General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



SA Technical Memorandum 83438

Aerodynamic Performance of a Fan Stage

Utilizing Variable Inlet Guide Vanes (VIGVs)
for Thrust Modulation

(Mash-7H-g3438) AEEQDyuAniC pERFoRMABCL UF NB3-27957

A FAN 5TAGE UTILIZING VARLABLE INLET Guibs

VANES (VIGVS) FUR THRUST MODUULATLON (basA)

17 p HC AO2/MF AU Cocw O1A Unclas
G302 03998

Richard R. Woollett
Lewis Research Center
Cleveland, Ohio

Prepared for the

Nineteenth Joint Propulsion Conference
cosponsored by the AIAA, SAE, and ASME
Seattle, Washington, June 27-29, 1983

NASA



E-1736

ORIG

nmnn

‘1M .

Pt

Qr G;B("' k‘{t 4(:; . uuY

AERQDYNAMIC FERFORMANCE OF A FAN STAGE UTILIZING VARIABLE
INLET GUIDE VANES (VIG'vs) FOR THRUST MODULATION

Richard R. Woollett
Natfonal Aeronautics <nd Space Administration
Lewis Research Center
Clevelana, Ohfo

Abstract

An experimental research program was con-
ducted in the Lewis Research Center's 9x15-foot
(2.74x4.57 m) Low Speed Wind Yurnel to evaluate
the aerodynamic performance of an inlet and fan
system with variable inlet quide vanes (VIGVs) for
use on 3 subsonic V/STOL atrcraft, At high VIGV
blade angles (lower weight flow and thrust levels),
the fan stage was stalled over a major portion of
its radius. In spite of the stall, fan blade
stresses only exceeded the 1imits at the most
extreme flow conditions. It was found that inlet
flow separation does not necessarily lead to poor
inlet performance or adverse fan operating condi-
tions. Generally speaking, separated inlet flow
did not adversely affect the fan blade stress
levels, There were some cases, however, at high
VIGY ancles and high inlet angles-of-attack where
excessive blade stress levels were encountered.
An evaluation term made up of the product of the
distortion parameter, Ko, the weight flow and the
fan pressure ratio minus one, was found to corre-
late quite well with the observed blade stress
results,

Symbols

ET evaluation term, Ke x W x (PR - 1)
Ke distortion parameter, ref. 5
P2/Po inlet total pressure recovery, ratio of
average total pressure to free stream
total pressure
fan total pressure ratio, ratfo of total
pressure at stator exit to average
total pressure at the inlet diffuser
exit plane
PR average total pressure ratio across fan
stage and VGIVs
Pt total pressure tube
S1 flow separation criterion 2t the dif-
fuser exit when the total pressure
measured 0.0063 y/H units off the duct
wall is equal to the local static
pressure
Sq flow separation criterion at the dif=-
fuser exit when the total pressure
measured measured 0.064 y/H units off
the duct wall is equal to the local
static pressure
inlet velocity ratio, ratio of average
inlet throat velocity to the free-
stream velocity
W inlet (fan) weight flow, kg/sec
(1bs/sec
y/H non-dimensional height, ratio of the
height of the total pressure probe
from the duct wall to the height of
the flow passage
a inlet angle-of-attack, deg
8 VIGV blade deflection angle, deg

P3/Py

Ven/Vo

Subscript:

r rotor
S stator
sep separation

Introduction

Developing an advanced subsonic vertical or
short takeoff landing (V/STOL) aircraft requires
the solutions to some of the most challenging and
complex propulsion problems that confront the air-
craf* industry today. The propulsion system, {.e.,
the engine, nacelle and controls s required to
operate over a wide range of conditions during
flight through the vertical takeoff and landing
corridor. In particular, during the approach to
Tanding, the engine nominal thrust may vary from 50
to 100 percent of design thrust. For the necessary
control requirements during the approach, an addi-
tional variation of %25 percent about the nominal
thrust may be required. Hence, the overall range
of thirust veriance required can be as high as from
25 to 125 percent of the design value. For the
tilt-nacelle type of subsonic V/STOL aircraft,
i1lustrated in figure 1, the propulsion system
inlet must be designed to provide high quality atr
flow to the engine in order to maintain high thrust
levels and also avoid excessive fan or compressor
blade stress levels. This high quality airflow
must be provided at all conditions in the flight
envelope, including the approach to landing where
the inlet angle-of-attack ranges from O degrees
to as high as 120 degrees. Hence, for the tilt-
nacelle subsonic V/STOL aircraft, the propulsion
system is required to provide thruci variations
from 25 to 125 percent of design while operating
at rather severe values of inlet angle of attack.

