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PREFACE

The Second Technical Workshop on Dynamic¢ Stability Testing
was held at the Arnold Engineering and Developmeut Center, Arnold
Air Force Station, Tennessee, on Apr.il 2(0-22, 1965. It was spon-
sored by tne Arnold Engineering Development Center, Air Force
<

{ rstems Command and ARO, Inc., operating contractor for Arnold
( nter and a subsidiary cf Sverdrup and Parcel, Inc.

The transactions are presented in three volumes; Volumes I
and IY contain unclassified papers, and Volume III contains
classified papers. The categories covered in each volume are
shown ia the Table of Contenis.

Requests for copies of the transactions by agencies of the
Department of Defense, their contractors, and other government
agencies should be directed to Defense Documentation Center,
Cameron Station, Alexandria, Virginia, 22314.

The Second Technical Workshop Committee

¥ajor D. K. Calkins
Arnold Engineering Development Center
Symposium Director

C. J. Schueier
ARO, Inc., von Xarman Facility
Executive Manager and Program Chairman

J. Arnaiz
General Electric Re-Entry Systems Division
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DYNAMIC STABILITY TESTING IN THE 1000-f£{ HYPERVELCOCITY
», RANGE AT THE ARNOLD ENGINEERING
@ﬁ - -DEVELOPMENT CENTER

by
G. J. Welsh

ABSTHACY
A brief description of the new 1000-ft hyperveiocclty
sercballistic range® at thé Arnol& Engingering Development
Center is given, The unique procedures involved in obtaining
model orientation and trajectory data from this range and the
advantages of this length of range for dynamic atability
testing are digcussed, and preliminary damping data from this

test unit are presented.

#jerophysics Eranch, von Xarman Gas Dynsmics Facility (VEF)},
Arnold Engineering Development Center (AERDC), Alr Porce
Systems Command {APSC). ‘ '
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INTRODUCTION

The new AEDC-VKF 1000-ft Hyperveloclty Aeroballistic
Range (@) is currently operational and undergolng extended calibraztilion
and evaluation testing.' This is 8 variable-density, aerodynsmics
range and has an 840-ft instrumented length that includes 43 equally
spaced, dual-plane, shadowgraph stations. In conslderation of its
length and of the number of available shadowgraph stations, the
range 18 expected to be parvicularly useful for dynamic stability
testing.

The purposes of this peper are to briefly discuas the
basic capabilities of the range; the unique procedures lnvolved
in obtaining model orientation and trajectory data with a frosnel-
lens type shadowgraph system; and the use of such & range for
dynamic stability testing.

DESCRIPTION OF THE RANGE AND YIS Y»"iC CAPABILITIES

The ranze consists of & 19-ft-diam, 1000-ft-long tank
that is contained within an underground enclosure, Fig. 1., The
current launcher is a two-stape, light-gas gun with & 2.5-in.-

diaz launch tube., The muzzle end of the launch tube extends

10 £t into a 100~ft-long biast tank whieh precedes the range
tank. In the biast tank the model is soparsted from the sabot.
After a successful launshing, the model continues into the main
range while the components of the sgbot are trapped within the
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blsst tenk sect;oﬁ. A bulkbead incorporatinyg & thin mylar
dizphragn and a valve eseparates the biast tank section from
the main range,

The first of the 43 {resnel-lens type shadowgraph
stations is located approximately 105 ft from the muzzle and
of the 1apnch tube, The stations are spaced nominally at 20-f¢
intervals. The components of a typical shadowgraph station are
indicated in Fig. 2. Though only the shadow planes (the front
surfaces of the fresnel lens packages) are positioned inside
the tank, all of the shadowgraph components are mounted to the
range tank. Hence, very small relative changes in the positions
of the components can be expected with range pressure changes.
This 1s Jdiscussed further in a later section of the paper,

In the present system, a fresnel lens (sandwiched
betwean two 0.75-4ir.-thick sheets of plexiglas) is used as a
light gatheriyg aevice to provide sufficient lighfing to the
corresponding camera. As 2 test model s&pproaches & shadowgraph
station, the detestor urit (either a shadow or luminosity mode)
senses the presernce of the model. The output of the detector
unit actuates the spark scurces. The caneras are focused to
th» shadowplane, hence shadowgirams of the mydel az seen in the
shadow planas sra cbiained. A timing system actuated by the
output eof the x-plane sperk scirces of each station prcvides
¢ arrerponding timing values to'uithin 3x 1077 see,

The surrent pukping capabilities for the range provide
range pressures from ¢ne atmosphere down to 15 u Bg. %The 15 u Hg

pre
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pressure level corresponds t¢ an.squivalent altitude cof approximately
250,u00-f5. To date. 0.5-in.-diam aluminum spheres have been launched
at velocitlies above 18,000 fps and 1-in.~base-diam cone models have

been launched at velocities above 15,000 fps. Launcher evaluation

testing has not been completed, but considering that no effort to
achieve maximum veloclty has been attempted, these data do not

represent the highest performance.

PROCEDURES FOR OBTAINING MODEL ORIENTATION AND
TRAJECTORY DATA

The basic purpose of a shadowgraph system in an aero-
dynamic range 1s to provide a means of determining the position
and attitude of the model at each =station. To determine the

position and attitude of the model, certain measurements related j
to the model's shadows in the shadow plenes &re neecded. These
measurements, in combination with known geometric persmeters of

the astation, permit computing the model's orientation and position

relative to the local axis system of the station. Such information
cn he model's flight at each of & series of shadowgraph stations i
permits compuiting both the yswing motion &nd the trajectory of the i
model,

The procedures involved in obtaining model orvientation \\\
and trajectory data from & fresnsel-lens type shadowgraph system N
in a varisble~density range of this length ars somewhat unique \
relative to conventional range practices. These procedurss can

he dlacussud better by firat examining the more basic system shown

ot MIUpI K ARACRRT vmns T 8

in Flg. 3. Here the shadow planes contain the directly exposed

fiua sheets end &li of uhe comi:cnents car be rigidly supported.
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In such a system the two half-stations (esch half-station consists
of a shaduow plane and its corresponding spark source) are
orthogonally oriented, and'eééh compenent is positioned to close
tolerancss. From the shadow geometry for the view of each half-
station indicated in Fig. 3, simple relationships between a point
in space, the coordinates of the corresponding shadow, and the

spark-to-shadowplane distances can be obtained. Similar shadow

georetry exists in the y-z and x-z views of the two half-stations.

As previocusly stated, in each half-station of the
1000-f¢ range shadowgraph syvstem the camera provides & shadow-
gram of the model's shadow on the front suriface (shadowplane)
of the fresnel-lens sandwich, Fig., 2. The optical distortions
caused by the port glass, the lens sandwich, ete., are
circumvented by the use of a precision grid of l-in.-spacing
scribed on the front surface of the lens sandwich. All distances
on the shadowgrams are measured relative £o the grid, and it
follows that when any distortions exist in the shadows oi: a
shadowgram, corresponding distortions in the grid wiil exist.
Thas, with use of the precisicn grid, the roquired dimensions
in the shadow plane can be determined from shadcowgras measure-
wments, At this point, an equation dofininé the relationship
batween the position of a point in space, the coordinates of its

corresponding shedow in the shadow plane, and the gecmetry
dafining the spark and snadow.plane poritions ﬁa required, !hu
équation derived for anglysis of data from the system, which
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mist be viewed as a non-~orthogonal system in the strict sense, 1is

somewhat complicated. 7This results from the need to consider

possible angular and linesr deviations in the relative positions

of the sparks and shadow planes compared to their positions in
an ideal, orthogcnal system. One cause of thesz deviations is

the previously menticned range tenk pressure changes.

The derived equationg rermit consldering tlie followliig

deviations from &n ideal alignment: thres linear deviatione of
each shadow plane (in the %, y, = directions), two angular
deviations of the x-plane about axes parallel to the x and 2z
axes, two angular deviations of the y-plsne about axes parallel
to the y and z axes and three linear deviations of each spark
{1n the x, y, z directions). Small angular deviations of the
spark sources are not critical, and the angular orientation

of & shadow plane about an &xis normal 4o the shadow plane is
accounted for in the reading of the shadowgrams, In visw of
the possible deviations slready acntiocned, eipht mesasuremoants,

referred to in this paper as station geometric parameters,

must be dstermined for each half station in order to define-’
the positlion of a point in space, It should be noted that the
shadow geonstry of each half station is independent of the
otha; half statlion.
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Consideging that these geometric parameters cannot !
be measured ﬁirectly for rahge pressures less than atmospherie,
it iz apparent that some type of calibration procedure must be
used to determine the relative position of the spark sources
and shadow planes at any particular pressure level., With use
of such a calibration procedure, equally usable at atmospherilc
pressure, the initial alignment of the shad¢wgraph:components
1s somewhat less critical.

The calibration procedure employed for this range
incorporates the use of a so-called shadow fixture, Pig. 4. {
There are 13 holes in the fixture as indicated in Fig. « and

the relative positions of the holes were precisely measured.

In the procedure to determine the geometric parameters of a

station, the fixture was supported in the rarge tank on &

double pivot sucﬁ that the fixturs's senter hole was nominally -
positioned at the istation origin. The Iixture was mass |

balanced, hernce the gravity force oriented the fixture

angularly, except about its vertical axis. With use of a

theodolite, the fixture was oriented about this axis relative

tc & refersnce sight line co*mon to all of the stations., With

the fixture positioned, the center hols of the fixture defines
the station origin, and it follows tnat 13 points of known
locstion roiative to the station origin, corresponding to

the 13 fixture holes, are avallable for detsrmining the




geometric parameters of the station., Only 6 of the 8 geometric
parapeters assocliated with eéch half station ure involved in
each view of the half station. Of the 6 geomeiric par§meters
involved in oach view, 4 sare common to both views. Hence, with
use of 13 avallable polnts the problem becomes the solving of
the resulting 13 simulianeous equations (corresponding to the
13 fixture holes) for & unknown geometric parameters. The
hanic equation 18 nonlinear in terms of the 6 geomeiric constanis.
and a differentisl-correction procedure has heen used in obtaining
& solution {on & 7074 IBM computer) to the 13 simultanecus
eyaations. With the geometric parametess evaluated for each
statiod, conventional range techniques are used o obtain model
o= antation aad trajectory data,

The measured veloclities of a 10-deg half-angle ccne
are shown in Fig, 5, to indlcate that the above procadures
for determining the porition of a modei in the range 2re quite
adeqrate. The velcuecity values nsve been computed for 20-f¢
stetion intervals, and the icatisr of points about the lineur
curve is within + 0.03 percent. The zasumption of & linear
variation of the velocity for the cone a0l follan% because
the slope of the velccity-distancs curve of & model having a
constant CD is proporvionsl to the medcl’s velocity., The 0.93
percent érror includes both timing and d‘itesce errors; hence,
using the previcusly stated error of 3 x 19" séu. in tbe 4iming
system, orvors in determining the )otiﬁian «f the nodel

e -



relative tc a shadowgraph station are lndicated to be of the
srder of 0,002 to 0.003 ft. With the velocity values being
computed over 20 ft intervals, & missing velocity point for
an interval in Fig. indicates that shadowgrams were not
obtained frem at least one of the two adjacent zhadowgraph

stations,

DAMPING MEASUREMENTS
Dynamic stabiiity derivatives are cobtalned from
tests in the 1000-ft range by conventional metaods. The

baaic equation,

LPS
& =4 2% » Azﬂa‘s # Ay R (1)

defining tricyclic model motion is 7itted to the moasured
components (efand 8) of the yawing motion of the test model.
The first two terms on the right hand sidc of Eq. (1) define
the motlion of an axisymmetric model experionbing géniraz
»olling~yawing motion, It is of interest to note that, fer
a symmetrical modei, the above eguation 1s of the same form
a8 the squation defining the motion of a model on a one~
degree-uf-freedom balance system in & wind tunnel. The
difference iz thet the constants in the equeticn, 51, A2,
6y and a, are not complex conjugates, as thbey necesgarily
#ve in the restricted cns-digree-of-fresdon: metion. Xt is
this feature thal pesrmits ths equation for the rearriased

model motion to be sxpreszad in the conventional Zorm of
sine~cosing temes.
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In dynamic stability testing in ranges, the required
numher of available shadowgraph stations has always been of
concern., In an attempt to assesns this problem, & brief study
was made within the VK¥. 1In ¢the study an arbltrary selection
of errors {to simulate experimentsl errors) was introduced
into a set of ideal yaw angle data represéﬂtative of the
angular motion of 3 wmodel., The corresponding equation of
motion was then fitted tc these adjusted yaw angles., Using
this procedure, errors in determining the damping parameter
resuiting from the simmlated yaw angie errors could de
evalqated. Demping computations indicated that when the
n;nber'of/shadowgraph stations per cycle of oscillatory
motion is leas than about twelve the. accuracy of describing
the model's angular motion deteriorates appreciably. In
view of tﬁis, the number of cycles of model motion in the
1000~ft range iz currently being restricted to less than
four cycles.

An apprecilaton of the usefulnase of a reange having
the number of shadowgraph stations and the length of the 1000-Tt
range can be obteined by examining the following equations:

LR o< L il i)
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of range conditions compatible with dynamic stablliity testing

Equation~{2) indicates that the logarithm of the amplitude
QD ratio of the model mwotion ig 41rect1y propcrtionai tc the
A\

range length and the range pressure, and is inversely pro- 5

i that a measuradble amplitude decay exists., Thus, two |
significant advantages roiated to an inerease in range length

1.

C =< L W85/ 3)

It should he pointed cut that a particular set of range testing
* conditions can generslly be sele<ted such that & given model
can be tested satisiactorily in a range having a lesser length
and fewer stations than the 100G-I't range. However, the band

are uomewhat restricted, particularly at hypervelecitiea,

wi mndmam e

portional %to the model's inertia. Because the damping
rarageter is determined &s 2 funstion of this amplitude »atio,
it foilows that the basic requivement in damping messurements

i

A model coafiguration can be tested 2t a2
higher veiocity and still mmintain »

faaxlble agplitude ratic. Here the additionsd
range lenmgth can be uzed to compensste for
sdditional uedol inertia [omd fmemessed

e i g o ]

‘i
|

radius of gyration) related to the high-

N S e L N




acceleration model structure dicvated by
high~velocity launchings.

2. A model configuraticn can be tested
(maintadning a feasible smplitude ratio)
at a lower Reynolds nmumber by using the
additicnal range length to compensate for

the decrease in the range pressure.

In considering the number of available shadowgraph
stations it is apparent that there mmast% necessarily be enough
stations to adequately define the motion when a minimum number
of cyc}es of moticn exists over the range length, (of the order
of 1,0 t2 2.0 cycles), Additional stations provide a
significant increase in the usefulness of & range by pro-
viding a c¢ycle band in which dsva ean be adequately obtained.
It should be noted that the full advantage cannot be realized

- from the apparent cycle. control afforded bi the dimensinnless

static margin parameter x/¢, indicated in Eg. (3), because of
model desigrn limitations. Thougt Eqa.(2) and (3) are for
planar motion, the commenta velerring to the extensions of

tlie test boundaries in & »uhgs are oguAally applicable for
gereral roiling-yewing motion,

- 31«
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The evaluation testing of the 1000-ft range has
progressed to a point pémitting 8tadility measurements.
Three experimental values for the damping parameter

Z{:'{;;gf 7 E?CT f'4%5(24£> (/Z:”Q%; Loms }27

y p.
have been obtalned for a 10° half-angle cone configuration.
These damping values are shown in Fig. 6a, and the limited
numher of ¢test points indicetes that no appresiable effects
o’ Reynolds or Mach number exist for the range of these two
parameters covered in the tests. The repeatebility of the
damping measurcments for similar test conditions 1s very
good, cf, the ¥ = 7.9 and M = 9,3 data pointa., This is
particularly true considering that there is & differanco

in the CD values pertaining to the two data points. The
different c values result Ilrom The different model N
eaplitudes which are listed in Fig. 6a. The dauping 1n
pitch derivatives (C "%g + c.‘:n‘ﬁ } have boen saparsted from

the total damping parameter and are shown in Fig. 6b. Some

ARDC wind tunnel data cbtained et ¥ = 10, using n cne-degree.

of~freedom dalance svstum (Ref. 1), are a2lso showm, The

tuunel and range data pertim to a aimilar cone sonfiguratvion,

except for the diffcervence in note diluntness noted in the
figure. Condidering the amcuat of dats avallable at thia
time, 1t does not sewm Jusliliadle te eosiesnt on pozsibie

GaL1UsTLUBY UNVINASK LR WINZ TMIOMI anR IPUe~T1ight mmﬁty

per z¢.
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DISCUSSION

Bass Redd:

Yhat sort of accuracy do you get in any one given angle of
attack in your bzllistics range?

C. Welsn:

Ycu refer to measuring the attitude of the model at a partic~
ular statlion?

Bass Redd:
Yes, sir.
C. Velsh:

At this point I couldn't give you a firm answer. We know it
will vary someplace say between a tenth and a half of a degree;
however, in the fit, ii we would inZdicate reslduals from the curve
fit of say as high as 4/10 ¢Z a degree or 5/30, it is high, Of
the datas we have 80 far, the residuals between the curve fit and
tkz measured angular values, that are for given stations are
generally 4 tenth and below,
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PROBLEMS ASSCCLATED WITIL OBTAINTNG ACCURATE
DYRAMIC STABILITY FESULTE FROM
FRER-FLIGHT TESILS*
Gery T. Chapmen and Donn B. Kirk
Netionsl Aeroneutics anid Space Administration

Ames Researah Center
Moffett 'ie.d, Calif.

o S e e

To obtain dynsmic stability results from balllstic range flignt
tests, angular orientation measurements at discrete points slong the
trejectory are used %to evaluate parameters in the sclutions to vari-
cus equations of motion. A number of factors corbine to degraie the
derived dynamic stability result., First, the apparent damping of
the motlion can be significantliy iaflvenced by errors that are mede in
measuring sngles from photograpas of the model in flight. And secound,
the equations of wotlon are influecnced by the appraximetions that are
made in both setting up the equations and in solving them.

Tuis paper will cover somre phases of ecach of these probiems. We
will first review the date reduction procedure yresently in use av
Ames, Then the effect of experimental errors on Gynsmic stabllity
results will be considered, first from a simple theoretical standpoint,
then from a statistical spproach involving perturbaticns of exact
soluticns.

Firslly ve will conajder twe assumptions involving the equatiocns

2 A r. = -
of moticn which can aive riss to eywowas  D2) Mo ooonoil G Viwb Ude

Firepared Tor the Becons Technical Workehop on Dynamic StabiliZy Testing,

hrnolé Eogineering Development Cenmter, April 20-23, 1965,
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resultant anglie of attack is the square ruct of tne sum of the gquares
of the two orthogonal projected angles, and (2) the sssumption that @
linear restoring moment and constant demping coefficlent govern tue
model oscillation. Exact trajectories will be computed snd then
enalyzed by our exisiing deta reduction procedure, Typlcal exsmples
will be shown to demonstrate the megnitude of errors that can be
expected, and ways of eliminating or minimizing these errors will be

discussed.
SYMBOIS

A reflerence asres

81, + « » 5 8¢ constants in equations (1)

Cp drag coefficient
CLq lif%5~curve slope
Cm pltching~moment coefficient
Cmg, pitching-soment curve slope
Cmq + Cm& rate of damping in plteh
a reference dlameter
Iy moment of inertia sbout pltch axie ;
K congtent pd/km ‘
Mo, Mo constants used to define nonlinsar restoring moment
curves §
m model me8s
] QUIDEL VA CUBEBrYRLIUD POLULE PEr CYCie !
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n nurber of cycles of motion
P rcll rate
She standard deviatlon in angle of attack due to experi-

rental errors

SDE stendard devistion in &
X distance along flight path
a,B angles of attack anc sideslip
G resultent sngle of etvack
A, change in plteh amplitude Jue to demping i
FaSe distance between observaetion aststions
N5 72 0, bz constants in squetions (1) |
f A wave length of pitching oscillation :
7 £ dymamic stability parameter defined in equation (3)
fa} air density i
¢ radius of gyration of model sbout pitch axis ‘
P apgle between ouservstion plane and plsne of motion
Subsecripts i
E exact vaiue
env envelope
v, envelope at x = Q -
i irdividual reedings ‘

RMS root nean square
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DATA BREDUCTION PROCEDURE

The current data reduction procedure consists of curve-fitting
measured ve.nes of o, B, and x (this is where experimental errors
enter the problem) with a solution to the equetions of motlon. This
solution 1s the tricyclic solution of Nlcoleides (ref o 1) s transformed
to distance (x) rather than time (t) dependence,’' This sclution allows
for constant roll rate and tcmall asymmetries, The solution is
@ = e {ay 8in WX + ap coB WX) ¢ €% (8 BIn WX + &, COB WaX)

+ (as sin px + ag cos "px) (1a)
B = e¥(a; cor wyx - ay sin wix) - e"?*(ag cos wex - 8, 8in wWox)

+ (as cos px - ag sin px) (1v)

0 vwhere the conetants wy,w2,;M1,N2581, « « + , 8g are determired by the
curve-£itting procedure (p, the roll rate, is related to w; and U-h)}
the curve fitting is carried out Ly & differentisl correctisn procedure,

The dynamic stability perameter is related to¢ iy and np ar follows:
= 28
E =3 (na + n2) (2)

viere § 18 the constent-altitude power-off dynumic stability peran-

eter related to the aserodynamic ccefficlents by

/ ) wi®
£ =Cp - Cpy + &Cmg_ + Cmg, T;) (3)
The static stability perameter Cpy 46 related to wy and uwp as
~ 2l g &y ,
Ca ™ g ()
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The major assumptions employ.d in the derivation of equations 1)
which give rise to apparent errors, parvicularly in the dymanac sia-
blliity parameter, are: (1) the aerodynamic coefficients ere assumed
to be constants or linear functions of angle of attack; and (2) the

resuitant angle of attack ar i1s assumed to be given es «ap = Wa? + B2

ingtead of ten"MWtan® o + ten® 8. The systemat;c errors generated
by these gssumptions usuelly appeer as an absolute shift in the resulis
N

a8 contrasted to rendom crrors erising in the experimental messurements

of a, #, and x. These two sources of error will be treated independently.

ANALYSIS OF RANDOM EXPERIMENTAL ERRORS

A statisticel analysis will be presented, whichk consists of
caleulating exact trajectories, introducing simulated experimwentsl
errors via s Monte Cerlo procedurs, and analyzing these perturbed tra- )
jectories with the data reduction proceduwre just described. Fer
simplicity we will consider linesr aerodynaemics and planar motion in
calculating the exact trajectories. However, before proceeding further
a brief look ut s simplified version of the problem will help in
interpreting the statistical results sxnd providz some guidelines us to

vwhat varlables aight be important.

Simple Thecry

We will consider the errcr involved in Jdetesmining the dynamdic
stability peraneter from two data points which reysesent points on

the envelcpe of the pdiching motion (sze sketch (a)). The ecustion

for the envelcpe of the arc is given ag
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ENVELOPE OF PITCHING MOTION

' \ e
\ Pa

Sketch (a)
Cenv = "'em'o@Kgx (5)

where Genv, = @env &t X = 0, end k = pA/lin, Equaticn (5) cun be

revritten as

Qany \ _
In %mq> - Kex 6)

If we now take two date polnts at x = 0 and x; and write depy, &a#
Yenv, = Cenvg +AG

2queticn (6) becomes

4
in (\1 + %%‘-‘;Q = kéx; (7)

I¢ there 1s uov some error in determining Geny 8t each point {(“he
probshle error at each point can be represented as SDa),t then Ha
18 determined to within 2 SDu and thorefore there will be sowe prob-
able errcr In &, ucted as SD§, From tnese ideay we czn write

equation /7) as
ASD refers to stavderd deviation and has its ugual statistical

WO

(g4 - ag)? uhere of eare individual resdings,

definition Do =

ag 48 the axect velue, snd o 17 U4z UKD X Iowdiungs.
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2 ( 1+ ae?lf;o + ;Ensg“ = k(&g + SDE)xy (8)

ba . N2 SDo

Qenvg  Genvg <1

we can expand the logarithm, ard to first order we get

aﬁ%; + g%%’;—“ = k(8g + SDE)xy- (9)

We cen now nssoclote exact and error terms such thut the SDE can be

exprepsed as

PR 2. T
SDE = 2 e (10)

If we now consider x3; to be located at the end of the cbserved tre~
Jectory and reylace x3 by nA, where n is the mumber of cycles and

A 1is the wave length of the pitching motion, we get

= = (%) (1) @ .

