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ABSTRACT

The eserodynamic damping and oscilletory stzbility in piteh of a
sphere at selected Mach numbers from 0.20 to 4.563 have been determined
experinentelly by using 2 amellesplitude forced-oscillsation test
technique. The data obtained for oscillation centers forward of,
colncident with, and rearwerd of the geometric center of the sphere
are prercented as ¢ function of mean angle of attack. In addition to
the test results, csoume details of the test technique are included
for the benefit of other workers in the same field who may be interested.
Nomenclature suited to this type of wind-tunnel test is used in the
development of the equations which were used to reduce the measured
serodynanmlic characteristics to nondinensional form.

Appendix II presents a method by which the small-amplitude
forced~oscilletion test technique may ve used to separate the two
derivatives which are combined in the oscillatory-stablility parameterx.
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INTRODUCTION

A sphere having linear motion with respect to a fluid has been
the subject of many theoretical and experimental works in aserody-
namics and hydrodynemlcs. The sphere, being the mogt basic of three-
dimensionel shapes, is often used as a calibration device in wind tunnels
because so much information exists concerning the flow over the sphere
and the forces on the sphere as a functlon of wind-tunnel varisbles.

A lack of experimental information concerning the eserodynamic
damping and oscillatory stability of spheres prompted this program
to measure the damping and osclllatory stabllity characteristics
in pitcix of & sphere by using o small-amplitude foreed-oscillation test
technique.

In addition to the test resultse, some details of the test technique
are included in this peper for the benefit of other workers in the
same Tield who may be interested. The nomenclature employed herein
differs from the nomenclature employed by flight aerodynamicists.
The desirability of this departure from convention is explained in
chapter I where the equetions which were used to reduce the mensured
aerodynamic characteristics to nondimensional form are developed.

Appendix II presents a method by which the small-amplitude forced-
oscillation test technique may be used to separate the two derivatives

which are combined in the oscillatory-stability parameter.



CHAPTER I
EQUATIONS FOR REDUCTION OF DATA

1.1 Preliminary Remarks

The complete description of the motion of a rigid body generally
requires & set of six simultaneous differential equations. A single
differential equation suffices for the mathematical description of
the motion of o rigic body if one point in the body is fixed in the
laboratory and freedom is restricted to rotation zbout a single axis.
Because the technlque which was used for these tests limits the
motion of the rigld body to small-amplitude anguler oscillations
about the body Y-axis (pitch axis) the problem is reduced to setiing
up and solving the alfferential equation of the oscillating systen
and then solving the resulting algebralc equation for the asrodynamlc
characteristics of the rigid body. This should be done in such a way
that the serodynamic characteristics of the rigld body are expressed
in terms of conventional nondimensionsl asrodynamlic derivatives equated
t0 measursble quantities.

Unfortunately, the conventional nondimensional aerodynomic
derivatives ere intimately asgoclated with airplane configurations.
This association has led to the rather restrictive assumption that

the angle of atiack is very near 0°. (See, for exsmple, refs. 1 and 2.)

!



When this and certain other less restrictlive assumptions are made,
the dimensional aevodynamic damping coefficient C,..,, a8 measured
on a rigid body in s wind tunnel by the small-omplitude forced-
oscillation technique can be expressed in a nondimensionel form as

the "damping-in-pitch pararetex” Twc nondimensional aerody-

Cmq + Cmd,'
namic derivatives are used to represent the single dimensional dsmping-
in-pitch coefficient because due account is taken of the fact that, as
explained in reference 2, damping in pitch for a free-flylng sirplane

cen arise from both g and & even though when using the forced-
oscillation technique in a conventional wind tunnel ¢ - a. Similarly,
the usucl nondimensionzl form of (K - IoF) noyo 18 the "oscillatory-
longitudinel-etablility paraneter” Cog, - %@-)zcmé. A serious problem
arises in deriving theoe expressions when no assumption is made
concerning the nagnitude of angle of atiack. There is then no rigorous
and loglical way of expressing the dimensional azerodynsmlic cheracteristics
in terms of the conventlonal nondimensional aserodynamic partial
derivatives.

Rather thau trying to express tie measured dluensional zerodyunaric
characteristicc of o rigid body in teimiz of possible free-1light
varisbles, they will hereln be expresced in terms of the variables
actually messured in the wind tumnel in n mumner similar to that of
reference 3, with no restrictions belng placed on angle of attuck.

Thus, the damping-in-pitch parameter ils expressed as > and the
oscillatory~longitudinal-gteblillty parometer is expressed as

2
wd\ % . .
Cag - (‘V— Cpy where 9 is the one angular degree of freedom allowed



the model in the wind tunnel. This procedure presents no difficulties
because at any meen angle ol atteck the dimensional voelues of Cpepg
and (K - Iwg) sero &re immediately avallcble when thelr respective
nondimensional forms are mulitiplied by the proper dimensionalizing

factors.

1.2 The Differential Equation of Motlon

Considerable attention will be given to setting up the differential
eguation for the rigid body in order to ewphasize the [undumental
relationships between the nondimensloncl serodynapdc derivuetives and
the more familiar mechanical concepts ol stiiinesc, damping, aend
inertia.

The analysis of this torsional system is based upon Newbton's

ZMI (1)

vhere Z M is the swmation of the moments of force cpplied to the

pecond law in the form

rigid body, I is toe mechanical monent-ol-inertia coefficient of
the rigid body, and 3 is tue instantooeous engular acceleration of the
rigid body.

As will be explained in section 2.12, the body being tested (the
model) Ls nounted on the oscillation~balance mechanisau. The coubination
of the model; e portion of the oscillation balance forward of tihe moment
sensing strain-goge bridges, and the mechanical spring of the oscillation-

balance mechanisz forms a "model system” which has lumped mechanical



characteristics of torsional stiffnecs, K, viscous cdarmping, C,
and moment of inertic, 1.

