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1.0 SUMMARY

The LCF459 [s a turbotip, lift/cruise fan designed to meet the require-
ments of a NASA/Navy research and technology aircraft (RTA). This report
documonts the results of the initial detail design of the fan system. Low
costy and reduced risk design features were weiphted heavily during the selec-
tion of materials and fabrication methods.

The LCF459 1s a 1.5-meter (59 inch) tip-diameter, 1lift/cruise fan with a
design pressure ratlo of 1,32 and a tip speed of 343 mrters per second (1125
feet per second). The fan 1s designed to operate with the YJ97-GE-100 engine
as the hot gas source. Interconnect gas ducting 1s used to provide thrust
modulation by gas power transfer and to provide balanced thrust for the one-
engine-inoperative (OEI) condition.

The sketch of the fan, shown below, depicts the design features which
represent a blend of low cost, long life, low risk, and maintainability.




The fan design includes the following mechanical features:

A 52-bladed titanium rotor with midspan and tip shrouds,
A cast turbine carrier with one carrier per fan blade.

A structural rear frame for supporting the rotor in addition to
serving as the fan outlet guide vane row,

A Belf-contained lubrication system integrated in the bearing
housing.

A single-bubble, HS188 material scroll with shutoff valve for one-
engine-inoperative conditions,

!} carrier pumping system for fan in'et aii seal pressurizatiocn,

Impingement cooling of outer casings for turbine and fan tip
clearance control,

A power takeoff =-tachment on the fan shalt for aircraft accessories.

The estimated weight of the fan unit is 416 kg (917 1lbm), and the Y.J97-
GE-100 weight is 326 kg (719 1bm). 1Installed V/STOL thrust on a 32° C (90°
F) day is 57.96 kN (12,030 1bf). This gives a fan thrust-to-welght ratio of
14,2 and a gystem thrust-to~welght ratio of 8,0,



2,0 INTRODUCTION

The Ceneral Electric Company, in a joint effort with NASA, has heen
engaged in a continuing program to define the advancements in component and
system technology which will lead to advanced lift fan systems applicable to
vertical and short takeoff and landing (V/STOL) aircraft. The turbotip lift
fan concept has been shown consistentl to be an attractive system for pro-
pulsion in V/STOL airecra.ft.

Recently, an application was ldentified using V/STOL aircraft to meet
the N-~vy applications 1in the late 1980 period. Iintegrated, NASA-sponsored,
aireraft and propulsion studies were conducted and succeeded in defining the
specific requirements of the turbotlp fan system for this Navy multimission
aircraft., Subsequent preliminary design studies were completed and are
summarized in Reference 1, The specfic turbotip fan system selecied was a
1.5-meter (59 inch) diameter fan driven by a growth wcrsion of the J97 engine.
The propulsion system consists of three gas-coupled fan systems and either
two or three engines. The fan system was ldentified as the LCF459,

In coincidence with thes. activities, NASA initiatad studies to define a
research and technology aircraft (RTA). The intent of this aircraft program
is to provide a technology base directly applicable to the needs for the
operational aircraft system. The aircraft 1s to be a modification of an
existing aircraft in a gross weight category comparable with the operational
aireraft. In additioan, the propulsion system will be representative of the
operational system, with design changes and modifications consistent with a
low cost, low risk approach. The gas generator for the RTA was identified as
the YJ97-r%-100, This engine is a close derivative, with only minor changes,
of the available YJ97-GE-3 engine used in a different aircraft program,

Detailed design of the LCF459 turbotip fan was initiated in mid-1976.
The results of Phase I of this detailed design activity are aummarized in
this repnrt, The scope of this detailed design {s to define the fan configu~
ration and ~omponents to the point where the Phase II of detail design could
be initiated. Phase II would include additional detail design and generation
of component drawings as required for Iinitiaticn of hardware fabricction,



3.0 REQUIREMENTS

The LCF459 {s designed to meet the requirements of a typical V/STOL
research and technology aircraft (RTA) planned by NASA as a development
vehicle to provide technology for aircraft in the 11,300 to 13,600 kg (25,00
to 30,000 1lbm) gross weight catagory. The design requirements established
for the turbotip fan are based on presently available V/STOL aireraft and
propulsion experience, applicable engine design requirements, General Elec-
tric experience, and results of previous and concurrent aircraft study
programs,

At the initiation of the preliminary design of the LCF459, Reference 1,
design requirements were defined. Minor revisions were later made to the
requirements at the inltiation of the detziled design phase, The basic
sources for the design criteria were as follows:

. MIL-E-5007D, engine design specification, Reference 4.

® General Electric experience in military and commercial engines.

. Deaign requirements and goals as pr  fied by NASA,

. Alrcraft design studies and velated programs, References 5
through 12,

The following is a description of the more significant requirements
which have a direct influence on the fan design.

3.1 GENERAL REQUIREMENTS

The lift/cruise turbofan shall be designed to operate with the YJ97-GE-
100 engine as the gas source. The following are some of the general re-
quirements considered in the design of the LCF459 fan system.

. The fan tip shall have a l.5-meter (59 inch) diameter,

. The number of fans and engines shall be interconnected using
the energy transfer control system described in Reference 7.

. The tan shall be capable of operation with the thrust axis either
horizontal or vertical.

] Instailation flexibility shall be maintained for use as a 1ift/
cruige fan or a lift-only (nose) fan.

(] All services, cooling, and lubrication shall be integral -'ith the
fan assembly,



® Low cost malntenance features shall be considered, such as on-
wing fan blade and turbine carrier removal, sump and disk removal,
and field balance provisions.

® The fan thrust time constant shall be less then 0.3 seconds at a
nominal 90-percent thrust level.

. The fan shall be capable of operating in the anticipated
digstortion environment of a research aircraft as described in
Section 8.0.

) The fan shall include provision for accessory mounting and power
extraction.
) The weight cbjective of the fan asssmbly, less scroll insulation,

is 386 kg (850 lbm).

™ The objective performance is shown in Table I at takeoff,
loiter, cruise, and climb conditions.

. The fan shall produce a minimum control thrust change of 20 percent
at a nominal thrust level of 41.26 kN (9275 lbm), hot day, in-
stalled,

® The fan system sh+ 11 be capable of operating with cne gas generator
inoperative for a minimum of 100 cycles of 30-seconds duration
each.

. With one engine inoperative (OEI), the minimum control thrust shall
be eight percent at a nominal thrust level of 41.26 kN (9275 1bf).

3.2 MISSION AND DUTY CYCLE

The LCF459 shall be designed to meet the mission requirements of a
typical research aircraft for the design life as specified in Section 3.3.
The one-hour mission, as shown In Figure 1, consists of a cruise leg, three
short takeoff and landing (STOL) circuits, and two vertical takeoff and
landing (VT0L) circuits. The propulsion duty cycle based on this mission is
shown in Table II. ¥For a representative alrcraft gross weight of 12,000 kg
(26,500 1bm) the design takeoff thrust per fan is 41,26 kN (9275 1bf) at an
aircraft thrust-to-weilght ratio of 1.05. Table II identifies the fan nominal
thrust assoclated with this duty cycle and aircraft weight.

Since V/STOL aircraft require reaction control for stability, the
propulsion duty cycle must also include a design requirement to cover these
thrust variations. 1In the turborip fan system, thrust modulation is
achicved by variations of fan thrust. The fan design requirements establish
a minimum control level of 20 percent.

wh



Table I. Performance Goals,

Power Altitude Amb. Temp. Mach Turbine Flow Fuel Flow Pressure Temperature | Thrust per Fan
Setting m ft 3 “& | Number | kg/sec lbm{sec | kg/hr lbm/br | ki/m? 1lbm/in.2| X ° R N 1bf
Takeoff ¢] 0| 288.1 518.7 [ 34.16 75.32 2807 6190 405,6 58,69 1144 2060 | 74,685 16,790
(360° scroll) 1] 0] 305.3 549.7 1] 32.81 72.23 2624 5786 385.2  55.87 1144 2060 | 69,881 15,710
Takeoff 0 01 288.1 518.7 0 21.62 47.66 1763 3887 381.3  55.31 1144 2060 | 52,000 11,690

(240° scroll) 1] 0] 305.3  349.7 0 20.96 46.20 1678 3699 369.6  53.61 1144 2060 { 49,509
Loiter 3,048 10,000 268.3 483.0 0.4 18.12 39.94 639 1409 141.7 20.55 702 1264 8,896 2,000
Cruise 12,192 40,007 | 216.6  390.0 0.7 9.06 19.97 527 11A2 92.8 13.45 873 1372 7,562 1,200
Climb 3,048 10,000 | 268.3  483.0 0.6 28.06 61.87 1920 4232 310.7 45,07 1019 1835 ] 26,992 6,068
Climb 12,192 40,0001 77%.6  390.0 0.6 8,62 19.01 583 1286 92.8B0 13.%46 966 1738 8,932 2,008
Notes: (1} Based on JP-3 fuel

{2} YJ97-GE-100 and fan are uninstalled

(3) Duct total pressure loss [less scroll) = 3 percent

(4) Takeoff is maximum conctrol conditions with power transfer

from second engine
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Table 11, Propulsion Duty Cycle.

Percent Life Percent Nominal Thrusc®
10.0 100
5.0 98
13.3 95
13.3 90
15.0 85
36.7 80
6.7 Idle

%1007 nominal thrust = 41,260 N (9,275 1bf) on a
305.3 K (549.7° R) day

Based on the evaluation of control utilization for existing V/STOL
alrcraft and numerous simulator studies, typical duty cycle requirements as
shown in Figure 2 were established as criteria for designing the LCF439, The
control levels are also time dependent. The maximum duration per control
input event to be used for design purposes is also shown in Figure 2, This
time duration is at least twice as long as that anticipated for normal con-
trol application.

For evaluation of the cyclic effects of control applications, the

average rate based on flight and simulator experience appears to be about one
event per second, This cyclic rate shall be applied as a design criterionm.

3.3 MECHANICAL DESICN CRITERIA

The significant criteria applied during the design of the LCF459 are as
follows., Other significant criteria of Reference 4 were also considered.

] The fan shall be designed to the research duty cycle for the
minimum Life of 600 hours for hot parts and 1200 hours for cold
parts.

. The fan shall be capable of uperating within the envelope as
defined in Figure 3.

. The fan and mounting system shall withstand, without permanent
deformation, the conditions given in Figure 4.

. Bird-ingestion objectives shall include safe shutdown following
ingestion of a 1l~kg (2.2 lbm) bird.

. Fan blade containment will not be considered in the design,
failed turbine airfoil at the root shall be contained within ..:e
fan frame.
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] The fan assembly shall be capable of safe shutdown following
fatlure of a fan blade. The frame and bearings shall be capable of
withstanding the loads due to this unbalance for 30 seconds.

3.4 AERODYNAMIC DESIGN POINT

Coordinated aircraft and propulsion studies during the preliminary
design phase produced the LCF459 fan., This fan was driven by two growth
versions of the J97 engine., The fan design point was selected to have a
pressure ratio of 1.32 at a corrected flow rate of 293 kg/sec (646 lbm/sec).
The fan tip diameter was 1,5 meters (59 inches).

This fan aerodynamic design was used for the detail design with the
YJ97-GE-100 substituted as the gas generator. A new turbine design point was
defined for this match of the LCF459 and the YJ97-GE-100 engine. Matching of
the fan and turbine was made at the maximum power level of the engine: the
VTO rating, with flow or power transfer, with an engine discharge temperature
of 1144 K (2060° R). Table IIl gives the engine discharge conditions at this
maximum power level along with the nominal or no-power-transfer condition.

The fan and turbine design points established for this configuration are
given in Table IV,

11



Table 4 [1.

YJ97-GE~100 Discharge Conditions.

Sea Level Static; 305,3 K (549.7° R) Day, Installed¥

Intermediate Takeoff Maximum Control

Engine Speed, percent 101.5 102.7 102,.7
Flow, kg/sec {lbm/sec) 29.73 {(65.54) 30.15 (66.48) 30.31 (66.82)
Preasure, kN/ml

(Lbf/1in,2) 343.3  (49.79)] 351.1  (50.93)] 288.31  (56.36)
Temperature, K (° R) ) 1043.0 {1878) |1060.0 (1909) [1144.0 (2060)
Fuel Flow, kg/hr

(lbm/hr) 2069,0 (4561) |2154.0 {(4749) |2433.0 (5366)
Flow Transfer, percent 0
Total Fan Scroll Flow

kg/sec (lbm/sec) 29,73 {(65.59) 30.15 (66.48) 32.05 (70.66)

*
Installation Factors

Recovery = 0.985
Compressor Bleed
Power Extraction

nn

0. 5%
18,6 kW (25 horsepower)




Table IV, LCF459 Fan and Turbine Design Point.

GCas Conditions

Engine Discharge Flow, kg/sec (1lbm/amec) 30,131 (66.82)
Engine Discharge Temperature, K (° R) 1144 (2060)
Engine Discharge Pressure kN/m2 (1bf/in.Z2) 388.6 (56.36)
Engine Fuel Flow, kg/hr (lbm/hr) 2433 {5366)
Scroll Inlet Pressure, kN/mZ (1bf/in.?2) 372.3 {53.99)
Seroll Inlet Flow, kg/sec (lbm/sec) 32.05 {70.66)
Turbine and Scroll
Duct Diameter, m (in.) 0.445 (17.50)
Turbine Inlet Pressure, kN/m? (1bf/in.2) 357.5  (51.85)
Pitch Line Reaction, percent 15 (15)
Corrected Speed, rpm//f (rpm//FFE) 133.0 {99.12)
Energy, kW/g K (Btu/lbm ° R) 0.2277 (0.05441)
Efficliency, percent 0.86 {0.86)
Exit Mach Number 0.55 (0.55)
Exit Total Pressure, kN/m2 (1bf/in.2) 126.1  (18.29)
Exit Total Temperature, X (° R) 926 (1666)
Effective Annulus Area, mZ (in.2) 34.80 (374.6)
Diffuser
Inlet Mach Number 0.55 (0.55)
Inlet Static Pressure, kN/mZ (1bf/in.Z2) 103.7  (15.04)
Loss Coefficient 0.15 (0. 15)
Exit Total Pressure, kN/mZ (1bf/in.2) 123.0 (17.84)
Exit Mach Number 0.414 (0.414)
Exit Effective Area, m? (in.2) 42.98  (462.6)
Fan
Pressure Ratio 1.319 (1.319)
Corrected Flow, kg/sec (lbm/sec) 293 (646)
Radius Ratio 0.407 (0.407)
Speed, rpm 4499 (4499)
Fificiency 0.86 (0.86)
Corrected Specific Flow, kg/sec-m? (lbm/sec-ft?) 199.2  (40.8)
Corrected Tip Speed, m/sec (ft/sec) 342.9 (1125)
Tip Diameter, m (in.) 1.50 (59.0)
Ideal Thrust (1.00 Thrust Coefficient)
Fan Stream, kN (1bf) 60.411 {13581)
Turbine Stream, kN (1bf) 9,857 (2216)
Total, kN (1bf) 72,268 (15797)
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4.0 FAN DESIGN DESCRIPTION

4.1 FAN SYSTEM

The LCF459 fan is the thrust component of a complete propulsion system
that also includes the following components:

] gas generators

[} Iater.onnect ducting

] Thrust vectoring devices

* Control valves for power transfer

Filgure 5 shows a schematic of a typical propulsion system consisting of

three cngines and fans which will be provided by the engine manufacturer,

The ducting, valves, and thrust-vectoring systems are assumed to be aircraft-
furnished components because of the unique integration requirements of the
alrcraft structure,

The propulsion system for the RTA uses YJ97-GE-100 engines as the gas
generators. These engines are derivatives of the YJ97-GE-3 engine which are
existing and readily available Iin adequate quantities for a research aircraft
program, The required engine modifications for conversion to the -100 engine
are described in Section 5.3.

The LCF459, which is described in this report, is shown 1a Figure 6.
The fan assembly consists of the following major compeonents as ldentified in
the figure.

. Fan and tip-turbine rotor assembly
] Turbine scroll

. Structural rear frame

) Pourings and sump

The following discussions describe the features and design details of
each ¢ the major fan components,

4.2 AERODYNAMLC DESIGN

The LCF459 is o single-stage turbotip fan with a design-point pressure
ratlo of 1,319 and a fan tip diameter of 1.50 m (59 inches). The fan rotor
is a conventional, single-stage, high bypass fan with both a tip and a part-
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span shroud; the rotor contalns 52 blades., The blade geometry was estab-
Lished for minfimum stage weight, consistent with General Llectric standards
of rotor strength and 11{ft, aeromechanical stability, aerodynamic stall
margin, and bird-strike resistance. A fan vane-frame provides the dual
function of an outlet guide vane row for the fan flow and the support for the
fan rotor bearing system.

A tip turbine is attached to the outer shroud of the fan rotor. The
inlet stators or nozzles of the turbine are contained in the scroll., The
turbine has a low level of positive reaction to minimize exit swirl. The
turbine stage does not require exit stators because of this low exit swirl,
The turbine stage discharges intc a low area~ratio diffuser which s2rves to
increase the static pressvre to a level compatible with the fan exit flow at
the mixing plane. The mixing plane conditions were established by optimiza-~
tion of fan static thrust while providing adequate fan stall margins. The
dif fuser flow path 1s penetrated by nine, long-chord vanes which are
structural components of the rear frame and not exit deswirl vanes.

Fan and turbine leakage is controlled by seals at both the fan inlet and
the fan exit, Multitooth, double seals are used at each location. An air
pump is provided in the space between the fan and turbine for delivery of
scal buffer or pressurization alr into the forward seal cavity. Thils system
prevents hot turbine gas from leaking into the fan inlet, which would yield
signiflicant performance penalties. Two seal teeth are also provided on the
tilp of the shrouded turbine blades for leakage control,

4,2.1 Fan

The primary aerodynamic parameters which describe the fan stage aero-
dynamic design are presented in Table V. Except for the hub work coefficient,
these parameters are identical to those defined at the conclusion of the
preliminary design phase, Reference 1. The small rise in hub work coef-
ficlent 18 the result of designing to a less skewed fan exit radial total
pressure profile, These parameters are all well within past General Electric
experience on either tip-turbine~driven fans or high bypass engine fans. 1In
general, the aerodynamic design of this fan stage can be said to be well
within the "state of the art."

Table VI gives the fan flow-path coordinates, «nd Figure 7 shows the
aerodynamic flow path with calculated flow streamlines. For purposes of this
deslgn, the flow path has been defined for some distance upstream and down-
stream of the fan blading in order to establish reasonable boundary condi-
tions. The inlet flow path as shown represents an axisymmetriec inlet with a
throat located 8.99 cm (35 inches) ahzad of the rotor face and a 0.6 Mach
number at design corrected flow. It is recognized that different inlet
geometries might be more sultable for particular installations, and these can
be faired into the design flow path, This is an interface problem which must
be defined on each particular imstallation. Similarly, the tail cone at the
fan exit can also be modified somewhat, to suit particular installations,
with only small effects on the fan performance.

