rc:ef?:g.;urbme inlet temperature e~larged turbine dicphragm
¢. Maximum increased augmentor temperature c. Modify fuel system to handle increased
AT A/B = +360°F
Pratt and Whitney Afrcra
1-Component development a. Reduced fan and compressor blade soli
a. Increased airflow at takeoff and trarsonic conditions b. Sotted rotors and stators, variable car
b. Increased compressor efficiency (+6%), distortion reduced end-wall losses
tolerance, and surge margin c. Material substitution in turbine blaces
» - ne
¢. Increased turbine inlet temperature, ATIT= +75°F d. Nozzle redesign for better utilization o
™ - e. Rcduced blade solidity, controlled vort
d. Improved nozzle performance ACy= +.3% (lower rpm for same {low), chort main
nozzle weight thoough light weight matc
e. Rcduced engine weight, Aspecific wt, - 10% in reverser design.,
2-Lypass ratio increase
a. Redesigned fan rotor, duct heater, nos

increased alrflow

ejector; resized inlet.




Table 4-A Engine Growth Swuinmary (GE)

uired

Credibility
¢
inlet a.
material subatitution 1 - Airflow capability demonstrated on 475 PPS compressor
material substitution 2 - Afrflow capability demonstrated
yd, statul resct, materisl 3 -~ Requires a major redesign but 18 achicveable within
‘tor, modified nozzle present design.
redesigned front 4 stages 4 - Requires a major redesign of the entire propulsior pod
but is a2ttainable through development of present engine
design. :
tal substitution with an
b. Achievable through experience and attainable within
present design,
eased flow
¢. Achievable through experience and attainable within
prescnt design,
Alrcraft
Is solidity 8. Requires a redesigned fan/compressor. Short chord blades
with higher stage loading will probably require material
’le camber IGV, substitution on the basis of strength.
b. Requires a major redesign. Efficiency increase is optimistic.
ladee and disce "
tion of the pressure ¢. Achicvable through expeirience and attainable within present design.
i vortex flow in turbine d. Attainable through development of present design.
main burner, reduced
t matcrial substitution e. Experienco will dictate amount of welght reduction
attainable with part life and TBO uscd as limiting
factors,
¢, nozzle, reverser, and a. Prescnt turbine limitations sugrest a supercharge of .

the primary compressor may have to accompany this,

V2-B2707-~14
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Tsblo 4-B Engine Growth Performance Comparisons

GE PLWA
1. Growth within engine frame :
Component
A. 3 year growth Bep 1 Development
¢ A SLS max aug Fy + 8,8 . 7.00
¢ A Transonic max aug Fyy +10, 6%. + 7.04
® A Crulse SFC (constant Fy) - 1.9} - 2,2%
Component
B. S ycar growth Step 2 Development
. ® A SLS maxaug Fy + 8.8% +12,5%
e A Transonic max aug P +18, 0%, +12,5%
¢ A Crulse SFC (constant Fy) - 2.8% - 4,27
S 3 .
2. Growth with enlarged frame (Con‘;gessor Bypass Ratio
6 year growth Flared) (BPR:1.6)
e A SLSmaxaug Fy +20, 97, +25.5%
e A Transonic max aug Fy +25.9% +30,.5%
e A Cruisc SFC (constant Fy) - 2.8% - 6.2%
Step 3 Bypass Ratio
(Zero-Suaged) (BPR-2,0)*
e A SLSmaxaug Fy 142, 7% +42,5%
e A Transonic max ang Fy +48.6% +45.5%
e A Cruise SFC (constant Fy) - (not given) - 5.7%
* May roquire
added turbine
stage
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4.0 INLET/ENGINE COMPATIBILITY

Complete Inlet/engine compatibility can bo de-
veloped [or the B-2707 airplane using cither the
GE4/J5P or Wio JTF17A-21B engines, The inlet
incorporates fcatures which provide wide stabil-
ly margins for .=zine generated disturbances,
low circumferential distortinn, and the means to
adjust the mode:ate radial distortion to favor the
particular engino selected. These features are
discusscd In detail in the Propulsion Report -
Part A, Ducument V2-B2707-12, Sec. 3.0, and
they include:

a. The throat bleed vortex valve which
provides a seven percent flow atability margin
when the Inlet is operating st one percent
supercritical,

b. The centerbody cone bleed scoop which,
in conjunction with the vortex valve, provides a
buzz stability margin varying from 68 percent at
Mach 1.4 to nine percent at Mach 2,7,

c. Vortex generators on beth the cow! and
centerbody, which can be modified in effective~
ness to vary the pressure patierns between the
huh and tip reglons of the compressor or fan
h",‘e‘. ] . .

TR
Of the two engincr, considered, the compatibility
development would be the least difficult with the
GE turbojet. This is due to the basie cycle,
destgn, and control concepts fnvolved,

Compatibility between the Inlet and engine
invoives four basic considerations:

(1) Inlct distortion and inlct flow stability
effects on the engine

(2) Engine flow stai'ldy cffccts on the inlet
{1) Control Interactions and responses
(4) Inlet/engine flow matching

5.1 ENGINE INLET DISTORTION AND FLOW
STABILITY EFFECTS

The measured overall compressor face distortion
levels for normal inlct operation are shown in

Fig. 5-1. Two operating limits for the engines
arc also shown. The lower limit (labeled steady
state) is the maximum cstimated distortion that
can be accepted without eny performance loss or
degradation of design life., The upper limit
(1abeled transient) s the maximum cstimated
distortion that can be tolerated without engine
surge, flame-out or excessive blade stress.
Between these limits, some performance lo: s
can be expected. The B-2707 {nlet i3 designed
to keep distortion below the steady state limit
for all subsonic and supersonic cruise conditions,
and to keep distortion below the transient Jimit
during all aircraft and engine power transients
including takcoff and climb accelerations,

The distortion levels, in terms of the General
Elcctric distortion index (NDI), arc bclow the
specified limits for all conditions, This index

is a term which weights the extent and distribu-
tion of the low total pressure reglons at the
compressor face, and incorporates a recognition
of preferred radial distribution and the relative
inscnsitivity of the compressor to small {solated
rcgions of low total pressure, Figure 5-2 shows
that cven with extreme super-critical operation
of the inlct, the Number Distortion Index {(NDI)
remains well below the limits, In the event of an
inlct hydraulic system [allure on tukeoff, with the
inlet centerbody full expanded, the NDJI is cight
percent below the level required to induce stall,

In terms of the P& WA distortion index,
P'I‘mnx - l:”l‘nﬁ.n the distortion levels shown in
PTnve
Fig. 5-1 exceed the lHimits for no performance
loss durire a portion of the climb condition.
However, the levels do not exceed the stall free
operating limits for the engine. Figure 5-2
shows the margin for supcrcritical operution.
While this margin is somewhat less than that for
the GE engine, it Is sufficient to allow for shock
excursions resulting from power and {nlet control
transicnts,

Aside from the diffcrences In distortion Indices
and limits employcd by GE and P&W/, the
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JTFI17A-21D 1s constdered to be {nherent!y more
scnsitive to inlet distortion, The overhung fan
retor, short bearung span design requires high
stage loading, short chord blading and no inlet
guide vanes. Further, the primary gas geoners-
tor flow has » relatively steep hub to tip inlet
total preseure gradient, since it receives only
the inner anauius of the inlet flow,

The GE4/J5P design employs a relatively
moderate front stage loading, moderate aspect
ratio blading and variable inlet guide vancs and
stators,

Tests and studies of the inlet, inlet control and
tnlet /engine dynamics have revealed only one
siymificant effect on the engine, and that is stall
{nduced by the inlet unstart transient. In the
cvent of an inadvertent unstart at high super-
gonic Mach numbers, it 18 anticipated that the
sucden reduction in inlet pressurc will cause a
momentary engine stall,

Based on the J93 engino flight test data, the
GF.1/J5T engine can normally be expected to
recover from the stall in a fraction of a sccond
after uns’art. Similarly, i the afterburner
flames out, it will auto~ignite in a fraction of a
sccond after tho unstart, Flight test data on
current supersonic aircraft {ndicate there is
little likelthood of a primary burncr flameout in
cither the GE or P&WA engine.

Tha JTF17A-21B is also expected to recover
from the unstart induced stall in a fraction of a
gccond. Mowever, tie duct burner fuel is
avtomatically shut off, and the pilot must re-
cycle the power lever through the duct heater
tgnition zone to affect a re-1ight.

4.2 ENGINE FLOW STABILITY EFFECTS ON
INLET
‘The Inlet control system 18 deslgned to respond
to n1l Jut the most extreme engine induccs. Nlow
variations (c.g., engine stall). If a reduction
in Mow cxceeds a rate of 35 percent per second
and an amplitude of 1/2 pereent, the inlet normal
shock will momentirily move into the vortex
valve throat bleed slot, If the fnlet is unstarted,
the centerbody cone bleed seoop wi'l prevent
engine flow instabilitics from inducing Inlct buze,

. The GE1/15 turbojet, with direct control of

rotor specd, produces relatively slow rates of

[
change. The incrtia of the rotor, and the choking
of the turbine diaphragm, dampens engine gen-
erated disturbances before they veach the inlet,
permitting the inlc! control «o follow closely.
Figure 5-3 ehows the results of » mathem: tical
model simulation study of an afterburner light-
off at Mach 2.2,

The P&WA JTF17A-21B turbofan, with duct

Mach number control of alrflow and u.choked flow
across the fan stage, will occusionally creste
flow variation ratcs exceeding the copability of the
inlet control system, This will oceur primarily
during power changes., In these instances, the
vortex valve will come into operation to hold the
shock until the fnlet control responds. Figuro 5-3
shows the results of 2 mathematic model simu-
iation study of a duct burner light-of’ at Mach 2.2.

5.3 CONTROL INTERACTIONS AND RESPONSES
Inlet /ongine mathematic simulation studics to
date nave indicated acceptable control system
{nteractions and responses.

When sufficiently refined simulation models are
avajlable, a study will be conducted to determine
if the inlet control and the turbofan duct Mach
nursber control interact across the low pressure
ratio fan. Similarly, tests are required te
determine If inlet distortion will carry through
the fan and result in erroncous engine duct Mach
number control signals.

5.4 INLET/ENGINE FLOW MATCH

Both engines provide the means to adjust cngine
airilow to match the inlet capture flow at the
design cruise condition, This adjustment pro-
vides compensation for manufacturing and
control tolerancces.

The GE4/J5G provides for automatic ajrflow
trim (cagine rotor speed and sccondary airflow
control hias) to compensate for non-standard
day crulse operatlon. This trim adjustment
results in maximum propulsion pod thrust minus
dreg for any ambient temperature,

The P&WA JTF17A-21D afrflow control
schedule maintalns good flow matching, with
maximum thrust minus drag, for ambient tem-
peratures at and above standard. There is no
trim capability for cold day opcration with the
Nocling sclected engine flow schedule.  As crulse
temperatures decrease from stancaod, the nor-
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mal shock becomes progressively more

critical (more stablv) with some resultant loes in
inlet recovery. '

The inlet bypass system {s sized for the descent
condition with the windmill brake appiied. The
JTF17A-21B engine passes a larger mass flow

ratio undey these condtions than does the
GE4/J5P. As a vohsequence, the bypass system
is approximately 25 percent sinaller for the
turbofan, During subsonic cruise operation, the
turbofan again has a mass flow ratio a 3

this is equivalent to a two percent SFC subsonic
advantage,
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6.0 ENGINE DEVELOPMENT RISK

This evaluation 1s based on Informatfon received
from the two engine manufacturers during the
SST program. The most specific and recent
{nformation was obtained during a visit by Boeing
representatives to the manufacturers! facilities
in mid-July, 1966, and from preliminary draft
copics that represented portions of the Phase

11 C engine proposal documents.

In general, the propulsion system and components
for the SST represent an advance in technology
over present {light propulsion systems. Because
of this, each component of tho engine represents
a development risk, to some degree, and each
component considered was placed in one of three
risk categories. Briefly, component/system
performence, life, complexity, and weight were
considered in placing that item in a risk category.
The judgement factors used were:

® Dcsign Goals

e Decmonstrated Performance
o Past Experience

® Technical Capability

e Design Approach

In some instances component design and per-
formance were, when measured against today's
demonstrated technology, of such a low ris% ar to
not warrant being placed in one of the three
major risk categorics {l.e., a normal develop-
ment program should ensure specified
performance).

The risk categoriea are:

a. Catepory 1 - The component or design
has some questionable aspects at this time,
Some problems aro forescen, pnd an above
averape success, In a well run development
program, will be required to accomplish the
design goals. The performance goals will pro-
bably be reached,

The SST Program implications are:

Increased development program cos
Reduced parts life :
More complexity

Minor program delays

b. Category 2 - A component placed in
Category 2 suffers the same risk as Category 1,
but to a higher degree. Morcover, additional
program implications are present, especially if
the goals are not reached, Quite possibly, not
all goals will be reached, particularly in early
commercial service,

The SST Program implications (additional to
Category 1) are:

Payload-range decrement
Increased dircct operating cost (DOC)
Increascd program delays .

c. Catepgory 3 - A Category 3 item s one
which {8 a risk {tem as in (1) and (2) above, but
has the potential of significantly affecting the
overall program. The attainment of specified
goals and performance is doubtful.

The SST Program implications (additonal to
Cztegory 1 and 2) are:

Major program delay
Major program recdirection

Note: The material in the following scct'cns is
based on a more complete treatyent of the
subject contalned in Appendix A.

6.1 GENERAL ELECTRIC GE4/J5P ENGINE

6.1.1 Compressor :

The 620 Ib/sce nine stage compressor has & sca
level static (SLS) pressure ratfo of 12,3 at 86.0
percent efficlency. Crudse cfficiency will be
84.5 percent, The demonsiration engine has a
475 1b/sec eight stage compressor, which has
been rig tested, The demonstrated tost results

V2-N2707-14
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and lack of known mechanical Jdesign problems
Indicate that the compressor performance closely
approximates the design grals, The distortion
test results reported to date on the elght-stage
demuonstrator compressor indicate that distortion
problems will likely be minimized. In addition,
the Inhcrent flexibility of a variable geometry
derlin allows simificant changes in compressor
performance without redesign of the compressor,
should problems arise. Overall, the GE com-
pressor is not considered to be in one of the
major development risk categories.

8.1.2 Main Burner

The annular main burner has a film cooled wall,
giving wall temperature of 1,500°F. At cruise
the Lurner efficiency is 98,75 percent, with a
7.2 percent total pressure drop.

The design space heat release rate and the exit
temperature profile are fwo aspects requiring
further development work, At this time a full
scale air flow rig has not been used. General
Flectric's past experience with similar

burners, and the test program and demonstrated
performance to date are cncouraging, Overall
the CE1/J5P main burner does not {all into one
of the major risk categorics.

6.1.3 Turbine

The turbine 13 designed for 8 gas temperature

of 2,250° F inlct temperature at takeoff, in climb
and fn acceleration, and for 2,200°F in cruise.
Cruisec cfficlency is 90.3 percent.

The GE4/J5D turbine work output requirement is
such that the two stage turbine easily meets this
work requirement, General Electric has other
operatlonal engines such ag the J79 and J93 run-
ning at these turbine work and efficiency levels.
The turbine 18 therefore a conservative aerydy-
namic desism, The design offers the flexibility
to extract more v.ork If this should be required
during engine development, The acrodynamie
performance of the GE turbine is not considered
a risk item,

Mechanically, the first stage turbine blades
operate at o tensile stress of 13, 300 psi at the
critical scction and have an averago metal
temperature of 1,550°F, Total cooling flow 18
12.3 percent,  The blades are mede of cast
Rene’69, the first stape vanes of cast X-40, and
the other vanes of Renc' 77. Thero 18 a pessibility

that GE may have Cesign problems with film
cooling development and achievement of the
desired material properties in Rene' 69, or
coating problerw {f Rene' 100 i{s used as a
substitue, The GE4/J5P turbine blade life is
therefore classificd as a Category 1 risk item.