A ginusolidal foreing function is imposed upon the model system
by using a rigid mechanicel device (described in section 2.12) to

produce oscillotions in pltch.
Forcing function - Mel®® (2)

This forcing function produces & time-dependent change in the
angular position of the model system with respect to the supporting
sting such that

Instantoneous angulsr displacenent = 9

Instantaneous engular velocity = 3

Instanteneous angular acceleration - 3
The coefficlent of the mechonlcel torsional stiffness, K, und the
coafficient of the mechanical viscous damping, C, for the model
system are both positive and give rise to torgues

Torgque due to angular displecement = -K3
e Torque due to angular veloclity = -Ch ()

The negetive sign on K9 indicates that the torque due to angular
displacenent of the mechanical spring acts in opposition to the angular
displacement =nd likewlse the negative sign on CH indicates that the
torque due to angular velocity =cte In opposition to the velocity.

The stotic pitching moment which would exist 1f the model were a
eny angle of attack other thsn the trim sngle of atteck (angle of ettack

where Cp = 0) will be a torque sbout the aexis of oscilletion. This



torque need not be considered in the equation of motion because it
is exactly balanced by its equilibramt imposed on the model by the
supporting sting. (The model is forced by the sting to be “trimmed"
at each mean angle of attack et which dato are taken.)

In 2 manmer similar to that used in reference 2, the serodynamic
torques which arise irom the motion of the model are expressed as
functions of instantaneous angular displacement, instantaneous angulaer

veloclty, and instantanecus angulexr acceleration in the form

2umroz-=§.§3+§§e3+§§§ (4)
03 a9 S

Incorporating equations (2), (3), and (4) into equation (1) gives

o 5 - KD - €O + Met¥t . 15 (5)
(. I

aerodynamic mechanical  forecing
torques torques function

Tdg

oM 3+ oM 3+
J9

Combining coefficients of like terms and recrranging gives the
desired differential equaticn of motion of the model system which is o
typlcal nonhomogeneous linear differential equation of the second

order with constent coefficients

oM\ M\ OM 1wt
I-5)0+(C-2)+(K-22) =Me
- le-Bpe (- ©

Before equation (6) is solved it is convenient to convert the
dimensional pitching moment M to a nondimensional pitching-moment

coefficient Cy.



It is shown in reference 4 by dimensionzl anulysis that the force

acting on solids moving through fluids cun be exprecsed in the form
Force = F = Cp }é DVQA

where Cp 1is o nondimensional force coefficient.
Since u moment (of force) is the product of a force and a length,
& moment can be expressed in terms of & nondimensional moment

coeificlent as
Moment = (force)(length) = (CM% pVQA)(length) (7)

where Cy is a nondimensional moment coefficient.
The length on the right-hand sice of equation (7) is usuall
chosen to be the length, d, which appears in the definition of

Reynolds mumber. Thus, as derived in reference 4
, =M= G 2 oV 8
Pitching moment = M = Cp 3 PV-Ad (8)

where Cp is 2 nondimensionel pitching-morment coefficient.

Since the dynsmic pressure is
Q=% oV (9)
it follows that

Cu = 5a3 (20)



Dividing equation (€) by QAd glves

Ay, \ o oC..\ . 3 ’
"‘;“‘“‘;‘.20‘*'“"0"“-—:@9'* K-cm'?:;M’eiUt (11)
QAd 99 QAd  J8 QAd 0P QAd

Thus, by using the characteristic time % to nondimensionalize

the derivatives of 9, by definition

\
g - S
f 5a®
";5‘
AC
Caj = .-.-% > (12)
B(v”)
oC
o
%y = 33
Y,
From equations (12) it follows that
a, g2 )
—— = e T
3@ v W
a% - % Cng ? (13)
3C
— Cu
30 5

Substitution of equations (13) into equation (11) glves the desired

differentiaol equation of motion.

I _ oo+ (L..8c )5+ (K . - M giwt
(m"iy‘écme)“(cm vcm{;a-r(w cma)em‘me (1%)
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It lo epparent fiom the left-hand side of equation (14) that
Cmg is the cerodyngmic equivelent of XK and that at « trin angle
of attack a negative value of Cm3 would indicate that the rigid
body hes static stability in piltch sbout that trim angle of attack.
At ungles ol attuck other than those of trinm, the value of Cme
indicates the local slope of the static pitchinge-moment curve.
Likewice, Cmé is the uwerodymamic equivaelent of € and a ncgaﬁive
value of Cmé would indicate that the rigid body has positive aero-
dynamic damping in pitch. Cmﬁ is the aerodynamic equivalent of I
and o negetive value of Cmé- would indicate that the rigld body has

positive serodynamic inertia in pitch.

1.3 Solution of the Differential Equation of Motion

The complete solution to equations such as equation (1%) consists
of two parts. The first part is obtained by solving equation (14)
when the term representing the forcing function is deleted. This
transient solution describes the Iree motion of the model system in
the absence of the foreing function. The second part is any solution
of the nonhiomogeneous equation. This steady~state solution describes
the response of the system to the forcing function and the behavior
which it represente is called the forced motion.

In the mmalleaxplitude forced-oscillation technique of dynamice
stability testing, the existence of the transient solution ie never
sllowad because both the frequency and the acmplitude of the motion

are rigidly controlled such that at 211 times the complete 'solution”
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is known to be the forced steedy-state solution

;. %i(uﬁ;—.q) (15)

wvhere ¢ 1ig the phase angle between the applied moment of the forcing
function, M, and the resulting angular dlcplacement of amplitude @

The actual unknowns of the differential equation are the coefficients

which can be determined if M, 8, 3, and 2% 2re known. From

equation (15) it follows that
3 = 1{1931(“3t’r1)
. . 16
8' - ”~ .L(’w:'{;‘ﬂ) ( )

Substitution of equations (1%5) and (16) into equation (14) and

dividing by et (wt-n) gives the clgebraic eguation

el (7)

"“’2(““”"%) tofghz - § %s) * (3 - o) * g

By using the Euler identity

ell = cos 1 + 1 stin 7
1t is a simple matter to equate the in-~phase and quadrature components

of equation (17).
Equating the in-phase-with-displacement components gives

(18)

(e - o) - [ - & oug) - i



end equating the muadrvature components glves

Solving equations (18) and (19) for the nondimensionsl aerodynzmic

paramelters gives
i) M cos K - IoP
Cay = () cug - - gD + Lo filon (20)

V Msin g Cruech
QAAE QAd

(21)

c} 19

wvhere the mechanicsal characteristics are now explicitly identified by
the addition of the subseript "mech.”

