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S U M H A R Y

The trajectories of five S-curve bomblets have been
determined very accurately, on a small gas gun range. The
coning behaviour and the trimmed incidence and normal force
have been derived from the trajectory data. The general
aerodynamic scattering performance is compared with the
performance predicted using wind tunnel measurements , and
the results are found to be quite consistent with wind
tunnel data apart from one rather interesting discrepancy .
The bomblets did not trim at the incidence value expected.
This has eventually been attributed to small differences
in the tail assembly between the models used in flight tests
and those used in wind tunnel tests. The results have been
verified by additional wind tunnel tests. The information
derived from the trials demonstrates the value of simple
instrumentation in assessing flight performance of missiles.
A great deal of information on S-curve bomblet behaviour ha~
been obtained with relatively little effort, mainly becau~
of the accuracy of the data.

POSTAL ADDRESS: The Director , Weap ons Research Establishment,
Box 2151 , G.P.O., Adelaide , South Aus tral ia, 5001.
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1. INTRODUCTION

A method for determining the trajectory of S-curve bomblets , so cal led
because of the characteristic S-shaped aerodynamic restoring moment curve, was
introduced in reference 1. The bomblets are fired from a gas gun and the image
of a flash ing l ight carried in the nose of the bomblet is recorded by three
ballistic cameras. The trajectory obtained from the camera records is highl y
accurate so that much more information can be extracted from the trajectory
measurements than is usually possible. Details of the trials technique are
given in Section 2.

The S-curve bomblet has been specially designed to trim at non-zero incidence
so that it will achieve maximum dispersion from a simple particle trajectory .
The principal factors affecting the potential dispersion of the bomblet are the
variations in magnitude and direction of the normal force during flight . These
are determined by the variations in magnitude and direction of the incidence
vector. The orientation in space of the incidence plane, which is the plane
containing the velocity vector and the longitudinal axis of the bomblet , is
particularly important because it shows the direction of the incidence and hence
the normal force. If this plane rotates quickly, then irrespective of the
magnitude of the normal force the resultant dispersion is low , whereas, if the
plane rotates slowly or is stationary the dispersion will be high provided that
the magnitude of the normal force is appreciable. The rotation of the incidence
plane is called coning because the apparent motion of the bomblet describes a
conical surface. Hence the aspects of bomblet flight behaviour which are most
important are the normal force at trim because a large normal force provides
potentia l for large dispers ion , and the con ing behav iour because a low con ing
rate allows that potential to be realised .

The results of five trials are presented below. Only trajectory measurements
were made in all trials and the principal requirement of the data analysis was to

• extract results on coning behaviour and trim conditions from the data. Details
of the methods used are given in Section 3. The only additional information
used is the wind tunnel measur emen t of ax ial force , and even there cons istency
checks are possible. The results of the analysis are discussed in Section 4
with particular emphasis on consistency with static wind tunnel measurements.
In particular , an interesting discrepancy arose between the wind tunnel tests
used to design the bomblet trim conditions(ref.2) and the measured flight
cond itions , which we were able to resolve.

Finally in Section 5 there are comments and conclusions on the effectiveness
of the experiments as a tool for studying S-curve bomblets.

2.. TRIALS DESCRIPTION

The bomblet shape used in this trial is shown in figure 1. The bomblet is a
typical S-curve shape with a bluff nose and sub-calibre fins behind a boat tail
sufficiently steep to ensure separation. The nose is perspex and contains an
ord inary camera fl ash tube , which flashes during flight at about 15 Hz. These
flashes are recorded by three ballistic cameras, and are later converted into
trajectory using images from reference light markers at four specified positions ,
accord ing to the me thod desc ribed in reference 3 . The po sitions of gas guns ,
reference lights and ballistic cameras are shown relative to the range grid in
f igur e 2.