17



Table V. Fan Aerodynamic Design Parameters.

Total Pressure Ratio

Static Pressure Ratio

Corrected Airflow, kg/sec (lbm/sec)
Adlabatic Efficiency

Corrected Tip Speed, m/sec (ft/sec)
Tip Diameter, m {in.)

Radius Ratio

Specific Flow, kg/sec m2 (lbm/sec Fr2)
Rotor Tip Relative Mach Number

Hub Work Coefficient, 2gJAH/up?
Number of Blades

Number of Vanes

Blade Aspect Ratio

Vane Aspect Ratio

Exit Mach Number

1.319

1.074

293 (646)
0.86

342.9 (1125)
1.499 (59.0)
0.407

199.2 (40.8)
1.19

2,05

52

27

3.77

2.33

0.55

Percent
Flow

18
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Tip:

Hub:

Table VI.

Axial Station

{cm) (in.)
-88.90 -35.00
-76,20 -30,00
-63.50 =25.00
-50.80 -20.00
-38.10 -15.00
-25.40 =10,00
-12,70 - 5.00
+ 1.37 + 0,54
+ B8.31 + 3,27
+12,70 + 5.00
+35.56 +14.00

Axial Station

(cm) (in.)
-30.48 -12.00
-24.48 =~ 9.64
-19,17 - 7.55
=-15.43 - 6.08
-10,88 = 4,28
- 6.25 - 2-50
- 2.50 - 0.99
+ 0.00 + 0.00
+ 5,08 2.00
+ 7.62 3.00
+10.16 4,00
+10.%8 + 4.05
+12.13 + 4,78
+12.70 5.00
+15.24 6.00
+20.30 8.00
+25.40 10.00
+28.51 +11,22
+30.48 12.00
+34.39 13.50
+38.10 15.00
+50.80 20.00
+63.50 25.00
+76.20 30.00
+88,90 35.00
+99,06 39.00

Fan Flow-Path Coordinates.

Radius
(cm) (in.)
68.45  26.95
68.58 27.00
69.14 27.22
70.31  27.68
71.86 28,29
73.66 29,00
74.98 29,52
74.93  29.50 }
73.71  29.02
73.41 28,90 }
73.41  28.90

Radius
{cm) {(in.)

1
0,00  0.00
14.32 5.64
19,42 7.65
22,22 8,75}
25,10  9.88
27.54  10.84
29.38  11.57
30.48 12,00
32.23 12.69
33.27  13.10
34,59  13.62
34.65 13.64
35.37 13.92
35,53 13,99
36,07 14,20
36.65 14,43
36,75 14,43
36.56 14.39
36.32  14.30 ]
35.64 14,03
33.25  13.09
30.71  12.09
25.65 10.10 ¢
17.99 7.79
12,90  5.08
0 0°00J

inlet

conical rotor tip

cylindrical
stator tip

ellipsoidal
spinner

rotor leadlng edge

rotor trailing edge
stator leading edge

stator trailing edge

tail cone
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The fan rotor incorporates 52 blades which feature both a tip shroud and
a part-sgpan shroud. The tip shroud also serves as part of the rotating seal
system separating the fan and turbine flow paths.

The fan rear frame operates functionally as the stage exit stators and
also provides the mechanical support for the rotor and scroll., The mechani-
cal requirements established the need for nine structural vanes with a chord
of 16,9 cm (6.67 inches) and a thickness-to-chord ratlo of eight percent,

The aerodynamic confipuration is completed by inserting two nonstructural
vanes between each pair of structural vanes, giving a total vane number of
27. The vane thickness-to-chord ratio of the nonstructural vanes is four
percent, The stacking axes of all vanes are leaned 20° at the hub to benefit
both the mechanical and the aevodynamic design.

The rotor blade airfoil sections are defined by a quarter sine-wave
thickness distribution on an arbitrarily defined mean line. The thickness
distribution is modified to give leading and trailing edge thickness-to~
chord ratios of 0,0075. The location of the maximum section thickness point
is at 55 percent of the chord from the leading edge for all rotor blade
sections, except for the tip section which is at 57 percent.

Figures 8 and 9 show the spanwise variation of chord and maximum
thickness~to-chord ratio respectively. The rotor blade chord is seen to vary
linearly from 10,5 cm (4.15 inches) at the hub to 11,3 cm (4.46 inches) at
the tip. The maximum thickness-to-chord ratio 1s seen to vary from nine
percent at the hub to four percent at the tip. The variation from hub to tip
is not entirely smooth but shows a thickening of the blade just below the
midspan shroud and a rather rapid decrease in thickness just outboard of the
midspan.

Arbitrary mean-line shapes are specified for the rotor blade sections,
rather than c¢ircular arc or multiple circular arc shapes, since they allow
more flexibdlity in defining blade throat and passage area distributions
while maintaining desired incidence and deviation angles. This is particu-
larly important in the vicinity of the midspan shroud. Use of the arbitrary
mean-line shape for rotor blades is a standard General Electric Company
practice. Figure 10 shows the rotor blade incidence and deviation angles.
Deviation angles are calculated from '"Carter's Rule" plus an empirical "X
factor" correction, The empirical "X factor" is also shown in Figure 10.

Stator vane alrfoil sections are defined by NACA 65 series thickness
distributions on circular-arc mean lines. These sections have been found to
work well at the lower Mach number levels at which the stator vanes are
required to operate, Figure 11 shows the incidence and. deviation angles used
for the stator vanes. Past experience has shown that no "X factor' cor-
rection has been necessary for fan stator vanes; so, ''Carter's Rule" has been
used directly to calculate stator deviation angles. Stator incidence angle
selections have been based largely on NACA cascade data with checks being
made to assure adequate throat margin, Stator vane incidence and deviation
angles were selected under the assumption that all vanes had a maximum

20



Tip

Percent Span

Hub

100 T
|
|
80 i
I
|
60
Rotor/ Stator '
40 ‘
|
|
20 l
|
|
|
4] 1
8 10 12 14 16 18 20
Chord, cm
L | | ] } 1
2 3 4 5 6 7
Chord, in,
Figure 8, Blade and Vane Chords,

21



Tip

Percunt Span

Hub

100

80

60

40

20

I

|
I 9 Structural Vanes-—\\\‘j
1 - |
| |
I |
I |
| |
18 Aero Vanes-—f’/)'} :
l |
| |
I |
| |
I l
|
| i
0.0 0.01 0.02 0.03 0.04 0.05 a.06 0.07 0.08 0.09

Figure 9.

Maximum Thickness/Chord

Blade and Vane Thickness.



Percent Span

1og

RO

60

40

20

r
‘(»Incidence
X Factor Deviation
-4 -2 0 2 4 6 8 10
Angle, degrees
Figure 10, Rotor Incidence and Deviation Angles,

12

23



Percent Span

24

100

80

60

40

20

Incidence

Deviation
-4 -2 0 2 4 6 8 10
Angle, degrees
Figure 11, Stator Incidence and Deviation Angles,

12



thickness-to-chord ratio equal to the weighted average of the values for the
structural vanes and the nonstructural vanes.

Figures 12 through 19 show additicnal aerodynamic design parameters for
both the rotor and the stator. Figures 12 through 14 give blade geometric
parameters such as solidities, camber, and stage angles. Figure 15 shows
the blade air angles consistent with the estimated deviation angles as shown
in Figures 10 and 11, Blade relative Mach number distributions are shown in
Figure 16. Radial distributions of diffusion factors are shown in Figure
17 for the defined fan design. The factors for both the stator and the rotor
are low relative to maximum criteria.

Figure 18 shows the radial distribution of efficiency selected for this
dasign, The assumption of efficiency, rather than pressure loss coefficient,
is a Ceneral Electric design practice for fans of this type. This distribution
was based on measured results, from similar configurations, with adjustments
to account for recognized differences. Average adiabatic efficiency iz 0.89
at the rotor exit and 0.86 at the stator exit. For design purposes, local
losses due to the midspan shroud have been assumed to be spread uniformly
over the fan annulus.

Figure 19 shows the fan total pressure ratio profile at the rotor exit
and at the stator exlt. The profile at the rotor exit plane is intended to
have a linear variation with stream function from 1.296 at the hub to 1,365
at the tip. The slightly higher loading at the tip is intended to take
advantage of the higher blade speed in this area. Average total pressure
ratio at the rotor exit is 1,.,331l. Stator vane losses reduce this to an
average value of 1.319 at the stator exit. Higher losses in the stator vane
end regions also cause the pressure ratio profile to become nonlinear.

4.,2.2 Turbine

The LCF459 tip turbine is a full-admission, single-stage, axial-flow
configuration with tip-shrouded blades and 1s fed by a single-entry scroll
desipgned to efficlently distribute the engine discharge gas to the turbine
nozzle ring, The aerodynamic design of the scroll is discuss:d in Section
4.2.3., The turbine stage discharges into a diffuser section which serves to
inerease the exit static pressure to a level compatible with that of the fan
exit flow at the mixing plane.

A number of turbine aerodynamic design parameters are presented in Table
Vi1, The 1144 K (2060° R) design point corresponds to the fan maximum
control point at which the tip turbine receives 5.4 percent of its flow from
a second, interconnected, gas generator. The 0,55 exit Mach number represents
a compromise between the mechanical impetus to minimize blade length and to
provide adequate choking margin at the turbine exit.

At design point, the turbine was selected to have reactions of 10 per-

cent at the hub and 20 percent at the tip. With this amount of reaction, the
exit swirl angle is about three degrees forward running, and turbine outlet
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Table VII. Turbine Aercdynamic Design Parameters.

Inlet Temperature, K (° R)

Inlet Gas Flow, kg/sec {lbm/sec)
Inlet Pressure, kN/m? (1bf/in.2)
Total-to-Total Pressure Ratio
Exit Mach Number

Exit Total Temperature, K (° R)
Adiabatic Efficiency

Design Energy, J/g (Btu/lbm)

Tip Diameter, m (in.)

Radius Ratio

Blade Length, em (in.)

Number of Nozzle Vanes

Number of Blades

Number of OGV's

Blade Aapect Ratio

Pitch-Line Wheel Speed, m/sec (ft/sec)
Stage Work Coefficient, gJAh/2w?
Stage Velocity Ratio, u/Vo
Admigsion Arc, degrees

Hub Reaction, percent

Tip Reaction, percent

1144 (2060Q)
32.05 (70.66)
357.4 (51.85
2.85

0.55

917 (1651)
0.86

260.6 (112.1)
1.684 (66.30)
0.9392

5.12 (2.014)
138

364

9

2.10

384.6 (1261.9)
0.88

0.46

360

10

20




gulde vanes are not needvd to straighten the exhaust flow. At the cruise
operating point, exit swirl angles and reaction levels are similar to the
design point. At reduced power settings, such as the loiter operating point,
the reaction tends to decrease toward the impulse condition. Thus, incorpo-
rating some reaction at the turbine design point helps to prevent part-

speed turbine efficiency from dropping as rapidly as it would with an impulse
design, For positive reactions, blade aerodynamic loading parameters decrease,
thus allowing lower blade sciidities compared to an impulse stage,

The design-point vector diagram analysis was carried out by an axisym-
metric, through-flow analysis which utilizes both streamline slope and
curvature, Leakage and coolant-flow injection or extractlion was included at
stations between the blade rows., Such flows have been shown to have signif-
icant local effects, depending on their penetration into the main flow.

Table VIII gives turbine flow-path coordinates, and Figure 20 shows the
aerodynamic flow path with the analysis stations and the resulting flow
streamlines. Simulation of the flow into the turbine from the scroll will be
discussed in Section 4,2.3, The final vector diagrams, based on nomenclature
given in Figure 21, are presented graphically in Figures 22 through 24, Radial
distributions of nozzle and blade efficiencies used in the analysis were
generated using a General Electric Evendale cascade correlation technique and
are pregsented in Figure 25. The turbine was designed in such a way as to
produce a constant total pressure profile at the stage exit. This required a
blade which was "decambered" at the endwalls and overdesigned in the low loss
regions away from the endwalls. The nozzle swirl profile 13 very close to a
free-vortex type of distribution.

Three distinct nozzle vane airfoils are required for this turbine,
due to the way in which flow enters the nozzle diaphragm from the scroll.
This 13 shown schematically in Figure 26. At the turbine design point, the
nozzle pitch-line total-to-static pressure ratlo is 2.76. The nozzle vane
alrfoils were therefore designed as convergent-divergeut sections to take
advantage of the higher cascade efficiencies and wmore uniform exit profiles
avallable from this configuration at elevated pressure ratios. However,
previous analyses of this type of nozzle indicated that, if the convergent-
divergent portion was designed for the full design pressure ratio, turbine
part-spead performance would be poor due to overexpansion in the nozzle. Tor
this reason, the divergent portions of the nozzles were designed to a pres-
sure ratio of 2.5 at the pitch line. The same percentage reduction in pressure
ratio was maintained at hub and tip.

All three vane airfoil families are geometrically similar from the
throat to the tralling edge, as shown in Figure 27. Since each vane family
is deslgned for a different inlet angle, each has its own optimum solidity as
determined by the requirement that the compressible Zweifel loading parameter
be equal to 0.34., Axial width for the nozzle vane is set by mechanical
considerations at 4.3 em (1.7 inches) for all three families. The spacing of
each family was adjusted to give the required solidity. Figure 28
presents hub and tip sections for each vane family; the vane profiles are

35



46

Tip:

Table VIIL,

Axial Station

(cm)

7.4930
7.3792
7.0411
6.4892
5.7399
4,8163
3.5560
2,5629
1.3012
0.0000
0.7620
3.7338
6.1722
11.938
28.702
35.56

Hub:

14.3022
11.7940
6.4038
3.5560
0.7620
3.7338
6.1722
7.1120
B.6360
10. 1600
11.9380
16,2560
28.7020
35.5600

(in.)

-2,9500
-2.9052
-2,7721
-2.5548
~2.2598
~-1.8962
-1.4000
-1.0090
-0.5123
0.0000
0.3000
1.4700
2.4300
4.7000
11.3000
14.0000

-5.6308
-4,6433
-2.5212
-1.4000
0.3000
1.4700
2.4300
2,8000
3.4000
4.0000
4.7000
6.4000
11.3000
14,0000

Radius
{cm) (in.)
87.8840  34.6000 _
87,2444 34,3482
86,6244 34,1041
86.0425 33,8750
85,5167 33.6680
85,0626 33.4892
B4.6422 33.3237
84.4136 33,2375
84.2569 33.1720 J
84,2010 33.1500
84,2010 33.1500
84.20i0  33.1500
84.2010 33.1500
84.2010 33.1500
83,2980 32.7949
82.8568 32,6208
79.6166 31. 3451
79.5373 31.313¢9
79.0844 31.1356
79.0844 31.1356
79,0844 31.1356
79.0844 31.1356
79.0844  31.1356
79.0844 31.1356
79.0722 31.1308
79.0092 31.1060
78,8706 31.0514
78,3369 30.8413
76,1312 29,9729
74,9536 29,5093

Turbine Flow-Path Coordinates.

-Point "A" in Figure

Ellipsoidal
Transition

—Nozzle Lo E-

-Nozzle T.E.
-Blade L,E,
~Blade T.E,
~Diffuser L.E.
-Diffuser T.E.
-Exit

-Point "B" In Figure

-Nozzle L.E.
~Nozzle T.E.
-Blade L.E.
-Blade T.E.

-Diffuser L.E.

~Exit

20

20
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Point "A" - Start of Actual Aerodynamic Tip Flow Path (Table VIII)

v =0 80 Leaned Struts (Structural Onlxy)
0.1 F-ISB Nozzles
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g .3 364 Blades (7 Per Fan Blade)
D.4
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Point 'B" - Start of Actual Aerodynamic Hub Flow Path

Typical Scroll Cross Sections at Two Circumferential Locations

Figure 20,

Turbine Aerodynamic Flow Path,
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linear between hub and tip. Figure 29 1s an unwrapped view of the nozzle
diaphragm depicting vane alrfoil placement.

Three blade sections and some pertinent design parameters are presented
in Figure 30, This 1s the minimum number required ts adequately define the
spanwlse variations in blade airfoll sections as dictated by the vector
diagrams, A total of 364 blades (seven per each of the 52 fan blades) was
selected as an acceptable number mechanically, and this number has been
maintained., With spacing thus determined, blade axial width was caleculated
to meet solidity requirements based on a compressible Zwelfel loading parameter
of 0.8, The final blade axial width of 2.44 cm (0.96 in.) corresponds to a
pitch-line solidity of 1,73, which is about ten-percent oversolid at design
point. This higher solidity was chosen because the blade aerodynamic-loading
coefficient increases at such off-design settings as VTO nominal and cruise,
thuy requiring solidities higher than the design-point, optimum value.

An exit diffuser system is located downstream of the turbine blades as
shown in Figure 20, This system includes an expanding flow path with an area
ratio of about 1.5 and nine equally spaced struts. The struts serve as
structural members to carry stator loads.

4,2.3 S5croll

The general configuration of the scroll is illustrated and discussed
further in Section 4.6. A blocker plate, located at 180° from the inlet,
effectively divides the scroll into two 180° segments. Flow entering the
scroll is divided evenly between each of the segments and turned circumferen-
tially. The scroll segments are circular in cross section and are designed
to maintain a flow Mach number of 0.3 in the circumferential direction by
decreasing in cross-sectional area linearly from the inlet to a 12.7-cm (5
inches} diameter, constant-area section near the blocker plate. This is the
minimum allowable area mechanically.

There are 80 leaned struts in the transltion duct from the scroll to the
nozzle diaphragm. These are for mechanical structure only since their
solidity (less than 0.4) makes tl:em ineffactlive as airfoil sections. The
struts, however, are aligned to the general flow direction as determined by
the axisymmetric flow analysis.

A realistic representatior of the scroll and transition duct is impor-
tant because both the level and radial distribution of flow angles at the
struts and the nozzle vane leading edges were obta‘ned from the axlisymmetric
analysls. The inner radius of the scroll ring is a constant 77.5 ecm (30.5
inches) so that the decrease in scroll crosz-sectional area is accomplished
by decreasing the outer radius. This results in a stream function distribu-
tion around the scroll where streamline spacing is greater near the inner and
outer flow path (less flow In these regions) and smaller in the central areas
where higher flow rates are generated by the shrinking of the scroll skin.
Two scroll eross sections have been superimposed on the flow path in Figure
20 in an attempt to illustrate this effect.
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The actual flow-path boundaries upstream of the struts in Figure 20 were
determined from an incompressible-flow plot in which the streamlines were
forced to their respective stream function values.

Speclal attention was pa.d to that portion of the inlet flow path from
the strut-tip leading edge thiough to the vane throat to ensure that no
diffuslon took place anywhere in this high curvature, transitlion area.