8.1.4 Afterburner

The maximum afte.burner (A/B) gas tempera-
ture is 2,840°F, Afterburner entry temperature
in cruise i8 1, 600°F. Augmentor temperature
rise in cruise is about 300°F, and afterburner
chemical combustion effictency is about 99
percent, :

The GE augmentor {8 based on actual fiight
experience with the J79 and J93 engines. An
important question {8 one of commercial life of
augmentor parts. General Electric has sct a
desipn life goal of 4,000 hours without repair.
Attainment of this goal will be difficult. Be-
cause of the parts life question at this time and
the consequent cffects on airplane diepatchability,
the augmentor life is classified as a Category 2
risk itom, :

6.1.5 Nozzle/Reverser .

The lack of substantiating test data from models
exactly duplicating the present two-stage ejector
nozzle design, the apparent inexperience of GE
with this particular cjector concept, and the
strong cffects of nozzle performance on payload-
range, make the nozzle a Category 2 dcvelopment
risk item,

The thrust reverser should perform as quoted by
GE, but the life and reliability factors make this
component a Category 1 risk item.

6.1.6 Engine Weight

Bocing does not fecl qualified to present a
dctailed nnalysis of the weight of the GE4 engine,
There exists no operational precedent for the
nozzle-thrust reverser aystem as offered,
DBecause of this, there is cvery reason to con-
sider the possibility of weight increase above
the prescnt engine company cstimates. This
factor, togcther with the consequences of over-
weight on airplanc performance, classify the
weight of the GE cngine as a Category 2 develop-
ment risk, : :

6.1.7 Controls and Engine Dynamics
General Electrie §s offering a control system
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which 1s virtually identical to previous operation-
sl control systems. The compressor variable
stators offer a degree of flexibility in engine-
inlet comnpatibility problems.

General Flectric has an experience background
that s directly applicable to control system
simulation and has shown that this simulation
gives realistic predictions,

Afterburner light-off does not preeent problems
for the inlct even with a delayed light-off. The
afterburner operates during most of the mission
under auto-{gnition conditicns. A computer run
with forced blow-out showed engine airflow
iransients within Eoeing limits,

The GE1/35P cngine will probably experience a
momentary compressor stall due to an inlet
wnstart, The main Surner will rematn lit at all
times. The afteyburner will probably blow out
but will auto-ignite within a fraction of a second.

General Electric has initiated a well defined
program on compressor surge margle and
distorticn tolerance. Distortion test data for
the oight stage compre zsor looks good for this
phase of the program. Howuver, the nine stage
compressor differs significantly from tho eight
stage demonstrator (aspect ratio of first stage
blades of 2.4 and 1,3 respectively).

Thus tho distortion tolerance of the nine stage
compressor remains to be demonstrated, In
case of persistent distortion or dynamic control
problems GE can Incorporate the variable stators
in the high response part of the control system.

For these reasons, the controls and dynamics of
the GE1/J5P cngine constitute a Category 1
development risk,

6.2 PRATT & WHITNEY JTF17A-213 ENGINE

8.2.1 Fan and Compressor

At sca level static design conditions the fan has

a tip specd of 1694 fps, a tip relative Mach
numnber of 1,67, and efficicncics of 78.8 percent
for the outer annulus, or duct side, and 88,8 per-
cemt for the inner annulus, or engine side, At
cruisc the cfficiencies are 80.8 and 89,8 percent,
respectively,

The fan is 8til] in an carly deveiopment state and
performance goals have not been demonstrated.

The lack of disturtion testing together with the
fluid state of the faa desipn, make the achiove-
ment of stated fan performance goals a Category
1 development risk item.

At sca level static the six-stage HP compressor
hae a desi;m pressure ratio of 4.84 with 85.9
percent efficiency. At cruise the efficiency is
86,8 percent. The HP compressor design is
still in a carly development state, performance
goals have not been demonstrated and distortion
test results are not available, These factors
indicate that the HP compressor is a Category 1
dcvelopment risk, Considering that the HP
compreasor must be developed to accept fan hub
flow, the overall cumpressor section of the
JTF17A-21B {8 viewed as a Category 2 develop~
ment risk,

6.2.2 Main Burner

The main burner {3 an annular ram induction
burner with a burner efficicncy of 99 percent.
The burner liner peak teinperature is 1, 800°F
to 1, 850°F.

The ram induction concept is new, and no flight
experience is avallable as a technological base.
However, test performance to date is encourag-
ing and there {8 reason to believe that P&WA can
achicve their goals. The muin burner thercfore
dces not fall into one of the risk categories.

6.2.3 Turbine

The turbine i8 designed for 2, 300°F turbine gas
fnlet temperature at takeoff and acceleration,
and 2,200°F {ncruise. The cruise efficiencies
for HP and LP turbine are 86.9 and 88,0 per-
cent,

The JTF17A-21B turbine {8 a highly loaded
acrody.amic design with high cascade Mach
numbers and low exit hub/tip ratics, Il appcars
that the cfficiency will be difficult to achicve as
the specificd rotor tin clearances of 0,02 - 0,035
inches will be difficult to maintain in opcrational
engines, An increase to a8 mare conventional
0.08-inch clearance will cost about 2 percent in
turbine efficlency. The JTF17A-21B turbine
acrodynamic pertormance is classificd as a
Category 2 development risk ftem,

Typically, a fan engine turbine blade has rather
high stresucs at mid span, The average metal
temperature of 1, 640°F together with the con-
vection tapo of cooling, and the material sclected

V2-D2707-14

CONFIDENTIAL



10

CONFIDENTIAL

fer the turbine blades (PWA 658), make it difficult
to ohtain the stated creep life of 10, 000 hours,
The JTF17A-21D turbine life {s classificd as a
Category 1 developinent risk item,

6.2.4 Augmentor

The augmentor, a ram Induction burner, is
designed for 8 maximum gas temperature of

3, 140°F and a maximum temperature rise of
2,800°F, The nominal cruise temperature rise

is around 930°F at a chemical combustion
cfficiency approaching 100 percent. Film cool-
Ing of the liner results in metal temperatures of
1, 200°F to 1,400°F in cruise. Light-off occurs st
a fucl to air ratio of 0. 002,

The bucner concept is new, and s without past
supcrsonic flight experience as a technology base.
The augmertor must perform under a wide range
of flow conditions from the fan; and at high
combustion efficiency levels. Because of the
cffect of duct burner cfficiency on cruilse SFC

the duct burner is classified as a Category 2
development risk {tem. These comments are
based on stcady flow operation. Duct burner
dynamic considerations are treated later.

6.2.5 Nozzle/Reverser

Although P& WA tests tend to substantiate the
nozzle performance level at supersonic cruise,
further development 18 required to achleve the
nozzle performance goals at other flight condi-
tions, In view of the strong affects of nozzle
performance on airplanc performance, the
nozzle {8 considered a Category 2 development
risk item until specific tests prove that the
pcerformance levels can be attained.

Pratt and Whitney Afrcraft reverser model tests
{ndicate that the reverse thrust design goals will
be met. However, control of reverse gas flow
dircction and distribution I8 expected to present
problems with the present desiym, In which the
flow must exit through the blow-in-doors. The
flow angle is such that the flow could attach to
the engine nacelle and enter the engine inlet,
For this rcason, the reverser concept is
considered to be a Category 2 risk ftem,

6.2.6 Enginc Welght

Docing doca not feel qualified to make a detatled

analysis of the welght of the JTF17A-21B engino.
There eoxists no precedent for the offored nozzle-
thrust reverser system.and targeting require-

ments to avold ingestion and Impingement on
aircraft surfaces, may lead to a weight increase.,
There i8 rcason to expect a weipght increase in
the engine fan/compressor as a part of the e1.ort
to achicve the required steady state distortic-.
and dynamic distortion tolerance.

Thesc factors claseify the weight of the JTF 17A-
21D as u Category 2 development risk item,

8.2,7 Controls and Engine Dynamics

Based on the analysis avaiiable at this time,
there are several areas of concern relative to
the P&WA control concept.

In the duct heating turbofan cycle, the {an inlet
airflow responds very quickly to downstream

duct pressure condit’ons because pressure
transicnts downstream of the fan can travel up-.
str.am, through the fan. For this reason,
transients due to duct heater ‘ightoff, duct

heater blowout, changes in augmentation level,
and normal fuel flow transicnta, can cause fan
airflow variations. In the P&\WA ergine contraol
system these airflow transienta tend to be damped
during duct burning by the variable duct nozzle,
which 18 controlled by measurement of duct air-
flow. This flow is measurcd by a pitot tube
located downstream of the fan and upstream of
the duct burner, The purpose of the measurement
is to keep the total fan inlet flow constant at any
power sctting above max dry. Several aspects

of this control concept are of concern:

a. The pitot tube must sense total to static
presrure differences accurately in a strecam
flowing at around Mach 0.5. A rcliable and true
indication of airtlow by this technique is a
difficult instrumentatfion probiem. This is mainly
due tn the effect of steady state and /or dynamie
changes in the radial or circumferential pres-
surc profiles at the pitot tube (in contrast to
pressure changes without profile shifts). Such
changes could originate upstream of the fan,
within the fan itsclf due to changes in operating
conditions, or from internal duct pressure
disturbanees.

b. Because changes in fan inlet flow will
occur as the direct result of the duct transients
described above, the HP compressor stall margin
provided In design, under Loth distorted and
fluctunting flow, must be adequate, lowever,
there are no provisions in this engine desiym to
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balanco the load between the fan and compressor
in the hub flow region (such as variable stators
and variable primary nozzle). PLWA data show
that 8 duct burner blowout will cause fan atall,
mainly because the duct pitot tube and nozzle
arca control cannot respond fast cnough. There
are no data taken either on the fan or compres-
aor rigs to date which show that this compressor
or fan design can tolerate the resultant distur-
bances or distortion,

c. In the event of sufficiently large duct
pressure transients causing more than a four
percent incrcase in indicated duct afrflow, the
present control antomatically shuts off the duct
fucl low. An airflow transient greater than
four percent will result in a duct hcater blow-
out, which requircs a shutdown of heater fuel
flowv. This fuel flow shutdown is esscntial
because an uncontrolled heater relight is
unacceptable, Only a controlled relight at
minimum fuel/air ratio produces sufficientl;
small airflow transicents. Relight at high fuel/

air ratios would produce unacceptable airflow
transients,

At the present time, the P&WA dynamic analysis
procedurcs are not sufficiently complete to allow
a study of the control of the ducted fan cycle ia
depth; and fan/compressor component tests to
determine response to dynamic pressure dis-
turbances have not yet been performed. Such
work is planned by P& WA {n the development of
the JTF17A-21B engine.

Because of the unknowns regarding the control
system concept, and because the response of the
engine system to transient disturbances may, to
a certain degree, be fundamental to the turbofan
cycle, Boeing believes the control and engine
dynamics represent a Category 3 development
risk. This ig believed to be true until sufficient
component and/or engine testing, together with
detailed mathematic model studies, have shown
that no fundamental problems cxist.
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7.0 INSTALLATION DIFZ £R].NCES

The tastalled performance of the engine in the
airplanc depends upon the physical position of
the powerplant with respect to other components
as well as thoe interaction of the engine and the
airframe. The following discussion will be
devoted to differences between the B-2707 (GF)
and B-2707 (P& WA) with respect to safety,
maintainability, life, and structure.

Performance comparisons will be made only
when a significant effect upon installed perfor-
mance 18 Indicated due to the arrangement or
oocration of the engine, The intent is to
present an overall comparison of the two
engincs as a functional part of the B-2707 afr-
plane,

7.1 REVERSE THRUST

The reverse thrust performance is compared on
the Lasis of normal as wzll as emergency perfor-
mance margins. The [irst is related to airplane
kinctic energy and brake life while the second can
be evaluated primarily in terms of safety. The
GE powcred alrplane is superior when normal
larding conditfons prevail due to the greater
amount of reverse thrust available from the
cngine. The comparison of the amount of kinetic
energy reacted by four engines is:

GE o PLWA o
31.5 X 10° ft-1b 19.1 X 10° ft-1b

When a comp=arison is made bascd on a landing
where the brakes have complelely failed, it shows
that the valuc of reverse thrust provided by the
General Electric engine will reduce the landing:
roll by 800 It morc thai the P& WA cngine. This
is hascd on a reverse thrust statlc difference
between the engines of approximately 10, 000 lba
(rcverse thrust for the Pratt & Whitney Alrcraft
cnpine 1s 14, 030 1b while reverse thrust for the
General Fleetric is 23,200 1b, The General

Electric-powered airplane rolls 5,500 & under
these emergency conditions, while the PCWA
engine-powerced airplane will roll 6,300 R aft=r
touchdown. With the use of reverse thrust as
well as the brakes for a normal reaction tirme
from the pilot and average runway conditions«, &
difference in landing distance of 100 ft can bx
expected as shown in Fig. T-1,

The efficiency of the {nstalied reverser system

is greatly influenced by the design of the reverser-
stabilizer region where a portion of the reverse
flow i3 directed forward over the top of the
stabilizer,

Due to the more forward location of the General
Elcctric cngine, the position of the reverser
doors on top of the stabilizer tends Lo be
1estrictive as to the portion of the periphery
which can be opened to allow the use of a rever-
ser. The P&WA reverser doors are located in a
more rcar location and therefare can be larger
duc to the increase in rozzle periphery area
available., (Sce Fig. 7-2 for reverser door
locations.) Although this accounts for only 3/11
of the total periphery, it is the flow in this region
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 charging the airplene drag and hence the
cffective rceverse thrust,

7.2 SIZE AND SHAPE

7.2.1 Dimensions and Weight

The General Eleciric engine is {nstalled in a pod
which is 446 in, long and weighs 14,312 1b, while
the Pratt & Whitney Afrcraft engine is installed
in a pod which 18 345 in. long and welghs 13, 84S
Ib, The diffcrence in the maximum diameter
between these two pods §8 1,0 in, (89 in. for the
General Elcetric and 88 in, diameter for the
Pratt & Whitney Afrcraft engine).
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Figure 7-1. Lending Roll Distence

Table 7-A showe several significant weight
differences. Part of the weight difference of the
total installation is due to the engine supporting
structure.

7.2.2 Horizontal Stabilizer Trough

The diffcrence in pod length and the location of
the reverser doors makes the trough in the horf-
zontal stabilizer upper surlace significantly
different In the two inatallations. Due to the more

forward location of the General Electric engine, it .

4 nccessary to inceease the angles which are
part of the fairim; hetween the nacelle and trailing
cdige of the stabilizer, Figure 7-3 shows the
angles in the trough reglion above the nacelle, 1t
shows that the trough angles associated with the
GFE installation ure steeper than those for the
PLWA cnginc installatton,

~.2.3 lLoads

Duo to the larger sizo of the GE poworplant pod,
the aorodynamic loads aro from 2 to 8 porcent

higher. The diffevences in shcer 'oads and
moments are shown in Tabla 7-1t, The table also
shows that the loads due to engine sefzure are
mucii greater in the case of the General Electrie

erngine,

7.3 SAFETY

7.3.1 Inlet Protection

The probability of {1 gestion of foreign materials
thrown by the landing wheels is the same for the
two cngines. The further aft location of the
P&WA pods {8 a small advantage in avoidance
of Ingestion of hard objects, such as rocks,
concrcte fragments, etc., and a amall disad-
vantage In avoldance of water and slush spray.,
These conditions vary with roliing spead and
quantity of foreirn materfal on the runway. The
inboird and outhoard flaps provide a large mea-
sure of inlct protection for both engine installa-
tions, and in this respect, 1o substantiel
utfference between the two engine types cxists,
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Table 7-A Weights

PLWA LBS GE LBS
hlet 9, 940 8,260
Diverter 200 180
Cowl and door | 4,160 3380
Engine cowl panels 800 _ 1,820
AR engine cowl - 800
Table 7-B Nacelle Loads
PLWA GE
Magnitude Magnitude
Resultant Load Acting at Engine Pod, C.Q. (Max) (Max)
Aerodynamic sideload on entirs pod 33,500 1b 34,500 1b
Moment due to acro. sideload on entire pod 3390 in-kips 3660 1n ki
Aerodynamfic vertical load on entire pod 22,300 1b 23,000 1b
Moment due to acro. vertical load on entire pod 2260 in-kips 24401n-ki
Poll moment due to engine seizure 820 in-kips 33704n ki

2ngine mounting system loeding

7.3.2 Ingestion

The General Electric engine has a better capabi«
lHty to ingest forms of ice which the airplane may
encounter. The General Electric engine is guar-
antced to continue to run after ingesting 3 in.
diamcter hailstones while the DPratt & Whitney
engine has been guarantecd for 2 n, diameter
hail. A similar difference exists when comparing
the angine manufacturers' stated capability for
fce slals Ingestion. The GE engine can ingest 2
in. thick slabs while the P&WA can ingest only
1/2 in. thick slabs,

7.3.3 Windmili Power

The afrpianc has been des'gned to provide for
control in casc of the simultancous failure of all
four engzines, To maintalin this control a mini-
mum horsepower sequlrement has beon
establizhied which will provide for actuation of
the ncrodynamic control surfaces as well as
emergency subsystems,

With the Pratt & Whitney Alrcraft engine, it is
possible 1o extract G5 hp from the auxiliary drive
system on each engine while it §s windmailling,
This amount of power {8 sufficient to provide the -
emergency power required to control the airplaae.

