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SUMMARY

A& thrust stand and calibration system is described by vhich the direction

“of the thrust vector of a rocket motor can be resolved over consecutive 50 msec,

intervals to within 0.7 milliradian. The angle of the overall impulse vector
cen be measured to better thai 0.5 milliradian. Methods of improving the

accuracy of the system are discussed.
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1 ° INTRODUCTION - o i - -

. - When desigring rocket propelled misciles it is importent to know by how"
much the line of action ol the thrust vector may deviate from the geometric -
axis of the motor. -_ Although the maximum permitted deviation will vary frcm

motor to motor it is usually in the region of 5 milliradian, so that the side

forces to be measured will be about O.005 of the axial thrust. If we aim at -~ R
an accuracy of + 2% we must measure the angle to + 0.1 milliradian, i.e. the
side forces must be measured to 0.0001 of the axial thrust.
As an example consider a motor of 5000 N (1130 1bf) thrust; the maxirum
side forces will be 25 N (5.6 1bf) measured to an accuracy of * 0.5 N (0.1 1uf). o

Measurerent of such small side forces in the presence of a large static axial
force 1s difficult, but it becomes much more difficult when the axial force is
applied-rapidly (abou§ 5 ms rise time) and fluctuates rapidly éuring the firing,
which may occupy less than 1 second. In addition, the direction of the thrus%

vector may vary throughout the firing. : S

"2 DESIGN OF FIRING BAY AND RIG

2.1 Firing bay

If transient ccnditions are to be measured in addition to steady thrusts
it 1s necessary to make the measuring system as still as possible to raise its
ratural frequency above the rrequency »f any fluctustions which are to be
measw cd. This necessitates a firm anchorage for the rig. A bay, made of
reinforc.d concrete and capable of sustaining much higher loads than would be
imposed by the rocket motor, was built in the form showm in Fig; 1. Axial
thrust 1s taken on & plate let into the flocr and side thrust on th'. two
concrete buttresses te which the side struts can be attached at different
levels as required. The flat plates to which the side struts are thenselves
attached are bolted to a rigid frame and it was founa necessary to pour
Araldite between the plates and the frame to prevent flexing (see Fig. 2).

This has the added advantage of damping the plates.
2.2 Thrust stand

The rig (Fig. 2) is constructed within a steel frame which mates with the
fixed members in the bay so that the complete unit can be lifted out and
replaced as reouired. This has proved to be & mistake because the I'rame has
always to be realigned in the bay after replacement and the adjusters necessary

Tor this purpose introduce flexibility which increases strut interaction.




R

&

The motor is held in a sub~frame which musl be as rigid and as lighi as
possible and must possess accuraiely machined surfaces to mate with the datum
surfaces on the motor which define its geometrié‘axis. This frame is
supported by six struts, d , e and h Dbeing orthcgonal, f and ~ Dbeing
parall=l to e and h ;fespgctively and g being parallel to e but dis-
placed by a distance ¢! 1in the plane of e and h . ‘The motor thrusts
vertically downwards in line with strut d and s34~ ¥orces ére measured in -
one plane by f «31@ e and in the other at rig.. lesby i and h .
g could be used to measure the torque fércés but is not instrumented for -
reasons discussed later. The motor mustv be fired vertically 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 will result in
forces in the side struts which cannct be distinguished frow those due to

thrust alignment, but usually this effect is small.

Ideally, each strut should have a Irictionless universsl Joint at each end

i)

so that it can resist only forces along its axis, the measuring load cell being
mounted between these joints. In practice, to reduce friction to & minimum,
the cell is mounted between short rod flexures which, although stiff in

compression. allow sideways movement of the sirui end under & small reproduc-

ible force which can be calibrated out of the system. In the case of strut
g the cell is omitted and the flexures are joined by a solid bar. The - -

construction of a strut is shown in Fig. 3.