Equation (11) gives an indicstion of what to 2xpect from 2 statisticel
analysie. Note thst this equation itates thet SDE dces nct depend
on &. This fact will be used to simplify the analysis; howsver, it
will also be checked for validity by comperison with some statistical
resalts.

Hote that squation (11) tells nothing sbout the effect of the
nuber of dsta points considered. Thervefore, in addition to the
peraxsters given in equetion (11), we will also cousiger ths nusber
of chpervatica points per cycle (N) defined as N = A/Ax, where Ax
is <he digtance between observation stesious. Note that the Yotal

mamber of cbrervetion wtaticns is given as oN + 1.

€ Mk ral S an
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Statistical Analysis

The procedure that was followed was to assume an arbitrary seb
of linear aerodynamic ccefficlents <Cmq; Crg + Cm&: et2. ) and generate
a‘c_ discrete points a number of planar trajectories (we will refer to
theee trajectories ss a group), In this sroup, the only varlation was
the position of the first steiion relstive to the first meximum in the
angle of stteck; thai is, the phase relationship between observation
stations and th2 motion history was varied. A Monte Carlc technique
var then used to irtroduce errors in both the .argle end distance
readings, siimleting experimentel errors. In most cases, a uniform
errcr distribution was used, but several cases were investigated
using e norwmal error distributicn as well. This group of trajectorizs
was then anslyzed with {the existing Adste reduction procedure and the
standard deviations in the parameters of interest weve detvermined
(2. » SDE and SDA). This process wes repeated for different groups
varying the values of SDa, agMS, m/pAA, &, n (rumber of cycles), and
N (number of dsta pointa per cycle). i

Before considering the results, however, we must Gecide how meny
tiajectories will form a meaningful statistical sampling. This ques-
tion was considered in a reverse manner as follows, It was felt that
perhaps 20 independent trejectories would be sufficient to be static-
tically meanirngful, To check this, three diffarent groupe of 22 runs
each {allowing for the possibility of rejecting saveral ill-conditioned

runz) were ststistically anelyzed and ccwpared, and it was felt if

TT— ‘.-—W

R R
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each of the three groups showed the same gross results, 22 rung vas

a big enough sample. This is what happened, as is shown in figure 1.
In this figure, the pe.ercentage of runs that resulted in an error (in
absolute value) in & less than some value A% is shown as a function
of Ag. Note that the standard deviation of £ 1in the three differenv
groups {indicated by arrows on the abscissa) agrees within about £15
percent snd that, in genersl, the three sets of ;'esults Gescribe a
similey curve. For reference a uniform distribution curve end a normal
distribution curve which zpproximate the results are shown. ‘

Effect of number of cycles and points per cycle on SD¢.- Shown in

figure 2 is the sztanderd deviation in ¢, SDE, versur the number of
% observed cycles of motion for several values of N (cbservation points )

per cycle). These resulte sre for the case where the exact value of

£ is zero. uoce that SD¢ increases rapidly below 1-1/2 cycles of

motion. Furthermore the effect of N is generally smell for velues

of N greater thay ajout 4. The theoretical curve for the aimple two

peint theor, is showa by the upper solid line. It eppears to heve thne !

proper dependence ot n for values of o grester thep about 1-1/2;

towever, the level of the curve is too high in this rsnge. The fact

that the ehape of the curve is not predicted by the aimple theory for

values of n leas than 1-1/2 is not too surprising since uhsre are |

fewer tran three pesks in the pitching motion and the date reduction

procedure has difficulty distinguishing between trim and demping.

Alro shown in the figure are two curves besides the simple thesry

e ririre: e af theae 4a the saimla thanrny <A inatad i_-;r a Armctant &

- " o O~ — ——— ch e 4
i S5 JORETA NIRRT, B LT SIS TGRS D DS
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give the best fit to the results. The other curve is an exponential
vhich gives a better fit over the range of variables considered but
ka3 no theoretical justificetion, as 1s indicated vy the fect that it
gpproaches & nonzero asymhote.

ggggct of & on B8DE.- Since the resusts in figure 2 were

obtained for ¢ = 0, 1t was of interest to see if the simple theorev~
ical model which indicated that the SDE was independent of’ £ diad
indeed hold. Recall that for large values of £ +the amplitude change
can be large end tihues the relative error in «, SDa/henvo will be
different at different points along the trajectory. Therefore in
congldering the results for large values of £ 1t would seem logical
that the results should be compared for the same value of SDathMS
vhere apme 1s the root-mean-square angle of attack cver the trajec-
tory. Shown in figure 3 are resulis for varlous values of &. The
golid points ure the res;lts as optained for a constant value of
SDa/oenvye Note there may be a slight effect of £ on the SDf,

The open points ax= the same results corrcclied to the same value of
SCa/agmg &8 in the cese of & = 0. The carrection wax wade using
the linear approach suggested by the simple theory. This simple cor-
rection does appear to reduca the emall effect o«f &g oo vhe SD§.

It 18 thersfore felt that for wost practical caiass SDE  1e ussentially
independent of §.

Effect of SDz on SD§.~ In Figure b the 8D la plotted versus

ShafagMs for a series of Aiffercnt cwditicns. Roth HDx and amm

weye varied, as well as the type of errn. Junction used to gunerate
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the errcrs in a. %The correlatlion about a straight line is very
good, thus supporting the simpie theoretical medel. Ir addition to
these considerations a group of runs was treated a8 thowgh every
staticon had been read twice and both sets of readings analyzed as one
run. Theoretically this should be equivalent to redsicing SDa by
l/Jg. This is indeed reallzed uas shown by the trievguiar data pcints.
The solid point is the result as obtained; the open point has deen

shifted by 12, which brings it back to the curve.

Effects of m/nsh und SDx on GSDE.- Several diffe.ent groups

of 22 runs were considered vith different values of m/pAA. All of
these groups showed excellent agreement with the simple theoretical
ai model.
In addition tu the errors in o, errora were also introduced
into x. The effect of errors in x was g0 small es to be hordly
detectable. Therefure all of the results that have been presented

included errors in x of up to 0.006 inch.

Estimation of SDE.- Cembining all of the previous resulte it

is possible to write an equction which expresses SD§ in terms of -

all the variables considered. This equatiocn cen be expresscd as;

g = C(F";,) (%) #(n) (12)

where C 18 a constant and £{(n) is a functiom which dsscribes the

P

ef?ent of the aumber cf cycles., If we take the function f£(n) as that

given by the simple thecretical model, equation (32) cen be written ss:

£ ot = 1. 70(m> \W/ (13)

Aa

~ M i lEscant B

YR er oo Mg Ll LN, TER rmss e e oo
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Cn the other hand if wve take the hest fit to all the data given in
figure 2 we gat the egqustion |
2.07
5DE = 0.1 ,< \ 3%17 {1k)
iher one or these equations can bs used o estimate the standerd
devigtion k.

It should be noted that there esquations dn not include the effect
of the number of observation points per cycle {N) as it is generally
gulte small. Its influence, however, wag systemati~ iln that the more
poiats per cycle the better were the reegults, I% would require con-
slderably more statistical resultz to adequately define the functional
effeet of thils parameter over the range of varisbles consldered; how-
ever, 1t would be a relatively eimple ratter to apply the procedure
outlined to a given test facility.

Implications of equatiox {131. At first glance equation (13} would
appear to indicate that the test recults would be cbtained with the
mwost cycizs, and this would dbe true except that usually the ternm l/n
ia not truly indepeadent of m/pAl. If we rutstitute nA = %, where

¥ iz the lengtn of the Lesting renge, we grt

D = M.m&r ﬂm‘) (15)

Therefore the longer the facility the smaller OS¢, Jor s given fsellity
x 16 fixed; therefore we minimize 8D by minimizing m/pd, being

sure tist we nav2 more than 1-i/2 cycles. A gocd optics system yield-
iug o clesr imege will also minizdze syrors in sngle rvadings (L.e.,

reducing SDn) thus miniwizing Sh¢. Thiz wey veuulve resorting te
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Kere cells for very high speed “ests to reduce blur and to reduce
fogging due to model radiation. One ¢sn alse meke multiple readings

of each plcture to reduce Sba. However, this will not work unless
the errors are iruly rendom. FErrors thet are nov random deserve atten-
vion alsc, Exsmples of factors which can‘introduce nonrendom error
are the facility reference system, dimensional stability of the film
used, extraneous “noise" on the film, sna uncorrected optical distor-
ticn either in the optics or due to refrmcti.n. The use of focussed
shadowgraphs cen minimize the effecc «f refraction.

Efrect of randem exyericental ervors on the determinstion of A,-

For all of the ceses considered the errars in the determination of A
& were less then 1/2 percent. As in the cese for demping, the nuber

of cycies of mution had a sicnificant influence on this error. This

effect of the number of cycles is shown in figure 5. Note the similar

appearance to thet showm for SDE in figure 2. Since the errors are

go small, this subject was not considered any further.
ANAL7SIS QF VARIOUS ASSUMPIIONS

As was stated earlizr two assumptions which appesr to affect the
dynamic gtability perameter to e considerable degree sre: (1) the

resultant angle of attack is the square root of the sum of the squares

of the projected angles instead of Up = tan"tan? a + tan® 8; and
{2) the aerodynamics ars lineer. The usthod of anslysis that follows
is similar to that in the previous sezction except that no random
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Analysis of the Resultant Angle-of-Attack Assumption

This effect was studied by considering a planar trajectory
which is observed at different angles of rotation, @, with respect
B to the plane of the motion {cee sketch {b)).

[+
. Ve

! 7/
TR /(\
’ \y PLANE OF MOTICN

/
v
S~
OBSEKVATION PLANE
79
-

Sketch {b)
Note that for @ = 0° ar 90° there is no assumpticn because Iw = o .
{ or ar = B To illustrate the magnitude of error that thie assumption
cun introduce at intermediate values @ we «ill consider a particu-
lar example. For our example ve will take 1l stations at k-foot
intervals, pA/m = 0.006/ft and » = 25.7 £, We consider various
values of oapws, @, and §.

Figure 6 shows the results of this analysis for three values of
tne dynamic stability perameter, £. Xivhied here are the appsreat
valuea of 4§ as a Duwehbicn of @ for various veluss of apmge Note
thal both aRMS end @ have & strong miuenw e &, JHicte furt.her
that this effect ie 2 strong funelilon of the size of §p, TFigure 7
shows “he induced errors (§ - &) for ¢ = 55° as & tunction of $g
for two values of agyge Nots the nearly linesy depsudwmnce of the

/ induced error on §p. Remenbey thet here ws are cunaldering cxect
kS angle readings and thet these srrcrs ave indzodused by the mwthod of
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These errors can be eliminst-l comyletely for plarar moticn by
a simple rotation of coordinates uLeforc¢ the data are anslyzed. Further-
amore for motions which are not planar the influerce of vhie assumption
can be minimlzed by rotating the coordinate system so thet most of

the angular motion is coufined to either the o or the f§ plane,
Anslysis of the Assumption of Linear Aerodynamics

In wany casee of practical interest the serodynamic coefficients
are noniinear functions of angle of attack; the auestlon then arises
as to the relationship thet exists between the quasi-lineer valucs
cbtained from the present data reduction procedure and the true values.
Nonlinear moments with zero damping have received considerable alten-
tion (e.g., refs, 2 end 3), The more complicated cases have received
little or no attention.

Here we will ccasider a slightly more complicated case, that is,
£ = const # 0, and -Cp = M + Me2r®. Again exact planar trajectories,
with 11 stations at k-foot intervals, will be used, Two cases ar:
considered; in both, Mo gave a stsbilizing moment., One case had Mg
stabilizing and one had Mp destabilizing, referred to es stable-

stabl:s and stable-unstsble, respectively.,

Results of Linear Aerodynamic Assumption

Two questions are of interest here. First, doss the nonverc damp-

ing significantly affect the determination of the nonlinser pitohing
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moments &8 outlined by Basmussen and Kivk (ref. 3)? Second, does the
tresence of the nonlinear moment significantly affect the measured
value of &%

For the amounts of damping considered here there wawn nd> detectable
influence of § ;f C on the nonlineer pitching moment (i.e., the correct

pitching-moment curve could be dctermined using the existing deta reduc-

N -

-

ticen procedure in conjunciion with the method of Rasmuscen and Kirk).
Thia was not usually true for determining the damping. Here the

nonlinear moment hsd & large influence on the deuping determined with

the present data reduction procedure. These results are shown in fig-

ure 8. The circles are the results for a pitching moment which is

gtahle-stable, Thne acatter is due to the finite number of observation

¥

stations. Simlilar results for a stable-unstable pitching moment are
indicet2d t\ rquares. The sign of the nonlinear term determines
whether the cizerved value of * will be larger or smaller than the
exact value and that the angle of attack {mcre precisely the cusntity
Mpa?) determines the magnitude of the differeace between apperent and
exact values of f, The asize of the nonlinearities considered are
given in the figure,

Note perticularly what this figure demonstrutes. A aystem has
been defined where the damping perameter, §, is & constant., However,
after the analysin {§ appears to be a function of ampliitude. Cuare
must. be taken that these effects of the noulinesr xoment cn the damp~
ing are interpreted corvectly, and some thearetionl work toward this

s dmsm ama Ao
Vermm et o a —————
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Theoretical commariscn.~ Also shown in figure 8 are sork theoret-

ical estimutes of the degree of interaction of a nonlinear moment on

k., This work was done by Maurice Rasmussen znd supplied by private
communicetion. Hls analysis starts by assuming that the nonlinesirity
is small. A perturbetion solution can then be obtained showing “he
effect of the nonlinearity in the moment. The theory gives the correct
trend but not necessarily the correct magnitude. The work of Resmussen

8 teing expended and wiil be puplished in the near future.
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DISCUSSiON

Lars Ericsson:

Your formula for the standard deviation shows a beneficial ef-
fect of increasing your range length and it also snows that makiag
your model lighter improves accuracy.

G. Chapman:
Yes.

Lars Ericsson:

T would like to comment on the last method, that is, making
your model light. Our euperience with the Polaris re-entry body
is that vou have to be very careful and try to avoid going that
ioute if av all possible. When you make the model 1light you
ducelerate the re-entry body in your test maybe ten times as fast
25 in real life. The Polaris re-entry body had characteristics
that change drastically with Mach number (at transonic and sub-
sonic speeds)--that is during one cycle of oscillation in the
range the model decelerated ihrougk a Macii number range of maybe
0.1 or 0.2, For that amount of Mach number variance the aero-
dynamic characteristics changed quite drastically.

G.'Chagman:

Yes, this is true. You have to apply this type of analysis
in light of practical considerations. We at Ames have had simi-
lar experience with the Apollo abort system Firing through the
transonic range and when you get to cases as complicated as this
you usually have to use an integral approach such as Jaffe's of
JPL or something of this type.

C. Welsh:

What were your final conclusions on the number of points per
cycle required? This is a function of your error but I never de-
termined from the siides what the final conclusion was.

G. Chapman:

There is a beneficial effect of getting more data points per
cycle but it was generally smaller than the other considerations.
We covered from 2.5 poinis per cycle up to 11.5 points per cycle
and in general you have a systematic increase but in doing the
statistical analysis on this there were places where the results
overlapped and in general it was sort of lost in the statistical
scatter. Scatter of the statistical results were approximately,
given in the written version, *15 percent. It is there; you do
get a beneficial effect of having more points per cycle but I

11-2-1
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think it'is small and it is nice when you have a facility as long
as yours. You don't have to worry about this thing.

C. Welsh:

Well, this was the point here., It would seem from your data
there and as you pointed out that the difference beiween 2 and 11
may not be so significant butl this again I think is tied to the
amount of error in the individual measurements of a and B.

G. Chapman:

Oh, we considered quite a range of angle errors. We showed
normalized error standard deviations of (.02, something like this,
so for a 10 degree run this corresponds to 2/10 of a degree read-
ing error standard deviations which means if you are using a
normal distribution or a2 uniform error distribution you have a
maximum error of approximately half a degree. We feel for our
high speed results we can get well within this. Of course, this
doesn't consider nonrandom errors. I mean you may have reference
systems that are not aligned properly and these are very difficult
to take into consideration; but we bring out a few of these in the
written version just to indicate that you have to worry about these
type of things. It is something that is difficult to handle and
you can't handle it in the statistical manner.

C. Welsh:

We had tried this in a crude sort of manner of simulating
errors in which we tried to simulate just a random type distribu-
tion of errors. What we would have indicated is that once you got
above about 12 points per cycle (we used as many as 43) the curve
was fairly flat and once you started below 12 this curve then
started up and very rapidly as you indicate.

G. Chapman:

I read your paper-~yes--the one presented to the Ballistic
Range Association in Europe last year?

C. Welsh:
Yes.
G. Chapman:

Yes, I read the paper and we had a couple of disagreements but
that wasn'+t one of them. We didn't consider above 12 points per
cycle because--well, in general, our biggest facility at Ames is
200 foot range. We have 24 stations and in general we try to stay
greater than the 1 1/2 cycles. You showed that one cycle of motion
was sufficient; however, the type of error distribution you used

11-2-2
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precluded any trim interfering in your error analysis and therefore
we sort of feel that we have to stay larger than 1 1/2 cycles of
motion., So for the facilities that we are considering; this analy-
sis is sufficient although we are going to extend this to a larger
number particularly since we have pop forward techniques now that
can use the same type of anz vsis. Licnel Levy may show some re-
sults later on today. I think he is possinbly going to show scme
motion pictures of tests where you can get an equivalent flight
path of up to 10,000 feet for each second of flight in one of

these pop not a pop forward technique just a vertical flow facili-.».

G. Chrusciel:

This is a question that has been bothering me a little bit
that is using the standard data reduction techniques for unusuaili
configurations. If you have a vehicle which exhibits say very
large drag changes with angle of attack and you use the standard
data reduction technique you could attribute large errors in the
damping coefficient because of this. Would you care to comment?

G. Chapman:

I tend to agree with you--we really haven't investigated this
effect but I have a feeling that large values of drag change with
angle of attack is just like a gq variation over the trajectory; it
is going to have an effect and like I say there are many problems
that I haven't considered here. I got into this problem through
the backdoor and I am just starting to consider some 0f these
various problem areas.

11-2-3
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, FREE FLIGHT WIND TUNNEL TECHNIQUES
AT THE BALLISTIC RESEARCH LABORATORIES

A, S, Fletou
Exterior Ballistics Laboratery
Ballistic Research Lahoratories

During the past year and a half the BRL has bveen developing a wind
tunnel free flight technigue which can be used to obtain aerodynamic force
and moment deta on various configurations. This technique, which we are
developing for our hypersonic tunn ., will be a wvalvable testing addition
to our facilities. The principle of the technique is the same as that
used at the Jet Propulsion Laboratory in that a model is launched at low
velocity upstream into the high speed flow. The launch velucity must be
such that the deceleration due to drag keeps the model trajectory in the
wind tunnel lest rhombus and permits at least the beginning and end of
the flight to be photcgraphed with a high speed camera. To date we have
successfully launched two configurations--a 7/8-inch diameter aluminum
sphere for checking a drag coefficient, and & low moment of inertisa 10°
half-angle plastic cone weighted with a frustrum of lead to determine its
dynamic stability. The BRL system differs from the JPL system in that we
are using a launcher which will permit launching several models without
shutting down the wind tunnel, and the optical system is a two view system

permitting orthogonal views of the model to be recorded.

THE LAUNCHER

The launcher is a water cooled one-inch inside diameter tube approxi-
mately 16 inches long (Fig. 1). The rear ten inches are used for holding
the saboted reserve models, while the forward portion of the tube is used
for launching each model. Doors are used to protect the models before
launch from the hot air stream and to prevent a resonant shock and the
resulting high temperature from occurring in the launch tube (Ref. 1).
‘'wo retractable pins are used to hold the models in position prior to
launching and to prevent the reserve models from moving forward until

the launching of the front model is accomplished.
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To launch a medel with this launcher, chree sources of pressurized
air are required. The feed air is applied continuously throughout the
test to the rear of the feed piston, Fig. 1. Its pressure is adjusted
go that it is always higher then the launch air which is applied directly
behind the front model. The launch air pressure is adjusted prior to
launch to provide the desired model Launch velocity. An automatic se-
quence of events is started when air is applied to the door and pin
cylinder. This opens the door, raises the front pin, and iowers the
rear pin, thereby permitting the launching of the front model. After
launch, the door cylinder air is reversed, which closes the doors, moves
the pins back to their original position, and cuts off the launch air.
The feed air ther moves the next model into launch position. This se-
quence of events is tied in to the camera timing sequence, and occurs

sutomatically in a few seconds,

With this launcher, models are usually launched with the launcher
pointing directly upstream, and the initial model angle of attack has
been due to flow asymmetries directly n front of the launcher. With
the low moment of inertia cones this has worked well, for initial flight
disturbances up to 10O or 12° are necessary for dynamic stability measure-
ments. For other types of measurements involving high moment of inertis
models it may be necessary to launch the model at an angle of attack or
employ vertical air jets to pitch the model to an angle of attack during
the launch. Vertical air jets have been built into our launcher, but

have not yet been used.

THE OPTICAL SYSTEM

The dimensions of the usable portion of the tunnel flow which can
be photographed with the orthogonal optical system is approximately
12 inches in diameter and 27 inches long between the nozzle exit and
the diffuser scoop. However, the usable tunnel flow also extends up-
stream of the nozzle exit along Mach lines, and even though this region
cannot be phctographed it can be used in many cases for the mid portion
of the model flight.
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The orthogonal optical system is arranged, Fig. 2, so that both a
side view and a top view of the test section are superimposed onte the
frames of a 35mm half frame Fastax camera. A series of mirrors including
a half silvered mirror are used to direct the optical paths ianto the
camera in such a way that the upstream direction of ﬁhe model in the two
views is in opposite directions on the film frames, Fig. 3. In this way
it is possible to distinguish th= two model views iun each frame. The
views obtained are silhouettes o the model against a front-lighted white
screen. The screens, one for each view, are mounted approximateiy three
feet from the centerline of the tunnel on the opposite sides from the i
camera. Each screern contains lines merking the tunnel centerline, the
center of “he main tunnel windows, and two lines s snown distance apart i

which are used as a calibration distance.

The resolution of the optical system is limiten by the resolution
of the high speed camera which is approximately 20 .ines per millimeter. !

This resolution limits the accuracy of film measurements tc .002 inch

in the film plane, or approximately .05 inch-in the center test section

plane. As a result, consicderable scatter is preseni in the measured i
model coordinates, Figure U4, and we must resort to least square : é
smoothing techniques to improve the data accuracies, Figure 5. The -~

smoothing increases the coordinate accuracies to approximately .Ol inch.

The film is being read on a Telereadex Type 29E machine, and the date

are being reduced by the BRL Computing Leboratory using tl.e high speed

BRIESC computer.

With the present optical system the top view optical path must pass
through a window in the top of the plenum chamber which is only 15 inches
in diemeter and located 4-3/k inches downstream of the main window center-
line. This limits the top view to approximately 2/3 of the test section
length. Also, with the present optical system it is necessary to run &n
aligrment check on the mirrors before each test period. For these reasons
we plan to change to a tvo camera system--one for each orthogonal view--
vhare the timing marks on the two films can be the same, thereby relating
the frames on the two films.




The data from the first flights are being read and reduced while
this paper is being prepared, so that the aerodynamic data are not yet
availseble. The data will be available at the time of the meeting and
will be shown at that time. The dimensions of the models used on the
first flights are shown in Fig. 6. The tunnel conditions used for the
flights are M = 6.0, P, = 300 psia, T, = 500°F, and Re = .40 x 100 per

inch.
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~ ' DYNAMIC STABILITY TESTING WITH MAGNETIC
( BALANCE SYSTEMS*

Eugene E. Covert, Alan Copeland, Timothy Stephens

INTRODUCTION

For the last four and one-half years, meinbers of the staff of
the Aerophysics Laboratory of the Massachusetts Institute of Technology
have been studying magnetic suspension and balance systems for use with
wind tunnels. One of the principle purposes of these studies, which have
been sponsored by the Fluid Mechanics Branch of Aerospace Research
Laboratories, USAF has bezn to detertnine limiting factors in the per-
formance and appiication of this kind of a balance system.

Without going into a detailed history of suspension by means of
ferromagnetism it is worth noting that ultra centrifuges with a magnetically
suspended rotor were first constructed at the University of Virginia by
Holmes and Beams in the late 1930's. The first successful suspension of

(- ' a wind tunnel model was accomplished at ONERA in France by Laurenceau and
Tournier (Ref. 1). These results stimulated activities at our Laboratory.
As a result of preliminary calculations in early 1958, we were convinced
that the ONERA system could be used for general aerodynamic purposes.
Subsecguently John Chrisinger undertcok a more detailed study as a thesis
for the degree of Aeronautical Engineer, which was completed in May 1959
(Ref. 2). During the same period Parker and Kulthau at the University of
Virginia undertook the construction of a magnetic suspension system for
dynamic stability measurement. The principles of this balance were worked
out and verified by Parker in 1959 (Ref. 3).

