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ANALYTICAL MCDBELS FCR ROGTCR TEST MCDHLE, STRU'T, AND
BALANCE FRAME DYNAMIZS TN THE 40~ BY S0-IT “IND TUNNEL

Wayne Johnson*

L8, Acmy Air Mobility 3%D Laboratory
Moffett leld, California

SUMMARY

A mathematical model is developed for the dynamice of a wind tunnel
support system consisting of a balance frame, struts, and an aircraft or
test module, Data are given for several rotor test modules in the Ames
ho- by So-ft wind tunnel. A model for ground resonance calcnlations
is aleo described, |

INTRCDUCTICHN

The wind tunnel festing of helicopter xotors requires a consideration
of the dynamic characteristics of the coupled rotor and wind tunnel
support system, An aercelastic analysis of a xotor in a wind tunnel is
described in rveference 1., Buch an apalysis requires a mathematical description
of the wind tunnel balance, strut, and test module, This report documents
a model developed for the dynamics of a wind tunnel support system, 1ncluding
data for partlcular rotor test modules in the Ames 40- by 80-ft wind

'tunnel.

 SUPPORT EQUATIONS OF MCTION

‘The required des crlption of the rotor support system takes the form
of arset of llneal, conotant coefflcient Aifferential equations, excited

) by forces and moments at the wotor hub (and also pousibly by fixed system

~control inputs). plus the rotor hub mot:on produced by the supnort degrees

“of freedom (see reference 1) Let x ‘be the vector of support degrees of :

ffreedom, and Ve the vector of control 1nputs for the support system. Let

: *Résearch:Sqientist,»Large,SCale Aerpdynamics Branch,,NASAéAmes Reseatch:eénter g
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o¢ he the linear and angular shaf't motion at the rotor hub, F the rotor
forces and moments acting on the hub, and g the vector of aerodynamic
pust components. IFollowing the definitlons of reference 1,

the componente of o< , ¥, and g are:
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The gust components are in a tunnel axis system (x aft, y right, and z up),
while o< and ¥ are in the shaft axis system (see reference 1). These
gquantities are Aimensionless -- g based on the votor tip speed LR, the
linear hub displacements based on the rotor radius R, and the hub forces
and moments in rotor coefficient form. The general form considered fox

the rotor support equations of motion and the hub motion is thus:

u

Ay + ayxg + agx bvS +-ng + aF

5

oc-cxs

For use in the aeroelastic analysis of reference 1, these equations are

made dimensionless, hased on 8 S2 , and B, With ¥ in rotor coefficient
form it is also convenient to normalize the equations by dividing by (N/?,)Ib
(where N is the number of blades, and Ib the characteristic inertia of the
rotor blade). Note that the matrix & may always be obtained from the

matrix ¢ (reciprocity theoren).

Normal Mode Description

Consider a general normal mode description of the elastic wind tunnel
A -
support system. The displacement u(F}t) and rotation tS(?,t) at an

-2-
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arbitrary point % are expanied in reries of orthogonal vibration modes,
with the generalized coordinates q ( t)s

WE,t) = o ‘1},(*3) Eb(r
B(F1) = £ q(t) ()

The differential equations for the deprees of freedom 4, are then
" [ ?
[N (7S] = f
”k(qk * 8, k%K + k qk> Q’k
where "Ik is the modal mavs and “ﬁ( the natural frequency: f, is the
structural damping coefficlent for the mode; and Qk is the generalized

-t
forece., The hub motion is obtained from the mode shapes ; and § at
the rotor hub:

o {93

R o
js“ft RST §n
T“s'iu Rs'r %}
Ts- ¥y
P Bw
7 |

where

= S
Here i and ¥ are in the tunnel axis system, so RS’L‘ is the rotation

matrix to the shaft axes. The generalized forces due to the rotor hub
forces and moments are:

$a8

where

Son

[2k$.zk ’ZS'tK -3S’i" -2\“- Ky 3;.8“ "7_2.6‘ J

Making these equations dimensionless as appropriate produces the required
support equations of motion.

