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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
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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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flight. Conversely, in a test, if furnmce pressure and effective thrust (or dynamometer thrust)
are measured, the mctoally effective 22 can be determined, .

All these relations: the factor k, the ratibs ¢/Cmax, Cm/Emax, ¢/cm, Tm/To and d*/d,, are
shomn in Fig, 16 as functions of the ratio of furnace pressure to mouth pressure, for s frequently
used value of N=1,25.

As is shown in Fig. 17 for the special case A'=1.25, the individual factors in the expres.
sion for k can be interpreted very intuitively; the total thrust P of the rocket motor is made mp
of the partial thrusts: &?=f.f' , arising from the pressure £, of the cormbustion gas on that
apot, I, of the rear wall of the' furnace whidh one sees when looking down the axis of the jet
throat, A cylindrical tube, closed at one end, wonld show thiz same effect; /P =/, 7 252 )Efi ,
the increane relative to Py, arises from the son-uwiformity of the prersure distribution 54 the
remining furnace-wall surfaces due to the prassure gradient in the direction of the _/je_t. openingy

_ X
A = pP= Af&z&-ﬁjﬂ%&ﬁ%ﬂ‘@ 5*;?/2’* = %

This increase relative to Py is caused by the pressure of the combustion gases dgainst the ex-
tended jet.

The free thrust P' of the rocket motor is ——

‘e = A 2 Vi /X =7
Pls AG o = Sz 52 )Ty o /7~ (PR, ) =
and is shown for comparison in Fig. 17 by the dotted curve.

Before these physical consideratioms o chemico-energetic problems are treated in relation
to the affective sxhaust si).cd, we want te discusslbrieﬂy their significance in tarms of the
long-range rocket-bomber project. The familidr relation, that jet and rocket motors produce
their energy conversion most effactively vhen the velocity of flight is (as closely as possible)
equal and opposite tu the velocity of the jet, might lesd us to the false tonclusion that the
exhaust speed should be adjusted to the instadvsneous velocity of flight. Since in the aircraft
what metters is mot ideal energy comversion per sey but rather the smallest consumption of fuel
in terms of weight, fuels with higher energy content, which give larger ¢-values, are to be
preferred, even when this greater energy content per unit weight ix not used mo effectively. For
a given consumption (of fuel) by weight, the energy given the aircraft becomes greater, the
greater the value of c, because the useful part %o = 2 Zf7v Y21/ of the driving energy c?/,
from a unit mess of fuel (4 "C/%.c’), increases repidly with aust speed, Despite thia . the
great importance of the exhaust speed way be limited if the fuel having higher exhaust speed has
other disadvantages. For example, a 50% aluninium-gasoil suspension and oxygen, having a tank
volume per kg. fuel requirement of 0.84 de, is preferable despite the somewhat lower exhaust.
speed, to liquid H, and O,, which requires 2.4dw? tank space per kg. of fuel, and for which more.
over special heavy devices are needed in the tank space because of the low temperature of the
liquid Hz. The following geners! statement can be made concerning the effect of density on the
¢hoice of fuel: :if the-flight path s is approximately proportiomal to the cube of the maximum
£1ight velocity v, and v is related to the exhaust speed ¢ and weight ratic G/G, by the equation
of page 207, v = 0.443c + & In G /2G, then s = conat.x &x(In Eﬁ - 0.25)5. One can therefore
obtain equal ranges for different values of if G/Go varies properly. By differentiating
(keeping &, v, and G constant) we obtain 2 -.,‘,"-éﬁ A dependence of the expresaion 4G4 on the
smll change A&, in the eergy density E, can be estimated as, for example, A% = —?5'%'
Thus A% = —a5'F- A& , so that in the region of interest, Jy ~as, %:-{—" . Varia-
tions in exbaust velocity are four times as sffective as improvements in density.” Furthermore
these considerations permit a cowparative evaluation of different fuels, by startiag from a
standard fuel, say = ﬁydrocarhon with liquid oxygen, having values ¢ and E,. From these and the
correaponding €5 and Eﬂ‘ of the comparison fuel, an evaluation number K cen be given in the form;