Al l  the tr ials used bomble ts wh ich were as nearl y as poss ible iden tical.  The
bomblet physical properties are given in Table 1. In particular it is worth
noting that the centre of gravity was set at 2 calibres from the nose, within 1%,
and from referenc e to w ind tunnel tes ts this should give a tr immed inc idence of
20.50 and a normal force coefficient at trim of 1.225.

~~~~~~~~~~~~~ 
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The bombicts were all fired from the gas gun in a similar way. The bomblets
were set in wooden sabots at zero incidence and were fired from the gas gun at a
nominal speed of 107 rn/s with an elevation of 25°. However, the initial
velocity did vary between 104 and 118 rn/s over the series of trials owing to
some difficulty in adjusting pressure in the gas gun . Fortunately this did not
affect the validity of any of the experimental results.

The bomblets were all manufactured with nominally zero misalignments. Fin
measurements showed that all fins were aligned with an average error of 0.020 and
this was not considered to be significant in terms of roll rate, coning rate or
changes in trimmed incidence.

3. METHOD OF ANALYSIS

The first step in the data analysis was to derive velocity and acceleration
of the bomblets in range axes, where OX is downrange, OY is to the right and OZ
is verticall y downwards. The simple central difference relation

X = -
~~
‘ (x

1 
-

is used to get velocity from disp lacement and acceleration from velocity, where
& is the time interval betweea data points. The errors arising from using this
dif ferencing procedure to represent derivatives are generall y at least an order
of magnitude less than the errors arising from noise in the data . Since the
trajectory data is subject to a very low root mean square noi se level the
veloc ities and accelerations obtained are quite accurate. Table 2 gives
estimates of r.m .s. errors for derived data for each of the bomblets. It can
be seen from this that under good conditions the r.m.s. noise in the accelera-
tion may have an amplitude as low as 0.5 ms-2

The acceleration components are then converted from range coordinates to
velocity coordinates , using the Euler angles of yaw and pitch, iP and 0 respect-
ively. These angles are defined by

tan ~‘ = S’/x -iT <~~ # < zr

tan 0 = ~ / (~~2 
+ ~,2 )

½ 

~~/2 <0 <~~/2

Hence the velocity coordinates have an OX axis in the direction of the velocity
vector , an 0 axis horizontal and to the right and the OZ axis completing an
orthogonal right handed set of axes. The acceleration components in these
axes are,

= ~ cosO cosib + 
~ 

cosO sinq’ - (
~ - g) sin0

= -~~ sin’P +~~~ cos~’

= ~ sin0 cos~P + ~ sin0 sin’s’ + (~ - g) cosO

The spatial orientation of the lateral aerodynamic force is given by the
angle 0 in the relation

• tan O =

~~~: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~ ~~
.
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The ang le, 0, defines the spatial orientation of the plane containing the
velocity of the boniblct and the resultant lateral aerodynamic for’e acting on
the bomblet . The angle is zero if the plane is vertical and the force is
upwards and is measured positive clockwise from the rear. Wind tunnel
measurements (ref.2) indicate that for moderate roll rates up to some tens of
Hz , the total aerodynamic side forces will be less than 5% of normal force at
trim which means that the difference between the plane of the total lateral
aerodynamic force and the incidence plane will be less than 30~ In fact , with
the small fin cants on this current set of bomblets , the difference will be
much less than 10. Therefore in all future discussion we will assume that 0
is the coning angle , defining the spatial orientation of the incidence plane .
The concurrent assumption that total lateral aerodynamic force is the same as
the normal force introduces quite neg ligible errors , because of the sum of
squares rela tion sh ip wh ich app lies to the sum of vector components.

The coning angle, 0, provides a record of how the direction of the aerodynamic
dispersive force varies with time . The other important factor is the magnitude
of that force. The aerodynamic coefficients for lift and drag are defined by
the equations

C
L 

= - m ( ~’2 
+ *

2 )
’
~~ / l p v 2 S

CD = rn6 /~~.pV
2 S

The lift and drag are the forces which are respectivel y normal to and paral le l
to the velocity vector. If the incidence is known , again assuming that side
forces are negligible , then these can be converted to normal and axial forces
relat ive to the bomblet axis. Alternativel y, if the axial force is known the
norma l force and incidence can be derived . The latter •pproach results in a
much better conditioned problem because axial force is insensitive to incidence
variations in the ranges covered in these experiments and the resultant values
of normal force are not particularl y sensitive to the values of the axial force
which are used . Then normal force and incidence are given by

C~ = (C~
2 

- C0
2 

- Cx
2 ) 2 ,

a = tan ’ (C z/C x ) - tan ’ (C L/C D)

These results can be checked for consistency with wind tunnel measurements by
comparison with the variation of normal force against incidence.

The root mean square noise levels for some of the derived quantities are
presented in Table 2 for each of the five rounds. It is clear that even for
poor data such as was obtained with SFL 10 all the quantities except incidence
and normal force are well determined . Even normal force is accurate to about

• 5% r.m.s. error when the data is good . This is much more accurate than trim
incidence estimates which contain about 15% r.m.s. errors. However , since we
can expect the bomblets to trim steadil y after some initial disturbance , 

—
averaging over the total flight record will produce average values, ~ and
where the r.rn .s. errors are quite small. As far as can be judged from the
experimental data this averaging technique should g iv e real is ti c answe rs. The
validity of the average is discussed further in the next section .
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4. RESULTS

The flight results have been presented in two sets of figures, f igure 3 and
f igure 4 parts (a) to (e) in each case. The associated r.m.s. noise levels and
mean values are presented in Tables 2 and 3 respectivel y. In add ition the
impact points are shown in figure 5. Figure 3 shows position and velocity
histories for each bomblet. This figure shows the results of the action of
the d isper sive forces , and some interesting points arise. For example , in
figure 3(c), the SFL 9 trajectory shows a very fla t and ma intained apogee wh ich
is matched by a sudden slowing of the rate of decrease of the OZ velocity
component at 2 s, indicating that the bomblet maintained a gliding position for
an appreciable length of time . This matches well with the fact that SFL 9
flew to the greatest range.

