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1. INTRODUCTION 

The motion picture industry had its beginnings in 

the late nineteenth century when Thomas Edison invented his 

peep hole Kinetoscope. Although the motion picture history 

is a relatively short one, it demonstrates the ingenuity 

and inventiveness of mankind in overcoming problems in both 

technical and artistic senses. 

Various experimentation and research have been 

conducted in order to obtain the best mechanism to transport 

film in movie cameras or movie projectors. So far, specific

ally in the projection aspect, two different approaches have 

been attempted. The first approach is to move the film 

intermittently through the projection gate by intermittent 

motion mechanisms, and sl1utter blades are devised to cut 

off the light when the film is in motion. The second scheme 

is to run the film continuously at constant speed and employ 

what one calls an optical intermittent system to freeze the 

pictures on the screen. 

Recently, a totally new kind of film motion has been 

invented by R. w. Jones in Australia. It is based on the 

concept that a portion of the film can be transported a 

certain distance by rolling the film in a series of loops. 

This type of motion is similar to the first method described 

in that a portion of the film remains stationary at the 

1 



2 

aperture plate for a period of time, but it does not involve 

intermittent motion of the film or of the mechanism itself. 

The subject of this thesis is the study of this kind of 

motion. 

Based on the theory of an elastica which is essen

tially a thin strut deflected beyond the critical load, 

the characteristics of a strip held between two coplanar 

clamps are investigated in terms of loop shape, supporting 

forces and bending moments. 

A numerical approach is employed with the aid of the 

computer to simulate the motion of the film in the projector, 

in which the loop constrained in a fixed length gap is con

sidered to grow and move together with the gap at constant 

rates. In order to simplify the theoretical model, this 

simulation is carried out with the assumption that the loop 

retains its natural static shape while in motion. The 

resulting dynamic behaviour of the film in the model- i.e., 

the motion of various points on the film strip, their velocity 

and acceleration vectors at various instants - is described 

in a series of graphs with the help of the Benson Lehner 

plotter. 

The early stage of loop growth is characterized by 

very high initial transverse velocity and acceleration,and 

a reversal of the vectors in some part of the velocity and 

acceleration "profiles" during the transition period. Special 

attention is paid to the analysis of the loop at this stage. 



Under actual conditions the loop is rolled on the 

inside of a cylindrical surface, the curvature of which may 

modify all the characteristics of the loop considerably. 

In order to deal with this situation, Appendix B is set 

aside for the consideration of the effect of the inclined 

clamping planes on loop behaviour. 

3 

A complete analysis of the loop motion requires an 

extensive study of various dynamic factors (such as film 

mass, friction force, irregularities in film material, etc.) 

which cause the loop shape to deviate from that of the 

theoretical prediction. However, the results obtained do 

give a reasonably good approximation to the real loop motion 

and provide some useful design information. 



2. MOTION PICTURE PROJECTION 

2.1 Principles 

Motion picture projection, in general, is based on 

the concept that if an object is moving continuously from one 

point to another, it must occupy an infinite number of inter

mediate positions between these two points. Accordingly, 

a large number of pictures would be required to represent 

even the simplest bit of movement. ~\Then the light coming 

from an object enters one's eyes an image which has a certain 

permanency is formed on the retina. This retinal image lasts 

for a short while before being cancelled by the succeeding 

images or by the natural function of the eyes. Therefore, 

human eyes cannot distinguish be·tween the infinite series of 

positions involved in the actual motion and a set of samples 

selected from this series at sufficiently short intervals. 

For example, drops of falling water look like an uninterrupted 

water thread. Experimenters have found that the eye begins 

to discern discrete events at an interval greater than about 

one twentieth of a second. To be able to deceive human eye 

perception, the replacing of one picture by another must be 

done in the absence of the projected light. The time for 

picture interchange is mainly dependent on the brightness of 

the pict.ure; the brighter the picture, the shorter the 

period. In movie projection practice the period used is in 

4 
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the range of one fiftieth of a second. 

An alternative solution for this picture interchange 

is to employ optical compensation, which involves the use of 

moving lenses, mirrorsor prisms which are designed in such 

a way that the succession of images will melt into one 

another without dark intervals. 

2.2 Projector Mechanisms 

Based on the principles described above, numerous 

mechanisms have been devised for the purpose of obtaining 

a good quality projection picture; however, for various 

reasons, some of them have fallen into disuse while a few 

have become widely adapted to projectors for theatrical 

purposes. 

2.2.1 Continuous Projectors 

In continuous projection the film is moved across 

the aperture plate at a constant linear velocity. Besides 

the condensing and objective lenses an oscillating or ro-

tating optical system which consists of lenses, prisms or 

mirrors or a combination of these is employed to compensate 

for the continuous motion of the film. The purpose of the 

compensating elements is to·maintain the projected image in 

the same vertical plane and at exactly the same size through

out the optically effective travel of the compensating elements. 

In this kind of system there are always two 



6 

superimposed pictures projected on the screen. As soon as 

the first image begins to fade away because of the reduction 

of the optical effectiveness of the corresponding compensating 

element, the next element brings in the following picture 

which is projected with the same amount of light. 

' 
The great advantage of thistype of mechanism is that 

the stationary period of the picture on the screen is pro-

longed. Consequently, a better tone and a greater depth of 

perspective of the picture can be obtained. In addition, 

by moving the film at constant speed film stresses can be 

reduced to a minimum level, film vibration can be eliminated 

and thereby it is possible to increase film life and picture 

steadiness. 

One of the draw backs which limit the use of this 

optical intermittent system for theatrical projection is 

the great accuracy required in the manufacture and assembly 

of the compensating optical system. Today the only photo-

graphic machines that use the continuous film movement are 

mostly high speed cameras which can be run at a rate of more 

than a thousand frames per second. 

2.2.2 Interrrdttent Projectors 

There are various types of mechanisms which impart 

an intermittent motion to the film and perform the function 

of moving one frame at a time across the aperture plate: 

a. Beater or Dog Movement 



This is the first and probably the simplest type of 

intermittent movement used in projectors. It consists of a 

revolving eccentric mass (Fig. 1) which moves the film in 

a series of beats. In every revolution of the mass the 

beater draws the film down a space of one frame against the 

drag imposed on the film by a trap at the projection gate. 

This trap maintains a high tension on the film so that the 

film back-lash can be prevented and accurate frame reg

istration can be achieved. 
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Another version of this type is the "D" Roller 

system (Fig. 2) which includes two rollers, one of which has 

a "D" shape. 'I'hese rollers grip the film between them and 

drive it forward as they rotate. The film drive is not 

maintained when the flat part of the "D" roller is facing 

the film. 

The main faults of the beater movement are that, 

in addition to its objectionable noise level, film stresses 

are quite high because of its inherent jerky movement, and 

picture registration is not of sufficient quality to meet 

the standards of motion picture projection. 

b. Pin or Claw Movement 

This movement is widely used today ln cameras and 

several makes of 16 mm. movie projectors. The film move

ment is produced by two or more pins which engage in film 

perforations during frame transfer. The "in" or "out" 

motion of the pins with respect to the perforations is 
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Film strap~ 1 

~ 

sprocket 

Figure I . Beater mechanism -----
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....-->Film strip 

II 

Fig. 2 • D roller system 

Fig.3. Com operated claw mechanism used in the Siemens 8 Holske 

projector [s] . 
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obtained from the action of a cam, while the "up" and "down" 

motion is activated by an eccentrically pivoted crank or by 

a cam-operated equivalent system. 

The advantage of having light weight and structural 

simplicity makes this type of mechanism attractive to the 

design of compact cameras and portable movie projectors. 

A version of this type of mechanism used in the Siemens and 

Halske projector is shown in Figure 3. 

c. Geneva Movement 

Another source of intermittent film transport is the 

Geneva or Maltese Cross movement which is now universally 

used in 35 and 70 mm. motion picture projectors for syn

chronizing the movement of the film with that of the shut·ter. 

One of the mechanisms in general use is the four 

slot type Geneva which is shown in Figure 4. The driving 

member (A) is a disc carrying a pin or a roller which during 

each revolut.ion of member (A) will engage one of the four 

radial slots equally spaced on the driven disc (B) . Between 

the radial slots are four concave surfaces to match the 

circular ring of the driving member. This ring has a cut 

away surface(~ to provide clearance for the passage of the 

slotted arms. Member (B) which carries a film sprocket will 

rotate at an angle of 90 degrees corresponding to a quarter 

of a revolution of the driving member, and the former will 

stay stationary during the rest of the cycle by the inter

locking of the surfaces (C) and (E) . 
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The Geneva mechanism is simple in construction and 

it provides accurate and reliable intermittent motion. 

However, it has the drawback of having points of relatively 

high angular velocity and acceleration. The characteristics 

of a typical 4-slots Geneva movement are shown in Figure 5. 

2.3 Mechanics of Intermittent Projectors 

In intermittent projectors the film is pulled across 

the aperture plate normally at a rate of 24 frames per second 

and the shutter blade is devised to rotate at the same rate 

to cover the light when the film is in motion. This results 

in a flicker frequency of 24 cycles per second. However, a 

series of flashing pictures will be seen on the screen if 

the movie is shown at this flicker rate. Therefore, to 

produce an impression of continuous images to the eyes, an 

additional shutter blade is employed to increase this 

frequency to 48 cycles per second, and consequently the 

actual time for showing one picture frame is reduced to half 

the time. The illumination efficiency in projection which 

is mainly dependent on this time interval is theoretically 

reduced to fifty percent. In wide screen projection where 

very high intensity arc lamps are used, this factor is of 

great concern to the projectionists. Therefore, it is 

desirable to cut down the frame transition period as much 

as possible; but this reduction is accompained by an 

i~crease in film acceleration by the square of the film 



transfer period. Similarly, if the frame size or frame 

frequency increases, the film stresses will definitely 

increase proportionally. 

12 

For the above reasons the introduction of the Rolling 

Loop Projector which employs a wave-like film motion is a 

great break-through in projector design by its reduction of 

the frame transition period and by its ability to increase 

the frame size or the frame frequency without exceeding the 

permissible film stress limits. 



3. ROLLING LOOP PROJECTOR 

3.1 General Concept 

Prior to the development of any theory concerning 

the characteristics of the film loop, it is necessary to 

have a clear understanding of the Rolling Loop Projector 

mechanism and the movement of the film through this pro

jector. 

The whole philosophy behind the transportation of 

the film in this mechanism is that a portion of the film 

can be moved forward in finite steps by rolling a series 

of loops along the film path through the projector. Con

sider a strip of film being fixed at the two ends (A) and 

{B) (Fig. 6a); this strip forms a loop of length ST con

fined in a rectangular slot of a plate (D) . The loop 

originally is at the left hand side of a point P which has 

a coordinate x 1 with respect to the origin 0. After the 

loop is pushed past P, it is observed that point P is now 

carried to a new position at a distance x 2 from 0 (Fig. 6b). 

If LT is the width of the slot, one can write the following 

relation: 

Therefore, point P is moved a distance equal to the excess 

length of the film in the slot. 

13 
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3.2 Rolling Loop Projector Mechinism 

The machine described below is a prototype built for 

testing the ability of the mechanism to project a 70 mm. 

film1 with a frame size having an area three times greater 

than that of the conventional 70 mm. film. 

It consists of a rotating drum (A), called th~ rotor, 

which has three equally spaced slots (Fig. 7a). Convex shaped 

shoe~ (B) of low friction material are fitted to each end 

of these slots. On each trailing shoe there is a 

series of air jets whose action is controlled by a cam to 

reduce the original impact force of the shoe on the film 

body. 

The rotor revolves within a fixed stator (C) (Fig. 7b) 

with ample clearance between it and the stator so that the film 

can slide in between without pinching. The inside surface 

of the stator is provided with a series of air jet holes to 

produce an air cushion effect between the film and the stator. 

Film input and output sprockets (D 1 ,D 2 ) are located on opposite 

sides of the stator. These are geared to the rotor at a gear 

ratio which permits the film to be put in and taken out at a 

constant linear velocity less than that of the rotor periphery. 

1 
The early model invented in 1966 by P.R. Jones was designed 

for 35 mm. film and it is reported that this projector was 

run satisfactorily at a rate of 300 frames per second 

[ 10] . 
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The stator is equipped with an aperture plate (E) 

(Fig. 7c) which has two pairs of registration pins at its 

inside surface to secure the film in place during projection. 

Close to the aperture plate is a pair of deceleration pins 

which are activated by a cam unit (F), geared to the motion 

of the rotor. These deceleration pins are designed to slow 

the film gradually and to reduce the deceleration force 

imparted to the film by the register pins as the film is 

laid on the aperture plate. 

3.3 Film Movement 

The film motion in this projector is unique in the 

sense that it does not involve acceleration and deceleration 

in a linear fashion (i.e., along the film body) as in the case 

of intermittent movement. The process of film movement can 

be described by observing the consecutive phases in one frame 

cycle. 

In Figure 8a, the film slack is introduced when the 

projector is threaded and is maintained by constant input -

output velocities. This excess film length is accommodated 

in the rotor gaps. The portion of the film between gap (1} 

and gap (2) is stationary at the moment considered with 

respect to the stator, since the film is held fixed by the 

deceleration and the registration pins. The impact force 

produced by the initial contact of the rotor shoe and the 

film is reduced by the action of the air jets provided at the 



Continuous air je~_.l---. 

Deceleration pin ~ ~ 

Projection 

Registration 
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Fig. Sa. 

Fig.Bb. 
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Fig. Be. 

(e 

Fig.8d. 

Figures 8 o,b)c,d. Film movement at various stages in o 

from e cycle. 
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edge of the trailing shoe. As the rotor advances to the 

position shown in Figure 8b, the loop in gap (1) keeps on 

increasing in size while the one in gap (2) is decreased. 

The portion of film in the aperture plate is now stationary 

and is ready for projection. 

When the trailing shoe of gap (1) reaches the de

celeration pins (Fig. 8c), these are activated by the cam 

and slow the film down to a stop. At this moment the loop 

in gap (1) grows to a full size and an amount of slack film 

starts building up at the succeeding gap, i.e., gap (3). 

Thereafter and for a very short period of time, the loop 

in gap (1) remains at constant height until the leading 

shoe of this gap leaves the forward registration pin (b) . 

In the final stage, after the forward portion of the 

loop in gap (1) has been released from the registration 

pins (Fig. 8d), the loop in gap (2) "decays"on passage to the 

exit point and disappears before the film is pulled into the 

output sprocket. The whole process is then repeated. 

In summary, there are three phases of loop movement 

in the Rolling Loop Projector: 

a) Loop growth with a constant film infeed. 

b) Loop at constant size. 

c) Loop decreasing with a constant film output. 

Generally, phase (a) and phase (c) are of the same category 

and phase (b) is just a particular case of phase (a) where 

there is no film infeed. Therefore, only the analysis of 

loop growth will be considered in the following Chapters. 



4. STATIC LOOP ANALYSIS 

Before analysing the film motion in the Rolling Loop 

Projector, it is necessary to define the loop shape and to 

investigate its characteristics under static conditions. 

4.1 General 

The following analysis is applied to the case of 

bending a flexible strip by clamping its two ends on the 

same plane. Since this problem involves large deflections 

on the strip, the approximation of the radius of curvature 

in the formula for the strain, namely: 

for solving the non-linear differential equations governing 

the elastic curve of the bending strip is not justified. 

The approach attempted is based on the theory of an elastica [16] 

with the application of elliptic integrals and it was found 

to be quite suitable for numerical computation. 

4.2 Goyerning Equations 

Considering a flexible strip of a certain material 

of total length ST which is held between two clamps on the 

same plane at a distance LT, where ST is greater than or 

23 



equal to LT. The coordinate system is chosen as shown in 

the sketch. 

y z' 

8 

To simplify the problem, the following assumptions 

are made: 

a) Stress is proportional to strain. 

b) The strip is perfectly flexible and homogeneous 

with a constant cross-section area. 

c) Deflections are the same across the width of 

the strip. 

Referring to the sketch, the supporting forces P and the 

resisting moments M
1 

acting at the two ends 0 and D are 

as shown. Since the end conditions of the strip are the 

same, the elastic curve of the strip is symmetrical with 

respect to ZZ' (parallel to oy and passing through point 

B ·on the top of the curve). Therefore, it is necessary to 

24 
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consider only a half of the elastic curve, e.g., portion OB. 

Suppose A is a point on portion OB where there is 

no bending moment but only shearing force exists, then 

this portion can be broken down to sections OA and AB on 

which free body diagrams can be drawn as indicated in the sketch. 

p 

p 

It can be seen that in these diagrams, the action and re-

action forces at A and B are of the same magnitude P and 

parallel to x-axis. In additio~ it can be shown that the 

bending moments, M1 at 0 and M2 at B are of the same 

magnitude but in different directions. Consequently, since 

all end conditions of the two sections, oA and AB are the 

same, the curve OAB must be symmetrical with respect to 

point A. 