A= StmfSy & — 5 ~q2572 . 2
s /c;z %% £ a’;";"_g_é;./a X:[E-7JG'4(;1‘£-/2;%£J

& €50 cs

A typical hydrocarben reaction is the burning of octan in axygen:

Colla * 12500 = 8CO, + 9O #BE87 heofl, ; oy 4655 M, L71

_ The value for vhe upper limit of the bear of mixing is referred to 0°K. From Fig. 18, it
is clear that we must subtract from this value the 9.1% loss due to heat required for physical
separation (melting, vaporization) and that the pressure dependent losses due to chemical separa-
tion (dissocistion) amount to 34.4% at 100 stm, furnace presaure, so that under these driving'
conditiors the furnece efficiency is 93 = 47 =@56§ This graph of cctanc combustion at
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varying furnace pressures, as well as the later graphs and tables for other fuels, were calculated
by M. V. Stein, taking account of all the dissociation products, amd assuming that ‘physicél znd
chemical equilibrium are regcwd in the furnace, and that expansion can be followed, as a flow of
the second kind, $o an external prossure zeros In addition the lower limit of the beat developed
by the mixture (E-R;,), the rest content J,, furnace temperature T,, theoretical apd meximum ex-
haust speeds are plotted, a$ a function of the log of the furnace pressure, for the proper aver-
lgé 7 corresponding to this expansion; al_s:o to give zome idea of the range of variation of 7€
for other types of expansion and pther jet-mouth pressures, the adiabat exponent corvesponding to
the instantaseons furmace-state is shown as am upper vilue, and the value of o for the calculsa-
tions of flow-type 1 iz shown as an upper limit. In this and the later graphs, which enable only
o relative comparison of different fucls, the effective exhauat speed &, which is the determining
factor for flight, and whose value for oetane combustion has been previacusly given, is not eape-
tially noted, 1t2ean be determined from the maximl velopity using the value of jet efficiency:
% -(’c,‘/%‘,)

The expression for the total l.gas of the rot:'l;t motox is

" = P = o e -

numerically, for m-tamﬁo?ﬁfmt(i'gnﬁa{ lg&ﬁnJi. fur-/rgg‘e)pressura_ ?‘.' 0.565x Q825 = OF65
The flight is fixed in this and all the later calculations by d" /3 = 0.14, on the basis of the
following consideration: in flight, the pressure behind the stern of the rocket bomber drops
below 1 atm, 3o that the pressure gradient p,/p, st say 100 stm furpace pressure must go far sbove
108. The corbustion gas will actually spread over the whole 2.50 mé surface of the stern of the
aircraft; i.e., the ratic of )t mouth surface f, to the jet throat surface f' will be about 50,
throughout the working period of the rocket motor, corresponding to d-'/d,., =1h-=0.14.

In addition to the important and carefully studied hydrocatbon-oxygen mixture, there ia a
second group of rocket fueld, having the common preperty that they are elements in the first
eolumns of the periodic table, and which when burnt in 0 give much higher energy concentrations
per unit mazs, and slso gencrally per unit volume, than the hydrocarbons,

The following reactions were considered:

Untersucht wurden folgende Reaktionen:

Be 4+ 0,50, = BeG 4+ 5930 keal/kg bei 0°K;
2B +1,50p = bBy0; + 4930 kcal/kg N
2L +050) = Ligd  + 4750 keal/kg -y
2AL +1,50; = AlyO; + 3926 keal/kg "6, 13, 14)
i, + 0,50, = Ho ¥+ 3900 kcal/kg w4y
M+ 050 = ko + 3330 'kea 1/kg ooy

Combustion of AL and by are shown in Fig. 1Y% and 20 in the same form as for octane com-
bustion. The following table gives the most important characteristics for these light-metal-
fuels with stochiometric liguid G, et 1, 10, and 100 atm. furnace pressure:

