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NATIONAL ADVISORY COMM13TEE FOR AERONAUTICS

CIIECHNICALMEMORANDUM NO. 1144

ROCKETS USiNG LIQiJIDOXYGEN*

By Adolf Busemann

1. INTRODUCTION

It is my task to discuss rocket propulsion usin~ liquid.oxygen
and my treatment must be highly condensed for the ideas and experi-
ments pertaining to this classic tj-yeof rocket are so numerous that
one could occupy a whole rnornjngwith a detailed presentation.

First, with re~ard to oxygen itself as compared with competing
oxygen carriers, it is known that the liquid state of oxygen, in Sl)ite
of the low boiling pcint, is moi-eadvantageous than the gaseous form
of oxy~en in pressure tanks, therefore only liquid oxygen need be
compared with the oxygen carrjers. The advantages of liquid oxygen
are absolute purity and unlimited availability at relatively small
cost in energy. The disadvantapjesare those arising from the impos-
sibility of absolute isolation from heat; consequently, allowance
must always be made for a certain degree of vaporization and only
vented vessel= can be used for storage and transportation. This
necessity alone eliminates many fields of application, for exami)le,
at the front linee. In addition, liquid oxygen has a lower specific
weight than other oxygen carriers, therefore many accessories become
relatively larger and heavier in the case of an oxygen rocket, for
example, the supply tanks and the pumps. The advanta~es thus become
effective only in those cases where definitely scheduled operation
and a large ground organization are possible and when the fli~ht
requires a great concentration of energy relative to weight.

With the aim of brevity, a diagram of an oxygen rocket will be
presented and the problem of various component part~ that receive
particularly thorough investigation in this classic case but which
are also often applicable to other rocket types will be referred to.

2. DIAGRAM OF DRIVE

The basic elements of a rocket drive using liquid oxygen are
yresented in figure 1. l?ueland oxygen are-transferred by-pumps

*t’R-&r&t mit sauerstof~”.)’R-Antriebe, Schr. d. D. Akad. d.
Luftfahrtforschung,Heft 1071, Nr. 82, 1943, pp. 127-143.
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from the tanks to the corrh.wtionchanter where they burroat high
yressure. The assumption is made that the plunpshave a separate source
of Tower, al-thoughconceivably this mi~ht not be the case, The combus-
tion charn?)ermay be cooled by one of tliesubstance upon enteri~; this
cooling is not indicated in the dia~ram. From the combustion cha~ber
the actual rocket jet, wh:.chproduces the forward thrust, emerges by
v?y of a Laval nozzle. The reaction of the exhaust steam from the tur-
hi,nedriving the fuel and oxyflenpLmIpsmay be put to use providing
additional forward thrust.

3. TAN-KS

The fuel tanks need be de=iGned in accordance with only the usual
criterion ot rocket technique, n-mely, lar~e capacity with least ~oos-
sible wei~ht and: when necessary, the ab31ity to withstand great accel-
eration. For the oxygen tanks, however, additional measures are neces-
sary because liqLlidoxygen with a low botling point is being dealt
with. Generally the double-wal:ed,mirror-surfaced, evacuated Dewar
flask is considered as a storage tank; nevertheless, simple sheet-metal
tanks may also be used for liquid oxygen. On the somewhat warmer out-
side surface of such tanks the surrounding air does not become liquid
but the water content of the air forms a frost coating of gredually
increasing thickness. For ta.nlcsizes suitable for use in rockets, the
evapoi”a~ionloss is in any case so limited that the contents entirely
evaporate after only 1/2 to 2 hozJrs. The use of Dewar flaslcsallows
this time to be extended to days or weeks but large storage tanks may
be constructed with such cood heat insulation that the contents require
months to evaporate.

