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157] - ABSTRACT

The present invention relates to propergols or propel-
lants in the form of blocks which comprise two pro-
pergols or propellants having different speeds of com-
bustion and, in accordance with the invention, the
blocks have cross-sections according to which the
inner contour of the propergol or propellant having
the faster speed of combustion, has the shape of a star,
and there 1s a separatrix between the two propergols
or propellants also having the shape of a star, the
number of branches of which is at least equal to the
number of branches of the star shape forming the
inner contour. The invention also relates to a method
for calculating the shape of said blocks.

13 Claims, 23 Drawing Figures
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NEW AND USEFUL IMPROVEMENTS IN
PROPERGOLS OR PROPELLANTS
This is a continuation of eopendmg U.S. patent appli-
cation Ser. Ne 181,909, filed Sept. 20, 1971 now aban-
doned. |

The present invention relates to products of block
form of specific shapes, made by assembling two mate-
rials called propergols (i.e. propellants) and capable of
oeing converted into gas, more especially usable for the
reaction propulsion of civil or military vehicles in space
or in a gaseous or liquid medium. The invention also
relates to a method for determining the characteristic
surfaces of the propergols manufactured.in accordance
with the mvention.

These blocks are mtended for combustion in cham-
bers which are provided with one or more. apertures, in
which the gases produced during the combustion be-
come pressurised with respect to the exterior, and
which are generally cylindrical.

The outer lateral surface of a block in accordance

with the invention has substantlally the shape of a cylin-
der of revolution, and it is either adhered to the wall of
the chamber, or mhlblted SO as not to participate in the
combustion. Along this surface and about its axis, the
block has a central cavity, of elongated shape in the di-
rection of this axis, set alight at the start of the firing;
this cavity opens out at at least one of the ends of the
block. o ,
The block is manufactured with twe separate homo-
geneous propergols, mtlmately coupled one to the
other with interruption along a surface of separation all
In one piece, surreunmng the central cavity.

The present invention is further illustrated and de-
scribed by reference to the accompanying drawings,
wherein - a |

r1G. 1 1s a cross-section of a solid propergol prepared
according to the invention;

FIG. 2 represents the relatlonshtps obtam In one sec-
tor of a typical propellant according to the invention;

FIGS. 3, 4 and 5 illustrate the relationships between
the shape functions of a propellant and the reduced
thickness during various phases of combustion:

FIGS. 6, 7 and 8 show relationships in typical sectors
of propellants according to the invention;

FIG. ® shows relationships between the shape func-
tion and reduced thtckness of an embodiment during
combustion;

FIG. 10 shows a partial cross-section of initial condi-
tions and flame fronts during combustion of an embodi-
ment of the mvention;

FIGS. 11 and 12 show relatlenshlps in sectors of preﬂ-'
pellants according to the invention;

FIGS. 13, 14 and 15 show families of curves repre-
senting flame fronts or surfaces of combustion in cer-
tain embodiments;

FIGS. 16, 17, 18, 19, 20, 21 and 22 illustrate the rela-
tionships in sectors of various embodiments of the in-
vention; and |

r'1(5. 23 shows relationships between the shape func-
tions and radial distances in certain embodiments. |

The propergols each burn, both separately and simul-
taneously, in substantially parallel layers, but their

g

combustion speeds are different, and the quotient » of
the rate of combustion of the rapld propergol divided
by that of the slow propergol is substantially constant.

‘The rapid propergol occupies the entire volume of the
block between the central cavity and the surface of sep-
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2

aration, and the slow propergol occupies the whole vol-
ume of the block between the surface of separation and
the outer surface. -

~On a section of the block made in its cylindrical por-
tion perpendicularly to the directions of the generatri-
ces, and referring to FIG. 1 of the accompanying draw-

mgs the fellewmg terms are applicable: |

“outer contour” C,, is the outline of the outer surface
it is constituted by a circle whose centre is marked O
and whose radius has a length taken conventionally, in
all that follows, equal to unity;

“inner contour” C,, is the outline of the inner sur-
face; it is constituted by a closed curve, without double
pe'int surrounding O, and within C,; |

“separatrix”’ G, 1s the outline of the surface of separa-
tion; it is constituted by a closed curve, without double
point, surrounding C,, within Ce, NOL touchmg either C,
or C,;

“flame front” C(t), is the outline of the surface
formed by the points under ignition at a gwen instant r
of the firing; at the instant of the ignition, C(¢) is
blended with C,; at the instant when the combustion
reaches the outer contour for the first time, C(¢) is a
curve C; touching C, at at least one point; beyond C,
and as far as Cinclusive, C(¢) is a closed curve, initially
within G, then cutting G, finally outside G; in the
course of the firing, the first flame front touching G is’
marked Cy, and the last one having one point at least in
common with G is marked C,.

The flame fronts or surfaces of combustion C,, C, o
and C; are shown as dashed lines, and the drawing is
hatched to indicate that the section represented by the
sectional area between inner contour C, and separatrix
G comprises a first faster-burning propergol and the
section at area between separatrix G and outer curve
C, represents a slewer-bummg propergol.

Each inner contour C, has the general aspect of a star
having p branches, with p being at least equal to 3; this
star is more or less deformed, but it is still selected such
that at the end of the “rapid phase” of the combustion
(the phase when the rapid propergol alone burns), the
flame front C is formed only of p consecutive arches
which all tumn their concavity towards the centre Q,
which are each an element of curve parallel to a por-
tion of the end of a diffeent branch of the star, and
which are themselves substantially composed of arcs of
circles whose centres, called “main centres of curva-
ture”, are situated on p radii of C, called ‘““main sides”
and each intersecting the inner contour at one point of
the end of a different star branch.

The separatrix G has the general aspect of a star hav-
ing v branches, with v at least equal to p; this new star,
more or less deformed, 1s still chosen and positioned in
such a way that, on the one hand, at the start of the
slow phase” (the phase when the slow propergol alone
burns), the flame front C, itself also has the aspect of a
star having v branches envelopping as it were the
separatrix (FIG. 1), and that, on the other hand, the
flame front C; is formed only of v consecutive arches,
turning their concavities towards O, all being substan-
tially tangential to C,, each being located opposite the
end of a different branch of G, and being composed
substantlally,of arcs of circles whose centres, called

“image-summits”, are all situated in the vicinities of the
ends of the v branehes of G.
Due to the shapes of the curves referred to above, the

bleeks in accordance with the invention are called *“*bis-
tellar blocks”, whilst the conventional blocks having a
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single propergol and having an inner contour in the
form of a star will be called, in contradistinction,
“monostellar blocks” when reference is heremafter

made to them. |
A first group of bistellar blocks is characterised in
that the circle C, can be cut up fictitiously into a cer-

tain number p’ (at least equal to p) of sectors subtend-
ing equal angles at the centre, and all containing por-
tions of C, substantially superimposable one on the
other and portions of G substantially superimposable
one on the other; these blocks have the advantage of an
easier study of the successive flame fronts as from the
“mixed phase” (when the two propergols burn to-
gether). -

However, such a study is also facilitated on a second
group of bistellar blocks, called *‘symmetrical bistel-
lars”’, characterised as follows by calling a sector of C,
limited by two consecutive main sides, the “main sec-
tor””; the portions of C, and of G contained in any main
sector cach allow the inner bisectrix of the main sector
to be the axis of symmetry; the main sides all intersect

G at points situated on the ends of the star branches.

In this way, the evolution of the flame fronts in the
blocks of the second group is effected without recipro-
cal influence of the different main sectors, and in each
of these, it is also simplified by the existence of a sym-
metry in relation to the bisectrix of the main sector in
question.

In a general manner, as from a main sector possessing
such a symmetry, a sector of C, limited by one of the
sides and by the inner bisectrix of the main sector in
question is referred to as an *“‘elementary sector”. This
bisectrix is the “second side” of the elementary sector,
and the portions of C; and of G contained in an ele-
mentary sector constitute an “‘elementary motif™.

The study and the performance of a symmetrical bis-
tellar block are deduced immediately, and in evident
manner, from the properties of the *“main motifs”, that
is to say from the outlines of C; and of G in the main
‘sectors. However, these main motifs have properties
which vary in a continuous manner with the value 2 ()
for the angle at the centre of the main sector. In this
way, it is possible in practice to limit the study to main
sectors capable of producing blocks belonging to a
third group, which is constituted by definition of the
blocks of the second group having their main motifs all
substantially superimposable one on the other.

In order to assist in considering the description of the
invention, there follows a legend of symbols and abbre-
viations used in disclosing the invention and embodi-
ments thereof:

' LEGEND OF SYMBOLS

n = Combustion quotient, the ratio of rate of com-
bustion in rapid propergol : rate of combustion in
slow propergol

C. = Outer contour. Its radius is taken as 1.

- O = Center of outer contour C,.
- C, = Outline of inner surface

G == Separatrix or surface of separation between the
two propergols — Does not touch C, or C,

'C(t) = Curve of flame front surface at time ¢

C,= Curve of first contact of flame front with C, —

~ touches C, at at least one point

p = Number of branches of star forming C,. Is = 3

C, = Curve of first flame front touching G

y = Number of branches of star forming separatrix G

- Q = Angle at center of main sector = 7/p
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Shape A = Shape of Co composed of circular arcs
and straight line portions .
Shape N = An inner contour of Shape A

Shape (or Form) D composed of straight-line seg-

ments = Final form of G
e = Radius of arcs constituting roundoffs at G seg-

ments

Shape E= First outline of G

¢ = Class = (v/p) whichis =1 and at most=4

Cg = Last flame front touching G

I'(t) = Perimeter of C(¢) in rapid propergol

I'"'(¢) = Perimeter of C(¢) in slow propergol

u'(1) = Flame radius in rapid propergol

' '(¢) = Flame radius in slow propergol

u(1) = u'(t) +n u''(r) = corrected distance of C(z)

I(t) = n'l(t) + I''(t) = corrected penmeter of C(¢)

n’ =Selected coefficient chosen so () is C(¢) if situ-
ated solely in slow propergol — Generally n' = n

p =Filling coefficient =surface between C,and

C./inner surface of C,; preferably p = 0.9

o = Ratio of theroretical residual = surface between
C,and C,/surface between C, and C,; At most 0.05

¢ = Shape function = corrected perimeter of
C(1)/corrected perimeter of C;

v = Reduced thickness = corrected distance of
C(1)/C..

&, = Shape function of initial flame front, i.e., on C,

¢, = First maximum value

¢, = Minimum value in fast propergol .

¢;. = Terminal value in fast propergol

d)k' N Values at C;;' s C;.-l ... mixed
phase, i.e., both fast and slow propergols

by = Median value

¢, = Value at C,, first of final median phase

¢,. = Final minimum value

kti)f: Value at Cf: 1

. = Value at (,;, = 0

1—y, = Residual reduced thickness

b = Common value of distances to O from main cen-
ters of curvatures

a = Arithmetic means of distances to O from apexim-
ages

r . = Shortest distance from G to a main center of
curvature

a,, = Greatest distance of G to O = minimal shaping
L 0.75 |

r , == Radius of curvature of outer apices of ¢,

r, = Minimal value of r, = 0.06/bp € = Radius of cur-
vature at points of G situated in vicimty of outer
apex |

€,=0.15/v

Parameters of construction p, ¢, r,, €, b, a, r

Parameters of utilization r,, €, dy, p, o, ¢, (various
values)

Shape A = of C,

A= Z OM3”T1 |

Shape N =Normalised mner contour

wy = Angle of neutrality relative to w

2 = 27/v |

j = Number of apex-images and geometrical centers
of Shape D or E

P = Main center of curvature of sector

a ; = Distance of ith apex-imagine from O

B; = Inner apices of G

r;. = Radius of arcs of circles comprising C;

7r = Plane normal to axis

K, = Maximum “inherent locking™

m = Number of different contours
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z = Lengths in direction of gas flow

s = blementary inner perimeter

{ = Minimum value of shortest distance to main side.

Such blocks have, moreover, industrial interest, since
1t 18 generally not best for the main motifs to be differ-
ent. However, if these motifs are all equal and each

have their axis of symmetry, 1t 1s not absolutely neces-
sary, for the convenience of the calculations, that the
main sides Intersect G at the ends of star branches.
For these reasons, the bistellar blocks whose descrip-
tion 1s detailed below are those of a fourth group, cha-

racterised in that: first, the main motifs are substan-
tially all equal one with another and each allow the
bisectrix of the corresponding main sector to be the
axis of symmetry; then, the two conditions below, aim-
ing at simplifying industrial manufacture, are satisfied:

on the one hand, the inner contour C, is made solely
of portions of straight lines or of circles, whereby, like
Cr and G, the bisectrices of the main sectors may be
axes of symmetry;

on the other hand, the separatnx G 1s, in its final
form, called form D, composed solely of straight-line
segments constituting the sides of the star branches and
small arcs of circle, of common radius e constituting
the round-offs at the junctions of these sides.