F valre of heol ol smixiire . .
i £l hear/ti gy | BeO B0y | Lig0 | aLy0s| B0 | wew
N S < < 15930 | 4930 | 4750 | 3%20 | 3900 | 3330
Mol o F Voposr: earson 5040 | 2300 8 50 »
oo LhcalForl | . 2780 | 129 750 {3750
%{yé}" o \Soted- Ligos
A rpmer wF Combisan s

o7 fatr (13,8 | - . - - |43.0
Ly . 18,0 i _ ) ) 18,0
7 s00at| 232 | - - - - 15,8

Heal ConZes’
L B el E o lely 20,6 | 40,5 .| 21,9 | 21,5 | 45,8 |28.7

a’ wa%m 193 .8 | 46,7 24,1 [ 24,4 |51.7 }35,0
o voa’s 28,4 | 51,4 | 27,0 | 280 |s8.7 [waa

Y o7 e lafbr 3400 |1990 0 -
Botling Forn? @ o 199 1100 | 3250 | 373 [3120
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BeO | Byly | Lig0 | Algtyl 10 | MmO

?% 7&2,;3;:; ¢ v | 3400 ;9 2;50 3700 | 2950 3359"
q;‘/_oﬂx'-?? 30| L0 2730 4070 | 3200 | 3970

a# woaim | 4550 | 1680 | 3200 | 47001 3560 | 4850

X or® oF feds |124 {1,025 |1,320 [1,200]1.,300 | 112
af s08%m |1 09 [y 10 [ 1.315 {1,260 1,250 [ 1,10

a? sooakm |1 20 {1,000 | 1,316 |1,240|1,220 | L, 08

| S Lpsec] 7650 | 6420 | €310 | 5730 | 5720 | 5280
Comox [ Mber] al /s 3200 | 4090 [ 2950 | 2660 | 3870 [ 28530
o7 s20% 13440 | 4300 | 3100 | 2830 | 4110 | 3130

a7 séoottr |3100 | 4610 3250 3030 | 4420 | 3510

In this calculation all heats of fusion were nsigiected relstive to heals of vaporization; all
possible dissociations of the end praducts of combustion were taken into scecunt.

B, i, Al ard H; do not differ essentially from hydrocirbens in their behavior during com-
bustion, but differ only in the numerical resuits; for example, Li and Al, despite their higher
heat production, reach lower meximel &xhaust speeds than for hydrocarbone, because of the vapors
ization and disseciation losses. Be and Mg are bagically different. In the case of Be, the
large heat of vaporization of BeO. pernits only a part of the burnipg mas to vapoerise, wlulc a
large part remeins im the liguid state (fog) or solid state {dust), These parts can then make
use of the upper limit value of the heating value of the mixture, so that despite the large heat
of vaporization, high temperatures, amd high heat content of the total mass occur, with consequent
large values of g These liquid and solid messes in the combugtinn gas have » great e=ffect on
the expansion of u?n taotal mass, which expresses itself in the form of a very small adisbat-
exponent; This & of the total mass is calculated from the weight fraction k. of the gas phese,
the woight fraction ky and specific heat oy of the siquid-solid phase by the equatien:

x: ‘_{'LSM_E{LQ where pges = Zgey s wnd  Cvges = T ges/i — AR
are obtaam{m'ﬁfe* 4] way for a flow-type 2, to mouth pressure p, = o, The Ty curve at the

same time represents the boiling point of Be(, since the combustion temperature is determined by
the boiling point of the Hel.. For Mg, whose lower heat valve is actually megative, the large
fraction of liquid-solid phase resules in very high temperatures and heat contenc of vthe total
mass and especially low®¥ values, so that the burning mss rapidly loses the characteristics of
u gas or vapor and approaches the behavior of & hot lavs.

F.om the given valuee of maximum exhaust speed, the rexultant effective exhaust apeeds for
the individual light-metal fuels at 100 atw. furnace preasure can be computed, if we take account
of the jet efficiency correspondmg to the & values for d/d,, =0.14, uwsing the relation

Al |F .
/o' f <, /ﬂéi(zﬂ/?/ﬂ/ﬂ’) =7
Comar s ’é__ -/
4 ?;—r/{, =) %
in first approximatien, # was obtrined from the somewhat too large mean valve between To and e,
ingtead of between To and Tp,; this leads to less favorable values.