4.2.1 Curvilinear Coordinates 

Consider a point Q on the section OA (shown in the 



sketch) with coordinates (x,y) with respect to coordinate 

y 

t2~ 
A \P 

A 9dy 
1 
y, 

dx 

l s 

X 
ll' 

system (oxy). Then, the bending moment at point Q with 

respect to A is 

where y 1 is the ordinate of point A. But, according to 

the flexure formula, this bending moment is given by 

where 

M = E r I d8 
dS 

E' - Modulus of elasticity of the material 

I = Moment of inertia 

8 = Angle of the tangent to the curve at Q with 

respect to the x-axis. 

S = Curvilinear coordinate of Q measured from 0. 

26 



Then 

E 'r de 
dS = P(yl-y). 

Differentiate the above equation with respect to S 

Let 

c2 p 
= E'I 4-211 

then the above equation reduces to 

d 2e c2 dy 

dS 2 = - dS 

or 

d 2e - c2 sin e 
ds 2 = 4-212 

(Since ~ = s1'n 8) dS . 

End conditions require: 

At point 0 S=O , 8=0 

At point A S=S1 , 8=2a and d8 
dS = O, 4-213 

where 2a is the maximum angle of 8 at A. 

Multinly the right and left hand sides of 

4-212 by 2d8 and 2 ~~ ds, respectively, and after 

27 
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reduction 

or 

Integrating the above equation and noting the end conditions 

given in 4-213 

or 

d8 
ds 

J 
d(d8)2 = 

ds 

0 

8 

2C
2 J d(cos 9) 

2a 

~~ - ± 12c Ieos 8 - cos2a 4-214 

Since 8 increases with the increasing of s, a positive sign 

must be taken. After separating the variables, one gets 

ds -- de 4-215 
12c Ieos 8 - cos 2a 

By changing e to an integratable form (see Appendix A) I 

4-215 becomes 

ds l d"t/J = c 2 2 
11 - sin a sin 1/J 

4-216 

where 

_
1 

sin 8 

2) . 1/J = sin ( . s1n a 4-216a 
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Note that: 

when e = 0 0, and e 
. _ 1 sin 2 } 4-217 

e = e s1n ( ) = ~ sin« '~' 

Integrate the two sides of equation 4-216 with a provision 

for the conditions in 4-217: 

. 2 . 21/J s1n a s1n r 

Let 

K = sina 

Then 

I 2 2 
vl-K sin lj' 

this equation has the form of an elliptic integral of the 

first kind and it is denoted by 

F(K,~) = 
J

¢ 

0 

Then, the relation for S can be written as 

1 
S = C F(K,¢) 4-218 

where 0 (by the conditions given in 4-217). 

4.2.2 Cartesian Coordinates 

For a small element on the curve OA, one can write 

dy = ds sine. 

or 

dy 
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But, according to equation 4-216a 
. e sln 2 

sino:.-sin1JJ = 

or 
. e K sln- = 2 sin 'f' 

then 

Substitute the value of dS by relation 4-216 in the above, 

the expression for dy reduces to 

dy = 2~ simp d~. 

Integrate both sides: 

Jy dy 
2K 

J¢sint d'f = c 
0 0 

or 
2K (1 - cos¢) 4-221 y = c 

In a similar way, the expression for X is developed. 

dx = dS cosG 

or 2 §..) dx = dS (1 - 2sin 2 

(since cose 1 2sin 
2 ~) = - 2 

On replacing sin ! by K sin f: 
dx = (1 - 2K

2
sin

2
y)dS 

or 

Substituting ds by the relation 4-216: 



31 

dx 1 [2 /1 - K
2
sin

2r df -
drjl ] = c 

li K2 o -2f - s1n 

Integrating: 

Jx J¢ J¢ dx = 1 [2 /1 - K
2
sin

2r dr - dtf c 
/1 2 0 2tf 0 0 0 - K Sln 

The elliptic integral of the second kind is defined as 

E(K,¢) = J¢ ;]_ - K
2
sin

2t d'f 
0 

By using the notation for the elliptic integrals, the expression 

for x becomes 

x = ~ [2E(K,¢) - F(K,¢)] 4-222 

4.3 Other Relations 

In a similar manner, one can derive the equations 

related to the rest of the elastic curve of the strip. 

Consider section AB with a coordinate system Ax'y' 

as shown in the sketch. 

Y' 

p 

p 

x' 
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In referring to equation 4-214, a minus sign must be taken in 

this case since e decreases with the increasing of S. 

Then, the expression for dS is 

d8 
dS =-------------------

12 C /cose- cos2a 

After changing the variable of integration: 

1 
dS = - -c 

For the limit of integration, S varies from o to S and 

7T e changes from 2a to e (or by 4-216a ~ changes from ~ to ¢)' so 

This can 

s = 

by using 

where ¢ 

. J
s 

dS = 
0 

be written as 

1 [ Ji 
d"ljl 

c ' 2 2 
/1-K sin 1J; 

0 

/ 1 K2 . 2! 
- Sln tf' 

r dq; 

/1-K2sin2y 
0 

notation for the elliptic integrals: 

1 7T F(K,¢)] s = [F (K,-2) -c 

varies from 
7T to 0 . 
2 

] 

The expression for dy is now taken a minus sign, 

dy = - dS sine, 

and the limit of integration for ,Y is from 7T to 
~ 

one can derive the expression for y as 

2K 
y = C cos¢ . 

4-31 

i.e. , 

¢; therefore, 

4-32 
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In the same fashion and noting the limits of integration, the 

expression for x can be obtained~ 

1 Tf Tf x = C[2{E(K, 2) - E(K,¢)}- {F(K, 2) - F(K,¢)}] 4-33 

After a transformation of coordinate system (Ax'y') to (oxy) 

(see sketch) relations 4-31 to 4-33 become 

8 

x' 

X 

ST 1 Tf 
F(K,¢)] s = 4 + [F (K, 2) -c 

or 

s 
ST F(K,¢) 

= 2 - --c- , 
Tf 

(since 
F (K,-2) ST 

by 4-218}; = 4 , c 



LT 1 'IT 'IT 
X= 4 + C (2{E(K,2)-E(K,¢)}-{F(K,

2
)-F(K,¢)}J 

or 
L,r 1 

x = ~- C[2E(K,¢) - F(K,¢)] 

and 

2K 
y = y 1 + C cos¢, 

where y1 is the ordinate of point A and is given 

4-221 when ¢ 'IT i.e. , = 2' 
2K 

y1 = c 
so 

2K 
y = -c(1+cos¢). 

by equatim 

'} 
.) 

The coordinates of a point on sections BC and CD (see sketch 

y 

·B 

0 0 X 

_,__ __ LT ____ __,..,_,~ 



can be found in a similar way, and the final results are: 

For section BC: 
s'l' 1 s = 2 + C F (K, ¢) , 

LT 
+ 1 [2E(K,¢) - F (K, ¢) ] , and, X = 2 c 

2K 
y = C (l+cos¢), 

TI 
where ¢ varies from 0 to ~ • 

For section CD: 

1 
S = ST - C F(K,¢), 

1 
x =LT-C [2E(K,¢)-F(K,¢)], 

y = 2~ (1-cos¢), 

TI where ¢ varies from 2 to 0. 

Summary: 

Let: 
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subscripts A,B,C and D denote segments OA, AB, BC and CD 

respectively, 

F = F(K,¢) and, 

E = E(K,¢). 

The elastic curve of the bending strip can be described by the 

following equations: 

s FA 
4-34a = A c 

2EA-FA 
4-34b XA = c 
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2K [1 cos<jJA] . 4-34c YA = -c 

SB 
ST FB 

4-35a = 2 c 
LT 1 [2E -F ] 4-35b XB = 2 - c B B 

2K [1 + cos<jJB] . 4-35c YB == c 

sc 
ST 

+ 
Fe 

4-36a == 2 c 
LT 

+ 1 
[2Ec-Fcl 4-36b XC = -2- c 

2K [1 + cos¢c] 4-36c Yc - c . 

SD ST 
FD 

4-37a = - c 

LT 
1 

[2ED FD] 4-37b XD = - -c 

2K [l cos<jJD] 4-37c Yn == c -

Tr 
where <PA and ¢c varies from 0 to ~ and ¢B and ¢c changes from 

TI 

2 to 0. 

4.4 ~ Characteristics 

The characteristics of the strip held between two 

coplanar clamps will be defined implicitly in terms of loop 

configuration parameter, i.e., ratio of loop length to distance 

between two clamped ends. The relations derived below are 

concerned with the angle of a tangent to the elastic curve at 

inflection point, the supporting forces, the loop height and the 

resisting moments at the clamped ends. 



37 

4.4.1 P~r9meter K 

If the parameter K (which is equal to sin a) of the 

elliptic integral is known, the elastic curve of the bending 

strip can be defined by using relations from 4-34a to 4-37c. 

When 1T 
cp = -A 2 equations 4-34a and 4-34b become 

ST 
1T 

s 
F(K, 2 ) 

4-411 = 4 = 
A c 

LT 1 [2E(K,~) F(I<,;)) 4-412 X = 4 = c -
A 

Dividing each side of equation 4-412 by the corresponding 

side of 4-411 to obtain 

LT 2E(K,;) - F(K,;) 
= 8

T F(K,;) 

In rearranging, the above equation becomes 

Let 

1T 
E(K,2) 

1T 
F(K,2) 

E 
0 

F 
0 

1 LT 
= 2 <sT + 1) 

ST 
R = 

LT 
I 

1T = E(K,2), 

1T = F (K ,2) 

Then the above equation can be written as 

= } (~ + 1) 4-413 
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If R is known, K can be found by trial and error since the 

ratio of E to F is a unique function of K. 
0 0 

4.4.2 Supporting Force 

From equation 4-411 the expression for C is derived as 

c = 4F (K,~) 
4-421 

ST 

But by equation 4-211 

c2 
p 

= E'I 

or 

p = c2E'I 

Substitute the value of C by the expression 4-421 in the above 

equation, then 

p = 
F2 (K,;)E'I 

s 2 
T (--} 
4 

4-422 

In examining this relation, it is seen that P is maximum when 

F(K,;) is maximum and ST is minimum. This situation occurs 

when S = L T T" 

Then 

K = 0 

and 

So, the maximum supporting force is 

(1T) 2E'I 
2 

PC = --"L~ 
(4} 



or 
47T 2E

1
I 

p = 
C L 2 

T 

this is the Euler critical load for buckling of a strut of 

length LT and having moment of inertia I and modulus of 

elasticity E'. The force required to hold the strip at the 

two ends can be written in a dimensionless form as 

p 

PC 

or by using short notation: 

p 

PC 
:::: 

4F 2 
0 

7T2R2 

When ¢B = 0, equation 4-35c becomes 

4K y :::: 
L C 

where yL is the loop height. 

4-423 

Replacing the value of C in this expression by 

relation 4-421: 

or 

Dividing the two sides by 

YL 
= 

LT 

7T 4F (K, 2) 

KST 

F (K, ~) 

LT: 

K 
s 

(--.!) 
7T LT F (K, 2 ) 

39 
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or by using short notation: 

4-431 

4.4.4 Maximum Bending Moments 

The bending moment at a point on the strip is propor-

tionally inverse to the radius of curvature and its maxima 

occur at the two clamped ends and also at the top of the 

elastic curve where the radius of curvature is the smallest. 

In referring to the free body diagram shown in the 

sketch, the maximum bending moment is 

y p 

I 
y, 

p ot4 j -X 

, Ml ::: p X yl 

where 
2K (from eq. 4-221 with cp :!!.) • yl = = c 2 

Then 

Ml 
2KP = c-



Since from equations 4-421 and 4-422: 
1T 4 F (K,2) 

c = , and 
ST 

F 2 (K,~)E'I 
ST 2 

<-;r) 

p = 

On substitution and after some reduction, the value 

of M1 becomes 

or in dimensionless form: 

4-441 

41 

Let B be the flexural rigidity per unit length of the material, 

i.e. , 

Then, 4-441 becomes 

B = E'I 
s,r 

-- 8 K F 
0 

4-442 



5. ROLLING LOOP SIMULATION 

5.1 General 

After the theoretical loop shape has been defined 1 

a numerical technique can be used to simulate the motion of 

the film in the Rolling Loop Projector from the time the 

loop starts to grow until it reaches the aperture plate. 

This type of motion is the combination of a rolling action 

by virtue of loop displacement and an increase in loop size 

due to a constant feed at one end. 

The objective here is to investigate the paths of 

certain points on the film loop and to calculate the velocity 

and acceleration involved in the motion. 

5.2 Theoretical Model 

Consider a strip of film length S which is originally 
0 

lying on a flat plane. One of its endsis fixed at (0) and 

the other end (M) is moved toward (0) at a constant velocity 

VF as shown in the sketch. A slider which is essentially a 

__ Jr 
r---V-R~ ----lr--------·----(~ 

42 
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plate with a rectangular gap having dimensions LT by W (where 

W is the film width) moves in the same direction as the end 

(M) with a velocity VR. As this slider travels, it traps an 

amount of film in the gap and thus pushes this section of the 

film so that the latter moves at the same velocity VR. The 

rest of the film outside the slider gap remains flat. 

At any time t, the rate of film entering the gap 

is VR and the rate of film leaving is (VR-VF). Thus, the 

rate of film growth in the gap is 

Therefore, the amount of excess film in the gap at time t 

is 

In order to simplify the computation the following 

assumptions are made: 

a) There is no friction involved. 

b) Air resistance is negligible. 

c) Film mass per unit length is small enough that the 

linear momentum of the loop would not affect the 

loop shape. 

When these conditions are satisfied, the equations defining 

the loop shape in Chapter 4 can be used in the loop movement 

simulation. 
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5.3 Selection of Coordinate Systems 

A fixed coordinate system oxy is placed at o with 

ox pointed opposite to the direction of motion of the slider 

(see sketch). 

y 

s 

0 

To be able to apply formulas in Chapter 4 in defining the 

position of a point on the loop, a moving Cartesian coordinate 

system (oM xM yM) is set up attached to the trailing edge 

of the slider and moved with the slider. 

A point on the film strip is identified by a curvi-

linear coordinate S measured from the origin o. The posi
p 

tion of this point is defined with respect to (oM xM yM) by the 

utilization of the formulas derived in Chapter 4 or it is 

calculated directly with respect to system (oxy) depending 

on the location of this point on the film strip. If the 

coordinates (xM,yM) were sought, they would be transferred 

to system (oxy) by a method described below. 
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Let SM,xM,yM be the curvilinear and Cartesian coordi

nates of a point Q on the loop with respect to (oM xM yM) 

system and S ,x ,y be the coordinates of the moving origin c c c 

oM with respect to (oxy), then Q is defined in the fixed 

coordinate system (oxy) as 

where 

s = c 

X = c 

Yc = 

(S ,X are values of s 
0 0 c 

S = Sc + SM 

X = XC + YM 

y = Yc + YM 

s - (VR-VF)t 
0 

X - VRt 0 

0 

and X respectively c 

5-3la 

5-3lb 

5-3lc 

5-32a 

5-32b 

5-32b 

at time t = 0) • 

5.4 Method of Solution 

In order to portray the motion of the loop at various 

instants, a finite number of points along the film strip is 

taken and, as mentioned earlier, each point is identified by 

a curvilinear coordinateS measured from O. Also, the time 
p 

for the slider to move from one end of the strip to another -

that is equivalent to one frame cycle in the Rolling Loop 

Projector - is divided into convenient time intervals. 

At time t, the coordinates of the moving origin OM are 
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calculated from relations 5~32a and 5-32b, i.e., 

s = s - (V -v )t c o R F 

X = X - v T c o R 

The length of film inside the gap is deduced from the excess 

film length given by relation 5-21, i.e., 

Then 

From this relation the value R which is the ratio of loop 

length to gap width, can be deduced. Then, by using the 

expression 4-413, i.e., 

E 1 1 
F' o = 2- ( R.. + 1 ) 

0 

the parameter K of the elliptic integral can be determined by 

a trial and error method
1

• 

5.4.1 Calculation of Point Paths 

The next step is to find the relative position of 

the point concerned with respect to the location of the loop 

so that the coordinates of this point can be calculated 

1
The values of the complete or incomplete elliptic integrals 

are tabulated in Reference [1 7) or they can be evaluated by 

calling EL12, a library subroutine programme available on 

the Control Data Corp. computer model 6400). 



accordingly. 

a. If this point is on the right hand side of the loop, 

i.e., 

are 

b. If it 

then 

c. If it 

S <~ - S~, then the coordinates of this point 
p c 

is on the left 

X = 

y = 

is on the loop, 

X = S p 

y = 0 

hand side 

X = V xt 
0 F 

0 

of the loop, 

i.e., S < S <(S -ST). c- p- c 

i.e., s >S p 

47 

c, 

Since there are four sets of equations corresponding to 

four parts of t.he loop, it is necessary to find out to which 

part of the loop the point belongs. Then, a trial value of 

angle ¢ is substituted into the proper equation given in 

section 4.3 to calculate the coordinate SM. The value of SM is 

now compared with the curvilinear coordinate of this point 

measured from OM, i.e., (s -s ) . 
c p 

If the difference is too 

large, ¢ is given a certain increment and the procedure is 

repeated until the difference is within the preset limits. 

