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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 torbine, fuel pump and
vater pump present no special constructions) difficulties, whereas in the construction of the
oxygen pump the chpice of the construction material, the errangement of the moving paris and the
feeding of the boiling liguid ta the pump must be specially considered. As a comstruction ma-
terial (fpr the oxygen pump) which at -180° C will he sufficiently strong, elastic and resistant
ko impact, sufficiently resistant to corrosicn and mon-inflammable in liquid oxygen, the nickel-,
Al-, and Mn- bronzea, as well aa Monel-type alloys and pure nickel heve proven satisfactory. 1In
viev of the inflammability of all lubricants jin liguid oxygen, the problem of arrangement of
moving parts was splved by using a floating support for the pump shaft away from the oxygen., In
order to drive the boiling liquid Op from the tank steadily to the pump, an arrangement was used
vhereby the ouygen flows toward the pump over a long route in the direction of an aecceleration
field; a.g., in the test installatien, from a higher level; or in the aircraft, from tanks lying
far toward the front. Because of the gradual pressure increase in the fred lines, accompanied by
only a slight temperature increase, #upercooling of the Oy occurs at the pump intake, so that no
more gas is liberated,

Fig. 6 is a photo of the expérimental model of a high-preasvre liquid- pump, which ms
a rotary 6-stage pump with external bearings supplies 5 kg/sec of liquid at 150 atm, pressure,
when running at 15,000 BPM; it has proven its suitability and reliability in hundreds of experi-
mants .,

The ignition of whe rocket motor is not shown in Fig, 1, because ignition is limited only
to starting; once the combustion chamber gets going it operates like a welding-burner. The basic
ignition procedure chesen was the injection inte the combustion chamber of materials which ignite
oh contact with Oy or air. From the pyrophors to be considered, like the phosphorus hydrides,
“gilanen”, halogen-acetylenes, rare earth amalgams, metal alkyls, ete., zinc-diethiyl Zn((}z He)y
was choser 3t the suggestion of H. Troitzsch; F, Zohrer developed a suitable ignition fluid gy
dilution of this with heavy hydrocarbons (e.g., mechine oil), and also an ignitien apparatus in
the form of a small pressure bomb using compressed nitrogen and a remote-controlled valve; by &
simple movement of the valve and conseyuent injection of the ignition fluid into the combustion
chamber, arbitrary ignitien time and arbitraty repetition of the ignition is possible. This
igmition proccdure is notable for its sure performance and the very smooth starting of cogpbustion.

The practical work on the development of ths ‘rocket motor degcribed in this seetion was
taken up by the senior atuthor in 1933-34 at the Technisehe 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 wes (5 {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 was used, {19)
After a delay of several years, which were spent in constructing larger experimental -installa-
tions, the igsts were recommenced at the Trau Aeroneutical Testing Station in 1939. The con-
struction of the experimental installation® was under the direction of H. Zborowski; the con-
struction of the components was directed by H. Ziebland; K, Hedfeld directed the experimental
work. Fig. 7 shows the testivg.shed during an experiment with I ton thrust and 5 minutes dura-
tien. Among the important.parts, ome cam mee at the left on the embankment a cylindrical tank
of capaeity 2.5 m3 for the liquid 0y, and just to the right of it the tap for the underground
tank of ligquid Uy {see also II, 2). The drive tank, from which the apparatus is directly fed, is
an open unizsulated thin-walled metal tank which (out in the epen) vaporizes oxygen at the rate
of 15 kg/hr. per sg. meter of tark wall, and whose varying weight during the test is shown by an
automatically-recording spring balance, From this tank the [iquid Gy flows at slow speed under
its own weight to the high-pressure liquid oxygen pump 8 m, below (sée fig,}, Bevond the feed
punp the liquid oxygen, now at 150 atm, pressure, runs through a heat exchanger, in which it is
heated by the warm cooling-water coming from the furmace, then goes into the combustion chamber
through a large number of injecter nozzles, Following the corresponding path of the fuel, we see
in the left foreground a 103 fuel tank, from which the fuel flows under its own weight to the
high-pressure fuel pump. For thi= purpose a cog-wheel pump is used, which comprésses the gas-o2l
to 150 atm. at 3000 RPM. In the experiment shown herem, the fue] and oxygen pumps were driven to-
gether by a D.C. Motor standisg betveen the pumps; later the coolant-steam turbine was used in-
stead, Beyond the fuel pump the fuel 2lsp is fpresd inte the combustion chapber through a large
nunber of nozzlex, The fuel - and Oy~ streams are directed at 30° to each other and have initial
entrance-velocities of about 100 m/sec: ap that rapid spraying and mixing is foreed. 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/ =800 and about 30° opeming angle
of the provisional expansion-nozzle., The next photos 8 and 9 show a l-ton trial from the jet
side, 10 shows a small model using coslant vaporization; Fig. 11 shows a l-ten trial in which a
high-percent Al-gas-oil suspension was unsed as fuel. The flame glows brighter in this case, and
the resulting aluminium oxide begins to condemse tog white corundum dust at & few meters from the
jet opening, and then thickens dnto a heavy white cloud. Finally, Fig. 12 shows a ahort -exposure
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Figure 6; Experimental high pressure liguid 0p pump which
has @ 6 stage rotary pump. At 15,000 R.P.M. it
is pumping % kg/eec of liquid 02 at 150 atmos=
pheren,
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Fig. 7: Overall visw of a l-bon, high pressure combustion
chamber experiment using cooling by avaporation.
Propellent tanks are above roof to the left., The
fuel pumps directily underneath, Combustilon chamber
48 in operation in center. Note the c¢loud of con-
densed cooling agent, The observation stand is
above on the right.
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Fizare 83

