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1, BSUMIARY,

E.R.D.E, Technical Note 1/TN/51 dealt with colloidal propellants; the
present Note covers plastic and highly-elastic propellants, The discussion
of various rocket motor requircrents leads to an cvaluntion of the mechanical
properties of the propellants necded to satisfy these requirements, and to an
indication of the rethods which should be used to test these mechaniecal
properties, Exarples arc wworkcd out for P,I,B, plastic propellant at 60°C,,
and sof't rubber, Various hiphly-elastic prupellant systens arc discusscd,
and speculctions arc made on some of these,

2, CONCLUSIONS,

The following more or less opinionative conclusions relate only to plastic
or highly-elastic propellant stuck to the rocket tubing, VWhere specia
charge shapes arc not mentioned, figurce relate to the use of the propellant
in a 2i=inch, central conduit, motor.

2.1 The compression of the propellant in the standard 'flowv test'! rmust
not exceed LO per cent. Precsent=doy plastic propellants should nlso be '
tested occasionally in pure sheoar, using a ronge of stresscs, nnd results corw
pared with those of routine corpression and flow tests.

2.2 The cohesive strength rust cxceed 0.4 p.s,i,, multiplied by the
stress=concentration fnctor appropriate to the particular motor design con-
sidered,

2.3 DPrecise coleulation of stress-concentration factors seems unlikely
to be possible. Tests with photo=clastic nodels, or similar techniques, must
be used,

2.4 The maxirum shear in the propellant on termerature cycling of a
cigar-burning charge is about:

6 = 0,001, 1 AT/a radians

Where 1 is the charpe length
a the rmdius

and AT the termperanture range in centigrade degrees.

If 6 is 0.5, and the range is + 60°C, to ~64,°C, (LLOF, to -65°F.), 1 /a
must not exceed L.

2,5 The ‘'crack value' of propellants rmust cxceced cbout 4O per cent.
There is necd for o crack velue test using rapid stressing of the propellant;
the result of such a test must exceed about 20 per cent, The fatipgue crack
value given over a standnrd very smnll number of cycles (to be stated by the
ysers) in the fatigue plastorcter must cxceed ¥ 20% deformation at 25°C,, and,
in the case of propellants For use dowvm to ~54°C,, X 5% at =40°C, All

/propellants
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propellants should withstand, say, 1,000 cycles at I 6 deformation at 25°%C,
corresponding to extreme dny and night variations in tcmperature,

2,6 There is, at present, no indication of a nced to improve the impact
strength of plastic propellants,

2.7 'The preseunce of air (dispersed or otherwise) in a charge, leads to
very severc strains on firing,

2,8 The limiting charge size for hoosted or gun=launched plastic prop~
ellant motors, with a propellant 'viscosity! of 107 poises at thc upper service
temperaturc limit, appears to be around 2 feet in diamcter, but this could be
increased by using o low loading density, specially designed endrings, cte,

2.9 The acceleration of = motor filled with o highly=clastic propellant
must be limited. For a modulus of rigidity of 4 X 106 dyncs/square cm,

(sof't rubber), the acceleration of a 2i-inch motor must not ecxceed about 60 g,
The size of a gun-launched rocket filled with highly-elastic propellant rmust
be severely limited, Under the~worsit charge design conditions, & 3=inch motor
£illed with soft rubber should withstand at lecast 400 g.

2,10 The 'viscosity' of £.I.B. plastic propellants is limited %o 10/
poises at 60°C, (140°F, ) by the mochinery and processing temperaturcs now
employed,

2,11 Non-transicent pressurc gradicn%s down the gas conduit of o large
rocket motor should rnot cxzcecd some 10 p.S.1i./inch, otherwise longitudinal flov
of riastic propellant or deformation of hijhly-elastic propellants may become
sovore, For small rockets, gradients up to 50 p.s.i./inch might be tolerated.

2,12 The clastic modulus of rigidity and duaping of plastic and clastic
propellants should be mersured for severc rapid loading conditions sdmulating
igniter pressurc pcaks, cte,, =0 that the deformation under such conditions

can be assessed (sce nlso 2,5 relating to crack value),

2,13 TEffects duc to rotation oi' rockets, especinlly ofi'-axis, should be
calculated before firings under such conditions are nade.

2,1l Deformation of the propellant due to o steady 10 g sidevays accel-
eration of a guided missilc could be tolerated by plastic or elastic propellantbs
in motors 2 feet in diameter, Prongient nccelerations could be much higher
in the case of plastic propellants,

3., INTRODUCTION,

3.1 Scope.

E.R.D.E, Technical Note 1/TN/51 dealt with colloidal propellants, not
bonded to the wall oi the rocket tube, This seccond Note covers cases where
the propellant is suf'ficiently clastic or plastic to be bonded to the tube,
Tt is, in mony respects, an elaboration of a Technical Memorandum by James
and Rumicles (1),

3.2 Charge Desifn.

The following comron charge desipgns arc considered:
/(1)
= 9
CONFIDENT JAL/DISCREET




CONE' LD TAT/DISCREET

(i) Cigar-burning, the charge completely filling the rocket
tube, which is closed at one end. It is assumed that if
such charges are large, they will normally be stored
vertically, open e¢nd upwards,

(ii) Cone and cylindcr charse,

(iii Star-centred charce without endrings,

)
(iv) Star-centred chary-c vwith plane endrings, and
)

(v Star-centred charee with conical endrings,

These are sketched in Fig,1l,

5.3 Symbols,

The following symbols are uscd in this Note; C.G.S., units are erployed
unless otherwise stated:

p = Gas pressure,
a = Inside rodius of rocket motor tube,

t = Vall thickness of tubc, or time (as indicated in
contuxt).

r = Radjus to any point in the propcllant,

1 = Length of tube filled with propellant.
¥+ = Volume of tube filled with propellant ( maZl),
F(a} = Proportion of tube volume filled with propellant,
p(y) = Proportion of volume of n cylinder (concentric
with the motor tube) oi radius r vhich is
filled with propellont,
V2 = Volune oi* propellant (Vj_.l"(:*.)).

