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CURRENT TECHNIQUES FOR THRUST NEA SURE~~~NT AT PER ~~ WESTCOTT

by

D.S. Dean

SUMMARY

Tech niques are described for the accurate measurement of axial thrus t and

thrust ali gnment of rocket motors , al though the princip les are applicable to
force measurement in any other field. The dynamic response of systems is

considered and techniques are described by which this may be adapted to give a

linear characteristic to well above the natural frequency of the rig. This

includes both ampli tude and phase response.

For simp ler sys tems a methdd of evaluating and predicting response to linear

ramp functions is derived.

A ballistic technique for recording total impulse and the thrust/time curves

of mo tors wi th very shor t burni ng t imes , which avoids most of the problems

associated with the use of ballistic pendula is described. The princip les are

app licable to the measurement of other quantities in addition to thrust.
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I INTRODUCTION

Over the pas t decade t h r u s t  measurement  t echn iques  at PERME W e s t c o tt  have

been steadil y imp roved and individual systems have been described in reports and

memoranda . It was though t des i rable , and more convenient for the reader , to

gather together this information and descriptions of newer systems in one

publication , taking the opportunity to bring the older publications up to date

and to include experience of the use of the systems described . There are many

relatively minor design features which can have a marked effect upon the accuracy

of the overall system. Although these often seem obvious when pointed Out , they

are frequently overlooked by those unfamiliar with rig design. Because of the

possible pitfalls , rig design has tended to be undertaken by a small specialist
group at the Establishment but it is hoped that this report will enable any

competent engineer to avoid these pitfalls.

As maximum thrust may be attained in only a few milliseconds , the transient
response of measuring systems is vitally important and conventional techniques
have proved to be inadequate in this respect. Much remains to be done in this

particular context and many of the solutions may lie wi th computer based signal

conditioning. Modern data collection and reduction systems are capable of meet-

ing this need and it is becoming progressively more cos t effective to use

dedicated micro—computers.

A further object is to provide rig designers and site operators with infor-

mation and solutions to problems in a form, often graphical, which can be used

easily. In the writer ’s experience , it is necessary when analysing rig behaviour
to refe r to a number of theoretical sources which are often in a form not easily

app lied to the problem in hand. It is hoped that this report will ease this

difficulty.

2 GENERAL PHILOSOPHY OF DESIGN

A rocket motor whose performance is to be determined must be supported

while the force which it generates is measured. The supports must not resist the

motion of the motor agains t the measuring device , so that rollers and bearings

are generall y unsuitable. Even if their coefficients of friction can be kept

within acceptable bounds when they are in perfect adjustment , they may deterior-

ate rapidly under firing site conditions. Flexure devices generally offer the

best , cheapest and most robust form of support.

In most cases the measuring system should be as stiff as possible to raise

the na tural frequency of the rig above any of the Fourier components of the

I 
—~ ----- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~~~~-- 



thrust/time curve . One of the most satisfactory transducers which meets this

need is a strain gauge load cell which mus t be mounted on a stiff thrust block

in such a way as to prevent side loads from being applied to the cell. The

weight of the  n~ ving part of the rig should be kept to a minimum consistent with

st ii fuess.

Because reduction of friction increases the magnification factor, Q , of
the rig (s ee page 2 7 ) ,  some form of damping, involving no static friction , may
be required. Electrical filtering of the signal may be possible , but lack of
mechan ical damp ing results in large oscillatory forces in the rig which may cause

damage .

Calibr ation of the measuring cells should be possible without their removal

from the ri g so that any restriction of movement by the rig is taken into account.

This has the advantage that any deterioration in the performance of the rig is
noticed during calibration.

A horizontal thrus t line is preferred if axial thrust only is to be

measured , so that change of wei ght during burning does not appear in the thrust

measurement. If thrust alignment is to be measured , however , the thrust axis

should be vertical , so that change of weight does not affec t the small side
forces hut affects only the much larger axial force.

When firing times are less than about 10 ms it is often impossible to raise

the natural frequency of the ri g sufficiently and it may then be bes t to use a
system having zero stiffness and to measure thrust by the acceleration of the

motor and a suitable mass. An accurate measure of total impulse can then be

obtained from the momentum of the mass. An alternative technique is to measure

the applied force by vector addition of the acceleration , displacement and damp-

ing of the rig.

Typi cal applications of these principles are given in the following descrip-

ti ons of firing rigs in use at PERME Westcott.

3 SIMPLE AXIAL MEASUREMENT OF FORCE

3.1 General arrangement

Fig. 1 represents a typical flexure stand for use when only axial thrust is
I

to be measured. The motor is clamped into support frames hanging from plate

fl exures which allow it to move with minimal restriction in the axial direction .

Thrus t is measured by a combined load cell and damper unit coup led to the motor
forward head by a flexure unit permitting sli ght axial misalignment which would

6
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otherwise generate large lateral forces in the ri g. The suppor t flcxures mus t  be

allowed to hang vertically or the effect of gravity on the mo tor mass (N) would

generate an axial force of M tan 0 , where 0 is the inclination of the flexur

w h i c h , for small angles , is given by tan 6 x/h , where x is the disp lacemen

of one end of the flexure telative to the other end and h is the length of the

f l e x u r e . This in i t se l f  doe s not cause an error , but  when the motor  mass changes

d u r i n g  f i r i n g  th i s  force changes , r esu l t ing  in a progressively increasing error

and a zero s h i f t  at the end of the f i r i n g .  Target accuracy in our t h r u s t

measurements is 0.1% so that  if Mc is the charge mass and T the m ot o r  t h rus t

M tan 0~~~ lO 3
T

x - 10 3
T

or 
M
c

The longer the flexure  the greater the displacement error that can be
tolera ted. For a typ ical boost motor of 25000 N thrus t and 50 k g mass tan 0 is

0.05, which is easy to achieve , but for  sustainer  motors of low t h r u s t/ m a s s  rat io

permiss ib le  errors are s m a ll .

A f u r t h e r  source of error may be the expansion of the motor due to internal

pressurisation during firing which can typically be 2.5 mm in a motor 3 in long.

This inclines the flexures and gene rates a bending force in them along the motor
axis. To prevent this the motor support frames should be coupled to the alignmen

flexure as shown in Fig. 1. This implies that the motor mus t slide in its clamps

and that their tension should be suitably adjusted. For large motors secondary

flexures may be required to permit this expansion .

Calibration of the rig is usually carried out using a Macklow—Smith capsule

as a ram and a standard load cell , accurate to ±0.05%, to measure the force.

This may be applied via a compression rod in place of the motor or by tie rods
from the rear of the thrust block . The Macklow—Smith capsule consists of a low

aspect ratio piston and cylinder with the piston located and bonded to the cylin

by a rubber seal.

The load cell is compensated for temperature effects , but the moduli of the

support fiexures change with temperature and should therefore represent as small

a proportion as possible of the total restoring force. It is desirable t~ keep
thei r stiffness to less than 0.1% of that of the load cell and coup ling devices .
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T h i s  i s  no t  a l w a y s  poss ib le  and in such cases in situ calibration is necessary

at th lculFerziture at which the  firing will take place.

t Ea t p l ate  flexures present minimal resistance to bending imposed by axial
motor movement , hut are stiff in all other directions . An analysis of flexure

design is given in Appendix 1. A simple flat plate of constant thickness acts

as a flexure and assumes an S bend as in Fig. 1 if it is used in a rig such as
that just described. Since bending is zero in the middle of the flexure and a

maximum at the roots the stiffness is altered only slightly by thickening the

fl exure in the mi ddle and allowing bending only over two short lengths at each

end, this has the advantage of considerab ly raising the cripp ling load under

whic h the  I l ex u r e  w i l l  f a i l  in compression . The f lexures  may , of course , be
mounted in (ompression provided that this cripp ling load is not exceeded. To

resist cripp li ng by a greater margin a more complicated flexure , which has two

subsidi ary flex ures to maintain the alignment of the main flexure blade , is
sometime s used (see Fig. 2). If parts of the flexure are bolted together , or if

the flex ure as a whole is bolted to its supports , these bolted par ts must be
stift enoug h to prevent relative movement, which would appear as hysteresis in the

meas~iren~’nts . If the flexure stiffness is kept below 0.1% of that of the measuring

system these effects are negligibl e. The alignment flexure between motor and load

cell is similar in principle to the support flexures but is of circular section

i nstead of flat plate because movement in any direction may be required.

3.2 l)ainp er units

Many designs of damper unit have been used and the latest is shown

diagramaticall y in Fig. 3 and in detail in Fig. 9. All generate damping forces
by pumping oil from one side to the other of a piston through an annular gap.
There are no contacting surfaces so that static friction is eliminated. The

main coup ling rod and its piston are supported with correct clearance in the
cylinder by diaphragms, which also retain the damping oil. The clearance around

the rod at each side of the piston is less than that around the p is ton to
minimi se the amount of oil escaping into the reservoirs , sealed by the diaphragms.

Quick release coup lings at each end of the coupling rod attach it to the align-

ment flexure and to the load cell. The damper is mounted on the front of a

cy li ndrical housing which contains the load cell. All load cells are adjusted

to be the same length so that they can be interchanged without disturbing rig

alignment. As movements to be damped are usually less than 0.1 mm the damper

su p p o r t  mus t be very ri gid or i t  would act as a spring rather than a damper. An

ana l y s i s  of the damper ope rat ion in the form of a s imple p iston and cy l inde r  is

given in Appendix 2.

8 
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To achieve sufficien t stiffness the thrust block should be much stronger

than is required merely to resist the maximum thrust , and any metal structure

should be embedded in concrete to reduce parasitic oscillations which might

appear in the thrust recording.

3.3 Pipe connections

When pipe connections to the rig are required , such as with liquid propel-

lant rocke t engines , the greatest care must be taken to prevent them from apply-
ing varying loads to the rig. A constant load is generally acceptable as this

is automaticall y ignored by the calibration and signal analysis systems .

Flexibl e pip ing is unsuitable as it exerts considerable forces when pressur ’sed;
the a i m  should be to use piping which acts elasticall y in bending, its stiffness
in this condition usually being much less than that o~ the measuring system . The

p ipe should be led in at right angles to the rig axis and may even form one of

the motor flexural supports. When forces are to be measured in other directions

as well as that of the rig axis, the pipe must be flexible in more than one

direction and an arrangement such as that shown in Fig. 4 is required. Here all

sections of the piping which are required to flex are straight and all changes

of direction are made within a stiff block which does not deflect appreciably

under pressure. This arrangement allows movement at the motor end in any

direction with little resistance to motion, and deflection due to internal

pressure in the pipe is minimised. A coil in the pipe is inadmissible as this

generates forces when the pipe internal pressure changes . To prevent hysteresis

effects anchorage of the pipe at each end should be such that no movement is

possible. If the stiff blocks in which changes of direction of the pipes are

made are heavy they may vibrate on the pipes and this vibration may appear in
the thrus t record . To avoid this a simple flexure support at the block may be
used. When small side forces are to be measured the pipes should be blanked off

at the motor end and pressurised to evaluate any small resultant forces.

3.4 PERME load cell

For many purposes selected commercial load cells are adequate , but a cell

designed at PERNE Westcott is used when there is a possibility of an overload

damaging the commercial cell. The design was originally described in 1960, but

modern manufacturing techniques have enabled its performance to be improved and

its overload capability is still unsurpassed.

Its construction is shown in Fig. 5 and it consists of an inner and oute r

ring of strain gauged struts , each ring usually consisting of eight struts. The

9
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load is ap p l i e d  to  a central pill a r so that the inner ring is in tension . The

uppe r  ends ((I the inne r struts are coupled to those  of  t h e  o u t e r  s t r u t s , which

ark i n  compress ion , as t h e i r  lower ends are  coupled  to the base of the  load c e l l .

The member to which the c c i i t r a l  p i l l a r  i s  connected  is separa ted  f rom the base by

., gap ui about 0 .07 m n , w h i c h  can be a d j u s t e d  by shims between the bo t t om of the

outer  r i n g  and the cel l base.

When a load is a p p l i e d  to the  c e n t r a l  p i l l a r  the gap closes when the s t r a in

in t h e  s t r u t s  is about 0 . l 5Z  and the  s t i f f n e s s  of the s t r u c t u r e  then increases by

at l e a s t  20:1 , so that an overload of th i s  m a g n i t u d e  can be tolerated before the

acceptable strain on the struts is exceeded . The overload range of the cell can

be inc reased by using thinner shims at the expense of a lower working range.

Each strut has a strain gauge on either side of it , measuring the axial strain ,

making 32 gauges in all. These are usually coupled in groups of 16 to form two

Wheatstone brid ges with all arms active . Alternate struts form the elements of

one bridge to di stribute strain evenly between  the  brid ges in the case of non—

axial loading of the cell. Two gauges per strut are employed to cancel any

effects of bending.

The earlier desi gns of cell incorporated two concentric rings coup led by S

flanges at their upper ends , which could give rise to hysteresis caused by slight

relative movement. The latest design is formed from one piece of material, the

gap between the rings of struts being formed by spark erosion. This allows the

F gap to be reduced to about 2 mm with a consequent reduction in bending moment at

the coupling flange and elimination of the bolted joint. The material used is

EN3OB air hardening steel , which exhibits very low hysteresis. The upper end of

the ce ntral pillar is supported by a diaphragm to reduce lateral loads on the
measuring struts.

To measure widely differing loads in the same rig the smaller cell may be
fitted in place of the central pillar of the larger cell. During the high load

peri od the smaller cell bottoms and continues to record at a lower sensitivi ty.

The output of the larger cell is then more accurate as that from the smaller

cell is affec ted slightly by the manner it’ which the cell bottoms . If an

accuracy of about ±3% is adequate the output of the smaller cell in the bottomed

condition may b~ used. Under normal conditions the cells can achieve a

repeatability of 0.05%.
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4 N i - I A S U I d  ~ I.S l t~~
j [~~~~~ -~ ‘~ ! ( d .Nd ’~ 1

-1.1 I)eterniinat ion ot ver~ ~~~~~ thrus t alignn ’-ot

I . 1 ‘[he ~~C flC 1~~i 1 prohl ni

For many nu ssi J~ o 1plic :iti ons it is injo r tact to krj u~s tn~ (I e\ i. zition of the

1 i n c  o f  a c t i o n  of t to t hrit t .‘ c to r f r o m  t l o e  p e o t :e  t r io :ix i s of ~h m o t o r .  Th i s

permitted deviation ray be as sn ~i t l  as 0.5 mr ad , so F L a t  mea~t ured accuracy must

aim at r e s o l v i n U  at least to 0.1 roJ

C o n s i d e r  a mot o r of 500() N t h r u s t ;  the : ax~ n iior p e r m i t t e d  sici t o r c e  is about

2 . 5  N and the m ea s u r i n g  i r e ur a cy  must  be t O.  5 N . U r e o t e r ac~~~1- a c -  wou ld ~e

desirable , but c a nn ot  he a c h i e v e i w i t h  c u r r e n t  systems ~~ m o a s u r e L  c~nt of s u c t ~
snw’ll side forces in die presence of a large axial f o r c e  is d i f f i t  u l t .  ~~t be o:r.es

more d i f f i c u l t  w h e n  the ax i a l  fo rce  io  app l i e d  in  a p e r i o d  w h i  r t t  ! -av vary ro: - :

2 to 10 ms and f l u ct u a t e s  r ap i d l y  d u r i n g  the f i r i n g ,  wh i ch may oc upy l e ss  than a

second.  In a d d i t i o n , the  d i r e c t i o n  of the t h r u s t  vec to r  u s u a l l y  l u c t u a t es

rap i d l y d u r i n g  t i r in g .

A l t h o u g h s t i f f n e s s  is hi ghl y d e s i r a b le , as in t h e  s imp ler r i~~s .  c r a n i ng

between c e l l s  m e a s u r i n g  forces  in d i f f e r e n t  d i r e c t i o n s  must also he r educed .

This  involves  f l e x u r e s  which  increase  d i s p l a c e m e n t  a long  the cel l  axes and hence

reduc e stiffness. The desi gn p hi losophy adopted at PER~~ is to r du~ r ~~up1ing

to such a low value that only inteiaction in rhe side cells due to ~xia [ force

need be considered. This results ~n rig natural frequencies of a’cut 100 lie .