In order to tuke mechanical or tare values into account, a
distinction is made between wind-on and wind-off data. Thus, for wind-

on peasurements equations (20) and (21) may be written

”

o - () s - - (A2e) o - I e (22)
g (V o3 QA wind on Qad
and
C. - [ (M M sin 3 1) Cmech (23)
ng =

In order to determine the mechanicel properties of the systenm,
wind-off measurements are made. From equations (20) and (21) it follows
that when the serodynamic terms are zero (wind off) the mechsnical

properties of the system are
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K - Io?) (*" cos ’*) ol
( mech 8 )uind off (24)

and

cmch - (M sin '(i (25)

8w )vind off

Substitution of equation (24) into equation (22) and of
equation (25) into equation (2%) gives the desired expressiocn for the
aerodynamic characteristics of the model in terms of measurable

quantities.

1.4t Nondimensional Stability Parameters

Thus the oscillatory-longitudinal-stability parameter is

wﬁa 1 Mec M cos
G LR (E JINCC S WM
g \v) ™ QAd 8 Jwind on 8  Jyind off

and the damping-in-pitch parsmeter is

. _ . X (Msin’r; _(M sin n)
bra a2\ P /g on ¢ wind off

The values of A and d are related to the geometry of the body being
tested and are mensurable by direct means. The equations used to determine
the velues of V and Q are found in reference 5. Thus, in order to

1\ 2
determine Cp, - (%@) Cyy and Cpy it is necessary to measure wind-on
|

and wind-off velues of M, 8, 7, .
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Noting that the wind-on measurements give the sum of the serody-

namic and mechanical characteristics, the wind-on terms may be written as

M i\ )
( cgs )vs,nd on (K - Iu?)aero + (K - I""E‘)mech (26)
and
(u sin :}) c +C (29)
=5 . = Vaero mech 2
wind on

By using equations (24), (25), (28), and (29) in equations (26)
and {27) 4t follows that the oscillatory-longitudinal-stability

pavameter is

e s - e~ P

and the damping~-inepitch parameter is
\ .
Cmt = = ——= Caero (1)
e

This form of the equations makes clear the association between the
nondimensional serodynsmic psremeters and the serodynamlc characteristics

c and (K - Iof)

2ero earo’



CHAPTER II
METHOD OF TEST

2.]. Mechanicsl Equivment
This section gives a general description of the mechanical equip-
ment used in the test under the headings of wind tunnels and oscillation

mechanisn.

2.11 Wind Tunnels

Three wind tunnels were used to cbtaln the data presented herein.
Cormon to all the tunnels was the ability to control relative humidity
and total temperature of the air in the tunnel to prevent condensation
shocks.

The data from a Moch number M of 0.20 to 1.20 were obtained in
the Langley O-foot transonic pressure tumnel (8-ft TPT). This single-
return tunnel has o test section sbout 8 feet square and 5 feet long
with slotted iloor end ceiling to permit continuous operation from low
subsonic speeds to a Mach number of about 1.20. The angle~of-attack
mechaniem maintains the model near the tunnel center line and has a
range from wbout -4° to 14° when used in conjunction with the oscillation-
balance mechanism.

The data at M = 2.00 and M = 4.63 were obtained in test sections 1
and 2, respectively, of the Langley Unitary Plan wind tunnel (UPWT).

15
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BEach of these single-return tunnels hos a test section about U4 feet
square and 7 feet long. Asymmetric sliding blocks can be uaed'to
change the Mach number from about 1.47 to 2.87 in test section 1 and
from about 2,30 to 4.65 in tect section 2. The angle-of-attack
mechanism has a total range of about 25° when used in conjunction with
the oscillation mechanism. The exact angies of attack obtained depend
upon the relative orientation of the oscillation mechanism and the

angle~-of-attack mechanisn.

2.12 Oscillation-Balance Mechearism

Ixploded and sssembled views of the forwaxrd portion of the
oscillation-bulance mechanism asre presented as figure 1. The
oscillation~balance mechanism consists of a strain-gage balance which
is rigldly forced to perform a single-degree~of-freedom angulax
oscillation. The rotary motion of an amplidyne controlled d-c :na'c,or
1s used to glve the essentially sinusoidal oscillsastory motion to the
balance through a crank and Scotcheyoke mechaniam. The frequency of
oscillation can be varied from near O to sbout 25 cycles per second.
A mechanical gpring is mounted inside the ogceillation balance in such
a wey that the model being tested is commected to ground (the supporting
sting) through the spring as well as through the moment seansing strain-
cope beans of the cscillation balunce. The mechanicsl spring has
mounted to it a wire strain-gage bridge which provides an output
voltage proportionel to model displacement with respect to the fixed

sting.
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2.2 Meusurerents

Developed in detail in chapter I wie the eguations for the
oscillatory-longitudinal ~stebility paremeter (eq. (26)) end the damping-
in-pitch parameter (eq. (27)). As pointed out in chapter I, in order
to determine these parweters it is necessasy o know the wind-on
ond windeoff values of M, @, 3, and ®. A block diagram of the
electronic circuits which are used to determine M, 8, 7, and « is
presented in figure 2(z). Also shown in figure 2(a) are the mathematical
representations of the signals at each stage in both the M and 9
circuits. Where necessary, detalls of the verlious cowponents will be

given in the sections which follow.