P = Density oi propellant,

=
il

= YWViscouity' of' prquellant ebeve the yield point
(plas-ho-v soos:[?tysl .
n - lodulus of ¥i.:ilit of propellant,

£ = Acccleraifiion of motor,

U = Pinel veloeity of motor (in level flight at 'all
burnt!),

v(x)

Rate o movenent of propellant rclative to motor
tube (a = (r)/dt).

s(r:‘- = Extent of moverent of propellant relative to motor
tubl?lo
T, T,T5 = Temperature,

AT = Temperature dif'fercnce,

/3.4
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3,4 lechanical Failurc,

The charge is considered to have failed mechanically when it has
deformed tp an unacccptable degree, or has cracked cither at the wall or
internally. The degrec of overall deformation which is acceptable is a
function of charge size, shape, frec space in thce gas conduit and rocket
tube, etc,, but has been taken as being cquivalent to a maximum angle of
shear over a large rezion of' about + radian or less, and corresponding to
a figure of 25 per cent, in the compression test, in which a cylinder of
propellant is loaded longitudinally and its deformation is divided by one-
hundredth of the oricinal height, Local deformations considerably in
excess of this figure may, however, be encountered at lines of stress con=
centration in the charce, without unncceptably large overall deformations,

)y, ROCKET MOTOR REQUIFEIENIS,

L.l Requirements for Continuous Storage at One Temperature.

On continuous storame at a constent tenperature, the weight of' the
propellant causes a steady stress in one direction, - This stress must not
couse an unacceptoble deformation, even when any effect of vibration or
jolting caused by transport is superimposed on it.,  Thereforc the 'yield
point! (corresponcling to the highest acceptable deformation of half a md:mn)
must be well in excess of this stress, and the crack value must exceed the
deformation at any lines of stress concentration,

For a charpge of Type (1) (Section 3.2), the stress is a hydrostatic
pressure, which will only rupture o solid if' the latter contains voids, assumed
to be obviated by inspection af'fer manufacture,

Charge Types (ii) and (iii) usually have a 'density of loading! varying
from 60 to 90 per cent. Taking thc higher figure, the average shear stress
at the vmll on vertical storage is:-

0.91taglpg/21':al = 045 aogp

In the case of a 2 foot dimncter charge of propellont, of density 1.8 gy/ml,,
this is 2,000 dynes/square cm, (about 0.4 P.s.i.).

Therefore the 'modulus of rigidity! of the propellant (corresponding %o
a maximum angle of shear of half a mdi:m) rust be at least 5 x lOE-To dy‘nes/
square cm, if it is to be used in a motor of this size., Correspondingly,

in the compression test, the 'Young's modulus! must be at least 1.5 x 102
dyncs/square cm,, since Poisson's ratio may be tuken as 0.50. That is,

the cquilibrium compression with an 850 gran weight must not cxceed 17 per
cent,, starting with a cylinder 1,5 cm, in diameter, The 'flow=-test!, in
which the stress is applied by a weight of 200 grams acting for 16 hours,
similarly must not give o compression of' more than 4O per cent, Neither of
these tests is, however, strictly valid, since in the first place compression
can be regarded as the sum of two perpendicular shears plus a hydrostatic
pressure, and does not give the same conditions as one simple shear, while

in the second place the 'modulus' calculated for plastic propellant is o
function of +the degree of strain hardening, Tt is very small indeed for
amall strains and very larce for large strains, There is, thercforc, a need
for carrying out a set of 'flow tests! using several different stresses, =0

/that

&l =
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that for each propellant a family of curves could be obtained., This was
done by Freeman (2) using a plastometer designed by A.G. Ward (5) which
gave a simple shearing stress, covering the rate of shear as vwell as final
'equilibrium' deformations, but the method is far too tedious to be used
as a routine test,

The stress involved in the 'flow teszt! (using 200 grams) corresponds
to the shearing force at the wall of a motor about 40 inches in diameter,
but it is found in practice that pellets of propellant can be squashed con=-
siderably without cracking, whereas in rocket motors plastic propellant neoy
crack after some days of hot storage, This is due to several causcs whose
relative importance cannot be fssgenncd, In the flow test there is a small
hydrostatic component of stress, absent or even ncgative on the top surface
of a stored charge. The cracking in a motor may alsc be duc to 'ageing'! of
the propellant or to some discontinuity in the surface causing o stress-
concentration, Even with apparently sirple symmetrical models, such as lap
joints, liylonas (4) has shevn thnt stress~concentrations occur on the surface
of an adhesive in o way quite unpredicted by clementary considerations such
as those used in this Note,

The shearing stress generated in the propellant for charcges of Types
(ii) and (iii) degenerates ot “he botton surface of the propellant into a
compression, and at the top surface into a tension, with a maximm value of
0.45 a gp.

On horizontal storage of' charge Types (1i) and (1i1) , 2 hydrostatic
pressure is gencrated at the bottom of the charge which will somewhat diminish
the shearing stress at the sides to o value below that for vertical storage.
There is, however, a verticnl tension in the top half of the filling, super-
imposed on a shearing stress, the latter falling to mero and the former
rising to a maximum at the very top. The value of this maxirum tensile
stress is not more than 0,45 apg (0.!+ P.8.i, for a 24 inch ‘tu'be).