Hox] 20: /% = cfc gy = 0.844; = 3170 m/sec;

OE) 1.10; 8,690; 3140 ;
Li, 1.31; 0,925; 3030 ;
AlgGy . 1,24; 0, BRO: 2670 :
l'b(] : 1,22 0,865; 3820 H
MO 1,08; 0, 630; 2210

'
(The approximate mean value for & is 1,255 for octane and gives £ = 3120 m/sec. For purposes of
uniformity, theme numbers were wsed in later comparison calculatiom),

For application te rocketa, in addition to the affentive energy eonieentration in the mass,
the effective concentration E, in the tank vyolume is important, since it determines the size of
the fusl tanks, rate of feed of the injection pumps and the evaluation number k of the fuel.

36

o T



Upper heating value of mixture 3920 keal/kg
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Figure 19; Heat of vaporization, dissociation, heat content,

firegas temperature, theoretical and maximum aexhaust
velocity and adiabatic exponent of firegases for the
burning of eluminum in oxygen with static equilibrium,
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Beryllium mit Flissigsauerstoff E, = 1580 keal/dnd; K = 1,23;

Bor wmit Fliissigsaverstoff 1640 : 1,27;
Lithium mit Flissigsavarstoff 820 : 9,64;
Aluinium mi¢c Flisaigsaverstoff 1390 ; g, 68;
Fliiga igwasserstoff mit Flissig- _
saveratoff 80 ; 1,22;
Magnesium mit Flissigsauersroff 840 i 0,25.

Die Standardwerte fur Oktan (Gasdl)
mit Flissigsauerstoff betrugen €, = 1240 keal/dwd: K = 1,00.

Thus we arrive at the reasult that, among the fuels in the second group only Be, B and
liquid Hz are nupennr to hydrocarbons. Be and B are imrediately eliminated since, under the
conditions possible in the tank, they are in the solid state, so that feeding them into the high
pressure furuace of the rocket motor is imposeible. If cme ahould try to cvercome this difficulby
by using the material in the form of wire or powder, then the concentration im the tank would be
decreased 50 much that the calculated amall supermr:w would be last. Use of fuel in the lig.
uid gtate 1s elimioated because of the high relting peint. 3o apparently liguid By is the only

material in the second group of fuels which can compete with hydrocarbons. Its 22% superiority

is endangered by the fact that at the tempersture of liquid Hy, condensation of the surrounding

air will start on the metal tanks in the airctaft, so that the rate of evaporation of the ty

will be increased and the acrodymamic forces will he affected, unless special precantions are
taken., Nevertheless, ligquid Hy, because of its eaay procurement gnd aiso for ressons te be dis-
cussed later, may be conaidered ms a most promising rocket fuel.

Sipce, -with thia exception, the light metala are enly =lightly (if at all) superior to
kydrecarbons as fuel, a secomd possibility should be tested,- a combination of two e.g. in the
form of metallic suspensions in minersl oils. Suspensions not only combine good feed character-
istics (they are easily pumped) with high energy density (wath consequent low requirements on
cank volume and feeding spesd); in many cases they have the amazing property that their heat
content is greater than that of their individual components such as hydrocarbons and light metals.
{30) Fig. 21 shows eycles for Al- Op and octane - O st 100 atm. flame pressure, A comperison of
these shows the interssting fact that the end temposrature in the combustion of octsne (3700° K)
is about 830° lower than the boiling point of Al5Q;. If one assumes that equal stichiometric
mixtures of cctane -Oy mnd Al -0y are burped toge er, that relaxion-fres heat exchange takes
place between all the molecules of both burning gases, shd that finally the two burning masses
do not interact appreciably chemically, then one sees from the two cycles that energy will flow
from the higher temperature level of the AlgU to the celder octane. This will be heated at the
expense of the hests of dissociation snd vaporization of the alupininm combustion gas until the
boiling peint of AlgD, (45309 K) is reached. After this process of temperature equalization has
occurred, the usefu% eat content of the octane will have risen considerably, while the heat ¢on-
tent of the Al gas will not have changed dppreciably; z.e., the hest content and maximum =xhaust
speed of this 70% Al-octane suspension are larger than for Al or sctane aléne. The advantages of
the conmbination are the following:

1. The temperature of the burning gases for the suspension has not taken on a value mid-
way between those of the individual components, but rather the whole combusting mass has reached
the boiling point of Aly 0; The requisite energy has been obtained at the expense of the other-
vise unavailable energy of dissociation and vaperization of the M203.

