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NOTATION
Polar moment of inertia of the propeller and the rotating engine parts,
slug ft2 (kg m2?).
Moment of inertia of the propeller about a diameter, slug ft2 (kg m2).
Generalised stiffness terms.
Mach number of the free stream.
Propeller generalised mass terms.
Wing generalised mass terms.
Generalised aerodynamic force coefficient.
Design dive speed, ft/sec (m/sec).
Rectangular cartesian co-ordinate axis system (see Figs 2a and 2b).
Fraction of critical damping present in mode i.
Pitch angular displacement at the propeller hub at time ¢, rad.

Angular displacement in pitch per unit linear displacement at the
propeller hub, rad/ft (rad/m).

Frequency parameter.
Yaw angular displacement at the propeller hub at time ¢, rad.

Angular displacement in yaw per unit linear displacement at the
propeller hub, rad/ft (rad/m).

Propeller rotational speed, rad/sec.




1. INTRODUCTION

Propeller whirl calculations for the Government Aircraft Factoriess N22 Nomad pro-
duction aircraft (see Fig. 1) were carried out at the request of G.A.F. in order to meet the
requirements of Federal Aviation Regulations 23.629. The production version is considerably
different from the prototype: the main differences being summarised below,

. The wing, ailerons, flaps and spoilers are lighter.

. The fin and rudder are lighter though larger.

. The fuselage is lighter.

. The stub-wing and undercarriage are lighter and twin wheels are fitted.
. The tailplane and rudder tabs are bigger.

. The engine nacelles are lighter.

AW —

2. OUTLINE OF ANALYSIS

As in Reference 2, the wing, engine, nacelle and propeller are idealised as a two degree
of freedom system, where pitch and yaw of the engine and nacelle structure are the two degrees
of freedom allowed. The analytical model considered is illustrated in Figures 2(a), 2(b) and 2(c).
Wing flexibility is included in the equations and both propeller and wing aerodynamic forces
are taken into account. However, nacelle aerodynamic forces and aerodynamic interference
effects between the wing and the propeller are neglected.

The equations of motion for this model are derived and their solution is discussed in
Appendix A, Reference 2. The notation of Reference 2 will be used throughout this report,

As in Reference 2. all computations were carried out on the Aeronatuical Research
Laboratories” PDP10 computer and the same major programs VAOGIBE and VA02BE were used.

3. DISCUSSION OF THE DATA USED IN THE ANALYSIS
3.1 Data Obtained from the Ground Vibration Test

A ground vibration test was carried out on the production version N22 Nomad aircraft by
Aeronautical Research Laboratories® staff (Ref. 3).

At first, four modes involving significant engine pitch and two modes involving engine
yaw were identified. As in the resonance test on the prototype Nomad, the lower frequency
engine yaw mode was not well defined. Hence. two versions of this mode were considered in
the calculations. These six modes have natural frequencies at 6-51, 8-85, 10-64 and 15-40 Hz
(pitch) 6-48 (a), 6-48 (b) and 13-795 Hz (yaw). (see Figs 6-13 and Figs 16-17).

A subsequent review of the ground vibration test results suggested that the 6-01 and
1814 Hz modes also involved significant engine pitch motion (see Figs 4, 5, 14, 15). Therefore,
whirl flutter calculations including these modes were also carried out.

The positions of the engine nodes in each of the above modes are tabulated in Table 4.

In each of the modes involving engine pitch, there is some wing motion. On the other
hand, there is no wing motion in any of the engine yaw modes.

Estimates of y;, the fraction of critical damping present in mode i, were obtained during
the resonance test. These values are included in Table 4.

3.2 Inertia and Geometric Data

Initially, all the relevant inertia and geometric data required for the N22 Nomad propeller
whirl flutter calculations were not available from the Government Aircraft Factories. The
problem area was the N22 engine nacelle structure and cowling. Although the N22 nacelie
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structure and the engine nacelle cowling were known to be lighter than those of the Nomad
prototype. no list of components with their mass and c.g. location was immediately available
for the N22 aircraft. Since the propeller whirl flutter calculations could not proceed without
this data, a discussion was held with statf from the Government Aircraft Factories. During this
discussion it was requested that the inertia distribution for the Nomad prototype nacelle structure
and engine nacelle cowling be used (sce Tables (th) and 1(c)).

