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FOREWORD

This report was prepared for the NASA Ames Research Center under Contract
Number NAS2-10975 by the Boeing Vertol Company and documents the research
effort performed under that contract during the period June 1981 to June 1982

It deals with the development of a set of modifications to a helicopter
math model for a better representation of low speed, low altitude, and steeply
descending flight. Funding for the program was provided by NASA and was per-
formed by members of the Flying Qualities staff of Boeing Vertol Mr Philip
Sheridan and Dr. John Shaw were the Project Engineers. The test pilot for the
simulation was Mr A L. Freisner of Flight Test, and the programmer for the
simulation was Mr. K. J. Ezzell of the Boeing Computer Services Company Tech-
nical monitoring was provided by Mr. William A. Decker of the Flight Dynamics
and Control Branch, NASA Ames, and the Contract Administrator was Harry M. King,
NASA Ames. The Boeing Vertol Contract Representative was Mr. J M. Oakes

The Flying Qualities staff at Boeing Vertol would 11ke to acknowledge
further Mr Philip F Sheridan, who died suddenly in August 1981 Mr Sheridan
made many contributions to the understanding of helicopter interactional aero-
dynamics and flying qualities concepts 1n general, and his expertise will be
missed
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rotor radius, m

aircraft yaw rate, rad/sec

radial station of the blade element measured from the flapping hinge, m
main rotor thrust force acting perpendicular to rotor disc plane, N
magnitude of thrust fluctuation, N

true airspeed, m/sec

uniform induced velocity, v, = CT(QR)
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component of main rotor resultant force in the rotor disc plane in
¥' = 90° direction, N

hub disc plane angle of attack, deg {or rad) a

blade flapping angle measured from hub plane, rad
rotor sideslip angle, that is, the angle between X and x's, rad

Lock number, QacR4
I
B

blade mean profile drag coefficient
e/R
blade pitch angle measured from hub plane,

6 =06, - A]c cos ¢ - B]c sin Y + x6, - KIB’ rad

0 t

blade-root collective pitch measured from hub plane, rad
total blade twist (tip with respect to root), rad

frequency of thrust fluctuation, rad/sec



advance ratio, V cos «
QR

. . 3
air density, kg/m
rotor solidity ratio
azimuth angle measured from downwind in the sense of rotor rotation, rad
azimuth angle measured from -x'S in the sense of rotor rotation, rad
rotor system angular velocity, rad/sec
local inflow,

A=A+ xX (A cosy + Ay sin §s)

uniform induced inflow ratio, vi/QR

inflow ratio at rotor disc center,

= Vsino« - v,
QR
inflow ratio at hover, JCT7?

Ao

First harmonic longitudinal inflow coefficient

First harmonic lateral inflow coefficient

Uniform induced inflow ratio in the simulation model from either momentum
theory equation or vortex-ring table

Increment in uniform induced inflow ratio in the simulation model due to
ground proximity

Increment in uniform induced inflow ratio in the simulation model due to
angle of attack variation

Xi



As longitudinal inflow coefficient 1n the simulation model from the ground

proximity table

AAH Increment 1n longitudinal inflow coefficient in the simulation model due
to angle of attack variation
Ag Total uniform 1nduced inflow ratio 1n the simulation model prior to
I dynamic lag
A; Total longitudinal inflow coefficient in the simulation model prior to

dynamic lag
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SUMMARY

A math model has been formulated to represent some of the aerodynamic
effects of low speed, low altitude, and steeply descending flight. The for-
mulation is intended to be consistent with the single rotor real time simuia-
tion model at NASA Ames Research Center.

The effect of low speed, low altitude flight on main rotor downwash was
obtained by assuming a uniform plus first harmonic inflow model and then by
using wind tunnel data in the form of hub loads, solve for the inflow coeffi-
cients. The result was a set of tables for steady and first harmonic inflow
coefficients as functions of ground proximity, angle of attack, and airspeed.

The aerodynamics associated with steep descending flight in the vortex-
ring state were modeled by replacing the steady induced downwash derived from
momentum theory with an experimentally derived value and by including a thrust
fluctuations effect due to vortex shedding. Tables of the induced downwash
and the magnitude of the thrust fluctuations were created as functions of angle
of attack and airspeed.



INTRODUCTION

Ground based simulators provide a safe means for conducting research to
develop control systems and to insure safe flight procedures. However, for
these simulations to be effective, an acceptable representation of the desired
flight characteristics must be modeled Several flight regimes 1mportant to
helicopter handling qualities pose special modeling problems Two of these
regimes are low-speed transition from hovering to forward flight, 1n and out
of ground effect, and rates of descent 1n the vortex-ring state.

Part of the modeling problem 1n these regimes rests with the main rotor
inflow representation The current helicopter handiing qualities simulation
model at NASA Ames Research Center uses uniform downwash derived from momentum
theory in calculating rotor aerodynamic forces and moments. The present study
modifies the Ames model by providing a more accurate representation of the
main rotor inflow field for these two flight regimes.

In the case of the low-speed transition problem, the first step was to
include two first harmonic terms in the inflow model The equations for main
rotor flapping and main rotor forces and moments were then rederived to 1nclude
these additional terms. Finally, wind tunnel data, 1n the form of rotor forces
and moments, was combined with the rederived rotor equations to solve for the
inflow coefficients Various flight conditions were investigated and tables
of inflow values were generated.

For the vortex-ring problem, published experimental data of steady induced
downwash was curve fitted and put 1n tabular form. In addition to the inflow
representation, thrust fluctuations were 1ncluded to approximate some of the
unsteady nature of this flight regime.

In each case, the tabular parameters were nondimensionalized.