However, it has been found that, for this shape D, the
portions of flame fronts situated in the slow propergol
were very close to lines made of portions of straight
lines or of circles, and that conversely, if G had been
traced so as to make the flame fronts in the slow pro-
pergol strictly identical to such lines, there would have
been obtaimned a separatrix shape very close to the
shape D, the sides of the branches therefore being very
stretched hyperbolic arcs, and the contours of the ends
of the branches becoming portions of small Descartes
ovals. |

It has been found then that it was possible, with a
view to simplifying the calculation of the perimeters of
flame fronts as from C,, to make a first outline of G,
‘called “shape E”, defined in this way:

the sides of the branches are constituted by very
stretched hyperbolic arcs, which are each constructed
so as to transform the circular flame fronts of the rapid
propergol into rectilinear flame fronts in the slow pro-
pergol, which meet two by two In order to create on G
angular points between neighbouring branches, and
which are connected by portions of small ellipses to the
ends of the branches;

these ellipses confrom to an approximation of the
Descartes ovals and are, to this end, constructed so as
to change the flame fronts in the rapid propergol which
arrive at the ends of the branches and which can be lik-
ened for this purpose to small straight-line segments,
into circular flame fronts in the slow propergol;

the connection betwen an hyperbolic arc and an el-
liptical arc 1s effected either tangentially or (to simplify
the calculations, in the case of a general study or of a
preliminary plan) on an apex of the small axis of the el-
lipse; unless there are indications to the contrary, this is
the mode of connection which will be used in the exam-
ples which follow;

finally, all the ellipses used in the construction of G
are equal one to another.

However, a shape E leads to straight-lme or circular
flame fronts in the slow propergol only for a single
value of n, namely precisely the one which has been

used upon the geometrical definition of the ellipses and
of the hyperbolas.
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However, once the outline of the separatrix has been
perfected in an E shape, it is easy to deduce from this
latter a shape D which is very close thereto. There has,
therefore, been obtained, with the minimum of trial
and error, an outline of G which can be manufactured
industrially and from which can be made without addi-

tional difficulties, if so desired, calculations of flame
fronts for other values of n, more especially for values
close to that retained at the start.

Finally, the shapes D and E of the separatrix can both
be used 1n the course of the study of the blocks of the

tourth group. This group is called that of the “symmet-
rical bistellar blocks of order p and of c¢lass ¢’ (or more
briefly “blocks of order p and of class ¢”), the class ¢
being the entire quotient (v/p), at least equal to 1.
For the shape E, each apex-image is one of the fo-
cusses, called “main focus™, of the ellipses forming the
contour of G at the end of a branch; if this end is inside,
or intersects the main side, of an elementary motif,
there 1s only a single: elllptlcal arc connecting the two
sides of the star branch; if the same end intersects the
second side of an elementary motif, it is then formed

from two small elliptical arcs symmetrical in relation to
the second side of the sector and having the same main
focus, situated on this second side.

By definition, a point of any closed curve surround-
ing O 1s called *‘outer apex” or “inner apex” if its dis-
tance to O 1s greater or smaller, respectively, than that -
of the points situated in its vicinity, before and after it
on the curve.

For the shape D, the apex-tmages are substantially
the centres of curvatures at the outer apices of C,, or
Cy, or of any flame front between C, and C,.

In all the cases, the separatrix G is called “regular” 1f
the apex-images are all equidistant from O, and “not
regular’’ in the contrary case; it is called ““of first sort”
iIf 1t has outer apices on the main sides, and *‘of second
sort” in the contrary case. '

The whole of the flame fronts C(r) between C, and C;
constitutes a family of parallel curves having for or-
thogonal trajectories lines each formed by two seg-
ments of straight lines (or exceptionally by a single
one), all leaving from C,, and called “flame radii”. In
other words: /'(z) and /''(¢), respectively, the portions
of perimeter of C(r) situated in the rapid propergol and
In the slow propergol; u'(¢) and u''(¢), respectively, the
lengths situated in the rapid propergol and in the slow
propergol of a flame radius going from C, to C(¢). The
one or the other of the lengths /'(¢), I"'(t) can obviously
be nil, and the same holds true for the one or the other

of the lengths u'(¢), u'' ().

The sum u(¢) =u'(t) +n u'' (1) is called “corrected
distance” of the flame front C(#).

The expression “corrected perimeter’ of C(¢) is used
to refer to thesum I(t) =n' 1 '(t) +1I'"'(¢), where n’ is a
coefficient chosen in such a way that /(¢) represents the
perimeter which C(¢) ought to have, if it were situated
solely in the slow propergol, so that at the instant ¢ of
the firing the pressure or the thrust obtained are sub-
stantially the same as with this flame front. Generally,
n' 1s equal to the ratio of the speeds n, and it is this
value which will be adopted in the following; however,
the conduct ot the calculations is absolutely similar if n’
= M.

It 1s obviously desirable that inside C, the surface oc-
cupled by the propergols be the greatest possible, tak-
Ing into account the space necessary for the normal
flow of the burned gases through the central cavity; it is
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also necessary that the portion of this surface between
C,;and C, be the smallest possible since it 1s the domain

of the discontinuous flame fronts, having a very rapidly
decreasing perimeter, therefore of poor yield (the final
flame front of the firing called ““punctihiar flame front™

and marked C, is reduced to a finite number of points

of C.). By definition:

the “filling coefficient p”’ 1s the quotient of the sur-

face between C, and C, divided by the inner surface of
C.; a high value of p is sought, generally at least equal
to 0.9;

the ““theoretical re51dual rate o 1s the quotient of the
surface between C; and C, divided by the surface be-
tween C, and C,; a low value of o 1s sought, generally
at the most equal to 0.05;

the ‘“‘shape function ¢’ is the quotient of the cor-
rected perimeter of any flame front C(¢) divided by the
corrected perimeter of Cj; ¢ can be considered as a
function of ‘‘the reduced thickness v, quotient of the
corrected distances of C(¢) divided by that of the punc-
tiliar flame front C,; generally, 1t 1s desired that the
graph of ¢ (v) does not deviate too much (generally
not by more than 10%) from a standard predetermined
curve, and constituted more often than not in its major
part by one or more straight-line segments which are
~ horizontal or slightly inclined.

For all the blocks which are the objects of the inven-
tion, the graph of vanation of ¢ as a function of y has
three successive portions, each of which has a charac-
teristic shape.

The first is that corresponding to the rapid phase; it
comprises two periods, as shown in FIG. 3 of the ac-
companying drawings.

The initial period (lines in dashes of the graph) con-
cerns the flame fronts which are not made solely of arcs
of circles, whose centres are on the main centres of cur-
vature; the following are to be noted:

¢, the value of ¢ on the initial flame front, that 1s to
say on C,;

¢, a first maximum, after an outline start which 1is
generally rectilinear or polygonal.

The following period relates to flame front consti-
tuted solely by arcs of circles having centres on the
main centres of curvature. The corresponding graph 1s
a curve convex downwards; therein:

- ¢, is the ordinate of the minimum (flame front C,);
¢;. is the terminal ordinate, which is more often than
not a second maximum (flame front C;,);

In certain cases, ¢, can merge either with ¢, or with
br. -
It is to be noted that it is a question In this phase as
in the others, of maxima and of minima Wthh are rela-
tive. |
- The second por’uon corresponds to the mixed phase

and goes from C;. to Cg; three periods are distinguished

there (see FIG. 4).
- The commencement period commences with the first
flame front noted C; which touches G, and ends with
‘the first flame front which reaches G in the vicinities of
all its inner apices; it can be reduced to the flame front
C., more especially when the elementary motif com-
prises only one inner apex of G; if it comprises more
than one flame front, the inner apices contained in this
motif can be touched successively by flame fronts
which are then marked C,,, C,.r  , Cp» The
values of ¢ relative to these flame fronts are marked ¢,

¢ir , Gpw , etc., and the corresponding points of the
graph are angular points, of ordinates either less than
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or higher than ¢,, capable or not of being separated by
points where ¢ i1s minimum and whose ordinates are

then marked oy , du~r , etc.
Then comes a median period, characterised in that
the number of the points of intersection of the tlame

fronts and of the separatrix remains equal to 2 v. The
graph is then a curve convex downwards, with a mini-

mum, of ordinate ¢, , situated generally somewhat
close to the start of the period. However, sometimes
¢4 is shifted to one of the ends of the period and con-
stantly increasing or constantly decreasing.

The final period of the mixed phase commences with
the first flame front, marked C,;, which reaches a point
of connection on the separatrix between a side and a
round-off of an outer apex. The value of ¢ relative to
C,, marked ¢, is quite often a maximum; it always
presages a change in the aspect of the variation of ¢.
This period comprises only the flame front C, 1n the ex-
treme case where all the outer apices of G are angular
and all belong to one and the same flame front which 1s
then C,. In the general case, it comprises other flame
fronts subsequent to C,, intersecting or touching the
separatrix but capable of having with it less than 2 com-
mon points; its final flame front is C,, and those for
which there occurs a discontinuity of the number of the
points common with G are, ascending as from G,
marked C,, ,C,» ,etc;on the graph, the correspond-
ing ordinates are, in the order of the increasing y, ¢ , .
.etc., Oye , Oy, Gy, these ordinates decrease rather
suddenly, from ¢, to ¢,, and the representative points
are angular points of the graph.

The third portion corresponds to the slow phase as
shown in FIG. § of the accompanying drawings. The
noteworthy ordinates are:

¢, final minimum of the curve (y, ¢), situated gener-

ally towards the middle of the phase;

¢y, identically equal to 1, for the flame front Cg

¢., identically equal to 0, for the punctiliar flame
front C..

The minimum ¢, can slip etther towards ¢, or
towards ¢y, but the graph 1s always either rectilinear or
convex downwards.

The drop of ¢, from ;=1 to ¢, = 0, has to be et-
fected in a time which is as short as posmble in.order to
avoid a rupture of the chamber through excessive heat-
ing in the case of the moulded and adhered charges. It
is, therefore, sought to make the difference 1—yy, re-
ferred to as “residual reduced thickness™, very small,
where yr 1s the thickness reduced relative to Cy.

For example ¢ arranged to be between 0.85 approxi-
mately and 1 during the entire firing.

Three geometrical magnitudes, drawn directly from
C, and from G, play an important part in the evolution
of ¢; these are:

the common value b of the distance to the centre O of
the main centres of curvature;

the arithmetical mean a of the distances to the centre
O of the apex-lmages;

the shortest distance r; from the separatrix G to a
main centre of curvature.

Three other geometrical magmtudes ayt,, €, CONCErn
the manufacture of the propergol:

ay is the greatest distance of the separatrix G to the
centre O, and 1s called the “minimal shaping” of the
block; in fact, when this latter 1s moulded directly in a
propellent by means of cores of the conventional type

(that is to say non-retractable), ay 1s the mimimal radius
possible of the aperture of the rear bottom. For the
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large propellents it 1S generally necessary that a,, <
0.75; L L

L s the radms of curvature at the outer aplces of Cﬂ,
it is equal to zero if. these apices are angular points;.the
value of r, 1s. cleeely tied to the admissible level of the
Internal. tensions in the prepergol mass at the ends of
the star branches of the .inner contour, and has to be
chosen large enough to avoid eracking; w1th the usual
propergols, and.in order to be able to compare several

configurations, r, can be assigned a minimal value r,

resultmg from the empirical formula (1)

o ,0.06 .
: (I )| rﬂ“_ b *

e is the radius of curvature at the points of G which
“are situated in ‘the vicinity of an outer apex, and where
the radius of curvature passes through a minimum; it is
equal to zero if these apices are angular points; in the
case of the moulded and adhered blocks, it has to be
large enough to avoid cracking in the slow propergol
‘before the moulding of the rapid propergol; as a rough
assumptiorn, it can have a value approximately equal to
the value ¢, supplied by the empirical formula:

0.15 <

(2)

All things een51dered a certain’ number of numerleal
characterlstles are available which can be classed ei-
ther as “‘parameters of construction” (p, ¢, r,, €, b, a; ;)
or as “‘parameters of utihisation” (r,, €, ay, p, o, and the
noteworthy values of ¢p). S

The calculation of a usable block of prepergols 1s ef-
fected by starting from the conditions of production or
of use. These conditions oblige various parameters to
be situated within certain intervals. The problem con-

sists, as from these data, in: construc:tmg bloeks havmg

the best properties. - e |

One of the elements of the mventlon 1S.a shape ef the
inner. contour C,, considered in itself independently of
any dimensional indication, called “‘shape A”, and con-
stituted by a succession of circular arcs and of straight
line portions which cemprlses 1n an elementary sector,
such as that shown in FIG: 2:-

a circular arc, TT, of radlus Yos hawng 1ts centre

merged with a main. centre of curvature P situated on-

the main side; inside the segment OT"; -
~ a circularyarce TT,, connected tangent:ally to the arc
T'T, having its centre. at- a. point M;'’ situated on the
second side of the sector and charaeterlsed by the angle
OM;"’ P=Q'’; - .
~ astraight hne pertron TITQ, connected tangentlally to
this second circular arc, and of orientation character-
ised by the angle Ol SRR ; |
a final circular arc TET” ef radms r',, cennected tan-
gentially to T T,, havmg its centre at a point;T, situated
on the second side inside the segment T''M;'".
-Such a shape can evolve:according to the values of
the radii of the circles and accerdmg to the length of its
rectthinear portion. .. ., -
More especially, . Fos o, )t and. the length of the seg-
ment T, T, can, separately or not, be nil. .
If the angle at the centre Q) (equal to 7/p). of the ele—

mentary. sector iIs assumecl known, the radius r, of the
arc of elrele centred on P .and. if the evolutlon of .the

S
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function ¢ in the rapid phase can be imagined, it has

been found that {1’ and, consequently, the position of

| the point M;"’ can be determined by the relations,

e sin 0
w1th 3!1

b,
[bM:i”

i

cos {1,

-
2

ll—

Q“{Q” <

in which the angle {},, called ““angle of neutrality rela-
tive to {17, is defined by the relations:

ar
2

- (4) tan Qp —Op=Q, O <Qp <

and cbu,u 1S the value of cf)relatmg to the ﬂame front_
passmg threugh M;"'.