As was shown in reference 1, variable inlet
guide vanes (VIGVs) are an effective means for
providing this needed thrust modulation, and in
fact can provide it while the fan is running at a
constant and high value of fan rotational speed.
This has the advantage of permitting thrust changes
to occur quickly, which is another necessary re-
quirement for effective aircraft control. It was
also shown (ref. 1) that the r-quired levels of
thrust modulation could be obta'ned with VIGVs,
even at combinations of freestream velocity and
angle-of-attack where the inlet internal flow was
separated. -

The purpose of this paper is to explore the
criteria used to define inlet flow separation, and
a1so to examine the performance of the VIGV/fan
stage including operatior with inlet flow
separation.

txperimental Model

The results presented in this paper were
obtained in an experimental research program de-
signed to investigate the aerodynamic performance
of a relatively thick-lipped inlet for a tilt-
nacelle V/STOL aircraft. The performance of
several different methods for attaining thrust
modulation was also determined i-~cluding the use
of VIGVs, Preliminary results of the program were
reported in reference 1.

The research program was conducted in the NASA
Lewis Research Center's 9x15 foot (2.74%4.57 m) Low
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Speed Wind Tunnel, an atmospheric tunnel. A com-
plete description of the tunne!l and its aerodynamic
characteristics are contatned in reference 2, The
fon mode] installed in the test section of the
tunnel is shown in figure 2. The mode! fan is
0.508 meter in diameter and represents an approxi-
mately 0.3 scale mode! for a twin engine 18 00C kg
§40 000 pound) gross weight afrplane. The fan has

5 blades, a hub to tip ratio of 0,46 and a design
tip speed of 2.3 m/sec {700 ft/sec). At its de~
sign speed of 8020 rpm the fan pressure ratio is
1.17, The fan may be operated to a speed of 120
percent with a pressure ratio of 1.25. The mode!
is supported by a horizontal strut and a vertical
pipe stand and is rotated in the horizontal planc
for angle-of-attack variation.

The inlet shown schematically in figure 3(a)
was 0.6 fan diameters in length and had a lower
11p area contraction ratio (highlight area/throat
area) of 1.69, The inlet was ?nstrumented inter-
nally with static pressure taps and inlet overall
performance (total pressure recovery and distor-
tion) was measured at the diffuser exit plane with
six equally spaced radial rakes. As indicated in
figure 3(b), the lst and 4th total pressure probes
(counting from the outer wall) of the bottom or
windward rake, served as flow separation indi-
cators during the tests, Further details on this
method for detecting inlet flow separation can be
found in reference 3.

The VIGV stage shown in figure 3{a) was made
up of 20 full span vanes of NASA 63-009 series
profile, The front portion of each vane is fixed
and only the rear portfon is rotated. A photo-
graph of the VIGY stage and its actuation mech-
anism is shown in figure 4. Four circumferential
rakes, which were positioned behind the VIGVs at
roughly O degrees, 90 degrees, 180 degrees and
270 degrees, measured the flow angle downstream of
the VIGYVs. These rakes each had three 3-tube
directional probes located on a 22.9 cm (9") radial
arc measured from the centerline of the fan.

At the fan stator exit, a 5 spoke total pres-
sure rake was installed, as shown in figure 3(a).
£ach spoke had 10 total pressure tubes and either
one or two total temperature probes. In addition,
5 centerbody and 5 casing static pressures were
measured at the stator exit rake station. Fan
pressure and temperature rise across the fan stage
and fan exit distortion parameters were calculated
using this instrumentation. The fan duct exited
into the tunnel through a fixed area convergent
nozzle, Static pressures were measured in the
exit duct and at the nozzle exit.

Fan blade stress levels were also measured at
all conditions tested. Details of the methods for
obtaining the blade stress data are given in
reference 4,

Results and Discussion

As indicated in the introductory remarks,
there are two major topics to be discussed in this
paper. The first is the criterion used to estab-
Tish inlet flow separation, and more specifically,
the criterion that is most imortant in terms of
adequate fan operation. The second topic is the
performance of the fan with VIGVs in<luding opera-
tion with separated inlet flow.