3



Ground “esonance 'lodgl

A simple model for ground resonance calculations is obtained hy
describing the support by lateral and longitudinal inplane flexibility with
an arblirary number of modes, Vertical, yaw, pitch, and roll motions of
the hub are neglected. It ic acsumed that the measured hub impedance is available
from shake tests. Then the equations of motion for the generalized coordinates
q; are:

(1] N . . 2 -
quk + quk + ”R‘Ak Qe fk
where fk = H or Y for longitudinal and lateral modes respectively. The
hub motion is

xh = long.modes qk

M T Imemodes U
The natural frequency td)k. generalized mass Mk' and modal damping coefficient
Gk may be obtained from the hub impedance. The matrices in the support
equations of motlon are thus

N F N ¥ . ¥
az = [ Mk\] a, = %c\ ag = hk\

* § > * 2 * ,* 2
where 1 = M /(4N1, /3%), o) = 0 /(4NT, L2 /87) | and ¥ = My (e /02)%; and the

hub motion matrices are zero except for the elements:

3%? = Oy = 1 longitudinal modes
—-'51{3 T Cop T 1 lateral modes

Cantilever Wing

A model for a wing attached to the wind tunnel with cantilever root
restraint (no balance motions) is developed in reference 2 for proprotor
dynamics calculations. The rotor is located on a pylon at the wing tip,
with the rotor hub a distance h forward of the wing tip elastic axis. 4An
arbitrary angle of the pylon with respect to the tunnel velocity is considered.
The wing motion is described by three degrees of freedom: vertical bending,
chordwise bending, and torsion. TFor further details of the model, ree ref. 2.

-



JALANCE, BTRUT, AND MCDULE ¥(DEL

We shall now develop a generalized cooxdinate deceription of a
wind tunnel suppoxt consisting of a balance frame, struts, and an aireraft
body or rotor test module. ‘the analysis will use the free vibration modes
of the aircraft or module, coupled with a simple model for the balance
frame and strut system. The resulting equations in normal mode form are
H‘!,c(eik * “I;Z g‘k) + .,S gkiqi = = KIEF

oK = cqu

Hers 9 are the generallzed cooxdinates for the complete system. The matr;x
T (with rous: }F) may be obtained from the matrix ¢ (with columns ck) always,

Balance i'vame

Consider a balance frame cupportes by & scale system. The balance
has a turntable; the turntable yaw angle M is defined positive to the
right, ¥ = 0 with the main struts forward and the tail strut aft., The
halance frame motion 18 described by the six linear and angular rigid
body degrees of freedom -- Xgs Ygr Py X ' By' and < 2 The elastic
deflections of the balance frame are neglected. Thus the motion of an
arbitrary point (x,y,z) melative to the balance frame (G is given by

= xp + olg R ~ odgu
A‘x = XQ B,’,% 70(5! \')
Asus -~ ‘5 C*B, i-'* Xpa R
Az = %R +’(ﬁ;3 - °‘&3X
The balance scale system is represented by springs to fixed gxound: four
1ift ﬁcales (1 ) two £ide scales (1\ ), and one drag scale (l~ )., The
balance syotem ontional]y has v1scouq dampers betyeen the frame and ground -~

“elght ﬂanper* at the corners of the balance frare (8 worklng vertically. 4 ‘
8 1ongitudinally, and L 1atera11y)

ORIGINAL PAGE 5
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Struts truts

There are two main struts and a tail strut., It is ascumed that
the main struts are cantilevered at the root (the balance frame), and
pinned at the tips. The tail strut is pinned at the tip, pinned at the
root longitudinally, and cantilevered at the xoot laterally. The inertia

‘reaction of the struts is not considered (tbé strut mass is Ancluded in

the balance frame inertia). Cnly the spring restraint between the balance
and module i considered -- latexal, 1ongitudina1. and vertical for the
main struts, and 1a.’terd.1 and vertical for the tail strut. The strut
deflection model is bhased on the modes of a uniforn cantilever beam.

The vertical stiffness of the strut is very high; it is only included

ac the sinplest means of handling the vertical motion constraints. It
should be noted that the assumption of pinned joints at the strut tips,

and even cantilever at the roots, iz probably not very good (based on

the stiffnesses xequired to match various experimental results). The
physical system is of courge more complex, perhaps so complex that even a
sophisticated structural dvnamiCu nodel such as NASTRAN will not improve
correlation much.

A prop test rig is also considered, for which only the two maln
struts are used., The module is constrained in pitch at the strut tips

in that case.

The strut tip displacement is given by the sum of the bending modes

of a cantilever beam. Thus for the left main strut, the tip motion due
to elastic bend,ing ist ’

AXQ,. = § ImsL , 1’ongitudinél~ -
Aqe = i." ,‘1,:“5,_1' U ‘laté'ral |
A%b - £ °\"‘St-z S ,,/\reiﬁiéal

| Adjb = i Yrsn (‘#n/ﬂ 3?“"°h
where R is the strut 1engtb. These components are defined with respect to

