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SUMMARY

An account is given of some of the problems associated with

combustion in rocket motors and it is shown that the improvements in

rocket motor performance which may result from a greater knowledge

of the combustion process are considerable. Suggestions are made

for tackling some of the problems involved.
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1 Introduction

Scattered throughout the relevant literature there are many
isolated statements on the various aspects of combustion in rocket
motors; a few of the subjects involved, e.g. atomization of the
propellants, nave been studied in some detail but there are large
gaps of almost unexplored territory. There are few wel] established
facts concerning the processes taking place in the combustion chamber
which can be used in designing rocket motors, and motors are normally
designed on a basis of past experience and common sense. It is the
purpose of research to provide the necessary basic information for the
rational design of rocket motors. This note has been written in order
to set forth the present knowledge on the subject, as far as known to
the author, to point out the kind and importance of the improvements
which can be expected, and to indicate lines of research which are
likely to lead to improved performance. It is fundamentally concerned
only with the processes associated with combustion or factors which may
influence these processes, e.g. the shape of the combustion chamber,
although attention is sometimes drawn to other subjects which may be
influenced by the combustion processes, e.g. heat transfer to the
walls.

2 The effect of combustion efficiency on weapon performance

An obvious question to ask of any research of the type with which
we are concerned is whether the improvements likely to be achieved are
worth the effort expended. The general aim of combustion research
in rockets is to achieve as complete combustion of the propellants as
possible in as small a space as possible. In addition a more complete
knowledge of the combustion processes should permit the use of certain
fuels which may normally be difficult to burn. If combustion is
complete and the expansion nozzle is well designed then the measured
specific impulse of the system should be vry close to the calculated
specific impulse. Most current motor designs produce specific impulses
which are 85 - 95% of the theoretical value (calculatei as in footnote*),
i.e. there is a loss of specific impulse of 5 - 15%. The nozzle
losses are small, probably less than Wo for motors of appreciable
sizelp 2 s3 , so it is clear that a good deal of this loss must often be
due to inefficiency of combustion. It seems likuly that an improve-
ment in combustion efficiency equivalent to about 5%o increase in
specific impulse may be achieved in many current rocket motors (see,
for example, reference 3). This may seem rather small but the follow-
ing examples show that it is important.

* Footnote: If in the method of calculating the specific impulse it
is assuned that chemical equilibrium is maintained during expansion
and there is no vibrational lag in the specific heats then even if
combustion in the chamber is complete and nozzle losses are negligible
the measured specific impulse is always likely to be slightly less
than the calculated specific impulse by an amount which will usually
be less than ,. This is because in a practical motor sufficient
time is probably not available during the expansion process for
attaining chemical and physical equilibrium; assumptions of
equilibrium, therefore, will not be valid. (See, for example,
reference 4).
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(a) For a weapon of the size of the V.2, a 5/' improvement in the
measured specific impulse would enable the amount of propellant
carried to b6 reduced from 18000 lb to 17520 lb for the same
filled weight of the weapon and velocity at "all-burnt". This
means that the weight of the -arhead could be increased from
about 2200 lb to 2680 ib, an increase of nearly 2L0.

(b) For R.T.V.2 as first assessed5 a 5% improvement in the measured
specific impulse of th 2 propellants would permit an increase
in weight of the warhead from 150 lb to about 103 lb, on the
assumption that the filled weight of the projectilu remains the
same and no important structurai alterations are necessary. If
the proximity fuze is assumed to b , capable of operating at any
distance this should, according to guarded expert opinion,
result in an increase of lethality of the order of 13> to i&,.

(c) The range of a rocket missile travelling i. vacuo, to which the
case of a large rocket missile travelling most of its path in a
rarefied atmosphere is a rough appoximation, is proportional to
the square of the specific impulse so that a 5> increase in
specific impulse is'equivalent to approximately a lYlo increase
in range.

The above examples illustrate the gain in performance of rockets
which can be expected from improving th(. combustion of the propellant.
The other main direction in which combustion research may effect a
useful improvement is in reducing the size of the combustion chamber.

For example, if the value of L* combustion chamber volume in a
throat area

weapon the size of R.T.V.2 could be reduced from 90 inches to 45 inches
the saving in weight would be of the order of 1.5 on the filled pro-
jectile. This saving is important; it means that for the same wight
of filled weapon a projectile with L* = 45 inches can carry nearly 35,
more propellant or an i8o larger warhead. Saving in weight on the
combustion chamber is sometimes also importaint from the point of view
of getting the correct weight distribution in the projectile. This
aspect has assumed importance in rocket propelled model aircraft where
too heavy a combustion chambur 't the rEer of the model has necessi-
tated the use of ballast in th., nose.