This was thought to be a reasonable assumption since it was expected that the nacelle
structure and the engine nacelle cowling would contribute less than 10", to the generalised mass
of the nonrotating engine-nacelle-propeller system. When the generalised mass calculations were
completed it was found that the nacelle structure and the engine nacelle cowling contribution
to Map - Ipp th* was 3467, for the 18-14 Hz mode, 6-7",, for the 10-64 Hz mode and 6-1°,,
for the 15-40 Hz mode. For all the other modes considered the nacelle structure and the engine
nacelle cowling contribution represented less than 4°,, of the generalised mass of the engine-
nacelle-propeller system.

It was also requested by the Government Aircraft Factories that some propeller whirl
calculations be carried out with the mass of each item of the nacelle structure and the engine
nacelle cowling equal to 75", of the value listed in Tables 1(b) and 1(¢). This was done and
the results are discussed in Section 4.4.

Subsequently, a further mass distribution was supplied by the Government Aircraft Factories.
Here the nacelle structure and the engine nacelle cowling were idealised as 8 point masses (see
Table 1(d)). Propeller whirl flutter calculations were carried out for this mass distribution and
the results are discussed in Section 4.4,

The engine installation for the N22 was considered to be essentially the same as for the
Nomad prototype (see Table 1(a)).

The N22 propeller is the same as the Nomad prototype propeller (see Fig. 3 and Table 2).

The N22 wing is idealised in the same way as the Nomad prototype wing. That is, the wing
is assumed to consist of 20 rigid strips. Table 3 lists the wing mass and moment of inertia distri-
bution. When comparing the N22 wing with the Nomad prototype wing (Table 3, Ref. 2), it
should be noted that the strip between 10-8 ft and 12-0 ft cannot be compared directly. In the
Nomad prototype calculations the strut and stub wing were included in this strip. Subsequently
the computer programs for the generalised mass of the wing were improved and now the strut
and stub wing contributions are added in separately.

4. FLUTTER CALCULATIONS
4.1 General

Propeller whirl flutter speeds for the N22 Nomad production aircraft were calculated using
the matrix equation of motion (A25) of Reference 2.

Initially wing contributions were not included in the equations of motion. This corresponds
to a simplified model in which the engine-nacelle-propeller system is mounted on a rigid wing.
Using this simplified model. calculations were performed for each of the eighteen possible
binary combinations of the three yaw modes and ihe six modes showing significant engine
pitch motion (see Table 5). Two altitudes were considered, sea level and 22,000 feet. In each of
these calculations structural damping was assumed to be zero.

The results of these flutter calculations are presented in Table 6. Examination of Tables §
and 6 reveals that for each pitch mode coupled with either version of the 6-48 Hz yaw mode
the flutter speed is many knots higher than the flutter speed for the same pitch mode coupled
with the 13:79 Hz yaw mode. This was to be expected. because Reed in Reference 5 and many
other investigators have demonstrated the significant stabilising influence of moving the pivot
axes (i.e. the engine nodes) aft. Reference to Table 4 shows that both versions of the 6-48 Hz
vaw mode have engine node locations more than 70 inches aft of the engine node location for
the 13:79 Hz yaw mode. Therefore it would be sufficient to demonstrate that the binary combi-
nations of the 1379 Hz yaw mode with each of the six modes showing significant engine pitch
motion have flutter speeds that lie outside the N22 Nomad aircraft’s flight envelope.

Further, no more flutter calculations were carried out for binary B 15-0, the combination
of the 1379 Hz yaw mode with the 6.01 Hz mode. This arose because the 6.01 Hz mode is
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anti-symmetric wing bending and the 6-51 Hz mode is symmetric wing bending (see Table 1,
Ref. 3). In the present calculations, where a single powerplant on a wing is being considered
(see Fig. 2) binaries B 3-0 and B 15-0 are very similar. See Table 5 and compare Figures 4 and 5§
with Figures 6 and 7. However the location of the engine node in the 6-:01 Hz mode is 6 inches
aft of the location of the engine node in the 6-51 Hz mode. Again the stabilizing influence of
an aft engine node is evident, for flutter speeds calculated for binary B 15-0 are greater than the
corresponding flutter speeds calculated for binary B 3-0. For this reason it was sufficient to
consider binary B 3-0 in further calculations.