4.1.2 Design o f f i r ing_ha-v

To dea l  w i t h  rap i d  chanoos in thrust aii~;nuio n i t  is necessa ~ ‘ tc’ roise tb :

n a t u r a l  frequertcv of t h e  comp i e te  svs h e m , i n c l u d i n g  r i g  and suppr ti ny st r’ictare ,

above any c o m p o n e u t  s c.f t he  t h r u s t  t r n ~~ient  which  are t o  be meas :r eu .  P o r i n g  a

firi ng alignment of the  ri g m u s t  I c  m a i n t a i n e d  to w i t h i n  abou t  0.~ ;5 mm. A l t h o u g h

some e l a s t i c  disp lacement  takes  place in the r i g i t  is thus s t i l l  n e c e s s a r y  La

co n s t r u c t  a s t i f f  and m ass ive  s t r u c t u r e  to suppor t  the ri g. A ha , made ~‘f

r e in fo rced  concre te  and capable of s u s t a i n i n g  much h igher  loads t an w ou l d  be

imposed by a rocket  motor , was b u i l t  in the form shown in Fi g. 1-. Axial thrus t

is taken  on a plate let into the f l o o r  and side thrust on the two concreto

b u t t r e s s e s  to w h i c h  the side s t r ut s  can be attached at various le -cis as rEquir ed.

The f l i t  p l a t e s  to which  the  side struts are attached are b o l t ed  ~o a r l U i d  frame

and A r a l d i t e  was poured be tween the  p l a tes  and the frame to preve ot fle’cinq (see

F i p .  7 ) .  Th i s  has the added  advan tage  of damp in g the  p l a t e s .
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4 . 1 . 3  Desi gn of thrust stand

I h e  r i g (Fig. 7) was o r i g i n a l l y c o n s t r u c t e d  w i t h i n  a s t ee l  f r a m e  which

mated with the fixed members in the bay so that the comp lete uni t could be lifted

out  and rep laced as required. This proved to be a mistake because the frame had

alway s to be re—ali gned in the bay after replacement and the necessary adjusters

introduced flexibility which increased strut interaction . A modification was

introduced whereby the axial thrus t member was attached rigidly to the plate set

i n the bay floor and was unconnected with the side member f rame . This eliminated

transient interaction effects at motor ignition which had previously been
troublesome.

The motor is held in a sub—frame which must be as rigid and as ligh t as

possible and must have accurately machined surfaces to mate with the datum

surfaces en the motor which define its geometric axis. This frame is supported

by six struts , d , e and h being orthogonal , f and i being parallel to

e and h respective ly and g being parallel to e but displaced by a distance

c ’ i n the p lane o f e and h . The motor thrusts vertically downwards in line

with strut d and side forces are measured in one plane by f and e and in

the other at ri ght angles by i and h . g could be used to measure the
torque forces but is not instrumented for reasons discussed later. The motor is

fired ve rticall y so that the change of charge weight during firing is solely a
component of the axial thrust. Any asymmetry  in burning about the vertical axis

results in forces in the side struts which cannot be distinguished from those due

to thrust ali gnment , hu t this eof ec t is usually small. The computer correction

described in Section 4.2.3 can he used to correct for this on the assumption that

movement of the centre of g r a v i t y  is l inear  wi th  respect to prope l lan t

consumption .

Ideall y, each strut should have a frictionless universal joint at each end

so that it can resist only forces along its axis , the measuring load cell being

mounted between these joints. In practice , to minimise friction , the cell is

mounted between short rod flexures which , although stiff in compression , permit

sideways movement of the strut end under a small reproducible force which can be

calibrated out of the system. In strut g the cell is omitted and the flexures

are connec ted by a solid bar. The construction of a strut is shown in Fig. 8.

The virtual elimination of friction imp lies that any oscillation induced by

motor  transien ts , par ticularly on ignition , persists as a decay ing oscillation

long after the initial disturbance has ceased. Oscillatory drive forces near the

natural frequency result in such hi gh oscillatory forces in the side struts that

12



al l )  ‘ s j  0 i S  I I O I l 5 ~ ~ i hlt . t m i d  ( I t o  o l d  I l . a .  d o S t  r oo\ d . I ) ov~:rconme t h i s

di t I i en I t y It i a o l  I c daitm ~oe’rs , s t o  Ia r I Imooi , t ’ i ~r i a’ :  i i ,  ic e  t ion L 2 , are

roiount ed I t  t i m e  l i m i t e r  c m m d s  i t  al t , , a t r i i o s . Ii t h e L a r o t  1 F O O t  el oil is used

i t is po issi t i lt to o l a imi l )  t i ’  S t  m u  t u r o  on t i o m i l y .  d._ ’ oil is rt. ~~~ue - ny r:eta 1

I tt’x jhic so ils secured h’ A ra l~t i t 0  . hi s u I ’  i . l t I O F j ’ d0- vi e , alt :ough other-

w i s e  s a t i s f a c t o r y ,  pr o ved d i f t i ~~u lt to ali I, m and w i l l  Ce rep laced e’’eatuaL°y by

the l i t  o l  des ip t o shown iii Fig. d . A t l i eo r e t i c a l  t r e a t m e n t  of these dampers is

n ivoim i ma A pp en d i x  2

~. 1 .4 Al i gunment ammd coi l ibration

the end s of the t i t r o .  struts are o l a n t p €  d t h e  f i x e d  p a r t s  of the  damper

t o )  p er t h  t in it ial a ii gnme n t of t h e  r i g ,  ta nd t i m e c l amp s  are removed b e f o r e  f i n a l

ali gnment. t’ mi f o r t u uat el v any strain in the flexures is relieved , res ulting in.

the damper parts becoming eccentric or even binding. To d e t e c t  th is  a guide

si m i b r  to ti me clamp is mus ed , with a small clearance on one member cf th~ damper ,

whi cii is checked w I tim a the icr gauge t o  ensure that the  gap is coaSt ant at a l l

points. Time i nit i oil ri g alignment is accomp lished by us iri g an analegue of t o o

motor body , which reproduces all the datum surfaces of the motor ano p r o v i d e s  a

p lane surface , at a convenient hei ght , normal to the geometric axis of :he motor.

Thus , when this plane surface is set level , b’ - ad justi n g time lengths of the

struts , time geometric axis is set vertical. giti i a good commercial sp irit—lev el

time error imc&’ d not exceed 0.05 mr imd. At this s t ag e  the axial strut is assumed to

be t r u l y v e r t i c a l  and the side struts are ali gned by c a r e f u l m e a s u r e m e n t .  The

criteria for accuracy of al ignnent of these struts or e  g iven  in Appendix 3 bu t

t i m e  ax i a l  St r u t  must  be o i l  igned  so tha t  the  axes of t he  u p p e r  and lowe r f lexures

are within 0.03 m n (0. 0012 inch) of ti me motor axis. The upper  f l e xu r e  is

p o s i t i o n e d  to w i t h i n  t h e s e  l i m i t s  by  a c c u ra t e  machining of all fittings and the

l owe r e n d  of t i m e  s t r u t  i s  a d j u s t a b l e  h a  S c r e w s  i n  t i m e  p L a n e s  of t ime s ide  s t r u t s .

i’d j u s t  nme nt i s  made by a p p l y i n g  a known vc’r i cal load a l o n g  the  axis  of the  ri g

and alt eri m~ ; the posi Lion of the lower end ot the main strut and tht. length of

t h e  s i de  s t r u t s  u n t i l  t i m e  side loads arc within acceptable limits. These residual

si d e  loads are  a p p l i ed  as c o r re c t i o n s  t o  t ime measured s ide loads  ob t a ined  d u r i n g

a firing.

The problem of app l y i n g  a ‘ l o t  i c a l  load accurate ] v was solved initially by

riacli in i ng ii frame which I i tted the datum surfaces on the rig and suspending
we i ghts , bt ;m s tem wi no , f r o m  r i o t  a c c u r a t e ly  l i i  ~t cd point on the frame . This is

st i 11 the’ h o s t  i i  o rate meth od [°r iow thrusts, l i e  maximum force which could be

app Ii ed by t im is de~ I ci ’ was about I ~~i ) ( °  N (300 l b  t )  and it was necessary to

i t



extrapolate linearl y t i m e  interaction figures for motors generating a hi gher

thr ust. ‘this has been superseded by the application of a vertical load through

a long s t r u t  c on s i s t i n g  of a ho l low tube w i t h  a f l e x u r e  at  each end.  This is
i l  igned v e n t  i c a l l y  o im the  motor  axis  and a force app lied to i t s  upper end

( l i t .  it )).

lime ci i aitm eters of the flexures of this strut are as small as possible

consistent with sustaining the compressive load , and the force may therefore be

considered to ac t  along their axes. The strut is about 2.5 m (100 inches) long

and is ali gne d by means of a plumb line suspended inside the tube , from a hole
drilled on the centre line of the upper flexure , with the p lumb bob hang ing
b e t w e e n  four contacts mounted on the lower flexure . The contacts are adjusted

by means oh a mandrel to be concentric with the axis of the lower flexure , and
their surfaces lie on a circle 0.1 mm (0.004 inch) greater in radius than the

p l umb bob . The plumb line is conductive and is connected electrically to the

Lube , w h i l s t  the contacts are insulated and each is connected to its own bulb

and to a b a t t e r y  in a small portable box. When the strut is vertical the plumb

bob does not touch any contac t and all lights are out. Any li ght which is on

indicates t h e direction in which the strut is inclined. With all lights out the

bob is less t i t a n  0.1 ima (0.004 inch) from the axis and hence the angular

n m i s a l i g n n m c n t  can n o t  he greater than 0.04 mrad . The plumb line is undisturbed by

w i n d  and time accuracy is not affected by any distortion of the tube , as location

is governed by the end flexure fittings . The end fittings can be changed to

a~ iow for different thrust ranges and different motor attachment points ; fluid

damp ing has been allowed for , but found unnecessary .

The lower end of the strut is clamped to the rig by a qu ick release coupling
wi th accurate location and time upper end fits similarl y to a solid rod with a

standard load cell fitted to its upper end. As the strut is clamped in place ,

any small moments introduced by slight bending of the flexures remain constant
during calibration and can therefore be ignored. The rod is constrained to move

wi th a parallel vertical motion by two pairs of flexures mounted on the bay wall ,

and the weight of the comp lete assembly is just balanced by low rate springs

attached to overhead rigid beams (Fig. 10). Between these eams and the solid

rod , and attached to  the beams , is a Macklow—Smith capsule .~ith a small gap

between its p is ton and the standard load cell . When the capsule is pressurised

it acts as a r am and app lie s con trolled loads to the load cell and rod system.

The magim i tiido of the l oad can be measured to be t t e r  than 0 .1% by the s tandard

load cell and di g i t a l  voltmeter . As the movement of the solid rod is

14
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o(~~i s t  r a i n e d  t o )  he ~ert io ~ t l it caim nei th em t’x~ rt side loads on tIme train rood not

~ M ’ 1 y h e imd i l m g  ! . m a d s  to  t h e  up p e r  f l e x u re  . ‘rime f l cx u r e s  c o n t r o l l i n g  the si lid r:

art ’ ;it t ached  t o o  i t  b~ screwed ends and knurled clamp ing nuts , so that it can be

muoved siole’Wavs in two planes to Set time main strut in a vertical positi on . Once

t h e  solid strut has been ali gned ver tically time knurled nuts must always be

adjusted in pairs to retain this verticality . Before a firing the calibration

strut is removed and the remaining structures swung to the side s of the bay .

to calibrate the lateral struts , wei ghts are added to a pan suspended from
a li ght string which passes over low friction pulleys and is attached to fixtures

in li ne wit h each of t h e  lateral struts.

‘i .l.~ Rec ording and analysi s

For most firing s on th is ri g a digital recording system with a samp ling rate

iii I kilt ’. imas been used. This is multi plexed into 10 channels of which S are used

to record the load cell outputs. A samp le and hold unit ensures that all cells

are sam p l ed coincidentally, al though subsequent digitisa tion is carried out
sequentially. h i gh sampling rates are now possible using transient recorders ,

but these limi t the duration of firing at any selected sampling rate. A replace-

ment di g i tal recording system which is nearing completion will permit an overall

samp ling rate of 40 kflz.

‘to prevent overloading of the side channels due to forces generated by

vib ration 40 lIz filters are inserted before the amplifiers and a 200 Hz filter in

the axial channel . The resultant vibratory forces can be f urther averaged , if
requ ired, hut the initial filtering is necessary as the average would not be

correct if any overloadit ig occurred during peak loads. The computer can be

programmed to average over any selected period , a reasonable lower limi t being

50 ms. It corrects each side load reading for the previously determined ,

residual i nteraction effects by reference to the axial thrust at that time and

ca lculates resul ts from the analysis given in Appendix 4. The f i n a l  prin t—out

i s i n  the form of the example which follows .

15
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‘l im e I irst column of the results represents tim e m id—point (rounded up to the

us ’.mr o C t  10 nm.s) &u t the inLerva l ovu- r which all results have been averaged , tini mog

o ; t ar t i tmg a t  tim e i g n i t i o n  pulse. The second column is axial thrust in lbf.

The lollowing tour column s are side forces in lhf:

ri ght lower side strut is No . 1;
left lower side strut is No. 2;
l eft upper side strut is No . 3;

right u p p e r  side strut is No. 4.

-u is time a n g l e , in degrees , be tween  t u e  v e r t i c a l  and the projection of the

t i m r u s t  v e c t o r  on the plane in whic im the axes of the ri ght hand struts lie.

V is the ang le , in degrees , b etween the vertical and the projection of the

thrust vector on the plane in whicim the axes of the left hand struts lie . L is

the vertical height , in nnm, from the origin to the point where the thrust vector

intersects the plane in which the axes of the left hand struts lie . N is the

verm ical heigh t, in mmn, from the origin to the point where the thrust vector

intersects time p lane j i m  which the axes of the ri gh t hand Struts lie. E r r ar

l e n g t h  is time distance , in mmii, from the mai.n axis to the point at which t h e

thrust vector passes through a selected horizontal p lane , in this case the nozzle

p Iano , 1222 mmii above the ori gin.

li m e error angle is the angle , looking vertically downwards , between the left

liaiid struts 0111(1 .1 l ine connecting the rig axis to tim e point where the thrust

v e c t o r  passes t h r o u g h  the  e r ro r  p lane .

4 . 1 . 6 Con v e n t iot i s used in a n al y s i s

The planes in which meas urements are made are shown in Fig. 11. The origin
i s  t ak e n  ai° the p o i n t  of  intersection of the axes of the two lower struts and

time m a i n  axial strut. The conventions for the sign of the thrust measurements

are  such that measurements in the same sense as the calibration loads are

Ibm ;  idered p0.51 t i  ye

Conventions ire as follows .

A x i a l  thrust Compression loads are positive

Si do t r un  Is Tens ion loads  ar e I~OS it I yE’

Ali gi (‘S 001 (1 1tm - i r e  ~OS i t i ye when the resolved part of the thrust

v0 ’t .or pa rall e l to the side struts results in a mean tensile force

in t:host’ struts.
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Di C lances L and N and f rost ori gin to time error p l a n e  are p c l s i  t i V( ’

wh e n  measured  u p w a r d s  f rom m he o r i g i n .

Erro r length is always positive .

Nc :’zlt ’ ang les  are measured from zero in the direction of the left pa ;r

of ~‘truts through 90° in the direction of the right pair of struts to

180 . Ang les from 0 to 180 in the opposite direction are negative .

‘Fi me programme has since been modified so that the negative ang les are

rep laced by a continuous rotation from 1800 to 3600.

1 - I . 7 Accuracy

l i m e  load cells in use are of American “Bytrex” manufac ture  embody ing semi—

cII mmI I Iuct or strain gauges , and are capable of an accuracy of 0.1% of calibrated

r;uim~ e. It is necessary to use higher range cells in the side struts than the

measured lorcen indicate , to prevent vibratory damage and damage due to acciden-

t a l bl ow s on the  rig. h owever , the accuracy of the cells is maintained down to

I m r ,’ , or l e ss , of t h e i r  maximum range. It must also be appreciated that an error

( o f  up to 1ft~ in side force measurement would be within the limits imposed by

ali gnm ent e r ror s  in the rig and the motor structure when misaligrtments of about

I r n r ;m t l  are to  be measured . When motors wei ghing more than about 10 k g are

loaded a contr o l led loading device must be used to avoid impact damage to the

l oad ~- & ‘ lL n . This allows the last few millimetres of motor movement to be

contr o ll e d b~- screw adjusters after the motor is fitted to the handling rig.

