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A Note by the Publisher

Toward the end of the last century & few farsighted individuals became
thoroughly convinced that man covild fly, Today their names are all but
forgotien but their technical achievements will endure for centuries.

Today we are on the threshold of manned flight between the planets.

nrs.EugenSmmdemMmprommﬂhmgthehmdMorpiomm
whose dedicated efforts have made possible this vista,

"Pher einen Raketenantrieb fur Fernbomber® is based on more than a decade
of eifort by the authors. The material is condensed. This report contains
only abcut one-third of the information which the suthors had available at the
time of writing; all of the msthematical derivations apd much of the support-
ing and supplementary information were omitted,

In spite of this fact, the report is, in effect, a definitive treatise.
It catalogs new prablems and outlines solutions to the more important ones.
For years to come it will serve as a storehouse of vital concepts for the
serious studdnt of rocket science. For these reasons, its publication at
this time scems warranted,

Since 1945, Dr. Irene Bredt (now Singer-Bredt) and Dr. Eugen Sdnger
have lived in Parie, where they are enpleyed by the irsenazl de 1l!'Asronautique.
Dr. Sanger iz also president of the International Astronautical Federation.

While the Technical Information Brsnch, BUAER, Navy Department, has very
generously furnished copies of their translation of *Uber einen Raketenantrieb
fur Fernboxmber* 1o many public libraries and ressarch institutions, this is
the first time the report has been avallable for public sale. The publisher
would 1like to thank the U, S. Kavy, without whose permission this publication
would not have besn possibla,

Robert Cornog
Santa Barbara, California
16 November 1952



FOREWORD

The application of pure rocket propulsien to aercnautics suffers at present froa limita-
tigns imposed on exhaust speed and flight velocity by constructional diffieunlties.

Because of the thermal stresses on the enpikes. the exhaust speed is not raised te the
pitvsically possible limits,

Because of the mechanical stresses on the airframe, the velocity of flight has not yet
gohe beyond the velocity of sound,

On the basis of extensive physical and physice-chemical studies, we shall discuss some
possibilities which are opened for the rocket propulsion ef long-ramge military aireraft when
these two limits are surpassed.

In addition several suggestions as to construction are made, which should facilitate over-
coming the present limitatioss.

These investigations on ihe problem of long-range military rocket aircraft originated as
a joint work of the twe authors during the years 1937-1941 and were intended, together with the
material of report WM-350%, to be z second valume of “Rocket Flight Tbchn:que » by the senior
author,

As a result of circumstances caused by the war, publication was postponed and the results
of the wark issued in sbstract form in the present report.

Singer
{=ig.})
Bredt

Ainring (Upper Bavaria), August 1944
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1. Fundamentals

The renge of flight-speeds several times the velodity of sound is the exclusive province
of the pure rocket, which develops the propulsive jet entirely fram the fiel carried on Loard
the aircraft. The pure rocket can also compete in cost at lower speeds, i} propulsive forces of
great magnitude or shert duration are required, or if ne surrounding air is available, e,z. under
water pr outside the perceptible atmosphere of the earth. These speeial eharacteristies save
§of§nt propulsien a broad domain of applicatien Lo military techniques, which can be cutlined as
0llows:

Propulsion of projectiles or bombs, in which the relatively strong, short duration pra-
pulsive forces can be achieved in most cases by powder-rockets.

Auxiliary drive far propeller-, or jer-aircraft, with operating periods generally under a
minute, for which liquid rockets with compression-drive can be used.

Auxiliary or principal propulsion for vessels with period of operation of several minutes,
so that roeket motors having fuel pumpz, but without high exhaust speed; are required.

Main drive of aerial torpedoes against land, sea, or air targets, with moderate to long
times of cperation, in which high exhaust speeds are impertant only for nuite large ranges.

Main drive of fighter or bémber aircraft, e.z. for fighter defense at very hich mltitudes
or for military aircraft operating over very great distances. Both propulsien-time and exhaust
speed set extreme requirements. for the rocket motor. The last-mentioned application, the rocket
bomber, is treated in more detail in the present reporc.

Pure-rocket engines make only very incomplete use of the energy made available by the fuel.
However since the craft is not loaded down by the energy carried on board but rather by the
weight of the fuel, this disadyantage can be counteracted by use of fuels with the maximum pos=
sible energy cortent per unit weight. Thus rocket fuels represent, on the one hand, carriers of
energy with maximum concentration of energy per unit mass and per unit tank space; on the other
hand, they are the csrriers of those masses from which the jet of the engine is developed.