4.2 Calculation of Flutter Speeds for the Realistic Model which Includes Wing Contributions
in the Equations of Motion

As is pointed out in Reference 5, simplified models such as an engine-nacelle-propeller
. system mounted on a rigid wing are useful for demonstrating basic features of propeller whirl
‘ flutter. However, in order to evaluate the propeller whirl flutter characteristics of an actual
aircraft a more reahistic model, in which the engine-nacelle-propeller system is mounted on
the flexible wing of the aircraft, must be used. This means that wing contributions must be

included in the equations of motion (A25 of Ref. 2).

In the previous section it was shown that it would be suflicient for further flutter calculations
to be concentrated on binary combinations B 3-0, B6-0, B9-0, B12-0 and B 18:0. When
wing contributions have been included in the equations of motion these binary combinations
are renamed B3-1, B6-1, B9-1, B12-1 and B 18-1 (see Table 7). Wing generalised aero-
dynamic force coefficients Q’»» and Q”,. were calculated using unsteady lifting surface computer

» programs (see Ref. 4). These generalised aerodynamic force coefficients Q’»» and Q722 are
: ' functions of Mach number M and frequency parameter v. A = 0-3 was chosen as appropriate
’ for the N22 Nomad and a number of different values of v were considered (see Table 8).

The flutter speeds calculated for this realistic model of the N22 Nomad production aircraft

are presented in Table 9 and are well in excess of V., the design dive speed (235 knots E.A.S.).

' Comparison of Tables 6 and 9 shows that the flutter speeds calculated for the realistic model,
which includes wing contributions in the equations of motion, are very much higher than the
corresponding flutter speeds calculated for the simplified model, where no wing contributions
are included in the equations of motion. Other investigations have also shown that when an
engine-nacelle-propeller system is mounted on a flexible wing the whirl flutter speed is generally
higher than if the system were mounted on a rigid back-up structure (see Ref. 5).

: 4.3 Use of the Simplified Model to Show the Effect of Including Measured Structural Damping

' Because the flutter speeds for the realistic model, even with zero structural damping, were
‘ so high (see Table 9) it is not possible to use this model to demonstrate the effect of including
- measured structural damping in the equations of motion. Therefore it was necessary to use the
simplified model which has no wing terms included in the equations of motion.

» Estimates of modal damping were obtained during the ground vibration test (see Table 4).

, For binaries B3-0, B6-0, B9-0. B12:0 and B 18-0 boundaries corresponding to one quarter

). and one half the measured values of damping are plotted in Figures [8-22. Where a boundary

" is not included, the flutter speeds have exceeded the 400 knots E.A.S. limit of these graphs.

) ‘ Although the flutter boundaries plotted in Figures 18-22 were calculated using the simplified
model. with no wing terms included in the equations of motion, they do give an indication of

T the extent to which the propetler whirl flutter speeds are increased when measured structural

" damping is included in the equations of motion.

{

4.4 Use of the Simplified Model to Show the Effect of Variations in the Mass of the Nacelle
, Structure and the Engine Nacelle Cowling

As in the previous section, because the flutter speeds for the realistic model were so high,
the simplified model had to be used to demonstrate the effect of variations in the mass of the
> nacelle structure and the engine nacelle cowling.

4 As was pointed out in Section 3.2, all the calculations so far have been carried out using
¥ the mass distribution for the Nomad prototype nacelle structure and engine nacelle cowling.

3
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For binaries B6-0, B9-0, B12-0 and B 18-0, some flutter speeds were also calculated using
the two lighter mass distributions for the nacelle structure and engine nacelle cowling. The
mass distribution, in which the mass of each item of the nacelle structure and engine nacelle
cowling is equal to 75%, of the value listed in Tables 1{(b) and 1(c) will be referred to as nacelle
model A. The mass distribution, in which the nacelle structure and engine nacelle cowling are
idealised as 8 point masses, will be referred to as nacelle model B.