2. As a result of the temperature equalization between the two fuels in the suspension,
the relatively slight dissociation of Al has been decreased, while that of the octane has in-
creased markedly. Thus the average specific hesi = Jo/1, of the gas has increcased, as one can
see from the smaller slope of the expansion curve for the oetane Both these circumstances re-
sult in increased heat content J = EPT’

One realizes, morcover, that the rendom example of a 70% suapena1on .chosen here, which haa
equal parts by weight of Al - and octane - combustion gases, may not give the best results for
The best Al - octane suspension will be one having enough Al to heat the entire mass f{o the
bcufmg peint of Aly0;. The upper heat values of the Al will ba fully used in this case, since
no metallic oxide vaporizez. The extra heat of vaporization and dissociation af A.l20 are uasd
to iticrease the heat content and dissociation of the octane. The best results are obtamed for
a 60.5% Al - octane suspension,

The considerations concerning the Al - octane suspenzion cam be extended to the other light
wetals., Fig. 22 shows for Be, B, L3, Al and Mg suspensions with varying metal content, the chief
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characteristics of the combustion at 100 atm furnacc preasure: maximam exhaust spead, average
sdiabat evponent, effective exhaust apeed in flight, wad evaluation nushar K, From.the graph we
ser that those foels, like B and Li, the boiling point uf whose oxide ix below the end temperature
of combustion of actane, do not show the charpcteristic effect of the dispersion. For them the
curves of G, . %, snd €, show no maximem; i.n., the suspension is no more favorabie than the
better-of its two components. For the remaining materials, Be, Al, and Mg, the characteristics
at optinum composition are:

for Be - hydrocarben fuel with 39% by weight of netal Goax ™ 4100 8/ ,pc,
A= 1.20; €= 3400 Wpeci Ko 1.5 £ = 1557 kel

for Al - hydrocarbon fuel with 60.5% by weight of metal €, = 3760 If.,,,_;
¥=1.189; ¢ = 3140 m/p,.; ¥ = 1.14; E = 1453 %ﬁl

for Mg ~ hydrocarbon fuel with 80% by weight of mesal Cnax = 3725 B/ gepi
¥=1.171; €= 3080 m/yc: K= 1.00; E = 1330 ﬁgl o

Summarizing we can say: Mg dispersed in hydrocerbon has no advantages over pure hydre-
carbon. Al and Be show & wide range of suspessions in which they are superior to the pure hydros
carbon by up te 14% and 51% resp. Because they are sasily obtained, Al - suspensions have special
importance for military rocket-flight techrique, while Be - suspensiona come into consideration
for special uses. All the studies were limited to stéchiometric proportions, #o the possibility
still exists that other mixture proportions may reach better values of K or .

The preparation of 60% Al - gas oil snspensions, which are still usable after many weeks
if left untouched, and which are easily fed through centrifugal pumps, wes done in two ways on
the basis of suggestions by H. Troitzsch and E. Ausser:

1. Increasing the viscosity of the gasoil by dissolving verious materials such as metallic
salts of fatty acids, waxes, fats, rebber or various synthetics, Good results were obtaimed in
tests with natural and synthetic rubber, and similar high-polywer hydrocarbons, the oppsnels.

The oppanols have the further sdvantage that, being pure hydrocarbons, they reguire no ballast
materials, but burn completely with large heat output.

2. Decreaze of particle size of the Al dust while hindering surface oxidation as much as
possible, since with decreasing particle size, the sedimentation speed and, in most cases, the
viscosity decreases. (?) For these large quantities of metal, pulverizing by using supersonics
seemcd impractical, So the powder was ground in ball-mills in a nitrogen atmesaphere.