When ¢ is found, the coordinates xM and yM are 

evaluated with the help of the relations 4-34a to 4-37c. Then 

they are transformed to x,y by using relations 5-3lb and 5-3lc. 
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5.4.2 Calculation of Velocity and Acceleration 

Since the coordinates x and y cannot be described 

analytically as direct functions of time, it is impossible 

to obtain velocity and acceleration components of a point on 

the film strip from these relations by differentiating, there-

fore, a numerical approximation is used instead. 

The average velocity components of a point at time t 

are calculated as 

- Component in the x-direction: 

V = (X - Xt-l)/DT. x,t t 

- Component in the y-direction: 

V = (y - Yt-l)/DT y,t t 

where 

V denotes velocity, 

x,y subscripts for x and y directions respectively, 

t,t-1 subscripts for time t and t-1 respectively, 

DT is time increment. 

The amplitude and angle of the average velocity vectors are 

and 

_(-;-2+V 2 
xt y,t 

v 
-1 ~ <Pv,t = Tan v 

x,t 

In a similar way, the average acceleration vector of a point 

is defined. 



Component in the x-direction: 

A t = (V t+.l - V t)/DT. x, x, x, 

Component in the y-direction: 

A t = (V t+l - V t)/DT. y, y, y, 

Acceleration amplitude and angle are 

I At I == ./ A 2 + A 2 x,t y,t 

A 
= Tan-l F· 

x,t 

5.4.3 Data Used in Computer Programmes 

Computer programmes were developed to simulate the 

loop motion using data based on the Rolling Loop Projector 

prototype described in Chapter 3. 

This projector has an 18 inch diameter rotor with 

three equally spaced gaps and the frame rate for normal 

projection is 24 frames per second; then, the peripheral 

velocity of the rotor is 

V R = ~ ~ X 2 TI X 
2 ~ = 4 5 2 • 3 9 in. js e C • 

The equivalent width of the rotor gap is 3 inches, or 

LT = 3 in. 

The film type used in this projector has 15 performations 

per frame (with performation pitch of .187 inch) giving a 

49 

frame length of 2.805 inches and this should be the amount of 

excess film in the gap when the loop has grown to full size 

just before it is laid across the aperture. Thus, the film 
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feeding velocity is 

or 
VF = 67.5 in./sec. 

The arc length of the stator along which one rotor gap travels 

in one frame cycle is 

18XTI 
3 

~ 18.8 inches. 

Therefore,· the film length required to fill one gap as it 

proceeds past the film entry point and builds the loop to its 

full size plus one gap length is: 

s = 18.8 + 3. + 2.805 
0 

s
0 

= 24.60 in. 

Let MP be the nwnber of fixed points on this film strip with 
2 

a distance of two performation pitches apart, then 

MP = 24.60/(.l87x2) 

= 65.8 

2n h 1 · . . f h . h h. ue to t e 1m1~at1on o t e memory space 1n t e computer t 1s 

distance could not be reduced without exceeding the computer 

capacity. A typical programme with DS= .187x2 in. and 

1 1 DT = 24 x 
50 

sec. requires a memory space of more than 60,000
8 

computer words to compile and execute (maximum memory space 

of the CDC 6400 is 124,000 8 words). 
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For computational purposes MP was set equal to 66 and S was 
0 

chosen equal to 25 inches. Also, a time interval 1 1 of (24 x 50) 

sec.was arbitrarily selected in the analysis. Shorter time 

steps and smaller distances between fixed points were taken 

where greater accuracy was required. For instance, in the 

starting phase of loop growth, the time interval and the 

distance selected as 

DT 
1 = 24 

1 
x 

500 
sec. 

and .187 . 
DS = --5- 1n. (MP = 10 0) 

And for the intermediate phase (e.g., t 35 1 sec.) , = 50 
X 

24 

DT 1 1 = 24 X 500- sec. 

and 

DS = .187/3 in. (MP = 100) 

5.5 Velocity and Acceleration at the Early Stage of Loop Growth 

At the start of loop growth and in a very short time 

when the film begins to lift off from a flat surface, the 

velocity and acceleration at the loop top exhibit a very distinc-

tive behaviour that the numerical computation in the simulation 

fails to indicate. This characteristic can be predicted 

analytically by an approximation of the loop shape. On the 

other hand, the effect of film infeed at this stage is more 
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pronounced than that of the rotor motion as it will be seen 

later on; therefore, the analysis can be simplified by 

neglecting the latter. 

Let AB and BC be the two sides of an isosceles 

triangle ABC which represents the approximation of the loop 

shape at this stage as shown in the sketch. From the geometry 

B 

vF!l 
~ ~ H C 

of the loop, the height y of the top is given by 

y = 1 ,6 2 _ .e.2 

where -6 = AB 

l = AC/2 

By differentiating with respect to time and keeping l 

constant, relation 5-51 yields 

Since the film is 

Rewrite relation 

g_y 
dt 

fed 

5-52 

y 

in 

d-6 
dt 

in 

= 

at constant velocity, 

= constant. 

short notation: 

~ 
~ 

[l-(.f)2) 
,6 

5-51 

5-52 

5-52a 



To find the acceleration, differentiate the expression for 

velocity in relation 5-52a with respect to time: 

but d(4.~) .. • 2 = 44 + -6 dt 
. 

and since -6 = constant 
.. 
-6 = 0 

Thus 

(1 -

After rearranging: 

[ 1 - 1 ) 
1- (~) 2 

-6 

When -6 is nearly equal to l, i.e., 

where E is a very small quantity. 

Then, relation 5-52a becomes 
. 
-6 

y - -· 1/ 

l .0- E 2 ],2 

1- ( -·:;s) ) 

and the expression 5-53 yields 

2 2 _1 y = -6.6 [1 - (1-f) J "2 [1 - 1 ] 
2 1-(1-f;_) 

4 

In rearranging terms and neglecting small quantities: 

.. • <)%~ 2 4 
Y =;= m (l - z'E) 

5-53 

5-54 

53 
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or 

5-55 

When s approaches zero, 5-54 and 5-55 become 

y- - 00 

Therefore, at the beginning of the loop growth, the loop top 

theoretically moves at infinite upward velocity and is subjec+ 

to infinitely large deceleration. 



6. DISCUSSIONS OF THE RESULTS 

Based on the equations derived and the simulation 

technique discussed in the previous Chapters, the computer 

programmes were developed using data taken from the Rolling 

Loop Projector prototype. The following are the discussions 

of some typical results obtained from these programmes. 

6.1 Characteristics of a Film Loop on Flat Surface 

In Figure 9, the loop shape parameters (i.e., K and 

yL) , the supporting force and maximum bending moment on the 

loop in dimensionless form are plotted against the loop con-

figuration parameter, i.e., ratio ST/LT. This ratio is ln 

the range of 1. to 3.8 and this seems to be quite sufficient 

for the practical application. 

In general, the loop shape parameters and the bending 

moment vary as parabolic functions of the loop configuration 

parameter while the force curve is hyperbolic. It is noted 

that when the loop size is increasing, the sine of the angle 

at the inflection point of the loop and the loop height 
ST 

increases accordingly. When ratio ~reaches a value of 
T 

2.14, the tangent to the loop at the inflection point is 

vertical, and from then on the loop height will increase 

linearly with respect to the increase of the loop length. 

On the other hand, the value of bending stress on the film 
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material is augmented with the increasing of loop size while 

the supporting forces at the two ends are reduced. 

If those quantities are plotted against the gap 

width, LT, keeping the excess length, Es, constant (Fig. 10), 

it is observed that the angle of the loop at the inflection 

point, the supporting force and its critical value and 

bending moment are decreasing when the gap width is in

creasing. For the loop height, the situation is reversed; 

it is increased with the increasing of gap width. 

6.2 Point Paths 

Out of 66 fixed points selected on the film strip, 

two typical points are chosen to show the motion of a par

ticle on the film at various instants (Fig. lla and llb) 1
. 

The coordinates of these points are measured from a fixed 

coordinate system placed at a point 25 inches from the 

film entry. 

As expected, a point on the film moves along a 

skewed dome-shaped path with a very sharp top which indicates 

that a minimum velocity and a maximum deceleration force are 

expected as this point reaches the top of the loop. As 

stated earlier, the motion of a point on the loop is a 

combination of two movements: the rolling action due to the 

1 
In these figures the number placed close to the x-mark 

denotes time intervals. 
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passing of the loop and the film feeding at one end. The 

former produces a symmetrical dome-shaped path and the latter 

destroys the path symmetry by shortening the time for the 

upward travel and lengthening that of the downward movement 

of the point. 

Also, a comparison of Figures lla and llb reveals 

that in the early stage of film movement, the transversal 

(i.e., parallel toY-axis) motion of the film particle in the 

gap is a predominant factor,while near the end of the move-

ment the lateral motion plays a more important role. 

6.3 Velocity and Acceleration in Loop Motion 

The velocity and acceleration of points on the loop 

as the film moves along a plane are described by diagrams 

with vectors proportional to the velocity or acceleration 

vectors at various points on the loop curve; for simplicity, 

these diagrams will be called velocity and acceleration 

profiles or velocity and acceleration distribution diagrams 

2 (Figs. 12a to 18b) . 

The characteristic of the velocity and acceleration 

profiles is mainly dependent on the extent of the 

2 
In these diagrams the loop curve is marked with identifiers 

to indicate the point numbers which have been assigned 

to the selected points on the film strip. 
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contribution of the film feeding and the rolling action. At 

the start, the film motion is characterized by the sudden 

uplift movement of the film strip from a flat surface mostly 

due to the action of film feeding. As indicated in section 

5.5, this kind of movement generates an infinitely large 

velocity and acceleration on the film body and the velocity 

and acceleration profiles at this stage are dominated by 

vectors perpendicular to the x-axis. (Figs. 12a and 12b). 

The peaks of these profiles occur at the center line of the 

loop. 

As the loop grows larger in size, 1 
at about so() of a 

frame cycle from the start, the rolling action comes into 

effect and its contribution to the motion is the addition 

of the downward components to the velocity vectors near the 

right hand end of the loop and the upward components to the 

acceleration vectors on the other side as indicated in 

Figures 13a and 13b. As for the film infeed, its effect at 

this stage is the introduction of a horizontal component to 

the velocity vectors near the film feeding end. 

Resulting from the change in magnitude and angle of 

the vectors on the velocity and acceleration profiles, the 

so called ''knots" appear in these diagrams where the vectors 

reach their local minima. During the procession of the loop 

further along the plane the knot in the velocity profile tends 
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to move towards the loop top while those of the acceleration 

diagrams are approaching the inflection points (Figs. 14a to 

17b) • 

At the time of about 1/lOth of the frame cycle, the 

rolling action of the loop is fully developed. The loop motion 

at this stage is characterized by the appearing of the maximum 

velocity in the vicinity of the inflection point where the 

acceleration attained a minimum value and a reverse situation 

takes place at the loop top and bottom (Figs. 15a to 17b ) . 

It is quite interesting to note that in these diagrams, the 

acceleration vectors are almost perpendicular to the loop 

curve because of the effect of the rolling motion. 

In comparing Figures l8a and l8b which represent the 

1 
velocity and acceleration p:r.·ofiles of the loop where t ~ 3s 

of a frame cycle to the case of pure rolling motion as indi-· 

cated in Figures 19a and 19b, it is seen that the introduc-

tion of the film feeding velocity will create the following 

effects: 

a) A horizontal component is added to the velocity vector 

especially close to the right hand side. 

b) Reduce the magnitude of the acceleration vectors. 

c) Shift the point of minimum acceleration towards the 

opposite direction of the loop motion. 

The pecular behaviour of the film loop acceleration 
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profile can be best explained by examining the motion of the 

loop itself. The right hand part of the loop from point 2 

to 22 in Figure 18b is seen to be slowing down before it is 

laid on the flat surface; therefore, the deceleration force 

must be brought in with an increasing magnitude towards the 

end of the loop. The top quarter of the loop from point 22 

to 42 is accelerated downwards and towards the direction of 

motion with increasing speed. Consequently, the downward 

acceleration vectors are attributed to the motion of this 

part. The same reasoning can be applied to the motion of 

the rest of the loop. 

6.4 Veloc:ity and Acc::_ele~?tion at the Top of the Loop 

The variation of the velocity and acceleration ampli

tudes of a point on the top of the loop in a frame cycle is 

summarized in Figure 20. 

As indicated earlier, the early phase of loop motion 

shows high velocity and high deceleration in a very short 

period of time when the effect of film feeding is predominant. 

As the time is increasing, the acceleration curve drops to 

a minimum value which corresponds with an inflection point 

in the velocity curve. This is due to the contribution of 

the rolling action which results in shifting the point of 

maximum velocity and acceleration away from the loop center 

line as indicated in Figure l3a and 13b. 
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When the knot in the velocity profile proceeds toward 

the loop top, the velocity decreases in magnitude while the 

value of the deceleration is increasing. From the time 

l 
t = IS of a frame cycle, when the rolling action dominates 

the loop motion, the velocity curve drops slowly with a con-

stant rate and in effect a constant deceleration force is 

expected. 

The discrepancy between the results obtained from the 

computer programmes and the anticipat.ed curve is due to the 

inherent error in the numerical approximation. In the calcu-

lation of these velocity amplitudes, the values are taken at 

the selected point which is the closest to the top of the 

loop, and also in this region the velocity is at its minimum 

value. Accordingly, a large error can be introduced if the 

chosen point is shifted slightly away from the top. 



7. CONCLUSIONS 

The foregoing study of the loop movement by simula

tion is restricted to motion on a flat surface with the 

assumption that the loop shape retains its minimum strain 

energy form which exists in a static state. The questions 

arising here are: how close is the approximation,which is 

based on a theoretical model, to.the actual loop motion, 

and what are the restrictions of the application of these 

results to the design of the Rolling Loop Projector? 

In considering the actual conditions to which the 

loop is subjected, it is found that there exists various 

static and dynamic factors which cause the loop shape to 

deviate from the theoretical shape used as a mathematical 

model in this thesis. These are the following: 

a. Static Factors 

The wave-like motion of the film in the projector · 

is actually produced on the inside of a cylindrical surface. 

The inclination of the equivalent tangential planes to the 

film curve at the loop ends creates different end conditions 

which alter the loop characteristics that had been derived 

to a certain extent. An analysis for this case is presented 

in Appendix B. 
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Furthermore, the loop in the projector is guided 

and supported by rotor shoes whose configuration is a primary 

factor in shaping the loop curve not only when the loop is 

stationary but also when it is in motion as well. 

b. Dynamic Factors 

The film material has a certain mass which is 

associated with either linear or angular momentum in the 

direction of the motion. The film in the rotor gap can be 

considered equivalent to a certain mass which travels along 

with the gap at a constant velocity. By the conservation of 

momentum the change of the amount of film in the gap must be 

accommodated by a change in the velocity of the film itself. 

Consequently, in the process of loop growth, where the total 

amount of film in a rotor gap is increasing, the forward 

portion of the loop is lagging behind the leading shoe and the 

rear part is pushed close to the trailing shoe with an end 

result of tightening the loop curve. This effect is increased 

at high operating speed by the contribution of air resistance 

on the projected area of the loop. This situation is further 

complicated by the existence of the centrifugal force which 

tends to flatten the loop curve into the stator, and by other 

factors such as the initial impact of the trailing rotor shoe 

on the loop before carrying it forward, and the inherent 

friction force between the shoe and the film. 
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However, at low operating speed (around 18 frames per 

second) the loop does approximate the static shape considered. 

At this speed, the flexural rigidity of the film is large 

enough to withstand any significant shape modification and, 

furthermore, the rotor shoes machined to a proper configura

tion serve as a support to the loop especially when it is 

full grown. An investigation by high speed photographs of 

the loop taken at the point where the loop just leaves the 

projection gate disclosed that the loop shape is quite similar 

to the theoretical one derived from the static analysis. A 

typical high speed photograph is shown in Figure 21. 

A further study of loop movement, taking into account 

the factors mentioned above, can be made. However, for the 

present, the results obtained do provide a basic understanding 

of the dynamic behaviour of loop movement; and furthermore, 

this knowledge permits a more precise determination of the 

design criteria for the Rolling Loop Projector to reduce film 

stresses and shorten frame transfer period. 



FIGURE 21. High speed photograph of a film loop after it 
leaves the projection gate (Projector operating 
speed= 18 frames/sec., camera speed= 1000 frames/ 
sec.) 

co 
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8. DESIGN CONSIDERATIONS 

Most of the design work done so far on the Rolling 

Loop Projector has been based on experimental trial and error 

techniques. One of the most difficult problems encountered. 

during the development stage of the 70 mm. prototype was the 

very large stress on the film body generated 

at the start of the loop growth or at the end of loop decay 

where the loop height is small. Other design problems arose 

when an attempt was made to shorten the rotor gap in order 

to cut down the frame transfer time in a projection cycle. 

Some ideas and suggestions will be given regarding these 
~ 

topics. 

a. Film Inlet and Outlet 

As seen in the acceleration diagrams at the early 

stage of loop growth, a large acceleration occurs in the 

film motion when the film loop begins to formfrom a flat shape. 

This introduces large compressive loads at the loop ends. 

