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1. INTRODUCTION 

Over the past thirty years, a considerable number of philosophies on 
the air transport of freight has evolved. One of the most Important of 
these philosophies concerns the use of helioopters to convey freight 
"externally" by suspending it directly, or within a container, beneath the 
helicopter fuselage by using strop and lifting hook configurations. In 
this way, loads whose bulk would preclude air transportation by any other 
means may be carried successfully. Furthermore, turn-round times are 
minimised by such procedures - an important advantage in many civil and 
military operations, Ordnunce, strategic supplies (including food) and 
even troops may be transported efficiently by this me ns and recovery 
operations may be performed with optimum speed. On the civil side, crane 
helicopters have been used in the erection of bridges, towers and other 
buildings and structures, and even for the transport of mobile operating 
theatres. 

However, inevitably, there are limitations of this simple "external" 
mode of freight transportation, these being associated with the aerodynanic 
forces which arise when there is motion of air relative to the suspended 
body. These forces can lead to static and dynamic states of instability 
of the suspended body or of the combined helicopter/freight system. In 
mary instances, the severity of the dynamic instability has been such as 
to make it necessary to jettison the suspended freist. In many other 
instances, less severe dynamic instability states of the freight have created 
handling difficulties and have necessitated radical reduction of forward 
speed of the helicopter. Biese difficulties probably stem from the poor 
Dutcti Roll damping characteristics of most helicopters - particularly at 
the higher forward speeds. 

While it is not possible to rule out a priori the possibility of 
instability types requiring motion of both freight and helicopter, it is 
recognised generally that most of the trouble Tome motions are those which 
may be ascribed to freight oscillation per se with the helicopter fuselage 
assumed fixed in space and with the aerodynamic forces on the freight being 
assumed to be generated by a uniform airstream impinging on it. Assumptions 
of tlds type have been a common feature of the literature to date and, 
indeed, will be upheld by the antnors of this Report. Even when such 
assumptions are made, the number of freightage shapes, lifting hook 
arrangements and strop configuntions makes the task of gene ral stabilisation 
an extremely difficult one. It is, in fact, desirable to sub-divide the 
class of suspended freight problems further if progress is to be made 
towards their understanding. 

If the aerodynamic forces acting on a bluff body (the freight) and its 
supporting strops cause the body to oscillate unstably, two possibilities 
exist:- 

(•^ Bie body itself possesses the attribute of aerodynamic instability when 
suitably suspended. 

(b) Bie strop system (usually cables) is aerodynamically unstable, in whole 
or in part. 



Sllltle3 ^e,u0f course» not rai tu ally exclusive and may 
?°W?ïeri lfothe freight mass “ large and one is privily 

^ ¡:n,the low-frequency or pendulum types of freight motion, 
the inherent dynamic instabilities of the strops (whidi are relatively 

^ ?nS generated the Adding of vortices from 
f^r W1H not, in general, interact with those of the freight mass: 
for while parametric interaction is possible4, between high frequency 

IT freqUency reaPonse motions, such may be ruled out in the 
present problem on purely physical grounds. It is for such reasons that 
beenenv!^3 prRSent reRenrch, and in many related studies, has 
been niaced on the aerod^iamics of the actual freight. A knowledge of 
the aerodynamic characteristics of the freight should enable most of the 

Msen^ JS vab^01168 °f the PreifhV,strop arrangement to be 
assessed and, nop ¿fully, cured. The cure i.ight involve aerodynamic 

arSngenent-*hedIt°mihhtfrh:Leht the specification of optional strop 
arrangement.,. It might, havever, involve the application of active contro] 
technology Olathe "active arr." concept* or automatic movement of tte 
helicopter. ..hatever solution is adopted, a knowledge of the freight 
aerodynamics is an essential prerequisite. 

Now in the early studies of plate-load instability, Sheldon* used 
"tlbilTT10 obtained from static tests to calculate the 
Ir this^av0^ flat P1kÎ6S 3USPended hy streps bereath helicopters. 

WaS fle t0 5UgEe3t ftroP arrangements Aich^M 
flight speeds up to the design envelope values without 

Se^ T dLrgence^f 
Sallent ^ are 

(a) piere was no way in which the pitch damoinr dériva«,,. v. 

ÂîdVoT teSt ^ta, afe-Sheldoi Sasured this deri^Sve 
dynam y ver a wide range of incidences and windspeeds for his thick 

P^etei!3' a ,ni‘rk'd d=P<=«ta>oe on the fíeq^nj 

"rii.fe^e Qf-the re;:udts in tile aerodjnanicaHy unstable lonritudinal 

Ïën^ttîheTreaCOn°1Ud'! the- ^ër “aëoÂ o^rs °“- 
o ch as those based on the equations developed in Reference *5) micrh+ nn+ 

-u_„. 4.u„4. a.!, , . jusxiilea, since Sheldon's measurements* 

involving hi^0vÏÏSroTteïS,^0pSa^teëVe ^ °'rtaÍ" oonaitions 

s^TSod^sÄl^ee^or"“11 ^ 
hoS rv'eld°n‘ ^ Uu4 “«íón^uiSê of ;~biuJ- " 
Së™ íãi^reByrfST" partiouiar,> <° <*»^3 ¿ 
viewpoint of the "flutter ««¿."^abSê^a^SnSe^“1' 
by Sheldon to be the pitch damping. C^a^ea^r. 
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'thick', one might expect that this derivative is also a most significant 

one for the various container box shapes. Again, this derivative is 
precisely the one which Liu's slender body/viscous cross-flow approach4, 

cannot sensibly predict! In Liu's words:- "It appears that the axial and 

nomal forces are predicted adequately but that the moment coefficient is 

not satisfactory" and "the viscous cross-flow term in the theoretical 

calculations accounts for the separation effects on the upper surface (no 

bubble) but does not account for separation on the lower surface (in the 

bubble)" for a container box at positive incidence. Indeed, it will be 

shwm herein that bubbles exist on all surfaces of the 1:0.4:0.4 and 
1:0.2:0.2 box containers over an appreciable range of incidences centred 
on zero and that, therefore, theories such as Liu's are highly suspect when 

estimating pitch and yaw damping in this range. The associated 'stiffness' 
derivatives would also be in error as would any predictions of steady 
moments. 

Prom what has been said, it will be clear that there is a dearth 

of information on certain bluff-body aerodynamic derivatives, and 

particularly on the manner in which these are influenced by frequency 

parameter. Also, in instances where aerodynamic forces change rapidly 

with frequency parameter and at the same time exhibit strong amplitude- 
dependent nonlinearities, the value of the small perturbation (linear) 

approach may be questioned. Thus emerged the major objectives of 

this Contract Work:- Stated broadly these were to investigate the nature 

of the aerodynamic forces acting on the various freight-load shapes as 

these shapes were forced, inexorably, to execute motions typical of those 

observed in practice and in free-model tests, and to gain an understanding 

of the aerodynamic mechanisms involved in the production of unstable 
motions - ultimately with a view to suggesting cures. Furthermore, the 

various mechanisms were to be checked by inserting the measured aerodynamic 
force information into the equations of motion of the appropriate freight- 

strop configuration and observing the similarity, or otherv/ise, of the 
predicted and actual motions. 

In view of the number of freight-load shapes, a decision had to be 
made at an early stage as to which 'shape' should be used in the lengthy 

developmental process from which the ultimate six-degrees-of-freedom test 

facility would eventually emerge. After much deliberation, the 1:0.4:0.4 

container was chosen as being by fax- the most common freight conveying 
shape. Thus, as by-products of the developmental process, aerodynamic 

information on this important shape would become available for use by 

other workers’ in the field of underslung load stability aiú control. A 

wide selection of these results is, in fact, presented herein. Another 
decision which had to be taken at an early stage in this research study 

was that of determining the most typical equilibrium orientation of the 

container. For single-strop configurations, the 'broadside-on' equilibrium 
position was inevitable and mich time was devoted to free-body tests in 
such cases. However, it became clear, from the literature that 

the 'minimum drag' equilibrium position was favoured, supported by a 

twin-strop suspension system which gave the container a small nose-down 
attitude. It was decided, consequently, to develop the processing 

methods in relation to this 'minimum drag' equilibrium position and 
small angles of departure therefrom. 
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Prom the outset, it wan decided that the Leasureaent of surface 
pressures during oscillatory motion would be the major means by which 
the aerodynamic information would be gleaned. These pressure measurements 
would be supplemented by flow visualisation studies in order to 
obtain a fuller understanding of the aerodynamic mechanisms involved. 
From the pressures, forces would be obtained by numerical quadrature 
and all six components of force would be displayed as time histories 
juxtaposed against the time history of the input motions. Such information 
would enable the various aerodynamic derivatives to be obtained, if 
required, for various motion amplitudes, frequencies and windspeeds. At 
a relatively early stage it was recognised that free-stream turbulence 
could influence container stability in a dramatic way, and that the 
application of the aerodynamic information based on low-turbulence wind- 
tunnel results could lead to the inaccurate prediction of stability 
boundaries in certain cases (see Reference 9). Thus, it was decided also 
to perform a limited investigation into the effects of level of 
turbulence. 

’Vith regard to the development of the test facility, effort has been 
concentrated into two main channels:- (a) The perfection of pressure 
scanning techniques and the allied computer processing, (b) The design, 
and construction of the six-degree of freedom test rig. These activities 
will be described fully at a later stage in this Report. Considerable 
effort has also been expended in an attempt to gain understanding of the 
aerodynamics of box shapes by recourse to numerical solutions of the two- 
dimensional Navier-Stokes equations'.0 Again, in an attempt to model 
the aerodynamic characteristics of a container in the neighbourhood of 
the minimum drag position, mathematical expressions have been obtained 
which appear to explain all the major features of the lift and moment 
curves and dynamic effects thereon. 

Owing to the growth of methods for processing equations of motion 
elsewhere ** , this aspect of the work has been 'played dorm' in 
relation to what is, perhaps, the more immediate and itindamental problem - 
namely that of determining the aerodynamic forces. Indeed, it seems now 
that to spend time on routine methods of equation-solving would detract 
from the volume of aerodynamic information supplied and would simply 
duplicate work elsewhere *,A . IMs view is supported by the extremely 
complex aerodynamic picture which has evolved from the results to date - 
particularly v.lth regard to the aerodynamic pitching and yawing moment 
characteristics, «.uch effort will need to be expended in the understanding 
of these results, and the authors believe that this constitutes 
aerc'.iynamic research of an extremely fundamental nature. 

Finally, it is hoped that the results and ideas presented herein 
v/ill prove invaluable to those engaged in the process of load stabilization 
and that, in particular, the derivative information will be of immediate 
and direct relevance to the active-control studies being undertaken 
elsewhere. 

2. PRELmUARY STUDIES 

2.1 Free Oscillation Tests 

The problem of oscillatory loads suspended beneath helicopters is 
that these loads execute motions which are undesirable because they limit 
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controllability airl forward speed. The conditions under which these 

oscillations become unacceptable depend on a number of aerodynamic and 

geometric parameters. It is necessary that these parameters which lead 

to the unstable motions be defined in the first instance, so that a more 

definite attack on the problem can be formulated. 

In order to define those aerodynamic and geometric parameters which 

contribute most to the dynamic behaviour of the container loads, it is 

necessary to observe visually the modes of oscillation of a freely suspended 

container. For reasons given in Section 1 of this report, the 20* x 8' x 8' 

container was chosen as the most typical container to model and to observe 

visually in the free oscillation studies, although some attention has been 

given to the i+ß* x 8' x 8' container. 

It was decided to construct ]/20th scale balsa models and to conduct 

a series of free oscillation tests. These tests involved the variation 
of the stropping configuration, weight, moment of inertia and wind speed. 

The stropping consisted of cotton cords from each corner joined 

above the load centre to a single cord as shown in Figure 2.1. The single 
cord was then attached to the superstructure of the 3*6" open-jet wind tunnel. 

In the flow it was observed that the model aligned itself so that its 

major axis was perpendicular +o the wind vector. This was the case, even 

when the model's major axis was initially aligned parallel with the 

free stream flow. Subsequent observations of the model showed that its 

mode of oscillation at low velocities (l-15 ft/scc.) was a steady 
oscillation in yaw about a mean position (with major axis perpendicular to 

the flow). At medium wind speeds (15-20 ft/sec.) a lateral oscillation 

with coupled sideslip and yaw, in phase, was observed. At higher wind 

speeds (21-30 ft/sec,) the model inclined itself at up to 20° to the 
vertical with steady yaw oscillations about these positions. 

It was found possible to measure the frequency at which the 

model oscillated in a particular mode with a stop watch. By varying 

the windspeed it was possible to obtain a relationship between the 

oscillation frequency of the freely oscillating model and the free 
stream velocity. These results were then verified in another of the 

Department's vdnd tunnels. This wind tunnel was of the recirculatery 

closed section type with a working section dimension 18' x G'6". Only 

a few cases were studied in order to verify the consistency of results 

in the tunnels. 

The relative lengths of the strop were altered and the effects on 

the oscillations were observed. The results of these tests are shown 

in Figures 2.2, 2.3, 2.4. The stropping configuration was then 

altered to a bifilar or twin strop arrangement as shown in Figure 2.1, 

and the tests repeated. These results showed that the model was unstable 
at medium and higher vdndspeeds, usually with a steady oscillation in 

yaw, although at higher windspeeds it sometimes broke out into erratic 

elliptic oscillations involving some longitudinal motion. 
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It was also possible to demonstrate the importance of yaw inertia 
effects on the oscillations. With the total weight of the model 
held constant, the yaw inertia could be changed by altering the positions 
of the masses within the container. Results for the single strop 
configuration (Figure 2.3) showed that the yaw frequency of the container 
' ith tiie maximum yaw inertia was approximately half the value of that 
obtained ~ith the minimum yaw inertia. The bifilar stropping configuration 
lei to a distinct change in the mode of oscillation of the container 
for the same windspeeds as the yaw inertia was changed. It was observed 
that the model exhibited a large amplitude sideslip/yaw coupled 
oscillation when the yaw inertia was a maximum, and a steady yaw 
oscillation when the masses were moved close to the centre of gravity. 
This change in the mode of oscillation was perhaps the most significant 
result obtained from these tests. The results are shown in Figure 2.5. 

It was noted that when the model oscillated in its yawing modes about 
its preferred equilibrium position (that is, with its major axis 
perpendicular to the "dnd), the oscillation frequency wan relatively easy to 
measure. However, where the model executed a pure sideslip motion, it 
was not possible to gain accurate estimates of the frequency, because 
the motion could be of small amplitude and difficult to follow. Therefore, 
the yaw frequency was measured whenever possible even though the 
motion may have contained a sideslip as a constituent. In these cases 
a qualitative picture only was obtained regarding the inodes of oscillation. 

A l/20th scaled model of a AJD’ x 0' x 8' container was also constructed. 
The tests performed on this model only included the variation of the 
stropping configuration, that is, the parameters a,b shown in Figure 2.1. 
It was found that the model executed relatively unsteady motions. Moreover, 
the oscillations were found not to be repeatable at low wind speeds, 
(i.e. less than 7 fVsec.). Figure 2.6 shows the yaw frequency plotted 
against windspeed, the graph showing that the model executes a steady yaw 
oscillation of almost constant frequency over a range of wind speeds. 

From the range if tests conducted, it was noted that there were two 
predominate modes of oscillation of the model. The first was an 
oscillation motion about the preferred orientation axis of the model. 
The second, a sideslip and yaw oscillation combined, also about the 
preferred orientation axis of the model. However, since the preferred 
orientation is not the orientation at which container loads are now slung 
beneath helicopters (as this incurs a substantial drag penalty) free 
oscillation tests were also conducted on a 1:0.¿ft 0.4 model which was 
constrained, by strops, to oscillate with its major axis parallel to the 
flow. 

In the preferred orientation case, the model showed itself to be 
statically stable. That is, the model returned to its equilibrium 
position when moved up to about +_ 8O0 from that position. However, the 
model showed itself to be dynamically unstable in its preferred 
orientation, the motion in yaw building up to limit cycles as implied 
earlier. 

’.Then the model's orientation was such that the major axis was parallel 
to the wind flow, it again showed itself to be statically stable and 
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dynamically unstable. However, in this case, the limit .cycle emplitudg 

is such that an incursion into the bounding statically unstable gS&ÍSSS 

is implied arri this means that a restraint in yaw is essential if the 

equilibrium corxlition is to be maintained. Hence the need for the twin 

strop configuration in this case. 

In summary, steady oscillations in yaw were frequently in evidence 

with more complex motions involving several degrees of freedom being 

observed at the higher speeds. Negative damping was apparent at certain 

attitudes, leading sometimes to the limit cycle oscillations and sometimes 

to divergence. 

2.2 Mathematical Representation of the Yawing Motion 

One of the motions of a freely suspended 1:0.4:0.4 container model 

was an oscillation (limit cycle type) in yaw with little or no coupling 
with other motions. This motion took place about the preferred (broadsid 

on) equilibrium configuration of a container suspended by a single strop. 

For such a system, the mechanical stiffness in yaw is invariably small 

and will be ignored in what follows. The equation of motion here is: 

(2.1) 

where N (\^ * ) is the aerodynamic yawing moment, Izz the yawing moment of 

inertia and V* the yaw angle. In order to represent the broad 

characteristics of the yawing oscillation, one might write 

where q is the dynamic pressure, S the reference area and c the reference 
chord. The trigonometric terms are introduced to conform with the obvious 

requirements of rotational symmetry of the yawing moment. However, this 

representation is approximate only, and one should view the .trigonometric 

terms as typical components of a Fourier series for N (^, p ), the 

parameters and being analgous to dimensionless Fourier coefficients. 

With the above expression for N substituted, the equation of motion 

may be readily reduced to the dimensionless form 

¿rz dr 
O (2.3) 
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wherein 2n^ , Vs m/a } oct , oi2= gaA, A = Cm, 
I«* 

0=6/«, B= Thi: 

Via 
form has just two free parameters, namely the 

damping C and the periodic ratio, V . The fomer detennines the rate at 
which motion will build up from rest while the latter determines the 
existence, or otherwise, of limit cycles or autorotation. Three phase 
planes are shown in Figures 2.7 to 2.9, these being achieved with 
0 = 0.1 and V = 1, 2 and 3 respectively. It is observed that 
when V= 1, the system autorotates and when V > 1 the system has one 
ar more limit cycles in the range -ff ^ £ rr . 

8 
Inc static test results of Laub and Kodani suggest that n should be 

given un.Lt value. Unfortunately, this value cannot represent the yawing 
moment characteristic near yS =+ 90° in view of the existence of 
hi, her harmonic ucpcmcnce of L on ft in that region due to actions 
witidn the- separation bubbles. However, n = 1 gives a good sha1'*» 
representation for most other regions provided the yaw axis remains normal 
to the Í low. In order to obtain the coefficient m, and hence V, and 
the camping factor C, etc., the case where the motion, , is forced 
inexorably was studied. For this case, with n = 1 and \I/ = \Jj + os in to t 
one obtains r ro * 

N/<V= "c-n« + ÿ COS Zrnfj 
(2.4) 

By using the results of a very preliminary oscillatory test In which 
pressures on an inexorably oscillating container (0.4‘ x 0.4' x 1') 
were measured and integrated to produce the yav.dng moment for ^/=0 
Uee Figure 2.10), the aerodynamic parameter C ? was estimated to be 2. 
The details of this testing procedure are given fully in Section 3. 
H Y'nm 5» 01 im 1 n V* r. 4- 4- -Î 4._J. Í_n J ^ \ .. • 
Tn , .. - — v-.***_ gxveii lujLjiy U» beetle 
From a similar static test (sec Figure 2.1l), the coefficient C 
O C T" T m o 4“ 1 4-/^ Vv ^ _ > • « . _ i "ml 

was 
estimated to oe 0.I5. Also, on the basis of dynamic tests — 
performed at = 0 and - 450^ and subsequent comparison with the 
appropriate representations of N (equation 2.4), a typical value m - 4 
war, suggested. “ 

,ith £he coefficients thus assigned in equation (2.4), and with 
S = c.t fts 0 = 0.4 ft (C.41 x 0.4' x 1' container), a .4¾ 
to = 5.7VSCC and V Ä 50 f/s, the equation (2.4) becomes * 

N/cj, = -0 024-Sin 2(^0 + 0-375 sin S7lt) 

+ 0 00549 cos 5711 Cos 9(^.4- 0 375 sin 571 
(2.5) 
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and this is plotted for \¡J = 0, - 45 - 90 in Figures 2.12 to 
2.14 respectively and. compared with corresponding measured values. The 
correspondence is seen to be good for = 0 and - 45°, but not for 
\f/ = - 90°, as expected. Furthermore, tne model at ^ = 0 is found to 
represent the system well for a wide range of windspeoSs, but the case 
where - 45° is modelled well only at the higher speeds. 

Referring back to the equation of free mo:, .on, it is noted that 
V= 4 and C > 0, implies limit cycle behaviour typified by the phase 
plane diagram of Figure 2,9. This model accords broadly with observations 
of the freely suspended container. 

xn this simple manner, the major features of the yawing oscillation 
about the 'broadside-on' equilibrium configuration of box-like container 
cargo loads can be modelled with a good degree of success. Progress 
on this type of representation, however, vas prevented by absence 
of accurate aerodynamic data beyond the few instances referred to 
herein. Also, it seemed that the twin-strop configuration, imposing 
the 'minimum drag' equilibrium position (major-axis windward ^=- 90°). 
was more typical of future applications than the \/j = 0 case studied 
here, where this orientation is the one in which t$ie representation 
via equation (2.5) works least well. It was therefore decided to 
channel effort into the quest for aerodynamic data (Sections 3 and 4) 
and, ultimately, into better means of representing aerodynamic 
characteristics in the neighbourhood of = -90° (Section 7). 