Scroll pressure loss estimates have been made for the scroll with two
inlet configurations representing a typical cruise fan installation, The
scroll inlet diameter is 44.5 em (17.5 inches) which gives a scroll inlet
Mach number of approximately 0. 30,

Scroll pressure losses are composed of the following components:

[ Inlet bend loss

] Skin friction

) Strut drag

. Nozzle inlet transition loss
. Diffusion loss
. Valve loss

These pressure losses are then simply summed to get the total scroll pressure
drop. This approach has been relatively successful in predicting pressure
losees for several previous ecroll model tests,

Table IX summarizes the pressure loss estimates. The inlet bend loss is
not a large portion of the total loas {about 14 percent). Since the inlet
configuration may differ for each installation, the total losses shown in
Table IX should only be ccasidered as typical values.

4.3 COOLING AND CLEARANCE CONTROL

The turbotip fan includes two unique design features that requlre
special attention with regard to temperatures and cooling. The hot tip-
turbine carrier is bolted to a titanium fan blade. Temperature limits for
the titanium fan blade are around 315° C (600° F), as compared to turbine gas
temperatures of 760° C (1400° F), The transfer of heat from the turbine to
the fan must be carefully controlled. A carrier cooling system has been
defined for the LCF459,

The second critical temperature area is the frame outer case and geal
support. This large ring structure, approximately 1.78 m (70 inches) 1in
diameter, supports the bearing structure and the fan and turbine tip seals.
The outer case temperature must be controlled to minimize frame thermal
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stresses because the major part of the frame runs cold; only the outer tip
is hot, Frame growth must also be limited to provide acceptable turbine

and Tan btip clearances. This section of the report definmes these cooling
aystems and includes an evaluation of the fan and turbine leakage flows with
the assoclated corrections to performance.

Table IX. Scroll Pressure Loss Summary.

Percent of Inlet Total Pressure Loss
Cruise Fan

Inlet bend 0.4
Skin friction 1.6
Strut drag 0.2
Nozzle inlet transition loss 0.1
Diffusion loss 0.3
Valve loss 0.3
Total 2.9

4.3.1 Turbine Carrjer Cooling

The method used to cool the turbine blade carriers extracts cooling air
from between the fan stator vane tips, ducts 1t forward through the fan and
turbine flow divider, then pumps it through the carriers by means of scoops
attached to the carrier aft sides. This scheme is shown schematically in
Figures 31 and 32 which show, respectively, the anticipated cooling flows and
assoclated pressures at the design-point conditions, The cooling alr is
extracted from points near the fan stator vane tralling edge plane and near
the vane pressure surfaces in order to maximize the available static pressure.
Alr scoops are provided at this location to recover a portion of the velocity
head. The flows shown in Figure 31 are based on the clearances shown in
Figure 33,

The following discussion and analysis describes the operatlon of this
carrier cooling scheme.

During all steady-state operating conditions, the carrier cooling system
must be able to maintain a forward seal cavity pressure equal to or greater
than the turbine hub static pressure to exclude turbine hot gas from the
carrier area. The most severe steady-state operating point in terms of the
coolling system design 1s the aerodynamiec design point where turbine reaction
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is highest. The turbine hub static pressure at the design point is 120 kN/m2
(17.51 1bf/in.2). A design pressure of 127 kN/m2 (18.5 1bf/in.2) for the
forward seal cavity was selected to ensure a positive pressure differential
across the outer forward air seal at all times.

During initial start-up, and possibly during a very rapild acceleration,
the turbine hub static pressure could briefly exceed the pumping capability
of the carrier scoops, causing hot gas to backflow through the scoop and into
the rear seal cavity, This Is acceptable for a short period, but the scoop
must be able to recover and start pumping cool air again even with the aft
seal cavity filled with hot gas. Recovery will occur under these conditions
if the static pressure on the aft side of the carrier exceeds that on the
forward side so that the carrier scoops are not required to pump. Under
backflow conditions the static pressure on the forward side of the carrier
will be intermediate between the turbine hub and fan tip static pressures.
The exact value depends on the relative clcacance areas of the inner and
outer forward seals and the amount of flow through the carrier scoop. Figure
34 shows the forward seal cavity static pressure as a function of relative
clearance, For equal seal clearances the forward cavity pressure will be 105
kN/m2 (15.4 lbf/in. ). For the case where the outer seal clearance area is
50% larger than the inner seal clearance area, the curve gives a pressure of
114 kN/m2 (16.5 1bf/in.2) on the forward side of the carrier. Thus, 1if the
static pressure on the aft side of the turbine blade carrier were 114 kN/m2
(16,5 1bf/in.2) at the aerodynamic design point, the cooling system would
start flowing cool alr even 1f the carrier scoops did not pump.

To summarize the requirements for this cooling system at the aerod; namic
design point:

] the static preasure on the aft side of the carrier shall be at
least 114 kN/mZ (16.5 1bf/in.2) to ensure starting and recovery
from backflowing.

] the carrier scoop shall he able to pump the pressure from 114 KN /m2
(16.5 1bf/in.2} up to 128 kN/m (18.5 1bf/in.2) at a flow equal to
the total leakage through both forward seals.

A time-share computer program was written to represent the cooling
system, Compressible~flow analysis was used to derive the pressure drops and
flow rates. The pumping characteristics of the carrier were represented
using estimated recovery characteristics as a function of mass flow ratio as
shown in Figure 35, In this analysis, the fan and turbine seal c¢learances
were represcented as a function of speed and temperature. Section 4.3.3 gives
o detulled description of the operating clearances and representation used in
the scal leakage calculation.

At the fan design poiunt, the scoop and air extractlon areas were sized
to produce the design pressures of 114 kN/m2 (16.5 1bf/in.2) at the back side
of the carrier and 128 kN/m2Z (18.5 I1Lf/in.2) at the forward seal cavity. The
final areas for the fan design are:
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® Area of air extraction parts at stator vane trailing edge, 65 cm?
(25.5 in.2).

® Arca at inlet of carrier scoops, 41.1 cm? (6,38 in.z).
() Area at exit of carrier scoops, 48.4 em? (7.50 1n.2),
The design-point leakage and cooling air flow rates and cavity pressures

are shown in Figures 31 and 32, The effects of these leakage rates on fan
and turbine performance will be presented in Section 4,3.4 of this report.

4.3.2 Frame Cooling

The need to maintaln favorable fan tip seal clearances and reasonable
frame thermal stresses requires cooling of the outer rings and casings of the
fan frame. Wi:chout cooling, the total radial growth of the fan case woulu te
about 0.64 cm (0.25 in.), and excessive seal clearances would occur. Frame
cooling is therefore required to provide geal clearance control. Outer case
impingement cooling 1s a method utilized on the CF6 engine for case cooling
and low pressure turbine clearance control. This method was selected for the
LCF459, The impingement cocling system uses manifolds with many small holes
to direct air jets onto the structure to be cooled, For the LCF459, this
arrangement was designed to maintain a frame temperature of 232° C (450° F).

Low frame temperatures are also desired for low thermal stresses. The
outer casing is attached to the fan bearing using nine radial struts. The
bending stresses in the struts are proportional to the relative frame casing
and strut growth, Large growth of the struts does not occur because about 80
percent of the structure is within the cold fan flow path. The 232° C (450°
F} frame temperature, &8 selected for good seal clearances, also ylelds
acceptable thermal stresses,

The frame impingement system consists of air sco.ps and manifolds that
direct the air onto the fan frame structure, Four scoops are used to extract
5,3 kg/sec (2.4 lbm/sec) of air from the fan discharge stream. This air is
then distributed to the critical areas of the structure. Frame temperatures
and radial growth at off-design conditions were evaluated and used in the
detailed calculation of seal leakage as described in Section 4.3.3.

4.3,3 Clearances and Leakages

The evaluation of leakage flows during off-design, fan-operating condi-
tions is a situation that involves combinations of frame thermal growth,
rotor growth, aerodynamics of the cooling systems, and effects of maneuver
loads on rotor-to-frame clearances,

The rotor total growth includes blade, disk, and turbine growth due to

both centrifugal and thermal effects. Rotor system total growth as evaluated
at the fan design condition is given in Table X. For the off-design
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Table X, Rotor Growth.
. Rotor Speed = 4370 rpm

. Turbine Inlet Temperature = 1144 K (2060° R)
[ Blade Relative Temperature = 972 K (1750° R)

Centrifugal Growth

{mm) (in.)
Disk 0.70 0.0275
Fan Blade 1.29 0.0506
Turbine Blade 0.01 0.0005
2.00 0.0786

Thermal Growth -~ Relative to 21° C (70° F)

(mm) {in.)
Fan Blade 0.08 0.0030
Turbine Blade 0.67 0.0263
0.75 0.0293

Temperatures
(K) (° R)
Fan Blade 333 600.2

Turbine Blade 972 1750



calculation of rotating scal diameters, the following relationships were
used:

] Centrifugal growth varies with physical speed aquared.
. Fan blade thermal growth scales using fan exit total temperature,
[ Turbine blade thermal growth scales with blade relative tempera-

ture, where Relative Temperature = T51{1-0.150 (rpm/4473)2],

The diameters of the stationary seals at the fan and turbine tips are
established by the temperatures of the seal supporting structure. The
diameter of the seals increase proportional to the seal diameter and the
structure temperature at a rate of 1,07 x 10-5 cm/em K (0.594 x 10=3 {in./in.
° R). The frame temperatures can be estimated using n constant cooling
affectiveness of 0.675 where:

g - Ras temperature - metal temperature
gas temperature ~ coclant temperature

Effectivenes

For this calculation the gas temperature is the turbine discharge
temperaturc and the coolant is fan discharge. At the fan design point, this
level of effectiveness gives a frame temperature of 232° C (450° F).

A buildup clearance was defined to provide adequate seal clearance to
avoid seal rubs during typical aircraft maneuvers. Figure 36 shows the
relative rotor-to-frame deflections for a combination of gyro precession
rates and acceleration forces normal to the axis of rotation. Based on these
characteristics, a fan c¢ip buildup clearanne of 0.11 em (0.045 in.) was
selected., The turbine tip clearance was set at a larger gap of 0,18 cm
(0.071 in.) to account for the additional centrifugal and thermal growth of
the turbine blades, These clearance levels were then used in the evaluation
of seal leakages during off-design operation.

The previous discus:.st has given the analy+~ical methods and procedures
used to determine seal leakages during steady-state operation. The six
leakage flows thac were calculated include:

e WLl - leakage from forward seal cavity into turbime blade inlet

station,

e WL2 -~ leakage from forward seal cavity intc fan inlet station.

e WL3 - leakage from aft seal cavity into turbine diffuser inlet
station,

o WLA - leakage from aft seal cavity into fan station between rotor
exlt and stator inlet.

e WL5 - Total leakage flow extracted from fan flow; combination of

WL1 through WL5.
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® WL6 - Turbine tip seal leakage from turbine blade inlet to turbine
biade exit.

All of the seal leakages appeared to be a function of only fan physical
speed and flight altitude and almost independent of flight Mach number.
Figure 37 shows the leakage flow rates as determined through these analytical
methods,

4.3.4 Performance Corvections

Leakage flows not only represent a flow loti from the system, but alsa
represent significant changes of performance of .ne individual components.
In the analysis of fan performance, the effects of the individual leakages
are accounted for in the following manner,

LLeakage into the turbine blade inlet, WL1, was assumed to have no
detrimental effect on turbine performance. The leakage flow does occupy some
area within the blade row which changes the turbine velocity diagrams slightly;
however, this flow does do some work as 1t passes through the turbine.

Previous turbine test experience has shown that thils type of leakage has
negligible effects on turbine performance, except for the flow lost from the
system,

Fan inlet seal leakage, WL2, is known to have a large effect on fan
efficiency. Tests of large and scale-model fans have defined the efficiency
decrements as shown in Figure 38, A large changs of fan efficilency, five
times the percent leakage, 1s shown.

Figure 39 shows the correction of fan efficiency due to rear seal
leakage, WL4., There was no actual data base for estimating this performance
derivative. A conservative estimate of one-third of the inlet ajr seal
effect was used.

Tests of diffusers with leakage at the inlet have shown that the leulage
rates have small performance effects on the diffusion pressure loss but do
represent large changes of the dLffuser effective area ratioe. The diffuser
flow path has heen sized with corrections for the calculated levels »f - low
leakage.

Turbine tip seal leakage, WL6, is treated on a one-for-one basi{'. The
leakage flow is assumed to countribute nothing to the turbine work, . . :hus
the performance corrections as shown in Figure 40 can be derived.

Une additional correction to performance accounts for the - vic done in
pumping the carrier cooling flow, In the ccoling analysis, thi. work was
ralculated and compared to the total turbine power. A constan' ratio of 1.2
percent of turoine power was determined as a typical level f:i ,erformance
corrections,
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4.4 ROTOR ASSEMBLY

4,4,1 Design Requirements

The fan rotor was designed to meet the requirements imposed upon the
LCF459 fan assembly by the Research and Technology Aircraft. The objectives
which have a direct influence on the rotor design are:

° Aerodynamic design requirements

® 1200 hours and 14,400 idle-to-takeoff-to-idle cycle operations

. Bird~strike tolerance
(] Rapid response to changes of thrust (minimum inertia)
» System vibratory stabillity margin of 15 percent over two-per-

revolution sources at 1l0J-percent speed

. Torsional and flexural flutter stability (blade flutter shall not
occur prior to fan stall)

e Stresses less tian 0.2-percent yleld strength
. Stresses within stress range diagram for lO7 cycles
. 15~percent margin on blade natural frequencies over anticipated

excitation sources
. Burst speed greater than 122-percent design speed

] Disk dovetail capable of retaining adjacent blades with one bhlade
out {(domino-type, disk-post failures)

. Single blade removal on wing
. On-wing fan rotor balance

. Axial fan blade retention capability of 30 percent of fan blade
centrifugal leoading

. Low manufacturing costs

4.4.2 Basic Design Features

Figure 41 is a detailed layout of the fan rotor showing the salient
features. The rotor contains 52 fan blades of titanium 6-4 material., The
blades are retained by a conventional, single-web disk and driven by a tip
turbine. The disk material is also titanium 6-4. The fan blades incorporate
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single, part-span shrouds for vibrational stability and bird-strike resistance.
An integral tilp shroud is employed to define the fan outer flow path and
provide a seal againat hot gas leakage into the fan stream. The fan blade
incorporates iIntegral platforms to form the inner flow path. The disk
retains the blades using single-hook dovetails with a drop~down slot for
single hlade removal. Spacers below the dovetail are used for blade reten-
tion. An aluminum spinner is rigidly attached to the disk to provide
structural stabllity for increased blade-~disk mode frequency margin. The
spinner also includes provisions for on-wing field balance without rotor
disassembly through the aidition of radial balance weights. A bolted flange
joint allows separation of the disk and shaft for ease of maintenance. The
tip turbine contains 52 cast René 80 carrier assemblies, each having a tip
shroud to define the outer flow path., Seven airfoils are attached to a box
structure retained by a rabbeted, fan-blade-to-turbine attachment. The box
structure hes protruding seals to shield the fan stream and blade from the
hot gas.

4,4.3 Design Analysis

Using combinations of analytical methode and comparison with similar
operating rotor experience, the selected roror configuration was shown to be
capable of meeting all of the objectives. The rotor was analyzed consistent
with design criteria used for large commercial turbofan engine rotors.

The fan blade was designed in Ti 6~4 for low cost and weight. Figure
42 presents the blade airfoil geometry. The geometry was selected for low
welght and reasonable stress levels in view of foreign object damage and
cyclic life requirements. Figure 43 gives the airfoll stress distributions,
Figure 44 shows the blade dovetall stresses, and Figure 45 4.4-5 depicts the
var. 2us blade stress levels in comparison to the strength levels of Ti 6-4,

A part-span shroud at a 657% spanwise location provides stability from
torsional stall and flutter, higher blade-disk system frequency, hetter bird-
strike resistance, and lighter airfoil weight over a nonshrouded airfoil.
Torsional stall instability is characterized by large oscillatory vibrations
at the blade torsional frequency. A nondimensional "reduced velocity
parameter' predicts the susceptibility of a blading design to instability.
Flgure 46 compares the blade inner and outer panel reduced velocity para-
meters with a stability boundary derived from numerous compresenr and fan
tests, A large stability margin is indicated.

Figure 47 presents the blade frequency dlagrams of both the in-phase and
out—-of~phase modes for the case with an assumed rigid disk. Noted on the
fipures are possible sources of excitation, Figure 48 shows the combined
blade and disk frequency diagram., The two-nodal frequency margin of the
blade~-disk system over the two-per-revolution excitation is less than the
destgn objective of 15 percent at design speed. Not included in this margin
i5 the increased stiffness effect of the structural spinner. The concept of
a structural, rotating, fan-inlet spinner bolted directly to the disk rim was
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initially demonstrated on the CF6-50 turbofan engine. This combination of
spinner and disk provides a unified structure which exhibits a significant
Increase in the blade root retention =stiffness over the disk alone and,

thus, Increased margin over the two-per-revolution exclitation. The margin at
design speed for the blade-disk-spinner system is increased to 16 percent,
Acceptable margins for safe operation exist elther with or without the added
stiffness of the bullet-nose structure.

The bird-strike capability of the blade was evaluated using an analy-
tical procedure which employs - semiempirical method based on energy balance
theory. The method has conaistently been able to predict, with good correla-
tion, the bird~impact results for new fan designs. Empirical data from
static and whirligig impact tests and actual bird ingestion incldents on
previous, fixed-pitch, fan designs such as the CF6-6, CF6-50, TF34, and TF39,
in conjunction with analytical simulation of the incidents, was used to
determine a damage boundary, The ability of the LCF459 fan blade design to
sustaln bird strikes when compared to this boundary is shown in Figure 49,
Torn or missing pleces from the blade could result 1f a 0.45 kg (1 1bm) bird
strike occurs, Adjustments in the blade geometry during the detail design
phase can be used to improve the strike capability with the objective of
meeting the 1.0 kg (2.2 1bm) criteria. These adjustments are:

] Generous blends to hard-point locations, tip and midspan shrouds,
to reduce stress concentrations.,

° Local thickness distribution changes to improve susceptible areas
of the blade.

] Chordwise location of the midspan shroud away from the leading edge
so that chordwise plastic deformation can absorb some of the
impact energy.

