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SECTION |
SUMMARY

A program has been conducted under Contract NAS3-22779 to design a model single-stage
fan rig with variable inlet guide vanes capable of providing the flow and pressure ratio
modulation required for a V/STOL propulsion system while maintaining constant rotor speed.
The rig was designed for testing within the NASA LeRC W-8 facility.

The fan stage aerodynamic design goals were to provide maximum airflow, pressure ratio
and engine thrust at takeoff for maximum attitude control which was 25% above the thrust
level at the nominal takeoff condition. The takeoff maximum control operating point specific
flow (1.82 kg/sec m? — 43 lbm/sec ft2), pressure ratio (1.68), tip speed (472 m/sec — 1550 ft/sec)
and bypass ratio (6.35) were determined from a canvas of airframers. Stall margin (15%) and
thrust modulation (40-125% ) were established by the statement of work. Maximum rig flow size
(37.4 kg/sec — 82.3 Ibm/sec) was determined by the NASA LeRC W-8 facility.

The resulting fan stage incorporates the following features into the aeromechanical design:

e A flow splitter which extended from the VIGV leading edge through rotor
and EGV to prevent mixing of the core and fan airstreams,

+ A split flap VIGV with independently activated ID and OD flaps to permit
independent modulation of the core and fan airstreams to maximize core
stream supercharging for V/STOL operation, and

« An EGV with a variable leading edge fan flap for rig performance
optimization. Predicted adiabatic efficiencies at nominal takeoff for the
core, fan, and overall fan stage were 85.0, 82.7 and 83.0%, respectively.

The fabrication and assembly of the V/STOL model fan stage rig was cancelled due to
NASA funding priorities and the contract effort terminated with the completion of the
hardware drawings.
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SECTION U
INTRODUCTION

One of the basic requirements of a V/STOL aircraft propulsion system is the capability for
rapid thrust modulation for attitude control during takeoff and landing. This capability has
been demonstrated in previous V/STOL concepts through the use of variable inlet guide vanes
(VIGV) to vary the flow and pressure ratio of the fan at constant rotor speed and thus modulate
the propulsive thrust of the engine. Other V/STOL requirements include high thrust to weight
ratio which is necessary for vertical flight, and low specific fuel consumption which is desired for
maximum aircraft range. Of equal importance for operational considerations in multi engine
aircraft is the capacity to maintain sufficient attitude control to perform an emergency vertical
landing with one inoperative engine. To meet these stringent V/STOL requirements, a VIGV
fan stage has been designed employing unique design features to provide a highly responsive,
flexible means of thrust modulation while optimizing aerodynamic performance to give
maximum thrust with minimum core engine size.

The fan stage employs a split-flap VIGV with an independently actuated ID flap to allow
separate modulation of fan and core airstreams. The stage also employs a flow splitter which is
extended forward by incorporating it into the blade design to separate the fan and core
airstreams and prevent mixing between the higher pressure core stream and the fan stream. The
fan blade has been designed to deliver maximum pressure ratio in the root region in order to
provide maximum core supercharging and thereby reduce core engine size and weight.

The design features incorporated into the model V/STOL fan stage will enable a
comprehensive rig test to demonstrate their feasibility and observe in detail the effects of VIGV
variation on a typical V/STOL fan stage. The rig test will evaluate the various methods of
maximizing core engine supercharging to minimize weight which will be useful in future cycle
studies to define an optimum V/STOL engine.
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SECTION il
DESIGN STUDY

DEFINITION OF OVERALL DESIGN PARAMETERS

The overall design parameters for the model V/STOL fan stage were derived from proposal
objectives expressed in the statement of work, a canvass of airframers for typical V/STOL
mission requirements, and parametric studies from past and present Pratt & Whitney V/STOL
designs. The statement of work specifies that the model fan stage include a variable inlet guide
vane (VIGV) that will allow identification and evaluation of critical V/STOL design require-
ments. The model fan stage should demonstrate adequate thrust modulation capability during
takeoff and hover operation while minimizing required engine size due to multi-engine cross
shaft drive operation during one engine inoperative situations. For responsive attitude control,
rapid thrust modulation is to be accomplished through VIGV variation with no change in rotor
speed.

Figure 1 presents a typical fan map for multi-engine V/STOL operation. Maximum
airflow, pressure ratio, and engine thrust occur at takeoff for maximum attitude control which is
approximately 25% above the thrust level at the nominal takeoff condition. Individual fan
operating points are indicated for a one engine inoperative condition where the imbalance in
thrust between engines is corrected through the appropriate combination of VIGV variation on
individual fan stages. The statement of work specifies a range for certain fan parameters at the
nominal takeoff point as follows:

*  Pressure Ratio 1.5 — 1.6

+  Specific Flow (W_/A) 1.6 kg/sec? (38 lbm/sec ft?)

» Tip Speed 450 — 500 m/s (1450 — 1600 ft/sec)
» Inlet Hub/Tip Ratio 0.35 — 0.40

e Stall Margin 15%

+  Thrust Modulation 40 — 1256%

In addition, the model V/STOL fan stage is required to meet LeRC test facility dimensions
which set the maximum outer diameter at 50.8 cm (20 in.) and the minimum exit inner diameter
at 20.32 cm (8.0 in.).