MODEL FORMULATION

LOW SPEED, AND GROUND PROXIMITY EFFECTS

The first step in modifying the simulation model was to recognize the need
for a more sophisticated inflow model. The present handling qualities simula-
tion model at NASA Ames assumes uniform downwash. A number of people, such as
References 3 and 6, have shown that by including a longitudinal harmonic inflow
term, predictive values for lateral flapping during low-speed flight correlated
better with test values. The form of the inflow model assumed in this study was

A= Ao + X Al cos Y + X Ag Sin ¥

Using this inflow model, the equations for main rotor flapping and main rotor
forces and moments from Reference 1 were rederived. Figure 1 presents the
three flapping equations with the coefficients of the additional harmonic
inflow terms appearing in the last two columns of the last matrix. This
result was also developed in Reference 6. Figure 2 shows the equations for
main rotor forces and moments with the additional terms underlined.

The next step was to choose a set of equations to use with wind tunnel
data to solve for the inflow coefficients. Using the measured main rotor hub
loads and the input parameters, this set of equations would then be solved
simultaneously for Ao, Al, and AZ. Since the flapping coefficients a3,

and b, were also assumed unknown, this required a set of at least six equations.

1
The first set of equations chosen consisted of the two first harmonic flapping
equations of Figure 1, along with the equations for rotor thrust, hub moments,
and rotor torque from Figure 2. This set of equations yielded solutions which
were considered to be inconsistent. The test used for consistency was simply
to insert the solutions for Ao’ Al’ and AZ back into the flapping equations
and compare the two answers for ag, and bl' It was found that the values
for coning did not match. Since the coning equation was not included in the
Ay Ay, and A, solution this is not totally unexpected. Because of this

inconsistency it was decided to look for another combination of equations.
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Main Rotor Thrust

The main rotor thrust expression for a nonteetering rotor is:

2 2
T, =5 pacR(@R)? {% 1 - e2)rg+ 90[% + 5 a- e)] + et[%- +4-a- ez)]
2
-5 @ - 2B, - Kpby) - ao[% +5a- sal(l + 31[12‘- el - e)]

_.a_o(_l.-E.)+b_1 E.(l_e)z] + L1 - ey
2 \3 2 Q L4 4 2

+-% (1- 52)(% cos B, + % sin Bw)a - anao

Main Rotor H and Y Forces in Hub-Body System

The expressions for the main rotor H and Y forces in the hub-body
system are:

2
H, = -’21 pacR(aR)2 -37‘*

2C

- N 2 Y
YF 2 pacR(QR) -

where
2C 2C 2C
H H Y
o T (?) cos By + (E’) sin By
w w

2C, 2C 2Cy
H
a0 T '(?) sin By * (ac) cos By
w w

where (ZCHIaa)w and (2Cy/ag),, are in the wind-hub system and are given by

FIGURE 2. MAIN ROTOR FORCES AND MOMENTS
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Main Rotor Hub Moments

The expressions for the main rotor hub moments are:
M'(-IF = (M.ﬂ)w cos B, + (I..H)w sin 8
Lip = (), sin B, + (L) cos 8,
where
-3 - a 5.0 - a.02 Nig2 1, v
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Main Rotor Torque

The expressions for the main rotor torque are:
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A second set of equations was formed by replacing the torque equation with the
coning equation. Obviously, this set yields a consistent set of answers for
ap, a7, bl’ AO, Al, and Az under the above defined consistency test These
equations rearranged in the form used for solving for the flapping and 1nflow

coefficients are shown in figure 3.

Once the set of equations was chosen, and the wind tunnel data from Refer-
ence 2 processed through them, the values of AO, Al’ and Az were known for each
trim condition The procedure just described and the set of test conditions
used are summarized 1n Figures 4 and 5 respectively The wind tunnel config-
uration and the wind tunnel data used 1n this analysis are tabulated in the
appendix

The effects on 1nflow values of angle of attack, rotor height above the
ground, and rotor disc loading were sought. Each set of parameters shown in
Figure 5 represents a speed sweep at these values. The matrix of test con-
ditions was not all inclusive. For instance, the runs which were used to
define the effect of ground proximity were done only at one angle of attack
and disc loading Likewise, the runs to define angle of attack effects were
done at only one rotor height. Therefore, a set of parameter values were
chosen as the nominal configuration and incremental changes used to define the
results for any other configuration The nominal configuration was chosen as:

Disc Loading (DL) = 8 PSF
Angle of Attack (a) = 1. DEG
Ground Proximity (h/d) = 0.4

In other words, to define the results for DL=8, a=6 and h/d=1, the dif-
ference in results for DL=8, a=6 and h/d=0.4 and DL=8, a=1, h/d=0.4 would be
added to the results at DL=8, o=1, h/d=1. Using this approach, available data
and trends were used to complete the matrix over the parameter ranges of
interest.

The effect of ground proximity is shown in Figures 6, 7 and 8. The
effect on steady induced downwash (inflow) 1s shown in Figure 6 for four

10
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values of nondimensionalized rotor height (h/d). Note that steady induced
inflow, rather than total uniform inflow, is plotted in Figure 6 and in sub-
sequent similar plots. This value is obtained by removing the free-stream
inflow component from the solution for Ao. The magnitude of AOI is generally
reduced at Tower speeds with decreasing rotor height. The shape of the longi-
tudinal inflow coefficient (Al), as shown in Figure 7 for an h/d=1, is con-
sistent with the simple analytical results of Reference 3. However, the peak
value from Figure 7 is considerably higher than the peak analytical value in
Reference 3. The delayed increase in Als with airspeed for an h/d=0.4 is
consistent with the corresponding test data for lateral hub moment. The com-
paratively small values for the lateral inflow coefficient (AZ), as shown in
Figure 8, is consistent with previous assumptions (see References 3 and 6).
The somewhat larger values for AZ for an h/d=0.6 is unexplained. There
appears to be a bias value, possibly due to a bias in pitching hub moment in
the test data. It is therefore concluded from this data that AZ can be
neglected.

The effect of angle of attack is shown in Figures 9, 10 and 11. Figure 9
shows that the effect on AOI of varying angle of attack from -10.6 degrees to
6.0 degrees is small. On the other hand, Al, as shown in Figure 10, shows a
definite decrease in peak value with a decrease in angle of attack. And as
before, }\2 shows a scatter of data points about zero.