Since the General Electric engine cennot deliver
the require i horscpower while windmilling, a
retractable ram air turbine will be installed in
the wheol well,

7.3.4 Rotating Machinery

With the engines pods mounted on the stabilizer,
it 18 desirable to place the rotating machinery at
a station location which is as far aft ns possible
and thus provide no interference with other air-
plane components in case of engine failure, The
design criteria uscd for locating the engine are
such that {n the planc of the rotating machinery,
there will bo no primary system elements which
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could be damaged In case of a failure of the
turbine or compressor.

“The location of the rotating machinery in the
G:neral Electric engine {nstallation of ths air-
plane is farther forward than in the Pratt &
Whitney Alreraft engine installation, This for-
ward location of the {nbhoard engines limits the
storage ' fucl In the stabilizer {n the region
uwbove the compressor of the GE engine as shown
s Fig. 7-4. With thy farther aft location of the
compressor {n the Pratt and Whitney Afrcraft
engine, it s possible to uge additional portions
of the stabllizer trailing edge for tankage and
thus increase the fuel capacity by 5628 lbe.

7.3.5 Fire Protection

The possibility of an engine primary combustor
burnthreugh due to burner can fallure is reduced
in the P&\WA engzine compared to the CE engine,
because the primary burner is surrounded by
the low pressure engine fan ducting which would
block and contain the burnthrough,

7.3.6 Mode Sclector

The greater number of modes will require more
attention from the flight erew of the B-2707 (GE)
airplane. The croew attention factor {8 compensa-
ted by the fact that in the P&WA englne it {8
necessary for the flight crew to adjust the exhaust
gas temperature, {lowvever, this adjustment will
be made infrequently, It will also be more
difficult to provide sultable linkage adjustments
between the selector valve on the GE engine and
the control on the flight deck, The GE selector
valve requires the use of five positions and an
angular travel of 132, while the P&WA engine
requires only three positions with a total travel
of only 90, The P&WA selector valve has more
generous allowances for the deadband at cach

cnd of the travel, A comparison of the positlons
for the sclector valves s shown below,

P&WA GE
Windmill Drake

Shutdown Shutdown

Run Descent

Sccondary Alr Run

Cruiso & lolding

7 4 MAINTAINABILITY AND LITE

7.4.1 Accessories

The difference between the two cngines with
respect to location of engine mounted acces-
sories makes the acecessories on the General
Electric engine operate within an ambient temp-
eratuce arca 150 F above the | ‘mperature of the
engine mounted accessorfes on the Pratt &
Whitney Alrcraft engine, :

To partially offset the more scevere environment,
the accessorjes cn the GE enginc have been
grouped into a capsule which has a doublc walled
fnner surface that is provided with a supply of
cooling air. Additional cooling is attained from
the fuel components in the compartment. Since
the accessories on the Pratt & Whitney Afreraft
engine are mounted {n an ¢xposed arrangement
around the bypass air aucl, the ambicent temper-
gturc will be only 550°F, This makes it unneces-
sary to nrovide a separate cooling compartment
although fuel cooling i8 uLed for those items which
are especially temperature scnsitive,

The location of the augmentor on the two engines
docs not significantly affect the temperature of
the components mounted on the engine compressor
case. The P&WA engine depends upon duct heat-
ing for thrust augmentation, while the GE engine
depends upon the afterburner. Generally, only
smal; quantities of augmentation are required
during cruise flight and the duct heater effectively
provid:s an additional layer of low pressure
cooling air between the majn burner and the outer
cngine case,

Therce 15 no significant diffcrence between engines
in terms of maintainability, This is duc to the
fact that the pod cowling provides the cover for
the capsule on the General Elcetric engine, To
galn access to either engine accesscry areca it will
bhe neer ssary to open the cowl panels., The
accessories in the compartment of the GE congine
arc packaped closer together and require sdd-
itionai time for rervicing, The package concept
will preclude the use of more than onc mechanie
at a time working on accessories, Distribution of
accessories around the outride of the PLWA cngine
makes it possible for more than ono
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mechanic to work oa engine accessories simul- 7.5 OPERATIONS
tancously, The number of controls for mode selection and

thrust control are the same for both engines;
7.4.2 Accessibility v . |
The inspection of the P&WA engine interlor bo“ev.c.r. it 18 necessary to provide s manual

trim capability in the Pratt and Whitney Alrcraft
through hatches will require more time because X . h PR

. engine to compensate for exhaust temperature in-

of the concentric duct around the primary com- s .  Qirgers .

N : The GE engine will require the creases with engine usage. Since both engines
p““‘_"‘l“;“'| c‘ 1 cngine to a('lh the same have instrumentation which provides information
rcmo'\:) o 0';”{ ..":h';" aw\er reac on exhaust gas temperatures, there is no difference
equivalent point w n the engtne. with regard to number of flight deck displays re-

quired,
-
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8.0 MAINTAINABILITY, RELIABILITY, AND SAFETY

8.1 MAINTAINABILITY

Maintatnabitlity involves the evaluation of main-
tenancs effort and maintenance time, Mainten-
snce cffort is the product of maintenance
frequency.which 18 primarily a fuuction of
reliability,and maintenance manhours which is a
product of the number of men required and the
time required to accomplish a maintcnance task.
This cvaluation directs ftself to camparing the
expected task time andr * v of men required

to maintain the respective engines by review of
the designs for maintenance featurcs and com-
paring stated objectives by both manufact irers.
This review does not emphasize the frequency
of mrintenance. The frequency of maint.nance
must be derived by the reliability evaluation,

8.1.1 Engine Comparisons
A comparison of GE4/J5P and JTF17A-218B en-
gines is presented in Table 8-A.

Table 8-A. Maintainability Fcatures

r - -
Feature

P&\ JTF17A-21B

GE4/J5P

(1) Maintenance frequency
(a) Dcsign life objectives

with repair
Major Cascs
Discs and Rotors
Easlily rcplaceable parts
Compressor blades
Turbine Dlades
Sheet metal and wear surfaces

(b) Unscheduled maintenance rate

(c) Inspection frequency
Hot Section Inspection

(&) TBO Goals

(2) Maintenance Manhour Goals
Unscheduled Line
Schedu!lced Line
Repuir and Overhaul
Fngine Scctions (Typical)
RRemove and Neplace

50, 000 hours
20, 000 hours
10, 000 hours

.200/1000 E.H.

5000 hours
Also on-airplane
borescope provided

5000 hours in
4 ycars with on-
condition objective

None stated
None stated
None stated

unlimited with repair
36, 000 hours

18, 000 hours min,
12,000 hours min,
12, 000 hours min,

.250/1000 E.H,

No time stated. On-
airplanc with borescope

No hours stated,
On-condition objective

31.7 MMH/1000 E. H,
115.3 MMH/1000 E. H,
500.0 MMH/1000 E.H.

Exhaust Duct/Case 9.5 Elapscd hours 1.9 Flapscd hours
18.0 Manhours 4.9 Manhours

Front Scction Assy (Fan-PLWA) 3 Elapscd hours 4.2 FElapscd hours
(Front Frame - GE) 5.0 Manhours 10. 0 Manhours

Turbino Rotor 9.5 Flapaed hours 9.5 Elapscd heurs
31,0 Manhours 20. 1 Manhours

Combustor 7.0 Flapscw hours 9.0 FElapscd hours
21.5 Manho':.. s 22.2 Manhours
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Table 8-A. Maintainability Features (Concluded)

Feature P&W JITF17A-21B GEA/J5P
(3) Acceesibility/Packaging on-airplane
Oil and Fuel Filters and Screens GOOD GOOD
Borescope ports GOOD GOOD* .
Ignitors and Fxcitors FAIR GOOD
Bearing Replscoment GOOD GOOD
Engine Components GOOD GOOD
Compressor blade replacoment FAIR "FAIR
Fueol Nozzles _ FAIR GOOD
(4) Accessibility/Packeging
Off-airplane
Bearing Replacement GOOD GOOD.
Compressor Blade Replacement FAIR GOOD
Turbine Stator Vanes GOOD © GOOD
Turbine Blade Replacement FAIR GOOD
Major Sections FAIR GOONn+
{5) On-Condition Maintenance
Program
AIDS program FAIR GOOD
Inspection FAIRR GOOD
{8) Maintenance Material Costs :
(a) Rework capability GOOD GOOD+
(t) Dollars/flight hours Not Stated Not Stated
8.1.2 Evaluation
An evaluation of the maintainability fcatures for -
the GE4/J5P and JTF17A-21D engincs is pre-
sented in Table 8-B, ,
Table 8-B, Engine Maintainability Evaluation
X Total PuwW .
Evaluation Item Points JTFI7A-21B GE4/35P
1, Maintenance Frequency 10 10 8

P4WA engine has lower premature
removal rate than GE engine, GE's
deolgn life goals with repatr are higher
by a factor of 1,2 to 1.8 than P&WA.
The indication 18 that more repair will
be required on the GE. Inspection
frequencics are about the same although
GE has not stated a HSI frequency, Both
manufacturcrs nre planning on on~
condition repatr, Inspection frequencies
will have to be established to support this
concept,
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Table 8-B. Engine Maintainability Evaluation {Continued)

Evalualion Rem

Total
Polints

Puw
JTFITA-21B

GE4/35P

Maintenance Manhour Goals

PLWA has not provided engine maintenance
marhour goals, GE has provided MMH
goals. P&LWA and GE have both providei
clapsed time and maintenance manhour
goals for individual cngine components,
The goals provided by GE appear to be
opiimistic. P&WA component goals

appeur realistic. P&WA was reduced 8

points for not providing total engine goals.

Accessibility /Packaging On-Atrplane

PLWA components have been packaged
and well located for enge of removal,
Pods have been provided to hold the
heavy engine componenis for removal
and repiacement, GE har packaged
most engine components in a module
thus requiring opening of & second
cover, The componcnts in the module
are difficult to remove individually
witli the modul2 on the engins. The
module should remove casily,

Accessibility /Packaging Off-/.irplane

GE has modularized the enginoe for
replacement and repalr of major
engino scctions and components in
tho shop, Tho P&WA engine i
much the samo a8 present PAWA
engzines In its modular sectioning,
The GE design should reduce repair
and overhaul time considerably in
comparison to P&WA engine.

On-Cordition M:intcnance Program

GE has defined on-condition determination
recuirements, and incorporated design
fecatures to facilitate these Inzpocticns,
GE's progrem for the afrcraft integratod
data system dovelopment s well thought
out, Test parameters and test points

aro well defined. PE&WA does not have

as good a program and docs not appear

to have done ns much detalled work ia
clther arcs when compared to GE,

15

10

J0

10

10

21

11

18

15
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Table #-B. Engine Maintainability Evaluation (Concluded)

Evaluation Item

Total PLW GE
Points JTF17A-211 GE4/35P

6. Muintenance Material Costs

Nefther engine manufacturer has
provided any information or data on
maintcnance material costs, In
revicewing both engines for features
which affect this cost, it s ev' . o

that GE has done considerable wurk

to provide extra strength for reworking
frames, blades, sheet metal, ete, B
s nollceable In many arcas that P&WA
has actually lightcned parts and sections
uvver previous PE&WA engzines, thus reducing
the reworkabllity of the engine,

20 3 5

TOTAL

(100 possible) 65 81

8.1.3 Conclusions

Viewlng the two ¢ngine designs from a pure
maintainability standpoint, the GE4/J5P engine is
better than the PEWA JTFITA-21D engine. The
maintenance frequencies do not appear to be
drastically diffcrent. The on-airplane mainten-
ance cffort should be about equal except for
internol inspections and onboard capability, The
GE4/J5P has better provisions for tnternal
inspcetion. The onboard inonitoring of the
engines could be brought to an equal capability
during Jesipgn and was not considered as a major
discrepancy on the part of the P& WA engine.

The major differenco between the engines is scen
in the off-airplane repair and overhaul, The
GE4/J5P 18 superlor to the PLUW STF17A-21B
bhecause of 1ts modular construction which

should result in a lower clapsed time and cost
for repalr and over! aul,

8.2 RELIADILITY

8.2.1 Dasic Engino Design

The scctions of both engines are evaluated with
respect to acceptable lHfe capability and infre-
quent faflure potential (refer to Table 8-C).
The criterin applicd include the manufacturer's
experience with the particular design, relative

complexity, and use of design {eatures which
specifically ald reliability.

Pratt & Whitney Afrcraft has the benefit of sub-
stantial experience inceting the high reliability
requirements of airline engines, while the GE
military engines are produced with a lower reli-
ability factor. Overall the two offerings are
rated about cqual on basie engine design consid-
cratjons (Table 8-C).

8.2.2 Reliability Goals and Apportionments

Pratt and Whitney Aircraft scores higher thun

GE for inflight shutdown and augmentation loss
rateg. Premature removal rates are about

cqual, Relability growth also {avors P&WA for
carly flight and mature cngine gouls. The time
base for the carly flight goals as stated Is not
definite, P&WA gives carly flight goals while the
GE goals arc for the end of Phase Il development,
However, P&WA I8 given the better score because
the carly goals arc much higher,

Evaluation of faflure rate apportionments is
based primarily on the credibility of the faflure
rates stated for the varfous engine components,
and the relative magnitudes offcred by each en-
gine producer for the same cngine scctions,
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The overall score under rellability apportionment
on the accomnpanying Table 8-C favors GE be~
ecause of better recognition of the difficulty of
radically reducing [atlures as demanded by SST
system reltabllity with such severe operating

and environmental conditions. The higher overall
engine failure rate offered by GE is compatible
with S5ST system reliability,

8.2.2.1 Lils

Evaluation of the desiyn life objectives of the en-
gine sections is based on the magnitudes of the
preposad life values in relation to the severity of
the respective operating condlitions and environ-
ments of the engine acctions, These factors are
combined with the relative experience of tvs pro-
ducers with the particular types of components.
The scoring appears in Table 8-C.

§.2.3 Relirbility Proyram

The prograns of the two engine producers are
basically cquivalent, Both employ staff organiza-
tions which sypport engincering and have well
defined resporsibilities. The GE program activity
18 more cxtensive and makes use of sophisticated
tools and procalures, The P&W program dirccts
emphasis to arcas known te have the greatest
ctfects on engine problems tn commercial
service. Training is emphasized in both pro-
gramae.

P&W experience in acivities to attaln the high
rehability levels demanded by commerctal alr-
{ines should ald the conduct of an cffective relia-
biljty program, The GE program activity must
undergo re-orientation from military to commer-
cial environment, -
Test plancing, monitoring, and data fecedback is
systematically and effcetively planned by hoth
companics. Computerized storage and retricval
of hintorical reliability data appears equivalent
in both programs, Both companies cxhibit con-
structive attitudes toward the potential retiability
problems In theie proposcd engines.