In tonnection with the use of liguid Oy as & component of all the rocket fuels discusaed
30 far, the problem of storing very large guantities of this maverial is important, Because its
beiling point iz - 1R3° C, it will be continuously boiling s s result of the steady flow of heat
from its warmer surroundings, and will liberate the energy absorbed by vaperizing with a heat of
vaporization of 51 kcal/kg; so that the residual material can paintain itself at this low temper-
ature. This undesirable vaporization can be decreased by lowering the heat tiansfer from the
surroundings, which occurs mainly through the tank walls which are wet by the liguid. A first
method is the decrease of the wetted surface by putting gll the material to be stared inte a
single tank of spherical shape. The heat flow through this asmallest surface can.be further de-
creased by the use of various standard heat-insulation procedures, of which héat-stopping ma-
terials like looge powder of magnesium carbomate, with a heat conductivity of A = 0.027 kcal/mh9,
have shown themselves effective, in the form ot thick layers. 1In the existing temperature range
of + 20°C to -1839C, 131 keal per square mater of tank surfaee will go through a 1 meter thick
insulating layer during a 24-hour period; this corresponds ta Og-vaporization at the rate of 2.57
kg per day per sq. meter of surface. With these figures, the daily Ioss by vaporization is shown
in Fig, 23, for various containera up to a million ton capacity, for threc thicknesses of the in-

-s_uifltcing layer Im, 5m, and I0m, and taking mccount of the spatial heat fiow through the thick
valls,

The results of this calculation were confirmed in a trial installation of a ligquid O, tank
with 56 ton capscity and a magnesium caibonate insulating layer of averasge thickzess 2.6m. This
tank has been running at the mircraft-testing station -at Trau sinee 1938; the manufacturer is the
“ Aktiengesellschaft fiir Industriegasverwertung Berlin - Britz”, Although even this tank, {(though
small as measured by rocket-technical requirements) represents a brand-new development ac compared
to all previously constructed liquid Oy containers, and no experience with tasks of such size
existed, the tank worked satisfactorily from the first day it was used. Its vaporization is 140
ke/day, which is exaetly the theoretically expected value, as can be seen by substituting the
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tank-volume, insulation thickness, demily vapoerization in Fig. 23. In the photograph, Fig. 24,

can be seen the § m. high, Be. dismeter outzide cover of the tank. Inside this, stgel cover hangs
the sctua) container for the fluid; iv i3 made of brass and has a cxpseity of 50 m¥ or 56 bons.

The space between the two metal shells averages 2.6 m in width, and is loosely filled with finely
powdered magnesiusm carbomate. The whole tank stands freely in s subterranear space, where it can
be approached and examined from all sides. This room has a completely normal celiar climate; no
noticeable drop in temperature can be observed. The outér steel cover .of the tank is also at
normal vemperatufe; moisture in the air does not condense on it. The 140 kg. of O, vaporized

each day are collected in flasks and are used for operation of the testing station and for welding.

Fig, 25 shows a schematic diegram of a large container for & million tona of [iquid, which
has & daizly evaporatiom of 13,000 kg. for a 10 m. insulation thickiess. This container, when
once filled and left alone, will become empty only after 200 years. The amount evaparated daily
van be used by simply filling steel flasks and trapsferring them te the consumer, The cylindrical
inner containeér of Cu-alloy has a diameter of 103.5 meters. and, includiig the arched base, a
height of 119 m. The bottom end is conceived of as a hanging floor which rests on a ring running
along the houndary of the puter cylinder. This ring is supperted on the ground by poorly com-
ducting pillars placed at intervalz. The top cover iz hung on the outer steel cover at various
peints, The insulating layer of loose megnesium carbonate powder is: aroynd the inner econtainer,
atd is 10 m. thick on the sides and cover, 15 m. thick below the floor. This insulating layer
is bounded and supported by the steel cover which is rigid and strong. The whole thick-walled
container stands oL a cylindrical subterranean busker of reinforced concrete.