;—6;/ g



axes yawed with the balance turntable. ‘The tip deflection for the right
main strut (MER) and the tail strut (18) ave defined sinilarly (only

lateral and vertical deflections for the tail strut, an® the main strut
pitch motion ic only requived for the mrop test rim). The potential cnergien
of bending and extenslon of the strut are

it oo by 2
bending - }‘bend § @‘“qn
2 Loy 2
Vextencion % Mext & 9y
The modes of a uniform c{intilever bean give:
n [ P
1 3,091 1.367
2 12102 b8
2 9521 7.8
b 3656, 10,996
Noninally the epzing constants are K = BI/ 22 ana K, = EA/R 1 in

, “bend ext
practice these parameters are evalunted by matehing to the measured frequencies

Hodule

The module motion is described by the normal moﬂes of free vibration;
the first six modes are the linear and angular rigid body degrees of freedonm,
''he motion is defined with respect to the yawed axis cystem, with origin
at the module GG. The linear and angular motion of the point T = (%,y,2)
, s : vth’us‘ glven by the module E;ene:ralizeﬂ caon:dinates ‘1'1; as follows:

b

mod’u’leh E qu('t i“u(r

b ;
emocf'ulte = % qt'ik(’b) KM"(:C)

For the six rigld body nodes - | o

2 Ml 1 el L) [ew

; =0 o) 1 o -2 lel ;)

o Ll Lol _,‘_ o) S S
In partn.cular, 'bhe ro tm:' hub motlon is {,3;:Lven by |

; 2 jMV’ fMy. \«u\o



- -
Here ; and Y are Ln the yawed axis syctem, 5o it is necessary to :

premultiply by the rotation matrix

cas ¥ s =
R om S ¥ s ¥ )
Gt G . ‘

to obtain the hub motion in the tunnel axis system,

Module/Strut Connection

The system han constrainte imposed by the connections hetween the
module and strut tips. BSpecifically, it is required that the strut tip
motion (composied of balance motion plus rtrut bending terms) equal the
module fmotion At the connection voints. This constraint is applied to
the three linear deflections at the main strut tips, and to the lateral
and vertical deflection at the tall strut tip. For the prop test rig,
the pitch deflection constraints at the main strut tips replace the tail
strut constraints, ' ’

Degrees of Freedon

The degrees of freedom of the system consist of the six halance
rigid body motions, the six module rigid body motions, and N module
elastic modes. The strut deflectlcis do not ada degrees of freedom since
- the strut bending inertia is not considered, The constraint equations
thus must be used to eliminate the strut deflections from the set of
equations, 1eav1ng 1?+1 equations to be solved for the coup)ed normal
modes of the balance/strut/modula system.

Ene;‘g‘ Y 'anrl' GOnsti'aint‘s ‘
The kinetic energy of the model described above is
T = g“ﬁn“ﬁ +M35‘%B +MBQ'EQ

- I‘Bndﬂu + 133 “‘35 + IB! “Q!

Ermin T



The potentiasl energy ls

. !y
Ko (Aigm. + A%n.n. -Q-Aiun. + Alu.n.)

M.— .-L{
+ K¢ (A\y.s +Av)g53 + Kbb"b

+ Kps, (€ @ ﬂm‘ + EB-Fmstn )
+ \LMs (£ (Bu <‘\,..5L.3 + EBw f\msg:)}
*K‘Ts'(a@“"\vs‘)'),~ | s
+ v ( G\M‘:Lz + "’\Mskg + ﬂﬁaw

+ £ Mu. Whe She
- M °\ ‘
~The ~conat:}a,ima equations (at the strut tips) ave:

N el Alngy — ww b)““- - Eﬁmi*}m:c’ | |

£ ity + ééw,'Axgs..' o Adug = EGm 3 Im =S
Imstz | + AZMSL S5 Eﬁm k fm =o0

 £ TMng wﬂ + S 043, + W‘P olg:) -SC\M& bS 5;\..,. =3 |

and similarly for  the right mam strut ana.. the: _f.bail_ ;s-t,rut-.- -



Lagranse'c Equitions

The dilferential cquatlons of notion e ohiained *rvon Lagranre's
equations including constvaints. ‘The constraint cquations are of the
form ‘

» {’;,(Qicnq“) w0 fork = 1.,.K
A1th lincar constraints {on hare), there cquations mav be written

. 2

& a““ ,}n’m O

Then the Lagrange equatlons with the constraints are:
T 3T >l ;

g 3T 3T > §\KMn

ALY

&"; 5’%, - a“\ﬁ gi\' = Q,\”‘ Sﬂa for n«= 1,0

Thus there are NH cquations for the Jegrees of froedon 9 and the Inprango
multivliors Ny o liote that the mass and stiffness matricer oro cynngisien]
with linear constrainte, S

~dy this procedure the ¢quatlons fereribing the balance, rirat,
ant no'ule dynanic system nay be conrtructed;