If a tangential film entry as shown in Figure 22a were used, 

the film may buckle before a proper loop was formed because 

the curvature of the stator is opposite in direction to that 

of the required loop. An increase in the angle of the film 

inlet from the tangential position will initiate loop growth 

in proper direction thus reducing the initial film acceleration 
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and the resultant applied load. However, if very large angle 

is employed, the top of the loop will be shifted backward 

closer to the trailing shoe face (Fig. 22b). This will create 

a situation in which the trailing rotor shoe tends to over

ride the film loop instead of pushing it forward in a rolling 

action. A 45 degree-film entry was used in the prototype and 

it seemed to work satisfactorily. However, it is felt that a 

larger film entry angle might provide a better solution. 

As shown in Figure 22c, an angle as large as 90 degrees will 

promote an earlier rolling effect which is favorable for the 

film motion at this stage. So far, however, the optimum 

angle for the film entry has not been determined,and this is 

an area requiring further study. 

When the trailing shoe first comes into contact with 

the rear part of the loop (which is still stationary) , an 

impact force is generated. Although this impact is softened 

by the air jets on the trailing rotor shoe, the sudden in

crease in linear momentum of the loop creates a considerable 

distortion of the loop shape and some loop vibration. The 

consideration of this effect leads to the proposal of employing 

a curved stator plate n~ar the film entry with a configura

tion as shown in Figure 23. With this configuration part 

of the energy transferred to the loop from the impact is 

dissipated in bending and the remainder increases the linear 

momentum of the rear part of the loop. In addition, the 
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Fig.23.Proposed film inlet 
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~ 

Direction of f!lir j~ts 
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film entry slot is fitted with a plate which provides an air 

cushion effect to slow the incoming film. 

The same concept can be applied to the exit slot. 

Before the loop has fully disappeared, its linear momentum, 

which is still carried forward to the exit end, tends to move 

the film at a speed higher than that of the film output. The 

combination of a high linear velocity of the film and a large 

upward deceleration on the film body creates high tension 

stresses on film performations with possible resultant film 

damage. Therefore, an inward (towards rotor center) curved 

slot with damper plate similar to the inlet slot is recommen-

ded. This should permit the film to reduce its size with low 

deceleration force and to allow some over-travel of the loop. 

b. O:£?timi za tion of the_ Roto_!" Gap_ 

The illumination efficiency is a critical factor in 

projection design, and it is mainly dependent on the frame 

transfer period. In the Rolling Loop Projector this period 

is determined by the ratio of the rotor gap width to the 

circumference of the rotor. For a given rotor diameter a 

shorter rotor gap width is considered to be highly desirable 

in that it gives better illumination efficiency. 

From the characteristic curves of the static loop 

(Fig. 10), it is observed that for a given frame length, E , 
s 

a smaller gap produces a lower loop height and this is an 
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advantageous condition for a controllable loop shape, especial

ly in high speed operation. On the other hand, a decrease in 

gap width promotes an increase in the supporting forces 

at the loop ends and a rise in bending moments on the film 

material. The bending moment produced, combined with the 

heating effect on film by projected light, can be detrimental 

to brittle film. Therefore, the determination of the rotor 

gap width is a compromise between a shortening of the gap width 

and a reduction of film stresses. The perforation stress 

limit is readily obtainable, but the permissible bending 

stress for the film material is not yet known. Hence, a 

knowledge of the latter must be sought before an optimization 

of the rotor gap can be made. 

c. Other Considerations 

Just as the trailing edge of the full grown loop 

passes over and contacts the fixed registration pins, that 

portion of the film from the entrance slot around to these pins 

must be brought suddenly to a stop. This is done by a set 

of deceleration pins which are actuated by a cam. The 

design of this cam requires a knowledge of the motion of the 

film perforation in which the oscillating pins engage. The 

exact point paths of these perforations can be obtained by 

using the equations and techniques alrea~y developed with 

some provision for rotor curvature. 
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Furthermore, in considering the acceleration diagrams 

at the later stage of loop growth (from the time around half 

of a frame cycle), it is found that maximum acceleration and 

deceleration forces are developed near the loop ends and 

directed towards the rotor shoe curve as shown in Figure 18b. 

These forces tend to pull the film tightly against the 

rotor shoes and consequently create large friction force 

which can cause scratching of the film edges. In the proto

type, air is pulsed through jets in the trailing shoe curve 

as the shoe passes the film entry point. This cushions the 

contact between the shoe and the trailing portion of the 

growing loop. It would be advantageous to have a second pulse 

of air from jets placed close to the bottom of both shoe 

faces during this later stage of loop growth. 
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APPENDIX A 

CHANGE VARIABLE OF INTEGRATION 

salvadori [15] suggests to transform the equation 

4-215, i.e., 

dS = 1 d8 
A-1 

12 C lcos8-cos2a 

into an intergratable form by changing variable e, in the 

following manner: 

The sine and cosine relation gives 

cose = 1 - 2sin
2 ~ 

then, the denominator of relation A-1 becomes 

lcos8-cos2a ==/ 2 (sin
2
a-sin

2!) 
or 

Since 

Therefore 

Let 

where 

0 < e < 2a, and 

2 a < 7T 

sin e 
2 

0 < 
- sin a 

< 1 

sim(' = 
e sin 2 

sin a 

. 28 
s1n -

2 
. 2 s1n a 

Then, equation A72 becomes 

/cos8-cos2a = 12 sina /l-sin
2f 
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A-2 

A-3 



or 

/cos8-cos2a = 12 sina• cost 

Differentiate both sides of equation A-3: 
e 

1 c?s 2 
cos,IJ dw = •d8 

'i r 2 sina 

Separating the variables: 

or 

de = 2sina•coso/df 
e 

cos 2 

de = 2sina cosf dr 

/1-sin
2 ~ 

(since cos ~ = /1-sin 2 ~) 2 2 
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A-4 

A-5 

Substitute d8 and /cos8-cos2a by the expressions A-5 and A-4 

respectively into relation A-1: 

dS 

But, according to A-3 

Then 

sin 

1 dS = 

1 dy 
-- c (_ e· 

v'l-sin 2 
2 

e 
2 = sina•sin1f 

drf; 
A-6 



APPENDIX B 

STATIC LOOP WITH INCLINED CLAMPED PLANES 

In the Rolling Loop Projector th~ film loop is 

actually rolled on the internal cylindrical surface of the 

stator. Statically, this loop can be considered as equiva

lent to a flexible strip held at the two ends -where the 

loop contacts the curve - by two fixed clamps whose planes 

are inclined at an angle S to the horizontal plane as shown 

in Figure Bl. Again, in this configuration, the loop shape 

is symmetrical around ZZ', consequently only half of the loop, 

eg., section OB will be taken into consideration. 

B.l Governing Equations 

Suppose that A is the inflection point on section 

OB where there is no bending moment. The reaction force 

P1 acting at this point must be parallel to the x-axis as 

shown in Figure B2. Consider section OA with the coordinate 

system as shown in Figure B3. 

Let 

sl = length of the curve OA 

Ll,yl = coordinates of point A 

Ml = bending moment at 0 

p = supporting force 

P1 - reaction force at the inflection point. 
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The first part of the analysis is identical to that of 

section 4.2~ and equations from 4-211 to 4-215 apply. Then 

ds = 1 d8 

12c /cos e - cos 2a ' 

Integrate both sides and note that in this configuration e 

ranges from -S to 2a, then 

This 

s 

or 

s = 1 

12c 

integration can be broken 

0 
1 [J 

d8 
=--

12c /cos e - cos 2a -s 

d8 

Ieos 8 - cos 

d8 

e -

down 

e 
+ I 

0 

cos 2a 

as 

d8 
] 

vcos e - cos 2a 

____ d_·8----J,B -11 
Ieos e - cos 2a 

where the positive sign is applied for 8>0 and vice-versa. 

After changing the variable of integration by the method 

described in Appendix A, equation B-11 finally reduces to 

where 

. -1 
cp

1 
= s1n 

. -1 = s1n 

sin §_ 
2 

sin a' 

e sin 2 
sin a 

B -12a 



and + sign for ¢ > 0 

- sign for ¢ < 0. 

The expression for x and y can be deduced in a 

similar manner, and the results are 

' ' 
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X==~ [2{E(K,¢ 1 ) ± E(K,j¢j)}- {F(K,¢ 1 ) ± F(K,fcpf)}] B-12b 

2K 
y = IC (cos¢ 1 - cos¢) B-12c 

For section AB shown in Figure B4, the loop has the same end 

conditions as those analyzed in section 4.3. Applied to 

coordinate system (Ax'y'), equations from 4-31 to 4-33 give 

1 7T 
S = C [E(K, 2 ) - F(K,cp)] 

1 7T 7T 
x = C [2{E(K,2) - E(K,cp)}- {F(K,2) - F(K,cp)}] 

2K 
y == c cos cp 

7T where cp ranges. from 2 to 0. 

By transferring to coordinate system (oxy) (see Fig. B2), 

these equations become 

1 7T 
S == s 1 + C [F(K, 2) - F(K,cp)] 

but 

then 

F(K,cp) 
c · B-13a 



X = L 1 + ~ [ 2 { E ( K I;-) - E ( Kl ¢) } - { F ( K I;-) - F ( K I ¢) } ] 

but 

then 
LT 1 [2E(K 1 ¢) -F(K 1 ¢)]. X = 2 c B-13b 

And 

yl + 
2K 

cos¢ y = c 
but 

2K 
cos¢ 1 (from B -12c) y1 = c 

thus 
2K 

(cos¢ 1 + cos¢) . y = c B -13c 
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The equations for the rest of the curve can be derived 

in a similar manner. 

For section BC: 

S = ST F(K,¢) 
2 + c 

L'l' 1 
X =--2-- + C [2E(K,¢) - F(K,¢)] 

y = 2K 
c (cos¢ 1 + cos¢) 

TI where ¢ increases from 0 to 2 . 

For section CD: 

2K 
y = C (cos¢ 1 - cos¢) 

B-14a 

B-14b 

B-14c 

B-15a 

B-15c 



where ¢ increases 

Summary: 

Let 

7f from -S to 2 . 

Fl = F(K,¢ 1 ) 

El = E(K,¢ 1 ) 

By using the same subscripts and notation as in section 

4,3, the equations governing the loop shape are 

SA 
l 

[F l ± FA] B-16a = c 
1 

[2(E1 ±E~ (F 1 ±FA)] B -16b XA = c -

2K 
(cos¢

1 cos¢A) • B-l6c YA -·- c 

SB 
ST FB 

B -17a - 2 c 
LT l 

[ 2EB-FB] B -17b ~ = 2- c 

2K 
(cos¢ 1 + cos¢B) B-17c YB = c 

sc 
ST Fe 

B -18a = ~ c 
LT 

+ 
l 

(2Ec-F c) B-l8b XC = c 2 

2K (cos¢ 1 + cos¢c) B-18c Yc -· c 

SD ST 
1 

(F 1 ± FD) B-l9a = -
c 

LT 
l 

[2(E1 ±ED)-(F1 ±FD)] B -19b XD = -
c 

2K 
(cos¢ 1 cos¢D) B-l9c Yn -- c - . 

where 
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while 

and 

7T 
¢B and ¢c range from 0 to 2 , 

+ sign for ¢ > 0 

- sign for ¢ < 0. 
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Using these equations, the curve of the bending strip was de-

rived and plotted as shown in Figure BS. 

B.2 Calculation of Parameter K 

7T When ¢A = 2 , relations B-16a and B-16b become 

and 

Also, when ¢B 

and, 

1 81 = c [Fl + Fo] 

Ll =! [2(E1+E
0

) - (F1+F
0

)] 

7T = i , equations B-17a and B-17b become 

s 
T 

2 

C
l [ 2E - F ]. 

0 0 

Equate B-21 and B-23 to get 

or 

F 
0 

c 

8T 1 - = - [F + 2F ] • 
2 c 1 0 

B -21 

B-22 

B-23 

B -24 

B-25 

Replace L1 by the expression B-22, relation B-24 becomes 

C
l [ 2E -F ] . 

0 0 
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In rearranging terms: 

B-26 

Dividing each side of relation B-26 by the corresponding side 

of B-25: 

LT 2(2E
0

+E1 ) - (2F
0

+F 1 ) 

ST - 2F
0 

+ Fl 

or 

LT 2E
0 

+ E1 
S = 2 2F + F - l 

T o 1 

or 

2
E0 ~-~]:_ = 1:. (!_ + 1) B-27 

2F
0

+F 1 2 R 

If the ratio R := 
LT 

is known, then the value K of the sT 
elliptic integrals can be evaluated by relation B-27. 

For a given inclination angle S, there is a minimum 

limit for R, below which K does not exist. 

when 

From the condition given in equation B-12a 

¢ = 1 
. -1 

s1n 

s sin 2 
sirlCi 

TI ¢1 = I , then the value of K is 

K 
. . s = s1na = s1n 2 

Then the relation B-27 becomes 

Eo = 1 (~- + 1) 
F 2 R 

0 

B-28 



where s K = sin 2 
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From relation B-28, the minimum value of R is calculated for 

a given angle S. In the case of a strip being fixed on the 

inner side of a cylindrical surface, if the value of R is 

reduced below its minimum for a given angle S, the parameter 

K must be reduced accordingly by shifting the points of contact 

between the strip and the cylindrical surface toward each 

other so that the relation B-28 is always satisfied. The 

shape of the strip under this condition is plotted as shown in 

Figure B6, in which the angle of the curve at the inflection 

point is equal to S, which is the inclination angle of the 

clamped planes with respect to the x-axis. 

B.3 Loop Characteristics 

B.3.1 Parameter K and Supporting Force 

The parameter K of the elliptic integral can be calcu-

lated by using the relation B-27 already derived. 

In reference to Figure B3, the summation of the 

forces in the x-direction gives 

P cos s- P 1 = o. 

or 

p = 
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The parameter C is given by 

or 

Then, the expression for P can be written as 

c2E'I 
p = 

cos s B-311 

Furthermore, the value of C is given by equation B-25 as 

C = _3__ [ F + 2 F ] 
ST 1 o 

So, equation B-311 becomes 

4[F
1

+2F
0

]
2
E'I 

p = ------ ---
2 

ST cos S 
B-312 

The critical supporting force can be found by letting 

K = sin §__ 
2 

2 and the result is 

2 
When K approaches zero, F 

0 

p = 
c 

36E'I F 2 
·---:;,,---- 0 

s 2 cos s 
T 

B-313 

reduces 

91T 2E'I 
s 2 

to ~ and B-313 becomes 

T 
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This is the Euler critical load for buckling a strut of length 

ST with a buckling mode n = 3). 
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The non-dimensional form of the supporting force is obtained 

by dividing each side of relation B-312 by the corresponding 

side of B -313: 

but 

Thus 

p 

PC 

B.3.2 LOOP Height 

F
1

+2F 2 
= 1 ( 0) 

9 F 
0 

When ¢B = 0, equation B-17c becomes 

2K(l+cos¢ 1 ) 
YL = C 

(from eq. B-25) 

Dividing both sides by LT: 

YL K(l+cos¢ 1 ) s 
= (- T) 

L'l, F1+2F
0 LT 

or 

YL K(l+cos¢ 1 )R 
= F1+2F 

0 
L'l, 

B.3.2 Bending Moments 

B-314 

B-321 

The bending moments at the clamped ends of the strip 

are calculated in a similar manner as in section 4.4.4. 

but 
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(from eq. B-312), 

and 

2K 
Y1 = IC cos¢ 1 . (from eq. B-16c) 

On placing in dimensionless form: 

or 
B-331 

In a similar fashion, the bending moment at the top of the loop 

curve is calculated: 

B-332 

The results obtained for the characteristics of 

the loop are plotted against ratio ST/LT keeping S constant 

as shown in Figure B7. 
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CHARACTERISTICS OF A LOOP 

ON CURVED SURFACE 

Sin<p>= .055 

! J .L L_J I 
m I I L.J..- I I _L 

1.5 2.0 2.5 3.0 3.5 

RATIO STILT 
(From Table 5) 



APPENDIC C 

S~~PLE OF COMPUTER PROGRAMMES 
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Note: 

The following is a typical set of programmes which 

were written in Fortran IV to perform the calculation and 

to plot the velocity and acceleration diagrams of the loop 

in motion. These programmes were processed on the Control 

Data Corp. computer (model 6400) in coordination with the 

Benson Lehner plotter. 
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C PROGRAMME A 
c *********** 
c 
C EARLY STAGE OF LOOP GROWTH. 
c 
C TO COMPUTE T~IE COORDINATLS OF Stlt:.CTEU POI~TS ON THE FILM STRIP 
C AND TO FIND THE VELOCITY AND ACCELlREATION VECTORS OF THESE POINTS 
C DURING THE EARLY STAGE OF LOCP GROWTH. 
c 
C DATA USED = 
c ----------
c DISTANCE B~TW~EN SELlCTt0 POINTS OS= .ld7/5 INCH. 
C Tifv~t: STEPSIZ.t DT= 1!21+/'::luO SlC. 
C CASES CONSIDERED= TINl J= .z, .3, ••• ,.9 
c 
C N 0 T /1 T I 0 f\! = 
c --------
c 
c 
( 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

rv;p 

MT 
I 
J 
SP <I l 

SC(Jl 

X (I ,J) 