The virtual elimination of friction implies that any oscillation induced
by motor transients, particularly on ignition, will persist as a decaying
oscillation long after the initisl disturbance has ceased., Oscillatory drive
forces near the natural frequency will result in such high oscillatory forces
in the side struts that aralysis si impossible and thé load ceils may be
destroyed. To overcome this difficulty hydrauli~ dampers, such that movemeﬁt,

of the strut end pumps oil from one side of a piston to the other through a

narrov gap, are mounted at the motor end of all struts. - If the correct grade
of 0il is-usc! i* 1n nossible to damp the structure critically. The oil is
retained in piace by metal flexible seals secured in place by Araldite. A

theoretical treatment of these dampers has been given elsewhere1._

2.3 Alignment and calibration

The ends of the thrust struts are clamped to the fixed parts of the damper
to permit initial alignment of the rig, the clamps being removed before final

alignment. This initial rig alignment is accomplished by using an analogue of




»n

the motor body. - This arelogue reproduces all the datum surfaces of “the motor
and provides a plune surface, at a coﬁvenient height, normel to the geometric- -
aiis of the motor. Thus, when this:plane surface is set level, by adjusting -
the lengths of the struts, the geometric axis is set vertical. Using a good o
commercial spirit-level, the error need not exceed 0.0s‘pilliradian. At this

stage the axial strut is assumed to be truly vertical and alignment of the side )
struts is carried out by careful mgasurement; The criteria for accﬁkaqy of o

alignment of these struts are given in Appendix A but the axial strut must be

gligned:so that the axes c¢f the upper and lower flexures are within 0.03 mm

(0.0012 inch) of the motor axis. The upper flexure is positioned to within )

these limits by accurate machining of all fittings and the lower end of the

strut is adjustable byrscrews in the planes of the side struts. Adjustment

is made by applying a knocun vertical load along the axis of the rig and alter- ) ~
ing the positica of the lower end of the main strut and the length of the side |
struts until the side loads are'within acceptable limits. These residuél

side loads are applied as corrections to the measured side loads obtained dur-

ing a firing.

The problem of applying accurately a vertical load was solved initially
by machining a frame which fitted the datum surfaces on the rig and suspending
weights from &n asccurately loEated point on the frame by a steel wire, The
maximum force which could be applied by means of this device was about 1300 N-
(300 1bf) and it was necessary to extrapolate linearly the interaction figufes
to correspond to the thrust of the motors, This has been superseded by app;y-
ing a vertical load through a long strut COnsisting;of a hollow tube with a - :
flexure at each end. This is aligned vertically on the motor axis and a forceJﬂ

applied to its upper end (Fig. 4).

The diameters of the flexures of this strut are kept as small as possible‘h
consistent with sustaining the compressive load and the force may therefore be
considered to act along their axes. The strut is abtout 2.5 m (100 inches)
long and is aligned by means of & plumb line suspended inside the tube, the . -
plumb line being suspended from a hole drilled on the centre line of the upper
flexure and the plumb bob henging between four contacts mounted on the lower
flexure. The contacts, adjusted by means of a—mandrel to be concentric with
the axis of the lower flexure, have their surfaces lying on & circle 0,1 mm
(0.004 inch) greater in radius than the plumb bob. The plumb line is conduct-
ing and connected electrically to the tube whilst ihe contacts are insulated

and are connected each to its own bulb and a battery i:n a small portable box.
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When the strut is vertical the plumb bob does not touch any contact and all
lights are out. If any light is on it indicates the way the strut is
inclined. With all lights cut the bob is less than 0.1 mm (0.0Ck inch) from
the axis and hence the angular misalignment cannot “e greater then 0.0k milli-
radian. The plumb line is undisturbed by wind and the acc;racy 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 allow for different

"thrust ranges and different motor aittachmcnt points; . fluid dampiig kas been

allowed for, but found unnecessary.