‘ I I I  check the validity of the assumption that axial thrust acts through the

c e n t r e  li ne of the calibration thrust rod flexures , this was rotated through

180
0 

and a~ i;m 1 thrust steps again applied. The greatest variation between read—

i m i m y ;  i n  th e two positions was 0.08 kg corresponding to a misalignmen t error of

i~~~s I han 0.1 nmr ad . Typ ical interactions obtained in a test are shown in Table  1.

,:\I ’c mr ;I( ’y d u r i n g  f i r i n g  can only he estimated , beca use acc ura tely app lied
d y im atu m mo loads canno t be obtained , but it seems reasonable to expect that the

th rust vector can be determined to ±0.25 mrad.

4.2 Determination of horizontal thrust alignment

4.2.1 Additi onal problems with horizontal firings

It is always preferable to make thrust ali gnmen t measurements with the

intended axial line of thrus t vertical. This ensures that any change of weight

;;j)pears as an e r ror  in the axia l  t h rus t  onl y when it forms a small part of the

total. it is also simpler if ali gnment of ri g and calibra tion systems can

18
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t ’ m l 1 I ) l I l ’ ~ gr;m~ i ty as a reference . I”or some f’i ring s, such .ms these in ~‘J cmma-

I - I1 ; i mmm ime r i ;  , tli is is not possible and tim e a x i s  of t h r u s t  mus t  1’ 1 hen :~~1~tJ

o I m t a i i i n g  a greate r risk of error in side thrust m e a s u r em e n t .  Such .i r i ,~
-, was

d e s i gned f o r  use  w i t h  shor t , l igh t motors hav ing  t h r u s t s  of up to 50 kN and in

some cases genera t ing  i n t en t i o n a l  torque .

~. 2.: Design of thrust stand

The layout is shown in Fig. 12. The motor is mount,ed on a large diameter ,

quick release flange so that i t  overhangs the measuring part of the rig. The

motor half of the coup ling flange is attached to the motor so that the ri g axis

d e f i n e d  by the norma l to the f l a n g e  face , passing through its centre , is
coincident with the nominal thrust axis of the motor. Determination of the

thrust ali gnment is required to be better than 0.5 mrad , necessi tating ali gnment

10 better than 0.1 mrad . As the diameter of the face is 81.77 mm this implies

am~ erro r of 0.008 mm between the ed ges of the face w i t h  respect to the normal to

t h e  motor axis, in future designs it might be better to emp loy three smaller
w idel y spac ed coup ling flanges to reduce the accuracy needed at each face.
Lateral location is by a well fitting ring around the coupling face .

To keep t h e  rig as short and stiff as possible the main thrust flexure is

a t t a c h e d  to time o the r  end of the coup l ing  f lange unit and thence to a combined

damper and load cell unit as described previously. A cylindrical member ,

a t t a c h e d  to the f r o n t  of the main f iexure  and sur rounding  i t , is suppor ted  by

side fl exures from the side load cell and dan~ er units. If these flexures led

direct to time side of the cylinder nearest to them they would exert a small

coup le when the systeir. deflected under load . For this reason all the side

Ilexure s pass through the  main  f l e x u r e  via clearanc e holes , and the inner thin

I l exu r e  is s it u a t e d  on the axis of the ri g. All  these flexures are circular in

secti on with a thinner section at each end for reasons previously described for

p i at . . ’  flexures. The main load cell and damper unit is fitted with adjusters to

tiove it in the p lane at right angles to the rig axis. This adjustment is vital

t o tim e performance of the rig as any inclination of the main strut to the nominal

.mx i ’; I f  the motor results in side forces. With an effective main strut length

( I f  550 mm , 0.1 mrad error is represented by a displacement at one end of 0.05 mm .

!. .2. ~ Compute r  c o r r e c t i o n s

To ‘ui )uSt 10 th is accuracy i t  is necessary to app l y  a force along the  r i g

i xi s  I i )  t i m e  sam ..’ d egr ee  of accuracy and to move the base of the main measur ing

(Cii l i l t ii t Im e side lorcos art within acceptable limits. Owing to smal l , second
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1 rd,’ r i m O i m  1 i i ; ’ ; m  F i t  ii ’s it I s usually i niposs ib le to reduce the resul tant side

l or d ’s I I I  Ion s t i m a i m  ~. 1~’ of t he  axial forc e , so these are then measured at a

ser i e s  o f  m x  i o il I tsm ds and recto rded. They are then  entered as corrections in

tim e o l m m i  Ivo ; is program and each side force reading is corrected by an amount

d ot t i m  it’d Ic: the axial f o r c e  a t  the t i m e , i n ter p o l a t i o n  b e i n g  used be tween

m;;t ’, i ;mm r emi p t o i m ~ t S. ‘Eime change of wei ght of the motor is also indicated in the

vertic a l str u ts and correction for th is must be made by noting the zero level in

t , l l It d l m a m l m m e l  b e f o r e  and after firing and distributin g the change throughout the

firing i n  proportion to the pressure or thrust integral to t h a t  point. For a

t y p i c a l  motor the changes of force resulting from tile consumption of 2000 grams
of propellant are about 40 N in t ime forward vertical strut and about 20 N in the

r ea r  \ I o r t i c , i !  strut. I f  these were uncorrected they would result in an angular

e r r o r  of 2 nm rad in a motor of 20 kN thrust and propor tionately more in a motor

vi  Iii sin;. t i e r  t h r u s t .

A further complication is the pressure rise in the vacuum chamber during

the  f i r i n g ,  which results in changes in the load measured by all the cells.

‘l’his is due t o  pressure acting over the effective thrust rod diameter of each

load cel l and any differential pressure on the damper diaphragms . It is

aggravated by the  need to bleed air into the load ce l l  hous ings  to p reven t

combustio .m gase s from fouling the cells during firing. The air bleed is arranged

so tim at time pressure is maintained at a little above that expected at the end of

tiring and depends to some extent on leaks from the housings , which are not

comp let el y sealed . Any such load changes are automatically compensated during

analysis by time same programme which corrects for weight , as the two effects

canne L 1)0 distinguished. It is reasonable to use the same correction for both

as time premos ure depends upon tile amount of propellant consumed if temperature

choimm gvs are i gnored. The maximum change in pressure with the largest motor

iue r n m i tt e(I in time chamber is 90 torr and the maximum apparent load change due to

s t a t i c  t e s t s  a t  t h i s  pressure  is 2 N. Correction is thus hardly necessary but is
inc l uded automaticall y.

Some load cell strain gauge brid ges are sensi tive to air pressure , presum-

abl y because of minute air bubbles under the gauges. Tests before assemb ly permit
t ime selection of transducers which have minimal sensitivity to this effect.

4.2 .4 C;tlih r ,m t loll

I t  i s  not  p o s s i b l e  to use the  g r a v i t y  me thod  as in the vertical ri g to app ly

t ime coi l i br a t i  O il f o r c e  a lon g the  r i g  ax i s  and t ime  op t i c a l  method , shown in  Fig .  13 ,

is substituted. The rocket motor is rep laced by au ali gnment unit coupled to the
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samiw ’ t b inge  eu thc ri g. Along the axis of the  unit are two optical target s

se pa cmt€ ’d by about 300 mm 0mnd ali gned to an accuracy better than 0.03 mmii. The~~t

ire ‘. i ‘woul , v i m  a II I 
iii iron , iv  a telesc (ui)e mounted at righ t angles t t ;ild ufl;.

a x i s  en t i m e  s i l t ’ i t l t i m ’ m m m i i  — this ir , .~~1 j u m s t e d  so t h a t  i_ lie t a r g e t s  . u p p c l r  i n

l i ; ~ , i v  c o n t r o l ;; w l m i c i m  oil low lateral and angular movement of the teli ’sc~ope . A

I n i t  im e r u’ u ’u l p  I i  ilg f t  ;lnge , mounted on the  other  end of the unit , is a I i gned w i t h

ti lt same d eg r ee of accuracy and has a viewing hole through its centre .

A u i n o i l a r  a]i gnnuent uumit is mounted on five flexures so that it is

‘oust rained to move in om stra i ght line along the extension of the ri g ax is , with

it s duoli p i iui g l ’l angc  f a c i n g  t ime o ther  u n i t  and separa ted  from it h’~ about 1200 rn..

l it t his m im mit t u e  telescope is rep laced by a li ght source. Tile supporting flex—

l i t s  I r e  ;idjm ms t~ d until time two targets are aligned wi th those in the other unit.

i i i  t~~I )  opposed coup ling faces on the units are now connec ted  by a t h r u s t  s t r u t

w i _ l u  I l ex u re s  at each end . A standard load cell is mounted on the other end of

I u~ s u ’ u ’und alignment unit and forces are applied to this by a Mack low— Smith

c : j s u u ie . it is assumed that the forces thus generated are app lied along the

c ( - i ; t x ’ i j ios of time two flexures in the thrust rod and because of its length ,

r el ; ii i v a li gnment of the ends is not required to be better than 0.1: mm . The

rod i s  suppo r t ed  above its centre of gravi ty by a low rate spring which approxim—

aLe l y b a l a n c e ’s i t s  wei gh t .

l i m e  t i e x u rt ’s  are  d r i l l ed  through their  cen t res  and the rod is ho l low so that

- m i i g r . m e n t  can  he checked under  load , bu t  the holes have , of necessity, to be so

sni m li t hat they violate the Ray leigh cr i t e r ion  f o r  r e so lu t ion , and t h e r e f o r e  the

i_We ) d i s t a n t  t a r g e t s  are not, clearl y visible. It is, however , possible to detec t

w h e t h e r  mov ement  t a k e s  p lace under  load .

Time r eac t  ion f o r c e  of t i m e  M a c k l o w — S m i c h  capsu le  is taken on a t h i c k  p l a t e

w i i i c i i  is c ( im J I ) led  to the m a i n  th rus t block by fou r  long,  braced rods.  This

s t r u c t u r e  also c a rr i e s  the  f l e x u r e s  s u p p o r t i n g  the  second al ignment  u n i t  and

care nuui st be taken in ali gning the end p l a t e  i f  d i s t o r t i o n  t inder l oad is to  be

avo i ’c’d. This plate is supported on balls so that it can move without restric—

t i o i m  t :  t h e  rods extend under  load .

4.2 .’~ Stati c test of ri g

As shown in  F i g .  13 a c r u c i f o r m  tes t  p iece which  could be a t t ached  to the

rig in p i,sue o f a motor was constructed . This was fitted with 7 k n i i e  ed ges ,

:n’ u r a t e l y  ~r o s i t i o n e d  so that loads could be applied at known distances along the

rig ;u> is , or l I f t  centre to produce a torque. Weights were suspended on a pan
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l r onm t iie~ kni fe edges numbered in the diagrams in turn and cell outputs recorded.

1 sii uw;; the readings obtained , and those predicted by calculation .

Agree~inei mt i s  g e ner a l l y  good , remembering tha t  5% acc uracy of side for ce measure—

mcli i is adequate for ali gnment calculations. To support rig and motor wei ghts

and to  w i t h s t a n d  v i b r a t o r y  loads dur ing  f i r i n g ,  the side load cells are of
2 5 (R)  N range . The worst percentage error is in strut 3 with  the load on k n i f e

ed ge 4 . This , however , is only a test of the torque reading since it is imposs-

ible wit im this method of loading to apply torque without a large side load , a

c o n d i t i o n  w h i c h  would never obtain during a firing. A better check of the effect

o f s i d e  loads is g iven by loading in posi tions 6 and 7.

4.2.6 Accuracy

Stati c loading of the rig indicates a probable accuracy of 0.2 mrad , but it

is diffic ult to assess whether this can be achieved under dynamic firing
condi tions . Since the change of motor weight must be allowed for , the accuracy

mus t depend to some extent on the ratio of thrust to motor weight as the

correction is probab ly not exact. Recent tests with motors having a thrust (N)

to charge weigh t (kg) ratio of about 800:1 indicate that an overall accuracy of

0.25 mrad is probable. This , of course , can only be a general statement, as the

comp lete determination of the position of the thrust vector involves more than

measurement of an angle and the overall accuracy varies with the position of the

v e c t o r .

4.3 System with dual thrust axes

4.3.1 Discussion of problems with dual thrust axes

Wi th the previous two systems it was possible to measure small deviations

from axial thrust because one cell absorbed thrus t in the direction of the

geometric axis. The others measured only error forces (apart from interaction

effect s) and hence the accuracy required from them was not high. For examp le ,

to measure a 5 mrad deviation with an accuracy of ±0.25 mrad required only 5%

accuracy of reading. The analysis of errors is more complicated than this since

the thrus t line may be both angled and offset , so that a number of load cells
con t r ibu te  to the ca lcu la t ion  of the thrus t deviation and hence to the error in

measurement. An analysis of probable errors for a particular case of small

devia tions from a single axial thrust is given in Ref. I.

In some cases , however , the thrust direction may not be fixed , such as when
two nozzles inclined towards one another are operated at different times in the

firing programme . The calcula tion of thrust magnitude and direction then

22 



mu v o l v.’~. t ’ u ’ i i t  m ’ i b m i u  i on s  m i ’ oi mm i l l  l oad c c l  Is , even when the t lmrus t is per fe ct lv

m l  i gi;t - d , S I )  I h a I ui ;e,msuremt ’nt  ac c u r a c y  is mmm cii more cri t ical and errors must he

t i  net u l  lv ev om 1 u;m ted -

3 .2  Desi gu m of s t a n d

tcm deal with this condition the load struts in the rig can be rearranged as

;imown in l i g . 14 . This arrangement would be suitable for a liquid propellant

eu m g i u m e thrusting upwa rds to avoid the risk of propellants collecting in the

t’ i m 0 u i m m b e r s .  A t y p i c a l  f i r i n g  r i g of th i s  type is shown in Fi g. 15. This  arrange-

ment  gives easy access to the rocket motor but is generally less stiff than the

mo re conventional arrangement of struts. If the motor is suitably positioned ,

imoweve r, Lime two thrust lines can be arranged to pass through the intersections

ti time axes of struts b , d , e and c , d , f - In the f i r s t  case

s r u t s  a , c and f are not subjected to forces if the thrust is perfectly

aligned , and measure onl y forces due to misali gnment. In the second case the

same is true of struts a , b and e , so that a and f may he sensitive

enough to measure small forces accurately. Struts h , c and e , howeve r ,

measure a sn~m 1l out of alignment force in one case and a component of main thrus t
i n the other , so that if these channels are adjusted to deal with the hi ghest

too-id l ikel y to be experienced by them, they may be too insensitive to measure

mis.’m li gnment forces when the other thrust axis is operating. This problem has

been overcome in one instance by the use of dual output cells and channels with

sui t0mbl y adjusted gains in these positions . The appropriate channel is used in

t i m e  a n a l y si s .

4. 3. 3 Calibration

‘l’o achieve final alignment and to obtain interaction figures , means of
applying forces along the two axes with a directional accuracy of about 1 part

in 10000 mus t be incorporated by using a tie rod with flexures at each end , one

c o m i p l e d  to the mo to r  moun t ing  f rame at the appropriate point and the other to a

t ubul ar strut . This strut is constrained by plate flexures to move wi th its axis

on the thrus t axis and force is applied to its other end by a scr ew via a
standard load cell. The tie rod may be removed and the tubular strut aligned

optically, m u sing targets in the strut and motor mounting fr2me .