Finally, the effect of disc loading can be seen in Figures 12, 13 and 14.
There appears from these plots to be 1ittle effect of disc loading on the non-
dimensionalized inflow coefficients. Since JCT/Z was originally chosen as a
parameter to nondimensionalize disc loading effects this result was expected
and demonstrates the validity of the choice.

Steep Descent Effects

A method of calculating the main rotor inflow due to operation in vertical
or near vertical descents was obtained from the experimental data presented in
Reference 4. The author of Reference 4 used rotor thrust and power to calculate
mean induced downwash at various angles of attack and descent rates. The angle
of attack is measured relative to the hub disc plane and the descent rate is
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defined as the component of relative wind parallel to the shaft axis. The in-
duced downwash and the rate of descent (R/D) are nondimensionalized by the
mean hover induced downwash. This nondimensional induced downwash is plotted
in Figure 15 as a function of angle of attack and nondimensional rate of
descent. The dotted lines represent the results obtained when momentum theory
is used.

For the present model, curves were faired through the experimental data
to represent the mean experimental induced downwash. These curves were then
faired into the momentum curves at hover and at very high rates of descent.
The curves were cross plotted and adjusted for observed trends. Values for
intermediate angles of attack were generated and a complete set of curves
formed.

The second part of the vortex-ring state that was modelled deals with
thrust fluctuations. It was observed in reference 4 that thrust fluctuations
were part of the unsteady nature of the vortex-ring state. Figure 16 shows a
plot from reference 4 of the magnitude of the thrust fluctuations as a fraction
of the mean rotlor thrust. This data was replotted as a function of angle of

attack and nondimensional rate of descent

The thrust fluctuations are introduced as a simple harmonic input to be
added to the steady thrust as follows.

AT =(%£) TF sin wvt

Unfortunately, the frequency (wv), or freguencies, are not well defined.
The frequency data presented in Reference 4 is incomplete. Figure 17(a) shows
a plot of how two periods associated with the thrust fluctuations from
Reference 4 vary with nondimensional rate of descent. This is the only data
of this kind presented and is for one angle of attack only. The periods shown
in Figure 17(a) are not nondimensionalized and thus apply only to the test
case. The periods were assumed to fit a hyperbola and therefore were con-
verted to straight Tine frequency plots as shown in Figure 17(b). Based upon
the observations noted in Reference 4, the frequency for any size rotor is
calculated from the Karman vortex-shedding frequency formula
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= Ke V sihe rad/sec
V e —————————
d
The constant Kf is an approximation derived from the limited frequency

data presented. This was done in the following way:

Ke = wd w, d
Vsine R/D

4nfv (QRJCT72)
ZZ]CT72 R/D

Using this relationship and the curves from Figure 17, two values for Kf
were calculated (1.1 and 2.3). Since the frequency data is sparse and the
representation simple, the need to use two frequencies is questionable.

Therefore, a single value for Kf of 2 is recommended. Thus the total thrust
is defined as:

T=T.Q +%—T- sin u t)

F
where TF is mean thrust value from rotor thrust equation
AT s fractional value of thrust fluctuation
Te
w, = 2 Vsina

d
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MODEL CHECKOUT

Mode]l Implemenation on Boeing Vertol Simulator

A schematic of the modifications as formulated for the Boeing Vertol sim-
ulator is presented in Figure 18. In order to allow these modifications to be
engaged at all times during the simulations, flight conditions involving air-
speeds and angles of attack beyond those values tested had to be considered.
These conditions led to certain extensions to the data which will be described
in the discussion that follows.

The first step in the procedure assumes that the uniform induced down-
wash from momentum theory has been calculated. The modifications then start
with a check on main rotor disc plane angle of attack If this angle is
greater than zero then the experimental value for mean induced downwash is
obtained from Table 1. Table 1 contains the tabular results of replotting the
vortex-ring induced downwash data as a function of angle of attack and air-
speed, instead of rate of descent and angle of attack. The experimental data
is for angles of attack greater than or equal to 20 degrees and nondimensional
airspeeds less than 3. Downwash values for an angle of attack of zero and for
nondimensional airspeeds greater than 3 were added to the table based on momen-
tum theory. If the angle of attack is less than zero, Table 1 is bypassed and
momentum downwash is used.

The next step is to enter the Tow speed, low altitude tables. These are
Tables 2, 3,4 and 5. The value from Table 2, represents the change in steady
induced downwash due to ground proximity. Curves were fitted to the data shown
in Figure 6. These curves were then adjusted so that the values from the h/d=1
curve matched momentum theory values at the higher airspeeds tested. Then the
values for each h/d curve were subtracted from momentum theory values to form
incremental values Even though the ground effect will exist at higher air-
speeds, a conservative approach was taken by fairing all h/d curves into the
momentum curve. Consequently at airspeeds above a nondimensional speed of
2.4, the incremental values go to zero for all h/d values. The increment in
downwash from Table 2 is then added to the mean induced downwash from above to
form a new mean induced downwash (inflow) term.
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.60 -0.3426 -0.9175 -0.8715 -0.6801
.70 -0.4704 -1.0142 -0.9762 -0.7782
.80 -0.7278 -1.1174 -1.0716 -0.874%
.90 -0.9263 -1.2109 -1.1606 -0.9585
.00 -1.0639 -1.2972 -1.2511 -1.0570
.10 ~1.1651 -1.3701 -1.3399 -1.1577
.20 -1.2415 -1.4352 -1.3992 -1.2458
.30 -1.2889 -1.4730 -1.4466 -1.3006
.40 -1.3141 -1.4971 -1.6609 -1.3343
-1.3324 -1.4940 -1.4521 -1.3420
.60 -1.3347 -1.4851 -1.4286 -1.3345
.70 -1.3270 -1.4728 =1.4015 -1.3231
.80 -1.3061 -1.4581 ~1.3647 ~-1.3040
.99 -1.2772 -1.66464% -1.3327 -1.2803
.00 ~1.2363 -1.64277 ~1.2922 -1.2569
.50 -1.0299 -1.2582 -1.0408 -1.0299%
.00 -0.7809 -0.9287 -0.7809 -0.7809
.50 -0.6036 -0.6103 -0.6036 -0.6036
.00 -0.4622 -0.6622 -0.4622 -0.4622
.50 -0.3687 -0.3687 -0.3687 -0.3687
.00 -0.300¢4 -0.3004 -0.3004 -0.3004
.50 -0.2570 -0.2570 -0.2570 -0.2570
.08 -0.2232 ~0.2232 -0.2232 -0.2232