A conventional, single-web, disk design was selected for the LCF4539,
This type of disk design was selected based on light weight and low cost,
The disk mean-line stress distribution is presented in Figure 50. Figure
51 shows the disk material fatigue strength. A comparison with the blade
dovetail fatigue stress and materilal properties reveals that both the disk
and the blade dovetails have more than adequate stress margins,

The tip turbine contains 52 integrally cast, tip-shrouded carriers, each
having seven hollow turbine airfoils. The tip shroud is employe! to control
tip clearance for increased performance, The airfoil wall thicl .2ss is
0.0635 to 0.1016 cm (0.025 to 0,040 in.) which is applicable to thin-wall
casting techniques. High resistance to foreign object damage is provided
with adequate material strength,

The carriers have a simplified forward seal pressurization scheme
utilizing air scoops on the aft face of each carrier which pump cool aft
cavity ailr through an internal passage into the forward cavity. The scoops
add some weight and inertia to the turbine, but the addition is justified in
light of the more simplified pressurization scheme over that offered by other
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external pressurization methods. The carrier is retained by a rabbet joint
on the tlp of the fan blade as shown in Figure 52, This type of carrier-to-
blade joint does not require bolt prelcad and the assoclated clamping action
for carrier retention,

Figure 53 compares the principal turbine tlade vibratory Irequencies
with the potential sources of excitation. Adoq.ate frequency margins exist
within the normal speed operating range. Figuire 54 compares the blade
maximum root stress with the material properties of the blade material. At
the design speed, the material vibratory strength is three times the
anticipated blade vibratory stress,

4.4b.4 Weights and Inertias

The rotor system weight at the conclusion of this design was 150 kg (329
lbm}. The rotor polar moment of inertia was calculated to be 35.54 N-m-sec2
(26.2 lbf-ft-secz). Table XI gives a detailed breakdown of the contributions
of the rotor components to the total weight and inertia,

Table X1. Rotor Weights and Inertias.

Component Weight Ipertias
kg ibm N~m-sec 1bf-ft-gsec?

Tip Turbine 19.3 42,4 11.9 8.8
Fan Blade 69.2 152,2 19.5 14.4
Disk 41,9 22.1 2.4 1.8
Spinner 5.2 11.4 0.3 0.2
Shaft 4.7 10.3 0.04 0.03
Miscellaneous 9.3 20.6 1.4 1.0

Total 149.6  329.0 35.5 26.2

4.5 BEARINGS AND LUBRICATION

4.5.1 Design Requirements

The LCF459 sump system was designed to meet the following require-
ments:

] The system shall withstand the loading caused by steady-state,
frequent, and maximum maneuvers, aud blade-out conditions.

] Design 1life shall be 1200 hours for the research aircraft duty
cycle as defined.
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® The design shall meet the attitude requirements shown in Figure
35,

() A single design concept -hall be capable of both verticel and
horizontal installation,

4,5.2 Sump Design Features

The LCF459 rotor is supported vy a roller and ball bearing as shown in
Figure 56 and 537, Design pra-tl:.3 successfully used on current General
Electric engines have been use.: for these bearings. Tha roller and ball
bearing are retained in the sump housing by a retainer ring and lock nut
respectively. Tangs are provided between the roller bearing outer race and
sump housing to prevent rotation. Both the roller and ball bearing inner
race are clamped by individual lock nuts. These bearings feature standard
cross sections allowing utilization o1 some existing tooling.

‘n asplrating-bore, carbon seal is provided forward of the roller
bearing to prevent oil leakage into the aft fan cavity. Thig carbon seal is
identical in size to the Fl01 No. 5 seal but does contaln certain unique
features pertinent to this design.

A £plined shait to drive the accessory gearbox for the horizontally
installed configuration 1is attached t» the aft end of the fan rotor shaft,
The aft cover housing incorporates ¢ ' . irbox mounting rabbett and a carbon
seal for the drive shaft. Spline lubrication is to be obtained from the
accessory gearbox. A cover is provided for the vertically installed system
where the accessory drive is not used.

A steel investment caasting is used for the sump housing. Internal
coring is kept to a minimum to simplify the casting design. Welded-in oil
tubes are used to transfer oil to and from the collector tank. Bearing
reaction loads are transmitted to the fan frame directly %y two structural
cones terminating at the fan frame forward and aft flange., The entire sump
assembly can be removed by removing bolts at the forward flange and nuts at
the aft flange. Boroscope provision is provided for internal iunspection,.

Heat transfer capability is maximized by utilizirg adiating fins in the
oil collector/heat exchanger which is configured between the two structural
sSupport cones,

The main rotor shaft, in additicn to supporting the rotor loads, provides
the following functions:

. Collects any lube system debris in a specially provided separator.
. Transfers oil to inner races of bearings,
] Provides a drive for the accessory ~arbox.
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] Rabbetts the sump vent tube assembly,
Figure 56 shows the selection of materials used in the sump design.

The lube system 1s shown schematically in Figure 58 and includes the
following features:

] Forward and aft viscous disk pumps to scavenge oll at all required
attitudes.
. Under race lubricated bearings alluwlng the use of a low pressure

lube supply system,

° 01l collector/heat exchanger integrated into a cast sump housing,
® 01l reservoir incorporated into sump housing.

. Debri separator integrated with rotor shaft.

. Sump vent which includes dynamic air-oil separator,

During operation, the lubricating and cooling oil 1s pumped by the aft
and forward viscous disk pump from the oll reservoir located in the lower
portion of the sump into the cill collector-heat exchanger. The oil reservoir
is sized for approximately @J.00189 m3 (0.5 gallons) of useable oil in either
a horizontal or vertical installation, The disk pump concept is similar to
that used successfully in the "D" sump of the CF6 engine. The oil collector/
heat exchanger {s sized to remove the heat generated by the bearings and
seals and incorporates cooling fins to increase the effective heat-radiating-
surface area. Holes are provided in the sump support cones to allow for
cooling air flow. Cooled oll from the collector is directed by gravity
through a dual-tube system to the end of the fan support shaft. The tube is
sized to flow the required oil at a minimum oill head height of approximately
2.54 em (1,0 inch). Sizing the tubes in this manner will also allow
orificing the exit area if needpd, based on test data from a planned sump
development test program,

A centrifugal separator has been iIncorporated into the aft end of the
fan shaft, This separator will trap debris, not allowing it to enter bear-
ings, Holes are provided in the shaft to introduce oil as a function of fan
speed at a rate necessary to adequately lubricate and cool the bearings.
This o1l is then returned to the disk pump inlet for recirculation.

The sump fs vented forward to the spinner cavity by an air/oil separator
bolted to the fan disk.

4.5.3 Bearing Design Analysis

Figures 59 and 60 summarize the basic design configuration, design
luads, and calculated life of the fan retor support bearings.
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Outer Ring M-50
Inner Ring M-50
Rolling Elements M-50
Cage A181 4340 (AMS 6414)
Cage Plating Silver (AMS 241C)
Loading
Condition Radial Load Calc. Life Pct. Life
(N) (1bi) (hrs)
Steady State 9,733 2,188 760,000 99.2
Frequency Maneuver 150,750 33,890 82 0.7
Max. Mansuver 187,200 42,090 40 0.1
Dynamic Capacity 224,800 50,540

Equivalent Life - 8,950 hours

Figure 59, Roller Bearing Design Summary.
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Silver (AMS 2410)

Calc. Life Pct. Life
(hra)
279,100 99.2
64 0.7
27 0.1

9,100 N (2045 1b)
6670 hrs

ing Design Summary,
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The steady~state loads have been determined by combining the fan rotor
reaction loads with the calculated vibratory load components. The methods
used to combine these loads are current Geneval Electric design practices,
The frequent-maneuver load 1is a combination of the moment caused by a 1.4-
radian-per-second mapeuver rotation in combination with a 10-g sideload and
2-g vertical load. The maximum maneuver load is determined from a 2.0-
radian-per-second maneuver rotation combined with a 4-g sideload and 6-g
vertical load.

A cubic-mean-thrust load has been determined and used in the calculation
of the thrust bearing life.

The life has been calculated for each of the loading conditions, and an
eq tivalent 1life has been calculated using the following relationship.

i -1
Ni
L Zu
1
where
L = mission life in hours
Ni = fraction of time at i-th point of mission. Th«
percentage used is based on General Electric
design practices representative of military missions.
1
E Ni = 1
i
Li = Antifriction Bearing Manufactures Association (AFBMA)

calculated design life

The AFBMA calculated design life includes a "Life Improvement Factor" of
12.0 for the ball bearing and 5.0 for the roller bearing., The "life factors"
include the effects of materials, lubiication film thickness, and hardness.
These concur with the American Society of Mechanical Engineers document:
"Life Adjustment Factors for Ball and Roller Bearings.'" The roller bearing
life Factor of 5.0 was selected because of the limited test data available.
The material to be used in these bearings is vacuum~induction-melted/vacuyum-
arc-remelted M~50 (VIM-VAR M50)., 1In testing to date, this material has out-
performed the recommendations of the above reference. The calculated lives
shown are therefore counservative.
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General Electric engline and laboratory experience and computer tech=-
niques have been used to determine the internal geometry and cage design
criteria, It is currently General Electric practice to use one-piece, steel,
allver-plated cages, and these will be used for the LCF459,

The static bearing capacities of the ball and roller bearings are
173,570 N (39,020 1bf) and 208,000 N (46,760 1bf), respectively, which are
adequate to handle the loads induced by a one~blade-out condition. Limited
laboratory testing has shown that bearings can withstand three to four times
their static capacity without fracture,

4.5.4 Shalt Seals

Figure 61 is a section view showing the typical construction of the
aspirating~bore, carbon seals which are to be used In the LCF459. Most GE
engines, including the F10l, utilize seals of similar construction. Millions
of successful hours in field service have demonstrated the mechanical
integrity of this construction,.

The carbon element is segmented circumferentlally., The segment ends are
overlapped in tongue-and-socket joints which are precisely fitted to form a
positive seal, Clrcumfzrential clearance at the end gaps allows the seal
ring to expand and contract diametrally with the seal race and to ride oun
the bore without arch-binding. An extension spring encompassing the seal
carbon element cutside diameter provides an inward radial force to close the
segment end gaps in the free state and holds the segments like so0 many
keystones in an arch. Axlal compression springs hold the carbon elements
against the transverse face of the seal housing.

Figure 62 shows the forces acting on the circumferential carbon elements,
Axial coil springs, plus an unbalanced axial pressure, force the elements
against the transverse face of the stationary housing. An extension spring
around the outside diameter of the seal elements, and an unbalanced radilal
pressure, radially force the elements agalnst the rotating seal race. This
inward radlal force is supplemented by the aspirating effect of a reversed-
direction, hydrodynamic bearing to prevent bore hydroplanning. Hydrodynamic
bearings are machined into the bore of the element wear pads; the closed end
of the bearing ls downstream of the pocker in the direction of shaft (or
race) rotation, 0il being dragged out of these pockets by the shearing
action of the rotating race depresses the pressure in the bearing pockets and
aspirates the seal bore onto the surface of the race,

4.5,5 Heat Ceneration

The amount of heat rejected by bearings is dependent on bearing rota-
tional speed, load, lube flow to the bearing, and lube viscosity. Since the
bearing speeds and loads are determined by the cycle and ¢ 'nfiguration
requirements, the only variable available to reduce beariug heat generation
is lube flow and viscosity. The lube flow supplied to the bearings reflects
this design intent. Table XII shows the amount of heat generated by the
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bearings under maximum cycle conditions and the amount of lube oil to be
supplied,

The o1l flows shown in Table XII are conservative based on tests run on
a CF6~50 No. 4 roller bearing with simulated LCF459 loads and speeds.
Figure 63 shows that, at an oil-in temperature of 106,3° C (223° F) and with
the flow reduced from approximately 2500 cm3/min (0.661 gpm) tc 500 cm3/min
{0.132 gpm), the bearing outer race temperature increased less than 11,1° C
(20° F).

The integral heat exchanger has been si: *d to dissipate the generated
heat by forced convection conditions. Radiating fina and a thin, sheet-
metal, alr-flow baffle are utilized to increase the effectiveness of the heat
exchanger, Maximum scavenge oil temperature should stahll.ze AL approxi-
mately 149° € (300° F) for the configuration shown.

4,5.6 Viscous Pump Performance

The lube supply and sump scavenge system have been combined by utilizing
a viscous disk pump to convey the oil out of the sump to the oil collec-
tor/heat exchanger. The design of this wviscous disk pump is based on a
similar pump used both in the TF39 ard the CF6 engines which have accumulated
over two million successful engine hours. A comparison betwwen the CF6 pump
and the LCF45% pump is shown in Table XIII.

Figure 64 shows discharge pressure versus pump peripherial speed using
data f om CF6 testing. These data have been extrapolated to include the
speed range of the LCF459 at takeoff. A component test will be required to
verify the extrapolation. It should be noted that the minimum required pump
discharge pressure is 2.2 to 6,9 kN/m? (0.032 to 1.0 1bf/in.2) for all speed
ranges, Flgure 65 shows pump discharge flow versus discharge pressure. The
LCF45? flow requirement is 0.00756 m3/min (2.0 gpm) at takeoff conditions.

4.5.7 Sump Housing

The sump housing performs the following functions.

. Contains a lube tank and heat exchanger integral with housing
) Supports the rotor structure

] Transfers maneuver loads into fan Irame

® Provides mounting rabbett for an accessory gearbox

. Contains integral oil manifolding for bearing cooling and lubri-
cation
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Table X1I, Bearing Heat Generation.

Component Heat Generation 3 Lube Flow
Watts |{Btu/min | m”/min [gal. uin
Roller Bearing 1810 103 0.006378 l.0
Thrust Bearing 1845 105 0.00378 1.0
Total 3655 208 0.00756 2.0
Table XI1I. Disk Pump Comparison.
IF3 and CF6  LCE4SO
Pump Diameter, mm (in.) 203 (8.0) 269 (10.6)
Pressure, KN/m® (1bf/in,2) 103 (15) 262 (38)
Speed, rpm 2500 4370
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To meet the requirements of all these functions, a cast steel and sheet
wvelded construction is being utilized. Figure 66 shows the induced bearing
reactlion loads and stresses at various critical areas for a 2-radian-per-
second maneuver condition.

4,5.8 Fan Shaft Stress Analysis

Design practices which have been previously applied to main shaft con-
flgurations used in the CF6 and F101 engines have been used in designing the
rear fan shaft. Titanlum (Ti 6-4) material has been selected considering
strength, weight, thermal compatibility with the fan rotor, and corrosion
resistance to a salt environment,

Stresses, as shown in Figure 67, were calculated for the 2-rad/sec
maneuver condition and are compared with allowable material properties,
Stress coacentration factors have been applied where holes and small radii
are necessary to meet secondary functions of the shaft,

4.5.9 Accessory Drive

Figure 68 shows a typlcal accessory package. The gearbox is spline-
driven from the rear fan shaft., The spline is lubricated by the accessory
gearbox with a shaft seal to prevent leakage. Hardened splines are utilized
to minimize wear. A large rabbett is provided on the sump housing to suppor
the overhung moments of the accessory package.

Accessory drive requirements vary from application to application, and
the arrangement shown in Figure 68 provides a 5000 rpm hydraulic pump and an
8260 rpm constant-speed-drive generator pad. Lube system requirements must
be provided in the gearbox.

4.5.10 Weights

The weights of the components of the bearing and lubrication system are
listed in Table XIV. The total weight of the system at the conclusion of
these design studies is 33.3 kg (73.5 1bm).

Table XLV, Bearings, Sumps and Lubrication Weights.

kg 1lbm

Sump Housing Assembly 17.2 38.0
Disk Pump 1.0 2,2
Bearings, Seals, and Hardware 15.1 33.3
Total 33.3 73.5

t
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Maneuver = 2 rad/sec

O OO O\

\_)
160.1 kN 160.1 kN
{36,000 1lbt) {36,000 1bf)
Location Stress
(kN/m2) (1bf/in.2)
1 134.1 19,500
2 156.8 22,800

Figure 66, Housing Loads and Stresses,
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Maneuver = 2 rad/sec
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Figure 67, Shaft Loads and Stresses,
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4.6 SCROLL

The scroll has the function of efficilently distributing the gas gene-
rator exhaust to the tip turbine. This requires a flow passage with an
approximately constant velocity and a minimum of internal flow obstructions
or blockages which would result in high pressure losses. The end of the
scroll flow path forme the nozzle discharge passage for the tip~turbine
annulus,

The scroll for the Research Technology Aircraft was selected from a
number of configurations which were studled and compared on the basis of
performance, weight, installation compatibility, reliability, and cost,
General Electric experience in scroll design for tip~turbine fans has heen
well factored into the RTA design so that development can proceed with
confidence. This report will cover only the selected scroll configuration.

The selected scroll, which is illustrated in Figure 69, is a single~

bubble concept. The scroll body is made from HS188, a relatively low cost,
heat-resistant material.

4.6.1 Design Requirements

The scroll is designed to satiafy the design life, cvelic, and engine-
out operation requirements consistent with Section 3.C. Summarizing the
design criteria pertinenc to the acroll:

e Design life -~ 600 hours

e Stress {short time)

0.02% Yield Strength
2/3 Ultimate

¢ LCF
Life = 2 x Mission Requirements
12 Cycles per Mission
600 One-hour Missions
2 x 600 x 12 = 14,400 Cycles
¢ Rupture

Rupture Life > twice mission requirement
2 x 600 one-hour missions = 1200 hours

e Pressure Vessel Proof Test

Twice maximum operating pressure at rated temperature without
bursting. Some permanent distortion acceptable,

107



In addition to gas pressure loads shown in the free-bedy diagram, Figure 70,
a maneuver loading of 10-g down (4-g fore and aft) has been factored into
the design analysis. The inlet is designed to take a 13.3 kN (3000 1hf)
additional applied load from the ducting maneuver. The inlet gas pressure
load 18 reacted through the irlet to the ducting as pipe stress.

4,6.2 Basic Design Features

The scroll configuration as shown in Figure 71 indicates the principal
features of the deaign. In the mechanical design of the scroll, emphasis has
been placed on cost, durabllity, weight, maintainability, sealing, and life.
The scroll body as shown consists of a circular membrane and gooseneck., The
internal flow areas are designed for a Mach number of 0.30, The scroll is
symmetric about a line through the inlet, with the flow area linearly
decreasing on either side to a minimum 12.7-cm (5 in.) diameter section.

This arrangement allows the larger, drag-contributing sections to be buried in
the airframe with the inlet and ducting., The scroll hody and inlet skins are
manufactured by stretch-forming, and the scroll body skins are common to
typical wing- and nose-fan scroll installations, Different inlet designs may
be required to produce ducting attachments tailored to fit the confines of

the aircraft. Because of the symmetry, this scroll design can be installed

on either the left- or right~side arrangements, To achieve minimum weight
while providing the necessary weld-joint reinforcement, the formed scroll
sectlons are masked and chem-milled to minimum thickness after forming.