For charges with endrings, Typcs (iv) and (v), the general run of stress
is very similar to that in charges without endrings, except in the neighbourhood
of the endrings, Owing to the corplicited noture of the problem no stress
analysis has been made. On vertical storaze there will be a tcnsile stress in
the propellant at the ftop endring and ~ corpression near the bottom endring,
The weight of the charge will be supported partly by the endrings and partly
by the vertical walls of' the tube., Considering a point in the propellant
very near to the top cndring, and some distance from the wall of the motor, a
small vertical displacement in the propellant will give rise to o relatively
high tensile strain of the material between this point and the endring, com-
pared with the amount of shear between the point and the motor wall, Hence
the main part of' the weight of' the propellant near the endring is, in Tact,
taken by tensile stress, and only a small part by shear, I? the endring is
perpendicular to the axis, the tensilc stress will clearly be greater than
when a conical endring is used, for the latter will support the weight of the
propellant partly by a shearing stresc and only partly in direct tension.

(This fact was first rcalised and incorporated int. a motor design by G,W,Slack
and C,G, Grant),

The question of the relative stresses near the endring and in the main
part of the charge might be solved mathermtically, but the most promising
immediate attack on the problem is by the use of photoelastic models, Work
on this is now in hand at E,R.D.E,

/a2
- 5. -
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.2 Requirements f'or Temperature Cycling,

The propellant has a considerably higher coefficient of expansion than
the tubing, the difference for plastic propellant amounting to some %% by
volume when integrated over the widest range of temperature required, 1.0°Rr,
to =-65%%, (+60°C, to =54°C.), and for colloidal propellants to some 5% by
volume,

It is convenicnt to assume that the recket tube is rigid, and that the
bulk modulus of the propellant is infinite, so that the stresses involved
are always sufficient to causc a change in shape of the charge exactly
equivalent to the differential cxpansion involved, (In fact, on heating,
the charge will tend to expand more than the tube and cause a hoop stress in
the latter, and on cooling the reverse will happen. This stress in the tube
could only be calculated ii' the bulk moduli etec. concerned were knovm, It
is sufficient to say that plastic propellant has never yet been known to burst
a tube on temperature cycling, but cordite has, It will probably be far
easicr to determine the transient and steady stresses in the tube by means of
direct measurement with strain gauges, etc.,, than to try to calculate them
after measuring bulk moduli, specific heats, thermal conductivities, the shcar
modulus of the propellant, etc, = all over a range of tcmperatures).

In the case of the first charge shape, cigar-burning, the expansion is
constrained by the supporting pot so that all the change in volure is manifiest
as a change in contour of the free surface, as sketched in Figure 2(i).

With good adhesion, the edge of the propellant surface cannot move, and the
constraint is a maximum here and o minimum in the centre, For a Hookecan
elastic solid, the change in contour of the surface of the propellant will be
a meniscus of a paraboloid, given by:

& = o( - /2, AR

On this bosis, the angle of shear at any point on the surface is given

by: .To A
8 = 6/61‘ _/Tl T

Taking the figure of 3% differential expansion proviously quoted,

e 6.(11’1-'\3’2) 2
R, A B - ‘00
jTl ===/ @ =31/

Hence, 0= &ar {0,606 1 (1 - r2/n2) }
= =0,12 11/a?
At the wall of the tube, Opnx, = =0.12 1 /a,

In other words, for cycling between +60°C, and -54°C, without failure.
the propellent must withstand repeated cyclic shearing through an angle of
0.12 1/a rodians, that is, cpproximitely 0,001 lAT/a radions, where AT is
the temperature range in centigrade degrees,

If strain=hardening occurs, as with plastic propellant, this maximum
angle is lessened, because the propellant near the motor well gives a higher
resistance to shear, cnd the extent of flow as a function of r is no longu:
paraboll c,

/In
s
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In practice P.I.B. plastic propellants have successfully withstood
cycling between +60°C, rnd =L0°C, for a number of cycles with a volue of
1/2 of L,8, giving 8 2 voluc of about 0,5 radian,

In the case af a cigar-burning charge open at both ends, there is a
plane of symmetry in the middle and for a given maximum angle of' shear a
double length can be uscd., This is subject to the proviso that gravitational
stresses are not serious, i.,c,, that 'a'! is small,

For charge shapes (ii) 4o (v) with internal condults, temperature
cycling causes little end flow, since there is comparatively frece scopc for
lateral expansion into the gos conduit, with n longitudinal constraint, due
to adhesion to the walls (and endrings, if present),

Subject to the above postulates, the change in area of the gas conduit
is equal to:

4 Evl 5 Vz%
aT >

Typical figurcs for plastic propellants in steel arc:

da - 4l _ 0, 000011 G2

ar ar . rer .

e = 0,003 to 0,00:. per ¢°, (average 0,0035)
ar

On this basis, the teble below gives gas conduit volumes at different
temperatures, expresscd as o percentage of the value of vV, at 60°C,, for
three loading densities.