Overall view of & rocket motor test stand.

Thia

motor produced 1 ton of ihrust for a duration of

5 minutes,
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Fizure 9

Vliew of ins.ruwenté and propellent lines. This
test was run on the 20th of March 1941. The
chamter pressure 100 atmoapheres, the thrust 1.1
tons, the duration 3.5 minutes.



Pizure 10;

Small water cooled combustion chamber and test
ingtrument in duration test. Water, heated at
400° centigrade at 100 atmospheres pressure in
the cooling system.
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Rocket motor test stand experiment using Aluginum

Figure 11;
in oil dispersion as fuel. 3Jupersonic exhaust gases

from the nozzle of l-ton experimental rocket moior.
Note compression lines,
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Fig. 12:

Supersonic exhaust gases from the nozzle of the rocket motor
during an experimental run, Thrust was 1 ton., Note the
compression lines,
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photo of the jet itself, in which one can see wmath the naked eye the supersonic compression lineg
vhich give the exhsuai jet the appsarance of a large, blue crystal.

The min part of the practical work comsisted in the construction of combustion chambers
for developing and withstanding of combustion gases with the high energy cobcentration mentioned
fio time could as yet be devoted to the conversion of the heat into kiretic energy of a jet, that
is to conmstruction of a jet nozzle, Ordioary amounts of fuel consumption in the courae of long
and steadily run tests, gave effective exhausi sperds of up to 2400 n/sec at about 35 atm flame
pressure, with gas-oil-oxygen fuel and for k-%f-l.la (i.e., atill insufficient performance of 7
the extended throat mection). ' R R s e oF

*

.. e
C'F L

(] -
*

With the relatively low 72 ~-values of the conbustion gas {about 1.25) carefully comstructsqd -
fire-jets should, according to Fig. 17, give #t ledst P/p_o=1.6 in the test set-up, and about

P/pggt =1.75 in the mivcraft, so that the combustign gisrag':elnped corresponds to effsctive ex-
h’an:r speeds of 2700 w7sec. on the ground, and nexy 3000 m/sec, in the aireraft.

Finally, Fig. 12a shows a trial constryction of the carburetor of a 100-ton rocket high
pressure combustion chamber, which was not hovever used in the experimeats.

2. Effective Exhaust-speed of the Roceet Motor

Statements concerning the form and pathre of the physice-chemical processes in the jet of
the. rocket-furnace, which could give a deternminatidn of the effective exhaust speed, assume &
knowledge of the processes and of the final state of the combustion gas in the furnace.