-+ .3.4 Impulsive loading

A f urther prol)lem with this rig was an impulsive force occurring a few

s e c o n d s  b e f o r e  f i r i n g ,  ori gina t ing  in the p r e — f i  r ing  control  system , which  was of

greater niomgn ituide than the motor thrust and sufficient to damage the ri g.
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V

because ti m e 1;moVt’me ’nt due to compression of the  m e a s u r i n g  s y s t e m  u n d e r  load was a t

most 0 .2  1 m m  i t  wa~u r iot p o s s i bl e  to c l amp  the  ri g with r i g id c l a m p s , as these mi gt -~t

Im avu ’ p rm)du (’c’ 1 uloim ag i rug I o rces  due to d i i Ic r en t  i oil expansion ci the  ri g eve r, if
t fit -v co m m Id h ive bi’erm adj m i s t e d  v i  ti m su f  f i t -  ient ;mc c u r a c y  - ‘Flue so 1 ut i omu was to 1:50

ii y d u , u m u l  ir i u i ; ; t o l m u ;  ojn’m’at ing in pair s , as s i mo wn in Fig .  16 , each p i s t o n  u~~~ cS~~~~

t h e ’  I t  l i e u amid ci avmp i r ig t h e  r i g iii a l l  d i r e c t i o n s  when hy d r a u l i c  p r e s s u r e  was

:11) 1) I i  ed It ) I Ime im m.  l - ; ; i cum opposed pa i r  was coup led by a p ipe w i t h  a r e s t r i c t i o n  so

that timey could move w i t h  any movements of the ri g and would a u t o m a t i c a l ly

a dj u s t  t h e i r  ~~s i t  ion  so t h a t  forces  on each side of the rig were b a l a n c e d .  The

re striction was such that f o r  time duration of the imp u l s i v e  fo rce  the r ig  could

imloVO ot ;ly a s m a l l  p r o p o r t i o n  of the  movement due to a f u l l  scale  load.  A f t e r

the i nupulut’ 10(1 h e f o r e  tiring the clamps were withdrawn hydraulicall y . The

nm et im u u d of c a l c u l a t i n g  r e s t r i c t o r  s izes , e t c . ,  is given in Appendix  5.

4 .3 .5 Assessment of accuracy

i t  i s  u s u a l l y  n ecessa ry  to know time dis tance b y which the thrust line will

l u m i s s  ser~ po i cu t i n  space , usually time centre of gravity of time missile system to

w im j i m  t i m e ’  r I  - . - L  motor  i s  a t t a c h e d .  This can be c a l c u l a t e d  by measu r ing  the

i m ig l e  am id i t u s  i t i o n  of the  t h r u s t  vector  where it passes through the  p lane of

s t r u t s  ci , e and f - This  can then be resolved i n t o  an a n g u l a r  e r ro r  and

d i s p l m c e m c n t  e r r o r  at t h i s  p lane , such that at any point  along the t h rus t  axis

t ime mp is s distance varies with the angular error but includes the constant

disp lacement e r ro r . The errors inherent  in the sys tem mus t  t h e r e f o r e  be assessed ,

p a r t i c u l a r l y  i f  the t h rus t  l ines cannot be made to pass through the s t r u t  inter-

sections as described previ ously.

L ou s i d e r  a t h r u s t  vector  pass ing  through the measurement  p lane of s t r u t s

d , e and f and resolve this into components in the XY and XZ p lanes as

in Fig . 14. U s i n g  the  notation of that figure

e + f
t a n  cm = __________

a + b  + c

where the letters denote the forces in the s t r u t s .  If  the a n g u l a r  e r ro r  is

uS i _an  a

~~tan ct 
— ~~e + m 5 f  

+
tan ci 

- 
e + f  a + b + c  -
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l’Ii i s  c o - m u he eval  u a t e d  i t ’ the  a p p r o x im a t e  va lues  of al l  the f o r c e s  and ~l~-

p r o b . m l ’ I e  measu remen t e r ro r s  are known . The miss  d is tance in the ‘I d i r m ~ct i  ~ f

th e c en t r e  of g r a v i t y  can then  he c a l c u l a t e d  f rom :

i i u i s ~ d i s t a m m e e  due to a n g u l a r  er ror  (d y ’) = tan cm - distance to c of g

lu c a l c u l a t e  the d i sp lacement er ror :

tak ing  moments  about the Z axis , y = 
a +

a
b

D
+ ~

l e t  h + c = t

a D  — l
a + ~ 

= D (1 + i_ /a)

S y = -~~- ó t  +

.et 1 + t/a = u then

= !X. . .~! = — (I + t / a ) 2

~u ~t a

o - iu m d ‘~~~~~ 
= -

~
-
~~- . -

~~~~~ 
= D (1, + t / a ) 1 

t a
2

au ~a

= — 
U (I + t / a ) 2 

~ i_ + 
D t a

2 (I + t / a )  u5a
y 1) ( 1 + t/a) 1 D (1 +

— 
ót t óa

— — 

a (I + t/a) + 

a
2 (1 + t / a )

i~ u it since t St and 6u may be posi t ive or negat ive the worst  case is given by

= 

u
t + t [ ~~~~~~

) 
~~(b + c) + ( b + c ) -~-~-

y o-m (l + t/a) 
— 

a + b + c

~
, can thus he c;i f t u u l a t e d  and added to the miss distance due to the angular

erro r In g iv e the w o r s t  p o s s ib l e  error in  the Y direction . A similar analysis
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i n  h i t  - cli It ’ct iou gives a f i gure w h i c h  when added v e c t o r i al l y to ~y + 6 y ’

g i v e s  t i m e ’ L o t - i l miii ss d i s  t a u m c e  x , as fo l lows ,

x = (ó y + óy ’) 2 
+ (~ z 

+

‘l’lie s i g n a l  c o n d i t i o n i ng  equipment used with the load cells must have

s u f f i c i e n t  r e s o l u t i o n  to  achieve whatever  accuracy has been assumed in the

c a l c u l a t i o n s  a l t h o u g h  some relaxat ion may be possible as follows . Since each

mu ss d i s t a n c e  e r ro r  is composed of errors from a number of cells measuring

d i f f e r e n t  l ads , some may contribute much less than others to the overall error.

Thi s rclaxa tion can be particularly helpful if the cell has to measure widely
d i f f e r i ng  loads  when the t h r u s t  axis is switched.

5 Ml-.ASURE~’ll~ fl OF ‘1’}~ANSIENT FORCES

5.1 Theoretical discussion

A th r ust measurement system in its simplest form can be represented as in

l i 1;. ~‘4 . The mass , M , consis ts of the motor and any part of the rig a ttached
ri g idl y to it. Time load measuring transducer can be regarded as a spring

r ea c t  i u l g  against a rigid structure consisting of the thrust block. In practice

i_ luc r e is compression of the flexurcs coupling the transducer , some compression

of the  t h r u s t  b lock , and possibl y parasitic oscillation in parts of the structure .

The equation of m o t i o n  of such a system may be written

d2 dT = M — ~ + C - ~~ + kx (1)
dt

when x is time disp lacement of the mass M

C is the  damp ing c o e f f i c i e n t

k is the stiffness of the system

T is the ex ternal applied force.

To consider the response of the system T may be rep laced by an oscilla-
tory force F sin ‘t (u = 2ii frequency) and the natural frequency is given by

I k  c 2

2M
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l i m e  :.t’co m md e num , i: u: ual iv too sina i i c Love a s i g n i I ic. m:: ~ c - t i  ~~~ t ci.

m m i i i  t O i l )  ci t m c i i  tic I ntl red . A cot cml u r u ~’ius f~ i v i nu~ t tie m o m  i t i mo - i l m ~~ j u O u f l c  \ ~‘

I ~~ m ;1 u m r m g e ’  o f  f lm f leo :c ’ oo  and S t  t t n t ’ s ’~~c. ’ s i s  gi  vt ’im i i i  F i  
~
‘ . . i t  u l v i  dt ’d t i i i

i~~ : u . u li I t o ;  s 1110111 0 , t h e  1 i rs t two t c moo s in equation (1) can be i gno r ed aid

k:: gm ~- c s  a food repr cscr t :mti on of the  app l i e d  f o r c e .  Most  f i r i ng  ri gs re l y upon

t i_ m is and l i t t e r  ou t  e l e c t r i c a l l y any components  above about - 
~ 

is raised
t e l  t im e i u i g t m e s t  prac t i c a l  v a l u e  by keep i n g  M to a min imum and I: to a maximum .

I t  i c  I t  t C tm i n m p o s s i b l e o  to r a i s e  w sufficientl y and it i s then necessary to

me asure  t i m e  o t l m e r  t er m s  o f  t he  e q u a t i o n .  The e r ro r s  in  amp l i t u d e  and p hase

uicu~ red b y m e a s u r i n g  o n ly  kx at  v a r i o m u s  r a t i o s  of ~~ and a t  va r i o u s  damp i r.g

r a t i o s  re shown in Fi g. 17. The damp ing r a t ie , A , i s  g iven by A =

~i m e r e  i s  the  c r i t i c a l  damp ing c o e f f i c i e n t  at w h i c h  o s c i l l a t i c - n  j u s t  f a i l s  to

occur when the s y s t e m  is shock excited . It can be seen t h a t  a r e d u c e d  e r r c r  ii-.

u ne -  re~~mm I ts in an i n c r ea s e d  e r ror  in t i me o t h e r .

A t e rn i  commonly used in  t ime  a n o - m l v s i s  c f  damped ~‘ih r a t i r 1 g  sy s t e m s  is the

nm oI ~~’, fl i l - i  c :it  ion f a c t  or , ~ , g iven by t ime  r a t i o  of d i s p lacement , x , of the

mass f o r  ~i g i ven d r i v i n g  force at resonance , w , to the steady disp lacement ,

uiider the same constantl y app lied force , i . e .

Q =

At:ot h er  way of  express ing  the same t h i n g  is the i\ anciw d~ i_ , B , vhich is the

w i ( i t h m  o f  t he  resonance  peak i u m a n g u l a r  measure h~~twe c-i ’ l e v e l s  a t  ( . 7 0 7  of the

p eak a m p l i t u d e . Q i s  a l so  given by

N
- 

Ii 
- 

fl

C B

and a l l  these  terms may he used in the d e s i g n  of t h r u s t  ri gs. l-’i g. 18 g ives  a

u i m u e ’ i m u t  se t  of gr aphs relating Q , b a n d w i d t h , number  of  cyc l e s  N amp l i t u d e

; i mm el  mass per damp ing  f o r c e  at u n i t  v e l o c i ty  fo r  a r an Cco of r i g  n a t u r a l

I re it’ l it ’ jes
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5. ;’ (‘onmp let c evaluation of equation of motion

5. :~.1 i’ rac t ie~om I ri g construction and s ign a l  c o n d i t i o n i n g

Ri gs have  het ’im colmo ; i_ rut t e d  in whm i cli a load cell t o  I b i s  t ime  
~i’ r i n g ,  an

o - u i  - c l i  rome t ot om e asmi re’ s t I m e  N 
~ —$ t erm , and t ime f o r c e  ~;~~fle r a t e d  b y two damper
dt

p i s t o n s  ( d e sc r i b e d  iii S e c t i o n  3.?) is measured by load cells. The outputs of

all th ese devices are sumisime d by amplifiers and networks to give a true represen-

tation of I throughout the firing. The value of the term C measured by

such a system may be in err or if other damp ing is present and it may then be

bettor to derive the term from another measured term.

I f  the system is oscillating

x = A sin ot where A is the amplitude of oscillation

dx
‘~j— 

= Aw cos sot

= — A m ~u 2 sin w t

2
can be obtained by differentiating x or by integrating . In practice

dt
the latter course has been found preferable because any noise spike on the x

2dx . - d x  -signal results in a large value of ~-~- , whereas noise in —~- is diminished
dt

by integration .

A block diagram of the signal condi tioning equipment is shown in Fi g. 19.
The output from the load cell is buffered by an operational amplifier (No. I) in

which time gain may he varied between 0.1 and 10000. These amp lifiers are used
t h r o u g h o u t  and we re chosen to have a hi gh inpu t  impedance (100 Me) , 140 db

common mode rejection ratio and low offset drift of 1 pV/ °C. The output  from
time accelerometer goes to a similar amplifier (No. 3) and both amp lifiers feed
into opposite differential inputs of a further amplifier (No. 4) which adds them

vectorial ly.

If the clamping force is measured directly, the load cell which measures it

feeds ti) a t h i r d  amplifier (~ o. 2) and the outputs from this and from amplifier

No. 4 are again mixed in amp lifier No. 5. Resonance of the individual transducers

may cause time combined output to conta in  unwanted hi gh f requencies  which limi t

the upper frequency response of the system. The final mixed signal is therefore

28

- - - - ‘  -- ~~~~~ - — - --~-—--~----—---~~~~~~~~ — -‘ ‘- ‘~ 
,,- __ _~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘~~‘—- --- -~~ ‘— — -— - - -  - ---—



r

l e t i  ~‘ i ; i  - i  i m i f f e m  t e  .m low p~m~~s f i l l e r s tage  w h i c h  can be set  to c u r  a t  arm y

i i  ~
- . i i i  ro t in  the f r e~~uency range of time equ ipmen t .

I I  d m m g t m m g ,  I o r ec is  n t  u n e o - m e m o t m d  i t  is der i v e d  by f e e d i ng  son’. of t h e

~ t ) u t h ) u r  Iron  a m p l i f i e r  No . 3 to amp l i f i e r  No.  6 which  has a ~u i t a ~~~e
~ft 

-

i n t e g r a t i n g  ne twork  o p e r a t i n g  over the f r equency  range 50 Hz to 1500 H z .  The low

f r e q u e n c y  r c s p o u ;e e  is I i m o o i t ed  to p r e v e n t  the  i n t e g r a t o r  f rom r u n n i ng  out  of range

and i i  an”  case  damp ing, F o r c e s  are expected to be low in th i s  reg i3n.  The o ut  poo l

m ) I  ;m nmp l i l i e r  ~o. 6 c ai m be s w i t c h e d  i n t o  the inpu t  of amp l i f i e r  No .  4 in p lace of

th om t r em t h e  d a m p er  omn i~ I i  f i or , No.  2.

5. 2 . ? C a h i b r a t i o t m

I’he ga i ns e m  the appropri ate amp! i t i e r s  mus t be a d j u s t e d  to r e p r e sen t  the

v a l u e s  of k , C and N and i t  is poss ib le , if  t ed ious , to determine these

indi v idually and set up each a m p l i f i e r .  In p r a c t i c e  th i s  would  be d i f f i c u l t  and

an e r i I h ) i r L c a l  s y s t e m  b ased  on the  response of the  ri g to shock exci  t a t i c r o  is used.

TI m e shuck is p r o d u c e d  by striking the ri g in ar ax ia l  d i r e c t i o n , p r e f e r a b l y  wit h

an i n s t r u m e n t e d  hanu mme r c o n t a i n i n g  a p i e z o e l e c t r i c  e lement  which records  the fo rce

and has a h i g h  n a t u r a l  f r equency .

The kx c h a n n e l  is  f i r s t c a l i b r a t e d  arid a d j u s t e d  us ing  s t a t i c  loads produced

I v  deadwe i m ’ I m t s  or b y methods desc r ibed  e lsewhere in t h i s  r e p o r t .  Tim e ri g is then

shock cx~ ited vi t i m t ime  ga i n  in time C channel  set  at zero . T11e gain of the

N ~—4 channe l is ad~ us ted to pr oduce  a m i n i m u m  in the N 4 + k’: combined
d t ’ 

2 d t

o m m t p m u t  . l i m e N !t-4 a m id  kx  si gnals  are 1800 out of phase  w i t h  each c the r  and

t u e  immi nin mi m mim combined s i g n a l  i s  a t  900 to each , as is the C ~~~ si gnal . The

C ‘~f~o si gna l  i s  now a d j u s t e d  so t h a t  i t  j u s t  cancels  out  the r e m a i n i n g  s i g n a l .

‘the  i m p t m l s e  recorded sh o u l d  now be a rep li ca of that indicated by the instrumented

ima lni rer. Arm y higher frequency components present may now be f i l t ec e d  Out by

m d j us ting time cut—off point of the final f i l t e r  circuit.