The scroll is made of HS51B8 material, This material is a heat-resisgtant,
cobalt-base alloy commonly used in exhaust system components. It is readily
field-weld repairable and significantly lower in cest than the age-hardening
superalloys. Previous General Electric scroll manufacturing experience with
cobalt-base alloys makes this material a good choice for the RTA desgign,

In the gooseneck area, just upstream of the turbine nozzle vanes, 80
struts are used to continue the hoop tenslon load path of the circular mem-
brune across the annular nozzle flow path. The struts are brazed into ring
sections and oriented with the flow to minimize blockage. The turbine stator
row at the aft end of the gooseneck consists of 138 hollow nozzle vane
partltions. The vane shapes are varied circumferentially as required to
accomrodate the varying nozzle-inlet angles of attack and provide an
efflcient tlp turbine. Terrules are used at the vane ends to increase the
braze-joint anrea so that they may be securely joined to the thin, sheet-
metal, sceroll structure,

The seroll is attached to the fan structure by links. The network of
links reacts both the axial thrust load, 15.30 kN (3440 1bf), and the tan-
gential thrust load, 24.42 kN (5490 1bf). The links alsc allow fo:. free
radinl expansion of the hot scroll with respect to the ccoler fan casing. A
piston-ring-type scal on the outside diameter of the gooseneck prevents
exhaust pas leakoge into the surrounding aircraft cavity. This seal seats on
a machined {lat that runs continuously around the scroll and is held captive
to the fan casing by a sheet-metal retalner.
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15.30 kN (3440 1bf)

p N

Figure 70,
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The forward fan seal ring is attached to the fan casing by 18 equally
spaced rods as shown in Figures 71 and 72, The rods pass through the hollow
turbine nozzle vanes, isolating the fan seal from the large thermal migra-
tions of the scroll. Mounting the seal ring in this manner provides a
dimensionally stable mounting base for the honeycomb seals. The fan seal
cavity is pressurized by cooling air pumped through the fan rotor carrier
agsembly., This pressurized air prohibits hot turbine gases from entering
into the seal cavity; as a result, the seal will operate cloge to the fan
discharge air temperature. At the forward edge of the seal ring is a piston-
ring-type seal that keeps gases from leaking around the fan seal into the
airframe cavity. This seal follows the scroll radial growth to prevent
leakage at all flight conditions. Figure 73 compares the scroll and seal
relative locations for both the cold and the operating-temperature condi-
tions.

The outer surface of the screll will be covered with insulation. This
insulation, shown in Figure 69, 1s 0.635-cm (0,25 in.) thick Min-K enclosed
in a quartz cloth blanket. Calculations show that the outgide surface
temperature can be kept below 180° C (350° F) even though the gas temperature
inside the scroll is as hot as 870° C (1600° F¥). The weight of the insula-
tion 1s not included because it is intended that this item will be furnished
by the aircraft manufacturer.

4.6.3 Design Analysis

Figures 74 and 75 give the maximum stresses at various locations in the
scroll. These stresses were used in the life analysis, Where applicable,
the stresses include the effects of maneuver loading and stress concentration
factors,

The link network used to attach the scroll to the fan casing 1s shown in
Figure 76. The links are adjustable for flow-path alignment during assembly.
The maximum stresses in the link network as determined for the maximum maneuver
load condition are shown in the figure,

During the emergency, engine-out condition, the scroll must operate with
less than a 360-degree active arc. Part of the scroll is shut off in order
to maintain the choked flow condition in the turbine nozzles. As a conse-
quence, the scroll will experience a start-up, thermal transient creating
thermal stresses, The peak stresses experienced during this transient are
shown in Figure 77.

The results of a 1life analysis of the scroll are given in Table XV.
The life analysis for both the time- and the cycle-dependent conditions make
use of the linear damage assumption common to all General Electric life
calculations. In this type of analysis, the mission profile is broken up
into common life-consuming points such as takeoff, landing, climb, and cruise.
For each life-consuming point, calculations are made to determine the stress
and life expectancy, By this procedure the overall mission life is calculated.
The cyclic life analysis is done in much the same way, using load cycles
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66,900 kN/m°
(9700 1bf/in,2)

68,300 kN/m>
(9900 1bf/in.?)

30.300 kN/m2

V (4400 1bf/in,?)
k

Figure 74, Scroll Membrane Stresses,
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Figure 75, Scroll Gooseneck Stresses,
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LCF459 Scroll for Partial Arc Operation

110,300 kN/n°> |
(16,000 1bt/in.?) SHUT-OFF
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110,300 1cN/m2 )
BLOCKER PLATE (16,000 lbf/in,?)

Figure 77, Sc¢roll Stresses During Engine-Out,
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Table XV,

Scroll Life Analysis.

Flight Temperature Pressure Stress Time Percent Life Used
Condition K °R kN/m2 1bf/in.2 kN/m2 1bf/in. Hours 10%Z Creep Rupture
Control 1144 2060 356 51.6 68,306 9,900 14 60 27
Takeoff 1089 1960 334 48.5 62,700 9,160 52 21 9
Climb 1019 1835 327 47.4 60,700 8,800 80 - -
Cruise 905 1630 274 39.8 46,200 6,700 250 - -
Pattern 962 1733 301 43.6 53,800 7,800 130 - -
Landing 1077 1940 330 47.8 61,400 8,900 74 15 7

Total 96 43

Low Cycle Fatigue - For 7200 Idle to Maximum Control Cycles

34.8% Life Used.

Engine-Out Operation - 2-min. Duration with 427° C (800° F) Warmup = 0.437 Life Used.




rither than mission polnts. The mission includes twelve idle-to-maximum
control cycles per hour of Life, The intermediate or lower range of load
cycles can be fgnored because the alternating stress range is small, The
partial arc operatfon life usage is calculated separately, hased on the
design analysis mentioned earlier and severe estimates of duration at
temperature. The design critera and analytical methods used agsure a light-
welight, reliable, cost-effective, scroll design for the research technology
alreraft,

4.6.4 MWeight

The calculated weight of the total scroll assembly including items such
as the fan inlet seals, outer casing, and shutoff valve is 116 kg (256 1lbm),
This weight does not include the shutoff valve actuation system or imsulation
blanket, both of which are alrcraft furnished. Table XVI gives a weight
breakdown of the scroll components,

Table XVI. Scroll and Fan Casing Weights,

ke ibm

Scroll skin 25.2 55.5
Nozzle assembly 36.3 80.1
Fan seal and struts 9.2 20.4
Fan casing 7.6 82.8
Valve, fastners, and small parts 7.7 16.9
Scroll Total [116.0 255.7

Insulatien 9.9 _21.9

Totaljl25.9 277.6

4.7 FRAME

In addition to being the main fan atructural component, the vane frame
functions as the exit stator vane for the fan. The turbotip fan is a single-
frame propulsion unit; thus, the frame must support both the rotor and the
scroll, provide the propulsion mounting points, and collect all ae.odynamic
and mechanical loads.

4.7,1 Design Requirements

The frame was designed to meet all of the requirements established for
propulsion in a research and technology aircraft. The specific requirements
as translated into frame requirements are as follows:
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. The frame shall be designed for 1200 hours of operation in the RTA
duty cycle, which t--nslates into 14,400 LCF cycles,

o The frame shall be designed to the specified maneuver loading
criteria with adequate stiffness to maintain favorable seal
clearances and stator roundness,

° The frame shall be capable of operating for at least 30 seconds
under the vibratory loading developed due to the unbalance assow
clated with a missing blade and carrier assembly,

0 The firgt-flexural and first-torsional frequencies of the fan

stator vanes shall not be intersected by the rotor blade passing
frequency within the engine operating range,

4.7.2 Basic Design Features

The basic design features and construction of the frame are shown in
Figures 78 and 79,

The frame is a welded fabrication consisting of an inner hub, outer
casing, nine leaned structural struts, and 18 leaned fan stator vanes. The
inner hub consists of nine cast segments incorporating the structural strut
ends and welded into a 360° ring., Two forged rings form the outer flanges
with sheet stock welded between the rings. Each structural strut is composed
of two hollow castings welded together. The strut assemblies are then veolded
to the inner hub and outer rings.

Moldzd nylon liners, bolted to the inner hub, form the inner flow path.
The outer fan [low path and the two turbine flow paths are formed by ribbed
liners attached to the struts by a slip-fit key. This allows for a differ~
ential thermal growth between the liners and struts. Insulation 1s installed
between the outer turbine liner and the outer case to minimize the effective
heat transfer of the turbine exhaust gas to the outer case,

The outer rings are cooled by impingement-cooling tubes to maintain
reasonable thermal stresses., The outer strut 1s impingement cooled to
malntain the material within operating limits,

Three equally spaced mounting points are provided to attach the fan
agsembly to the aircraft structure, Adequate ribbing of the outer casing is
provided to ensure reasonable distribution of the frame loads among the
struts.

The nonstructural fan stator vanes are solld, forged-aluminum airfoils.
The vanes are bolted to the inner hub and outer fan liner.

The 1listing of the materials used in fabrication of the major frame
components 1is given in Table XVII.



Table XVII. Frame Materials.

Outer Ring 17-4 PH

Quter Strut 17-4 PH

Inner Ring 17-4 PH

Inner Strut 17-4 PH

Fan Stator Vane 7075 aluminum
Inner Fan Liner Nylon

Outer Fan Liner 17-4 PH
Turbine Liners 17-4 PH

Fan Casing INCO 706

L

4.7.3 Desipgn Analysis

The design analysis of the frame structure was evaluated using a three-
dimensional stress analysis. An exlsting computer program was used; wherein,
the frame structure was represented by an array of beam and plate elements.

A serles of conditions, including maneuver, thermal, and aerodynamic loading,
were imposed on the frame model, The maximum component stresses for the most
critlcal cases are summarized in Table XVIII. The yleld and fatigue limits
of the frame materials are included in the tabulation. A comparison of
calculated and allowable stress levels indicates that the frame has adequate
strength to meet the most severe loading conditions,

The frame analytical model is also capable o1 determining the frame
stiffness factors. These data are necessary for the evaluation of the system
eritical frequencies and deflectlons during maneuver loading and rotor
unbalance. The three stiffness factors or spring constants as determined are
listed in Table XIX. These factors are based on deflections of the frame
inner hub relative to the mounting points. The application of these data in
the vibration analysis of the complete fan system will be described in Section
4.8 of this report.

Vibratory frequency analyses were performed for the frame stator vanes
and tlow-gplitter panels to énsure resonance-free operation. Figure 80
shows the frequency diagram for the exit stator vanes. Resonance-free
operation 1s indicated by the lack of synchronism of the predominant fre-
quencies with known sources of excitation. The two strongest excitations are
the one per revolution associated with rotor unbalance and the 57 per re-
volution due to the blade passing frequency.
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Frame Configuration,

Figure 79,



Table XVIII, Rear Frame Stresses,

14,400
Cycle 0.2%
I 11 ITI v v Limit Yield Point

I/ (ksi) | kN/m? (ksi) | k/me (ksi) | k/mZ (ksi) | k/m (ksi) | x/ml (ksi) | KN/m®  (ksi)

Inner Ring 455070 66 310275 45 461960 67 248220 36 117210 17 827400 120 710185 103
Outer Ring 565390 82 592970 86 6250550 90 517120 75 317170 46 965300 140 155025 95
Inner Strut | 655025 95 668810 97 656390 101 517129 75 330960 4B B27400 120 710185 103

Outer Strut | 455070 €6 386120 56 455070 66 337850 49 220640 32 758450 110 620550 90

Case T - 2 rad/sec, Any Axis - l-g Down - Max Thrust - Thermal Load

Case IT - 1.4 rad/sec, Any Axis - 10-g Down - 2-g Side - 4-g Forward - Max Thrust - Thermal Load
Case 1I1 - 2 rad/sec, Pitch - 6-g Dova - 4~g Side - 2-g Forward — Max Thrust - Thermal Load

Case IV - 10-g Down - 2-g Side — 4-g Forward - Max Thrust - Thermal Load

Case V - Thermal Load

L21




Table XIX. Frame Spring Constants.

Radial 1.769 x 108 N/m (1.01 x 10% 1b£/1in.)
Overturning 5.853 x 106 N-m/rad (5.18 x 107 1bf-in./rad)
Axial 9.120 x 10% N/m (5.205 x 10% 1b£/in.)
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Figure 80, Fan Stator Vane Frequency Disgram,




Similar vibratory characteristics for the flow-splitter panels are shown
in Flgure 8l and are also indicative of resonance-free operation,

4.7.4 Weight
The weight of the total frame assembly including the cooling system

manifulds was calculated at 122 kg (270 lbm). Table XX gilves a detailed
breakdown of the individual component weights.

Table XX. Frame Weights.

kg 1bm

Frame Structure 68.5 151
Cooling System 5.4 12
Flow-path Liners 16.8 37
Fan Stator Vanes 14,5 32
Fan Casing 12.7 28
Turbine Seal 4.5 10
122.4 270

4.8 VIBRATION ANALYSIS

A vibratory analysis of the complete engine system is required to
ensure a smooth-running, resonance-free configuration. Such an analysis was
performed as part of the LCF459 design studies. The analysis techniques used
not only predict system resonant conditions, but are also used to determine
system response to maneuver loading and forces due to rotating component
unba lance.

A similar analysis was conducted for the YJ97 engine as part of the

studies. The results of this analysis will be presented in Section 5.4 of
this report,

129



130

Hz

Frequency,

500
52 /Rev.
, 60 % 100 %
400 I I
t
| |
ﬁ:—' 1P’
300 ,/,1‘—
| P
| Pie
! 1/ ‘
i i — o T — )
\l'/ <] . ‘-'.
n' i 1 2%
100 [ - +
| -~ L-- | 1/vev: ..---i"‘"
‘ ” J”- _—.o'—_‘_
lagzz-—"T" || |
o ——i
0 1000 2000 3000 4000 5000 6000
Fan Speed, rpm
Figure 81, Flow-Path Liner Frequency Diagram,



4.8,1 Analysis Method

The fan system was analyzed using an existing General Electric computer
program called VAST (Vibration Analysis System) which is used to calculate
system critical speeds and vibratory response for known unbalances, The VAS™
program has been in use at General Electric for a number of years and has
consistently demonstrated the capability of accurately predicting engine
critical speeds and responses for many types of engines and test vehicles. A
mathematical model of the engine system 1s constructed which includes all
rotor components plus all statlc components supported from the fan frame.

The modeling procedure establishes the geometric and physical properties of
the various components as a series of lumped or point masses connected by
flexible beam, cone, and spring elements, For more complex structures,
such ag a fan frame or a bearing, special finite-element models must be
constructed or tests of actual hardware be performed to determine the de-
flection characteristics. In summary, the basic assumptions made in a VAST
analysis are as follows:

] The structure is axisymmetric, and all deflections and vibration
modes will be based on beam-type behavior. No shell modes are
considered.

. Linear elastic behavior of materials for all elements modeled as

beams or cones.

. Elements modeled as beams follow classical beam small-deflection
theory in bending; shear deformation in beams is also considered.

° All spring-type elements exhibit linear load-deflection charac-
teristics,

. Rotors exhibit gyroscopic stiffening due to whirling.

. Damping coefficients are assumed to be constant. The structural
damping factor is not considered to be a function of velocity,

o Mass properties are considered as lumped at discrete points and are
interconnected by weightless, generalized, elastic or spring elements.

] A VAST analysis is an extension of the Prohl-Myklestad method of
calculating the critical speeds of flexible rotors represented by
beams.

. The effects of flexible supports, multiple branches, and energy
distribution scheme are alsoc considered.

Critical speeds are calculated assuming an undamped system; however,
estimated actual vibratory deflections and loads can be calculated by
including damping coefficlents for the various components along with possible
fan unbalance.
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4,8.2 Vibration Model

The basic model of the LCF459 configuration 1s shown schematically in
Figure 82, 1In this model, the fan frame structure 18 represented by a
lumped spring constant. Table XIX gives the spring constants determined
during the analysis of the frame structure. The two fan bearings were also
modeled as lumped spring constants, The remainder of the fan system was
modeled by a series of flexible cones and lumped masses, The analys's
indicated critical frequencies at 5897 and 7701 revolutions per minute, hoth
of which are well above the normal operating speed of the system. Tuable XXI
gives a summary of critical frequencies, modal descriptions, and maximum
deflections locations which were determined for the fan system. In addaiion,
the maximum system response is given for an unbalance of 25 g-cm (10 g-in.)
at selected rotor planes. Computer-generated plots of the system schematic
with superimposed modal deflection patterns are shown in Figures 83 and 84,
Also shown on these diagrams is a percentage distribution of kinetic and
potential energles, This graphic output assists in identifying deflection
patterns, and the energy distributicn shows which parts are bending (high
potential energy) and which parts are aubject to highest g-loads (high kinetic
energy). The maximum deflection point of the modal patterns corresponds
to the maximum value listed in Table XXI.

Maneuver forces and moments were also determined for the fan system.
The values are shown in Figur:s 85 through 87 for l-g, l-rad/sec, and 1~
rad/sec? maneuver cases. The forces and moments for larger maneuver cases
can be scaled directly from the figures. For example, a 10-g maneuver case
would have a shear force of 29.89 kN (6720 1bf) in the front bearing, as
compared to a 2,99 kN (672 1bf) force for a l-g maneuver case.

The forces and moments as established by this analysis provided the

inputs for the load analysis of the fan component, particularly the fan frame
structure.
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Table XXI, Lift Cruise Fan Critical Frequency Summary.

Crit. Speed Max Unbal. Resp.
Ne. {rpm) Mode Descripticn Max. Deflection Locatiom cm in. Location*
1 3897 System bouncing off the fan frace, Front End of the Spinner 0.0020 0.0008 1-2
rotation about the fan frame. The 3 0.0013  0.0005 2-2

roller bearing is also active.

2 7701 System rotating about the fan frame ! Front End of the Spimmer 0.0028 0.0011 1-2

‘ slight bending of the stub shaft and | 0.0008  0.0003 2-2

: both bearings are lightly active. . .

H H

' ;

|
*Unbalance Approx.mate Engine Speeds
Locations 1-2 25.4 g-cm (1€ g-in) at the Fan Centerline rpm

Cruise 2500

2-2 23,4 g-cm (10 g-in) at the Middle of the Main Shaft Maxirum 4370




SeT

%P - Percent of Potential Energy

%K = Percent of Kinetic Energy

H

‘ 4B%K

Figure 83, System Critical Modal Deflection Pattern - 5897 rpm.
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5.0 YJ97 ENGINE

The engine selected to power the turbotip fans in the Research and
Technology Adreraft is the YJ97-GE-100., This engine was selected based on
avallability, low cost for refurbishment, and good match of engine size. The
YJ97~GE-100 engine had completed a 60-hour preflight rating test (PFRT) in
1970, Reference 8, Production of this engine was never initiated. A differ-
ent model, the YJ97-GE-3, was put inte limited production. There are pres-
ently 22 of these engines available. DBased on the engine records, 18 of
these are serviceable, low-time engines. The modifications required for
conversion from the -3 to the -100 model, which are minor, will be discussed
in detail in this section of the report.