60°c, (1,0, ) 0%, (32°F., ) -54.°C, (=65°%)
(1) 10,0 1.7 13,2
(ii) 30,0 315 32,8
(1i4) 90,0 90,1 90.1
L

Ir (1) represents a cylindrical conduit, there will be a 15 per cent.
change in its perimeter between 60°C, and -5.°C, In the case of a star-
shaped conduit, stress concentration occurs and the clongation perpendicular
to the lines of maxirum stress concentration might be increased by a factor
of 2, 3 or so (no true figure is lmowm), Clearly, the 'crack value' of the
plastic or highly~clastic propellant must be at least, say, 40 per cent,
to withstand such conditions, nnd the charge shape must be chosen so as to
minimise stress-concentration. Furthermore, the propellant must not cxhibit
fatigue which would allow it to crack after several temperature cycles,

/A
-7 -
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A sugpested basis for fatijgue resistance igs

(a) A thousand temperature cyclcs between cxtreme day and night
conditions in a dry continental climate, say 40°%, to 100°F.,
corresponding; #o £ 6 per cent, deformation at 20 - 250C,

(b) A few = pay twenty - cyclee represcuting winter arctic blizzards,
involving a fall of temperature from =15%", to =65°T,
corresponding to % 5 per cent, deformation at =L0°C,, together
with a Ybrittle poivt' below =65°F,

(¢) A very Tow cycles representing either aircraft Ilights from
the tropics to the stratospherc, or else trmnsits from a
summer tropical to o« winter arctic zone, corresponding to
+ 20 per cont, deformation at 20 - 259C,

There secms to be no reason why {¢) might not be restricted to 5 or 10
cycles, followed by scrapping of the ammmition, if* that solution were the
only one available,

The change in size of the gas conduit is associated wikh a chonge in aup=
face arce of the propellant, proportional to the squarc root ol the cross-
sectional change for o simple cylinder, but to less than this in thce cose of
n star-section, ''his is ore reason why the ballisztics of plastic propcllnnks
are less tomperature-deperdent than those of’ cordite roclkets, where the
surfrce nrea actunlly increnscs with ferperature, In fact, the tenperature
coefficient with plastic propellant will vary n little with the charge shape,
Conversely, however, if ~ roclket is desipned Yo have a conduit not much lareer
than the venturi throat, the rate of gas flow over the plastic propellant is
relatively cnhanced by a rise in temperature, This neccositates o more
strict limitation off gan velocities (that is port/conduit area rotios) in the
case of plastic propellants, which is scrious in the case of rapid-buriing
motors., There is o marked tendency to secondary pressurc peaks under such
conditions, which may well be nccentuated by these congiderations,

In addition to the sirecs concentmtion at re-entrant surfaccs in the
gas conduit, there is nlso n stress concentration atb points where the suriace
of the propellant ig stucl: to netal, Ag indicnted in previous paragraphs
the calculation of actual stresscs scems to be impossible,  Again, however,
the virtucs of conieal endriinga, or the conc wnd cylinder charge shape, are
evident,

Routine testing ov nlustic propellant is at present confined to tomper-
atures of 259C, and 60°C,, 2nd to i deterndnation of ‘'brittle point', the
latter being appiveinbly iniluenced by the rate of strain arbitrorily chonen,
As first pointed out by Punle, in the case o failure on temperature cycling,
the change in rheologionl peupwrhics in the tun degrees or so above the
nowinal brittle roint is of paramovunt impurbince,and more work in this £1.1d
ig planued,

In order to siudy fatisuc due to repented temperature cyeling, a plasto-
meter has been rrde in vhich o pelled o plagiic (or highly elastic
propellant is repentiedly corpressed snd stretched by a link mechanism driven
from an cccentric opernted by a geared-dovm cloctric motor, 8o far; measura-
ments with this machine have been o4 room temperaturce, There is o corvelotion
between the logarithn of 4he ramber ol cycles to Tnilure and the armplitude
of movement, but much more surl with different propellants at controlled

s /terperaturcs
- G .-
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temperatures and slower rates of deformation is required before far-rcaching
conclusions on the ultimate serviceability of plastic propellants after
exposurc to severe cycling con be dravm, The development of P,I,3B,
propellants, which allow cycling over very much wider tempcrature ronges
than heretofore, hns, however, directed attention to fatigue failure of
propellants on repeated cycling,

.3 Rough Usage,

The currently-accepted test is n free drop of six feet on to strong
concrete, The motor is accelernted at a rate 'g! over these six feet, and
brought to rest in a distrnce given by the deformation in the concrete and
metal member immediatcly in contact with it; it is then accelerated upwards
again to an extent devending on the coefficient of restitution, The {act
that heavy elastic metnl objccts do not bounce much is an indication that
the majority of the cnergy is absorbed by the concrete, so presumably its
deformation is, say, some five times that of the metal, A figure of a tenth
of an inch for heavy objects seecms reasonable, therefore; the acceleration
is then of the order of 720 g apvlied for a time of about 1 millisecond,

This imposes o maxirum shear stress of about 320 a gp, For a five-inch

motor this is cbout 60 p,s.i,, and for a twenty four-inch motor about 300 p.s.i.
It is not kmowvm what the limit is for plastic propellant, but five=-inch and
eight-inch motors will withstand several drops without adhesive or cohesive
feilure, The expensc o' this test, in man-hours necded to replace damaged
rnetal components, etc,, has precluded very extensive trials,

In 19,8, some pellets ol plastic propellant were fired from an airgun at
a steel plate, mainly at -20°C,, but the correlation of results with the
brittle point of thu propellant measured in other ways was poor, and the use
of such a test as = means of controlling the effect of novel ingredients, etc,,
was not considered worth while. So far, apart from using binders of low
brittle point, and salt grist specifiications, wetting agent, ete,, to give an
acceptable crack value, therc has been no systematic work to try to decrease
the brittleness of plastic propellants to sudden severe impact, nor at present
dees there seem %o be o need Cor gsuch work, as there is with colloidal propellani