Parker's work stems from the background of magnetic susl;ension
of ultra centrifuges at the University of Virginia and represents a line of
development that not only is independent of the French and MIT development,
but also vas dirzctly ainied at the problem of dynamic stability. R. Zapata,

formerly with Parker's group, and T. Dukes have in the last 18 months,

*

These studies were carried out under Contract A¥F 33(615)-1470 with
the Aerospace Research I:.abcratories, United States Air Force, at the
Massachusetts Institute of Technology, Aerophysics Laboratory.
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completed a magnetic suspension system that has been used at the Gas
( Dyna.'mics Lrboratory, Princeton, to measure the fluid mechanical
’ properties in the wake of spheres.

These systems have several common characteristics. The models
must have a magnetic moment, although the direction and distribution of
the magnetic moment, may vary for each of the several different models.

: This magnetic moment may be a part of the model {i.e., the model is a

permanent magnet), the magnetic moment may be induced by a set of

coils designed for that purpose, or the magnetic moment may be induced

e

by the suspension fields themselves. The magnetic forces depend on the

magnetic moment M and the gradient of the magnetic field, i.e.,

et W T S NP U]

%= ((a&.vB (1)
magnetized
volume

Similarly the torques can be computed by an equally well-known forrmula

T:Sdﬁxﬁ (2)

magnetized
1 volume

e

The suspension system must be capable of producing the magnetic fields
and gradients of magnetic fields to provide the forces and torques. If the

system: is to be in equilibrium then the applied magnetic forces and torques

must just balance the forces and torques caused by gravity, aerodynamics

pressure distribution and inertial effects (if the model is in motion). The

equilibrium is brought about by a set of model position sensors whose

output is used to control the electric current in the coils that preduce the

magnetic fields. Figu»e 1 shows a schematic diagram for a five degree

of freedom system, where coil configuration is similar to the early

ONERA units. Note there are five indepzndent units consisting of position

gensing elements, control netw?'rks and power supplies (not shown), and f

coils. Each unit is used to confrol one of the five degrees of freedom. ;

In this casge they are forward a_.hd aft lift, forward and aft lateral force,
/

and drag. :

i

'
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In the MIT system, each control computes the integral of model
position, model position and rate of model position as well as model
acceleration, model acceleration rate and the rate of model acceleration
rate. The latter three computations are quite obvious since a change in
current corresponds to a change of force in the model. The first three
are necessary to reduce drift and the change of model position under load.
See Ref. 4 for a complete description of the MIT system.

Now this leads to an unusual situation. A model suspended by a
magnetic suspension system appears to be free floating., But it is not.
The model is actually fixed rigidly to a position that is identified with a
reference voltage in the integrator. It is desirable to control the model
to 10"3 inch, which can be done if care is taken. Figure 2 helps to con-
vey the idea of how solidly the model is fixed. The model is seen from
the diffusor inlet plane. The filr was exposed for 0.2 seconds with f 2.8 lens.
There is no indication of blurring. One other piece of information is con-
sidered pertinent. This information is contained in Fig. 3, and shows the
repeatability of the measurement of aerodynamics drag as represented by
the drag coefficient of a cone cylinder core model. The absolute value
of the drag coefficient for this configuration has been estimated to be in

substantial agreement with the data.

BASIC IDEAS FOR FORCED OSCILLATION TECHNIQUES

Our approach to the application of magnetic balance system to the
measurement of dynamic stability parameters is based upon the relatively
rigid control over the position of the model. This control provides not
only the opportunity to control the mean position of the model in the wind
tunnel but also provides the opportunity to move the model about that
mean position. The motion itself may be forced in any way that one desires.
We have found the two extremes of sinusnidal moticn and random motion
to be useful, In regard to the former, we have been able to control the
location center of rotation. In particular we can cover the range from
pure pitching motion to pure plunging motion by controlling the phase dif-

ference between the forward and aft lift excitation. The motion igs monitored

>
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by three solar cell arrays that are located axially along the model. Fure
{.: pitchi'ng motion causes the signal of the fore and aft cells to indicate the
same amplitude but 180 degrees out of phase, while the center cell indi-
: cates no motiion. Pure plunging motion is indicated when all three cells
indicate the same phase and amplitude. The drag control system, ideally,
holds the model in the same longitudinal position throughout this process.

In the second class of excitation a random signal {at ieast it is

b e ST PTG AR | Tt Y

random over a wider band width than the system will pass) is useu to excite
the lift system. These motions then combine pitching and plunging. In
either the random excitation or the pitching and then the plunging excitition
it is possgible to isolate CMq from CMmg. If these excitations are applied
in the yaw plane one can measure CN, and CNé, as well as Cy .

It is possible to generalize either of these motions into the pitch

and yaw planes instead of individual planes. However, we have not yet
attempted this generalization.

PO e TR LIY IR Rl L e Sk

In addition to the plane motions, there is the poasibility of spinning
about the longitudinal body axis. This spin is either at a constant rate,
_ for nonwinged airframes or for a rocking type of motion. These controlled
(_ motions provide a means of determining C-‘p and CNP.

It is one thing to be able to apply one of several kinds of motions that
should lead to the measurement of dynarnic stability data. However, a
second problem is the data handling. As will be secen below, the reduction
of the data from random excitation is recorded on a strip recorder, manually
transferred to punched cards and processed by an auton.atic computing
machine.

The roll data and the pitch data may either be recorded on the strip

recorder or by means of a measurement of a phase change using an electronic
counting circuit.

SPECIFIC TECHNIQUES

We shall discuss threz technigues that have been tried. The first
consists of a forced oscillation technique for measuring the sum CMq and

CMy and a suggesotion for the measurement of Cyf, . The latter stability

Nsasmna
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parameter was not meas'ired because our system is insufficiently powered.
The second consists of the random excitation. Third, the problem of
damping in roll will be discussed.

In applying a forced motion to the model, we can measure the damping
by measuring a change in phase of the motion. This process is simplified
if the motion has the same arnplitude in the wind-~off and wind-on conditions.
Under these circumstances the dynamics of the control system need not be
considered. This may be seen from the following equation. For the wind-

off, the motion of the model is governed by the equation

18, + Dy & =My emiot (3)

Here I is the moment of inertia in pitch, DE is the eddy current damping,
0 is the pitching variable, & is the excitation frequency and M Aq is the

applied moment. With the wind-on the equation becomes:
L e 9 - iw t
18 + (D, + DE)6’+MQG=MA1e_ (4)

Dy is'the aerodynamic damping, DA =q8Sl (CMé + CM&), Ma is the slope
of the aerodynamic pitching moment curve. Recall that the solution to
Eq. (3)is
Ma,
= um - - iw t
8 TFPF (o DP (Te? -jiw DE)e (5)

The phase shift between a reference point of the applied moment, which
will be discussed below, and the solution is
D
B =tan ™t < —E (6)

Iw

Similarly

MA, {Mq-—loﬁ) +iw (Dg+

DA)} e-iwt {7a)
(Ma- Tw2ry we (DE + DAF
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and (D. + D, )w
-1 h D) A
¢y =tan * (7b)

@

Equation 6 can be used te compute DE and then Eq. (7b) can be used to
compute D, i.e.,

A
DE = = Iw tan ¢, (6a)
so
Ma’---Iooz
DA=Iw tan ¢ + ————— tan ¢, (7c)

If it happens that Ma~ Iw? the measured value of ¢, is more accurate.
Note that the aerodynamic moment slope Ma must be known. The key in
the use of this technique is the ability of the system to make the moticn
be sinusoidal, i.e., 8y and 8, are sinusoidal although the total applied
moment MA may not itself be constant. This nonconstant applied moment
is a reaction that can arise from other constraints that are naturally in the
system. Those constraints include changes in the magnetic moment and
nonlinear interaction gradients caused by the control system. MA(t),
the actual applied moment, was represented by MA e~ 1wE for simplicity.
Nevertheless, as MA(t) is period?c. and 6, and 8, ar= rinusoidal, Eqs, (6a)
and (7c) may be used. The applied Inoment must be periodic so the phase
shift can be measured.

Figure 4 shows the data Lee Tilton (Ref. 5} obtained in the 4x4",
M = 4.8 tunnel at the Aerophysics Laboratory. This data shows that for a
+1° motion about 0° angle of attack, the damping is unstable in that it takes
energy from the air streams and puts it into the motion. This curve also
shows the value of eddy current damping, which is less than 0.1 of the
aerodynamicterm. The calculated value (basedon slender body theory)is also
shown. The agreement is not spectacular but is considered satisfying.
The model has a fineness ratio of 10, the nose is a 3 caliber 3/4 power
with a 3 caliber cylindrical mid-section. The base is a 4:1 ellipse followed
by a 20° semi-vertex angle cone.
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In principle the damping due to & may be computed from the plunging

equafion,
DE & = MAO e"iwt (8a)
(Dp, +D )y +M_ ay =MAle-1wt (8b)

If there is any eddy current damping, it must be estimated from (8a), and

M

- a -
DA- % tan q)l D

E {8c)

Again $ is the phase change from same reference point on MAl and the
same point of the sinusoidal curve of a(t). As indicated above no attempt
was made to measure Cmg because of the inability to excite an appreciable
value of @, as well as the one-sidedness of our forcing function of plunging
motion,

Note in passing that if one monitored side force and yawing moment
that the deviations CYq and CNq_ could be determined if the configuration
possessed the proper kind of asymmetries. Similarly by excitation in the
yaw plane one could in principle infer CN, and CNé and Cg,. if the roll
components were properly calibrated.

The second technique that we have considered for th¢ measurement
is based upon the ideas of system identification (cf. Ref.6 and 7). In Ref. 7
these techniques have been applied to the problem of determining the aero-
dynamic characteristics of several different shapes. The procedure is
perfectly general and can be used to provide information about nonlinear
aerodynamic systems as well as linear systerns. The nonlinear developments
are based upon Volterra's series expansion (Ref. 9). This implies that the
norlinearities can be expanded in a power series. This is not a serious
restriction below the stall.

_The procédure itself is based upon the idea of an integral repre=~

sentation of the:moment and in the wind tunnel, pitch relation; that is

00
M(t) = V Jm {t =)0 (7)dnr
- 00
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\0? ‘s some kind of kernel which can be convolved with the pitch
ar;éle, 8, to give the aerodynamic momentl.

The usefulness of this form is completely obvious. \ﬂm can be
8o defined that it includes the aerodynamic moment and it automatically
includes the time delays or derivative effects. Further, at each Mach
number Jm is in a form that is applicable to trajectory analysis merely
by determining the proper value of the product of dynamic pressure and
reference area.

The value ofsﬁm can be computed by correlation techniques if a
random, time stationary signal can be inserted into the 6 control in the

wind tunnel, Then the crosscorrelation of the moment with the pitch
angle input, is just s.(?m, i.e.,

T T [
dim - g M(£)8 (t-A)dt = lim g at S‘\ﬂm(t—f)e('r)s(t-x)d)\
e LT T—~w 7 .
0
1

It is easy to illustrate the existence of an integral representation.
For example consgider the differential equation

(Mq+Mo) 0+ Mae =M/(t)

By application of Cauchy's theorem (cf. Morse and Feshback, Methods of
Theoretical Physics Chap. IV) on the complex t plane

d"e_ _ n! 8(r)
dtn 2wi (t—'r)n-

1d'r T>t

Hence one integral form is
1 1! (Mi+ Mo;) Ma
M(t) = § (Z‘n'i ) [ =7 ) + (t~'r)] o(r)dr

A second form using Fourier Series (cf. Lighthill-Fourier Analysis and
Generalized Function p. 35)

o0

M(t) = S [(Mq+M&) (t=7)+ Ma] 8(r)dr

- 00
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If 6 iz random and time stationary, then

T
lim 5 (6(r)o(t-r)dr = 5(t-0)
T— 00 v
~T
Hence
T
Sy (W) = lim S M(t)@ (t-)) d)
m T—o0 -T

In using this approack one must be sure that the random signal is time
stationary, i.e., its statistical properties are not dependent upon time. If
this is not the case errors can occur. Figure 5 taken from Ref. 6 shows
the result of using a nonstationary source of random signal. On the

other hand Judd (Ref. 10) has used turbulence in the wind tunnel to serve

as a random excitation and the calculated 'ﬂm agrees well with the meas-
ured value (Ref. 6).

Finally it is possible to measure damping in roll with the magnetic

balance system. This is done by forcing the model to roll at a known

rate (p -?:%- ~ 0.2) and then turning off the roll forcing function and re-
cording the roll velocity as a function of time. The damping roll is de~
termined from the logarithmic decrement. We are using an alternate
current technique for generating the rolling moment. It is possible to

use d,c. (See Ref. 11). A current loop in the model (which acts like a
rotor) is driven by two fields in quadrature (Fig. 7).

Figure 8, which shows the model in the tunnel is part of a program

. (Ref. 12) to learn how to apply the magnetic balance to problems of roll

damping that is sponsored by AFCRL. The raw data includes eddy current
damping which is measured with the wind~off at low pressures (0.1 psia).

This data has been subtracied from that given in Fig. 9, which is

therefore only C, .
P




CONCLUDING REMARKS

We conclude that magnetic suspension and balance systems can
be used to infer dynamic stability data from wind tunnel measurements.
This technique has been demonstrated for linear process and offers the
possibility of providing aerodynamics coefficients in a form that is well

dadopted to trajectory calculations.
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DISCUSSION

Prof., Kuethe:

We are carrying out a similar study in the 4 x 4 inca super-
sonic tunnel at The University of Michigan. The model is in a
strong magnetic field normal to the wind direction. An alternat-
ing current passing through a coil within the model causes it to
oscillate about an axis 'normail to the magnetic and flow fields.
The electromagnetic damping with an aluminum medel was prohibi-
tively high compared with the expected aerodynamic damping. The
model we are presently testing is constructed of plexiglass and
the tare damping is down to a usable value at Mach numbers around
4 and probably higher. I would like to ask whether you have ex-
perienced the same difficulty with high eddy current damping.

Dr. Covert:

On this slender model at low total pressures the eddy current
damping looks like it will be about 25 to 30 percent of the aero-
dynamic damping. ' ,

Prof. Kuethe:

Is it the same wind on and wind off?

Dr. Covert:

Well, we make it be the same wind on and wind off by this
calibration technique except for air bearing friction. We support
the model on this air bearing system in the position that it wouid
be in during the wind tunnel operation. We unhook the control sys-
tem so that we can apply the same cuvrent in each coil that we
measured during the wind tunnel operation and then since the only
difference between these two cases is that one time the wind is on
and the other time the wind is off; hopefully, the amount of eddy
current damping is tha same in each of these cases.

Prof., Kuethe:

The definitions of C, + Cmd vary somewhat and I am wondering
if the model used has a fagrly high dynamic stability?

Dr. Covert:

The model I showed, has no fins on it at all. It is just a
body of revolution and that one had a 3/4 power ogive on th> nose,
a cylindrical midsection, a 4 to 1 elliptical afterbody feeding
into a cone, We have not tried to get any damping in pitch data
with finned model. The reason that this is not as complete as one
would like it is that what we were supposed to be doing is finding
out what the limitations of this kind of an instrument are and so
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we always try at least in our own minds to find the harder cases to
study. The assumption being that if you can do it on a hard case
you can do it on an easy case, Now there may be a pitfall here and
there. The thing that we are trying to do with the pitching models
is to measure a change in phase and we would like to get down to few
degrees. The facts of life are that we have not been able to con-
sistently measure below about 5.2 degrees change, but this seems to
be enough at least for the kind of models that we are talking about.
Now it may be that if we went to a higher Mach number and had a
different configuration particularly some of the cone-cylinder-flave
models we would be in difficulty. We can't say because we haven't
done it yet.

C. J. Schueler:

If I recall the French system, they have the problem of inser-
tion and removal of the model during tunnel start and stop. I won-
der how you accomplished this or do you have sufficient capacity in
your system? -,

Dr, Covert:

Our system has sufficient capacity, but this is not a problem.
We have been able to start the tunuel; in fact, one of the things
that we routinely do as a matter of course is to measure the cur-
rent in the various systems us the starting shock goes downstream
because wve are interested in what starting loads really turn out to
be, and the thing that so far we have learned is that they are never
quite what you think. They seem to be strongly dependent on a con-
figuration that you have, strongly dependent on how the valve opens
any particular day, and they are a little bit dependent on individ-
ual nozzles. We have some nozzles that ceem tc start cleanly and
others that seem to start with a big x shock. According to the
theory, a shock cunfiguration that is a x like should cause a vor-
tex, and there is, The models will spin up and then they will spin
for a while and after a while they will damp out. When we first
put in this finned model the other day we were somewhat concerned
about maybe it would start spinning so fast that we would get a spin
instability. There are certain odd instabilities that can arise at
certain frequencies so we really faced that starting problem with
a great deal of trepidation, but so far it turned out to be not
something to worry about. I have a starting load slide that I just
happen to have in my pocket if you want to take two minutes? This
is a well behaved start on a very slender model and what it indi-
cates is that the start just follows the p.. There doesn't seem
10 be a great deal of refraction. Any other questions® This is
time in seconds and the ordinate scale is not really quite labeled
correctly; this is really drag current corresponding to the steady
state. If you put an impact probe in, each one of these peaks is
when the shock comes down. It strikes the model a couple of times
before it finally goes on by. Then after the tunnel starts then
there is a gradual increase in pressure to the steady state; but
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in this case there doesn't seem to be a factor of more than about
two or three on this slender model, On blunter models this ratio
can be as high as four or five.

J. Grimes:

DPid you ruii into the plunging and heaving type of phenomena
that we had on the Bicknell "66"? (A Delta wing, “T" Tailed con-
figuration).

Dr. Covert:

We would like to plunge something someday. The reason we
haven't gone into the plunging and aeaving at all is because our
system is so arranged that the only force downward is the gravity.
The magnetic field only works upwards. At any frequencies that
we can get where the model is actually plunging, the reduced fre-
quency is so low that it is just a quasi-steadyeffect. One of the
things that we think that this kind of balance system offers is
the opportunity to separate pitching and plunging because you have
control over motion. One of the advantages of doing the statisti-
cal system is that it includes both at once, automatically.

J. Grimes:

Thank you.

M. Fink:

This is more a comment than a question. You mentioned starting
loads. We have had quite large starting loads not only on drag but
on lift and pitching moment for the winged models that were tested
in the program I described yesterday. For some of the models’
tested before we found that we lost flexures on the forced oscilla-
tion balance with amazing regularity. VWe put in a pneumatically
operated device which supports the back end of the model and keeps
it from pitching and putting ioads on the flexures during the
tunnel start and stop. For those of you who have dynamic stability
balances and have tested only wingless r~--entry veunicles, in the
future, you may find yourself going into testing of winged vehicles,
I'11l give this as a bit of advice that the starting loads on lift
and pitch can be startling rather than starting.

Lr. Covert:

We happen to have a schlieren of one start where the flow was
essentially started on top and there was a normal shock at the
bottom so the model sort of experienced a strong 1ift and pitch
under these circumstances.
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INSTRUMENTATION AND T@CHNIQUES USED
AT THE NAVAL CRDNANCE LABORATORY FUR THE DETERMINATION
OF DYNAMIC DERIVATIVES IN THE WIND TUNNEL
by
Frank J. Regan
U. S. Naval Ordnance Laboratory
Waite Oak
Silver Spriung, Maryland
ABSTRACT

The Naval Ordnance Laboratory's effort in develop-
ing and improving ingtrumentation for the measurcment of
roll damping, pitch damping, and Magnus effects is re-
viewed. Wind tunnel free-flight launch system, pitch
damping model support with E-coil and air bearing and
E-ccil and ball bearings, roll damping support with air
bearing, and highly sensitive Magnus balances are dis-
cussed, A brief outline is given of the techniques of
data reduction, Data obtained with this ingtrumenta-
tion are compared with data from other sources. A
motion picture of some wind tunnel free-flight trajec-
tories is presented.
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INSTRUMENTATION AND TECHNIGUES USKD AT THE
NAVAL ORDNANCE LABORATORY FOR THE
DETERMINATION OF DYNAMIC DERIVATIVES
IN THE WIND TURNEL

I. INTRODUCTION

Over the past several years there has been an increasing
awvareness of the importance of dynamic derivatives, #dany
flight diZficulties of projectiles, bombs, rockets and
ballistic re-entry bodies are directly attributsble to incom-
plete knowledge of the forces and momentis caused by the rate
of change of body angular position. Facllities such as
tracking ranges, ballistic ranges, wind tumnnels and Shock
tunnels have been used to grapple with the =many probiems
sssociated with the measurement of these effects.

This paper szummarizes the technigues used at the Naval
Ordnance Laboratory in making dynsmic stability measurements
in its wind-tunnel facilities. The stability derivatives
which have been measured include the damping-in-pitch derive
ative, Cn + Cn , the damping-in-roll derivative, C and

L’

q ¢ P
the Magaus derivatives expressed variously as C_ , Cn or
C ,c . yp p

y n
pa pa

In the pest at NOL, damping-in-pitch measurements were
made by the free oscillation technique uming a model mouxted
by ball beurings on a transverse support through the center of
gravity. The damping derivative was obtained from high-speed
motion pictures. The ease and sccuracy of this technique
have been greatly improved by employing air besrings to reduce
friction, and an E-core transducer to directly read data. Air
bearings have also proven valuable in roli-damping measure-
ments. The wind-tunnel free-~flight technique has been
developed for cases where supports may cause serious flow
interference.

The measurement of Hagnus derivatives presents special
problems in measuring smalil yaw forces in the presence of
large 1lift forces. The sensitive balances required are
perticularly susceptible to induced vibraticns. Special
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balances have baen developed which work in spite of these -
31fficultiea. 9

XX. PITCH DANPIRG

A. PFree Oscillation Technlgue

0f all the dynamic effects being measured at the
present ting, the greatest laierest is undoubtedly in pitch
dsmping. The variouz techniques nearly always involve
oscillatory motion arovund a fixed axis, In this case one
obtains the combination of derivatives Cn + Cm . Attempts

q a
have been made to develeop wind tunnel supports to separate the
translatory deriva’:ves from the rotaticnal derivatives with
varying degrees of raccess (see refs, (1) and (2)).

The free <acillation techrique has been used exten-
sively at NOL (see Figs. 1 and 2). In this method the model
is mounted on a transverse support through the center of
gravity. The model is connected to this rod by means of ball
besrings or an air bearing. The model is held at an angle of
attack, and upon release undergoes a damped oscillatory motion.
This motion is sssumed to be described by the following
equstion:

C
n

c +C
@ - [C lzv:& Jase J&- [_n_aIQ_S_d Ja=o S

For the case of light damping (damping ratio less thanm 0.1),
equation (1) has the following approximate solution:

C
" ™
o« = o Cos ___.9_}_9_%21; (2)

where

(3)
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The barred quantities in the above expression are the amplitude
of the envelope of the oscillations with the subscript o
indicating initial conditions. 1In the case of nonlinear
damping the decay envelope is divided into n increments: 0, 1,
2, +ee, &, .o n. The relationship between the angle of attack
at the beginning and end of the i+l increment is from

equation (3):
+ C }
<c“q " ) qsd?

Api <t1+1' t)

Equation (4) may be solved for the pitch-damping derivative as,

G

®4+1 T @y OXP

(4)

/-
(4]
~ 4V 1 i
C +C =f(a )=~ - | * ln| = (5)
Iq m& Ci) QSd ) Lti-l-l" tJ (a1+1
wiiere
x, .+
= i+1 i

Use of E-Core Transducer

Until recently the oacillatory motion of the wind-
tunnel model was recorded on movie film at 7¢ frames per
second. However, except for certain apecial tests, the motion
is now "rsad" by an B-core electromagnetic varisble reluctance
transducer nmounted within the model. Reference (2) describes
the earlier application of this device at AEDC.

Figure 3 is a drawing of the E-core used at the Naval
Ordnance Laboratory in the measurement of aserodynamic pitch
damping. Figure 4 is a photograph of the cors alone. It will
be noted that two E~cores are fixed to the noxretuting
transvers: model support shaft. The E-core housing is fitted
as an integral part of the mori2l and, therefore, shares its
oscillatcry motion., The inner portion of the housing is
gccentric with the model =support shaft. Hence, a8 the model
(and tne housing) oscillats, the air gap beiweea the E-core
and the housing changes. This change in alr gap> will now be
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shown to be relatsd to the cheange in reluctance of a magnetic
eircuit and the change in self-inductance of an electric
circuit,

3
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o
o

In Figure 3 it will be ncted that there is an excitation
winding in the center leg cof the E-core. From Ampers's
cicaital law (ref. (3)), it can be shown that the magnestic flux
linking each side leg of the E-core is,

W1

® - R, +K _+1g/PAg

where @, N, 1, RL’ Rh’ 1g, p and Ag are the magnetic flux,
number of wire turns, the excitation current, the reluctance
of the side leg, the reluctancs of housing, the length of the
air gap, the permeability of zir and the effective croeg-
sectional area of the air gap, respectively.

