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Abstract .

Various motora have been made, and tested statically at ;
rates of fuel flow up to 1.  lb./sec., using chiefly nitroglycorirc

(deeenaitised) and myrol as fuels,

Concluslons are drawn on ‘the essentials for safe and
efficient design, und ‘theories relating to fuel combugtion and
motor design are put forward. -
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Introduction

The Armament Design Department and Armament Research
Department have worked together since the end of 1944, investi-
: gating the properties of monofuels, for the purpose of finding one
sultable for rocket propulsion, and if possible, develop a rocket
motor sultable for propelling the guilded anti-aircraft projectile
(G.4.P.), then being considered.- ) g -

d This report i1s based chiefly on work done by the Design

! Department, and describes the problem, the experimental methods
used, and the results obtained. A certain smount of theory
(see appendix) hms been developed during these experiments, some

~ of which has been tried, but some is as yet unproved.
2. Regquirement . ﬂ

Early in 1945, it was declded to proceed with a design of
liquid fuelled guided A.he rocket projectilc, to meet Navy and
Army requirements, CeEssieDs was delegated by the GAP Working ‘
Committee, to design the structure.of the projectile and pro-
pulsion uynit. Since the chief requirement was to get a
projectile into the air for tests of the radio contrcl apparatus,
it was decided initially to use the relatively well tried liquid
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oXygen - petrol fuel combination; thomotorudhng thesc fuels to be

designed by The isiatic Fetroleum Company.

4Lt the same time,

CoeBeiteDe and CeS.i.R. were to carry out research on conbustion
of monofuels, with a view to developing a suitable monofuel rocket
motor in time for use with the Gap projectile, when the control

s8ide was satisfactory.

The requirement for this was a motor with a thrust of
1,000 1b., a specific impulse of 200 1lb./sec./lb, or over, and

duration of 25 seconds,

3. Fuels

3.1 Hdvantages and dlsadvantages of monofucls

Monofuels are ultimately unstable liquida, containing
oxygen for their own combustion, desensitisers, and possibly

catalysts,

addition of 30% nitrobenzene ac a descnsitiser,

An exumple, is liguid nitroglycerine, with the

"It is evident,

that their properties are very different from those of bifuela,
and must be used in different ways, and with differcent pre-

cautions.-

below: ~ s
‘Ahvantages

ﬁimpliciﬁy of tankage, burner
desgign ete.

Simplificution of piping etc.
in fuel expulsion methods,.

BEase of storage, Tanks can be
sealed, hence rcadiness for
immediate use.

Ultimate possibility of better
combustion owing to molecular
association between atoms of
carbon, hydrogen, etc. and the
oxXygen.

302 iLvailability of fuels

Compared with bifuels, they have many advantages
and disadvantages, the most important of which are tabulated

Disadvantages

Lack of safety. Fuels can be
exploded or even detonated by
impact or local. detonation.

Difficulty of uwsing pumps,
cordite gas, for expulsion.

Reduction of speoific impulse
if fuels are fully desensitised.

<

Not self igniting.

Difficulty of providing cool-
ing for combuastion chamber,

At the agtart of the experiments in October, 194L, only four
types of fuel were available, and little was known of their pro-
perties, though some measurements had been made of the sensitivity,
the flash point, (temperature below which the vapour will not
ignite on sparking) and the self-ignition point, (temperature at

which liguid automatically ignites on heating), ete.

Later,

fuller data became available through the work of C.S.A.Re 2ot

both Fort Halstead and.¥ioolwich,

The fuels available were as follows: -

Ea Nitromethane
b) 70% Nitroglycerine
30% Hitrobenzene

in small quantities
in unlimited quantities

(e) 90% D.E.G.N. (Diethyleneglycol-dinitrate)

10% Nitrobenzene

(a) Myrol (Methylnitrate plus methyl alcohol) in various
ratios; at first 80/20 and later 75/25.

{‘ > y &4 ‘)/t.
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The mixture rotios given could of course be varied, but
at that time, the above were concidered to give an odequate
margin of safety from burning to detonation. The possibilility
of detonation on impact was for the time, Leing isnored, as
impact risk during experimental work was negligible,,

3.3 Choice of fuel

The first test run was carried out using nitromethane,
which failed to ignite in a hot cordite ignitcr flame, Due
to this, 1ts cost (6/-.per 1b.), and its limited availability,
no further runs were made with this fuel, Then D.E.G.N. and
N.G. mixtures werc used as these fuels werc available in large
guantities, but N.G. was decided upon as 1t hus a higher
theoreticul specific impulse value than D.E.G.N., and in order
to fix attention on one fuel,

Meanwhile, arrangements were made for the production of
Myrol at Woolwlch .irsenal, as it was hoped that this would show
an improvement over N.G. Compared with N.G., Myrol is very
much less viscous and more volatile, and has a higher self-
ignition point and considcrably lowcr combustion temperature
(2400°K compared with 27509K), for a given specific impulse.
Ite rate of buming was expected to be high, When Myrol
became availlable in December, 1944, it was used at once, and
became the standard fuel. Some tests were gtill made using
NeG. fuel when supplies of Myrol ran out.

During; all these early stages, ro very great importance
wag attached to the fHype of fuel vged, ac it wos expected that
much of the information gained from experiments with one type,
could be related to octhexs, Tuis has since been more or less
borne out in oraciice, 1t is however neccasary, when the
deslign of a specific uoter is to bz undertaken. for a definite
fuel to be decided upcn as different fuels require minor
differences in motor design; auch as, for instance, tuc sizevs of
the syray Jet.

4, Design of éxperimental test ric
4el Initial data

It was decided, to moke o sturt with a combustion chambepr
and test rig to handle fuel flows up to 1 1lb./per sec, and hence
thrusts of about 200 1lbs, i combustlion pressure of about
300 lb./per sq.in. was decided on, partly by onalogy with known
bifuel systems, and partly from consideration of tank strength,
gas expulsion system weight, etc, There are many considerations

involved in fixing an optimum working pressure and is discussed
further in section 6, - . e

L.2 Description of test rig

© On this data, a static test rig was desipned in which o
combustion chamber firing horizontally, and suppurted by two
gulde plates, could elide clong two horizontal rails, the thrust
being token by o measuring head. (sec Figel), The slide
contact was metal giving dynomlc frictional reaciion up to

5 1b, The combustion chanlber, of internul diameter 3 inches
and length 4 inchec, and built up of L detacnable sections
bolted together was uncoolod; the parts being machined from
solid mild steel bar (Pig.24). .
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The fuel was fed under nitrogen pressure (see Fig.3), from
a vertlcal fuel tonk 3" diameter and 3 feet long, through an
electricolly operated valve and a flexible pipeline, ond injected
into the combustion chamber through o single swirl type cone spray
gimilar to the usual commercial type. The pressure drop across
this nozzle was initially sbout 50-100 1b,/sg.inch, In the first
test, a cordite igniter having a burning time of one gecond, was
used, but in all sulsequent tests, an igniter with a "cigarette"
burning plastic charge of some 200 gm. was used, which had a
burning time of alout 5 seconds, and a rate of heat input of
44,000 calories per second.