Consequently, if in rocliet propulsion it is a question of storage
yeriods of a few minutes, the evaporation losses in a simple sheet-
metal tank are negl.i@ble. If it is desired to build a double-walled
container, in doing so neiti~erthe ianer nor the outer wall can he
made very thin. After eVack_itiOn,the outer wa,llis sUbJeCt to excess
yressure from without and if made too thin will collapse in folds upon
the inner wall. The inner wall must withstand the weight of the con-
tents, which under certain circumstances is increased by acceleration,
and usually the excess pressk”e of the boiling oxygen that is used to
carry the liquid oxygen to the pump. The oxygen loss involved in
cooling the trmlm when filling is generally a burden only upon the
around organization and not upon the power plant in flight, therefore
this question is less significant in the selection of propellants
rich in energy and of containers for them.

—
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The low temperature necessitates a certain caution in the choice
of material from which to construct the tanks because most metals
become very brittle at_low temperatures. As oxygen, which does not
liu~l-but~upports-combustion‘betterttin air and can take part in
comlmstion with metals, is being dealt with, certain precautions are
necessary, which are also necessary with other oxygen carriers-.
Copper and certain bronzes merit chief consideration as constructional
materials for tanks and yiping. If iron or other metals combustible
with oxygen are used for economy, the spread of any ffre can at least
be hindered by the use of copper or bronze separators but this meas-
ure should be taken in the laboratory where the unburned parts may be
reused.

4. FUEL PUMPS

The general aspects of the advantages of pressure tanks against
one of the various types of fuel pump have been thoroughly discussed
(reference 1.). In the cases in which liquid oxygen is used, the
operatin~ period is generally of such len@h that a pump is desj.rable.
The character of liquid oxygen as a boiling liquid creates certain
additional difficulties here oaly insofar as it necessitates ‘that
the pmp -pressurerise more rapidly than the vapor pressure created
by the temperature rise occurrin~ in the pump as a result of the
unavoidable heat transfer. As soon as the oxy:en leaves the sul):~ly
tank and enters the pumpiug line, any vapor formi~ must be pumyed
along with it, whereby the work of the pump is increased and the
familiar difficulties of pumping non-homogeneous fluids arise, In
order to minimize these difficulties, at the beLinning of the pumping
‘periodthe oxygen container is often put under a certain excess
pressure to serve as inlet pressure and pressure reserve for the
first stages of the pump. Because of the short pumping pe~’iod,this
excess pressure may be produced by partial vaporization because the
temperature difference between the superheated vapor and the liquid
in the suyply tank does not immediately equalize itself. The pumps
require special construction to minimize the heating of the oxyGen
and because of the impossibility of lubrication with oil. l?urther-
more, suitable metals must be selected for high-speed centrifugal
WWIS with reference to mechanical strength and the danger of fire
if the impeller rubs against the housing.

5. COMBUSTION CHAMRER

So far the necessary accessories h“aje-jeendealt with; now the
essential parts of the rocket power plant are being considered, the

.
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combustion chamber and the exhaust nozzle. The purpose of the com-
‘oustionchauher is to combine the propellant components, which have
previously been kept separate for safety ~’eason~,under the most
favorab~e condit~ons in order that the calorific value may be tmns-
formd as completely as possible into kinetic energy in the exhaust
nozzle. Compared with all other oxy~en carriers the rocket using
liquid oxygen has the highest calorific value. L5quid oxygen is
therefore particularly suitable f’oruse where it is unnecessary to
keey the temperature of the combustion chamber below a certain level
by the addition of diluents and, on the contrary, the primary aim is
the attainment of the very highest possible outlet velocities and
with the~ the lowest consumption. ‘The temFcratures to be expected
lie between about 3000° and 4000° C, coilsequentlythere are no
combustion-charnbei-walls that c.a.nwithstand these temperatures with-
out coolmgo However, if one of the two liquid-fuel components is
used for cooling, with appropriate size relations met~l walls can
be used wibh ligufldcooli.nfiand the wall temperature on the combus-
tion side need not exceed 300° to 6@ C. Because in this ?nanner
the heat yemoved by the coolin& process is .a7~so17bedinto the fuel,
no energy is lost from tineb.alence. HO,Je~er,no substantial gain
in the production of velocity is made because in connection with the
heat trmsfer from 3500° to 60C0 K in the wall and to 30!3°K in the
fuel a great increase of entroyy occurs.