3. DETER],ZD-JATI ON OF DYUAJflC FORCES AND MOMETITS FRCM Y.UfD TUKNEL TESTS 

The aerodynamic forces acting on a load in unsteady motion depend, 
in principle, upon the whole past history of the motion. A 
comprehensive coverage of all possible conditions would therefore depend 
not only on the instantaneous orientation of the load and its velocity 
in all six degrees of freedom, but the way in v/hich the velocities had 
been varying prior to that point. An experimental investigation 
involving systematic variation of all associated parameters would be 
prohibitive, and could not be contemplated. It was derided to 
concentrate attention on steady oscillations of simple harmonic type, 
where even this could involve all combinations of initial setting of 
orientation, amplitude of oscillation in each degree of freedom, phase 
relationships between the various degrees of freedom, and frequency of 
oscillation compared with wind velocity. This latter parameter is best 
expressed as 

frequency parameter = 2(Y frequency (o^s) x model length (ft) 
V/ind speed (ft/s) 

At model scale the higher representative frequency parameters demand 
either high frequency for moderate wind speeds, or modest frequencies 
at low wind speed. The first would be difficult to engineer, and the 
second makes direct measurement of forces and moment difficult, with the 
aerodynamic forces being probably two orders of magnitude down on inertia 
forces. It was, therefore, decided to extract the force and moment 
information from pressure measurements, as for a bluff shape with sharp 
edges, friction forces are negligible and separations from the sharp 
edges lead to comparatively smooth pressure distributions. 
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Development of a ri¿; allovànc movement in up to six degrees of 
freedom would obviously take time, and it was decided to start testing 
by using models '.vith one degree of freedom only. Study of free 
oscillations had shov/n the almost overriding importance of knowing the 
yawing characteristics, and this motion was therefore chosen as the 
subject of the first tests, 

3.1 Single ''fegree of Freedom Models 

3.1.1 Models 

Two V20th scale models were constructed from perspex. The system 
of .axes chosen to define model position and movement and the associated 
forces and moments are shov/n in Figure 3,1, The y coordinate rum along 
the major chord and lhe x coordinate along .a minor chord of the model. 
The z coordinate is along the second minor chord. For the preferred 
orientation for the container with single strop, the x-axis would face 
upstream, the y axis sideways, and a yawing notion would be about the 
z axis. It should be noted that for the 1:0,V:0.4 container shape there 
would be no uiffercnco in form for aerodynamic forces generated by pitcJi 
or by yaw. For convenience in testing, the model was usually mounted in 
the wind tunnel with z axis horizontal, a pitching motion then corrcsponuing 
to the yaw observed with the freely suspended models. 

The first model was arranged to be pitched (or yawed) about a minor 
(z) axis and a second model about the major (y) axis. Thirty-nine 
pressure points were incorporated into the first model, the distribution 
beinr on the faces normal to the x and y axes, as shown in Figure 3.2, 
itli a limitation of 4Ô tabulations on the sea;¿valve, a distribution of 

pressure points /as chosen such that the matrix of points was different 
on each side of the uouol in an attempt to give a better overall 
coverage. 

Each pressure point is assumed to give an average pressure over 
some area, and this area to have some moment am about the axis of the 
model. These areas and moment arms represent 'weightings* to be 
applied to each pressure re a'ling when integrating to give total force 
and moment components. These weightings are given in Appendix 1, 

3.1.2 Model support and actuation 

The model support and associated apparatus is shown schematically 
in F Fairs 3.3. The model is shown to be supported by a stand, the axis 
of rotation being the z-axis. The axis of the model also contains a 
position rccoruer wo re; ister angular position at any instant of tire. 

The forcing mechanism of the rig consisted of a 'four-bar linkage' 
driven by an induction motor with a reduction gear drive. A micros-/,Itch, 
positioned on one link of the mechanism, provided a pulse to an Analogue 
Digital Converter for initiation of the scanning, procedure. The relative 
ratios of the links in the 'four-bar linkage* were chosen such that the 
model motion was close to simple harmonic motion. The length of one 
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link could be set to give any amplitude from ¿ 10 to + 29.5 in steps 

of about 5°» The analysis of this mechanism is given in Appendix 2t 
with a comparison of experimental and theoretical position traces. 

3.1.3 Instrumentation 

Tie instrumentation and associated apparatus is best introduced by 

describing the process by which the final results were obtained. 

The pressure points on the model were connected by tubes to the 
tabulations of a scani-valve, and sampled in turn while the model was 

oscillating. The scanL-valve contains a reluctance type transducer 

which converts an unsteady pressure into an electrical signal directly 

proportional to and in phase with it. This is done by means of a 

carrier frequency of 3 KHz, which is amplitude modulated by the 

unsteady pressure. The electrical signal is detected in an amplitude 

demodulator to give the required output to a D.C, Amplifier. Hie 
signal is then fed into an Analogue to Digital Converter (A.D.C.) 

which effectively 'chops' the continuous signal into discrete parts 

f ;r processing by a Hewlett Packard 2100.-, computer (of »nich the 

A.D.C. is a piece of peripheral equipment). This equipment is 

illustrated in Figure 3.4. The unsteady pressure signal is fed 

to channel 1 of the A.D.C. whilst the pulse obtained from the 
microswitch of the 'four-bar' linkage is fed to channel 0. 

The 'trigger' pulse remains at -0.65 volts when the contacts 
of the microsvd.tch are not made. V/hen the contacts are made the 

pulse signal rises to about -0,1 volt. As soon as the pulse signal 

rises to -0.35 volts (a preset value designated in a computer 

program), the A.D.C. commences to 'scan' the unsteady pressure signal 

at a preset rate. The computer was loaded with a program at the 

beginning of a test; the program contains a numerical averaging 
process which is described in Appendix 3. The computer outputs the 

pressures as a function of time on to a data tape. This tape is 

then fed into a second bank of programs for the evaluation of the 
aero- ynamic forces on the model, 

3.1.4 Wind Tunnels 

Most of the testing was with the first model (rotating about a 

minor axis) and was almost entirely in the Department's 3'6” diameter, 
open jet wind tunnel, with speeds in the range 44 ft/s - 66 ft/s, 
A few check tests were however made in the lower working section 

(18' X 8'6") of the Department's large wind tunnel. 

3.1.5 Test Technique 

Static Testa 

To obtain steady aerodynamic forces and momenta from the rig, 
the model was set at incidence and the steady pro saures recorded. 
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Each pressure point was selected in turn on the scani-valve and two 
seconds of sitial recorded on the data tape. After all the relevant 
pressure points had been covered the model was set at a new incidence 
anr! the procedure repeated. 

Dynamic Tests 

The test procedure for these cases was first to oscillate the 
model about a mean datum position and record the deviation angle by 
means of the position recorder, A calibration of the recorder showed 
the signal ..o be linear with angle. "ith constant amplitude and 
frequency the individual pressure points were then selected in turn and 
the pressure signals processed and recorded. The parameters selected 
for the averaging process were such that 31 sample values v/ere taken 
for each signal trace, at a time interval of O.O5 seconds; i.e. a 
total length of signal of I.5 seconds. The voltage traces of the 
unsteady signals were averaged over four signals. „hen all pressure 
points had been covered the next test case - involving a change of 
windspeed, datum position, or amplitude - was selected and the 
procedure repeated. 

Processing of Results 

The data tapes produced from the static and dynamic tests were 
fed into the second computer program for the evaluation of the aero¬ 
dynamic forces and moments. This program accepts the box data of 
area, moment arm and weightings. The data tapes were then fed in 
and the integrated results v/ere then immediately available via the 
teleprinter. 

3.2 Multi-degree of Freedom llodels 

3.2.1 Six Degree of Freedom Rig 

Consideration of the free model tests suggested that 

(a) comprehensive dynamic model tests with prescribed motion would 
need to cater for more than one degree of freedom, probably three, 
possibly four, 

(b) the particular degrees of freedom needed with their associated 
.amplitudes and phase relationships would be difficult to anticipate. 

It was therefore dccidjd to attempt to design a rig with six 
degrees of freedom, v/here any combination of freedoms could be used, 
with selected amplitudes and phase lags. One type of rig might have 
involved three degree of freedom angular movement of a model about 
a universal joint, mounted on sets of rails giving, respectively, 
vertical, fore and aft, and sideways movement. Such a complex rig 
would, however, seem extremely difficult to engineer and would be unduly 
costly. The design chosen moves the complexity from inside the model 
and tunnel by using váre supports, and concentrates it in the actuating 
mechanism outside of the tunnel. ^ 
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The tunnel used for the six-degree of freedom rig, is the S'ô" x 18' 
low speed working section of the Department's large wind tunnel* 

The wire supports are in the form of eight wire circuits, as 
illustrated in Figure 3«5, with one additional wire with spring to take 
the dead weight of the model. The eight circuits are two more than 
necessary to define six degrees of freedom, but were deemed desirable 
as being more versatile and better able to cater for a rangs of model 
shapes. The over-constraint implied is taken out by suitable springs. 
Each circuit passes from the model over four pulleys back to -the model, 
incorporating a spring tensioning device which ensures that any extension 
of a circuit - say in a vertical circuit when the model is moved 
horizontally - is split equally between the two halves of the circuit. 
Four circuits are vertical defining vertical, pitch and roll motions, and 
four circuits horizontal defining fore and aft, side and yaw motions. The 
tensioning device for each circuit is on a vertical lever, pivoted about 
the upper end, v/ith the circuit wires passing over pulleys at the lower 
end, and with attachment for actuation also near the lower end (See 
Figure 3.6). 

Actuation for each circuit is from outside of the tunnel and 
operates below the glass walls of the tunnel. For the first phase of 
testing, the circuits were connected to a sinçle lever arrangement 
driven through a gearbox by a 3/^ HP induction I5OO rpm motor. The 
final design for the actuation, catering for all degrees of freedom 
is illustrated for one vertical circuit in Figure 3.7. Ihe motor is a 
3s HP, 11*40 rpm Crompton-Parkinson 23O V D. C. machine (controlled to 
¿ on speed by an air cooled Thyristor unit), driving two pulleys with 
90 degree phase difference; these pulleys incorporate tensioning devices 
and are attached to a pyramid of pulleys, with diameter ratios of 2;1 
between consecutive pulleys. Six pulleys defining movement in the 
six degrees of freedom are driven by the pyramid pulleys at a chosen 
amplitude and vdth phase relationships of 0, 90, 160 or 270 degrees. 
Individual circuits are connected to three of these pulleys in a way 
that compounds the individual movements into the single appropriate 
movement for the circuit. 

All pulleys are mounted on ball bearings, but the size of the 
pulley chosen has led to some problems with wires breaking periodically. 
Replacement of individual wire segments is made with simple brass 
connectors. 

3.2.2 Models 

Two V^Qth scale models (2' x 0.8' x 0,8') of the 1:0.4:0.4 
container were made for the six-degree of freedom rig. The first model 
was of simple construction, was painted black, and was for use in flow 
visualisation studies. 

The second model was pressure tapped and is illustrated in Figure 
3.8. The system of axes and the sign convention for the aerodynamic 
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forces are the sûi-.æ as for the smaller boxes, and are shovm in Figure 
3.,,1. In all, there were ?8 standard pressure tappings, 13 on each of 
the major faces and 9 on each i;dnor face. Additionally 10 tappings 
rere provided on each major face and 1+ on each minor fc.ce for the 
ourpose of obtaining more detailed pressure distributions when desired. 
For the most part, the 78 standard pressure tappings were used to 
assess the overall forces. 

It vas decided that the basic arrangement of the pressure points 
should be entirely regular ann symmetrical, contrary to that used on 
the smaller models. The reasons fo" adopting the reblar pattern were: 

(i) It makes for simpler numerical integration procedures. 

(ii) In general . ulti-degree of freedom tests, it is difficult to be 
cert ai. where separated regions will end, or indeed whether a 
face will, necessarily be leeward or windward, Tlirourhout the 
range of testing, the various faces -..113, in general, play 
varying roles, ard it \.ould not appear to be possible to devise 
an i*’regular system of hole:, (as with the s....llcr models) to 
optimise the accuracy of the overall force output. A regular 
pattern, under such circumstances, seems the lo ical choice. 

(iii) A syTimetric distribution can be usem to minimise errors 
associated v;ith signal drift (see Section 3.^.3). 

based on fla. visualisation observations (Section 5 and Reference S) 
it was felt tha: the ’mesh’ of pressure points would be of sufficient 
fineness to guarantee reasonable integrated results, even in situations 
where the separation bubble is, say, fairly small with separation and 
reattachment lines in close proximity. The distribution of points is 
shown in Figure 3.9» 

3.2,3 Listrunentatlon raid ’Jest Tccimioue 

The model was wi-evided with instrumentation to measure the unsteady 
pressures, in a manner similar to that described for the small momels, 
\ schematic layout of the apparatus is shown in Figure 3.10» It will be 
appreciated that the instrumentation is slightly different from that used 
f rr the small models. The reason for this difference was that the 
maximum wind speed in the Id' x 8' 6" working section was about 45 ft/s, 
pusing a major problem of :ear,uring small pressures. To overcome this 
it was necessary to use . ore sensitive scanivalve transducers requiring 
separate auxiliary equipment. These trans- 'users ork on the principle 
of the condenser microphone, hen sensing unsteady pressures, a 
diaphragm, tv; microns thick, moves and in so doing varies the fre'-iuenc;/ 
of the 5.5 lllz carrier wave. The carrier wave is, therefore, frequency 
inoculated to give an unsteady signal, in phase and directly proportioned 
to the unsteady pressure. 
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This type of transducer requires an oscillator to be mounted in the 
vicinity of the transducer itself. It ras therefore necessary to mount 
tro oscillators inside the model as shown in Figure 3*10 so that the 
system could function efficiently. The output from these oscillators 
ras fed to two converters which effectively detect the carrier wave and 
produce the unsteady pressure sijaal. This signal is then fed to the 
A.D.C. where the process for recording is the same as that outlined in 
Section 3.2.1. 

The method outlined in Section 3.1 for triggering the A.D.C. had an 
error associated with it. This error arose due to the rise time of the 
pulse compared v/ith the length of pressure signal. This can be seen from 
an observation of the pulse (Figure 3.4) • It will be observed that the 
pulse remains at - 0.35 volt for 0.2 secs. This results in an average 
error cf up to 4 - in phase, v/ith up to more than 1QJÍ for some 
individual pressure readings. It was decided to improve the triggering 
pulse to the A.D.C. in order to reduce this error, and this was achieved 
by reducing the rise time of the pulse and improving the manner by which 
the computer progranme triggers the instant the pulse rises. Hie 
average error was then reduced to about 3^ with a maximum of around (f/o 
for a few individual pressure readings. 

The tunnel (working section 18' x 8' 6") is, of course, recirculatory 
and when run at high speed for ary length of time, the air tenperature is 
raised appreciably. ’Jith the air in the laboratory at 70°F, tunnel air 
can achieve 95° after about two hours running at 43 f/s in the lov/er duct. 
Regrettably, most proprietary pressure transducers are not temperature- 
compensated and a substantial drift may occur due to a temperature change 
of the magnitude alluded to above. The integration procedure used on the 
1' x 0.4' x 0.4* models involved a point-by-point march around the box and 
an ultimate summation. If such a procedure were adopted on the large 
model, the results (forces and moments) would be unintelligible due to 
the temperature drift effect over the extremely lengthy test period. 

Fortunately, it was possible to overcome the temperature problem 
without having to expend heavily on temperature control within the tunnel, 
provided only overnll forced moments were required. The solui'ion consisted 
of adopting an order of marching through the mesh of points which involved, 
alternately, reading points on opposite sides of the box. The time between 
readings for these points is thus optimally short and the temperature 
effect minimised. These "opposite" pressures acre then subtracted 
algebraically, multiplied by their collocation area, and ultimately 
sunned and/or weighted to give the overall forces. Finally, at eveiy 
tenth tabulation on the Scanivalve, the static pressure is measured 
so that the temperature drift can be subtracted fron pressure readings, 
again minimising temperature effects, 

!nie actual test procedure was virtually the same as that described 
for the smaller models in Section 3»1«5» 
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4. RESULT! ÆOLI TIA FRESSURE DISTRIBUTION TESTS 

In this section, the results forming the main stream output of this 
research project are presented. The section is subdivided into two major 
subsections concerned with results from the single degree of freedom 
models and those from the six degree of freedom rig. All results presented 
here relate to the 1:0.4:0,4 container geometry albeit that the model scale 
for the six degree of freedom rig is twice that used for the single degree 
of freedom models. 

4.1 Single Degree of Freedom Models 

The tests were performed on the 1' x 0.4' x 0.4' perspex pressure- 
tapoed model with pitching about a minor axis of the model, the axis 
being normal to the airstream. The other model of the same dimensions, 
pitching about the major axis of the model, has yet to be tested. The 
earliest tests involved a shorter support sting (pitching axis) than 
the one employed currently, but this led to an aerodynamic interference 
effect between the support stand and the model (Figure 4»l) which led 
in turn to erroneous results for aerodynamic pitching moment. This 
effect is shov/n in Figure 4.2 where the yf curves obtained from 
static tests are compared with the results from direct force measurement 
by Laub and Kodani*. The X and Y force coefficients were not 
noticeably affected by this interference phenomenon. 

Initially, it was thought that the discrepancy (F5g. 4.2) in the 
neighbourhood of =a 90° could be due to tunnel turbulence and, 
indeed, the report on turbulence effects® arose because of this 
phenomenon. It is shown in Section 6 that free stream turbulence could, 
in fact, have led to tlie type of discrepancy evidenced in Figure 4.2. 
However, the intensity of turbulence in the 3' 6" open-jet tunnel is by 
no means high enough to produce the discrepancy which was, in the event, 
attributable completely to the interference effect. All subsequent 
tests were thus performed with the longer sting. 

4.1.1 The Static Results 

Results for the stationary model are presented in Figure 4.3 and 
it is seen that there is good agreement between the y# results 
obtained by integration of pressure forces and those obtained directly 
by Laub and Kodani *. These results indicate that the model is 
statically stable in the regions 90°> ^ 83°, 350}/i & 0 and 
in corresponding regions implied by the cyclic symmetry of the 
curve. Elsewhere, of course,is positive indicating static 
instability. 

4.1.2 The Dynamic Results 

All the dynamic test data presented here were obtained for an 
increased pitching oscillation of amplitude 29.5° (approximately simple 
harmonic) about equilibrium positions defined by « 90°, 45° and 
zero. Detailed pressure distributions are included for the \f/0 ä 90° 
case only, and these are presented in Figures 4.If, 4.5 and 4.6 which 

-16- 



relate to tests at V = Aß, 55 and 66 f/s respectively. The frequency 

of the impressed motion was about 0.9 Hz throughout so that the test 

velocities imply frequency parameters (based on 1' chord) from about 

0.11 to 0.08. The upper graph in each figure shows the position of the 

model at any time while the lower ones show the pressure traces. 

Pressure points 10-14 are on the upper surface while points 25 - 28 

are on the lower surface. (Figure 3.2 refers) 

The pressure traces for the points 10-14 show that as the box 
pitches downwards, the pressures increase on the upper surface achieving 

a maximum at Y ~~ To — 29.5°. As the negative pitch angle develops, 
the separated region on the upper surface shrinks - the reattachment 

line moving forward until at y — (& ** 29.50, the separated region 
(bubble) has virtually disappeared and the flow is attached across the 

entire surface. Meanwhile on the lower surface, the pressure traces 

from points 25 - 28 indicate decreasing pressures as the separated 
region grows with the separation line moving rearwards as the negative 

pitch develops. 

The position of the reattachment line can be related to the 

discontinuity in the pressure curves. This is shown veiy clearly by 

reference to Figure 4,6:- In the case of pressure point 10 reattachment 

occurs at about t = 0.3 sec where .9- % - 15° (approximately). 
At pressure points 11, 12, 13 and 14 it occurs at 0.35, 0.4, 0.45 and 

0.47 sec respectively, where = 0» 10* 15 and 16 degrees 
respectively. ' 

The above behaviour accords closely with that observed during 

smoke ’visualisation tests ® in the 18' x 8' 6" section of the large 

wind tunnel. For 'clean' flow, the tests of Reibrence 9 show that the 

reattachment line on the upper surface moves rearwards as incidence 
increases and that reattachment does not occur for incidence angles 

greater than 10°, or thereabouts. 

Forces and Moments 

Typical unsteady aerodynamic forces and moments generated by the 

prescribed motion of the model are shown in Figures 4.7 and 4.8 which 
relate to the cases where « 90° and 45° respectively for a test 

velocity of 48 f/s. These Figures show that the X force is in phase 
with the motion of the container model whilst an almost constant drag 

force is recorded in the y direction. The pitching moment curves are 

seen to follow closely the static moment characteristic (Figure 4.3) as 
the box pitches upwards through the zero ( ^ *e 90°) position. However, 

there are phase lags between the motion of the model and the quasi¬ 

static pitching moment, and it is therefore instructive to present the 

information in terms of moment/incidence "loop" diagrams, A selection 

of these is shown in Figures 4.9 to 4.16. 
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Bie interpretation of these loop diagrams is as foHows :- 

(a) If there is no separation (loop) between the moment loci for 
increasing and decreasing values of \p t then there is no dynamic 
effect and the system can be said to be dynamically neutrally 
stable. 