According to the method of feeding the fuel {which, 1n the tank, iz liquid or solid)} inte
the combustion chamber of the rochet, we can distinguish between various modes of operation of
the rocket motor; e.g. rockets with periodic propulsion, which are characterized by moderate
values of the work for feeding the fuel, the temperature stresses in the walls in contact with
the flame, the exhaust speed and the thrust; and rackets with continuous proptlsien, with arbi-
trarily high constant flame-pressures, high constant exhaust speed, maximum thrust for given
dimensions and maximum therma] stresses of the furnace walls.

The type of coastruction of the walls in contact with the flame is determined hy these
stresses,

The type of construction using the heat capasity of the wall-material gives very simple
solutions, which are however applicable only to periodic prepulsien, or to continuous progulsion
over short periods at moderate furnace temperatures, For example, the 20 mm. thick metal wall
of the jet-throat of a powder-rocket at 28009 and having thermal conductivity 4000 k cal/miho,
begins to melt on the side in contact with the flame after 2, 4, B, 10, 14 or 90 zec, if it is
made of Al, Ag, Cu, Fe or Ni, Pt, or Ir, resp; this can be shown by calculation and can be qual.
itativelychecked by tests on welding torches,

Designs of combustion chamber walls using the best refractory materials give semewhat wore
complicated arrangements and longer propulsion times, which are in generai lLimited mainly by
chemical changes in the wall material. The best heat resistant materials, (melting points given
in °C} which would be of interest in this conmection are for example: beryllium axide (2500),
molybdenum (2600), zirconium oxide {2700), magnesium oxide {2800), thorium oxide {3050}, titanium
carbide (3140), rherium (3170}, tungsten {338D), zlrconium carbide {3500), tantalum and hafnium
carbide (3700) and graphite (4000). With these materials, using non-statiohary thermal condi-
tiops, the driving times can be extended further than the values gives previsusly.

Design using condenser jackets around Lhe combustion-chamber walls is similar to that
used in internal combestion engines for controlling the hot, strongly superheated combustion
gases; it is however limited to moderase combustiod temperatures and pressures for which the
heat flow through the wall is everywhere less than ) h.p,n? 20 that the velocity of the coolant
need not be raised above abont 10 m/sec. zf _
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Fire-wall construction using forced cirsulation of the refrigersnt in channels, of pref-
erably one-dimensional extent, which cover practically without gaps all the wall surfacea
couched by the flame, gives the possibility of comtrolling also chose high heat transfers through
the chamber walls which ocenr unaveidably in using high-grade rocket fuels in uniform-pressure
rockets, and which go far above 1 h.p/. 2, and can be even 10 h.p/.,2 or more in the jet throat.
This type of firewall for rocket motor cemstruction is uged in the designs of the present work.

Aside from design of firewalls, the supply of fuel to the combustion chamber is, for
uniform-pressure rockets, a special problem for the solution of which various methods have been
nsed.

Placing the whole ifuel supply in the combustion chamber has proved suitable in short-
period powder rockets. Pressure tank feed of liguid fuel, because of the considerable weights
of the tanks and compressed air, is possible only for moderate driving periods and fire gas
pressures, Fuel supply through gas-pressure pumps limits the tank size and gives longer driving
pericds at moderate flame pressures. Fuel supply with ordinary pumps and turbine drive require.
special propellants or exhaust gas removal from the cowbustion chamber and results in increased
fuel requirement per unit momentum; nevertheless, it does give high driving periods and flame
pressures, Fuel supply with ordinary pumps using a turbine driven by steam from the refrigerant,
where the steam for the turbine is developed by vaporizing the coolant in the camals of the
chamber walls and fire-jet, limits neither driving pariod, driving pressure, or flame temperature,
and permits the use of the greatest exhaust speeds. This method is the basis of the rocket motors
described here.