The most important results of the trials are presented in figure 4, wh ich
shows the flight behaviour of each bomblet. In particular flight histories are
given for deviation of velocity direction , /1, con ing angle , 0, incidence, a, and
normal force coefficient C~. The angles 0 and 0 are plotted from unfiltered
data , but unfortunately the noise levels on incidence and normal force estimates
are too high to provide useful plots. Hence the records for a and Cz have been
smoothed by fitting polynomials, using linear regression to determine the most
applicable degree of polynomial . The curves so obtained were then plotted .
The validity of the variations shown for these quantities in figure 4 is
questionable because all the variations are negligible compared with the general
noise levels in the data. The incidence values which correspond to the
estimated values of C , according to wind tunnel measurements shown in figure 6,
have been plotted as sashed lines in figure 4. A comparison of the two curves
for each bomblet shows in every case that the incidence history derived wholl y
from flight data varies much more during the flight although the general trends
are similar. The most probable reason for the variation is a spurious signal
arising from an r.m.s. noise level which is much larger than real variations in
the data over the whole flight . A more useful measure of these quantities is
the mean value over the whole trajectory. This is likely to be a reasonably
good estimate because the amplitude of the oscillation of the bomblet about the
trim position is much less than the noise level over most of the flight and

• because the high pitch frequency, between 15 and 20_Hz generall y, would provide
an averaging effect in any case. The mean values a and C~ are marked on
figure 4 by arrows. The numerical values of the estimated means are also given
in Table 3, along with the standard deviations of these estimates.

Three important points arise from these results. The first concerns the
ax ial force coeff ic ient used in der iv ing inc idence and norma l force , the second
relates to the very low coning rates and the third poin t is concerned w ith a
comparison of flight results with predictions based on wind tunnel measurements.
Firstly we will look at the cho ice of a value for ax ial force coeff ic ients.
In the initial analys is of the fl ight behav iour of these bomblets no allowance
was made for base pressure effects on the axial force, resulting in C

~
=O.23.

Th is val ue produced resul ts where the avera ge inc idenc e estimates were 40 or
above what would be predicted from the concurrently derived results for normal
force coefficients using wind tunnel measurements. Subsequently, inclusion of
bas e pressure effec ts produced a new estimate for the ax ial fo rce coeff icient of
0.32. This lowered estimates of the incidence by between 40 and 60 but decr eased
norma l force coefficient by onl y 2% , which is equivalent to about 0.2 0 incidence.
Since the total aerodynamic force is composed largely of the normal force contri-
bution , about 90% at trim conditions , it is clear from the equations in Section 3
that changes in axial force have little effect on estimates of normal force, but
will change the incidence if they are large enough. Then using Cx=O .32 , we find

that the average difference over all trials between the mean incidence derived from

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -
~~
—. ~-
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fl ight t r i a ls  and the incidence which according to wind tunnel measurements
corresponds to the mean normal force derived from flight trials is less than
i~ . Thus the self consistency of the values derived for a and Cz is

supporting evidence that the value of axial force coefficient used in deriving
them is approximatel y correct and that the averaging process used is also valid.

The second important point about the results is the very lo w con ing rates
which were observed . In half the cases the incidence vector remained sub-
stantially within the same quadrant over the majority of the trajectory .
Clearly this is one requirement for efficient scattering of the bomblet .
Unfor tunatel y the manufacturing precision of these bomblets was much higher than
can normall y be achieved in a mass production s i tua t ion . In par t icu lar , the
fin alignment becomes much less accurate and that alone will increase average
coning rates substantiall y.

Finall y some comment is required on the discrepancy between the trim conditions
predicted using wind tunnel measurements and those estimated from the f l i g h t
behaviour of the bomblets. The centre of gravity of the bomblets was set at
two calibres from the nose , with an error of less than 0.5%, hence the nominal
trim conditions as given at the bottom of Table 3 are

a (trim) = 20.5 ± 0.2,

Cz ( t r i m) = 1.23 ± 0.02

The values set out in Table 3 are all consistent ly lower and in general suggest
that the nominal trim incidence is about 20 or 3° lower than predicted from wind
tunnel results. This is important because there is a resultant 20% reduction
in normal force and hence in dispersive capability. A detailed comparison of
the trial bomblets and the wind tunnel model showed only one minor discrepancy
in the tail assembly. The two types of fins are shown in figure 1. The fins
on the bomblets used in the trials had uniform thickness whereas the fins on the
bomblet used for wind tunnel measurement tapered in thickness from about the
same thickness on the leading edge to approximatel y half the thickness on the
trailing edge , one side being aligned with the bomblet axis and the other side
being at an angle of about 1.30 . The wind tunnel model was set up in this way
in order to obtain measurements of ro l l ing  moments. Unfor tunate ly ,  this had a
substantial effect on the trim position of the bomblet . Tests on a flight
trials bomblet in a pitching rig in a low speed wind tunnel at 46 rn/s show a
trim angle of (19° ± 0.50) . Corrections for Reynold’s number showed that this
would vary from (17.8° ± 0.5°) to (18.2° ± 0.5°) over the flight path and this
agrees well with the average values in Table 3 of 17.7° derived directl y from
the trials results and of 180, which is the equivalent trim incidence for the
derived value of lift force coefficient at trim .