'4e3 Method of operation
The method of operation was as follows:-

First, the fuel tunk was pressurised by openeing the cock
on the nitrogen bhottle. The izniter wza then switched on and,
after a delay period, sufficient to ensure that the igniter was
burning correctly, the electrically operated valve was opened,
allowing the fuel into the chamber. These operations werec
carried out by remote control, the apparatus being in an earth
covered tunnel,

4.4 Recording

During the functioning of the conmbustion chamber, readings
were taken of the pressure, and the pressurc¢ in a cylinder of oil
between the thrust head and thrust piston. This latter pressure
gave the thrust of the motor. Pressurc gauges were of the
electrical condenser type lcading directly to a local osclllator
box, and from which two variable frequency currents, corresponding
to thrust and pressure were transmitted to the recording amplifiers.
There they were transformed to variable voltages ufter amplifi-
cation, and used to produce movement of two spots on a cathode ray
tube. These were photographed on o revolving drum camera. N
accuracy of * 1% was claimed by the operators for this method of
recording.

i, screwed inlet was also provided near the venturi throat
of the combustion chamber, permitting the insertion of a thermo
couple, but this was not initially used. By the use «f an
electrically operated tuning fork, time intervals of 1/25 of a
second were recorded by marks on the films. This method gave
conslderable accuracy for estimating the length of runs,. The
whole recording gear was that already in use for the development
of plastic propellant by Dr. Runicles of C.S....R.

5« Dectaolled desipgn and early modifications for safe and
gatisfactory operation.

It is not proposed here to describe tests in detall, but
rather to describe the initial difficultles encountered, and the
methods used tu overcome then, These difficultica fall chiefly
into sectlions and are related to the desinrn of various purts of
the apparatus with regard to their satisfactory operation and
their safety, and the conclusions in para. 5.13 shculd be helpful
in further work.

Later tests dealt more with changes in flow rates, pressures,
type of injector etec., and less with detailed modification of
apparatus. Thece are described in section 6.
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501 DeEeCGeNe Testls.

In all the five testa using D.E.G.N. fuel, the results
were negative, The first of these was highly oseillatory; in
the next three there were igniter failures, and in the fifth a
bLlowout disc failed,  There seems no reason why DeE.G.N. could
not be made, if desired, to give o performance approaching that
of N.G., as these failures had little or no connection with the

fue] used.
5.2 Channelling

The second of the N.G. tests,was satisfactory for a short
time, ending in on explosion, This was assumed to be due to
channelling of the fuel in the tank and feed pipe lines by nitrogen
gns at the end of the rungmithe consequent injection into the
combustion chamber of a mixture of fuel vapour and nitrogen, with
possibly some of the air which initially filled the ullage space
in the fuel tank, The rate of flame propagation through the
vapour being higher than the velocity of the flow of vapour through
the nozzles, it wne possible for the flame to carry bhack along the
fuel line, blowing this up and igniting the remaining fuel.

: To prevent this in subsequent runs, o relatively inert fluid
(water in the cace of N.G., and paraffin in the case of Myrol), was
flonted on top of the fuel in the tank, and found satisfactory.

5¢3 Igniter failures

. While the "cigarette Lurning" plastic propellant filled
igniters (see Fig.l4), proved fairly reliable, there were at first
(runs 7a, 7b, 7¢, 3la, 51 and 52) a number of failures to ignite,
or cases of unduly fast burning. These were finally cleared up
in March, 1945, by carrying out tests on igniters fired in the
open, It was found that when the propellant was pressed with a
flat ended punch,; gilving a flat end surface to the propellant,
erratic burning times were obtained, Modifying the punch so as
to produce a concave propellant surface, overcame this, and
consistent burning timee resulted. It was found esscential to
use the 'hot' propellant R.D. 2633 - one or twofailures to ignite
teing due to using a low energy propellant with perspex binder.

. It was also found, that if the cavity containing the
electric puffer at the choke end of the igniter pot were too great,
ignition was liable to fail. - Hence when a short burning igniter
was required, it was necessary, first to £i11 the pot pertially
with inert propellant, and then to press on top of this the required
amount of live propellant, so.as to leave a constant small ullage

space, .

Se4 Positioning of igniters

Up to December, 1944, (run 23), the igniter had alweys been
placed so as to fire across the chamber towards the spray injector,
at an angle of 20° to a dismmeter, This ¢taused a certain amount
of preheating of the injector and in some cases resulted in its
melting, and may have filled up the space behind it with hot gas.

It is very likely that this arrangement was the cause of
some blow upe; the fuel teing ignited tehind the nozzle due to
its high temperature or by thc pgaos. In subsvguent runs, the
igniter was placed nearer to the venturi and pointing away from the

spray injector, when satisfactory ipnition was still obtained, and
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a possible cause of milshaps ecliminated.

When using thin walled combustion chambers, 1t was
necessary to keep the delay before the entry of fuel down to
reagonable limite of approximately 1 sec. as the lgniter had
a tendency to overheat the chamber woll which’ would bulge out
on combustion of the fuel at higher pressurecs.

5.5 0Other methods of lgnition

i few runs were carried out early on‘(runs 34, 39) using
a sparking plug, giving a repeated spork, and also using a
vyrotechnic igniter firing through the same hole in the slde of the
combustion chamber. ,

With the spurking plug arrsngement, no ignition occurred,
though in one case a 'pop' (very mild explosion) was produced,
which broke the flexible fuel line.

With pyrotechnic ignition, N.G. fuel was ignited, but
the run was unstable; with Myrol fuel an immedlate oxplosion
occurred. '

It is possible, that ignition 1s considerably assisted by
the exlstence of the moderate pressure which the plastic igniter-.
ercates (about 4O 1b,/sq.1in. observed, 80 1b./sq.ln. calculated,
ignoring losses), but which is absent in the case of the other two
me thods, Since ipnition tests were not of primary importance at
this stage, and satisfactory ignition could be oLtalned using the
orlginal plagtic ipgniter, nll further tecsts were carried out using
this type which, though legs simple and rnther bulky, was rellable,

5.6 Filters

Initiully, nc filters were used in the fu2l line, but it
very soun becume evident frem water teete ete. that, without o
filter, therc was every pcssibhility for the jets elng choked.
This was especlolly important when using impinging Jjet nozzles
(Pige. 5, 64, 6B ond 7) as in the carly tests but rather less go
in loter tests when using swirl types (FPigs. 8 and 9). It was
therefore absolutely essential to incorporate o filter immedliately
before the spray nozzle, and this was done in ¢ll runs after run
12. '

The exact positioning was variled. Fllters soldered
directly on to the implnging jet nozzles »nroved unsatlsfactory
(See section 5.11), and eventunlly a filter in a special filter
?Eiderzg?s fitted in the plpe line Jjust before the inlet flange

Ce . : :

Later, when using solenold as orirosed -to motor operated
valves, some valve failures occurrcd, and 1t was found essential
tg 1nfgrpose a filter to protect the valve from small particles
of srit. .