Finally, one of the most essential comstruction problems for uniform pressure rocket mptors
is the choice of furnace pressure. The high-pressure rockets with furnage pressures above 50 atm,
(which are necessary because of the high exhaust speeds required), are in praciise driven up to
100 ztm. They have small dimensions per unit thrust and are especially valuable combined with
highest grade fuels, where the already high exhaust velocity can be increased by 22% through a
furnace pressure incredse from 10 to 100 atm,, and by 6% through a change from 50 to 100 atm,

Its demain of applicatien is thérefore especially that of rocket flight, é.g. for rocket bombers,
where the requirement of high exhaust speed is most stringent, The high requirements on the fuel
feed systen are no trouble when they are taken care of by the coolant-steam turbine mentiotied
above, which uses the heat frem the foreed cocling of the furnace. As a result of inereased gas-
density,-velority,-temperature, and - radiation, the spacific heatflow from the flame through tha
furnace walls rises proportionally with the furnace pressure. This has as consequence the decisive
difficulty rthat the protection of the walls in contact with the flame becomes wore critical as the
furnace pressure increases, since the heat transfer from furnace wall to coglant only increases

as the 0,4 pover of the coplant pressure, so that a practical limit of furnace pressure is reached
at about 100 atm,

Similar general considerations apply to the air-frame. To the fundamental questiom,
whether explosive propulsien by rockets over large distances shall be used with wingless, un-
kanned rocket-torpedos or with winged and man: carrying rocket aircraft, it may be said that for
the “returning' aireraft, the range of use and the totu] destructive energy brought to the
target (weight of bomb ¥ energy of explosive) is as large as for the rocket torpedo for equal
imitial flight speed, 5o that the conserving of the empty eraft for repeated use and the probably
greater howhing accnracy speak in favor of the aiveraft. Sinee the initial cost of the empty
eraft is far greater than that for the bowb and fuel load, this is the basis for the choiece. If
the rocket bomber doesn’t return to its place of takeoff, its range for equal ¥, will be much
greater than that of the rocket torpedo, though, of course, the % weight of destructive energy

rought to the target decreases, The extreme ranges possible with the rocket bomber are com-
pletely forbidden to the rocket torpedo.

The rocket bomber will differ from the presemt-day propeller-driven bombing aircraft in
the following essential points: in place of the propeller propulsion from the fuselage front it
nas the rocket propulsion in the fnselage stern; the fuselage is in the shape of s bullet with
tapered hind part, the wings have a thin wedge-shaped profile with sharp leading and trailing
pdges and high wing loading at the start of the flight; the eabih is construected as an airtight
stratosphere chamber.

For starting, the use of its own fuel as in the usual propeller-driven aircraft was con-
kidered, Becanse of the great difference in start- and landing-weight this leads to large wing
purfaces and too high fuel consumption in the rarnge of speeds below the velecity of sound. Ver-
tieal start under its pwn power has only the last disadvantage, but even in a greater degree.
Bling-starting on a horizontal take-off path until the sound velocity is reached appears wmost
favorable and is assumed here. In this type of starr by means of external forces, an especially
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energy-consuming part. of the aircraft acceleration is not obtained pt the expense of the fuel
garried on board, so that the renge of the aireraft catapulted in this fashion rises markedly,
wiile at che same Time the flight.characterisvizs cam be matched more easily vo the steadily
fecreasing wing loading during flight.

As methods of flight were considered; acceleration to the point where flight speed equals
gxbaust speed, and then flight at constant speed; slso acceleration to such a speed that the
suwbsequent unpowered glide extends over the entire remaining flight path. For equal fuel cost,
khe last method gives greater ranges and simple~ power plant, and is therefore assumed from now
un'

The whole procedure for use takes place somewhat as follows: the rocket bomber at the
gBurface of the earth is brought to & speed of about 500 m/sec. by a ground-fixed rocket drive in
p period of 11 seconds over a 3 km. starting path; then climbs at full motor drive te a height
of 50-150 km along a psth which is inclined at 30° fo the horizon at first, but later becomes
flatter; thus it reaches final velocities up to more than twice the exhaust speed. The duration
of the climb is 4-8 minutes; usnally durimg this time all the fuel supply on board will be con-
pumed_. ‘At the end of the climh the rockst moter is turned off, and the aircraft, because of its
kinetic and potential energy, continues on its path in a sort of oscillating gliding flight with
eteadily decreasing amplitude of cscillation. This type of motion is similar fo the path of a
long-range projectile which from similar heights follows a descending glide-path. Because of
its wings the aircraft descending its ballistic curve bounces on the lower lavers of the atmos-
phere and is again kicked upwards, like a flat stone ricocheting on a water surface, though
during the entrance into the dense air each time a fraction of the kinetic energy is censumed,