Ore may assume that mest of the available tams in the furnars space (about 75 millisee)
is used uvp in processes of spraying, heating, vaporization, disseeiation, turbnlence and dif.
fusiou of the injected streams of fuel and oxygen; and only a small part of the time is used for
the actual combustion and coming to equilibrinm, The fully prepared and mixed fuel-, and oxygen.
molecules (or - atums) collide, and react with cacu other, but will immediately dissociate again
if there is no means of transferring the liberated hest of reaction to internal degrees of free-
dpm, to other bodiea, or converting it to trahalaticoal energy. The last poasibility exiats for
atomic collisions (according to the principle of tke conservation of the center mass) only if e
third atom or molecule takes part in the collision, ao that the particles present after the re-
action can repel each othex, (Triple collision, wall-catalysis, exchange reaction). A measur
for the probability of occurrence of ary reackion iz the 2ffective number of collisions, which
states how many collisions of other particles with the molecule under consideration are required
to produce the desired effect. According to #n empirical formula of Geb (5)2%“1‘1111& col-
lisions oscur in every Z ordinmary cellisions After each formation of a new molacule, later
collizions will supply energy first to its rotatiodal and then to its vibrational degrees of
freedom at the expense of its translational epergy, till finally in soine ceaes dissociation oce
curs, In the course of a aufficieatly lomg tame, vhich is dependent on the number of effective
collisions swhich a melecule must undergo for each ¢f theae changes, mnd on the time interval
between two such collisions, an equilibrium state {deperdent on the pressure, tempersture and
propavftions of fuel and Og) develops in the furnade, which can be exactly described in terms of
the kind, number and energy content of the molecule: or atoms present. This state iz asmumed in
the later calculations of the effective exhanst speed,

Since the greatest possible energy content ¢f the translational degrees of freedom of the
combustion gas determines the maximum possible vilde of the effective exhanst apeed, eche would
prefer for the rocket metsor a more faverable fina) state than that of stationary equilibrium,
this, seeme to be attainsble, since translation, rotation, vibration, dissoeiatien and reecembina-
tion take successively longer times to attain eguilibrism, and the time during which the fuel
remins in the furnace may li¢ anywhere between these times, According to Jost (B, page 141} it
is conceivable that the neéwly formed molecules may, because of their process of formation, not
have their vibrational degrees of freedom completely excited by the end of the combustion proress,
so that a greater fraction of the energy remainz fer the K.E. of the center of mass than corre-
sponds to equilibrium; thus temperature and pressute at the end may be higher than that corre-
sponding to equilibrium, {aee K. Wohl and M. Magat, Z. Phys. Chem. Vol. 19, p. 117, 1932; also
{10} p. 805, fig. 6, “The Approach to Thermal Equilibrium”}.

While, in the furnace of the rocket at say 100 atm. flame pressure and 3700° K, a molecuie
experiences an average of 10" eollisions per mee, the number of collisions drops after expanzion
in the jet, with & corresponding decrease in the 1ate of excitation of the degrees of freedom,
the ratea of further chemical reagtions, such as reburning, and of physical reactiomz such as
condensation or solidification of the combustion products (provided the temperature dropa below
their static sublimation temperature during the expansion). '
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The processes in the jet are then treated exactly as those in the furnace, neglecting al}
wall-cffects; the expanding cerbustion gas is assumed to be an adiabatically closed aystem with
& totz) emergy E }‘ml/ks. correspording to the heet content of the mixture; i.e. OF=o

Aceordingly as the time the streaming ges spends in the jet is long or short compared to
the times of development of the various interna] emergetic and chemical equilibria, three assump-
tions are possible concermiug the expamsion:

1. The time spent. or the nimbar of collisions which a moleenle undergoes, on its path
through the jet, is so small that no energy exchange or changes of vibrational and dissociation
energy can occur. The characteristic conditions for this case are df) = 0 and e, . o7=0; when
put inte the generally valid energy relations betwesn total energy, E, heat supplied, {), internsl
energy, U, heat of dissociation, D, hes.t‘ of vaporization at O°K, R;,, heat content, .J, work done
in expansion, ApY, and kinetic em:!‘gyﬂ?‘g, to the equations:

Y= €, trang 9T+ €, 07 AT = —-Apa

5;;: = [’ESEE:)'a;?:-f where  Hym= It Ef%%g;:;::a; /s

a “smaller” sadiabat exponent which results from only translational and rotatjonal specific

heats; (# ordinarily would be (£ nt% _Aﬂ% rof (nmote by Transl).