The flutter speeds calculated for binaries B6:0, B9-0 and B 12-0 using either nacelle
model A or B differ from those calculated using the Nomad prototype nacelle mass by less
than 1°,,. For binary B 18-0 calculations using nacelle model A showed a 4°,, decrease in flutter
speed and calculations using nacelle model B showed an increase of 6',. Although the total
mass of nacelle model B is slightly less than the total mass of nacelle model A, the generalised
mass and hence the generalised stiffness of nacelle model B is greater than that of nacelle model
A. It is this increase in generalised stiffness that leads to the higher flutter speed for nacelle
model B.

As was expected. in most cases the variations in the mass of the nacelle structure and engine
nacelle cowling made little difference to the calculated flutter speeds. However, it is recom-
mended that, in future, propeller whirl flutter speeds be calculated using nacelle model A.

5. CONCLUSIONS

Propeller whirl flutter speeds have been calculated for the N22 Nomad production aircraft.
Reference to Table 9. where these propeller whirl flutter speeds are tabulated, shows that they
lie well outside the aircraft’s flight envelope.

Because the propeller whirl flutter speeds calculated for the N22 Nomad production aircraft
were so high, a simplified model was used to demonstrate the effects on flutter speed of engine
node location, structural damping and variations in the mass of the nacelle structure and the
engine nacelle cowling. The results of these calculations for the simplified model show clearly
the stabilising influence of an aft engine node location. When amounts of structural damping
equal to one quarter and one half the measured values were included in the equations for the
simplified model. the calculated flutter speeds were increased considerably even for these small
amounts of structural damping. These effects on flutter speed of engine node location and
structural damping are consistent with the findings of previous propeller whirl studies. As was
expected the variations in the mass of the nacelle structure made little difference to the calculated
flutter speeds.
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TABLE 1 (A)
Engine Installation
Item Mass X Axis Arm
(Slug) (Iny
Engine (Bare) (Port) 6-06 154.9
Engine Mounts (3 off) 0-13 (3202
Tacho Gen (2 off) 0-11 53
Oil Tank 0-21 14,-0
Oil Tank Supports 0-05 1462
Oil Cooler (Bolts and Flange) 0-30 171-7
Oil Pipes 0-21 }52-2
Oil (Miscellaneous) 0-01 152-2
Oi! Press. Transmitter (Torque) 0-02 144-2
Qil Press. Transmitter (Engine) 0-02 f44-2
Oil Cooler Duct Fixed 0-06 180-0
Oil Temp. Bulb 0-01 168-0
Propeller 3-84 131-%
Starter Gen. (Port) 0-53 | 159-9
Fuel Line to Fire Wall 0-03 | 174-0
Fire Warning Transmitter 0-05 q 164-0
Fire Extinguish Nozzle 0-00 . 179-0
Drain Branch Assembly 0-01 ! 165-0
Miscellaneous 0-18 | 1522
Compressor Bleed Assembly 002 | 1680
Flexible Connector 0-05 152-2
Total -9 1479
" TABLE 1 (B)
‘ Nacelle Structure
)
!
’ ltem Mass X Axis Arpe
?E (Slug) (In)
’ Riveted Structure | 0-31 168-0
r Riveted Structure 2 0-75 1809
: ‘ Rear Fairing 0-05 206-0
; Bottom Support 0-l6 1686
Yoke Assembly 0-34 152-0
Mounting Brackets (2 off) 0-22 1822
Tie Rod Assembly 0-10 1631
: Miscellaneous 0-01 171 4




TABLE 1 (C)
Engine Nacelle Cowling

[tem Mass X Axis Arm
(Slug) (In.)
Upper Front Fairing 0-05 1420
Lower Fronat Fairing 0-11 144-0
Coupling 0-02 136-0
Top Cowl 0-30 165-0
Lower Cowl 0-27 161-0
Miscellaneous 0-01 158-3
' ' TABLE 1 (D)
Nacelle Structure and Engine Nacelle Cowling £ ]
Section Mass (Slug) X Axis Arm (In.)
I 0-20 141-0
2 0-37 1520
3 0-10 156-3
4 0-09 162-8
S 0-11 168-2
6 0-11 173-6
7 025 178-7
8 0-61 194-2
"v )
)
)
.?'
a TABLE 2
‘ Propeller Data
' I, 4-8415 Slug ft2
’ Ipp  2:267 Slug ft2
. £ 2025 RPM  212-06 Rad:Sec.
4
g