Another important advantage of reducing the volume of the combus-
tion chamber, quite apart from the saving in weight, is that normally
(although not necessarily) the surface of' the chamber exposed to the hot
gases will also be smaller. Unless the change in shape has led to
increased gas velocities over the surface, e.g. by making the chamber
narrower, this in turn means that the total heat transfer to the walls
and nozzle of the chamber is reduced. This aspect may be of particular
importance as hotter and hotter propellants are brought into use, for
it is believed already that with rockets working at 300 lb/sq in. the
limit for regenerative cooling has nearly been reached with existing
propellants. This limit is fixed by the thermal capacity of the pro-
pellants and it would appear that the only way to apply regenerative
cooling to motors working at higher temperatures would be by cutting
down the total heat transfer to the nozzle and w:alls.

3 Factors affecting combustion in rocket motors

3.1 Bipropellant systems using ptop ;llants vhich do not self-igritc

3.11 Introduction

In all conventional systems of this typ. the propellants enter
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the combustion chamber in the liquid form through nozzles which are
designed to bring about the early break-up of the propellants into
drops which usually range in size from 5 to 200 P. The methods of
injection used, in general, bring about only macroscopic mixing and
ensure that there are no large sections of the chamber where one
propellant is greatly in excess of the other, unless this is arranged
intentionally as when excess of fuel is kept near the walls so as to
protect them from being attacked by oxidant. When the droplets have
evaporated and reacted as far as possible, it is left to turbulence
and diffusion to bring about homogeneous mixing. The processes which
take place between the injection of the liquid propellants and the
emergence of the hot products of reaction are many and complex and in
order to get an idea of the relative importance of each it is desirable
to study them individually.. They can be divided broadly into processes
of atomization, evaporation, chemical reaction and mixing of the pro-
ducts accompanied to a varying extent by further chemical reactions.
These processes are not independent of each other and they may well all
be occurring in the same place at the same time. For example, a fuel
may be evaporating and burning while it is still in the process of
atomization, and the products of combustion formed may be mixing with
others in the neighbourhood. There may be times when the spray
atomizes and the droplets are evaporattd by hot but unreactive gases
in the neighbourhood and then later react with oxidant in the vapour
phase. These processes and various others may all occLr to a greater
or smaller extent in different parts of the same motor, and their
relative importance will vary with different fuel combinations. If
the complete combustion process is to be understood the mechanism of
each possible step and the factors which control it must be studied.

3.12 Atomization

The process of atomization, owing to its wide use in many fields
of human activity has received considerable study (for bibliography
see reference 6) and although it is not yet by any means completely
understood, more is knovn about it than most of the other processes
which take place in a rocket motor. There is, however, relatively
little information on the impinging jet method of atomization
especially in relation to the subsequent distribution of the two
impinging liquids and any emulsification which may be produced. More
work is also required on the effect of the density of the gas into which
the liquid is injected. The effect of drop size distribution on com-
bustion in a gas turbine engine vas examined theoretically by Probert7
who concluded that for maximum efficiency with a given chamber size the
spray should not only be fine, but the drop size should be as uniform
as possible. This conclusion has also been reached by Adams6 for
rocket motors, although its final validity must await experimental
proof.

3.13 Combustion of droplets

The combustion of droplets of fuel in an oxidizing atmosphere is
a process which, although it is of frequent occurrence in various
branches of engineering, has been very little studied. It is, of
course, a complex process involving simultaneous heat transfer, mass
transfer by means of evaporation and chemical reaction. Even the
separate processes of heat and mass transfer under varying conditions
are too complex for adequate theoretical treatment although with the
aid of dimensional analysis and experiment useful relationships for the
heat transfer to spheres and for the evaporation of droplets in a
flowing gas have been obtained by Kramers8 and Frossling9 respectively.