DT 
DS 
VR 
VF 
AL 
ES<Jl 
so 

XC U) 
xo 

YOLJ) 
S i'VJ , Xi·~ 

- NU~BER OF FIXEJ POINTS ON THE FILM STRIP. 
= NUMdER OF TI~E INTlRVALS TAKEN. 
=SUbSCRIPT HJI~ The u:-<uu-< oF T;-il:_ PUii'JTS JN TrtE FlLH STF-<IP. 
= S LJ t3 S C 1\ I P T F 0 f\ T I i": E I IH l,-< Vi\ L • 
= P U _;:, I T I 0 f\i 0 F P 0 I f\l T I U ;~ Hi E F I U', S T 1:.: I P ;.·, E ,'\ S U F\ E lJ /1 l.. 0 ;'~ G 
THE FILM CURVL FRO~ ORIGIN o. 
= C:Uf\VlLlNE/\R COOl~Dif\J;'I.T[ OF HOVING ORlGif'~ O(i;,l vmT~ 
OR I C1 IN 0. 
= ACCISSA OF POINT I AT TIM~ J WRTo FIXED COORDINA·rE 
S Y ;, T f~ ',1 C X Y e 

= OrWl1~/I.H l.lF PUUH I 1\T THil_ J \\'1-<Te FlXLU LUORul.\:1\Tt:. 
S Y S Tf:. "'1 0 X Y • 

= DISTANCL ~ET~lEN SELECTLD POINTS. 
= Llf'JI-AF~ VELCJCl TY oF TfL F\OTCH. 
·- VEL 0 C I T Y 0 F T 1-i L F I L flj I J\j F t:.: [ D e 

- TUT/\L LU\C1Th CF f-lL.•i l1~ KUTU1~ Gi\P !~T TIHL J. 
= CUl\VILINE;\,~ CY.J;·UIN;\TL 0F O(i,,J AT Till_ LJE.GINfJING OF- THt: 

PHASE CONSID~RED~ 

= AGCISSA OF OIMJ WRT. SYSTEM OXY AT TI~L J. 
= AbCISSA OF O(f'v~J \'JRT. SYSTfjl OXY /H THE bEGIW~LH1 OF 

THE Pf-i/·.SE CONSI:)E:I<UJ. 
= HE. I C)HT OF THE LOOP • 
= C.u:-<viLit~E/~1\ cco,-<ui:\I~T~ 1'-.N:J THt.:. iiDCissJ.>. oF 11 Puli\lT \vRT. 
~AO V I :·~ G C 0 01\ ~ 1 i'l /\ T r.:: S Y S T E ;v·, 0 ( ;v, J X I i' 1 J Y ( ,-, J • 

VI\(I,JJ - Vt:LoCITY /,;;PLlTUlJt: .• 
PHIV( I ,J)= ;\~K1Ll: OF VcLCLITY Vt_CTui,:. 
A A ( I hJ ) = /1 C C ELf~ r:.U\ T I 0 i\ /1 >Y L I T LJ lJ [._ • 

PHIAl I ,J)= ,f\:\JCJLL OF ;\CCt.:U:.I-<1\TION VLCTOI~. 

D I ~ .. 1 E ~j S I 0 f\! X ( 1 \; 0 , l U ) , Y ( l l_; '-! , l .:, J • S P ( 1 C U ) , S C ( l C J , XC ( l C l 't: S ( l 0 J ' Y 0 ( 1 0 I 
c o .'/ ~Ito r\l v A < 1 CD , 1 o J , P H I v < 1 c; C) , 1 u 1 , 11 A < 1 o (; , 1 :J J , o H r 11 1 1 o J , 1 o j 
C 0 1', t~ 0 , ·j X , Y , U T 



c 
C INITIALIZF 
c 

c 

f'.~P=100 

MT=lu 
NL1=2 
NL2=9 
DK=\J.O 
PJ=':l.ll+l t;0?7 
DT=1./?4./50U. 
vr~='+52. 3EJ93 
VF=67.5 
X0=21·8 
SO=XO 
AL=-~. 

VDF = ( Vf~-VF l *DT 
VRF=VR*DT 
VFF=VF-*DT 
DS=.U37/:io 
DX=flS 

C AT TIME T=O. 
c 

J=l 
~.-1P1='~P+1 

C ORIGIN OF KOVING COORDINATE SYSTEM. 
sc ( J) :-:: :)0 
XC(J)=SO 
ES(J J =/\!_ 

C C U 0 i\ t) I N ;\ T L S 0 F ;. P 0 I I, T 0 N T I i [~ F I L 1,, • 
DO l I= 1 , f':P 
SP( I l =SO-DX*FLOI\T( I-ll 
X(I,Jl=SP(ll 
Y(I,J)::::O.C 
YO(J)=U.u 

1 COt!T I NUE 
c 
C AT TIME T, J=2,MT 
c 

DO 2 J=2,MT 
1\!(1=0 
~J(?=O 
NC3=0 
NC4=-u 
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C CALCULI\Tl C.OORlJU~/\TES Or POINT 0(<''11 AIW U:i'iGTH OF Fllf/, IN GAP· 
FL=FLO/\f ( J-l) 
SC ( .J J ==50--VDF*FL 
XC ( J) =XO-VI~F*FL 
ES(J) =VFF*FL+!\L 

C FIND K AND C. 
RA=.S*(AL/lS(JI+l.l 
PI2=PI/2. 
AKl=U. 



AK=DK 
3 cmnrNuE 

C INTERPOLATION. 
CALL ELL1SIRF,AK,PI2,ll 
CALL ELLISIRE,AK,PI2,21 
RAT=I~EII~F 

IFIRAT.GT.RAJ GO TO ~ 

CALL INTERIAKX,RA,AK1,RAT1,AK,RATl 
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C SET K EQUAL TO ITS CLOSEST VALUE FOR THE NlXT INTERPOLATION. 

c 

DK=AKX 
C A L L E L L I S ( R F , /1 K X , P J 2 , 1 l 
C = 4 • -* f~ F I E S ( J l 
STEST=SC(Jl-ESIJI 
YO I J l =4 • -1(-;\KX I C 
GO TO 5 

4 COf'H I iWE 
RATl=RAT 
1\Kl=Af( 
AK=J\K+.C)l 
GO TO 3 

5 CONT 11\HJE 

C CO~PUTE COORDINATFS OF POINTS 0~ THE FIL~ STRIP. 
c 

DO 6 I= 1, HP 
C TESTING TO SEE IF THIS POINT IS ON THE LOOP. 

IFISP(Il.GL.~,((Jll C:iO TO 7 
I F ( S P ( I l • CiT • ~' T t: _ _:--, T J Ci C; l 0 o 

C P 0 I /', T I S 0 r,; T H [ F L!1 1 f.) U fn I U i'J /:< T T H t:: r~ H S .. 0 F T H E L C C P • 
X(I,JJ=SP!Il 
Y(l,JJ=O.CJ 
CiO TO 6 

7 CO~T I NlJE 
C POIIH IS ON HiE FU\T POidlON AT TriL LHS. OF THE LOOP. 

Jlvl=J-1 
X ( I , J l = X ( I , J :"1 I - \1 F F
Y(I,JJ=,u.O 
GO TO 6 

8 COi'H I NUE 
C POINT IS ON THE l_OOP. 
C FIND ON WHAT PORTION OF THE LOOP THIS POINT IS SITUATED. 

c 

S~·'I=SC ( J J -SP ( I I 
1 F ( S ivl ~ L T • ( t~ S ( .J l! 4 • J J G 0 T 0 9 
I F I S ; -! • L T • ( L S I J I I 2 • i I (J 0 T 0 1 C 
I F ( S >'1 e L T • ( .. 7 c~, -l<- E ;::, ( J J J J G 0 T 0 1 1 
IFISMoLT.ESIJ)l GO TO 12 
STOP 1?345 

9 COiH I t'HJE 

C POTION I 
c 

PHl=D.O 
I F ( 1\ C l • 1: C. 1 l P ri I = P f I I X+ • () 1 

14 COI'H I ,\JUt. 



C CALCUL1\TING PHI C0f~f\lSPUNLJI~~CJ TU Sr,,. 
IF!PHI.GT.PI2J PHI=PI2 
CALL ELLIS!RF,AKX,PHI,11 
S=RF/C 
IFIS.EQ.SMI GO TO 103 
IF!S.LT.SMI GO TO 13 
CALL INTEf\IPHIX,S,'vi,Pili1,s1,PHI,SI 
GO TO 102 

103 CONTINUE 
PHIX=PHI 

102 CONTINUE 
NC1=1 

C CALCULATE COORDI~ATES x,y. 

c 

CALL ELLISIRF,AKX,PHIX,11 
CALL ELLISIRF,A<X,PHIX,?I 
XM=1./C*(2.*R~-RFI 
X I I , J l = X C I J I -X ~·1 
YII,Jl=?.*AKX/C*Il.-COSIPHIXII 
GO TO 6 

13 CONTINUE 
S1=S 
PHI1=PHI 
PHI=PHT+.C:1 
GO T 0 14 

1 U C OIH I N U E: 

C PORT I ON I I 
c 

PHI=PI? 
IF(t~C2.t:::O.ll PHI:::PHIX·-n!l 

C CALCULATING PHI CORR!SPO~ui~G TO S~& 

15 COt\T I ~(U[C 
I F I P f-! I • L T • 1 • C [ - l 9 I P 11 I = 0 • CJ 

CALL ELLISIRF,AKX,PHI,ll 
S=I::SIJI/2..-f~F/C 

IF IS.EC.siv:J GO TO 105 
IF!S.LT.SMl GJ TO 16 
C I\ L L I i,! T E R I P H I X ; S rc', , P r i I 1 , S 1 , P H I , S I 
GO T!J 1()6 

105 CONTINUE 
PHIX:..:Pfil 

lu6 CONT l1\JUE 
NC2=1 

C CALCUL..f1TE COCR:DliJ!IH:s x,y. 
CALL ELLlS(RF,A<X,PHIX,ll 
CALL ELLIS!RE,AKX,PHIX,21 
XM= AL/?.-1./C*I2.*RF-RFI 
X(I,J)=XC(JI-X;VI 
Y(I,JJ=2.*AKX/C*(l.+COSIPHIXII 
GO TO 6 

s 1 :: c; 
PHil=PHI 
PHI=PHI-.Cl 
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GO TO 15 
11 cmniNuE 

c 
C PORTION III 
c 

PHI=·J.O 
IFINC3.E0.11 PHI=PHIX+.Ol 

C CALCuLI\ T I NG PH I COi~F<t:SPOi'~ ... !l 1'\G TO S1'i • 
1 7 C 0 N T I f~ lJ E 

IFIPHJ.GT.PI2) PH!=PI2 
C A L L E L L I S ( f.( F , f', r: X , f-:l H I , 1 J 
S=fC(Jl12.+RFIC 
IF(S.EOe~~~ GO TO 107 
IFIS.LT·S~I GO TO 18 
c /\ L L I N T E:_ F\ ( fl H 1 X ' s I' I ' pH 1 1 ' s 1 ' pi i I ' s ) 
GO TO UJ8 

lU7 CUNTINUL 
PHIX=PHI 

108 COt'H I NUE 
NC3=l 

C CALCULATE COOR~INATES x,y. 

] " .u 

CALL ELLISIRF,A<X,PHIX,ll 
C /i, L L E L L I S I f< E , /', rC:: X , P H I X , 2 ) 
X 1"1 =A L I 2 • + J • I C 'f, ( ? • -;~ ~ [-I< F J 

X ( I , J ) = X C I J I -X r\1 
YII,JI=?·*AKX/C*Il·+COSIPHIXll 
GO TO 6 
CU~li .. I 1\U[ 
s] =.') 
Ptlll=PHI 
P 11 I =I) HI + • (! 1 
c;o ro 17 

12 COt'HINUE 
c 
C PORTION IV 
c 

PHJ==PI? 
IFI~~CLfol:C.:.ll PHI::.:PIJIX-.Ul 

C CALC J L/1 T I N Ci PH I C 0 I\ f\ l S P 0 ;\ U l i'J lJ T 0 S fv1 • 

IFIPHI .. LT.l.(;f~_-U91 PHl:::i.).o 
CALL ELLISIRF,AKX,PHJ,ll 
S=ES(JJ-:-\F/C 
IF(c .• EO .. S~'I GO TC 109 
IFIS.LT.S\1 GO TO 2n 
CA. L L I f'.: T F. f~; I PH I X ' S :.~ , PH I l , S 1 • PH I , S l 
GO TO lJO 

1 CJ 9 C 0 t·n I/'W E 
PHIX:.-oPf-H 

110 COI'HINUE 

C CALCULATE COORDINATES x,v. 
CALL Ell I~IRF,AKX,P~IX,ll 
CALL ELLISIR~,AKX,PHIX,21 

120 



X~=AL-J.IC*I?.*RF-RFl 
X I I , J l = X C ( J l -X ~; 
Y I I , J l = 2 • -)t 1-\ K X I C* ( l • - C C S ( PH I X l l 
GO TO 6 

20 CONTINUE 
Sl=S 
PHil=PHI 
PHI:.:Pfii-.01 
GO TO 19 

6 COtH I NtiE 
2 COfH I NUE 
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C CALCULATE VELOCITY AND ACCELERATION VECTORS. 
CALL VELACL(rJ;P,,iJT) 

c 
C PRINT OUT RESULTS. 
c 

DO SO J=NLl,~L? 

K =J 
C PUNCH COOf~DIN/1HS OF POiiHS. 

V..' R I T i-: I 8 , L+ 3 l I X I I , J l , Y I I , ,J l , I = l , 1'1 P l 
43 FORMATI6Fl2.5) 

\'1 i~ I T E I 6 , 7 2 J J 
72 FOR~ATI1Hl,20X, ~COORDINATES OF PUINTS*,II,ZlX,*AT TIME J=*,I3l 

\•JR IT[( 6 d3 l 
33 F 0 R >1 A T I 1 H 0 , 2 X , .;-;-

lX *'2X,* Y 
DO 36 I=l,3:3 
Il=33+I 
I2=66+I 

y 

X 
*'3X,•'< 

*,2x,-:~ y 

WRllLI6,J5li,XI I ,J),y( J,JJ sll,XI Jl~JJ ,y( Il,JI ,rz,xl IZ,Jl ,y( l2,Jl 
3 5 FUr::.'< i\ T I l H , 1 X , 3 I 1 3 , 2 X , F 9 • tf , 2 X , r ':1. 4 , 3 X l I 

3 6 C 0 r'n I N U E 
\\'RIT[(6,37l J 

37 FORMATI1!~1,2~X,*V~LOCITY VECTORS*,I/,21X,*TI~E J=*,I31 
WRITU(nJ':J) 

39 FORMATilH0•2X,« I 
lVA *'2X,* PHIV 

UO 3 t3 I = l , 3 3 
I1=33+I 
I2==66+I 

PHJV *,3x,-;c I -:~,zx,,( 

*,zx,* PrliV *J 

vJ R I T E I f> , Lt 5 l I , \1 A ( : , f( l , P H I V I I , K l , I 1 ' V A I I l , K l , P H I V ( 1 1 , K I ' I ? ' V A ( I 2 ' K J ' 
lPHIV(J?,J) 

45 FOR~ATilH ,lX,31I3,2X,F9.2,2X,F9.3,3Xl) 
::38 corniNUE 

\"if~ITEI6,40l J 
4 v F U 1-< 1"11' -~ { 1 ! i 1 , 2 U X , * /\ C C l:. L Li-.U-'. T I C N V t-_l T 0 ~~ ~ -~ , I I , .~ 1 X , * T I f'1l:. J ::: >~ , l J l 

!,y!?ITE I 6,41 l 
41 FORMATilHO,zx,~ I 

lAA *'2X,* PHIA 
DO 4 2 I= 1, 3 3 
11=33+1 
I2=6(l+I 

I ·*,2X'* A/'\ 

PHlA *,3x,1~ r -:~,zx,* 

*,zx,* PHIA *I 

'w R I T E I (_y , <t 'J J I , A /l. I I , i:.. l , P H I ;, ( 1 , K l , I l ~ I~ :~ I I l , t, I , P I i I /\ I I l , K I , I 2 , A A I I 2 , K l , 
lPHit~( I2,Jl 



42 
5 ~) 

c 

'~4 

c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
( 

c 
c 
c 
c 
c 
c 
c 
c 

CONTINUE 
CONTINUE 
DO t+ 4 J = N L 1 , N L 2 
\>IR IT l:: ( 8 '4 3 J (vi\ ( I 'j) 'p !j I v ( I 'j) ' I= 1 'I\1P J 
Vi I~ I T t. ( 8 , 4 3 J ( r'\ /1 ( 1 , J l , P H I ;, ( I , J J , I ::: l , i'i P l 

corn r NUE 
STOP 
END 

SUdROUTINE VELACE(MP,MTl 
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SUBROUTUH:: TO CALCL;U\li:~ Vt:LOCITY 111\!D ACCi:-~Lf::I~;\TION VECTOf~S FOf~ 

GIVEN DISPLACE~ENTS IN A SPECIFIED TI~E. 