A canvass of airframers was conducted to further define typical V/STOL design
parameters. As a result, the following parameters were selected for the takeoff maximum control
fan operating point:

e  Specific Flow 1.82 kg/sec m? (43 lbm/sec ft?)
+  Pressure Ratio : 1.68
+« Tip Speed 472 m/sec (1550 ft/sec)

To determine airflow and pressure ratio at the nominal takeoff point, a normalized
operating line was calculated from a PW2037 engine cycle simulation and forced through the
takeoff maximum control design point. The PW2037 engine operating line was normalized for
this estimate due to its similarity to the V/STOL fan stage pressure ratio and bypass ratio at
maximum flow. Figure 2 displays the resulting operating line for the model V/STOL fan stage
and the estimated nominal takeoff point. The relationship between fan airflow and pressure
ratio to engine thrust was established from NASA tests conducted on a YTF34 engine as
reported in References 1 and 2. The nominal takeoff point was estimated to be on the
normalized operating line at a point corresponding to a 25 % reduction in engine thrust.
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Figure 1. Typical V/STOL Fan Map

The fan bypass ratio for a representative V/STOL application at nominal takeoff was
estimated from a previous V/STOL “A” parametric study in which engine size was optimized at
varying fan pressure ratio and bypass ratio to satisfy thrust and one engine out requirements.
Figure 3 summarizes the trade study for a tandem fan V/STOL “A” application from which high
compressor flow requirements were established to permit extrapolation from a single fan
V/STOL engine (STF 521). As a result of these studies, the model V/STOL fan stage bypass
ratio at nominal takeoff was defined to be 6.0. Bypass ratio at the maximum control takeoff
point was calculated by assuming that high compressor corrected flow did not change from
nominal takeoff. The resulting bypass ratio at the maximum flow condition for the fan is
calculated to be 6.35.

Efficiency for the model fan stage at the nominal takeoff condition was predicted from the
Pratt & Whitney streamline design system which incorporates empirical fan blade element loss
data as a function of Mach number and aerodynamic loading. This efficiency prediction is
compared to state of the art efficiency versus tip speed in Figure 4.

The state of the art efficiency curve has been established by adjusting test results as
follows:

«  Part span shroud effects have been eliminated

» Efficiencies have been adjusted to reflect the same flow size to eliminate
Reynolds number and relative roughness effects

« Efficiency is measured at 15% stall margin at design speed.
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Figure 3. V/STOL Bypass Ratio Estimate

model V/STOL fan efficiency has been increased by 1.0% for

part span shroud and splitter effects and 1.1% for size effects in Figure 4 and is predicted to be

For comparison purposes,
within 1% of state of the art technology.
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Table 1 summarizes the maximum control and nominal takeoff design points established
from statement of work specifications, rig flowpath constraints, a canvass of airframers for
representative parameters, and parametric studies and calculations for typical V/STOL fan
applications.

TABLE 1. — V/STOL OVERALL FAN DESIGN PARAMETER
Maximum
Control Takeoff Nominal Takeoff

Corrected Speed (N/\/6) ~ RPM 17762 17762
Corrected Flow (W\/8/8) ~ kg/sec 37.42 (82.32 lbm/sec) 33.50 (73.70 lbm/sec)
Pressure Ratio 1.68 1.53
Stall Margin ~ % 15 15
Adiabatic Efficiency () ~ % 79.5 83
Bypass Ratio 6.35 6.0
Specific Flow (W_/A) ~ kg/sec m® 1.82 (43 lbm/sec ft?) 1.6 (38 lbm/sec ft?)
Corrected Tip Speed ~ m/sec 472 (1550 ft/sec) 472 (1550 ft/sec)

Once overall fan design parameters had been established, consideration was given to
identifying features unique to V/STOL applications which would improve engine performance
by decreasing weight, maximizing thrust, and providing more flexible thrust modulation.

V/STOL aircraft are limited in range due to the overall engine weight which includes such
items as large vane actuators, variable nozzles, additional ductwork for attitude control, and
gearboxes and cross-shafts unique to V/STOL operation. Additional complexity occurs for
multi-engine V/STOL aircraft with cross-shaft designs due to the one engine inoperative
condition which requires that the gas generator of one engine drive the fans of both engines to
provide thrust and attitude control for emergency landing. During emergency landing, the fan of
the inoperative engine must run with its VIGV open to offset the loss of engine thrust. The fan
of the operative engine must run with its VIGV closed to equalize engine thrust and provide
attitude control while its gas generator provides the power to drive both fans. The power
requirement during emergency landing determines the size of the core engine and has a large
impact on engine weight. Consequently, it is desirable that the fan VIGV in the operable engine
not desupercharge the core flow while operating with closed vanes to achieve balanced thrust
with attitude control margin.