The liquid Oy comes in through the intake at the: left and is led thiough the intake pipe
to the {laar of the container, in order to axeits ay little motion of the oxygen during filling
as poessible. At the top of the tank is the drain pipe for the vaperized gaseous Oy, by means of
which normal atmospheric pressure is maintained above the liquid surface. The liguid is removed
at the lowest point of the container. At the same level aa this poimt, a pump system stands on
the right at the edge of the bunker, and feeds the liquid to the cutlet at. the top edge of the
bunker,

Further details and auxiliary equipment of the tank will not be mentioned hers, hut the
behavior of the liquid 0? in the large tank requires further comsideratiomn. In the ligquid peel,
which has a depth up to I17 meters, the hydrostatic pressure, as shown in Fig. 25, increases with
the depth up to 13.1 atm. The boiling point of Oy depends on the pressure, and increases with
depth in the liguid from -183° C at 1 atm to -1440 C at 14.1 atm. In spite of thiz, the entire
contents of the tank will stay at -183° C, the temperature of the surface of the liquid. For if
the nasses of liquid down below should wirm to higher temperatures than the upper layers, their
density would decrease and a convection would occur which brings the warmer masses upward to the
region of lower hydrostatic pressures, where as a result of che decreased pressure they will
begin te boil, give off the heat of vaporization of the liberated gas, and cool toc the temperature
of their surroundings. Since this process holds for layers at any depth, the lowest temperature
at the liquid surface will bring all the lower layers to the same temperature. Thus in practice
ote will actually find the liquid at the bottom of the tazk to be at -183° C. Since tie heating
occurs meinly through the side walls, the movemdnt of the fluid will be such that the heated boil-
ing masses of liquid rise along the walls, while the cold masses sink in the middle of the tank
so that the toroidal streaming shown in Fig. 25 develops.

Liguid Oy, whose combustion properties and storage have been discussed in detail here, need
not give, in rombination with the previously described fuelx, the greatest exhaust speed. There-
fore, two further notable candidates will be discussed briefly - fluorine and czone {(or czone-
enriched liquid Ogl.

Fluerine would be. used onty for metallic fuels. The corresponding metal fluorides in sonme
eases. have higher heats of formatien and lower heats of vaporization than the oxides, give the
prospect of higher exhaust speeds, but are not considered further because of the technical diffi-
culties in using liquid fluerine in place of liquid Oy. The use of pure ozone can be easily

checked for the casé of cetane. Since ozone has available a disintegration enerpy of 710 kpal
the heat-cutput of the mixture increases from 2587 kﬁir for O to 3140 2 far ozone, and tﬁé
theoretical exhaust speed ¢y}, = 4655 m/ . in¢reases By 10% vo 5120 w/ .. The use of pure ozone

increases the effective exhaust speed by this same order of magnitede.’

To test the applicability of ozone to rockets, H. Schumacher in Frankfurt made tests on 2
snall scale, with the following main results;

Both gasecus and liquid pure ozone are explosive under the working conditions in flight,

and are thus not suitable. Gaseous ozone - Oy mixtures at N.T.P. will react, in pipes or spheri-
cal chambers, starting at a 10% weight fraction of ozone, if the reaction is initiated by an
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Figure 24; External view of liq. Oz iank of 56 ton
: capacity, 2.6 m insulation thickmess and
140 kg daily evaporstion.
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incandesccnt body, but the reaction will not spread to all of the mass until the ozone concentra-
tion reaches 17% by weight. Even then the pressures developed in the reection are sg moderate
that they night be expected to require motors and armatures.{?) The pressure incrcases are

of the order of 2 atm. A leminosity starts only at ozone concentrations of 40-50% by weight, and
the pressure increases redach 6-10 atm.

Liquid ozone-oxygen mixtures &t atmospheric gpressure and the corresponding boiling point
séem to have, for weight % of ozone above 25%, a tendency to explede with great destructive ef-
feet, i gaseous ozone above them explodes with emission of light. The miseibility of liquid
ozone with liquid_ﬂa'and the boiling point of the mixture are sufficiently understoot frqm the
solybility diagram and vaporization curve at atmospheric pressure, that we assume the following
regarding the sterege of large quantities of the mixture in open cantainers:

Mixtures up to 25% by weight of ozone are stable, do not separate, and have a temperature
of -183% C. Since such mixtures seem to be safe from explosion, they dre of importaice for tech-
nical use. Mixtures between 25 and 55 weight % of czone are not stable; they split into a heav-
ier, deep violet, ozone-enricheg phase (*55% 03), which sinks to the bottom, and & lighter, light
blue, Oy -enriched phase (>75% ¥2), which floats above. The phase which sinks is probably ex«
plocive. Mixtures with more than 35% aione by weight are again stable but in denger of exploding,
$0 they are without immediate technical value.