The numerical parameters of a shape A can vary genn

erally in a continuous manner within fairly large Inter-
vals, under some conditions of compatibility.
It 1s necessary that the line T' TT,; T, T'' which has
JllSt been defined dows not leave the elementary sector.
It can be seen 1rnrned1ately that, when the angle at P of
the tnangle OMS”P is acute

(that 1s to say 1if Q-+ Q" >

the arc T T, runs the nsk of intersecting the side OP if

| the radius r, of the circular arc T’ T is less than a cer-

tain minimum_r,, function of b, Q, Q. Likewise, the
angle A = OMj;''T;, where T, is the point of connection
of T T, and of the segment T, T,, must not, all things

“equal moreover, exceed a certain minimum.

What may be referred to as a “normalised” inner
contour, or contour of “shape N”, an inner contour of
shape A, 1s characterised in that:

ro is equal to r, when at the same time

w
O+ Q> 3

'.and r, <.rp and it is equal to r,, defined by the relation

(1), in all the other cases;
A is equal to the angle of neutrahty {1, relative to ()

and defined by the relations (4).

Experiments have shown that such contours are
those allowing the greatest coefficient of filling p to be

obtained for any given values of p, b, r', and ¢4 and tak-

ing (1) into account. And since the value chosen for ',
has generally a negligible influence on the coefficient
of:filling p, 1t 1s used principally to adjust ¢, to the de-

sired value.

There has also been feund a certain number of rela-

tions to be respected between certain characteristics of

the curves C, and the characteristics of the curves G.
- Referring now to FIG. 6 of the accompanying draw-

Ings, let an outer apex S of G situated inside, or on the

sides of, an elementary sector bearing on its main side
a main centre of curvature P; let P’ be the apex-image
adjacent to S, and O’ the geometrical centre of the arc

of circle or the ellipse belonging to G, in the vicinity of
S,.1n the sector involved.
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If G is of shape E, the distance € =P'P'O’ i1s known
as soon as # is assumed as well as a parameter of the arc
of ellipse, for example the semi-small axis ¢, and P’ 1s
known to be on the segment PO’.

If G 1s of shape D, it has been found that with an ap-
proximation sufficient in practice, and by virtue of the
fact that the radius € of the round-off remains small, the
point P’ can be placed on the segment PO’ at a distance
e’ =P’'O’ from O’ such that, by laying down ¢’ = PO’:

¢

€
qr

n—1 +

- The approximation made in this way has as a conse-
quence that, if S 1s situated on the second side of the el-
ementary sector, the apex-image relative to this apex is
likened to two separate points according to whether the
one or the other of the elementary sectors is considered
as having this second side; however, this is not a draw-
back in practice, and moreover the two points in ques-
tion are at the same distance from the centre O.

It has been found, on the one hand that, in order to
minimise o, it is desirable to place the outer apices of G
on radii of the circle C, cutting-up on this circle v sec-
tors of angles at the apices all substantially equal to

2w
D= :

v

then a and b are givén exactly or with an approximation

sufficient in practice by the relations below, where
w, s called “angle of neutrality relative to @™

| sin @ sSin w’
(6) a = — =¢ 08wy . UO<w<uy
| © sin @ + sin @’ w4+ w’
(7)1&1‘1&1,, — Wy =m.()<.mp < ;—
d b, sinw () cos {1,
(8) b= n' ¢, @ T sin{l coswy

- On the other hand, P’; and O’; are used to designate
(i=1,2,3...))thejapex-images and the j geometrical
centres of the ends of a separatrix, of shape D or, which
are situated inside or on the sides of one and the same
elementary sector; €’; refers to the distances P’; O}, g;
the distances PP’; of the apex-images at the main centre
of curvature P of the sector, and q, the distances of the

- same apex-images from the centre O; and it has been

- found: |
that it is advantageous for the convenience of calcu-

lation to place, on j radii of C, whose angles with a main
side of the sector are worth either (2J—1) w or 2J w,
with J =1, 2, ... etc., j, the geometrical centres O;
when the separatrix is of shape D, or the apex-images
P’; when it 1s of shape E; |

that in the two cases, the j lengths g; = PP’; are the

roots of a system of j equations expressing, on the one
- hand, the fact that a is the arithmetical mean of the v

distances to the centre O of the apex-images relating to
the v apices of the separatrix, on the other hand, the
equality of value of the j different expressions which
are obtained for the corrected distance of C,when each

of the j flame radii passing through the apices-images

P’; is followed, this equality being able to be expressed
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12
by the j—1 equations below: (9) U=U,=. . .= Uj, with
U=na;+ (n—1) 1 —¢q;.andi= 1, 2-. . . etc., J.

It will be apparent that the formulae given above and
allowing the determination of the positions of the outer
apices of the separatrix G are not absolutely manda-
tory, since they may have a certain number of reason-
able approximations. Likewise, upon the eftective
realisation of the blocks of propergols in accordance
with the invention, the theoretical positions of the
outer apices of G, determined by the said mathematical
formulae, will be able to be more or less respected as a
result of the imperfections inherent in the physical pro-
cesses used. It follows that blocks made in accordance
with the invention cannot be limited to those for which
the outer apices of G obey strictly the ideal positioning
defined by the said formulae, but also extend to the
other blocks of the same type in which the positionings
of the outer apices of G are close to. these theoretical

posItions.

Let R; (i"=1,2...j") be the inner apices of G sit-
uated inside or on the sides of the elementary sector
and R*;, the points of G situated in the vicinity of the
R;. and such that their distances to the main centre of
curvature P of the same sector pass through a relative
minimum (the R*;. can be wholly or partly merged
with the R; - ). To determine the R*;. comes back to
determining the R;, . The term r;;» denotes the
length of the segment PR*; . , 6;;. the acute angle of
this segment and of the main side, and r; the smallest of
the lengths r;; + ; 1 is equal to the radius of the arcs of
circle constituting C,, and it has been found that its ex-
pression as a function of ¢; is given by the equations:

in Q in Q' '
(10) ry = o , with =l = il cos {1, O<}'<(},
b sin {}’ 1 + SV ¢'k
- For j'<1, the distances r; + are chosen taking the
following criteria into account:

first of all, they have to be spaced out so that ¢

evolves, just after the flame front C,, in the sense de-

sired; generally, it is desired that at the start of the
mixed phase ¢ no longer increases, or at least begins
very soon to decrease;

then, they must not be too small, so that the branches
of G have a length sufficient to have a correct action on
the flame fronts coming from the rapid propergol; if
two sides of G having in common an inner apex R were
too short, ¢ could rise too much before the flame fronts
reach R; then, this point R being reached, ¢ would drop
In a very pronounced manner, arriving at the end of the
mixed phase at a value lower than that which would
have been given by longer branches;

finally, they can satisfy various desirable convenient
factors; for example, if they are all taken to be equal,
the calculations of ¢ in.the mixed phase will be facili-
tated; or, for the sake of regularity, they can be taken
such that the distances to the centre O of all the inner
apices are equal. |

As for the angles 6;; » , they are determined so as to
satisfy the imperatives of varnation of ¢ and to facilitate
calculation; they are chosen, preferably, such that the
inner apices of G are not too remote from the bisec-
trices of the angles formed by the radii of C, passing
through two consecutive outer apices of (.

All the determinations below are made after the val-
ues of p, ¢, n and noteworthy values of ¢ have been as-
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sumed. These latter are supplied as desired by the us-
ers; p and ¢ are chosen mainly as a function of the de-
sired values of p and of o, with the assistance of the ta-
bles of results of Example 1 below. As for n, it is deter-
mined by trial and error, by trying to construct the 2
block with a certain value and by observing if the curve
of evolution of ¢ which results therefrom is acceptable;
a complete tllustration of the method and of the influ-
ence of n on the function of shape is given in Example
3 below. However, it can be said in general that, if the
usual conditions of maximum or of minimum are im-
posed on the variations of ¢, there exists, for a wide
range of values of p and of ¢, a certain interval of the
possible values of #; it has been found that the mean
point of this interval varies “grosso modo” in the con-
verse sense of v, and is slightly less than 2 for v = 24.

At a point situated on the axis of the block and such
that the plane 7 normal to the axis at this point inter-
sects the lateral surface of the central cavity, the “in-
herent locking” (“serrage propre”) is by definition the
quotient, of the area of the portion of surface of the
central cavity which generates, at the start of the firing,
gases directed towards the plane 7 divided by the area
of the section of the central cavity according to .

On the whole of the points above, the “‘inherent lock-
ing” (“serrage propre’’) has a maximum K,, which is a
characteristic of the block. Now, it is necessary that K,
does not exceed a certain limit, as a function of the pro-
pergols used; and this circumstance is often trouble- 30
some, with blocks of somewhat elongated shape, when
one uses fully the possibilities which are given by the
invention of reducing the surface of the inner contour
and of increasing, accordingly, the coefficient of filling.

A substantial improvement in this field is supplied by 15
a very general family of bistellar blocks, characterised
in that, if the sections of the axis cavity be considered
to be made successively, through planes normal to the
axis, always following the same flow direction of the
gases, the first of these sections, situated at the origin of 4¢
the flow, has a surface less than that of the final section,
situated at the outlet of the block, and the surfaces of
the intermediate secttons never decrease; there can
thus be obtained for the same value of K,,, a central
cavity of volume less than that of which the sections 45
would all have the same surface.

More especially, the invention allows the manufac-
ture of bisteller blocks called ““of the fifth group™, be-
longing to the general family which has just been de-
scribed, and characterised moreover in that:

they form part of the fourth group, that 1s to say, of

that of the blocks of order p and of class c;

the sections of their cylindrical portion bear outlines
of the tlame front C, all substantially identical;

the sections, through planes normal to the axis of the
lateral surface of their central cavity, are all contours
C,-belonging to the form A described above; for a given
bilock, these contours are each constructed with the
same values of (1, b, r,, r',; if these are considered one
after the other by always following the same direction
of flow of the gases, a finite number m of different con-
tours are found, which are distinguished one from the
other only by the values of Aand, accessorily, of {}'’.

Thus, the central cavity is composed of m successive
portions, each containing sections having identical con-
tours, and occupying on the axis of the block successive
lengths marked z,, z, . . . z,, In the direction of the flow
of the gases. |
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The length of the portion, contained in an elementary
sector, of an inner contour of shape A is marked s and
called “elementary inner perimeter’. On the m succes-
sive contours C, of a block of the fifth group, consid-
ered in the same order as above, there is noted s,, s . .
. 5, the elementary perimeters, p,, p2 . . . P the coeffi-

cients of filling, and A, A, . .. A, the values of A; the co-
efficient of filling p and the elementary inner perimeter
s of the block are by definition the quotients, of the
SUMS 0121 + PoZe . . .+ P2, and §,2; + 822, + . . .+
SmZm dlvided by the sum z, +z. + .. . + z,.

In order to determine a block of the fifth group, one
can start from the outline, calied “reference outline™,
of an mner contour C, of shape A meeting the condi-
tions imposed, corresponding to values marked Q%*,
V¥ N*, b, 1y, ' ,* Of the parameters of definition, and
characterised 1tself by a coefficient of filling p* and by
an elementary inner perimeter s¥*.

It a block of given length and with a central cavity
were made whose sections normal to the axis are all
identical to the reference outline, there would be ob-
tamed for the maxirnum “inherent locking™ (“‘serrage

propre”’) a value K*; which would by hypothesis be
too great; the problem is therefore to define a block of
the fifth group, of same outer dimensions, which is con-
structed with values of (), b, r,, ¥, identical to those of
the reference outline, which retains the values p* and
s* of p and of s, and for which the maximal “inherent
locking™ (“‘serrage propre”’) has a value less than K*,,
and as low as possible.

It has been found, in practising the invention, that the
block sought is theoretically characterised in that:

m has to be of the largest possible value and s,, of the
smallest possible value;

since there exists, with the conditions laid down, a
Iinear relationship between the p;and the 5; (i= 1, 2.
. . m) which can be written s, —s; = B(1—p;), 5, and B
being positive constants, the elementary inner perime-
ters s; have to form, with the constant s, a decreasing
geometrical progression of m + | successive terms s,,
315 82 - o . Sy

thezi(:.’: 1,2.
other.

However, in practice:

m cannot be very large, without excessive complica-
ttons in practice; and, moreover, its influence on the
value of K, 1s rather low; |

Sm cannot be less than the value of s for which X is nil;

§s; cannot exceed a certain maximum corresponding
toaline T" TT, T, T" of FIG. 2 which would be, of
course, situated inside the elementary motif and of

. . m) have to all be equal one to an-

‘which, furthermore, the shortest distance to the main
side of the same sector would have a minimum value

not nil ¢, still compatible with a good circulation of the
combustion gases along the inner surface of the central
cavity.