Bo that the initially big jumps steadily become smaller and finully go over into a steady gliding
flight. At the same time che-flight spesd, aleng the glide path of several thousand kilometers,
decreases from its high anitizl value to normal landing speed. If the descending path [which 1s
within certain limits contrellable by the pilot)} lies in the direction of the target, the bombs
ure releaszed at 3 predstarmined moment, and the ecrafr returns to its starting place (or some othar
landing field) in a wide arc, while the bombs go toward the target alomg the original direction
of flight, Even if the target is very distant from the take off point, the hombs are only dropped
near it, s¢ that the scatter of bomba can be compensated for by a large number of releases on the
target, which will in this way be covered by a Gaussian distribution of hits. This military use
is completely independent. of weather and time of day at the target, and of enemy counteraction,
because of the possibility of using astronomical navigation in the stratosphere and becaiise of

the height and speed of flight.

From the characteristics given for the rocket bomber it follows that this is not the de-
velopment of an improved military craft, which will gradually replace present types, but rather
that a problem has been solved for which no seolution existed up to now, namely, bombardment and

.»hombing over distances of 1,000 to 20,000 km. With a single rocket bomber point attacks can be

mde, e.g. from Central Europe, on distant point targets like a warship on the high seas, a canal
lock; even a single man in the other hemiszphere can be fired upon.

With a proup of 100 rocket bombers, surfaces of the size of o large city at arbhitrary
places on the earth's surface can be completely destroved in a few days.
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I1. The Alreraft
1. Characteristics of the Rockel Moior

The main parts of the baxic construction of khe rocket motor considered here are shown in
Fig. 1. The fuel goes from the fuel tank to the fuel pump, where it is compressed to 150 atm.,
then fed continuocusly through valve 5 to the anjection head of the combuation chamber. The oxyges
goes from the thin-walled uninsulated oxygen tank imto the oxygen task, is compressed to 150 atm,
there, then forced through veive 6 and the pipe system of the condensers isto the injecticn head
and the combnstion chamber, aftér being warmed to 0° C. There the fuels cone together for the .
first time, mix and burn producing flve gases ‘at a constant pressure of 100 atm. and at 4000° C.>
In vhe head of cthe burner, the flue gas expands to a very low presswre and forma the driving _.J-
jet with exhaust velocity of 3-4000 m/set, whase reaction for a fuel comsumption of 245-327 kg/sdc
produces a tlirnst of 100 tons. With a 90 ton fuel supply, the aircraft can be driven with the
wbove thrust for 367-275 aeconds.

Aside from thizs mein process with energy comversion of sbout a million Kcal/sec the
vecondary process shown schematically ir Fig. 2 giwes an energy conversion of 20,000 Kcal/sec for
driving the feed-pumps. Its partasy visible in Fig 1, can be follewed from the water pump which
puts about 28 kg/sec of water under 250 stm. pressufe, drives this water, at the jet throst, imtc
the cooling pipes of the jet walls, where it flows toward the mouth of the jet and is heated to
sboat 300% C. After coming out of there, while still above the critical pressure, it is (again at
the jet throat) driven inte the cooling pipes of the combustion clambher wall, where it is again
heated and vaporizes in the neighborhood of the critical pressure; finally it iz removed at the
injection head in the form of highly-compressed superhedted steam, led to the steam turbine; the
it expands to about 6 atm. and gues to the 1-iquicl-qugen-cooled condensera where it is reconvert
to witer and gives up considerable energy to the cxygen; then it repeats its cycle going through
the water pump. The steam turbine drives all three punps from the same shaft. During the process
valves 3, 4, 5, and 6 are open, and 1, 2 are closed, while 7 serves us & sufety valve agminst toc
high rotation of the turbine.

The process described can be begun with the aid of the stesm-starter, which produces the
small amounts of steaw required by chemical means; in this process the valves 3 and 4 are closed,
L, 2, 5, 6, and 7 are opened.