1/ vC1/2

UMD P UNUNN R pdpd pd et o el e OO0 O0O0O0O000O00O
.
wm
o

NOTES: (1) h/d > 1.0, USE h/d = 1.0 VALUES
(2) w//Cy/2 > 6. Ai=\/zxdl[(f" ucosao, b,

0 + pusina)? + (uCOSEY]

TABLE 3. EFFECT OF GROUND PROXIMITY ON LONGITUDINAL
FIRST HARMONIC INFLOW RATIO (A{//CT/Z)
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a

-10.6 1.0 6.0

0.00 -0.0138 0.0000 =0.0051
0.10 -0.0070 0.0000 -0.0033
0.20 ~0.0018 0.0000 -0.0039
0.30 0.0081 0.0000 -0.0104
0.40 0.0422 0.0000 ~0.0092
0.5¢0 0.0795 0.0000 -0.0186
0.60 0.0947 0.0000 -0.0198
0.70 0.1023 0.0000 =0.0045
0.80 0.1086 0.0000 -0.0064%
0.90 0.1041 0.0000 -0.0016
1.00 0.1029 0.0000 0.0025
1.10 0.0969 0.0000 0.007¢4
1.20 0.0984 0.0000 0.0202
1.3¢0 0.1034 6.0000 0 0501

S 1.40 0.1277 0.0000 0.03849
~ 1.50 0.1434 0.0000 0.1150
S 1.60 0.1380 0.0000 0.1108
~ 1.70 0.1219 0.0000 0.1172
< 1.80 0.1050 6.0000 0.1050
1.90 0.0910 0.0000 0.0910
2.00 0.0710 0.0000 0.0710
2.20 0.0550 0.0000 0.06550
2.40 0.0471 0.0000 0.0471
2.60 0.0393 0.0000 0 0393
2.80 0.0314 0.0000 0.0314
3.00 0.0236 0.0000 0.0236
3.20 0.0157 0.0000 0 0157
3.40 0.0786 0.0000 0.0786
3.60 0.0393 0.0000 0.0393
3.80 0.0000 0.0000 0.0000
4.00 0.00600 6.0000 0.0000

NOTES: (1) FOR u/VCT72 >4, AAO}/VCT72 =0
(2) FOR o < -10.6, ENTER TABLE 4 WITH o« = -10.6,
(3) FOR o > 6, ENTER TABLE 4 WITH o = 6

TABLE 4. CHANGE IN STEADY INDUCED INFLOW RATIO
DUE TO ANGLE OF ATTACK (AAOE/VCT72)
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-10.6 1.0 6.0

0.00  0.0060  0.0000  0.0000
0.10  0.0000  0.0000  0.0000
0.20  0.0000  0.0000  0.0000
0.30 -0.0219  0.0000 -0.0219
0.40 -0.0597  0.0000 -0 0597
0.50 -0.1018  0.0000 =-0.1018
0.60 -0.1375  0.0000 ~-0.1375
0.70 -0.1707  0.0000 ~0.1707
0.80  0.0000  0.0000  0.0000
0.90  0.1094  0.0000 -0.0406
1.00  0.1811  0.0000 -0.0659
1.10  0.2325  0.0000 -0.1412

~ 1.20  0.2726  0.0000 -0.1644
~ 1.30  0.2886  0.0000 -0.1282
5 1.40  0.2885  0.0000 -0.1030
> 1.50  0.2958  0.0000 -0.0712
S 1.60  0.2892  0.0000 -0.0562
1.70  0.2861  0.0000 -0.0466
1.80  0.2690  0.0000 -0.0500
1.96  0.2507  0.0000 -0.0512
2.00  0.2234  0.0000 -0.0628
2.20  0.1377  0.0000 -0.0652
2.40  0.0870  0.0000 -0.0502
2.60  0.0526  0.0000 -0.0293
2.80  0.0308  0.0000 -0.0120
3.00  0.0162  0.0000 -0.0069
3.20  0.0062  0.0000 -0.0041
3.40  0.0008  0.0000 -0.0025
3.60  0.0000  0.0000  0.0000

NOTES: (1) FOR uw/¥C1/2 > 3.6, axy /YC7/2 = O
(2) FOR o <-10.6, ENTER TABLE 5 WITH a = -10.6

(3) FOR o > 6, ENTER TABLE 5 WITH o = 6

TABLE 5. CHANGE IN LONGITUDINAL FIRST HARyONIC INFLOW
RATIO DUE TO ANGLE OF ATTACK (AA{/VCT/Z)
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Table 3 contains values for longitudinal inflow which were generated from
curves faired through the data presented in Figure 7. As mentioned before 1n
analyzing Figure 7, the values for h/d = 1 are considerably higher than the
analytical values from Reference 3. There is no immediate explanation for
this fact. Further investigation is recommended to determine whether this
higher longitudinal inflow gradient does exist. The data for Table 3 was
extended to higher airspeeds by fairing the curves into a curve generated from
the theoretical expression of reference 3 Table 4 contains values represent-
ing changes in mean induced downwash due to angle of attack. Curves were
faired through the data in Figure 9, and increments from the <=1 curve were
calculated and tabulated. Extending this data to higher angles of attack or
Tower angles of attack requires additional test data. Therefore, it is recom-
mended at this time to use o = -10.6 1f « = < -10.6 and a = 6 if a > = 6.
This increment is added to the mean 1nduced downwash, forming the final value
for the steady induced infiow parameters.