It has been found that, for m fixed and for s, chosen
the greatest possible, the optimal block is that for
which the numbers sy, 55 . . . 55, form a geometrical pro-
gression and the numbers z;, z, . . . 2,, are all equal. It
1s therefore sufficient to settle s, as a function of the
value tolerated for {; there can be deduced therefrom
by calculation, since s* and m are known, the terms of
the sequence ss, 3. . . 5,

However, it can happen that the final term or some of
the final terms of this sequence are less than the value
of s corresponding to A = 0. It has been observed in this
case that without noticeable disadvantage, for the cor-
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responding contours C,, the desired values of the pe-
rimeter can be made by taking A nil and by causing ()"
to vary. The conditions of the optimum are no longer
then exactly observed and, on the other hand, the coef-
ficient of filling of the block becomes very slightly less
than p*; however, the differences are negligible 1n
practice.

The choice of a relatively high value of ', on the ref-
erence outline can be justified by the benefit of this pa-
rameter as means of regulating of ¢, and by its low In-
fluence on the value of p. It has been found, in practis-

ing the invention, that the maintenance of such a value
of r', on a block of the fifth group is not, generally, spe-
cially disadvantageous as regards the coefficient of fill-
ing; in fact, if on a contour of shape A, r', 1s caused to
increase as from zero by at the same time causing A to
vary so that { remains constant, it has been noted that

p does not begin to decrease, as one would have
thought, but that it increases slightly before reaching a
maximum.

The non-restrictive examples below of blocks in ac-
cordance with the invention relate, except for the last
one, to blocks where the central cavity has everywhere
the same section normally to the axis.

EXAMPLE |

[t will be seen that, if the value of n, is settled, general
information on the wishes of the users is enough to be
able to calculate several essential characteristics of the
block. |

In fact, the more the quantity p is kept to a high
value, the more it is necessary to keep p relatively small
(p = 8, generally if it is desired that p = 0.94); the
‘more the quantity o is desired to be kept low, the more
v has to be made large (v = 20, generally if 1t 1s desired
that o =< 0.02); however, the class ¢ 1s, generally, at the
most equal to 4, and for ¢ > 2 the calculations become
complicated. All that allows a couple of values of p and

of ¢ to be chosen for test purposes.
Thus, it is sufficient to settle on a value of ¢, In ac-

cordance with the desired aspect of the variation of ¢
in order to obtain a by the relations (6) and (7).

The “‘limit residual rate” o, equal by definition to
the quotient of the surface between C;and C, divided
by the surface. interior to C,, and worth consequently
op, is then determined. The benefit of p, 1s, on the one
hand, that it can be calculated, with an approximation
which is broadly sufficient, by assuming C, to be

 formed from circular arcs tangential to C, and all hav-

ing for radius 1—a, this calculation then necessitating
only the knowledge of » and of 4, on the other hand,
that since p is always rather close to unity, the obtain-
ing of o, already furnishes reasonably precise informa-
tion on p. Then, b is obtained as from the first mtmmum
¢, by the relation (8).
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This allows p to be calculated by choosing a shape of
inner contour, for example a shape N with ', =0 which’
will be called “shape N,”. This shape N,, for which o,
= ¢, 1s entirely defined by the numbers p, b, ¢,; and
once p is obtained, p is immediately available through
the relation o=po-.

Finally, if n is known, it is sufficient to settle on ¢,
é,, ¢, in order to obtain a (which gives an idea of the
value of the minimal shaping (Retreint)a,, then the co-
efficient of filling p and the rate of residual o.

In all the cases, the couples of values of p and of o

obtained with the bistellar blocks for values of n ac-
ceptable in practice are, all things equal moreover,
much better than with monostellar blocks.

For these latter, it is known that the evolution of ¢ is
that of the rapid phase shown in FIG. 3 (with ¢, = by
= 1).

The tables (11) to (16) below give a comparison be-
tween some monostellar and bistellar blocks all having
an inner contour of shape N, (r, there 1s equal to r,, un-
less there is an indication to the contrary).

The monostellar blocks in question have for charac-
teristic values of ¢ only ¢, and ¢,. There 1s attributed to
them, in a purely symbolical manner, the class zero.
They are defined entirely by the three numbers p, ¢,
and ¢,. In fact, it is sufficient to determine thelr inner
contour, for which the distance OP = b 1s supplied by
the relations (6) and (7) by replacing there v by, w by
Q, and a by b, whilst {}'’ is supplied by the relation (3).

The whole of the Tables (11) to {(16) shows that at
the same time a,,, p and o are improved when the possi-
bilities of variation of ¢ are increased by acting on the
minima ¢, and ¢,. |

TABLE (11)
P c n a b

p o
b, = ¢, = 0.96

0.600 3
0.536 7
0.489 &
0.929 4
0.897 7
0.860 9

0.054 1
0.044 6
0.038 0
0.034 9
0.026 7
0.021 6

16
2()
24
16
20
24

TABLE (12)
p C n a b p o
¢'r = ¢'u' = (.93

0.639 7
0.579 2
0.534 0
0.935 2
0.906 3
0.873 4
0.872 5

16
20
24
16
20
24
24
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C n a b p a

¢'r = d-)u' = 0.9

6(*)

12
16
20
24
16

20
10

0.097 3
(.073 4
0.049 6
0.037 1
0.029 3
0.024 1
0.026 5
0.026 0

0.019 6
0.019 1

0.523 6
0.566 2
0.623 6
0.660 8
0.687 2
0.707 O
0.254 2
0.218 0
0.298 8
0.259 7

(3.977 0
0.88% 1
0.756 9
0.674 O
0.616 4
0.573 7
0.942 0
0.960 6

0.920 3
0.648 5

—

0.660 8
0.660 8§

0.687 2
0.687 2
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TABLE (13)-continued -
p C n a b o o
| b, = 1 = by = 09
24 1 2 .. 07070 03535 . 0.8881  0.0155
12 22 07070 0.310 8 09274  0.014 5
8 3002 07070  0.282 7 09520  0.0145
6 4 2 0.7070  0.262 9 0.968 1  0.014 3
(* YFor this block, r, is equzla:l"m r,, since r, < r,.
-"_"-.TABLE (14) EXAMPLE 2
p ¢ n a. b P d Here is the complete description of a plan of block of
b, =09 . b= b, = 0.9 (5 class 2, with separairix E of second class and conse-
6 O . o 0.573 6 0936 3 0.101 6 quen'tly regular, for propergols of ratio of speeds n = 2.
8 0 —_— — 0.566 2  0.844 1 0.077 3 It 1s desired that a,<<0.73, p>0.9, 0<0.02, and ¢
20— - V6236 07225  0.0519 shall be between 0.9 and 1 during the entire firing, with
160 =~ — 06608  0.6456  0.038 7 : )
500000 _ 06872 ° 0597 1 0.030 5 ®, = 0.9. The value p is chosen to be 12, hence 1=24 .
4.0 - — 07070 . 05524 0.0250 ‘The flame front C,, arriving at G comprises 12 circu-
16 I 2.6  0.6608 C.2542 09388 00206 20 - : : .1
S 2 26 06608 02180 - 09564 0076 I lar arcs which each give rise to four rectilinear seg-
20 1 . 2.3 06872 0.298 8 © 09164  0.019 7 ments atter having traversed four hyperbolic arcs form-
10 2 23 7 0.6872 02597 . 09429  0.0192 - * : ' )
a1 " 3 0707 o 03535 08832 00156 ing part oﬁf G. In_ this way, the motif of FIG. 7‘ is ob
12 2 2 0.707 0 03108 09201  0.0150 tained: P 1s 2 main centre of curvature of C,, situated
& 3 2 - 07070 0.282 7 09430  0.014 6 on the main side OB’ of the elementary sector B'OB"’
6 4 2 0.707 O 0.262 9 0.958 1 0.0144 25 o J S ’
_ of angle at the centre (=15°, of C,. In this sector, G
comprises two hyperbolic arcs HJ and NQ possessing a
focus at P, turning their convexity towards P, having
TABLE (15) eccentricities equal to n, connected by an elliptical arc
b ¢ on o H ” o 20 JSN whose main focus P’ is on the bisectrix OA of the
' ; S . 5 — b — 08 angle B'OB’’ (S is an outer apex of G). The flame front
- B portions in the slow propergol situated in the vicinity of
6 0 — — 04908 09639  0.0865 P’ are substantially rectilinear; the ellipse transforms
8 0. — 0.530 9 08810  0.0640 - : - : :
12 o  — _ 0.585 2 07705  0.041 3 them substantially into circular fronts centred on P'.
16 0  — — 0.6206 .  0.700 1 00299 Thus, 1n the sector in question, C, is composed sub-
:ag 8 - _ 8*23?% gg;;g 8'8;?8' stantially of the two circular arcs AD' and AD’' cen-
24 0 — — 0.6648 06141 0.018 4 tred on P’. On the other hand, in order to satisfy the
16 1 26 06206 0.238 7 09463  0.022 1 condition relative to a,,, one adopts for OP' the value a
8§ 2 2.6 0.629 6 0.204 7 0.9606  0.021 8 : :
18 1 245 0.634 1 02588 ° 09377 0.018 7 = 0.71. That determines completely C;, whose perime-
0 ? 2;35 g-gig é | 8%%{3; o '8'3-5;—? 2 g-g-ig 3 40 teT is then found equal to 1.010 6 /,, [, being the perim-
10 2 23 06458 02441 09500  0.0157 eter of C, equal itself to 2 ar.
24 1 2 0.664 8"  0.332 4 0.8984 0.0126 In order to determine P, referring to FIG. 8 of the ac-
FUES ecqs o223 00312 00122 companying drawings, a circular arc M'M'’ centred on
6 4 9 ' 0.664 8 0.247 2 0.963 5 0011 7 P 1s considered, having its end M’ on ©C B’ and its end
— - ,s M on OB"". By laying down CM''P = a, it is found
7 that, if M" 1s displaced on OB"’, the arc M'M’'’ has a
length which passes through a minimum for « equal to
{}, = 47°29'; by writing that this minimum length is
worth 0.9 times the quotient of the length of the arc
TABLE (16)
D - Cn a . b | :'p | o
Gy =0.9: ¢, =0.81 ; ¢ = 0.85
6(*) 0 — — - 0.465 9 09818  0.076 9
8 0 - -0.504 0 0.9057  0.0559
12 0 J— — 0.5559  0.8035  0.035 |
16 o J— — . 0.589 7 0.7380  0.024 9
18 J— — 0602 7 0.7133  0.0215
20 o J— - 0.613 9 06921  0.018 8
24 « J— — - 0.6322 0.6578  0.0149
16 1 2.6 0.620 6 0.2275 - 09512  0.0220
8 2 2.6 06206 01951  0.9631  0.0217
18 | .2.45 0.634 | 02467 09437  0.0186
9 2 245  0.634 ] 02130 09597 00183
20) 1 2.3 0.645 8 0.267 6 09343  0.0160
10 2 23 0.645 8 0.232°6 09547  0.0157
24 2 0.6648  0.316 8 09087  0.0125
12 22 0.664 8 0.278 5 09385  0.012 1
8 3002 0.664 8 02533 09562 0.011 8
40 4 2 0.6648  0.2356 0966 8  0.011 7

(*)For this 1, 15 equal 1o 1, because r,, < r,.
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D’AD’’, divided by n for the distance OP is found the
value 6 =0.310 9. On the other hand, there exist two
values of «, viz: oy = 25°25' and a; = 76°39’, such that
the corresponding arcs M'M’" have for length the quo-
tient of the length of the arc D'AD’’ divided by »; let
M’ and M''; be the corresponding positions of M’’.
The contour C, adopted is composed, in the sector
B'OB "', of two circular arcs T'T, TT"' (FIG. 7) having
in common a point T of the segment PM''; and admit-
ting for respective centres P and M''; (therefore here
A =0). The point T 1s determined by the condition that
the length of the contour T'TT"' is 0.9 times the quo-
tient of the length of the arc D'AD’’ divided by n. The
calculation gives PT = r, = 0.032 2, which determines
‘entirely C,, as well as p. The inner contour is therefore
of shape A, with the length of the segment T,T, (see
FIG. 2) equal to zero, and with M"';T = r', = 0.066 6.
It 1s found that p=0.908 5.

- The outline of G can, for example, be made in such a
way that the hyperbolic arcs HJ and NQ and the ellipti-
cal arc JSN have, at their points of connection J and N,
tangents which are practically merged. For this, by iter-
ation first of all the ellipse to which the arc JSN belongs
- 1s'defined. This ellipse has as eccentricity ( 1/n, as major

~ axis the straight line PP’, and as main focus P’; it is de- 25 ==(.015 4, which is suitable.

termined if the distance 2 ¢, of the apices J' and N’ of
its minor axis 1s known. The distance 2 €, must be fairly
large so that the round-off at S has a sufficient radius of
curvature; and it has to be small enough so that ¢ does
not vary too much in the vicimty of S. A reasonable
~value 1s' 2 ¢, = 0.015. The ellipse being thus defined,
first of all the ends J and N of the hyperbolic arcs are
placed at the apices J' and N’ of the minor axis of the
ellipse; the hyperbolas are located under these condi-
tions and the directions of the tangents to these curves
~at J' and at N’ are noted; then for points J and N the
points of the ellipse are taken where the tangents to this
latter have the directions which have just been ob-
tained; and so forth.
- As regards the points H and Q, one of them at least
has to be between O and the arc M’; and M'’; so that
the corresponding hyperbola intersects this arc and
that thus ¢ does not run the risk of increasing further
beyond M’; and M"’;. For example, Q 1s placed be-
tween O and M'’,, at a distance from this point suffi-
ctent so that, if the machining or the forming of the In-
‘termediate core leaves a slight round-off at Q, the point
M’/ is still in the region of the slow propergol. Thus,
QM’’, 1s assumed to be 0.007 5, which determines Q;
the calculation gives OQ = 0.462 3. The points Q and
N’ are therefore known, which allows the hyperbolic

arc N'Q to be completely determined, and in particular

the angle {'’ of the straight line PP’ and of the tangent
at N’ to this arc. The value ¢’ is found to be 14°27’.
Point N is now adopted as the point of the ellipse where
the tangent to this latter forms precisely the angle "’
with PP’. The point N 1s thus determined; at rectangu-
lar coordinates of origin O and of axis of the abscissae
OB/, its coordinates are xy = 0.708 9 and y»=0.101 2.
The determination of the hyperbola i1s recommenced
by this time taking Q and N as the ends of the arc In-
stead of Q and N’; it is then found that the tangent at N
to the hyperbola forms with PP’ the angle 5" = 14°22",
very little different from ¢'’. The difference between
'’ and ¢5,"’ is negligible, and it is not necessary to make
another 1teration.