The lower end of the strut is\clamped to the rig by a quick-release coupl-
ing with accurate location and the upper end fits in a similar manuer to a »
solid rod with a standard load cell fitted to its upper end. This rod is
constrained to move with a paréllel vertical motion by two pairs of flexures
meunted ca the bay wall and the weight of the complete assembly is Jjust ’
balanced by low rate spriﬁgs attached to overhead rigid beams (Fig. 4).

Between thesc beams and the solid rod, and attached to the beams, is a
"Macklow-Smith" capsule with a small gap between its piston and the standard
load cell; when the capsule is pressurised it acts as a ram and applies
controlled loads to the load cell and rod system. ‘The magnitude of the load
can be measured to better than 0.1% by the standard load cell and a digital
voltmeter. As the movement of the soli:. rod is constrained to be Vertical it
cannot exert side loads on the main rod nor apply bending loads to the upper .
Ilexure. The flexures controlling the soiid rod-are ettached to it by screwed
ends and knurled clamping nuts, so that it can be moved sideways in two planes
to set the main strut in a vertical position., Ouce the solid strut has been
aligned vertically the knurled nuts must always be adjusted in pairs to retein
this verticality. Before a firing the calibration strut is removed and the

remaining structures swung to each side of the bay.

To calibrate the lateral struts, weights are added to a pan suspended from
a light string which passes over low friction pulleys and is attached to fix-

tures in line with each of the lateral struts.
3 RECORDING

So far tests have been carried out with motors having such short burning
times that transient movements of the thrust vector could not be recorded by
the available digital recording system. Although the sampling rate of cach

channel is sufficient, the equipment switches from channel to channel sequen=

“tially at 1 msec intervals, so that an interval of 5 msec elapses between the




_first and last sample rqquirednﬁo compute the instantencous position of the ;.
vector. Significant movement. of the vector is possitle in this time and
spurious oscillation may also cause errors. A nev high speed digital record-
ing. system is being Geveloped, but for the time being analogue records, with

their attendant inaccuracy and tedious record reading, have to suffice.

Load cell outpu.s are sufficient to allow direct recording using galvano-

meters withcut amplifiers, the natural frequency of the galvanometers being

40 Hz. This results in’a reduction in amplitude of signals at 110 Hz (the
natural frequency of the rig) to 13% of the DC value. Despite this and the

. near-critical hydraulic damping of the rig it is still found necessary %o
introduce sdditional filtering, as showa in Fig. 5. This reduces spurious -
rig vibration on the traces to acceptable levels with the exception of a 30 Hz
oscillation which appeare at times on some traces. This is thought to be due
to lateral vibration of the "fixed" damper member on its struts which transfers

- forces through the damping o1il.

A trace reader is used to punch paper tape which is fed to a computer to
convert trace deflections to force units and to correct each reading for inter-
action derived from the axial thrust at the same momen£ in time. At the
present time each trace is read at the same point on the time scale at inter-
vals of 5 msec and these pcints are averaged at 50 msec and 100 msec intervals
to smooth out any remaining rig vibration. I:emples are given in Fig. 6- of

- the side forces exerted by two motors of sbout 5000 N (1130 1bf) axial thrust
| after corrections had been applied and points had been averaged over 50 msec
ii’; - periods. One motor had a nozzle in nominaly correct alignment, whilst the
%f . other had been intentionally rendered asymmetric. It is often sufficient to
" _examine these traces individually, but in some instances the total impulse on
L"-y%- " each strut has been obtained and the amplitude and position of the impulse

vector calculated. If necessary, this could be dons for any desired interval

N
o T

in the firing by writing a suitable computer program. The method of calcula-

ting the thrust vector from the individual forces is given in Appendix B.

4 ACCURACY LIMITATIONS AND IMPROVEMENTS )
L5 _ The use of analogue . :cording limits the possible accuracy of measuring
side loads to * 1.3 N (0.3 1bf), but a digital system will reduce the error on

g this account to negligible proportions.