Aj= %‘AF{Z‘Z? Pried
K-/
. . X -
d . . - = — -
e 220 T= 2R HE7 (5T =29 R B 7184 ) ]
gives the variation of the flow-velocity as a function .of the pressure drop in the jet.
2, 1f the time spent by the combwstion gas in the jet is such that vibratiora] states are
instantaneously in equilibrium, whereas no chemica] processes can reach equilibria gorresponding

to the changed conditienz, then the flow is characterized by dD = O, Cy omc, dT = f‘(T). From
this and the fundamental equations we get the relation:

P » »
[ Crosc ST (Ev trans +r.-n?‘,%’7' = 4 /,4/}’
For a gas mixture with n vibration freguencies and m different gases,

G ~ARE [T 2] v

”w I
Cr; +rolf= M Coi - 7/ ] W3
C7 froes +rol] ‘g/t Ve ftrans M}f@/ﬁ{o‘&/

. = AL . .
af5e .3", = ffe;(tmnsvm{) » m‘ere /b, % /jﬂ cabs?f’a?"‘

partial pressure of the gas as compared to p and €, the characteristic temperature. The intesrsi
for this type of flow is:

F  JSor, Sfec g feesye ™ .Jf‘:t- oy
E:T/Ttgﬁ- £ ?E%_’_df/_ﬁ;ﬁ aret ;T SolvTron is:
T s 5, farar o ot

R R R

Forihmrmore

AT = AT 7) f@éi&ﬁé@é_;— =
= 2g AT T ) B ety ~ )

3. The third possible type of flow in the jet occurs when the time spent in the jat by
the combustion gas is so long that all emergetic eqdilibria, includimg ghemical equilibsium, can
be attained for the instantanecus values of pressurs jnd temperature. This type of flow in '
sharacterized by the conditions: Cvere 7=F (7} dO=§o00s 7/

-1

aod
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From this and t}_e fundemental equationa, we cbtain the differential equation:
[ GIT) + dD+ ApdV=O o TS AD=ART R

The functionq= yf/ 74 which uow contains B, cannst be represented in explicit form, so that ne
general asalytic sclution of the different squatiol can be given. One sust thersfore, using
the difference equation

Sty -
- -7 +0-D,= (o ol 3 x
AT+4D=ART 23 o S -F + D -Dp =297 2L f:f ond/
us close a collection of values of 1, D, and M as Jfkinctions of p and T as poss_ible,. obtain the
desired connectiona point for point. Procedutes far calculating such tableas for variocus fuela
have been suggested by M. V. Stein.

The behavier of temperature T, heat coatent J, Dizsociation energy D, and the libarated
kinstic energyAZ4g along a pressure drop from & =700 @ to A,—»0for all three types of flow ie
shown for the combustion of octane in liguid exygen im Fig. i?

Ths decision as to which of the three possibilities {or an intermediate one) ia most
prabable for the flow of the combustion gases from the rocket furnace is influenced by the fol-
lowing consideration: if the expansion takes place in an experimental short jet 1300 mm, long,
then the wean time spent by the combuation gases can be computed to be about 2 x 107% sec;
corresponding to an average no. of collisions of the molecule on its way through the jet of abont
2 x 10°. If one considers that 96% of these ¢ollisions already occur in the space between the
furnace and the smallest crosa-section, then ¢ne sees by comparison with the effective number of
ecollisions (/{-‘"-/ﬂﬁ for the various energy imterchanges, that we may expect equilibrivm of rotay.
tions, vibrations and possibly even dissociations lor the processes oceurring in the imitial pll'}
of the jet, up to its smllest croas-section. Flovw-type 1 becomes the mors improbable the highs
the furnace pressure and temperature for givem velocity, the longer the jet, and the smaller the
effective number of collisiona of the combustion gas mixture. Therefore flow-type 2 is generally
assumed in calculutions on rockets; it gives ¢losed integrable formulae, The actuslly rapidly
varying & can, for rough eatimatea, uaing the usua)] adiadatic flow formulas, be replaced in first
approximation by a mean valney®h A/7% _ whiéh for stochiometric burning of nctane at 100 stm.
gives ¥ 1.248 X% AR