Inlet Flow Separation Criteria

We have seen in a previous report (ref. 1)
that the required levels of thrust modulation
could be obtained with VIGVs even at combinations
of freestream velocity and angle-of-attack where
the inlet internal flow was sepurated. These re-
sults are repeated from the reference in figure 6
where we have plotted a calculated gross thrust as
a function of the VIGV deflection angle, a. When
8 1is zero the VIGVs are aligned with the axis of
the fan, The bar on the ordinate indicates the
required thrust variation for V/STOL operation.
Data for angles-of-attack of zero and 90 degrees
are both presented on the figurae., At an angle of
attack of 0 degrees, the figure indicates that the
full range of required thrust variation can be
obtained by varying the VIGY blade angle from
0 degrees to 40 degrees. At an angle-of-attack of
90 degrees, two points need to be made concerning
the results, First, the inlet flow is separated
over the full range in VIGV blade angle and
secondly, the maximum attainable VIGV blade angle
was only 30 degrees. Excessive blade stresses
prevented operatfon at a VIGY an?le of 40 degrees.
As indicated, in spite of the inlet flow separa-
tion, thrust variation comparable to that obtained
at a 0 degree angle-of-attack could be obtained up
to the 30 degree VIGY angle. The restricted VIGV
operating range at a 90 degree angle-of-attack,
however, resulted in about a 40 percent reduction
in the range of thrust variation required for
V/STOL operation. A more detailed examinstion of
these results 1s warranted.

Figure 6 indicates the angle-of-attack where
inlet flow separation occurs as a function of VIGY
btade angle and hence also inlet weight flow.
Shown on the figure is the inlet angle-of-attack
and weight flow requirement for the tilt-nacelle
V/STOL concept at this freestream velocity. Three
different performance curves are noted., The
Towest curve, Sy, is the inlet flow separation
bound indicated when the first total pressure tube
at the fan face (closest to the outer wall) is
used as the separation criterion (fig. 3(b)). The
middle curve, Sq, is the separation bound indicated
when the fourth tube is used as the separation
criterion. The upper curve is the angle-of-attack
bound at which fan blade stresses reached the
maximum safe value. The upper curve is obtained
by observing the blade stress for a fan speed
sweep from 20 percent to 110 percent of design
speed for each value of VIGV deflection angle.

The way to interpret this upper curve is that, at
angles-of-attack below the curve, the fan can be
operated at any rotational speed with the fan
blade stresses below the safe 1imit. At angles-
of-attack above the curve, there is sume rota-
tional speed between 20 and 110 percent of design
where the safe 1imit will be exceeded,

It is obvious from the figure that whether or
not the inlet is considered to be compatible with
the fan is highly dependent on the separation or
evaluation criterion used. If one uses the S
separation criterion (as was done for the resu}ts
presented in fig. 5) then the inlet and fan will
be determined not to be compatible because over
roughly 33 percent of the fan operating range, the
inlet flow will be separated according to that
criterion and the thrust variation range will be
reduced by about the samne percentage. If the Sy
separation criterion or the blade stress criterion
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are used, then with the exception «f a small region
at the low wetight flows for the S4 criterion,

the fan and inlet would be compatible, The appro-
priate compatibiifty criterion must be selected
based on other fac'-rs such as inlet total pres-
sure recovery and distortion at these conditions,
and the sensttivity of the particular fan design

to these parameters.

Figure 7 shows inlet total pressure recovery
as a function of VIGV blade angle and wetght flow
at the same freestream velocity of 30.9 m/sec
(60 knots) and at 90 degrees inlet angle-of -attack.
Note that although the S indicator shows sepa-
rated flow over the full range in VINY blade angles
and S shows separated flow over a <nall por-
tion ot the curve, the recovery levels are quite
high (greater than about 99 percent), Hence, in
terms of inlet total pressure recovery (and ulty-
mately propulston system thrust), separation as
determined by either S; or 5S4 has, in this
case, little effect.

Figure 8 shows the inlet total pressure dis-
tortion parameter, Ke, (see ref, ) plotted
against the ratio of inlet throat velocity to free-
stream velocity., This ratio is one that is cammon
Iy used to present inlet separation data {ref. o).
Nata are shown for all inlet conditions tested
{various comhinations of freestreoam velocity,
mlet weight flow, VIGYV blade angle, and angle- of -
attack) with different symbols used ty indicate
the type of separation present., The results inda
cate that when the inlet flow 1s attached, the
value of Ko generally remains below a value of
0,038, When the S type of separation exists,
Ke 15 greater thar or equal to 0,038, When the
b4 Lype ot separation exists, Ko 15 greater than
or equal to 0,478, Hence, at least tn this case,
a saimple measurnent made by a total pressure tube
Tocated o specified distance oft the tan vasing
can be used to estab- Tish the lower bound for a
moch more complicated distortion parameter,