Ll PFiring,

k.l Hydrectatic Pressurc,

The main efi'cct ol Tiring rocket motors is to subject the propellant to
hydrostatic pressurc, This iz belicved 4o have no ¢ffect on colloidal
propellants, but there is contradictory evidence with plastic propellants,

On the one hand, thc rcsulis of' the standard compression test appear to be
independent of applied gas pressurcs (up to 1,000 p,s.i.) yet on the other
hand the triaxial shear test (5) indicates thot hydrostatic pressure causes o
marked increasc in the internal Iriction in the propellant, cnabling it to
support an excess compressive force in one direction, of up to half the hydro-
static pressurc, for a relatively small deformation, Purther work is in hnond,
Such an effeect would enable the propellant to withstand much higher set=back
forces than would be coleulated from its propertics under atmospheric pressure,
but it is not allowed for in the following treatment, It may be pointed out
that during a boost period the main motor of a missile is being accelerated

in the absence of' hydrostatic pressure,

Other important ci'f'ccts caused by firing the rocket are setback due to the
inertia of the propellant against the accecleration, o steady pressure
/adifference
- 9 =
CONFIDEITIAL/DISCREET




! Il FUI!

——— el e, — e ——

difference between the head crd apd venburi end oif the £illing, and transient

pressure differcnces due 'n ipnition or :acondary pressure peaks,

4ob,2 Dilation of' “uie,

The hydrostatic rns pr.isure r:-.u:x i the rochet tube to dilate to an
extent given by the houp sirose divided by the Yorng's modulus, that is
aP/tE, It is convenicent i pmctico, be G wver, to relate the deformation
directly o the elongation nt %he yiu 14 peint o£ the metal divided by the
factor of safety. This in 11.11::1 ¥ to cxeeed +=1% for any nectals now envisaged.

There will be a longitudin:l strain cqual to half the circumferentinl
strain (B/tF times xad/? RO).

For propellants a‘c.uc}f. fo fthe reket tube, as discussed before, the deform—
ation at the surfnce of' the gas conduit may I"LJL to some 10=15% at lines of
stress conccn‘bra-‘ulon corrcevonding o 7 lincar expansion of the tube timco
ninefold density oi lo ding dactor times threefold stress-concentration factor,

At low temperatures, thi: is superimposcd on the defommation already present
due to temperaturc cycling,

L.L,3 Effects of Air Inclugions,

The inclusion of air in plastic propellants (or any o other polid propellant
can have disastrous cffects, The 0,5% of dispersed air, sthich is the moxinum
amount alleowed by the British plastic propellant density s pocification, can,
on the above argurents, cause an additional deformation of up to 7% at lines ol
stress concentration, Bef'ore de-ncration was introduced, the nir content wan
of'ten 5-9,“'; by volum:, This could corusze loeal def onna.+1ons at the tips of the
star-section conduit o sue _Lt)(.,,. The eifect of lorge individual air bubbles
could be worse still, It in believed thot mony of the variable ballistic
results obtained in n“..r]J trinls with plantic propellants were due to air
ineTnaions, The effeet would be greatly accentuatcd ot lower temperatures
(but ‘rcz:LpulAfums normally reckoned considerably nbove the 'brithle poln'b' ot'
the propel‘lant) due 1o the extrerely high rote of deloxmntion imposed on o vory
highly viscous and slugirish material, alrendy delomed by diiCerentinl oxpansion,
causing rupture,

It must be emphasised thot the assumptions made above arc oi' the worst
possible conditions,  Stress—conceulrstiors in o strain~hardening material
are believed to be rorely threcfold (measurerents are conspicuous by their
absencc), and densitics o loading s hirh ns 900 have so far not come into
regular use, levertleless, it is auite elear that the future is problem:tical
for any propellant of low bulk modulus, duc tu nir inclusions, fissurcs or any
other cause, and that very carciul cousideration of stress concentration and
the temperature cycling, cte,, to be withetood, must be given to naw motor
designs which have very high densitics of londing, Variants of simple
cylindrieal charye shapes have ruch fo comend then, ns regards stress concen=
tratiomn,

L. Setback Forcos.

These have an effeet similnr to vertical storage, bul the stress is
multiplied by the aceeleration (?t,{"]'mu,d in teams of b‘) and the duration is
only 1 to 40 seconds, or so. The 'low test' results cease to be sipnificant
and the stabilisation duc %o stroin-hardewing of plastic propellants is no

/longer
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longer sufficient to prevent flow, The limiting acceleration with which
strain-hardening can cope is of the order of 60 g for 5-inch rockets and
probably 10 g for very large rockets, TKven this corresponds to a deform-
ation that would be unacceptable in many charge shapes,

L.l Plastic Flow,

Therc are two useitl ways of considering the problem, For plastic
propellants, the ratc ol flow is slow, due to the high viscosity., If we
base the estimate of viscosity on the initizl rate of deformation in the
plasticity test at the highest terperature mcasured (60°C, or L!,IAOOF.),
typical fipgures are 107 poiscr for P,I,B. propellants and 2 x 106 poises for
dispolene propellants, In any case, the latter are unsuitable for full
Service usc, so the former iijyure will be uscd, It is, in fact, limited by
the processing machinery at present available and the hijhest temperaturc of
processing that can be used, If it werc possible to vork at 100°C, in
place of 70°C,, the 'viscosity' of the propellant would be much higher at
60°¢, , the highest likely Lemperature of usage., The viscosity will also
undoubtedly depend on the mate of deformation, but no measurcments on this
eff'ect have been mnde, The initinl rate of deformation in the plasticity
test would be relevant fo normal rockets, but not 4o gun-launched motors,