NOT:\ T I ON= 

tW = t..J U 'v16 E l-\ 0 F F I X t_ u P 0 I iH S U i\l T 11 t: F I U/i S H< I P • 
MT = NUMblR OF TlML INTt_RVALS CONSI0lRl0. 
x,y = COCIWINATt~S OF ~OINT I AT ll.'.H~ J. 
VA = Vt:LO~ITY A~PLITU0E. 
PHIV 
1\/\ 
PHI II 
vx,vv 
AX,/\ Y 

- ANGLE OF V~LOCITY VECTOR. 
- ACCELERATION AMPLITUUE. 
= ANGLE OF ACCELl::RATIUN VECTOR. 
-· COf-1POt~ENTS or::c VlLOCITY Vt:.CTUI\ IN X- 1\;'W Y- lJII~ECTICNS• 

= CU:v~POi·~u;TS OF ACC!:LLf,;/\TlOf·J Vt:CTUf~S IN X-;,,~[) Y-
U I l~ t~ C T I U i< ;~ • 

[) l ri, t: ,\ S I 0 f\i X ( 1 ,J () , 1 \.J ) , Y ( 1 u 0 , 1 'I J ~ V A ( l 0 I , PH J V ( 1 () l , !\A ( l 0 J , PIll fl ( 1 0 J 
C ().'.: ic', () N V !c.. l ( 1 ,J' i , l C l • PH I V 1 ( 1 U \; , 1 J I , ;\A 1 ( 1 J (: , 1 (J J , P ri I I\ 1 ( l CJ 0 , l 0 I 

COr~:,iUi'-l X, Y, DT 
f·~ T 1 == '·1 T -- 1 

P I == 3 ~ ltt l 59 2 1 
CCN=lBD./3.1415927 
[)() 1 1=1 ,;VIP 

V /\ ( if! T l = 0 • C 
PHIVU<Tl=O.O 
/,A(M.T1 )=O.J 

/\ /\ ( \1 T ) = r) • c: 
P H I I\ ( 1-' T 1 ) ::: ~; • U 
PHI/\(iv',T)=C.U 
DO 2 J= 1, f'.H 2 
Jl=J+l 
J2=J+2 

C AT Tif\'1[ J 
IF(J.NE.1l GO TO 3 
VXl=CX(l ,J1J-X(I,J)J/DT 
VYl=(Y(I,JJ l-Y(I,Jll/DT 
Tt.'.)T=/\l35(\!Xl )-J.OE-:',8 
IF(TEST.LE.u.LJ GU TO 9 
PH I V ( J l =I\ T M.i ( V Y l/ V X 1 l 
If' ( \!/. 1. L To C.~) PH l V ( J 1 =Pnl V ( J I +PI 



PHIVIJI=PHIVIJI*CON 
GO TO 10 

9 CONTINUE 
PHIVIJI=90. 
IFIAGSIVY1l.LE.}.0E-OBI PHIV<Ji=C.O 

10 CONTINUE 
VAIJI=SQRTIVX1*VX1+VYl*VY11 

3 CONTINUE 
C AT TIME J+l 

VX2==-IX(I,J2l-X(l,Jll 1/LJT 
VY 2 =I Y I I ~ J 2 l-Y I I , J 1 I I; D T 
TEST=A6SIVX21-1.0E-OB 
IFITEST.LE.O.OI GO TO 11 
rHIVIJll=ATA~IVY2/VX21 
I F I V X 2 • L T • ( 1 • \) ) PH I V I J 1 I = P ~11 V I J 1 J + P I 
PHlVIJ1l=PHIVIJll*CON 
GO ro 12 

11 CONTINUE 
PHIVIJJ 1=90. 
IFI/\t3SIVY21.Ll.l.Ul·-08l PHIVIJli=O·O 

12 corn I Nut:: 
V /J, I J l I= SOfH I VX? -Y.VX 2+ VY? * VY 2 J 
/\X= IVX2-VX1 I /DT 
AY~ IVY?-'vYl l /D1 
TEST=AbSIAXl-1~0E-U8 
IFITl~T.LE.U.Ol GO TO 13 
PHIAIJI=ATANIAY/AXl 
I F I /1, X • L T • 0 e U ) P H l /".. I J I = P II I !'\ I J I + P I 

P ll I i\ I J l ::: P H I !I ( J l o: C 0 f\~ 

C10 T C J t+ 

13 CO!'\T I I~UE 
PhitdJJ::::90. 
l F ( /', i ~ S I ;\ Y J • L [ • 1 • \) L - 0 C3 i P H I /'1 I J ; = u • 0 

14 C UN T L\1 U L 
AAIJl=SQRTIAX~AX+AY*AYl 
VX1=VX2 
VY1=VY;2 

2 CONTINUE 
C SHIFT VELOCITY AND ACCELERATION GACK ONE TI~E STEP. 

DO 1+ 2 L = 1 , r~n 1 
LH=i~H -L + 1 
u~n =Li,1-l 
VI\ I L tv1 I =VA ( L ~·11 l 
P H I V I L f·! I == P d I V ( L; <'1 1 l 
/1/1 ( L>l l :::/'1!'>. I L:''l l 
I) H I P ( L 1•i ) ::.: PH I f', ( L ,',i 1 l 

Vl\lll=C.d 
PHIV<ll=OoCJ 
1-IAilJ=().O 
PHI/\( 1 l=O.v 
DO ;,u L=1 ,rV:T 
VA1Ll=V!\(Ll/J2. 
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c 

c 
c 

AA<Ll=/\l\(Ll/12. 
CONVlRT I~TO TWO DIMENS10NAL ARRAYS. 
V!\l (I ,Li=VA<Ll 
PHIV1(I,Ll=PrliV(Ll 
,'\.. A 1 I I , L I = A A ( L l 
PHIA1(I,Ll=PHIA(Ll 

40 CONTINUE 
1 CONTINUE 

f~ETUf~,'~ 

END 

SUBROUTINE INTER!AKX,YX,AKl,Y1,AK2,Y21 
c --------------------------------------
( 

C SUBROUTINE FOR INTERPOLATIO~ • 
c 
C Y=Yl AT K=AKl, 
C Y=Y2 AT K=AK2, 
C FIND AKX CORRESPONDING TO YX. 
C AKX=AKl+(AK2-AKll*!YX-Yll/(Y2-Yll • 
c 

c 
c 

fJFLK=/1V?-/\Kl 
Dt~LY=Y2-Yl 

DLLYX=YX.-Y l 
DELKX=D~LK*DlLYX/O[LY 

AKX=!-\Kl+ullr<.X 
RETURN 
f:ND 

5 UU F-< 0 U T I i''J E ELL I S ( ~~ , ,A ~:.._ , r' d I , I N DE X J 

c --------------------------------
( 
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C SGROUTI~L TO CO~VLRT Trll GLNtRALILLU LLLIPTIL INTLRGRAL INTO 
C CO~ri0NLY USED ~OR~. 

C L I :5 R A r~ Y S U :3 f\ 0 U T I ,\; E U S l: lJ = [ L I 2 • 
c 
c 
c 
c 
c 
c 
c 
c 

/\ K 
PHI 

li~L)EX 

= Y, • 
= ANGLE IN RADIAN. 
= V /\ L U t: () F THE L L L I P T I C IN T C l-( G ~~ ;, L. 
= If~Jt.X FOf-~ TtH:. TYPt-. CJF t-.LLIPTil I;\JTLF~GJ\f\L, 

I ,"\ D E X = 1 F 0 f\ T d:::. f- 1 1-< ~ I r( 1 i~ ,J , 

INDEX = 2 FOP THE SECUNU KlNU. 

X=T/~.\l ( Prl I I 
CK=C,()C)T( l.-AK-Ycf\1() 

A:-:: 1 • 
e=l. 
CS=CK*CK 
IF!INDtX.EQ.21 b=CS 
CALL cLl2(R,x,cK,A,Bi 
R==/IF',S(f~l 

RETLJi\N 
um· 
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C PROGRAM~E e 
c ***********~ 

c 
C TO PLOT VELOCITY AND ACCELERATION VlCTJRS AT SELECTED POINTS ON 
C T H E F I L H S T I~ I P A T T H E tid~ L Y S T 1\ G E 0 F L 0 0 P G f~ 0 VJT H • 
C DATi\ ARE 1-.(t.AD Ii'l FR01Vi PUNC11t.u CAI~u-'::> SUPPLIElJ bY PROGk;\iv':fv'!E:: A. 
c 
c 
c 

NOTATIO~= 

--------
C NU~BER OF POINTS SELECTED. HP = 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

MT 
x,y 
v ~~ 
PHIV 
/\/1_ 

PH I/'1 
NPT 
NPT2 
SCALEl 
SCALE2 
JT 

xs,vs 
Xf\1/1;< 
Y ~,~1\ X 

= 
= 
--

= 
-
= 

= 
= 
= 
= 
::: 

TIME INTERVALS CONSIDERED. 
COORDINATES OF POINTS ON THE 
VELOCITY AMPLITUDL. 
ANGLE OF VELOCITY VECTOR. 
A C et~ L U~ /\ T I 0 N :

1
:. 1 T l ·- · :_ • 

ANGLE OF ACCELERATION VECTOR. 

FILM. 

SKIP PLOT VECTORS AT EVERY NPT POINTS· 
SKIP PLOT X-SIGN AND NUMUER AT EVERY NPT POINTS· 
S C.<'> U F 0 R V E L 0 C I T Y V F.: C T 0 f~ • 
SCALE FOR ACCELLRATION VECTOR. 
I N D EX F 0 R C 1-i 0 0 S l N lJ P I~ 0 P Li~ S l A L t S F 0 R V E L • I-\ N D A C C E L • 

VECTOf~ S • 
= NU~ULR CF POI~lS TO dE MARKLD ON THE FILM CURVE. 
= COOIWII~;'\Tf:.S OF TfH: Olnl.JIN OF A SUlCTl:lJ COOf-<LilNi-\TE 
SYSTEM TO BE PLOTTED • 
- INTERVALS TO BE MARKED ALONG x,y AXES. 
= HALF OF THE MAXIMUM LENGTH ALONG X-AXIS TO BE PLOTTED. 
=HALf Oi· Thl ivi/\XI:/iUI''I Ltf~ulll ALONG Y-/-I.XlS TCJ Uf~ PLOTTED .. 

N 0 T E T HI\ T 1\ L L UN I T S ;\I\ [ I N I N C H l S t\ f~ U T H E S C A L E USED F 0 f~ P L 0 T TI N G 
IS 2=1. 

DifJ,[NSION Xl ( ] .. •Gl ,yl ( lOul ,VAl ( lUDl ,PHl ( 1001 ,r,Al ( lOOl ,P/12 ( lOOl 
D I i/1 F N S I 0 N X ( 1 :) 0 , 1 ·J l , Y ( 1 0 U , l () l ' V !\ ( l ~) 0 , 1 () l , P H I V ( l 0 0 ' l 0 l ' A/\ ( l 0 0 , 1 0 l ' 

1 PHJ/\(lO·J,l!ll 
D I VI:.~ N _s I 0 i\l X X ( 1 0 :J ) ' y y ( 1 0 u ) ' v ,".,X ( l j u j ' pH I l ( l () 0 ) ' A A X ( l 0 0 ) ' pH I 2 ( l 0 0 ) 
D lil E f ·J S I 0 1\J X P ( 1 0 0 l ~ Y P ( l U •j i , lJ l ( 3 l , C l ( 3 l , [) 1 ( 3 I , t.l 2 ( 3 i , C 2 ( J i , D 2 ( 3 J 
lJ I ;v1 E f'l 5 I 0 N t: ( 2 l , F ( 2 i 

c 0 t':t I,() N >: l ' y 1 ' v A 1 ' F' i I 1 ' 1\1\ 1 ' p !·j 2 ' I L:l 
D A T n. H 1 I 3 0 H S C A. L F 1 I N • = '+ U r: T li S E C - 1 I 
DATAC1/30H SCALE liN.= 20FT*SEC-l I 
D ;\ Tl·. D 1 I 3 0 H S C/'-. L E 1I N • = l CJ F T * S E C- l I 
DATA02/30H SCALE 1 IN·= 2*10**5 FT*SEC-21 
DA1AC2/30H SCALE l IN.=5*10**4 FT*SEC-2 I 
D/\TJ\U2/30H SCf\LL l I,"l.=Z-)(-10•"<*4 FT*SEC-2 I 
DATA E/20HDT=1./24/500 SEC. I 
l> r~ T /1 F I 2 0 H D S = • 1 8 '1 I 5 I N • I 
FI=3.1415927 
CCN:::PJ1180. 
~lP T = 2 
~'P"' 10 0 
ti:T==8 
NPT2=5 



c 

XS=.5 
YS=.5 
XMAX=5. 
YMAX=4. 
XT=l. 
YT=l• 
XO=XT 
YO=YT 

C READ IN DATA 
c 

DO 2 J=l ,r .. n 
R E ;, D ( 5, 3 l I X ( I , J l , Y ( I , J l , I= l , MP l 

3 FOR~AT16Fl2.5l 

2 corn I NUE 
DO 5 J=l,MT 
READ ( 5 , 3 l ( V 1-\ ( I , J l , PH IV I I , J l , I = 1 , MP J 

R E !;, D I 5 , 3 l I 1-\ l'\. ( I , J l 9 PH I t, ( I , J l , I = l , MP l 
5 CONTINUE 

C PLOT IDENTIFICATION. 
CALL PLOTI12.o,o.u,-31 
CALL IDPLOT 
CALL PLOT!l2.o,o.0,-31 
CALL PLOT(U.0,-1.6,701 
JJ=l 

13 CONTINUE 
JT=JJ 

C D E F I 01 E .S C A L E F 0 f~ V U. 0 li T Y /\ N D /'. C C !::_ U: r~ /\ T I 0 N. V L C T 0 f~ S • 
SCALll:::4U. 
SCAL.t:2=2UOUOU. 
IFIJJ.E0.2l SCALEl=?O• 
IF(JJ.EQ.Zl SCALE2=50UQU. 
IFIJJ.GT.2l SCAL.El=lO• 
JFLJJ.GT.?l SC/\LE2=20UOO. 

C SET DATA IN ONE DIMENSIONAL ARRAYS· 
DO 7 I=l,i·1P 
XX I I ) =X ( I ,JJ I 
YYIIl=YII,JJ) 
VAX ( l l =VA I I ,J J l 
PHil(Jl=PHIVII,JJl 
f\. AX ( I l =AI\ ( I , J J l 
PH I 2 (I l =PH I/\ I I, JJ l 

7 co~n r 1\UE 
C SELECT DATA SO THAT Y IS NOT ZERO. 

DO 8 I=J.,fv1P 
Il=I-1 
IFIYY!Il.GT.c.~Jl GO TO 9 

8 COf'H I NUE 
9 CONTINUE 

I2=Il+2 
DO 10 I=IZ,MP 
I 3::: I 
JF(YYIIl.LE.O.OI GO TOll 
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11 
c 

CONTINUE 
CALCULATE THE .4~·10UNT OF SHIFT FOI~ Y-AXIS. 

c 

f".=INT<XX( I3l l 
XC=K 
I L= I 1 
R ESE T THE A I~ f~ A Y 0 F P 0 I NT S F 0 I~ i¥1 A R I( I I'J G X- S I G N • 
DO 2 5 I= 1 , ~'.P 
U\=I 
XP(ll=XX(IL) 
XPI I l=XP< I l-XC 
YPIIl=-YYIILl 
IL=IL+NPT2 
IFIIL.GT.I3l GO TO 26 

2 ~) C 0 i'JT I f~ U F 
26 corn I "'lut: 

IA=l 
flO 1? I=IJ,J?, 
I b= I I\ 
X1(IAJ=XX(Il-XC 
Yl( 11\)::::YYI I l 
VA 1 ( I /'1 l = V /.1X ( I l 
PH11IAl = PHiliil*CON 
AAl ( ll\l=A;'\X( I l 
PH21IA)== PHI21Il·*CON 
IA=IA+l 

12 CONTINUE 
c 
C P L 0 T V [ L 0 C I T Y D I i\ G i~ A fJl• 
c 

X iv!..i\ = X i'i 1\ X 
Y lv1;\ c~ Y i'-'! f, X 
IM=JJ+1 

C PLOT AX[S. 
CALL COCRSIXo,yu,xs,ys,x~A,YMA,K,IMl 
C A L L P L 0 T ( ( i • C! , - 1 • 6 , - 3 I 

C NUMBERING POINTS. 
NNN=Il 
DO 3J I=l,LA 
XPN=XP I I) ·X-2. +. 7 
YPN=YP (I l "~2 .+1.1 
REVJI rw 11 

WRITEI4,28l NNN 
R E \'.' I [\j D It 

R E AD ( '+ , 2 9 l N N t-1 
CALL LETTER(3,.lz,o.o,xPN,YPN,NNMI 
NNI'~=flNf\l+f'JPT 2 

30 cmn I NUE 
CALL PLTIN(.5,.5,-.5,-.5,0.0,XMAX,Q.Q,YMAXI 

C PUT X-~ARK ON LOOP CURVE. 
CALL PLTMSP(Xp,yp,.Q6,1HX,O.O,LAl 
C!\l_L PL0T(J.~;,c.o,3J 

C PLOT V~CTORS. 