-5-
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Their results, however, have only been che...cei at atipjsF.eric pres,sure.
The experiments of Topps'O on the evapora,-tion cf 1 ul ,svrocarbcn
drops and of Godsavc 11 on the .combuotior o-j" sta6 ionary trop.- were
likewise carried out at atmospheric pre-sur-1. 1V vi-,w o2 the diffi-
culty of treating theoretically even the ]b ixiilaal 4_' L the process
of combustion of a drop under a wide variety cf~ of gas flow,
pressure, etc.*, it appears clear tha. t, th(I rnrob e- oplcts would
best be studied experimcntaly and sonQ )ik ' is~w x in
progress at R.P.D. Two Uinc, of atac sc' si wu>U ves iiily

They are (a) the study of stationary f lames, lonii, L' 7 a SU6pk2nsion of
droplets in air or other oxidizinE atmosph,r ,, Ct V.tudy of the
combustion of individual droplets. Th,:, r,lsults of' (a) hav,:; alrcady
been reported12 , but the y are- of te,Tzhat all o_u , cicabiJlity b(,CAB,,s:
such flames can only be formed with very emi rpL oand it is not
easy to adapt the tt;ahnique of study to hijh6r pr:uie. Wnrk on (b)
is now in hand an-d consi I.rable: progr, .s.e Les bccn m6 to in overcoming
some of the expcr ime-ntal -Jiff ieul ti-.,s in ma kinc, man ij.UlRt ing and
igniting small drops.

314 Mi~xing. process:. es- followi . on inj.(-tlion

The mixing ices whi,-Ai I a llow Ji-il' .n"' iame regiLon
inside an actual rocket motor tare not well an lersto.)I. is ,already
stated, the normal mto sof inJortion lue nl tj ins,zsocopic
mixing and it is left to tulrbul(_nce and diffusi, on ',o lrns- abou th
homogeneous mixing oftepo0cswiu1 ~aa' e ojne
reaction. UnfortunateLy this proc-'sn is r.ot aw'S l^ aJAd as
could be desired and the burn,_r p,ittcrn cac s-o(me ise r_ h,, traccd by
chemical analysis throughout "he lenp2 th of' thie ch,ss,b_roIsoeie
even into thc exhaust je ,A]_LK It is: re:.-onal1 --_taL,i that a
considerable degree of turbule,nceI iLsg-en,_rat(_.) in tfie cnfliaus tdon zone,
but as uniform mixing of the products of c1ombULs tical is fic quently not
achieved the scale of turbul-ence -svouLr appess j to i.raot l arp_,.
If large scale turbulence Joc2 xis uc t.in.t ae it ,muszt-be of
such a low intensity that it doe-s T-ot hoave tim~.cc emuch mixing
during the pas,sage of th( cc:shrouf;h Qa., c-omti- tl,! 'irer; he
conditions of rapidly acc,_,L,_r&ting, flooi su)ch.~ u in1 F,e nozzle
and its approachcs are knovai to be ve r, uiJavoD:r,bA. to fepersistence
of turbulence. 'The mixin 7,of p's - 5, _. e -ltc:o :, important i
a number of branch :s of esiga.neerin;, inci_i Thgin; ulnbus-t ion system of
the gas turbine-. blut A lthcuich il, h-_12 1rcIvV( a gC(,dea of study
at atmosphenic pressure (s for cam l f_rence,- 1If?, 16 and 17) there
is little information on rd fein trcx t or ,_r(ssurcs.

1.15 Timi-e of' ztay in comboL sl on clharlbel'

It is obvious that the above procece,s;s of' atoul ci Zjon.1,, evaporation,
chemical reaction and mixing take timne,, anl th tii_ cf stay (in the
combustion chamber) i-, oometiimes tefined by toe e(lultior:

t VC

where V c is the chamber NaoLUMC, VI t he e c:psx: :1 of' the
propellant gases mea--ured at th(e chambe-_r tcnrp_r-.Aur, ince pre ,su.re and
w the mass flow of thE prope llant jer tn ~ I : paet
however, that ts only apopro --.ma t _s to th.:-~s P-tis,, aLd - tai-e
the density of loading of 11h, 0y en(ai u t.5ue flqi

propellant in chamber to the vol ume of 11wbr 1_u.l]. e whe n
the time taken for evaPoration of the prupel1 a "jsY ,short. A
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more frequently used parameter is L* = Vc, where L* is the character-

At

istic chamber length and At the area of the throat. For propellants
of similar specific impulse and vorking at the same pressure, L* and
ts are approximately proportional to each other since At o wVl
approximately. L* is a very useful parameter for the engineer, who
is interested in burning the propellants in the smallest possible
volume. Even if t s or L* is assumed to give a measure of the time
taken for the overall combustion process it is only an average time,
and some of the propellant may spend a much longer or shorter period
in the combustion chamber than the rest. This is made obvious by
considering an extreme case, such as a combustion chamber many times
as wide as it is long, where much of the gaseous products of combustion
may be practically stagnant. Before it is possible to design a com-
bustion chamber on more or less rational grounds, it is necessary to
have a knowledge of the flow conditions in chambers of, various shapes.