Aside from the details given in the literature, {16-30) the following things are important
for understanding the proposed construction:

The relative value of different fire-wall meterials is determined by the avdilable heat
£low 37-: At ~E)4 through the walls for a given heat capacity of the walla. If the wall thick-
pess d is proportional to the reciprocal of the breaking strength o~ (rensile stress), or to its
square root (torsion stress), then the possible heat flow (and also therefore the worth of the.
material) is proportional to the product Afr—gy -, or Afly—&)/5~ reap. Here A, 4, and O
are pure material ccanstants, while the cool-surface temperature Zr (and so the whole evaluation)
depends on the particular arrangemest, coolant temperature, ete. In the combustion chawber cooled
by Iive steam, the cool-surface temparatures -are -500-400° C. From Fig. 3 one sees that the waual
heat-resistant metals chrome-nickel steel, nickel, " ventil”:steel, ete., are favorable (as con-
firmed by construction experience)} while platinum is even more suitable. The theoretically most
favorable materials like tantalum, tungsten, amd molybdenum are, because of their chemical activ-
ity and the difficulty in working them, actually not atall promising. In the hot-water-cooled
fire Jjet the cool-surface tempsratures are at 400-500° C, because of the high heat flow; Fig. 4
shows (in accord with practical experience) that copper is unsurpassed as jet-wall material.

The cooling system for vhe walls in contact wath the flame (21) iz required because of the
bigh heat flow from the conbustion gases to the fire-walls; this is presented in Fig. 5 for a
gas-oileoxygen charge at 100 atm. combustion pressure, on the baais of tcalculations and practical
experience. For example, ir order to conduct 5 hp./ .ﬁ from the fire-surface to the cool surface
through 2 1 mm thick copper wall, .a tenperature gradient (¢; - &y) between the two surfaces of
100¢ C ia necessary. In order for such thin walls to withstand the mechanical stresses duve to
flame-and coolant-pressures, they must be reanforced at very short-intervals. At the same time the
beat flow through the fire-walls must be assured by a precisely prescribed and carefully maintaisied
high streaming velocity of the coolant behind the fire-wall, Both requirements can be met by the
cooling-pipe system shown in Fig. 1, with foreed eirculation of the coolant in structures of one-
dimensional extent. The necessary compromise between the rising foreed motion and increased
pressures reguired to drive the coolamt when the number of channels is decreazed has been so made
that the cooling system of the jet consists of several hundred parallel pipes each only a few
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8q. mm. in cross-section, which join together partially at the jet throat and again branch off
in the far parts of the jet mouth so that the small individual cross-secticn of the pipes is
retained; esch pipe Tuns weridicwally, awd the whole surface of the jet is completely covereg
with pipes, of which the side toward the flame consists of the smoeth and tersion-stressed fire=-
wall, The requirement of a plawe surfage does not apply to the furnace surface in contict with
the flame, so that there the statically more favorable circular cross-section gan be used, This
circumstance and the smaller heat-flow through™ the furnace walls require gfeater wall-strengths
of the fire-wall and thus greater cross-section for the individual cocling pipes, so thet the
thei nécessarily few pipes in parallel can assurs high circulation of the coolant in the neigh-
borhood of the steam chamber which has varied and unstable flow conditions. These few cooling
pipes are wound on the furnace surface in the form of an evaporating coil.

We see, from the above discussion, the requiremsnts on the coclant itself: large heat
capacity, heat conductivity and density; for this reason mercury has advantages over water.

The reason why the furnace-jet in Figs. 1, and 5 is shown with the unusually large open-
ing angle of 60° is the following: (22} Aside from the fact that a special coolant, which best
suits the requirements, is circulated around the fire-walls, the actual coolant is really the
fuel itself, to which the intermediate coolant transfers its heat in the pumps and ¢condensor.

The heet-absorptivity of the fuel before it is brought into the combustion chamber is limited,
and is only a few percent of the hest ghich is liberated when it is burked in the combustion
chamber. One must therefore take care, that the total heat tramsfer per sec, from the flue -gas
to the coolant through the walls of the furnace and jet, which is given as 20% in the example of
Fig. 2, remains lsss than or equal to the afcrementioned absorptivity of the fuel consumed per
sec. This total heat transfer which must be regulated is proportiomal to the total inner surface
of the furnace and jet. 1t can be decreassd by diminishing this tetal surface. Concerning the
contribution of furnace and jét to the total surface in contact with the flame, the following is
true: all experience chows that over a wide range of valuss, ‘combustion in a furnaep iz more coem-
plete, and afficiency and exhaust speed are correspondingly larger, the greater the furnace
volume Vo as compared to the smallest cross-section ¥ of the furnace jet. Because the total wall-
surface is limited by the heat absorptivity of the fuel used as a coolant, the furnace surface
can be increased provided that the jet surface iz decreased keeping the sun of the twc below the
permissible limit. From Figs. 2 and 5, the total neatflow through the 154,000 em of fire-wall
surface represents 2% of the energy developed, which corresponds to the permissible heat absorp-
tion of the fuel, so that the heat¥low per urit area of the furnace and et walls is about 0.8
mpemé. I in place of the shart 609 throat with 60,000 e surface we used the cm-tonnfy Lava |-
throat with a 1{°® opening angle, its furface (345000 eme) conld not he completely cooled if the
same heatflow and absorptivity of the coolant were n‘;%lirit.ni_ned; for the furnace there would be no
surface cooling available at all. At the same time the length of the Laval-throst could not be
decreased below 9720 mm. By using large throat-angles we are enabled to fulfil the requiremenLs
:i ;::bi‘s}:il;ﬁnf:idh:ug:zteMtgr’ grui'moreo\rer t:l?n_a qgant.ity V'g},t_" which determines the completencas
overcome by tne decreasero?;é-:?fi:;‘zngz ;12!:: mj;s:gtszlgleney o .t'he'furnace I/E 1 ek
Y b : ] /4 inereasing opéning angle.