CALL DRAWVELISCAL[l,NPTI 
C LABEL THE GRAPH 
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c 

IFIJT.EQ.2l GO TO 43 
IFIJT.GT.Zl GO TO 45 
CALL LETT~RI3G,.lz,o.o,4.,6.5,dll 

GO TO t+'+ 

'+ 3 C 0 N T I N U E 
CALL LETTER130,.l2,Q.0,4.,6.5,C11 
GO TO 4Lt 

45 CONTINUE 
CALL LETTERI30,.12,o.o,4.,6.5,D1l 

44 CONTINUE 
CALL LETT~R120,.1z,o.o,u.,s.7,El 
CALL LETTERI20,.12,o.o,e.,5.4,FJ 

C PLOT ACCELERATION DIAGRAM 
c 

Xf\'~.=X~':~X 

YJ\1A=Yi'-1f'\X 
CALL PL0Til2.,-1.6,-3l 

C PLOT AXES. 
CALL COORSIXo,yo,xs,vs,XMA,yMA,K,lMI 
CALL PLOTI0.0,-1.6,-31 

C NU~GERING POINTS. 
NNN=Il 
DO 2 7 I= l , L!\ 
XPN=XP I I l ~-2 .+. 7 
YPN=YP I I l ·*2 .+1.1 
R E1v IN D 4 
\·if~ l T [ ( '• , 2 B l N i\l N 

2 8 F 0 R i\1 ;\ T I I 3 l 
f\ E \'I IN D t+ 

~~ 1: A D 1 4 , 2 9 1 r·m r·.1 
?9 FOR'·.-11\T(lll) 

CALL LETTER(3,.lz,o.o,xPN,YPN,NNMI 
N N N = W~ N + N P T 2 

27 corn I Nut: 
CALL PLllN(.5,~5,-.s,-.s,J.Q,XMAX,O·O,YMAXI 

C PUT X- 1,1f\RK 01\J L:JOP ClmVL• 
CALL PLTMSPIXP,YP,.06,1HX,O.O,LAI 
CALL PLCT(n.o,~.n,3) 

C PLOT VECTORS. 
CALL DRAWACISCALE2,NPTl 

C LABEL THE GRAPH. 
IFIJT.E0.2l GO TO 53 
IF I .JT. G T. 7 J GO T 0 55 
CALL LETTER!30,.12,Q.U,4.,6.5,B2l 
GO TO 51+ 

53 CONTI f\UE: 
CALL LETTER130,.12,Q.0,4.,6.5,C2l 
GO TO 5'+ 

55 CONTINUE 
CALL LETTERI30,.l2,Q.Ot4.,6.5tU21 

54 CUI'HINUE 
CALL LETTER(20,ol2,Q.0,8.,5.7,EI 
CALL LETTERI20,.12,0.0,b.,5.4,FI 
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c 
c 

CALL PLOTI12.,-1.6,-3l 
JJ=JJ+] 
IFIJJoGT.MTI GJ TO 14 
GO TO 13 

14 CONTINUE 
CALL PLOTI12.o,o.o,-3l 
CALL PLOT(J.c,o.o,999 1 

STOP 
END 

SU~ROUTINE DRAWVELISCALEl,NPTI 
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c 
c 
c 
c 
c 
c 
c 

SUBROUTINE TO PLOT VELOCITY VECTORS ANU URAW THE FIL~ ~URVE. 

SCALI::. I 
NPT 

= SCALE FOR VELOCITY VECTO~. 
= SKIP PLOTTING AT EVERY N~T POINTS• 

D I ~~~ENS I 0 N X 1 ( 1 •1 0 ) , Y 1 ( 1 0 u J , V /1 1 ( l U 0 l , PH 1 I 1 0 0 J , A A 1 ( l 0 0 I ' PH 2 ( l 0 0 l 
D I ~·: F N S I C N X A. I 1 0 0 l , Y t, I l ,.) U I , X t3 I 1l- U l ' Y l:3 ( 1 0 J l , f\ ( 2 I 
C 0 1\j ivi 0 f~ X 1 , Y 1 , V .A 1 , P f 11 , A A 1 , PH 2 , I B 
DATA A/?OH VFLOCITY DIM~RM-1 I 

C SET THE DESIRED POINTS INTO ARRAYS. 

c 

I I = 1 
DO 1 I= 1 , I !:l 
I1=I+l 
IT= I I 1/NPT I -Yct,JPT 
IFIIT.r~F:.Ill GO TO 1 

>(;'diil=?.-l~Xl!Il -l]. 

YAIII l=2·*Yl(l I +1. 
VA= VA l I I l I S C ;\ L F 1 
PHI=PH11Il 
XL.l( I I l=X/1( I I I+V/\-X-COSIPHl J 

YUI I I I=Yld I I I+V/dtSlN(PHI J 

M =I I 
I I == I I + 1 

1 CONTINUE 
DO 2 I= 1 , M 
XP=X/I(ll 
YP=Yi\III 
XQ=Xl3(II 
YO,-=Y8 (I I 

C PLOTTING. 
C ~OVE WITH PEN UP TO LAST POSITION. 

IF !I.LT.21 GO TO 10 
CALL PLOTIXP1,YP1,3l 

C PLOT FROM XP1,YP1 TO XP' YP. 
CALL PLOTIXP,yp,2) 

10 Cot'HINUE 
XP1=XP 
YPl=YP 
CAL~ ARROWIXP,YP,xu,YQ,3l 



c 
c 

2 CONTINUE 
CALL LETTERI20,.24,o.o,3.U,7.0,AI 
CALL PLOTIO.O,Q.Q,31 
RETURN 
END 

SUBROUTINE ORAWACISCALE2,~PTI 

c ------------------~-----------
( 
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C SUBROUTINE TO PLOT ACCELERATID~ V~CTORS AND URAW THE FILM CURVE• 
c 
c 
c 
c 

SCALE2 
NPT 

= SCALE FOR ACCtLtRATION VECTOR. 
=SKIP PLOTTINC; i:..T EVEi-<Y NPT PUINT:J. 

D I HENS I 0 N X l I l 0 0 ) ' Y 1 ( l 0 U I , V ;\ l I 1 U 0 I ~ PH l I 1 0 0 I , /',.fl. 1 ( 1 0 0 I , PH 2 ( 1 0 0 l 
D H1 E N S I 0 f~ X ;\ I 1 0 U I , Y A ( 1 Clv l , X l3 I 1 U U I , Y U ( 1 0 0 i , A ( 2 ) 

COMMON X1,Yl,VAl,PH1,AA1,PH2,IH 
DATA A/20HACCELERATIQN DIAGRAM/ 

C SET DESI!~FD POHHS ItHO ,_\RIV\YS. 
I I= 1 
DO 1 I= 1, H3 
ll=I+l 
IT= I 11/NPT l *~PT 
IF(IT.NE.Ill GO TO 1 
XAIIIl=2.-l:·X11Il +1. 
Y!\(lll=2.o:-yl(l) +1. 
/',A=A/1,1 I I l /S(AU::-? 
PHI=PH?(Il 
XfJ (I I) =X/\ (I I) +flf1·KC:Oc; ( r::f-1 I l 
Y !:.l ( I I l = Y /, ( I 1 l + 1\ I\.;( S I ~~ I PH I ; 
M= I I 
Il=Il+l 

1 CONTINUE 
DO 2 I= 1, M 
XP=XA(Il 
YP=YAIIl 
XO=XBIIl 
YO=YB!Il 

C PLOTTlNC 
C MOVE WITH PlN UP TO LAST POSITION• 

IF (I.LTo2l GO TO 10 
CALL PLOTIXPl,YPl,Jl 

C PLOT FROM XP1,YP1 TO xr, YP. 
CALL PLOT(XP,YP,2l 

10 CO~H I NUE 
XPl=XP 
YPl=YP 
CALL ARRO~IXP,yP,XQ,YQ,3l 

2 CONTINUE 
CALL LETTERI20,.2~,o.o,3.o,7.0,AI 
CALL PLOT(O.o,o.o,3) 
H EHJI~i'J 
END 



c 
c 

SU9ROUTINE TO PLOT COORDINATE SYSTEM ANU DRAW SCALES. 

NOTATION= 
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c 
c 
c 
c 
c 
c 
c 
c 

xo,yo = COORDINATES OF THE ORIGIN OF THE COORDINATE SYSTE~ TO 
BE PLOTTED WRT. THE ORIGINAL POSITION OF THE PEN. 

C XS,YS = SCALES ON x,y AXES· 
C X M A X , Y f\1 A X = ,v1 A X I fv',LJ H V 1\ L lJ E S 0 F X , Y • 
C K =THE 1\HClLPH OF SlllFT r~cr-< X-VAI_lJES. 
C J J = T I ME I N H. I\ VAL C 0 N S l[) l R F: U • 

c 
C NOTE THAT SCALE FOR X AND Y IS 2. 
c 

DIMENSION Cl2l,DI21 
Dli'~1ENSION /'IX(2J,HYI2) 
DATA AXI2DH X-DISTANCE I IN•' I 
DATA UY12011 HEIGHT I IN. i I 
DATA C12UHPOINT NOo I 
DATJ\ U/20H UIF\ECTION OF ,'viOTIOiU 
XMAX=2 •'~Xrv':I\X 
YMAX=2 •*YiY11\X 
CALL PLTINil.,l.,O.Q,O.L,C.O,XMAX,O·O,YNAXl 

C PLOT AXES. 
CALL PLOTIU.u,o.o,JJ 
Cr\LL Ar\1\0'.\1 ( XO, YO, Xi/,;\ X, YO, 3 l 
CALL PLOf(XO,YQ, Jl 
CALL ARRO~(XO,YO,XO,YMAX,3l 

C PLOT SCALFS. 
I ::: 1 
YA=Y0-.1 

l Xl=XS*FLOATII l +.45 
Xl=Xl+.l 
IFIXl.GT.XMAXI GO TO 2 
CALL LETTER1l,.l2,90.,Xl,YO,lH-l 
I:::I+l 
c,o TO 1 

2 I= 1 
XA=X0-.1 

4 Yl=YS*FLOATIJ)+.55 
IFIYl.GT.YMAXl GO TO 3 
Yl=Yl-.1 
CALL LETTER(l,.lz,u.o,xo,yl,lH-1 
I=I+l 
GO TO 4 

3 COf'H I NUE 
CALL NLFT(K,JJ) 
CALL PLOT(C.O,Q.0,3) 
C /1 L L L t:. T T E R ( 2 r: , • 2 ' ; , 0 • 0 , ::3 • 2 , • 3 , .\ X l 
C/,LL Lt~TTF::f-\120,.2CJ,90.,.3,2.5,HYl 



c 

c 

PLOT ARROW FOR DIRECTION 
CALL ARROWII0.,4.5,B.,4.S,31 
PLOT LETTER 'DIRECTION OF MOTICN' 
CALL LETTER12Cl,.l2,o.,7.6,4.8,l)l 

C PLOT LETTER FOR POINT~. 

c 
c 

CALL LETTERI2Q,.l8,Q.u,4.o,6.5,CI 
CALL PLOT(C.o,o.U,-3) 
f~ETUf~N 

FND 

SUBROUTINE NLETIK,JJ) 
c ----------·-----------
c 
C SU~ROUTINE FOR NUMbERING SCALES AND LAbELLING. 
c 
C NOTATION = 
c --------
c 
c 
c 

K 
jj 

J1=JJ 
RDJI ND 4 

= Tf-1E t~~~OUNT C>F SHIFT FOl~ Y AXIS. 
= TIME INTERVAL CONSIDERED. 

v.tRITE14,11Jl 
P F\,1 IN D L1 

R E 1\ D ( '' , 2 I J 1 
C/\LL LETTFi-<12,.1(3,J.,O,r).7,6.5,J1 l 
DO 3 1=1,5 
f\:=K+I-1 
rd~vi I NDLt 
~,! F\ I T [ I 4 , 1 ) N 

1 FOf~~V\1\ T I I 2) 

R EvJI 1'-l D4 
RFAD(4,?lN 
FOR~lr'\ T { /\2) 
SX=FLO/\T (I) 

SX=Z.~tSX-1·1 

SY=.7 
CALL LETTER! z,.lz,o.o,sx,sy,Nl 

3 CONTI i'HJE 
DO 4 1=1,4 
f\'= I -1 
R F\JJI ~WLt 
\'1 R I T E I 4 , 1 l 1'1 
f..( E i\' I N [) Lj. 

F\E/\D(4,2)H 
SX=.7 
SY=FLO/, T I I l 
SY=2e*SY -1. 
CALL LETTFR12,.lz,n.o,sx,sY,Ml 

4 CONTINUE 
RETlJRN 
U\D 
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c 
c 

SUHROUTINE IDPLOT 
c -----------------
c 
C PLOTTING NAME ANO ACCOUNT NUMb~R. 

c 
DI~ENSJON Al21 
DATA A/20HA4~65. H V MINH. I 
CALL LETTERI20,.30,90•,•4,.4,Al 
RETURN 
END 

NOTE = 

TAPE NLJMGER 4 IS USED AS AN INFORMATION TRANSFER UNIT. 
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APPENDIX D 

COMPUTER RESULTS 
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ST/LT K YrfLT P/P c 
M1 .ST/E'I 

1.()70 .2549 .1708 .9029 3.257 

1.140 .3479 .2446 .8199 4.514 

1.210 .4121 .3033 • 7LfR It 5.422 
1.280 .4612 .3545 .6861 6.147 

1.351 .500() .4C10 .6316 6.752 

1.421 .5332 eLf4!t3 .5835 7.271 
1.491 .56U7 • L+ 8 54 .5409 7 .. 727 

1.561 o ')8LI4 .5246 .5030 8.131 

1.631 .6051 • 56 ~2 5 •'1-6'JU 8 .. 49!+ 

lo7Ul .6232 .5991 .4385 8.tl22 

1.771 .6393 .6349 • LJ109 9.127 

1.8'+1 .6537 .66G9 .3859 9.397 

1.912 .6666 • 7 01+2 .3632 9.65Ci 

1.982 .6783 • 7 379 .3425 9.8£)5 

2.052 .6889 .7711 .3235 10 .. 104 

2.122 .69137 .803':! .3061 10 .. 307 

2.192 .7U75 • a 36 3 ·2901 10.t,98 

2.262 .7157 .8684 .2753 10 .. 676 

2.332 .7233 .9001 .2617 ) 0 • 8 L; 4 

2. '+ 0 2 • 730?:· .9316 • ;.?Lr91 11.003 

2 .. 1~73 .. 7':568 .962E3 .2373 11.153 
2. 5!.1 3 • 7 L1-2 8 .9931:3 .2264 11.295 
2.613 .7485 1.0246 .2163 11.42 9 

2.6[33 .7537 1.0552 e206i.J 11.557 

2.753 .75i37 1.01356 .1979 11 .. 678 

2.823 .763'+ 1.1159 .1897 11.794 

2.R93 .7677 1.1460 .1819 1].9<')5 

2.963 .7719 1.1760 • 1 7 Ll6 12.010 

3.034 .7758 1.2059 .1677 12.111 

3 • l ()If $779'• 1.23')7 .1613 1;!.208 
3 .. 174 .7829 1.2653 .15':? 12.300 

3.244 .7862 1o 29Lt9 • 1 '+ 9 4 12.389 

3 • 31 '+ .7894 1.321+4 .14 1~0 12.474 

3 e 3 8 !+ .7924 1.3537 .138d 12.556 

3.L+"JL+ .795? 1.3831 • 1 '34 0 12.6'35 

3.521+ .7979 1.41?3 .1.?9<'. 12.711 

3.595 .80Cl5 1.1+41'1 .1250 12.785 

3.665 .8C30 1.4705 .1208 12.855 

3.735 .8054 1.Lt':f96 .116'1 12.'123 

3.805 .8076 1.5~~B5 • 1131 1~~.9(39 

TABLE 1: Characteristics of a static loop on flat 

surface with non-dimensional parameters. 