3.16 Flow conditions in the combustion chamber and their study
by means of models

The flow conditions desirable for one propellant system may be
very different from those required for another. For example, in a
system which requires a large amount of heat to raise it to the
ignition temperature (e.g. ammonium nitrate/fuel/ water monopropellants)
it is probably desirable that a considerable proportion of the Froducts
should circulate back to the burner head before making their escape
through the venturi; the minimum amount of recirculation, however, is
probably desirable with relatively hot and heat sensitive propellants
such as methyl nitrate. The question of the amount of recirculation
which can occur in a rocket motor is very controversial. It is
probable that notmuch recirculation occurs in most of the rocket motors
using conventional bipropellants. The main evidence for this is the
persistance of flow patterns. It seems possible, however, that some
recirculation may occur in combustion chambers of suitable shape; the
droplets entering the combustion chamber from the burner head will be
slowed up by friction and the surrounding gases will be set in motion
in the direction of the venturi. Other gases would tend to move
inwards near the burner head and recirculation would be set up. A
spherical combustion chamber vould be expected to be more favourable
to recirculation than a long cylindrical one where the flame front
is the full width of the chamber. If there is no recirculation,
then since the incoming propellants will lose some momentum before
burning there should be a slight pressure gradient from the flame
front to the burner head. If recirculation is not necessary in order
to maintain combustion then it is probably undesirable, as it would be
expected to increase heat transfer to the walls. The problem arises,
therefore, of finding the best means of investigating the flow pro-V
cesses in a combustion chamber. Observations on an actual rocket
motor would be difficult, because even if the chamber were fitted with
transparent windows the three dimensional nature of the flow would
render direct observation of the complete flow almost impossible.
It might, however, be possible to determine the direction and velocity
of flow near the walls (e.g. by means of smoke or tracer particles)
and this would (.stablish the existence or otherwise of recirculation.
Some observations have been made in America with small rockets made
of glass, quartz or some plastic material which lasts Dust long enough
to take a few cine photographs. The most recent work 1 8 has been
carried out with liquid oxygen/petrol in a two dimensional rocket
motor with transparent parallel walls of methyl methacrylate polymer.
While the use of a low melting point plastic material avoids
incandescence of the walls which may obscure the combustion pattern,

-7-T
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the chamber is continually melting & ay carin its short life and the
combustion conditions are therefore also ,hai-inf. The e:xoeriments
did, however, alloy, a fev, usefiil qualitativc: ,.r-ations to be made.
One is then led to consider whether it woul L oi iossib1e to study the
flow with some simpler fluid than th. rath :r c,mIAe:,, miture of Licuids
and gases which exists in a rocket motor. ,ui_h ibstitutions are
fairly common in other fields and can be shov, -to bt, permissible by
dimensional- analysis of the problem. o . ...... n s rc.) - or x,, in some aurodiamica.'.
problems it is possible to substitut water ('or air, and Thringt- has
adopted similar methods in some of his ,ork on bLact fuirnaces carri-d
out by means of models. Furthermore, th, arth l or y hetween ,,as
flow and liquid flow v,dth a frs 'urfact! 2 0 has ben, app lid to the
study of the flow conditions in an- arount a ram -jt z L .  A study of
the rocket motor problem, howev,r, sho-,s that .her would initially
be no justification for making such a substi tutior. The difficulty
arises from the fact that in a rocket motor thc propliants enter as
liquids and emerge aft< r chemical reaction " euc s. To simulate
this state of affairs with a sinLl(; liqui; it vuuld have to undergo
a change of state requirinr a grcat deal of' heait. The simplest way
of supplying this ht.at is by chemical reaction as in a rocket motor.
The choice of suitable material, ho,vsver, !or constructing the model
would be greatly simplifie. if' it could b6 run on a propellant system
working at a comparative-Ly io. te3peraLir-, and also if' possible at a
lower pressure than is uslal in rock t motois. No, th flow pattern
in a rocket or its simula tin e, model boul.c expected to depend largely
on the density chanc-ie which occurs at the 1iqui/gas transition and on
the place wher- it occurs and it is desirable to ensure that these are
as nearly as possible the sa.m e in both the rock( t and the model.
Since the volume of the liquid is small and can be neglected, it is,
therefore, sufficient if the-. cgases in the rockt and model have the
same density. If any e'ffects iue to dissociation at high temperatures
are neglected and it is asswried that the molecular weiht remains the
same this is achieved if the ratio T/P (where T is the absolute
temperature) is the same in rocket and mode:l, wihich is rather con-
venient. It means that a model running" at a relatively low temfprature
should also run at a low pressure.. It is only necessary to ensure
that the running pressure is above the criticaL pressure at which the
flow at the throat becomes sonic. HTP and cal.cium or sodium permangan-
ate suggest themselves as a low temperature propllant system suitable
for the purpose. To simplify the study it bt,ould be sirable to
pay some attention to the injector so as to confine the liquid to 'as
transition to as narrow a zone as possibEK. There should, however, be
little difficulty with the above system as reaction in the liquid
,phase is very rapid. The above system will give rise to a small mnount
of, solid, but if this proves troubLesome ifl-/hydrazin hydrate could
probably be used as J.Diederichsen has shown that it is possible to rur
this system at oxidant/fuel. ratios correspondin to wry low
temperatures.