(b) If the points associated with increasing \fi lie above those for 
decreasing y (clockwise loops), then there is positive woric done 
by the incident wind tending to overdrive the motion. In this 
situation the box is dynamicaHy unstable, 

(c) Anticlockwise loops indicate aerodynamically damped situations, 

(d) '.hen coupled loops appear, then over the cycle, the system is 
aero dynamically damped (driven) if the area enclosed by the 
anticlock-.iso loops is greater (less) than those enclosed by the 
clockwise loops, 

(e) ..hen these areas (energy inputs) bilance, then over a cycle there 
is no net input of energy to the box system, 

(f) Stable limit cycles occur when there is no net energ, exchange 
over the cycle and there is a destabilising (clockwise) loop in 
the vicinity of the mean position of the box. 

Figures 4,9, 4.10 and 4.11 show that there is an unstable loop in 
the region of zero incidence for & = 90°. Thj two outer loops tend 
to stabilise the motion by virtue of being anticlockwise in direction, 
ihese loops signify that the motion is stable in that outer region since 
the v.or.i is negative. However, the motion with the major axis iniHaHy 

df^ically unstable. V.’ith the datum position 
^ the b0^ Pitching about this position, 

wo^v1? P>,f^Ur! Sh0V'S ^hu boX t0 h® ^i^cally stable since ne^tlve 
f°!^* jith tbe raajor axis perpendicular to the wind 

a!C"uI looP Plots show two small stable loops 
, extremities. The motion here is unstable and will ultimately5 
build up to a limit cycle. This, of course, accords with the free moael 
test results of Section 2 where a yaw limit cycle was observed. 

It must bebome in mind that the motions of the box are beinr 
prescribed so that a loop figure from a free oscillation of tte bS 
would predict more accurately the stability of the motion. However, 
prescribing motions of the box enables information about the nature of 
the motion and its stability to be coHected and built-up in a 
am controllable manner. F regular 

t* 2 —e-sults f>roin the ^Iti-Dcftree-of-Freedom Lodrl 

The tests leading to the results presented here were perfomed in 
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one or two deyrees-of-freedora only, the tests being designed so that 
certain important features of the aerodynamic forces could be brought 
to the fore. As ".itli the smaller model the information is initially 
in tiie form of pressure traces against time, these being integrated 
to give (for the large model) up to six components of force or moment 
as traces against time. Results as graphs of pressure or force against 
time and as loop plots are presented in detail for two cases only, 
representing basic in line and broadside on conditions. In other cases 
loop plots arc included, and derivatives have been computed and are 
presented in tabulated form. The range of conditions covered, and 
indication of which results are presented is given in Table 1. 

4.2.1 Cases Investigated - Major Axis Hear Stream Direction 

U) = 4 90°, eo= 0°, d^= ± 10° 

In the first set of results presented (Fig. 4.17)» a selección of 
pressure distributions is shown for prescribed pitching motions of 10° 
amplitude for the 2' x 0.8' x 0,8' container model about the datum 
position \p = 90° at a windspeed of 24 f/s, i.e. with the major (¾) 
axis in thestream direction. Three frequency values were employed giving 
the frequency parameter w, = cad/y = 0.321, 0.360 and 0.455, the pressure 
results for these being shown respectively in Figures 4.17(a), (b) and (c). 
These pressure distributions are, of course, similar to those obtained for 
the small model in the previous section. Pressure points 12, 14, 16, 18 
and 21 arc situated on the top surface of the container while points 
13, 15» 17» 19 and 22 are on the lower surface. The largest pressure 
variations are seen to occur at points 14 and 15, presumably due to the 
passage of the reattachment lines at distances not too far removed from 
the separation lines (front edges) implying less decay of turbulence 
in the shear layers and greater pressure differences within and without 
the bubble than those achieved further rearwards. The strongest suctions 
in fact occur at points 12 and 13 -which are even closer to the 
separation lines, but the pressure variation is less than that at 
points 14 and 15 siiiçly because the 10° amplitude of container motion is 
not sufficient to allow the reattachment line to cross points 12 and 13. 
The variation of pressure at these points thus represents the effects 
of bubble growth and decay. It is seen clearly, for exarple, that as 
the bubble on the upper surface shrinks (maximum down incidence) the 
suction increases, vrhile as it grows the suction decreases, 

.hile the pressure discontinuities v.hich signiiV reattachment are 
absent from the pressure traces for points 12 and 13, they are apparent 
at all other points indicating that the reattachment lines travel about 
3/4 of tho length of the box as the box executes motion in pitch of 
amplitude 10°. This observation accords with those of the flow visualisation 
tests (Reference 9 and Section 5) which show this order of magnitude of 
reattachment line movement. 
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It should, perhaps, be noted that there is no obvious effect of 
frequency parameter on the shapes of the pres su retime curves though there 
is, apparently, a bulk movement of the traces towards the positive pressure 
side as is increased. 

The pressure distributions were integrated to give aerodynamic forces 
and moments as a function of time. These are shown in Figures if. 18(a) 
to 4.18(c); these corresponding to the pressure distributions presented 
in Figures 4.17(a) to 4.17(c) respectively. Only Fx, Fy and M (pitching 
moment) are shown. In character, these graphs are similar to those obtained 
from the smaller model (Figures 4.7 and 4.8). The X force is observed 
to be in-phase with the model displacement whilst a virtually constant drag 
force is recorded in the y direction. Note that if the unit area is taken 
as O.64 ft2, i.e. the area of the box face normal to the flow at 
equilibrium, the drag coefficient approximates to 1.1 which again accords 
with established results for a rectangular bluff shape with its major 
dimension parallel to the wind. 

The shapes and phasing of the Fx and Fy graphs appear not to be 
affected by the changes in wd as one progresses from Figure 4.18(a) to 
(c), but the phase of the moment curve changes significantly with w¿. 
The higher harmonic content of the moment curve could be due to the fact 
that the imposed motion svdngs over the peaks of the C ^ yi curve 
presented in Figure 4.3. 1112 

As in the case of the small model, it was found instructive to plot 
the moment curves against model position to provide loop diagrams. 
Figures 4.19(a), (b) and (cj are the loop diagrams appropriate to the 
moment curves of Figures 4.18(a), (b) and (c) respectively. The loop 
diagrams are interpreted as explained in Section 4.1.2 and in all three 
cases here it is seen that the loop is described in the clockwise sense 
implying dynamic instability, as for the small model. This *1^ 
accords with the results of the free oscillation tests described in 
Section 2. 

(b) ^„ = 80°, e=0°, ¿jl , ± 10° 

Another teat vas conducted wherein y » 80° with the pitching 
amplitude maintained at 10° and the windspeed at 29 f/s. Frequency 
parameters wo = 0.321 and 0.455 only were considered aid the results are 
presented in loop diagram form in Figure 4.20. For both frequency 
parameter values, the diagrams are seen to have tv.e loops - a stable ore 
in the region 0<¿)^il0o and the expected unstable one in the region 
-lO*^ 0. This latter (unstable) region is, indeed, the one 
revealed in Figures 4.19(a) to (c) whilst the stable region corresponds 
with that experienced at the extremities of the 29.50 amplitude swing on 
the small model (Figures 4« 9 to if«ll)« It should be noted that the slope 
of the major axis of the unstable loop is negative (implying static 
stability) while that of the stable loop is positive (iaçüying static 
instability. Hie effect of frequency parameter increase here has been 
to increase the areas of both the stable and unstable loops by a small 
amount. 
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A summary of some of the loop plots from this section and section 
is shown in Figure 4«21, It is shown that v/here several loops are 
present in the same diagram, some stable arc! some otherwise, then the 
individual regions when studied separately via tests at the appropriate 
setting, to» and at a reduced amplitude, will exhibit similar stability 
characteristics to those deduced fron the original, large amplitude, 
multiloop diagram. It seems, therefore, that a qualitative picture 
of likely unstable regions might be deduced from a single set of large 
amplitude tests. For detail, hor/ever, one must test within the 
sub-loops and that contention is reflected in the remainder of the 
results to be presented here. 

(c) \p = 90°, 0 = 5°, d^= 5.5° 

This is the situation in which the major axis is 5 from the stream 
direction, ai.d where a 5,5° oscillation is imposed in the perpendicular 
direction* e.g. 5° yaw with 5,5° oscillation in pitch. 

Results for this case are presented in some detail in Figures 4,22 
and 4.23. Figure 4,22 relates to a frequency parameter, w¿, of Ü.&+2 
and Figure 4,23 to = 0.344. In Figures 4.22(a) and 4.23(a) the force 
coefficients Cjj, Cy and Cz are shown plotted against time over cycles 
of container pitch oscillation. The coefficient Cy is seen to be 
substantially constant v/ith a value of - 1.02 at the higher and - 1.10 
at the lower frequency parameter. There is a sli$it fluctuation in Cy 
at about twice the impressed frequency, as expected. The sideforce 
coefficient, Cz, is also seen to be virtually constant at a value of 
- 0.08 at both values of w¿. This represents a sideforce in the usual 
sense of positive aerofoil lift. In common with Cy, there is a slight 
fluctuation in Cz at twice the impressed frequency. The coefficient 
is seen to be in phase v/ith the impressed motion which again accords 
with the usual definition of aerofoil lift. The amplitude of (¼ is 
seen to be slightly larger at the lov/er frequency parameter than at the 
higher. 

In Figures 4.22(b) and 4»23(b) the moment coefficients C^, 
and C|jjZ are shown plotted against time. G—. is seen to fluctuate at 
twice the imposed frequency and its mean value is negative implying 
static stability in yaw for a yaw angle of 0#= 50. This static 
stability is uninfluenced by pitch frequency parameter (cf. Figures 
4.25(a) and (b) which show that pitch static stability is radically 
affected by pitch frequency parameter over the same frequency parameter 
range). This conclusion is, of course, not unexpected. Y.hat is perhaps 
more unexpected is the appearance of a significant rolling moment 
coefficient Cny. This is seen to fluctuate at the impressed frequency 
and its direction is such as to produce positive roll for positive 
Frequency parameter has little effect on | Cnyl , but the variations of 
this derivative are somewhat smoother at the lov/er frequency parameter 
value. 

-21- 



The coefficient C is seen to change markedly with frequency 
parameter. At the higher value of w¿, the Maximum and minimum values 
are about O.O5 and - 0,04 while at the lower v.vj these values are 
respectively 0.02 and - O.O4. For this latter frequency parameter, 
there appears to be a sizeable fourth harmonic component present in the 
(jjijj'v t trace.* Also, a significant shift of phase appears to take place 
as w¿ increases. This dramatic effect of frequency parameter on the 
pitching moment derivative might surprise anyone with a strictly aero¬ 
nautical background, but such variations are well knavn in suspension 
bridge theory - even at low values of frequency parameter. These 
effects are probably associated with the pockets of separated flow 
("bubbles") which exist on many sharp-edged bodies. The reason for the 
strong fourth harmonic dependency of (¾¾ has yet to be found and indeed 
this is one of the subjects on which attention will be focussed in the 
near future. 

In view oT the obvious difficulty in interpreting the time histories 
of the coefficients, they my be presented as loop diagrams. This is 
done in Figures 4.22(c) and 4.23(c) for the moments C^. and C_y and in 
Figures 4.22(d) and 4.23(d) for Cj^. Mote that only the loop diagram 
for forcq/moment associated with the displace; .enVrotation in its own 
direction can be interpreted in the manner described previously. 
(e.g. the present case}, nevertheless the "cross" or 
indirect' loop diagrams provide a corap act means of presenting aeroüynamic 

force information. Thus, for example, Figure 4.22(c) shows rolling 
moment varying almost linearly with pitch. 

Figure 4.22(d) shows the "direct" loop diagram at the higher 
fre puency parameter and this indicates dynamic instability. The 
inclination of the loop is positive indicating static instability also, 
that is in so far as static instability is meaningful in a dynamic 
experiment of this kind. On the other hand, Figure 4.23(d) indicates 
dynamic instability, but here the inclination is negative implying static 
stability. It can be deduced, therefore, that in this case one effect 
of frequency parameter increase is to chanr.e the sign of the part of 
the pitching moment which is in-phase vi th the impressed motion. 

The higher harmonic content of the various time histories of 
aerodynamic forces and moments often make it difficult to interpret even 
the loop diagrams, A numerical procedure has been utilised (see Appendix 
4) which fits a Fourier series to the time histories, evaluating the 
coefficients of the various harmonics. The procedure also operates upon 
the displacement histories and by comparing coefficients of like 
harmonics of forc^moment and displacement/rotation, aerodynamic 
derivatives are obtained. Uiese derivatives are more general than the 
accepted small-amplitude derivatives of aeronautics in that they are 
meaningful for large amplitude motion also. In large amplitude 
applications, the derivatives obtained by this process are really overall 
indicators of stability; i.e. "describing functions". 
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A set of derivatives obtained by the procedure of Appendix 4 is 
given in Table II v/hich vdll be discussed at a later stage. 

(d) \fJ0 = 90°, e0 = - 5°, d^= 5.5° 

This case should be a mirror image of the previous case and was 
performed to check the symmetry of flow. 

For this case the "direct" loop diagrams only are presented for 
w¿ = 0.842 and 0.374* These are shown in Figures 4.24(a) and 4.24(b) 
respectively. In common with the previous case, both diagrams indicate 
dynamic instability, but paradoxically the inclination of the loops is 
positive at both frequency parameter values implying static instability, 
although the extent of this instability is less at the lower w¿ value, 
which is constant vdth the positive yaw case. A fhll set of derivatives 
for this case is given in Table II: the important derivatives can be seen 
to be in fair agreement vdth the previous case. 

(®) ^0 = 90°» Qp = °> 5.5° 

The "direct" loop diagrams for this case are given in Figures 
4.25(a) and 4.25(b). Here, both loops imply dynamic instability, but 
the 'static stability' varies, being positive at low frequency parameter 
and negative at high frequency parameter. 

Complete derivative information is given in Table II. 

(f) jj0 = 9°°, eo = 0,d^= 13.5° 

Direct loops for w^ = 0.957» 0.719 and 0.478 are given in Figures 
4.26(a), (b) and (c) respectively. Again it is seen that all loops 
indicate dynamic instability, but that there is a variation of static 
stability as frequency parameter changes, i.e. as before, the container 
is statically stable at lower w^ values and statically unstable fbr 
higher values, 

(g) \pQ = 90°, 0o = 0° and 5°: Heave Motions Imposed 

In Figures 4.27(a) to (d) the results from tests in pure heave are 
presented for two values of w¿, viz 0.32 and C.84 for the case = 90°, 
0O = 0° where |dx | = 1*9". It will be observed that the C* force is 
approximately symmetric about the abscissa for the two wird speeds. 
Nearly constant forces C and C are recoiut.d in the y and z directions 
respectively (see Figure 4.27(a)), but there were small fluctuations in 
these forces at twice the inçressed frequency. 

The aerodynamic moments are shown in Figure 4.27(b), and it will be 
observed that by far the larger moment is C^, which is non-harmonic when 
compared with the position trace of the model. It is interesting to note 
that Cmr and Cz both decrease in magnitude with decreasing w^. 
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In Figures 4,28(a) to (d), the aerodynamic forces are shown for the 
case = 90°, 0p = 5° vihen wd = 0.34 and 1.02 and |dx| = 1.9". It is 
interesting to note that the results are much the same as in the 0O = 0° case 
except where the 5° yaw on the model produces an expected mean side force 
C (as shovm in Figure 4.28(a)). 

z 

In the case where a pure heave motion is prescribed, no work is done 
throughout the prescribed motion except by forces in the direction In 
•./hich the motion talces place. Thus it was found instiuctive to plot Cx 
with the appropriate position trace dx and also for comparison the 
"cross loop" x. The two cases for 0O = 0°, 0O = 5° are shown in 
Figures 4.27 and 4.28(c and d). 

In Figures 4.27(c and d) Cx and are shown plotted against dx 
for 0« = 0° (zero yaw) for the above mentioned wd values. Figures 
4,28 (c and d) show the corresponding cases for 0O = + 5°. It 1® evident 
from the Cx ««* x loop that the heave motion is dynamically stable. This 
is also borne out in Table II, where the derivatives are given. It will 
be observed from Table II that it is only Cxx and derivatives which 
show any tendency to increase positively with increasing frequency 
parameters. At zero frequency parameter, these derivatives will be zero. 
The remaining static derivatives are much smaller in magnitude and 
therefore play a smaller role in the stability of the model in this motion. 
(Again, these would be zero at wd = 0.) The dançing derivatives are 
also small in magnitude in all cases except for C«* which becomes 
proportionately negative with increasing frequency parameter. The Cjj 
force vector has the effect of negative damping on the model and must 
therefore stabilize the motion. The evidence of large damping 
derivatives indicates the iirçportance of the damping forces in the x 
direction (see Table II). 

(h) \j)0 = 90°, 0o = Os Combined Pitch and Heave Motions Imposed in Phase 

Results shown in Figures 4.29(a) to (d) indicate the effect of a 
combined heave and pitch oscillation. Here | = ^-° and |dx| = 1.9”. 
Figure 4.29(a) shows the forces Cx, Cy, Cz for wd = 0.39 and 1.02. A 
synmetric Cx force is recorded and it is greater in magnitude than that 
recorded in zero pitch cases. Nearly constant forces Cy and Cz are 
recorded in their respective directions which are similar to those 
obtained in the previous subsection. 

The aerodynamic moments for the two w¿ values are presented in 
Figures 4.29(b). It is again noticeable that 0^ is by far the 
largest moment recorded for the wd = 0,39 case, whilst 0^ and are 
of smaller magnitude. It is also observed in this case that there is 
a change in continuity of the 0,^ factor, i.e. peaks occur at the 
extremities of the prescribed motion, ã.y = - 3.5o» dx = - 1.9"» but not 
at the other extremity, d)^ = + 3.5°. The effect of increasing frequency 
parameters can be clearly seen to reduce the overall aerodynamic force 
magnitudes. 
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Kie corresponding loop plots are shown in Figures 4«29(c) and (d) for 

the combined pitch and heave motion. Once again Cx has been plotted 

against dx, and has been plotted against d)J. The loop is 

shown to be dynamically unstable whilst the Cx /v x loop is (dynamically 

stable. 

(i) ^ = 90°, 0O = 5°, Combined Pitch and Heave Motions 

Loop plots are shown in Figure 4.30 for |d^|= ^ and | dx | = 1.9" * 

and derivatives in Table II. These should be compared with the previous 

case to see the affect a change in datum attitude makes. The important 

derivatives (C , C ) are in fact very similar, showing little sensitivity 

to 0 . These Xtes?i were performed for w, = 0,39 and 0.97» 
o c 

Kote that with a combined motions the use of 'aerivatives* in this 

form is open to question, and should only be used in conjunction with 

those for the individual motions. 

( j) Case \jjQ = 90°, 0o = 0: Combined Heave and Roll in Phase 

The aerodynamic forces associated with a combined heave and roll 
motion with |dxl = 1.9" and |d0| = 10.7°, are shown in Figures 4.31(a) 

to (d) for two values, namely 0.4L and i.02. Again, tiie stability of 

the combined motion can be deduced from the total area of the Cx /w x 

anrl Cmz*/^ diagrams, but detailed discussion will be deferred until a 

later stage. 

(k) \/jo = 90°, 0O = 0°, d^ = ± 11.5° 

This case virtually repeats case (a) but with a closer coverage of w^, 
eight values in all being taken (from 0,151 to 1.075)« Graphical 
results are not given but the full set of derivatives is given in 

Table II. Note particularly the small values of C^ and Cgj¿r compared 
with CÄj(» (as is to be expected), the variation in C^with w^, (an 

acceleration effect) and irregular variation of C^ with w^, C^^ and 

also show interesting variations with w^, 

(!) = 90°» 60 = °0» da = 3.5" 

7ith major axis along the stream direction this case has imposed 

fore-and-aft motion for two values of w^. Loop plots given in 

Figure 4.32 for the Cy force component only, as this should be the 

only significant force due to symmetry. The full derivatives are 

given in Table II, and these confirm that Cy dominates. The 

derivative increases rapidly with w^ indicating a strong acceleration 

effect. The C .is relatively constant and shows dynamic stability. 
y$ 
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(n) &= 95°, Qa = Q°> dy=± 3,5n 

This case is similar to (l) but vdth the major axis inclined at 1C° 
to the stream direction. There is no significant differences between the 
tro cases and derivatives only arc presented (Table II). 

4.^.2 Broadside on position 

90°,en= -90°,*^ = ±3.0° 

Pressure distributions are given for the case where the box is 
oscillated about a datum position broadside on to the stream, i.e. the 
orientation likely to be adopted by a container on a single strop. This 
case has proved to be of considerable interest, partly because it 
relates to an observed oscillation of a freely suspended container and 
partly because the dynamic stability is shown to change siyi with 
fre mency parameter. Ir. order to assess this change more frequency 
parar.'.eters than usual v;eix: taken for this case. Pressure results are 
presented for selected points at three values of frequency parameter 
(w¿ = 0.44, 0.57, 0.88) and force components fer eight values (0.28, 
0.38, 0.4-2, 0.51, 0.53, 0.69, 0.72, 1.08). 

Pressure traces are presented in Pi urcs 4-.33 to 4-.35« Typical 
pressure tr .cea fro:. points on top ;aad bottom suri'aces are shown in 
Pi,,ure 4.33, on the sr.m 11 end faces in Figure 4.34, and on front and 
rc u- surfaces in Figure 4.35« For points on top and bottom surfaces 
it is apparent that the variation of pressure during one cycle increases 
as frequency parameter increases, and also that the pressure lags 
the motion by an increasing amount. Similar conclusions can be made 
for points on the end faces, although here, in addition, it is very 
noticeable that as frequency parameter increases so the pressure 
differences between points on the same face tend to decrease and the 
variation takes on a more definite pattem. This pattern seems closely 
related to that for nearby points on top and. bottom surface. Forward 
surfaces exhibit pressure variations that can be related to movement 
of the forward stagnation point. Rearward facing surfaces near end 
faces show pressure similar to those on the end faces but with less 
suction and some phase lag. 