In each case, a flat circular disc of fine gauze of 80 or
100 mesh and about 1 inches diameter was used (though cther shapes
might be equally sultabile), held clamped Between leather washers
which were frequently replaced, The importance of ueing fllters
in these two positions cunnot he over emphueslsed,




‘any explosion so s to hinder burning down-the pipe line and the

5.7 . Blow out diccs

Many safety devices were tried, consisting of blow out
dises fitted at various points in the system, to give immediate
release of pressure in the event of an explosion at the combustion
chamber. Thege were fitted to the inlet flange, to the pipe line
and next to the fuel tenk, and used both with and without an
accompanying non return valve. :

Thcif intended function was to release the rressure during

transmission of detonation. Opinions differ as to their value,

as it is not certain whether they can produce a large enough £
rclease aperture in a short enough time. They are probably of

little value once a detonation has set in, and blow-ups have

occurred in spite of. their presence, though they may have limited

the extent of the damage. s

. Those used, consisted of silver foll clamped hetween
hardened and ground washers of internal diameter 0.55 in, the
foll Yeing in 3 layers,each .Q05 in, thick. It was found, that
thicknesses calculated to withstand two or three times the working
pressure were necescary to wlthstand the initial pressure surge
due to ram effect on switching on. Discs were chunged every
two or three runs, as failures occurrod, thought due to pulsation,
and conseguent weakening of the disc during runs which were not
completely steady,

5,8 Non return valves

Non return valves used in conjunction with a blow-out disec, -
were intended to close the fuel line between the combustion chamber
and fuel tank (see¢ Fig.3), while the disc would releasec the presszure.
This was 1n order to prevent the entire fuel tank from bursting on
ivery minor explosion, and- to prevent burning back along the pipe .

ine. . i H

3imple flap type valves (from Buck and Hickman) werec used,
but it is dubious whether their response was sufficiently rapid to
be of value. ' Some explosions (not detonations) were stopped at
the valve, while in other cases the vulve was retrieved from the
floor in small pieces.

48 the value of this piece of apparatus has not been proved,
it is thought that some form of detonatibn trap coneisting of con~
structions or enlargements of special shape in the pipe line
might e the solution. s

5.9 Detonation stopper

RO dectonator stopper, - consisting of nine small dismetoer
pipes in ‘the form of a U, connected in parallel with each other
and in serics with the fuel line, was tried‘experimentalxy. Due
to its doubtful value and the constriction.to flow, its use was
not continued, ;

5.10 Main Fuel éontrol valves

The.main frel valve being one of the key vieces of the
apggigtus had to be protected from solid particles in the Fuel by
a filter,

It was Tound after tests with different types of valves
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that there are certain features which are essential for efficient
operation. The regquirements are broadly as followsa—

(a) The valve must be able to pass the requircd flow with a
reasonably low pressure drop across it, and ulso to produce a
minimumm of turbulence, in order to prevent mixing of the fuel and
follow-through 11qu1d, and to prevent the possibility of initiation
of the fucl due %o .viscous shearing. , :

(v) Leakagu across the valve to the combueﬁon chamber must be
small, as thles may cuase prcecmaturc ignition of the fuel and an
explosgion, or the production of vapour, the ignition of whieh would
also cause an cxplosion. Some leskage to atmosphere can be
tolerated if it can be collectcd and meagured. These conditions
can be met by using a two way valve, the fced to the combustion
chumber being offset and above the feed linc from the fuel tank,
and the vent line below it.

(¢) A metal to metal valve should be unable to impact dback
on its scating in the event of a vressure rise in the combustion
chamber; If, as once happencd, this occurs, it may produce
detonation at the valve itcelf.

(d) It should preferably be fairly resistant to. corrosion by
the fuels used, for though the fuel is largely clearcd by the
follow through liguid, some trace may rcmﬂln after flring.

“(e) It may well be found nccesuarv in future cxperlmcnts, to
design valves having a ratc of opening which is vorlable, 'in order
to prevent the Lnitially high fucl flow which occurs when therc
is no back pressure in the combustion chamber, - With the rig used,
however, the btime of cperaticn was not found to be important.
Delays from off to fully open varying from almost zero to about
1/2 or 1 sccond were uesd satisfactorily. Naturally such delays
could not be tolerated when actually studying ignition intervals,
which has yet fto be done. ;

(£) It must be capeble of being remotely controlled and
operated by clectrical apparatus with eas¢.® This means that
some type of solenoid or electric motur driven valve must be
1ncorporated, cither.as main or pilot valve, The valves actually
used are given in the following, but it is hoped finally to usec
some form of piston valve with a straight and clcaor passege when
open, and posseibly operated by an eclectric jack (Rotax - 4/C type )
with varying deley times,

5.10.1 The valves asctually used - ' - 2

The valves actually used weres-—

(a) A threc turn stop valve operatea thr;ugh worm gearing and
rubber coupling by a small clectric moe%or,- “This haa conical bras
scats and operated fairly satisfactorily, though with slight
leaking and occasionally sticking.

(b) A solenoid valve made by Thorpe snd Co. (Manchcster)
utilising a very large mains operated solenoid, and having o self
locating. steel bell in ring seat. This valve CV“ntu4¢ly impinged
on the scoling and dctonuted the fuel.

(c) A German valve, operated by nitrcgen prcssure af ter passing
through a small German solenoid valve, The particular valve used
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had a steel conical valve which scated or a small conical area of
steel, but it was pronc to jam.

(d) A German solenoid valve used direct, with scating similar
to the above, This valve has been quite satisfactory, but is
somewhat small and produces a high pressure drop.

511 Fuel sprays (burner or nozzles)

The design of these sprays, together with their associated .
mountings (the inlet flonge or burner plate) and the lead.in to 1
is crucial for safety and performance. :

The latter aspect, together with the use of o combination
of different sproys and use of new principles for producing good
combustion, is dealt with in section 6. - . .

‘The safety and mechanical design of the two main types of
sprey which have becn uscd are described belows-

(a) Impinging jet gprays. ' Three main typos have been made
and tried as shown In figurec 5, 64, 6B and 7. Nearly all of
these consist of 8 holes drilled in paire to meet at right angles,
the sizes of the holes being varied to give the correct flow with
different fuels, With holce made by a No.52 drill (.0635 in.dic.)
and 150 lb./sq. in. pressurc drop, the medium massdrop diameter was
about 600u. With o Ko.68 drill {,031 in.dia.) thic decreases to
about 300u. Neither of thesc is very good. .
Trouble was discovered with the first type, Fig.5 due to
the large dead space behind the nozzle in which fuel could remain
foirly static and 'self ignite'.

In the scecond- type, Fig.bA difficulty was found in seating
the nozzle without getting slow leaks past the thréads, in which
case 'self ignition' occurred in the thrcads, The use of leather
seating washers was alco unsatisfactory (though essential when a
gauze filter was soldercd to the nozzle dircct) as these became
impregnated with static fuel, which could again ignite. The
nozzles were finally used with washers and pulled up very tight,
but it was felt that this was not very satisfactory. :

The seating of the third type, Fig.7 in which asbestos
string was used, was satisfactory.

(b) swirl spr . Two moin types of burner utilising these
-were triedy one with a single large central spray nozzle, Fig.8
and one with six small nozzles arranged symmetrically around a

seventh, ¥Fig.9. .

For safety reasons, the first type was fabricated in .
various ways, but gave only moderately finc atomisation (300u)
and bad spray distribution, inherent in the wse of a single cone
of spray. Regults with these nozzles were steady but poor.