nd tMT::i‘l:;““P :Z:EE: .off the It:cket. mot.orchnsis_t_.-s_ﬁf t.hrge pumps for fuel, oxygen f“d coolant,
feeding the &zﬁhim w:; oiht _fse p:;mpq. Ille_ vaporized coolant of the rocket motor is used for
focung the T " ‘._s ’ :: h_e nrce c::l‘r_:u ation used ft?r the:combust:.an c_:hamber_perrfnts' the
manner of the Hemson l.af Pressurc-radiating-steam-boiler with forced circulation in the

" b -y lont -, \'-elox_ ~y Sulzer - stean boeilers. (27) The use of the vapor-
:z:e’:czo::;:tt::rtdrwmg the mn;iln?ry :urb'-%n: h_;i_:s the advantage over tl?.e use of & separate enerpy

; ot.a.l fuel consumption per impulse by the rocket motor is net increased by the
aux:}:ary turbive drive; the advantagcs over feeding the auxiliary turbine from tiie flue-gas of
the rocket motor are that: use of the cooling capacity of the fuel for eooling the combustion
gases brimgs it to temperatures permissible for the turbine drive-rod; the difficulties associ-
ated with cordesisation of, lor example, metallic-oxide fumes in the Tlue gas disappear; the heat
abserptivity of the fuel as & ¢delant is incremsed by the work done in pumping; the important
decrease in nomentum of the jet in the emission of a part of the flue-pgas and transfer of i1ts heat
content to the remaining flue-gas is avoided; finally the censtruction of a“hagh pressure steam
turbine is incomparably simpler than that of a high pressure flue-gas turbine. Since according to
Fig. 2, the e¢fficiency of the 12,000 np, drive of the steam turbire, which uses waste energy, 1
unimportant, while we do demand very snall weights of the installation, the simple Curtis-shaft
gives a suitable solution. The 3 pumps can in view of the high total fuel supply of over 1000
m3 /or., be designed as pne-stage turhines (despite the high intake pressures), so that the whole
pump essembly including the turbines cunsists of 4 running from-'the same shaft, at about 12,000
Bbhi. Thus the outer dimensions ana weipht of the whole installation can be kept below 600 x 1200
mn and 500 kg,

c-Bums
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Aside from the requirements of extremely light construction the turbine, fuel pump and
water pump present no special constructional difficulties, whereas in the construction of the
oxygen pump the choice of the construction material, the arrangement of the moving parts and the
feeding of the boiling liquid to the pump must be specially considered. As a construction ma
terial (for the oxygen pump) which at -180° C will he sufficiently strong, elastic and resistant
to impact, sufficiently resistant to corrosion and non-inflammable in liquid oxygen, the nickel-,
Al-, and Mn bronzes, as well as Monel-type alloys and pure nickel have proven satisfactory. In
view of the inflammability of- a]] lubricants in liquid oxygen, the problem of arrangement of
moving parts was solved by using a floating support for the pump shaft away from the oxygen. In
order to drive the boiling liquid Oj from the tank steadily to the pump, an arrangement was used
whereby the oxygen Hows toward the pump over a long route in the direction of an acceleration
field; n.g., in the test installation, from a higher level; or in the aircraft, from tanks lying
far toward the front. Because of the gradual pressure increase in the feed lines, accompanied by
only a slight temperature increase, supercooling of the Q2 occurs at the pump intake, so that no
more gas is liberated.