5.1 BASIC FEATURES

The J97 engine is a conventional turbojet engine with a single-spool
compressor and two-stage turbine, The compressor develops an overall pres-
sure ratio of 14 to 1. The compressor has 14 stages with variable inlet
gulde vanes and variable stators of stages 1 through 5, Compressor flow 1s
31.4 kg/sec (69.2 1lbm/sec). The turbine contains two stages, one cooled and
the second uncooled, The engine turbine inlet temperature 1s in the 1388 K
(2500° R) class. Table XXII lists the significant engine performance param-
eters at two levels of engine power setting., This rating is consistent with
those used for conventional engine systems; a discussion of the special
V/STOL ratings will he presented in Section 7.3, A photograph of the engine
is shown in Figure 88.

Table XXII. YJ97-GE-100 Engine Performance.
{Sea Level Static, Standard Day)

Rating Military Normal
Compressor Speed, percent 101.5 99.6
Compressor Speed, rpm 13,855 13,589
Inlet Adlrellow, kg/sec (1lbm/sec) 31.39 (69.20) 30.98 (68,30
Comproessor Pressure Ratio 14,07 13.68
Turbine Inler Temperature, K {° R) 1382 (2487) 1343 (2417)
Exhaust gas pressure, kN/m2 (1bf/in?) 365.2 (52.97) 354.7 (51.44)
Fxhaust gas temperature, K (° R) 1019 (1835) 989 (1780)
Exhaust gas flow, kg/sec (1bm/sec) 32.00 (70.54) 31.55 (69.56)
Thrust* kN (1bf) 23.44 (5270) 22.69 (5100)
Fuel Flow, kg/hr {lbm/hr) 2187 (4822) 2082 (4590)
*With convergent nozzle
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Figure B8, YJ97-GE-100 Engine,
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5.2 ENGINE AVAILABILITY

At the present time, 22 YJ97-GE-100 engines are being stored in the
General Electric Facilities at the Edwards Flight Test Center for possible
use in the NASA/Navy Research and Technology Aircraft program. The records
provided with the engines have been reviewed to determine the serviceabilitv
of each engine. Based on this survey, 18 engines are definitely serviceable,
two are unserviceable, and twe have records which do not adequately define
the status, Table XXIII gives a listing of the engines by serial number, the
total engine operating time, and time since last overhaul. The records show
that most of the engines have low operating times, less than 25 hours.

The engines presently are in the -3 configuration and must be modified
to the -100 configuration for operation at sea level conditions. The changes
and modifications have been made on several engines prior to this time. The
engine used for the PFRT was a -3 engine converted to a -100; in additionm,
two serviceable engines exist in the -100 configuration. These engines were
used in the McDonnell/NASA energy-transfer-control tests as summarized in
References 7 and 8. The engines presently are in the custody of NASA Ames
Research Center. These two engines have high operating times and are not
planned for use in the research alrcraft program.

With at least 18 low time, serviceable engines, adequate numbers of
engines are available for a research program. A two-aircraft program, with
three engines per aircraft, would require about 11 to 13 engines. This
number of engines is required to provide adequate spares to support the
aircraft program and to provide engines for the 500 to 700 hours of develop-
ment testing required to bring a new propulsion component, such as the
turbotip fan, up teo flight status.

5.3 MODIFICATIONS

The modifications for conversion of the avallable -3 engines to the
-100 configuration are minor. During some early studies using the YJ97
engine, water injection was considered as a method for thrust augmentation
during V/STOL operation, primarily for the one-engine-inoperative case.
Modification of the engine for water injection would be costly and is not a
simple task. Recently, the use of water injection for the RTA has been
abandoned. Three engines without water injection, even with cne engine
inoperative, appear to provide adequate power for the research application.

The modifications required for this engine conversion, excluding water
injection, are as follows:

] The present -3 engine fuel .ontrol 1s not designed for high power

setting operation at sea level., The fuel system capacity is In-
adequate. Internal fuel control orifice size changes are required.
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Table XXITI.

YJ97 Engine Record Summary,

Estimated Total Time Since
Engline Time, Overhaul,
S/N Condition hours |hours Remarks

447-052 Serviceable 64.55 8.05

447-053 | Unserviceable 58.82 34.39 Involved in crash, condition
unknown.

447-059 Unknown Unknown | Unknown Serial number on records do
not agree with container
serial number.

447-060 Serviceable 47.1 53.3

447-061 Serviceable 46.1 46.1

447-062 | Unserviceable | 24.6 24.6 Involved in crash, requires
major repair.

447-063 Serviceable 16.5 16.5

447-064 Serviceable 16.7

447-065 Serviceable 16.4

447-066 Serviceable 19.5 19.5

447-067 Serviceable 14.1 14.1

447-068 Serviceable 15.4 0

447-070 Questionable 50.1 iy Involved in crash, repailred
but has had problems.

447-071 Serviceable 36.7 4.1

447-073 Serviceable 54.5 54.5

447-074 Serviceable 32.1 32.1

447-075 Serviceable 50.4 50.4

447-079 Serviceable 17.1 17.1

447080 Serviceable 21.3 21.3

447-081 Serviceable 23.4 23.4

447-082 Serviceable 1.4 1.4 Early engine records appar-
ently lost.

447-083 Serviceable 14.14 14.14
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. The -3 engine ilncorporates an exhaust temperature cutback; the
output from the exhaust gas temperature harness is fed into an
amplifier whicl,, in turn, commands a flow cutback in the fuel
contrel., Part of the fuel control changes involves deactivation of
this function. External engine modifications include removal of
the amplifier mounted on the engine front frame,

. To provide a better rotor thrust balance at sea level operation,
the seal pressurization air bleed must be changed from the l4th to
the 8th stage of the compressor. The compressor cases incorporate
a pad with this bleed capability at the 8th stage. The engine
modifications require replacement of an external bleed pipe and
blank-off of the existing bleed ports.

] The engine presently has a single, vertical mount point at the
top of the front frame. A stronger, forward mount arrangement is
desirable for applications where large maneuver loads are anti-
cipated. A different forward mount arrangement has been designed
and will be incorporated during the engine modifications. The
single forward mount will be replaced with two mount points spaced
26 degrees from top center of the engine. The mount loads are
transmitted to two points on the frame which are in line with tweo
of the seven front frame struts.

The above modifications can be made without engine disassembly. In-
corporation of the fuel control changes and seal pressurization are the only
two changes required to provide -100 engines for static testing. Two other
engine modifications which require disassembly are required to achieve a
flight static configuration,

. A number 2 ball bearing with higher load capacity is required
for increased ergine life. The replacement bearing has been
designed and coan be procured for these engine modificacions,

. The number 1 bearing carbon seals must be changed to provide
increased clearance around the oil jet.

The above modifications are miuwor, and the YJ97-GE-3 engine has oper-
ated well in its application without these changes. Operation during the
development of the ~100 configuration through the PFRT program has been
equally successful, The YJ97-GE-100 engine can be expected to perform
equally well in the research aircraft application. These engines will also
be used as the gas supplier during the 500 to 700 hours of fan development
testing, termin. ting in a flight-worthiness test as a complete propulsion
system, includiiyg both fans and engines. The background and operating ex-
perience generated during these tests will further verify the operational
capabilities of the engine.

Some other engine configuration items that should be considered for the
RTA application include:
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° The engine does not have an integral oil tank. An aircrafc-
furnished component 18 required.

) Ignition excitation is not included with the engine.
) The struts and inlet guide vanes of the front frame do not
contain anti-icing provisions. Modification for anti-icing is a

large design change. For a research application, operation without
an anti-icing capability should be acceptable,

5.4 VIBRATION ANALYSIS

As part of these design studies, a vibration analysis of the YJ47 was
performed. The purpose of this analysis was to evaluate potential en.ine-
system, resonant-condition characteristics of the applicotico with a3 turbotip
fan and to provide a basis for the establishment of rotor tip clearances
during engine refurbishment., The original YJ97-GE-3 application did not
subject the engine to large maneuver loads; thus, very close clearancer were
used to achieve peak performance. Wider clearances will probably bu required
for the RTA application, The following discussion describes this vibration
analysils study and presents results of the resonant-frequency search, deflec-
tion during maneuver loads, and relative compressor clearar .¢ changes,

The J97 engine is supported at two points by mounts luc...ed at the
forward and aft frames. The front frame i1s a seven-strut. .'wminum frame
which supports the number one and two bearings. The rear .z:.: 1is a six-
strut, cast, Inconel 718 frame; it supports the number 3 bearing. A two-
dimensional computer model composed of curved and straight beims was used to
determine spring constants of the twe frames., Table £X1V lists the spring

constants as determined by this analysis. The analytical techniques used
for the J97 engine dynamics were the same as those used for the fan analysis.

Table XXIV., Engine Spring Constants.

Front Frame
Radial: 1.91 x 106 N/m ¢1.09 x 10° 1bf/in.)

Overturning: 2.26 x 105 N-m/rad (2.0 x 10° 1bf-in./rad)

Rear Frame
Radial: 4.9 x 10% N/m (2.8 x 10° 1bf/in.)

Overturning: 6.33 x 10° N-m/rad (5.6 x 100 1bf-in./rad
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The vibration model, including component descriptions, is shown in
Figure 89. Table XXV gives a summary of critical frequencies, modal
descriptions, and maximum deflection locations determined for the engine
gystem. Regponse sensitivities to unbalance at selected rotor planes are
also shown. Computer-generated plots of the aystem schematic with super-
imposed modal deflection patterns are shown in Figure 90. Also shown on
these diagrams is a percentage distribution of kinetic and potential energies,

This graphic cutput assists in identifying deflection patterns. The
energy distributions show which parts are subjected to bending (high poten-
tial energy) and which parts are subject to the highest g~loads (high kinetic
energy). The maximum deflection point of the modal patterns corresponds
to the maximum value listed in Table XXV. Since no rotor-domilnated modes
exist near the operating range of the engine, vitretrion levels for normal
operation should be low.

Response of the engine system to maneuver condition was also determined,
Figures 91 through 93 present shear force and moment diagrams for mancuvers
of l-g acceleration, l-radian-per-second precession, and l-radian-per-second-
squared angular acceleration. These forces and moments, translated into
change of rotor clearance, are given in Table XXVI, For a set of design
maneuvers, these data can be used to establish the compressor and turbine
buildup clearances.

Based on the results of this initial study, the YJ97 will experience low
vibration levels and should maintain structural integrity during normal
aircraft maneuvers,
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Table XXV, J97 Critical Fregquency Summary.

Crit. Speed Max Unbal. Resp.
Mode Description Max. Deflection Location cm in. Location
1 1,745 | Aft Mount Mode and Exhaust Nozzle Aft End of Exhaust Nozzle | 0.0069 | 0.0023 5-5
2 2,940 | Fromt Frame and Drive Shaft Front End of Drive Shafr 0.0076 : 0.0030 1-5
3 3,341 | Front Mount Mode Front End of Drive Shaft 0.0041 0.0016 1-5
4 8,092 Exhaust Nozzle, Turbine, and Lightly Active Aft End of Exhaust Nozzle 0.0137° 9.0054 5-5
No. 4 Bearing :
5 9,191 | Exhaust Norzle and Active Frames Aft End of Exhaust Noz:le 0.0066; 9.0026 3-5
[ 10,076 | Exhaust Nozzle, Front Frame, and Bending of the | Aft End of Exhaust Nozzle 0.0116i 0.0046 1-5
Turbine Casing
7 13,927 Exhaust Nozzle and Rear Frame Aft End of Exhaust Nozzle 0.0124 ] 0.0049 3-5
8 19,128 )| Exhaust Nozzle, Outer Casings, and Rear Frame Aft End of Exhaust Nozzle 0.0056 | 0.0022 3-5
* linbalance 23.4 g-cm (10 g-in.) at the: Approximate Engine Speeds
Locations 1-3 Stage 1 Compressor rpm
2-53  Stage 7 Compressor Idle (607) 8,400
3-5 Stage 14 Compressor Maximum 14,000
4-5 Middle of the Turbine Shaft
5-5 Stage 2 Turbine
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Table XXVI,

Maneuver

1-g
l-rad/sec
1-rad/sec

1-g
l~rad/sec
1-rad/sec

1-g
1-rad/sec
l-rad/s~n

leg
1 rad/sec
1 rad/sec

-

Compressor

Maneuver Load Relative Deflections for the YJ97.

Stage Deflection, mm/100 (in./1000)

1 2 3 4 5
0.51(0.20) 0.74(0.29) 0.53(0.2: 0.10(0.04) 0.13(0.05)
2,5.(0.99) 1.,09(0.43) 1.75(C.69) 3.37(1.33) 3,02(1.19)

negligible

6 7 8 9 10
0.54(0.23) 0.48(0.19) 0.45(0.18) 0.46(0.18) 0.46(0.18)
0.97(0.38) 1.14(0.45) 1.12(0.44) 1.02(0.40) 0,84(0.33)

negligible
11 12 13 14
0.41(0.16) 0.38(0.15) 0.36(0.14) 0.33(0.13)
5.84(0.33) 0.79(0.31) 0.66(0.26) 0.64(0,25)
negligible

1 2

0.99(0.39) 1.45(0.57)

_25- 9("1.0- 2)_380 9(—15- 3)

153



6.0 HAZARD ANALYSIS

A preliminary hazard analysis, as described in Reference 14, paragraph
5.8.2.1, was performed as part of these design studies. The intent of such
an analysis is to qualitatively evaluate the relative safety of a system
design. The results of the study can then be used to establish safety
criteria to be imposed on performance or design specif{ications.

The LCF459 system consists of turbotip fans, YJ97 engines, intercon-
nect ducts, nozzles, inlets, and control devices. Since this design effort
was for the fan system only, the preliminary hazard analysis was limited
to this component.

In the evaluation, four categories (levels) of the hazard are defined as
follows:

I. Negligible - will not result in personnel injury or system loss.

I1. Marginal - can be counteracted or contlrolled without injury to
personnel or major system damage.

III. Critical - will cause personnel injury or major system damage or
will require immediate corre.tive action for personnel
or system survival,

Iv. Catastrophic - will cause death or severe injury to personnel
or system loss.

Table XXVII gives the results of this hazard analysis., The hazards
are broken down into three types:

1. Identification of Energy Sources
. Rotating Machinery and Pressurized Vessels
. Combustible Fluids
2, Control of Energy Sources
. Rotor Speed Controls
] Variable Pressure Controls
3. Turbotip Fan Environmental Constraints
. Forelgn Qbject Damage

™ Maneuver Loads
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Table XXVII,

Hazard Analvsis.

¢ Section I - Identification of Energy Sources

Potential Hazard

Safeguards and Design Considerations/Recommendations

Hazard Lewel

Rorating Machinery and Pressurized Vessels

Rotating structures cenrain porential
energy which becomes kinetic energy if
released by structural failure or if fail-
ure or if by external means.

LCF459 Fan Rotor

(e8]

{3)

Fatigue failure of the thrust beariap
would result in vibracions and possible
rotor radial shift, probably would
result in turbine rub, inveluntary
shutdown, and nolisy coast-down.

1f a single-fan-blade fallure occurs
during high speed operation of the fan
it can create a high energy p.rciectile
comprised of the failed portion of the
fan blade and attached turbine carrier
segment. If this projectile is not
contained it may cause damage Lo air-
craft structute fluid carrving compo-
nents, flight controls, or personnel.

If multiple fan-blade and/or far-disk
failures cccur, high ererev projectiles
are generated. 1If rhese projectiles
are not contained they may create a
hazard to tip-turbine accessories, air-
cralt structure, or personnel. TPro-
jectile paths can be forward and pene-
tration of the scroll with release of
kot gases to surrounding aircrafc
structure possible. Release of hot
gases may create a hazard to aircrafc
structure, tip-turbine structure,
fluid-carrying components, flight con-
trols, or personnel, Blade dovetails |
or disk dovetails need not fail to
eventuate mulriple hlade failures,

These may occur as a result of a prying '
or wrenching motion as with muletipie i
larze bird strikes, etc,

The general design philosophy for all rotating disks and blades is
to provide sufficient strength for limited operaton at overload
conditions such as overspeed or impact with foreign objects.
Rotating structures are designed to cause the least possible re-
lease of kinetiec energy (high velocity projectiles) when excessive
loads occur and .cuse strucrural failure.

(1)

(2}

(3}

To minimize failure, the bearings are designed for Jong life

under normal operating loads.

1he calculated life for the

LCF459 thrust bearing under this loading is approximateiy
279,000 hours.

Small, isclated, bearing spalls should not result in rotor

radial shift.
ing deterioration of the bearings.

(i1 condition monitoring should identify pend-
The —-ihration monitoring

system could alsc be wrilized to detect spalls and warn of
impending bearing fatigue failure.

The fan with the attached turbine carrier is basically a tip-
shrouded blade design which helps to prevent a failed blade

from piercing the case.

Local containment shielding, external

to the fan frame, will be provided for protection to critical

aircrafr components and persennel.

The static and rotating

engine strucrures are designed to withstand the vibration caused
by the loss of oce fan blade at the dovetail art maximum engine
rpm to: at least 30 seconds and be safely shut down.

The fan containment shield to be provided will be designed tv cur-
tain single-blade failures but may not contain simulraeous mpultiple

blade and/or disk failures.

Disk failures are very unllkely since

a higher strength margir Is designed into the part tc help in pre-

venting disk fallur~ as a result of blade failure.

Experience shows

that simultaneous multiple blade failure is very unlikely, unless

severe FAR/DOD is encountered.
in immediate fan shutdown.

Multiple blade failure will resulr
The {ollowing design features and con-

siderations provide safeguards against this potential hazard:

Fan disk designed burst speed is 120%.

Axial blade retention is 30% of centrifugal Icad, minfmizing

possibility of multiple blade loss.

Impruved blade tolerance to bird strike or FOD.

{a) Genergus hlends to hard-peint locations, tip and midspan
shrouds, Co reduce rtress concentrations.

(t) Local thickness distribution features to improve suscep=-
tible areas of the blade.

{r) Chordwise location of the midspan shroud awar frem the
leading edge so that chordwise plastic deformation can
absorb some of the impact emergy.

Category I

;Category 11
i
)
|
i

| Category TIf
when in the
VTOL mode.

£
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Table XXVII. Hazard Analysis (Continued).

s Section I - Identification of Energy Sodurces (continued)

Potential Hazard Safeguards and Design Considerations/Recommendations

Hazard level

LCF459 Fan Rotor {continued)

e Disk-to-shaft boir joint designed to withstand .ombined
taneuvers and blade-out loadings-

» Thicker turbine walls, resulting from casting process,
improve FOD/DOD resistance.

Sustained release of hot gases io surrounding aircrafr structure
f is remote he-ause performance deterioration of the fan would be
detucted wven if the rotor structural failure leading up to the
penetration was not detected immediately.