A quick look at centre of pressure positions shows how the trim incidence can
be al tered apprec iabl y by changes in tail lift which are too small to produce an
appreciable change in the total lift. If we consider the wind tunnel data at
180 incidence (see f igure 6) ,  the centre of pressure is 1.865 calibres from the
nose and the total lift coefficient is 1 .00. If the body centre of pre ssure is
about 1.2 calibres from the nose and the tail centre of pressure is about 4.0
cal ibres aft of the nose, then the components of normal force are C~ (nose) =

-0.7625 and C~ (tail) = -0.2375 . If the centre of grav ity is 2.00 calibres from
the nose then the bomblet will be expected to trim at 20.50 incidence , but it
follows from the above figures that a trim angle of only 180 can be obtained if
there is an increase of 28% in tail lift , which represents less than 7% increase
in total normal force. The increase in normal force may be even less if some
of the increase in stability is due to a backward shift in the tail centre of

=

~

‘; 
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pressure. In fact the whole change in tr im might be accounted for by a shift
of about half a calibre in the tail centre of pressure. Such a shift is
fa irl y substan tial .  However, the two effects combined may produce an
alteration of 2.50 in trim incidence together with a corresponding change in
pitching moment without noticeably affecting the variation with incidence of
ax ial fo rce and normal for ce.

5. CONCLUSION

The results of these trials show the usefulness of even minimal instrumenta-
tion on a small gas gun range. The requirements for these trials were
ballistic cameras, some lights to provide a reference when reading the camera
pla tes and a relatively simp le piece of on-board instrumentation , the flashing
light . The great value of the technique arises basically from the very h igh
accuracy which is attainable.  On good tr ials the r .m .s .  noise in pos ition
measurements will be as low as 0.01 m. It follows that acceleration can be
estimated relatively accura tely with little effort , and the other variables
including coning angle and normal force at trim can be obtained from this.

An important outcome of this  series of t r i a l s  is the self consistency of the
results and their consistency with wind tunnel measurement. Firstly all the
rounds show good agreement between trimmed incidence and the resultant normal
force according to predictions from wind tunnel measurements. As emphasised
in Section 4 this is basically arrived at by using a good estimate for axial
force coefficient and again this is consistent with wind tunnel measurements.
The onl y discrepancy occurred between expected and measured values of incidence
and normal force , the trimmed normal force being reduced by 20% and the
incidence by 2.50. Although there is some scatter in the mean values estimated
from the experimental results they are all consistently below the predicted
values. The discrepancy was resolved by testing one of the bomblets
constructed for the flashing light trials in a low speed wind tunnel . Trim
incidence values within half a degree of values derived from flight trials were
obtained after correcting for Reynolds number.

It has been a common experience in S-curve bomblet development that small
differences in manufacture of free flight models have produced quite large
differences in aerodynamics. In consequence of this the scattering performance
of bomblets has often declined drastically for no apparent reason. In many
cases the problem areas have been difficult to locate owing to lack of inforina-
tion on flight behaviour . The only difference between the bomblets used in
the wind tunnel measurements and those used in these flight trials was in the
fin section. We confidently predicted at the trials planning stage that the
effects would not be appreciable. h owever , the trimmed lift, wh ich is a
direc t measure of scattering potential was reduced by 20% of the expected value
because of minor differences from the wind tunnel model . It is apparent from
these results that instrumentation , particularly the flashing light , is a
val uable design aid , especially for S-curve bomblets because they are so
sensitive to slight changes in manufacture.
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NOTATI ON

CD aerodynamic drag coefficient

CL aerodynamic lift coefficient

C~ axial force coefficient

C~ normal force coefficient

m bomble t mass

S reference area

0 bomblet acceleration component along velocity vector

V bomblet speed

bomblet acceleration component normal to velocity and in a
horizontal plane

bomblet acceleration component orthogonal to the other two

x range

y azimuth , posit ive to the right

z a l t i tude , positive downwards

a incidence

time interval between data point s

0 ang le of pitch of velocity vector

p air density

0 coning ang le

0 angle of yaw of velocity vector

superscripts

sing le differentiation with respect to time

double differentiation with respect to time

. ~~~.• ~~— ~
,. . r_.
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TABLE 1. BOMBLET Ph~ S ICAL DATA