Table 5 is the last of the low speed, low altitude tables. It contains
incremental values of the longitudinal inflow coefficient due to angle of at-
tack. Like Table 4, once the curves were fitted to the data of Figure 10, in-
crements from the o«=1 curve were calculated and tabulated. The same comment
about extending Table 4 applies to extending Table 5. The value from Table 5
is added to the value from Table 3 and Al", is obtained.

The steady induced inflow coefficient and the longitudinal inflow coeffi-
cient are next passed through first order lags, with approximately 0.3 second
time constants, to account for air-mass dynamics. The lagged steady induced
inflow is then added to the free-stream inflow and the total steady inflow co-
efficient is known. At this point the inflow model is completely defined.

The flapping equations are next used to calculate tip path plane orienta-
tion, assuming that éO’ él’ and 51 are zero Once this orientation in terms
of the flapping coefficients ag, 3y and b1 is known, the main rotor forces and
moments can be calculated. The thrust calculated at this point is the mean
thrust value.
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V/aRvCr/2

0
.00 .000
.05 .000
.10 .000
.15 .000
.20 .000
.25 .000
.30 .000
.35 .000
.40 .000
.45 .000
.50 .000
.55 .000
.60 .000
65 .000
.70 .000
.75 .000
.80 .000
.85 .000
.90 .000
.95 .000
1.00 .000
1.05 .000
1.10 .000
1.15 .000
1.20 .000
1.25 .000
1.30 .000
1.35 .000
1.40 .000
1.45 .000
1.5¢0 .000
1.55 .000
1.60 .000
1.65 .000
1.70 .000
1.75 .000
1.80 .000
1.85 .000
1.90 .000
1.95 .000
2.00 .000
NOTES: (1)
(2)
TABLE 6.

20

.000
.005
.010
.015
.019
.022
.025
.025
.025
.024
.021
.018
.014
.009
.003
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

FOR o < 0, AT/T =0
FOR V/oR/Ct/2 > 2, aT/T =0

30

.000
.003
.006
.011
.016
.024
.032
.048
.064
.078
.092
.100
.108
.113
117
.119
.120
.116
.112
.103
.094

077

.060
.030
.000
.000
.000
.000
.000
.000
.000

.

000

.000
.000
.000
.000
.000
.000
.000
.000
.000

40

.000
.006
.014
.024
.038
.052
.067
.083
.100
.116
.134
.152
.167
.183
.200
.211
.228
.252
.238
.222
.214
.200
.183
.163
.132
.096
.060
.028
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

50

.000
.008
.017
.029
.063
.060
.081
.103
.126
.152
.175
.201
.226
.249
.270
.288
.303
.316
.322
.323
.319
.308
.288
.260
.228
.193
.156
.116
.078
.039
.001
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

60

.000
.009
.020
.035
.053
.075
.09%9
.122
.148
.171
.196
.224%
.256
.289
.310
.325
.331
.335
.337
.336
.333
.328
.318
.302
.284
.258
.222
.183
144
.102
.061
.009
.000
.000
.000
.000
.000
.000
.000
.000
.000

7¢0

.000
.009
.024
.041
.060
.082
.105
.129
.153
.182
.213
.243
.271
.295
.315
.329
.337
.342
.3464
.341
.332
.323
.311
.295
.276
.248
.214
.181
.147
.113
.078
.040
.000
.000
.000
.000
.000
.000
.000
.000
.000

MAGNITUDE OF THRUST FLUCTUATIONS IN
DESCENDING FLIGHT (AT/T)

40

8¢

.000
.009
.023
.039
.060
.081
.103
.126
.149
.176
.204
.231
.256
.278
.296
.308
.316
.319
.319
.312
.303
.288
.272
.256
.237
.211
.182
.150
.115
.072
.041
.025
.013
.004
.000
.000
.000
.000
.000
.000
.000

.000
012
.026
.064%
.062
.084%
.103
.125
.145
.17¢
.194
.215
.230
.242
.250
.258
.262
.264
.260
.250
.238
.225
.210
.195
.175
.150
.128
.103
.080
.055
.040
.030
.022
.016
.010
.007
.004
.002
.001
.000
.000



Next the disc plane angle of attack is checked again. If this angle is posi-
tive, Table 6 which contains the magnitude of the thrust fluctuations is en-
tered. Using the mean thrust value that has been calculated from the thrust
equation and the calculated frequency for the thrust fluctuations, the instan-
taneous total thrust is found. During trim this portion of the modifications
is bypassed. The modifications to account for the vortex-ring state and Tow
speed, low altitude flight are at this point complete.

Simulation Results

Once the modifications were programmed and the coding verified, unpiloted
maneuvers were performed. The UH-60 helicopter model was used for checkout
purposes First a Tow speed transition was tried with only the Tow speed, low
altitude modifications engaged. Both in and out of ground effect transitions
were performed Figure 19 shows the required lateral stick to trim with air-
speed for these two runs. Next a repeat run was made with the vortex-ring mod-
ifications also engaged to check the compatibility of the two effects. No com-
plications arising from having both sets of modifications engaged were detected.
A comparison of the improvement in matching flight test data is shown in Figure
20. Flight test points from reference 5 are compared to simulation results of
before and after the modifications If anything the low speed model tends to
over predict the lateral stick migration slightly.