The use of a low temperature system would 'Pn nit the model to be
made of heat resisting glass or quartz ind ti,.e question then arises
how the flow in a transparent three dimen,ioal model may be studied.
A tro dimensional model with its opposite C] uric surfacos transparent is
attractive, but it does not give a true re presentation of flow in a
three-dimensional rocket, as the flow in uch a rocket cannot be built
up by combining the flows from a number of fwo dimnsional models.
It was originally intend,d to use a quasi-three dimensional model of'
the type shown in Fig.l ,hich it was thoug.ht would give a flow pattern
which could be made visible by tracer particl,;s an: which would be
closely similar to that in tht actual rocket, if' it is assumed that
there is no large scale movement around th, lon, ituninal axis of' the
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motor and the radial bounding walls do not have too great an effect.
If these assumptions are valid it will be seen that it is possible to
build up the flow in a complete rocket from that obtained with a single
model. Fig.l(b) is a somewhat less ideal version which would probably
be easier to construct. Exploratory experiments with both two
dimensional and quasi-three dimensional models using a suspension of
aluminium in water have, however, shown that boundary layer effects are
important and make interpretation of the results unreliable. A much
more attractive method is to use a transparent three dimensional model
and adopt the method described by Nicholson22 for studying the mechanism
of flame stabilization in the wakes of bluff bodies. Briefly the method
consists in suspending fine aluminium powder in the gas stream and
illuminating it by a narrow beam of light; only the particles in the
plane of the beam are illuminated and can be photographed by scattered
light. Nicholson's work was carried out in a duct having a square
cross-section, but exploratory experiments at R.P.D. suggest that it can
be applied to a circular cross-section. In the model rocket motor it
is intended to include the aluminium po,ier (or other suitable solid)
in one or other (or both) of the propellants. The HTP/sodium
permanganate system would indeed provide its own solid, but it may
not be in a suitable form for visualisation or photography.

3.2 Bipropellant systems with premixing

Some work has been done at R.P.D. and also in America on rocket
motors in which two immiscible propellants are formed into an emulsion
in a specially designed nozzle imediately before injection into the
combustion chamber. The reasons advanced in support of this method
of injection are firstly that less space is required to mix propellants
in the liquid phase than in the gas phase, and secondly, since each
droplet of the resulting emulsion should contain the correct proportion
of intimately mixed fuel and oxidant it was hoped that such droplets
would burn more or less explosively; the net result should be a
reduction in the value of L*. Early work on the combustion of single
droplets of HTP/kerosene emulsion showed that fairly large drops (ca
1000 - 1500p) do not burn very rapidly when suspended on a wire and
ignited. More recent experiments in which smaller droplets (ca 500P)
were injected into hot air indicate, however, that under these con-
ditions combustion is much more rapid than with kerosene alone. Further
experiments are in progress. Work on nitric acid/kerosene motors with
premixing nozzles has not gone far enough to draw any conclusions
about the possible reduction of L* as compared with conventional
injection but the indications were that combustion was occurring very
close to the injector. This work has been temporanily ojg
to spe,;ply during sTarting. The similarity
between this system and one using a monoprop6il t is obvious.