Solution

Slininating the Lagrange multipliers and constraint equationp‘

from the systen gives a set of 124k, linear diffeveniial equatlons, of

the form:

| | Aot Ak A= | - |
where 31‘1¢ a Aanping matrlix (b&l&nea dampers. or aereﬂyhamiczéamping),~;‘;~‘
and Q iz the generalized force vector (due to hub forces an? momentni and
pexrhaps contributions from aerodynamic gusts or support nysten control
 variables). - ‘ : e

The homogenecus, undanred eguations are

Azg + on =0

,(uiunmﬁ;L]RAgugls iy



where A, and Ay are real symmetric matrices, It follows that the eigenvalues
are real and positive, and the eigenvectors real. Let oaé’ ‘be the
-elgenvalues of A?le, and T the modal matrix (columns are the eigenvectors)
Then the modal coordinates for the coupled system axe defined by q = T 1x;

the natural frequencies of the modes are Dk’ and the (diagonal) generalized

mass matrix is
i’\lkz é '1‘ A 'l‘

The damping matrix is then

f Gki-g T A T
(only the diagonal terms ave usually important), Finally, the hub motion in

terms of the modal coordinates of the coupled system iss

b
o = Ry Lo ":; jiq‘“z

' . g |
& = Ry [ ;'M; ]tk’ v

where ﬁ 1is the appropriate column of the modal matrix’T. Thi%'completes
~ the description of the rotox support equations of motion and the hub motion
in the required form. )

S0

DATA FC.' ’IHE‘ AMES 40-— BY 80-FT WIND TUNNEL

The following ‘sections give the geometric, mass, and stiffness data

_ for several rotor test modules and strut combinations in the Ames 40- by
| - 80-ft wind tunnel.':The geometry was measured directly. The inertia data
“were obtained from'direct‘mea;urements and from NASTRAN‘caloulatiOna.- The
.utiffneoses were obtained by matching the calculations with shake test :
results for the prlncipal natural frequencieo of the system. Dxperiment
ié?the“only,reliable'souroé,for,nodal damping values, because even for the
‘balanoe',d,anipers the mod‘aljdﬁa.‘mping is very sensitive to the details of ihe
motion, The shake test data used waS,fxom~re£éxgncesl3vto 5. o



_Balance

M = 53500 kg

I = 325000 kg-n® :
1, = 340000 kpr-n?

T, = 10000 ke-n'

Xgg = ~oH9 m relative to center turntable, drag
BT 1ink elevatinn for yaw 4 = 0,

Kpy = 9000000 N/m
Kq = 9000000 N/m
K = 36000000 1/m

Cﬁamper = 15000 N/m/sec

Position; m
(relative center turntable, drag link elcvation)
X oy %
scale springs
D ; 3.086 0 0
RS | 2,553 0 0
COF8 -3.899 0 0
ARL o h.agy ~54157 1.8
REL | -l 877 -5.153 1.8
IRL 877 5,153 1.8
LFL S -4.877 5453 1.8
dampers 7 Pl o | o
' long SE - -b,88 -3.05 1.4
ooow b h.g8 L3405
lat§8 | w281 55 1l
- =31 5415 L
w320 0 545 - L

-12-



Rotor Test Apparatus

: xzx = 2900 lkg-n

I = 13800 kg
I,= 2600 kg~m2
Iy = 54500 kg-m"
I, = 49500 kg-n

NN W

tail length = k4,521 m
tread = 2,438 n |

- long

long struts, short ahort.struts, :
struts bal, locked. struts = bal. locked
strut helght h.72 72 3.96 3.96 m
Kug 1120000 830000 550000 450000 N/n
Ky 1780000 920000 830000 - 500000 N/m
Y e | SnE e
Ko 730000 560000 1410000 © 270000 N/m
Kyort 6 x 10 N/m
Position, m
~ (relative module CG) ‘
left nain strut -1.503 -1.219 -5
right main strut | -1.503 Codept9 -5
. tail strut | 3018 0 ]
hub L 22 0 - 1.679




Propellcr Test Rig
M = 8600 kg

= 14600 kg-m2 |
950 kg-m* for turntable yaw A =0

Noou I

14600 kg-n”

tread = 2.438 n
~ strut height = 6,07 m

balance free ~ balance locked
Ry | 310000 310000 N/n
X | ,
Kyg 580000 ; 450000 N/m
Y ' ' g .,
Kyért~ 6 x 10 N/mk
Position, m
(relative module CG, A = 0)
: X SRR 4 , %
~ left main strut | 0 -3.39
 right main strut 0 -5
hub o 3.20
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