This maan value in strictly valid only for an expaneten to 'I'- = 0% and - ™ D atm. I for ex-
atple the moath values are to be calcul,atéd for an expansion to p_ = 1 atm; then two equations
are required for a determination of /X%, since hoth x',_" .gl T_ are unknowm for a given
mouth pressure p 52 ® For the example“8f octane combustion given above, we obtain in this man-
ner from the squations:

Tk =fin, |/ A1l g and
G A =
S = /;é::%‘? o e )

for en expansion to B =1 atm, the 'ﬂlﬂﬂ/ﬂ‘ L 1.222 at T, = 1586°% K. Thia method gives
fairly accurate values of T, and & whereas all intermediate values between T, and T, as well
an the corresponding &, are more inaccurate, Flow-type 3, in case its consideration can not
be avoided, can be represented by the method of Mollier with the aid of entropy charts, which
show .J + D + R as ordinate and enable g, and temperature values to be read off. Figure 14 shows
such ‘a Mollier-diagram for a combustion gas of gas-cil-oxygen and gun-oil ozone respectively.

The fallewing table shows in aummary form for the cage of stochismetrie cembustion of
octane in Oy at 100 atm. pressure, how the important final characteristics of the streaming:
mouth velocity g, effective exhaust speed €, jet mouth temperature T, and the ratio of kinetic
energy to total energy supplied (E), differ for the three types of flow and for different jet
end.pressures,
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Stresaming process_ Art ( 1,380) 2. Are 3. Art
Test stand condition

Pp = 1at 1 at 1 at

Ty = 1030°%K 15779 2500°K

en = 2518 m/sec 2759 m/sec 3020 n/sec
= 2654 m/sec 2949 m/sec 3260 m/sec

Gained energy in the
apouth of the uLozZzle

in % of E. 29,3 35,1 42
Flight conditions in 4/4m =0.l4:
Py = 0,0729 at 0,1305 at 0,250 at
Tp = 500°K L041°K 2225%
Cp = 2760 m/sec 3066 m/sec 3330 a/fsec
c = 2820 m/sec 3178 o/sec 3520 m/sec

Gained energy in the
mouth of the nozzle

in % of E. 35,1 43,4 51
Optimum conditions in case of complete relaxation,
Pon—> D at b at D at
Tp—s 0% 0% 0%
Cm m
Crmax =} 2970 m/sec 3496 u/sec 4438 n/sec
[ =

Gaiped energy in the
pouth of the nozzle
in % of Ee o s "y

Conpletely losslema conversion of the kotal input energy E ihte kinetic energy would give

a theoretical exhaust apeed ’

The concepts of mouth velocity cp, maximal velocity ¢ wax, and effective exhaust speed
€ (19}, require more detailed explamation, In gemeral, for rough calculations, standardediabatic.
flow formulas, using a fictitious average & , whose magnitude snd evaloation hag been digcussed
aiready in presenting the three %s_ of flow. Thus for expansicn to a mouth pressure g, the

et

mouth velocity is =}f@,’-ﬁ Pjﬁ?m -expansion to the theoretically possible limiting pres-
aure fy=~3, f“’-é‘% nﬁ f340 eae two relations:

If »e moltiply the velocity &, b the mass blwm out per second 4‘/4 we obtain the mouth-
momentum J o of the jet.

In experiments with rockers, if the mohth pressure b, in the jet is equal to the pressure
of the surrounding still eir g, this mouth mumentim is directly recorded by 2 dynamometer as the
force P; it depends on the &t nal air pressure, i.e. on the barometer reading, altitude of the
testing-place, et¢. and must not be confused with the thrust P, as can be seen from a considera-
tion of Fig. 15, There the conv tions between resistance and thrust for a flying epparatus and
their values measured on he grv ind are schematized,

By resistance to & driven apparatus kn f1light we mean the vector sum of all the aerc-
d¥napic forces on the ae ated surfaces, Let W be this sum of all the pressures and frictional
forsea, In a wind tunnel or a tww test on o non-driven device onie always measures a amaller
resistance W &N-plr . where p’ is the absolute air pressure beyond the mouth surface i of the
jet. It fcllows hﬁe_l"efore that W=W'%p'fy;. For the moving body, the air pressure p' behind the

28
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p'Ty: Unavoidable
addftional drag
added during wind
tunnel measure-
mente.