?.2.4 Rolability Evaluation Summary

The overall secore ta Table 9-C lavors PLWA,
The first component of the total score, Basle
Engine Deslgn, represents capability of the hasle
ergine to achieve Hife and relizbility goais with
respect to manufacturer'a experience, relative
engine complexity and use of design features

specificully to aid relfability. P

Atrcraft is slightly Imroradt.y Tb::cmwmw
Reliability Goals and Apportionments, reflects the
magnitude and credibility of established fallure
frequency goals. Pratt and Whitney Alrcraft re-
ceives 26 points to GE's 19, The third scoring
component, Life, deals with the respective mag-
nitudes of the proposed life goals in the light of
saverity of operating conditions in the varinis
engine sections, The P&WA score is 12 o 10
for GE. The final area of acoring is the esti-
mated effectiveness of two rellability programs
in increasing the reliability of the engine uiti-
mate'y produced. Here the companies recelve

equal scoring.
8.8 SAFETY

8.3.1 Engine Rotating Machinery Safety

The General Electric and Pratt & Whitney Alr-
craft engines prc; - sed for the SST airplane both
require containment within the engine case of
failed compressor and turbine blades, stator,
and guide required by FAR 33,19, The

fan duct on the P&EWA engine provides greater
t{nherent encrgy absorption mass than {s pro-
vided with the GE turbojet engine, The fan duct
provides an added protection against comprcssor
ard turbine disc failures which is not part of

the turbojet engine. This is not true in the fan
scction where the fan blades extend to the engine
outler case,

The PGWA engine is shorter than the GE engine,
On the B-2707 alrplane, the shorter P&WA cengine
has an advantage In placement which results ina
better placemant of ratating machinery. Both
engines are located with the aft end of the exhaust
nozzle 50 In. aft of the horizontal stabillzer
trailing cdge. This places the rotating machinery
on the PEWA engine aft of the main fucl tanks,

To obtain the sume rotating machinery location
for the GE cngine would result in a weight and
balance penalty,

5.3.2 FEngine Fire Safety
The P&WA fan cengine has three Inherent fire
safety advantages:

(1) The engine case temperatures at the
aft end of the engine cavity are 300°F lnss at
supersonic cruise. This reduccs the /ity
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Table 8-C. Reliability Evaluation Summary

BASIC ENGINE DESIGN (35 Puints)

Compressor {(and Fan)
Combuntor
Turbine
Augmentation
Exhaust Nozzle & Reverser
Accessories & Controls
Bearings & Seals
Suhtotal

GE

PLWA

= o= e

AL

o dtnthd b tn

|
=

RELIABILITY GOALS & APPORTIONMENTS (30 Points)

Overall Engine — Inflight Shutdown Rate
Augmentation Loss Tate
Premature Removal Rate
Growth — Early Flight Goals
Mature Engine Goals
Apportionment — Compressor (and Fan)
Combustor
Turbine
Augmentation
Evlaust Nozzle & Reverser
Accessories & Controls
Bearings & Scals
\ Subtotal

BB N8I A9 B3 et et DY et el

19

gnnnunnuuuuuu

LIFE (15 Points)

Compreossor (and Fan)
Combustor
Turbine
Augmentation
Exhaust Nozzle & Reverser
Accessories & Controls
Rearings & Seals
Subtotal

-t B NI =0 N P=b bt

10

NN

12

RELIABILITY PROGRAM ELEMENTS (20 Polnts)

Organization

Integration with Design Engincering

Fxperience

Coordination with Alrframe Contractor

Test Planning, Monltoring, Data Feedback

Historical Data System

Prodiction Analysis Mcthods

Faillure Mode and Effcet Analyscs

Faocilities

Attitude Toward Potentlal Problems
Subtoal

TOTAL SCORE

NN N

18
k(]

N NNINNON

18
87

V2-N2707-14

e e |

m ;.--.1 [

»
[

- 4

g B qpon B e RS conen B aneun B R

r—



«'f temperature and reduces the possibliity of
spontanecus {gnition of fuel from a ruptured line,

() The air flow through the cavity on the
P&WA fan s less because there is no variable
stator leakage Into the caviiy as there is on the
GE turbojet. This reduces the amount of air
available to support combustion,

(3) The PLWA fan s not as susceptidle to
engine case bure through from the primary com-
bustor as the GE turbojet because the fan duct
and fan dact air flow provide a barrier. Thers
is, however, r.o equivalent barrier for the duct
heater comtustor which is similar in design
to tha primary combustor., Since the PEWA
engine uses the duct heater throughout moct of
the flight, the advantage may be in reduced flame
pressure of a burn through,
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9.0 DEVELOPMENT PLAN, SCHEDULES, AND F'ACIUT!EI

The engine develupment test plan of each mamu-
{acturer was reviewed In terms of quality and
quantity of teating, especlally engino endurance
testing.

General Flectric's development test program {s
supported by a detailed breakdown of the various
teats and achedules planned. Endurance testing
throughout the entire program has been empha-
sizced, with testing oriented about the SST
mission proflle conditions,

Pratt and Whitney Alrcraft plans a program which
ts tased on experience gained from past programs,
especially the J58 engine, An extensive and de-
tatled component test program is planned. The
engine test program parullels General Electric's
but cffers less test hours by engine certification
date. Ercdurance testing is planned with various
types of endurance tests defined. However a
summary of the endurance test hours or schedule
was not given,

9.1 DEVELOPMENT TEST SCHEDULE

General Elcctric plans a component test program
of over 300,000 hours, which includes 99,000
hours of testing on main engine components and
215,000 hours of testing on controls and acces-
sories components, subsystems and syctems,

The engine development test plan (shown in

Fig. 9-1) will use 29 engines to provide 25,000
hours of testing by atrcraft certification In mid-
1974, Three of theae engines will be run in the
AEDC facility and will accumulate 750 hours of
testing,  An additional 12,000 to 20,000 engine
hottes will be accumulated during prototype fiight
testing.

Pratt and Whitney Alrceraft prans a component test
program of over 240,000 hours, which includes
41,000 haura of testing on matn engine compo-
nents and 150,000 hours on contra!s and ncces-
snrica components, subsystems and systems,

The cigine davelopment test plan will use 18
eapin~a to provide 14,500 haura of testing by
eagine tyg.e certification in mid-1971 and is shown

12¢croo
in Pig. 9-2. An additional §3,000-hours will be
accumulated by mid-1974, airplane certification,

A comparison of the significant milestones and
test hours of cach engine test plan is shown in
Tabl. 3-A.

Boeing considers the GE prugram to be adeguate
for both component and engine development test-
ing. Endurance testing is well stressed during

thelir program.

Boeing considers the Pratt and Whitney Alrcraft
program to be adequate {or total component test-
ing., The cumulative engine test hours at engine
type certification is 14,500 hours and the PLWA
JTF17A-21B cngine will be certificated 12 months
earlfer.

9,2 ENDURANCE

Genern! Electric plans extensive engine endurance
testing. Over 20,000 hr of endurance testing in-
cludes: certification endurance (1,000 hry; accel~
erated cyclic endurance (4,000 hr); acccleratod
service cadurance (8,000 hr); accelerated margl®
endurance (1, 850 hr); and simulated service ea-
durance (6,000 hr). These tests span the entire
engine development program and encompass most
of the test engines from carly in the program
through airplane certification.,

During this test period, it is planned to accumu-
late high run times on individual engines. Under
the accelerated nand simulated service endurance
test programs, General Electric plans to run five
engines to 1,000 hr by engine certification and
slx engines to 2,000 hr by alrplane certilication,

Pratt and Whitney Aircraft plans an engine en-
durance program which includes the following
type tests:

e Typienl SST mission cycle endurance
e lLow cycle fatigue tesung of turbine airfoils
e Thermal fatlgue cycle testing of rotating parts

¢ Company FTS endurance

Vv2-P2707-14

B A .

Preceding Page Blank

e ety Sma — e o




TZST HOURS, (1,000 KB)

CUMULATIVE EXGISE
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Table 9-A. Engine T

est Plan Comparison

Flight Teut Engine Type Afrplane

Status (FTS) Certification Certification __}
General Electric (Mud-1969) (Mid-1972) (Mid-1974)
Total test hours 4,500 17,100 25,000
Heated inlet hours 1,600 8,000 13,090
futted turbine inlet o
temperature hours 1,850 9,360 14,450
Total endurance test hours 1, 950 12, 500 19,650
Pratt & Whitney Alrcraft (1*1d-1969) (Mid-1971) (M13-1974)

27 507

Total test hours 4,000 14, 500 F‘,—-éoe
Heated inlet kours 2,000 7,250 13,750
Rated fuibine inlet '
temperature hours 2,400 8,20 18, 500
Total endur.ance test hours 1,178 2,690 { —

9.3 FACILITIES

General Eleetric sians to use seven engine test
cells located at Evendale, Ohlo, to conduct thelr
factory development program, Two of the test
cella will Le new ram-~altitude cells to be con-
structed and ready for operation by January 1,
1968, An outdoor facility ot Peebles, Ohio, will
be us~d for reverser and nolge suppressor de-
vclopment and all-weather tecting, The facilities
at ALDC will be used ror guarantced performance
demonstrations und to conduct the inlet/engine
conipatibility test programs. '

Pratt and Whitney Afreraft plans to use ten en-
gine teut cells to conduct their factory develop~
ment program. Three of these <clls presently
exist: the others will be avallable during the
period 1967~1969, Pratt and Whitney Atreraft
will use the AXDC facility to conduct the Inlet/
engine corpatibility test program, For demon-
stratinr, guarantecd performance, P&WA plans
to ug’: their own altitude factlities,

Noeing conciders that GE and PA4WA hava pro-
vided adequate engine test facllities to accom-
plish their test programs,

9.4 ENGINFE DELIVERY SCHEDULES
Flpare -1 shows the engine delivery schedules
for cach engine, Included in the schedules are

V2-.B2707
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the fcur engines required to support the AEDC
tests and the Boeing propu'sion system ground

rig test program. The follow!ng schedule2

are in ccnroaance with the SST (light test programs

a. Gene' ol Electrie
General Electric has given {la i | ~livery dates
for four ground test engines with [irst shipping
date in October 1968 and for sixteen prototype
flight status engines with {irst stipping In July
1969, The first four prototype engines will not
be flight qualified engines, but will be modified
as necessary by GE alter the completion of
their flight qualification tests, Therefore, the
first Qight qualified engines will not be delivered
until September 1969,

General Electric plans to have fuar tvpe cerfl-
tied production engines available by September
1972,

b. Pratt and Whitney Afrcrafk
Pratt and Whitney Afrcraft has given firm de-
livery dates for four ground test engines with
first shipping date in October 1968 and for six-
teen prototype flight status engines with first
shipping in July 1969. All prototype engines
will be (ight qualified upon delivery. Four type
certified production engines will bo available
{n June 1972,
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This appendix contains a technical evialuation of
the component performance and mechanical

design for the two SST engine offeringa. Also,
consideration was given to the proposed control
systems, ervgine-inlet compatibility, and

} dynamic interactions of the uverall propulision

S

”

pa————y Prmvamm—— P——— Sy gty
. . A . .

system.,

This cvaluation {s based on information from

the two engine manufacturers throughout the §8T
Program. The most specific and recent infer-
mation was obtained during a visit by Boeing
representatives to the manufacturers' plants in
mid-July. and from preliminary draft copies of
patts of the Phasell-C engine proposal
documents.

Ta general, the propulsion system and compo-
nents for the SST represent an adance in tech-
nology over present flisht propulsion systems.
Beceause of this, each component of the engine
represents a development risk to some degree,
and each component considered was placed (n
onc of the three risk categories defined below.
Bricfly, component/system perfermance, life,
complexity, and weight were considered In
placing that item in a risk category. The
judgement factors uscd were as follow:

Design goals
Dcemonstrated performance
Past experience

Technieal capability
Design approach

In some instances, component desigm and
performance was, when measured against
today's demonstrated technology, of such a low
risk as to not warrant being placed in one of the
three major risk categories; t.e.. a normal
development program should ensure specified
performance.

Al.0 INTRODUCTION

The risk categories are:

a. Category 1 — The component or design
has some questionable aspects at this time.,
Some problems are forcseen, and an above
average success, in a well-run development
program. will be required to accomplish the
design oals. These performance goals will
probably be reached.

The SST Program implications are:

Increased devclopment progiam costs
Reduced parts life

More complexity

Minor program delays

b. Category 2 — A component placed (n
Category 2 suffers the same risk as Categrry 1,
hut to a higher degree. Morcover, additional
program implications are present, especially
if the goals are not reached. OQuite possibly,
not =1l goals will be reached, particularly in
carly commercial service.

The SST Program implications (additional to
Category 1) are:

Payload-range decrement
Increased DOC
Increased program delays

¢. Ca*egory 3 —— A Category 3 item 18 one
which Is a risk ftem as tn (1) and (2) above, but
has the potential of significantly affecting the
overall program. The attainment of specified
goals and performance is doubtful,

The SST Program implicaticns (additional to
Catecgory 1 and 2) are:

Major program delay
Major program rcdirection
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A2.0 GENERAL ELECTRIC GE 4/J5P ENGINE

A2.1 COMPRESSOR

The nine-stage GE4 compressor is designed for
a 12.3 to 1 pressure ratio and a mass flow of
320 Ib/sec. The IGV and first stator are
variable to Improve performarce during low
inlet total teinperature operation, Stators 4
through 8 are variable to Improve performance
during high inlet total temperature operation,
and permit engine-inlet airflow matching.

The last atator {3 used a8 an aerodynamic brake.
General Electric describes the compressor as a
lightly loaded design.

Performance data available to substantiate the
nine-stage design {s from the elght-stage SST
demonstration compressor designed for 175
Ib/sec mass flow and a pressure ratio of 9.5 to
1. Table A-A summesiizes the performance
measured on the elpit-stage compressor, in
terms of demonstrator design goals, and
mcasured test results,

The points shown as SLTO and CRUISE are RPM
points similar to thuse conditions in the final
engine, DBoth flow rate and pressure ratio
excecded design values at 100 percent design
RPM. In addition to the performance tests a
scries of distortion tests are being run and
some data are available at the present time, The
data currently avallable for three corrected
engine rotation speceds {s shown tn Fig, 3-14a,
page 3-17, of General Electrie's Volume 1T A
proposal. Hub radial distortion up to 39.8

percent ptmax 'ptmln was tolerated with no

ptavc
change in stall margin and only slight decreases
(about 2 percent) in flow, The data for tip radial
distortion are not available at this time, but
General Electric has stated that improvement
in tolerance of tip redial ditortion will be
designed into the nine-stage compressor,

The basle reason for changing from an clght-

stage comproessor to a nine-stage compreusor
in to Increase. the design flow from 475 1h/nee
to 620 Ib/see. The pressure ratio overall has

been raised to 12,3 to 1, but the stage loading
has been decrensed. Figs. 3-3a and 3-3¢ of
Volume 111 C show pressure ratio and work
cocfflejeat per stage and glve some indication

of the decreascd loading. A plcture of loading

in given by the Diffusion Factor (Ref, NASA RM
ESADO!). An cxamination of the relative
diffusion factor levels between the eight- and
nine-stage compressor has verified that loading
has been reduced in every blade row except the
last stator, which remalned unchanged. The
lower blade loading {8 estimated to allow stall
margins to be Increased and make the GE4

goals of 18 percent margin at SLTO and 30
percent margin at CRUISE become reasonsbly
attainable. The blade aspect ratios versus hub-
tip ratio have been cetimated bv Boeing and
plotted In Fig, A-l. An Increase in aspect ratio
in the first rotor from gbout 1.3 to 2.9 is noted.
This change can adversely affect compressor
distortion tolerance. However, this aspect rotio
fs still Jess than ti:at for the first rater of the 753
compressor, An increase in mechanical tip speed
has aleo been made from 1180 {38 to 1310 fps in
the nine-gtage compressor.

General Electric §s planning to run tests to
determine the scnsitivity of the nine-stage
compressor to turbulence carly in 1967. These
tests will be similar to those conducted recently
by GE and AEDC using a J93 engine.

In summation, the demonsgtrated test results
and lack of known mechanical design problems
indicate that the compressor performance
clostly approximates the design goals. The
distortion tost results reported to date on the
cight-stage demonstrator compressor, and the
attention being paid to both steady state und
dynamic distortion, are Indications that distor-
tion problems will likely be minimized. In
addition, the inherent flexibility of a variable
geometry desigm allows slymificant changes in
compressor performance without rodesign of
the compre:ssor shouid problema arige. Overall,
the GE compregrsor Ia not considered to be a
major developinent risk.,
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Table A-A. Comiressor Perfermance Comparicoa

RPM Stall ‘Distortioa
Preses. Corr Design Adiabatfe Margin Toleranct
Ratio Flow Pc.cent Eff Percent Percent
sLTo Design 9.51 475 100 86 17
Test 10 505 100 85.7 16.93 39.89°¢
~ Design 4.65 300 73.7 84.5 23.2
CRUBE .. o 4.65 300 13.7 84,2 19.9 24.6

¢ at 90 percent RPM

BLADE ASPECT RATIO

HUB/TIP RATIO

Figure A=1. Ectimated Aspect Ratios Versus Hub/Tip Rotle ~ GE4
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Al.3 MAIN BURNER The corresponding value of tiis criterion for
The main burrer proposed by Gereral Electric the GE4/J5P during Mach 2.7 cruise at 65,000
Is of annular design, aimilar to the burner used ft 1 1,25 by 108, A limited survey shows this
in the J-85, T-64, T-58, GE-1, TF-39, and vrlue to be conservative for airplane combustors
J-9% engines. Figure A-2 shows a comparison & d should provide margin for future growth,

of the volumetric or space heat release rate :
for muany engines, On the basis of this compari- ‘The combustor thermal efficiency goal of 98,78

son, the space heat release rate is high, but percent is a nominal advance over present
not outside the expected growth possible for engines. The trend curve shown {n Fig, A-3
burners of this design, indicates that the GE combustor pressure,
temperature, and reference velocity are such
Because heat releave is reaction-ruate limited, that high combustion efficiency values should be
another parameter for evaluating gas turbine expected. Where heut release 18 reaction rate
combustors is: limited as in this desigr, combustion efficiency
fuel flow rate) X (enthalpy increase/lb) can be correlated with the parameter
. 1.8
{(combustor volumse) X ({:r:asure) 0 - pi::. 75 X e(Tln /tMo)x Arel X Dc;..e':'s
with units of Btu/hr-{t"-atm™""° W
A
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GOAL
GE4 MAIN BURNER
J-33 MAIN BURNER
CEd AUG @ CRUISE
JTFI7 DUCT I'EATERCRUSE

..;.ao..