~~~~~~~~~~~ Practical pi ol)lohmm s and results

[he practical problems in the use of such an arrangement arc that rigs may

; ,~~~€ r- ore than one resonant f r eq u e n c y ,  p a r t i c u l a r l y  when feed p ip e s m d  other

-onme t i n g  devices ar e  r e q u i r e d , and t ha t  few behave as a simp le  sp r in ~ r and mass

system. l- v ry a t t e m p t  s h o u l d  be made to keep the r i g s imp le  to obv ia t e  these

t r o u b l e s , h~i t  i f  t h i s  i s  not  poss ib le  time transfer function of the  cond i t ione r

;) I )

_ _ _ _



c a l m hi’ smm i t a hi ly adapted. In the  s imp les t  case , notch f i l t e r s  may be u’sed to

len iti ve u f l w . m i m t  ~‘d reson ances  mind i f  they are s u f f i c i e n t l y  narrow they need not

c m i s t ’ mmnoi cc i’ i t  oih i t ’ d i s t o r t  ion in the  f i n a l o u t p u t .

i” ig , .  ( ) t lme ) W s t Ime tnmcompensa ted  response of a typ ical ri g to an impulse ,

Lt . t i m t ’  s i g n a l  p roduced  by the load cel l  in the kx channel .  Fig. 21 shows

d 2 d -

t he  response to  the  same impulse when both M —.4 and C channels are
dt

c o r r e c t ly  o m d j i m s t e d .

5.3 Ba llistic measurement of impulse and thrust

5 .3. 1 bas is of the ballistic approach

An a l t e r n a t i v e  to measuring or deriving all the terms of the equat ion of
r m m m tiomm ut a fim ’ing r i g, when it is not possible to raise the natural frequency

sufficient ly, is to reduce the s tiffness and damping to zero . The equation of

d 2
motion of time previous section then reduces to T = M —4 and it is necessary

dt
to measure oim l y the acceleration of the motor and any mass attached to it. This

is a practical solution only when the total impulse of the motor is small if the

necessary mass to which time motor is attached is to be kept within practical

l i m i t s .  This constraint l imits the usefulness of the technique to motors having

burning time s of tens of milliseconds at current thrust levels.

5.3.2 Ballistic measuring systems

Various ballistic measuring systems have been used to measure short dura—

tio rm forces , the most common being the ballistic pendulum. This was initially

considered to he a solutioim to the problems of thrust measurement in r~oLors

w i th hi gh th rust and shor t  burning  t imes.  I t  depends upon the fac t  that  in the

absence of other forces:

ft
Fdt = MV

0

where I’ is the instantaneous thrust

t is the time for which the thrust acts

“ is the  moving mass

V is t h e  final velocity assuming the mass to be initially at rest.

Thi s  is true if the mass and pendulum length are sufficient for the mass to

move neg li gibl y during the impulse. The impulse is deduced by measuring the
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I inal i t e m s i f  ion  t . I  [ l i t  m oos  ~~t o l e  peak of its sw i n g .  U s u a l l y i t s  i n c r e a s e  i i .

i i i  i 1, h t i s  wr o l s u  t e l  di u t - c t  ly or indir e ct ly to give its gain in potent i a 1 0100 rgv

wim it -li is equze I to t h e  i imi t i a I k i m i e  t i c  ene rgy  and i m e m i c e  th e  impul  Sc j S

t i m m ’ e m s t  f t  i r ,m & ’ c u r v e  may lu o b t a i n e d  f rom an a c c e l e r o m e t e r  m o u n t e d  on the c t i d m ,o i  sr ,m ,

l i m i t  t i m e  ac - m i r o i cy i s  I i  miii  t ed and c a l i b r a t i o n  is d i f f i c u l  t. An ana l  :- s i  s c t h i s

‘ i n m I ) i i  c,ise is given in the  f i r s t  pa r t  of A p p e n d i x  6.

A ppendix 6 t hie ’ i i  c ons ide r s  the  case in whic im d i s p l a c e m e n t  of time mass d u r i ng

t i ’  i mpulse is si gnificant , so t h a t  a l lowance must  be made . I t s  c i s pl a c e m ent  rous t

i)e me a su red  at  t i m e  end of t h r u s t  as wel l  as at maximum swing. This assumes that

t h e  t h r u s t  can be considered to rise and fall instantaneously and remain at a

, m i S t m T o t  v a l u e  whe n app li ed. A real rocket motor is l ikely to generate a thrust

w i ii c hm v a r i e s  w i t h  t ime , so t i m ,’mt F must be known as a f u n c t i o n  of d i sp lacement

and measured w i t i m  aim a c c e l e r o m e t e r .  A c c e l e r a t i o n  and v e l o c i t y  may a lso be

der iv ed by direct measurement or by appropria te differentiation of displacement

along tI m e m ire of swing, but accuracy is not likely to 1-e great.

‘l im e p r a c t i c a l  p rob lems  invo l ved in  the  r e a l i s a t io r .  of an a c c m : r a t e  d e v i c e

are  c o n s i der a b l e .  The mass of the pendu lum , inc lud ing  a ny t h i n g  a t t a c h e d  to i t

mus t  h e i,nown , and i _ h i s  changes  w i t h  consumpt ion  of the motor clmao’ge . With a

reaoom i0mble pendu lunm l e n g t h  the mass must be large (about 1000 k g w i t h  cu r ren t

motors) to niininmise trave l during time burning time . This involves a suspension

having a substantial mass and this , with the finite size of the main mass , means
tima t - time moment of inertia of the combination about the pivo t must he calculated

or measured. A parallel motion suspension avoids the problem of the distributed

momss of the pendulum , but the inertia of the suspension mus t be known .

lieterm ination of the position of the centre of gravity of the mass at its

nmm mx inm um swing is (liffic ult and allowance may be necessary for any motion in

dir ections ui_bi er than the intended direction of swing, . This is particularl y

i mport ant i f  the treasuring point on the mass is not at the centre of gravity and

there is rotation about the centre of gravi ty. It is convenient to measure

a n g u l a r  s w i n g  nea r  the p ivo t , but there mus t he no bending or vibration in this

region if errors are t o  be avoided. Frictional losses in the bearings needed to

supp ort ti me large mass may have to be evaluated , probably by meas ur ing successive
swings , and some means of  arresting the pendulum must be provided.

~ost  of these p r o b l e m s  can he overcome by a l lowing  the mass to move

h u r l  i r m ’r t a l l y  a f t e r  t ime  impu l se , amid measuring the integra l of the force r e q u i r e d

t o  b r i n g  i t  to r e s t .
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5.3.3 Ilescript ion of system

‘the sys tem final L y selected is shown in Fig. 22. It consists of a mass

t im e value of wim ic im imeed be known onl y app rox ima te l y ,  s u p p o r t e d  on th ree  low

friction Iim mta r hearings sl idim ig on horizontal rods. The motor to be tested is

m o u n t e d  on time rear face of t u e  block so t ha t  it accelerates the mass along the

rods f o r  a short distance wit h out resistance during the motor firing. Arm

accelerometer mounted in the block on the motor axis near the front face produces

a thrust/time curve since’ I” = Ma , where a is the acceleration . It is

s i t u a t e d  in t h i s  position to keep it as remote as possible from shock excitation

f r t i nm t ime  rocke t motor .  ‘lim e mass of the block is approximate ly  1000 k g to ensure

r e aso imab le  l e n g t h s  of  trave l during the firing time and reasonable final

v e l o c i t i e s  w i t h  motors  in time impulse range of 400 to 1500 Ns for which the

e q u i p ment  was designed. Since the block is approximately a 500 mm cube its

l owest resonant frequency is such that A = 1 m , i.e. 5 kHz. If this frequency

is &‘xi’tt ed a low pass filter must be incorporated in the recording system to cut

at a suitable frequency below this value . The accelerometer used in the initial

experiments i,s an Fndevco Model 2262—1000 piezo resistive type to match into

existing instrumentation. It has an output of 0.5 mV  per g and a natural

frequency of 1 khl z , response being flat to within ±5% from 0 to 2000 Hz. This

latter chmmracter istic govern s the  c u t— o f f  f r equency  of the thrust measuring

sys te r m i i i  mm~,St cases.

A f t e r  the end of motor burning the mass travels a short distance and is

therm brought. to rest by a device which applies a constant decelerating force for
a t i m e  wh i cim is inversel y propor tional to the magnitude of the force and is

chosen to be such t h a t  normal recording and i n t e g r a t i n g  systems can be used. A

t ypical combinatiotm is 4000 N for 250 rims resul t ing from a motor impulse of

1 000 Ns.

‘ihe initial decelerating device was designed as an oil filled piston and

cylinder pressurised to a pre—selected value from a nitrogen gas reservoir large

enough to prevent the pressure from altering significan tly during the arresting

h )ermoci . This  desi gn is described in Appendix 7 as it may be required if

d i f f i e ’ u l t y  i s experienced witim the device now employed .

h m i i m . s e ( I m i e i i t  l y ,  a commerc ial  device was found to exis t , in which the cy l  iride r

is perfom - mt e-d w ith a ser ies  of a d j u s t a b l e  o r i f i c e s  which are closed in t u rn  b y

t i m e  p is totm to achieve a similar effect. This is shown in Fi g. 23. The cevice

L 

is moun ted  on the  end of the frame carrying the rods which support the mass.
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‘l I m e  I r m i m m m t ’  m m j t p i r m  i ’d l v  f e’xi mr co : m m m l ~- m p 1ed by mm rod I l e x u r e  :- 1 i o a u  cell

m i d  ~l . i i i ~j e i  t itim I c I : i c i m  m~. ,i s m m I  e m ;  t h e ’ f e m  C e  ~i~ j li ed t o  t ime d c c e l e r a ~ m r .  l i m e  I i mi-

j i l t  e g i ; m  1 ol t m i s 1 r e v  i s e 1 u mm I t i  t h e  its ’ i_ or tot a i rspul sc i f  t he  o a re  no

[m i s s e s  ta m Lime sy s t e n m .

3. t-ys ten accuracy

1” ri c i_ ion of time 1 im m ea r bearings could ‘ m m l s e  i n a c c u r a c y  a l t h o u g h t h e i r

c oc t i  i i i  emi t o l  f ri i t  io lm is probably less  t h a n  0.005 when th ey are in good

t ’e i im eii  I ion . lu  a v o i d  s u ch  e r r o r s, wha teve r the  c o n d i t i o n  of the b e a r i n g s , the

sm i p p o r t  rod; are rm oliIm t ed omm f1 exures so that the load cel l  measures  the  fr i c t i o n a l

fu n& - i ’s gene ra t ed  in t i m e  h e a r i n g s . I n  c t, ional  fo rces  in the r e t a r d i n g  dev ice  are

1 s t  m e a s u r e d  b y t I m e  c e l l  s ’  th at losses  f rom i_ lit se e f f e c t s  are neg li g i b l e .

l i m e  accuracy of m e a s u r e m e n t  of total impulse depen ds on the load cell and

r e c o r d i n g  devices . S ince  t i m e  r e t a r d i n g  d e v i c e  g ives  r i s e  to a seasibl y constan t

dccc l  r a t  i m i g ,  force , the  loa d  ccl I may be o p e r a t e d  close to i ts  working  maxi mum

and sh ou ld hence be capable o f  atm accuracy of 0.1%. Digital recording and

; i n m m l y s i  s device s used are c a p a b l e  01 an accu racy  of b e t t e r  than 0. ] , .  The c e l l

i s  ca l  j b r m m t  ed  w i t h  a s t a n dar d  c e l l  of  0 .0 5Z acc u r a cy  te  ach i e v e an o v e r a l l

ac cmm m ’ icv of 0.2% i n  t o t a l  i m p u l s e  m e a s u r e m e n t .

A n y  s t o r e d  e l a s t i c  energy  i n  t h e  m e a s u r i n g  s y s t e m  or  r e t a r d i ng  device may

r e s e m i t  i n  t i m e ’  mass  a c q u i r i n g  a smal l  velocity in the reverse direction after its

a r r e s t .  i f  t h i s  is significant it is tmecessary to latch the mass to time arrester -

s l oe it makes contact and t o  s u b t r a c t  f r o m  the  i n t e g r a l  any n e g a t i v e  t h r u s t

produced during t i m e f i n a ’  rebound.

The e r r o r  in a c c e l e r o m e t e r  m e a s u r e m e n t  of t h r u s t  may be eval ua ted as
f o l l i e s ’ s , l e t  the  p e r m i s s i b l e  e r ro r  be l~ and assume a coefficient of friction

e)f 0.01. Si n c e  the  mass is 1000 kg t Im e f r i c t i o n a l  fo rce  is approximately l0~ N ,

so l I m i t  t h e  m i n i m u m  t h r u s t  is 1 0000 N to acimieve 1% accuracy . If the total

impulse is known to w i _ h u m  0.2Z a greater erro r than 1% in thrust is probably

ac c ep t a b l e  as t i m e  shape of time threist curve i s  u s u a l ly  more importan t than spo t

read i ngs . A c c u r a c y  is probably  l i m i t e d  by the acce le romete r  to ±5% for the

h i gher Fourier componetmts of time thrus t transient , bu t can be shown to be within

t h i s  l i m i t  p r o v i d e d  t h a t  t ime r i s e  t ime of the rocket motor thrus t is not less

t i tan -, m s. Excep t  d u r i n g  the t lm rus t  t r a im s i en t  an accem rac of ±2% is achieved.

A i r  d r id i s  nr-g l i gih l e since the force on t ime block at maximum velocity with

t i m e  g r ’ ; m l v a t  t o t  m i t  i m p u l s e  e n v i s a g e d  i s  about  3 N , and s ince  th i s  ac t s  for  20 ms

it most the er r o r  in  i m p u l se  is 0.06 Ns .
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5. 3. U se ’ i i i  th e  t’qu i pucim

I i t i s  . t s sm mm m ’ d t h a t  mm mo to r  of t o t a l  i nm p ul so I N s amm d maximum t h r u s t F

N e w t on s  i s  to be tes ted the  t Orus  t at the load cell smus t be spread  over  abou t

0. ~~ see o r  l ormge r to permi t a sufficientl y accurate integration of the thrust.

The r ange of tIme load cell must thus be such that it can measure accurately a

force , F 1 , whe re

I
0.25~~

The linear decel erator mus t be adjus ted to provide this decelerating force.

The maximum acceleration of the mass is given by

F —2
a = —~~m sec

10~

so t h a t  the ga in  of the accelerome ter an~~l i f i e r  mus t be set to accommodate the

accelerometer output at this value .

The load cell must be calibrated in the usual manner with reference to the

site standard.

The mass must be in its starting position and the motor attached to it

firmly. To obtain an accurate thrus t representation all mating surfaces must be

machined flat to the best engineering tolerances and a film of grease may be
applied to take up any remaining clearance between surfaces.

Recording of load cell output must be by a digital system wi th a resolution

o h o t t e r  than I par t  in 1000 , and a sampling rate of not less than 1 kHz and

pr e f e rabl y above 5 kIlz.

‘lI me accelerometer measuremen t mus t he recorded by a digital system with a

s a m p l i n g  rate of at leas t 10 kHz or by an analogue system wi th a f l a t  response

to 2 kHz.

The thrus t integral is obtained directly from the digital recording of the

load ce l l  o u t p u t .  The accelerometer recording can be integrated in terms of

trace displacement , d , against time , t . Thus, for the accelerometer
calibra tion cons tant, K
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di = j F d L = I

IK - 

fd dt

No direct calibration of the acceJeror~~ter is therefo re required.

5 .3 .6  Summary of advantages

This equipment permi ts measurement of the total impulse of mc tors w i t h  shor t

burning time s, wi th the same accuracy and using the same auxiliary equipment as

for motors with long burning times . Time thrus i_ /time curve can be recorded us ing

an accelerometer which need not he directl y calibrat ed. It is easier to use and

avoids utm ost of  the e r rors  inherent in a ballistic pendulum . The mass mus t be

known with only sufficient accuracy to permi t adjus tment of the range of the

measuring systems , and only a static calibration of the  load cel l  is requi red .

It is capable of measuring total i mpulse wi th an accuracy of ±0.2’ and ins tan-

taneous thrus t, within frequency limi tations , to ± 2 % .

5.4  Transient  behaviour of sys t em measuring on ly  d i s p l a c e m e n t

5.4.1 Discussion of ri& response

Most thrust measuring systems record only the displacemen t term of the

equation of motion so that it is importan t to know their limitations when

transient phenomena are recorded. The most critical part of a rocket motor

thrust curve is the initial rise as th is usually contains the hi ghes t frequency
components. The following analysis therefore deals with system response to this

part of the curve , b ut the results can be applied to other rapid changes if

suitable modifications are made.