LCF459 Turbine Carrjer

{1) Turbine carrier separation failure from ‘(1) lLocal containment shielding external te the fap frame will be
the fan blade can create a high enerpgy provid. = . ;rotect critical aircraft compenents and personnel.
projectile. If this projectile is not Fan sh -.'-. vapable of sustained operatiaon after loss of oaly
cuntained it may cause damage to air- one tur. .ow-ier.

craft structure, fluid-carrving com-
ponents, flight controls, or perscnnel

and also would release hot gases with
possible impingement vpon nacelle suriaces
ar structure. i

B. Combustible Fluids

LCF459 Scroll, Turbine Nozzles, Exhausi Nnzzles

The rip-turbine fan body and nacelle does not i
house any of the tuel systems.
i

(1) Fuel rrom external te the tip—turbine fan ' (1} Fuel in the scroll, turbine nozzle, and eshaust nozzle
could find fts way into the hot gas path i arva is only a remote possibility but the following pre-
and into the scroll, turbine nezzle, and cautions are taken:
exhaust nozzle arcas if the gas generator

wias experiencing starting difiiculties re— ® Fuel drains will be provided in all scraoll, ducting and
sulting in a "wet” start. This source of ! propulsion areas where fuel accumulation is possible.
combustible fluid in the tip-turbine, hot ® Procedures will be established and decumented in the
gas stream could result in a fire which flight manual and maintenance manual to reduce hazards
would release a vonsiderable amount of following a "wet" start.

thermal ecnergy in a short period of time.
Most of this sudden thermal energy release |
would be dissipazed aft cut of the wxhaust |
nozzle but mav result in danage to rhe
scroll or turbine or to deterioration of
tip-turbine parts.

Category 11

Cizegonry 1




L81

Table XXVII.

Hazard Analysis (Continued),

® Section I - Identification of Energy Sources (continued)

Potential Hazard

Safeguards and Design Considerations Recommendations

Hazard Level

LCF459 Turborip Fan Lube Sump System

The supply of lube system fluid provides a
limited source of energy if released. The
fan lube sump is isoclated physically from
the tip turbine so that 2 sump fire auto-
ignited by the turbine is too remote to

congider.

(1) If the forward or aft disk pump should |(1) PDPisk pustp running cJearances are large and are designed not to Category II
tub or fail, or should structure rub during mission mareuvers. Review of internal GE data indi-
failure oceur, or should contamina-— cates the danger of a fire in this sump is minimal. Expected
tion permit airflow through the sump sump temperatures will he approximately 121 - 146° € (250 - 300° F)
to increase the temperature and de- below the autoignitrion temperature for oilfair. The oil tempera-
crease the oil/air ratio sufficiently; ture sensor should provide adequate warning of impending lube system
autolignition may occur within the sump. failure. Failure of lube supply pumping or any other partial or

total interruption of pressure will be indicated in the cockpit.

{2) Damage to the sump forward seal or aft Action by the pilot may prevent secondary turbotip fan damage.
seal or to the svmp housing could pro-
vide an oil leak path to the tip {2} A sump overboard drain will be provided. An oil retention channel Category II
turbine under static condicions. This will be provided on the forward and aftr seal housings. A drain
may result in autolgnition upon subse- overboard from this channel will also be provided.
guent operatiom. Such a leak may also
result in small quantities of oil
traveling to adjacent aircraft
structure.

e Section II - Control of Energy Sources
A. Rotor Speed Controls
{1) Failure of LCF45% fan rotor speed con- |(1) Under normal operation, the gas generator camnot deliver sufficient | Category I

trol system could resulb in an over-
speed condition which might lead to
rotor failure.

power to overspeed the rotor.
Overspeed capabilities azre designed inte all rotor structures.

The control functio- osf the gas generator adjusts fuel flow to limit
power to the tip tu. ° prevent fan speed from exceeding a
safe limir.

Redundant rotor spesd . :s0rs and rentrol limiters will be pro-
vided in the aircraft and gas generator control and condition-
monitoring systems.

Based on this redundancy of design features, it is expected that
rotar overspeed failure due to contrel system failure is highiy
unlikely.

{if only rotor
speed occurs)

Category III
(if rotor fail-
ure should re-
sult from over-
speed)




Table XXVII.

Hazard Analysis {(Continued),

Damage to fan blades and vanes as a resulit
of ingestion of foreign ohjects mav occcur.
The foreign objects may be ingested from
runway debris or from enviroamental sources
such as birds, rocks, sand, eor ire. Care-
lessness in maintenance could also resulc
in the ingesrion of loose objects from the
inlet duct, FOD generally resuslts in only

minor nicks and dents, but it may cause ma- -’

jor blade and/or vane damage.

tolerance (o0 bird strike or FOD:

|

1 i - ) = 3 s s

3 The fullowing design procedures were utilized to provide improved
|

i

Generous blends to hard-point locations, tip and midspan shrouds
to reduce stress concentrations.

Local thickness distribution features to improve susceptible
areas of the blade.

Churdwise location of the nidspan shroud away from the leading
edge so that chordwise plastic deformation can absorb some of
the impact energy.

Disk-to~shaft bolt jeint designed 1o withstand combined
maneuvers and blade-out loadings.

. Information will be provided tor repair procedures to relievee
stress rigers fron minoe F0D and For maintenaonce procvedures and

. operating procedures to minimize and svoid FOD,

® Section LI - Contrel ol piergy Scurces (rontinued}
-
Purential Hazard Safeguards and Design Comsiderations/Pecomnendarions Hazard Llevel
-+ . e - ~
B. Variable Pressure Control i
|
(1) A loss of comtrol of the scroll i (1) The following safeguards and design features limiv the pessibilicy Categoryv 11
butterfly valve ¢ould result in in— af this hazard:
advertent closure of the valve and
anwanted change in fan thruse. e The scroll butrerfly valves will be designed to remain open !
i
following loss of actuatien forces. :
! e Valve closure is required oniy following failure of a gas
! generator. Combined failures of boeth the gas generator and
: the valve actuaticn systen are remote.
s Inadvertent valve ~losure without engine failure can be
corrected by the pilot or automatic engine power setting re—
) duction through a T; limiter.
: e Valve actuation will be monitared as part of preflight checkour. i
i |
' Pedundancy will be provided both i+ the hvdraulic and in the i
: electrical controls. i
I !
# Sectfon III - Turbotip Fan Environmental Constraints
[ Caregory 11
Al Foreign Object Damage
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Table XXVII, Hazard Analysis (Concluded).

e Sectien ITI - Turborip Fan Environmental Constraints (continued)

B. Maneyver Loads

Safepuards and Design Considerations/Recommendations

Maneuver loads in excess of thoese for
which the turbotip fan is designed may
causg:

{1} fan mount failure or,

{2) temporary heavy rotor rubs.

The following safeguards and design feartures apply:

® Fan mounting systems are designed for blade-out loads which
are two-times greater than design maneuver loads.

e Fan seals and rub surfaces will contain adequate material to
permitc rubs equivalent to twice the maneuver loads without
fan distress, except for the seal and rub material. Continued
operation with a small degradrtion in performance will resulr.

# TFan mount failure is considered to be very unlikely.

Category IT
(for heav:
rotor rubs)

Category 111
{for remote
possibility of
fan mount
failure)




The majority of the hazards Fall inte levels I ane It, The category
leve! 111D hazards represent very remote possibllaity of ocrurrence. No
ciitegory IV hazard levels have been identified.

As a benefit of this analysis, several fan design changes have been,
or will be, considered to enhance the safety of the 'arbotip fan concept.
Typlcal design changes considered were:

] Fuel drains will be provided in all areas of the fan where fuel
can collect. For example, the lower part of the scroll and vane
frame.

] An oil retention channel, with overboard drains, will be provided

to collect oil in the event of bearing sump seal leakage.

] Fan speed control limits and redundant speed indlcators will be
provided to ensure accurate fan speed measurements and to initi-
ate gas generator power reductions should a fan overspeed occur.

* The sc¢roll partial-arc shutoff valves will be designed to remain

fixed in the original yosition following loss of actuation
forces,
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7.0 PERFORMANCE

7.1 INTERCONNECT SYSTEM

The trend in V/STOL propulsion systems is to use power interconnect
between the varlous energy sources. These interconnect arrangements perform
two major functions:

» They provide a method of power transfer between units to modulate
or change thrust for aircraft attitude control,

. They provide a method of redistribution of power throughout the
alrcraft in the event of an engine failure.

The interconnect method used for the turbotip fan uses hot gas flow
through 2 ducting system, A typical arrangement for a three-fan, three-
engine system, as being considered for the research aircraft system, is shown
in Figure 5. The ducting system containe two starting valves that are closed
to isolate the three engines during start-up. There is a control valve
located at the inlet to the scroll of each fan. These control valves are
used to provide power transfer for alrcraft rontrol., A third set of valves
is operated only in the event of an engine failure or shutdown. When an
engine fails, the corresponding engine backflow valve is closed, and all
three scroll valves are closed. The closure of the scroll valves reduces the
total fan nozzle area to about two~thirds of the original area, which pro-
vides a match for the two operating engines, This type of ducting system was
considered during development of performance and in the ducting representa~-
tion in the LCF459 customer deck.

The pressure losses of the complete ducting system were evaluated for
the condition where all three engines are operating with no power transfer.

The pressure losses with a duct diameter of 0.44 m (17.5 in.) are given in
Tahle XXVIII.

Table XXVI1I. Estimated Ducting Pressure Losses.

Percent of Total Pressure

Lift/cruise engine to lift/cruise fan. 4.2
Third engine to nose fan. 6.5
1ift/eruise fan scroll. 2.9
Ncse fan scroll, 5.9
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7.2 CONTROL SYSTEM

The gas-interconnected, turbotip fan system uses a r:t..nd of gas power
transfer to generate differential thrust levels for aircraft attitude contrel,
This control concept was originelly proposed by the McDornell Alrcraft Com-
pany and has been demonstrated using two Interconnected YJ9/-GE-100 engines.
The results of this NASA/McDonnell test program are given in References 7 and
8, A description of the operating ~haracteriscics of this control svystem,
both transient and steady state, ts given in these references,.

This gas power transfer coutrol system is used to provide contrcl
moments both in the pitch and the roll axis of the alrcraft., Height control
is obtained using engine throttles to change power settings, with vaunes or
louvers located in the fan efflux to generate yaw cantrol moments.

The distribution of gas flow during control i the pitch and rell axes
are shown In Flgure 94. The levels of flow transfer are shown for a 20-
percent thrust increase for one of the fan systems. The flow split 1s also
established for no interaxis coupling; that is, roll control does not produce
a pltching moment., Thrust spolling will be required on the down-going fan
for generation of the contrcl moment at a constant total system thrust.
Figure 95 gives the f.ow transfer requirements for various levels of control
thrust.,

7.3 RATINGS AND LIMITS

The weight of V/STOL alrcraft is very sensitive to engine short-time
ratings, particularily the one~engine-inoperative (OEI) contingency rating.
The number of engines used in the system is also important; the larger the
number of engines, the lower the required ratings. In the three-engine
technology aircraft, two of the YJ97 engines can ~perate to provide the high
l.vels of system thrust during the engine-out condition.

Ratings established for the YJ97 engine, which are con istent with
pregent limitations of rotor speeds and turbine inlet temperature, are given
in Table XXIX. The three ratings established are the one-engine-inoperative
(OE1) rating, the V/STOL takeoff rating, and the maximum ccntrol (MC) rating
when flow transfer is used for aircraft control. The norwal engine "Mil-
itary" rating is also given for comparison, These ratings as established for
the engine are a good match with the scroll and turbine limitations of the
turbotip fan system, without requiring the use of exotic materials or .ool-
ing. The only other limir imposed on the turbotip fan system, other than
those estahiished by tne engine, is a speed limit of 1Q0-percent, steady-
state and l05-percent, short-time rating consistent with the control duty
eycle.
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. 1.00 Thrust Ratio
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{n) Roll Control 2 17,5 % Prossure brop
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100 8.2
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Figure 94, Flow Distribution for Control,
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Table XXIX,

YJ97-GE-100 Ratings.

(Sea Level Static)

Rating:

V/STOL

MC

OEIL

MIL

Ambient Temperature, K (° R)
Physical Rotor Speed, percent
Turbine Inlet Temperature, K (° R)

Turbine Discharge Temperature, X (° R)

305.4 (549.7)
102.7
1433 (2580}

1060  (1909)

305.4 (549.7)

1 102.7

1521 (2738)

1144 (2060)

305.4 (549.7)
107.5
1540 (2772)

1144 (2060)

288.1 (518.7)
101.5
1383 (2490)

1019 (1835)

V/STOL - one-minute takeoff rating

MC - maximum condition during power transfer, 100 percen* control
QEI - one-minute contingency rating in event of engine failure
MIL - normal military power rating




7.4 MATCH POINT

The fan design point established during the preliminary design studies,
Reference 1, was retained for the turbotip fan., The fan has a tip diameter
of 1.50 m (59 in.) and a design-point pressure ratio of 1.32. Table XXX
lists che signiflicant fan design parameters,

In the aircraft installation, three of these fans are supplied power by
three YJ97-GE-100 engines. The condition for maximum power Jelivery to one
fan occurs at the power transf{er condition. The gas conditions supplied at
the scroll inlet are listed in Table XXXI. These gas conditions are based on
a three-percent duct pressure loss between the engine discharge and the
scroll inlet. 1In the RYA, these losses will probably be different because of
the parcicular installation and duct pressure loss. For these conditions,
the original fan and turbine design point will be retained; differences in
duct pressure losses, including the scroll, will be taken into azcount
through adjustment of the scroll nozzle areas for engine trim. This change
can be incorporated easily during the hardware manufacturing cycle,

The turbine design point was established to provide adequate power to
give a fan corrected speed of 100 percent on a hot day. The rotor physical
speed at this condition is 102.9 percent, Table XXXIT lists the significant
turbine design-point parameters.

7.5 V/STOL PERFORMANCE

Performance in the V/SI.L mode of operation was determined for a Lypical
system cnnsisting of three fans are three engines. The periormance was
deterwined for instailed conditions using the factors given in Table XXXIIT.
Pevformance is shown in Figures 96 through 98,

7.+ CRUISE PERFORMANCE

Cru'se performance was determined for a singie engine/fan configuration,
The installation factors given in Table XXXIV were w=ed in the data genera-
tivn. PYerformance data are given in Figures 99 through 104 using corrected
paramete. s referenced to standard pressure and temperature., These performance
data are daveloped for a configuration employing a continuously variable-area
nozzle, For this design pressure ratio, the penalties associated with a
(ixed nozzle avea are intolerable. A twc-position configuration may be
acceptable; additional performance data must be obtained to evaluate this
appraach. An engine computer deck with this capability will be available for
use in eircraft studies.
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Table XXX, Fan Design Point.

Tip Diameter, m (in,) 1.50 (59.0)
Pressure Ratio 1.319
Corrected Airflow, kg/sec (1bm/sec) 293 (646)
Corrected Tin $peed, m/sec (ft/sec) 343 (1125)
Adiabatic Efficiency, percent 86.0

Flow per Annular Area, kg/sec—m2 (lbm/sec-ftz) 1.72 (40.8)
Flow per Frontal Area, kg/sec-m2 (1bm/sec~ft2) 1.43 (34.0)
Fan Exit Mach Number 0.5%

Inlet Radius Ratio 0.407

Table XXXI., Scroll Inlet Gas Conditionm.

Flow, kg/sec (lbm/sec) 32.05 (70.66)
Pressure, kN/m® (1b£/in.2)  372.2 (53.99)
Temperature, K (° R) 1144 (2060)

Fuel/Air Ratio 0.0228
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Table XXX1I, Turbine Design Point.

Flow, kg/sec (lbm/sec)

Praessure, kN/m2 (1bf/in.?)
Temperature, X (° R)

Pitch Line Reaction, percent

Speed, rpm

Energy Function, J/g K (Btu/lbm ° F)
Efficiency

Exit Mach Number

2y

Annular Area, m2 (in.

32,05 (70.66)
357.5 (51.85)
1144 (2060}

15

4500

0.228 (0.0544)
0.86

0.55

0.242 (375)

Table XXXIII. V/STOL Installation Factors.

Lift/Cruise Fan Nose Fan
Gas generator recovery 0.9385 0.985
Gas generator bleed, percent 0.5 0.5
Gas generator power extraction,
kW, (hp) 19 (25) 19 (25)
Ducting pressure loss, percent 4.2 6.5
Scroll pressure loss, percent 2.9 5.9
Fan inlet recovery 0.985 0.985
Fan power extraction, kW (hp) 38 (50) 0 (O
Nozzle velocity coefficient 0.940 0.4950
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Table XXXIV,.

Cruise Installation Factors.

Engine Inlet Recovery

Compressor Bleed, percent

Engine Power Extraction, kW(hp)

Fan Inlet Recovery

Directing Pressure Loss, percent

Scroll Pressure Loss, percent

Fan Power Extraction, kW(hp)

Nozzle Thrust Coefficient

Mach Number

0.0
0.2
0.4
0.6
0.8
0.9

Engine

0.985
0.989
0.990
0.990
0.987
0.984

0.985
0.993
0.995
0.994
0.980
0.970

Fan

see tabulation
1.0

19¢-2)

see tabulation
2.9

38(50)

0.980
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8,0 COMPATIBILITY AND NISTORTION

The LF459 fan design has been invegtigated from the point of inlet and
exhaust system compatibility. This work has followed a process wherein
established distortion requirements and applicable data were reviewed to
define anticipated inlet total pressure, inlet total temperature, and exit
static pressure distortions., These data identified the altitude, Mach
number, and power settings that yield the highest distortions or combinations
of distortionz. The sensitivity of the fan designs to distortion was assessed
by comparisons of the LF459 aerodynamic design with other existing designs
that had been bullt and and tested for distortion sensitivity.

The fan sensitivity and distortion levels were then used to define
those altitude, Mach number, and power settings where fan surge margin is a
minimum, These conditlions are called stability iracking points, The excess
surge margin at each tracking point was then defined.

B.1 INLET AND NOZZLE DISTORTIONS

The design requirements establigh the LF459 fan design point minimum
surge margin at 18 percent. Further, the fan is to be capable of operation
with the following distortions:

. (APT/PpIMax = 0.15, inlet total pressure distortion.

]

™ (0Pg/PglMax = 0.15, exit static pressure distortion.
M 50% of inlet face at least 27.8° C (50° F) above ambient. (At sea
level static conditions, this becomes (AT/Ty)Mgy = 0.092).

It was assumed here that these may act in any combination.

Inlet data were evaluated against the requirements to further determine
the maximum distortion conditions for the fan. The data chosen for this
work are contained in References 11 and 12 and are from a lift-fan installation
test, A typical angle of attack versus yaw plot is shown in Figure 105;
lines of constant (APT/PT)}Max are shown. The distortion, even at high angles
of attack and yaw, is quite low; about 0,06 is the highest wvalue shown. In
fact, the highest value of (APT/Pr)Max seen in this data set is 0,10,
However, one comment con these data is appropriate; they are steady-state
measurements. The unsteady, time-variant distortion can be higher. Ex~
perlence with subsanic inlets shows that a value of approximately 1.5 typifies
the ratio between unsteady and steady-state distortion, The predicted worst
unsteady distortion from this data set is then about 0.15, the same as the
requirements.