COMBUSTOR : B
EFFICIENCY ,
(PERCENT) ; s
<<<< R ._...;.. tmaam
IS R A <R S N LI CON TS AN AN (OO B
¢ U JTF17 DUCT HEATER ; .
SR ORI SR B
€4 MAIN BURNER 1 ™7
............. P } i
[ :
Leadd o !
;i J-93 MAIN BURNER 1. "
o :1: : = } .
0
V/PT (FT3/SEC/LB/DEGREE R)
Figure A-3. Combustor Efficiency Trend
as shcwn In Fig. A4 for developed annular efficicncy value was exceeded on this test rig,
combustors, It can bo further shown that lean but full cruise prossure testing has not been
blowout occurs at the value of @ where the curve raported.
becomes vertical, Figure A-4 shows 8 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 obtained test values of
Burner rig testing at full-scale entry tompera- 0.16, whiic the TF-39 has demonstrated a value
ture, temperaturo rise, and refercnce volocity of 0.22, The temperature profile from rig
has been conducted. The one atmosphore goat tosting shows a hot spot of around 100°F above
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the desired vaiue at 30 percent turbine blade
height., This represents a design problem, con-
sidering the temperatuvre profile effects on tur-
binc blade stress, temperature, and life.

Burner rig acrodynamic distortion tests, with
both radial and annular distortion, have been
completed and have shown both good distortion
tolerance and attenuation results.

Figure A-5 presents typlcal operating values of
refcrence Mach number and pressure loss for
annular aircraft-engine combustors. The design
values at SLTO and Mach 2.7 cruise are shown
for the GE burner. The figure indicates that the
design Is conservative with regard to pressure
loss.

Liner metal temperatures are stated to be less
than 1,500°F, with the cooling method propoaed.
From stress-rupture considerations, a metal
temperature of 1,500°F appears to be the
maximum value compatible with a long-life
(10,000 hours) design, To achleve this tempera-
ture level, at the elevated turbine inlet tempera=-
tures proposed, a considerable improvement in
liner cooling technique over current practice is
required. :

Of cqual importance to the metal temperature are
low mctal temperature gradients. The tempera-~
ture gradients shown by GE resulting from their
test program are considerably lower than for

the CJ805,

Mechanical design problems {nclude welding
across brazed joints, and the potential problem
of rivets in the aft scction of the burner
separating and causing foreign object damage in
the turbine,

In summary, the space heat release rates and
efficiencies appear achievable but the exit
temperature profiles will require further
development, Overall, the GE main burner is
not consldered to be in one of the major develop-
ment risk categorles.

A2,3 TURBINE

A2.3.1 Aecrodynamic Performnance

The GEA cngine employs a two-stage turbine
with conventional free-vortex radial acrodynamie
loading distribution. The turbine acrodynamie

design is summarized in Toble A-B, where
varjables which approach severe deslgn values
have been circled for emphasis,

This turbine s a conservative aerucynamic
desiym In the sense that all varicsles are within
established ranges uscd by turbine designers.

The design offers flexibility to extract more work
from the same number of stages at a small
efficiency penalty, should a problem in another
arca in the engine establish the need for more
work extraction,

The value of overall adiabatic efficiency quoted
by GE is compared to other turbines on Fig, A-8
as a function of wheelspced~Joading parameter,
which 1s a form of Parson's number,

The GE expericnce curve, from which the base
value of efficiercy for the GE turbine was
obtaincd, is scen to be substantiated by test
values for existing designs. The adjustments
which GE used to get from the base value to the
GE design value are also reasonzble,

GE presents a c'etaiied accounting for adverse

-effects of the cooling flow (including pumping

work and mixing loss), balanced by the favorable
cffects (including boundary layer changes and .
increased mass flow to downstream stages),
which appears to justify the small penality for
the Introduction of the cooling flow.

A2.3.2 Turbine Life

The GE4 turbine employs astroloy discs with a
desigm ultimate life, with repair, of 36,000 hours,
and Rene' 69 blades with an ultimate life with
repair of 12,000 hours. The discs are burst
limited and therefore have a long low cycle

fatigue life. The blades are creep limited,

Care niust be taken in the fabrication of forged
Astroloy discs to avoid undesirable low trans-
verse ductility. GE Is developing techniques in
conjunction with their suppliers to enable them
to avoid problems in this area.

The Rene' 69, which GE is planning to use for
the turbine blades, is basically the rRame as

IN100 {(called Rene' 100 by GE) but has 5 percent

more chromium which provides a material with
good oxidation and rulphidation resisrtance. GE
plansa to use coated Rene® 100 blades in the first
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Table A-B. Summary of Turbine Aerodynamic Design

GE 4 (F
Dcslgn Quanuty Mild Severe G (Free Vortex) ?
, Design Design First Stage Sccond Stage

- At Mcan Radfus
Stator exit angle fig {1} 20° 23.14 25.91
Stator exit mach (c/a®)y 0.8 1.15 0.91 0.%2
Rotor inlet relative mach (W/a**). 0.4 0.7 0.4%4 0,399
Rotor exit relative mach (W/a*')g 0.8 1.15 0.74 v. 71

| Rotor exit axial mach 0.4 0.7 0.403 0.413
Stator aspect ratio 2.3 3.053
Rotor aspeet ratio 3.008 5.204
Stator solidity (width/pitch) 1,098 1,313
Rotor solidily 1,457 1,20
Rotor exit D:IUB/DTIP 0.8 0.5 0.79 0.67

At Blade Root
Stator exit anglefip 30* - 20° 20,93 21,62
Stator exit mach (c/a*)3 0.8 1.15 1.00 0,97
Rotor inlet relative mach (W/a*")g 0.4 0.7 0.614 0.5K3
Rotor exit relative mach (W/a*')g 0.8 1,15 0.70 0.66
Rator turning angle 80* 120° 109 ° 102°
Degrec of reaction (W./W4)-1 0.35 0 0,1 0.08
Other Design Variables

Stage work, Ah 95.3 74.1
Stage efficiency 89.7 89.6
Mean blade speed, Upy 1130 1130
Loading parameters, U2/2g Jah 0.268 0.345
Tip Clearance 0.060" 0.080"
Tip clearance, % blade height 1.0 0.8
Tip clearance, % tip diameter 0.1 0.13

E Blocked variables approach scvere design

sngines, while long term terts are conducted on
Rene' 69 to assure that a4 stable compos{tion
with no sigma-phase precipitation will be

achieved for production engines.

GE will use Rene' 100 If Rene' 69 turns out to

be unstable because it has the same prope rties

as Rene' G9. Uso of Rene' 100, however, wuires
good coatings against oxldation and sulphidation.

Usc of cortnd Rene' 100 In the GE4 would

blade LCF life, taking into account temperature
gradients and the entire three-dimensjonal

stress situation, They have achicved good
- correlation of analysis with test results,

necessitate more frequent blade recoating,

Considerirg low cycle fatigue (L.CF), GE has
glven Bocing a detailed accounting of the
procedures vvhich they usc to predict turbine-

LCF life of the blades is predicted by GE to
cexceed 12, .00 hours. The large number of
cooling air holes in the blades does not add to
FOD susceptibility because, there are no holes
at the leading ~dge.

Internal clogging of the cooling passages Is not

expected to be a problem because the cooling

air supply is bled at the compressor exit hub

alr contamination,
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A sin plified creep life calculation was made for
the GE4 turbine to moke an estimate of the risk
in tke turbine blade ereep life quoted by GE.
The mid-span. scction of the first rotor was
chosen as a point indicative of minimum creep
life. Values of temperntures and stresses were
obtained from the GE4 proposal.

Several values uscd in the calculations are
summarized as follows:

e Calculated stress = 13,300 psi
o Design factor = 0,74

e Design stress = 18,000 psi

° Average rotor gas temperature = 2,530°R

® Average mctal temparature = 2,010°R

e Codling effectiveness = 0,535

e Larson - Miller Factor = 47,800

{for Rene' 69 to 0.2 percent creep)

e Estimated creep life = 6,300 hours

The calculated life agrees reasonably well with
the GE prediction, considering that a change
of about 1 percent in the Larson-Miller factor
changes the calculated life from 6,300 to
9,000 hours. Also, 2 small change In inetal
temperature will cause a large change in
calculated life,

In summary, the GE4 turbine work output
requirement is such that a two-stage turbine
casily meets this requirement. The turbine is
therefore a conservative acrodynamic design
which should have no difficulty mecting the
specified efficiency and work output. GE has
oth~r operational engines suck as the J79 and
J93 running at these turbine work and effieiency
levels. The design offers flexibility to extract
more work., For the above rcasons, acrody-

.namic performance of the GE turbine is not

conslidercd to he a risk item, Mechanieally,

the first-stare turbine blades operate at a tensile
stres: of 13, 300 psi at the critical ‘:ﬂctlon and
have an average metal temperature of 1,550°F,
Total cooling flow is 12,3 percent, Thcrc in the
possibility hat GE could have design problems
with film cooling development in achicving the

CONFIDENTIAL

desired material propertics in Rene' 69, or with
coating problems if Renet 100 Is used as a sub-
stituté. The GE4 turbire blade life is therefore
classified as a Category 1 risk ftem, -

A2.4 AFTERBURNER

The GE afterburncer i8 a direct outgrowth of the
J79 and J93 augmentors. The GE4 afterburner
operates in a more favorable environment, to a
lower absolute temperature, and over a lower
augmentation range, than its J79 and J93 prede~
cessors. Turbine exit temperatures and there~
fore augmentor inflow temperature is above the
auto-fgnition temperature. Spark ignition is
required over a small portion of the flight
enveiope,

The peak chemical combustion efficlency goal is
99 percent during cruise. Thia goal, adjusted
to onc-atmosphere pressure cordition, has been
demonstrated in a ground test rig at full-scale
inflow temperature and velocity. It {s not krown
at this time if the high level of efficiency has
been demonstrated over the full crulse range of
required augmentation teraperatures. Referring
to Fig. A-3, the combination of afterburner
reference velocity, temperature, and pressure
§s such that the attainment of this efficiency
level scems probable.

The afterburner s designed to maintsin the hot
flame in the center of the augmentor, therchy
maintaining liner and casc temperatures within
design 1imits. No combustion takes place in the

turbine discharge gas adjacent to the liner walls, |

In addition, compresreor scal discharge lcakage
scrves to cool the liner, The resultant liner
tcmpcrature is calculated to range between

1,565°F and 1,600°F during cruisc using a
calculation tcchnlquc verified by test. Although
there Is no experience under similar conditions
for long life duration, the CJ805 main Lurner
liner, under higher pressure loads, has hot
spot temperatures to 2,000°F with an average
temperature of 1,200°F, The time between
repairs for this liner is now above 3,000 hours,
with an ultimate expected life of more than
8,000 hours,

A rignificant life problem cxists with the
flameholders operating at a continuous metal
temperature of close to 2,100°F, Hastalloy-X
I8 now proposcd with TD Nichrome as a more
expensive backup material with 4 or 5 times
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longer iife. The quoted expected life for Hast-
elloy-X will be 2,000 hours, with repair, bu*
long term testing to validate this goal will be
required. No previous expericnce In crmmercial
service exlists to validate this life.

In summary, the GE auginentor {s based on J79
and J93 actual flight experience. An important
question is one of commiercial life of uugmentor
parts. GE has sct a design life goal of 4,000
houra without repairs. Attainment of this goal
will be difficult, Becauseof the parts life question
at this time and the consequential effects on
airplane dispatchability, the augmenior life s
classified as a Category 2 developmnnt risk item,

A2.5 EXHAUST MOZZLE/REVERSER

A2.5.1 GE Exhaust Nozile

The nozzle-installed thiust minus drag coeffi-
clents preposed by GE and P&WA axe plotted in
Fig. A-7 as a function of flight Mash number.
The values shown are from the engine companies'
performance decks, with Beeing-estimated
boattail drag corrections applied in the case of
GE. The cocflicients shown are defincd on the
figure and are for a typical climi and acceler s~
ticn placard. Pcints for holding, subsonic
cruise, and supersonic cruise are also shown,

The nozzle design is a new concept for Gereral
Electric,

General Electric has performed tests of nozzles
similar to their offered two-stage cjector design,
Model test data has been provided for their
design at supersonic cruise, Data have been
provided for takcoff, subsonic cruise, and Mach
1.2 climb from modcls quoted to be similar to
the offered nozzle. These test data points are
shown in Figs. A-8 to A-11, On each figure a
;0al point has been added, showing the Installed
thrust coe{ficient used by Boceing in its perfor-
mance calculations, in each case, the GE model
data meets or excecds the specified performance.
While final validation must await receipt of data
from modcls duplicating the offered nezzle
exactly, with inclusion of the effect of nozzle
Jeakage, the GE data shown tend to substantiate
their quoted performance,

Rellability and life of the nozzle and Its many
small parts in a hot environment represents an
unknown. During afterburning, comptessor

discharge air is provided to keep the primary
rozzle within design metal temperature limits
and reduces temperature gradients. Approxi-
mately 30 hours of hot testing have been
completed to date, with no problems of hinge
binding.

A2.5.2 Reverser .
The design of the thruat reverser s such that no
major problems are anticipated in obtaining

ac »quate reverse thrust performance with good
directional control,

In summary, the lack of substantlating test

data from models exactly duplicating the preient
two-stage ejector nozzle design, the apparent
inexperience of GE with this ejector concept, and
the strong cffects of nozzle performance on
airplane performance make the nozzle a
Category 2 development risk item. The thrust
reverser should perform as quoted by GE, but
the life and reliability factors makes thiz
component a2 Category 1 risk item. '

A2.6 ENGINE WEIXGHT

Bocing does not feel qualified to present a
detailed analysis of the GE4 engine, but the
nozzle-reverser does represcnt an unknown at
this time, There exists no operational precadent
for the nozzle-thrust reverser system as offered.
Because of this, there is every reason to
consider the possibility of a welght increase
above the present engine company estimates,
Tnis factor, together with the consequences of
overweight ca airplane performance, classify

the weight of the GE cngine as a Category 2
development risk item.

A2,7 CONTROLS AND ENGINE DYNAMICS
A2.7,1 Control System

A functional description of the contiol system is
presented in the following paragraphs:

A2.7.1.1 Main Fuel Control (see Fig, A-12)

a., Primary functions

Control engine specd during steady-state
and transient operation of the engine,

Position the compressor variable stator
vancs to achicve the required compres-
sor alr flow and stall margin,
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THROTTLE

Figure A-12. Schemotic Diogram of Maia Fuel Contrel System

System operation
Steady-sints

Fuel flow 18 varied to maintain engine
rpm a# required by thrust lever position,
Compressor stators are positioned as
a function of engine rpm (N) and com-
pressor inlet temperature ('r.r )e

2

Transient

Fuel flow is limited by acceleration and
deceleration schedules to provide rapid
rpm changoe without encountering com-
pressor stall, engine flame-out, or ex-
ceoding engine temperature limits,
These schedules are a function of com-
pressor diascharge pressure (P3), com~
pressor inlet temperature ('l'vrz) and
engine rom (N),

V2-N2707-14
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c.

Sensed quantities
F :zine rpm (N)
Thrust lever angle (TLA)
Compressor inlet total temperature
(T )

2
Compressor discharge pressurc (Ps)
Stator angle (position feédbaclo
Controlled cutputs
Gas generator fuel flow (WF)

Compressor stator angle (2 sets -p‘
and g8 z)

 qrown B ccwms B o B —— QR
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A.2.7.1,2 Augmentation Fuel Control (see

b,

C.

d.