Any degree of accuracy can be achieved if the natural frequency of the

measur ing system s u f f i c i e n t l y  exceeds the hi ghest  f r equency  component of the

transient. Often this is not possible , particularly when thrust is measured

because the moving mass and the stiffness of the measuring system combine to

li mit the attainable natural frequency . In these cases a compromise must be

accepted in the form of a natural frequency lower timan that desired and applica-

tion of suitable damping. Some distortion in the resulting record is inevitable

and it is impor tan t to know the probable erro r as some correction may be possible.

The dynamic response of systems has been t r e a t ed  t h e o r e t i c a l ly in many

tex tbooks , hut it is not always easy to apply the solutions to practical problems .
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In par ticu l.mr , t i m e  o l ) e r m m t o r  on a f i r i n g  s i t e  does not  have time to app ly

t h e o r e t i c a l  s o l u t i o u m s  to each of h i s  measur ing  problems and this section aims to

miti Umite this d i f f i c u l t y .  The initial part involves a ma thematical solution fran.

w i m i i ~~r des i gn e r u t e ’ r i a  may be d rawn , bu t  i t  is not  necessa ry  to f o l l o w  t h i s  to

se l e c t  mm s e m i  t a b l e  m e a s u r i u m g  sy s t em.

‘l ’his is followed by the results of experiments wi th an electrical analogue ,

wi m i  cli show pictorially the response achieved w i t h  sys tems having d i f f e rent

n a t u r a l  f r eq u e n c ies  and d i f f e r e n t  d egrees of damp ing.  F i n a l l y ,  grap hs are drawn

from w h i c h  i t  is p o s s i b l e  to de te rmine  the sys tem required to achieve a given

a c c u r a c y  of amp l i t t m d e  measurement at different parts of the initial transient ,

atmd an acceptable de l ay in response.

5. 4.2 Mathematical solution

To apply a mathematical solution the conditions must be idealised , and the

mode l used is as follows .

I) The measuring system approximates to a mass attached to a spring with

damp ing proportional to the velocity of the mass (Fig. 24). (If this model

is chosen so that its natura l frequency corresponds to the lowest resonan t

freq uency of the measuring system this is a reasonable assumption.) The

equation of motion of such a system is

2
M + + kx = 0

dt 2 dt

d
2
x dx 2 = 0or —~~- + 2n + a x

dt

C k 2where n = and 
~ 

= a

the rest of the symbols being defined below.

2) The driving force consists of a ramp function rising linearly with

time . (This is probably more severe than the real case, in which press ure
ar i d  thrus t are likely to rise less rapidly ini tially.)

Fi g. 25 shows the mode l and the drive function rising from zero to a steady

va l ue between time t = 0 and t = t and having the value of Kt where Kmax
is a constant. The response of such a model to this function is given by
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- . —n i t 2 2 — m m t2 kim (e cos t — 1) K (n — a
1 

) e sin t
= I” t + ) -) + ‘-e )

n ’ + a
1 

(n ’ +

shore’ F = kx

k = spring stiffness

x = disp l acemen t of the mass

= mass

= undamped natural frequency in radians/sec = 2- f

= undamped natural frequency in Hz

= damped natu ral frequency = w 11 — h 2

h = _____ = damping constant
Ccrit 

cri tical damping constant

u m = sub

The spring corresponds to the measuring element in the system and the o u t p u t

is proportional to F with most simple systems .

The ratio of measured force to applied force is a measure of the error of

time system , E , so that we may write

—ru t 2 2 — nt
2n (e cos w t — 1) (n — a ) e sin  a t

1 + 
2 2 + 2 2 2

t (n + a~ 
) t a

1 
(n + )

I 2S u b s ti t u t in g  umh for  n and w ~J 1 — h for

F i + 
2~ h (e~~

ht 
cos t a i, — h

2 
- 1)

t ~~~~~ + 
2 (1 - h 2 )

+ 
[W 2

h
2 — 

a
2 (1 - h

2) I e~~
ht 

sin t a 4~~~ — h 2

t a I — h 2 
E w

2h 2 
+ a

2 (1 - h 2 ) 
J

2

Simp lif ying and writing ~ = 1 gives

E = + 
2h (e ht cos t 1 — h2 — 1) 

+ 
(2h 2 

— 1) e~~~
t sin t 1 — h 2

t 1 — h 2
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‘l’h i s  m m s m y  U.. ev a l u a t e d  to g ive the curve of E th rough o u t  t ime r i se  t ime of

t h e  d r i v e  f u n c t i o n  Kt  . What is nmorc often required is the deviation ,

of Lime cu rve  of I” from the ramp Kt at all poi nts during time rise time and

iii particu ’ar and maximum deviation. This may be expressed as a fraction of the

maximunum va l ue’ of tim e ramp f u n c t i o n  Kt at  time t as this is usua l lymax max
more meaning ful than ~~~~~ , particularl y at small values of Kt . Fi g. 25 shows

t ha t

F
-~--- = 1 — when F is the value of F at time tKt Kt t

so that

Kt  
= 

{ 1 — 
~~~ 

) t (1 — E
~~

) t

max max max

If we wish to specif y a maximum permissible fractional error , ~ , for

we may w r i t e  t h i s  expression as
max

(1 — E)
~~ 

t
= 

tmax

whe u m

(1 — E)
~~ 

t
tmax - __________

It is now necessary to relate the duration of the rise, t , to themax
natural frequency of the measuring system required to keep the fractional error

below t\ We have

1
n -t 

— 
2uT

Where T is the period of one cycle at the natural frequency, and since
has been taken  to be I

- _ 1 _ 1t
n r 2ir
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I l u c r e  f o r e  we may w r i t e

t ( l — E ) t
max t= f t max = _ _ _ _ _ _ _

n 2ii~~

t
The use of the f u n c t i o n  —~~~~ or f t is convenient as it is

T n max
i ndependen t  of the ac tua l  va lues  of t or T and depends onl y on the r a t i omax
of t h e  two.  It is j u s t i f i e d  because the shape of the response is governed only

by thi s ratio , so t ha t  graphs of er ror  aga ins t  th i s  f u n c t i o n  a p p ly  w h a t e v e r  the

a c t u a l va lue  of r

I n s e r t i n g  the express ion  for  E the above equa t ion  become s

- - 
2h (e

ht cos t — h~ - 1) (2h 2 
- 1) e ht  sin t -

1
um ~~~ max 

— 
2 n A  +

2iT L~ l — h

This was evaluated for ii = 0.1 to 0.9 r e p r e s e n t i ng  l i gh t l y damped to

ove r damped systems , each fo r  a s u i t a b l e  range of values of t . The worst

a m p l i t u d e  e r ro r , expressed as a percentage  of the maximum ampl i t ude  (K t x
)

occurs  near the s t a r t  of the rise and graphs are p lo t t ed  in Fig.  26 of the

p e r c e n t a g e  er ror  at  t h i s  wors t  po in t  aga ins t  the produc t of the n a t u r a l  f r equency

of the m e a s u r i n g  s y s t e m  and the r i se  time (f t ) .  The graphs are d rawn fo r

diffe rent damp ing ratios and for errors down to 1%, but because they are straight

l i n e s  on l o g/ l o g  scales , e x t r a p o l a t i o n  to smal l e r  errors  is s imple .  The grap hs

.ire l i n e a r  as t decreases to the po in t  a t  which t is equal to the time
max

wlmen the maximum error  is measured.  At lower values of t the wcrst errormax
is at t and al l  the curves converge as t decreases .

maX max
I f  t h i s  i n i t i a l  er ror  is unimportant  and the e r ro r  further up the rise time

is the  c r i t i c a l  f a c t o r , some r e l a x a t i o n  of the requirements  fo r  the measur ing

system is possible. This is significant only for damp ing factors below about
0.5  and two graphs have been plo tted for h = 0 . 2  and 0.4 to illustrate this.

I f  the wors t delay , expressed as a percentage of the rise time (t ax)~ 
is

r e q u i r e d  t h i s  has the same value as the amp l i tude  percentage error  and may be

read f r o m  t ime graphs in the same manner. It must be remembered that f~ and
t ruu s t b e expressed in the same u n i t s  and to avoid confusion f should hemax
expressed  in cycles  per second and t in seconds.max
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t m , ’ ~‘u rom (fil m - i ng t l i e  ri a t  j im11 has hmee ’um kept s-i thin i rir um m d s i I is still

n & - i - e u ; u ; . i m v  I t ’  e m i s m i F t ’  t l mat t h e  r t v t - u a ; s i m mr , , j i m  a tat ’s wh en thirnj r in g i s  loss than

c m i  L u c m i [ , is m i st ) w i tim i r m mi - c t p t : m i ’ l ( ’  1 u n i t S .  1 i - i ; ) hmS obtained from tim e analogue

u~~ i o u d i  m i g s  are shown i i i  1 -i g. 27 arm d it may he seen that if the  e r ro r c r i t e r i o n

fo r t im e rise tim e imas been met , t ime ov er s w i m l g  in a l l  p r a c t i c a l  cases involves  a

sn~u tle r error. The exception is f o r  ve ry  low damping ,  when the overswing

dcjm ou uds impo n the p ima se of the oscillatory signal when the input  r ise  t e r m i n a t e s .

‘l im e d i s t o r t i o n  in t ime grap h for  Ii = 0 .07  is due to th is .

i . ’ . I l ) e t e r r ,u i n a t i o n  of damp in’~ r a m  j o

I n  m m m um v cases the n a t u r a l  f r e q u e n c y  and damp i n g  r a t i o  of a measur ing  s y s t en

c~~r i n u t  he changed and time c h a r a c t e r i s t i c s  of the sys t em mus t be de t e rmined  so

h i t  h ) r m r t t , m b l e  e r ro r s  may be e va l u a t e d .  A s imp le me thod of accomp l i s h i n g  t h i s  is

to sh ock e x c i t e  the s y s t e m  i n t o  o s a i l l a t i o n  by any convenien t  method and record

t i m e  decay i n g  o s c i l l a t i o n .

The na tu ra l f requency  of the  s y s t e m  can be measured f r o m  the record ,

r emem b e r i n g  t h a t  i t  i s  the damped an g u l a r  f r equency  a~ , which  is re ar ck-2 ,

a l t h oug h t h i s  does no t  d i f f e r  si g n i f i c a n t l y  f r o r m  a except f o r  heavy 2atr~~in a .

G rap hs of und anmped n a t u r a l  f r equency  a g a i n s t  ri g s t i f f n e s s  are g iver  in  Fi g. .~~~~

fo r  a range of moving masses (motor  wei gh t  p lus any par t  of the ri g which

d e f l e c t s  w i t h  t ime motor  under  load) . The a m p l i t u d e  of each peak in th~ decay ing

o s c i l la t i o n  bears  a cons tan t r e l a t i o n s h ip to the subsequent  peak , the N a p e r i a n

l o g a r i t h m  of t h i s  r a t i o  being terme d the l o g a r i t h m i c  dec remen t  of the s y s t e m .

I f  x 1 is the  amp l i t u d e  of time f i r s t peak and x , t h a t  of the  second i t  may be

shown that

log = 
2 - mm

f l — h 2

A grap h of the r a t i o  x 1/x 2 aga ins t  h is given ip Fi g. 29 ,, fr om wh i ch the

value  of the damp i n g  r a t i o , h , may be obtained , given x
1 /x2

Any check of the sy s t em simould i nL iude  all  pa r t s  of i t ;  amp l i f i e r s , f i l t e r s ,

r eco rde r s , e t c . ,  as these may each mod i f y the response and a check of any one

p a r t , such  as the t r a n s d u c e r , may g ive a totally false imp ression . A common case

is th at rif a pressure  t ransducer having a very high natural frequency and low

d a m p i n g ,  used w i t h  a recording sys tem wi th a lower c u t — o f f  f requency , so that the

overall system behaves as i f  the sys tem were c r i t i c a l l y  damped. I t  must also be
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-: i-&’memtih i’med t h at  i u 1 e ~~’S 1 1 1 e  m ; I ! ! s g u C e r  should be t es t a si ti m army c-nup iing pip e

~
l .iced exact Iv ma i t  j r

h -~~ m m m u i t l ’  a I ,  mi sc t m l i t ’ g r m p i m s  mm g iv m- n in A~-~~’n d i x  ~~~.

‘i I so o I c a t  t i ,i i - l i l a  1 ogue

i’ho equ it i orm of c - t i  a i i m  o f  t he  dammu i ’ed s p r i ng  and mass ,sy s  ten . f o r m i ng  the

‘measuring i lt ’v i  v is

d x  -— + C. + k X 0
I t

in  t i ~..- u i ) S (  ~ e of  .u d r i v i  tug

‘i lic t - i j m I . I t  l o t  govt ii n~’ m e  I l os’ o ’ c h - r ~~ ~fl an e l e c t r i c a l  damped tuned

c i r c u i h  i s

+ R + Q~~
- = 0

or more cenmmo mml ,

I. ‘ R i  4- ~~idt :~~~~ = 0

where U i s  the iumd r i c t ’ inc c  i n  l m e ’n r i e s

R is the  r e s i s t a n c e  in ohms

C i s  the capac i t ance  in f a r a d ’

i~ i s  the charge

i is t ime  current in

I t  may be seen tha ’ t h e re i s  an a m-an t a na l o g u e  be tween  e l e c t r i c a l  and

m o c h a m m i c a l  uni ts , so t h a t  t i i~ h e h a v i o n r  of a m e c h a n i c a l  svsteu nr m av be s imu 1a t ~~d

by an e l e c t r i c a l  c i r c u i t  i n  y i m i c h  the va lues  are more e a s i l y  and rap idl y changed .

The t h e o r et i c a l  t r ea tmen t  p r e v i o u s l y  d e s c r i b e d  ~- amside red onl y t i e  behaviour  of

the  sy s t e m  w h i l e  t~ m e r ing i n p u t  wa s r i s i n g ,  w h e r e - m s  in  a real  c ar e  the  be lmaviour

when  t i m e  r i sc -  t e r m i n a t e s  Is e q ua l ly  i m p o r t a n t .  ~loreove r , any comp l i c a t ior .  of

the  t h u e o r e t j c m l  t r e a t m e n t  become s ve ry invo l ved and m u s t  e n t a i l  t h e  use of

i (lea I i r,ed pem i so shapes , e t c  - In  t ime  c i  t c t  r i  ca l anal i ) g im€  t h e se  c c n s  t r ai  n t s  do n o t

app ly so t h a t  ve ry rap i d  s o l u t i o n s  m c i ’ p o s s i b l e . The accuracy  ci the analogue

t c e i i r m i i h m l e  i s  l e s s  t h an  t h a t  wi  t im a c o m p u t e r  s o l u t i o n  ol the  t h e o r e t i c a l

_  - 



equa L b u s , hti t I t s miii ua 11 v I I I  ‘ 1 .  Ii m inim ’ qua to t i t  dc:i I wi L i t  - i  r e a l  c a s e  in

whu 1 d m  I l i t ’  ~~~~ i t  m mmi t’ t ’ r g m m m s e ’ mmi av m m m i  t In’ i deal.

‘l im e a n a l o g u m , ’ c i  r cu i  t ,ons is tS 01 a i i  gl u t  l ’~ clamped inductor of 0.1 H , a

capacit or of 0 . 25  iF and a v a r m  ab le  r e s i s t o r  of 1000 ~. as shm owm ’i in Fi g. 30. The

i t m p u t  w a v e f o r m  is i n j e c t e d  across  a 0 .5  r e s i s t o r  in the resonant loop via a

50 m~ resistor to avoid  fe~~dback fronu the  resonant  loop i n t o  the ramp genera tor .

‘lime i u m p u t  i s  measured  m i t  t i m e r mm mn I ) g e u m e r a t o r  and the o u t p u t  across the capac i to r

by a h i gh impedance  o s c i l l o s c o p e , t i m e  charge on the c a pa c i t o r  b e i n g  equ iva len t

to t i m e  d i s p l a c e m e n t  o t u e  mass of t li e mechan i ca l  s y s t e m.  These components give

a re sonan t  f r equency  of 1 ktI z w h i c h  i s  s i m i l a r  to t ha t  of many measur ing  systems ,

althoug h t h i s  is  of ve ry  l i t t l e  coumse quence  unless  r eco rd ing  sys t ems  are to be

t e s t ed  wimen coup led to the analogue c i r c u i t . V a r i a t i o n  of the r e s iat o r  permits

damp ing to be changed over a wider range than is likely to be encountered in

practical mechanical systems .

A conmme rcial ramp generator is used in which time slope of the ramp may be

se lec ted  as r equ i red .  The input ramp and the vol tage across the capac i to r  are

disp layed on separate traces of an oscilloscope which are ad jus ted so tha t  the

base l ines  and the d e f l e c t e d  traces under stead y cond i t ions  are coincident .  The

d e v i a t i o n  of one t race f rom the o ther  is thus a measure of the error in the

m e a s u r i n g  sys t em.

5 . 4 . 5  Resu l t s

A series of pho tograp hs of the osci l loscope traces , taken  wi th d i f f e r e n t

degrees of d cmn mp ing and d i f f e r e n t  s lopes of the i n p u t  ramp , is shown in Fi gs 31

to 34. The r e su l t s  are app l icable at any resonant f r equency ,  provided that  the

r a t i o  of the per iod  oi~ t h i s  o s c i l l a t i o n  to the rise time is the same or , in o t h e r

words , t h a t  the  product of f requency  and r ise t ime is c o n s t a n t .  The app l i ca t ion

of ihese r e s u l t s  to a p a r t i c u l a r  case must depend upon what  i n f o r m a t i o n  is

required f rom the record , but three items are commonly of par ticular interest:

I) time maximum amplitude error occurring during the rise time as a

proportion of time steady deflection ;

2) the maxim uumm amplitude error occurring after the termination of

the r i se  time expressed in the same way ;

3) the - - ax i m u m delay in the measured rise expressed as a proportion

of i n p u t  r ise t ime .
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These have been measured f r o m  the t r~n os  and agree w i  t li t he  the ore  t i cal

f i gures on wi u i m ’i~ tb  g rap hs are based.  ‘lime g rap hs ar e  based onl y m : 1 on p a r t  i c ul a r

p~ i n  u; of me a smir emen t and the p i cL t mr es  m a t  t h e  u -es pon cc- sh i ou l d  h~ C On S u l  to  d to

eu u s u r e  t h m ; i t  t hese  p o i n t s  of measu rem en t  m i r e  si gni  i c an t  in each case .  For

examp l e , whereas  a IOZ overswing may be acceptable , a f o l l o w i n g  t r a i n  of d e c a y i n g

o s c i l l a t i o u m  may not he. I f  values are obtained by mn easu r emen t  f r om  the t r ac e s

accuracy  is not  hi gh b u t  is n e v e r t h e l e s s  u sua l l y s u f f ic i e n t .

The values ob ta ined  by analogue t e c h n i q u e s  agree reasonably well with those

calculated theoreticall y, as would be expected. The damping ratio of 0.64

u s u a l l y recommended is a good comp romise in m o s t  cases , bu t  delay may be reduce d

by us i ng a lowe r damp ing r a t i o , such as 0.3.  This  is  qui te accep tab le  p rov ide d

that the input waveform is not steep enough at any time to contain appreciable

i” o u r i e r  components at 
~n when overswing of up to 45’i is possible.

With certain combinations of parameters it is possible to record a waveform

rising at the same rate as tim e input waveform but disp laced in time . This could

be particularl y misleading as the response appears to be adequate from rise time

measurements  and i t  is even poss ib le  to o b t a i n  the appearance of a r ise  t ime

f a s t e r  than the  i n p u t .

The l i n ear  r i s i n g  ramp is probab ly a more seve re t e s t  than the waveforms

generated b y rocket motors  because the rate  of pressure r ise  is probabl y lowe r

i n i t i a l l y than la ter  in the pressure bui ld—up . The electrical tests could be

repeated with different waveforms and may be used to p r e d i c t  the behaviour  of a

measuring system or to reconstruct the input waveform f r o m  a recorded waveform .

6 CONCLUSIONS

By the proper use of techni ques descr ibed in t h i s  r epor t  i t  is poss ible  to

measure th rus t  l eve ls  and to ta l  impulses of rocket motors to an accuracy better

than 0.2%. Tlmrus t ali gnment at ambient pressure can be determined to about 0.2

mrad and under vacuum conditions wi th small mo tors to about the same accuracy ,

provided that the burning time is not less than about 150 ins. Techniques are

available using dynamic techniques , or by suitable signal conditioning, f o r

measuring total impulse o mo tors with very short burning times. In this latter

field there is room for further improvement and modern micro—circuits will permi t

comp lex operations to be carried out at reasonable cost.
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S t i t h u i e s s  of  flexure units

: o m I ~~ i tI’ r a u i i m b t  mis shown in Fi g. 35 , c o n s i s t i n g  of two f l e x i b l e  s tr i l~s ,-1

h t ’ u m g t b m  ~ , w i d t h  b amid t tmickness  d ri g i d l y  coupled  to a s t i f f  bar  and

r i g i d l y  clamped at their outer ends to surfaces which are separated by distance

Ii . i J i t l i  these  s u r f a c e s  p a r a l l e l  l e t  forces  W be app l ied  to them such t h a t

t i m e  un i t  is deflected through a distance X

Ar ; t i m , ’  system is synvmetrica l about the centre of the bar there can be no

r m ’ s m m l t a n t  coup les a c t i n g  on the bar a f t e r  the d e f l e c t i o n  s ince any coup le s  due to

t i m e  s t r i p s  w ou l d  ac t  in  the same sense and rotate the bar until they were zero .

if t im e bar were cut i ii the cen t re  we would thus have forces W acting at the cut

s m i r l~-m c e as in i ” ig .  36. For s m a l l  d e f l e c t i o n s  we can thus re gard each h a l f  as a

cmm nti l eve r ac t e d  upon by a force W a t  a distance h ,’2 from its fixed end and

stiff f ror ~i a d i s t a n c e  A from the fixed end to the point of app lication of the

fo rce

Let the d e f l e c t i on  at the end of the s t r ip be y

Let  t he  slope at  th is  point  be El

Let  Young ’s modulus  of the bar be E

Then

= y + [ -

~~

. — A 0 for  small  values of o

2 W A 2 
3h

.
~E b d

It sing the area—moment proposi t ion

— 
6 W A (h — A)

- 

E b d 3

W Aor 0 = 2 I E t h )

w h e r e  I is time moment of i n e r t i a  of the f l e x u r e  sect ion in the general  case ,

t h er e  fore
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x - ~~W A 2 3h — A  + I h  — A  
6 W A [ h — A J )

- 

E b d 3 2 
E b d 3

= (3h - 2A ) + 
6 W 

~ [ ~ 
- -A } (h - A)

E b d  E b d

= 
W A (3h A — 2A 2 ) + 6 ( !L — + A

2 ]
E b d

= 
W A 

~ 
(3h A — 2t 2 

+ 3h 2 
— 9Ah + 6A 2 )

E b d

W A  2
= (4A — 6Ah + 3 h )

E b d

ma i

X E b d 3 
.

2A (4A 2 
— 6Ah + 3h2)

i~ tim e genera l  case

= 
6 x E 1  

2
A (4A — 6Ah + 3h )

t o  compare the s t i f f n e s s  of rectangular and circular section flexures , let

t h e  c i r c u l a r  sect ion have a d iamete r  D . For equal section areas

bd = ____

4 1 6 b 2 d 2
or D = 

2
1T

3
for a rectangular section =

46
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mm I ) ’ m m 16 h d ’
I ma r a c m  m ’ c m u I . m r  sect  Ion —