A part-span VIGV has been successfully tested at NASA LeRC on a YTF34 engine to
modulate thrust and improve the desupercharging condition during one engine inoperative
conditions. The results of these tests are described in References 1 and 2. The part-span VIGV
does not modulate the core stream coming into the fan blade; consequently, core pressure ratio
does not decrease as much as fan OD pressure ratio during VIGV closure. The tests indicate that
the core pressure ratio drop may be further reduced by extending a flow splitter upstream
toward the blade trailing edge to reduce mixing between the higher pressure core stream and the
lower pressure fan stream. A reduction in core size of 12% is reported to be achievable for a
part-span VIGV relative to a full-span VIGV configuration. An additional 2% core size
reduction is estimated when a flow splitter extension is included. The reduced core size,
improved cruise SFC, and decreased engine weight will provide substantial benefits to a
V/STOL aircraft

Even with a part-span VIGV fan, a significant reduction in core pressure ratio occurs as
the fan stream VIGV closes and fan stream pressure ratio is reduced due to mixing and
communication between fan and core streams. In the configuration proposed for the model
V/STOL fan stage shown in Figure 5, a flow splitter has been incorporated into the blade design
to allow extension upstream through the VIGV. An independently actuated ID flap on the
VIGV is provided for core stream airflow. The flow splitter completely isolates the core stream



from the fan stream to eliminate any desupercharging effect. In addition, the ID flap is available
to provide additional supercharging to the core stream regardless of the setting of the fan OD
flap. Isolation of the core stream alone should permit a reduction in core size of 8% according to
the referenced reports. By supercharging with the ID flap, additional reduction in core size
should be achievable depending on stall margin and turbine inlet temperature limits. The
benefits over competing designs of an isolated core stream, split-flap VIGV fan design for multi-
engine V/STOL application which include reduced engine weight, improved SFC, and more
flexible thrust modulation capability may be assessed relative to its added cost and complexity
in the model V/STOL fan stage rig test program.

S

EGV
(38)

OD Stream

FD 265646

Figure 5. V/STOL Fan Flowpath

Also included in the model V/STOL fan stage configuration is a variable leading edge flap
for the fan exit guide vane (EGV). The purpose of the variable flap is to align incidence into the
EGV and, thereby reduce loss through the OD vane. This flap is desirable in the rig test for
optimization and trade studies of fan performance over the wide range of incidence encountered
during VIGV modulation. This configuration will enable the rig test to assess the feasibility of
including a leading edge EGV flap in a full-scale V/STOL engine.

PRELIMINARY DESIGN RESULTS

Once overall design parameters were determined and the basic configuration was selected,
a preliminary design analysis was performed using the Pratt & Whitney Equivalent Cone Angle
(ECA) Meanline Design Program. The meanline analysis was used to define the flowpath and
meanline aerodynamics at the maximum flow condition to balance the aerodynamic loading
between the blade and vane. Meanline studies resulted in the definition of aspect ratio, solidity,
number of airfoils, and average chord which provide sufficient loading capability to ensure 15%
stall margin at maximum flow. Table 2 presents meanline design parameters for the overall fan
stage as well as core and fan streams. Figure 6 illustrates that the work and loading levels of the

11



V/STOL fan stage as derived from the meanline studies are within the experience level
demonstrated by previous fan designs.

TABLE 2. — V/STOL FAN MEANLINE DESIGN PARAMETERS (FROM PRELIMI-
NARY DESIGN)

Overall ID Stream OD Stream
N,/\/8 ~ rpm 17762 17762 17762
W\/0/6 ~ kg/s 37.42 (82.32 1bm/s) 5.09 (11.2 1bm/s) 32.33 (71.12 lbm/s)
Pressure Ratio 1.68 1.74 1.66
Efficiency 76.6 81.9 75.8
Bypass Ratio 6.35 — —
Stall Margin 15.0 15.0 15.0
VIGV +18° +18° +18°

Upp ~ m/s

472.0 (1550 ft/s)

236.5 (776 ft/s)

472.0 (1550 ft/sec)

Wec/A ~ kg/s - m? 1.82 (43 lbm/s . ft?) 1.70 (40.3 lbm/s - ft?) 1.87 (44.4 lbm/s - ft?)
A 0.35 0.70 0.52

Aour 0.52 0.87 0.61

Exit Mn 0.46 0.68 0.48

D, 0.40 0.35 0.41

AP/Po-P 0.36 0.38 0.33 v
|04 0.66 1.51 0.60

(Cx/U), 0.48 0.93 0.48

AR 2.1 0.40 1.63

o 1.58 2.26 1.54

(NoA),, 1ov 62 62 62

Length (R1,-Slyg) ~ cm  13.72 (5.40 in.) 1372 (5.0 in)) 13.72 (5.40 in.)