Mass 0.994 kg

Roll inertia 0.0000123 kg m2

Pitch inertia 0.000168 kg m2

Diameter (calibre) 0.05 m

Reference Area 0.00196 m2

Centre of Gravity 2.00 calibres from nose

TABLE 2. ROOT MEAN SQUARE ERRORS IN FLIGHT DATA

Va r iable Ro un d

SFL 7 SFL 8 SF L 9 SFL 10 SF L 11

x (m) 0.0202 0.0206 0.0156 0.0238 0.0196
y(m) 0.0064 0.0167 0.0088 0.0156 0 .0099
z (m) 0.0096 0.0153 0.0282 0.0 133 0.0357

~ (m/ s)  0.085 0.068 0.054 0.203 0.135

~‘(m/ s) 0.04 8 0.04 7 0.056 0. 157 0.038
± ( m/ s) 0.053 0. 100 0.040 0.123 0.123

~i( m/ s 2 ) 0.8 7 0.56 0.47 1.44 1.04

~ (m/ s 2 ) 0.43 0. 50 0.47 1.51 0.57
I (m/ s2 ) 0.48 0.50 0. 45 1.30 0.38

0.0 28 0.027 0.032 0.092 0.023
0(°) 0.044 0.062 0.030 0.102 0.091

0( °) 7.0 6.5 5.8 18.0 8.2

Cz 0.096 0.063 0.064 0.194 0.115

a(°) 5.5 3.6 3.3 11.6 11.3

Note: These are average values over the whole flight
record . The r.rn .s. errors will vary along the
flight path according to the position of the
vehicle relative to the three ballistic cameras.

(

~~~~~~~~~~ •~~~~~~~~~~~~±:~~~~~
-- 
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TABLE 3. MEAN VALUES OF INCIDENCE AND NORMAL FORCE COEFFICIENT

V a r i able Round

SFL 7 SFL 8 SFL 9 SFL 10 SFL 11

(2: -1.120 -1.029 -0.975 -0.951 -0.920

a(C z ) 0.0075 0.0063 0.0057 0.0212 0.0135

a(C
~
) 19.4 18.4 17.7 17.4 17.0

a 18.1 19.7 15.8 17.5 15.2

a(a) 0.43 0.36 0.29 1.26 1.33

• Note: Nominal values are a = 20.5 0

Cz = 1.23

i—.--- ~~~~~~~~~ ~~~~~~~~~~ _ _ _



F~~ 
--______________________

--

WRE-TN- 1704
Figure 1

I_ ~~
-•0

~
--

~~_ II
H 6’i ~1i “ ~~“.‘1

______________________________ — 1~ 
— — — .4 

t.J 

~ 

.—

I I
I I
I I• 
1 1

_/ 

1 1
/



r
WRE-TN -1704 (WRGD )
F igure 2

I I

~~~
1000 \

/A\

— - - 600 1 —

~~~~~~~~~~~~~~~~~~~~~~~

- - .200 -

GAS GUN COMPOUND• \ /
I \

R4~~1
-400 -200 \~~~:~~I~- —

— 200 400

DEVIATION (m)

RANGE BOUNDARY

RANGE GRID

C BALLISTIC CAMERA POSITIONS 1. ARR OW INDICATES
R e— ” REFERENCE LIGHT ARRAYS J~ 

LOOK DIRECTION

Figure 2. Gas gun range



F -
~~~~~~~

-
~~~~~~~~~

-
~~~~

-•- .
~
------ --

WRE-TN-1704 (WR~D)
Figure 3(a)

(~~ sw )A jI~ O13A ~~
0 0

0 0 0-7 (‘4

\/ ~
1 1 2 K :

/, 
/

/1 /
/

>
4
~~_ 
,~~~ 

~~~~~ ~~~~~~ I I 
/ I 0

2 2 0

( ~~~5 w )  A.L13013A ‘A

9 .

~~

/

~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. . •

~~~



WRE -TN-17O4 (WR ~D)
F igure 3(b)

(~.S W )  A iI301~ A f - ’~0 0 0o 0 0 (‘1-.1 0 I

I I I I

1

1/ ‘
I /

F I
I,
,

/ / 1’/ v/
I 

-

~~~~~

ii /

/1 ~~~~~ /

I

2 

0

(~~~S W )  A.L IDO13A ~~~

4.’

• (LU ) t~ .tsw 
A 

0
g 0 0 0 0
— -7 0

I I I I I

em

‘-I

~~~~~~~~~~

/

1 H /
/

H ( N ’

H ( W )  3DNVISIO z — ’~0I/x 

~~~~. 

-

~

‘

~

-•



- --- 
F 

.

WRE-TN-1704 (WR~D)
F igure 3(c)

( i_ S L U )  A II30 13A ~~~~~~~

0 0 0

2

I\ I / 1/y
V /sI\ / -

~~~~~

/ \ ~~~~
/

/ 

\
\~/ 

-~!