The second type consisted of geven Monarch noZzlos made
by Watsons (Widnes - Lencs) screwed into o plate and seated on
asbestos string. These have been satisfactory from the safety
aspect, and from the point of view of good distributicn of apray
%ng good atomisation (200u) they have proved the best so far :

ried.
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5.12 Materials

Up to the present date, all the main componunts of “the
motor have beem made of mild steel, The later combustion
chambers, Fig,2B were fabricated from drawn mild stecl tube, and
the venturis turned from solid bar. #With the rather low S.I's :
obtained for times of under 30 seconds, these have cach lasted for
several runs, though the chambers, which frequently attained a
deep red heat, cecventually tendcd to bulge. :

The spray nozzles were made of mild steel. br brass ond show
%0 2ign of melting. Others made of aluminium have not yet been
e8 ed. .

Tanks and pipe lines which to some extent have to with-
stand corrosion, werc initially made of mild steel to speed
delivery, but have recently been replaced by stainless steel
tanks and copper pliping. Tanks made of aluminium have also
proved satisfactory. g ' .

It woe anticipated that the uncooled venturi would burn
out, but this has as yet not occurred. A a result of enquiries
for production of the venturi in heat resisting materiols, the
following have been made and are undergoing tests.

M. S, venturi with graphite insert

" tungsten carbide insert
" " " molybdenum coating (by gaseous diffusion

_ method)
L " " tungsten coating
" " "  chromium coating
"o " Y  chromium carburised coating
b " " gzirson inscrt (varieties by Smith and
Shaw Ltd. ).

5.13 Conclugions

For the safe operaticn of an experimcntal monofuel rocket
motor, the following pouints were found essentiall-

1. Provision should be made for the protection of personnel
and at the same time means for observing the experiments.

2s A non explosive follow-through fluld, which is
relatively non miscible with the fuel used ond lighter than it,
should be floated on the fuel in the fuel tank, tc vrevent
channelling of the fuel by the expelling gas.

3« Igniters filled with "cigarette burning" plastic
propellant should be pressed to give a oconcave initial burning
surface, to obtain constant burning timé. The ullage space con-
taining the electric puffer should be kept conatant and small, to
ensure certain ignition.

h. The igniter should be placed so as to direct 1ts flame
away from the burner ond towurds the venturi. The time between
initiation of the ignliter and entry of the fuel should not be
excessive. (say = 1 sec.).

5. From the experiments so far carried out, no conclusions
can be made as to the ultimate DOSolblllty of using pyrotechnic or
spark ignition with succeasz.




-12=

6, Filters must be placed immediately before the fuel
sprays, and also immediately before the main fuel control valve.

7. No conclusion can be made on the efficiency of non-
return valves (flap type), blowout disce or the one type of
detonation stopper, in preventing the transmission of exploaion
or detonation down a line full of a monofuel,

8, Main fuel control valves should be electrically
operated, directly is posaible, vent the combustion chamber line
when in the off position and allow no leaks to thila line, A
three-way valve suitably erientated will satisfy the reguirements.

9., In the deaign of spray burners, the greatest care muat
be taken to eliminate static pockets of fuel in places where the
temperature may rise to the ignition point of the fuel. This
can be arranged by secating the nozzles at the 'fuel inlet' end of
their screw threads, the avoidance of sharp corners and fuel
gbeorbing washers, and by the use of welding where poasible.

6. Principles .of motor design

) In order to understand the varieties of motor designs
(especislly of spraoy injection) used, and be ablec to develop future
deaigns, it is first necescary to understand a number of basic
principles.- These ape given in the following three groups, the
firat being well known standard principles true for all liquid
fuel rocket motora,. The second group are less well known but are
more or lesa rigid. The third group give the assumptions made
esaentially for monofuels, and the deductions, the validity of
which dependa on their ability tc explain the facta. This they
have done tu some extent, resulting in thc development of theorics
which have helped in underatonding (perhaps only approximately) the
mechanism of the motor, and in designing improvements. The theory
which is linked with these deductions and prineiplea is given in

the appendix. :

6.1.1 Well known gtandard principles

(a) The rate of fuel consumption in 1b,/scc. is
proportional to the total area of the spray injection orifices and
the squere root of the pressure drop across them (il.c. the feed

. pressure leass the c.c. pressure).

(b) The mass flow of gas out of the chamber via the

venturi, which must be equal to (a), is proportional to the
venturl throat area and the combustion chamber pressurc.

: (¢) The velocity of the ejected exhaust gas is roughly
constant for all rates of fuel flow and all comhbustion preassurcs,
being equal to the product of the specific impulse produecd, and g

(a) with incréaaing combustion chambur preesure the ges
density and hence the mase flow increases in proportion.

6.1.2 Less well known principles

(a) The mean axial gas velocity at any cross asection of
the chamber, is approximately proporid onal tol-

c.C, Pressure x croas scction area
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(b) Hence the average time which any particle of ges
spends in the chanber, ls proportional tos-

Ce Co _Dregsure 'x c,G, volume-
Tuel T'low rate

(e) And in 'socaling up a motor, if one is to retain the
same conditions (i,e. the same veloeities in the combustion chamber),
one must retein the same length of combustlion chamber, and increase
the cross section proportional to the increase in fuel flow rate.

6.1.3 Assumptions and derived principles

a) Drops of fuel sprayed into the combustion chamber
burn on surface radially inwaord at a cohstant rate.

(b) Drops rapidly achieve the velocity of the surrounding
gas (see eppendix). '

{(c) The time each drop spendsa in the combustion chmmber
is therefore much the same as for each perticle of gas and
proportional tot- 4

Ce Ce ‘' Pregsure X G,0., volume
fuel flow rate

(d) The linear rate of burning of the fuel increases with
pressure, probably in the rclaticn ™, where m 1s constant.

6.2 Application to the problem = conflicting consideration -

Sincc the whole problom is fundamentally one of burning &
given quantity of fuel as efficlently as possible, we have on the
basls of theose principles o number of conflicting requirements.
For complete combustion, each drop must be so small that, in the
time evallable and with the prevailing rate of burning, it wlll be
comple tely burnt before leaving the combustion chamber. This can
be obtained - :

(a) by finc atomisation, . RREE '
(b) by the use of a large chamber to increcase the time

avalleble init,

(¢) by use of high pressures to increase the time available
end the rate of burning. This may elso improve
atomisation (see below), and

(d) by the use of catelysts etc, to increasc the rate of
burning.

Another and distinct consideration is that of efficient
burning of the drops as opposed to their complcte burning. This
reguires that the exhaust gas produced by burning the fuel should
have a certaln composition and that it should not contain, for -
instance, a large percentage of formaldehyde and N.O. This
efficlency, which is a chemical considerztion, depends largely on
the combustion prescsure and slightly on the time availlable for the
reaction. Therc 1s thus flxed a minimum combustion pressure below
which it is uneconomical to run, even though combustion of fuel may
be complete in the mechanical sensc.




6.3 ZTrend of desigm

¥ In the first instance, combustion pressurce of approximately
300 1b./68q.in. were used, as it was considercd that the design of
the fuel tonkage would be unduly’heavy if it:had- to withstand
prescures of over 450 1b./sq.in. (the approximate required
expulsion pressure). Later tests carried out with comhustion
pressurcs up to 450 1b./8q.in, have shown improvement in Specific
Impulse, but the acceptance of this increase depends on the design
and strength of the projectile. There¢ is obviously much to dbe
goninéd by the usc of high combustion pressures 1f it is.at all
possible, though the minimum for cfficicney may be reduced by
catalysts. . _ : .