The point of this discussion 1« that the
criterion used to determine whether or not o
particutar inlet design s compatible with a
particular tan design must be caretully selected.
In the specitic example discussed here, selection
of the seperation parameter 51 as the oriterion
for acceptable tnlet/tan compatibility would not
be correct, fven with this separation present,
the fan blade stresses were acceptable, the nlet
pressure recovery was high, and the distortion
parameter, Ko, was in the low range trom 0,038 to
0,078, Selection of the separation parameter  Sg
would also not be the proper anlet/tan compata
bility criterion stnce again the blade stresses
are acceptable and recovery s high, The proper
evaluation criterion for inlet/fan compatabitity
would predict blade stress, or at least the maxi
mum allowable blade stress, and may well be
ditterent for difterent conbinations of inlet and
ran design, The criterion would probably include
at least a parsmeter relating to the leve!l of
infet distortion and a parameter relating to the
rotor leading,

txamples ot the anlet-fan system performance
and anteraction are depicted in faqures 9 and 10,
Frqure 9 shows the change tn the radial total
pressure profiles at the stator exit when the VIGY
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deflection angle 1s increased from 0 to 40 de?rees;
the fan speed is 110 percent of design, The inlet
15 at zero degrees angle-of-attack with a free-
stream velocity of 20.6 m/sec (40 knots). As the
VIGV deflection angle increases, the quality of
the stator exit flow decreases until, at a VIGY
angle of 40 degrees, a fairly large sector of the
flow 15 at a pressure ratio of less than one,
indicating flow separation or stall in either the
rotor or stator. There is a sizeable amount of
circumterential distortion presert when p§  1is not
equal to © degrees even at alpha equals O degrees.,
The source of the distortior was not determined;
however, a contributing factor could possibly be
the low total pressure wakes from the VIGVs inter-
cepting the total gressure probes of the stator
exit roke, The values of inlet flow distortion,
Ke, are listed along with the fan weight flow and
tan pressure ratio on each of the curves, As px-
pected, at an inlet angle-of -attack of O degrees,
the quaiity ot the inlet ftlow 1s quite good (low
Khe}. The blade stresses were low at all of the
VIGY settings in spite of the apparent stall or
flow separation tn etther the rotor or stator at
the higher values of g,

Fagure 10 shows the stator exit profiles for
an inlet angle-otf -attack of Y0 degrees, where the
infet flow was seperated according to criteria
5} and  Sg. A comparison of figures 9 and 10
shows Tittle change 1n the stator exit profiles
tor particular settings of g, However, inlet
perfomhance was poorer as evidenced by the in-
creased values ot Ko, As an example, for
¢ - 30 degrees, the fan weight flow, pressure
recovery, and stator exit total pressure profile
were essentially unaffected by increasing the
intet angle-ofattack to 90 degrecs, However, Kp
tncreased from 0,0005 to 0,086, Blade stress
Tevels increased with increasing Ko so as to
actually prevent toking data at g - 40 deqgrees.
In general, whenever both weight flow and inlet
distortion were high, blade stress was unaccept-
able. A< the werght flow was decreased, by in
creasing VIGY hlade angle, Ko increased due to
the tnereasing severity of the flow conditions in
the intet, tor the conditions of figure 10, Ko
s oncreasing at a faster rate than the weight
tlow decreases, resulting yn high blade stress for
i A0 degrees.  This relation 1s demonstrated by
the plot in figure 11 wheee the percentage of maxi-
mum allowable blade stress is plotted as a function
of the parameter t1 = (ke) x (W) x (PR - 1),

The parameter [T is made up of terms that relate
to the degree of nlet distortion (Kg) and the
degree ot tan blade loading (W and PR - 1), The
blade stress humit s reached when [T s approxi-
mately 0,95, Lor the data points shown in fiqure
11, ko varmed trom 0,0189 to 0,124%, a factor of
b0 Wovarted trom 3.7 to 66,72, a factor of 2,
and { PR 1) varied from U,623 to 0,231, a factor
ot 10, None of the variables by themselves could
collapse the data as well as ET. Some of the

s atter in the data could be explained by the fact
that the blade stress data was netther taken at
exdetly the same time or at exactly the same fan
speed as the aerodynamic data,  As an example, the
resanate blade stress measurements were taken at
U220 and 0010 rpm while the pressure measuremendts
were taken at roughly 8900 and 4700 rpm.

To summariyze, incredsing VIGV blade angle
with the inlet at an angle-of-attack of O degrees
{tow antet dastortion parameter ko) results in
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an eventual stall of the fan stage over some radial
extent, This still did not result in excessive
blade stresses. However, when the inlet angle-of-
attack was increased to 90 degrees, blade stress
1imits were reached for values of B 1n excess of
approximately 30 degrees. Fan stage performance,
as measured by weight flow and pressure rise, was
not substantially changed due to operation at high
angle-of-attack.