/~~~~~~~~~~~~~~~~~~~~~~

\
>‘ 0

( ~S w )  AJ.IDO13A X A C)

E
0

I
•

1

-

N
I I
0 0 0 0 0

2
(W)33Nvj510



WRE-TN - 1 704 (WR~D)
F igure 3(d)

(,.S L U )  AIIDO1JA ~~
- ‘

~~
0 0 0

0 0

•
~‘\\ ,//

2’ -
\
\ ) //

I
,
,
,
, 

-~~~~~~~~~~

— — - 

~~~~~~~~

_ _ _ _ _ _
_

~~~~~~~~~~ / 

-

I I I I 0

2

(1.S L U)  AjID O 1JA ~ ‘A 4-’

~~~~~~~~~~~~~~~~~

C

N -

~~~~~

( LU)  ~DNV1SIO

1. ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ .~~~~~ . ~~~~~~~~~~~~~~ - - 
..,,;_

, 

- ,  S.-—. ~~~~~~~ —. — S 
_ _ _ _ _ _ _ _  — -

~~~~~~~~



--  -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -‘-- -5-
WRE-TN-1704 (WR~D)

Figure 3(e)

(1.S W ) A I I D O Y  IA ~~
- ‘

~~~

0 0 
0

-? I’4 0 I I

I I I I

-~~~~

~ JI
,\1.

,

I In

/‘,‘/
‘ ,/ _

7 ,,’! / -

J

~~~~~~~~~~~~2” 
(

/  

-

( , S w )  AJ.IDO13A ~ ‘A .0

4-’
C)

( W ) 3 D NV ISIO ic
0 0 0 0 0

(‘I 0 1’ -

I I I I

-
~~~~~~~~~~~;

- - 7

,
,

~~~~~~~~

2 ~01¶ 
-. 

( LU ) 3DNVISIO Z -  ‘QI

E.~.
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-~~~

- .~~~~~~ ~~~~~~~~~~ 
‘

~~



r ‘

WRL -TN-170.1 (WR~D)
F igure 4(a)

___________________________ 0

0

-

L)

I I -~~~~~0_i I / -

I -w w /x~~z 4
~~~IXZ 7
-J Ui ~~ I --—- Ui
U.0~~ ~

I I , ,,!, 
- -~~~~?

I l
I I ..,) cr (I)

I I
— — ( ‘ JV ‘IC

V
\
) ~~IIti ~‘—~ II C)

I —~~~ 1 0
0 0 0 0 0 .—
C., (‘1 .- 5’

(Sa~~O3a) 13 3DN3GIDNI 3OVd3AV ~~ JJ~ Oj iv~ffl0N 3OVU 3AV 
I

2
(S~~~93a )~~~oNlav3H (S33~ O.~a) ~~31ONV ONINOD 

— - - - ---- - - - ---- ---—--- .- •~~~~~- - - - — - •



- - 5- . ~~~~~~~~~~~~~ —..- — .5,- -F. 5.- —- -.. .—55---- --—--• —.---•-----S ~~~~~~~~~~~ —.,

WRE~TN-17O4 (WR~D)
Figure 4(b)

10

I-
/

>

t ~ I I 

/

“

I~~~~~I~

I 
-‘

IL)

I I I C)
0 0 0 0 10 0 .0
-7 1~~ (‘I • . .-0 I I

(S3~dO30) D 3DN]UIDNI 3OVb3Av 

2 

~3 ~DdQd 1VVleJON~~Ov~j 3Av 

-

~~~~~ 

~~~

(S3~~o3a) 4t ONIaY3H (s33~~ 3a) ~ 3~ONV ¶~NIN0D

~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘l~~~~~’ - ~ 
.~ ‘.- ~~~~~~~~~~~~~~~ ,~~ C.~ 



-
~

. .  ~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 4(c)

TTh
( I
I~~~Li~ 

I / ~- \ -
/

LI.Z

P- Iii ’ 0 C’
IJ) Q

..J UJ wcr
u. 0 ________ I— LU

I— —1 -
~~~~~~

I I NI ~~~“ ‘ 4
L) I

_ _ _ _ _ _ _ _ _  
iI I I _ _ o

0 0 0 0 ~ o -~ 
C)

C.) IN 5’ C) . 5’ . ~—

(S33d~ 3a)O 3DN3OIDNI 3OV~f lAV Z 3 )HOJ 1VV4~ON 3OV~~ AV

I I

H
U

H \ (
S

H
(S33~O30) ~ ONIQV~ H (S33~O3Q) 0 J1ON~ ONINOD

~ : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Si ~,



-5— - - - - - - - --- • - - . •,-~~~ 
. 5-. -- ,— ------. ----. 5’ — ,  5 - . --

WRE- TN- 1704 (WR~ D)
F ig ure .1 (d)

)

~~~~~;~~~~~~~~~~~~~~~~

9 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(s33~o~ a) D 3DNJOID NI 3OV~3AV ~D BD~ O~ 1VI5~ ON 3OV~~ AV
btl

— 1 0

C)

.0

I

(S33H030) 9~ 
ONI0V3~4 (si~~ o3a ) 0 31ONV ‘.DN INOD

~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..