= i | The load cells in use are of American "Tyco-Bytrex" manufacture embodying

semi-conductor strain gauges and are capable of an accuracy of 0.1% of

)
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" calibrated range. They have not significant inaccuracy when used up to 10%
“of their maximum range, thus permitting heavier duty uhits to be used to allow
for shockrloads, Even so, the overloads they can tolerate are insufficiently
large and losses of cells due to accidental cverioad byﬁlight blows on the rig

in the normal course of work are too great. Ba equally stiff unit with higher

- overload capacity is desirable. , -

At the moment the greatest source of inaczuracy of the rig is due to
uncertainty about interaction {eross-coupling). The worst example is a load
in one slde strut of about 22 N (5 1bf) at 5000 N (1130 1bf) axial ioad. This
effect is non-linear and cannot be corrected by alignment of the axial strut,
its value probably being known to about * 1 N (90.25 lbf).bj As stated previously
it is thought to be due to distorticn of the frame on which the rig is mounted
and is being combated by filling gaps with Araldite. Theveffects of this -

2

remedy have not yet been evaluated.

In each of the early firings a large impulse of about 220 N (50 1bf) waé
measured at the nozzle end of the motors starting sbout 10 msec after ignition
and lasting for about 20 msec. This was thought to be a reflected shock from )
the nearest wall of the bay, a supposition which was supported by the fact that
the impulses from each motor always acted within a 6° angle, wheress the mount-
ing position of the motor ebout ité vertical axis in the rig was random. To
combat this effect the rig was surrounded by s cylindrical shield a little over
1m (3 £t) diameter and extending from the floor to about 0.3 m (1 ft) above
the'nozzle. It was hoped that this would prevent any shocks from the aby

walls reaching the rig and that any shocks from the shield would act on the rig

symmetrically in all directions. The impulses at the rozzle end were

eliminated after this modification but there still remasin small impulses at the

head end which are thought to be due to-distortion of the frame.

The 30 Hz oscillations due to the dampers may be eliminated by bonding
stiffening members to the rods supporting the damper units., Apart from reduc- .
ing the amplitude of Qscillaﬁion this modification should raise the frequency
to a point where it can be filtered el strically. Also a new design of strut
which should eliminate this trouble and ease alignment problems in under test.
The upper frequency limit of the rig will then be governed by resonance of the
motor and sub-frame on the supporting str-ts. This has been found to be about
110 Hiz in all directions as measured by shock excitation. The maximum
frequency which can be followed without undue amplitude or phase distortion
will therefore be about 50 Hz.
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i 5 CONCLUSION ‘ !
Lo The system described is capable of determining the direction of the thrust s §
vector of a rocket motor over short intervals of time to within about 0.7
. > . i
milliradian. The overall impulse vector can be determined to 0.5 milliradian o

if we assume random record readingy errors.__Improverents will reduce this '

crror significantly. o E C : '
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APPENDIX A

”Effectsvof strut misalignment :
= Main strut

The main strut is by far the most critical as it has to resist a large
force. The strut may be misaligned in two w'ys or a combination oi' these,
i.e. it may be vertical but displaced to one side, or it may be at an.angle to
the vertical. In the former case, if it is displaced by a distance a from
the motor axis, a truly axial motor thrust will :.»duce a couple Ta acting
Y gbout the end of the main strut. This will be l.cgely resisted by the ugpper
. strut with & moment arm b ‘such that o |

Inserting the likely figures T = 5000 & T1 = 0.5 N (maximum permissible

“error in side force measurement) , b =1m , then

o = 2:25_"6&1)_099 = 0.1 mm (0.00% inch)

By accurate machining this shouid be easy to achieve.

If the strut is at an angle to the vertical ¢ then a side thrust of
T sin ¢ will be generated; but

. 8!
sin y = —

<

where a' 1is the displacement of the lower end of the strut from the vertical
and y 1is the length of the strut, say 300 mm (12 inches). - Inserting the

above values, we obtain

0.5y _ 0.5.300
T 5000

a' = 0.03 mm (0,0012 inch) .