The flame front C; passing through N 1s constituted,
between the point N and the straight line OB"’, by a
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segment of straight line NN, whose angle 8’ with OB"’
is 44°55’, and which has as its length 0.121.4.

[t is now a question of defining the hyperbola HJ, by
replacing first of all J by the adjoining apex J’ of the
minor axis of the ellipse. Now, the flame front C,, has to
have a corrected perimeter [/, between /yand 0.9 [, and
rather close to /rso that the first flame front in the slow
phase C, may have a corrected perimeter still greater
than 0.9 /.. To obtain a value approximating to [, 1t can
be allowed that, in the sector B'OB’’, the flame front
C, is comparable to the whole of the segment NN, of
the segment N'J’ (equal to 2 €,) and of a certain seg-
ment J'J’, having its end J’, on OB’ and forming with
OB’ a certain angle #’. Calculation shows then that the
condition 0.9 [;</,<l; is equivalent to the condition
84°27" > B' > 49°42’. |

For B’ is chosen the value 8, =90°—w, , where
w, = 39°9' is the angle of neutrality relative to
w=7°30’, and which is convenient for calculation. With
the values thus adopted for 8’ and for 8’’, the minimum
¢ of ¢, in the phase of the combustion going from C,
to C,is found equal to 0.903 4, which is acceptable.

As for C,, it comprises the circular arcs AD’ and
AD’’. The calculation of the residual gives the value

It remains now to construct an arc of hyperbola HJ’
whose end H, situated on OB’, is still not determined,
but of which is known the end J’, a focus P, the eccen-
tricity which is equal to n, and finally the direction of
the transverse axis since this latter forms with OB’ an
angle obviously equal to 8’. Such data allows the curve
to be completely defined. In this way, it 1s found that
the tangent to the arc HJ' at J’ forms with PP’ the angle
P'=7°59'. Therefore, as point J is taken the point of the

ellipse where the tangent to this curve forms the same

angle ¢/ with PP’; for the coordinates of J are found the
values x;, =0.711 2, y,= 0.086 8. The determination of
the hyperbola is recommenced in the same conditions
as above, by simply replacing J’ by J. This time it is
found that the tangent to the hyperbola at J forms with
PP’ an angle differing from ¢’ by less then one minute
of arc; a new iteration would be useless. The point H is
thus determined; it is at a distance PH =0.184 4 from
P, whilst PQ is equal to 0.180 9. It is reached by the
combustion after the point Q, which belongs therefore
to the first flame front C,. of the mixed phase. |

It would be advisable finally to examine the varia-
tions of the corrected perimeter in the zone where the
two propergols burn together. In the sector B'OB’’, a
flame front comprises, between C, and C,, a circular
arc centred on P and situated in the rapid propergol,
and one or two rectilinear segments situated in the slow
propergol; its corrected perimeter is expressed easily as
a function of the radius r of the circular arc. Therefore,
by successive points the curve giving ¢ as a function of
r 1s constructed, in order to verify if, in this zone, ¢ re-
mains, or not, between 0.9 and 1. It is observed in this
way that ¢ is equal to 0.988 4 = ¢, for r=0.180 9
r, (point Q), that it decreases as far as minimum ¢ g
worth about 0.955 for r close to 0.24, that it then In-
creases In order to reach the value 0.989 1, close to ¢,
tor r = 0.4 (1n the vicimity of J and N), and that it de-
creases almost immediately afterwards, somewhat sud-
denly, to arrive at the value 0.943 6 = ¢, shortly after
the point S.

The graph of FIG. 9 of the accompanying drawings
sums up the variations of ¢ during the entire combus-
tion. It is found that 1—y,= 0.041.
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TABLE (21)
rﬂ' d)ﬁ fb,u, d).‘l (b” f .
0.093 5 0.909 7 - 0.896 6 0.93Y § (.9 0.003 4
. 0.048 3 (J.915 5 0.903 7 0.940 3 ().9 ().003 6
916 2 (0.101 3 (3.919 4 0.908 1 ().940 7 0.9 0.003 6
0.137 3 0.983 .6 0.945 () (}.945 0.9 0.004 2
: 0.137 5 1 (.990 4 0.998 3 0.945 5 0.003 2
. (0.136 9 1 0.991 9 1.003 0 0.949 6 (.003 1
905 (0.096 ().913 0.9 0.940 0.9 0.003 5
= n, '
2.134 = (0.137 1 (3.99 1 1 (}.947 0.003
n;_:: .

Therefore the block can be constructed for any value

of nsuch thatn; € n s n,; to each value of satisfy- 15

ing this condition there corresponds an interval (r',.
r''1) of the possible values of .. The Table (22) below

spectively to 16 and to 0.011; the parameter a is then

worth 0.660 §.
The Table (24) below relates to two values of n strad-
dling |

TABLE (24)
n ﬁbk d’p. d’h Cbﬂr f
2.6 0.130 5 0.975 8 0.976 9 0.9035  0.0035
2.7 0.125 6 1 0.988 6 1.009 6 0.930.4  0.0029

gives some of these intervals, obtained by interpolation.

TABLE (22)
1 r.rk r”k
1.905 = n, Me=r'" 0.096
1.916 2 0.093 | (.10}

2 - 0087 0.137
2.1 0.123 0.139 5
2,134 =n, r'e=r"; 0.137

EXAMPLE 4

This relates to a block differing from that of Example
3 only by 1ts order, equal to 20, and only by ¢,, equal to

0.009. In this case a = 0.687 2.

Table 23 below gives its characteristics calculated for
several values of n and of r,.

The second value of n (2.125 1) is that allowing the
construction of a similar block with ¢, =0, and ¢ = 1
in the rapid phase and in the slow phase as far as Cg; the
last two values of 1 (2.104 and 2.336) are the limits »n,
and n,, obtained by interpolation.

Thus the value n=2.6 1s acceptable. The heavy drop
of ¢ between ¢, and ¢, is observed, due essentially to
the relatively high values of n and of ¢, These values
result from that of v, in accordance with what has been
said above on the subject of the choices of n and of e.

The value n = 2.7 is not acceptable, since ¢ is
greater than 1. However, it becomes acceptable if one
takes € , = 0.007 5; then, with r, = 0.118 for example,
there 1s obtained ¢, =0.982, ¢ o =0.966, ¢, =0.983,
by = 0.929; thus, the difference ¢, — ¢, is much less
strong than with ¢, = 0.011.

EXAMPLE 6

This relates to a block differing from that of Example
3 only by its separatrix which is of the first sort (FIG.
12); thus, G 1s still of shape E, C, is of shape N,, and p
=24,c=1,¢=00075,¢,=1, 0. =,=0.9,09 =<
$d = 1,a=0.707 0.

The aspect of the variations of ¢ in the mixed phase,
as a function of n and of r,, is substantially the same as
for Example 3. The Table (25) below gives the results
of the calculations of characteristics for several values
of n, more especially for those serving for obtaining

TABLE (23)

n ¥ by (f?p, | & f

2.1 0.095 0 0.911 0.897 7 0.949 6 9 0.003 2
2.125 1 0.104 7 0.926 0.914 2 0.950 9 9 0.003 5
2.3 0.136 0 0.982 8 0.985 3 924 7 0.003 4
2.32 0.134 8 0.986 7 0.993 4 931 6 0.003 2
2.34 0.133 7 ) 0.989 5 1.001 5 938 6 0.003 |
2,104 =n,  0.096 0.914 0.9 0.950 9 0.003 3
2.336=mn,  0.134 1 0989 1 0.937 0.003 |

EXAMPLE S lpwer and upper limits #, and n..

This relates to a block differing from those of Exam-
ples 3 and 4 only by the values of p and of ¢;,, equal re-

TABLE (25)

n Iy P (1";.:. oF Gbg f

1.85 0.127 2 - 0.950 1 .896 9 0.938 6 (.9 0.023 7
1.86 0.130 4 0.956 1 0.902 9 0.930 | (.9 0.022 8
1.9 3.143 2 0.981 3 0.924 4 0.941 2 (1.9 0.020 0
2 0.173 6 - 1.050 ] 0.946 4 0.946 4 .9 0.015 6
2.05 0.142 9 ] 0.962 2 0.998 § (1.948 8 0.014 3
2.06 0.142 2 1 0.963 7 1.003 4 (.852 8 0.014 G
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FIG. 10 of the accompanying drawings gives a pre-
cise outline of a portion of the straight section of the
block, with some flame fronts (of which the doubled
dashes relate to the portions located in the rapid pro-
pergol). The hyperbolic arcs of the separatrix have

their “relative maximal arrows (sagittae), f°, that 1s to
say the quotients of the maximal distance of a point of
the arc to its chord, worth 0.004 3 for the arcs leaving
from a main side and 0.021 2 for the arcs leaving from

a second side.

EXAMPLE 3

This refers (FIG. 11 of the accompanying drawings)
to a block of order 24 and of class # having an inner
contour N, with a separatrix E of second sort and obvi-
ously regular; the value ¢, 1s taken to be 1, ¢, = ¢, =
0.9 and ¢ has to remain between 0.9 and 1. It is pro-
posed to show on this Example the influence of n.

‘Since the values of n possible for this block remain
close to 2, there 1s taken, for the semi-minor axis of the
ellipses contaiming the outer apices of the separatrix,
the fixed value €, =0.007 5 giving to € values close to
0.006 5. Whatever n may be, the distance a 1s equal to
0.707 0. FIGS. 13, 14 and 15 each show the family of
the graphs of ‘¢ in the mixed phase, from ¢, to ¢y, for
I_a‘giveri_ value of # and for various values of ¢y; in the
‘abscissae are, the distances r between the point P and
the portions of flame front situated in the rapid proper-
gol; the flame front C;, 1s that passing through the ap:-

ces of the minor axis of the ellipses.

- The first value of n (graph of FIG. 13 of the accom-
panying drawings) has been chosen in the following
manner: if a block is considered which would differ

from that studied only in that €, =0 (the outer apices of

G being then all angular, which is obviously theoreti-
cal), and that ¢ is identically equal to 1 in the entire
rapid phase and in the slow phase as far as C, then it 1s
observed that the interval of the possible values of # is
reduced to the single value #=1.916 2, leading to p =
0.8230,0=0.0350,and ¢ , =0.962 7; and 1t has ap-
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the shortest distance r;. of a main centre of curvature
to the separatrix G, a distance equal here to the length

PR of FIG. 11;

the relative maximum arrow f of the hyperbolic arcs
> of G, defined as for Example 2.

peared interesting to try by way of comparison this
same value of n on the block in question. The other two
values of n are 2 (FIG. 14) and 2.1 (FIG. 15).