For single-stage roclkets with a very light warhead, the maximum overall
5,1, is unlikely ever to exceed 150 sec,, or for boosted rockets 250 sec,
Hence, the integral of the acceleration over the time of burning could not
exceed 250 g scc, or 8,000 feet/sec, in level flight, Practical velocities,
with & normal payload and air resistance, are a quarter to a third of this,
For present purposes, allowing a fuctor of safety, a final velocity of' 4,000
fcet/sec, is taken,

The average stres: at the surface of an axial cylinder of radius r, in
the propellant, is:

nre 1 pf, ¥(r)/2 mrl = % pfr F(r)

In a cylindrical=conduit charse with a fi;aadinp_', density of 90 per cent,,
#(r) is zero for » < a/ V10 and ¥(r) = (r%/s2 - 0,10) for r » a/ V10,
The gradicnt of rate of flow of the propellant, with respect to r, is:
dv/dr = (stress - ;icld '&".E.uu,\;,/n
The effect o the yicld value is to diminish ' (r) by an amount depend-
ing on the doformation, bub becoming constant for large deformations, and

giving a correction of the order of 15 per cent, for a 2 foot diemeter motor
accelerated at 50 ¢, Negleeting thin yield value:

dv = pt r¥(r) do/2 M
Integrating over the period of the acceleration:
g8 = pur #(r)dr/2n

Integrating with respeet o v, thoe overmnll flow of the inner surface
is:

P .a
g = —g—% -/o r P (r)dr = -g—% L'Lo(rz/ﬁ-o.lo)rdr

Jwe B3 o= 030 PR a2/n
/Since
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Since the contribution to this flov of the layers of propellant nearest
the axis is small, o star-centrsd charge (with the same density of loading)
would give nearly the samc rcsult,

If p= 1.8 gm/cc,, u = 120,000 cm./sce. (4,000 feet/sce. ),
a = 30 cm, and m= 10? dynes/square cr./strob, the extent of flow would
be 2.0 em, 'Thiz is sbout the limit likely to be accepteble for a conventional
charge shape, since the venturi endring would divert the displaced material
into the gas conduit (but would add to the loeal resistance agninst deform-
ation so that the material actually displaccd would be sprcad some few
centrimetres up the conduit)., In thc case of n boosted sustainer motor, much
of this flow would occur before actual ignition of fhe propellant, causing
erosive conditions which might lead to excessive pressure. Similarly, ot
the head endring there would be = drop in web thickness which would lead to
the exnosure of metal before burning had finished,

Both these conditions could be overcome to some extent by the use of
gently tapered conical or modificd skirted endrings, and it might also pay to
pare away some of the propellant for a distance of n few inches near the
venturi end, as has bcen done experimentally with a star-centred 5=inch motor,
without reducing the web thickness,

A more speculative method of minimising set-back, suggosted independently
by several people, would be to include a wire frame, or similar device,
embedded in the propellant and fixed to the head end, so as to impose an added
viscous drag,

Similar arguments apply to the case of a gun=launched rocket, The
overall velocity will be no higher than that of a boosted rocket. In this
case, however, therc is = possibility of an appreciable transiont elastic
strain superimposed on the plastic flow of' the propellant, No special measure-
ments of elasticity of plastic propellant have yet been made, It can be
deduced from the negligible elastic component of deformation in the normal ‘
plasticity test that the modulus of rigidity is certainly not less than 5 x 107
dynes/cquare cm, '

To sun up, there is & very good prospect of' being able to use P.I1.B.
plastic propellants in all rocket motors, including thosc boosted or gun-
launched, up to & size limit of at leaat 2 feet in diameter, Individual
charge designs which introduce new factors of size and acceleration will have
to be examined more fully to confine this, If the density of loading is
reduced, the size limit ic inerensecd,

hooho2 Elastic Strain,

For a highly-elastic propellant of negligible internal viscosity, set-
back will cause an elastic defoxmation, For the internal-conduit charge
shape previously considered, the main stress is a shear, The strain at the
wall of the tube is 0,45 ap L n, vhere n is the modulus of rigidity.

For large rockets, it has been stated that f will not exceed 50 g,
Hence, for a 2 foot diameter motor, the strain at the wall of the tube,
calculated as above, is 1,21 x 105/n radisns,  Integrating over the web
thickness, the linear setbuck at the inner surt'ace of the propellant could
be as high as 8 x 10%/n cn, (The severcst possible conditions have azain
been wstulatud). The rodulus o rigidity ot a typical soft natural rubber
is sbout 3 or 4 x 100 dyuce/cquare cmn./radinn,  This would give about 2 cm,
deformation, as for a plastic propellant,

/Any
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Any viscous resistance of rubbery materials has been neglected. This
is considered to be quite valid, and simply implies that the modulus should
be measured in the laboratory under much the same rate of loading as is
encountered in use., In fact, the molecular rearrangement associated with
high elasticity is normally the intcrnal straightening of molecules, which
can usually occur without the need for macroscopic viscous flow between variou:
molecules,

The case of a gun~launched rocket filled with a high=elastic propellany
forms an intercsting contrast with plastic propellants; the deformetion is
proportional to the acceleration, whereas with the plastic propellant it is
independent of the acccleration, Hence, under high accclerations, plastic
propellant will behave better than elastic (assuming its cohesive strength is
not exceeded by the applied acccleration stresses),

The linear setback of elastic propellent is proportional to the square o.
the web thickness and the paximum anpular strain directly o the web thickness
Hence the maximum permissible aceeleration will be inversely proportional -
the diameter of the rocket, or to the square of the diameter, dependng cn
whether the propellant rupiurcs before reaching its highest acceptable def'cuin-
ation, A Tipure for soft rubber in a 3-inch motor would be of the order of
500 g. A rigorous examination of such a system would be complicated Dby
pulses of deformation being refiected ot endrings, etc,, since the apecd of
transmission of longitudinal vibrations in rubber is relatively low,