In the cxpérimental rip, the combustion chamber volumes
have alwaye boén high for the flow rates used; L¥, the ratio of
ce.c volumc to vonturi throat area, being variously 50, 100, 240
and 480 inches. Values of under 100 are normally used on bifuel
systems, and there is a great disadvantaze in having %o use very
large coambustion chambers with corresponding increcase in weight,
heat loss, air drag of projectile, and cost of manufacturc.
Conacquently the solution doecs not lie in an increase of combustion
chamber size¢, but rather in its deercacc combined with some other
approach, S

Until it becomes possible to incrcace considerably the
rotes of burning of monofucls by the use of dopes and catalysts,
without making them unduly secnsgitive - and it is Dy no means sure
that this can be achiceved - the only solution lies in gome form of -
fine atomication, :

6.4 gproy injectors = limits to fine atomiscation with weual
) type . ' AR

48 explained previously, a scoriez of different type sprays
have been tried with increasingly good wtomislng oharacteristics
and improved spray distribution. ‘These all depended on breaoking
up the fuel by cnergy oi.tained from the pressure drop across the
nozzle, th.uzh at firet impinging jets were usced and later swirl
8Pruys.

. Mcan moss drop diameter, for a flow of 1 1b./sec. and a
precsure drop of about 150 1b./sqg. in. was reduced as progress wag
made along thic series from about 600y to 180u or 200u.  Although
drop cize decreases slowly with decreasing nozzle diocmeter, it ic
congidered that much further improvement cannot be obtained by
using an increased number of smaller nozzles. The mechanical
limit in this field has been more.or lesge reuched. Furthormore,
although drop slze decreasca with incrcasing pressure drop, this
decrease veecomes progressively lesc and lece (scee curve in
appendix) at high pressure drops, again giving a practical limit.
It is considered, therefore, thot a mean drop diameter of
approximately 180p can be obtained, but it éannot be greatly
improved, using the prineiple of break up by precsure dropn through
a nozzle, for the applications envicaged,

.6'5 Pre-combustion Prineiple fir very fine atomication | )

It was found in experiment that only about 85% of the
theoretical specific Impulse was iwing o.tained, even using the
best sproys of the above type available, and ineluding the large
combustion churbere mentioned, A nunber of types of epray were
thercfere dueigned on o different principle. This consisted
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mainly of devices similer to a £lit spray, Fig.l0, whereby most of
the fuel was injected into a high vclocity strecam of gas, produced
cither by combustion of a small percentage of the fuel spraoyed in
the orthodox way or from an igniter burning throughout the whole run.
By this mcans it was hoped to producc a new order of finenees in
atomisation, since. the drop radius is in theory inversely pro-
portional to the square of the velocity of the breaking up.gas
atream, and far greater cnergy is available for atomising from the
heat energy of the fuel ‘itself, A long conical burner forming a
constriction in a long combustion chamber has been the main basis
for this design, but this still suffers from other detailed
practical troubles and so far results have been inconclusive.

1t secems, however, that only by the use in some way of some
new principlc such as this will atomisation, and hence performance
of a' new high order, be obtained.

6.6 Contraflow spggx_gg

Anothcr question which at onc period as;umcd importance wos
that of ‘drop penetration. Consider for instance, a motor in which
the gos has a mean velocity down the chamber to zay 30 Tt./sec.,
and into which a spray of fucl is injected with a forward velocity
of 150 f£t./soc, =~ If this spray penctrates the gas and retains to
a large extent its velocity, it would lecave the chamber in approx—
imately one fifth of the time, werc it at once to take up a velocity
of 30 ft./ascc. This would allow far less time for combustion, and
nullify the effeet of lowering the gas velocity:by the use of high'
preszure and laprge c.c. volumcs,

Obviously somecthing between the two cxtremes of, either
continuing with unchanged velocity or slowing at once to the gas
velocity, rmust hold. On the Lasis of calculation it is now thought
that thc latter is a near aprroximation (scc appcndix)

some testa were carried out with sprays mountcd on a ring 5§
around the body of the comlustion chamber and pointing backwards at
the igniter which screwcd into the end - Fig.ll. This resulted in
the sprays having to e¢nter the gas and then reversc their direcction
tefore they could rceach the Vunturi. Only onc of these tcats was
successful, giving reesults almost identical with those normally
obtained with the usual spray hurncr:and thus.adding wcight to the-
ubove approximatg thcory.

6. 7 Drop break-up after sprayinﬁ

rurther thought, bascd on the same principlc as the pre-

combustion device for atomising, suggested that the drops may break
up 8till mcore after spraying due to their own velocity reclative to
the goes into which they are sprayed. This may have accounted for
the smallnoes of the improvement ih performance when changing from
bad sprays (600u), to good errays (200u), but cannot be.a very large
¢ffeet due to the low value. cf this relotive velocity, and the
impeoseibility of increasing it. (It is proportional to the squarc
root of the preesure drop acrces the nozzle). The cffect should
inercasc with ihereasing gos density, and decercase with decrecasing
drop diameter, thus it may break up 211 drops above a certain size
while lecaving thosc below this size unaffected. 1

6.8 gurface tencion effccts

411 drop break-up problema arc cssentially surface tension
problema, In practice, however, 20 improvement has been obtained
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by lowering surface tension artifically (a difficult procedure),
and no great difference has boen found when fuels of very
different surface tension have been sprayed. This part of the
subject is not yet clear.

6.9 Other methods of injecction and combuation

Some coneideration was given to i wo other methods, whereby
the fuel could be burnt completely and efficiently in a reasonable
volume at o reasonoble pressure, but neither has been attempted.

In the first of thease, the fucl wns to be saturated with a
soluble gas at 400-500 lb./sq.in. pressure, and held in this con~
dition in the fuel tank. This combination would then be forced
into the combustion chamber in the usual way through spray nozzles,
and on the reduction in pressure, the gas would tend to come out
of solution. It seems probable, that this would break up still
further the drops cf fuel, and aasist rapid combustion. A gas,
whose critical pressure at atmospheric temperature is about 400=-
500 1lb./sq.in. would prcbably be most suitable.

The second method was that involving preheating the fuel,
gither o small amount to assist combustlon, or enough to provide:
vapourisation on drop in pressure across the injcctor. The heat
could be provided by combustion of the fuel itself, as it passcs
through some form of prcheating coil inside the chamber. The
heat troansferred to the fuel in a cooling jacket would be in-
sufficient. The design of the coil would have to provide for
the -transfer of a large quantity of heat, and ensurc that at no
peint did the fuel reach a temperaturce above its ignition point;
this being of the order of 200-~300°C, depending on the length of
time that the fuel would be subjected to 1lt. It was thought,
however, that the requirecments here were far toc critical, and the
idea wos dropped for the time being.

T« 8tobility of methods of fuel injection

Several possible methods of 1njéct1ng the fuecl into the
conbustion chamber have been suggested, A rough idea of the
stablility of operation to be cxpected from them is given in this
section,

Baslc facts . ‘
i
() Rate of fuel flow through burner Q q.(pressure drop across it)?