Accordiqq to the thermodymmic rules of equilibrium, a reaction
that develops heat z“emainsless complete in proportion a~ the end
temFei-atureof the i-eactionis higher. Ii’in e @ven reaction the
atoms unite in such a manner that the molecular weight increases,
this union can be promoted by increming the pressure jv.stas
ra:sing the temperature hinders it. At the same t:me as the increase
of combustion-than-~erpressure, a greater pressure drop in the nozzle
for the production of velocity is Obtainedj therefore,this i~~crease
of plaessurehas a double result. Constr~~.ct:onaldifi’iculties
increase with increasln~ ~o~bustio~-ch~mhe~pressure but the outlet
cross section becomes smaller with increasing pressure, as does the
size d the combu.stlonchamber for a given length of time that each
atom of the fuel remains in the chamber, and with this decrease the
surface area to be cooled. These are all.considerations that make
it advisable not to be discouraged by the greater constructional
difficulties,

The completeness of the combustion varies with the temperature,
as ohown in fi~ure 2. The case is th~t of an oil burning with some
deficiency of oxygen; consequently,a couylete combustion of tile
hydrocarbon to C02 and H20 cannot take place even at the lowest
temperatures and a certain proportion of H2, corresponding to the
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deficiency of oxygen, must be in excess. As the temperature increases,
at first the oxygen deficiency expresses itself in the fo~’rnatj.onof
CO rather than H2, in connection with which, of conrse, the partial
pressures’o~ H20 and C22 ‘must chan~e. From 2500° K on, however,
the partial pressures of both pi-oductsof the oxygen deficier.cy, 112
and CO, increase and at the same Lime still othei-gases of incomplete
combustion, such as OH, 02) H, and 0, appear, end the compleieuess of
combustion is considerably reduced. The heat of the c~mb~:stioilwill
produce a flame temperature of 3’700°K at a pressuzze I’= 100 atmos-
i>heres,whereas the lower temperatures plotted may be obtainei!by
cooling and the higher ones only by artificial heat~r.g.

Figure 3 shows the eathalpy-eatropy dia~ram for this same oil-
oxygen mixture; the case shown in l’igmae2 is included in figure 3
as the isobar of 1?= 100 atmosi~heres. Corresponding to the initial
enthalpy] the state of the burned gases in the cornbustio.nchamber
lies at the intersection of’the isobar of 100 atmospheres with the
horizontal corresponding to iinitill = 28C0 kiiogram calories yer
kilo&ram and at bhat point the flame temperature of 3’(cooK previously
mentioned is found. If the commsk”lon pressure ~s now decreased, the
flame temperature falls to ebout 3100° K at 1 star.dardatmosphere as
a consequence of tke less com~~letecombust~on, If an adiabatic
expansion in the nozzle, the states of which correspond tlirou@out
to complete gas equilibrium,is secwredj the theoretical outlet veloc-
ity according to Mollier will be that shown by the veloci”byscaie
@ven at the extreme left of the diagram. Such theoretical veloc-
ities of expansion to 1 stand~rd atmosphere are plotted in fiquzze4
as a function of initia”ipressure, the individual clmves corres~ond-
ing to various mixture ratios s, that is, weight ratios of oil to
oxygen. The optimum relations are attained when s = 1:2.9; the
cuzzve s = 1:2.44 in the dia~ram is fairly close to this value.
With an excess of oxygen, lower velocities are obtained as shown by
the curves s = 1:3.8 and s = 1:6.15. The reciprocals of tl.e
velocity represent the cmsumptions, which are evaluated in the
scale Given at the right of the diagram. Eere, naturally, the dashed
curve for the mixture ratio s = 1:2.44 falls in the lowest _posi-
tion. In actual fact the very rapid expansion in the noZZle w~Ll~

leave no time for the etita-~lishnentof the gas equilibrium, conse-
quently, closer :~greementwith reality will be found if the gas
composition in the combustion chamber is regarded as “frozen” during
the whole exya.nsionprocess and the velocities computed accordingly.