L,Lb,5 Pressure Gradients,

L. 5,1 It is possible that the pressure at the head end of a rocket
could exceed that at the venturi end by as much as 200 p.s.i., maintained
during the first part of burning, in the cose of a motor with a gas conduit
small compared vrith the venturi throat,  This would tend to displace tha
propellant towards the venturi. Negleocting the variable contribution of
erosive burning, the usual gas-dynamic relationship approximates to the con-
dition that the pressurc drop (on a logarithmic scalesy is a function of the
square of the gas velocity, The gas velocity will be zero at the head end
and will increase rather more repidly thon linearly downm the charge (due to
the slight drop in density and the contribution of crosive buraing). The
pressure gradient will therefore be very low at the head end and will increaie
steadily towards the venturi cnd; it might reach 10 p.s.:’l../ inch towards the
venturi end, It could be greatly reduced, if required, by tapering the
conduit in the wmy mentioned above to overcore the effect of setback,

The shearing stress corresponding to a pressurc gradient of 10 p,s.i1.
per linear inch, assuming that it is transmitted freely as a hydrostatic !
pressure within the charge (the worst possible condition), is 280,000 dyner,’
square cm,/cm, This will couge a steady flow in a plastic propellant, or a
strain in an elastic propellant,

hoko5.2 The ratc of flow at the conduit o rface of a plastic propel lant
of viscosity 10/ poises will be 280,000 w/10! en/scc,, where 'w' is the web
thickness,

In a 2 foot diameter motor, 'w! will not exceed 6 inches (15 em.), =o
the axtens of flow in 1 sccond might attain /4 mm,

h.h.5.3 The s5rein in a coviwaponding sof't clastic propellant (i‘i‘
n =4 x 10% ayuesapnre one ) womid be 1 e, O1e second is a reaconable tire

/to
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to assume, since the conditions of hish pressure gradients very rapidly
subside as the gas conduit burns to a larver diameter,

1% may be concluded that the maximum permissible sustained pressure
gradient in larze rockets is of the order of 10 p.s.i,/inch,

Lo, 6 Igniter Peal rressurcs,

These are much more transicnt than those considered above, so that they
can be ignored in the casc of bodily £low of highly viscous plastic propellants,
However, there ic a possibility that the 'viscosity' may fall off at very
rapid rates of shear, that is under hich stresses, duc to elasticity., Theru
is a further possibility that the 'crack value! as normally measured, in a
time of the order of u few seconds, does not truly represent the crack valuc
under shock loading., Further work on these problems is reauired,

For elastic propellants, in the same way, the physical properties at
very high rates of loading are required, Therc is a chance of setfing up
severe longitudinal waves unless the depree of intemal damping is high,
Actual conditions in o rocket might be studied by X-ray flash photography, but
an exploration in terms of dircet laboratory measurements of the physical
propertics concerned is alweys valunble,

Secondary pressure (re uong_x_nc_c_)_ peals are not well enough studicd to
predict their effceets, Judring from some burut-out experimental plastic
propellant motors, resonance can couse rhylhmic variations in propellant
thickness of scveral millimeires, The propellant din question, at ambient
tenmperatures, had a 'viscosity! of' only A x 10" poises, dropping to 1 x 10°
ar 60°C, It is hoped that {the use of much more viscous compositions will
render thig trouble neglicmible,

L.,4,7 Rotation and Cuidancc,

If a plastic or elostic propellant rocket is rotated about its vwu ixis
the moin centrifugel force is taken by the walls of the tube, and tlwre 7ill
simply be a hydrostatic pressurc in the £illing, Vhere the filiing is now®
continuous rith the container, wt the ends of' a charge where there arc no
endrings, or in the fluten of ~ star-centred charge, uwbalanced shresses will
occur, tending to force the Lropellint oubwards,

Conditions at 2 point in uny cylindrical shell of elastic filling will
be the same as in o direct corpression test, where the stress is that due to
the hydrostatic pressurc gerncrated Ly the column of propellant between the
point considered and the axis of the tube, that is:

/ f w?-r. dr dynua/sq_uam cin,

where w is the angular velocity in strobs and the integral is confincd to
the space actually occupicd by propellant, i

For o 2 4. diameter charge, with 90% density of loading, with propellant
of density 1.8 gm/cc., rotating at 1 rev/sec., the average wall pressurc is
approximatcly: . 30

¥ 2 ﬂz j r,dr, = 29,000 dm’les/aqllam om,
o o7
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This pressure would ccuse only 0,35 corpression in soft rubber

(Y 0, = 107 dynes/square cm) and o very slow rate of flow in P,I.B, plastic
propellant, a decrease in wcb thickness of some O.jﬂ/sec., falling to zero
on strain hardening,

The deformation acceptable in o motor depcuds very much on motor desigm;
a round figure might be ten tines that given above, Again, for smnll
rotated motors filied with plastic propellant, the time of burning would be
very short, allowing o desipgn giving = higher rate of' {low than in larger
motors, Special calculations should be made in every individual case, Rapid
rotation (spm-ste_bilisation) would appenr to be permissible only with well
supportcd charces,

LIf the rocket is rotated off axis, the part of the filling ncarest to the
axis is subjected to a tensile stress, P, I,B, plastic propellant will clongatc
unacceptably fast il this stress exceoeds dabout 3 p.s.i,; highly-clastic
materials will stand far more than this, but the shape of the charge will be
d.ei‘orm?d appreciably at 20 p,s,i,, assuming the modulus of rigidity is 3 or
4 x 10" dyncs/square cm, If the distance off axis is 'x! fect and the web
thickness 'w' inches, it vollows that P,I,B, plastic propellant will stand
about LOOA X7 r,p.m, and soft rubbery cropellants some 1000/YXW r.p.m.