2.2k Determination of' M

As shown in figwe 2(x), the J-kilocscie voltage source supplies
2.5 volts rms to two sewmlconductor four-srm strain-gage bridges locuted
on beus elements of the oscillution bulsnce. (For simplicity, the two
bridges are shown in figure 2 as a single moment bridge.) The bridges
are physically forwerd of the oscillation axis of the bolance and are
positioned in such = way that one bridge ig primarily sensitive to
pitehing moments ond the other bridge is primerily ue.nuiu*m o normel
forces. The outpubts of the two bridges wre combined ul the osciliction
balance in such o meumey that iy woment with respect to the oscillation
axis which is appliied to the balance produces an oubput voltage which
is directliy proportional to the sppiied moment. Thus, the oscillatory
moment of the forecing function modulates the 3-kxilocyecle carrier

voltage at the frequency of oscillation of the model system. The
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modulated signnl from the bridges is then umplified by a comstant-gein
lineur omplifier and pasced through an induction resolver which is
rotating at the frequency of oscillation oi the model syster. (The
induction resolver is essentially o transforuer with rotery vorisble
coupling between primery uud secondery windings. The windinge are
distributed in the various stator and rotor slots in such a munner es
to obtain a true sinusoldal transformation ratio. The transiormation
ratlios of the two secondary windings differ in phase by 3{- with
respect to either primary winding os the rotor is turned.) The resolver
resolves the input signal into orthogonal components which are demodulated
by phase-sensitive demodulators. The resulbting signals are filtered
and recd on vigltal voltmeters. The resolwver-filter-voltmeter systen
shown in Tigwe £{z) performs the very importunt function oi acting
26 an extremely ncrrow band~pass filter and completely eliminates the
cffects of random moments due to air-stream turbuience or other causes.
The unique featurc of this type of filter isg that the center frequency
of the band iz clways the {requency of oscillation of the model sysiem.
The principles involved are explained in detail in references € and 7.
The volimeter readings are wmultiplied by the factors necessary to
gecount for sensitivity and amplifier cttenuastion settings and the
value of M is determined from the resulting orthogonal components
referenced to the rotor position of the mowent resolver.

The determination of the sensitivities is accomplished by producing
u known unbalance of the strain-gage bridges by using o resistor which

cen be inserted scross one arm of the bridge. Figure 2(b) shows the
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noment circuit in block disgrem form with the mothemstical representation
of the signols st each stege which would be present during the determina-
tlon of the sensitivity comstant for the M, portion of the circuit.

The other sencitivities are determined in the sarme manner.

.22 Determination of @

As can be seen in Tigure 2(a), the electronic circultry used to
determine the amplitude of the onpulsy displacement 9 is identical
to that which is used to determine M with the exception that 10 volts
s ave opplied to o single four-orm wire strulnp-gage bridge. A5 vwas
noted in 2.12, the displacement Lridge ls located on the mechanical
spring of the osciilation balance and gives an output directly pro-
portional to angular displacement of the oscillation balance with respect
to the supporting eting. The wvalue of & is determined from the orthog-
onzl componentc of © referenced to the rotor position oif the displace-

nent resolver.

2.25 Determination o 7

The M and 9 1resolvers are physicelly alined so that the conponents
of M and 9 are, in effect, referred to & common reference oxis system.
The sngle between M and the reference r oxie ls determined from the

orthogonal components My end M,

P 1 £}
e @

and the angle between 9 and the reference r axis is determined from

the orthogonul components &5 and Q.



g = m.l(gi
Oy

The desired phese engle is thus 0 =§ - &,

2.2% Determination of

As shown in figure 2(a), there is fastened to the shaft of one of
the resolvers s 100-tooth gear which, in conjunection with an induction
coil pickeup, is used to generaste 100 pulses per cycle. The pulses
ere ampliiied, limited, and sent to an electronic counter where the
number of pulses per second is counted. Because the least count of
this system 1s one pulse per cycle, the accuracy increases with
inecreasing frequency. For exasmple, at 4 cps, frequency is determined
to about one part in 400 and at 10 cps, frequency it determined to

about one part in 1000.



CHAPTER IIX
TESTS OF SPHERE

3.1 Test Bphere

The design dimensions of the test sphere are given in figure 3
and a photograph of the test sphere installed on the oscillation-
balance mechanism is presented as figure 4. The sphere was made of
glass-fiber cloth and plastic and was secured to the oscillation-
balance mechanism by means of an eluminum edapter. The three oscilla-
tlon centers shown in figure 3 were obtained by using adapters of
different lengths. The test sphere has a wall thickness of gbout
0.20 inch end ig sufficlently rigid to prevent signilicant deformss
tions due to oerodynamic or inertia loads. The base opening in the
sphere necessary for sting clearance is also shown in figure 3.

Three-dimensional roughness in the form of sparsely distributed
grains of No. GO corborundum, which has a nominal height of 0.0117 inch
(sbout 300 microns), was applied in a 1/3-inch wide band to the sphere
for one test of configuration 2 at M = 2.00. The location of the

roughnessg is shown in figure 3.

3.2 Test Conditions
Detalls of the test values of Mach number, Reynolds mumber, reduceds
frequency parsmeter, and mean angle of attack for the three configurations

tested may be obtained fyom the plotted data and keys of figure 5.
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A constant free-streen Reynolds number of about 2 x 105, based on the
diameter of the sphere, was maintained throughout the test except at
the lowest test Mach number of 0.20. At M = 0.20 it was possible
to get both a suberitical Reynolde number of 0.27 x 106 and a super-
critical Reynolds number of 1.00 x 106. )

The three-dimensional roughness described in section 3.1 wes
added to the sphere to insure a turbulent boundary layer forward of
the location of flow separation. The size and location of the roughness
was determined by the method of reference .

All data were talten at the frequency of welocity resonance for the
oscillating syétem except at M = 0.75 where some additional data’ were
taken at about twice and one-half the frequency of wvelocity resonance
at a = 0%

Tunnel total temperaturé was veried from 100° F to 110° F in the
8-t TPT depending on Mach number and was held constant at 125° F and
175° F in UPWT test section 1 and UPWT test section 2, respectively.
Dynamic pressure wac varied from 14.4 psf at M = 0.20 to 568 pef at
M = 2.00. The speed of the airfilow varied from 231 ft/sec at'.

M = 0.20 to about 2437 ft/sec at M = 4.63.