The size of the combustion chamber is determined by.the fact
thatithe fuel should be burned as completely as possible before
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entering the thrust nozzle of the rocket; that is, the gas equilibrium
should he apprcmckledas closely’as Fossible. Because for safety
reasons the fuel is made up of two components, which do not meet until
they e,lterthe combustion chamber, it is the task of the injection-
~l)raydevices to produce so Uniform a.ldfinely divided a macroscopic
blending tlla,tturbulence SI_Ldfliffusfonwill rapidly complete the
microscopic mixin~, which must still be accomplished. This task exists
in all combustion and a comparison of the success attained in very
diversified tvy~esof firing is highly in$wmfltive. In the following
table, therefore, the com?nmtion-s~oaceloadings in kilogram calories
per cubic meter are coupared in co@xaction with the pressures in the
combustion space:

TABIE I - FIRE-SPACE LOA~ING OF V.4RIOUSCOMBUSTION CHAMBERS

IN KILOGRAM C.ILORIE3PER CUBIC ME~R HOUR

———————.- ——— .
I

I
Type of’Combustion iFue

.——.
Air as
oxy~en
carrier

Burned
~~i-~]]‘
pure
oxygen

——

I..—. r——..—-
Normal water-tube boiler~ Coal
Hi~h-capccity ship’s

boilerl Oil
High-capacity hoi’.eri ‘Oil

Velox steam generatorl Oil
Combustion chamber o?
rocket type

r

oil——— - ———..-

1

Rocket corn- Propellant
{
Oil

-bLlstion not pre~>aredOil.
chamber

I

Propellant oil.
prepared gas

1 Iin

J2mbus-
~ion-
tilamber
3ressure
~stanilard
itlll.)——-—

1

1

2
3

85—
27
1[)0

z-s——.

Comhus- -
tion-
chamber
Ioa&ing
(kg cal/
m3],)
_—.
o,7xlo~

3X1OG

6X106

9X106

15OOX1O6

1830x106
703OX1O6

19600x106

lAccording to M&lzinSer.

If 106 kilogram calol>ie~per cubic meter hour is considered as a unit,
which correspond.aa~proxi.natolyto ‘ihon~~ll>:>iwater-tube boiler at
1 stcmndarda&ospbe::e, and air as the oxyf~eoc:w~-ier,in &ood rocket
combustion chambers a lo:iiin~almost 20:J!~Gtimes Creater than usual
is found, This increased load.inGis pzrtly due to the h~gher pressure
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and partly to the use of pure oxygen as shown by a
combustion chambers with air and with pure oxygen.
these more favorable conditions do not account for

7

comparison of the
Nevertheless,
all the i,ncreaue

obtatned. An important part of the increase is gained by means of
especially careful design of the injection-s-praydevices.

Excellence of combustion in the chamber may “oerecoomized on a
i~urelyvisual basis by the absence of afterburning in the emerCing
rocket jet stream. The two upper flame photograph in figure 5
show this difference for a gas-oil combustion and the two lower
pictures for a gasoline combustion. In each pair the flames shown
were photographed during the same experiment lefore and after making
the sudden leap from the less favorable to the more favorable state,
respectively, a change that may also be recognized by a change in
the noise of the jet. Whereas the flanneof afterburning was blind-
ing to the observer, one could loolcdirectly at the exhaust when the
gases were completely burned before leaving the chamber. This fact
is, of course, less clearly shown in the photographs, which were
taken at various shutter speeds.