In these Figures can clearly be seen the respective in-
fluences of ¢, and of #; thus, when # is fixed:

- ¢, varies in the opposite direction to ¢y; 50)

the minimum ¢ , (marked approximately by a cir-
cle surrounded by a square on the curves) can, for cer-
tain values of ¢, go to ¢p;

- the amplitude of the variation of ¢ between ¢ and ¢,
18 variable, but sometimes remarkably small; thus, for »
=2 and ¢, = 0.96, ¢ varies between 0.96 and 0.948 in
the main portion of the mixed phase, from C; to C,;

the curves all approximate to one another in a certain

“gathering zone™ situated in the second half of the vari-
ation of . |

It is noted that the gathering zone rises or falls on the
graph according to whether n increases or decreases.
For reasons of clarity, in the drawings, the values of

¢, are not given in the graphs; they figure m the Tables 65
(18) to (20) below, where there are at the same time
the other characteristics of the corresponding blocks,
and more especially:

45

55

- TABLE (18)
ok Iy | f;bp. D &by f
n=19162:p=08859:0=0.0156
091 0.0930  0.898 1 0.947 2 0.906 3  0.003 3
092 0.101 8§ 0.908 5 0.940 3 0.899 6 0.003 6
0.93 0.109 3 0.916 9 0.934 1 0.893 7 0.003 9
094 0.1162 0.922 8 0.928 4 0.888 1 0.004 2
095 0.122 8 09228 09228 0.882 6 0.004 5
096 0.129 1 0917 4 0.917 4 0.877 3 0.004 &
097 0.1352 09119 0.9119 0.872 0 0.005 1
0.98 0.141 2 0.906 6 0.906 6 0.866 § 0.005 5
0.99 0.147 1 0.901 2 0.901 2 0.861 3 0.005 8
1 0.152 9 0.895 § 0.895 8 0.856 2 0.006 1
TABLE (19)
by Fi du by b, f
n=2.,p=0881.:0=00154
091 0.089 1 0.902 5 0.986 4 0.940 3 0.002 6
092 0.0975 0914 0 0.979 6 0.933 7 0.002 8
093 0.104 7 0.924 2 0.973 7 0.928 O 0.003 1
094 O0.1113 0.933 3 0.968 | 0.922 5 0.003 3
095 0.1176 0.941 5 0.962 7 09172 0.003 5
096 0.1237 0.948 0 0.957 3 09121 . 0.003 7
097 0.1295 0.951 2 0.952 1 0.906 9 0.003 9
098 0.1353 0.946 8 0.946 8 0.901 8 0.004 2
0.99 0.1409 0.941 6 0.941 6 0.896 7 0.004 4
] 0.146 5 0.936 3 0.936 3 0.891 6 0.004 6
TABLE (20)
Iy qbk d’p. d’h d?y f
n=21:p=09050;:0=00153
00845 091 0905 4 1.032 5 0.980 2 0.002 0
00928 092 09172 1.025 9 0.973 & 0.002 2
0.099 7 093 0.9278 1.020 2 0968 2  0.002 4
0.1060 094 0.9380 1.014 8§ 0.963 0 0.002 5
0.1120 095 0.947 7 1.009 § 0.957 9 0.002 7
0.1178 0.96  0.957 1 004 4 0.952 9 0.002 &
0.1234 097 0.9659 0.999 3 0.948 O 0.003 0
0.1288 098 0973 8 0.994 3 0.943 0 0.003 2
0.1342 099  0.980 3 0.989 2 0.938 | 0.003 3
0.139 5 | 0.983 4 0.984 1 0.933 2 0.003 5

The smallest possible value, n,; of n 1s that for which
there exists a value of ¢, giving at one and the same
time ¢y = ¢y = @ = 0.9. The tlame fronts in the
mixed phase are formed, in the slow propergol, from
segments of a straight line all forming, for a given
block, the same angle 8 with the main side where they
end; and if ¢, = ¢,., this angle B8 i1s the complementary
3, of the angle of neutrality w, . On the other hand,
for a given value of n, the knowledge of 8 allows to be
defined all the elements of the separatrix. Conse-
quently, to have here ny, 1t 1s sufficient to seek, by inter-
polation, the value of n which, with 8=, ,gives¢ 4
= (.9. |

The greatest possible value, n,, of n 1s that which, for
b= 1, gives ¢, = 1; 1t 1s obtamned in the same manner
by interpolation.

The Table (21) below gives the characteristics ¢ g ,
bp, dg; T for values of n and r;, giving either ¢, = 0.9 or
¢y, close to 1, then the approximate values of n, and of
n, as well as the corresponding characteristics obtained
by interpolation.
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TABLE (25)-continued
2 . Ti P | | d’_,u.‘ | Cf)n by f
1.855=n, 0.129 0953 0.9 - 0.939 0.9 0.023
2053 =n, | 0.1425 1 | 0.963 s

It1s noted that mn relatlon to the block of Example 3
having a separatrix of the second sort, the interval of

| the possible values of n is displaced downwards, the

mimmum ¢ , of ¢ in the rapid phase is more pro-
nounced and the relative maximal arrow f of the

- separatrix is clearly greater whilst stlll remaining low in

absolute value.

In short, the action of the slow pmpergol IS more en-
ergetic. This is due to the fact that the acute angle of
the tangents to the separatrix and to a flame front inci-

dent 1n the rapid propergol, at a point common to these
two curves, 1s distinctly less, all things being equal
moreover, than for a separatrix of the second sort.

EXAMPLE 7

The most interesting blocks of class 2 are those hav-
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1+ such that ¢y -

0.937 0.014

ri » 1s chosen, by simply paying attention to the values
which stem therefrom for ¢ 5 and for b, if @ is In-
creasmg,, attention 1s gwen in the first mnstance to taking
is not too great. It is then observed
that there exists a gap (n;, ny) of values of n for which
this construction is possible, as a function of the condi-
tions imposed on .

The determination of n; and of n, is more difficult
than in the case of class 1; in general, for n = n, the
construction of G is possible only with a single couple
(Fri, Fre) gIVINg to ¢ 4 and to ¢, the minimum values

‘permitted; and for n = n, it 1s possible only with a single

couple (ry;, rp2) glving to ¢ (or to ¢, » ) and to ¢, the

- maximum values permitted.

ing a separatrix of the second sort (FIGS 16 and 17) "

and 1pso facto regular. |
in the elementary motifs of these blocks are marked:

25

rer and ry,, respectively, the distances to the centre of

matn curvature P of the portions of G adjoining the
inner apices R; and R, situated on the main side and on
the second side; Ci; and Cy,, respectively, the flame
fronts of which r = r;, and r =ru; ¢, and ¢y, respec-
tively, the corresponding values of o. |
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Thus, for the block of Example 2, numerous couples

(rr1, i2) allowing one to respect the condition 0.9 = ¢

= | are possible.

The Table (26) below gives several thereof, with
their results on ¢ in the mixed phase. The first couple
indicated 1s that of Example 2; the second is character-
1zed by the fact that R; and R, are at an equal distance

from the centre O of the block, and thus give a particu-

lar regular aspect to G; the others are examples fairly
close to extreme cases (extreme values of ry, for n =2,
extreme values of n).

TABLE (26)

n 2 2 1.85 7 2 2.05
. 0.1844 - 0.174 1 0.17 0.15 0.23 0.212
g 0.1809 . (*)0.2014 0.17 022 0.16 0.175 5
b 0.98% 4 0.976 9 0.949 8 09389 09540  0.986 8
b 09863 09769 .  — 0.938 9 0.947 0.984

by 0.986 3 0.995 3 _ 0.995 8 0.994 4 0.998 2
b 0.955 . 0.960 2 0.904 6 09642 0.977 0983
b, 0.989 1 0.983 5 0.943 2 09833 09795  0.9979
&, 0.943 6 0.936 3 0.909 3 0.935 9 0.930 3 0.947 9

,I (*)these values of ry, and of T entail O-Rl = OR, = 0.485.

- rpand 7. » ., respectively. the smallest and thé largest |
- b Y3 S5t EXAMPLE 8§

of the two lengths re and r; Cp and Cy ., respec-

tively, the flame fronts for whichr=r,andr=r,. . ;¢

, respectively, the values of ¢ relatwe to these
two ﬂame fronts. |
The graph of ¢ as a function of r still comprlses an
angular point for the point of coordinates r;. . , ¢y .
This point can have its upper ordinate or not at ¢;.
And the minimum ¢ , ' of ¢ between ¢, and ¢, -

can have a value distinct from ¢, and from ¢, . , ob-

tained for values of r between r,and r,» . In practice,
the value of ¢ 4 + is never very different from ¢;. and
is therefore not troublesome; on the other hand, b -
can be distinctly greater than ¢y |

‘The choice of the inner apices can be effected in
many ways, and this as follows:

p, a, b, €, being already given, values of » and of /. are
settled by taking account of what is desired for ', ac-
cording to a method similar to that of Example 3;
therefrom r;. 1s deduced; and one of the apices R; or R,
is chosen as being that whose distance to P is r4. This
allows the arc of separatrix leaving from this apex to be

completely defined. Then it is examined how ¢ varies

at the start of the mixed phase. If ¢, is decreasing there,

ThlS refers (FEG 16 of the accompanylng dramngs)
to a block of the order 12 and of class 2, having an

- inner contour N,, having a separatrix D of the second
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sort, with e =0.0063, ¢,=0.9, ¢,=¢,=0.85,0.85 <
¢ = 1, and n=2, which has the special feature of hav-

ing a separatrix of simple shape, since there is chosen
for this curve a monostellar regular polygon whose

inner and outer apices are all replaced by circular
round-offs of the same radius €. Its main parameters,

which aiready figure in the Table (15) above, are a = '
0.664 8, b=0.292 2, p=0.932 2, 0=0.012 2; hence

dpr — 0.671 3.
By choosing ¢ = 0.925, the followmg are found: ry,

=0.1650=1ry; re=0.190 | =p,.,.
'The noteworthy values of ¢ are, in these conditions:
TABLE (27)
d 4 Py by ¢y, by
0.920 0.934 4 0.916 2 0.922 8 0.874 2
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FIG. 16 giifes the outlines on the scale of C, and of G

for the numerical values defined above.
It can be veritied on this block that, in the slow pro-

pergol, the flame fronts have very extended arcs and

can, in practice, be taken to be straight lines.
For example, towards the end of the mixed phase, the

- flame front C, in the elementary sector of FIG. 16 of -
the accompanying drawings comprises two arcs in the
slow propergol, each having one end on the separatrix
~and the other end on the principal side as regards the
first and on the second side as regards the second one.
For each of these arcs, the angle can be calculated, the
sides of which each make tangents to the ends and it is
clear that the relative maximal arrow f is at the most
~equal to half the value in radlans of thlS angle. There 1s
thus obtained: o |

for the first arc: f < 0 007 9

for the second arc: f < 0.016 3.

By way of demonstrating more specifically the design
of the propergol of this Example, the embodiment will
be described according to the segment shown in FIG.

16. It will be understood that the basm structure of FIG.

16 is repeated to provide the finished propellant, that
15, the sector shown 1s 1/24 of the entire structure.

For convenience in the following description, all dec-
imal numbers are separated mto three-digit groups, ex-
cept for the last group. |

The order p was chosen as 12 and class ¢ equal to 2.
Consequently, the inner contour C, 1s 1n star form with
p =12 arms, and the separatrix G 1s 1n star form with v
= p¢ = 24 arms. These were chosen because such a
- value of v promotes a low value of the residual rate o

~ (as 1s stated above; value p = 12 leads to a coefficient

of filling which 1s already sufficiently high; and the

- value ¢ = 2 leads to a block relatively easy to caiculate

and of very symmetrical de&gn

‘The mner contour chosen i1s of the standardlzed type
N,. This type of contour is a particular case of FIG 2.
It will be noted that the shape N, is shape N with r'; =
0, and that the shape N 1s ltself a particular case of the
shape A. .

The shape N, is characte rized on the one hand in that
the function of the shape ¢ remains constant between
¢, and ¢, (see FIG. 3) at the beginning of combustion,
while the value of the radius of curvature r, in star form
leads to rates of mechanical stresses in the mass of the
propergol (due to the shrinking after casting) of the
same order of magnitude for all the contours. It is
therefore a shape which makes 1t possible to compare,
“on realistic bases, various designs of blocks, and which

at the same time is perfectly valid in practice. =~

- The block-has a separatrix of shape D and of the sec-
ond sort. Separatrix D is composed solely of straight-
line segments connected by arcs of circle. It 1s of the
second sort, since its summits are not located on radi
which pass through the summits of the inner contour,
and consequently its design is very symmetrical (a sum-
mit of C, is at an equal distance from two consecutive
summits of G, and this has the useful consequence that
the residual rate o is in particular not very sensitive to
an error committed by the manufacturer of propergol
- on the value of the ratio n).

Since ¢,= 0.9, pr=0w =0.85;0.85 = ¢ =< 1, and
n = 2, the curve of variations of ¢ has an appearance
similar to FIG. 3, 4, and 5.

The value of n was chosen as a function of what has

been described at length in Examples 3, 4, 5, 6, 7 on the
subject of the possible values of this parameter and of
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its influence on the characteristics of the block, In ap-

plication of the general rule given above.
- The values a =0.664 8, b=10.292 2, p = 09322, 0

={0.012 2, and a,,= 0.67 1 3 given in the text were ob-
> tained by calculation from the preceding data (p, ¢, and
the values of ¢).

The length a is, in FIG. 16, the dlstance OP' fur-
nished by formulae (6) and (7). The calculations de-
‘scribed here were all made with a scientific office cal-

10 culator of the Qlivetti Programma 101 type, working to
10 decimals. The following were successively obtained:
1. Calculation of w = /v with v = p.c=24: w = (),
0,130 899 6939* |
- 2.Calculationof w, suchthattanw, /—wy =,
13 w being between 0 and /2 (Formula 7) shows @ »
= 0,683 399 1255,
3. Calculation of «’ such that

Cosin @’
w+ w'

= (hy, COS Wy

(Formula 6) with o’ between o and o p and d)u = O 85

- provides w' =0.251 849 2623.
»s 4. Calculation of a such that

§in o'
~ sin w =+ sin @’

30 (Formula 6) provides sin w =0. 130 526 1922 and sin
- w =0,258 867 2199, so that a = 0.664 796 0954. -
- 5. bis the distance OP of FIG. 2 relative to the inner
- contour calculated using formula (8). S

35 a Pv sin Q cos {ip

b= bw w sin {) cosw y

with n' = n line 23) (or n=2), ¢ » =0.85, and ¢, =

40 0.85. ), is calculated by formulae (4) tan {dp — {p =

799 3878, Op =0.828 629 9487, and cos {lp = 0.675
886 1307. Kngwing that cos w , =0.775 430 8844, b

1s 0.292 227 3405.
45 6. The coefficient of filling p may be defined, in FIG.
2, as the difference between unity and the quotient

of the surface located inside the contour OT'TT,T-

,T'O by the surface of the sector of angle at the
center

50

T
Q= —

This quotient is obtained by an elementary geometri-

55 cal calculation when the characteristics of the contour
are known. And this is indeed the case, since an mner
contour of shape N, 1s known as soon as p and b are
known. In fact, if reference 1s made to FIG. 2, r,=PT

= PT"’ 15 such that
60

0.6
Fo=™ 'y — bp
(from formula 1)

65

Siﬂ-g” | (f.)‘l' COSf!p,
QO+ Q" oM,

.lrﬁ

Q,0<Qp <7/2, with Q=a/p=mn/12 to give 1=0.261

so that r, is 0.017 109 9664. {}'' is angle OM;''P so that

R A YLt LT Y T Eh
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where (p < Q" <7/2, per formula (3). A=angle OM-
s 'T, 1s equal to the angle of neutrality Qp, so that ¢,,5"’
1s equal to 100 ,. ¢,=0.9 and &, = 0.85, so that O}"’
= 1.196 055 3090 Since ', =T, T, =T, T" = 0, line
T"TT, T, T" 1s accordingly entirely determined so that p
1s calculated as 0.931 153 5505.