4
> 4 — / -~~N(-‘40

—
Ui

I- - -
~~ o 0

~~ ~~z cr
:i cC
Li. Ix

Ix 5’.
LU

Ix
- - ( ‘ I

Ix LID

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~IL

(S~~dO3O) 13 3DN~ 0IDNI 3OV~i3AV Z 3 ~D~ 0J 1VI~aION 3OV~I3AV

_________________- 
~~~~~~~~~~~~~~~~~~ 10

I

(533~~~Q} ~4 ONIGV3 H (S~3~OJ0) ~ 310NV ON~N0D

.t ‘
~~~ “~ • _ , ._,, .v_•~~. . ~. - — ., — - . ,_, 4 

• 
—



F

WRE-TN-! 704 (WR~D)
Fi gure 5

~0o -
~~~~~~~~ 

_____ _____________

850 —

800 — X SFL9

750 —

E

700 —
z
4
Ix

650 — X SFL7

X SEL If
600 —

X SFL IO

550 — 
X SFL 8

500 I I I
-150 -100 -50 0 50 100 150

• 
DEVIAT ION(m)

Fi gure 5. Bomblet impact points

1H2~~ --~~~~~~~-~~~~~~ 

~~~~T T ~~~~~~~~~~



r ‘ - -5- -~~~ --  — 5 ’  - . . . --5, 5

WR E-T N-1 ”04
f igure 6

0 -— —- -—-—— - —----— ———- --- - — --——

-02  — —

C,

-0 4 —  —

-06 - — 0 2

08 - 0 Cm

Cm
C,,  C~ - 10  - — -02

-12  - — — 0 4

- 14  — —
cz

MOMENT REFERENCE POINT
16  - 2 00 CALIBRES AFT OF THE HOSE -

• 
- 1 8 — —

-20 I I I I I
0 5 10 15 20 25 30

NCr DENCE (DEGREES)

Figu re 6. Typ ica l wind tunnel measurements

- 
- . 

.5 - - ~~~~~~~

- ‘~.- .



- - - -5 .’- -.

WRE-TN- 1704 (WR~D)

DI SIR I BLI’I ION

Copy No.

EXTERNAL (Overseas)

In United King dom

Defence Scientific and Technical Representative 1

Defence Research and Development Representative 2

Royal Aeronautical Establishment

Aero Department 3 - 4

Space Department 5

Weapons Department 6 - 7

E.G. Cane 8 - 10

Bedford 11

Library 12
R.A.R.D.E . 13

T.r.C.P., U.K . National Leader Panel W-2 14 - 17

Aeronautical Research Council 18 - 19

Aircraft Research Association (Bedford) 20

C.A.A.R .C. Secretary 21

National Lending Library of Sc ience and Technology 22

• I Royal Aeronautical Society, Library 23

I n U . S . A .
Counsellor , Defence Sc ience , Washington 24

Defence Research and Development Attache 25

Air Force Armament Testing Laboratory 26

Ba l l i sti cs Research Laboratories 27

Edgewood Arsenal 28

Eglin Air Force Base 29

N.A.S.A. 30 - 33

Naval Surface Weapons Center

• Dahlgren 34

White Oak 35

Naval Weapons Center 36

Naval Ship Research and Development Center 37

Naval Weapons Laboratory 38

Picatinny Arsenal 39

Redstone Arsenal 40

T.T.C.P. U.S. National Leader Panel W-2 41 - 44

Wright-Patterson Air Force Base, Library 45
American In s t i t u t e  of Aeronautics and Astronuatics , Library 46