6. ROCKET NOZZLE

The large pressure ratio involved in the expansion of the com-
bustion gases from about 60 standard atmospheres in the combustion
chamber to 1 standard atmosphere ambient pressure at sea level or
to 0.1 standard atmosphere ambient pressure at high altitudes
requires that the rocket nozzle be a Laval nozzle the croes-sectional
area of which at first decreases and then increases again. At the
narrowest cross section of this nozzle there exists the so-called
critical pressure, corresponding approximately to one-half the ini-
tial pressure. Although the temperature of the jet fall~ as the
velocity increases, the thermal load on the nozzle walls is decreased
in respect to only the quantity of heat received by radiation,
whereas the temperature drop, which is the determining factor in the
heat transfer, remains almost unchanged because the “ooundarylayer
at the fixed walls also conveys part of the keat of friction to them.

I Therefore the calculationmay be made approximately as if the tem-)
! perature drop remained the same throughout the length of the Laval

nozzle and only the heat-transfer coefficient changed increasing with
the velocity. In regard to heat conduction, therefore an increasing
quantity of heat per unit of surface area must le dealt with as the
exhaust end of the nozzle is approached; whereas heat radiation is at

P. a maximum in the combuwtio.nchamber and decreases toward the-end of
the nozzle because of the decreasing gas temperature and the screen-
ing of the radiant interior apace, which is brought about by the form
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of the nozzle. These two components are superimposed to the greatest
de&ree in the neighborhood of the narrowest cross section of the Laval
nozzle where the radiation component is still approximately at full
strength and the conduction com~onent has already reached a value
comparable to the final value. Nevertheless, the divergent part
behind “Me narrowest cross section also absorbs heat to such a large
de~ree that in order to lessen the necesse.ryco~ling it is desirable
to use a short nozzle. The following considerations will show to
what degree this use is possible.

Yor the sake of simplicity, an expansion in a vacuum, which is
approximately the condition occvrring at very high altitudes will be
considered. Then with frictionless and complete expansion within a
Laval.nozzle a certain uaximuu vel.ocityrnaybe attaj.ned. The pro-
duction of th~.smaximum velocity dnring the pressure decrease is
plotted in figure 6 using ihe uoordj.naties,pressure and velocity.
At the critical pressure a point of i~l.ection is present in the
s-shaped curve; this po~nt divides the subsonic from the sqersonic
velocitie~. ‘Thisstate Occ-ms in the narrowest cross section of the
Laval nozzle. if the divei’gen’~yari of the Laval.nozzle is entirely
omitted, the velocity ult~ma’telyatta.inelis not the crit:.calveloc-
ity corresponding to the point of inflection but instead that veloci-
ty i’o~~dat the jnbersection of the tangent to the ~oint of i.ni”lec-
tion end the ordinate value of the Civen baCli pressure. If the back
pressure is postulated as that of a complete vacuvn, then the inter-
Seck~LorI of’ the tangent tO the TOint Of inflection with the a“~scissa
axis is the point in question. As may be seen from the figure,
which io plotted on the asmmmtion of ordtnary air with a ratio of
specific heats K = 1.4, the-final velocity even illthe absence
of any divergence of the nozzle reaches about 70 percent of the
maximum velocity. (Wlen the combustion gas ilasa value K = 1.25,
the final velocity ‘-s60 percent.) If a divergent section is then
added to tbe nozzle so as to produce a certain higher velocity at the
end cross sectfi.oajthe pressure d~op behind the nozzle will produce
the velocities lying along another tangent, which touches the s-form
loss-free curve at that point corresponding to the velocity and pres-
sure ;.ttainedat the end of the nozzl-e, The ratio of the area of the
ncrrowest cross section to that of the end cross section is the recip-
rocal of the ratio of the slopes of the two ta-ngents. The second
tangent shown in figure 6 being about 2/3 as stee~ as the tangent at
the point of hflectiO1l th,erefoi’ecOrreSpO1ldsto an extension of the
Laval nozzle to reach a cross-sectionalarea 1.5 times as large as
the narrowest cross sectioliand.shows ‘Lhatthe extension will increase
the outlet velocity [NACA conment: The expression “outlet velocity”
refei”sto the velocity corresponding to the inizersectionof tangent
and abscissa as shown in fig. 6.] to about 80 percent of the maxj.mum
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velocity. Thus tinedivergent section has its use but the use is
strictly limited becauee even without any divergence 70 yercent of
maximum velocity can be obtained, whereas the values above 90 percent
can be attained only with very lar~e divergence beca~lse of the manner
in which the pressure-velocity curve is bent almost parallel to the