The smplitude of the forced oscillation was approximately 20,
ranging from 1.59° to 2.05°. (The range in oscillation amplitude for
the sphere was to a large extent the result of excessive clearance due
to wear between the crank aond Scotch-yoke shown in figure 1. The smaller
emplitudes occur just below the frequency for weloclty resonance vhereas
the larger amplitudes occur just above the frequency for wvelocity

resonance where the inertls force overcomes the spring force and allows
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the osclllating system to "fan out" to the extent allowed by eny
clearance between the craemk and Scotch-yoke. Because the osciilating
system wos usually belng operated very near the freguency for wvelocity
resonance, the métion of the sbhere remained essentially sinusoidal.
Although unpublished date have shown that changing the emplitude of
oscillation from 2° to 1° can have an effect on the data, these effocts
were only observed in regions where Cp changed very rapldly with a.
The effect is clearly one of aversging the nonlinear aerodynamic
characteristics over different ranges of «. Since the change in Cp
with a for any of the sphere configurations is groduel, it is belleved
that the slight variastion in amplitude had no effect on the dakba

presented herein.)

3.5 Corrections

3.31 Flow Angularity

The values of mean angle of attock have been corrected for {low
angularity in the test secticn. The corrections apply strictly only
for s model at the vertical center of the wind tunnel, however, inssmich
es the data near a = 0° is of primary interest and the a - 0° data
were taken near the center of the wind tunnel, 2 constant value of
flow angularity was spplied to all of the data as a first-order

correction to the measured mean angle of attack.

3.52 Tunnel Constraints
No corrections for tunnel constrzints have been applied. The effect
of the tunnel walls are assumed to be small and are neglected. The

effect of the supporting sting was not investigated but is assumed to
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be emall and no corrections have been applied. Further comments

concerning sting-interference effects cre made in section U4.1.

3.33 Tare Values

The determination of wind-off or tare characteristics is discussed
in sppendix I. Because the mechanical spring of the system was used
for a mmber of wind-tunnel tests in addition to the testing of the
spbere, it was possible to get en accurate waluve for Kg..,- The
average value of K., a5 determined from 102 sets of tare data
(consisting of over 600 datum points) was 38.6 ft-lb/rad with a
probeble error of #1.1 ft-lb/rad. The rather large magnitude of the
probable error has subsequently been traced to a random zero shift in
the output of the moment bridge with changing temperature. A zero
shift in itself has no direct effect on the data obtained while the
balance is being oscillated, however, because the sensitivity of the
circults are determined statically, the random static zero shift
resulted in conciderable scatier in the sensitivity constants which
have a direct effect on the data.

The average voelue of W for wind=-off velocity resonance for a
given configuration wos divided into the aversge volue of K., toO
determine I.oon for the different configurations. (Because the
method of operation dictztes that of for velocity resonance is determined
by nmulling the in-phase-with-displacement component of the momqen'b signal,
the sensitivity of the moment balance has no firsteorder effect on the

determination of «F for veloclty resonance.)
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As pointed out in sppendix I, the value of G, was determined
at the frequency of wind-off wvelocity resonance for each configuration
and applied as a correction to the wind-on data. The tare values of
C were generally at least an order of magnitude smeller than the
wind-on values of C except for configurstion 2 at the 8-foot TPT
vhere the smell wvelues of wind-on damping coefficlents were often of

the same megnitude as the tare values of the damping coefficient.

3.4 Presentetion of Results
The damping~in-pitch porameter Cmé end the oscillatory-
A\ 2
is) - :ﬂ »e
longitudlinal-stability parameter Cme (V) Cme are presented
graphically in figure 5 as functions of mean angle of attack o fer

the various Mach mumbers.



CHAPTER IV
DISCUSSION OF RESULTS

4,1 Oscillatory-Longitudinel-Stability Parsmeter

The oscillatory-longitudinsl-stability parameter gives the
average slope of the oscillatory-pitching-moments withe angle-of-attack
curve over the angle-of-atbtack range from o -« @ to a + 9, vhere ©
is the zmplitude of the forced oscillation. A negative value of this
parazeter at a trim angle of attack indicates that the gphere is
dynamically steble with respect to that {trim angle of attack.

Referring sgrin to figure 3, it is seen that the osclllation
centers for configurations 1, 2, and > ave mspec‘tively forward of,
colncident with, and reayrward of the geomeiric center of the sphere,
Static pitching-moment data were not obtalned for the three configure~
tions, however, fram symmetry considerations it is clear thaet if the flow
conditions over the sphere were symmetrical C, would be zero for all
three configurstions at o = 0° and therefore o = 0° would be a
trin angle of attack for the three configurations. Assumlng timt only
symmetrical drag forces are acting on the sphere as angle of attack is
varied, it would asleso be expected that at the static trim position at
a = 0° configurations 1, 2, and 3 would exhibit respectively positive,

neutral, and negative static stebility im pitch. (Positive static
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staebility in pitch at a static trim position is indicated by 2 negatlve
velue of the static-longitudinal-stability coefficient Cm,a.) As can.
be seen in flgure 5, a progressive trend towerd decreessed oscillatory
stability at « = 0° 1is observed for configuration 1 as Mach mumber
is decreased Trom M = 2.00 to M = 0.55. Some unexpected data vere
obtained at a = 0°, M = 0.58 where this epparently staticelly stable
configuration exhibits pronounced oscillatory instebility. Although
these data heve not been verified, this oscillatory instability
irdicates that possibly at the reduced fregquency at which the date
were tuken, the serodynamic-inertia term Cny was dominant in the
oscillatory-longitudinal-stabllity puremeter Cp. - (%ﬁ)?(}mé-. (A
method by which the values of Cm‘6 and cmé’ wmay be obtained experi-
mentally vy using the smalle-amplitude forced-oscillation test technique
ie presented in aoppendix II.)