3.3 Bipropellant systems with self-igaiting propellants

As the combustion processes in systems of this type will depend
considerably on the speed of reaction in the liquid phase, it is not
possible to make general statements about them. With nitric acid
systems, e.g. V1FNA/WAF1, reaction in the liquid phase is very rapid,
the liquids boil almost immediately on impact* and combustion is
completed in the gas phase. With hydrogen peroxide systems such as

Footnote: Most of the observations on impinging jets of nitric acid
and self-igniting fuel have been made at atmospheric pres-
sure and are, therefore, only strictly applicable to the
ignition process. At rocket motor pressures the boiling
points of the liquids will be raised, but it is not thought
that this will seriously affect the validity of the above
statement.

-9-
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HTP/C-fuel reaction in the liquid phase is slow by comparison and much
of the propellants will reach the flame zone in the foir of droplets.
The degree of mixing of the propellants before break-up will depend on
exactly how they are brought together. In some -ystems it is possible
that a large proportion of the droplets formed on impingement may
consist of unmixed propellants and ther, once ignition has started,
the combustion processes will bc very similar to those in a rocket using
non self-igniting fuels. LittLe is known about the degree of mixing
before break-up produced by the various impinTing systems used in rocket
motors, but it is intended to carry out some e pcrimcnts to get more
information on this point.

The ignition process, which is fundamentally different in self-
igniting and non self-igniting systems, is discussed separately.

3.4 Monopropellant Systems

In monopropellant systems the problem of mixing propellant and
oxidant does not arise, neither should there be any mixing problem
following combustion for the products should be of uniform composition

across the whole section of the chamber. Furthermore. the mode of
combustion of conventional monopropellants is similar to that of solid
propellants such as cordite which has received considerable study, so
that some theoretical approach to the probl6m is possible as has been
*made by Adams 6 , but the picture. is still far from being complete. A
somewhat puzzling factor about monopropellaiit combustion is that although
no mixing processes are involved monopropullants invariably require
chambers having L* greater than that for bipropullant systems operating
under similar conditions. The reason for this is not clear.

For fairly low temperature monoproVllants a kinetic explanation
may be plausible; for example the normal value of L* required for
running a motor on hydrazine at a chamber iressiire of 20 atmospheres is
500 inches for the reaction

3N 2H4 ----- uN11 2 - 4NH[3 +jN2 ...... 3N2+6J2

It is reported, however, that if a chamber 1,.ith a smaller value of
L* is used the reaction does not .o beyond tne 4-NH 3 + N2 stage and in
consequence a somewhat high r specific impulse is obtained. (The
reaction 4NH3 --- > 2N2 + 6[12 is endothermic and although the molecular
weight decreases this i- noT. Unough to compensate for the fall in
temperature, i... TiY is greater for the 4.N-H3 + N than for the
3N2 + 6H2 stage). For monopropellants such as D20 (dithekite 20) and
nitromethane, howuver, which give specific impuls ,s only a little lower
than the conventional biprop,.llant systems end vhich operate at quite
high chamber temperatures pur,".ly kinetic cxe planations are perhaps not
altogether convincing. An alt,rnativ ,xplanation which suggests
itself is that the difference in T,* re.quirumnents may be due to a
difference in the degr e of' turbuli,nce in the combustion zones of the
two systems; the chemical and physical iriomoguneity of the combustion
zone in a bipropellant motor favours turbulncu wher,;as relatively
little turbulenc, may exist in th,. combus tion zone of a monopropellant
motor. Since in both typ, s of motor (.vaporation of the propllant is
probably an important tim, consuming process and would be greatly
speeded up by turbulent mixing of the incoming propellants with the
products of combustion, it may b - that th. different degrees of
turbulence in the two systems ar," largey re-sponsible for the difference.
in the values of L* required. 1]1urbuince me, , of course, also speed

- 10
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up the chemical reactions in the system.

These speculations on the reasons for the large value of L*
required by all monopropellant motors could be tested experimentally
by means of a composite monopropellant whose ingredients could also
be used in a corresponding bipropellant system. For example
dithekite 20 consists of 57.5 parts of nitric acid, 22.5 parts of
nitrobenzene and 20 parts of water; its L* requirement as a mono-
propellant is known, but it could also be fired as a bipropellant
with aqueous nitric acid as the oxidant and nitrobenzene as the fuel.
If we ignore the possibility of some reaction in the liquid phase
during evaporation in the case of the monopropellant system, then the
chemical kinetics should be substantially the same when it is fired
as a bipropellant system and any large difference in the L* requirement
would be mainly attributable to differences in the mixing processes in
the combustion and precombustion zones. It would, of course, be
necessary to use the same or similar injectors for both the mono-
propellant and bipropellant systems, but this should be possible, e.g.
with impinging jets. A similar expcriment could be carried out using
two rocket motors, one with a conventional injector and the other with
a premixing nozzle which produces what is substantially a monopropellant.