Similarly, fan exit static pressure distortion data from Reference 15
were lnvestigated. The data show a (APg/Pg)ymyy of about 0.05. This is a
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small data set and the values obtained are steady state. Further, nozzle
exit crossflow can increase the static pressure distortion level. The re-
quiremcnt of 0.15 is not unreasonable and was used for the fan exit dis-
tortion limit.

Inlet temperature distortion is a strong function of the particular
installation when the mource iw reingested exbaust gases. The data in
References 11 and 12 were used to assess antic'pated levels of temperature
distortion for the 1ift fan. These data indicate that temperatures up to
39° ¢ (70° F) above ambient were observed. Using this as a 1limit at standard
day conditions, the temperature distortion can be described as an equivalent
one-point pressure distortion. The 39° C (,0° F} condition results in a
(AT/T)Max ©f 0.13, or 0.03 in equivalent (APT/Pp)Max-

The above approach was used to modify the inlet total pressure dis-
tortion by computing values of equivalent local pressure levels for an
assumed one-per-revolution, square, wave pattern of temperature distortion,
The high temperature region overlaid the low pressure reglon; this tended to
increase the resulting equivalent pressure distortion.

B,2 FAN DESIGN DISTORTION SENSITIVITY

Distortion sensitivity is defined as the amount of surge pressure ratio
lost per unit of distortion. In turn, surge pressure ratioc loss can be
related to surge margin., These are shown in Figure 106; the equations are
defined at cnnstant airflow and at constant corrected speed. It should be
noted that the requirement of l8-percent stall margin 1s based on a constant
corrected speed definition of surge margin. However, at this point in the
design, 1t is not possible to predict with sufficient accuracy the airflow
rollback and speed line shapes for distorted inflow conditions. Because of
this inability to define speed line shapes prior to test, use of constant
corrected speed definitions of surge margin and surge pressure ratio loss at
this point in the design can lead to significant errors in the stability
analysis. The use of constant corracted speed or constant corrected airflow
definitions is discussed in detail in Reference 16.

The work shown here uses constant corrected airflow definitions. ..ae
aerodynamic design of the LF459 fan was compared tc previously tested designs,
These comparisons led to the estimate of distortion sensitivity shown in
Figure 107.

Sensitivity to exit static pressure distortions has been reviewed.
Data from large bypass turbofan engines, where exit static pressure distor-
tions are generated by the engine service pylon, were used to devr’ n a
sensitivity curve shown in Figure 108. These data indicate that s ic
pressure distorticen sensitivity is a strong function of airflow, wiih sensi-
tivity decreasing with increasing airflow. However, at reduced airfliows,
the level of distortion is reduced such that loss of surge margin is not
excesslve at any airflow, where loss of surge margin is defined at constant
corrected airflow.
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8.3 STABILITY TRACKING POINTS

The work done tc date shows that the distortion requirements represent
the worst case for the fan stability assessments. Since temperature dis-
tortion will only occur in the vertical 1ift mode in ground effect, sea
level static conditions are the place where the fan stabllity assessment was
performed. Further, fan operation would be at or very near to design cor-
rected speed power conditions.

The stability stack for the fan is shown in Figure 109. Since only one
condition has been identified, estimates of the stability margin both for
constant corrected speed and for constant corrected airflow are shown. The
constant corrected speed case assumes that the speed line 1s invariant with
distortion. In both cases, excess margin i1s demonstrated so that no sta-
bility problems are foreseen for the LF459 fan operating with l18-percent
surge margin, the defined pressure distortion requirements, and an inlet
temperature distortion due to 39° C (70° F) abov.-ambient temperatures. It
should be noted that the distortions were assumed to act in the worst combina-
tion: low pressure and high temperature overlaid with inlet and exit distor-
tions independently affecting loss 1in surge pressure ratic. The stability
stack provides for internal and transient destabilizations consistent with
experience for other large fan designs.

8.4 SUMMARY

The Statement of Work distortion requirements have been assessed with
respect to distortion data from a typlcal lift-fan installation. The inlet
total pressure and exit static pressure distortion requirements appear to be
consistent with measured data. The temperature distortion requirement of
28° C (50° F) above ambient over 50 percent of the engine face may be low.
Data show that inlet temperatures can reach 39° C (70° F) above ambient.
This level was used in the evaluation of fan surge margin.

The highest distortion condition is where all three distortions inter-

act. A fan stability stack at this condition shows adequate remaining surge
margin.
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9.0 INSTALLATION

9.1 FAN

The LCF459 propulsion system contains both turbotip fans and YJ97-GE-100
gas generators, Because of the unique features of this system, the aircraft-
furnished components will include the interconnect ducting, the fan exhaust
systems, and inlets for the gas generator and fans, The installation features
and requirements are defined for this system c¢f both propulsion and aircrgft=
furnished components.

9.1.1 Installation Envelopes

The installation drawings of the LCF459 fan are shown in Figure 110
and 111, Figure 110 shows an installation with the scroll inlet flange
facing forward, typical of a lift/cruilse fan installation. Figure 111 shows
a rearward scroll inlet, typical of a nose or pod-type installation, These
are only two scroll inlet configurations, The orientation of the =croll
inlet can be selected to meet the particular installation arrangement.

9.1.2 Inlet and Exhaust Attachments

The flow-puth attachments as identified on the installation drawing are:

. Scroll inlet, a 44.45-cm (17.5 in.) inside~dlameter, bolted-flange
connection

™ Fan inlet outer flow path, a 151.2-em (59.52 in.), sliding attach-
ment on the forward air-seal support structdre

° Fan exit outer flow path, a bolted-flange attachment with a 172.7-
cm (68.00 in.) diameter, bolt circle

. Fan exit inner flow path, a 71.12-cm (28.00 in.) diameter attach-
ment for the fan exit tail cone. This tail-cone fairing must in-
clude an access panel for sump servicing. A vent area of 64.5 cm
(10.0 in.2) must be provided for cooling air for the air/oil
heat exchanger.

The contours and restraints of the inlet and exhaust attachments have
been discussed in Section 4.2, Aerodynamlc Design.

The flange attachments provided on the fan are n-t sized for large load

transmission, Table XXXV gives the maximum allowable shear and moments that
may be transferred to each of the inlet and exhaust attachments,
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Figure 110, Fan Installation; Lift/Cruise (Concluded),.
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9.1.3 Mounting System

The fan contains three mount points, equally spaced around the periphery
of the fan frame, The relative angular position of these mounts can be
selected to meet the particular installation simply by indexing the frame-
to-scroll flange attachment., The direction of restraint at each mount point
1s both axial and tangential as shown iIn Figure 112, This mounting system is
redundant in one axis as required for transmission of blade-out forces. The
forces due to typical loading conditions are given in the figure.

9.,1.4 Controls and Accessories

The fan system is an iIntegral propulsion unit except for the hot gas
attachment at the scroll., Controls and accessory attachments to the fan
include:

(] Two electromagnetic fan speed sensors - a fan speed indicator and
overspeed—-control system must be provided as in the aircraft system,

. Lubrication pressure and temperaturs sensors - sensors are provided
in the fan for cockpit display and monitoring.

® Fan hub vibration - two vibration pickups will be provided for fan
vibration monitoring.

. S5c¢roll shutoff valve - a shaft attachment is provided for shutef:
of one-third of the scroll arc in the event of one-~engine fallure,
The aircraft system must provide the actuation, sensing, and
control for this valve system.

° Power takeoff - a spline attachment and mounting flange is included
in the fan for delivering power from the fan shaft tc drive air-
craft electrical and hydraulic systems. The design characteristics
for this attachment are given in Table XXXVI. The power-takeoff
option is available on fans mounted with the thrust axis horizontal.
Vertical-mounted fans presencly are not designed with this option.

- Research and performance instrumentation will be provided in the
fan system to meet the requirements of the flight research program,

9.1.5 Weights and Inertias

The weights and inertias of the LCF459 fan are given in Table XXXVII,

-

52 DLANK MOT lithas,
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Tahle XXXV.

Fan Attachment Load Limits.

Shear Axial Force Moment
kN 1bf kN 1bf N-m  1lbf-in,
Scroll Inlet 445 100 445 100 1356 1000
Fan Inlet Tip 222 50 222 50 678 500
Fan Exit Tip 1334 300 1334 300 4067 3000
Fan Exit Hub 667 150 667  150% 2034 1500

* In addition to normal airlcoads on fan hub fairing.

Pad Driv

Table XXXVI,

e Speed

Fan Power Takeoff Ratings.

Maximum Continuous Torque, N-m (1bf-in.)

Static Overhung Moment, N-m (lbf-in.)

Static Shear Force, N(1bf)

1350 to 4500 rpm
452 (4000)
283 (2500)

756 (170}



Maneuver A B C D E F

1-g Down o 582 0 -52 0 477

1-g Forward 351 0 306 0 260 0

1-g Side 0 458 0 458 0 -458

1 rad/sec pitch -2138 0 4276 0 -2138 0

1 rad/sec yaw 4940 0 0 0 -4940 0
Figure 112, Fan Mounting System,




9.2 YJ97 ENGINE

9.,2.1 Installation

The installation of the YJ97-GE-100 engine in a configuration adapted
for the turbotip fan is shown in Fipure 113. The engine is the basic YJ97-
GE-100 as defined in the model specification, Reference 17. The configura-
tion has been modified for attachment of the exhaust ducting system in place
of the normal turbojet jet exhaust nozzle.

9.2.2 1Inlet and Exhaust Attachments

The flow-path attachments to the engine include the inlet and exhaust
system ducting. The inlet attachment is a bolted flange with a flow-path
diameter of 51.18 cm (20,15 in.). Details of the engine inlet hub geometry
are defined on the installation drawlng for attachment of an aircraft-fur-
nished, bullet-nose configuration.

The exhaust attachment uses a bolted flange joint which also includes
the tip seal of the engine second-stage turbine. The geometry of this
flange attachment is defined on the installation drawing. The exhaust
ducting system must also include the engine exhaust cone and deswirl vanes,
The geometry of the tail cone forward face 1s very critical and must be re-
tained to assure proper cooling of the second-stage disk rim. The vanes
which support the tall cone must be designed to remove residual swirl that
exlsts in the turbine discharge flow., The average swirl angle is about 8 to
9 degrees at the turbine discharge plane.

The allowable forces and moments that may be transmitted to the engilne
through the inlet and exhaust attachments are defined in Table XXXVIII,

9.2.3 Mounting System

The engine includes an independent mounting system as shown in the
installation drawing. Two thrust mounts are located on opposite sides of the
engine near the compressor-to-combustor-casing flange joint. A forward,
vertical mount 1s located on the top of the front frame. A side-force, or
drag, link mount 4is provided on the top of the engine. As required for the
aircraft installation, this mount may be either top or bottom and oriented
for either right- or left-hand 1installations.

Mounting system reactions for typical unit maneuver loadings are given
in Figure 114,

9.2.4 Controls and Accessories

The engine has a standard, hydromechanical, fuel contrel with variable
stator control. The fuel control has the following functions:
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Table XXXVII. Fan Weights and Inertias.

Fan Welght, kg (1bm)

415 (915)

Rotor Moment of Inertia, N—m—ae02 (lbf-ft—secz) 35,5 (26.2)

Fan Moment of Inertias, N—m—sec2 (lbf-ft-secz)

. About Axis through Scroll Inlet

@ About Axis Normal to Scroll Inlet

™ About Axis of Rotation

117 (86)
129 (95)

203 (150)

Table XXXVIII. YJ97 Attachment Load Limits,

Inlet Attachment

Axial Force, kN (1bf) =wmem——mm

-~ 334 (75)

Shear Force, kN (lbf) -

Moments, N-m (lbf-in.) -----

Exhaust Attachment

Axial Force, kN (Ibf) —==—er=wem

Shear Force, kN (1bf) -~~~

Moments, N-m (1bf~in,} --v———-

~ 89 (20)
271 (200)

- 2224 (500)

- -~ 890 (200)

~--= 2712 (2000)
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Maneuver A B C b E F
1-g Down 343 0 343 0 0 28
l-g Forward 0 -358 0 ~-358 0 0
l1-g Right 292 - 13 ~292 13 716 0
1 rad per pitch -447 0 -447 0 0 893
1 rad per yaw 0 1400 0 ~1400 0 0

Figure 114,

YJ97 Mounting System,
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] Isochronous speed governing

) Acceleration fuel limiting

. Deceleration fuel limiting

(] Stator vane control

. Minimum 90.7 kg/hr (200 lbm/hr) fuel flow
) Corrected speed, 14,890 rpm, limit

This engine control system has been shown, through testing, to be ade-
quate for the interconnect control system using gas power transfer. Refer-
ences 7 and 8 describe these test programs. The method of contrel requires a
rotor speed change to initiate the fuel flow changes during gas transfer.

The reaction time is dependent on the inertia effects of the engine rotor
system; thus, there is a time delay prior to initlation of the fuel flow
changes. Improvements in engine response can be obtained through the use of
some method of fuel flow anticipation coupled with commands for flow transfer.
Such a modification of the engine control system can be achieved while re-
taining the present hydromechanical control. This engine control system is
presently not belng considered, but it 1s a method of improving system re-
sponse 1f required for an aircraft with desirable control characteristics,

The engine user must also provide the following installation items as
required for operation of the engine:

° A starter, transfer~gearbox mounted
. An inlet-nose fairing
. Engine-to—aircraft fittings on lines

1. Fuel and lube supply

2, Blank-off plates

3. Pressurization and drain valve overboard and fuel drains

4, 011 drains

5. 011 return lines

6. Combustor drain
] Engine rotor speed sensor and indicator
) Engine 0il pressure sensor and indicator
® Engine exhaust gas temperature indicator
. Main fuel control power lever actuation
. Engine to aircraft electrical wiring
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. 011 tank
. Ignition excitation

Power extraction is provided in the engine through compraessor discharge
bleed and accessory gearboX power extraction., The existing engine design
limits are:

[ ] 4 percent compressor bleed

) 18.6 kW (25 horsepower) at a speed of 7990 rpm with the engine at
design speed of 13,650 rpm.

This level of shaft horseprwer is not capable of meeting the require-
ments for most V/STOL applications, A much larger power extraction allowance
has been provided at the fan shaft power takeoff. The penalities for power
extraction from the low pressure system are also much smaller than from the
high pressure or engine system,

9.2.5 Weights and Inertias

The weights and inertias of the JY97-GE-100 engine are given in Table
XXXIX,

Table XXXIX. YJ97 Weights and Inertias.

Total Engine Weight, kg(lbm) - _—— - 326 (715)

Rotor Moment of Inertia, N-m~sec2 (1bf-ft-sec2) m—m—mmmme—a 2,34 (1.73)
Center of Geometry Location - See Figure 113

System Moment of Inertilas, N—m—sec2 (lbf-ft—secz)

s About Axis of Rotation --- -- 8.0 (5.9)
e Vertical through Center of Gravity —-———————mecemema 31.6 (23.3)
e Horizontal through Center of Gravity -~———————————- 32,8 (24,2)
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10.0 CONCLUSIONS

The initial phase of the detail design of the LCF459, a 1.5-m (59 in.)
diameter fan, has been completed. The fan system was desigr d for applica-
tion in the NASA/Navy Research and Technology Aircraft which uses the avail-
able YJ97 engine as the gas source., Typical alrcraft systems use three fans
and three engines with gas interconnect and flow transfer for thrust
modulation,

The LCF459, as established, was defined for minimum cost and low risk,
and includes the feollowing mechanical features:

® A 52-bladed, titanium rotor with midspan and tip shrouds.
. A cast turbilne carrier with one carrier per fan blade.

] A structural rear frame for supporting the rotor. The frame also
serves as the stage outlet guide vane row.

] A self-contained lubrication system integrated in the bearing sump
housing.

° A single-bubble, H5188 scroll with a shutoff valve utilized during
one-engine-inoperative conditions.

. A pumping system incorporated in the cast carrier to supply air
for fan inlet seal pressurization,

. An impingement—cooled outer frame case for seal clearance control.

. A fan shaft power takeoff for aircraft accessories.

) Capability of operating with the thrust angle either horizontal or
vertical,

The total fan assembly weighs 415 kg (915 1bm) as compared to the pre-
liminary design weight estimate of 386 kg (850 1bm). This eight-percent
weight Increase is the price for a 25-percent reduction in estimated fan
manufncturing cost. Design and manufacturing risks have also been reduced
through the use of less exotlic materials and fabrication methods.

The estimated, uninstalled, design-point thrust of the fan is 70.28 kN
(15,800 1bf) on a 32° C (90" F) day, which is a thrusc-to-weight ratio of
17.2, This design-point thrust can only be achieved with gas power transfer
between interconnected YJ97-GE-100 engines. The installed V/STOL thrust of
one fan and one engine is 57.96 kN (13,030 1bf) at sea level static on a
32° ¢ (90° F) day. This condition gives a thrust-to-weight ratio of 14.2
for the fan only and 8.0 for the combined engine and fan system,
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11.0 NOMENCLATURE

Fan nozzle area, m2 (in.z)

Clean operating line

Clean stall line

Turbine nozzle exit velocity, m/sec (ft/sec)
Turbine exit axial velocity, m/sec (ft/sec)
Distorted operating line

Force, N (1bf)

Net thrust, N (1lbf)

Energy, J/g (Btu/lbm)

Circumferential distortion index

Radial distortion index
Relative Mach number

Axial Mach number

Gas generator speed, percent
Fan speed, parcent

Pressure ratio

Stall pressure ratio

Static preasure, kN/mz (1bf/1in.
Total pressure, kN/m2 (lbf/in.z)

Turbine blade inlet relative velocity, m/sec (ft/sec)

2y

Turbine blade exit relati.e velocity, m/sec (ft/sec)
Stall margin

Turbine rotor tangential speed, m/sec (ft/sec)
Turbine nozzle exit velocity, m/sec (ft/sec)

Turbine exit abeolute veloclty, m/sec (ft/sec)

Fan inlet outer seal leakage, kg/sec (lbm/sec)

Fan inlet inner seal leakage, kg/sec (lbm/sec)
gas generator inlet airflow, kg/sec (lbm/sec)

Fan ex.: inner seal leakage, kg/sec (lbm/sec)
Fan exit outer seal leakage, kg/sec (lbm/sec)
Turbine tip seal leakage, kg/sec (lbm/sec)
Fan inlet airflow, kg/sec (lbm/sec)

Fue! flow, kg/hr (lbm/hr)
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Turhine nozzle exit air angle, degrees

Turbine rotor inlet ralative air angle, degrees
Turbine rotor exit relative air angle, degrees
Turbine exit swirl angle, degrees

Corrected airflow, kg/sec (lbm/sec)

Correction to standard pressure

Incremental change or difference

Efficiency, percent

Correction to gtandard temperature

Alrcraft bank angle, radians (degrees)
Alrcraft pitech angle, radians (degrees)

Stream function
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