~~~~
——

o4

17 d~ - - -
= i t  t ime  i r c u l - m r  s e c t i o n  h a s  ~~~~~ s, ’t ::t’

area as the r e c t a n g u l a r  soc -

Let  b = xd , th me n [or  equa l I in the c i r c u l a r  and r e c t a n g u l a r  s ec t ions

3 “ 2bd 
- 

b d
12 4

4 2 4xd x d
or -~~ — = 

4

‘1or x = -
~~

Thus for flexures which take an equal tensile or compressive load (assuming no

buckling) a r e c t a n g u l a r  f l e x u r e  is less s t i f f  in bending provided that x > -~~
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APPENDIX 2

I )amping force genera ted  by a x i a l l y moving p i s ton

Cons ider  a p i s t on  of  d i aun e t er  d in a cylinder with radial clearance

d , the gap he i u mg f i l l e d  to a depth y w i th  f l u id  of v i scos i ty  i~ - I i

t i m e  p i s t on  moves ax ia l ly  downward w it h  veloci ty v such that the fluid mean

v e l o c i t y  in the gap is V

v = 
h 2 

d 
= 

h
2 (p

1 
— p

2
)

l 2 p  dy l 2 p y  ‘

p 1 and ‘~2 
being respectively the pressures below the piston and at the free

s u r f a c e .  If p is taken as gauge pressure and the free surface  is at

ainmospheric pressure

2h p1V l2~~i y  (1)

2
The area of the piston is 

r d  
and that of the free surface is ~ d h ; hence

v 
- 

4r d h  
- 4h

V 2 d

Thus

vd d .V = -
~~~~

- = ~~~. (when v is unit velocity) . (2)

Substituting (2) in (1)

2
d h p1
4h 

— 

l 2 p y

or

h3 3d h i y (3)
p1

To obtain the clearance for critical damping of a spring and mass system of mass 
V

N , angular frequency of oscillation w and damping force C at unit velocity

-~~~~~~~~ ‘ V ~~~V V -~~~~—— --~~~~~~~~ -~~~~ -~~~~ V - -- .-- - - -~
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ma t tIm e p i s t o n  we have

C 4p
1 

= —p. (-i )
iid

h u t  [or such a sys tem C = 2M ma so

811 map 1 = —f. . (5)
i r d

Su ’i s t i t ut i n g  (5) in (3) gives

3
h = 

I 3 n ~~~ d y
V 8 M w

‘l’h e axial lorce on the piston at unit velocity is given b y

2
ir dT

A = p l 
•—

~~
—--- V

Substituti~mg for p
1 from (3) gives

3
T = ~~ d i i y v

A 4h3
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A P P E N D I X  3

E f f e c t s  of s t r u t  m i s a l i gnment

Main s t ru t

‘I’iw m~u i i m  s t r u t  is b y f a r  the most  critical as i t  has to resist a large

f o r ce .  I t  may he misa l igned  in two ways or b y a combina t ion  of these , i.e. i t

may he vertical but displaced to one side , or it may be a t an angle to the
v e r t i c a l .  In the f ormer case , if I t  is disp laced by a distance a from the

motor  ax is , a t r u l y  axial  motor thrust produces a couple Ta acting about the

end of the  main s t r u t .  This  is large ly resis ted by the upper s t ru t  with a moment

arm h such tha t

Ta = T
1

b

Inserting the probable figures T = 5000 N , T1 = 0.5 N (maximum permissible

erro r in side force measurement) , b = 1 m

a = 
0.5

~~~~
000 

= 0 .1 mm (0.004 inch) .

By accura te  machining this should be easy to achieve .

I f  the s t r u t  is at an angle to the vertical m~ a side thrust of T sin ~
is generated; but

a’sin q: = —

where a ’ is the  d isp lacement of the lower end of the s t r u t  from the vertical

and y is the length  of the s t r u t , say 300 mm (12 inches) .  Inser t ing the above

va lue s, we ob tain

a’ = = 0.5.300 0.0 3 mm (0.0012 inch)

Al ignment to this accuracy on site is not possible with readily available equip-

ment and in any case the effective axis of the main strut flexures may be

disp laced by more than this from the geometric axis.

After adjustment to within 0.1 nun (0.004 inch) by levels and straight edges
the final adjus tment must be made by app lying a load , similar to the motor
thrust , exac tly along the line which will be occup ied by the motor axis. Any
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m mmi s m  I i j u m e l u t  m a t  t ime  St  r u t  p roduces  s ide loads w h i c h  nti s t be kept ma a mini r um’; -

Side struts

‘ho dcmmvn strate that the resul t of misalignment of the lateral struts is

~,ir less severe i t  is s u f f i c i e n t  to consider one of a number of poss ib le

ccmmseque nCe s . Let the axial thrust T be disp laced a distance a from the 

t r ic axis of the motor. In a real rig the e f f e c t i v e  cen t re  of r o t a t i on  of

t ime inner flexure of the side struts may be disp laced from the main strut axis

h~. i d i s t a n c e  c ’

Ii the struts are perfectly aligned the forces in them are as in Fi g. 37a ,

i . e .  in the main s t r u t , the force  T , in the side struts the forces Tm I
m c d  ‘12

Tak ing  moment s  about A gives

— T a + T
1
b = 0 , (1)

about  B g ives

T (c ’ — a) — TM c’ + T
1 
b = 0 , (2)

and about C gives

T (c ’ — a) — T
M 

c’ — T
2 
b = 0 . (3)

I roni these equa t i ons  T
1 

= ~~-~ - = — T2 and T = TM which  is obvious by

i n s p e c t i o n .

If we now assume the upper strut to be misaligned by an ang le 0 as in
F i g .  37b and the forces to be T

M 
in the main s trut, T

3 
in the upper s t ru t

and T, in the lower s trut, taking moments about A gives

b T
3

cos 0 + c’ T
3

s j n O — T a  = 0 , (4)

about B g ives

T (c ’ — a)  — TM c ’ + b T
3 

cos 0 = 0 , (5)