(v) Rate of discharge of gas through Qe a (combustion pressure)
venturl

7.1 Constant fuel injection rate

"such as from o congtont speed driven piston moving down a
cylinder containing fuel,

Q = constant
Q¢ a Pe

Ao the combustion chamber pressure Pc rises, the outflow of
gas rises znd stable conditions arc arrived at, This asystem is
stable over an infinite range of combuation Lressures, providing
the motor driving the piston has adequate power, which is several
Horse Power for 1 1lb./scc. at 300 1lb./sc.in. This system is
however, less stable than aystom 7.3
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7.2 Fuel tank pressurised through a differential piston
EevIce ?rom @ combugtlon pbresgsure

In thie case the feed pressure P rises proportionately
with the combustion pressure Pec.

Q a (P - Po)d
Qe & FPe
This is a stable gystem over an infinite ranpge, but less

stable than (7.1), since an increase in Pc increasses the inflow of
fuel as well as the outflow of gas, though to a lesaer extent.

7«3 Fuel pressurised by a constant gas Pressure P
Qa P~ PQ);
Q o .Poi

As the combustion preasurc incroases, the gas outflow
increases and the fuel inflow decreasea, finally very rapidly.
Barring oscillations therefore, the system is very stable until
Pe = P when fuel 1s forced back along thé pipe and dburning along
it may taeke place.

. This system would be expected to glve the most even
running. .

7.4 Contrifugal pump feed

Any feed producing a constant head is in principle the
same as 7.3.

: b @
.. T . ‘\"




. PENDIX

e

8. - Calculations of gas'and drop velocity and drop volume at crggg
sectionas of a combustion chamber - KFactors affecting combustion.

8.1 General

Conaideration is given here to the effects produced by
varying the conditions of burning, theories being produced which to

aome extent explain these effects.

These theories are intended

only as a preliminary guide and their application is approximate,

It is assumed that .fuel is sprayed into the combustion
chamber in the form of asmall apherical drops of the order of 200u
in diameter, ('up' being one thousanth of a millimetre), and that
these burn on the surface so that each drop decreaséea in aize at

a constant radial rate,

For the purpose of calculation it is

agauned that these drops are all of one size and enter the
cylindrical chamber uniformly over one plane ond with a certain

initial velocity.

Two extreme alternative cases are then considered, between

which the actual case must lie,

In one, we assume that the

initial velocity of the drop remains coustant,end in the other that
it is at once reduced to the local velocity of the surrounding gas.
For both casea, the gas and drop velocities and drop volume at any
point down the chamber are worked out, and also the effect of the
chamber size, the inltial drop size and gas pressure on the complcte-

neas of burninge. .

8,2 Teorminology -

. A
=
o3
ro { 0= fetime & =g |\~ U,
o— -1>
. 0=
Vo x — IB

e X

Distance travelled by drop
" " to all=burnt -

Time taken to position AB (sec skctch)
w w * gll-burnt

Linear rate of burning

Initial drop radius

Drop radius at time ¢

Velocity of drop at position AB

Velocity of gas at position AB

Uniform velocity of gas after.all-burnt

Rate of flow of fuel

Combustion chamber pressure

volume of gas made per cu.ft, of fuel a. "¢
temperature and preszure of combustion

Area of cross section
completeness of burning apecified by

LY
4

X ft,

X ft.

%t Bsecces,

T secs,.

b f£t./8c0. (<PM)
ro ftl

ro-bt £,

vV f£t./8ec,

u ft./sec.

U £t./sec.

Q cu.Tt./ecc.
P 1b./sq.Tt.

K/P (Kis a
conatant)
A sq.ft.

linear rate of burning x time of burning = bt/ro = t/T
initial drop radius

Number of drops produced per Bec.
‘Surface areca of all drops of radius (ro~bi

3Q/bro?

passing a croas scction at time t = (3Q/4wré?§hw(ro—bt)2

= (3a/v%)(1-t/)?
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8,3 Drop velocity = gas velocity — Both initially zero
Consider the element AB '
The total uraa of surface of all drops to the left aide of
AB at any time
ﬁ(l—t/'r)sat F(t) say

o+ The rate of fuel comsumption by volume to the left side

of AB
= b F(t)auft/sec,
oo .he rate of production of gas by volume to the 1eft
eide of AB _ |
= Kb(F(t))/Pcuftfsec. |
Jo The welocity of flow of gas across ABy u, = ax/dt o {‘
= KbP(t)/ap

1.e; u = dx/dt = (KQ/AP) l}t/‘rl - 3t/ 4 ﬁ/@]. (1) 1

Putting t = T we get U = KQ/AP,
g0 that w/U = 3t/T - 383/ 4 t3/T8, ' (2)

Integrating (1) and remembering that
X=sowhen t = o

we get
X = f 9“" at = (KQT/AP) [31-.3/21'a - B3/ 4+ t*,{ﬂ.,] (3)

Putting t = T we get X = 3KQT/LAP . " (3a)

80 that equation (3) Becomes
/X = (4/3) [31-.2/21« -t/ 4+ t‘/h'r*] (%)

and from (3a) T = 4PAX/3KQ, which is four thirds the time
taken to pasa through the chamber by each particle of gas on the
asaumption that the fuel burns instantoneously at t =

From the sbove equations can be obtained the velocity of
the gas and distance travelled in terms of the time taken, :
volume of a drop, assumed travelling with the gas, 1s Mr(ro-bt)a/L
which is also dependent on t/T. These can all be plotted on a
bage of distance travelled ueing the above cquations.

8.3l Burning condidion: relations

80 relations can now be obtaincd by transposing

eqt}ation F
AL’ 5t=/21= -t/ 4 t‘/hT*].KQro/P.Pm.




.Appdx’ P¢3¢
It is seen, that the volume (xA) of the combustion chamber,
%7;ei3ary for burning fuel to a specified completencas glven by
8
(1) Proportional to the initial drop radius
(2) Proportional to the rate of fuel injection e

(3) Inversely proportional to the (m+1)tﬁ power of the
- cambustion chamber preasure,.

From the shape of the graph of drop volume, it is evident
that we can use a chember far too small and still get reasonable
results. SeaRig, 12 or the followling tebles-

- Fraction of |
/T | wvu x/% initial drop
. volume
(1 - t/T)°
0 .0 0. o
o1 4271 019 729
2 .1, 88 « 077 «512
3 0657 o 147 - e 343
oh o 7684 o242 . 216
5 «875 + 355 125
¢6 f¢936 75 .06&
o7 « 975 03 . 027
o8 « 992 -733 « 008
«9 «999 . 867 . 001
1.0 1,0 1.00 0
- 8.4 Drop veclocity constant =
As before,the veloelty is given by . o .
. WU = 3t/T - 3t2/T° 4 t° /10
L Here dx/dt 1s constant and agailn x = o when t =
s0 % = t/T | (5
and WU = 3x/X - 3x/X° + ® /¥ gives the gas veloelty. (6)
The drop volume 1a LnrgP[l - t/ﬁ}a = Awroa[l - :/Xﬂa. (7)

These can also be plottcd on a base of distance travelled,

Burning condition relations

These now come from equation (5%
which becomca = Xt/T = roVet/bT

S0.1in this case, for burning %o a completencses specified
by t/T, the longt:. of combustion chamber ncecscary is o~
1) Proportional to the initial drop radius
2 Proportional to thc (conatant) drop veloclty

3 Inversely proportional to the mbhpower of the ccmhuatlon
chambor procasurc.’

As beforc, a chamber too small will give rcasonable results,
but the effeet is less marked. See Fig.13,.