The nearly neutral oscillatory stabllity which wes expected at
a = 0° for configuration 2 1s seen at M = 0.58, 0.90, 1.00, 1.20, 2.00,
end at the higher Reynolds number at M = 0.20. However, this configura~
tion has oscillatory stebility at the lower Reynolds mumber (subceritical)
at M = 0.20 ond oscillatory instability at M & 4.63. Anomalous
results were obtained for both the damping and the oscillatory-stebility
data for this configuration at M = 0.75. Data at sbout twice and one-
helf the frequency of velocity resonance wae obtained at & = O° when
very erratic volitmeter readings were observed at the frequency of
velocity resonance. Although there sppears to be an effect of freqguency

of oscillation on the oscillatory~stebllity data, it is lmprobable that



this is the case becsuse (to the Tirst order) there can be neither a

i

Cmy mor a Cpy term for this configuration with the oscillation
end geometric centers coincident. This rather awkward 1ook;.ng data is
probably the result of asymoetrical surface conditions on the sphere
which caused asymmetrical flow and hence csymmetbrical drag over the
sphere. Some experimental wverification that the anomalous results are
due to asymmetrical flow can possibly be obteined from the limited
fixed transition date for configuration 2 at M = 2.00 shown in
figure 5(g). A positive value of the oscillatory-stebility parcmeter
was measured ior the supposedly smooth sphere indicating asymmetrical
flow whereas with ixed transition and therefore more symmetrical
flow, the osclllistoryestabllity parameter was zero as would be expected.
At M = 2.00 the oscillatory-stability parametexr of configuration 3
is a mirror imoge of the oscillatory-stability parameter of configura~
tion 1. This expected equal and opposite relationship is seen to
become somewhst more distorted as Mach number is decreased to M = 1.20
and M= 1.00. At M = 0.53 +the trends in the oscillatory-stebility
pareneters for these two configurations are similar for a = O° and
diverge sharply at @ = -4°. The slightly asymmetrical data obtained
for this conliguration at M = 1.20 and M = 1.00 are sgain believed
to be the result of flow ssymmetry over the sphere due to different
degrees of suriace roughness above and below the horizontal center linpe
of the sphere. The rvesulte obtained at & = -4°, M = 0.58 indicate
that with the thinner boundary layer which exists for this Mach number,

the effects of swrface asymmetry were sufficient to change completely
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and drestically the flow over the sphere. The possibility of agymmetrical
sting interference effects does exist because the supporting sting used in
the 8-t TPT becomes slightly asymmetric in the pitch plane sbout 2 feet
downstreem of the oscillation axis. Asymmetrical forces being trange
mltted through the subsonic boundary leyer of the sting was considered

as o possible causc oi the observed asymuetrical data. However, the

fact that configuration 1 wos 2 inches closer to the sting assymmetry

than configuration 3 (due to the spocers mentioned in section %.1) and
that the date for configuration 1 was completely free of the asymmetry
seen in the data Jor configuration 3, strongly suggests that the
agyrmetrical sting did not produce the asymetrical dete obtained for
confilguration 3. Ia sddition, the dotu of reference § shows that the
elfects of sting size and length on cones with spherical-segnent bases

is very small for the sting-length-to-model-~diameter and sting-diameter-
to-model-diameter ratios wiich existed for the tests in both the

G-t TPT uné the UPWT. A definite explanation of the osymmetyical

data nust await further wind-tunnel tests.

4.2 Demping-in-pitch Parameter

The damping-in-pitch pzrameter is obtalned from the average value
of the damping coelficient of the sphere over the range of angle of
attack from a -8 to a + 0 vhere © is, as before, the amplitude
of the forced oscillation. A negative value of this parameter at any
mean angle of attack indicates that the sphere experienced positive
aerodynamic demping duxing the oscillations sbout the mean angle of

atbtack.
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The levels of damping for the three configurations do not differ
ag much ag the levels in oscillatory stability. The changes in
oscillatory stability with mean engle of attack are accompanied by
changes in dorming with mean angle of atbtock. As pointed out in
reference 10, this reciprocal relationship is often obsgerved between
oscillatory stability and demping for high drag bodies. That these
parameters change together is to be expected since both paraveters
arise from tine same {low over the body.

The aerodynamic damping data for configuration 1 shows the smnﬁ
sympetry about @ = 0 as the corresponding oscillatory-stability
data. Positive dumping was measured at o = 0° at all Mach numbers
at which this configuration was tested.

The damping for configuration 2 is generally swell except for the
data at M = 0.79 which has previously been described as suspect due
{probabiy) to asymmetrical surface conditions. No effect of Reynolds
number is observed on the demping at M = 0,20 salthough, as previously
menticned, the lower Reynolds number resulted in slightly greater
oscillatory stebility. The addition of the three-dlmensional roughness
to configuration 2 at M = 2.00 1is seen to have had little effect on
the demping.

The damping datn ior configuration I shovs the same degree of ‘
asymmetry cbout < = 0° as the corresponding oscillatory-stability da’c.a
Except for positive demping st M = 2.00, this configuration exhibited
nepotive damping nt @ = 0° at a1l Mach nurbers at which it wes tested.

The slight voriastion in oscillatory stebility between the three data



points ot @ = 09, M = 2.00 ic cccompanied Ly o large variation in

the Gmping. Agein, the ondy imowa cause for this variation and

~

coyrmetyy 1o the extrene sensitivity ol the Jlow ower the cprnore to

o~

the suxriace

o the gnhere.



CHAPTER V
CONCLUDING REMARKS

The aerodynsamlic domping and osclllatory stability in pitch of a
sphere 2t Moch nmurbers from 0.20 to 4.63 have been determined experi-
mentally in wind tunnels by using a smell-smplitude single~degree«ofe-
freedonm forced-osclllation test technigue. Some details of the test
technique are included for the benefit of other wvorkers in the same
field vho may be interested. Nomenclature suited to this type of
wind-tunnel test is Iintroduced in the development of the equations
which were used to reduce the measured serodynamlic characteristics
to nondimensional form.

Tests were nmade at oscillatlon arplitudes of sbout 2 ® ot oscilla~
tion ecenters forward of, coincident with, and rearward of the geormetric
center of the sphere.