Some of the implications of these pressures are discussed further 
in the section on flow visualisation. 

Force coefficients for the throe axis are shown in Figure 4.36, 
moment coefficients in Figure 4.37 and some loop plots in Figure 4» 38. 
Jiote the drag force dominates, with a small variation at twice the 
frequency of oscillation of the model. The force along the major 
axis (C ) inore ones in magnitude and has increasing; phase lag as 
frequency parameter increases. 
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The moment coefficients about y and z axes v/ould be zero in a 
truly symmetric flow. In this case, noticeable moments were found, 
although with little consistency over the range of frequency parameter. 
The largest consonant was C^, initially in antiphase with the motion, 
almost disappearing for wd = 0,69 and then increasing rapidly in 
magnitude with further increase in wd> and tending to be more in phase. 

The loop plots for (Figure 4*38) show clearly the change from 
negative to positive dynamic stability vdth increase of w^. 

Derivatives are shorn in Table II, 

4.2,3 The Effects of Free-Ptream Turbulence 

An experiment was performed in order to investigate the effects of 
free-strean turbulence on the aerodynamic actions on an oscillating 
1:0.4:0,4 container model in the standard orientation: y/ = ♦ 90° _ 
0=0. The likely role of turbulence had been recognised earlier , and 
tfie subject is discussed further in Sections 5 slid 6 herein. The present 
experiment involved two pitching tests ( |d)^| = 10°) - one in the 'clean' 
tunnel and the other Ith a 10^ turbulence grid suspended 4' 6" upstream 
of the model. The frequency par'uaeter of the tests was wd = 0,41, 

In the interests of economy of space, only the "direct" loop 
diagrams, , are shown (Figure 4.39). Figure 4.39(a) refers to 
the 'clean' free stream, while Figure 4.39(b) relates to the 10fú grid 
turbulence case. It dll be seen that the sense of rotation around the 
loop is cloclr-ise (dynamically unstable) for the 'clean'case and 
anticlock dse (dynamically stable) for the 1¾. grid turbulence case. 
Also, the inclination of the loop in the former case indicates static 
stability and in the latter, sta'-ic instability. Thus, the effect of 
free stream turbulence has been to reverse the aerodynamic stability 
attributes of the container in this orientation. 

5. FLO ’ VIlU.’JJZATIQi: STUDIES 

The flow visualization work undertaken during the contract period 
has been central to the entire research effort - not surprisingly since 
a principal objective was to develop a thorough understanding of the 
complex aerodynamic phenomena responsible for underslung load 
oscillations. The visualization studies fall into two categories:- 

(i) Studies involving a stationary model in "clean" and 
turbulent airstreams. 

(ii) Studies involving an oscillating model executing pitching, 
heaving and fore-and-aft motions in a "clean" airstream. 

The visualization methods first used were surface etching, in which a 
mixture of "dayglo" pigment and kerosene was employed, smoke 
visualization and more recently the helium bubble technique. Hie "dayglo" 
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etchings involved relatively high speed flow and were recorded 

photographically in ultra-violet light. On the other hand, the smoke 

visualization results were obtained at very low windspeeds and recorded 

either by high speed "still" or cine photography. In many respects, the 

smoke technique was found to give unsatisfactory definition, but some 

of the flow features revealed by this method were so interesting that 

a helium bubble visualization apparatus was obtained in order to study 
them further and in more detail. 

The results from surface flow and smoke tests are presented first, 
with results from the helium bubble tests following. 

5.1 Flow Around a Stationary Model of a hO.LiO.L Container in 
"Clean" and Turbulent Airstreaiiis ~ 

The object of this work was primarily to obtain information as to 
the effects of free-stream turbulence on the flow around the 1:0.4:0.4 

container model with a major axis near the stream direction. The 

2' X 0.8' X 0,8' visualization model was used in these tests, being 

supported by the six-degree-of-freedom suspension rig in the centre of 

the 8' é X 18* working section of the Department's large wind tunnel. 

The six-degree-of-freedom facility was, of course, used only in its 

static mode - namely to set incidence for the various static cases to be 

considered. Two sets of tests were performed; (i) using "dayglo" and 

kerosene on the upper surface of the model, and (ii), using smoke. Frem 
(i), the 'plan' shape of the separated region was given while (ii) 

provided some indication of the 'elevational' shape. Additionally, the 

use of smoke enabled the various side flows and entrainment regions to be 

assessed. In the tests, the incidence angle was varied in steps of 5° 
from - 15° to + 15° relative to the broadside on reference position. 

5.1.1 Surface Visualization Tests 

The test procedure was stra’.ghtfonvard:- Incidence was set by 

using a clinometer and a mixture of "dayglo" and kerosene was sdrayed on 
to the upper surface of the model. ’Vindspeed was raised to 30 f/s and 

held at this speed until the kerosene had dried-out, leaving a "dayglo" 

etching of the surface flow pattern. The etching was then photographed 
in ultraviolet light. A Ipf. turbulence grid was then introduced some 

4 ft upstream of the model and the tests repeated. Due to the 

considerable evaporation time of kerosene, these simple tests extended 
over three complete working days. 

5.1.2 Smoke Visualization Tests 

These tests were performed over the same range of incidence angles 
as the surface visualization tests, but the flow speed was necessarily 
much lower, i.e. 5 f/s approximately. Tests were again performed with 

and without the turbulence-producing grid. For each case, the single 
smoke probe was positioned in such a manner that the optimal definition 

of bubble elevational shape above the model centre line resulted. By 
using a thin plastic ruler, the maximum height of the shear layer 
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enclosing the separated region (bubble) above the model was measured as 

closety as possible. The probe was then positioned on the surface in 

such a way as to reveal the maximum distance from the leading edge of 

the model to the reattachment line. This afforded a cneck on the 

surface etching procedure above. An assessment of the flows on the 

sides of the container was made, briefly, for each incidence. Entrainment 
into the separated region on the upper surface from these side flows was 

also studied, again briefly. 

5.1.3 Results of the Visualization Studies 

The flow visualization tests with model stationary viere conducted 
principally in order to assess the effect of stream turbulence. It is 

thought worthwhile to use the observations first to describe the main 

features of the flow at zero incidence and at incidence, and then to 

present the results and discuss the effect of stream turbulence. 

(a) General Description of Flow Around Container Lodel 

(i) Zero Incidence 

At zero incidence the flow divides equally about the four long faces. 

The flow separates at the leading edge of the faces, and tends to reattach 

perhaps one third of the way towards the rear. The rcattachment point is 

not, hov/ever, at the same distance from the leading edge across the whole 

face - the distance is greater towards the centre, smaller tov/ards the 
edge of the face. There was in addition some small indication that the 

mainstream fluid was entrained tov/ards the edge of the face, leaving 

the separation 'bubble' tov/ards the centre. This means that the region 

of separation includes the point of reattachment tov/ards the centre, and 
excludes it towards the edge. 

The flow witliin the 'bubble' is forward on the centre line, outwards 

near the leading edge, and rearwards near the side edges of the upper 

face. A more detailed investigation of the flow was made using the 

Helium Bubble Apparatus, and this is discussed in Section 5.3. 

(ii) Container at Incidence 

The pattern of flow with small incidence relates closely' to that at 

zero incidence. Por positive incidence, i.e. with the front of the 
container rising, the top surface becomes the leeward surface with the 

separation "bubble" becoming larger, while on the lower surface the 

"bubble" becomes smaller. On the side faces the separated regions link 
into those on the upper and lower surfaces, being longer towards the top 

of the face and shorter tov/ards the bottom. A feature of some importance 
as incidence increases is that the flow up from the side faces creates 

vortices of considerable strength along the side edges of the upper 

surface. At incidences of around 15° these vortices effectively meet, and 
the outflow from the separation above the upper surface passes above 

them. The 're-attachment' line is contained by the vortices, although 

the region of separation extends past the rear of the box and contains 
the 'bubble', the vortices along the side edges, and the outflow from 
the bubble. 
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(b) Resulte, -ith i-o.- -jid Inlerràlv Freo Htrcrxi Turbulence 

The flou pattemr. obtained from the tests are suranarised in Figure 

5.1 v;hich illustrates at a flanee the effects of turbulence. The most 

obvious of these effects in the shorteninc am deepenine of the 'bubble' 

as turbulence intensity is increased. The variations of 'bubble' height 

and length with incider.ee for clean and turbulent flows are shown in 

Figure 5.2. It can be seen 'hat in spite of being shorter the 'bubble' 

with free stream turbulence is usually deeper - i.e. the proportions 

of bubble arc very dependent on turbulence, anil thin seems to indicate a 

difference of flow within the bubble. Another significant effect is the 

shortening of the distance between a secondary vortez (parallel to the 

leading edge) and the leading edge. A particularly dramatic instance is 
that of Ot = 10° where a 'bubble' exists for the turbulence case and does 
:.-t for the 'clean' case. Likewise, the secondary vortex exists for the 

0(= - 10° case in the clean configuration but vanishes at this incidence 
when grid turbulence is present. Again, the clean configuration gives 

rise to a parallel stream..ise vortex pair at 0( = 5° wid above, but this 
pair is not evident in the grid turbulence configuration until oL - 15°. 

Hie clarity of the 'dayglo' etchings was greater in the clean 

configuration at all incidences testen suggesting, as expected, more 

regular flow conditions. This ’.vas particularly noticeable beneath the 

'bubble' where the strong vorticity within the 'bubble', inducing flow 
forward along the contre line, was evidenced in most cases. ,'.hile smoke 

introduced at the leading edge war. entrained into the bubble at a 

surprisingly low rate, that introduced on the sides of the box near to 

the leading edge filled the bubble rapidly. The secondary vortex 

parallel with the leading edge is clearly a stable arrangement relative 
to the major vortex 'pair'. The direction of flew in this vortex will 
thus be such as to carry fluid windward along the surface and thence 

upwards and forwards towards the shear layer and the leming edge. 

The above effects arc also present in the grid turbulence 

configuration, and judging from the rate at which smoke was entrained into 
the bubbles from the side faces, tliis effect was more narked. However, 

despite this entrainment, the bubble is smaller in length, though 

slightly thicker. .'ith regard to why the bubble should be shorter, the 

"turbulence energy in the shear layers" argument can not be used since 
these layers are very thin and the turbulence scales contained within 

them arc of an order si. aller than those generated by the grid. There 

docs, however, seen to be some connection between the proportions of a 

'bubble' and the 'vigour' of its internal flow. A completely stagnant 

flow would have a dividing streamline of constant pressure, whilst a 
contained flow, with a dynamic pressure approaching that of the main 

stream, would have large pressure variations. The pressure near the 
front of the bubble might approach free stream stagnation pressure 

(deflecting the main stream and deepening the bubble) while further back 
the pressure might be less than ambient, drawing the main stream towards 

the surface. The proportions of a separation bubble would therefore be 

affected by the vigour of the internal flow. Now in the present studies 

it is evident that the flow within the bubbles is being 'energised' by 

the continual entrainment from the free stream. This continuing exchange 
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process would, however, be supplemented by turbulence in the main stream, 
plausibly leading to the observed shorter and deeper bubbles. This is, 
hov/ever, only surmise and could well be investigated further, 

5.2 Flow Around an Oscillating; Model of a 1:0,4:0.4- Container in 
a 'Clean'' Airstream - Smoke Visualization 

Following the static tests some short tests were performed with 
an oscillating model in the six-degree-of-freedom rig. Smoke was 
introduced by using the smoke probe, sometimes with the probe attached to 
the model and sometimes with probe fixed ahead of the model, Uae model 
was oscillated in pitch and in heave at various frequencies, and the 
resulting smoke patterns filmed using a l6 mm cinecamera. 

Study of the film sequences revealed a pronounced effect of motion 
by ever increasing amounts as frequency increased. In an extreme case, 
corresponding to unrealistically high frequencies, the bubble size 
appeared to be 180° out of phase with the motion, v/ith ¡.dniraum bubble 
size occurring on the upper surface at maximum positive incidence. An 
interesting feature was the way in which the excess air leaving a 
decaying bubble at high frequency, could travel along the model surface as 
a distinct vortex. 

Detailed analysis of these films was made difficult by certain 
shortcomings of the smoke technique:- Smoke effectively makes visible a 
volume of air, but v/hile to the eye some of the flow detail can be seen, 
this is difficult to record on film. Also the eye can be easily misled 
as evidenced with tests where the probe was fixed ahead of the model. 
Thu changing position of probe relative to model gave an inçression of 
movement which proved most confusing. The films gave no indication as 
to ■•here across the model the smoke was present - in most cases the profile 
related to the bubble at the centreline of the model, but in others this 
was hidden by smoke in the vortex regions along the edges of the upper 
face, shown in plan in Figure 5.1 at 15°. The smoke when injected 
directly into the bubble made visible any air that at some stage passed 
close to the point of injection. V.’here the bubble was entraining air 
the smoke filled region excluded the reattachment line. Where the bubble 
was decreasing in size reattachment was within the smoke filled region - 
the smoke legion then including the bubble and a volume of air downstream 
that had passed through the bubble. The dynamic motion leads to greater 
interchange of air between the free stream and the bubble, and hence 
problems of interpretation become greater. Other features of the flow 
past the oscillating model have been revealed by use of the Helium 
Bubble Technique (Section 5.2f). 

5.3 Flow Visualisation by using the Helium Bubble Technique - 
Static Model 

Hie shortcomings of the smoke technique when applied to flow around 
the container model led to interest in, and purchase of, an AEL Helium 
Bubble Generator (Model 3). This unit blows large quantities of bubbles 
with helium, the bubbles being passed into the airstream by a supply 
of compressed air. Within limits the buoyancy and size of the bubbles 
can be adjusted by suitable manipulation of the control valves. The 
bubbles become clearly visible when lit by a spotlight at around 90° 
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from the viewing position, and viewed against a dark background. 

Snt>y» encouraging preliminary tests had been made with a static 
model, where details of the three-dimensional flow could be clearly 
seen. To record the detail of 3-d flow for analysis on film 
requires, however, that the flow at different positions across the 
model be separately identified. Experiments were carried out with 
lighting arrangements illuminating sections of the flow. The light 
source used for most of the tests was a 250 watt Halogen lamp slide 
projector. 

Hie results presented here are for a beam of light 1.6" wide 
illuminating in turn six sections across the model. The model 
attitudes are 0O = 78°, 80°, 83°, 85°, 8?0, 90° and 100°, corresponding 
to the long (y) axis being near stream direction with pitch (in tunnel 
axes) of +12°, +10°, +7°, +5°* +3°, 0°, and - 10° respectively. In 
all cases photographs for all six sections are presented, the first 
1.6" section, (a), being that closest to the viewing position and 
extending from the near edge in 1.6"; the second section, (b), extends 
from 1.6" to 3.2", and so on. The tunnel velocity was constant at 
3.2 ft/sec for each case. 

t = 100° 

This case is presented in Figure 5»3. The air can be seen to 
separate at the front edge of the model (i.e. on the left), forming a 
separation bubble some 30£ of model length in the edge sections, 
rising to approximately 50^ at the centre. This is a fairly 
straightforward pattem, as were those obtained for larger values of 
not reproduced here. 

This is the datum case with major axis along the stream direction, 
and results are presented in Figure 5.4. The air separating from the 
front now forms a bubble extending on average half way dov.n the model. 
(Note: the near vertical lines are the four support wires at the 
corners of the box, and the centre counterbalancing wire. When in the 
illuminating beam they show as white lines, when on the camera side 
of the illuminating beam they show as black lines.) The edge 
sections (a) show a clearly defined bubble region with smooth flow 
above and behind. Sections (b) to (e) by comparison show traces 
crossing the main flow at a large angle. These traces are consistent, 
are not due to turbulence, and indicate vorticity in those regions. 

- 87° 

This case is shown in Figure 5 3« The pattern is similar to that 
for 90°, but with vorticity now being evident behind the separation 
bubble in all six sections. Note that the regions with vorticity are 
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often very distinct and can well be followed by smoother flow, e.g. \c) 
where towards the trailing edge the flow is almost completely 
streamwise. 

^ = 85° 

Presented in Figure 5*6, this case introduces a new pattern« 
Figure 5.6(b) shows flow within the separation bubble apparently 
radiating in all directions from a point on the surface, with no 
circulating flow evident. This corresponds to an accelerating or 
decelerating cross flow. In Figures 5.6(c) and (d), near the model 
centreline vorticity is evident above the forward part of the 
separation bubble. 

± = 83° 

Bie same features are evident in Figure 5.7 as in 5.6, but with the 
separated region being again langer, apparently extending to the rear 
of the model on the centreline. 

= 80° and 78° 

The cases are shown in Figures 5.8 and 5.9 respectively. The 
separated region again increases in extent as decreases, more 
cross flow inside the separated regions is evident (e.g. Figure 5.9(f)» 
in part at least inflow from the side faces of the model), and 
vorticity can be seen outside of the separated region. 

A 'summary' of Figures 5.3 - 5.9 are given in 5.10. The 
pictures in these cases are with the whole flow field above the model 
illuminated, i.e. they correspond to a superpositioning of each group 
of six photographs. 

An attempt to illustrate the main features of the flow around the 
model is given in Figure 5.11. Features include: 

(i) A separation bubble with flow into the bubble near the 
edges and outflow at the centre. 

(ii) Flows around the top and side faces interfering aind 
forming minor vortices. 

(iii) Upflow from the side, when the model is at incidence 
generating vortices initially near the edge, but 
increasing in strength and moving in as incidence 
increases. These vortices will also take inwards the 
minor vortices of (ii), 

(iv) The inflow towards the centre line from opposite 
sides interfering as incidence increases to the extent 
that a plume or almost two-dimensional jet is formed near 
the centre line that lifts up through the top of the 
separation bubble and forms further vortices. 
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5»4 Flow Visualisation ly Using the Helium Bubble Technique - 

Oscillating Model 

To distinguish the significant differences between the steady and 

unsteady flows over a container model it is necessary to capture 

the history of the flow whilst the model is oscillating. Some cine film 

records were taken, but in order to obtain good quality still 

photographs at representative positions during an oscillation a 

switching technique was evolved, A Pentax camera was arranged to be 

operated by a solenoid. The solenoid was energised by first closing 

a switch in a circuit after the model had reached a steady oscillating 

condition, with final closing of the circuit coming from a micro-switch 

attached to the driving motor structure. The position of the micro- 

switch was varied to provide eight photographs at equi-spaced time 

intervals during the oscillation. 

The probe head of the Helium Bubble Apparatus was positioned 4 ft 

upstream of the model, and illumination was by the 25O watt Halogen 
projector positioned downstream of the model. 

Pitch Oscillation 

Figures 5»12 - 5«14 show the flow patterns for a pitch 

oscillation (in tunnel axes) of ± 11.5° from a datum position with 
major axis along wind direction.”" The three figures are for frequency 

parameters of 0.97» 1»94 and 2.31 respectively. The flow is from 

left to right, with the sequence starting with maximum incidence, (a), 

incidence then decreasing to minimum, (d) and (e), then increasing 
again. 

At the lowest frequency parameter (Figure 5*12) the pictures 

resemble those for a steady model, but with some phase lag evident. 

The separated region is smallest in (e) and (f), largest in (a) and 

(b), i.e. the bubble size lags the motion by perhaps 45°• For w, = 1.94 

(Figure 5»13) the leading edge bubble is smallest in (f) and (g), and 
the shedding of the separated flow can be clearly seen. Starting 

with (g) and following through (h) and (a) the bubble can be seen to 

be somewhat over half the model length in (b). In (c) and (d) the 
separated flow can be seen to be extending towards the back edge 

of the model and in (e) no longer separating from the leading edge. 

In (f) and (g) the mass of fluid once in the bubble approaches the back 

edge, passing that edge in (h) while another oeparated region is growing 

at the front. The quality of the photographs in Figure 5.14 is 

perhaps not as good as the others, but it can be clearly seen that the 

smallest leading edge separations are now in the region (g) and (h) with 

largest near (d), i.e. bubble size is now almost completely out of 
phase with the motion. 

This observed lag in bubble size, together with the results of 
earlier sections has led to the mathematical model proposed in 
Section 7*2. 



A more detailed study of the unsteady flow was mad* by 

illuminating in three strips across the width of tte model. Results 

are shown in Figure 5» 15 where the 3.2 section refers to the nearer 
part of the flow from the edge of the model in 3.2"; the 6.4 section 

refers to the centre section - from 3.2" to 6.4" from the edge; the 

9.6" section refers to the far side - from 6.4" to 9.6" from the near 

edge. This should be compared with Figure 5*15» the main point of 
interest being the variation in size of the separation bubble across 
the model. 

Hie unsteady flow visualization was at higher values of frequency 

parameter than the pressure and force results because of difficulties 
in obtaining good pictures at higher wind velocities. Dynamic 

(or acceleration) effects are therefore more obvious, but are still 
representative of certain real situations, 

Fore-and-Aft Oscillations 

Similar results were obtained with fore-and-aft movement of 

Figures 5.16 to 5.18 give results for frequency parameters 
of 1.94, 3.22 and 5.54 respectively. The flow is again left to 
right with the first photograph, (a), being taken near the may-imn^ 
forward position. 

As the model moves rearwards in Figure 5.16 the separated 
flow collects and thickens near the front until the rearward 

position is reached, (d); in (e) the separated flow is shed with 

a new bubble growing from the leading edge; in (f) this flow clears 

the rear of the model, with evidence of a smaller secondary vortex of 
opposite sense being shed later. For the very high frequency 

parameter represented in Figure 5.18 the same major features are 
evident, although in this case the rapid rearward movement can for a 
short time leave the separation bubble ahead of the model. 