TABLE 3
Wing Mass and Moment of Inertia Distribution
Inboard Outboard Mass Moment of | Distance of
Edge Edge of Inertia of | Strip C.G.
of of Strip Strip About Aft of
Strip Strip (Slug) Its C.G. Front Spar
vy () (Slug ft2) (f)
0-0 1-2 2-68 2-84 1-34
1-2 2-4 2-68 3-49 1-53
24 36 2-43 2-59 1-40
REI 4-8 2:45 2-38 1-36
4-8 6-0 2-38 2:35 1:37
6-0 7-2 2-40 2-40 1-44
72 84 2-27 2:16 1-40
84 9-6 2-26 2-34 1-45
96 10-8 0-95 1-73 2-09
10-8 12:0 0-87 1-89 1-36
12:0 13-2 069 1-63 1-18
13-2 14-4 0-63 I-74 1-84
144 15-6 0-50 0-94 1-83
156 16-8 0-38 0-78 1-59
16-8 18-0 0-43 0-82 176
18-0 19-2 0-34 0-66 1-86
19-2 20-4 0-43 0-76 1-99
20-4 21-6 035 0-73 1-78
2146 22-8 0-54 0-86 2.3
22-8 24-0 0-33 0-66 1-89
TABLE 4
Modal Data
Description Position of Node Natural Damping
of Relative to Frequency ("
Engine Motion | Engine Support Yoke (H7) Critical)
Engine Pitch 25:0 Inches Aft 6-01 1-4
Engine Pitch 19-0 Inches Aft 6-51 1-8
Engine Pitch 5-0 Inches Aft ®-85 241
Engine Pitch 5 5 Inches Ahead 10-64 2-4
Engine Pitch 16-0 Inches Ahead 15-40 1-4
Engine Pitch 7-0 Inches Ahcad 18-14 22
Engine Yaw A | 68-0 Inches Aft 6-48 2.2
Engine Yaw B | 90-0 Inches Aft 6-48 2.2
Engine Yaw 7-0 Inches Ahead 13-79 37

———

st




TABLE §
Binary Combinations of the Pitch and Yaw Modes
No Wing Contributions in the Equations of Motion

Binary Mip Map ' 6 K1 K=(K:/K1)
B 1-0 Yaw 6:48Hz | 8-650 5-919 0-1360 0-3062 14400 0-7119
Pitch 6:51 Hz
B 2-:0 Yaw 6-48Hz | 9-546 5-919 0-1089 0-3062 15900 0-6465
Pitch 6-51 Hz
B 3:0 Yaw 13-79Hz | 15-238 5-919 0-9091 0-3062 128500 0-0799
Pitch 6:51 Hz
B 4-0 Yaw 6-48Hz | 8-650 5-493 0-1360 0-4762 14400 1-2890
Pitch 8-85Hz
B 5-0 Yaw 6:48Hz | 9-546 5-493 0-1089 0-4762 15900 1-1705
Pitch 8-85Hz
B 60 Yaw 13-79Hz | 15-238 5-493 0-9091 0-4762 128500 0-1446
Pitch 8-85Hz
B 7-0 Yaw 6-48Hz | 8-650 12-749 0-1360 0-8163 14400 4-4229
Pitch 10-64 Hz
B 80 Yaw 6-48Hz | 9-546 12-749 0-1089 0-8163 15900 4-0163
Pitch 10-64 Hz
L [ (N DS
B 90 Yaw 13-79 Hz | 15-238 12-749 0-9091 0-8163 128500 0-4961
Pitch 10-64 Hz |
B10-0 Yaw 6-48Hz | 8-650 | 275-745 0-1360 2-8569 14400 1911905
Pitch 1540 Hz
BIl-O Yaw 6-48Hz | 9-546 | 275-745 0-1089 28569 15900 173-6133
Pitch 15-40 Hz
Bl12-0 Yaw 13-79 Hz | 15-238 | 275-745 0-9091 2-8569 128500 21-4456
Pitch 15-40 Hz
B13:0 Yaw 6-48Hz | 8-650 6-390 0-1360 0-2655 14400 0-6482
Pitch 6-01 Hz
Bl4:0 Yaw 6-48Hz | 9-546 6-390 0-1089 02655 15900 0-5886
Pitch 6:01 Hz
B15-0 Yaw 13-79Hz | 15-238 6-390 0-9091 0-2655 128500 0-0727
Pitch 6-01 Hz
B16-0 Yaw 6-48Hz | 8&-650 24-069 0-1360 0-9091 14400
Pitch 18-14 Hz
B17-0 Yaw 6-48 Hz 9546 24-069 0-1089 0:9091 15900
Pitch 8- 14 Hz
BI8-0 Yaw 13-79Hz | 15-238 24069 0-9091 0-9091 128500
Pitch 18-14 Hz