The residual rate, o, the quotient of surface between
Csand C,/ by the surface between C, and C. is calcu-
lated utilizing the value obtained for p. C,is composed
of 24 arcs of circles of radius 1—a internally tangential
to unit circle C, at 24 points forming a regular polygon,
so that calculation of the surface between C,and C, is
a matter of geometry and o= 0.012 156 2340.

The value ay, 1s the distance OS in FIG. 16 and a,, =
OD'+e, the latter being chosen as 0.0065 by reference
to empirical formula (2), €,=0.15/v. Takmg PO as¢’
and PO’ as g and utilizing formula 5 to furmish a rela-
tionship between quantities €’ and ¢', that is, between
the points P, P, and O’, angle POO’ is w, OP’ is a, and
OP 15 . OO’ is accordingly calculated as- 0 671 051
3215 and a,, 1s 0.677 551 3215.

The value 0.925 is selected for ¢, because at this last
instant of combustion in the rapid phase there is con-
siderable propergol to be burned and the empty space
for circulation of combustion gases inside the propel-

lent is relatively limited. Too high a value for ¢; could

lead to excessive gas pressures.
- Then r, = ry,; 18 the distance PR, In FIG 16 given by
ratios 10

- sin £}
L sin {}’
where
sin {}’ o
QA+ ¢k
cos {p and V'

lies between O and Qp. From the known values of {lp,
dv, ¢y, and b, the values )’ =0.976 030 9665 and ry =
0.165 047 8395 are derived.

This value or r,. determines the position of point R,
inner summit of the separatrix. As this latter 1s a regular
polygon whose summits are all replaced by roundoffs of
same radil, the positions of all the other inner summats
are known, and the separatrix 1s completely deter-
mined.

The calculation of 7., distance from point P to the
round-off R,A,, 1s a matter of pure geometry. The fol-

lowing 1s found:
e = 0.190 133 2988

The numerical calculation of ¢, point by point, 1s not
absolutely necessary in the rapid phase and in the slow
phase. In fact, @ 1s proportional to a certain sum of
lengths of axes of curve.

These curves are arcs of circles and straight-line seg-
ments very strictly in the rapid phase and approxi-
mately in the slow phase. By elementary geometry, the
evolution of this sum may be thus easily provided.

However, in the mixed phase combustion, the flame
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important to determine the minimum ¢ , of ¢ in the
mixed phase. The following values of ¢ have been
found, as a function of the reduced thickness v. (It is
noted that v i1s proportional to the combustion time).

The values computed for ¢ are shown in the follow-
mg tabulatlon by phase:

Y ¢

RAPID PHASE

Y, =0 &, = 0.9

Yd = (0.061 049 fb;f = (0.9

Y. = 0.081 361 b, = 0.85

Y, =0.190 755 b = 0.925

MIXED PHASE

Yir =0.164 622 ber = 0.934 672

0.19 0.917 337

0.20 0.916 657

0.21 0.916 316

0.22 - 0.916 229

0.23 0.916 322

0.25 0.916 914

0.27 0.917 848

0.30 0.919 961

0.33 | 0.921 603

Yy =0.342793 dg. =0.922 839

SLOW PHASE

Y, = 0.356 524 bg = 0.874 151

Y. =0.591 693

Y,=0.968 049 by =

YE. =1 d) ==

It will be seen from the foregoing that the minimum

value of ¢, 1s about 0.9162. The relatively long dura-
tion of the slow phase (from v, =0.356 to y = 1) is

shown, as is the very short time for combustion of the
residue (from y;=0.968toy=1). |

To put the foregoing results into physical terms, the
rapid propergol has a combustion velocity of 15
mm/sec; the slow,. 7.5 min/sec. C, is a 12-branched (or
12-pointed) star having sharp internal summits or cor-
ners and rounded outer summits. G is a 24-branched
star having circular arc inner and outer summits.

The physical structure shown in FIG. 16 for a |-
meter diameter solid propellant 1s accordingly readily
derived. Since the radius was taken as unity and in the
actual propellant the radius is 500 mm (half of 1 me-
ter), 1t 1s only necessary to multiply the ratios based on
the radius by 500 mm to obtain the actual dimensions
of C, and G. The radius-of C, 1s of course 500 mm, less
any small inhibiting layer which might be utilized.

Taking first the dimension b, the distance OP in FIG.
16,1t 15 0.292 227 X 500 mm, or 146.1 mm. The radius
ro of the circular arc constituting the outer apex.of Co
and having its center at P is 8.55 mim (0.017 110 X 500

mm).
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fronts are arcs of circles of the 4th degree. Their |

lengths, at various instants, are numerically calculated
to be able to deduce threfrom a graph point by point of
the graph of ¢ and thus insure that the variations of the
shape function in this period remain in the limits mm-
posed, that is, between 0.85 and 1. In particular, it 1s

65

The half-angle made by r',, the sharp inner apex of
""the angle of 47° Co, is 90°less angle A (between T '’
M;'’ and the perpendicular at Ty; see FIG. 2 for a dia-
gram of all these terms), since angle T, T,M;’ 1s a right
angle and T'’ coincides with T,. A is equal to the angle
of neutrality {}p and {2p was calculated above as 0.828
629 9487. Conversion from the radians used in the
computation (multiplication by 180/7) gives an angle
of 4° 476 996. Subtraction of this value from 90° gives
42° 523 004 as the angle of the immner apex with OR..
Since the total apex 1s twice as large by virtue of the
replication of the image of the sector shown, the total
Inner apex angle 1s twice 42° 523 004 or 85° 046 008.
This value can be rounded off to 85°3’.

The radii of curvature € of the inner and outer apices

of G are 3.25 mm (0.0065 X 500 mm). The distance ay,
(shown as OS 1n FIG. 16) to the center of curvature of
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the outer apices of G 1s 333.8 mm (0.677 551 X 500

mm ). The distance r;,. from Pto R, 1s 0.165 068 and the
distance b (that 1s OP in FIG. 16) 15 0.292 227, the total

of these being 0.457 295. The distance. from O to the
inner apex of G 1s accordingly 228 6 mm (O 457 295 X

500 mm).
Such a solid propellant has a welght of about 1 ’%OO kg
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The noteworthy values of ¢ in the mixed zone are ¢y,
b, , b, ,and ¢, corresponding respectively to the
flame fronts passing through R,, through R, tangential
to G in the vicinity of S;, in the vicinity of S..

The Table (28) below gives the noteworthy values of
¢ and, below each of them, the corresponding values of

the reduced thickness.

TABLE (28) _
b, o dyr d’p. T by &b, d—’y e
(J.9 0.989 () (.989 | 0.9559 0 083 4 0.969 4 0.943 1 0.900 &
0.095 3 0.168 & 0.174 2 0.2500 0.’37_8 3 0.384 5 0.682 3

per linear meter, i.e., per meter of length along the axis
of the cylinder of revolution.

- EXAMPLE 9

A block of order 8 and of class 3, having an inner
contour N, having a separatrix E of the first sort (FIG.
18), has been studied, with a view to first improvement

of the block of Example 2, on the following data:
~ n=2a=07051509 = ¢ =< 1;¢ =0.0075.

The value b i1s chosen as 0.282 8, that 1s to say a value
very -close to that relative to the block of order 8 and of
class 3 of Table (13) above; in this way, there 1s ob-

tamned: .
| p=0952 0, 0c0=0.0144; r,=0.026 5.

e calculations of a, and of a,, effected by taking
- POP, =2 w=m/12, gives: a; = OP,' = 0.697 3; a, =
OoP, =0.713 0.

The inner apices R, and R; of the separatrix have
been obtained in the following manner:

To find Ry, the point M," (FIG. 19 of the accompany-
ing drawings) i1s determined on the second side where
~ there would pass a flame front subsequent to C, and
corresponding to ¢ =1, if the rapid propergol occupied
the entire space a between C, and C,; then, the poimnt R,
has been placed on the segment OM’’; in such a way
~ that R,M,"" =0.007 5. The distances of P to the points

M,’’ and R, have then been found to be equal to r,"’ =
PM,"" =0.216 6; r,=PR,=0.210 2.

As regards the apex Ry, its distance ry, to P has been
taken greater than rkg but very slightly less than '’ ,; the
value r, = PR, =r""; —0.001 = 0.215 6.

To obtain the angle 8, = m, firstly an outline of
separatrix is determined between S, and S, which may
- be constituted, as from the apices B, and B, of the ellip-
ses forming the roundoffs in the vicinity of the outer

apices S, and S,, of two hyperbolic arcs B,R’;, R';B;
- (FIG. 19) each possessing the following property: in
the slow propergol, the rectilinear portions of flame
front which they engender form with the bisectrix A of
the angle P,’ OP’, angles both equal to the complement
B, of the angle of neutrality w, relative to w. The
numerical determination of the hyperbollc branches of
which these arcs form a part is a known problem.
Therefore, let R;; and R,,; be the points, adjoining R,
where the hyperbolic branches bearing the arcs R';B,
and R',B, , respectively, intersect the circle of centre P
“and of radius r;,; it is noted that the angles 8;,; =

m and 0,2 = angle m are very close, and

that 8,1; > 0;12 . The relative position of the points R;’,

Ri:, R ;2 is therefore that indicated by FIG. 19 of the
accompaning drawings. For 6, is adopted a value
equal approximately to the average of the two angles
"9,y and @,, in other words 0, =0.322 9. 'The
separatrix is thus determined.
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FIG. 18 of the accompanying drawings gives an out-
line on the scale of C, and of G corresponding to the
numerical values defined above.

EXAMPLE 10

This relates to a block of order 6 and of class 4, with
an inner contour N,, with a separatnx E of the second
sort, with ¢, =1, ¢, = ¢, =09,09 = ¢ < 1, ¢ =
0.007 5, n=2 and, accordingly, a=0.706 55, b =0.262
9.

The elementary motif is that of FIG. 20, and there is

obtamed:
p=0.968 1. 0=0.014 2, r,= 0.038 0.

The calculatlon of a, and of a,, effected by takmg to
begin with, POP’ = w = m/24, POP, =3 w, gives g, ==
OP,’' =0. 693 l, a, = 0P, =0.720 0, which determines
the apex-images P, and P,’, as well as the points of
connection B,, B,’, B,, B, of the elliptical arcs to the
hyperbolic arcs of the separatrix (as above, these points
are the apices of the minor axes of the ellipses).

The definition of the inner apices R;, Ry, R; of the
separatrix is effected by a method similar to that used
for the previous example.

For the apex Rg, situated on the second side of the el-
ementary motif, firstly there is defined on this side the
point M’ (FIG. 21 of the accompanying drawings)
which would be reached, if the rapid propérgol occu-
pied the entire space between C, and C,, by a flame
front subsequent to C,, and for which ¢ would be I;
then the point R; is taken on the segment OM,"’, at the
distance 0.007 5 from the point M;"’. This entails PR;
= rs=0.233 0.

To define R,, hyperbolic arcs R,’ B, and R," B, are
constructed (FIG. 21 of the accompanying drawings)
which, if they were elements of separatrix, would en-
gender in the slow propergol portions of rectilinear
flame fronts forming with the bisectrix A’ of the angle
B,” PB, angies equal one and the other to the comple-
ment 8, of the angle of neutrality o , relative to w;
the hyperbolic branches which bear these arcs intersect
the circle of centre P and of radius ry; respectively at
two points R,;, Ry adjoining R’ and it i1s found that
101 = m > O1eo = R;PRy. Then, the apex R, 1s
placed in the centre of the circular arc Ry, Ry Of centre
P; 1n this way: PR2 = ro = s = 0.233 0; R{PR, = 6,. =
0.377 2. -

On the apex R1 1S. 1mposed the condition that the arc
of separatrix R; B; engenders in the slow propergol rec-
tilinear portions of flame front forming with the main
side an angle equal to.3,, . . In this way it was found that
PR, = ry, = 0.222.6. \ |

The separatrix is completely determined.
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The Table (29) below gives several values of ¢ and of
r 1n the mixed zone, with the corresponding noteworthy
flame fronts.