From Faraday's law the induced emf can be reiated to
the time rate of change of current i as:

d¢ _ _dddt _ . di

" T@a " la @

Em

The above ejuation demonstrates that the induced emf, E, is
related to the time rate of change of the excitation cur~-nt
and self~ipauctance, L. Since L is equal to dd/di, it is
clear from equation (7) that any chsnges in L can only come
from changes in the air gap, 1lg.

Figure 4 illustrates the original E-core and a later
improved design using a wire-wound teflon bobbin. 1In the
original E-core, a fish paper underlayment was used. This
design had the disadvantages of frequent electrical shorts
because of inadequate protection to the wire and the require-
ment of tedious manual winding. These difficulties were satis-
factorily overcome by means of the teflon bobbin. The unit was
assembled on a 0.25-inch shaft and potted (see Fig. 2). A
more detailed discussion of the NOL E-core tramsducer is given
in reference (4).
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The E-core is calibrated with the model in the wind-
tunnel pitch-damping calibration rig (Fig. 1). As the model
is maaually rotated through angular increments, calibratica
counts are recorded on magnetic tape. A sample calibraiion
curve is shown in Figure 5. Upon completion of calibratzion,
the model is resdy for testing. During the test, the EZ-cors
transducer "reads" the damped oscilistory moctior. The eloc-
trical gignal is sampled 300 times per second and recorded in
digital form on nagnetic tape. A typical angie of attack
versus time record is given in Figure 6, A comparison between
pitch-danping coefficients obtained for the biconic model of
Figure 1 using both the E-core and photographic technique is
giver in Figure 7. The reaults agree very well.

Use of Air Beariqgg

In spite of the greatliy improved data acquisition
capebility of the support utilizing the E-core, the load
transmission was carried out by ball bearings. While these
bearings have been generally satisfactory, they caly liast s
few runs. Bearing wear becomes evident by an increase in
friction. Any frictional rise becomes especially intolerable
in light load applications--usually at high Mach numbers. It
wvas therefore decided to construct an air bearing for use in
pitch~danping model supports. The support presently being
evaluated is shown in Figure 8. It will be noted that this
support contains a stationary E-core and a rotating housing.
Bearing air is admitted through one side and exits from both
sides of the support rod. Preseantly, this design is undergoing
bench tests. Air bearings are discussed further below in
connection with roll-damping tests.

B. Free-~Flight Tschnique

Supersonic Wind-Tunnel Launcher

It is clear that no matter how carefully supports are
designed, they introduce an artificiality into the test. 1t
was for this reascn that studies have been carried ocut to
determine the advantages of flying a model in a wind tunrel,
While such a teshnique is not aew (see ref. (5)), it has
recently received renewed attention (ref. (6)).
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NOL is developing launch gystems for all of its wind- ,f}
tunnel facilities. The launcher for the supersonic tunnels
is shown in Figure 8. This device conzists of an air cylinder
into vhich 18 admitted 2 regulated air supply driving forward
a piston znd piston rod. Attacked toc the other end of the
piston rod is the lszunch head and model {(Fig. 10). As the
piston comeg to an abrupt stop at the end of its {ravel, an
inertial =mass in the launch head moves forward, permitting the
sabot fingers to snap open, and relesso the model.

It 18 necessary to know the relationship between the
cylinder air pressure and launch head speed in order to keep
the model trajectory at all times within the viewing area.

This relationship is obtzined as follows: Four permenent
magnets are imbedded in the piston rod. As the piston rod exits
the cylinder, these magnets in sequence pass a sensor. S3ignals
from this sensor are recorded as pulses can an oscilloscope.
Knowing the distance between the pulses, the sweep rate of the
oscilloscope and the distance between the magnets, it is a
simple matter to calculate the speed of the model. Thus for
each Hech number a simple relationship is found between launch
speed and the corresponding driving pressure.

In passing, it should be pointed out that the launch
head contains an air motor capable of imparting a spin rate to
the model at iaunch. Up to the preseat, no launches of spinning
models have been attempted.

Hypersonic Wind-Tunnel Launcher

Free-flight experiments have also been carried out in
the ROL Hypersonic Tunnel No. 4 at Mach 18, Figure 11
illustrates the essentials of the system, The launcher is
removed from the test section until flow is estchlished. Then
the model, mounted on the launcher, is slid inte the flow along
the rsils of the injector mechanism. A solencid valve admits
air from the regulator into an alr cylinder which in turn
drives forward a flexible cable enclosed in a guide tube. The
model, attacked to a guide at the opposite end of the cable,
is injected into the flow,
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Test Results

-

The frese~ziight models used in the supersonic tunnels
were cones of 9° half-angle, machined from nagnesium to a wall
thickness of 0.007 inches (see Fig. 10). Model weighting was
sccowplished by bonding balls of hevimet to the cone walls.

¥odel motions are recorded by & 16 mm Eastman high-speed
camera ranning at 3,000 {rumes per second. The camera
initiates model launch at preselected values of film footage.
Consideration is bning given to taking pictures in mutually
perpendicular planes simultaneously. Figure 12 shows a typical
record of the free-flight model's oscillatory motion.

The measured damping derivative Cm + C‘ of the 9°
q &
cone is compared with Van Dyke's second ordexr thsory of
reference (7) in Figure 13. The agreement is excellent.

The cone axial force cocefficient (Fig. 14) has also
been obtained using the wind-tunnel free~flight technique with
a non-oscillating model. The result is in excellent agreemont
with ballistics range data.

Several runs have been wmade in Hypersonic Tunnel No. 4 }
at Mach 18 with a variety of very small models shown in
Figure 15. The Zlared cone models of 10 and 20 degrees half-
angle used had an aluminum nose and teflon afterbody. The
model length was epproximately 0.819 inches., A '"ring wing'
model was also flown. These models were cones of 10° half-
angle with steel noses and aluminum wings. Figure 16 is a
record of the oscillatory motion of this model in flighat.
Teflon spheres {0.183-inches diameter) were flown for drag
npeasurements. The technique 1s very promising. It will be
fully exploited when the present conical noczzle and S-inch
diameter viewing ports are replaced with a contoured nozzle
and large test section windows. For the purpose of testing in
low density flows, there is always the difficulty of manu-
facturing models with a small moment of inertia.
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IIXI. ROLL DAMPING

A. Description of Technique

The essentials of a roll-dampiag test are as follows:
The model, attached to the rotating shaft, is spun by a
sliding vane air motor., Vhen the required spin rate has been
achieved, a magnetic clutch disconnects the motor from the
boaring, shaft and model unit. A magnetic tachometer provides
an analog signal equal to the spin rate. This signal,
together with time, is recorded on magnetic tape to provide a
roll decay history. A digital computer program reduces these
data to give the damping-in-roll derivative, C, as a function

of the spin parameter, pd/2V. Lp

The data reduction assumes that the spin decay is
described by the following equation:

c,
p-( 2v?:d3)1"’° (9

where p is the spin parameter, pd/2V. Equatior (9) may be
‘integrated and solved for the rell-dumping derivative, C, to

glve Lp }

VI ]
(B DH»(® (19)

vaers V, Ix, Q, S and d are the frez-stream velccity, the
axial moment of inertia, the dynamic pressure, the reference
area and the reference length, respectively. Nonlinearities
in roll damping (CL a function of p) are handled in a

P
fashion analogous to equation (5). The roll history is
divided into n sub-intervals over which the damping mechanisam
ig sssumed linear. For a typical (i+l)th interval equation (10)
becomes:

c

Py \
2Vix
L, (2;) (

Qse) (ti 3" *"1) p1+1) o
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B. Use of Air Bearings in Roll-Damping Tests

A recent development in rolil-damping measurements is
the replacement of ball bearings with alr beaxrings. For full
details, the reader is referred to reference (9). The air
bearing is shown schemstically in Figure 17. A single air
source supplies air for both the journal and thrust surfaces.
The air exhausts through radial holes through the bearing
cover. All bearing suriaces are bronze-covered while all inner
housing surfaces are hardesed. The bearing gap is szbout
0.002 inches.

Bench tests (see Fig. 18) show that the logarithmic
decrement of 8pin rate varies very little with load when an
air hearing is used. This is an important characterisitic for
wind-tunnel tests since the drag and lift forces produce
bearing loads during the run which are absent when the tare run
is taken afterwards. The friction of a good bzall bearing
changes with load, and with wear, and makes it difficult to
obtain accurate tare readings. However, ball bearings are
still necessary under high load cond“tions (i.e. 100 1lbs. if
applied directly to the bearing).

In wind-tunnel evaluation tests the Basic Finner model
was used because of the availabdility of roll-damping data.
Figure 19 gives a compariscn of roll-damping data obtained in
the wind tunnel using an air hearing and in a free-flight
aeroballistic range. It will be noted that the 5° angle of
attack wind-tunnel data agree best with the range measurements,
This seems reasonable in view of the likelihood of small angle
of yaw occurring during a range flight.

IV. MAGNUS BALANCES

Dynamic forces and moments strongly influence the sta-
bility ot spin stabilizad projectiles. Of great importance
are the crosg derivatives Cn and Cy generally referred to as
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¥agnus force and moment derivatives (see ref. (19)).

Pigure 20 shows the assesbled Hagaus bailance and AN Spinner
podal, Some of the mechanical features of the balaace are
shown in Figure 21. Note that the model is attached to the
balance by means of tw> ball bearings. Angular rate is
measured by a magnetic tachometar located at the forward
portion of the balance., Spin is imparted to the model by means
of an air turbine locstied aft of the rear gage sscition., A
passage through the sting provides air tc spin the model drive
turbine, In operaticn the model is spun to the required rate,
the air supply 1s terminated, and gage readings are sampled
and recorded on wagnetic tape. Data reduction is accomplished
exactly as in a static-stability test. Results are presented
as side force and moment coefficients, C and C , versus spin
parsmeter, y n

At present, four Magnus balances of this design have been
constructed-~three for the NOL supersonic tunnéls and one which
was used for an NOL test in the 7 x 1D-foot DTMB transonic
facility.

Tae problem encountered in comstructing these balances is
to provide sufficient sensitivity in yaw without greatly -
reducing balance stiffness. Figures 22 and 23 show the top «M)
and side views of the forward gage section of a Magnus balance,
regpectively. As tbe balance is subject to yaw loads, a
secondary berding is induced in the eccentric column. Thus,
this unit acts as a mechanical amplifier. The sensitivity of
the yaw gzges is rbout 9 times that of the pitch gages. This
design then represents a threefold increase in sensitivity
over tie older and more conventional NOL steel Magnus balances.
An additionsl factor of 3 was obtained by making the balance
of aluminum instead of steel.

The Magnus data of Figure 24 are typical. These data are
plotted versus the spin parameter, pd/2V. For comparison
purposes it should be noted that the normal force coefficilent
is 1.3, or about 10 times the value of the -side force, or
Magnus, coefficlient. With this balance, Magnus forces and
monents can »e measured at smzll angles of attack, of the order
of 2 to 5 degrees.
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DISCUSSION

A, Platou:

I was interested in some of your Magnus measurements and also
on what you plan to do in the future on it. I was wondering if you
have any wnians for running any configurations with fins such as the
basic spinner?

F. Regan:

Yes, we do; but it isn't the basic spinuner at present. We have
plans to run a bomb, a cruciform bomb, a bomb with a cruciform tail
taking Magnus data on this using these balances.

A, Platou:

I would be interested in seeing this data once you get it. 1
would like to compare it with some of the theories which Benton and
I have come up within the last year or so on Magnus forces with
fins.

Y. Peterson:

I think on your second slide or so I was curious of a result
where you showed a typical angie of attack history with quite vari-
able frequency. 1 was wondering if the dynamic pressure was vari-
able there or what was going on. Do you recall that?

F. Regan:

Yes, I recall the slide. I don't think the dynamic pressure
was varying. I would explain it as nonlinearities in the static
pitching moment of the biconic. In other words, the frequency is
higher when the model is moving through large angles then it de-
creases as it moves to lower angles.

V. Peterson:

I think the results showed it was opposite from that.

F. Regan:
It was? ©No, I don't think so.

C. Schueler:

I thoughtpossibly Mr. Platou was gcing to comment on his use
of solid state strain gages for measuring Magnus force. [ would
like to ask him whether he would mind commenting on using those gages
versus a kind of a new adjustment to the gage section. Second, I
would like to ask what was the rpm rate for your Magnus model?

Fen =
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F. Regan:
Up to about 500 rps.

C. Schueler:

So you don't really need bearing cooling.

A. Platou:

On the use of s0lid state strain gages for measuring Magnus
forces and moments, I would say that using the solid state strain
gages makes the manufacture. oL the beam much simpler since it
just means making a four component strain gage balance; that is two
pitching moments, for the pitching forces, ana two yawiug moments
for the yawing forces. It is not necessary to go to the thin gage
section such as NOL has. OCf course, now, in using the solid state
strain gages it requires a little bit more finesse in temperature
compensating; however, by being a little bit more particular and
taking a little more time, you can temperature compensate the solid
state strain gages. 1 would also like to mention that we have -
taken just a conventional beam and used conventional gages or it
and then amplified the signal using solid state amplifiers a»d this
too seems to be ample for getting Magnus moments.
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INFLUENCE OF BOUNDARY-LAYER TRANSITION (N
DYNAMIC STABILITY AT HYPERSONIC SPEEDS*
by
L. K. Ward

ARC, Inc.

SUMMARY

The results of a brief investigation of the effects of
boundary-layer transition on the damping charactaristics of a
10-deg half-angle cone are presented. The data were obtained
in the Gag Dynamic Wind Tunnels, Hypersonic (E) and (C) of
the von Karman Gas Dynumics Facility. The tests were con-
ducted at Mach numbers 5, 6, 7, 8, and 10 at Reynolds numbers,
based on model length, ranging from 2 to 18 million. The
data were measured at model r3scillation amplitudes of about

+1.8 deg using free oscillation and forced oscillation cross
flexure pivot balances.

Results obtained at all Mach numbers tested show that
the damping derivatives are maximum when transition is near
the modei bare, In addition, the results show the trend of
increasing dynemic stability with Mach number when the pro-
duct of the frse-stream Mach aumber and the cone half-angle
is greater than oune, us some theories predict.

*The research reported in this paper was sponsored by the
Arnold Engineering Development Center, Air Force Systems
Command, United States Air Force, under contract AF 40(600)-
1000 with ARO, Inc. Further reproduction is authorized
to satisfy the needs of the United States Government.
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NOMENCLATURE
Base area, reference area, ft2
Pitching-moment coefficient, pitching moment/q Ad

Rate of change or nitching-moment coefficient with
angle of attack (9Cy/da) 1/rad

LBCm/B (qd ”lzvooﬂq._v
Penaca /sz]d_,

-0’

0
:}' Damping-in-pitch derivatives, 1/rad
0

Model base diameter, reference length, in. or ft
Actual model length, in.

Model surface length, in.

Free~stream Mach number

Model base pressure, psia

Free-stream static pressure, psia

Pitching velocity, rad/sec

Free-stream dynamic pressure, psfa

Reynolds number base on model length

Free-stream velocity, ft/sec

Distance from model nose to pivot axis, in.
Model surface distance to beginning of transition, in.
Angle of attack, deg

Time rate of change of angle of attack, rad/sec
Cone semi-vertex angle, rad or deg

Oscillation amplitude, deg
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Model nose wadius to base radius ratio

Oscillation frequency, rad/sec

Reduced frequency parameter, rad
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INTRODUCTION

During the past several years increased emphasis
has been placed on obtaining dynamic stability measure-
ments, especially at hypersonic speeds. The means for
obtaining dyramic stability measurements at these speeds
has been provided at several of the ground test facilities
throughout the country.

Comparisons of dynamic stability derivatives obtained
from theoretical predictions, ground test results, and
flight data for the cone-cylinder-flare-type re-entry
vehicle have not been good. The discrepancies may be
attributed to limited theoretical methods, the inherent
nonlinear characteristics of this type configuration, and
inadequate methods for treating the region of flow separa-
tion ahead of the flare. The more recent generation of
re~-entry vehicles (cones or blunted cones) have, in most
cases, simplified the aerodynamists' problems in the applica-
tion of theories and, in addition, have yielded better
correlation between flight, ground test, and theoretical
values.

The purpose of this paper is to present the results
of dynamic stability tests that were conducted at Mach
numbers 5 through 10 on a 10-deg half-angle cone, to discuss
the noted effects of boundary-layer transition on dynamic
stability, and to compare the experimental results with
several theories.

APPARATUS

The tests were conducted in the VKF Gas Dynamic Wind
Tunneis, Hypersonic (E) and (C). Tunnel E is a 12 in.
intermittent tunnel operating at Mach numbers 5 through 8,
and Tunnel C is a 50 in. Mach 10 continuous flow tunnel.
A description of the tunnels and airflow calibration
information may be found in Ref. 1.

The balance used in the Tunnel E tests was a small
amplitude, free oscillation balance. A low amplitude, forced
oscillation balance was used in the Tunnel C tests. Further
information on the balances may be found in Refs. 2 and 3
along with data reduction procedures.

Three similar 10-deg half-angle coune models were used
in the tests. A 4-in. base diameter model was tested at Mach
numbers 5 and 6, a 5-in. base diameter model at Mach nunmbers
6, 7, and 8, and a 10-1n. base diameter model at Mach 10.
The model geometry is shown in Fig. 1.

5
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RESULTS AND DISCUSSION

The results of the Tunnel E tests are presented in
Fig. 2 as the damping-in-pitch derivatives (Cp, + Cmg), the
static stability parameter (Cpy), and the mode% base pressure
ratio (pp/Pw) versus Reynolds number. Boundary-layer trans-
ition measurements presented were obtained from shadowgraph
pictures.

The Mach number 5 and 6 data (Figs. 2a and b) show that
the damping-in-piteh derivatives are mavimum and the slope
of th. pitching-moment curve is minimum when the beginning
of boundary-layer transition is at the model base. Shadow-
graph pictures have confirmed that boundary-layer transition
is near the model base when the base pressure ratio (pp/pw)
first becomes a minimum. These results are in agreement with
the lower Mach number results reported by Uselton in Ref. 2.

The Mach number 7 and 8 data (Figs. 2c and d) show the
same Reynolds number trend; however, the maximum and minimum
values of dynamic and static stability, respectively, occur
at Reynolds numbers that are slightly higher than those at
which the beginning of transition is at the model bhase.

The Mach 10 data, obtained in Tunnel C and shown in
Fig. 3 as the damping-in-pitch derivatives versus Reynolds
number, show the same trend as the Mach 8 data. The maximum
Reynolds number point unfortiunately represents the maximum
Reynolds number available in Tunnel C with this model. This
also was the case in Tunnel E with the Mach 8 data (Fig. 3).

Additional tests were conducted in Tunnel E using a
2.6-in. base diameter cone to obiain shadowgraph pictures.
The data obtained at Mach 6 at 2 Reynolds number of 8 million
and av angles of attack up to 10 deg are presented in Fig. 4
as the ratio of transition length tc cone surface length
versus angle of attack. As angle of attack is increased up
to about 3 deg, the beginning of transition on the leeward
side moves rapidly toward the nose (about 1.5 in. per degree),
whereas on the windward side no appreciable movement of
transition location is noted. Jack and Moskowitz (Ref. 3)
found similar results using a 5-deg half-angle cone at Mach
number 3.12. A further increase of angle of attack up to
10 deg shows no appreciable change in transition location on
either side; however, the boundary-layer thickness at the
beginning of transition did increase with angle of attack on
the leeward side. Separation caused by crossilow is possible




at the higher angles; however, as the damping data were
opbtained at oscillation amplitudes less than 3 deg, crossflow
effects should nct be important in these data.

It has been shown that the damping-in-pitch deriva-
tives and the slope of tle pitching-moment curve are influenced
by boundary-layer transition. The present theoretical pre-
dictions of cone damping should not be expected to predict
this maximum level of damping but rather should be compared
to values ohtained when either a near full turbulent of full
laminar boundary layer is present at the maximum oscillaticn
angle to be tested. The laminar boundary case is that con-
dition where the boundary first becomes laminar.

The results of the present tests are shown in Fig. 5 as
the damping-in-pitch derivatives versus Mach number, The
lower experimental values are data from Figs. 2 and 3 and
were obtained with either nearly full-turbulent flow or when
the flow was believed to be fully laminar. Excellent agree-
ment is noted between the Mach 5 data and Tobak's potential
flow theory. Good agreement is also obtained with the
Newtonian theory at Mach numbers near M, 5 = 1 {when M5 = 1,
Mach angle cone angle). Fink's shock expansion method and
Brong's flow field analysis predict the trend of the damping-
in-pitch derivatives increasing with Mach number above Mwd =1,
which was found in the experiments, but fail to predict the
magnitude.

The upper experimental curve shows the maximum values of
the damping derivatives for this oscillation amplitude
(3A 1.8 deg). Note that the increasing Mach numder trend is
apparent in these data also.

CONCILUSIONS

Dynamic stability tests were conaucted at Mach numbers
& through 10 using a 10-d¢g half-angle cone. Data were
obtained at model oscillation amplitudes of about 1.8 deg
at zero angles of attack. Conclusions based on these data
are as follows:

1. The damping-in-pitch derivatives are a maximum
when the beginning of boundary-layer traansition
is near the model base.

2. The trend of increasing dynamic stability with Mach
number above M, = 6, tha is predicted by some of
the more recent theories, was confirmed by the
experimental data.
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DISCUSSION

Lars Ericsson:

Did you have a fiat base model for these transition measure-
ments?

I,, K. Ward:

Yes, the base was flat.

’

Lars fricsson:

Have you made any measurements or are ycu planning to make
any to investigate the effect of base roundness, i.e., find out
if and how amplifying <his transition effect?

L., K. Vara:

Well, we don't have any plans to do this on this particular
configuration. We are develupirng a free flight technique where
we plan to do some work with rounded bases; although, I could say
previous tests that we have run in Tunnel C with a rounded base
model (corners rounded) have shown that rounding the edge did
show a drop off in the pitch derivatives. In other words, this
is a destabilizing effect. Now these were taken with a sting sup-
ported system, but they were at low amplitudes and we do show the
effects.

Lars Ericsson:

What about transition--did you have one type of boundary layer
or did you have transition near the base?

L. K. Ward:

The most predominate effect was found at the very low Reyn-
olds number where the flow was full laminar.

Brian Quinn:

I was just wondering when you refer to transition you are
actually referring to some place downstream of which the voundary
layer was fully turbulent--is that right--or is it quasi-turbulent,
quasi~laminar?

L. K. Ward:
Well, this is a hard area to define. 1 am trying to do this

with shadowgraph pictures and the point that I have chosen, 1
would say, is the point of the beginning of transition.

11-6-1
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J. Arnaiez:

You have a lot of good static stability data there, also, al-
though you didn't discuss it at great length. I was wondering if
you could comment on any relationships you have found in this rel-
ative to transition and also relative to the various theories?

L. XK. Ward:
Well, relative to the theories, v< did compare some of these
data with theory and I think the agre¢:aent wss fair. It was not

as good agreement as we found with the pitch derivative, Now as
to the effect or the reason for the drop-off--is this what you

are asking?
J. Arnaziz:

Y5 specific question,
L. K. Ward:

Viell, I have made some first order approximations as to rea-
sons why the derivatives change when moving thrscugh this transi-

tion point and so far I haven't found a good reason. That obviously

iz why I didn't comment on it before but this could be attributed
to a skin friction change from a turbulent {0 a laminar case and
we plan to do some more work on this and get a better correlation

with theory,.