5-5 Flow Visualization for the Broadside On Position - yTTo 

V 4.A^.uery linated investigation with smoke was made for oscillations 
about the broadside on position. This followed the obtaining of the 

results presented in Section 4 where the damping derivative was found 

o change sign with change in magnitude of frequency parameter. For 

a static model the flow separates from all leading edges and contains 
the separated, rather dead air, region behind tte model. The 

division between the two regions is essentially in line with the side 

face - as sketched in Figure 5.19(a). With change of attitude the 

siae flow can reattach, with the division between the side flow and the 

í+ m J!E in 111 11116 with the side face. With oscillation 
at moderate to high frequency parameter there was evidence that 

-35- 



(i), the vorticity shed in the base region could "lock on” 
to the model oscillation, and 

(ii), the line dividing the side and base flows changed for 
certain parts of the cycle to being in line with the base 
rather than the side, as indicated in Figure 5.19(c), 

It seems probable that the change from dynamic instability to 
dynamic stability with increase in frequency parameter is associated 
with these two factors. 

6. DIRECT ASSESSMENT OF PITCH AND YA,’.1 STABIUTY OF RECTANGULAR 
CONTAINERS BY SI^GIE-DEG3RFg-OE-.FREEDOM FREE VIBRATION TESTS. 

The impetus for this particular study came from the flow 
visualization tests (Section 5 and Reference 9) in which it was 
observed that free stream turbulence levels could influence radically 
the shape and size of the separated regions around a 1:0.4:0.4 container 
model. It was desired to produce quickly a confirmation of certain 
deductions, regarding container pitch stability, made on the basis 
of these visualization studies. It appeared that the most e- 'dient 
way of providing such confirmation was by conducting free vit ¿on 
tests in pure pitching motion. The preliminary results are described 
briefly in Reference 9, but at that stage the measurement media were 
simply a stop-v/atch and travelling microscope. Results from a more 
accurate and controlled set of tests are presented in this Section. 
First, however, the benefits of this type of testing will be defined:- 

It is perhaps unfortunate that the most-used cargo container 
shape, viz. the 1:0.4:0,4 box, possesses the attribute of intrinsic 
single-degree-n-freedom aerodynamic instability, in pitch and yaw, 
when the major axis is either parallel or noimal to the flow 
(see Section 2.l). While the pitch instability may be 'cancelled' by 
suitable stropping configurations (e.g. Sheldon*), there is little that 
can be done to counteract the lateral (yawing) instability, aside 
perhaps from the implementation of active control technology3. It is 
therefore liighiy desirable that this type of oscillatory instability 
be understood and that measures be taken, if possible, to eliminate 
it by aerodynamic means. This might lead to the addition of 
appendages (e#g# fins and guides)* but the optimum positioning of 
such devices can be determined only when the underlying mechanisms 
are understood. One way in which an understanding may be gained is by 
building up a comprehensive picture of aerodynamic damping characteristics 
via free oscillation tests. Another is by the use of the pressure 
«asurement method described in Sections 3 and 4. The two approaches 
are complementary, and one may be used to check the other. Of course, 
the pressure method has much greater generality and, furthermore, is more 
accurate in many instances ov/ing to uncertainties regarding the type of 
mechanical damping present in free-oscillation rigs. 
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A major advantage of free oscillation testing is that the effect of 
modifications to the shape can be invest ¿gated rapidly. It is 
therefore easy to study possible "cures", 

6.1 The Test Equipment 

The container models were constructed from 5 nm plywood on softwood 
frames of section 1" x 1". The box dimensions were:- 

Small box 12" x 4*8" x 4.8" 

Large box 24" x 4.8" x 4.8" 

Each box was provided with a pitch axis ball-bearing arrangement through 
the centres of area of two major faces, and a "wire attachment" 
protruding from the leeward minor face. The spindle diameter was 0.25", 
this being supported on 0,5" x O.125" elliptic-section struts in the 
working section of the 3'6" open-jet tunnel. The struts themselves 
could be rotated in yaw up to +_ 35° if necessary. In order to support 
the box under test, a spring was connected to the tunnel superstructure 
via a strain gauge am and a thin wire was attached to the lower end 
of the spring, passing through the wire attachment on the box, and 
ultimately terminati!^ ui a scale pan to which masses could be added 
in order to vary suspension frequency. The whole arrangement is 
illustrated in Figure 6.1. 

The strain gauges on the measuring am were connected to a Tinsley 
dynamic strain gauge conditioning unit. Signals from the gauges, 
representing forces in the spring ani hence displacement of the rear 
of the box, were amplified in the Tinsley unit and passed, via a 
Krohn-Hite filter, to a 12-channel S.E. direct writing oscillograph. 
Traces representing the pitching motion of the box could thus be 
readily obtained. 

Hie pitch attitude of the box could be set by using a clinometar 
and then fixed by tightening a grub screw which secured the wire to 
the box via the wire attachment device. The whole set-up could be 
implemented in a few minutes. 

6.2 The Test Procedure 

With the container model supported as shown in Figure 6.1, the 
model was displaced from equilibrium and released. The resulting 
decaying motion was recorded on the U.V. paper thus giving a wind-off 
datum. This procedure was repeated for various starting amplitudes 
and it was possible in this way to build up a comprehensive 
"logarithmic decrement" (log.dec.)/amplitude picture. The slight amount 
of stiction in the bearings led to the usual linear (or approximately 
linear) decay envelope implying log.dec. decreasing v/ith increasing 
amplitude. (Figure 6.2). This lengthy procedure was repeated for each 
and every initial setting of the box. 
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.Vith the wirk! turned on, similar traces of free pitching motion 

were obtained for a range of windspeeds. This was done for three 
freestream conditions; (a) clean flow, (b) flow through a O.O3O" 
mesh gauze and (c) flow through a grid generating a turbulence 

intensity of 10^. Both container models were tested in this way, but 

rather more emphasis was placed on the 1:0.4:0.4 model. The 

maximum starting amplitude in any of the tests was about 3°* and most 

results were extracted at amplitudes much smaller than this. 

6.3 Theoretical Basis of the Method 

Referring to Figure 6.1, the equation of pitching motion of the 

container is 

I# +b<* ♦ Kr** 

= c.,) + higher order terms.. (6,l) 

where 1= X + + J moment 0f inertia of 

the container, M the total suspended mass, llg the spring mass, Mw the 

wire mass, r the distance between the central axis and the wire, K the 

spring stiffness and b the structural damping coefficient. The steady 
aerodynamic moment qSdC^ is balanced at the equilibrium position, « , 

so that if 0 is the deviation from this position, equation 6.1 reduces 
to 

ë + [ b - èeVs^Cmèjê + = 0 .(6.2) 

2 . 

where (») = Kr /1 defines tue undamped natural frequency, f = £0/2nr Hz, 
in vacuo. Equation (6.2) may be rewritten as 00 

0 + 2Aé + = 0 . 

where A “ ^ ^ ^ = A(V) = total damping exponent 
21 ' 

and Í02= íoj- ¿gV^dCrm ^ ^(y*) S f * . 

(6.3) 

(6.4) 

where f is the aeroelastic frequency, 
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The solution of equation (6.3) is 

0= A exp (-At) Sin (vt + ¢) (6.6) 

where V = G>-A*S 4^*^ (fD being the damped aeroelastic frequency) 
while A and 0 are arbitrary. If p complete cycles of the motion 
described by equation (6.6) are observed, and the natural logarithm 
of the teminal amplitudes is taken, one obtains 

A/^d = p Ln[Íe,|/|er|] = S s "wind-on" log.dec.(6.7) 

Thus & (6.8) 

and since both fD and ¿ can be measured directly from 0 ~ t traces, the 
damping exponent A can be calculated. When this has bien done, the 
equation following (6.6) can be used to calculate co* = 4rriJ -A* • if 
this procedure is also adopted at V = 0, then A* AQ = t/ZI and 

= ¿r -AÍ , so that AÄ and CO* may be determined. Thus 
finally from equations (6.4) and (6.5) one obtains 

•iliácA) 
evsd1 Cm, = UMljS) 

eV'Sd 
(6.9) 

The total moment of inertia is the only structural parameter required 
in the determination of the aerodynamic coefficients by the above method. 
To determine I, the following procedure was adopted during the tests:- 
First the natural circular frequency, wind-off, namely c*)0, was 
determined. Mass M was then increased in steps, leading at each step 
to an increase Si in I (see equation (l)). Ihe change, oco* , in CO§ 
was recorded at each step. Thus, since 

r«K = («í+&<Xl + ÍI) . (6.10) 

one obtains X = 

giving, in the limit. 

ä**-« 

1 
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Thus, the shape of the 61 graph at its origin can be used 

for dr/do* in (6.11) and I detemined. Stiffness K can then be 

found by using K = 6J|f I / r * • 

6.4 Results for the 1 : 0,4 : 0.4 Container 

For clarity in this Section, wind axes, in accordance v/ith 
internationally accepted aeronautical definition will be used. The 
container has its major axis streamwise when pitch angle,OÍ, and yaw 
angle,are zero. Figure 1 is sufficiently explicit as regards the 
required axis definitions. 

For the 1 : 0,4 : 0.4 container model, the values of I and K were 
determined as O.O58 slug, ft2 and 2 It/in, respectively. Hie 
"wind-off" damping factor, A , for the model and its suspension system 
is shown plotted against |e|2n Figure 6,2. (This is a typical 
plot: several, in fact, were obtained - all showing small 
departures from Figure 6.2 as attitude changed. This dependence on 
attitude reflected the change in stiction force with angular position 
of the container model on its spindle). The derivatives, Cmol and Cm¿ 
were then obtained by using equations (6.9) in which the Íe| - 
dependent values of Co* and A were obtained from the U.V. traces 
of 0 'V t as V was varied. Note that the conditioning of the method 
based on equations (6.9) for low density fluids, such as air, at low 
speeds favours accurate determinations of cnó , while Cma, is obtained 
only approximately owing to the high degree of frequency resolution 
required to separate "wind-on" and "wind-off" CO* values. Some doubt 
is also cast upon the accuracy of the values obtained here owing 
to the possibility of a significant effect. 

Figure 6,3 shows the variation of Cm¿ versus reduced velocity, V/«d 
as 0io and 0O are varied. From the viewpoint of severity of onset of 
dynamic instability, the*0 = 0, = 0 configuration is the most 
troublesome, the instability diminishing asoj, is increased. Hie 
container is seen to be dynamically stable when Qi0 = 10° and more stable 
when 0^ = 15° when ya = 0. Provision of yaw relative to the (O, O) 
position is also seen to be stabilizing, but less powerfully so than 
provision of incidence. However, provision of yaw relative to the 
(10°, O) position is seen to be destabilizing. Indeed, the 
orientation (10°, 10°) is almost as unstable as the (O, O) case. 
All cases show a very marked dependence of on reduced velocity 
(and hence on its reciprocal, viz. frequency parameter »(ÿV). 
The reasons underlying these variations are as yet not understood, but 
are not entirely unexpected in view of the critical dependence of 
on the dynamics of the separation bubbles. The pressure studies 
and the theoretical model of Section 7 will throw light onto this 
point. 
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Figure 6.4 shows the variation of Cm- arri with d for the 

(0, 0) position as ” achieves higher values. Note that C,^ levels 

off beyond V^d of 5. In the range 6 < 10, 0,^, is seen to be 

constant and negative implying static stability at the (O, 0) position. 
The rise in | C^J as falls below 6 is thought to be a spurious 

effect associated with lack of frequency resolution power. Indeed, 
any point on the C curve for 6»5 is hi^ily suspect. 

In view of the strong evidence pointing towards the major influence 

of the separation bubble dynamics on the pitching moment derivatives, 

it was thought that a device which enabled pressures to be communicated 
rapidly between the bubbles on the lower and upper faces of the 

oscillating container would lead to a lessening of the dynamic 

instability phenomenon. This was checked by providing the container 
model with a "stand-off plate" (4.8" x 4.8" x 5 mm ply) mounted 

forward of the leading face (Figure 6.5). Figure 6.4 shows that the 
'stand-off plate" fomented dynamic stability whilst reducing static 

stability. However, the reduction of dynamic instability was not as 

dramatic as had been expected and the device was therefore not 

tested in other orientations. The partial success of this device 

does, nevertheless, point the way towards an ultimate 'cure' based 
on "separation bubble control". 

The effect of free stream turbulence on container stability had 

been highlighted in Reference 9* and the general conclusions of that 
study were confirmed dramatically by the present tests. Four 

orientations of the container were reconsidered for free stream 

turbulence of intensity 105¾.; the results for Cm¿ being presented in 

Figure 6.6. By juxtaposition of Figures 6.3 and 6.6, the magnitude 
of the turbulence effect can be at once appreciated. The (0, 0) 

position which was most unstable for the clean free stream is stable 

for the turbulent free stream. (This result agrees with that of the 
turbulence study of Section 4). The (10°. 10°) position is also 
stabilized by turbulence. However, the (l0°, 0; case suffers 

a slight destabilizing effect v/hen turbulence is introduced. Again, 

the effect of the "stand-off plate" is seen to be stabilizing - thou^i 
less so here than r.i the clean free stream case. 

Figure 6.7 illustrates the variation of with of assessed by 

free vibration tests with and without free stream turbulence at a 

reduced velocity of 0.216. In the clean flow, static stability obtains 

for the region - 80^ 8° with 1¾ = 0. The extent of the stable 

region is seen to be decreased by yawing the container. Provision of 

free stream turbulence via a 10£ turbulence grid destabilizes the system 
in the static sense - again dramatically. The "stand-off plate" 
magnifies this destabilizing effect. 
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6.5 Results for the 1 : 0.2 • 0.2 Contai«r 

Por the 1 : 0.2 : 0,2 container model, the values of I and K were 
determined as 0.306 slug ft2 and 2 It/in. respectively. The "wind-off" 
damping factor,A , followed amplitude variations much the same as those 
typified in Figure 6.2. 

Figure 6.8 shows the derivative 0,^ for the 1 : 0.2 : 0.2 model 
which, when compared with the 1 ; 0.4 : 0.4 model (Figure 6.3) is seen 
to be intrinsically more stable in the dynamic sense. It is of 
interest to note that there is a similarUy of shape in the 0-^ ^ V/ 
curves for the two container models. Increase of is 
seen to be destabilizing up to a certain valx’e in all cases in 
Figure 6.8. For the (0, O) orientation, the stability actually changes 
from positive to negative as vt¿>d increases, the cross-over occurring 
at = 3. Again, incidence variations from the (C, 0) position are 

«d 
generally stabilizing as indeed are small variations in yaw as typified 
by the (0, 5 ) curve. The case (10°, 10°) here is the most unstable of 
alí 7 ParaHelling the result from the 1 : 0.4 s 0.4 container 
model. The strong dependency of all curves on v/a)d should again be 
notea, and the studies of Section 7 will throw light on this 
dependency. 

The (0, 
sensitivity, 
was shown to 
small region 
Unlike the 1 
here of C mS 

0) orientation was studied for free-stream turbulence 
and, >nce more, the introduction of 10°, grid turbulence 
exert a dynamically stabilizing influence, except in a 
olose to V/^Jd _ 2,3 where it was mildly destabilizing, 
s 0,4 : 0.4 case, however, the very marked dependence 
0n 4)dwben turbulence was present stands out. 

Finally,^Figure 6.9 shov/s the characteristics inferred from ,, «-“o cnaracxenstics inferr 
the very small number of free vibration tests on the 1 s 0.2 • 0 2 

“nt^iner is sho™i to be statically unstable in clean 
The effe^Tn? ^ effCCt ÍS accentuated by grid turbulence, 
ihe effects of yaw on CmM could not really be inferred owing to paucitv 
of experimental points. However, at the frequency parameter y 
appropriate to Figure 6.9 (viz. UTd = 0.22), C ÎÏÏeÎÎ be taken 
from static curves such as those of Laub and KodaniÖ. 

6,6 Attempted Stabilization of the 1 : O.L ; Q.L Container 

S'ib¿eP7 has been mentioned previously in Section 6.4 

îhe effectif °f & staIld-off Plate was discussed. 
The effect of such a device was found to be only martdnallv benefieial 

fïî" °or POtO'tiUy hlih installation ^ ‘ 
plaîf is only one of a number of stabilization’ 

methods based on the philosophy of ’appendaging• the towed bodv 
drogue chutes and i^latable leading sSrfacSlei^ otW eÄs 

stabilizineUC* ’“í ideas have mwv>' ottractions provided suitable * 
stabilizing appendages can be conceived, but there is an owwiH-inrr 
consideration of time penalty on tumarouM and a need for skilled6 
personnel to effect the firing. to an unloading operaUon^^ 
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for example, a container is being removed fron a ship's hold, the 
method might prove inçracticable in view of space restriction and 
costly if staged lifting/appendage-fixing were envisaged. 

In view of the difficulties mentioned above, it was considered 
desirable to examine the possibility of stabilizing appendages 
attached to the basic lifting strops rather than to the container 
itself. Provided the appendages are uncomplicated, the above 
difficulties are overcome. Furthermore, the possibility of 
designing strops and appendages which stabilize a large variety of 
freight loads is an attractive one from the viewpoint of cost- 
effectiveness. While such a goal might not be a generally attainable 
one, it is sufficiently attractive to warrant some effort here. 
Accordingly, the limited objective of stabilization of the 1:0.4:0U4 
container, regardless of the magnitude and distribution of nass 
contained within it, will be aimed at here. If such can be achieved 
by purely passive means, a significant advance will have been made. 

At the outset, it should be appreciated that a twin strop 
arrangement holding the container at or near its minimum drag position 
is viewed as axiomatic. The primary consideration must then be to 
obviate the dynamic instability modes (i.e. pitching and yawing 
freedoms, per se, negatively damped). The pitching instability is 
readily constrained-out by suitable kinematic design of the strops. 
This leaves the yawing instability, which might then be attacked 
by the addition of stabilizing appendages. However, even when all 
single-freedom instábilities have been removed, a larger problem still 
remains, namely flutter and divergence in combinations of the 
individual degrees of freedom. Even when the strop design obviates 
container pitch and roll, thus removing longitudinal instabilities 
and leaving only the sideslip and yaw freedoms, the likelihood of 
divergence in yaw and sideslip/yaw flutter is akin to that of day 
following night!!! This important subject will be discussed later 
in this Section, and for the moment attention will be focussed on ths 
suppression of classical negative aerodynamic damping in pure yaw. 

In the preliminary tests on yaw stabilization, the test facility 
shown in Figure 6.1 was employed - various 'fences' being attached 
to the major face of the container shown in that Figure, (it 
should now be imagined that the container is being viewed from above 
and that the pitching axis of Figure 6.1 is, in fact, the yawing 
axis with oc s * yaw angle. Die yaw device shown at the top 
of the Figure is now a pitch device on which nose-up or nose-down 
settings can be achieved). Die following observations were made:- 

(i) Solid fences, both straight and curved, attached near 
the leading edge were inevitably destabilizing, giving 
increased magnitudes of negative yaw damping. 
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(ii) In the range uf pitch setting,s (-7°» 7°)i it was not 
possible to stabilize yaw motions by means of sensibly 
small fences, the reference values of aerodynamic 
negative damping being too strong, 

(iii) For pitch settings between (*„ = -8° and -15°, small 
fences attached near the trailing edge of the major 
surface (Figure 6,l) stabilized the yaw motion over a 
wide range of amplitudes and frequency parameters, 
'ihe stabilizing influence of the fences was only marginal 
in the static sense, 

(iv) Side fins of small height attached along the edges of 
the major surface of the container enhanced static 
stability and improved dynamic stability marginally in 
the above range of nose-down settings. 

As a result of these preliminary tests, it was decided to 
concentrate upon the 10° nose-down orientation (a case previously 
considered by Boeings in their flight test work) as being the 
container configuration where aerodynamic yaw damping (positive or 
negative) is small. At this setting one may derive the maximum 
benefits from sensibly small trailing edge fences and other 
stabilizing appendages. Figures (6,10) relate to this case and 
are largely self-explanatory. Figure (6.10) itself shows the 
yar velocity derivative, CN^ , for the basic container as a function 
of yaw anplitude at various frequency parameters. Negative values 
of C „jfc, imply dynamic stability in yaw motion per se. It is seen 
that there is a deterioration of stability as frequency parameter 
and amplitude are increased. This behaviour with amplitude is 
entirely consistent with the results of Sections 2 and 4. 

Figure (6.10a) illustrates the effects produced by side fins with 
a small gap, CQiese are seen to improve the yaw dynamic stability at 
the large amplitude ena, whilst producing only marginal improveirents 
at low amplitude. Increasing: the gap (Figure (6.10b) is seen to 
be detrimental, particularly at small amplitudes. There is an 
interesting change in shape of the curves due to the increased gap, 
and the sensitivity to frequency parameter is seen to be diminished. 

Figure (6.10c) shows the effect on yaw dynamic stability of a 
low fence at the trailing edge. Comparing with Figure (6.10), the 
effect is seen to be stabilizing across the entire amplitude range for 
all frequency parameters studied. Increasing fence height improves 
stability still further, as is evident from Figure (6.10d). It 
should, however, be noted that the improvement in stability is at 
the expense of increased drag. When sidefins are provided in 
addition to this larger fence, yaw dynamic stability is again improved 
as shown in Figure (6.10e). The purpose of sidefin addition, 
however, is rather to enhance the static stability of the system 



aboi't the yaw axis. In order to appreciate this latter feature, 

Table 6.1 (below) has been compiled. This Table presents the mean 

values of C^for a double amplitude in yaw of 4°. For clarity, 
the C values have been related to the appropriate Figure numbers. 