A piloted simulation followed, with Mr. Lynn Friesner, Boeing Vertol test
pilot, assessing the model. Mr. Friesner is an experienced YUH-61A pilot with
B0-105 time and has done extensive simulation work. When performing the low
speed transition maneuver out of ground effect, he commented that the he felt
that the stick migration required to trim was consistent with his flight test
experience. However, he felt that at low rotor heights, the sudden roll that
he had expected was milder in the simulator. Several factors may have contri-
buted to this perception. First, the aircraft used for simulation evaluation
was the UH-60 which has a small hinge off-set articulated main rotor for which
the roll response characteristics are less pronounced than on the hingeless
configurations for which Mr. Friesner has experienced.
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FIGURE 19. EFFECT OF GROUND PROXIMITY ON LATERAL TRIM.
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FIGURE 20. EFFECT OF MODIFICATIONS ON LATERAL TRIM
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Secondly, Boeing Vertol's small motion simulator severely attenuates low
frequency accelerations so that the percieved motion was reduced Finally,
the lowest value of rotor height to rotor diameter for which data existed was
four tenths Therefore, for any value less than four tenths, the tables are
entered with a four tenths value as an argument and do not reflect potentially
larger transients at h/d less than o 4

The vortex-ring modifications were also checked out unpiloted first. The
simulator model was first trimmed at a constant rate of descent. Then the fly
mode was engaged which resulted in the thrust fluctuations being calculated
Thrust and rate of descent during such a maneuver are shown for a high and low
trimmed rate of descent in Figure 21 As can be seen, the thrust fluctuations
are quite pronounced for the high rate of descent case. Figure 22 1s another
run whereby a step in collective was introduced to simulate an attempt at re-
covery from the high rate of descent. The rate of descent is seen to decrease
almost immediately And with this decrease in rate, the thrust fluctuations
are reduced as expected Next a set of trim runs, with and without the vortex-
ring effect, were done at various rates of descent to assess the effect of the
modification to mean 1nduced downwash  Figure 23 shows the 1ncrease in power
required when experimentally calculated induced downwash replaces that from
momentum theory. This plot shows the so-called wasted power due to the vortex-
ring state. These unpiloted runs indicated that the vortex-ring modifications

were behaving as intended.

The piloted simulation to assess the vortex-ring state required that the
pilot establish a rate of descent and then attempt to level off. Mr Friesner
had expected to find a rate of descent at which he had difficulty recovering
In fact, he expected to find a condition in which a pull-up 1n collective
actually resulted in a higher rate of descent. This never occurred. No matter
what the rate of descent, he had 1i1ttle trouble recovering. At one condition,
he commented that he momentarily felt something 1ike the vortex-ring problem,
but all attempts to repeat the phenomenon failed. Subsequent examination
of these runs showed that no engine power 1Timit was 1ncluded in the model.

This would have enabled the pilot to pull unrealistically high power levels for
recovery. The small vertical motion capabi1lity of the Boeing Vertol simulator
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limits the simulator's ability to give vertical acceleration cues, and there-
fore may lead the pilot to perform unrealistic recovery profiles. Further
simulation testing using a simulator with substantial "g" cues, and with a

model having engine power limits is recommended.
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FIGURE 23. INCREASED POWER REQUIRED DUE TO VORTEX RING STATE

48

2000



CONCLUSIONS

Based on the results of this effort, 1t is concluded that:

The low speed, low altitude modifications yield a lateral stick trim with
airspeed requirement which is considered consistent with test results.

The 1n-ground effect portion of the low speed, Tow altitude tables may
have to be extended if flight very close to the ground (h/d < 0.4) is de-
sired. Extrapolation from data trends could be a first approximation.

The vortex-ring modifications produce the associated increases 1n power
consistent with the test data of reference 4. However, difficulty during
recovery from steep descending flight was not a problem on the Boeing
Vertol simulator. Further investigation is recommended, varying aircraft
configuration and flight condition.

The small vertical motion capability of the Vertol simulator with its
washed out acceleration cues may have limited the pilot's feel of the
thrust fluctuations associated with the vortex-ring state.

Further work is needed in the area of the frequency of the thrust fluc-
tuations. More experimental data would be desirable. Perhaps a power
spectral approach whereby a filter driven by white noise would yield
better results Another approach might be to investigate known or sus-
pected problem areas by simulating with various frequency combinations
and to observe their effect.

Both sets of modifications are capable of producing results consistent
with the experimental data used to derive them.

Additional experimental data would be useful in expanding or verifying
the tables presented here.
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Model Required
Item Actual Mach-Scaled

Values Values
Radius 60 619 1n. 60.619 1n
Chord (reference) 4 742 1n. 4 742 ;.
Chord (overall tip) 4790 1n 4 790 1n
Blade Number 4 4
Soldity 00996(1) 00996
Effective Flap Hinge(2) 0 162R 0.172R
Blade Weight(3) 1661 1b 1 665 Ib
Weight Moment/Blade (tlap) 3 208 ft-lb 3201 ft-b
Span CG (from Cy ) 32269 1n 32155 m
Span CG (from Cp) 0532R 0 530R
Chordwise CG(1) 1 124 . 1110m
Chordwise CG 0 2370C 0.2340C
Chordwise CG (dynamuics) 0 2340C 0.2317C
Inertia/Blade (flap)(3) 1,311 8 Ib-in 1,290 7 Ib-n
Inertia/Blade (pitch)(4) 1971 lban ° -

(1) Based on reference chord.
(2) Based on analysis (LO1)