The large values of L* required for monopropellant motors are an
important factor which militates against their use and it Ns in fact
the need to reduce the value of L* of the monopropellant motor under
development at R.e.D. Thich encouraged the initiation of the rocket
model studies already described.

The chemical similarity between many solid propellants and liquid
monopropellants has already been pointed out. A detailed comparison
between the two types of motor is, however, somewhat complex and will
not be made here. An obvious difference is that in a solid propellant
rocket the primary flame front is fixed by the geometry and position
of the charge and in most motors there is a considerable gas velocity
over the greater part of its surface. A further important point
of difference is that until melting and/or evaporation and decomposi-
tion has occurred in a solid propellant motor the propellant is fixed
and must remain in the chamber; in a monopropellant motor (and also
in bipropellant motors), however, the motion of small 73roplets of
propellant is mainly controlled by the gas flow, and if they do not
evaporate sufficiently rapidly they may be carriod out of the rocket
in the gas stream with a consequent loss in performance.

4 Ignition in rocket motors

4.1 Ignition in rocket motors using propellants which do not
self-ignite

Even an understanding of the process of ignition of quiescent
gas mixtures is difficult and under the much more complex conditions
prevailing in a rocket motor a rational scientific treatment of the
problem is at present quite impossible. There are, however, one or
two broad principles which can probably be applied. It has been
found in igniting atomized paraffin/air mixtures in a fast flowing
stream such as occurs in the ram jet that the rate of input of heat
from the igniter had to be increased as the air speed increased.
This is what might be expected from an elementary consideration of
the problem; if we imagine the hot flame gases being rapidly diluted
with the surrounding mixture then the resultant temperature of the
mixture will be btlow its ignition temperature. Even if a flame
starts to propagate in the streaming suspension of droplets the flame
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surface might still be brokr~n ar,t cool( , bcforc it propagates very
far . This coul' be ae ,for (&xa!.pL- , ~ euin or by the
passage of' largn fel iropl ts uhrou).'h the .51fc62. The same kind
of consideration;'i"b apply to :e rock' .t msotor, althoiif,!h here nearly
all the propellant. (fluci an;'i oxidart in a hipropo llant s ystem) wilL
be in the form-.of lciqi dropi to-,. R(_,,:ctlon (-arn only occur in the
vapour phas. anr t since" 91ccl of te iqiw uC h-ave a considerable
lat,3nt hcat of' cvaDor-ation tiw ii,,yr a cor,-i 3-erab-D cooling
effect on any P hem, -whicih y paisz thro u,1 ,-,t hi.rt- rat,,o of flow.