Fig. A-13)
Primary functions
Schedule fuel to the augmentor during
steady-state and tranrient oparation of
the engine.in the augraented range,
System operation
Stendy-state

Augmentor fuel flow is metered as a
function of thrust lever angle (TLA) and
compressor discharge pressure (Pg) to
provide the desired temperature rise in
the augmentor,

Transient

Two conditions must be met before aug-
mentation can be initiated: thrust lever
in augmentation range, and engine rpm
must exceed 90 percent {to assure suffi-
cient airflow to give successful aug-
mentor light-off),

Following light-off, augmentor fuel fle;
fncreases until desired level {8 reached,

Sensed quantities

Thrust lever angle (TLA)
Compressor discharge pressure (Pg)
Controlled outputs

Augmentor fuel flow (WFR)

A2.7.1.3 Nozzle Area Control (see Fig. A-14)

.

b,

Primary function

Control primary exhaust nozzle area
during steady-state and transient opera=-
tion of the engine,

System operation

Steady-state

Primary nozzle urcn (A8) is varied as

V2-R1707-14
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scheduled by thrust lever angle (TLA)
from full open at idie power i zcarly fal
closed at & powor setting just below max-
imum dry. The variation in nozzle ares
is required to provide sufficient com-
pressor stall margin at all operatirg
conditions and allow the maximum tur-
bine inlet temperature (T4) to be attained
at maximum dry power, The combina-
tion of increased turbine temperature
(because of both rpm increase and nozzle
area decrease) and increansed airflow
(because of increased rpm) provides
thrust increase as the thrust lever
moves {rom Idle to maximum dry power,

At power settings above maximum dry
(1. e., augmented powerj, the nozzle
area must {ncrease to allow fucl to be
burned in the augmentor without incraas=-
ing back pressure on the turbine, An
fncrease in back pressure would tend to
decreasze engine rpm, because of de~
creased work output from the turbine,
The main fuel control attempts to main-
tain 100 percent 1pm during-augmented
operation, and gas generator fuel flow
would therefore increase to 1estore en~
gine rpm, thereby resulting {n turbine
over-temperafure, To prevent this, the
nozzle control senses turbine discharge
temperature (Tg) and varies the nozzle
area to maintain a given level of Ts.
This maintains tarbine inlet temperature
(T3 with'n acceptable limits, The ref-
erence level of T¢ is based as a function
of compressor inlet total temperature

(Tt
Transient

Several features are included in the
nozzle area control to improve engine
transient response and mgmentor light-
off following throttle burst, These -
include:

Modifying the T error signal as a func-
tion of Tg rate of change {dT5/dY to com=
pensate for thermocouple lag.

Modifying the Ty error signal as a func-
tion of rpm rate of change (dN/dt) to {im-
prove control stability nand response,
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Overriding the Ts error signal as a dAine-
tion of rpm to hold noz=!2 area open until
the engine is close to maximum rpm fol=
lowing throttle burst. lolding the nozzle
open provides shorter englre ncceleration
times by reducing turbine back pressure
during the rpm build-up.

¢, Sensed quantities
Thrust lever angle (TLA)
Turbine dlschz;rge temperature (Tg)
Ergine rpm (N)
Compressor inlet total temperature (TT2)
Nozzle area (position feedback)

d. Controlled mfput
Exhaust nozzle area (Ag)

A2,7.1.4 Background
The GE4 control system is very similar to the
J79 (Mach 2) and the J93 (Mach 3) control systems.

A2.7.1.5 Special Features

The most significant aspect of a turbojet control
i{s that th» variable nozzle operates behind the
gas generator. This gives the designer the flexi-
bility to control gas generator paramr eters by
means of nozzle area. Two applications In the
GE4 engine are:

Trs 18 controlled by means of nozzle area,
Becauce there {8 a close relationsh'o be-
tween Trpg and Ty (turbine Inlet tempora-
turc), there is an almost direct control.of
T4 in the GE4 englne,

For operation between Idle and Maximum
Dry, the nozzle is always ovex-area during

a transient, except at 100 percent mechanical
rpm, This schedule provides extra surge
margin, hence faster acceleration. It also
resuits in higher SFC beiow 100 percent
mechanical rpm,

If GE should have control development difficulties,
the desigm offers the opportunity to include the
variable colpressor stators in the control loops.

In the present deslgn, the stators are cssentially

used as a two-position system,. Jiowever, In
case of dynamic control problems, the stators
could be used to vary the compressor character-
istics at specific operating conditions to cope with
these problems, '

A2,7,1.6 Summary

GE is offering a control system which is vir-
tually identical to previous operational control
systems. The compressor variable stators offer
a degree of flexibility in engine-inlet compatibility
problems, :

A2,7.2 Dynamics

A2.7.2.1 DBackground

GE In the last 5 years has worked extensively

on the control system of the J93 and on a digital
analog computer prozram (Dynasyar) for analyz-
ing engine and control dynamics, This tool has
heen refined and proved on the B-70 program.
Detailed dynamic effects can be studied, for
examplie, burner blow-out can be predicted, 1 rd
the varying degrees of inlet distortion during
offdesign inlet operation can be studied, In Fume
mary, GE hug a directly applicable backgrourd
in control system simulation and has showa that
this simulation gives realistic predictions.

A2.7.2.2 Simple Power Setting Changes )
The two predominunt characteristics of the turbo-
jet engine which govern engine/inlet dynamics
compatibility are as follows:

a. Alrflow transients caused by rotor rpm
changes are relatively slow because of the rotor
inertia,

b. Afrflow transients orig/nating in the
augmentor and nozzle are separated from the
inlet by a choked turbine diaphragm.

Because these effects reduce or eliminate air-
flow transients, sfmple power setting changes
will pose no problem for the {nlet,

A2,7.2.3 Afterburner Light-off

Figures A-15 and A-16 show Dynasyar data for

a normal light-off, and an artificinlly delayed
(and hence extra hard) light-off, ‘The latter case
is hypothetical in that no such light-off has ever
been recorded for the J93. The alrflow change
in Fig. A-16 falls within the Doelag inlet stabllity
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limits. These data were based on a control sys-
tem without a light-off Interlock, Such an inter-
lock would (1) allow only a small fuel fiow for
light-off, (2) determine whether the A/B light-off
has occurred by checking nozzle ares change, 1ad
(3) shut off fuel flow if light-off has not occurrud
shortly after lighi-off initiation. Such an inter-
lock is unnecessary when the augmentor operates
with auto-ignition inlet gas temperatures, Fig~
ure A-17 shows that the GE4 aftervurner operates
during most of the noriral afrplane mission under
auto-ignition conditions, Only in descent do auto-~
ignition conditions not exist,

In summary, afterburner light-off does not pre-
sent inlet stability problems for the inlet, even
with a delayed light-off, The afterburner
operates during most of the mission under auto-
igniticn conditions,

A2,7.2.4 Inlet Unstart

Inlet unstart causes a sudden reduction of engine
face pressure, This change increases with flight
speed ond Is more rapid at high inlet recovery at
a given flight Mach rumber.

J93 da:a for the B-70 has shown that inlet unstart
at Mach 8 normally resulted in compressor surge
but neve:r In main burner flameout. The after-
burner flamed out because of the initial reduction
in tailpipe pressure but ralit because of auto-
fgnition almost instantaneously. The aiterburner
blow-out and relight were unnoticed by the pilots,

On the B-2707 airplane, inlet uustart in cruise
will cause an inlet presure transient similar in
magnitude to that on the B-70, On the one hand,
the B-2707 flies at lower Mach number, but on
the other hand it has a much smaller voiume be-
tween the shock and engine face than in the B-70,
Thus the GE4 compressor may be expected to
surge, but if A/B blow-out occurs, auto-ignition
will restore the thrust,

In summary, the GE4 will probably experience
a momentary compressor stall because of an

‘inlet unstart, The main burner will remain 1t

at ali times, The afterburner will probably blow
out but will auto-ignite within a fraction of a
second,

A2,7,2,5 Afterburner Dlow-Out
Although afterburncr blow-ont in cruise is very
unlikely, it could occur because of Inlet unstart or

a momentary fuel flow interruption. The latter
case is shown in Fig. A-18. Relight occurs about
1 sec later and comnpressor airflow changes are
again well within Boelng specification limits,

A2,7.2,6 Compressor Surge

The influence of the J93 experience is evident in
the GE program. A continuing research com-
pressor development program is being conducted.
In aadition to nrmal performancs testing, steady-
state distortion effects on airflow characteristics
and surge margin are measured, Plans exist to
start testing the nine-stage demonstrator com=
pressor with turbulent and distorted inflow early
in 1967. J93 expericence Las shown, in the last

2 years, that distortion screen testing {s not
su’ficient, Therefore, the nonsteady distortion
testing will be significant to inlet engine com~
petibility development,

Compressor eurge caused by nozzle/augmentor
transients {8 most improbable because of the
choked turbine diaphragm between compressor
and engine exhaust,

Indications are thut long chord (1. e., low aspect
ratio) biades are tolerant of dynamic diatorti~n,
The cight-stage demonstrator compressor hu. low
aspect ratio (AR) Llades (AR 1.3 for first stage),
but the GE4/J5P nine-stage compressor wiil have
a first stage with AR 2,88, Aft stages will have
aspect ratios similar to those of the eight-stage
compressor. The eight-stage compressor has
been shown to have quite good steady-state dis-
tortion tolerance at the hub, but only moderate
tolerance at the tip. GE is planning to distrfbute
the steady-state distortion tolerance more evenly
in the nine-stage compressor, The introduction
of a {irst stage with AR 2,88 in the GE4 compres-
sor makes the eight-stage demonstrator distor-
tion data not directly appiicable to the nine-stage
compressor. Dut, eight-stage distortion char-
acteristics indicate that GE hae a good under-
standing of stead; -state distortion. Dynamie
distortion tolerance remains an open question
unti! early 1957 tests of the ninc-stage com-
pressor.

The possible use of variable stators for soiution
of dynamic problems has already been pointed
out. It is a high response method which has been
used on nome fighter airplanes to prevent com-
pressor stall during transients (e.g. hot gas in-
gestion from guns), Another possibility to re-
solve dynamic problems {s compressor redesign
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to obtain lowor acpect ratio blades or more

stages, This would be a major underteking and
rezult In a weight and length penalty, However,

the three-beoaring dosign of the engine at least

" offers this possibility without any further dosign

changes,

In summary, General Electrioc has initiatod a well-
definod program on compressor surge margin and
distortion tolorance, Distortion teat data for the
eight-ataze domonstrator comy:i nssor looks good

for thie phase of the program, Howover, the

nino-stuge comprousor differs significantly from

the eight-ctage damonstrator. The nine-atage
compressor has a first stage with an aspect ratio
of 2.9 and the eight-stage compressor has an
aspoct ratio of 1,8, The distortion tolerance of
the nino-stage compressor remains to be demon-
strated. In case of persictent distortioa or
dynumic control problems, GE can incorpourate the
variable stators in the high response part of the
control system,

A2.7.3 Centrole and Dynamics Summary
Overall, the controls and dynamics of the GE4
engine c~stitute a Category 1 development risk
ftem,
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A3.0 PRATT AND WHITNEY AIRCRAFT JTF17A-21B ENGINE

A3.1 FAN/COMPRESSOR

Compression of the air for the JTF17 engine is

accomplished by a two-stage fan with a 2,84
average pressure ratio and a six-stage high-

Build No. 4

pressurc compressor with a 4, 84 pressure ratio,
The gas ponerator flow of 287 1b/sec at sea level

kas an overdl! pressure ratio of 12,97 to 1; the
duct flow of 390 1b/sec has a pressure ratic of

2.9 to 1, The {an and compressor are treated

separately !n this section,
A 3.1.1 Fan

The fan flow is divided into engine side and duct

side flow with fan preasure ratios of 2.68 and
2, 9 respectively, The mean inlet axial Mach

mmber to the fan {s 0,592, and the tip velocity

of the first rotor Is 1,694 ft/sec yiving a tip
relative Mach mumber of 1,68, The fan rotors
are provided with two vibration dampers each.

The duct side exit guide vancs are slotied airfofl
scctions, The two stages currently proposed In

the JTF17 fan consist of & gcaled JTF14 fan as

the [irst stage, and a second stage similar to fan

bufld No. five tested in the PE&EWA 0,62-5cale
test rig. Based on the information available

from P&'VA, an attempt has been made to under-

stand the details ard proper interpretation of

the fan test progress, There has apparently been
a total of nine different builds with inultiple de-

signs of both first and second stage fan rotors,
The following lists the major tests and findings
ns Boeing understands them,

Build No. 1 As designed; airflow 3-1/2 percent

below design; bypass ratio 1,37

compared to 1,3 dosired; pressure
ratio 2,51 compared to 2,7 desired;

no efiiciency data.

Bild No., 2 Streamlined part-span shrouds;
airflow 1 percent below design;
bypasa ratio 1,15, 1,3 desired;
pressure ratio 2,68, 2,7 desired;

peak efficlency engine side 84 per-

cent; duct side 76, 5 percent,

Bufld No. 3 Overcambered first fan blade; air-

flow 1-1/2 percent above design:
bypass ratio 1,18, 1.3 desired;

Build No. §

Build No. 6

Build Ne. 7

Build No, 8
Build No. 9

V2-P2707-14

CONFIDENTIAL

N e ——— i Tt S

preesure ratio 2,78, 2,7 desired;
efficiencies same as No. 2.

Identical to No. 2 except the cuter
part-span shrouds were removed
from second stage blades; short
test to determine performance ard
vibration effects of second stage
blade change; high blade stresses
attributed to blade futter at 59 per-
cent design speed; no data obtained,

Identical to No. 2 except airflow
splitter was drooped; same 28 first
experimental engine; airflow 1/2
percent above design; bypass ratio
1.37, 1.3 desired; pressure ratio
2.72, 2.7 desired; peak efficliency
engine s'de 82,5 percent, duct side
78.5 percent; significant {mprove-
ment {n surge margin at 100 percent
gpeed over No, 2; separation noted
on splitter; complete map obtained,

Filler ring added to smooth inboard
side of splitter; complete spuad
Iines run; overal! performance
slighdly degraded from No. §;
Stator 1 closed 4 degrecs and speed
lines rerun; po improvement in part
speed surge; engine side flow down
1.9 percent; total airflow down 1
percent,

Redesigned first and second stage
blades based on No. 3 data; over=
cambered leading edges: relocated
part-span shrouds at 75 percent
and 20 percent span as against 88
percent and 50 percent span; psak
efficiency exceeded cruiue goal by
one count,

No data avaflables,
Redesigned second rotor blades, .

ncw flow spliter, will use first
stage blades from No. 7,

— o ey
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Data from Build § (tested in Feb, 1966) are

-ited In the draft copy of the P& WA proposal as
Phase II-C demonstrated values. The perform-
ance data for Bulld § are suminarized in Tables
A~C and A-D, Performance goals are shown for
comparison, Build 5 teat goals have not been
clearly stated; therefore, production engine goals
have been used as indicatod, :

Baild 3 performed well in terms of flow and
pressure ratio at SLTO-simulated conditions,
but an improvement in engtne side efficiency 1s
required. At simulated cruise conditions, the
efficiency was acceptabie and tle pressure ratio
was reasonably close, but hightr RPM was re-
quired. Stall margin on both sides of the fan

at SLTO ls Jow. The comblination of a JTF14

- first stage and a Build 5 second stage can cer-

tainly not bo taken as final, and additional
developmental changcs are anticipated befors
desired poerformence goals are reached. P&WA
has not provided distortion test data; however »

they have stated that: “"As development proceeds
with the selection of an airframe contractor and
further definition of the inlet design, more ex-
tensive information on the distortion will become
available making it possible to start fan compo-
nent testing with simulated distortions." Adé~
quate fan toleration of distortion at the hub
because of the flow inducing nature of a two-
spool engine may be realized. Likewise, attenu~
ation of distortion through the duct side of the
fan may result from suitable airfoll sectionn, hut
there {s currently no known way of analytically
predicting these facts, and no substantiating

test data is available,

In summary, the fan is {n an early development
state and performance goals have not been demon-
strated. The lack of distortion testing together
with the fluid state of the fan desira make the
achievement of etated fan performance goals a
Category 1 development risk,