Prof., Kuethe:

I have some aplLreciation, I think, for the difficulties of
transition measurements and I am impressed by the fact that you
can get consistent measurements with different models. My ques-
tion pertains more to some papers that were given in the ablation
session than to yours. In those papers it was remarked that the
transition jumped suddenly from off the base to the nose with the
biunted models and 1 wondered if this is a characteristic of the
bluntness. 1Tn a paper just puvblished (R. J. Santor, J. P. DeCar:o,
and D. T. Torrillo, "Hypersonic Boundary Layer Transition Data
for a Cold-Wall Slender Cone," Jour. AIAA, Vol. 3, No. 4, pp 758-
760, April 1965) measurements on smooth and rough cones of various
degrees of bluntness indicate just this behavior, the jump becom-
ing more sudden as the bluntness increases, independent of the
roughness of the cone surface. OCur work on transition on a sphere
in simulated hypersonic flow (Roger Dunlap and A. M. Kuethe, Jour,.
Aero, Sci. Vol. 29, No. 12, pp. 1454-1461, Dec. 1962; and A. M,
Kuethe, Takao Ishii and James L. Amick, Phys. Fluids, Vol. 7, No.
8, pp 1198-1200, Aug. 1964) shows that the boundary layer forward
of the sonic line is extremely sensitive to slight surface rough-
ness. Therefore, as the bluntness increases transition could be
tripped by the roughness near the nose; the boundary layer would
then be turbulent everywhere behind the nose region. On an
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ablating body, the ablation would presumably cause a rcughening of
the surface. In regard to this hypothesis I would like to ask
whether there are data other than that referred to above on the
effect of bluntness on transitien.

Mr. Potter:

I am unable tn answer your question, Prof. Kuethe, with regard
to movement of tramsition with ablation existing, but without abla-
tion there are abundant records of "slow" movement forward of tran-~
sition on bluated conical and hemisphere-cone-cylinder bcdies as
cither roughness height or Reynolds numbe: increased. There also

are records wherein a more abrupt movement of transition is evident.

Of course, it is apparent that nose bluating produces a layer of
lower local Mach number along a body, with the thickness of this
layer depending on the degree of blunting. Now, it seems to be
established that, for local Mach numbers greater than, say 3, the
boundary layer stability improves as local Mach numbey increases.
Thus, one may conjecture that blunting, and consequent lowering of
lo~al Mach number, creates a bouadary layer which is more sensitive
to the destabilizing effects present, such as roughness or mass
ejection. Because the local Reynolds numbers also are reduced by
the blunting, this train of thought is inconclusive, but it may be
interesting to sure of the audience. Professor Kuethe's point is
most interesting and I cannot confirm or deny his hypothesis.
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AB3STRACT

$tatic and dynamic stability coefficients of a 10° blunt

cone were measured in six wind tunnels, These data show fair

correlation between tunnels and with applicable theory,
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NOMENCLATURE

Pitching moment
Qg S 8

Pitching moment coefficient, dimensionless

C
Slope of vitching moment curve, i%_ﬂ’ per degree
24

c i
Damping derivative due to pitching velocity, j%ag—, per radian
(%)
v

Damping cerivative due to rate of change of angle of attack,

3n
5, per radian

Base diameter, ft.
Frequency of model oscillation, cycles/sec.

Moment of inertia of model, slug-ft.2

Free stream Mach number
Pitching velocity, rad/sec.

Free stream dynemic pressure, lb/ft2

. pV@ .
Reynolds number, —ig-y dimensionless

Reference area, —%Q~, ft2

Time, seconds
ree stream velocity, ft/sec.
Angle of atlack

Free stream viscosity, slug/ft-sec.

i
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NOMENCLATURE (continued)

Amplitude of model oscillation, degrees
Free stream density, slug/ft3

- rfd .. R
Reduced fregquency, T Gimensionless
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DYNAMIC STABILITY DERIVATIVES FOR A 10° BIANT
CONE AT MACH NUMBERS FROM 0.5 TC 21

INTRODUCTION

An aerodynamic shape of interest to Sandia Corporation is & cone
with a 10 -degree half angle and a spherical nose with a ratio of nose
to base radius of 0.138. ' Static and dynamic stability tests of this
configuration were conducted in several wind tunnels at Mach numbers
from 0.5 to 21. The tunnels used vere:

1. Cornell Aeronautical Laboratory 8-foot Transonic Tunnel

2. Ling-Temco-Vought L-foot High Speed Tunnel

3. Fluidyne Engineering Corporation 20-inch Hypersonic Tunnel

=

Jet Propulision Laboratory 2l-inch Hypersonic Tunnel

A% 4

. Sandia Corporation 18-inch Hypersonic Tunnel

o

Ling-Temco~Vought 13-~inch Hypervelocity Tunnel

This paper presents the results from the tests in the various
tunnels in an attempt to show where correlation exists from one to

another. A secondary purpose is to 2ompare the results with appli-

cahle theory.
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TEST TECHNIQUE

Fxnerimental Apvaratus

A general description of the models that were used is given in
Figure 1. Model A was tested at all the facilities, with the three center-
of-gravity locations shown used in the dynamic stability tests. The bese
diameter of Model A was 9.80 inches in the tests at Cornell Aeronautical
Laboratory and at the Ling-Temco-Vought 4-foot tunnel, 5.097 inches in the
tesls al the Jet Propulsion Laboratory 2l-inch tunnel, 3.00 inches ai the
Fluidyne 20-inch tunnel and at the Sandia 18-inch tunnel, and 1.960 inches
at the LTV 13-inch tunnel. Dynamic tests were conducted on Models B and C
at the JPI, 2l-inch tunnel, and the resulis for the forward center of
gravity are reported here allowing a limited study to be made of the
effect of nose bluuntness and base rounding. The base diameters for both

of these models were 5.250 inches.

Test Conditions

A free-oscillatiion ball-bearing dynamic rig was used at the Cornell
Aeronautical Laboratory transonic tunnel and &t the Ling-Temco-Vought high
speed tunnel, References 1 and 2. The rig allows model oscillation of
about 10 degrees from the tunnel centerline. The results from these
tests represent average pitch damping derivatives computed from the data
collected while the amplitude of model oscillation decreased from +6 or 7

to 3 or k deprees. The Mach number range at CAL was from 0.5 to 1.3 while

BRI 1 o W 5oy N
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6

the Reynolds numbers, based on model base diameier, varied from 2,2 X 10
to 3.1 X 106 and the reduced frequency was from .0OCLO to .0072. The Mach
number range, Reynolds number range, and the reduced frequency at the LTV

6

L-foot tunnel were 1.6 to 4.8, 6.0 X 10~ to 11.8 X 106, and .0044k to .0083

respectively.

Dynamic tests were performed at Mach numbers of 6 and & at the Jet
Propulsion Laboratory 2l-inch tunnel using the sting-mounted ‘rL gas-
bearing rig The resulits incluvded here are the average stability deriva-
tives reduced from the data from the JPL tests while the amplitude of model
oscillation was decreasing from epproximately *5 to 12 degrees. The
Reynolds numbers varied from 0.9 X lO6 to 1.4 X 106 while the reduced fre-

quency was .0020 to .003k.

A side-mount, ajr-bearing rig was used at the Fluidyne Engineering
Corvoration 20-inch hypersonic tunnel (Reference 3) at Mach numbers of .1
and 14, The air bearing is located outside the flow of the open-jet
tunnel, and the model is attached to it by & transverse rod which rotates
witn the model. The stability derivatives reported here were determined
from the model motion which followed release of the model at an angle of
attack of approximately 5 degrees. The tests were conducted at Reynolds

5

numbers of 0.3 X 19”7 to 1.7 X 105 snd reduced frequencies of .00037 to

.00073.

Both a dynemic stability and e three-component force test were per-
formed in the hynervelocity tunnel at Ling-Temco-Vought (Reference 4). For

the dynamic 1est, the blunt cone model was mounted on a free-oscillation




flexure rig which limited the model displacement to +2 degrees. These =
tests were at Mach numbers of 1k, 17, and 21; Reynolds numbers from N

1.1 X lO5 to 2.1 X 105, and reduced frequencies from .Ol4 to .018.

A three-component force test to determine static stability was con-

ducted at Mach numbers of 5.3 and 7.6 in the Sandia Corporation 18-inch

hypersonic tunnel at Reynolds numbers varying from 2.1 X lOb to 3.3 X 105

PRI
30 Y

(Reference 5).

Data Reduct: on i
R
The stability derivatives were calculated from the following equations }
3
(Reference 6): :
i
0 H
(* g
LT LG | /82> i
Cn * S, T T3 "X -%
g q,,54 17 e 5
N . 5 2
o % ol :
G * " oL
la qb@ 1

: The tare damping in the dynamic rigs was accounted for by comparing
the model oscillations with the tunnel operating and with wind off in the
tests at Cornell Aeronautical Laboratory and in the two tunnels at Ling-
Temco-Vought. The damping of the elr bearing at Fluidyne was determined

prior to the test by mounting the bearing in a horizontal position and

PO S N O S APNRT £ VRt

noting the oscillations of a pendulum attached to it. A calibration sphere

was used on the gas-tzaring rig at JPL with the tunnel operating, but the

:

data from this test was not available at the time that this paper was

written.
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The static stability derivatives from the force tests were determined
by making a linear fit to the Cm versus angle-of-attack points in the
vicinily of zero angle of attack. Ia the tests at the Sandia 18-inch
tunnel, the linear 1it was established in the angle of attack range of -6
to 16 degrees. The linear fit in the tests st the LTV hypervelocity

tunnel was made over the entire argle-of-attack range, -6 to +20C degrees.

RESULTS

The exrperimental results from the tests in the various facilities are
shown in Figures 2, 3, and 4. Figure 2 includes results from tests of
Model A with the center of gravity located at 54% of the actnal model
length aft of the blunt nose while the results with the center of gravity

at 57% and 60% are shown in Figures 3 and 4, respectively.

Tre stubility derivatives, both static and dynemic, vwere computed over
the aponlicable Mach number range from Tobak and Wehrend's first and second
order pobentialé?ﬁow theory for a sharp 10-degree cone {Reference T), and
are includeda in'sﬁe figur-o. The derivatives also were calculated for the
forward center-of-gravity location by the Newtonian method as described in

Reference £, and they are indicated in Figure 2.

For the forward center of g.ravity location, the dynamic stability
results shown in Figure 2 appear to correlate adequately up to about Mach 8.
At the hign Mach numbers, the results indicate either dynamic instability

or very low dynamic stability. The instability was noted in the tests in

N mhen ¥
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which the model was mounted to an air bearing by a strut entering the side
of the model, and the precise effect of this side strut has not been

determined.

The static stability derivatives correlate quite well up to the hyper-
velozity regime where the results may reflect the effect of oscillation
frequency, "YThe static derivatives appeared to approach a value consider&ably

greater than that predicted by Newtonian theory for a sharp coae.

The effeci of nose bluntness is evident for the forward center of
gravity location at Mach numbers cf 6 and 8. It a;nerently reduces dynamic
stability while increasing static stability. At .ower Mach numbers the
effect seems much less, at least with respect to dynamic stability, since

the results for the blunt cone agree so well with the Tobask and Wehrend

theory for sharp cones.

The resulte indicate that base rounding does not seem to have much

effect on either dynamic or static stability.

CONCLUSICWS e

Static stability derivactives obtained from force tests correlate

fairly well with those obtained from dynamic ctability tests.

There is fair correlation among the tunnels on static stability

resulis.
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Nose bluntness increases the static slability while decreasing the

dynamic stability.

The dynamic stability derivatives, as predictéd by Tobek and Wehrend's

theory, show good correlaticn with the resulte.

Newtonian theory predicts more dynamic and less static stability than

the data indicstes.

A reasonable trend in dynamic stability resulis is indicated except

for the data from the side-mounted air-bearing rig which is low.

Not much effect of center-of-gravity location is shown on the dymamic

stability while there is the expected large effect on static stability.
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DISCUSSION

Lars Ericsson:

I couldn't see on your slide if you showed any effect of this
dome, the base roundness.,

E. Rightley:

Well, with only two points it is pretty hard to draw any
definite conclusions; but what was shown on the slide was appar-
ently a slight reduction in dynamic stability and a somewhat larger
increase in the static stability. As to whether rou could assign
that to the doming effect or the dome of the base or that concave
part I don't know, I guess I should point out that there wasn't
much effect shown in the concave part on any of the tests except
the one at FluiDyne because with the sting entering in the back,

a large part of the concave feature was missing in the model.

Lars Ericsson:

I agree. I don't think the concave part is important at all,
but the radius of curvature at the shoulder is. If ynu recall,
Dr., Murphy showed yesterday undamping data for another cone with
a dome shaped hase, The explanation could be an apparent curva-
ture effect in the wake; that is, the flow will attach on the
downward going side producing a negative force. This gives a
statically destabilizing and dynamically destabilizing effect.
One has to be very careful when attempting to measure this effect
because there is bound to be a sting interference problem. I
think you have to worry more probably about the sting effect than
about the side mount effect.

Bill Weaver:

I noticed that in the last two slides you showed the static
derivative between Mach numbers 16 and 20 from the force measure-
ments and from data derived from dynamic tests. You are dropping
in static stability between these Mach numbers--what reason can
you give for this?

E. Rightley:

I don't think I have any reason--did they drop consistently
in the liast two?

Bill Weaver:

I believe in the last two showed a definite drop at about
Mach 17. There was a fairly straight line out to there and then
it went back up at Mach 20.

11-7-1
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E. Rightley:

Yes, this is indicated. I have no explanation for that,.

A. Platou:

On this business of using rounded bases or just even a small
radius at the shoulder of the base, I woula like to throw in a
word of caution, We at BRL have found that in some cases for
dynamic stability measurements that rounding the base has caused
some difficulty and also in my own experience in measuring Magnus
forces and moments I have found in some cases that just the slight
rounding of the base can change the Magnus force from a positive
force to a negative force. There can be some difficulties here
so I just wanted to throw in this word of caution,.

Bass Redd:

MNP AT N Pl B e e

One question that I have--did the FluiDyne test actually di-
verge or did this damping become unstable once you removed your
bearing damping? ‘

E. Rightley:

No, it actually diverged. When the models were released from
5 degrees the amplitude built up to almost 11 degrees. I have to
say in all fairness that in the FluiDyne test when the model was
released at 15 or in some cases at 30 degrees it converged, but
at Mach number 11 as I recall it converged to around 1l or seemed
to be trying to approach 11 degrees. Since the bearing friction
is in there I don't know if that angle really means anything. At
Mach 14 it would converge more so., It converged readily from 15
degrees, for instance, towards an angle somewhat less than 10.
And at Mach 14 when it was released at 5 degrees, it couldn't seen
to make its mind for a while but finally it did start ito diverge.
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EFFECT OF A HEMISPHERICAL AFTERBODY
ON THE
DYNAMIC STABILITY OF A SLENDER CONE
(WIND TUNNEL FREE-FLIGHT TECHNIQUE)
by
Bain Dayman, Jr,

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, Calirornia
ABSTRACT

The use of a free-flight technique, either in a
ballistic range or a wind tunnel, is required in order
to determine the effect of afterbody shape on dynamic
stability. If it is assumed that the afterbody can
have an effect, then the use of a sting (a form of an
afterbody) would not be a valid approach. Afterbody-
shape effect data have been obtained in ballistic
ranges, The wind tunnel free-flight technique was
used to extend this investigation to a ten-degree
(half-angle) sharp-nose cone., At M = 2 and 4 and an
oscillation envelope of 18 degrees there was no
noticeable effect of a hemispherical afterbody addi-
tion on the dynamic stability or the drag of a flat-
base cone. However, the static stability with the
hemispherical afterbody was substantially larger than
that of the flat-base configuration,
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It is the general feeling that the base shape does affect the
' dynamic stability (that is, pitch damping) of axially symmetric
32 bodies - especially in the transonic and low supersonic regimes.
For example, the addition of a spherical segment to the flat base
of a slender body would be expected to appreciably degrade the dy-~
namic stability. In order to investigate this phenomena in a
realistic, non-interference manner in a wind tunnel, the use of
the wire-release, free-flight technique was applied to standard
cones: 100 half-angle, sharp-nose cones with cg's at 53% ox the
length from the nose, The tests were performed at M = 2 and 4,
laminar or turbulent cone boundary layers (at o = 00), on cones
with either flat or hemispherical bases. For the most part, the
models were launched at about 250 angle-of-attack, and the 10°
decay during the useful trajectory resulted in an average oscilla-
tion envelope of ahout 18°, At M = 4, additional launches were
made at 330 angle-of-attack which yielded an average oscillation
envelope of about 279, :

In none of these flights could any effect of the hemispher-
ical afterbody on the pitch damping be observed. Figure 8% shows .
the C, + Cmd of these cones. One could hypothesize that the lack :

of effect is due to the rather large angle of oscillation. 3ut
as has been shown in several other papers, the damping during
the lower local angle of attack regions dominates the average
effective damping during the complete oscillation cycle.

PRIV

Figure 3 indicates no noticeable effect on the total drag due
{ to the addition of a hemispherical afterbody. 1In contrast to the
lack of effect on either the pitch damping or the drag, there is
a substantial effect of a hemispherical afterbody on the static
stability. In Figure 4 one can see the effect of oscillation
envelope on the pitching moment slope of the flat-base cones. A
variation in the oscillation envelope from C degrees to 18 degrees
causes a large increase in the pitching moment slope. An addi-~
tional increase of similar magnitude occurs at an 18° oscillation
envelope when a hemispherical base is added to the originally
flat-base cone. This effect is especially large when the static
margin of about 13% of the model length for the flat-base cone
is considered.
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*Figure numbers refer to those in the next paper--Free Flight
Dynamic Stability Testing at High Amplitudes of Oscallation by
Bain Dayman, Jr.
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FREE-FLIGHT CONE DYNAMIC STABILITY TESTING
AT

HIGH AMPLITUDES OF OSCILLATION

Bain Dayaen, Jr.

August 156)
Jet Propulsion Laboratory
California Institute of Technology
Pasadene, California
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hnd INTRODUCTION

This paper presents a2 summsry of information from several published
reports and tests recently completed which deal with the measurement of
dynamic stability of cones at high amplitudes of oscillation by use of wind
tunnel free-flight techniques. The tecliniques of testing and data reduction
are very briefly mentioned as they have been described in adsquate deteail
elsevhere. Hovever, considerable damping data sre included in order to

fully document the velue and ccnsistency of the results.
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TESTING TECHNIQUES

The cone models (0.5 to 1.0 inch diam.) are constructed of thin plastic
or metal {aluminum or mmgnesium) shells and are bsllssted with either lead
or gold cores.

The models are launched into free~flight trajectories across the view-
ing area of the wind tunnel by either of tw ways. They can be supported on
a verticel wvire (at any desired initisl angle of attack) at the upstream
edge of the viewing window and released into flight by rupturing the wire
at a notch within the model. Models can L2 propelled aginst the alrastream
by a pneumatic launch tube located downstream of the window, giving tra-
Jectories both upstream and downstream across the window. Two basic methods
are used for supporting the model on the launcher. Up to moderate angles of
attack (< <O deg) they can be supported on e wedge within the model base.
For high angles of attack (up to 120 deg) the models can be supported in
a cradle and are launched in a manner similar to that used by a shot-
putter at a track meet.

The model motion is recorded on high-speed (2000-5000 frames/sec)
half-frams 35 mm wotion picture film using conventionai high-spead cameras..
Back-light (either silhouette or schlieren) is used to outline the model.
Although steady light can be used, in order to eliminate model motion during
film exposure (60 u sec or longer), use is made of multi-flash (500-1000
flashes) short duration (2 yu sec) strobe ligkt, synchronized to the camera.
Even though the model mstion is normally confined to the vertical plane
and, consequently, reguires oniy & single camera, a second one is used to

record the mction in the horizontal plane.
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Each model has many cycles of oscillation during its viewing-window
trajectory (with a large number of high quality pictures being ovtained for
each cycle) and the motion is appreciably damped. Figure 1l presents a
typical angle-of-attack history for a cone during & dynamic stability test.
In Figure 2 the oscillation amplitude of another run is plotted aginst the
relative airstream distance in the manner used for data reduction.

For further details ou model design and construction along with addi-
tional information on the launching equipment and data acquisitiom,
References 1-3 will be guite helpful. Data reduction methods are des-

cribed in Reference 4.
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EXAMPLES OF DYNAMIC STABILITY DATA

Bven though the sole purpose of the test may be for the messurement
of model dynamic stability, the model drag and pitching moment slope are
generally obtained during the date reduction. The effect of oscillation
emplitude on drag is shown in Figure 3. Data from a recent test (wire-
release, August 1964) are compared to the extensive data of Refevence 5
where tests (gun-launch) were run during April 1964. The comparison is
quite satisfactory for flat ss well as hemispherical afterbodies on the
sharp-nose, 1l0-deg half-angle cones.

Figure 4 shows the cone pitching moment slope &s a function of Mach
number. Contrary to the drag comparison, the effect of the hemispherical
afterbody does appreciably affect the pitching nmcment. The cone tables of
Reference 6 were used for the theoretical curve.

An example of a large amount of dynamic stability data (taken from
Reference 5) is shown in Figure 5. The data consistency and repeatability
are good. Also shown in this figure is the Newtonian solution for the
damping coefficient at various amplitudes of oscillation. The increase of
damping with oscillacion emplitude for the theoretical case is quite small
even though the increase is appreciable for Newtonian demping at increasing
local angles of attack. Because the Newtonian solution 18 not sensitive
to oscillation amplitude, the Newtonian case will be considered only at
zero awplitude in the succeeding figures.

The effect of cone center-of-gravity location on the damping cceffi-
cient i3 shown in Figure 6. The experimental dete behave in the manner

predicted by the various theories -- Tobak (Reference 7) and Newtonian.
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Figure 7 presents cone damping through a Mach number range (2 < M < 6)

ag a function of oscillation amplitude. At zero amplitude the comperison
with Tobak is adequate but not ideal since the experimental aad theoretical
curves are not parellel.

Dynamic stability data from Reference 5 are transferred to ths condi-
tions of the August 1964 free-flight test for presentation in Figure 8.
Here again the recent data compare favorably with the previous data. The
hemlspherical afterbody on the cone models does not affect the damping,
with or vithout boundary layer trip. The trip hes been siown (Reference 5)
to give turbulent cone boundary layer sid weke at zero engles cof attack.

Limited tests were performed at M = 6 in order toc compare the damping
of cones with different apex angles. In Figure G the comparison of trends

with Newtonian is shown to be quite good.

At M = 2 and 4 several flights were mede with flat-based comnes blunted
to a nose redius to base radius ratio of 0.2. This amount of blunting did
significantly decrease the damping, even more so than predicted by Newtonian
theory (see Figure 10). The location of the model center of gravity, in

regspect to the base, was the same for the blunted end sharp cones.

™

i

LN VPV R BT FE 1 i e

o ST o p St S RDTLARONNG el NG AN RS MRS K Yane

POV N

T ke S

AL e,

s DA Ah

o
A

ARl




a e«

¢ GMITICSEN SR M S Ve 2 Y N £

%J
:

b

Enough dyn;mic stability data for slender cone models have besn pre-
sented in order to demonstrate the usefuluess of this espect of free-flight
testing in conventionsl wind tunnels. Data were obtained for cone angles
of oscilisticn up to 30 deg amplitudes. Addit%onal wire-rzlease &ané gun-
launch tests have been performed on & series of cone models up to initial
oscilla&ion amplitudes of 90 deg at M = 4, 6, 8. Preliminary data analysis

indicates test results as good a8 those presented in this paper.
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NOMENCLATURE
- ® ,’
A model reference aresa, nd /h
B.L. boundary layexr
C drag coefficient; C_. = Iotal drag
B D ah
Pitching moment
3 . =
cm pitching moment coefficient; Cm A ‘
Cm pitching moment slope per radian %
o i
cm + Cm gynemic damping-in-pitch coefficient per radlan %
q o %
n ] £
r 3C " 5 ;
Cp * Cp, 7 |_% ¥ £' $
CR La(—;,—) l2(55)
L d 3
(assumed constant over cycle) g
2
d model base diemeter (reference length) ;
4
{\ f frequency of oscillation (cycles/sec) g
M ’ ¥
‘ HS hemisphericsal §
L model length (for blunted models, length taken as that for
sharp-nose model)
M freestream Mach number
; q freestream dynamic pressure
: rB model base radius

r redius of nose bluntness

v freestream velocity

X distance of center of gravity aft of nose (for blunted models
c8 from sharp ncse before blunting)

X model position relative to air flovw

R freestresm Reynolds number based on mcdel base diameter
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NOMENCLATURE (CONT.)

angle of attack
oscillation amplitude

effective (average) oscillation amplitude over a complele trajectory;

-2 2
®env ™ 25

root-mean~gquared angle-of-attack during a complete trajectory
cone half-apex angle

model angular velocity

Py

!

.

