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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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Figure 4. Fan Design Point Efficiency Comparisons
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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.
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Figure 8. Preswirl Effects at Nominal Takeoff
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