LT ALPHA YL P /16E'I P/16E'I M1/8E'I 

(in.) (degrees) (in.) 
c -2 -2 -1 (in. ) (in. ) (in. ) 

2.00 46.91 1.863 .6169 .1536 .2863 
2.10 Lt6 o 3 5 1.893 .5':)95 .1461 .2766 
2.20 1+5.82 1.923 .5098 .1391 • 2 A 7 t+ 

2.3J 45.?0 1.952 .466'+ .1325 .2588 
2·40 44.80 1.981 .4281-t .1265 .2506 
2.50 4'+.32 2.010 .3948 .1208 .2429 
2o60 43.85 2.038 .3650 oll'J6 .2355 
2o70 43.40 2.066 .. 3385 .1106 .2285 
2.80 42.96 2.093 .3147 .1060 .2219 
2o90 42.53 2.120 .293lt- .1017 .2156 
3o00 42.12 2.146 .2742 .0976 .2095 
3.10 41.71 2.173 .2568 .OS38 .. 2038 
3.2() L.J o 32 2.199 ,.,:?.610 .oc;;;z • 198 3 
3.30 40.94 2.224 .,2266 .0868 .1930 
3.40 40.57 2..2:)0 .2134 .08J6 • Hl80 
3.50 40.21 2.275 .2014 .oeos .1832 
3e60 39.86 2.300 .19C4 .0777 .1786 
3.70 '39.52 2.324 .18C'2 .0750 .1742 
3.80 39.19 2.349 .17C:.9 .'J724 .1700 
3.90 38.87 2.373 .1622 .. 0699 .1659 
4o00 38.55 2.397 .. 1542 .0676 .1621 
4.10 38.24 2.420 .1468 .0654 .1583 
4.20 37.94 2.444 .l39CJ .0633 .1547 
4.30 37.65 2o467 • Li34 .0613 .151~ 

4o40 37.36 2.490 • 12 7 '+ .0594 .1479 
4.50 37o08 2. :'>12 .1218 .0576 .lL47 
4.60 36o80 2 .. 535 .111)6 .oc:)s9 .1416 
4.70 36.53 2.557 .lJ.J7 .()542 .1386 
4.80 '36.?7 2o579 "" 1"\ -,"' ~ i \) ! l .0526 .1357 
4.90 36.U1 2s6C)J. .lC2d .0511 .1329 
5. v :J 35.76 2.623 .09'd7 .. 0 1~96 .1302 

---- -~-----

TABLE 2: Characteristics of a static loop on flat surface 
(versus gap.width LT) with excess loop length, 
Ec = 2.805 ln. 

u 

I-' 
w 
0'1 



POINT x (in. ) y (in.) POINT x (in.) y (in.) POINT x (in.) 
NO. NO. NO. y (in.) 

1 21 • 7 9 ,, I u .. viJU 34 2() .. :;63 .. 074 6 f 19.331 .o~6 

2 21-757 i .ocu 35 2Ge~i25 .076 68 19.294 o023 
3 21o72J .ouc 36 20 .. 488 .078 69 19.256 .020 
4 21.682 .nol 37 2 ') • L, 5 1 .. 079 70 19~219 • CJl 7 
5 21.645 .UG1 38 2().413 .080 71 19 .. 1132 .015 

6 21.607 .102 :'19 20-.376 .081 72 19.14'+ .012 
7 21.570 • ()~) 3 40 20 .. 339 .OB2 73 19.107 .o1o 
8 21.533 .005 '+1 20.301 ~082 74 19 .. 070 .oos 
9 21.495 .006 42 2 0. ~~ 6 4 .082 7 '5 l9oC32 .oo6 

1" v 21.4:)8 .occ 43 2Co2.t::6 .832 76 1b.S!(:t~ .oos 
11 21.421 .OlU 44 20.189 .082 77 18.958 .003 

12 21.383 .012 45 20.152 .C81 ' 78 18.920 .002 
13 21.346 .015 /~6 20.114 .osc 79 18.883 .001 

14 21.309 .017 47 . I 20.C'77 .079 80 18. 81+ 5 .001 
15 21.271 .020 l~8 ?0.!)39 .078 81 18.808 .ooo 
16 21.234 .023 4'' ,'j 20.0J2 .076 82 18.771 .ooo 
17 21.197 .026 50 19.965 • ()7 5 83 18.7 3,3 o.ooo 
18 21.159 .029 51 19.927 .()73 8 '+ 18.696 o .. ooo 
19 21.122 .032 52 19.6SIO .070 85 18.658 o.ooo 
20 21.085 .035 53 10.853 .068 86 18.621 o.ooo 
21 21. 0 '+8 • C)3 8 54 19.815 .066 87 18.584 o.ooo 
?.2 ?.1.010 .. 041 r::,~ 

- J 19.778 .063 88 18.546 o.ooo 
23 20.973 .045 56 19.741 .060 89 18.509 o.ooo 
24 20.936 o 0Lt8 ?7 19.704 .057 90 18.471 o.ooo 
25 20.899 .0?1 58 19.666 .054 91 18.434 o.oco 
26 20.861 .054 59 1'3.629 .c51 92 18.397 o.ooo 
27 20.824 .057 60 19.592 .048 93 18.:-359 o.ooo 
28 20.787 .060 61 19.55'+ .045 94 18.322 o.ooo 
29 20.749 .063 62 l9.517 .042 95 18.284 o.ooo 
30 20.712 .065 63 19 •/+ 8 0 .038 96 18.247 o.ooo 
31 20.675 .068 6 {+ 1 C). I+ I+ 3 .035 97 18.210 o.ooo 
32 20.638 .070 65 19~405 .032 98 18.172 o.ooo 
33 20.600 .072 66 l(__~ .... 3bn .029 99 18.135 o.ooo 

TABLE 3a: Coordinates of selected points on the film strip at time 
t = .2/(24 x 50) sec, v1ith DS = .187/5 in. (from programme A). 
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POINT AMPLITUDE ANGLE _IPoiNT AMPLITUDE ANGLE POINT AMPLITUDE 
NO. (ft./sec.) (degrees) NO. (ft./sec.) (degrees) NO. (ft./sec.) 

1 ' I" ~-.., 

:Jo0:5 18().(.; 34 7 6. ... :. ') (' ' . ' .;L_.::; 67 ;:: 'J • 8 '! 

2 5.62 lBCJ.O 35 76o;;:;4 92.2 68 22.93 

3 '5.6':3 178.3 36 77.81 92.1 69 20.10 
4 5.65 1 7lt.1 37 79.l6 ':12.1 7!J 17.40 
') '5.75 167.6 ':<8 Q r. ., Q 

'' \ .• /. :.J 92.0 71 l/+.85 

6 6.00 15 9. l ':) 9 81. 15 92.0 72 12.46 
7 6 • I+ 8 1Lt9o6 40 81.79 92.0 73 10.24 
8 7.25 140.1 41 82.17 92.0 74 8.22 
9 8.35 131.5 <42 82 .j 1 92.0 75 6.39 

10 9.75 124.2 43 82.19 92.0 76 4.78 
11 lloLtl+ 112.3 4/• . '" 81.83 92.0 77 3.38 
12 13.40 11':3.6 4'5 81.21 92.0 73 2.22 
13 15.58 109.9 h6 80.35 92.0 79 1.30 
14 17.96 lC6.8 47 79.25 92.0 HO .62 
15 2C.52 lJ4.4 48 7 7. ') 2 S'?.O Bl .19 
16 23.23 lJ2.4 49 76.36 92.0 82 .o1 
17 26.08 l0u.E3 5J 74.j9 92.1 83 o.oo 
18 29.03 99.4 51 72.62 92.1 84 o.oo 
19 32.07 98.3 52 70.45 92.1 85 o.oo 
20 35.18 97.4 '53 68.lU 92.1 86 o.oo 
21 38.33 96.5 54 65.59 92.1 87 o.oo 
22 4l.Sl 95.8 55 62.':?3 ':12.1 1 s8 o.oo 
23 44 .. 69 95.2 56 60.13 92.1 89 o.oo 
24 47o86 94.7 57 57.22 92.1 90 o.oo 
25 50.99 9L+ • 3 58 S4o22 92.1 91 o.oo 
26 5!+o06 93.9 59 51. l:? 92.1 92 o.oo 
27 57.C6 93.6 60 L7.CJ8 92.0 93 o.oo 
28 59.96 93.3 61 6.L;o79 92.0 91+ o.oo 
29 62.76 93.0 62 41.58 92.0 95 o.oo 
30 65.42 92.8 63 38.36 

' 
'.11 .9 96 o.oo 

31 67.93 92.6 64 35.16 91.8 97 o.oo 
32 7U.29 92.5 65 3 2 0 ,) lJ 91.8 95 o.oo 
33 72.47 92.4 66 28.90 9lo7 99 o.oo 

TABLE 3b: Velocity vectors at time t = .2/(24 x 50) sec. with 
DS = .187/5 in. (from programme A). 

ANGLE 
(degrees) 

91.7 
91.6 
91.5 
91.4 
91.3 
91.2 
91.1 
91.0 
90.9 
90.8 
90.7 
90.5 
9 () o Lt 
90.3 
90e2 
90o0 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
0·0 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
0·0 
0·0 

----- ....... 
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POINT AMPLITUDE A.NGLE POINT AMPLITUDE ANGLE POINT AMPLITUDE 2 NO. (ft./sec.2) (degrees) NO. (ft./sec.2) (degrees) NO. (ft./sec. ) 

1 u. o.c 34 549160. 26Y.9 67 1~'7531. 

2 61. 270.8 35 55SL;8lo 2C)9o9 68 110584. 
3 3765. 269.8 36 56612'). 269.9 69 92670. 
4 10303& 269.7 37 572{~·L.t?. 269.9 70 75948. 
5 l85Ld. 26'?.6 ':38 57 6 2() 6. 270.0 71 60524. 
6 28L;.29o 269.5 39 578582. 270.0 72 46491. 
7 39907. 269.5 L+O 579158. 270.0 73 33939. 
8 52904. 269.4 41 ';;77J3i. 270.0 74 22944. 
9 67340. 269.4 42 574SlO. 270.0 75 13577. 

10 83129. 269.4 43 570112. 270.0 76 5905. 
11 100172. 269.4 44 563568. 270.0 77 6'+3. 
12 118366. 269oL+ 45 555311:3. 270.0 78 '+ 3 3 2. 
13 137599. ?6'~.4 '+6 54')1+11. 270.0 79 67}8. 
14 15775'+• 269.4 47 533910. 270.0 50 7311. 
15 178706. 269.4 L;.8 52(1b85. 269.9 81 6097. 
16 200329. 269.4 49 506414. 269.9 82 3082. 
17 222487. 269 .. 4 50 4905f37 .. · 269.9 83 113. 
18 245046 .. 269.4 51 4735GO. 269.9 84 o. 
19 267866. 269.4 52 455256. 269.8 Q r 

u? o. 
20 2908C7. 269.5 53 435973. 269.8 86 o. 
21 3137?7. ?69.5 54 415762. 269.7 87 o. 
22 336492. 269.4 55 394750. 2(o9•7 88 o. 
23 358943. 269 .. 5 56 3 7 j )6Lt o 269.6 b9 o. 
24 380955 .. 269.5 57 350339. 2b9.6 90 o. 
25 4U2:189. 269.6 58 328211 .. 269.5 91 o. 
26 423112. 269.6 59 30531':1. 269.5 92 o. 
27 442994. 269.6 60 2823:)4. 269.4 93 0 

Uo 

28 46191L;. 269.7 61 2593()7. 269.3 91-t o. 
29 479755. 26CJ.7 62 236472. 269 .. 3 95 o. 
30 49640Lt. 269.8 63 ' 2139::-;l. 269.0 96 o. 
31 511760. 269.8 64 191855, 269e0 97 o. 
32 52".:,727. 269.8 65 17U'342• 266.9 98 o. 
33 53821SI. ;~69~8 66 14 ')) (, 1 • 2/)8 .8 99 o. 

TABLE 3c: Acceleration vectors at timet= .2/(24 x 50) sec. with 
DS = .187/5 in. (from programme A). 

ANGLE 
(degrees) 

268.7 
268.5 
268.4 
268.2 
268.0 
267.7 
267e3 
.!_66.6 
265.4 
261.7 
169.6 

95.8 
92.4 
91.2 
90o6 
90o2 
9o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

i 
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VEL. ACCE. r VEL. ACCE. j 

POINT AMPL. ANGLE AMPL. ANGLE POINT AHPJ,. ANGLE AMPL. ANGLE 
NO. (ft./ (degrees) (ft./ (degrees: NO. (ft./ (degrees) (ft.f (degrees) 

sec.) I sec. 2) sec.) 
1 

sec. 2 ) 

1 c.o o.o c.o o.o 26 7.1 119 .. 0 23566.1-+ 258.7 
2 26.4 96.1 23012.5 269.0 27 8 " ·~ 115.2 23765.3 260.9 
3 15·4 101.6 12595.5 269.5 28 9.8 112.8 23919 .. 2 263.2 
4 15 el 103.2 1329r;.2 271.4 29 11.3 111.4 2'+830.3 265.? 
5 15.7 104--2 1'•225.1 27'3.4 30 12.7 11C).5 24100.6 267.8 
6 16.8 105.0 15116.2 275.5 31 14.1 110.0 2!+132.1 270.2 
7 18 .o 105.8 15832.5 277.8 32 15.5 109.9 24126.7 272...5 
8 19.2 106.6 16419.7 280.0 33 16.9 110.0 24086.7 274.9 
9 

I 
5.8 122.2 Hl750.6 257.5 34 18.3 110.2 ?4013.8 277.2 

10 6.6 118.3 19463.13 zs,~.7 35 19.6 110.6 23910·2 279.6 
11 7.6 115.1 20115.3 260.2 36 21.0 110.0 23778.0 281.9 
12 8.7 11?.7 ?0690.0 ?6l.R 37 22 .. 3 111.5 2?-61°.0 2 8 Lf • 2 
13 9.9 111.0 21188.5 263.6 38 23.6 112.1 23435.0 286.5 
14 ll .1 109.8 21612o9 265.5 39 4.6 137.0 23437.0 254.2 
15 12.4 109.1 21965.8 267.5 40 5.7 126.4 23575.5 256.5 
16 13.7 108.8 22250.5 269.6 41 6.9 120.0 23681.0 258.8 
17 l 5. 1 108.7 22470.4 271.8 42 8.3 116.0 2375!+.8 261.2 
18 16.4 108.8 22629.0 27L+-e0 43 9.7 113.5 23798.2 263.5 
19 17.8 109.0 22732.1 276.2 1+4 11.1 111.9 23812.5 265.8 
20 19.1 109.4 2?777.') 27885 45 12.5 111.0 23799.2 268.2 
21 20.5 109.9 22773.3 280.8 ft 6 13.8 110.4 23759.5 270.5 

. 22 21.8 110.5 22723.0 283.1 47 l5o2 110.2 23694.9 272.8 
23 23·1 111.1 22629.5 285.4 48 16.6 110.3 23606.6 275.2 
2 Lt 4.7 134.4 23C26.d z:;.4. 3 4C' ':1 17.9 110.4 23496.0 277.4 
25 5.9 124.9 23320.8 25·6.5 50 19.2 110.7 o.o o.o 

-----

TABLE 4: Velocity and acceleration vectors of the loop top in a frame cycle 

(with DT = 2~ x io sec., DS = 2. x .187 in.). 
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LT/ST K yL/LT P/P c M2 .ST/E'I 

3o735 .8082 1.4876 .4521 13.119 

3·66? .80?9 1.4588 ·4521 13.050 
3.595 .. 8034 1.4:;oo .4?22 12.979 
3.525 .8009 1.4011 oLi-522 12.905 

3.455 .79R? 1.3721 • I+ 52 2 12.R29 
3.385 • -I 9 53 1.3430 .4523 12.7';;0 

3e315 .7974 1.3139 oLt-524 12.667 
3.245 .7892 1.2846 .4524 12.582 
3.174 .7859 1.2553 • L;. 52 5 12oLJ-92 

3 • 1 011- .7325 1.2259 •1+525 12~399 

3oU34 .77138 1.1964 ·'~526 12.302 
2. 961+ e 7 7 Lt 9 1.1667 oLt527 12.201 

2. 8 9lj. .7708 1.1?,69 .4527 12.095 
2.821, .76(J5 1.1071 olt528 11o98Lt 

2 • 7 :) Lt .7618 1.0770 .4529 11.368 
2. 6 8 (4 .7569 1.0Lt68 .4530 11.7146 
2.613 .7517 1.0164 .4531 1lG(;l7 

2o543 ., 7 It(; 0 .9859 ·4532 11 .• 482 

2 & I, 7:-3 f) "/1:, :)0 t> C) ~J 5} • 1+ ~) 3 3 ll n 3 L1 0 

2.403 • -n36 • 9 2 't2 • 45 V+ 11 .. 190 

z.333 .7266 .3929 .4535 11.030 
2e263 .7191 • f3 61 L1 • /j. 53 7 10.862 

2.193 .7109 .8296 .4538 10 .. 682 
2 .. 123 .7021 .7975 • Lt5Lt0 10.491 
2.05.::: .6924 • 7 6/~ 9 • ,,:;, 4 2 10.287 

1.982 • 6 ells .1:?19 .45'+'1- 10.068 

1·912 .67lJ2 o69B4 ·4547 9.(333 

l. 8'+2 .6')73 e(l6L+4 .4')49 9.518 

1.772 • 6 ,, 3 0 .6296 • '+55 3 9.303 

1."102 .6269 .5941 • 1+5 56 9. 002 

].632 .6089 .5~>76 •/+561 8.673 
1 .. 562 • 5Bi-D .5?00 .4566 t\.310 

1• Lt9l .~)61+7 •Lt-1310 oL;572 7.904 
].Lt21 .5372 • 41+02 .4580 -(.4/+'J 

1·351 .?047 .3971 .£,.5':)1 6.92() 

1a2B1 ·'4655 .J509 .4605 6.323 

] • 211 .4166 .2999 .4626 5.598 
] • 141 .3526 • 2 '• 1 5 • '+66 3 4.690 

].071 .2599 .1680 • '• 7 /+ 7 3 ·'>35 
1.001 .0278 .0059 1.cono .524 

TABLE 5: Characteristics of a loop on curved 

surface with sin (B) = .0555. 