TABLE (29)

flame front | | ¥

0.222 6
0.233 0
0:25
0.275
0.30
0.35
(.40

0.438 2

Cy (point R;)
C,’" (points R, and R.,)

10

C; (points B, and B’,)

The minimum ¢, is worth approximately 0.958 9. 15

F1G. 20 of the decempanymg drawings gives an out-
line on the scale of C, and of G, for the numerical val-
ues defined '_above. " |

EXAMPLE 11

One can construct a block distinguished from the
previous one only by its separatrix, this latter being of
shape D and of the second sort; the data are thus: p =
6,c=4, n=2, ¢, = 1 ¢, =¢,=09,09 = ¢ = I,
€ =0.006 3. - | 25

The elementary motif is that of FIG. 22 of the accom-
panying drawings. According to Table (13) above p =
0.968'1, 0 =10.014 3, a = 0.707 0 b=10.26209, r,=

0.0380.
"By taking O,OP =w=m/24, Oy OP =3 . the 30

calculation of a; and of a, leads to the values a,=
OPl =0.693 7 Gﬁ“OPg =(.720 3 and it 1s found
that dl—-OOI =(0.700 0O, d2—002 =0.726 3,
a,=P007 =0.000 7, 0.=P, 00, =0.001 8.

- To simplify matters, the distances Yi1, Fias ¥ig tO the 35
main centre of curvature P of the three inner apices R,
R,, R; of G of one and the same elementary motif are
taken equal one to another. Therefore, when o, is
given, ry 1s deduced therefrom immediately and the po-

sition of the inner apices R; and R; becomes known.

- At the same time the inner apex R, is determined by
imposing on the rectilinear segments of the separatrix
A;B," and A," B, the condition of being equally inclined
to the straight line A, which joins P to the centre of the
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The curves of variation of ¢ in the mixed phase, from
&1 10 @y, and still with € = 0.006 5, are given for ¢, =
I and for ¢, = 0.99 in FIG. 23 of the accompanying
drawings where they are united, for greater clarity, by
hatchings. It 1s observed that the influence of ¢, s simi-
lar to that observed in Example 3.

It € 1s caused to vary without changing the other pa-
rameters of base a, b, n, the position of the centres O’
and O’, of the round-offs of the exterior apices varies
only very slightly, but the aspect of the variations of ¢
in the mixed phase 1s completely modified. This is what
1s shown in FIG. 23 by the curves representative of ¢ as
a function of r from ¢, to ¢, for e successively equal to
0, to 0.003, to 0.006 5 and to 0.008, whilst ¢, always
remains equal to [. An increase of € has thus an effect
similar to an increase of n. |

The Table (31) below gives for these new values of €
the lengths ry, a,, a- and the sine of the angle 6, defining
the separatrix.

TABLE (31)
€ I';. sin 9-2 d dy
(for = 1)
0 0.239 3 0.383 1 (3.6Y3 6 0.720 5
0.003 0.239 3 0.383 0.696 6 0.723 3
(.008 0.239 3 0.384 8 0.701 4 (.727 9

FIG. 22 of the accompanying drawings gives the out-
line to scale of C, and of G for the numerical values
given at the start of this Example.

EXAMPLE 12

This relates to a block of the fifth group constructed
on the basis of a modification of the block of Example
I 1, of which the inner contour is such that ) =#/6, b
=(.262 9, ro=1m=00380,Q"=14797, A=Q,=
0.985 6, r', =0, p=0.968 1, and which is assumed to
have a maximal arrow which is too high.

A reference outline is therefore envisaged in which r,
1s already slightly increased; r, is chosen to be 0.045
and, on the other hand, for eonstruetional reasons, 1 =
4 and { = 0.005.

With these valuee of r, and of {, the Tdble (32) below
shows how p,; varies as a function of »’,,

_ TABLE (32)
r’, 0 0.01 0.03. 0.05 0.07 0.08
D 0.971 7 0.972 6 0.973 5 0.973 7 0.972 8 0.972 3
The value ', is chosen to be 0.03; the reference out-

small circular arc AyA,’. Such a condition is in no way
imperative, but it greatly facilitates the calculation of ¢
In the mixed phase and in the slow phase. Thus, the out-
line of the block is completely defined as from ¢;.
The Table (30) below gives, for e =0.006 5, the val-
ues of ry, of the sine of the angle 6, of the straight line
A, and of the main side, and finally of ¢ ,, and of ¢, for
various values of ¢;; ¢, is here the value of ¢ for the

flame front passing through the point B,. 60
TABLE (30)
b I'g sin 8, Cf?.p by,
1 0.239 3 0.384 5 0.972 5 0.986 9
0.99  0.233 3 0.384 9 0.964 2 0.990 & 65
0.98  0.2272 0.385 4 0.955 2 0.944 8
097  0.2210 0.385 8 0.945 9 0.998 8

.
55 P

line is finally eharaeterlsed by Q*=7x/6,b=0.2629, r,

=0.045, A'"*=14797,A\,=,=0.985 6, r',=0. 03

=0.960 1, s = 0.248 8, ¢, = 0.940 6.

For C 0.005 and r',=0.03, A;,=1.228 2, 5, =0.308
Therefore the three numbers s,, 53, 5, can be deter-

mined, which numbers have to form with s, (taken as

the first term) a geometrical progression of which the

four terms have s as arithmetical mean. Then:
se=10.264 7, 5,= 0.227 0, 5, = 0.194 6.

However, there does not exist a value of A giving,
with the fixed values of €, b, r,, }'', an elementary pe-
rimeter equal to s,; therefore, the value of {}'' must be
calculated which, for the fixed values of {2, b, r, and for
A=0), allows s to have the value s,. On the other hand,
with the fixed values of ), b, r,, }'' the values of A, and
Az of A are calculated to make s =s, and s = s5. Finally,
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four inner contours of shape A having the following
characteristics are obtained:

5, =0.3087;: Q" =0Q,=1479 7; A=\, = 1.228 2; p, =0.973 5
$»=02647, Q" =Q,=1479 T: A=x, = 1.083 5; p, =0.963 6
s =10.2270; Q"' =Q,= 1.479 7: A = Ay = 0.698 9; p, =0.955 3
$;=0.1946, Q" =0Q",=12232; A=A, =0 . py =0.945 1

The final coefficient of filling, equal to the arithmeti-
cal means of p,, p., p3, P4, 1S worth 0.959 4,

In relation to the reference outline, the coefficient of
filling has therefore decreased by 0.000 7, which 1s neg-
ligible; the initial value ¢, of ¢ has not varied; however,
1t 1s found that the maximal “inherent locking’ K*;, has
decreased by 23.3% comparatively to a block having a
central cavity of constant section and in accordance
-with the reference outhine.

- What i1s claimed is:

1. A solid propellant for use as a gas generator, par-
ticularly for the reaction propulsion of vehicles in space
or in a gaseous or liquid medium, said propellant hav-
ing a lateral outer surface which 1s a cyclinder of revo-
lution and which does not participate in combustion
and the propellant having a lateral inner surface defin-
ing a central cavity of a shape elongated in the direc-
tion of the axis of the cylinder, the inner surface being
ignitable at the initial instant of firing, and wherein said
solid propellant is formed from two propergols having
different speeds of combustion, the two propergols
contacting one another without interruption along a
continuous separation surface or separatrix surround-
ing the inner surface, the more rapidly combustible
propergol occupying the space between the inner sur-
face and the separatrix and the more slowly combusti-
ble propergol occupying the remaining volume of the
solid propellant between the separatrix and the outer
surface and wherein the solid propellant through a
plane perpendicular to the axis of the cylinder satisties
the following two conditions:

1. the inner surface is closed, continuous, and 1s sub-
stantially star-shaped having p branches with p at
least equal to 3, the shape of the star being such
that the rapid phase of the combustion in which
only the rapidly combustible propergol burns, ends
at the instant when the section of the surface of
combustion is a line formed only of p consecutive
arcs having their concavity towards a pomnt and
forming a curve parallel to a portion of the end of
‘a different branch of the star, said arcs bemg com-

posed substantially of circular arcs whose centers

of curvature are situated on p radn of said mner
surface, each radius intersection said inner contour
at a point of the end of a different star branch; and
2. the separatrix does not touch the outer surface or
~the inner surface and has substantially the shape of
a star having v branches, with v at least equal to p,
the separatrix star shape being such that toward the
end of the slow phase of the combustion 1n which
only the more slowly combustible propergol burns,
the cross section of the surface of combustion
which reaches said outer surface is a line formed
solely of v consecutive arcs having their concavity
towards said point, being substantially tangential to
said outer surface, and being placed opposite the
end of one of said » branches of said separatrix,
said v arcs being themselves substantially com-

posed of circular arcs whose centers are all situated
in the vicinities of the ends of said v star branches.
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2. A solid propellant as claimed in claim 1 wherein
the inner surface at the end opposite that from which
the gases formed upon combustion exit has a surface
less than the surface at the end from which the gases
exit and the surface increases from the opposite end to
the end from which the gases exit.

3. A solid propellant as claimed in claim 1, wherein
said outer surface has p' circular sectors, with p’ at least
equal to p, so that the portions of the surface of com-
bustion contained in said sectors are all superimposable
one on the other and wherein all the portions of said
separatrix contained in the same sectors are similarly
superimposable.

4. A solid propellant as claimed in claim 1, wherein
the portions of the combustion surface and the separa-
trix contained in ‘any main sector of said outer surface
limited by two consecutive main sides each has, as an
axis of symmetry, the inner bisectrix of the said main
sector; and wherein the sides of said main sectors each
intersect the separatrix at a point of the end of one of
the v star branches.

5. A solid propellant as claimed in claim 3, wherein
the portions of said surface of combustion and said
separatrix contained in any main sector each have the
inner bisectrix of said sector as an axis of symmetry.

6. A solid propellant as claimed in claim §, wherein
the portion of said inner surface situated in any main
sector and subtending an angle at the center of 2 {} =2
m/p, comprises substantially the successive elements,
connecting tangentially one to the other in order from
a side to the bisector of 2 () a first circular arc having
a radius r,, centered on the side of the sector of curva-
ture P, which 1s on said side of said sector, inside at a
distance b from the axis a second circular arc having its
center at a point situated on the bisectrix of the sector
and characterized by the angle {)'’; from the point on
the bisector to the axis and from the point on the bisec-
tor to the main center of the curvature a straight line
section of length £, and of orientation characterized by
the angle A from the point on the bisector to the axis
and from the point on the bisector to the beginning of
the straight line section and a third circular arc having
its end on the bisector between the axis and the point
on the bisector and having its center at a point on the
segment from the end of sector to the point on the bi-
sector. |

7. A solid propellant as claimed in claim 6, wherein
the following values substantially apply:

r, equal to:

0.06
bp

Tn

\ equal to the angle {}p defined by the relation: tan
Qp - Qp = (]},

(il

P ———

O <p< 5

8. A solid propellant as claimed in claim 6, wherein
that at least one of the values r,, 'y, {, A is substantially
nil.

9. A solid propellant as claimed in claim 6 wherein

.an'

A3

sin '/

O+ Q"

—cos {p,
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-continued

tan O, — Q, = Q, with

T
O<Q,<Q'<
and
i dv - sSin w
b= ) _
I bw w
QO cos {Ip
sin {} COS @y,

where ¢ is the shape function (equal to the corrected
perimeter of C(z) the surface of combustion at time ¢
divided by the corrected perimeter of C;, the surface of
combustion at first contact with C,, the outer surface of
the cylinder), ¢, i1s the shape function of minimum
value in the more rapidly burning propergol, ¢, "’ 1s
the maximum shape function in the more rapidly burn-
ing propergol, a is the arithmetic means of the distances
from the axis to the inner surface, n’ is equal to the rate
of combustion in the more rapidly burning propergol
divided by the rate of combustion in the more slowly
burning propergol, ¢, i1s the final minimum value in the
more slowly burning propergol, andtanw, —w, =w.

10. A solid propellant as claimed in claim 7, wherein
at least one of the values r,, ', , {, A 1s substantially nil.
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11. A solhid propellant as claimed in claim 1, wherein
the sides of the v star branches are comprised by por-
tions of straight lines or hyperbolas and the ends of the
branches are portions of a circle, a Descartes oval, or
an ellipse.

12. A solid propellant for reaction propulsion having
a substantially cylindrical outer surface and which
comprises two separate substantially homogeneous
propergols, the first of which has a combustton speed
which is higher than the combustion speed of the sec-
ond propergol, the first propergol defining a central
axial cavity in the cylinder and extending inwardly from
sald cavity to the second propergol and the second pro-
pergol occupying the volume between the first proper-
gol and the cylindrical outer surface, the cross-section
of the surface of the first propergol at the interface with
the cavity perpendicular to the axis of the cyhnder
being in substantially the shape of a star with p
branches, p, being at least three, the outer surface of
the first propergol defining a separatrix which 1s coex-
tensive with the inner surface of the second propergol
the cross-section of the surface of the separatrix per-
pendicular to the axis of the cylinder having the form of
a star having v branches wherein v is greater than p, the
maximum distance between the separatrix and the axis
of the cylinder being not more than about 0.75 times
the radius of the cylinder. .

13. A reaction propulsion device comprising a pro-
pellant according to claim 12 capable of producing
gases upon combustion and a generally cylindrical
chamber enclosing the propellant, the chamber having
at least one aperture to permit the efflux of gases from

the chamber.
® ¥ ok % K
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