Table A-C. Fan Performance Comparison — Duct Side

Press, Specific | RPM Per- | Adiabatie Stall Distortion
Ratio Flow cent Desipn | Eff (7) Margin (%) Tolerance
Goal 2.7 100 78.8¢ 11,0¢
SLTO ;
Test 2.7 41 99 78 L]
Goal 1.56* 63.6 89.8¢ 28, 5¢
CRUISE
) Test 1,50 30,3 69 78 24
*Production Engine Goal
Table A-D. Fan Performance Comparison — Engine Side
Press, Specific | RPM Per- Adiabat'e Stall Distortion
Ratio Flow | cent Design Eff (%) Margin (%) ToleranciH
God | 2.7 100 88.8¢ 9.2¢ :
SLTO /
Test 2.8 41 99 79 7
Goal 1.86* 63.6 89, 8¢
CRUISE
Test 150 30.3 69 85.8 28
*Produstion Engine Goal
V2-R2707 .14
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A3.1.2 High-Pressure Compressor
Demonstrated performance for the high-pressure
compressor comes from Butld 5 of the 650 1b/see
compressor and {8 summarized in Table A-E,

In the absence of specific Build 5 performance,
the production engine goals have been used as
indicated,  Low efficiency and lack of stall mar-
gins at SLTO a re definite problem arcas, The
siage by stage performance detailed on pages
BlIA-14 and 45 of the P& WA Phase II-C draft
proposal recelved by Boeing on ® August 1966
represents a complete change from the stage by
stage data received on a +!sit to Pratt and Whit-
ney on 22 July 1966, Iiowevcr, no changes in
overall high pressure compressor performance
wore noted,

In Fig, A-19, rotor blade aspect ratios are
plotted versus hub to tip ratios. Two sets of
data provided by P& WA earlier in the year are
shown, but no data of this type is present in the
current draft proposal, The plotted data were
current {n March and July of 1966. In the same.
time peri d, blade fallures on the first rotor of
HP compressor were experienced; first, in
Build 1 on the compressor rig and later {n the
sccond demonstrator engine. Because of blade
failures and flutter problems encountered on
the C5-A demoastrator engine, the commercial
version (the JT9D) has on additional stage and
lower aspect ratios, For these reasons, the
structural integrity of the JTF17 short chord
rdesign is now an unknown. A second unknown
is the probability of achieving the necessary
flow =ange with the short chord deslign approach
currently being used, Several publications (for
example, NACA RM E47103, Feb., 1958) show

that the flow range of a rotor definitely docreases
with the decreasing chord length,

In summary, the HP compressor design is inan .
early development state: performance goals have
not been demonstrated, and distortion test results
are not avs, 1 Ye, Thess fastors indicate that the
high preset . -+, ;ompresscr is a Category 1 de-
velopment risk. Considering that the high pres-
sure compres~or must be developed to accept

fan hub flow, the overall compression section

of the JTF17 is viewed as a Category 2 develop-
ment risk,

A3.2 MAIN BURNER

The P&WA ram induction burner is a new concept
with major features being short length and high
efficiency. The reduced length is made possible
by a low level of diffusion upstream of the burner,
Afr is injected into the burner liner by a velocity
head conversion rather than a static pressure
difference.

Flgure A-2 shows the volumetric heat release 1or
thie burner to be reasonable, with a demonstrated
value higher than the design goal for the proto-

The heat relcase parameter discussed in Par.
Azl z
{fuel flow rate) X (enthalpy increase/1b)
{combustor volume) X (pressure) 1.8

for the P&WA JTF17A at Mach 2.7 cruise s
1.13 x 106, This valuc is considered to be con-
servative and should provide margin for future
growth, :

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

Press, Corr RPM Per- Adiabatic Stall Distortion} .
Ratio Flow cent Design Eff (%) Margin {%) Margin
Goal 4,77 130, 3 100 85.9* 17¢
SLTO -
Test 4,15 131.5 100 81.8 0
Gonl 2, 92* 98.4. 81 86.8* 30*
CRUISE
Test 2.75 08.4 80 85.5 27.5

*Production engine design goal.
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Figwe A=19. Aspact Ratio Yersus Hub-Tip Ratie for Pratt and Whitmey Engines

Combustio~ « tiicteney values of 99 percent have
been measi din the JT4 ¢~ monstrator engine
with the ram induction bui:- . Combustion
efficiency 1 be correlated vwi'h the parameter

(T, /540) 0.78
1. 78, in.
0= pm"’;\e XAt XDy
b/
as shown in Fig. A-20 for d- ... ;-4 annular

combustoers, It can be furt r s:own that lean
blow-out occurs at the valuc «.f @ where the
curve becomes vertical. Figure A-20 shows
values of 8 for the P&WA main combustor for
various flight conditions. The value of ¢ at

{dle conditions appears marginal; however, it is
not known to what extent this curve {s applicable
to the ram induction burner,

Thu design goal of dmax, an fndicator of maxi-
mum temperature profile quality of the burner,
{g stated to be 10 porcent. A 120-degree sector

V2-R2707-14
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rig test has demonstrated this value. However,
values of 28 percent to 29 percent have been
shown in most of the data available at this time,
including engine burner data from the JT4 and
JTF17 demonstrator,

Acrodynamic radial distortion testing has been
conducted with good distortion attenuation in the
120-degree sector rig test facility. Circumfer-
en‘(l!:l distortion testing has not been mentioned
to date,

Figure A-21 presents typical operating values
of reference Mach number and pressure loss for
annular combustors. The design values at
SLTO and Mach 2.7 crulre are shuwn on the
figure for the P&WA burner. The figure shows
that the design is conservative with regard to
pressure loss,

Maximum linar metal temperatures of between
1,800 and 1,350°F {n the reglon near the swirl

Best Available Copy
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injectors, have been measured. The tempera-
ture range along the liner is 1,000 to 1, 700°F
at takeoff and 1,350 to 1, 800OF at cruise. The
maximum liner temperature appears high but no
information s available on the effect of these
temperatures on liner life.

In summary, the ram induction concept is wew,
and no flight experience is available as a tech-
noiogical base, Comlustor efficiency and space
heat release rates appear achievablc, hut the
exit temperature profiles require further de-
velopment. The test program and demonstrated
performance {o date ave encouraging. Overall,
the P&WA muin burner /s not considered to be
in one of the major development risk categories.

A3.3 TURBINE

A3.3.1 Aerodynamic Performance

The JTF17 engine employs a three-stage turbine
with a controlled-vortex vadial acrodynamic
loading distritmtion. The first stage drives the
high-pressure compressor, and the sccond and
third stages drive the fan, The turbine aero-
dynamic design is summarized in Tabie A-F,
where variables which approach severe desin
values have been circled for emphaels.

This turbine is a highly loaded acrodynamic de-
sign in that high cascade Mach numbers and
turning angles are generally employed. The low
values of rotor =xit hub/tlp ratio for the second
and third stages also indicate a difficult design
beccuse of the large radial variation in tangen~-
tial blade speed.

Because the three stages of this turbine are
highly loaded, there I8 little margin for redesign
to extract more work, without an additional tur-
bine stage, should a problem during engine
devclopir.ent establish the nced for more work
extraction,

The values of overall efficlency quoted by P&WA
for the high pressure and low pressure stages
are compared to othe turbines on Fig, A-22 as
a function of wh<.i speed loading parameter,
which is a fc~m of Parson's number, The base
values of cfflciency given by P&WA are seen to
be in line with values for other turbine designs,

Also shown on Fig. A-22 nre the adjustments
which PR used to get from the base values to
the design values, The ndjustment of +2.0 per-

cent for the controlled vertex design as opposed
to a free vortex design yeems high in light of the
highly loaded aerodynamic design of this turbine,
It 18 felt thit the +2.0 percent gain would have
becen appropriate if lower base-efficiency values
had been chosen (lying closer to the dotted lower
1imit line for Jow hub/tip ratio designs).

A second ~2.C percent efficiency adjuctment was
taken by P&WA for reduced tip clearance and
hence is justifiable on an aerodyramic basis,
However, tip clearances of 0.02 tc 0.035 in.
could impose mechanical design problems. Ae
seen on the bottem line of Table A-F, thess
clearances correspond tn less than one-half of
one percent of the rotor tip diameter. Develop~
ment problems may be anticipated in achieving
and maintaining these values in operational ea-
gines in an SST environment,

A3.3.2 Turbine Life

The JTF17 turbine employs coated PLWA 658
blades with an ultimate life with repafr of 10,000
hours, The discs are burst limited and therefore
have a long, low-cycle fatigue life. Tho blades
are creep limited. .

Care must be taken in the fabrication of forged
Astroloy discs to avold low transverse ductility.
P&WA has conducted a large development pro-
gram with dise suppliers during the past several
years and lias been able to achieve excellent
transverse ductility. P&WA is not expected to

have any probiems in this area.

The P& WA 658 turbine blades require a coating for
oxidation and sulphidation reststance. P&WA has
devoted much research and development effort
toward effective coatings. it I8 therefore antici-
pated that they will be able to develop an rdequate
coating for the blades,

Boeing has not atrer.pted to judge the low cycle
fatigue (I.CF) chara-teristics of the JTF17 tur-
bine because of a lack of sufficient Information
at this time. No problems are anticipated from
internal clogging of the cooling holes, and ne
additional susceptibility to foreign object damage
s expected beeause of the olade cooling design.

A simplified creep lfe calculation was made for
the JTF17 turbine to estimatc the risk in the
P&WA -quoted turbine blade crecp life. The mid-
span 6cction of the first rotor was chosen as a
voint indlcative of minimum creep life. Values
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L A A 7 -

CONFIDENTIAL

JTF11A
(Controlled Vortex)
Mild Se
Design Quantity Design DZ':!; First Stage | Second Stage | Third Stage
At Mean Radius
Stator oxit angle fi2 30° 20° 21,87 34.03 36.18
Stator exit mach (c/a%)3 0.8 .18 0.9¢ 0.79 ~ 0.76
Rot.. :inlct relative mach (W/a®)q 0.4 0.7 0.5? 0.48 0.47
Rotor exit relative mach (W/2%)g 0.8 1.15 0.92 0.8 0.77
Rotor exit axlal mnach 0.4 0.7 0.43 0.445 0.49
Stator aspect ratio 1.9 3.1 5.68
Rotor aape~st ratio 3.33 5.0
Stator solidity (width/pitch) 1.15 1.45 1.40
Rotor solidity 1.33 1,28 1 3.24
Rotor exit DHUB/DTIP 0.8 0.5 0.74 T I %S""‘]
At Blade Root ]
Stator :xit snglef 2 30° 20° 26, 2 35.55 39.78
Suator :xit mach (c/a%)3 0.8 1.18 1. 07 0.90 0. 95
Rotor nlet rclative mach (W/a*), 0.4 0.7 0.72 0.07 o, 11
Rotor exit relative mach (W/a*)g 0.8 1,15 0.495 0.50 0.93
Roto': turning angle 80° 120° 107.5 (Y | 8.7
Deg.ee of reaction (W6/W3-1) 0.35 0 0.31 0.26 0.?
. _ Other Design Variables HP LP=Stgs. 2& 3
| '4age work, A b 112.38 113.72
Stage r.ificiency 86.9 88.0
faan blede epced, Um | 1144. 782,
Loading parameters, U2/2gJah 0,23 0,215
Tip Clearance 0.020" 0. 00" 0, 0L,5"
Tip clearance, % blade height (YL 0,453 0,810
Tip clearance, % tip dlameter 0.055 0.0075 0. 008
E::l Blocked variables approach severe design
of temperatures and pressures were obtained o Average metal temperature = 1,640°F
from the JTF17 proposal. :
o ‘soling effectiveness = 0,421
Several values used in the calculations are sum-
marized below: o Material = PLWARSS
o Calculated tensile stress = 19,200psi , o© Larson-Miller factor
(for P&WA G58 to
o Design factor « 1.0 1.1 percent creep) = 47,800
o Design stress = 19,200 psi 9  Estimated cresp 1ife =  3,16¢C hours
o Average rotor gas o The calculated life s about one-third of the 1tfe
temperature = 2,010F quoted by P.WA but this is not too unreasonable
V2-D2707-14
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considering that a small change In the Larson-
Milter factor or the blade temperature will
cauee a large change in the calculated life.

The eatimated creep life {8 based on a PLWA de-
sign criterion of 1 percent creep,  This criterion
would make little difference in the life calculation
for very high stress values (greater than 50,900
p3i): however, it has a targe cffect on the cai-
culated life for, stresses in the 20, 000-psi range.

In summary, the JTF17 turbine is a highly loaded
aerodynami~ design with high cascade Mach num-
bers and low exit hub/tip ratios, It appears that
the goal effic'ency will be difficult to achieve,

The rotor tip vicarances of 0.02 to 0,035 in. are

required to achieve ti'e stated efficiencies.

Thes< cicarances will be difficult to maintain In
operational engines. An increase to a more con-
ventional 0, 08-in. clearance will cost 2 percent
in turbine efficlency. The JTF17 turbine acro-
dynamic performance {8 classified as a Category
2 risk item,

Typlc.lly a fan engine turbine blade has rather
high strcsses at mid-span, In this engine, the
average metal temperature of 1,640°F, together
with the materfal selected sor the turbine biades
(P&WA G58) and the high stresses tnvolved, vill
make it difficult to achieve the creep life of
10,000 hours. The JTF17 turbine life is cl: .8i-
fled as a Category 1 risk item.

Ad.4 AUGMENTOR

The thrust augmentor for the Pratt and Whitney
engine is a duct heater, tho first to be proposed
for Nlight application. The heat release rate is
substantial as can bo seen in Fig. A-2. Decaure
of the similarity of deaign, the demonstrated
heat release 1ate of the primary burner tends to
substantiate the duct burner designg - °.

The goal thrust-averaged comtustion efficiency
is 97 pervent over the nugmentation range from
minimum duct heat to 2, 5000F gas temperature,
with a decreuse in cfficiency to 90 percent at
3,600F gas temperature, According to P&WA,
this Implics a chemical combustion efficiency of

ncarly 100 percent over a broad rango of augmenta-

tion temperature. Test re ~alts shown in Fig,
A-23 do not verily these gonls, especinlly in the
cruise range of fucl-air ratios, In this region
(fuel-air ratlo = 0,014 to ¢ N22), only one
cruise-demonstrated cfficiency test point ts

CONFIDENTIAL

e R e A

- : -4 *

shown, at arvund 96 pe;éont. Other points near
this fuel-alr spectrum are below the poal effl-
clency and show a wide range of scattier.

Figure A-J may be uscd as an indicator of ex-
pected efficlency. The relatively low duct heater
entry temperature {s offset by Jow reference
velocity. ‘Therefore, based on this trend curve,
high values of cfficiency should be expected for
the duct heater.

Aerodynamically, the duct burner must be de-
signed to accommodate tha flew exiting from the
fan. The specified goal cold flow and hot flow
losses have been demonstrated with rig tests.
Considerations should be given to pressure
losses in the presence of fan distortion into the
diffuser and burner as they will occur in actual
practice. P&WA har stated that rig test work
has been completed with simulated steady-state
distortion, and that the diffuser and burner
handled it well. No data from these tests have
been made available at this time, In addition,
unsteady distortion, (turbulence) testing has not
been reported for this burner,

Burncer liner temperatures during cruise are
estimated to average between 1, 200 and 1, 400°F,
Maximum temperatures are reported to be

1, £50 and 1,440°F for the outer and inner liners
respectively, and with proper design control,
long life should be attained at these temperatures,
Thus, liner life is not considered In a major risk

category,

In summnary, the burner Jdesign concept is new,
and is without previous supersonic flight expert-
ence us a technology base. The augmentor must
perform under a wide runge of flow conditions
from the frn and at high combustion efficlency
irvels. DBecause of the effect of duct burner
eiflciency on crufse SFC, the duct burner s
ciassificd as a Category 2 development risk item.
Theae comments are based on steady flow opera-
tion. The augmentor dynamics are covered in
Section A3, 7.

A3,5 EXNIAUST NOZZLE/REVERSER
A3.5.1 Exhaust Noztle

In its August report to Boelng (P&WA FR-68-100), *

P&WA supplied data points from tests of the 650
Ib/ace JTF17A~20D nozzle. Test data for takeoff,
subsonic cruise, Mach 1.2 climb, and supersonie
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Figure A-23.

cruise are shown {n Fig. A-24 through A-27. On
ench figure, thrust coeilicient goals are shown at
‘ae operating pressure ratios for both the ~20 and
=21B engines, These goals are derived from the
PLWA porforraance Cocks. At the subsonie and
transonic conditions, the P&LWA model perform-
ance does not mect tha -20B goals. In addition,
the -21B goal 8 higher thon tho -20B goal at
Mach 1. 2 which makea tuo performance decre-
ment ¢ven greater at that conditicn, The spect-
fied performance is met at supersonic cruise,
the moat important condition, but further norzle
development will be requirat to linprove the off-
design thrust coofficionts.