(3) Item is for blade portion outboard of 0 15 X/R and about 0 15 X/R

(4) About quarter chord and for blade portion outboard of 0 15 X/R

TABLE A-1. MAIN ROTOR BLADE PHYSICAL PROPERTIES
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A

*SINIIJI44300 MOTANI IONLILIY MO °A33dS MO
40 NOILYNIWY3L3IA 3JHL NI d3SN viv¥ad TINNNL ANIM

"2-v 318vl

RUN DISC ALPRA H/D ADVANCE ROOT AlC B1C MAIN HUB HUB
NO. LOADING HUB RATIO CoLL. (DEG) (DEG) ROTOR ROLLING PITCHING
(PSF) (DEG) THRUST MOMENT MOMENT
(LBS) (FT-LBS) (FT-LBS)
83 8. =4. 0.4 0.011 15.3 -2.08 0.81 660. -32. -56.
0.026 15.5 -1.93 0.88 723. 6. ~-32.
0.034 15.5 -2.02 0.88 730. 9. -7.
0.046 14.8 -1.94 0.86 695. 890. 33.
0.056 14.6 -2.13 0.88 694. 107. 86.
0.068 14.4 -1.95 0.92 665. 127. 112.
0.078 14,1 -2.07 0.89 646. 123. 148.
0.091 13.8 ~1.97 0.86 675. 118. 154,
0.112 13.5 -1.87 0.98 673. 115. 163.
84 8. -4. 0.4 0.022 15.6 -1.94 0.87 700. -6. -33.
0.028 15.6 ~1.96 0.87 709. -3. ~34.
0.032 15.6 -1.98 0.86 712. 3. -25.
0.035 15.6 -2.16 0.85 713. 13. 2.
0.040 15.3 -2.03 0.89 705. 44 . 30.
0.044 15.2 -1.97 0.91 710. 74. 50.
85 10. -4, 0.4 0.015 17.0 -2.00 0.87 8317. -48. -75.
0.023 17.4 -2.04 0.89 392. 9. -21.
0.035 17.4 -2.04 0.91 898. -13. -4,
0.043 16.9 -1.99 0.91 878. 42. 59%.
0.056 16.6 -1.99 0.90 868. 109, 102.
0.068 16.3 -1.97 0.91 866. 147. 170.
0.078 16.2 ~-1.92 0.93 856. 169. 204.
0.088 16.0 -2.01 0.88 834. 151. 218.
0.113 15.3 -1.89 0.94 827. 140 236.
86 10. -4, 0.4 0.044% 16.8 -2.02 0.86 884. 40. 55.
0.049 16.6 -2.05 0.82 398. 80. 89.
0.054 16.5 -2.04 0.81 879. 94 . 98.
0.058 16.2 -2.02 0.384 849. 114. 109.
87 6. -4, 8.4 0.016 14.0 -2.23 0.73 481. -71. -58.
0.025 14.3 -2.04 0.81 578. -22. -34.
0.034 14.0 -2.18 0.82 578. 5. 3.
0.045 13.6 -1.96 0.94 541. 92 42.
0.056 13.2 -2.09 0.85 501. 85. 80.
0.067 13.2 -1.91 0.93 501. 106. 113.
0.077 12.9 -2.04 0.91 512. 97. 120.
0.088 12.5 -2.03 0.90 522. 96. 119.
0.111 12.2 ~-2.07 0.90 500. 67. 121.
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*2-V 37avl

RUN DISC ALPHA H/D ADVANCE ROOT AlC BlC MAIN HUB HUB
NO LOADING HUB RATIO COLL. (DEG) (DEG) ROTOR ROLLING PITCHING
(PSF) (DEG) THRUST MOMENT MOMENT
(LBS) (FT-LBS) (FT-LBS)

88 6. -4, 0.4 0.039 13.6 -1.89 0.90 553. 49. 32.
0.037 13.8 -2.01 0.86 578. 31. 10.
0.030 14.0 -1.90 0.90 567. 7. -20.
0.026 14.0 -1.87 0.92 557. -0. -34.

89 4. -4, 0 4 0.024 12.2 -1.89 0.89 383. -3. -38.
0.033 11.9 -1.91 0.93 388. 68. 14,
0.045 11.9 -2.05 0.84 373. 76. 49.
0.056 11.6 -2.07 0.84% 348. 78. 70.
0.066 11.3 -1.91 0.90 366. 81. 9%.
0.077 11.1 -1 91 0.92 363. 81. 91
6.089 10.9 -1.96 0.88 343. 66 . 91
0.111 10.9 -1.99 0.89 350. 52. 79
0.027 12.1 ~2.07 0.83 392. -1. -11

92 8. ~10.6 6.4 0.010 17.4 -1.88 0.80 630. -69. -114.
0.024 17.0 -1.67 0.86 696 . -19. ~-76.
0.033 16.9 -1.85 0.80 726. -5. -33.
0.045 16 7 -1.89 0.78 713. 59. 12,
0.056 16.5 ~1.68 0.91 694. 91. 45.
0.068 16.5 -1.70 0.83 667. 75. 79.
0.078 16 .4 -1.66 0.89 687. 96 . 113.
0.09¢0 16.1 ~1.79 0.78 655. 73. 118.
0.109 15.9 -1.71 0.81 661. 63. 123.

93 8. 6. 0.4 0.015 16.6 -1.90 0.8% 626. -61 -118.
0.021 16.6 ~1.91 0.84 696. -31. -69.
0.034 16 .4 -2.08 0.89 699. -24. -43.
0.046 15.8 -1.74 6.86 691. 86. 27.
0.056 15.8 -1.83 0.77 697. 109 61.
0.066 15 2 -1.88 0.86 692. 160 149.
0.078 14.6 ~1.88 0.80 675. 150 162.
0.088 13.9 -1.71 0.86 650. 146 159.
0.109 13.1 -1.72 0.86 661. 145 136.
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RUN DISC ALPHA H/D ADVANCE ROOT AlC BlC MAIN HUB HUB
NO. LOADING HUB RATIO cottL. (DEG) (DEG) ROTOR ROLLING PITCHING
(PSF) (DEG) THRUST MOMENT MOMENT
(LBS) (FT-LBS) (FT-LBS)

94 8. 1. 0.4 0.014 16.6 -1.74 0.83 632. -59. -106.
06.023 16.7 -1.85 0.86 687. -35. ~-80.

0.035 16.6 -1.80 0.85 699. -9. -34%.

0.045 16.1 -1.78 0.82 692. 52. 2.

0.056 15.9 -1.98 0.78 665. 106. 50.

0.068 15.5 -1.89 6.82 669. 131, 115.

0.078 15.2 -1.83 0.83 627. 127. 125.

0.088 14.8 -1.92 0.78 624. 118. 130.

0.111 14.0 -1.77 0.85 646. 110. 131.

95 8. 1. 0.4 0.027 16.7 -1.67 0.91 699. -25. -76.
0.032 16.6 -1.73 0.88 713. ~27. -56.

0.036 16.6 -1.84 0.89 712. =-21. -50.

0.039 16.2 -1.59 0.83 682. 9. -27.

0.026 16.7 -1.65 0.86 686. -12. -55.

0.030 16.7 -1.80 0.86 680. -17. -46.

96 8. 1. 0.4 0.036 16.8 ~-1.66 6.90 706. -8. -40.
0.041 16.6 -1.78 0.69 721. -2. -12.