C . . APP@Xe Pele :
9. Calculation of the rctardation of smalldrops of decrcasing :
gigc in ccigd into & statlc gass . SECB8IR
9.1 Gonoral :
Somc ideca of the amount by which the velocity of the drops
spraycd into a combustion chamber is reduced by the resistance of .
the gas to their motion, can bc obtained as follows.

' Consider a drop of initial radius ro (decrcasing at a
uniform rate b units/scc.), and apraycd into a static gas with
initial veloclity Vo,

Reynolds Number can be calculated for the initial casc, and
henco the constant K in the resistance formula W = $Kpv3ar® found
from the table (@Appdx.pS). This onables us to find the initial
retardation. )

To calculdate the drop velocity at subsoquont stages, a step
by stcp method must be used, ns the cocfficient X does not remain
sufficiently constant over thc rangc of Rcynolds Numbems which occur.
It is probably sufficient to divide the combustion time into ten
stages, and assumc ton valucs for X ¢also found step by step), each
of which ig constant over its own stagc.

Given the initial veloeity (vo) and the initial acceleration
(£f,), and assuming ssconstant a mean value of (Ko, ) for the first
1/80 of the total time taken by the drop to burn tT). an integration
can be carricd out to find the velooity (v, ) and acceleration (fy)
at the cnd of this stage. :

The procese is then repcated for the next stage, romember~
ing that the new 'initial' drop radius r, 1is now equal to ,9rq,
and procceding stcp by step through cach stage.
validity. The results '‘given by this process should give some

dea of the order of magnitude of the retardztion of the drops
sprayed into a rocket motor combustion ehamber, but it would be
futile to expect any great accuracy for the following reasons.

(1) The drop sizes vary and arc not accurately known,
(2) Large drops may brecak up.
(3) Gas flow down the chamber is not uniform.

(4) The gas is not statie, but has a velocity which
incrcases.from zero to a value comparable with the
drop injection velocity along the ‘chamber,

(5) In dccelerating the spray, the gas in thec chamber
must be accelerated towards the venturi, altering
its velocity distribution; so that the velocity at
any point is slightly higher than-it would othsrwise
havce been.

(6) The dreps will not be spherical.

(7) The force on a drop depends not only on the velocity
: but also on the rclative accecleration.

In spite of the above, it is instructive to make the
calculations for an idcal case in which the relative velocity is
150 ft./scc. (cqual to the injection veloeity which corrcsponds
to a pressure drop of 150 1lb./sq.in. ceross a spray nozzle with
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axial injection).

50 v

i 9.2 Resistaence formula

The following table is bullt up from a graph, glven by
Barr in a monograph of viscometry, and attributed initially to
Liebaster and Schmiedel. Its approximate accuracy appears to be

agreed on, though others give slightly different curves, An R.K.
: graph can be plotted, to avoid the necessity of interpolating for
. values of K, required in calculation. :
3 .
ﬁ Log K Log -V—%P R K
+ l- hO 0 l 2501
+ 1. 25 02 . 1058 17'8
3 + 1.1 % 2,51 12,6
' + 095 . 30 98 8-9
? + 087 08 60 5d 89
! + . 1. (o] 10. 0 . 3- 98
+ o5 1.2 15,8 3416
+ 40 10% 25l1 2'5
+ . 25 1- 39- 8 1- 78
+ 015 108 63 1ll+1
« 00 2,0 100 1,02
- ,02 242 158 «95
- .1 2‘- 251 079
- W2 2, 398 «63
- L] 25 2- 8 630 056
~ 30 .3 1000 «50
9.3 Additional %erminology
Reynold's number = R
drop radius B 1/1000 ths. of a mm,
drop retardation = f f't./8ec./Bec. :
denslty of drop = O cC,
density of gas = P gm/cc.
viscosity of gas = 1 CiZ8e8. units
velocity = V ft./sec,
linear rate of 1 .
. burning = b moths. of mm.,/sec,

9.4 QCalculation of Reynold's Number R = 2vrp/7n in uniform

Ceffe8. units.
Using the above units R = (2.54 x 12V)(2r/10%)s/7
i.e; R = 6 x 10-® prv/n
9.5 Calcustion of retardation
Resistance to motion of drop = iKovewr

From the laws of motion, thie equals ('—%11';30)1'
Biving £ = _3 Kov2 /ro

) Using the above units £ = (Tz-Lx—-z- 5l ‘g %‘2 (}‘2 X 2.. }r)z

= 114,000 Xpv3/x; f£%./sec./cec.
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9.6 galculation of drop velocity at subseguent gtages
Using the sbove retardation fornula £ = ¢ Lpve/ro

end assuming that the drop radius decreases at a constant
radial rate ® 1/1000 mm. per sec., then for the first stage.-

Retardation ot time t, £ = fo(v/vo)’(r°/r)
' = forovﬂ/voa(ro-bt)

where £fo is calculated using the mean value K for the
firat stage Kos, which is assumed conatant for the stage.

Writing £ = V and transposing we have _
| a¥/va= £oro/bve? (ro/p-t) .
Integrating with respect to t between zcro and T/10, we have
(the corresponding limits for v being vo and v,)
1/vo= /vy = = £oro/bve? log 21. 0L g

from which v, = Vo .

1Y I
1 + (£oro/bvy: log & Fo= 'b%/lo ?

Thus, knowing the radius, veloelty and retardation at the
gtart of the first stage and assuming the reslstance co-efficlient ias
constant over this stope, we can calculate the velocity at the end
of the astage. The equation above, applies to the subsequent stages
by change of suffixes, and con ineach case be simplified dy putting,

1‘1 = 091‘0 I‘a = e BI'Q eth

Thus V, = Yo
1 + (£c%/70) log (1/0.9)

v, = Va

1 + (.98, T/vy) log (.9/.8)

In each case the new 'initial' retardution can be worked out from
the formulaes=- -

£, = £o(va/vo)?(ro/rs )K12/Kos
£, £ (v /vy )3 (e /2, )K23/K12- etc.

in which X, is the mean value for the first stage end therefore
applies to £, and K;2 applies to f;, and similerly for the
following stages.

Reynold's Number must also be calculated at sach stage,
to enable an eatimate of these K values to be worked out from
thes table given, :

9.7 Calculation of a%)groximate viscésity n_of gas at 300 1b./
_ELQ. N, and 2400 K.. . )

Asgume T ¢X T2

Toke n = .8 (see 'High Press Plant' by Newits)

Assume 71 indepcendent of pressuie

Take 1 at 2590 = 1.7 x 10™* c.ge.8. uniis, 8

Then n_at 24,009C = 1.7 x 10~ x (24,00/300)*° = 9 x 10"*c.§£s.
uniivsg,.
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Assumes

. Density of drop o

near

APPAXx,” DPaTe

Example. Approximate stage by stage calculation
op_veloclity

100 e

150 ft./sec. (corresponding
to pressure drop of:152

M . 1b./sq.1n.).

1.1 c.gs8. units.

9 X 10+ c,g. 8, units,

mslrc.c.(corresponding to a press of

300 1b. /Bq_. 1no)0
L:Lnear rate of burning of fuel b = 0.5 iin,/Bec.

- = 13p00u/Beo,
Hence time for complete combustion T = 100/13 000 = 0077
secs,

(compare value estimated from size of com'bustion chamber
actually required for complete com'bustion of .0095 8€CB. ).