If the path of a rocket is altered, the permissible sideways acccleration
is, correspondingly, about 45 g/w for P,I1,B, propellants and 300 g/w for soft
rubbery propellants. IHowever, in gencral, the rocket will be partly burned
at this stage of its flight, and 'w' will be less than its original valuc,
Accelerations up to 10 g shonid be tolerated by both types of propellant,
taking w as 4 inches,

In cach of the last cascs, the overall flow of plastic propellant for a
sustained stress would require cvaluation,

5. DISCUSSION,

The main theme oi' this paper is to obtain an insight of the limitations
of propellants for largc rocket motors,

, It has been demonstranted that the theoretical limit for present plastic
propellonts in motors with o high density of loading is of the order of at
lcast 2 fect in diameter, As rockets approach this size, the specification
of’ the propellant will have to be eritically reviewed to ensurc that the
minimum ‘viscosity' is maintaincd and the 'crack value! is not too low,

The 'erack valuc'! test may have to be extended to include rapid single loading
and repeated slow cycling., Opecifications for cohesive and adhesive strength
may have to be introduced with both very long and very short times of loading,
Finally, there will probobly be a larger range of motor sizes, perhaps up to
some 6 feot in diamcter, where the usage of the propellant will need to be
limited to a low density of loading or to certain rather low temperatures,
unless more robust processing machinery or higher processing temperaturcs can
be adopted, with corresponding inereases in 'viscosity'! ond cohesive strength
of' the propellant,

It has been shevm thet the limitations of plastic propellants are more
and more serious as the sizc ol motor incrcases, as the 'viscosity' falls, and,
particularly, as the 'density of loading' and degree of stress concentraticn
in the motor rise, There is a2 practical limit to density of loading of
axial conduit charges, rclated to the range of temperature cycling, which is
of the order of 85 per cent, by volume for the widest temperature ranges,
rising to perhaps 90 per cent, in the case of a motor with a cylindrical
conduit, There is a limit to the length/dismcter rotio of cigar-burning
charges, again related to the temperaturc range, '
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In the case of hirhly clastic propellants, it has bsen shewn that the
modulue of ripidity of a sol’t rubber (sonc L x 106 dymes/square cm,) would
apain limit charces %o soue 2 feet in diamcter for low accelerations, and
to very muich smaller sirzes for hich accelcrations, The desirable shear
modulus TYor a highly-clastic propzallant vould be at least 107 dynes/square cm,

Ag for plastic propellants, the Yerack value! (relatcd 4o the clongation
at brcak) must be high, say 40 per cent., [or both rapid single stressing
and for slow repeaied stressing (implying fatigue resistance).

L
o
4

The nature of the 'highly elastic propellant' has deliberately been
ignored in the main part off the paper; it is immaterial to thc considerations
revicwed therc, There are marerous possibilitics, A soft cordite
(cog. Maxi: I), especlally il' rcinforced with carbon black, has a sufficiently
high clongation and rodulus o ricidity. However, it would become too
brittle around -20°C, and under high stresses it undergoes 'cold ilov!,
Possibly it could be slishtl; eross-linked in a reproducible manncr, and
without giving I,G, cxudation; or again, as with some synthetic rubbers,
reinforcement by vory Tfine £illoers would help.

Possibly an oxypenated monorcr will be developed which could polymerisc
to a rubber, pcrhaps with suitable plasticisation by a liquid nitric cster,
Failing these 'colloidal' ribbery propecllants, a 'composite! propellant,
employing an inorganic sall as oxidant, might be uscd, There is alrcady the
American "thiokol" propcllant, and dopolyrcriscd rubber (natural or butyl)
has been tricd on o small scnlc by E.R,D.E,; further laboratory work is in
hand, mainly to clucidatc such problems as wetting of the flller,

There is, however, cnother possibility, proposed by Poole. That is to
have a normal colleidal propcllant charge split up into segments cach beddcd
in an inert rubbery maferial, frec to cxpand and contract at the Jjunctions
between the segments, This is also being tested on a small scale, Its
advantages are mainly, at first sight, associatcd with thce possibility of
easicr manufacturc and ingpce’ion, coupled with protection of the corditc from
brittle fracture at lov toumpecratures, A variant of this idea, suitablc lor
many motor designs, would be to use a highly-clastic material to inhibit
colloidal propellants; some work on these lines has alrcady been donc (6).
If this material combined a reasonably high modulus of rigidity, good tear-
resistance, ete,, with a porous or ribbed structure, so that it could accomo=
date volume changes on tuiperature cycling and yet always be a tight fit in
the motor tube, it might Le o pood competitor to the plastic or liquid
surround of thc "Demon" motor, and climinatec all difficultics associated with
supporting colloidal propcllont charses on a grid, or its cquivalent.

It is thought thet these considerations amply Justify some work on highly-
elastic inhibitors, csveeially in viow of supply difficultics with ethyl
cellulosc,
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7. ACINOUIEDGIENTS,

The work rcferred to in this Technical Note has been largely carricd
out by or under the dircction of Mr, P,R, Frecman, who has done much to
improve the mechanical propertics of plastic propellants, Helpful dis-
cussions have also becn held with many members of E.R.D.E,, R.A.E./R.P.D,,
AD.E, and A.R,E,
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