TABLE 6

Summary of Binary Results

Zero Structural Damping

No Wing Contributions in the Equations of Motion

]
|

Flutter Speed Knots E.A.S.

Propeller Blade

With Aerodynamic
Corrections

Binary Lift Curve Slope - 2n
Sea Level 22,000 ft
B1-0 > 890 304
B 20 > 890 - 630
B 30 294 209
B 40 358 288
B 5-0 498 457
B 60 214 151
B 7-0 686 - 630
B 80 - 890 -630
B 90 194 137
Bl0O-0 - 890 -630
Bll1-0 - 890 -630
Bi2-0 233 164
Bi13-0 890 630
Bl4-0 - 890 630
BI15-0 383 275
B16:0 -890 - 630
BI17-0 890 630
B18-0 280 198

Sea Level
415
-415

291
344
415
216
-415
-415
197
415
415
236
- 415
418§
366
418
-415
285




TABLE 7

Binary Combinations of the Pitch and Yaw Modes
Wing Contributions are Included in the Equations of Motion

Binary Mip: Maw | Map: Maw| f, K K=-(K:/K))
(M- 0)
B 3-1 Yaw 13-79 Hz 15-238 7-701 0-9091 | 0-3062 | 128600 0-1030
Pitch 6-51 Hz
B 6-1 Yaw 13-79 Hz 15-238 18-759 [ 0-9091 | 0-4762 | 128600 0-4636
Pitch 8-85 Hz
B 9-1 Yaw 13-79 Hz 15-238 28-658 | 0-9091 | 0-8163 | 128600 1-0488
Pitch 10-64 Hz
Bl12-1 Yaw 13-79 Hz 15-238 968-008 | 0-9091 | 2-8569 | 128600 71-8476
Pitch 15-40 Hz
BI8-1 Yaw 13-79 Hz 15-238 646-106 | 0-9091 | 0-9091 | 128600 | 65-4794
Pitch 18-14 Hz

TABLE 8
Wing Generalised Aerodynamic Force Coefficients
M~ 03
Modal “requency v Q' Qs

6-51 Hz 0-001 - 0-203403 - 0496435

0-1 ~ 0-190580 ~0-597241

0-2 0-169647 - 0-646083

: 0-3 0-142194 —0-669829

' 8-85 Hz 0-001 1-306722 ~ 4-880833

01 ~1-240116 - 5-220880

02 1-097227 ~5-373148

" 0-3 0-880213 —5-445278

) 10-64 Hz 0-001 0-575231 —3-531347

0-1 (543176 -3-546074

’ 0-2 0-450659 3-562088

T‘ 03 0-29%256 3571111

.! 15-40 Hz 0-001 6-469120 109150463

. 01 §-724306 108-817130

02 3-389023 108503241

; 03 0-605255 108 - 387963

“ 1814 Hz 0-001 23830277 171137030

. 0-1 24-821527 169- 109720

¢ 0-2 27-943425 169291700

o 0-3 33-134861 169449070
by
¥
3
;
-
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TABLE 9
Summary of Binary Results
Wing Contributions are Included in the Equations of Motion
Zero Structural Damping

Assumed M

0-3

Binary

Assumed

Flutter Speed Knots E.A.S.

Propeller Blade With Aerodynamic
Lift Curve Slope - 2# Corrections
Sea Level 22.000 ft Sea Level 22,000 ft

-890 630 415 - 295
890 -630 415 - 295

- 890 630 415 - 295
890 630 415 - 295
865 630 415 - 295
877 630 415 - 295
890 -630 415 - 295
890 630 415 295

- 890 630 415 - 295

- 890 630 415 - 295
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FIGS. 23, b, ¢ COORDINATE SYSTEM USED IN THE ANALYSIS
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