T e "“"“‘""‘W’"‘m‘ﬁdi




-0t~

T ﬁ oy ﬁ 20°1-~ w¢e| 2262 | €670 2 2 tiTle=
g-0T X €°2 09T 00°T~ L-s2| c2-%6e | 245°0 6T _ (o

0T Uﬂ LT'o | 0T X 6°T 2Ot w 05°€ T 33°1T- LT2 | 6T-42 "TG°0 1814 5-C ] T 22
ﬁ, Ltee- 7°92| 02-0€ | 625°0 ﬁ o€

¢ OT X C°€ 06 g2~ o-gz | &t2-2¢ | ges-o SH 62

ﬁ % 62 1~ 2o1| &1 926°0 o

g0t X L€ RE T~ 6°£1| oi-%c 71256°0 18T he

.— ~_, T gr LT [¢eT-F0e | 2€5°0 o €2

0T X £°€ 06 06° T~ égr| €T-f2 | 92570 g =

0T X SE°0 | 0T X 27 LT X 9Le ge 26 T- €8T {T-$e | TESTO 20°0 3T
a. c-OT X 5° 26 aL T~ 0°6T| ot-&2 | 925°0 ITTL et
ot e~ €LT| #T-T 625°0 Tt

M e~ 76T | GT-%e2 2€5°0 o 6

-0t X 2 19 2~ 60T 21-%ee | Leso S L

¢ 0T X L€ AL e LLT| qT-%12 | 2€S°0 8L 9

¢-0T X 24 Lo gl e~ 0°pT| 4T-8C | TES°0 sH S

OT X 0270 | 0T X L°€| 0T X 20" e~ #°QT | 3¢T-22 | TES"0 ] TO'O el 0°1 ]
mfx WW (09s fut) wﬁ (Sep) MMMMW \mo WGMMW adeyg (ur) .

A O+ 0 >:mm. Audy, T X drxg, | Spoaxsayy P uoy

g

(esvatar-aaty TTV)

YING B9GT SNV IO XaViins

A e e A

AR

YIS

N




AEAL p @ s e s a6 A a

. PN

¥

( 2.585.141

N<iSd
X g/l = 0.48

AR A A,
it xuf‘”‘g;gszm
VY

12
° 100 200 300 400 $00 €00 700 [T 900
FRAME NUMBER

Fig. 1 _xample of Gold-Core Cone Gun~-Lsunch

50 T T

40— O PGSITIVE PEAKS

30 C. NEGATIVE PEAKS

tL\G\O\

-.N\CNTL\

10

0 50 {00 180 200 250 300

X,ft

c’fa-mr (deg)
S

N

Fig. ¢ 0Oscillation Envelope as a Function of Model Travel Relative
to Aix Flow




Jaffe-Prislin Free-Flight

SYM TA® O, i
3
o o
@ JPL FREE-FLIGHT & «aoos
(August 196k Test ) S one
> oo
M=2 » h ¢ 0020

a8 T i

-’( V{‘-,ua
o /o

aso

040 / YU
g /
u 030 -
e
- il
’,’.;/ollill k&
°‘°° 100 0o " 100 4800 00
L ! 7 i i 1 !
o 0 1] 0 1 30
aenv
Fig. 3 Effect of Oscillation Amplitude on Cone Drag
g = 10°
rN/rB =0
-1.4 T T T
xcg/L-O.53 (FROM NOSE)
o =10 deg
~-§.2 rN/fB = O i
aenv=|8 deg JPL FREE-FLIGHT

(HEMIS|PHERICA|L BASE)

NEWTONIAN ~7 1
(Ceny™ O deg)

JAFFE-PRISLIN

Cm,, /RADIAN
1l
o

FREE ~FLIGHT ey T
-0.8 (FLAT BASE) T ]
CONE TABLES
(@eny™0 deg)
-0.6 | |
0 | 2 3 4 5 ) 7

MACH NUMBER

Fig, b Cone EfYective Pitching Moment Slope




Tany. deg

5 10 i5 20 25 30
-2 5[ T - T i
) e o—=0 (), 494
-2.0 — e -15 . st 0,53
..@—wﬂ’“ﬂ_g)o,—&-sﬂﬁ"‘#' =T l! 'O. 49
[} '_m; % [ 3 i
-5 _— —Lz—O,\c /L=0.614 F{FROM NOSE)
UE Mﬁ"—m‘_“”'”—'iﬁ”—u -"( /L_O 549)
+°_ NEWTONIAN ‘%cg .
E -0 ~
M=4.54 SYM  TRIP DIA, in.
o =10 deq O 0
o W0 s oos
FLAT BASE o 0015
o | | v . 0020
G S0 1C0 150 200 250 300 350 400 450
bz,deg2

Fig. 5 Tree-Flight Ccne Dynamic Stability (Jaffe-Prislin)

5 M=4.54
4 N /rB =0
o=10 deg
3} TORAK --FLAT BASE
=
o \‘E‘Q 0 deg) _ JAFFE—
o L 4 Geny=18 deg | PRISLIN
+_re=g <2 Qony™ 0 deg [ FREE-
e ~~_ FLIGHT
(&) ~d
NEWTONIAN ~~
(Genv“’ O deg) ~ ——
| =TT
0B
04 05 05 o7

Xcg/L (FROM NOSE)

Fig. 5 Effect of Center-of-Gravity Location on Cone Dynamic Stability




- > - — L (OB PR TV G ORI TR O L Lo RPN R N

~3.0 H e ~—

| |
\ 0 =10 deg
\ TOBAK ew/rg =0

\(@env™0 deg) Xcg/L=0.53 (FROM NOSE)

FLAT BASE
&ws deg

Qony=28 deg

v.‘\\‘ £ T ]
N JAFFE-PRISLIN
\\\~——— AND JPL
a0 deg
N \env FREE~FLIGHT

-~
——
-1.5

)
NEWTONIAN
(@eny O deg)

10 |
i 2 3 4 5 6 7 8

MACH NUMBER

Fig. 7 Effect of Mach Number on Cone Dynamic Stability

Qony, deg
5 10 5 8 20 23 25 28
-3.01° T T [T T T
o =10 deg
. rn/r3=0
-2.5 Xcg/l-=0.53 (FROM NOSE)]
£ -20
O I
*o JPL FREE-FLIGHT
E -15 0 —HEMISPHERICAL BASE1
SHADED CURVES s —FLAT BASE
JAFFE-PRISLIN AT M=2,4 OPEN-M=4
=10 (FLAT BASE) ; SOLID-M=2
| TAG-WITH BL TRIP
-05 | | | |
0 100 200 300 400
32, deg2

Fig. 8 Effect of Oscillation Amplitude on Cone Dynamic Stability




™

=6 A B
\ M:=6 | .
-4 \\ Xeg/L.=0.53 (FROM NOSE)__
\ fN/fa=O
\ FLAT BA?E
\\ '\TOBAK (agpy O deg)
"U -2 A l
Ue A\
+ \
e 3 EE-FLIGHT
© (Bgny =18 deg)
-1.0 \ B
\ O
-0.8 X
\
-0.6 A
N\ _NEWTONIAN
\(Geny® O deg)
-0.4 L 1
4 6 8 10 20 40 60

CONE HALF ANGLE, deq

Fig. 9 Effect of Apex Angie on Cone Dynemic Stability

~2.55 T
'\ o =0 dag
xeg/L 20.53
FLAT BASE
-20 i i
\‘
™~ M=2
3 \\‘ JPL
-~.5 o Y <T—M=4 - FREE-FLIGHT
\ Gony*18 deg
o o= e s o — o |emn e o — —— o oo e
|
-1.0
NEWTONIAN
! Qgny” O deg
0.5 i
"0 0.05 0.:0 0.15 020 025  0.30
™/'B

Fig. 10 Effect of Nose Bluntness on Cone Dyrnamic Stability




CONSIDERATION FOR FI.OW HYSTERESIS
AND
MODEL WALL TEMPERATURE EFFECTS
ON THE

FLOW FIELD

)

by
Bain Dayman, Jr.
Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California
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A subject tl at oas been one of the centers of attraction dur-
ing this workshop is hysterésis of flow separatior. At JPL we
have been performing tests on a modified form of the Saturn-Apollo
configuration. Two major results, neither being necessarily sur-
prising, of this series of investigations are: the effects of
hysteresis can be very large; and that an extremely important
similarity parameter (one that has been virtually ignored during
this meeting) is the ratio of model wall to freestream static
temperature.

At zero angle of attack it is possible to alter the flow.
field about the model from nearly attached *o entirely segparated
by varying the model wall temperature from >ree-stream static to
adiabatic (see Figure 1), This effect has been investigated for
Mach numbers from 5 to 9. The free-sitream wall temperature was
achieved by cooling the models with liquid Nitrogen. The drag
coefficient can vary by a factor of about two as the flow goes
from separated to attached and the center-of-pressure can change
by about 20 percent of the base diameter.

High-speed schlieren movies (5000 frame/sec) indicate hyster-~
esis in the flow (attached vs. separated) as the model oscillates,
In the cases where the flow is completed separated at zero angle-
of-attack, the flow has characteristics of attached flow at angles
of attack above 4 or 5 degrees. The angle at which the flow
changes its character depends upon whether the flow is going from
attached to separated or vice versa. This phenomenom has been
substantiated during subsequent sting-mounted force tests where
the data were obtained while the model was being pitched toward
and away from zero angle of attack (about two degrees per second).

. I have tried to indicaie that: hysteresis effects can be
very large such as in the case of flow separation on an extreme
vehicle configuration - and that the character of a flow-field
about a model —an be strongly influenced by the model wall temper-
ature, thereby necessitatinjs at least the consideration of this
similarity parameter.
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DISCUSSION

Lars Ericsson:

I have a couple of questicrns; first about the base shape ef-
fect. 1 think you pointed out that it was a turbulent bcundary
layer and naturally you would not expect this base shape effecti to
be very dominant then. It would be very dominant when you have
transition near the base and it would still be significant when
you have laminar boundary layer.

Bain Dayman:

Regarding your comment on that cone--I don't know what you
mean because the boundary layer on cones we had with the after~
bodies were both Zaminar and turbulent at a = O,

Lars Ericsson:

I thought you said you tripped the boundary layer to get a
turbulent boundary layer,

Bain Dayman:

When we didn't trip the boundary layer, it would stay laminar,
The tagged symbols were tripped--(turbulent B. L.)--the urntagged
symbols were no trip (laminar B. L.).

Lars Ericsson:

Oh, and you still didn't get the effect,

Bain Dayman:

This is correct.

Lars Ericsson:

That dome shape--it still was a sharp shoulder wasn't it?

Bain Dayman:

No, it was very smooth.

H

Lars Ericsson:

Ok. Now I am confused. Thank you.

1I-10-1
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Bain Dayman:

That‘s all I wanted to do--confuse the issue.® Thank you.

Lars Ericssou:

As to this Saturn-~Apollo launch configuration shape it looks
very familiar to me--I worked on it for the last two years. When
did you get this hysteresis a3z i was that wiih the model cooled?

Bain Dayman:

No, the flow field hysteresis was mostly ncticeable on the
adiabatic model. The hysteresis is there on the liquid nitrogen
cooled models but it doesr't muke as dramatic schlieren pictures
because the Mach number is higher or the Reynolds number is lower.

Lars Ericsson:

Which angles did you measure for starting separation and for
reattachment?

Bain Dayman:

I had rather not comment until the pictures are studied mcre
but it is somewhere between 3 and 5 degrees,

G. Chrusciel:

Had you any thought to testing this spherically base cone at
lower Mach numbers, transonically where the effect is very pro-
nounced?

Bain Dayman:

We would like to do it very much but it just turns out that
for our part.cular facility, Mach 2 is the lower liImit. If you
launch these, you really ought to have orthogonal views in order
to not distort any portion of the base shape for the launch. We
prefer net to put slots, pins, etc. into the base *or doing it.

So if you launch it iike a shot putter the chances of yaw are con-
siderably higher than launching it with a pin hole or slot. We
wire released these models in order to nct disturb the shape of
the base at all and the wires, when they break in the tunnel and

*The confusion was cleared up later in private discussion by
Mr. H. Wiley, NASA Langley, who pointed out that Mr. Dayman's data
was for a free flying body with 18 degrees angle of attack enve-
lope. The base-rounding effect discussed earlier is restricted to
low angles of attack. Even in planar motion the a = 0 effects
would probably be diluted enough when integrated over these magni-
tude amplitudes.
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fold back, generate a shock pattern that can intersect the model
fiight path. As a consequence if we went down in Mach number Mach
1 ./2 would be the minimum but we would have to go down to a half
inch diameter cones and I wasn't interested since we demonstrated
the poini that generalities should not be considered to be general.

G. Chrusciel:

I think that for most of the data shown the significant effect
occurred right around Mach 1 and below with the dome shapes.

Bain Dayman:

During this meeting as well as previously we have heard that
this effect occurs at higher Mach numbers than that.

R. Meyer:

Just to put this attached versus nonattached flow into per-
spective, along a typical boost schedule at what Mach number is
this effect most significant. At low speeds your adiabatic wall
temperature would be very close to free stream and at high speeds
the necessities of material would dictate that you would have the
cold wall case and so where does this become mosi significant in
the flight article?

Bain Dayman:

I had rather not discuss the flight article--all I can say is
that we investigated a model wall to freestream static temperature
ratio of 1 to 1 1/2 which would more or less be applicable to the
flight regime.
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DYNAMIC STABILITY TESTING TECENIQUES AT THE JET PROPULSION LABORATORY
BY
R. H. Prislin
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

This paper presents a summary of information regarding two wind
tunnel dynamic stability testing techniques employed at the Jet Pro-
pulsion Laboratory; the free-flight technique and the free oscillation
technique. The free flight technique refers to actual unsupported
model flights in the wind tunnel. The technique incorporates most of
the advantages of a ballistic range while eliminzting many of the
difficulties and limitations. Details of alternate free flight launch
techniques and free flight model design criteria are included in the
text. The free oscillation technique consists of a model mounted on
a bearing in the wind tunnel, free to oscillate iu one plane. Through
this procedure, large amounts of high quality data may be obtained in
relatively short periods of time. The sting effects, inherent in
this technique, may be assessed through complimentary use of the free
flight technique. Data acquisition and reduction for both techniques
are covered in some detail. In the case of the free flight technique,
the discussion is limited to planar motion; however, this is a restric-
tion which is possible to remove.

In addition, summary results from a test program designed to
investigate the dynamic stability characteristics of sharp and blunted
10 degree cones are presented. This includes only portions of the
available data, and in some cases the results are considered prelimi~
nary., However, the presented data do point out compatability between
the two testing technigues as well as comparisons with theoretical
results.

L e

P




TR SRR W

&3

Pw

FREE FLIGHT TECHNIQUE

Two actual wind tunnel free flight launch techniques are employed. In
both cases an attempt is made to restrict the wodel 1o planar motion, as
this greatly simplifies the data reduction. In the ensuing discussion, it
will generally be assumed this restriction has been met.

In the firct technique the models are supported on a vertical wire at
the upstream edge of the wind tunnel viewing window. They are released into
a free flignt trajectery by rupturing the wire at a notch located within
the model. Th.5 release method allows complete flexibllity in the model's
initiel angle of attack. If the wire hole is placed forward of the model's
center-of-gravity, the model will remein in equilibrium before rupture of
the wire, and the resulting motion will be plsanar.

The second method employs a pneumstic launch tube located downstream
of the viewing window. This technique allows trejectories both upstream and
downstream across the viewing window, effectively doubling the test time per
run. The suppcrting piston is extended such that the model release occurs
upstream of the tube bow shock. A set of pneumatic restraining fingers,
opened Just prior to model launch, provide support during tunnel starting.
For flat-base models at angles-of-attack up to 30°, the model is mounted on
a wedge fitting within the model base, thus receiving ample support to insure
plenar motion. In other cases a cradle support, contoured to the model base

and side, has been used. This technique has not proved as reliable as the
wedge support, resulting in non-planar motion more than half of the time.
Lzunch velocitles vary between 20-100 ft/sec, depending on model characteris-
tics and tunnel conditions. Launch pressures for the required velocities are
determined empiricelly., Further details on launching equipment for both

techniques cen be found in References 1 and 2.
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The model motion is recorded with a high speed {(L4000-5000 frames/sec)
35 mm half frame motion picture camera. Though the model motion is normally
confined to the verticel plane, a second camera is used to record the motion
in the horizontal plane. This provides verification of planar moticn and, in
the case of non-planar motion, enough information to facilitate reduction.
Back light, either silhouette or schlieren, is used to outline the model. At
these frame rates, normal exposure times would be 50-80 y, sec. In crder to
eliminate model motion Guring exposure, a short duration, multi-flash strobe
light is used. The flash duration can be set as low as 1.2 y sec. A reluc-
tance pickup on the camera sprocket synchronizes strobe flashes with camera
shutter. By incorporating the strobe light tube into “he wind tunnel schlieren
light house, flow visuclization is obtained and parallex distortions are eli-
minated. A typical run will resuit in 400 to 1000 frames of data. Angular
data can be determined from tue Film with accuracies rarz'ng from 0.1 to
0.25 degrees, depending on the particular model configuration and size.

Unlike & ballistic range, where the loadings can be as high as % million
g's, accelerations range from 10 to 100 g's, allowing a model construction
designed to optimize the free flight motion for dynamic stability purposes.
The dynamic stability ccefficient obtained from the free flight technique is
a function of the angular decay observed during the flight. Therefore, the
accurecy of this coefficient is dependent upon the number of oscillation
cycles vieved during the flight, the amplitude decay per cycle, and the ability
to determine this deLay. Pbe number of cycles in a given distance is propor-
tional to [( __gg( ) 1 ] and the decay per cycle is approrimstely propor-

(c..f c,..‘)g "~¢) -4-7 )/"]
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If the mass distribution remains fixed, such t.at mdz/I and d3/m remain con-
stant as the model diameter, d is varied, the nuzber of cycles varies in-
versely with d% while the decay per cycle varies directly with g%. Since a
smeller geometricelly similar model will bhave greater arplitude decay than a
larger model, the dliameter should be minimized subject to the constrainte of
photographic resolution and facility of launch. Once the diamrter has been
fixed, the total decay for the flight can be maximized only by meximizing the
model m/Ig. This is accomplished by constructing the models of a dense inner
core and a thin outside peripheral shell. The models tested range from G.5 to
1.5 inches in diameter. Both megnesium shells with wall thickness as low as
0.007 inch and injection molided polystyrene models with 0.020" wall thickness
hava been used. Lead, because of 1ts density, cost, and maileability is

well suited for the core material. Componeats for typical models are shown
in Figure 1. Teble 1 provides representative values of model test character-
istics for a 0.5 inch blunt cone and a 1.0 inch sharp cone, both gun launched.
In general, a launch tube release provides in 8 to 12 cycles of data at

60 to 120 cps.

The coordinate system used for data reduction references the model’s
position to the moving gas media. X is the distance between the model and
the media, and is the independent variable focr the equations of motion. As-

=CD)

suming first-order linear aerodynamic coefficients (Cm = Cm a C. =C
” o]

L L GD
o
and small angular excursions, the equation describing planar angular motion
becomes a second-order differentisl equation with coastant coefficients.

The solution to this equation is

x [~ z
axa, (‘.’2 cos [?c"x *)J X where
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“ Sclving for the dynamlce stabllity coefficlent in terms o: the smplitude

envelope:

(c,,,f* c,,,é)rfiﬁ(;%"_') a) /,,('%:D +CrpmCo,

where & is the amplitude at tne nth half cycle and ) is the experimental
distance oscillation frequency. This (Cm + Cm‘) 15 an effective coeffi-
cient, remaining constant over the n halchycles.

In general, the restrictions imposed upon this soluticn cannot be met,
and a more applicable solution is required. Reference 3 derives an unrestricted
equation for the dynamic stability coefficient from energy considerations.

Assuming that the pitching moment is & linear function of angle~of-sttack

during the flight, this equation beccomes

a
( 4
. F3 ’ ]
(ZarfCLED(gFEF! 43i)-=-(}%$”‘%‘@9- i/é;éqf-af)’cﬁzahz-' Cb(hdﬂ«zl)’aﬂx
(& 5x) % -(x;8a)

where seg is the decay for a half cycle and CL and CD are arbitrary functions
of ¢ In the case where CL = CL o and CD = CDO, this becomes aquivelent to
the solution of the linear diffe:ential equation if the decay is small enough
such that the approximation -ln (';%I ) = se/a0 is spplicable. In general,

this approximation over a half cycle is quite good (Figure 2). Therefore,
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by extension a correction to the lineaer solution which will account for

Y

arbitrary 1ift and drag can be made by incorporating the terms determined
from the energy solution. As an example, assume the 1ift and drag curves
take th2 following form:
2 L
C, =C oL+ k a3; CD = CD + cla + 02&

L L
o o

Then the energy solution for Cm + Cm becomes
Qe a

(Cv' ‘Cm.zX’f-‘) G‘X#Xé‘) W(Cepp 5oat)-(Cop 3 & Sal)

These corrections are based on an amplitude which changes during a flight;
therefore, it is necessary to define a new amplitude value to be used in the
computations and for data correlation purposes. The mean-square resuliant

angle~of-attack, 52, is defined as

X

55 e Lok (@n-a,)
j:xd" 4,5('.‘7,)

The rean amplitude for the flight, E;, will be defined in terms cf 52:

z  (a -af)
/(&)

-2
a, =
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* In the limit, as the decey epproaches zero, ;; L In the seme msnner

that &2 represents the mean angle-cf-attack, :g best represents the mean am-
plitude. Including the 1ift and drag corrections and the mean amplitude into

the linear solution, it becomes

(C"zp". cmg %“iz)'(}%m‘x.‘%) /n( |t§f D+ (Q:‘:-e &l ) —( c 5, * ZC‘ &l + %‘5::)

The applicability of this equation was verified with an exact computer
solution of the equations of motion. The analytical forms of the aerodynamic
cocfficientc were entered into the program cni the resulting motion computed.

(Cm +C ) was then crlculated with the above solution using the corpub~r

SR
decay. The deviation between this result =nd the input velue ol (Cn +C )
. .

(a4

Sa

wrs less than 1%.

It is genernlly recognized that the preseace of a sting, 0 matter how
small is likely to affect the base pressure and base heating of the test
configuration. In turn, meny aerodynamic measurements, including dynemic

stability, may be materially affected by the base flow conditions. However,

usual evaluetion of data from "captive" type tests tends toward the ~ssumption

that support interferenne is negligible. The free flight technique offers a
method to obtain support free data which mey be used to check Lthe validity of
this assvmption.

In addition, the free flight technique allows the extens.on of wind

tunnel dynanic stabiiivy testing into arees difficult or impossible to match
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. with other techniques. Complete flexibility with initisl angle of attack as
well as the possibility of analyzing non-planer motion are avajlable. Ex-
periments can be conducted in a high oscillation frequency regime which cannot
be matched in a captive free-oscillation test. At the present stete of the
technijue development, free-flight dynamic stability coefficients are re-
peatable to + 0.05 ¥ This includes coefficlents obtained in alternaste wind
tunnels at similar conditions. From a qualitetive point of view, the tech-
nique allows the experimenter an opportunity to view actual flight motion

and corresponding stability trends.

( #0ften repeatabilities are better than this figure. It 1s expected that
- additional technique developments will lower chis tolerance.

-
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FREE OSCILLATION TECHNTQUE

The models are mounted in the wind tunnel c¢n a sting -pporied, lov
friction gas hearing. The bearing uses high purity gaseous nitrogen st 200
psi as a lubricant. At this pressure the bearing is capable of supporting
radial loads up to 55 1b. The bearing exhaust 1s channeled to a point about
2 feet downstream from the model base. However, there is s small smount of
leakage, resulting in some exhaust gas escaping through the model base. Tris
leakage affects the model base pressure less than 5%. fhe mazioum model anglee
of-attack is limited by the sting to 20 (sharp cone) to 45° (highly blunted
cone), depending on the configuration. The model may be remotely pitched to
the desired angle-of-attack. The operation of the bearing is normally checked
with a calibretion sphere prior to recording any data. The calibration sphere
mounted on the diameter, which contains an offset mass to provide a restoring
moment, is allowed to oscillate untill damped by the bearing friction and the
aerodynamics. Since the aerodynamic effects are small as the sphere oscillates
about a diameter, this damping history provides a qualitative measure of the
condition of the bearing.

The data is collected through a system which uses an Optron Tracker¥,

a passive optical-electronic device which is designed to follow the motion

of an object without physical contact. Figure 3 shows a cutaway schematic

of the Optron Tracker. The tracker requires a target having a sharp delinea-
tion in brightuess to provide contrast. This target is optically focused on

a thotocathode which emits an electron imsge towards and through an aperature
into a photomultiplier section. The photomultiplier output is coupled to a

differential amplifier which compares the cutput signal to a reference

*Nagufactured by Optron Corporation, Santa Barbara, California
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signal established with the sharp line of contrast centered on the aperature.
Any devietion from this reference causes the differential emplifier output
to become unbaslanced and send a correction voltage to a deflection yoke. The
deflection yoke repositions the electron beam so it is again centered on the
eperature, thus forming a complete servo loop. A readout voltage can be
sampled from the differential amplifier output. It the target is not on the
model center of rotation; angular deflection will yield vertical displace-
ment of the target, and the Optron Tracker Qutput will be a function of the
model ang]e-of-attack.‘ Tﬁg Optfon Tracker 1s calibrated statically by
nitching the model to a kpéwn éngle-of-attack and recording the Tracker
output. The relationship between the voltage output and model esngle-of-
attack is quite linear between -25 and 25 degrees. Thus, the number of
points necessary during a calibration is minimized.