R1 OD ~ em 50.8 (20.0 in.) 25.4 (10.0 in.) 50.8 (20.0 in.)
Flowpath COD MIXED COD

The fundamental premise of a V/STOL fan design with a variable inlet guide vane is that
fan airflow and pressure ratio can be modulated by large amounts without a change in rotor
speed through manipulation of the VIGV. This manipulation necessitates a VIGV with more
turning capability than is found in conventional fan designs. Figure 7 illustrates the typical
range of flap positions that a V/STOL fan stage encounters from maximum to minimum control
at a given speed. The VIGV solidity level required to achieve the turning necessary for V/STOL
performance was verified through calculation of the Zweiffel loading coefficient for accelerating
cascades. Table 3 presents a comparison of basic geometry between the part-span YTF34 VIGV
of References 1 and 2 and the model V/STOL fan stage. The similar gap-to-chord and aspect
ratio of the two designs further verify the turning capability of the V/STOL VIGV.,
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TABLE 3. — VIGV COMPARISON

YTF34 PE.T. P&WA V/STOL
(Part Span VIGV) (Split Flap IGV)
ID Hub Tip ID Split Tip

% Span 100 66.1 0 100 73.3 0
Average Diameter ~ cm 34.29 60.50 111.66 13.72 23.62 20.0

(in.) (13.5) (23.82) (43.96) (5.4) (9.30) (7.874)
Chord ~ em — 8.5673 " 17.734 4.788 6.894 4,987

(in.) — (3.375) (6.982) (1.885) (2.714) (1.963)
r/b _ 0.739 0.659 0.53 0.631 0.74
Chord — Flap ~ cm —_ 4.257 12.842 2.248 4.013 3.487

(in.) — (1.676) (5.056) (0.885) (1.580) (1.373)
7/b — Flap — 1.488 0.911 1.128 1.088 1.060
trae ~ cm — 0.754 1.270 0.635 0.635/0.794 0.3125

(in.) — (0.297) (0.500) (0.25) (0.25/0.3125) " (0.123)
t/b — 0.088 0.072 0.128 (0.091/0.113) 0.063
LER/b - 0.021 0.014 0.014 0.008 0.003
TER/b — 0.015 0.010 0.114 0.010 0.006
Number of Airfoils 30 17
Airfoil Series 63 63
Flap Camber 0° ~6°
BPR 6.2 6.0
Aspect Ratio 1.84 1.90

15
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SECTION IV
AERODYNAMIC DESIGN

RADIAL AERODYNAMIC DESIGN RESULTS

After establishing overall design parameters and completing the preliminary design to
define average row geometry and performance, the resulting rig configuration shown in Figure 5
was analyzed using the Pratt & Whitney streamline analysis program. This program performs
an axisymmetric, radial equilibrium analysis of the flow field using a streamline curvature
solution technique to radially define aerodynamic parameters at airfoil leading and trailing edge
stations.

Preliminary studies were performed using the streamline analysis to optimize preswirl and
work distribution radial effects on fan stage aerodynamics at the nominal takeoff point. Figure 8
illustrates the effects of three possible swirl distributions on fan blade loss, aerodynamic
loading, and Mach number. By placing maximum preswirl at the tip and counterswirl at the
hub, blade Mach number and loss were reduced at the tip while aerodynamic loading was
reduced at the hub. As a result of this study, a nominal VIGV exit air angle distribution was
defined featuring 12 degrees of preswirl at the OD varying to no preswirl for the ID stream.

The effect of supercharging the core airstream to minimize core engine size by varying the
design stage radial work distribution was evaluated in a streamline analysis study as shown in
Figure 9. The figure compares the exit Mach number and turning of a design with a constant
spanwise pressure profile versus a design with a total pressure profile increased at the hub to
provide 10% supercharging to the core airstream. For the same average fan pressure ratio, the
supercharging work distribution requires considerably more turning at the hub and small
negative turning near the tip as contrasted to the more moderate turning for a flat pressure
profile. Blade loading limits for 15% stall margin determine the amount of pressure rise and
turning which can be achieved at the blade hub. From evaluation of blade aerodynamic loading
from streamline studies with varying amounts of core supercharging, the total pressure profile
displayed in Figure 10 was defined for the maximum flow point. The core supercharging
achieved by this profile was approximately half the 10% level initially attempted. The 10%
level appears unrealistic due to hub loading and turning requirements. In addition, the absence
of work in the blade tip sections where work capability is greatest raises the question as to
whether such a design is providing the most effective use of fan work capability. The rig test of
an isolated core stream, split-flap VIGV fan stage where supercharging can be adjusted through
ID and OD flap variation may provide a basis for additional engine cycle studies to define the
fan/core work levels for optimum V/STOL engine performance.

Fan blade loading for the ID and OD airstreams at the maximum flow point are shown in
Figures 11 through 13 in the form of diffusion factor and AP/(Po-P) versus span. Predicted
blade loading levels at 15% and 20% stall margin for the OD and ID air streams are compared
to demonstrated rotor loading levels at surge for previous designs in Figures 14 and 15. The
demonstrated loading levels at surge substantiate V/STOL blade loading which will allow the
fan stage to demonstrate adequate stall margin for a V/STOL engine application. Figure 16
substantiates overall blade loading for the V/STOL stage relative to peak diffusion factor
demonstrated as a function of blade aspect ratio.