0.050 16.1 -1.50 0.84 703. 91. 35.

0.053 15.8 -1.63 0.85 654. 93. 76.

0.058 15.7 -1.68 0.88 668. 99. 87.

0.062 15.7 -1.86 0.79 690. 100. 109

97 3. 1. 0.4 0.023 16.9 -2.01 0.83 695. -32. -37
0.027 16.9 -1.98 0.85 715. -26. -31.

0.031 16.6 -1.92 0.85 689. -20. ~-24

0.037 16.6 -1.97 0.82 694. -23. -10

0.044 16.6 -1.96 0.81 730. 32. 21.

0.045 16.3 -1.88 0.87 712. 66. 35.

0.048 16.3 -1.86 0.87 717. 78. 44.

0.054% 16.0 -1.70 0.97 683. 118, 64.

0.058 15.8 -1.91 0.85 674. 109. 79.

6.063 15.8 -1.99 0.81 696. 12¢0. 103.
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RUN DISC ALPHA H/D ADVANCE ROOT AlC BlC MAIN HUB HUB
NO. LOADING HUB RATIO coLt. (DEG) (DEG) ROTOR ROLLING PITCHING
(PSF) (DEG) THRUST MOMENT MOMENT
(LBS) (FT-LBS) (FT-LBS)
101 8. 1. 0.4 0.008 16.5 -1.78 0.83 632. -60. -102.
0.023 16.5 -1.68 0.84 678. -25. -52.
0.035 16.5 -1.77 0.80 693. -14, -19.
0.045 16.0 -1.83 0.82 695. 68. 28.
0.055 15.8 -2.01 0.73 693. 96. 62.
0.067 15.4 -1.96 0.76 663. 128. 116.
0.089 14.5 -1.90 0.80 597. 119. 133.
0.113 13.7 -1.74 0.84% 628. 106. 131
102 8. 1. 0.6 0.008 17.1 -1.78 0.84 682. -52. -23
0.022 17.0 -1.89 0.85 768. 8. %9
6.035 16.7 -1.89 0.79 750. 54. 93
0.045 16.3 -1.80 0.83 726. 9l. 126.
0.055 16.3 -1.56 0.83 699. 116. 164.
0.068 15.7 ~1.66 0.83 695. 145. 213
0.077 15.3 -1.78 0.79 672. 134. 225
0.088 14 8 -1.88 0.76 702. 134, 235
0.112 13.8 -1.81 0.79 677. 113. 220
103 8. 1. 0.7 0.011 17.1 -1.88 0.74 643. -64. -86.
0.022 17.1 -1.93 0.69 718. 15, 4.
0.031 16.9 -2.13 0.69 7264. 50. 24.
0.044 16.5 -1.97 0.72 683. 84. 88.
0.056 16.3 -1.85 0.79 655. 111. 113.
0.067 16.1 -1.85 0.80 723. 161. 160
0.078 15.4 -1.97 0.76 668. 149. 170
0.089 14.9 -1.88 0.81 693. 151. 181
0.112 14.0 -2.02 0.65 662. 99. 146.
105 8. 1. 1.0 0.109 14.5 -1.71 0.83 672. 112. 170.
0.087 15.6 -1.65 0.82 708. 149, 181.
0.076 16.0 -1.57 0.86 719. 159, 166
0.069 16.3 -1.85 0.74 711. 126. 147.
0.054 16.5 -1.76 0.80 666. 92. 92.
0.045 16.8 -1.74 0.82 671. 68. 55.
0.034 17 0 -1.69 0 85 678 47 12
0.023 17.0 -1.79 0.78 692. l. -14.
0.009 17.2 -1.68 0.85 697. -46. =77.



1 Report No 2 Government Accession No 3 Recipient’s Catalog No

NASA CR-166385
4 Title and Subtitle
Math Modeling for Helicopter Simulation of Low Speed,| .July 1982
Low Altitude and Steeply Descending Flight 8 Performing Organization Code

5 Report Date

8 Performing Organization Report No

7 Authorls) Philip R. Sheridan, Carl Robinson,
Dr. John Shaw, Fred White

10 Work Unit No

9 Performing Organization Name and Address

Boeing Vertol Campa.ny 11 Contract or Grant No
P. 0. Box }6858 ] NAS2-10975
Philadelphia, Pennsylvania 13 Type of Report and Period Covered

Contractor Report 'Eng}t

12 Sponsoring Agency Name and Address
National Aeronautics and Space Administration 14 Sponsoring Agency Code
Washington, D. C. 20546

15 Suppiementary Notes

Technical Monitor: William A. Decker, Mail Stop 211-2 FTS 448-5362
NASA Ames Research Center, Moffett Field, CA 94035 (415)965-5362

16 Abstract

A math model has been formulated to represent some of the aerodynamic

effects of low speed, low altitude, and steeply descending flight. The

fornulation is intended to be consistent with the single rotor real time
simulation model at NASA Ames Research Center.

The effect of low speed, low altitude flight on main rotor downwash was
obtained by assuming a uniform plus first harmonic inflow model and then by
using wind tunnel data in the form of hub loads to solve for the inflow
coefficients. The result was a set of tables for steady and first harmonic
inflow coefficients as functions of ground proximity, angle of attack, and
airspeed.

The aerodynamics associated with steep descending flight in the vortex-ring
state were modeled by replacing the steady induced downwash derived from
momentum theory with an experimentally derived value and by including a thrust
fluctations effect due to vortex shedding. Tables of the induced downwash
and the magnitude of the thrust fluctuations were created as functions of
angle of attack and airspeed.

17 Key Words (Suggested by Author{s)) 18 Distribution Statement

Helicopter Handling Qualities Unlimited Distribution

Math Model

Helicopter Dynamics Subject Category 08

Flight Simulation

19 Security Classif (of this report) 20 Security Classif (of this page) 21 No of Pages 22 Price®
Unclassified Unclassified

“For sale by the National Technical Information Service, Springfield, Virginia 22161



End of Document