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
::~~ H~. - 

- - -~~~~~~~~~~

.•
-

~~~~~ ~~~~~~~~~~~~~



- — - - - - 5--- ---- - - — - 55--• - - • • • • -5—

WRE-TN-1704 (WR~D)

Copy No.

Pacific Technical Information Services , Northrop Institute 47
of Technology

A pp l i e d  Mechanics Rev iews 48

Arnold Eng ineering Development Center 49

A .R.O. Inc. 50

The Boeing Company , Library 51
General  Dynamics  Corporation , Lib r ary 52
(;ruminan Aerospace Cor porat ion , Library 53
Lockheed Ai r cr af t  Corporat ion , Library 54

McDonnell-Douglas Corporation, Library 55

Martin-Marietta Corporation , Library 56

Rockwell International , L ibrar y 57

Sandia Corporation, Library 58

In Canada

Defence Research Establishment , Valcartier 59

N.A.E., Ottawa 60

F 
T.T.C.P., Canadian National Leader Panel W-2 61 - 64

University of Toronto , Institute of Aerospace Studies 65

In Europe

A .G.A.R .D., Brussels 66 - 71

In India

• Aeronautical Development Establishment , Bangalore 72
Indian Institute of Science, Bangalore

- . - (Department of Aero . Engineering) 73

Indian Institute of Technology , Madras

(Department of Aero . Engineering) 74

Flindustan Aeronautics Limited , Bangalore 75

National Aeronautica l Laboratories , Bangalore 76 - 77
Space Science and Technology Centre , Tr ivandrum 78

In Australia

Chief Defence Scientist 79

Executive Control ler , Austral ian Defence Scient if ic  Service 80
F Con t r o l l e r , Pol icy and Programme Plann ing 81

Laboratory Programme Branch 82

L 

Central Studies Establishment 83

Air Force Scientific Adviser 84 - 85

Army Scientific Adviser 86 - 87

Navy Scientific Adviser 88 - 89

-
- 

_ . i_ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ------- -——S- —------ ----.•--- --- .-•• •.-----. - 5- . -—--



— 5- - 5’—-- - 5-- - -5- ——

WRE-TN-1704 (WR~D)

Copy No.

B.I).R.S.S., Canberra 90 - 91

Canadian Defence Science Information Service, 92
Canadian High Commission , Canberra
N .A.S.A. Senior Scientific Representative , Canberra 93

U.S. Defense Documentation Center , via U.S. Embassy , Canberra 94
Director , Joint Intelligence Organization 95

Defence Library , Campbell Park 96

Library, Aeronautical Research Labora tor ies 97
Aeronautical Research Laboratories

Chief Superintendent 98

Superintendent , Aerodynamics Division 99

Superintendent , Mechanical Engineering Division 100

Department of Industry and Commerce, Melbourne

Government Aircraft Factories 101

R.A.A.F. Academy, Point Cook 102

C.A.C. 103

Institution of Engineers , Australia 104

INTERNAL
• Director 105

Chief Superintendent, Weapons Research and Development Wing 106

Chief Superintendent , Trials Wing 107

Superintendent , Aerospace Division 108

Head, Ballistics Composite 109

Principal Officer, Dynamics Group 110 - 111

• Principal Officer, Aerodynamic Research Group 112 - 113

Princ ipal Officer, Ballistic Studies Group 114

Principal Officer, Field Experiments Group 115 - 116

Principal Off icer, Flight Research Group 117 - 118

Principal Off icer , Plann ing and Data Ana lysis Group 119

Author 120
- 

I W.R.F.. Library 121 - 122

Spares 123 - 142

A.D. Library 143 - 144

______  

____  

‘ ‘~~~~~~ ‘ ~~~~~
-5 - -- - - - .5 -. - - - .



- -- ----5- ..- -- -- 5--- —- -5 - — -5-—- - - .5- -—— - _

DOCUMENT.CONTROL DATA

Secur ity Classillcati on: 2. Establishment , Document ,

(a) Comp lete document: Unclassified 
T~~e. Number , Win g WRE-TN- 1704 (WR~D)

(b) Title in isolation: Unclas si f ied 3. Document Date
(c) Summa ry in iso lation: Unclassified October 1976

4. Title and Sub-title

USE OF PRECISION TRAJECTORIES TO DETERIIIINE MISSILE FLIGHT BEHAVIOUR

5 . Personal author(s) (Show affiliations of author (s) if di fferent to issuing establishment)

R . L .  Pope
I’ (‘orporat e Author

Weapons Research Establishment

7 . ‘~ummary -

“
~me trajectories of five S-curve bomblets have been determined very

accurately, on a smal l gas gun range . The coning behaviour and the
trimmed incidence and normal force have been derived from the trajectory
data.  The general aerod ynamic scattering performance is compared with
the performance predicted using w ind tunnel measurements , and the
results are found to be quite consistent with wind tunnel data apart
from one rather interesting discrepancy. The boinblets did not trim
at the incidence value expected . This has eventually been attributed
to small differences in the tail assembly between the models used in
flight tests and those used in wind tunnel tests. The results have been
verified by additional wind tunnel tests. The information derived from
the t r i a l s  demonstrates the value of s imple instrumentation in assessing

• f l i g h t  performance of riissiles. A great deal of information on S-curve
bomblet behaviour has been obtained with relatively little effort ,
mainl y because of the accuracy of the data.

8. L)escruptors 9. Cosati Codes
Bomble ts 1902 2004Fl ight charac ter istics ___________________________________

Trajectories
Scattering 10. Task Reference Number
Aerodynamic characteristics DST 76/001Scattering ___________________________________

II. Library distribution (Libraries of 12. Sponsoring Agency Reference
Aus irahan Defence Group to which
copies will he cent) RD73

SW AACA SR

~~~~~~~~~~~ _~~~~~~~~~~~~~~~~
. -
~~~
- I 

— - -

-

~~ --5 -5- - -  ,~~. -- :.~