TAB IE 6.1 

CM^ FOR 1:0.4:0.4 CONTAINER, 10° NOSE DOWN, WITH APPENDAGES, 
AT Wd = 0.1 

Figure Number 6.10 6.10(a) 6.10(b) 6.10(c) 6.10(d) 6.10(e) 

CNJ* 0.90 “0.63 -1.56 0.90 0.86 0 

It is seen that the side fins per se greatly improve static stability 

while the trailing edge fences have little or no influence. The 

combination of side fins and trailing edge fence yields neutral static 

stability in yaw along with the considerable dynamic stability berm fits 
mentioned above. 

The case of <X0= -5° orientation is introduced in Figure 6.11, 
which on direct comparison with Figure 6.10, is seen to exhibit a much 

greater degree of dynamic instability in yaw than the O^r -10° case. 
Addition of the large trailing edge fence and two side fins (Figure 6.11(a)) 

exerts a stabilizing influence, particularly at low Wd values, but this is 

insufficient to provide positive yaw damping at any amplitude or 

frequency parameter value considered here. It should be noted, however, 
that the Oí = -5° case yields a high degree of static stability in yaw, 
the values being -3*6 and -5.3 for the clean and 'appendaged* 
containers respectively. 

Figure (6.12) shows the derivatives for the o(0 = -15° case, 
and these are seen to be negative for all anplitudes and frequency 

parameters considered here. The container in this orientation is 

thus thoroughly dynamically stable in yaw. However, the mean value 
of CNj0 is 2.56 inplying strong static instability. This is reduced 

to CNl¿= 1.92 by adding side fins and a rear fence. The dynamic 

stability is again improved (Figure (6.12a)) by the appendages. 

Figure (6.13) relates to the of = -10° case, but here the motion 
is in pitch. The container is only just stable at low amplitudes, 

becoming dynamically unstable at larger amplitudes. The presence of 

side fins (Figure (6.13a)) does not influence this picture, as might 

have been expected. Whan a rear fence is added (Figure 6.13b), its 

effect is mildly destabilizing, but it is thought that such an 
instability might be cured by stropping. 

-45- 



Having shown how the yaw motion, per se, might be stabilized by 
the provision of appendages of a type which can be attached to the 
strops, the problem of combined mode instabilities must now be 
considered:- 

6,6,1 Lateral flutter and Divergence 

From the viewpoint of the avoidance of single degree of freedom 
dynamic instability, it has been shown to be desirable for the 
container to adopt a 10° nose-dorm attitude 2° or so) at equilibrium. 
In this attitude, single freedom stability in yaw may be augmented by 
side fins and a trailing-edge fence attached to the strops. If, as 
wind speed relative to the container is increased, the container adopts 
nose-down attitudes of less than, say, 7°» the risk of single freedom 
yaw instability arises. On the other hand, if attitudes involving 
nose-down greater than, say, 12° develop, there will be excessive 
instability in yaw. It is thus important to use parallel strops of 
equal length as shown in Figure (6,14-). Such stropping not only 
fulfills the yaw stability requirements, but also oonstrains-out any 
single freedom pitch instabilities which mir.ht be present. 

Likewise, it is considered desirable to restrict possibilities 
of lateral interactions by constraining-out the roll motions. This 
may be achieved most simply by adopting a four strop, parallel, 
equal length support system (also shov/n in Figure (6.14)), If such 
is adopted and the helicopter is considered to be 'fixed', the 
container has just three degrees of freedom - one longitudinal and 
two lateral. It is easily shorn that (for low '.Vd at least) that 
the 1mgitudinal motion per se is stable; a feature that is evident in 
the freely suspended model tests of this configuration. The lateral 
motions involving container sideslip and yaw are, however, problematic, 
for "’hile these motions per se might be stable (or rendered stable by 
appendages), the possibility of combined sideslip/yaw divergence 
and flutter is by no means remote: Indeed, it mi; ht even be regarded 
as inevitable. 

In orner to study sideslip/yaw flutter and divergence of a 
container suspended as in Figure (6.14), one might resort to 
undamped flutter theoiy. In this, only the inertia and total stiffness 
terms are retained in the equations of motion. The adoption of 
undamped theory does not usually lead to errors of significant ma#iitude, 
but it must be borne in mind that flutter due to damping coupling or 
damping/stiffness coupling cannot be predicted by this means. It is 
clear that the most significant damping terms will be the aerodynamic 
actions induced by sideslip; i.e. those involving the derivatives C«v 
and CMVwhere, as usual, v* . Provided CMJ, is sufficiently 1 
negative, this derivative, along with , is unlikely to play a 
vital role in the flutter phenomenon. Mechanical damping in this 
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class of problems is negligibly small and will be disregarded. In 
the follovdng treatment, the full equations of motion will be stated 
and inferences drawn by means of undamped theory. Hie influence of 
the damping terms and C^vwill be discussed subsequently. 
Frequency parameter effects will be igrored throughout and small 
amplitude stability only will be considered. 

The equations of motion in sideslip and yaw for the container- 
strip coniiguration shown in Figure (6.14) are 

A ^ + Bq + (E + C)q = o .(6.12) 

where A = ^ ^*3 

m = mass of container 

k = R/c 

r2 = T2/T1 

radius of gyration of container/ 
length of container 

^1*^2 = forward, leeward strop tensions) 

C0¡ = distance (along central axis) of forward strop from oontaimr C.G. 

C<l^= distance (along central axis) of leeward strop fron container C.G. 

T+Tt *= t(«9-L)*+D,)w 

T;-Tt= r , 
- -ZMace-H-OL-cyi* 

f I + Dÿj® i c(í,«0 I L A. 1 
i +dt»i® - do ) 

-S-LJ 

D = drag force 

L = lift force 
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M = pitching moment 

d = container depth 

(§) = nose down incidence angle 

c^ = distance from container leading edge to windward strop (along 
container) 

c2 = distance from container trailing edge to leeward strop (along 
container) 

and = strop lengtii. 

A 'BASIC' program has been written to solve the above equations 
for flutter boundaries. This program has been used to dete.mine 
the flutte” boundaries for the case where the rate derivatives Cyp 
and C„ji, are ignored. (CMJ& is assumed negative and an all while 
Cyfi is negligibly small. The influence of small on the flutter 
boundaries will be negligible, the principal aerodynamic damping 
actions stemming from the first column of matrix B.) However, one 
can learn rather more from a purely analytic study of the undamped 
case (B = 0) than from a whole set of numerical studies of the full 
equations. riting B = 0 in equation (6.12) and assuming a solution 
in the form a **p ('XVt/c) one obtains the secular determinant 

Of + tfO + r*) , 

O 

(6.13) 

where X^cyniV*, . This expand! 

Ic2 Of + [X fa2* r2<r2 + lc2Ci+r«)} - a CN^]02 

+ ^£r2fa*<rt)f + TCa {(<r,-r2<rt)C^ - 0+0 CHJ,] = 

This expands to 
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The undamped flutter requirement is -synonymous with that of frequency 
coalescence - this being simply 

= " rV.) C1f - (u r*) CHi,}] 

or 

[X [tf* r*af - lc£0+ rf)} - aCN^]Z 

= 4 lf£ (<T| - r‘^) % [a Cyt - X fa - r* <0] .... 

.... (6.14) 

V/ithout need for further expansion, one can now make an important 
deduction regarding the occurrence of undamped flutter: The 
derivative Cyp is typically large and positive when oio is near 
to -10°f and the final bracket in equation (6.14-) is thus positive 
also. As ^ is essentially positive, it is seen that flutter cannot 
occur when 

i.e. when 

cr, - r* <rt < 0 

<r.T < oiH .... (6.15) 

Thus, it would appear that by suitable arrangement of the tensions 
in the strops, the possibility of flutter is ruled out. 

Now the condition for divergence is the vanishing of the term 
independent of ^ in equation (6.13A). The divergence speeds are 
thus given by 

2k,c 0 + r*) Ch^ *" - rfdt) Cyji' 

r* (<Ti + <r»)* 
.... (6.16) 

At« = -10°, CM^ < Cya» both derivatives being positiv, Therefore, 
divergence is fomented by condition (6.15) and it is seen that, in 
this respect, the requirement of a divergence-free system conflicts 
with that of a flutter-free system. If one designs a systan sucn 
that condition (¿.15) is met, one can then increase by the following 
means :- 
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(i) Increasing the strop separation, fff)c 

(ii) Nosin¿ dam slightly in order to reduce CN^ 

The orovision of a fin, while reducing CM^r , increases and so 
this is unlikely to yield a solution. Also, the amount of nosing- 
down that cm be done is very strictly limited by the ircreasing 
tendency for CM^ to become positive. It should also 'e noted that 
the addition of appendages designed to stabilize yaw per se might 
prove ultimately deleterious since the increased drag of, sqy, a 
trailing cage fence could produce T^and ?2 which violate condition 
(6.15) at a lo’.ver '.vindspeed than v.-ou]d the clean container. 

In a preliminaiy numerical experiment in which undamped flutter 
theory wan used, an actual container model (l* x 0.4' x 0.4', balsa, 
rag = O.24 lb) formed the basis of the study. This model was stropped 
as in Figure (6,14), the reference strop length being ¢= 2.25 ft. 
In these tests, the ’parameters of the problem viere all vaiied and 
their effects on the divergence flutter speeds tabulated. These 
results are given in Table IV. A notable feature of the results is 
the virtual independence of the flutter speed of the aerodynamic 
parameters Cy^and , even when departures of these parameters 

from their reference values are large. This insensitivity really 
reflects condition (6.15); flutter is much more sensitive to 
parameters which affect the tension difference (e.g. pitching moment). 
Thus, there wbuld appear to be scope for ingenuity in devising strop 
systems which meet condition (6.I5)f but which are not divergence- 
prone. 

Another important feature which is not directly evident from 
Table IV is that of the severity of flutter onset. The computer 
prpt7*am showed that the onset of flutter couid be , and indeed usually 
was, extremely hard. As soon as the container had achieved an 
attitude where condition (6.I5) was violated, the excess of flight 
speed over critical speed v/as usually very considerable. At 
marginally smaller flight speeds, flutter was completely absent. 
This 'hard' flutter was experienced when seeking to substantiate 
computer results in the wind tunnel and, predictably, the model was 
destroyed. Associated with 'hard' flutter onset was usually a veiy 
'soft* divergence onset. However, at a different incidence, the 
divergence onset might be 'hard' and the flutter onset 'soft'. 

The above comments regarding the 'hardness' of onset of instability 
must be borne in mind by the active control arm designer. There are 
some flutter conditions which are so severe that any control action 
of sensible magnitude at the upper end of the strops would prove futile. 
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In order to check the validity of the undamped theory, the full 
flutter equations were solved for every case presented in Table IV. 
In no cases were the undamped results of Table TV more than 1 f/s 
in error in their prediction of the flutter speed. The damping terms 
were found to be inevitably destabilising and gave a harder flitter 
onset. It is significant that the ftill flutter theory predicts a 
flutter boundary only when the tension condition (6,15) is violated. 
Indeed, for every entry in Table TV, flutter occurred at windspeeds 
only 1-¾. above those for which condition (6.15) was first violated. 

The above calculations were supported by v/iixL tunnel tests on a 
balsa scale model stropped as in Figure (6.14). In a large majority 
of the 25 cases studied (each case corresponding to an entry in Table IV), 
there was good agreement with the simple theory. 

In summary, it would appear that the task of passive stabilisation 
is rendered difficult by the conflict between the 'no flutter' and 
'no divergence* requirements when this type of stropping is employed. 
Divergence, however, might be deferred to a higher speed range by 
shortening the strops and increasing their separation. Flutter might 
then be prevented by attaching to the leeward strops (at their join with 
the upper surface of the container) a lift-producing surface yielding 
increased T2 as V increases. From the standpoint of flutter as well as 
of freightage efficiency, container drag should be kept to a minimum 
consistent with CN¿, 0, A nose-down attitude of between 8° and 12° 
would appear to be optimal in this respect. Fins are fourd to exert only 
a marginally stabilizing effect, while drogues are deleterious in view of 
their effect on drag. Increased freightage weight militates against 
flutter and divergence - as does reduction of container yaw moment of 
inertia. 

6.6.2 The Tandem *V Strop Arrangement 

The 'V strop ’was originated by Dr. D.F. Sheldon (of R.U.C.S., 
Shrivenham, U.K.), its object being to provide a constraint against yaw 
motions. For the strop system of Figure (6.1/4), the major problem has 
been shown to be lateral flutter and divergence. Flutter is ruled-out 
if the total number of lateral degrees of freedom is reduced to one, and 
such is accomplished on a rigid container by a parallel suspension with 
'V strops (Figure 6,15). The only lateral mode is combined sideslip and 
roll and divergence is excluded since yaw cannot occur. 

A series of wind tunnel tests was performed on 1' x 0.4' x 0,4' 
container models of various weights and moments of inertia, stropped as 
in Figure 6.15(a) with0» 10°. For a strop length of 2,25' and a 
minimun strop separation of 0.6' (the strops being symmetrically disposed), 
flutter and divergence were obviated at all practical windspeeds. It 
might be noted that Vmny in these tests produced a blowback angle = 50°, 
At the higher velocities, the yawing constraint was jeopardised by leeward 

-51- 



cable slackness. This was remedied by a 0,11 deflector strip »t 20° 
incidence relative to the container upper surface (Figure 6.1¾) which 
produced larger Tg. 

,. , Regrettably, time did not permit an extensive study of the tandem 
V strop, but the tests performed with this arrangement, with mS- 10° 

anil leeward deflector plate fitted, showed great promise. However, 
an obvious danger in stropping with such a high degree of restraint is 
tha“ helicopter motions could effectively relax the constraint and 
produce a helicopter/freight flutter mode. This subject is currently 
under investigation at R.M.C.S., Shrivenham, U.K. 

7. MATHEMATICAL MOnFT.9 

Parallel to the main experimental work two mathematical approaches 
have been investigated. The first approach, started before vdS 
tunnel results were obtained, attempts solution of the Navier-Stokes 
equations for two-dimensional, flew past an oscillating rectangular box 

' inference technique. The second approach, started after 
the wind tunnel results were available, attempts to represent the 
flow past the oscillating model by simple expressions in order to gain 

o^th^resSts^ fl°W raBchanisra» ^ as an aid to interpretation 

7.1 Finite Difference Solutions 

m0d?^ computer has nade practical the calculation of flows 

°í p^s# ■ I,:uch work is beir-e done ^ this field, 
•ith finite element and finite difference techniques fighting for 

pre-eminence. It was felt desirable to enter this field for the 
following reasons:- 

micht 3ead to ^^rmation on separated flows around 
blwf bouies v/hich experimental methods might not reveal. 

(b) It night be possible to calculate forces/moments 
oscillating container, albeit in txvo dimensions. 

on an 

(c) An efficient 'numerical wind tunnel' would be 
tool in this particular field. 

a valuable 
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Accordingly the compressible two-dimensional Navier Stokes Equations 

have been solved in the neighbourhood of a 1:0.4 rectangle by using two 

versions of the finite difference method. Details of the method have been 

presented in a report^0, and are only briefly summarised here. 

Two finite difference models, one explicit and one implicit, were 

used to simulate the viscous conçressible flow around an accelerating or 

pitching rectangular box. A grid system fixed relative to the box was 

chosen, although this required revision of the domain boundary conditions 

and of the fluid momentum equations. 

The boundaries of a finite domain can create serious problems, with 
pressure waves emanating from the obstacle surface being reflected 

from the boundaries and creating instabilities (the organ pipe 

phenomenon). This was solved by a coordinate stretching technique, 

the effect of which was to reduce the local speed of sound and viscosity 

of the fluid as the domain boundaries were approached. 

Finally in the construction of an implicit finite difference program, 
an algorithm for dealing with the nonlinear terms is suggested. 

These nonlinear terms have previously impeded the implicit solution of 

these equations, Biis also enables a satisfactoiy error analysis to 
be carried out on the derived linear equations. 

Numerical solutions using this technique have been obtained for a 
few cases. Some problems still exist, leading at the moment to 

limitations on run time before instabilities arise. One computer 

output, extending over the starting process and one cycle of oscillation 

is presented as Figure 7.1» In conjunction with the explicit method a 
program has been formulated to derive force and moment characteristics. 
One result obtained is shown in Figure 7.2. 

This work was started in the early days of the contract parallel to 

the wind tunnel work, and before wind tunnel results were forthcoming. 
’.Vith the flow of test results now established, and appreciating the 

limitations of the two-dimensional theoretical approach with regard to 

real containers, this work has been given a low priority. The potential 

of this approach is however not limited to the container problem, and 
it would seem well v/orthy of further investigation. 

7»2 Mathematical Models Based on Simplified Flow Assumptions 

The results from the pressure, free oscillatir and flow 

visualization tests show mar^y interesting points th ’.c need to be 

explained and correlated in order that results can be presented in 
the most meaningful way. One approach to interpretation is by way of 

mathematical expressions for pitching moment, etc., based on single 

physical ideas deriving from observation and measurenent. Ideally, 

the physical ideas should be soundly based, and the derived expressions 
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explain as mary features as possible cf the results v.dthout anticipating 

these features. To this end the most interesting features that might 

be represented for a simple pitching (or yawing) motion are the varying 

static and dynamic stability characteristics that correspond to 
various attitudes, for smooth or turbulent flow. 

Observation shows the separation bubbles varying in size with 
attil.uue, with bubble size lagging the motion. The pressure 

measurements show the highest suctions rear tlie front of the models 

'•"hen the orientation is with major axis close to the stream direction, 
with pressures approacidng ambient near the rear. In some ways this 

is similar to flow over thin rings or flat plates where separation 

bubbles form near the leading edge. Much work has been done on wings, 

with correlations and comparisons of results made, and some of the 

ideas arising from wing investigations would seem to have some 
relevance to the container model. 

The potential flow solutions for flow past conventional aerofoils 

give reasonable agreement with experiment. V/ith thin wings or flat 

plates pressure distributions are distorted near the leading edge by 

the leading edge separation bubble. A fair approximation to the actual 

pressure distribution has been obtained by assuming a constant level 

of pressure in the separated region, with pressures beiiind the separation 
reverting to the potential solution. The length of the bubble has 

been suggested as being tvice the distance from leading edge to where 

the potential pressure equals that within the separation. This is 

illustrated in Figure 7»3(a). with the container shape the suctions 

near the front would seem more modest, but, ignoring the small 

contribution coming from the front ana rear faces, similar assumptions 
lead to pror/dsing results. 

A first approach, ignoring almost entirely the actual wind tunnel 

results, was to assume a basic pressure distribution that varied linearly 
from some value at the front edge V ambient at the rear, with a 

separation bubble defined as for thin wings, as shown in Figure 7.3(b), 

With a constant pressure assumed for the static model, pitching moment 

variations with incidence (from major axis in stream direction) can be 
deduced, and some of these are shown in Figure 7.4. Ihis shows in 

one case a region of static stability about the major axis in stream 
direction position, with static instability for larger angles. It 

also shows that the static stability decreases and i.iay disappeau* for 
shorter bubbles - this would appear consistent with the observed 

difference between stability characteristics in smooth arel turbulent 

flew. the effects of an oscillation are simulated by making the 
bubble size lag the motion, then curves such as those given in 

Figure 7»5 result. These are in the form of loops witn a positive 
input of work, or 'negative damping'. A mean line through the 

loops shows a positive increase in slope with motion - or the increase 

in 'static stability' or acceleration effect noted in the wind tunnel 
results. The area of the loops also seems to vary with initial 

bubble length - as noted between results for the model in turbulent 

as against laminar flow - and the shape of the loops are very dependent 

on amplitude. For larger amplitudes the work input is concentrated 



near the centre of the motion. 

The main objections to the simple flow model assumed are that 
discontinuities occur in all the curves when the bubble length equals 
the full length of the model, and it seems difficult to choose the 
constants in the equations to give the right order of (¾ and incidence. 
This was perhaps to be expected, and the next stage was to postulate 
a slightly different fient model that utilised rather more directly 
certain of the wind tunnel results. 

It was noted that the sudden change in pressure assumed at the 
rear of the bubble was not apparent in the wind tunnel results - that 
the pressure tended to a much smoother variation. An alternative 
model was therefore proposed in v/hich a basically linear variation of 
pressure was simply cut off near the front of the box. This 
illustrated in Figure 7.6(a), Results corresponding to a stationary 
model were first computed, with the values of the parameters 
illustrated in Figure 7»6(b) chosen to give moments of the correct 
order of magnitude. The results for pitching moment and lift are 
presented in Figure 7»7, comparing favourably v/ith wind tunnel 
results. The level of pressure within the bubble was taken as C = 1, 
which is close to that found in experiment, for example in Figurep4.6. 
The variation of bubble length given in Figure 7*8 also compares 
favourably with the experimental results of Figure 5»2. 

Detailed wind tunnel results with turbulence are not available, 
but indications are that bubble length would be shorter, depth larger 
and hence levels of suction greater. Computed moment curves for 
varying levels of suction within the bubble are shown in Figure 7»9« 
This show's the same trend as that inferred from experiment - a 
decrease in stability, near major axis in stream direction, for increase 
in bubble suction. 