{

® decresses with decreasing

The oseclllotory stebility ot « = O
Mach number for the configurstion with the oscillatlion center forward
of the geometric center. The unexpected oscillatory ingtabllity of
this configuration ot M = 0.5 indicates that possibly at the reduced
frequency 2t which the datz were taken, the usually ignored aerodynamice
inartia Cm@ wes dominant in the oscillatory-stability pai.zameter

( cma Additionz] tests should be masde not only to verify the

datsa obtained herein but also to determine, by using the method presented
in appendix II, the values of both Cp; and Cpj.

32
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The expected oscillatory-stability and serodynamic-demping
characteristics were measured for the configurations with the oscillae
tion centers coincident with and resrward of the peometric center
of the sphere except for sgymmetry in some of the data near a = 0°.
The observed asymmetry ls attributed to asymmetrical flow over the
sphere due to asymnmetrical surface conditions. The limited amount of
fixed transition data obtained at M = 2.00 indicates the desirsbility
of repeating these tests with three-dimensional roughness applied to

the spheres in an attempt to insure symmetrical flow over the spheres.



Units

the experimental date are presented in nondimensional form.

Axes

namic derivatives, and aerodynamiec parameters are referred to body

axes originating at the oscillation centers of the model as shown

ROTATION

The foot-pound-second system of units is used herein, however,

All moments, displacements, velocities, accelerstions, aerody-

in figure 3.
Symbols

The symbols used herein are defined as follows:
A reference area, ft2
& speed of sound, ft/sec
o viscous-damping coefficient, ft-lb-sec/rad
d reference length, It
e base of natural system of logsarithms
£ frequency of oscillation, cycles/sec
I moment-of-inertia coefficlent, ft-lb-sec?/rad
i complex operator, i = \[E
K spring-stiffness coefficient, ft-1b/rad
M pitching moment, ft-1b
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free-stream Mach mumber, -g, nondimensional

angular velocity due to pitching in free flight, radians/sec

dq
dt’

angular acceleration due to pitching in free flight,
radiens/sec®

free-stream dynamic pressure, 1/2 pV-, 1b/rt?

free-stream Reynolds mumber, pVd/u, nondimensional

time , sec

speed of flow, ft/sec

mean angle of attack, deg or radians

g—%—, radians/sec

phase angle between the applied moment of the forcing function
snd the angular displacement of the model with respect to
the sting, deg or radians

amplitude of the angular displacement of the model with
respect to the sting (one-half of peak-to-peak value),
radians

instanteneous angular displacement of the model with respect
to the sting, radiens

a3

35 radiens/sec

2 .
a%e radians/sec®
at?

absolute viscosity of air, 1b-sec/ft2
free-stream mass density of air, lb-sece/f‘tl‘
engular velocity, 2af, radlans/sec

reduced~frequency parameter, nondimensional

pltching-moment coefficient, Pitcm’juﬁdm”“, nondimensional
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Rondimensional serodynamic derivatives
The following nondimensions) aerodynamlc derivatives essociated

with pitching motion are in terms of radians.

Cry, = 32 Coy = 53
o
c?.ga?m cqu Cn cméz_..fs}_
) o($) )
\'s v v
oC aC
Cop t A T TR
o) T AP
ye Ve
Conventional derivatives Derivatives
used herein

Nondimensionsl aerodynamic parameters
The following nondimenslonal aerodynamic parameters assoclated
with pitching motion are in terms of radiens. The equation for the

parameters used herein are developed in chapter I.

2
Cma - (%—‘—i-) Cmq conventional oscillatory-longitudinal-stability parameter
d 2
(:m‘3 - (—v—-—) cm‘é oscillatory-longitudinal «-gtabllity parameter used herein
Cmq + C% conventional damping~in-pitch parameter

cm,; damping-inepitech "parameter' used herein
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APPENDIX I
DETERMINATION OF WIND-OFF OR TARE CHARACTERISTICS

Several tests hove chown thot wind-off or tare values determined
at reduced pressures do not differ significantly from tare wvalues
determined et atmospheric pressure. Consequently, the tare values
are usually determined from measurements made at atmospheric pressure.
{Extension of this practice to Mach numbers greater than gbout 5 may
be unwise inasmich as the aerodynamic-demping moments ususlly decrease
with increasing Mach number. Thus, the very slight difference between
tares determined ot atmospheric pressuwre and at greatly reduced
pressures may be significant in determining the value of the damping
coefficlent at hypersonic speeds where tare and wind-on values of

damping may be of the sume order of magnitude.)

(x - Iﬁ?)meci‘x

Wind-on data are usuplly taken at the frequency of wipd-on velocity
resonance (forcing moment in-phase with velocity). It is ‘therefore
desirable to be wsble to determine (K - I“’Q)mech for any frequency
because the frequency oif winde-on velocity resonance usually chenges

with the changing serodynamic properties as Mach number and angle of

attack are varied. Thies is best wcccomplished by obtaining wind-off

58
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M cos
measurenents over a range of frequencles and plottl "'@"ﬂ
¢ P re wvind off

as & funection of orf.

(K - IoF) -
ne

ch
4 Kmech

(K cos 7); “
8 wvind off o 8l -
off : ~ ope = «Ipach
L - - \‘\g —
z S of

y

It can be seen from the sketch that the of = 0 intercept of the
resulting curve (cLteined by extrapolation) gives the ceefficient of
the mechanical spring of the systen Kpoop and the slope of the curve
gives the coeificlent of the mechanicel moment of inertis of the system
Inech®

It is possible to determine the proper value of (K - I Jpeen to
be used as the tare correction foir any wind-on data point by multiplying
Ime ch by the velue ol uf’ corregponding to the frequency of the wind-on
data point and subtracting the result from Kp..n- An edditional
advantage of this method ILs that possible random errors in the individual

tare datum points are averaged out In the straight line fairing of the
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curve and ore not likely to grossly influence the value of (K - m@)mch

at any frequency.

Crech
It has been shown in chapter I that for wind-ofi conditions, the

mechanical domping coefficient is given by

. Cmech = Bus

&

Due to 2 rather larpe probsble error in determining 7 (ebout ¥2°)
the greatest zccuracy in determining the usually small velue of Cpo.p
is obtained when the variation of sin 3 with 5 is o niniknm which
is the case when the system is being operated at velocity resonance
wvhere, by definition, %y ::-Z; or %’5 Because cmech doee not wvury
with frequency, the value of Cmch deternined st wind-off weloclty
resonance 1s used ns o tare correction for zll of the wind-on data
regardless of the Trequency at whick the individual winde-on datum

points were obtained.