From the VIGY, rotor and stator blade angles,
the inlet mass flow and the rotor rotational speed,
the flow angle-of-attack into both the rotor and
stator blades can be calculated as a function of
radial location., Such first-order calculations
were made neglecting compressibility, viscous, and
3-dimensional effects, to develop an understanding
of what was actually occurring through the fan
stage. It is recognized that these calculations
are in no way precise, but they do provide some
qualitative tnsight.

The calculated angle-of-attack between the
local flow and the rotor and stator chord lines is
presented in figure 12. The total change in angie-
of-attack along the span of the rotor blade varies
from +1. to -2.5 degrees and along the span of the
stator vane from -2. degrees to -10. degrees.

This suggests that the flow should be well behaved
througn the fan stage. This conclusion is sup-
ported by the stator exit total pressure profiles
of figure 9(a). Rotor and stator leading edge
angle-of-attack for the case of a VIGV blade
setting of 40 degrees at a fan speed of 110 percent
are presented 1n tigure 13, It can be seen that
the angle-of-attack of the rotor varies from

~-15 degrees at the hub to *+5 degrees at its tip.
This suggests that the flow would most likely
separate in the rotor near the hub. If we assume
the flow somehow does not separate off the rotor,
then the angle-of-attack that the leading edge of
the stator expe “iences changes from 11 degrees to
20 degrees as the measuring station varies from
the hub to the tip. From these first order cal-
culations, it is evident that blade stall should
exist in the fan stage. The stator exit rake data
of figure 9(c) supports this conculsion by indi-
cating low total pressure at both the hub and tip.

There is an added complication that will
mollify the angle-of-attack calculations some-
what, The VIGVs did not turn the flow the same
angle as the geumetric setting of the VIGVs, i.e.,
B. This is shown in figure 14 where we can see
that when the VIGVs are set at 40 degrees, the
effective turning angle that the flow experiences
is roughly 31 degrees. The eifective anale setting
of the VIGVs presented in figure 13 wiii reduce the
calculated angles-of-attack at the rotor that are
presented in figure 13.

It should be remembered that all of the re-
sults presented in this paper in terms of inlet
and fan operation and interaction are specific to
the particular inlet and fan designs involved in
this test program. Effects of inlet distortion or
fan performance, particularly in terms of fan
blade stress levels, would be expected to be sig-
nificantly different for other fan and/or inlet
designs. Nevertheless, the results point out the
nature of the fan/ nacelle design problems for
subsonic V/STOL aircraft, and indicate the con-
siderations that the propulsion system designer
must take into account.

Conclusions

An experimental research program was con-
ducted in the Lewis Research Center's 9x15-foot
(2.74x4,57 m) Low Speed Wind Tunnel to evaluate
the aerodynamic performance of an inlet and fan
system with variable inlet guide vanes (VIGVs) for
use on a subsonic V/STOL aircraft. Major results
of the program are summarized as follows:

1. The particular criterion used to evaluate
inlet performance in terms of internal flow sepa-
ratton must be carefully selected, It was shown
that inlet flow separation, as detected by instru-
mentation located close to the inlet surface at
the diffuser exit plane, does not necessarily lead
to poor inlet performance or adverse fan operating
conditions (at least for the fan used in this
program).

2. At high VIGY blade angles (lower weight
flow and thrust levels), the fan stage was stalled
over a major portion of its radius. This stall
was shown to be a result of high blade angles-of-
attack into the rotor and/or stator. In spite of
the stall, however, fan blade stresses only ex-
ceeded the limits at the most extieme flow
conditions,

3. Generally speaking, separated inlet flow
did not adversely affect the fan blade stress
levels. There were some cases, however, at high
VIGY angles and high inlet angles-of-attack where
excessive hlade stress levels were encountered.

4, An Evaluation Term made up of the product
of the distortion parameter, Ko, the weight flow
and the fan pressure ratio minus one, was found to
correlate the observed blade s'ress results,
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Fiqure 1. - Tilt-nacelle subsonic VISTOL landing sequence.
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Figure 2. - Model instailation in NASA LeRC low speed tunnel.
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Figure 3. - Details of inlet, VIGV, and fan assembly showing instrumentation,
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Figure 4. - Photograph of VIGV subassembly.
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Figure 12, - Calculated rotor and stator angle-of- attack
as a function of radius. VIGV deflection angle, 09; fres-
stream velocity, 20,6 m/s (40 knots); fan speed, 110%
of design; inlet angle-of-attack, 90°,
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