The modelling of unsteady flow required further assumptions to be 
made. It has been observed that bubble size lags the motion leading, 
with incidence increasing, to bubble lengths shorter than those for the 
same attitude when static. Nov/ the smaller bubble implies a higher 
suction, partly to turn the flow around a smaller radius and partly 
to entrain more air. It was assumed that the effect of lag could be 
computed by applying a phase lag to incidence, computing bubble length 
for that incidence, and assuming that length to apply at the correct 
incidence with a corresponding change in bubble suction (Figure 7*10)• 

Results for oscillations of amplitude 15° and 30° and with phase 
lags of 0, 30, 60 and 90 degrees are shown in Figure 7«11» Points of 
interest, all in agreement v/ith experiment, are:- 

(a) a phase lag results in unstable loops, 

(b) the energy input is more apparent for smaller angles. 
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(c) a mean line through the loop shows increasing slope (or decreasing 

•static* stability) with increasing phase lag. This change in 

angle should really be attributed to an acceleration, or Cm¿j effect. 

Note that phase lag (p) is simply related to frequency parameter wd, 

by wd » Tan P. 

Now the loops formed are all destabilising, in no case having the 

stabilising subloops observed in the experimental results. It should 

be noted, however, that the only dynamic effect assumed can in no way 

represent the conventional damping that occurs, for example, with 

attached flow past streamlined shapes in pitching motion, or with 

completely detached flows past bluff shapes in fore and aft motion. 

If this type of damping is added loops such as those shown in 
Figure 7.12 are produced. With increase of conventional, or viscous 

type, damping the destabilising loop becomes progressively more stable 

-."ith, for the amplitude of +_ 30° illustrated, stabilising subloops 
appearing at the extremities of the notion. The effect of amplitude 

in shown in Figure 7.13. For one level of damping and one phase lag 

the loops are dynamically unstable for small amplitude, becoming 

more stable (per unit amplitude) as amplitude increases - indicating 

the approach to a limit cycle situation. 

Figure 7.12*. illsutrates the effect of datum error. This is of 

interest in comparison with the wind tunnel results of Section 4, 
indicating that certain asymmetries in the results nay simply be due 

to comparatively small changes in flow direction. 

The bubble lengths implied in these computations can be easily 

computed - one case is presented 5jí Figure 7.15. 

In summary, the simplified flow model seems to lead to lift, 

moment and bubble characteristics that follow fairly closely those 

obtained from experiment, in particular representing many of the 

static and dynamic stability and instability regions. 

Extension to higher angles, and to cases involving other degrees 

of freedom, would seem possible and could well fonn part of further 

investigations. 

The broadside on (^ = 0) case has a flow pattern where the 

separated flows around °the side faces do not re-attach. During 

oscillation the flow may re-attach, the variation in angle for re¬ 

attachment being very dependent on amplitude and frequency parameter 

(see Sections 4 and 5)» It seems probable that a simplified flow 

pattern could be postulated that would lead to a mathematical model 

for this case as well, and again this could fom a part of further 

investigations. 

-56- 



Such nathcinatical models v/ould Beem the most compact and 
meaningful v;ay by which the very non-linear characteristics of the 
container model can be represented for use in analysis of container 
mo tion. 

8. COhCLUSIONS AIID SUGGSSaOIiS FGh FURTHER RT.SILÏÏICH 

The most important results stemming from this investigation are 
tliose presented in Section 4, i.e. results from pressure measurements 
in wind tunnels. Results from several other related investigations 
have been presented in Section 2 (Free Oscillation Tests), Section 5 
(Flow Visualisation Studies), Section 6 (Free Vibration Tests) and 
Section 7 (Mathematical Models). In all cases, appropriate 
discussion has been included in the Section, with some cross reference. 
Indications are that all investigations are in broad agreement. 

The extensive pressure and flow visualisation tests have 
revealed extreme complexity in the flow situation around bluff 
container shapes, relating to separated flows. These flows may or 
nay not reattach and will usually involve strong interaction between 
component fix s or. normal stream" ise faces. The dynamic tests clearly 
showed Lhe pronounced lag effects at moderate to high frequency. 
Attempts to*model the flow with simple mathematical expressions show 
considerable promise, and it is felt that this will be the most 
suitable means of representing the complex, non-linear, aerodynamic 
characteristics for use in future stability investigations. 

ith particular regard to the stability characteristics, about 
a central minor axis, of a 1:0.4:0,4 cargo container, the following 
conclusions may be drawn:- 

1. The container exilibits yaw static stability over a small angle 
range from major axis in strear. airection and over a large angle 
range from major axis across stream direction for a 'clean' flow, 

2. A small amount of yaw removes the 'in stream direction' stability. 

3. Turbulence in the free stream can also remove the stability. 

4. The container is dynamically unstable at virtually all 
orientations, although with major axis across the stream the 
resulti-ig motion is in the form of a limit cycle. 

5. The static stability characteristics are closely associated v/ith 
the size of the separated regions, and the dynamic stability 
characteristics with the growth and decay of these regions. 

6. Minor changes in flow appear to give rise to large changes in 
stability characteristics. 

These conclusions relate to motion in pure yaw and the comments 
regarding static stability need to be modified in those cases where 
the axis of yaw rotation is not central to the container (as, for 
example, on twin strop suspensions). 
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V/hilfi only one shape has been investigated in detail, the 
overriding impression is that any bluff shape which generates large 
separated flows will almost certainly exhibit similar troublesome 
characteristics at many attitudes. Because of the diversily of 
cargo shapes and of the lack of knowledge of aerodynamic actions, it is 
very unlikely that an assessment can be made, a priori, -2 the 
stability for a particular cargo. The best that can be done is, 
probably, to acquire experience of aerodynamic characteristics of 
bluff shapes so that maximum magnitudes of destabilising actions may 
be assessed. 

An obvious suggestion for further research is the extension of 
the joint integrated-pressur^flow visualization techniques developed 
herein to other bluff shapes in order to assess the stability 
implications of changes in shape of underslung cargo l.>ads, Hcwever, 
with the vast improvement in methods of direct force transduction over 
the past five years, an investigation into the possibility of direct 
dynamic force measurement as an alternative to the techniques used 
herein, might be undertaken. The above techniques mi^ht also be extended 
to investigate such related items as problems arising from flows around 
helicopter fuselages or, in an entirely different field, those stemming 
from unsteady flows over pitching aircraft carrier decks. 

Problems involving appreciable aerodynamic hysteresis effects 
have been shown to abound on the simple container shapes studied herein, 
and it is felt that more effort should be expended in the investigation 
of the many aspects of what might be termed 'dynamic stall', These 
studies have also highlighted the extremely complex structure of wakes 
behind simple bluff shapes and this could well be the subject of a 
rose inch study in its own right. These are areas where there are very 
few academic guidelines. 

Finally, the decaying oscillation technique used herein should be 
developed since it provides a method by which rapid assessments of 
overall stability may be made. This method is ideally suited to the 
problem of assessing the stability, in a single degree of freedom, of 
complex shapes, e,g. vehicles. 
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APPENDIX 1 

DERIVATICH OF AERODYNAMIC FORCES AND MCMENTS FRCk THE MOn^.S 

The pressure distributions obtained from the oscillatoiy models 

(Section 3) were used to obtain overall aerodynamic forces« Such forces 
were derived using areas and moment arms ascribed to each pressure point. 

These areas and moment arms are given in this Appendix, together with 
details of the integration process. 

The pressure distributions derived in Section 3 were expressed as 
discrete voltages associated with a time from the being of the signal. 

The pressure at a typical point k may be taken as P^j where j runs from 
1 to some value (see Appendix 3) to give a number of discrete values to 

pressure throughout the oscillation. If A^ is the area associated with 

point k, then A^ is a force associated with point k. For any one 

face of the model the elemental forcer can be stunned for the points on 
that face to give discrete values to the total force throughout the 
oscillation. 

k=N 

kel 

Small Model 

With the small model the pressure points were not always at the 

centre of the area associated with them and weighting factors (¾) were 

therefore associated with them, making the force associated with the 
Wk ^ Pk;j. 

Each face only contributes to force in a direction normal to the face, 

or in general the force could be multiplied by direction cosines (alweys 

zero or +_ unity) to give the contribution in any direction. The total 
force vector is therefore 

Kpw)] 'lâf V \ ** pkj}] 
ksl 

where is the vector of direction cosines for point k appropriate to 

the X and y directions, and F is a matrix having two components = x 
and y in turn) for each value of j, corresponding to different times 
during the motion. 

The aerodynamic moments are obtained in similar fashion, where the 
elemental forces are multiplied by an appropriate moment arm, equal to 
the distance of the centre of the element from each axis, (N^). 
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The resulting moments can be expressed as a matrix having three 
components for each time during the motion« 

k=iiPTS 

V \ *k \ pkj}] 
k=l 

Values of V and for the small model are given in Table III. 

Large Model 

The procedure for the large model is similar to that for the small, 
but without the weighting factors W, , and allowing for all three 
directions (i.e. ¿ = x, y and z). 

Expressed in coefficient form 

kJJ 

M -U; 2fs wj 
k=l J 

where ev2 , and A is the appropriate reference area for the 0 
direction. ^ 

Similarly, the moment coefficients are expressed as 

where V is the volume of the model. 

Values of L^, and for the large model are given in Table III. 
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ATTENDU 2 

ANALYSIS OF the osnTT.TATOHY MECHANISM FOR THE MODELS 

In Section 3* 1*2 it was stated that a mechanism was used to 
prescribe the motions of the 1:0.4:0.4 model. The mechanism consisted 
of a constant speed motor with a link arm connected via a rotor arm in 
such a way as to impart rotary motion alout the z axis of the model. 
This mechanism is easily analysed and the analysis is given in 
Figure A2.1, A comparison of the theoretical and experimental position 
traces using equation 1 in Figure A2.2 shows good agreement. 
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APPENDIX 3 

AVERAGING PROCEDURE FOR FRESSURE SIGNALS 

In Section 3 & procedure was mentioned which averaged the unsteady 

pressure signals, Oils was necessary in order to ensure that the final 

digitised signals were sufficiently representative of the actual surface 

pressures. The basis of the procedure was an algorithm in which three 

basic parameters could be chosen to average the unsteady signals and 

hence optimise the integrity of the overall pressure distribution. 

These parameters were the number of signals N^^g, the number of sample 

values Ng^ (or ordinates) and the number IS of values spread between 

consecutive ordinates (i,e, between sample values). These parameters 

are shown in Figure A3.1, 

Hie discrete values of the digitised voltage are represented by S., 

Hie parameter j also represents time along the abscissa and is 
indicative of the signal time depending upon the rate at which the 

signal is being scanned by the A.D.C. The spread values between ordinates 

are numerically averaged to give each S . value, 
J 

The algorithm which carries out this process may be expressed as 

k=IS 

k=l 
TNsjÕs*IS) 

á=1,NSAM 

where is the discrete value of signal obtained at spread point kf 

for the sample point j, on signal trace i( (where IS spread values and N^^g 

signal traces have been used to produce each sample value Sj), In 

the case of the small model four signal traces were chosen as the 

optimum (N^jçg = 4)» with 10 spread values for 31 sample values in 1,5 

seconds of signal trace. 
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PROGRAMME FOR EVALUATION OF DERIVAUVES 

Süfc 

Die data available are values of 0 and M over p time intervals, say, 
spanning a period of excitation; viz:- 

*0 ti *2 . • . • tp 

6b % ^ * * * * % 

“l “2 • • • • Mp 

where t - t = 2 ft - excitation period = T seconds. 
P 0 tfT 

If it is assumed that 

0 s acostit + bsinttt 

A. cos jot + B. sinjcdt 

then, by Fourier Series theory. 

a s 

A. = 

B 

0(t) cosotdt , 

0(t) sinotdt , 

h 
f1« 
lo "• 

rT 
l ¿3 M(t) dt , \ zrr 
Jo 

Ç M(t) cosjwrtdt , 

f ^ M(t) sinjídtdt . 
and 



As the time intervals, dt = X/p, are equal, Simpson's rule can be 
used to effect the above quadratures. If the vectors 

0 * ÍGb* ••• * 6pî * ï = íMo* * Mp} 

Cj = (cosj«to, ... , cosjwtp] , = {’sinj«t0, ... , sinj«tp} 

are defined along with the weighting matrix 

then 

W = Diag [ 1, 4, 2, 4, 2, 4, ... f ij (Simpson's mle). W 
fSJ 

a = 

b = 

*3 = 

B. = 

__2 
3p 

^2 
3p 

_2 
3p 

eT w 

-£ nT 

mt w 
3p ~ ~ 

T” W 

Si 

01 W Sl 

ci * 

s. 
'-O d ^ 0 

and 

where 

A = 

1 m 

JL M-1 W 
3p " 

{l. 1 

"A , ^ r* w 

f • • • f 

1 

i] (order p + 1 x l). 

’tVhen assessing derivatives, one only has to consider the harmonic 
components of excitation and response. Hence, we shall be concerned 
only with the coefficients a, b. A-, B - talcing careful note of the 
other A^., since these measure tne departure from linear behaviour. 

From the definitions of Ac and 0 we have Ac = (a cosut + b sirxot)C 
.1/ . \ m m ' nw 

+ «*>(-a sinM + b cosa>t)C . 

qSd coswt Ji 
qSd 

whence, on comparing coefficients 

m« 

mit = 

aA^ + bB^ 

—“ ■ '9 J 

qSd(a +b ) 

“i- aB1 

-3T“ 
qSdm(a+b ) 
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Hila gives & rapid and systematic means for evaluating the 
derivatives from the traces or, rather, from the raw force data. The 
cross derivatives may be determined similarly by replacing A_ and B, by 
the appropriate harmonic teros in the Fourier Series for the‘various 
forces. 

Thus, if F = E + 2[e. cosi\jt + F. sin^jt , 
X O j j 

then 
X* 

aE bF, 1 + 
- -y 

qS(a + b ) 

and C . *_ 
XÔÍ 

bE1 - aF1 
■ ■■ ■ 

qS6)(a + b ) 

idie re E 2 T 
¥ á * c. 

2 T -r; F W a. 
3p «X -» 

and F «X Pxl* — » F 
XP ) 

For convenience in computation, it is sometimes better to evaluate 
the dimensional derivatives 

qSdC^, qSCp 
X« 
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TABLE I 

SCOPE OF TESTS ON CONTAINER TO DATE (18.12.75) 
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TABLE I (Continued) 
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TABLE I (Continued) 
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GLOSSARY FOR TABLE I 

X indicates that pitching moments only are evaluated* 

X indicates evaluation of *n components of force* 

P indicates pressure distribution study, 

P indicates integrated force evaluation, 

L indicates loop diagram plot* 

D indicates derivatives obtained* 

J indicates that the particular case is discussed in 
this Report, 
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TABLE II 

AJTÎODYNAMIC DERIVATIVES FOR 1:0.4:0.4 CCHTA3UER 

(i) ^ =90° » ~eo ^90° . de = ± io° 

wd .2809 .3795 4176 .5121 .5259 .6938 .7169 1.0754 

cx# 

> 

fW« 

.0¿74 

.7435 

.0037 
-.6279 
-.0469 

.0485 
-.1831 

-3.1131 
.0155 
.7467 
.0043 
.2148 

,018¿ 
.3634 
.1245 

-.5651 
-.0521 

.0850 

.1320 
-3.6412 
-.1710 

.7864 

.0289 
-.0575 

-.1294 
-.1843 
-.0166 
-.3906 

.0905 

.1509 
-.1860 

-3.2447 
.0360 
.7716 
.0813 

-.0314 

-.0666 
-.0861 
-.2061 
-.2083 
-.0159 

.1459 
-.2886 

-3.3970 
-.2608 

.6504 

.0401 
-.1128 

-.1652 
-.7925 
-.0923 
-.2090 

.0867 

.1347 

.3391 
-3.3400 

.1136 

.8277 

.0678 
-.0513 

-.0318 
-2.9043 
-.1708 

.2501 
-.0278 

.0485 

.3512 
-1.8473 
-.0196 

.1132 

.020 
-.1178 

.235¿ 
-3.4900 
-.3557 

.2972 

.0043 

.0753 
-.0881 
-.8090 
-.0635 
-.9130 
-.1072 

.0362 

.1009 
-3.0443 
-.6973 
-.7786 

.0294 
-.0840 
-.0904 
2.5476 

.4850 
-I.3648 

.0442 
-.0637 

(ii) \pQ = 4 90° » eo = 0° , d^= ± 5.5° 

.3743 .4208 .5611 .8416 

% 
«roc* 
¿ay* 
SÉ* 

& 
Ä* 
mzy 

-.9406 
-.1126 

.1446 

.0491 
-.0117 
-.1780 
1.0182 
-.4202 

.1326 
-.1338 
-.0876 
1.2346 

-.9172 
-.1059 
-.0152 
-.0574 

.0164 
-.0126 
I.4277 
-.2039 

.0439 

.0522 

.0512 

.8605 

-.9994 
-.2317 

.0477 
-.0543 

.0363 

..1751 

.5705 
-.0606 

.1111 
-.0223 

.0235 

.7822 

-.6074 
-.3408 
.0269 

-.0986 
.0194 
.3039 
.3179 

-.1226 
-.0207 
-.0317 
-.0162 

.3462 
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TABLE II (CONTINUED) 

(iii) = 4 90°» ^ = + 5° , dyi' = i 5.5° 

wd .54U .3871 .5377 .8416 

c / 

cy^ 

Cz^ 

Crax^ 

Cx^ 

Cy^ 

Cz)b 

Cmx)Í' 

Cmy^ 

Cmzjí> 

-1.2937 

-.1839 

-.0386 

-.0169 

-.2182 

-.0133 

1.2686 

-.3639 

.1804 

.0965 

.2656 

.8076 

-1.3096 

-.1234 

-.0556 

-.0439 

-.1695 

.0452 

.7818 

-.3016 

-.0051 

.1125 

.2482 

.6459 

-1.2558 

.1052 

-.2263 

-.0868 

-.1854 

.2302 

.6500 

-.2296 

-.0016 

.1744 

.2175 

.5439 

-.9905 

-.2551 

.1552 

.0348 

-.1820 

.4008 

-.1182 

-.1765 

.1144 

.0517 

.0228 

.2843 

Uv) = 4 90°> eo = “5°, dÿ = ± 5° 

W4 .3740 .i¿08 .5611 .8416 

Cx^ 

V 

V 
Cmxfl 

Cmy^ 

Cxÿ/ 

Cy? 

Cz¿ 

^mx^ 

(W 
C • 

Tnz>i> 

-1.1179 
-.2521 

.0452 

.0034 

.160 

.1013 

1.2868 

-.2799 

-.0022 

-.3292 

-.2893 

.6713 

-1.4019 

-.2178 

.0041 

-.0797 

.2035 

.260? 

.9479 

-.2644 

-.0868 

-.0651 

-.2435 

.7970 

-1.0957 

-.2113 

-.0566 

-.0977 

.1685 

.1730 

.7683 

-.1884 

-.2180 

-.2558 

-.1714 

.4904 

-.7820 

-.3602 

-.0626 

-.0893 

.1494 

.2361 

.2000 

-.0074 

-.0168 

-.0490 

-.1306 

.2193 
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r 
TABLE II ( CCUTPIUED) 

(v) % = + 90? e0 = 0° , dy> =± 9C 

10¾ I re* Stream Turbulence 

"xyfr 

ciax^ 

Cmy^ 

Zm$ 

V 

r% • 

.A075 

-1.1053 

-.1481 

-.0328 

-.0626 

.0475 

.0661 
1.4234 

-.2407 

-.0010 

.0217 

-.0309 

1.0973 

1.01B8 

-.3065 

-.0090 

.0267 

.0044 

.0029 

.1479 

.06¾ 

-.1019 

-.0076 

-.01¾ 
.0117 

-.1894 

(vi) \pQ = 95°, eQ = o°, ay = 3.52- 

w. 

xy 

"yy 

zy 

nay 

Cnyy 
c mzy 
C . 
xy 

c . 
yy 

c . zy 
c . nay 
C . 

rayy 
c . mzy 

.tf>33 

—.0568 

.1431 

-.0147 

.0175 

.0296 

.0115 

.0941 

-2.5058 

-.0642 

-.0847 

-.0351 

-.1358 

.4963 

-.0428 

.7588 

.0664 

.0544 

.0190 

-.0412 

-.5208 

-2.7113 

-.0648 

.0528 

-.0091 

.1310 

.7445 

.0086 

1.21¾ 

-.0428 

.0038 

-.0062 

-.0428 

-.2039 

-2.4787 

.0277 

-.0192 

.0705 

.0031 
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TABLE II (CCNTIMUED) 

(rii.) = 4 90°, % = 0°, dy = 3.54" 

W4 .3366 .3722 .4963 .7445 

CXJ 

cyy 

Czy 
C 
noy 

C 
myy 

^mzy 

C*ÿ 

cyÿ 

Caÿ 
C . 

nory 
C . myy 
C . mzy 

-.0454- 

.1618 

.0369 

.0035 

.0076 

.0235 

.1772 

-2.2980 

-.1002 

-.0488 

-.0670 

-.057 

.0346 

.1225 

.0057 

-.0131 

.0250 

-„0024 

-.0926 

-2.1171 

-.1121 

.0603 

.0355 

.1297 

.0223 

.7549 

.0218 

-.0605 

-.0082 

.0064 

.2001 

-2.2190 

-.0883 

-.0318 

-.0148 

.0047 

.0203 

1.9647 

-.0022 

.0348 

-.0596 

.1053 

.0350 

-2.6653 

-.0061 

-.0086 

-.0236 

.0074 

(viii) = •*■ 90°> e0 = Q° » d// = ±11.5° 

"d .1509 .1783 .2268 .3441 .3562 .4424 .6452 1.07547 

Cx* 

V 

CBX)/S 

Cazf 

Cxj/ 

cyï 
c j zy/ 

Cmxyi/ 

Caz^ 

-1,2419 

-.0427 

-.0144 

-.0223 

.0001 

-.2040 
1.3986 

-.2799 

.2884 

.0632 

.0228 

.8226 

-I.I723 

.1595 

-.0222 

-.0244 

.0124 

-.1820 
1.1802 

-.2294 

-.1229 

-.0385 

.0674 

.7066 

-1.1589 

-.0373 

-.0063 

-.0349 

.0200 

-.2201 
-.5212 

.1190 

.2333 

.0905 

-.1137 

.7281 

-1.1779 

-.0622 

.0484 

.0240 

-.0052 

-.0268 
I.O679 

-.0607 

-.0123 

-.1060 

-.0029 

.7240 

-1.0738 

.0478 

-.0206 

-.0566 

.0164 

-.0944 
.4967 

.0098 

-.0451 

-.0751 

.0074 

.6973 

-1.1085 

-.0180 

-.0018 

-.0092 

-.0146 

-.0363 
.2130 

-.1730 

.0920 

-.0454 

.0376 

.7042 

-.9651 

-.0065 

-.0429 

-.0547 

.0089 

.1235 

.4086 

-.1602 

.0309 

.0551 

.0090 

.3765 

-.7853 

.0068 

.0241 

-.0388 

.0119 

.3792 
-.082? 