Th i_cznition ro>nsa incr,_%,sit,g Atntion as th. siize
of the rockc.t increascEs. If t.~li,_imit ,r i,- Ait iahtd at a cu,rtain
point in the motor th,r n tli,, tim, ta',n i'or t.he flam to travel from
that point to e v<xy oth-al poirnt in 1w. sOTh br -41-] obviously incre_ase
with thu size of' tho. motor. For aen j,,-nj,t,r itOtlat the eu,ntru
of a spherical comb)uctior. chamb.r Weccar om that this time is-
approximately proportional to thb radiuEs -Now *luppo. e that thu
rockct is scalu!d uip in ;s 5': that th_ tIhruat i,- incr(_asud 'A.ght
times, but the valu,. of L~rmiethe. ciT. h; radius of the
chamber will bc incruasc4 tvofol. an, a'., o tl, 4 im.. ;'or comploet(-
ignition, so that with an in IP aiera r 1c rat. about six-
teen times as much -Prop(,1lart 4; i LI h,,v_ l-ac; s t int4o thc' chamber durinw
the ignition p_-rioa.. if' trhuigh of thi:, prop iLant, e,Xceecis the
weight of propellants. plus prodicn-S 1''eici7 "ca)UlJ 1norirally be present
during steady running, thur: is fiki t, r . r -,urge above
the ,,,orking rssr of' tieik rock,A. If thi,i erg, - i:i roughly pro-
portional toiqantity of prOjetl lant ye mm _ oj. chambl-r th,,n it will
be twic,. as great ith .e ari, ,r roe k.-. ilthouq,h tht_' above di.--
cussion has bee(In gr(2ati-y O ilit , ;m,_v 1,rolia-ui- that the ignition
problem is likely to be, n' 7r-a'l,r importanc(-, ac thc size of' the
rocket is increased. For 'rfroc]:.-.s ii; 'm a;L no cessary. to use
several ignitersm to reuu, ti.k- i e'ii ion L'ter1va t or <Ieto have a
rotating ignit,,r of the cath :,rinc x''4L,..1 h a,- -,as used for
ignition of the V.;1. Th,:r, fa't.p 's lil,, e kno-,le_dge of' thk-
velocity 7,ith -viich PLant. trav,el freii Lh .oumrc, cC ignition through
the propelhlant 2oray, bLML c kol ' wa .- _3~irable, This
is not very c-asy to obtain inc(r mr ocOk SA ieee or cor iitions, but Some
information sf-Louir b.- ob ;ainal I by' car,f u:. .xem,or.Lton of the build
up of prcssurz: aftur lei o. xeot L 1P to use a Point
source of ignition for thizs p-r,,oo;; hi,-h ni ysTrk may be
sufficikunt for somt, 7yst(2mrs k . [ho . s_Ao,,i,, 'o,'ycren, arid this
w ould also give_ th',: (ime, af ieii u r%; 'AcCor;. it may also be:
useful to Lexamine thin rat,: at 1.)r- u' 5~A rpmot; d through the
propellant spra7r at atmoophric' y..sc Cvclx if a knowledge
of thtz effect Of' prkus21dr(, oii th',Kn ' do .1A, obtained from
independ6nt eprmns

4.2 Ignition in rocke, t motorLi ulsrw 1~hitflel

AlthouFh the elyasoiater,wm th,: is,.nition of self-igniting
fuels has recenivedo a 70 Ic-al of' sti 4yT in x;h-lLoratory, partiCUlarly
with the tw.in-j(,t acparatUmvoQ)P_, ) the-re are- marny point'S concern-
ing ignition under rockcet motor condiition,."%co are not, clear. The
liquid velocitie-s in thu Liw,in 'A-, a1 par': leo ar,,, usally less than 10)
ft/sec, the differe;nc. in vul.ooity buv1 xlh wo stre_ams is only a
few ft/sec, and th " two str6a.i., ol' :iqali.] 0on mr,utttg rt.m together in a
single stream until ignition occlurs. nU rock <t motor conditions,
however, the 1iqutf ye l0odti,, commnonl -'ee lk'. tcc) and the
difference in th_ ye] ocitiu ,ciof the. two "'tr ,am., i,, cc,rrE;s1ondinagly
greater; the t-,o stre_ams -to not form aftei'r imy.pact a inA stre am
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which persists until ignition occurs and little is known about the
degree of mixing which takes placed before break-up.

Even if the high liquid velocities did not cause break-up on
impact the method of injection is usually such as to prevent the
liquid streams remaining together till igition. For example, in
the individual injection nozzles of the Walter 100/509 motor 27 the
propellants enter from two concentric swirl orifices and form expand-
ing cones which impinge and break-up before ignition occurs. The
delay in ignition and ultimate failure to ignite at altitude has been
studied in the laboratory 2 4 and work is now being carried out at
R.P.D. with a small motor running in a decompression chamber.

5 Conclusions

It is concluded that the improvements in rocket performance
which may result from combustion research are well worth the effort
expended. There are a number of directions in which further know-
ledge is required and the following ar,. considered to be among the
more important:-

1. The degree of mixing and patterL of dispersion of droplets
produced by impinging je;ts or cone s of both self-igniting and non
self-igniting fuels.

2. The study of the combustion of droplets of various rocket
propellants in atmospheres of the type which may exist in rocket motors
with particular reference to the effect of the size of the droplet and
the combustion pressure. This work is in progress at R.P.D.

3. A study of the flow conditions in rocket motors of various shapes
with special reference to the region near the flame front and injector.
It may be possible to do this by means of models working at low
temperature and pressure. Work on these lines has been initiated at
R.P.D.

4. Study of the rates of propagation of flame through a cloud of
atomized propellants such as is produced by a rocket injector.

5. Determination of the L* requiraniunts for a composite mono-
propellant when operated both as a monopropcllant and as a bipropellant
system.

It will be necessary at all stages of the work to compare and
correlate results obtained in the laboratory with those obtained in
rocket motors on the test bed.

- 13 -
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