The avoilable output from the Optron Tracker is then a continuous analog
record of the model angle-of-attack. All that is necessary in order to ob-
tein dynumic stability i1s a record of the amplitude versus time history.
Therefore, it' is desireble to sample the Optron output only around peek
angle-of-attack areas. This is accomplished as follows: zero voltage out-
put; equivalent to zero angle-of-attack i1s sensed =lectronically. Using
this, the time for each half oscillation cycle is measured. Every healf
cycle period is then used %o predict the occurence of a peak two half cycles
later (two to account for oscillation asymmetries). A sample of the Optron
output is recorded 4.5 milliseconds prior tc the predicted peak time, aad
every 0.5 milliseconds thereafter until 4.5 milliseconds after the pre-
dicted time (19 records). In general, this method will catch the peak, and
in the cases where it does not, the 19 recorded values provide enough infor-

mation to extrapolave the pesk value. Applying the calibration to {his date
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3! and sumaing the half-oscillation cycle times yields the raw data, a time
versus oscillation amplitude history. The number of amplitude points per
run varies between 30 for a high damping, high tunnel density run, to as
many as 1000 in the other extreme. Generally 3 or more runs are taken at
each data poin. in order to provide a consistency check on the equipment
operation as well as tne results. The sngular position of the model can be
determined to better than 0.2 degrees. Part of this tolerance is due tc
difficulties in determining the actual angle-of-attack of the model during
the calibration. The decay itself, upon which the dyramic stebility coef-
ficient is dependent, can be determined to about 0.l degrees. Figure b4
shows an amplitude vs time plot obtained through the free cscillstion tech-
nique.

— Because of the physical size of the bearing, the free oscillation models

b are necessarily large, 4 to 5.25 inches in diemeter, in comparison with

those used in the free flight technijue. This, in tura, leads to substantial
loads on the model, and corresponding sting deflections as the model os- °
cillates. It thus becomes necessary to record these deflections such that
any effect mey ve determined. To this end the sting was instrumented with

a full strain guage bridge (2 .uages on top and 2 on the bottom) which pro-
vided a method to determine both loads and sting deflections. Output from
the strain guage bridge was recorded simultaneously with the peak angular

data, and in addition, was recorded continuously with an oscillograph.

W™ 1 GAAIERNAYITS BAI 48 gt

Figure 5 presents an, oscillograph trace showing the Optron Tracker Output,
the strain guage bridge output, and the triggering pulses corresponding to

the initial scans of the nineteen records around each peak. Notice in

this trace no phese shift or higher harmonic motion is observable.
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The equation of motion,

I.&+MD~+M"Q=IMB
where
qic.l\d.2
MD = -(Cm * Cm.) \')
q o »
Ma = Cm qmﬂd
o

M. = bearing-damping moment (constant dau.,..n moment, opposing
angulsr motion)

wag solved assuming the coefficients remained constant over one cycle of os~

cillation. Again the resulting (Cm *C ) is an effective coefficient,

q o
remaining constant over an oscillation cycle. The solution for the envelope

angle at time t is

-, 2z -M, -2 /-&
a:£=a‘,e’ft- gg}[/¢eﬁt+2e“z = p TS

In the limit, as approaches O,

2T

- ’ -fl
r/ T 4 e </-¢n @ "))] = 42
+ @ - ?
L /e # 7

Therefore, es a first approximation,

-MD
Mgt
o "ao - 2
n I

Solving this equation for MD provides a better approximation for the

bearing demping term, thus establizhing an iterative procedure vwhich mey be

used to obtain (cmq + cm&).
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N MD MD
For the values of 5T which generally occur <’§T <1 :L this iteration con-
verges quite :_pidiy (one iteration usually results in an error much less
then 1%).

Values for MB corresponding to various bearing radial loads can be
determined experimentally through the use of a sphere with an off center
weight (assuming the serodynamic damping moment is negligible). The data is
smoothed using a least squeres technigue before the above solution is applied.

Resulting damping coefficients ere, in general, repeatable to * 0.0k,
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DYNAMIC STABILITY DATA

A series of tests designed to investigate the dynamic stability character-
istics of 2 family of blunted 10 deg cones have been conducted in the Jet
Propulsion Laboratory supersonic and hypersonic wind tunnels. The principal
test parameters were Mach number, Reynolds number, oscillatory frequency,
oscillatory amplitude, center of rotation, and bluntness ratio. Only a portion
of the data from this program is presented here, and in some cases it 1is still
considered preliminery. However, there 1s emple date presented such that
both testing techniques are exemplified and compared. For the class of
bodies tested with the free oscillation technique, the bearing damping was
negligible in comparison to the aerodynamic dynamic damping. Therefore,
the term ME was set equal to zero in the reduction equations. Table 2 con-
tains a summery of the tests and corresponding test parameters. The nomenclature
of Table 2 is explained in Figure 6, which shows a typical model, with a con-
toured base and a bluntness ratio, r(nose)/d(base), of 0.094. Unless speci-
fied otherwise, all configurations had flat bases., Notice that for 2il blunt
cones the center of gravity location is referenced in lengths of a hypothe-
tical sharp cone from the hypothetical sharp nose.

Figures 7 and 8 show the effects of osciliation amplitude on the dynamic
stabiiity coefficient. Figure 7 contains free-oscillation and free flight

data for the sharp cone configuration at several centers of rotation. Note,
the free flight data was obtained et Mm = 4.5 and the free-oscillation data at
M. = 6.0. Both techniqués indicete clie same trend of increasing dynamic
stability coefficient with increasing amplitude. The free-oscillation data

begins to rise somewhat earilier (L to 6 deg) than does the free £lizht datc
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(8 to 10 deg) but, thereafter the curves appear to remain peraliel. The
effect of amplitude on a blunted 10° cone is shown in Figure 8. This data,
taken at Mm = 6.0 by the free-oscillation technique, indicates a greater
change in the dynemic stability coefficient with amplitude than wes seen
with the sharp cone. For the 0.6 g case, there is a 14% rise as the ampli-
tude increases from 4 to 18 deg with the sharp cone, whereass, there is =
57% increase with the blunted cone. It should be noted, hcwever, that in
case of very blunt cones (r/d = 0.423) this trend reversed itself tc the
point where there is no discernable amplitude effect (Reference L).

Figure 9 presents the effect of center of rotation on the dynamic
stability coefficient at constant amplitude for the sharp cone. This
figure includes free fiight data taken at M” = 3.0 and 4.5 and free-
oscillation data taken at Mm = 6.0. The data are compared with Tobaks
first and second order potential flew solution, applicable near O arigle-of-
attack (Reference 5). There is gcod agreement at all Mach numbers, the
maximum deviation being on the order of 7%. This plot shows excellent cor-
relation hetween the data obtained by the two alternate testing techniques.

The same type of data for a blunt 10 deg cone, r/d = 0.094, with a
contoured base is shown in Figure 10. Again there are several Mach numbers
and both free flight and free~oscillation data are presented. The dats are
compared with a curve calculated from the Newtonian impact Theory. The
free flight snd free-oscillating curves exhibit the same shape; however, the
levels of the two curves differ by about 10%. No explenation for this in-

consistency is apparent at this time. In the upper right of this figure is

a summary of the effect of Mech number, for this blunt configurstion, obtained

from the frec~-flight data.
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Figure 11 shows the effect of Mach number on dynamic stability for the
sharp cone. Again, both free flight and free oscillation data are shown on
this plot. The solid line represents Tobak's potentiel flow solution while
the dashed line represants a shock expansion solution (Reference 6). Both
theories agree with experimental data to better than 7%. Both theory and
experiment show a pronounced drop in the coefficient in the region of Mw =2
to 3, and both sho: an indication of a drop in the M = 6 to 8 region.

The effects of bluntness on dynamic stability from the free-flight
data is shown in Figure 12 along with a curve from the Newtonian impact
theory. %The points at r/d = 0.2 end 0.3 arc preliminary dsta =nd are not
as reliable as the remaining points. The experimental data for the sharp
cone (r/d = 0) is about 30% above the Newtonian. As the bluntness ratio
increases the experimental snd Newtonlan curves tend to converge meeting
near r/d = 0.3. Experimental data at r/d = 0.423 (Reference 4) also iudi-

nates good agreement with Newtonian, confirming the general trend.
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NOMENCLATURE

model reference area, md2/4
model scceleration
distence to the center of grevity from nose

drag coefficient; CD = drag coefficlent et zero angle-of-zttack
0

1lift force coefficient; CL = 1ift force coefficlent slop~ per

radian ¥

pitching moment coefficient; Cq = pitching moment coeffi:ciont
(4

slope per radian

dynamic damping in pitch coefficient per radian, [—-ng ]

(assumed constant over a cycle)

E.—?éi- ] (assumed constant over a cycle)

dynamic stebility coefficient (assumed constant over z oycle)

model diameter, reference length

model moment of inertia about s transverse axis at center of

gravity
length of sharp cone, 2.8356 d

free stream Mach number

model mass

free stream dynamic pressure
Reynolds number based on model diasmeter and free stream condition
free stream velocity

model rcaition relative to media
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angle-of-attack

initial oscillation amplitude
effective oscillation amplitude

root-mean-squared angle-of-attack

amplitude Jdecay

angle between freestream velocity vector and model centerline
g.s density

oscillation period, sec

oscillation frequency, rad/distance, x, traveled

oscillation frequency rad/sec

derivative with respect to time

conditions at time =0

envelope

effective

conditions after n half-angles of oscillation

free stream conditions
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Configuration | Wall Matewial I a/g |Flight
(slug -| (@ = O°| time
ftz) Mm L | (sec)
3 psi)
Sharp Cone Plastic 0.10 X .0 o0.28
1077
r/d = 0.3 Magnesium 0.31 X 0.12
1077
Configuration Test No. c.g. Re/in x10-0|wa/, x 102
% 4 aft o
A. FREE OSCILLATION
sharp cone 21-176 6.0-8.0 60.4-66.2 0.04-0.20 .25-0.55
r/d = C.091 21-176 6.0-8.0 60.4-66.2 0.07-0.20 .36-0.68
r/d = 0.09% - con- 21.176 6.0-8.0 60.6-66.5 0.02-0.28 .17-0.53
toured base
sharp cone 20-577 2.0-k.0 60.4-66.2 0.04-0.29 | 0.21-0.95
r/d = 0,091 20-577 2.0-4.0 60.4-66.2 0.04-0.29 | 0.33-1.22
r/d = 0.200 20-577 2.0-4.0 60.4-66.2 0.C4-0.29 | 0.36-1.22
r/d = 0.423 20-548 2.0-4.5 85.1 0.02-0.34 | 0.10-1.40
r/d = 0.423 21-234 6.0-8.0 85.1 0.03-0.23 | 0.07-0.70
B. FREE FLIGHT
sharp cone 21-172, 2.0-4.5 4o, 4-61.4 0.17-0.34% | 0.94-1.99
(Ref. T) 20-555,
20-562,
20-585
r/d = 0,094 - con- 21-172 .0-8. 48.0-59.0 0.22-0.25 | 0.57-1.19
toured base .
r/d = 0,1 20-598 k.0 0.28 1.k
r/d = 0.2 20~-598 k.0 0.28 1.13
r/d = 0.3 20-598 k.o 0.28 1.19
r/d = 0.k 20-598 k.o 0.28 1.18
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DISCUSSION
M, Fink:

You mentioned the angle of attack effect being different a«t
different Mach numbers. One of the slides in my talk yesterday
showed a computed variation of damping in pitch with angle of
attack and this did vary as a function of Mach number or Mach num-
ber similarity parameter. At the lower Mach numbers it was pre-
dicted to increase with increasing angle of attack-at the higher
Mach numbers it first decreased then increased with increasing
angle of attack. I Jon't remember exactly how it goes with what
Mach numbers for a 10 degree cone but it may be that Mach 10 for
a 10 degree cone is where it is fairly level for a while and then
increases.

L. K, Ward:

This was a sharp cone?

M. Fink:

Yes, My axisymmetric results for non-zero angle of attack
are only for sharp cones. This nonlinearity with angle of attack
being different for different Mach numbers is something that does
come out of the theory and something that has been shown. Data
which I hadn't shown in a slide in my talk but which is in the
written version of the paper includes the 20 degree Mach 8 AEDC
data of a few years ago which does show the decrease of damping
with increasing angle of attack over a moderate range of angle of
attack.

P, Jaffe:

For Mr. Fink'e benefit, this data is the effective constant
coefficient whereas your computed data would be for the local
values, and in using it this should be remembered. There isn't a
direct connection unless you include some angular motion.
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FREE-FLIGHT TECHNIQUE FOR MEASURING DYNAMIC
STABILITY OF ABLATING MODELS
By Lionel L. Levy, Jr.
NASA, Ames Research Center,
Moffett Field, Calif.

An investigation to determine the effects of ablation on the
dynamic stability of reentry vehicles has been initiated at the Ames
Research Center. The investigation utilizes a free-flight technique in
an arc-heated wind tunnel.

The wind tunnel is shown schematically in Figure 1. A vertical
arc-heated wind tunnel is used so that the mcdel weight can be balanced
by the drag force and thus permit meximum viewing time through the test-
section windows. The test gas, air, is heated by striking a dc arc
between two water-cooled ring electrodes. To prevent overheating the
electrodes, the arc is spun &t high speeds by the magnetic field pro-

duced by coils surrounding the arc chamber. The &ir is expanded through

a contoured nozzle (12-inch exit diameter) to produce the desired condi- E
tions in the open-jet test chamber. A contoured nozzle is used to pro-
vide the most uniform flow in the test chamber consistent with the

minimm vertical gradient of dynamlc pressure required to staebilize 3

model motions in the vertical direction.

Of paramount lmportaence to this investigetion is the assurance of
steady-state ablation for the full interval of flight. Thus, it is
necessary to hold the model in the stream until steady-state ablation

is established and then release it for free flight.
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The mechanism used to hold and release the model is shown in
Figure 2. A piece of monofilament line attached to the base of the
model, and looped around = "hot wire," holds the model firmly against
the bottom of a retractable tube. When it is desired to release the
model, an electrical circuit is energized which heats the wire and
severs the monofilament. At the same time the tube is retracted upward,
leaving the model in free flight.

Free-Tlight motions of the model are recorded photographically by
movie cameras placed to observe the motion in two orthogonal planes.

The film speed is a@bout :250 frames per second.

A representative frame from a film record of the model motion is

shown in Figure 3. The test conditions were a total pressure of 6.8 atmo-

spheres, a total enthalpy of 2100 Btu/lb (velocity approximately 10,000
ft/sec), a Mach number of 10, and a Reynolds number of 500 based on mddel
dismeter.

Succcssful flights o date include ablating and nonablating models
of axisymmetric blunt-faced reentry vehicles. Flight times range from
2 to 4 seconds. The corresponding flight distance is approximetely
10,000 feet for each second of flight and the models experienced about
3 cycles of oscillation per sezond of flight.

In the present date reduction procedure, time histories of model
motions determined from movie film are punched on cards, processed by an
IBM TO94% computer, and stored on tape. The taped information will be

used as input to a TO94 program for solving the equations of motion.
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DYNAMIC STABILITY TESTING OF SPECIAL WEAPON SHAPES
(Interim Report—Limited Distribution Only)

by

James F. Reed
Sandia Corporation, Albuquerque, New Mexico

ABSTRACT

A brief resumé€ is presented of Sandia Corporation's ex~
perience in the field of wind tunnel dynamic stability testing over
the past 17 years. Techniques employed, some of the problems
encountered, and the peculiarities of performance uf some of
the special weapon shapes tested are discussed. Information on
the correlation between data from different wind tunnels and
between wind tunnel and flight data is also included,
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ARNOLD ENGINEERING DEVELOPMENT CENTER,
APRIL 20-23, 1965,
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Issued by
Sandia Corporation,
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Reproduction of any portion of this report is
strietly prohibited without express permission
of Sandia Corporation,

LEGAL NOTICE
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NOMENCLATURE

Speed of sound

Model center of gravity, percent of length

. - m
Pitching moment coefficient, 55d
aC
Static stability parameter, - 5—5—- , per degree

Dynamic stability parameter, per radian - [Cm + Cm ] =
q a

aC acC

m m
IERE
2V 2V

Model diameter, in,

Model moment of inertia
Mach number, V/a
Pitching moment

Period of model oscillation

Dynamic pressure, 1/2 pV2
Model angular velocity

Reynolds number, BLYE

Model cross sectional area

Time to damp to one-half of original oscillation amplitude

Velocity

Angle of attack
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NOMENCLATURE (cont)

Rate of change of «
Air density

Air viscosity
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DYNAMIC STABILITY TESTING OF SPECIAL WEAPON SHAPES

Introduction

Over the past 17 years, Sandia Corporation (an AEC weapons laboratory)
has conducted more than 70 dynamic stability testing programs utilizing nearly
1900 hours of tunnel time in wind tunnels throughout the United Ctates, Most of
these tests were conducted under AEC Restricted Data security classification
because of the shapes involved, Thus wide dissemination of test data was not
possible, Recent reclassification of these shapes and aerodynamic
characteristics make it possible to discuss some of our test methods

and results.,

This paper will present seme of the {esting techniques used and problems
encountered, and some of the peculiarities of stability characteristics ex-
hibited by special weapon shapes., In addition, some correlation will be
presented on data between wind tunnels ancC between wind tunnel and free flight

data.

Development of Testing Techniques

Backgroun_q

The ballistic shapes shown in Figures 1 and 2 were dropped on Japan in
August, 1945, The bombs, Fat Man in particular, were unstable in flight, The
original design of Fat Man and Little Boy was developed by physicists with
little help from anyone connected with aerodynamics, The tail agssembly on
Fat Man, for example, was modified to resemble a parachute at the suggestion
of cne of the aircraft bombardiers, This change reduced the dynamic instability

to tolerable limits—Iless than +30°,
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As the international tension developed before and during the Korean
War, more sophisticated warhead designs were developed and these designs
required new ballistic shapes, Statically and dynamically stable bciabs were
needed to limit dispersion, to limit acceleration loads on components, and to
increase reliability of fuzing systems, Wind tunnel tests were planned to study

the subsonic and nearsonic stability characteristics of these bluff, low-

fineness-ratic shapes,

Blimp Shapes

The first stockpile weapon produced by Sandia Corporation was a modi-
fication of the Fat Man called the Mark 3, The first completely new weapon
can be seen in Figure 3, The basic shape was that of a modified Class C
blimp. The blimp shape was modified by cutting a flat on the ncse and
adding 5° - 25° double wedge fins for the first implosion weapons, Design
criteria in this case were quite simple: fit as large a.bomb as possible inte
the B-29 bomb bay. For reasons of storage, the {ins were not permitted to
protrude beyond a box tangent to the major diameter of the weapon, This
created problems with static stability. Because of the size criteria, the fine-
ness ratic of the entire store vas set at 2, 13, cresting problems with dynamic
stability.

The double-wedge fins solved the staii: stahility p.oblems satisfactorily.
Dynamic instakility (oscillations diverged to +30° between M = 0, 84 to 0, 95)
was reduced to +6° after many {over 150} drop tests and a series of wind
tunnel tests by the addition of five thin spoiler bands along the bomb's length,
The resultant shape was used for an improved weapon (Figure 4),

»

Testing Techniques

The first wind tunnel tests were conducted using a crude, three-degree-
of-freedom, ball-bearing, free-oscillation rig in the Wright Air Development
Center (WADC) 10-Foot Transonic Tunnel, Decisions were based upon

observers' reports of model action. Moction pictures were taken, but the

10
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<2lay in development prohibited their use in the test program. The rig had no
deflector for cocking the model to a trim angle, No quantitative data wecre

obtained in these tests.

The next step in testing techniques used a two-degree-of-freedom rig
with remote hydraulic contrcl to yaw, lock, release, and brake a model, Thin
strain-gaged beams recorded pitch and yav: motion. The final version of this
rig, whicl. underwent considerzble development over the years, is shown in

Figure 5. This device has beern the workhorse of Sandia's dynamic testing.

In addition to the one- or two-degree-of-freedom, ball-bearing, sting-
mrouuted rig, typified by Dynamic Rig No, 4 in Figure 5, a number of other
dynamic stability resting techniques have been tried by Sandia, These in-

clude:

free oscillation half-model using a splitter-plane,

free oscillation cross-flexure rig,

side-movnt rig with one or two degrees of freedom,

gag-bearing rig (at JPL),

free-flight wind tunnel tests (at JPL),

free-flight ballistic range tests (at BRL),

free-flight and single-degree-of-freedom vertical tunnel
testa (at WADC), and

three-degree-of-freedom spin-stabilized projecti.~ tests
{at MIT),

Wind Tunnel Correlation

Single-Degree-of-Freedom System: -- Early in Sandia's testing progran:,

a study was conducted {o deterrnine if a single-degree-of-freedom system would

s
[

PP




a
be adequate, Figures 6 and 7 show typical correlation between one- and two-
degrees-of-freedom testing on Configuration 2, Data were obtained at the

Cooperative Wind Tunnel on a 8, 5-inch-diameter model,

The following data reduction technique was used in this and all wind

3
tunnel tests reported here:

static stability parameter, —Cm
a

o = L [41#2 4 <,?n 2>2]
o + =
®a 57.3 ip®gsa  gsa \ T3

Usually for bluff bombs, the second term is small relative to the first and the

static stability parameter equation reduces to

1.3781

..-C 22—
"a  p%v’sd

dynamic stability parameter, -~ [Cmq + Cma]

mq +m
._[Cm .,.Cm-J=__.____2 o ,
q a gsd
2V
where
m +m =2dUn2)

q & Té
Thus, the formula for dynamic stability parameter may be reduced to

- [Cm + Cm.] = —--—--——-'5‘5‘2141 .
q a pVsd (Té)

12




From the information presented in Figures 6 and 7 and from other
similar correlations, Sandia engineers concluded that single-degree-of-

freedom testing would suffice for low fineneas ratic bluff shapes,

Sting and Model Frequencies -~ During the same test program, a series

of runs were made to determine the effect of sting natural frequency and model
oscillation frequency on the stability parameters, Sting natural frequency was
varied through the use of guy wires, and model frequency was changed by
varying moment of inertia, The test was performed on four somewhat similar
configurations with similar results, As can be seen from Figures 8 and 9
Configuration 2), there is no ordered trend related either to changes in sting
natural frequency from 15,3 to 11, 6 cycles per second, or changes in model
frequency from 2.7 to 9, & cycles per second. The scatter shown appe :rs to
be almost all within the accuracy of the data, No data were taken on a resonant
frequency condition, that one in which model frequency corresponds to sting

natural frequency.

Reynolds Number -- In an effort to determine the effect of Reynolds

number on stability parameters, Configuration 2 test data from five test programs
were compared. (Four of the test programs were run in the Cooperative Wind
Tunnel and one in the 8-Foot Transoni~ Tunnel at Langley Aeronautical Labo-
ratory.‘) The range of Reynolds numbers covered, based on model diameter,
is shown in Figure 10, As can be seen from Figures 11 and 12, the trends of
static and dynamic stability derivatives as functions of Mach number are quite
similar, Although the Mach number at which stability derivatives show high
rates of change apparently varied with the Reynolds number, this effect had
little significance in the search for a stakle configuration because the trends
were similar. Reynolds numbers experienced by the full-scale vehicle ranged

from approximately 5 to 30 x 106, depending on Mach number and altitude.