Padfi;: Unavoidable

— B tional thrust -{

at the test stand

il

Figure 157 Relaticnsnip between thrust and drag in flight
| compared to sea level test values.



Tear surface is always ssaller than the pressure of the air at rest; for %W 5 V2 /m -7 =2.2, Al
The valus p' must always be included in resiatm{‘uumu on undriven devices, =;:i :'rder tfo e

thtwin the troe resistanee ¥ of the body.

By thruit on an apparatus in flight we mean the vector zum of all the flame pressutes onm
the surface of the rocket in contact-with flaws {irper walls). In a test one always measares a
spaller thrust P'= P -4,77 I'Imrc:,a iz agajn the pressure of still air, The thrust measured in
;‘ ::a_t. P:If:pendn on the presswre of the surrounding air, and for the effective thrust we obtain
L -

The effect of these two unavoidable additionn]l effects in a wind-tumnel or a test can be
acen most clearly by calculating the resultany force (thrust-resistance) which sccelerates

e masa muly/ : " . :
¥ gy = P-W= PN Ty ffra-p))

For measurements on the ground. an unavoidable additional foree proportionat to 75 is thus
included, which is different in measurements of resistance and thrust, and for which apecial
correction must he made. The correction is small at moderate velocities (e,g. in the use of rock-
ets for takeoff) and becomes largest for very high supersonic speeds (e.g. rocket projectile,
long distance military rocket aircrafe}, '

In order to calculate the effective thiust P of a rocket motor, one must add to the mouth

impulse J-uc'P g-ltl the total pressure of the combustion gas on the jer mouth {4 7%,): or one must
add to the free dynamometer thrust in the test

PP Uy T (ompoo) = Con Dl oo (e fin)

the total thrust of the still air on a surfacé the size of the jet mouth:

, .
PP = Pt putey = i * form Ty = Coy Whfy - fom I
In the initially mentioned, most frequent caae 4, =2,, mouth Impulse J, and dynemometer readimg
P' are identical, '

Thus the effective veloeity €, which is independent of external air pressure, and which
vhen multiplied by 4% gives the effective thrust is:

C & € Fomtly T, = Cm Lo
. p— )

Z
o X2 iy - =
Vemor = /—/ﬁ—jr/f-%%ﬁ/

The determination of the effective exhuust speed © has the following peculiar, technicall
interesting consequence: in the usual engine construction the thermal efficieney is P, =ng2
= f— 7,://%' In the rocket motor the quantity which corresponds to this is the jev cfficiemcy:

B ik, = (1o h et )
(see also (19) p. 6), This expression implies that the higher t.e’l'fpe'r'%atures and the gquantities
of heat at those temperatures are more * effective™ than lower temperatures and quantities of
heat at lower temperatures. This represents no contradiction to the energy thecrem, =ince the
effective exhaust speed is not identical with the actual velocity of flow of the combustion gas,
but is larger than it. This relation has nevertheless a technical valuwe, because the part of the
initial heat content at lower (temp.) ranges can be made available only by special technmical
procedures (for gases, which soon tend to develop degeneracies, like eondensation, it ecan't be
done at all) and non-availability thsrefore leads to relatively Smaller losses than one would
expect according to the second law, for the mun-available heat content.

ond Further

Aside from the relations already given, we ¢an, from the well known eguation for the. rate
of gas flow through the jet throat

4 & = papcs i)~ L g A,

and the equation for the effective exhaust speed, obtain a freguently ugseful relation between P,

f' and g, in the form F = k;q,f'where
_ .-.__.__-'f‘/—’.— 20t ’-‘—‘-7/ x-7 Rofol X
#=E () Y w7 () < 5 T

By means of this facter k, by which the effective thrust is greater than the produet oi furnace
pressure and jet-throat surface, one can reduce the othérvise tedipus determination of effective
thrust of a rocket motor, for sufficiently lengthened jet, to o mesaurement of the furnace pres-
sure and the ottside pressure, which can be easily done with ordinary manometers. Thiz type of
thrust measurement is very convenient in trial sétups as well as in measurements on aircraft in
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Figure 17; Analysis of effective thrust of rocket motor wth, x- 1,