I
abscissa. It will therefore be wise to find out the maximum possible
velocity obtai~ble fitb a nozzle of a given length and given diver-

,]E
1 gence in order to determine the optimm nozzle length.
;;

s,.

In the case of an actual.rocket nozzle, combustion gases having
a ratio of specific heats K equal to approximately 1.25 and an
axially symmetrical exhaust nozzle are being dealt with, But ill

figure 7 only the two-dimensional case of ~ exhaust nozzle can be
shown and air must be used WSI th,eexhaust gas with };= 1.4. Never-
theless, substantial guidance is given by this figure. The figure
aummarizea the solutions found tO the problom of parallel gas flow-
ing at exactly sonic velocity throu~h a given narrow cross section
exhaus’tin~into a Vacum to ~yod.ucethe lli@lestoutlet velocities
that can poflsibl.ybe atty~fnedWlt;lthe Laval nozzle ending at a,given
point. The attainable values in terms of the ratio to the maximum
velocity are shown by the family of dashed curves. That is, each
point on the 80-i~ercentctmve si~nifies that any nozzle that begins
at the narrowest cross section and ends at the length and.diameter
corres~}ondin~to that point will yield at the most, with frictiunless
flow, an outlet velocity equal to 80 percent maximum velocity.
Actually in order to obtain this optimum value, a certain defin~te
nozzle form is, of course, necessary and thjs form is shown by the
family of solid-line curves. Because of the twofold multiplicity of
possible end points, in the sense that they differ both in distance
from the narrowest cross section and in divergence, in General a
twofold multiplicity of the best nozzles must also be expected. In
the case of the two-dimensionalexhaust nozzle, however, this multi-
plicity degenerates into one siuq?lefamily of the best nozzle forms
because there Is only one best nozzle for a chosen length. This
de~eneration considerably simplifies the labor involved but this
labor is uiiessentialfor the physical utilization of the result. It
is much more essential to find the nozzle fo~ that with the smallest
arc length permits the attainment of the greatest outlet velocities
and these forms are to be found where the dashed and the solid curves
intersect at right angles. lt is found that the angle of divergence
increases with increasing nozzle length but the concave curvature is,
on the whole, very small. If the diagram were extended to infinity,
a 100-percent value would finally be attained with the plotted

..— ——-.-—
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nQzzle contour that has the greatest angle of divergence. By that
time, however, the contour has so greatly altered direction that the
length of the nozzle has become flnfinitelygreat in comparison with
its outlet cross section.