Model Unbalance -- For several years all free-oscillation testing done on

a single-degree-of-freedom rig was performed in the pitch plane using care-

fully balanced modeis. Then in 1957, Sandia began to investigate the effect of

13
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testing in the yaw plane with the model balanced about some point other than
the center of ro’cation,ts it was assumed that if the system were truly single-

degree-of-freedom, it would make no difference,

The center of gravity was varied from 36, 0 to 52. 4 percent of model
length while the center of rotation was maintained at 39. 6 percent, Tests of
several configurations were conducted in the Wright Air Development Center
10-Foot Transonic Tunnel; data are presented for two typical configurations.
Figures 13 and 14 show the variation of static and dynamic stability parame-
ters for a completely gitable configuration, Ficures 15 and 16 show the same
for a model with a region of neutral dynamic stability about Mach 0. 88. Again,

there is no discernible trend and the data are in fair agreement,

Typical Single-Degree-of-Freedom Stability Patterns

Bluff special stores have exhibited many stability patterns, Some of
these which have been observed during Sandia's experience in wind tunnel test-
ing are shown in Figure 17, Traces (a) and (b) represent static stability with
dynamic stability, and static stability with dynamic instability (at least as far
as the limnits of the rig), Trace (c) shows a case when the model is statically
stable about 0° angle of attack, but statically unstable above 6°, Trace (d)
shows trim of approximately 4° with dynamic stability about that point. Trace
(e) indicates static instability against the 6° rig limit, Trace (f) shows static
and dynamic stability about 0°, but dynamic instability when deflected, Trace
(g) is from a model with easentially neutral dynamic instability about the re-
lease angle. Rig friction gradually damps the oscillations untit the model be-
comes dynamically stable, Trace (h) shows neutral dynamic stability about
+3°, Model damps from +6° and diverges from 0°, Trace (i) shows dynamic
instability against the stops, whether the model is deflected or released from 0°

14




Wind Tunnel-Free Flight Correlation

Sandia hag performed a number of tests to correlate free flight ballistic
performance with wind tunnel data on bluff shapes. The following technique
was used for obtaining data from free flight tests. Stores released from
bomber aircraft were allowed to fall freely., Atmospheric conditions were
usually obtained using radiosonde balloons released just before or immediately
following a drop. Data store velocities were obtained from Askania photo-
theodolite tracking cameras which followed the store trajectory, When dynamic
stability information was desired, small rockets were used to deflect the store
to an angle of attack at some predetermined time in the flight path, Roll, pitch,
yaw, accelerations, and often pressure measurements were telemetered to

ground stations from gyros and other instrumentation within the store,

-

Figure 18 shows a siore of fineness ratio 4. 8. Dynamic stability tests
were conducted at Cornell Aercnautical Laboratory on a 3-inch-diameter model.
Static force tests were conducted a. the MIT Naval Supersonic Laboratorye on
a 1, 5-inch-diameter model, The composite results of C‘“a as a function of
Mach number are shown in Figure 19, which also shows the results of three
ballistic drop tests, The region of neutral static stability at M = 0, 99 appar-
ent on the wind tunnel results did not show up in the full-scale test results,
possibly  because the flight Mach number was changing. The over-all corre-
lation appeared satisfactory and no effort was made to correlate dynamic
stability parameters other than to note that toth wind tunnel and free flight tests

indicated a damper iystem.

Figure 20 shows a line drawing of another bluff store designated Con-~
figuration 3, Figures 21 and 22 are comparative data from wind tunnel and free
flight partial scale drop tests.7 The single-degree-of-freedom wind tunnel
dynamic stability tests were ccnducted at the Cooperative Wind Tunnel, The
large variations in static stability near M = 0, 90 apparent in the wind tunnel
data do not appear in the free flight case, This phenomencn has also been
attributed to the rapidly changing Mach numher although it could be 2 RBoynslds

number effect,

15
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Conclusions

Some conclusions about dynamic stability testing may be drawn from the
data presented. All these conclusions apply to low-fineress-ratio, finned bluff

bodies flying at transonic speeds,

First, single -degree-of-freedom, free-oscillation, dynamic stability
wind tunnel tests present a good quantitative picture of static stability, and

at least a qualitive picture of dynamic stability,

Second, it has been Sandia's experience that Mach number is the most
important single variable in this region, Reduced frequency and Reynolds

number, at least within the limits examined, show small secondary effects,

Finally, a single-degree-of-freedom, free-oscillation system may be
satisfactorily simulated using an unbalanced model oscillating in the yaw plane,
However, the model should be balanced about the center of rotation whenever

possible, simply as good testing technique,

16
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DISCUSSION

Lars Ericsson:

Did you have ridges to steady the shock, restrict the shock
movement and did you measure dynamically the effect with and with-
out this roughness on the surface?

J. Reed:
Do you mean with and without spoileir bands?

Lars Ericsson:

Yes.
J . Reed:

The effect or spoiler bands was to reduce the band at which
the store was dynamically unstable.

Lars Ericsson:

The Mach number range?
J. Reed:

The spoilers decreased both the Mach number band dynamic in-
stability and the amplitide of osci}lation.

Lars Ericsson:

Secondly, in regard to this effect of nose bluntness one can
produce a certain nose drag.elther by having an elliptic rose shape
for instance, or by taking a flat face and then turn an elliptic
fairing to get a smooth shoulder. 1In the latter case the sharp
curvature is right in the front, The effect is to decrease the
Mach number region in which nose induced separation occurs because
tne boundary layer has a chance to reattach. It separates but
reattaches btefore the shoulder and you don't get that massive
separation downsiream.

J. Reed:

Yes, The problem that we had was that we realiy could not do
that hecause we did not have room. The whole store was compressed
into a fineness ratio of 2.13 and we didn't bave any room to in-
crease the nose length +o make a longer ogive there. We did

study that effect later and the data indiéates that you are correéct.
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G. Chrusciel:

Did you ever try testing the configuratior with botrh increas-
ing and decreasing Mach number over the Macih number range?

J. Reed:

Yes. Our standard testing technique was to bring the tunxnel
up in velocity with the model free to oscillate uand watch the
recorder. As best we could determine there was no zffect. We
were in a wind tunnel wher2 you could not increase cor dacrease
the Mach number rapidly, and we could detect no eifect of either
increasing or decreasing -he Mach number at th: rate al which we
were able to do it.

G. Chrusciel:

What I had i1eference to in Polaris testing it waicn yoy could
get 2 supersonic or a subsonic flow pattern estsblished right
around Mach 1 depending upon if you approached it rfrom lowor
speeds or from higher speeds which was quite proacunceo in the
data.

R. leyer:

I wondered if you could observe fin effectiveness on thess2
blunt shapes. Well, I presumne the fin effectiveness was consider-
ably down and assuming that, could you say whether it was just a
lowered or decreased dynamic pressure into the tail surfaces or
was it a downwash phenomena on these fins?

J. Reed:

I think that it was separation since the body came down with
such a steep curve after the maximum diameter that the flow tended
to separate right off of the maximum diameter. By the way, there
is a little story on the double wedge fins. Some of the people
from BRL might remember when we fired.nuidierous. balligti¢  rounds
trying to come up with a stable configuration for the Mark IV and
somebody suggested to the physicists that they use a double wedge
air foil-meaning a diamond air’ f/1il. The physicists did not know
what they meant, so they had a dou'le wedge-5 degree, then 25
degree-air foil and it worked. Later they tried a dianond air
foil and it did not work.

11-13-2
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THE DESIGN AND PERFORMANCE
- OF A DYNAMIC MODEL DRIVE SYSTEM

by
D. L. Tinnes
Marshall Manned Space Flight Center
NASA
Huntsville, Alabama
This system uses a low mass, short-coupled electromagnetic
drive system suitable for payload type bodies. Unique approaches

to electrical feedback for stabilization and measurement of sus-
taining power are used.
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I. SUMMARY

This paper describes the initial design and development of a forced
oscillation balance system for measurement of dynumic stability parameters
of Saturn vehicle payload bodies in the MSFC 14 x 14 Inch TWI., The
mechanical and electrical characteristics of the system are discudsed in
detail and preliminary performance results are described. This system
incorporates several unique features in its design and operation which
coutribute to its utility a8 an experimental instrument; most of these
could be applied to the design of other balance systems tailored to meet
other sets of program requirements.

II. 1INTRODUCTION

The desire for dynamic stability test capability for Saturn vehicle
payload shapes in the MSFC 14 x 14 Inch ™risonic Wind Tunnel lead to the
development of the forced oscillation balance system described in this

paper.

Analysis of the probable test workload gave the following guidelines
for design of the system:

A, Model Shape - Iwo principal configurations were considered,
an LES-Apollo with optional 1 - diameter skirt, and an LES~Apollo ~ Service
Module - 1EM Adapter with optional 1 - diameter skirt (See Figuze 2).

B. Centers of Rotation - The widest possible range of locations
of the center of rotation was desired for each configuration.

C. Angle of Attack Capability - Trim angles of attack up to 8°
vere desired, with oscillation amplitudes up to +2°,

D. Frequency -~ The ability to vary test frequency and a high
frequency capability were desired.

1Y, SYSTEM DESIGN
Mechanical

Mechanically the most distinctive feature is the use of torsion
flexures to provide (and vary) the spring constant of the system. (See
Fig. 1). A Bendix "Free~Flex'" crossed flexure pivot is used to establish
the center of rotation and to ‘transmit aerodynamic loads to the sting, A
pair of torsiun bars are mounted symmetrically on the axis of iotation to
provide restoring torque for the system. They are attached independently
of the motor and the model so that they may be readily removed and replaced
without further disassembly of the balance. In this way the torsional
spring constant of the syctem (and consequently the natural frequency) may
be changed during a test in the wind turael. These torsion bars also carry
the strain gage bridges which provide the displacement signal to the data
acquisition system.

£




SYSTEM DESIGN (Cont'd)

Mechanical

The structure is integrated to reduce weight, with a central beam
which serves as the principal structural member for the balance and the
model, as well a3 providing a frame for the motor coil, This beam is
made in two pieces; the reax piece (Item "B", Fig. 1) serves as the
motor coil frame while the front section (Item "C", Fig. 1) contains
the mount for the Bendix pivot. Iaterchangeable front sections thus
permit varying the center of osciliation without any other structural
changes in the balance or model,

e e v

All parts of the balance - motor structu-e are designed and 2ssem-
bled to permit easy repair or replacement. This is important since the
life expectancies of some components are measured in hours at a frequency
of 100 cps. In particular, the Bendix pivot hzs an expected life of less
than 40 minutes at 100 cps, carryling a resultant aerodynamic load of 60
lbs. These conditions represent the worat case for the configuration
shown in Fig., 2b, so that the actual sesrvice life of the pivot should be
somewhat greater, but this example demomstrates the need for ease of
50 maintenance,

R A

! An additioral bcnefit obtaired from this typz of mechanical con-

| struction is the capebility to tellor the balance to the requirements of
the test program. Thke balance described in this paper was designed to

(:} satisfy the rneeds of a particular test program in the areas of model shape,

d centers of rotation, angle of attack requirements, and oscillation fre~

quency, as described in the Introduction. Thie was accomplished by pro-
viding maximum flexibility in these araas, however, rather than designing
rigidly tc meet the immediate requirements. For example, the "Free-Flex®
pivot chosen wes the smallest which could carry the aerodynamic loads
involved in the tests, in order to permit the most forward possible loca~
tion of the oscillation center in the body of Fig, 2a. Fer a program
involving a shape with a higher Cy, (suck as a lifting body or winged
booster), pivots of this type are available which permit doubling or

: quadrupling load capecity with relatively modest increases in pivot dia-

i meter and length; in fact, capacity is slmost exactly proportional to the

! square of the diameter of the pivot, and a unit capable of indefinite life

at loads greater than the cgpacity of the model support mechanism in our

14 x 14 Inch TWT is only 5/8 inch in diameter.

the C.G. at the center of rotation for each test configuration. Where
poasible this is accomplished through the use of interchangeable escape
‘rockets of different weights. In this way the dynamic fnput to the sting
in the vertical directicn is reduced to a negligible value, and no struts
or stay wires are required on the sting.

i" The model and bslance are balanced statically as a unit to locate
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SYSTEM DESIGN (Cont'd)

Electricsl

The approach used in the desigu of che system incorporates a direct
electro-magnetic drive, or oscillating motor, within the body of the
model to be tested. (See Fig. 1). Ideally, a forcad-oscillation dynamic
balance system should have a good signal-to-noise ratio, low mass to
permit high natural resonant frequency, a high ratio of aerodynamic %o
total damping, adequate torque and power to ieplace system losses and
permit reasonable acceleration times, and an aerodynamicslly clean con-
figuration. Tests on the bench and in the MSFC 14 x 14 Inch TWT indicat»
that all goals have been met or exceeded, (Se¢ IV Test Results). The
design is discussed here in terms of these goals,

The signsl=-to-noise criterion has been well satigfied, as can be
seen in Fig, 4. The figure does show a low amplitude, high frequency
signal superimposed on the driving torque., This noise was noted before
the test began and is attributed o electrical pick up on the unshielded
signal leads to the amplifier powering the motor, Proper shielding will
be incorporatad to eliminate this roise. It is wox... m3ntioning that all
data is unfilterzd, eliminating the possibility of phase shift.s due to
filter phase characteristics.

Utilizing direct magnetic torque coupling to the model has eliminated
the mechanical noise that would otherwise be measured along with torque
in mechanically coupled systems, Also, the extremely narrow band-pass
characteristic of the balance filters out almost all envirommental noise.

The system possesses excellent frequency capability. Elimination of
the mechanical torque member has reduced the inertia of the balance and
simplified it to a single degree-of-freedom mechanical system., The
resonent frequency of the model on the dench is 64 cps with the torsion
bars that are presently installed. As described previcusly, it is only
necessary to exchange torsiorn bars within the model to increase the fre-
quency to & value of over 100 cps, and even higher frequencies should be
possible,

Pre-test evaluation of the damping in the system indicated very low
damping. Calibration in the evacuated test section of the wind ctunnel
during the teet substantiated this and indicated that the non-aerodynamic
damping present is almost entirely structural. Since damping of this
type is a linear fuzctici of displacement amplitude and is independent
of the freguency, vader some conditions it may be more favorable to test
at very low amplitude. Some evidence of this msy be seen in comparing
runs 5 snd 6 i the data table ziven in Section IV. The test dats given
in the table glso indicates a consistent favorable ratio of aerodynamic
to total damping. The value of the equivilent viscous damping coefficient
obtained from celibration inr vacuun was 0.18 in.=1b.-sec/degree.
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SYSTEM DESIGN (Cont'd)

41.67 i{n.~1b. Due to the low inertia of the system and the torque reserve

Electrical

The torque capability of the motor now in use is 1.11 in.-1lbs, per
amp of current. During tunnel testing, the maximum torque that was
spplied to the - .tor war +5.55 in.-1lbs. at approximately five cycles off
resonance. At resonance, the greatest torque required of the motor was

of the motor, the mocdel can be rapidly accelerated.

By optimizing the motor's field aad the armature coil, it is feasible
to create a torque capability at least 5 times greater than .s presently
available in the prototype motoi. Torque calculations for motor design
and calibration are given in Section VI.

Figure 3 i8 a block diagram of the control and data acquisition cir~
cuit in use at this time, illustrating the relative simplicity of the
electronic requirements. To date only normal control ci frequency and
amplitude have been used but a complete closed-loop system will be opera~
tional in the near future.

Iv, TEST RESULIS

A preliminary serodynamic test was conducted on April 19, 1965, to
permit evaluation of the system under operating conditions. For this test
the frequency arnd auplitude were controlled manually. A tabulation of the
data obtaired is given below.

Mach Trim Angle Frequency Oscillation Total F,, Aerodynamic F,
Number of Attack (cps) Amplitude Bamping Damping o x 100%
{in-1b~gec) (in-1b=gec) t
0.95 0° 61 +1.489 0.084 0.060 72%
0.95 2° 61 +1.48 0.116 0.093 80%
1.10 0° 61 +1.54° 0.153 0.129 84%
1.10 29 61 +1.48° 0.166 0,142 86%
1.46 0° 61 +1.48° 0.107 0,083 78%
1.46 0° 61 10.59° 0.081 0.065 80%

This table illustrates the consistently liarge values obtained for
acrodynaric damping expressed as a percentage of the total measured. The
data given here covers the travsonic range, which is of most immediate
1nterest. Two runs were also made at Mach 2,99 and trim angles of 0° and
2% r, was over 50% of P+ for both of these runs, at oscillaticn amplitudes
of +1 59,

V. PERFORMANCE CHARACTERISTICS

In summation, the rystem hzs the following operating characteristics
which contribute to its usefulness as an experimental {nstrument.

A, The driving torque to the model is provided by direct electro-
nngnetic coupling, with no intermediate mechanical elemonts. This results
in thmlv low noine in the i‘ni‘nuﬂ -‘gn.‘l and a - very “‘5“ ﬂbs‘ﬁal'ta’miié
ratfio. No filtcring of the output signals is required, eliminating a
possible source ol phase error.
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PERFORMANCE CHARACTERISTICS {(Cont'd)

B, Since the torsion bars are not loaded by the static asrodynamic
loads, K;, the mechanical torque coefficient is essentially constant for all
test conditions, and no cailibration is required. The maximum change in K,
fzr this prototype balance is less than 1%, using torsion bars giving f“ =
64 cps.

C. The balance has high frequency capability., For the test pro-
gram using the model and balance in their present form oscillation frequency
will be limited to apprcximately 100 cps because of the high loads imposed
on the egscape tower structure; for a more compact shape, a useful frequency
of at least 200 cps is anticipated.

D. Direct electrical data output is provided, with relatively
simple electronic regquirements. Thisz suggests the possibility of building
all of the control and acquisition electronics into a2 single compact unit,
This "suitcase" would make the system portable and allow selection of the
test facility to suit program requirements, or permit tests of the same hard-
ware in a number of facilities.

E. The high torque and power available permit almost instantaneous
acceleration, an important feature for operation in short-duration blowdowm
facilities, During the preliminary test, ten or more frequency changes
could be made and steady-state outputs obtained in a rxun time of about 60
seconds, with only marual control of frequency and amplitude.

F. The flexible mechanical design permits inexpensive modifications
to "tailor" the system to meet test requirements.

G. The high power available, and good heat transfer and cooling
permit large inputs for off~resonance operation. The usaful bandwidths
for the near 60 cps resonance of the preliminary test were 10 cycles at
4% = +1,5% and 20 cycles at Aet = 40.5°,

H. The design of the balance permits an aerodynami.cally clean
configuration, with no external rods or wires,

V]

————
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VI. CALCULATIONS

Fs= qupin (171-16--8«) 8 = field strenath (lines m"‘)
L= corl /923#5 (n) d = moment Szm Cin) /
2 = back em€f (volts) T = torque C in-16)

A = current i coil (mmps) @ = frequency (mdians feec)
8 = amplifude (mdians) Vi ve/oci/'y (radians /aez)

For 4he system vibn}nfo\g at resomance,
T T
F= 3 = o8
T = d(force) * 0.885 BLL x 107

T

T = 0.8985 BLd v 07 (o'n-lh/mﬂ

£ = Blﬂ" v.lO"' = B,Quév.lo"

o ¢
%.— = ﬁ (radionm /vo\-\'-scc.)
F = Xi 0o, . (o.085 BLd » 16-") (8% 4 10 'L{.
F

L A '
~ £ 0.885 (84)*d « 107"
For the protobype system,-calibration gave B4 = 4.774 10°
& F = %—o.ear (4-.77)',.!0",’.!
F o= fo-o-f; with d = a.§
0ff resonance 4his ln.cemgs:‘
F = fo05cs ¢, whare ¢4 /s +he phase angle
“The value oblained for BL indicates a field shvength
of abeut 16%(lines /int). Values of B approaching Sxio®
should be pessible ; alse £ could be appronimately
dosbled in oblainivg an impedance mabch for the lon
faps on the power amplifier. These changes shovid

prvocQ -“\Q 40\'1_00. increase mcn\';onca w“ Stc\';on .
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Oscilloscope Records - Run #6

¢ = 6l cps M= 61 cps
o= Oo A = + O,so
Pl R NN T

gm@mmmr;

Top = torque
Bottom = displacement _

as “ase
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Horizontal = torque
Vertical = displacement

Typical Test Data
Figure &
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DISCUSSION

D, Coen:

Dave, is this basically a so-called resonate-type systenm?
D, L. Tinnes:

It is a tuning fork, literally. It is extremely shavrp. The
off resonance capability is due to the large electrical power in-

put available, and not to any inherent design in the balance
mechanics.

D, Coen:

What is the actual driving mechanism?
D, L. Tinnes:

It is an oscillating motor. The field is provided by perma-

nent magnets and the signal is on a coil which is attached to the
model.

L. K. Vard:

You do incorporate resolvers in the system to resolve the -
torque signal when you are off of resonance,

D, L. Tinnes:

¥e can resolve off resonance by recording the displacement
off the torsion bars; they are gaged. Ve get the displacement

and torque display, to determine resonance from a figure such
as this lissajous plot.

L. K, Ward:

Correct. VWhen they are 90 degrees out-of-phase, you are on
resonance, but the point is as you move off from resonance then
you have to resolve the torque signal into its in and out-of-
phase components as compared to the displacement signal.

D. L. Tinnes:

This is easy. We can make at least a crude calibration

right off the scope frca the figure for this phase angle. This
is what you are talking about?

L. K. Vard:

Right.

II-14-1




D. L. Tinnes:

i 40 B B SRR

- We can 'get the phase angle from this figure. It is much more
i, accurate to determine it through an electrical circuit, but we have
done this in the data we have presented here,

Bill Neighbors:

I am a 1little bit mcre familiar with what you were asking
; there as I have been responsible for the electrical end. |

D. L, Tinnes:

Th! 3 is my co-authnr here.

Bill Ne:ghbors:

I provided two bridges per torsion bar--one bridge for dis-

. : placement and one bridge for spare and two for resolving. I had

i another scheme in mind for acquisition and then 1 provided these

: extra bridges for resolving in case the other scheme I had fsiled,
: but the method of acquisitior looks real good. I believe there
will be no provlem in determining phase shifts. I believe this is
why you are thinking about this--resolving the torques into the
real and sort of reactive components.

L, K. Ward:
{- The in- and out-of-phase components.

Bill Neighbors:

"+ Right. BSo we bave the capability already built in to resolve §
the torque but I really don't see the need to go through with it.
¥e have new torsion bars in design and I am not planning to gage
them for that purpose.

L., K. Vard:

X have an additional question. What is the purpose of ob-
taining data at these higher freqguencies?

D, L. Tinnes:

I understand that it reduces one area of uncertainity--that
we can scele the full scale frequency to our model scale.

L. K. Ward:

Right. wd/2V but these are pretty high frequency for this
scaling parameter., This is on the Apollo Launch Escape Vehicle?

& ‘ |
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D. L. Tinnes:

That is right.
L, X, Ward:

Bass, we ian these at fairly low frequencies, were we way
out of line?

Bass Redd:

No, I think not. We were basically looking for dynamic

.Astability problems on the spacecraft, and I assume that you

are looking for dynamic derivatives to get a structural response--
1s this not correct?

D. L. Tinnes:

This is essentially true.
Bags Redd:

¥e were worried about rigid body motions; he is basically
worried about individual short coupling bedy responses for
stractural response.

D, u, Tinnes:

I might say that the program which I have referred to here a
couple of times which this system was designed to provide experi-
mental verification for a quasi-steady theory of Mr. Lars Ericsson.
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CLOSING REMARKS

C. J. Schueler:

-

I know it would certainly be impossible to even attempt to
summarize in the shocrt time available some of the high points of
this meeting; however, if you wiil permit me a few observations.
Many of us that are involved in cperating test facilities often
do not have the full appreciation of some of the problems that
have been éacountered in flight. Some of the papers that we heard
in the eatrlier part of our meeting dealing with the analysis of
flight data certainly will allow us now to have a little more
appreciation of the problem and possibly reflect more on this so
that we can see where we can extend the role of ground test facil-
ities in trying to find a solution to these problems, I think
one rather obvious observation is the significant progress that
has been made in the last couple of years in developing the
theoretical, inviscid methods for the hypersonic and hypervelocity
flow regime and also those theories that have been developed to
study the influence of ablation. However, I would like to mention
that it remains to extend theories of this type to account for
the vizcous interaction effects at hypervelocity speeds and low
Reynolds numbers. I think this is a problem that wasn't treated
sufficiently at this meeting. Methods of reducing wind tunnel
and free flight data appear to be undergoing a very thorougu
examination to more clearly unaerstand the meaning of ‘the resultis
from the ground test facilities especially where these large
nonlinesrities exist. A question of how does one simulate the
vffects of ablation in a wind tunnel is being approached in
several different ways and we have seen some rather clever tech-
niques these past few days that are being employed 1o try to
hand’e this particular problem. This appears to be an ~zca that
will continue to receive attention for sometime to come and prob-
ably at our next workshop will be one of the key topics for dis-
cussion. Free flight testing in the wind tunnel continues to be
a very useful technique, and there appears to be many new applica-
tions and efforts toward improvement or the equipment and also
the quality of the results. I wnuld like to thank all of our
speakers for their very excellent papers. I would like to thank
all of our Session Chairmen for the fine job that they have done
and especially you who have actively participated in this work-
shop to make it most interesting for all of us.
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