Initial drop radius r,
Initial drop velocity

Viscosity of gas 1
Denaity of gas P

Then Reynolda Number R =6 x 10—37— m
. 9,55 x 1078 rv
and initially Rop = 9.55 x 10™3x 100 x 150 = 144

So that the initial value of K, Ko iB about 96 which
enough for Ko, . . o .

Hence the inltial rgtardation

114,000 .26%1(100)(150)2
00 T.1

32,000 ft./aec,/sec.

fo
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Exsmples =

Table showing method of approximate stage by stage
caleulation =

T =.0077  example'®, = £, E%;;*éﬁf E;EE;
. (*:

R = 9,55 x 10™ pv

* Wote: the ratio in last bracket of above equation is
given in the following table as K ratio.

v

. r R K |ratio | £/10° | log, IT (£t log MTMR
| fete/mec|in p E (ete)| V | V(ete. ) ™™
0 150 (100 | 1u4 |. «96| 32, | .64 |0
#96| 1 «105 o172 | 4853
1 128 9 | 110 | 1l.01 28.7 1.73.
: : , 1.07| .11 .118 ] .204 «830
2 106 8o 81 | 1.20 27,0 o 1,96
1,30| 1.22 <134 0262 $ 792
13 8l 70 56 | 1.50 25,5 2,34
; 1.70| .31 «155 «362 «735
P —] . .
| 62 | o 35.% 1.95 22 2.73 |
; 2.3 | 1la35 .183 50 . 667
5 " 41,5 50 19,7 2.85 17.5 ) 3.26
3uh | L.48 o 220 W73 «578
W0 | .75 .288 1,18 46
7 11 30 328 10.5 9.0
2.0{ 5.0 | 245 405 6,3 |2.55 .28
8 3+ 20 .8 - - - | .69 | - - -
9 - 10 - - - - - - - -
10 - o - - - - - - - -

al .]--burnt.

See Flg. 14 of drop velocity againet fraction of time t/T to




o _Ap‘pdx. Pogu. .
10, Bresk up of drops sprayed into a gas K

It has been suggested, that- the distortion and. conaeg_uent L
break up of a liquid drop projected into a gas, depends on the - - '
ratio of the kinetic pregsure of the gas (= 4p.v? ). on the drop at °
its forward stagnation o:l.nt. and the preaaure :I.nside the drop d.ue-
to :Lte surfeace tension = 27/r). . , . :

As thé ratio approaches unity, the drop w:l.ll d:l.stort and.
may break up a8 the ratio approaches 2 or 3, though how rap:\.d.ly :I.a
not knownn :

The follow lies to Myrol 80/20

Surface tenslon at 20°C = 25 dynea/em. -
Radius r = 1l00u e T
Velocity . S = .150 ft./aec. .

Gas pressure.. - 5 -y ' 300 1b./aq.tn.

" temperature . " . 2,400%, -

" density _ . /700 gm/cc,

dp. V2 = 14,900 .dynes/Sq.om, |

2 : Ratio = 3 approx.
T = 5’000- " n

This suggests that drops with o radius of over 100y will
probably break up at this spray injection velocity, and that smaller
drops will not.

11, Estimate of time each particle of gas spends in combugtio%
chamber end of maximum permissible drop slze, assuming rate
of burning known.

First calculate the mass of gas in the combustion chamber
any instant

Assuming Gas pressure 300 1'b /8q.1inch,
Gas temperature 2,400°K
Gas constant 8,32 x 107 ergs/gm,
mean Molecular 1, (assumed). This value is
welght lower than that at N,.T.P. due

to dissociation,

Then gas density is 1/700 gm/ce.

Assuming combuation chamber length = 7 in,

" diometer = 5 in.
Then " " volume =. 138 cu.in.
= 2,250 Cs c.

Then_mass o gas in chamber at any ingtant - 2250 = 342 g

It is then otylous, that if 1 1b, (454 gm) of gus Dusacs
through the chamber every second,cach porticle of gas must on the
average remain in the chamber for 3.2/454 = 40071 second, 1f we
assume 1instantaneous combustion of the fuel. Assuming that drop
velocity = gas velocity (sece 8,3) the time is _l,_ X +0071 = .0095 secs.

If we ascume that each drop spends the same length of
time in the chamber, and thal ilhe radial rate of burning of the
drops is 1/2 in./scc. (13,000u/nec.), then the max. permissible
drop radius is 13,00C » .0071 = J2u or 13,000 x .0095 = 120u.

v RSO B o b, s .
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Alternatively, this can be considered as a check on the
assumed rate of burning, since in fact, drops with a radlus of
100y, do more or lcss, completely burn in this size of chamber,
and with this through-put of fuel (3Specific impulses of over 85%
of the theoretical are obtalned). _ '

12, Anglysis of test results

. .A specimen test result sheet is appended, with the data
filled.in for two specimen runs. This indicates the quantities ‘
measured and calculated for every run. Notes are appended on two
of these guantitics.

12,1 Nozzle factor . - ‘ .

This is equal to actual thrust
. combus Glon pressure X venturl throat area

and should have a value in the neighbourhood of l.2 to 1,5, depend-
ing on the fuel usecd, For each fuel, there is a theoretical nozzle
factor almost independent of combustlion pressure, and the actual
value obtained, which is lower than the theoretical value, glves

a measure of the quality of the run, When combustion is bad, the
value of the factor falls, ' :

12,2 The quantity L®

This is equal to - combustion chaember volume
. . venturi throat area -

and has the dimension of a length, and gives a measure of the

volume of combustion space available per pound of fuecl. Comparison

i of two or more combustion chambers by means of the quantity L*, is
only strictly legitimate if they are uscd at the same pressure,.

.

oty
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13, Performance of Various Spray Nozzles

The nozzles were functioned spraying vertically downwarda,.
The liquid employed was dyed water, and the pressure applied was
150 1b./sq.in. in each case. No rates of consumption were
determined.

o Snap samples of the sprays were caught on sheets of white
absorbent paper, which were placed inside a mechanically operated
shutter device, situated about 6 feet below the actual nozzle.
Employing a predetermined calibration curve, the size of the stain
produocd by the droplets gave the drop size. The percontage
distribution of the drops in their various size ranges were plotted
on two-cycle logarithmic probability paper, and from this, the
medlan mass diameter for each spray nozzle was obtalned, (The
medlan mass diameter is the drop size, above and below which 50%

of the mags of spray is distributed).

Results
Type_of Spray ) Performenee
Median gmallest Largeet
mass EFO¥ dro
dlameter diamefer digmetor
1 1 m 1
-To00 ™ Tooo™ Io00™ .
1. Monarch swirl spray .06 1lb./sce. 150 40 240
2e " " " « 067 n 170 4LO 280
3., Wallsend awirl aproy.
similar (F.zg 180 Lo 280
4. Monarch swirl spray 1 1lb,/ace, 300 40 510
5. Implnging Jet spray No.,60 drill. 320 40. 560
6. " No.53 600 80 1000

It is evident, that the F.22 gives a similar pcerformance to
the Monarch sprayes 1 and 2, but the remaining three sprays are much
coarser, These tests were carried out by Dr. Bannerman, H.P.S.
Porton, in April, 1945.
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