APPENDIX II
SEPARATION OF Cma AND Cm3

stebility perameter cma - (%ﬂ.)acma aation as the oscillatory-longitudinale
stability parometer Cma - (%’d—- hcmé' .

Cmg is the siope of the static~pitching-moment coefficient versus
ongle-of=attauck curve und is the serodynmamic equivalent of & torsionsi-
spring coefficient. Any variation of Cm@ - (%)2%3 from the value
determined fron static pitching-moment measurements is the effect of
the inertia term Cp3y because by definition Cpy is w static
derivative.

The wvelucs of both Cm{) and Cnfg' are determined by plotting the
oscillatory-longitudinal-stability parameter aos a function of (%—)2
(Accurate velues of the oscillatory-longitudinal-stability parameter
can be obtained over & large range of reduced frequencies by using a
sufficiently vigid smelle-amplitude forced-oscillation test technigue.)
The intercept of the resulting curve obtained by extrapolation to
;?)2 =0 is Cy,. The volue of Cp, obtained in this manner is the
slope of the pitching-moment-coefficient curve determined at the mean
angle of attack of the model and is usually in good agréement with
values of Cm,d obtained from static pitching-moment measurements. The
slope of the Cpy - (%ﬁ)('cmq versus @—}@-)‘ curve gives the desired

value of Cpy. The value of Cyy 1s usually small and is often

by



neglected. Under certoin conditions, however, the effect ol Che on
a

Ao

the oscilletory ongitadinal stebility moy be very proncunced zs the

value of the redoced-Irooues

=, ie lncerecged from 20T
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(a) Circuit used to detexmine M, ©, 7, and .

Figure 2.~ Block diagram of electronic eircuit.
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Sensitivity of
bridge is
SM volts/ft-1b

Linear amplifier
{2 (2.5)s1n agt Moment (sin agt)(Mg)(Sm) Bridge- (s1n wyt) (M) (sy) for
B ‘bridge on balancing moment
oscillation circuit A - £
we = 2,‘(5000) balance
El
Calibrate resistor
(Located in bridge-balancing circuit)
Unbalance produced by resistor being
added is equal to unbalance produced
by a static moment Mg as determined
at original calibration.
Resolver
Stator and rotor (sin wct)(Ms)(%) (Sw)
alined such that s
all signal is on
M, output by nulling
My
1:1 transformation
ratio
e Demodwlator M
(stn wqc)ms)(,,:) (s o (o) (). 0
0 s emplifier for 8 s
M, component My filter
A = @x)
Demodulator P, s
and.
emplifier
for Mj
component
&y g
Voltmeter (Ms)(—) (SM)(
for A s A, s
M,
° r
5000 counts
50 m.v.
My filter
AM,  counts
0 8
Electronic computer
Voltmeter My
for ——
My St AMsAMrs(Mrs counts)
null
where gy = &y
&, = EMrs

(b) Moment circuit during determination of sensitivity constant SMr'

Flgure 2.- Concluded.
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COLLEGE OF WILLIAM & MARY
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Figure 5.~ Continued.
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Figure 5.~ Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.
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Figure 5.- Continued.
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Moment circuit

JE (2.5)sin oct

boto-1
step-down
transformer

10 volts r.m.s.

{2 (10)sin wet

V2 (10)sin wet

b

3 ke
carrier
voltage

Displacement circuit

To all demodulators

V2 (20) sin gt
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—»

8p volts/radian

Strain-gage
bridges

Sensitivity of
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Sensitivity of
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Bridge-balancing
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calibrate-resistor

Moment
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(sin wt) (Mp) (SM) which are not

tests
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(sin wet)(Mr - Mo)(SM)

functions of time
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ridge is
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n=.
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&8

]
|
|
|
|
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|
|
|
]
|
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balance
mechanism

Subjected to
displacement
8 = @ sin(wt + &)

bridge is

Displacement
bridge
on
mechanical
spring

(sin wet)(8)(Sq)

component of the
Fourier series which is used
to represent the possibly
nonsinusoidal forcing function

(sin tbct)(e) (Se)

Motor
speed
edjustment

d-c
oscillation-
balance
drive motor

e

Master

Linear
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Se condary
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M linear e
Gain (sin agt)(p - Mo)(SM)(E)
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e Attenuation Primary
A= % Ay to computer
Secondary

(input) x (cos wt)

(sin wpt)(Mp - Mo)(SM)(%)(sin wt)

Demodulators
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(sin wet) (Mp - %)(SM)(i—‘Md)(cos wt) R

My
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&y,
A=k
A
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AIIIIIIITTITTHrhHNht
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T

100-tooth
gear

Secondary
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(stn wct)(e)(SG)(%)(sin wt)

lEMT - m)(m)@‘g(m m)(%g

. 2nn ) (3
R fo EMT - Mo)(SM)(T:)(sin m)(TMM:)]dm
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Voltmeters

5000 counts

L6
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e (e B
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end §

000_counts
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%e)(s@)(%g)(sm wc)@%f):]

P
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A

\ﬂllllllll (M
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(a)
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<] 80\/ %8,
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Amplifier

Induction coil
pick-up

Circuit used to determine M, ©, n, and .

Figure 2.- Block diagram of electronic circuit.

Electronic

limiter

50 m.v.

counter

(a0, counts) (Sy,) (4y) (Ay,) = Mp

g
= tanl{ gt
‘; Enn;)

(a3 counts)(Syy) (AM) (AMg) = Mi

K-m?:M_t;%a_n

c <=M¥sing

(48, counts) (Se,)(4e)(4e,) = €r

e = \@rg + @ie
£ = tan'l@—i-)

(894 counts)(Se;) (48)(4e;) = &5

The sensitivity constants
SMys SMys Sey, and Sey

are computed prior to the
computation of wind-on or
tare data and are stored
on tape.
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