and about C gives



!~~ ~~~~~~~~~ 
‘

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

‘

~~~~~~~~~~~ 

“

~~~~~~~~~~

‘ ‘ V V V

~~~~~~~

‘I’ (c ’ - a) - ‘l’
s 

c’ — T4 b = 0 . (6 )

From equation (4)

T Ta 
= 

Ta 1 
73 b ~~~ q + c ’ s i n  0 b c ’

cos 0 + j — smn 0

Resolving ver tically

= T — T
3 

sin 0

= 1 — 
Ta 1
b c ’cos 0 + — sin 0

a
= I 1 — 

~~ ~~~~~~ o + c ’ sin e

Resolving horizontall y

T4 = — T3 cos 0

— Ta ( cos
- 

C
,

.
cos 0 + — sin 0

- T a I  I
— 

b~~~~ 1 — ~~~~~~0

Equations (7), (8) and (9) have been reduced to a form in which they are composed

of the thrus ts when aligmmed multiplied by a factor caused by misalignment.

If we take a typ ical instance where the ratio of b:c ’:a is 100:40:1 ‘~‘e

can e v a l u a t e  the errors caused by different amounts of strut misalignment and
these are given in Table 3. It can be seen that an error of up to 30 would be
tolerable , but in practice the alignment attained is much better.
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A ui ; i l v s i u .  of dat a 1 m~~m ; . u l m i ’m i s u  m l 1 ’ m n . - n t __r e c or d s

Fu r  t i m e  ~iu r p m ~;e m a t  ; m i m ; m l  ‘ S I  S li t t h m :, t im i d i c~~ m ’ u;s i a c m e d  t , c o ! u t a i  m m three

r t i ’ o u u ; j l  I X ’ S t i i i m ~~’ i  by  t im e  j O  t’ 1-5, - c t i o t i  o! t h i m  i t ’  o r t h m o h o r w i l p ] aces (U , H

- m u  K ) as i n  I - ’i g .  11 , and t - ; i c i ;  c o n t a i n i n g  t I m e  axes  of s t r u t s  as f o l l o w s :

0 p lane  — c o n t a i n i n g  axes of I , e and d

R p lane — c o m i t l m n i m i g  axes of i , h and d

H p l ane  — c m n t a i n i n g  axes of h , e and g

The geometric axis of t i e  motes i s  v e r t i ca l  and is  c o i n c i d e n t  w i t h  the a x i s

of the  s t r u t  d . hR Immo t or  t h r u s t  is  n o r m a l l y  im ;  suc h m a d i r e c t i  ~- r as to pu t

s t r u t . d i n t o  c o m p r e s s i o n . The force in all s tr u t s  is deno ted by the letter

i d & ’ n t i t y i n g  t i m e  s t r u t  and t en s i le  f o r c e s  in a l l  s t r u t s  are cons ide red p o s i t i v e

wi tb t h e  e x c e p t i o n  of d in wh i c h  compress ive for c e s  are p o s i t i v e . This

c o n v e n t i o n  a r ise s  f r o m  t i m e  me thod  of c a l i br a t i o n  of t h e  s t r u t s  and reduces the

; m r m , b a b j  l i t  y of  e r r o r  i I i t  i S to t a m ed L i i  rom : ;nma ut the amua lv s is .

Cons ide r a t h r u s t  v e c t o r  T acting in a completel y gene ral direction

t h r o u g h tim e s y s t em  p a s s i n g  th rough  a p o i n t  K i n  t i me  0 p lane and E in the

R p lane . T h i s  f o r c e  can be r e s o l v e d  at  K in t o  t h r e e  fo rces , T 1 , T R and

T
11 

acting in the three p lanes. T
0 

and T
R 

make small ang ,es of a and ~
respectively with the vertical through K . mu and L are the distances of

K and E respectively above the H plane and dist anc es in the uau~’ard direction

are considered positive . b is the distance between the f and e or I and

h struts and c ’ is the dis t; mri -e between the g and e struts .

R e s o l v i n g  the f o r c e s  i n  each p lane we have in t:he 0 iilane

J o ~~~~ ~ = t + c + g

cos ~u d

There fo re

,1 ‘~l’(j = ( I  + + cY’ +

i i  (I
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r 
-

= 
f + e + g  f + ~~

d
(1 + ma + g~~~ d

as (I f e + g) 2
:il is usuall y about l :lO~ and g is sn w i l l .  Moving T0 J l0 : ’.t :

i t s  l i n e  of ac t ion an(i r e s o l v i n g  where  i t  i n t e r s e c t s  the  vertical axis of d we

have , t a k i n g  moments about  the axis of the h strut ,

L sin cm = bf

or

bf bf bfI, = — . = __________ ______

T0 sin a f + e + g f + e

Similarly in the R p la ne

T
R

sin
~~ 

= j + h

T R cos f’i = d

Theref ore

TR = 
I

(i + h) 2 + d 2

and

- i + h  i + hsin B = —
V
I C

(i + h) + d

as bef ore

Taki~ ~- ments in the R plai. m abou t the axis of the e strut gives

m TR S1• fl 1m~; = ib

so

ib 
— 

ib
m — 

T
R

sin
~~ 

— j - - h
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i’ t ’V~~ I m i t  om m ma t t o l  (~,Ii

i i  I r & ’ f l l a i l u  it t o r q u e  w h i c h  c o u l d  be o b t a i n e d  s imp I~ I r o n :

torque = c ‘ g

The difii cul ty in practice is that direc t measurement of the torque is not

prac ticable wi th the small side forces involved. Let us conside r a motor of

‘~0U() N (1130 lhf) axial thrust , when the maxim ummm torque is likely to be 20 N

(L i lbf) a t  a dis tammce of 2.5 nun (0.1 inch) fronm the axis. In a practical rig

t i m e  distance c ’ is likel y to be about 150 ff1 (6 incimes), so that the force to

he meumsured in g is 0.33 N (0.07 lhf) maximum. If g is disp laced vertically

t he  moment arm c ’ could he reduced to 2 .5 mm (0.1 inch) but even to attain l~
a r m - l i r a c y  it would have to he positioned to ±0.025 mm (0.001 inch) in rela tion to

the 0 p lane . W i t h  t h i s  c o n f i g u r a t i o n  the s t i f f n e s s  in  torque , and hence the

natural frequency, would he low .

The solution adopted is to leave strut g at about 150 rim (6 inches) from

strut e b iu t  n o t  to measure the f o r ce  i n  it. As we have seen , the force in o

does not differ by more than 2~ from the total in e and g so tha t  the fo rce

in g can be i gnored.  It can be shown t ha t  the torque  is given b y n TR sin ~
hut

n = (m — L) tan a

and

sin a f + e + gtan - i = ____  _ _ _ _ _ _ _

cOs ct d

There f o r e

torque = 
(m — L) ( f  + e ~ g) (i + h)

— 
(m — L) (f + e) ( j  + h)

d

as g i s  sn ~n l l .

‘ftie v a l u e  of the or i ginal thrus t vec tor  T is given by
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/ ‘ 2 2T = (f + e r + d  + (i + h)

when g is ignored.

in practice the difference between T and d is negligible.

The “miss dis tance” of the thrust vector from the axis can be calculated
at any p l ane a t  right angles to the axis as follows.

Let  t i le d i s t a n c e  from the ori gin to the p lane he P , then

miss distance in the 0 p lane , 0’ (L — P) tan cm = { f~~ e 
— ~ I ~ + e +

miss distance in the R p lane , R’ = (m — P) tan 0 = [ h 
— 

~ } m. + h

.
‘
. to tal miss dis tance = 

j [[f~~ e 
— I)] ~ + e + ~

}

2 
+ 

h 
— i +

The angle, A , about the axis between the left hand struts , as origin, and the
line joining the axis to the point where the vector passes through the plane at

1’ can be ca lcu la ted  as follows :

bf _~~~1 f + e + g
0’ f + e 

3 
d

tan A = = ( ib j + h

~~j + h  d

The quadran t  is given by

sign of 0’ — ye — ye + ye + ye
sign of R ’ — y e  +ve — y e  +ve

quadran t  1st 2nd 3rd 4 th
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A PI’ EN I ) l X S

l)esign of hydra ulic clanf

‘ri m e- m r r ; m m m g e n iemmt of  otme set of c lamp s is shown in Fi g. 16. i’res~ ure  ~s

i n i t i a l l y  app li ed t o  the p istons so that a sufficient balanced i ca ~ is a~ p lied

t o compress any air bubbles in the system and take up any slack .

Assume an impulsive load F on the piston , diameter D , g e n e r a t i n g  a

pressure difference of -

~~

—

~~~~

- between the opposed pis tons. Let this operate for

a pe r iod  t during which the permissible disp lacement is d (this is some small

fraction of the rig displacement at maximum load). The volume of fluid disp laced

2 2‘ - D d  . i r D d
is and the volume flow rate is 

~ •

Let the bore of time restriction be 2r and the fluid viscosity - -  . The

2 r  F tl ength  of tubing requi red, L , is
m i D  d

A similar calculation gives the force required to move the p is tons clear of
the rig in the time available after the impulsive load , the flow in this case

being through a pipe L/2 in length. Direct venting of the cylinders is

undesirable, as separate vents are required for each cylinder and if these do
not ope ra t e  s i m u l t a n e o u s l y  large loads may be applied to the ri g.
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APPENDIX 6

Analysis of ballistic pendulum

Assume a pendulum of mass M and e f f e ct i v e  l ength L . Let it move f r o m
rest under the action of a force ’ F through an ang le cm so that i ts centre  of
mass nuve s along an arc by a distance s . Let its velocity at any instant

he v

CASE 1

Let the force F be impulsive , so that any movement of the mass dur ing  the
application of the force is negligible and the initial velocity after the
impulse is v~

We have

2
M~~5 

= — M g sin cx
dt

dv . 5or MvT = — M g s1n~~

So 2
.
~~~

. Mf vdv = — MgJ sin ~ . ds where 
~2 

is the maximum displacement

E 2 1° 1
s2

~~~~ 
= - r~t~ [- t- cos

—MV . C05
— = MgL 

L 
— — mgL = MgL (cos — I)

.
.
. fF dt = = M4 [ gL (1 — cos

It  is necessary to know M , g and L and to measure s
2

CASE 2

Let the force. F be applied instantaneously and remain at a constant value
until remo ved instantaneous ly af ter  an interval t during which the mass moves

a distance s , and acquires a velocity v
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2
t.i = F — Mg sin

dt

dv . 8
or Mv -

~~~~~ = F — Mg sin r
v. 5 5

Mf V dv = Ff ds — MgJ sin ~~
. ds

V. S S

H = p [~ ]

l 

— Mg [- L cos

Mv. S

F = —a’-— + ~~~~~ (I — ~ o s
2s
1 

s L

r- 2
r r I Mv. s
iF d t  = I I —i.— + (I — cos -_!.) dt (I)

-‘ ‘ ~~~ ~l 
L

~1easurcment of v .  , s1 and t woul d enable JFdt  to be evalua ted but

accurate velocity measurement is not easy and i t  is usual  to measure  the maximum

swing  of the mass.

Af ter the force ceases we have, as in case 1,

5

MJ v dv = — MgJ 

2 
sin ds where s2 

is the disp lacement of

V~ ~l the mass at full swing.

1S 2
Integra ting, 

~~ Lf’i~ 
= Mg L’-~ 

cos

Evaluating and dividing by 
~l

2
—Mv . s s
_ _ _ _  

M L  2 1
= (cos — — cos—)

25
1 

s L L

Substituting in (1) gives

59

‘-- - -V - - V -V ~~~~~~~~~~~ -~~~~~~~‘- -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~‘~~~~~~~~~~~~~~ -~~~~~--



-~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~~~~~~~~~~~~~ “~~~~~~~~~~~~~~~ -V - ---V ——~~~ ’V--—---~~~~-
.-V - —- -~~~~~~~~~~ -

Ji .’dt = f ~~~ ( 1 — cos -..~-) dt
s I

I t  i s  now necessary  to measure  s
~ 

, S
2 

and t to evaluate JFdt .

( i\ SE 3

The force F varies with time but conditions are otherwise as for case 2.

dv
= F — M g s1n~~~

V. 5

f Fdt  = MJ dv + Mg J
5

Fd t = Mv. + Mg J sin dt .

Mv
1 

may be evaluated as in case 2 to give

Fdt = M~~ 2g L (cos 
— cos ~~ ) + Mg sin ut .

In addition to s
1 

and 
~2 

it is now necessary to know how s varies

wi th t from rest to S
1 

.
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APPENDIX 7

Dece le ra t ing  device ( i n i t i a l  desi gp)

The device consists of a p iston and cy linder filled with hydra ulic oil and

pressurised from a nitrogen filled reservoir. The piston is held at the outer

l imi t of its trave l by a li p on the cylinder. When the mass contacts the piston

a ft 2 r  the motor has fired , i t  is brough t to rest by the force  app l ied  by the

piston . If the reservoir is large enough the pressure on the piston changes only

slightly during the stroke and the measured force does not increase excessively.
The measuring system can thus work in the most accurate part of its range .

To prevent acceleration of the mass in the reverse direction after it is

brought to rest a restrictor valve comes into operation when the flow between

cylinder and reservoir reverses. The size of the restriction is chosen so that

the measured force of the load cell is less than 0.1% of that during the forward

stroke of the p is ton . This ensures that any small error in timing the thrust

integration results in a negligible error in total impulse , and the mass is
returned gently to its starting point.

Typical sizes and operating values can be calculated using the example in
the main body of the text of a force, R , of 4000 N a c t ing  fo r  250 ms , result-

ing from a motor impulse of 1000 Ns. This requires a pressure of ~~~~~~~~~~~ where
a is the piston area., Le t d = 0.1 m

4000.4 —2
Pressure required in cylinder is = 0.51 MNm

mi•lO -

Velocity of the block after the impulse is v = = 1 ms ’

2
This is brought to rest in a distance s = 

~~~~~~ 
= 0 . 12S in

The volume of oil displaced = 
mi~ l0 2 

0.125 
= 0.00098 in 3

0.00098 3 —1the flow rate is 0 25 = 0.00392 m sec

If it is assumed that a pressure drop of 1% of the pressure in the

reservoir is acceptable for flow through the connector from the cylinder to the
—2 . . . Q.8lnreservoir, i.e. 5100 Nm , the minimum radius of the connector , r. =

where Q = flow rate = 0.00392 m3 sec 1

1 = length of connector = 10 m
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= viscosity of oil 0.05 Pascal  sec

1’ = pressure difference across connector 5100 Nm 2

4 0.00392 . 8 . l0~~ 0.05 4r. = in
1 im• 5100

r. = 3.145 nm
I

This is easily achieved , but allowance must be made for the pressure rise

in the reservoir , which progressively reduces the stroke and the flow rate,

depending on the size of reservoir which can be accoumnodated. In practice an

i n i t i a l  gas volume of three times the oil disp lacement results in a pressure

rise of U~ to 1.5 times the initial pressure . This permits sufficiently accurate

impulse  measurement .

Return flow must be restricted to l0~~ of the f ~:d flow , so that the

radius , r , , of the restrictor is given by

r2
4 

= 
0.00392 l0~~ 8 ~~~~ 0.05

‘IT 510 , 10

r2 = 0 .177 mm

A Imo l e of th i s  size can be incorpora ted in a s imple li ght f l ap  valve which

clo ses as the mass reverses direction .
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AP I ’ENDIX 8

i’ xamp les of use of grap hs g iv ing  dynamic  response

I’ rob 1cm

The initial pressure/ time curve of a rocket motor approximates to a linear

rise lasting 2.5 ms. It is required to measure this to an accuracy of ±5%. The -

sy s t e m  is damped to 0.6 of c r i t i c a l .  What must he the least  na tu ra l  frequency

of the measur ing  sys tem?

Met imod

Look along the 5% error line to the point where i t  in te rcep ts  the grap h

(Fi g. 26) h = 0 .6 . This occurs at a value of f~ t ma of approx ima te l y 4 .5.

We are given that t = 0 .0025 sec , thereforemax

4.5
0.0025 

= 1800 Hz

The system must have a lowest natural frequency of 1800 Hz at which the

maximum delay in the recording of any poin t  on the r ise t ime  is 5~ of 2 . 5  ins ,

i . e .  0. 125 ins .

Examp ’e 2

Pr oblem

Given the same conditions as in Examp le I, but let the required accuracy be

±1 %. Wha t must be the lowest na tural frequency of the measuring sys tem?

Method

As before , but using the 1% error line, f~ t ax = 22 approximate ly

therefore

22
= 

0.0025 
= 9000 Hz

Examp le 3

Problem

A t h rus t  stand has a resonant f requency of 400 Hz and the r ise time of
thrus t is known to be I ins. Wha t errors will be incurred in amp litude measure-

ments and delay if damping is 0.3 of critical? The bandwidth of all other

parts of the measuring system is greater than 400 Hz.
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Mt- I hod

400 liz x 0.001 sec gives  a va lue  of f t of 0.4 . Find whe re t h i s  l i n en max
i n t e r c e p t s  the graph h = 0. 3 , i .e .  45%. 45% of 1 ins = 0 .45 ins

Check tha t  error due to overswing wi l l  not be greater  than 45%.

Maximum amplitude error wi l l  be 45%.

Maximum time error wi l l  be 0.45 ins.

NOTE

This error w i l l  a f f e ct onl y the initial rise. If the motor  f i red  fo r

100 ins the error in total integral due to the rise time error would not exceed

0.5% and when compensated by the overswing would be negligible.

Examp le 4

Problem

The pressure in time motor of Example 1 is required to be measured to ±0.5~
at all times. All other factors being the same, what is the necessary natural

frequency of the measuring system?

Method

Proceed as for Example 1. Multiply f t by 10 (to convert from 5% to —

O . 5~ error) and since t is the same f = 18000 Hz . Timing error =max n
0.0125 ins.

Example 5

Probl em

A moto r  w i t h  a t h r u s t  rise time of 3 ins is to be f i r ed  on a stand which

when simock excited by a blow has a natural frequency of 400 Hz, and the ratio of

successive oscillation amplitudes is 20:1. What are the worst ampli tude and
timing errors?

Me thod

From Fi g. 29 , damp ing ra t io  is 0.43

f t is 0.003 x 400 = 1.2n max

From rig. 26, error  lies between 17% and 19% (0.3 and 0.5 damping ratio curves) ,
say l8~ .
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‘t im ing t ’r ror  = ~~ = 0 .54  rims

Overswing crro r is less than 6% (0.3 damp i n g  r a t i o  curve ) b u t  cou id  he as

much as ‘57 if  a s tep f u n c t i o n  were app l i e d  to the s t and .
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TABLE I

Main t h r u s t  ( l b f )  0 500 1000 1500 2000

Side strut No. interaction in side struts (lbf)

1 0 0 0 .17 0 .14  — 0 . 1

2 0 0 .2 0.8 1.3 1.66

3 0 0.82 1.06 1.65 1.95

4 0 0 .11 0.60 1.04 1.50

In t e r ac t i on  forces
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TABLE 3

Errors due to strut misalignmen t

Ratio of measured value ofAngular
• force in struts withdisp lacement

respect to true value
of upper of unitystrut (T

3
)

6 degrees T
3 T4 

TM

0 1 1 1

18’ 0.9987 0.9987

30’ 0.9978 0.9978

1° 0.9958 0.9 956

2° 0.9920 0.9913

3° 0.9883 0.9869 0.9995
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