A3.5.2 Reverser

With reversor clamshells in the raverse position,
a considerable gap exists between the clamahells
and the shroud, - The exhaust gas escaping rear-
ward causes a double penalty to potentinl reverse
thrust. In order to achieve the reverso thrust
goal, the exhaust gas must bo directed forward

Duct Heater Cc abvstion EFicloncy

within 10 to 30 degrees of the engine centerline
throuch the blow-in door opening. Depending
upon the design blow-in door angle, nacelle flow
attacument, with attendant reingestion problems,
i{s possible. P&LWA model test performance
demonstrates that the reverse thrust goal of 49
percent can be achieved,

In summary, although P&WA tests tend to sub-
stantlate the nozzle performance level at aupere
sonfc cruise, further develcpment §s required to
achieve the nozzle performance goals at other
flight conditions, In view of the strong effects
of nozzle performance on airplane performance,
the nozzle is considered a Category 2 develop-
ment risk {tem until specific tests prove that
the periormance levels can be attained,

Pratt and Whitney Aireraft reverser model tests
indicate that the reverse thrust design goals will
bs met. llowever, control of reverse gas flow

direction and distribution {s expected to present
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problems with the preaent design, in which the
flow must cxit through the blow-in doors. The
flow angle {s such that the flow could cling to

the engine nacelle and enter the engine Inlet,
For this reason, the reverser concept Is consid-
ered to be a Category 2 risk item..

A3.6 ENGINE WEIGHT
Boeing does not feel quulified to make a detniled

weight unalysis of the JTF-17 engine. Neverthe-
less, two comments are in oxder.

There exists no precedent for the offered nozzle-
thrust reverser r.ystem, and gas flow require-
menta to avold engine ingestion and {mpingement
on airplane surfaces could very well lead to a )
welght increase,

There {8 reason to expect a weight increase in
the engine fan/compressor as a part of the effort
to ackieve the required steady-state distortion
and dynamic distortion tolerance. These {actors
classify the weight of the JTF17 as a Category 2
development risk item.

A3.7 CONTROLS AND ENGINE DYNAMICS

A3.7.1 Control System )
A functional description of the control system
is presented in the following paragraphs.

A3.7.1.1 Main Fuel Control (Sce Fig. A-28)
a. Primary Zunctions

Control engine speed during steady-
state and transient operation of the

engine.

Control fuel input during transient opera-
tion to preveni compressor stall, engine
flame-out, or turbine overtemperature,

Position the variable IGV of the HP
compressor,

b. System operaticn
Steady-state

Fuel flow is varfed to maintain gas
generator rpm (No) as scheduled by
thrust lever angle (T LA) and compres-
sor {nlet total temperature (TT2).

An approximate value of engine fuel

flow/burner pressure nuo(w,. ‘Pp) is

scheduled as a function of TLA and Tps.
Scheduled rpm is then maintained by
bins.ng the above value of W./P_ with a
w'_./!’B proportioaal to the felgnu
bitween scheduled and actual rpm,
Actual fuel f'ow to the engine is deter-
mined by the product of required W

Pp and sensed burner pressure (Pp).

At low corrected speed, a steep droop
slope is used; at high corrected rpm,
much more Jdroop is allowed,

The HP compressor IGV Is positioned
as a function of Nz and Tyo (only 2
positions),

Transients

Fuel flow 18 limited by acceleration
and deceleration schedules to provide
rapid rpm change without encountering
compressor stall, engine flame-out, or
exceeding engine temperature limits.
These schedules are a function of PB.
TTZ and Nz-

¢. Sensed quantities
TLA

d. Controlled outputs
Gas generator fuel flow (W)
HP rotor IGV angle

A3.7.1.2 Duct Heater Fuel Contwrol (Sce Fig.
A-29)

a. Primary function
Schedule fuel to the augmentor during

stcady-state and transient operation of
the cengine in the avgmented vange.
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System operatioa

Steady-state
a,
Duct heater fuel flow-burner pressure
rutio (W R/ Pp) 18 scheduled as & function
of thrust lever angle (TLA) and com-
pressor inlet total temperature (T192)
to provide the desired temperature rise
and thrust augmentation in the duct b.
heater: Actual fuel flow to the duct
heater §s determined by the product of
W R/Pp and sensed burner pressure (PB).

Transient operation

Two conditions must be met before aug-
mentation will be initiated;

The power lever must be in augmentation
range and engine rpm must exceed 80
percent,

If augmentation {ritiation does not pro-
duce un Agp change within one second,
then nugmcnt..uon fnitiation is terminatod
automatical’: 'he power lever must be
recycled to Maximum Dry before a new
attempt can be made to light,

Augmentation {nitlation includes an
automatic preopening of Agy. This is
removed after the light-off is completed,
Following light-off, augmentor fuel

flow 18 increased until the desired level
is reached,

Sensed quantities
TLA
Compressor discharge pressure (Pp)

T
Ty

Controlled outputs

Augmentor fuel flow
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A3.7.1.3 Duct Norrle Area Control (See Fig.

A-30)
Primary functioa

Control duct nozzle exhaust area during
steady state and transient operation

of the engine,
System operation

Stcady state

During drv operation, duct nozzle area
Agy) is scheduled by thrust lever angle

(TLA) and compressor inlet total
temperature (Tg) from full open at
Idle power to nearly full closed at Maxi-

mum Dry power,

During augmented operation, the nozzle
18 controlled to maintain corrected en-
gine airflow as a functicn of compressor
fnlet total temperature. An approximate
value of nozzle areca is scheduled as s
functionof TLAand T Luct Mach
number jurt ait of the :u': is determined

by sensing total and static pressures
(Prq and Pgg) and combining these
pressures 1B the rauo

Py P
The A P/P required to maintain constant
corrected airflow i8 scheduled as a
function of gas generator rpm (Ny) and
compressor face total temperature (TTg',
T*'s value of A P/P is maintained by
biasing the duct nozzle area through a
closed-loop control.

Transient

Several features are included in the cuet
nozzle control to improve engine
transient response and augmentor light-
off. These include:
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| (A':‘, scnﬁn |
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8Ay fap/p TRM] ERROR A%ﬂl,

Figuwre A=30. Schemotic of Duct Nozzle Aree Control System
’ - '
Age= ItNp, Ty TLA, ~TLZ_ 33,

Prs
(1) An increase of the nozzle area one sec c. Senscd quantities
before sugmentor ignition to increase
intet stability margin. Thrust lever angle (T LA)
(2) A signal to the duct heater fuel control Fan discharge total pressure (Prq)
to cut off nugmentor fuel flow when the
measured A P/P correspends to a cor- *an discharge static pressure (Pss)
rected airflow more than 4 percent
above the scheduled value, Gas generator rpm (Nz)'
(3) A signal to the main fuel control to de- Compressor {nlet total temperature
crease gas generator fuel flow (W) (Tpo)
when the measured AP/P corresponds
to a corrected airflow more than 4 Nozzle area (position feedbacly
percent above the scheduled value, This
will prevent excessive rotor ovorspeed d. Controlled output

follo7ing duct herter flame-out, _
Duct nozzle area (A”)
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Figure A30. Schemetic of Duct Noxzle Ares Contrel Sysrem

Agp= KNy, Tp TLA,

An increase of the nozzle area one seo e,
before augmentor ignition to increass
inlet stability margia,

A signal to the duct heater fuel control
io cut off augmentor fuel flow when the
measured & P/P corresponds to a cor-
rected airflow more than 4 percent
above the scheduled value,

A signal to the main fuel control to de-

crease gas generstor fuel flow (Wy)

when the measured A P/P corresponds

to a corrccted airflow more than 4

percent above the acheduled value, This

will prevent excesaive rotor overspeed 4.
following duct heater flame-out,
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Pn-rs
’n

Sensed quantities

Thrust lever angle (TLA)

Fan discharge total pressure (P
Fan discharge static preseure (Ps’)
Gas generator rpm (N‘)
Compreasor {nlet total temperature

e

Nozzle ares {(position feedback)
Controlled output
Duct nostle area (A.')
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A3, 7.1.4 Background

Experience gained with previous PL4WA engine
designs 18 directly apnlicable to the main fuel

cuntrol and the duct heater fuel control of the

JTF11, 3 '

A3.7.1.8 Special Features

A fundamental aspect of the JTF17 eny;ine is the
fact that the primary nozzle is fixed and the sec-
ondary nozzle variahle. Changes in the variable
nozzle area directly affect fan duct airflow, and
hence, total engine airflow, which is an advantage
of the fan cycle. However, such nozzle area
changes have little cffect on gas generator control
parameters such as HP spool rpm (Np) and Tpy
(turblne inlet temperitur ). Turblnezinlet temp~
erature contro! through the main fuei control is .
apparently not suffi :iently accurate, P&WA had
added an ¢.tra Tmy ‘rim to maintain Ty within
desired Lumnits,

The variable fan duct nozzle is used tc control
fan duct flow during augmented operation, This
particular system incorporates two rubsystems,
ench of which has a high response: tho hydraulie
nozzle positioning system and the fan duct Mach
number sensor and computer.

The former needs to have rapid response, while
the latter is a link in compensating for duct flow
transients. This situation could lead to insiabllity
oi the overall nozzle control system., P&WA ac-
knowledizes this under “anticipated problem arcas,”
and states that extensive dynamic bench and en-
gine *esting will be conducted to obtain satis-
factory system performance,

In case of control problems, th. P&WA design
offers the opportunity to include the variable IGV
of the HP rotor in the control system, DBecause
this 1s esaentially a one-stage variable stator,
the effcct of the change will be small., In the
following discussions it should be borne in mind
that it would only affcect the HP rotor and gas gen-
erator airflow, not the duct airflow,

A3.7.1.6 Summary

PLWA !8 offering a control system which in one
fmportant aspect has no dirent precedent, namely
the controt of fan duct atrflow by mcans of variable

nozzle area using a pitot static tube as a measure
of airflow, The PLWA control system offers only
the variable IGV of the HP rotor to smooth ovt
high-frequency control problems. This JGV, how-
ever, will havo very limited influence on the HP
compressor, '

A3.7.2 Dynamics

A3.7.2.1 BRackground

P&WA has in the last year or two started to use
more sophisticated digital eimulation techniques.
Rucently Boeing was given a very simple digital
mathematic model of the engine and two months
ago, & more sophisticated model. This model is
still not as well dcveloped as §8 required for good
control system studies. An example {8 mafn
burner and DH flame-out. The user of the P&WA
program must as an input, select whether these
burners will or will not flame out during a tran-
sient, Another matter which the P&WA program
does not take into account §8 the changing inlet
distortion during transients and its effect on fan
and compressor maps.

Compar’sons between J5¢ digital analog runs and
experimental data were made avajlable and good
correlation was obtained, However, no turbofan
corrclations are available,

Boeing has not been provided complete inform-
ation about the details of the new P&WA digital
simulation of the JTF17 control system.

In summary, P&'WA has only recently provided
Boeing with a {airly sophisticated digital simu-
lation program, However, this program does
lack some important capabilitier, The details
of the control system simulation are not
revealed by PU&WA,

A3.7.2.2 Nozzle Area Control

During unaugmented operation, the nozzle area
control schedule §8 unly a function of HI spoo:
rpm and T.r . During augmented flow, the duct
nozzle arca %s controlled to keep fan duct Mach
number constant foc the purpose of keeping
enpine airflow constant. Fan duct Mach number
Is mcasurcd by a pitot tube. This is a difficult
instrumentation problem considering that the
Mach number {8 about 0,5, that the sensor must
be capable of responding rapidly, and concider-
Ing the effect of steady-state and dynamic clanges
in pressure profiles at the pitot tube (In contrast
to pressure changes without profile shifta),
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Such changes could originate within the fan itself
because of changes In cperating conditions, or
from fnternal duct pressure disturbances.

A3.7.2.3 Duct Heater Light-Off

Translents during a duct heater light-off at Mach
2.7 cruise aro shown in Fig. A-31. The tran-
slents clearly show the effect of opening Agy
prior to light-off: the engine airflow increases
and the normal shock moves awey {rom the
throat. Liglt-off therefore will not cause un-
start, though the transients are significant in
their rates and absolute values.

Duct heater light-olf at speeds below Mach 2.7
(when the bypasa doors are partially open) is a
diiferert matier. After opening of Agp, the by~
pass doors closs to bring the ehock back to its
normal position, This takea place just before
light-off, Th2 recult {s that light-off causes the
shock to move forward from its normal poaition,
com!nz much closer to thu throat than {n Fig.
A-31, Hard liglit-off{s are prevented by the light-

.off interlock between DH fuel control and ABF'

A3.7.2.4 Duct Heater Blow-Out

Luct heater blow-out trancients (Mach 2.7) are
shown in Fiz. A-32. Blow-ocut causes a sudden
increase in fan airflow, which shuts down the
duct heater fuel flow and nozzle Agy as rapidly
as posaible, The rapld increaze in airflow will
cause super crit'cal operation of the {nlet normal
shock, which could cauee engino etall. Tho sys-
tem is designed so that an airflow transient
greater than 4 percent will result in shut-own of
duct heater fucl fow, This fuel flow shutdowm

18 casentlal because an uncontrolled heater
relight s unacceptable, Only & controlled re-
Hglt at minimum fuel/air ratio produces suffi-
clently small airflow transtents, Relight at

high fuel/air ratlcs would produce high airflow
changes. Duct heaier relight must be {nitiated
by rccycling the thrust lever through the Max-
mum Dry position. The P&WA augmentor operat-
ing Il nits are shown in Fig. A-33.

A3.7.2,8 Inlet Unstart

An inlet unstart almulation (Fig, A-34) shows that
the fua surges and tha afrflow increascs above the
nomiaal value, At 4 porcent above nominal flow,
the DH Mach number computer ahuts down the
duct heater fucl flow and closca down the Agp

as described above. The cuct heater relight
soquence s descritied In the proceding paragraph,

A3.7.2.6 Fan #nd Compressor Burge

PLWA program planning indicates that fan dis~
tortion testing will not start until after the 8ST
afrframe contractor bzs been selected. PLWA
has not presented a plan for testing with stead-
state divtortion and turbulence.

The aspect ratios of the HP compressor blades
are high, In fact, they are closa to those of the
C-5A demonstrator HP spool and higher than
those of the JT8D and JTID spools. No test data
have been presented,

With respect to the fan, distortion attenuation ia
the tip region is an unknown. The P&WA pro-
posal pointa at the well-known flow-work rela-
tonship of a rotor to explain that the tip of a
rotor blade will attenusts distortion much more
than the root. This {s based on subsonic flow
theory and is probably even true around Mach 1
(which {s whore the fan tip operates in cruise).
However, for eubsonic flight and transonic accel-
eration the fan tip relative Mach number is ap-
praximately 1.67 and gubsonic thecry does not
apply. Under these conditions shock and separa-
tion phenomena (as indicated by the low efficiency)
can create and expose the dust burner snd duct
flow control scnsors to a non stcady flow, Pratt
and Whitney Alrcraft has not revealed a clear cut
approach to this prohblem,

The use of the variable IGV for controi purposes

is of limited value bocause only one row of vanes

is used. Redecs!pa of fen or compreesor to pro-
vide more chord (lower aspect ratio), an extra
stage, or a fan IGV are possible problem solu-
tions. Howcver, these approaches are particularly
unfavorable to a four-bearing engine layout and add
both weight and complexity,.

In summary, because transtents in fan Inlet flow
will occur ns the direct result of the nozzle con-
trol oscillations, the HP compressor stall margin
for both distorted and fluctuating flow must ac~
cept the transients. There are no data available
for eithor the fan or compreasor which show that
this compressor or fan derlgn tolerate these
transient disturbances or distortion, P&WA
data ghow that a duct burner blowout will cause
fan stall, mainly becauso the duct pitot tube and
nozzle area control cannot respond fast enough,

A3.7.3 Controls and Dynamics Summary
Because of the unknowns regarding “he control
system concept, and because the 1 ponse of the
cngine gystem to transicnt disturbances
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may, to a certain degree, bo fundamental to the sufficient component and engine testing, together
turbofan cycle, Boeling believes the control and with detailed mathematic model studies, have

engine dynamics represert a Category 3 develop- shown that no fundamental problems exist,
ment risk. This is believed to be true until :
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