-.0283 

.0760 

.0289 

.0244 

.1958 
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TABLE II (cqmNUED) 

(ix) Ÿo = + W0* % = 5°, ♦ 3.5°, dx = 1.91" 

wa (a) .3871 (b) .4039 (c) .6452 (d) .9679 

°« 

°« 
c 

moc 

CiB¡yx 
^mzx 
C . 

XX 

c . 
yx 

c * zx 
c . mxx 
C . myx 
C . 
mzx 

.9052 

.1060 

.0847 

-.0006 

.0774 

-.3400 

-2.7616 

.8985 

-.1295 

-.3006 

-.3097 

-.7974 
x 

-1.1668 

-.1367 

-.1092 

.0007 

-.0998 

.4383 

3.5597 

-1.1581 

.1670 

.3875 

.3992 

I.0279 
X X 

.9063 

-.0623 

.0867 

.006 

.1210 

-.5249 

-2.8239 

.7009 

-.1102 

-.1390 

-.3267 

-.3016 
X 

-1.1682 

.0803 

-.1118 

.0080 

-.1560 

.6767 

3.6400 

-.9034 

.1420 

.1792 

.4212 

.3887 

1.1415 

.1043 

.0708 

-.0107 

-.0401 

-.7132 

-2.5125 

.4721 

-.1628 

-.2129 

-.3280 

.0099 
X 

-1.4714 

-.1344 

-.0913 

.0138 

.0517 

.9193 

3.2386 

-.6086 

.2098 

.2744 

.4228 

-.0128 

2.0945 

.2214 

.0073 

-.0702 

.0943 

-I.2750 

-2.6554 

.1344 

.0362 

-.1398 

-.2711 

.9035 
X 

-2.6998 

-.2854 

-.0094 

.0904 

-.1216 

1.6434 

3.4228 

-.1733 

-.0466 

.1802 

.3495 

-1.1647 
XX 

(x) = ^90° > eo = 5°, dx = 2.5" 

*d .3366 .4208 .5611 .8799 

°« 

°« 

Cmx 
C 
«yx 

C 
«SX 

C . 
XX 

C . 
y» 

c«i 
c. 

c . 
«yx 

C . 
«SX 

-.0655 

•4183 

-.1373 

-.1079 

-.0925 

-.201 

-1.9002 

.2674 

-.1807 

-.2073 

-.3224 

.1365 

-.1826 

.3462 

-.1249 

-.0239 

-.0730 

-.1854 

-2.0094 

.3487 

-.3212 

-.1136 

-.0766 

.2554 

.1436 

.3467 

-.1717 

-.0079 

-.1596 

-.5155 

-2.0354 

.2798 

.1658 

-.0576 

-.2171 

.3363 

1.0162 

.0195 

-.0417 

-.1576 

-.1350 

-.6912 

-2.0159 

.3526 

-.0150 

-.2260 

-.1793 

.4940 
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TABLE II (CONTINUED) 

(3d) = + 90°, eo = 0°, = 3.5°, dx = 1.91” 

wd .3871 .4839 .6792 1.0188 

Cxr > 
zf c 

c . 
mzf 

cX{ 

cl 
mxx 

C a 

C * 
mxf 

.7434 

.0715 

.1266 

.0971 

.0290 

-.2601 

-2.8679 

1.1268 

. 2648 

.2505 

.0239 

-.6027 

X 

-.9662 

-.0930 

—.1646 

-.1263 

-.0377 

.3380 

3.7276 

-1.4645 

-.3442 

-.3256 

-.0311 

.7833 

XX 

.7508 

.1651 

-.0584 

.1010 

.0058 

-.>£24 

-2.7949 

.8764 

.0922 

.02*49 

.0616 

-.3466 

X 

-.9758 

-.2146 

.0759 

-.1313 

-.0075 

.6270 

3.6327 

-1.1391 

-.1198 

-.0583 

-.0801 

.4505 

XX 

.7455 

.4576 

.1264 

.0937 

.0212 

-.8160 

-2.0041 

.1523 

-.2548 

-.3635 

.2584 

-.2185 

X 

-.9689 

-.5948 

-.1643 

-.1218 

-.0275 

I.0606 

2.602*8 

-.1979 

.3312 

.4724 

-.3358 

.2840 

XX 

1.5346 

.9155 

.0082 

.1161 

-.0776 

-1.2475 

-2.4565 

.2475 

-.0596 

-.1540 

.0204 

.5825 

X 

-1.9946 

-1.1899 

-.0107 

-.1509 

.1008 

1.6214 

3.1928 

-.3217 

.0774 

.2001 

-.0266 

-.7572 

XX 

♦T/fïx *rjnp 
(xii) ^ = 0°, 0O = 0°, dx = 2.5 

Wd .3226 .4399 .5611 .82*16 

°« 
C 
yx 

C 
zx 

C 
nxxx 

C 
mzx 

Cxx 

Cyx 
C . zx 
C . 

mxx 
C . 

myx 
C . 
mzx 

-.0517 

.0366 

-.0398 

.0654 

-.2111 

-1.4712 

.2438 

.0329 

.062*8 

.1320 

-.3940 

-.0546 

.0574 

.0359 

.0703 

-.2857 

-1.8878 

.1144 

.0837 

-.12*18 

.0623 

-.0714 

.2216 

.4061 

—.062*8 

-.0107 

-.4517 

-1.5481 

.0190 

.1248 

-.0155 

.1030 

.1081 

.7453 

.2536 

-.0048 

.0572 

-.6724 

-2.1660 

.2721 

-.0522 

-.1859 

.0032 

.6601 
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TABLE II (CONTINUED) 

(xiii) % = 90» eo = 0°» ¿*=1.9", =10°- 

lwd 
(a) 

.4075 
(b) .5094 

(c) .6452 
(d) 1.0188 

|°x* 

Cy* 

I Czd 

I C|nx^ 
c , 

I c 
mz0 

c k xt 
C ¿ 

c 1 zp 

1 Cn“ 

1 Gny 

1¾ 

-.2232 

.7580 

.0469 

.1123 

.0546 

-.2267 

-1.9162 

.1665 

.0409 

-.2894 

-.0232 

.1275 

■ 

.0950 

-.3226 

-.0200 

-.0478 

-.0232 

.0965 

.8155 

-.0708 

-.0174 

.1231 

.0099 

-.0543 

XX 

-.2173 

.7300 

.1203 

.0918 

.0307 

-.2018 

-1.5412 

.0121 

.1818 

.0492 

.0315 

-.1641 

■ 

.0925 

-.3107 

-.0512 

-.0391 

-.0130 

.0859 

.6559 

-.0051 

-.0774 

-.0209 

-.0134 

.0698 

-.2979 

.1650 

-.2503 

.0622 

-.0292 

-.3563 

-1.8786 

-.1084 

-.0412 

-.0914 

-.0613 

.6002 

X 

.1268 

-.0702 

.1065 

-.0264 

.0124 

.1516 

.7995 

.0461 

.0175 

.0389 

.0261 

-.2554 

XX 

.7556 

.5008 

-.3445 

.0873 

.0926 

-.8418 

-2.4427 

.0710 

.1673 

-.0957 

.0362 

.9062 

X 

-.3216 

-.2131 

.0615 

-.0371 

-.0394 

.3583 

1.0396 

-.0302 

-.0712 

.0407 

-.0154 

-.3857 

* Derivatives non-dimensionalised by displaceSMit e.g. dx = 1«9" » 0,154' 
for the value of given. 

« Derivatives non dimensionalised by ancilar di sp láceme nt e.g. d)í = ID - 40' 

For example the derivative C , is -.2232 where the derivative has been 
non-dimensionalised by dX = x*1.9" and .0950 where the non-dimensional 
parameter is = 106 - 40'. This is also true of the other 
combined motions. 

MOTES 3i TABLE II 

1. The derivatives with respect to a, x and y are really the in-phase 
component of the associated force coefficient and, as such, include 
all acceleration effects. 

2. The existence of substantial C and C terms is indicative of 
acceleration effects. In general, these are seen to diminish as 
frequency is reduced - as expected. 
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TABLE III (A) 

AREA AND MCMENT COEPPICŒHfTS AND AREA DIRECTICN 
COSINES FOR 2'»*8'»•8' CONTAINER MOEEL 

k L/k *1= N . zk V 

1 
2 
3 

ï 

39 

1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

-1 
-1 
-1 
-1 
-1 
-1 

-1 
-1 
-1 

-O.I06 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 

0.106 
-0.106 
0.106 

- .106 
0.J.06 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.071 
0.071 

-0.071 
0.071 

-0.071 
0.071 

-0.071 
0.071 

-0.071 

continu 

0.8 
0.8 
0.4 
0.4 
0.0 
0.0 
-•4 
-.4 
-.8 

-.8 
0.8 
0.8 
0.4 
0.4 
0.0 
0.0 
-.4 
-•4 

-.8 
-.8 
0.8 
0.8 
0.4 
0.4 
0.0 
0.0 
-.4 
-.4 
-.8 
-.8 
0.266 
0.266 
0.8 
0.0 
-.266 
-.266 

0.266 
0.266 
0.000 

ed above 

-0.266 
0.266 

-0.266 
-0.266 
-0.266 
-0.266 
-0.266 
-0.266 
-0.266 

-0.266 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
o.ujo 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 

-0.266 
-0.266 
-0.266 
-0.266 
-0.266 
-0.266 

0.000 
0.000 
0.000 

_ 

k 
! 

L* *lc "zk N , 
i* 

40 
a 

78 

86 

-1 
-1 
-1 
-1 
-1 
-1 

-1 
-1 
-1 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0.071 
-0.071 
0.071 

-0.071 
0.071 
-0.071 

0.071 
-0.071 
0.071 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 

0.106 
-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

-0.106 
0.106 

0.000 
-.266 
-.266 
0.266 
0. 266 
0.000 

0.000 
-.266 
-.266 
-.8 
-.8 
-.4 
-•4 
0.000 
0.000 

0.4 
0.4 
0.8 
0.8 
-.8 
-.8 
-•4 
-•4 
0.0 

0.0 
0.4 
0.4 
0.8 
0.8 
-.8 
-•8 
-•4 
-.4 

0.0 
0.0 
0.4 
0.4 
0.8 
0.8 

0.000 
0.000 
0.000 
0.266 
0.266 
0.266 

0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 
0.266 

0.266 
0.266 
0.266 
0.266 
0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 

-0.266 
—0.266 
—0.266 
-0.266 

-0.266 
-0.266 
-0.266 
-0.266 
-0.266 
-0.266 
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TABLE IV 

CCMRJffiD FLUTTER AND DIVEROSNCE SPEEDS FOR I'xO.I*.** 0.4' CCNTAINER 
SUPP0R1ED BY 4-STROP PARALLEL SUSPENSION ARRANGEMENT 

12 
If 

If 

If 

II 

II 

M 

II 

«I 

II 

•I 

M 

It 

II 

II 

•I 

ft 

H 

II 

II 

It 

It 

II 

M 

II 

II 

«I 

n 
it 
h 

it 

it 

h 

it 

it 

ti 

M 

ft 
II 

H 

If 

n 
slug 

k 

ft 

.012 
h 

h 

h 

•i 

it 

h 

.0076 

.024 * 

.012 " fi 
it 

h 

it 

H 

.OO76 

.012 
II 

II 

II 

It 
If 
II 

If 
It 

II 
II 

II 

H 

II 

.0076 

.012 
II 

If 

41 

H 

If 

II 

.4 

.1 

.4 
If 

II 

II 

If 

.2 
•4 

.4 
II 

H 

II 

II 

II 

ft 

tl 

If 
H 

tl 

II 

It 
ft 

ft 

.1 

.4 
ft 

ft 

It 

ft 

N 

ft 

II 

( 
ft 

C^c 
ft 

2.25 
It 

It 

tl 
II 

II 

II 

It 

It 

ft 

1.5 
2.25 

If 

tl 
H 

tl 

ft 

tf 

H 

5 
10 
1.5 
2.25 

tl 

tt 

ft 

It 

It 

•I 

II 

II 

N 

II 

tl 

tt 

1.5 
5 

2.25 
II 

It 

II 

1 
II 

It 

II 

It 

It 

n 

.6 
tt 

tl 

II 

H 

If 

tl 

tt 

tl 

.8 
It 

tt 

II 

II 

tt 

It 

tl 

tt 

I» 

II 

II 

«I 

M 

tt 

tt 

II 

tl 

II 

tt 

tt 

tt 

II 

II 

H 

If 

''l 
ft 

0 
tl 

N 

H 

n 
•t 

tt 

0 
tt 

tl 

It 

tt 

If 

N 

tt 

It 

.1 
N 

N 

It 

tl 

tl 

tl 

•I 

II 

tt 

tt 

tt 

tt 

tt 

tt 

•I 

0 
tt 

It 

II 

II 

If 

tt 

It 

II 

II 

ft 

0 
•I 

II 
tf 

II 

tl 

•I 

.4 
«9 

tl 
N 

It 

tt 

tt 

.1 
N 

•I 

tl 

tl 
N 

tt 

•I 

ft 

tt 

tt 

tl 
tt 

II 

.2 
tl 

II 

«I 

It 

tt 

tt 

It 

tt 

II 

I46 
II 

73 
146 

II 

II 

II 

tt 

tl 

II 

m 

73 
146 

it 

tt 

a 

tl 

N 

tt 

tt 

II 

It 

73 
292 

-300 
146 

tt 

II 

tl 

If 

II 

50 
146 

It 

II 

N 

II 

70 
-70 

2 
146 

y* 

273 
a 

a 

137 
273 

a 
a 
tt 

a 
a 

137 
273 

N 

a 
a 
tt 

a 
a 
a 
a 

a 

546 
136 

1 

273 

120 
273 

a 
a 
• 

a 
a 

400 
137 

80.5 
II 

a 

40 
80.5 

a 
a 
a 
a 
a 

a 
a 

161 
80.5 

a 
a 
a 
a 
a 

a 
a 

a 
a 
a 

161 
80.5 

a 

100 
80.5 

23.4 
II 

50 
23.4 

tl 
a 

tt 

a 

a 

50 
23.4 

a 
a 
a 
a 

a 
a 
a 

a 
a 
a 
a 

100 
23. 
70 

23. 
a 

a 
a 
a 
a 
a 
a 

X 

69a 
a 
a 
a 
a 
a 

0 

69.1 
a 
a 
a 
a 
a 
a 
a 

0 

69a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

22.2 
25.8 
25.8 
22.7 
23.6 
21.6 
15.0 
27.3 

41*69. ij 17.8 
24.0 

4 69. Ij 23.0 
29.6 
18.5 
23.0 
24.0 
23.O 
22.0 
22.0 
22.7 
23.8 

a 
tt 

a 
a 
a 
a 
a 
a 
a 

¥f 
f/s 

22.5 
40.8 
22.6 
22.6 
39.7 
23.5 
19.8 
24.O 
22.0 
38.6 
27.7 
25.5 
30.9 
17.8 
29.6 
23.9 
22.8 
29.9 
17.9 
23.7 

D 
f/a 

12.3 
9.8 

17.5 

16.6 

12.7 

11.8 
22.6 

X Nominal values from Ref. 8. These are suitably scaled in the program. 
-/ Undamped lower critical speed. 
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TABLE IV CONTINUED 
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CONTAINER STROPPING ARRANGEMENT 

a 

b 

U 

FIG 2.1 
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— N/q ~ 'k'Ÿ FOP JÄ-O AND V=55f^ FOR 

|!0'4:aA PILOT MODEL. 

V- 



— N/q ~ %-f FOP y/0= +45° AND V= 55 f/s FOP 

1:0-4:04 PILOT MODEL 
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[ 
short sting long sting 

(producing interference) (interference free) 

(air flow out of plane of paper) 

FIGURE 4*1 

STING SUPPORT ARRANGEMENTS FOR 1:04:04 
SMALL (PILOT) CONTAINER MODEL. 

• (deg) 



COMPARISON OF PRESSURE-INTEGRATED AND 
DIRECTLY-MEASURED PITCHING MOMENT 
RESULTS FOR 1:0-4:04 PILOT MODEL. 

101. 
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FIGURE 4-4 

PRESSURE DISTRIBUTIONS FOR rx0*4x04' 
MODEL WHEN <K0=+900, V=48f/s. 
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PRESSURE DISTRIBUTIONS FOR l'x04xO-4'MODEL 
WHEN (^.= 490*.V«55f/s. 
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1 FIGURE 4-6 

PRESSURE DISTRIBUTIONS FOR I\04xOà' MODEL 
WHEN ^,-+90^,7=66^. 
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INTEGRATED FORCESAND MOMENT FOR IxOAxOA' 
MODEL WITH y.«+90° V«40f/s. 

///• 



INTEGRATED FORCES AND MOMENT FOR I'*04* 04' 
M ODEL WITH = +4 5°, V=48f/s. 
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— M/q '■v'fc-y , LOOP DIAGRAM FOR fxO-4xO-4' 
MODEL WITH ^.= +90° V-48f/$. 



LOOP DIAGRAM FOR l'x 0-4x O-A'MODEL 

WITH ^0= + 90(3. V=55f/s 



— M/q~^-y LOOP DIAGRAM FOR IxO'AxO-a' 
MODEL WITH % *V=66f/S. 
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-M/q'vfe-y LOOP DIAGRAM FOR l'x0-4¿0-4' 
MODEL WITH K-+4 5® V=48f/s. 
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-M/q LOOP DIAGRAM FOR l'x04X04'MODEL 
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-M/q LOOP DIAGRAM FOR lxOAxO-A'MODEL 
WITHy.-O, V=48l/s. 



WITHH“0,V=55í/s. 
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-M/q'v^z-V LOOP DIAGRAM FOR Ix0'4xOA MODEL 
WITH V^O,V- 66 I/s. 
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IDEALISED FLOW PATTERN OVER CONTAINER MODEL AT VARIOUS PITCH 
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LAYOUT OF FREE VIBRATION TEST 
EQUIPMENT 



.. 

] 







>v 

> 

5 mm. ply gap spindle wirc. 
bearing attachment 

devotion ond plan 

FIGURE 6-5 
1:0-4 = 0-4 MODEL WITH STAND-OFF PLATE 



IN TURBULENT FLOW 
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APPROXIMATE CmstVALUES FOR 1:04-04 MODEL 

IN CLEAN AND TURBULENT FLOWS 
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V 

0) V STROP (AFTER SHELDON) WITH 

ÍO* NOSE-DOWN ATTITUDE. 

(jj) V STROP IN ELEVATION VIEW WITH 

20* DEFLECTOR PLATE TO MAINTAIN Tt 

FIGURE ¢-15 

STROPPING TO ELIMINATE LATERAL FLUTTER 

AND DIVERGENCE 



FIGURE 71 

FLOW PATTERNS AROUND STATIONARY 2 D BOX FROM 
NAVIER STOKES SOLUTION FOP'STARTING FLOWS’ 

(time from starting condition inset) 

3S2- 



Results obtained after 3*5 seconds of flow 
at l-Of/s 

FIGURE 7 2 

FORCES AND PITCHING MOMENTS FROM THE 
EXPLICIT NAVIER-STOKES 

SOLUTION. 
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FIGURE 73 FIRST MATHEMATICAL MODEL - 

MODIFIED PRESSURE DISTRIBUTIONS 





FIGURE 7.6 SECOND MATHEMATICAL MODEL - 

MODIFIED PRESSURE DISTRIBUTIONS - STATIC 



0-2Ti o 

FIGURE 7.7 COMPARISON WITH EXPERIMENT 
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OF MOTION ON BUBBLE 
PRESSURE 

FIGURE 7.10 EFFECT 
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FIGURE 7.14 EFFECT OF DATUM SHIFT 
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Unver-Pollower trank. 
position is givsn by 4. 

^-a, + a, 

(aee figure u.; me follower ortnK angular 

ai " tan -i sin 9 
C + cos tf 

a, - cos rI K* +2C cos 9 
2BL 

K* - 1 + £* + C» - 
L* - 1 + C* + 2C cos Ö 

M' - K' + 2C cos 0 
S' - V 4B'L* - M' 

-i sin Ö , tan -X—--. + cos 
C + cos O 

K' + 2C cos 9 
~~ 2BL (1) 

Did i i cntiating equation 1 with respect to time yields the following 
equatii • for the velocity of the follower crank: 

dt dt LL' C 
cos 0 + 1) + 

A second differentiation yields an expression for the angular ascelera* 
tion of the follower crank: 

M7- 



Experimental Troce 
Theoretical Trace 

A/D=7.0 
B/D=2.05 
C/D=7.75 

0=2.0 
FIG A 2.2 
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