Mignment to this accuracy on site is not possible with equipment which is
easily available and in any case the effective axis of the main strut flexures

may be displaced by more than this from the geometric axis.




After adjusting to within 0.1 mm (0.004 inch) by levels and straight edges
the final adjustment must be made by applying a load; similar to the motor
thrust, exactly along the line which will be occupied by the motor axis. Any
nisalignment of the strut will produce side loads which must be reduced to a

_minimum,
Side struts

To deﬁonstraxe that the conseguences of misalignment of the lateral struts
- are far less severe it is sufficient to consider ore of ‘a number of pessible
events whichk might mccur. Let the axial thrust T be displaced & distance -
a from the geomeﬁric axis of the motor. In a veal rig the effective centre
of rotation of the inner flexure of the side stfuts}will be dispiaced from the

main shirut axis by a distance c' .

It' the struts are perfectly aligned the forces in them will t= &s in
Fig. Ta, i.e. in the main strut, the force Tm "y in the side struts the forces

Taking moments about A gives

~Ta+T, b = 0 -, I € b

about B gives

P (¢' ~a) - Ty ' ¥ Tyb o= 00, '(2}
and about ¢ givas.
s 0, (3)

y | B - N LA .
Blot mw) =yt Ty b

. o , . Ta . ' T, . -
From thase eguations T1.= b P, ompd T e TM whieh 1y ebviews by -
. . 8 i .
" iuspaetion, ’

Ir ve now Husume ‘the upper strut ta be misaligned by wn angle ¢ as ta

"-; Fig. Th upd the forceu to be T, in the main atrut, T, in the upper strut

_ Y ,
and T& in the lower strut, then tuking muments about A wives

oha
&
L

~‘b4T§ cos 6.+ et T3 sin o ~Ta = 0 .



about B gives '._‘" N X
T (e - a) -_TM'C"-*' b-Tycos 6 = .0 (5)
-and about C. gives
T (c' -a) =T c'—Tub=0 . (6)
From (4) )
Ta ' Ta ! 1
T = . t 3 = [] . (7)
3 bcos 0 +c' sin @ b [ cos © + %r-sin 0 : L
Resolving vertically .
TM = T‘;- T3 sil‘n 0
= T~ %é 1c’
cos 0 + 7 sin ©
b
- 4] A . a g
RN b.cos 8+ ¢’ sin @ ] ) A(IB)
Reselving horigontally
i’h = -T3 cos @
cota i eew
gk ol et ..T“"-]-
. cos 8% §oun f
T \ _ A L
e Bl L )
: 1w s tan 8 -

v

-Equationa {7), (8) and (9) have been reduced to & form wherc they are composed .

of the thrusts when aligned multiplied by a Pactor caused by nisalignment .



If we take a typical instance where the ratic of bic':a is 100:40:1 ve
can evaluate the errors caused by different amounts of strut misalignment and
these are given in the Table, It can be seen that an error »f up to 30 would

be tolerable, but in practice the aligument attained is much better.

- . Lo, MR
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APPENDIX B

" Analysis of data from thrust alignment records

For the purpose of enalysis the thrust stand is considered to contain
three orthogonel axes formed by the intersection of three orthogonal planes
(0, H and R) as in Fig. ¢, and each contuining the axes of struts as

Follows:

0 plane - containing axes of £, e and 4
. R plane =~ containing axesof i, h and @

H plane - -  containing axes of h, e and g

The geometric axis of the motor is vertical and is coincident with the
axis of the str»t 4 . The mctor thrust will normally be in such & direction
as to put strut 4 into compression. The force in all struts will be dencted

7 by the letter identifying the strut and tensile forces in all struts will be '
considered positive with tﬁe exception of 4 in which compressive forces will
be positive., This conventlon arlses from the method of calibration of the
struts and reduces the llkellhood of error if it is retalned througt ot the ;
analysis.