17
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Figure 8. Preswirl Effects at Nominal Takeoff
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Figure 16. Comparative Fan Loading

Aerodynamic loading for the V/STOL fan stage exit vanes is displayed in Figures 17 and 18
at the maximum flow point. Both ID and OD stators are more lightly loaded than the blade and
are not expected to limit fan stall line at the maximum flow VIGV setting.

Table 4 summarizes V/STOL fan stage performance as predicted by the final streamline
analysis for the maximum flow and nominal takeoff design points which correspond to VIGV
settings of +18 and zero degrees, respectively. Stage performance as well as blade and vane
loadings are given for ID, OD, and combined overall airstreams.

A detailed tabulation of velocity triangle components, Mach numbers, loading parameters,
and overall airfoil row performance is given in both metric (SI) and English notation for each
airfoil row in Appendix A. The information is independently tabulated for ID (core) and OD
(fan) airstreams at both nominal and maximum control takeoff points.

DEFINITION OF METAL GEOMETRY

Once aerodynamic parameters had been defined for maximum control and nominal takeoff
design points to satisfy the flow, efficiency, and stall margin requirements of the V/STOL fan
stage, metal geometry was defined for the blade and vanes by employing empirical incidence,
deviation, and choke margin criteria in the Multiple Circular arc (MCA) blading program to
radially define airfoil section metal angles. The MCA blading program is based on a simplified
blade channel flow model in which an airfoil is constructed around a multiple circular arc mean
camber line. The program lends itself well to using empirical criteria to optimize camber, chord,
and thickness distributions along the mean camber line from which airfoil sections are defined.
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Figure 17. V/STOL Fan Stator Loading ID Stream at Max Control T.O.
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TABLE 4. — V/STOL FAN — PREDICTED PERFORMANCE

Overall ID 0D
Max Flow Nom SLTO Max Flow Nom SLTO Max Flow Nom SLTO

N,/\/8 ~ rpm 17,762 17,762 17,762 17,762 17,762 17,762
W+\/8/6 ~ kg/s 37.42 33.50 5.09 4.79 32.33 28.71
P/P 1.680 1.531 1.751 1.591 1.669 1.521
nap = % 79.54 82.98 84.97 84.87 78.68 82.66
BPR 6.35 6.0 — — — —
VIGV +18° 0° +18° 0° +18° 0°
al — — 20° 20° 0° 0°
Blade

Dy . 0.452 0.360 0.468 0.307 0.449 0.369
Dp)mas : 0.605 0.470 0.576 0.465 0.605 0.470
AP/Po-P 0.432 0.379 0.586 0.431 0.408 0.370
AP/Po-P)_,. 0.686 0.557 0.686 0.440 0.638 0.557
Vane

Dg 0.323 0.410 0.382 0.385 0.314 0.414
Dp)max 0.596 0.530 0.596 0.530 0.397 0.488
AP/Po-P 0.220 0.312 0.384 0.391 0.195 0.298
AP/Po-P_, 0.464 0.407 0.464 0.407 0.227 0.322

VIGV GEOMETRY

The spanwise chord distribution and number of vanes for the VIGV of the model V/STOL
fan stage were established in the preliminary design such that the vane provided sufficient
solidity to achieve the flow turning capability required for V/STOL operation. Vane loss was
estimated from NASA Task II variable camber inlet guide vane blade element data as a function
of flap position and Mach number as shown in Reference 3. Vane angles were defined from
Reference 4 which details design procedures for selection of airfoil sections for a 63 series airfoil
developed specifically for inlet guide vane designs. The VIGV was designed to be in its true
airfoil position (nominal flap position) at the nominal takeoff point.

Due to the high specific flow of the fan stage, the VIGV has little choke margin at the
maximum flow point. This condition is aggravated by two factors: the presence of the flow
splitter through the vane which blocks part of the annulus, and a maximum thickness
requirement for the vane in order to pass a connecting rod through the OD flap to
independently actuate the ID flap. The choke margin of the final VIGV design is shown in
Figure 19 and was achieved by reducing the number of vanes from 18 to 17 and by modifying the
ID flowpath to increase annulus area.
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Variable inlet guide vane minimum loss incidence as a function of flap position was
evaluated for a typical section using the Pratt & Whitney Compressor Cascade Prediction
system. This prediction system is based on a correlation of standard airfoil series two-
dimensional loss and turning data versus typical geometric design parameters such as camber.
The cascade system prediction shown in Figure 20 illustrates that the VIGV will be within its
loss bucket at any camber corresponding to a flap angle setting to be used in the V/STOL VIGV
schedule.

BLADE GEOMETRY

The V/STOL fan blade was designed using the MCA blading program at the maximum
control takeoff point where airflow, pressure ratio, and engine thrust are at their maximum
values as defined in the design study. Once the maximum airflow point is demonstrated, the
nominal takeoff point can be achieved by closing the VIGV to its nominal flap position. The
maximum airflow and pressure ratio attained by opening the VIGV flap is achieved at the
expense of fan efficiency due to an increase in Mach number and associated losses. However, the
maximum control point is only run during transient V/STOL operation where fuel consumption
is not a prime concern. Design efficiency will be attained at the nominal takeoff point where the
VIGYV flap is closed and Mach number losses are reduced.