7. ADMIXTURE OI?SURROUNDINGAIR

In a vacuum the rocket is the only power plant from which any
thrust tailbe obtained. Because a portion of the path of the rocl:ei
must often traverse atmos~>hericair, however, it is desirable to
improve rocket operation through the dmlxture of the surrounding air.
Already reported el~ewhere (Ber. 118 geh. d. Lilienthalges. f.
Luftfahrtforschg.)is the extent of improvement of the thrust at var-
ious rocket speeds. But inasmuch ao rockets are investigated first
in the test rig and those are the c;rcuatan.ces that germit obtain-
ment of gains with the use of surrounding air, the dan~er exists
that we may deceive ourselves ao to tke effective-a.essof surrounding
air in the General case. Thmefore, I should.like to conclude with
a ‘briefdiscussion of the recults ohtaj.nedat that time, The thrust
gain is plotted against the flight speed in figure 8. The velocity
of sound, that is, 340 meters per second; is taken as the unit of
measurement for the flight speed. The solid curves denote the thrust
gain in the case of a rocket with very hot jet aridhigh combustion
~ressure corres~onding, for exa.uple,to the Walter power ylant in
hot condition. The dashed curves are computed for a cold jet and low
preseure and correspond approximately to the Walter power plant in
cold condition. All-the curves are ccmruted by allowing for only
the mixing loss and no other friction losses in the mixing apparatus.
Therefore, the curves represent oytimu~ values, which never can be
fully attained. In each of the two families of curves, the function
1s plotted for each of the mixture ratios 5} 20, and ~, which mean
that the rocket jet is mixed with 5, 20, and infinity times an equal
wei~ht of air, respectively. Although ql~itehigh gains, for example,
more than 50 percent with a 5:1 mixture, may be obtained in the test
rig, these gains decrease sharply as the fli~ht speed increases and
at a certain speed reach the zero value regardless of the mixture
ratto. At this s~eed the use of a mixing nozzle plloducesno improve-
ment in the most favorable ca~ej and therefore in practice a decrease
in efficiency in every case. Because the theory used in ~lottin~
these curves always postulates optimum mixing, after the speed is
passed, positive improvements again OCCW. The criterions for the
mixing in this range are, however, entirely different from those in
the -previousrange and it is imyoss~ble to realize the thrust Gains
in both ranges with one nonadjustable nozzle. In the case of the
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colder rocket Jet, the zero ~oint of the thrust gain lies at a higher
epeed and the improvements in test-rig operation are also greater
but conversely Vie gains after the zero point is passed are almost.
insignificantly small. The deduction to be drawn from this insignif-
icant gain, nmely, that the high-temperature jet produced by high-
-pressurecombustion that is particularly designed for low consumption,
permits smaller increases of thrust and reaches the zero-gain point
at a lower syeed, is of general validity and makes any use of a
mixing nozzle appear particularly unsuited to rockets using liquid
oxy~en.

Wagner: May I ask whether in the last slide full account was
taken of friction or whether the always positive thrust gains were
only theoretical maximluuvalue~?

Busemann: The full amount of friction is by no means taken
account of in the slide. On the controry, al1 frict~.onaleffects
that arise outside the mixin~~nozzle have been ignored and even
within the mixinE nozzle the fi-iCtio~ with the walls has been left
oLltof account. This omiseion wa~ made because the one remaining
loss, the mixing loss, is ~enera].lyso great in itself that it makes
the pr~ctical application of mixture very dubious. If, however,
the mixture is assumed always to be broughtabout under the most
favorable circumstances,i;henixing ~OSS can at any rate never lead
to negative values of thrust .&3in. On this basis the slide shows
only positive thrush gains or in the most unfavorable case zero
gain. Of course, if any given case promises advantages in practice,
the other losses must next be deducted and it c~n by no means be
said that these losses are negligibly small in comparison with the
mixin~ loss.

Translation by Edward S, Shafer,
National Advisory Committee
for Aeronautics.
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Figure 2. - Partial-pressure diagram for combustion of 0~1-

oxygen mixture.



NACA TM No. 1144 Fig. 3
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gure 3. - I-S diagram for combustion of 02 and C,4H25.



Fig. 4 NACA TM NO. 1144
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Figure 4. - Possible exhaust velocities and consumption as
functions of combustion-chamber pressure.
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NACA TM NO. 1144 Fig. 5

Photograph 1. Incomplete combustion of 02-gas -oil mixture

1:3.22; roaring flame.

Photograph 2. Complete combustion of 02-gas -oil mixture

1:3.38; whistling flame.

Photograph 3. Incomplete combustion of 02-gasoline mixture

1:3.79; roaring flame.

Photograph 4. Complete combustion of 02-gasoline mixture

1:3.4; whistling flame.

Figure 5. - Flame photographs.
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Figure 6. - Pressure-velocity curve.
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Fig. 7 NACA TM NO. 1144
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Figure 7. - Two-dimensional exhaust nozzles.
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Figure 8. - Thrust ga n for flight at sea level.
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