Consider a thrust vector .Tv»acting in a completely general direction
througl the system passing through s point K in the O plane and L- in the
R plane. This force can be resolved at K into three forces, T. , T

A5 0 R
g and '1‘H acting in. the three planes. TO and TR nake small angles of o
E " . and @ respeetxvely with the vertical through E . m and 1 are the
v:i':f f S - distances of K and L rebpactzvely above the H- plane and distances in the
S ‘ upward direection are cons:dered.p051t1ve._ b is the distance between the
g end - or i and h struts and .c'l-igvthe distance between the g and o
n strubs, ' R - o
- . . Resolving the furces in each plane we heve in the 0 plane
~Eif-?' i ' S { - S Tysina = fee +g v Q
f; Ty 008 = 4
..4 ‘ . - .
= g : S 'uersiore

SR O L R T T S SRS AU i
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and

. - f+e+pg P +e

)2 + d2

/(f+e+g
as (f + e + g)azdg will usually be about 1:105 and g 1is small. Moving
T, salong its line of action and resolving where it intersects the vertical

axis of d (Fig. 9) we have, taking mcments about the axis of the h- strut,

1 TO sin ¢ = bf

or

bf _ _ ___bf x _Dbf
o sin a f+ev+g f+e

I

- Similarly in the R plene

TR sip B = i f’h ’

- Therefore

T = i v n)f v a®

sin g = e ¥h

"J(i + h)a,t a’

i

el

ag Leiore.
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Taking moments in the R plane about the a.is of the e strut gives

X

¥ 1S

mTpsing = ib B
SO
m o= — ib = ‘ib .
Le sin B i+h *

Resolution of torque:

There may still remain a torque vhich could be obtained simply from
torque = c'g .

The difficultyAin practice is that direct measurement of the torque is

not really practicable with the small side forces which are involved. - Let us

. consider a motor of 5000 N (1130 1bf) axisl thrust, when the maximum torque is

likely to be 20 N (4 1bf) at a distance of 2.5 mm (0.1 inch) from the axis.
In a practical rig the distance c¢' is .ikely to be about 150 mm (6 inches),
so that the force to be measured in g willAbe 0.33 N (0.07 1bf) maximum.

If g is displaced vertically the moment arm c¢'. cculd be reduced to 2.5 mm
(0.1 inch) but even to attain % accuresy it would have to be positioned to

"+ 0.025 N (0,001 inch) in relation vo whe 0 plene. With this configuration
'the stiffness in torque, and hence thr natural frequency, would be low.

The solution,which-h&s been adopted is to leave strut g at about 150‘mm_'

(¢ inches) from e bub not to mwasure the force in it. As we have seen, the

forece in e will not differ by more than 2% from the totel in e and ‘g 'S0

."that'the_forég in g ocan be ignored. Mrom Fig. 8 and 9 it can be seen that

tho terqué ig given Ly =n TR sinﬁﬁ » but

n o= (m~1) tan a

and
V sina - £+erg
= i e, e == | Pt -
tan o eos o ' 4 : ‘
Therefore




it Wit S S s ass
- N ’ : \'
sorque ofm =~ 1) (f+§+g~) (1.+>hl (
. , |
: o m-1) (f+e) (i+h)
Lo a
as g 1s small.
The value of the original thrust vector T is given by
T = /(_f+e)2+d2+(i+h)2
when g 1is ignored..
In practice the difference between T and d is so small as to be
negligible.




" TABLE

Errors due to strut misaligament

;A78

V Aﬁgular

Ratio of measured value of

siaplaeement | e vatue
strut (T,) of unity '
0 degrees . T3 Th TM

0 1 1 d

18" 0.9987 | 0.9987

30° 0.997¢ | 0.9978

s 0.9958 | 0.9956

Es 10,9920 | 0.9913

B 0.9863 | 0.9869" | 0.9995
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‘Reference . ' .
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No. Author Title, ete

1 D. 5. Dean A six component stand for thrus. vector

"E. A. Lyons ‘ - control experiments with rocket engiaes
D. R. Norman RPE Tech Report No. 67/12 (1967)
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