Figures 21 through 23 display the incidence, deviation, and choke margin studies for the ID
section of the blade which controls the core air stream. At the hub where the airfoil sections
approximate a circular arc, the cascade prediction system was employed to verify that blade
incidence was within the loss bucket. Additional camber was required in the front arc of the
blade relative to a circular arc airfoil section to achieve the choke margin displayed in Figure 23.

Figures 24 through 26 display incidence, deviation, and choke margin studies for the OD
section of the blade which controls the fan air stream. Incidence and choke margins were set at
levels representative of typical fan designs. Deviation values became negative near the OD due
to the negative camber employed in the blade as a result of supercharging the core airstream.

STATOR GEOMETRY

Basic stator geometry such as aspect ratio, number of airfoils, and chord was determined in
the preliminary design to satisfy the turning requirements of a V/STOL fan without limiting
performance. The fan exit guide vane was configured with a variable leading edge flap at mid-
chord to control loss and was designed to turn the airflow to the axial direction. The fan ID
stator which serves the core air stream was designed as a conventional MCA stator and leaves 20
degrees of swirl in the air stream as representative of preswirl to a high compressor. Incidence
into the stators was biased inside the predicted loss bucket at the nominal takeoff point to
provide the best incidence compromise into the vanes at the maximum control takeoff point.

Figures 27 and 28 display predicted inlet air angle relative to cascade loss bucket range for
the ID stator at the nominal takeoff and maximum control takeoff points (see Figure 93 in
Appendix D). Due to the relatively high Mach number at the hub of the ID stator, the loss
bucket is insufficiently wide to contain both air angle profiles. Consequently, the ID stator is
predicted to be slightly stalled at the hub at the maximum control takeoff point which will
result in additional loss and a small efficiency penalty. Since maximum control takeoff is a
transient point, the impact of stalled incidence is not expected to affect normal V/STOL
operation. Another measure of ID stator incidence, capture-to-throat area ratio, is shown in
Figure 29. This ratio is calculated from the MCA blading program and confirms the cascade
system prediction that ID stator incidence is within the loss bucket except at the hub at
maximum control takeoff. Figure 30 displays suction surface incidence and choke margin for the
ID stator at the maximum control and nominal takeoff points. The figure confirms that
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sufficient choke margin exists at both points in the stator channel to pass the required flow.
Deviation of the ID stator is illustrated in Figure 31 for the two takeoff points.

The stator for the OD air stream, the fan exit guide vane, was designed as a conventional
circular arc airfoil due to lower {subsonic) Mach numbers encountered in the fan OD air stream.
The fan EGV was designed to turn the airflow to axial and was equipped with a variable leading
edge flap to help align vane incidence within its loss bucket. Figure 32 shows EGV inlet air angle
relative to cascade loss bucket range for the nominal takeoff point where the vane was designed
in its true airfoil position for minimum loss. Figure 33 shows EGV inlet air angle relative to
cascade loss bucket range for the maximum control takeoff point if there is no variation of the
leading edge flap position. From this figure, it was estimated that the leading edge flap must be
opened approximately three degrees to shift the loss bucket boundaries such that the maximum
control incidence profile would be contained within the loss bucket. As a result of this figure and
other part speed analyses, an OD stator leading edge flap schedule was developed as shown in
Figure 34 as a function of VIGV position. The schedule proved to be independent of fan speed
and may be ganged with the VIGV schedule for simplified rig operation. Figure 35 shows EGV
deviation for maximum control and nominal takeoff points.

Table 5 summarizes V/STOL fan airfoil geometry for the overall or average airfoil as well
as for the ID and OD air stream airfoils. Plots displaying airfoil parameter technical drawing
(TD) information are contained in Appendix B.

Upon completion of preliminary airfoil definition, a structural evaluation of the blade
revealed a first bending mode 2E intersection in the operating speed range that was judged
unacceptable for rig operation. The structural evaluation, which is detailed in Section IV,
necessitated the inclusion of a part span shroud into the blade design at approximately 60
percent span from the ID. To offset the blockage of the shroud, blade choke margin was
increased by increasing the leading edge angle and front camber over a length of 12 shroud
thicknesses such that the increase in choke margin offset the channel area blockage of the
shroud. The presence of the part span shroud is readily seen in Figures 24, 24a, and 26 which
display OD blade incidence and choke margin.

OFF-DESIGN PREDICTIONS

Once maximum control and nominal takeoff design points were established, V/STOL fan
stage performance was predicted for off-design speed and VIGV settings by executing the
streamline analysis program in its off-design prediction mode. In this mode, rotor and stator loss
and exit air angles have been correlated versus incidence such that the streamline program can
model fan stage performance as airflow is varied for constant speed and VIGV position. This
procedure was used iteratively in the design phase to obtain stall loading estimates for the fan
configurations under consideration.