Fig. @ is a photo of the experimental modd .of a high-pressure liquid- OB pump, which as
a rotary 6-stage pump with external bearings supplies 5 kg/sec of liquid 09 - 0 atin, pressure,
when running at 15,000 RAM; it has proven its suitability and reliability m hundreds of experi-
ments.

The ignition of *he rocket motor is not shown in Fig. 1, because ignition is limited onlv
to starting; once the combustion chamber gets going it operates like a welding-burner. The basic
ignition procedure chosen was the injection into the combustion chamber of materials which ignite
on contact with 0) or air. From the pyrophors to be considered, like the phosphorus hydrides,
"silanen", halogen-acetylenes, rare earth amagams, metal alkyls, etc., zinc-diethyl Zn(Cj %)2
was ohoser at the suggestion of H. Troitzsch; F. Zohrer developed a suitable ignition fluid by
dilution of this with heayy hydrocarbons (e.g., machine oil), and also an ignition apparatus in
the form of a small pressure bomb using compressed nitrogen and a remote-controlled valve; by a
simple movement of the valve and consequent_injection of the ignition fluid into the combustion
chamber, arbitrarv ignition time and arbitrary repetition of the ignition is possible. This
ignition procedure is notable for its sure performance and the very smooth starting of combustion.

The practical work on the development of the rocket motor described in this section was
taken up by the senior author in 1933-34 at the Teehnisehe Hochschule in Vienna and gave in the
first experiments, on small models with 30 kg. thrusts, controllable flame-pressures of 50 atm.
and high exhaust speeds; the fuel was tig (at up to 150 atm, injection pressure), and gas-oil (at
up to 500 atm. injection pressure), and a Laval-throat of small opening angle wes used, (19)
After a delay of several years, which were spent in constructing larger experimental installa-
tions, the t.ests were recommenced at the Trau Aeronautical Testing Station in 1939. The con-
struction of the experimental installations was under the direction of H. Zborowaki; the con-
struction of the components was directed by H. Ziebland; K. Hedfeld directed the experimental
work. Fig. 7 shows the testing.shed during an experiment with 1 ton thrust and 5 minutes dura-
tion. Amog the important.parts, one can see at the left on the embankment a cylindrical tank
of capacity 2.5 ro" for the liquid &>, and just to the right of it the tap for the underground
tank of liquid Oj (see also Il, 2). The drive tank, from which the apparatus is directly fed, is
an open uninsulated thin-walled metal tank which (out in the open) vaporizes oxygen at the rate
of 15 kg/hr. per sg. meter of tank wall, and whose varying weight during the test is sown by an.
automatically-recording spring balance. Fom this tank the liquid O2 flows at slow speed under
its owmn weight to the high-pressure liquid oxygen pump 8 m. below (see fig,). Beyond the feed
pump the liquid oxygen, mow at 150 atm, pressure, runs through a heat exchanger, in which it is
heated by. the wam cooling-water coming from the furnace, then goes into the combustion chamber
through a large number of injector nozzles. Following the corresponding path of the fuel, we see
in the left foreground a Im* fuel tank, from which the fuel flows under its owmn weight to the
high-pressure fuel pump. For this purpose a cog-wheel pump is used, which compresses the gas-oil
to 150 atm. at 3000 RTAi. In the experiment shown here, the fuel and oxygen pumps were driven to-
gether by a D.C. Motor standing between the pumps, later the coolant-steam turbine was used in-
stead. Beyond the fuel pump the fuel also is forced into the combustion chamber through a large
number of nozzles. The fuel - and O"- streams are directed at 90° to each other and have initial
entrance-velocities of about 100 m/sec BOthat rapid spraying and mixing is forced. In the fur-
nace, the three fluids - oxygen, fuel and ignitor - meet and form the furnace gas. The furnace-
gas pressure during the entire run is up to 100 atm, with Vo/|'"BOQ and about 30° opening angle
of the provisional expansion-Rozzle, The next photos 8 and 9 show a 1-ton trial from the jet
side, 10 shows a small model using coolant vaporization; Fig, 11 shows a 1-ton trial in which a
high-percent Al-gas-oil suspension was used as fuel. The flame glows brighter in this case, and
the resulting auminium oxide begins to condense to white corundum dust at a fewv meters from the
jet opening, and then thickens into a heavy white cloud. Finally, Fig. 12 shows a short-exposure