Using this procedure, fan maps were generated for ID (core) and OD (fan) air streams for
VIGYV settings at 0 and —20 degrees as shown in Figures 36 and 37. The stall line was predicted
for these maps by assuming a maximum blade diffusion factor limit of 0.72 based on fan
experience at V/STOL blade aspect ratio levels. Included on these maps is a speedline
prediction at 100% speed with VIGV equal to +18 degrees in order to model the maximum
control takeoff speedline. The predictions from the ID and OD fan maps were mass averaged
and combined to obtain an overall fan stage map which is given in Figure 38. Speed versus flow
characteristics were obtained from these maps for a typical operating line and are displayed in
Figure 39.
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2-D TRANSONIC TIME-MARCHING ANALYSIS

To verify the empirical blading criteria used in the MCA blade and vane designs, a two-
dimensional time marching analysis was performed on representative blade and vane sections.
The time-marching analysis is a potential flow solution to the equations of motion employing
artificial viscosity to model the shock system in the blade passage. The analysis requires a
definition of the airfoil section, the static pressure ratio across the passage, and the streamtube
convergence through the passage. By matching predicted design values for leading and trailing
edge air angles, the analysis confirms that the blade passage has sufficient choke margin with
the calculated shock system to pass design airflow with the required turning.

Table 6 presents a summary of the calculated time-marching results as compared to design
values for selected blade and vane sections. The close agreement between the calculated and
design values confirms the blading criteria used for MCA airfoil sections. Figures 40 through 43
display plots of static pressure distribution along a section chord for selected cases.
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Figure 21. V/STO! Fan Blade Loading — ID Stream Incidence at Max Control T.0.
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35



1.150:
1.125
1.100
§ 1.075 v
v
/
1.050
1.025 N p———
1.000 +——— SRS S S — SV HEN - I ————— S S
85 90 95 100 105 110 115 120 125 1380 135
Leading Edge Radius, Cm
- (a)
1.4 -
1.3 1
/_\
1.2 / ,
@) /
8
= 1.1
(&)
10—/
0.9
0.8 Jrrrrr S N S—— S S e SO S .
8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5
Leading Edge Radius, cm
(b}
FD 265586
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TABLE 5. — V/STOL FAN AIRFOIL GEOMETRY

VIGV Blade Vane
Querall D 0D Querall D OD Qverall ID oD
Aspect Ratio 1.90 0.83 1.28 1.70 0.40 ) 1.33 2.46 0.40 1.96
Hub-Tip Ratio 0.27 0.59 0.48 0.35 0.69 0.52 0.51 0.87 0.60
Airfoil Series — 63 63 — MCA MCA — MCA CA
Number of Airfoils — 17 17 — 24 24 — 38 38
Solidity-Root/Tip 1.42 1.87/1.58 1.56/1.35 1.67 2.84/2.16 2.12/1.42 1.52 2.35/2.04 1.99/1.21
Thickness/Chord-Root/Tip 0.081 0.133/0.093 0.113/0.063 0.046 0.075/0.067 0.066/0.030 0.057 0.040/0.045 0.046/0.070
Chord-Root/Tip ~ c¢m 9.779 4.826/6.858 7.010/12.700 8.458 7.874/1.172 7.772/9.398 5.080 5.080/5.080 5.080/5.080
(in.) (3.85) (1.90/2.70) (2.76/5.00) (3.33) (3.10/3.06) (3.06/3.70) (2.00) (2.00/2.00) (2.00/2.00)-
Camber-Root/Tip ~ — 0/0 0.8/13.0 — 61.0/41.5 29.0/-17.0 —_ 30.6/29.4 58.4/77.6

deg/deg
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TABLE 6. — V/STOL FAN SUMMARY OF 2-D TRANSONIC
ANALYSIS
Blade Anelysis — Max Flow
Design Values Time Marching Results
SL No. % Span B, M, B, w B, M, B, w
ID 4 35.4 50.1 0.95 11.3  0.047 48.6 0.98 11.3 0.049
9 83.2 54.3 1.07 200 0.109 53.9 1.07 20.6 0.104
oD 2 14.2 52.6 1.30 373 0.100 53.7 1.30 37.3 0.100
4 38.0 56.5 1.43 509 0.107 56.5 1.43 51.2 0.107
6 58.1 59.0 1.53 59.0 0.123 58.8 1.54 59.0 0.128
10 92.3 63.0 1.69 66.3 0.164 62.9 1.69 65.4 0.164
Vane Analysis — Nom SLTO
ID 2 11.9 40.3 0.97 200 0.138 48.8 0.95 19.2 0.137
6 52.6 36.5 0.89 200 0.037 53.5 0.89 19.9 0.036
10 90.2 39.0 0.83 20.0 0.136 50.1 0.81 19.5 0.134
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SECTION V
STRUCTURAL ANALYSIS

The VIBRA/NASTRAN structural analysis conducted to determine the steady stress
levels and free vibration characteristics of the preliminary V/STOL fan blade revealed a 1st
bending/2E resonance condition at 80% design speed. This condition, involving a known
excitation source at a fundamental vibration mode, was considered unacceptable even at part
speed. High steady stress loads at the blade root precluded a decrease in thickness to reduce
blade frequency and thus drop the 2E resonance below idle. Consequently, an iterative process
was initiated to design a part-span shroud that would increase the blade 1st bending frequency
sufficiently to obtain a 10% margin above 3E resonance at design speed.

The first iteration series determined the optimum radial location for the shroud. The
second series sized the shroud to minimize airflow blockage while maintaining acceptable stress
levels in the shroud and airfoil. As a part of this study, the flow path splitter thickness was
reduced from 0.457 ¢m (0.180 in.) to 0.203 cm (0.080 in.) and the blade root thickness increased
from 7% to 7.5% to reduce root stress. A third series of iterations was required to locate the
shroud as far aft axially on the airfoil as possible. The second and third iteration series were
repeated several times since stress levels in the shroud due to blade untwist increased
significantly as the shroud was moved aft of the airfoil center of gravity.

As a result of these studies, the optimum shroud and flowpath splitter configurations
presented in Table 7 were determined. '

TABLE 7. — BLADE SHROUD/SPLITTER CONFIGURATION

Shroud: Radial Location = 19.304 ¢cm (7.600 inches) about 50% of fan
side airfoil span

0.318 cm (0.125 inch)
2.540 cm (1.000 inch)
65% airfoil chord

1011 Hz (14% above 3E)

Radial Thickness

Axial Length

Axial Location

First Bending Frequency

itn o

Splitter:

Radial Thickness = 0.203 c¢m (0.080 inch — reduced from 0.180
inch)

The resulting structurally acceptable blade as defined in Table 7 necessitated the
aerodynamic redesign of both ID and OD flowstream to transform the strucutural requirements
into an acceptable aerodynamic design. The addition of the part-span shroud increased blade
pull and steady stress at the blade root and added flow blockage to an already high specific flow
design. Consequently, adjustments to the flowpath around the splitter were made to provide
sufficient annulus area to pass maximum flow in both flowstreams while controlling aerodynam-
ic loading. The redesigned blade featured revised metal angle and thickness definition to
accommodate the part-span shroud as well as flow splitter modifications necessary to achieve
the aerodynamic goals at the maximum flow condition.

The structural analysis and the flutter/stability margins of this final blade design and the
IGV/EGYV struts and flaps are presented in the following sections. The inlet guide vane case
(AMS 5616) has, 17 integrally machined struts with a full ring splitter separating core and fan
flows and independently variable core and fan flaps. The rotor (AMS 4973) is an integrally
machined bladed disk (blisk) which also incorporates a full ring splitter separating core and duct
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flows and a full ring part span shroud. The exit guide vane case (AMS 5616) has 38 integrally
machined vane struts with variable leading edge fan flaps and a full ring splitter separating core
and fan flows through the discharge.

Blade Analysis Steady Stress

Figure 44 depicts the finite element breakup used to conduct the steady stress analysis for
the fan blade. Plate elements were used to model the airfoil, and beam elements were employed
to model the integral splitter and part-span shroud. Considerable effort was expended to obtain
a geometrically accurate finite element model of the airfoil. The high rate of blade twist and
steep flowpath angle for this ajrfoil caused numerical incompatibilities between the aero
geometry preprocessor and VIBRA. '

Radial stress contour plots for the airfoil due to inertia loads at maximum rpm are
presented in Figures 45 and 46. The plots show that maximum steady stress levels occur at the
junction of the airfoil and the flowpath splitter. These high stresses are quite localized and are
partially induced by the use of rigid body elements to attach the splitter to the airfoil. Figure 47
depicts the airfoil steady state stress distribution just above the fillet radius runout for the
splitter. This plot superimposes the stress levels due to inertial loads from the NASTRAN
analysis with the gas bending stresses obtained from the airfoil stress deck and is representative
of the predicted maximum stress levels which will be seen in the airfoil. The maximum
concentrated airfoil stress (¢ nom X K)) is 51K Newtons/cm? (74K psi) and occurs on the
concave surface at approximately 55% chord. This is within the design allowable of 62K
Newtons/cm? (90K psi) or 75% of 0.2% Y.S.

Stress levels for the flowpath splitter and part span shroud were also obtained from the
NASTRAN analysis. Both the splitter and shroud were conservatively modeled as single span
beam elements attached to the airfoil with rigid body elements. The splitter and shroud were
sized to minimum thickness levels in order to reduce airflow blockage while maintaining
combined hoop and bending stresses to acceptable levels. Maximum steady stress levels are
predicted to be 58K Newtons/cm? (85K psi = 30K psi Thoop T 95K Dsi 0y, for the part span
shroud and 41K Newtons/cm? (60K psi = 20K psi Thoop T 40K Psi ay,.,,4) for the flowpath splitter.

Although analytical predictions indicate that the blade satisfies the basic design criteria,
this unique airfoil configuration requires that the blades be instrumented to monitor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>