For increased pressures the critical sclubility temperature of -179.5 is quickly passed,
and a miscibility gap no longer occurs. Liquid czone-liquid oxygen mixtures which are stored
for long periods become ozone-enriched because of the more rapid boiling off of Oy, so that the
resultant explosive tendency of the tank contents must be counteracted by adding Oy. The gas
phase sbove the ligquid surface reaches the critical ozome concentration of 40-50 weight -% only
for ozone éqncentraticns)’QE&inthe'liqnid phase, sq that the products of viporization of liquid
ozone - Og mixtures of up to 25% ozone content are scarcely dangerous even for rapid vaporization
on uncoslsd machine parts. Fig. 26 showa the behavier of liquid ozone-liguid Op sclutiens.

A few other oxidizing agents are mentioned in the firat part of this book; two of them,
o AN ave attained some practical value for certain rocket uses.
d h d 1 value £ k

Aside from the three groups of non-self-acting rocket fuels : combustion of hydrocarbons
with 02 or ozone, burning of light metals in Oy or fluorine, and thc combination of the two
groups in the form of light metal-hydrocarbon suspensions, u fourth group of self-acting fuels
is possible, which use the heat liberated in formation of molecules from the substance in atomic
form: -atomic nitrogen {9) (il)

N = Ny + 6050 #olfg | € = 1120 m/

sec
‘and atomic hydrogen

Since vhe life times of these unsteble materials is very short {the life time of active hydrogen
is given as at most 10 sec [9, page 253], research in this branch ef rocket fuel development

must first take the following lines: 1. Finding a basic method for prelonging the life of active
nitrogea or hydrogen. 2. Determination of the dependence of lifetime on temperature and pressure,
especially in the direction of very low temperature. 3. If necessary, development of a methed

for eariching liguid or solid material with the monatomic modification.

Though the difficulties of such research may be great, and the prospects of technically
valuable results are small, it should be noted that, becansze of the 10-20 times greater energy
toncentration of H as compered to presently mvailable fuels, the more favorable specific heat,
the higher & values - 1.e., greater jet efficiency, the higher reaction velocity - i,e., greater
furnace efficiency for smaller furnace volume, and the highly diathermic behavior - i.e., slight
‘thermal stress on the furpace walls; even partial successes, szay a 10% enrichment of H in Hy by
perheps dissolving gaseous H in liquid Hz.'wquld be of extracrdinary technical importance. ~For
the limiting case of J00X N or H concentration as starting fuel for combustion, the following
characteristic quantities were calculateéd for a furnace pressure of 100 atm:

No: To = 8260° ;9 1.49; 7, =0.97; c= 4690 m/g,,
Hy: To = 5500° ;% 1.49; 1oz = 0.87; c= 14100 n/

5ec
For atomic hydrigen these values are plotted in Fig., 27 for verious flame pressures., This

diagram shows clearly the extraoxdinsry properties of active hydrogen; i.e., that the probability
of vegaining large portions of the disscciation enerwy by after-burning in the jet is very laree.
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Finally ansther group of fusls is worthy of note; These fucla based on nuclear reactions
can result in exhaust speeds of 100-10% 8/ gpcs 200 have recently, because of the reactions in
uranium fissien, weved into the demain of teedmicel interess. (3).

Summarizing the muserical results of this section conmcerning the problem of exhaust speeds,
we may ssy that by meana of stéchiometric combustian of hydrocarbons in in rocket motors at
100 atm. furnacc pressure, cxhaust apeeds aboye €= 3100 m/,,. are possible. For excess fusl,

5% higher values are obtained. By enriching the Oy with czome, s further increase of exhaust
apred to C= 3400 mJSQ may be possible with stochiemetric mixtures. The use of Al - hydrocarbog
auspensions with liquxﬁ Oy gives similar exhapst speeds, but wore favorable proportions by weight
on the aircraft, because of the higher fuel density. We may expect exbauvat speeds, of rocket
motors in flight, over 3800 m/_,. for liquid By with liquid Oy, and over 4000 o/, if ozoné is
inclpded, while the addition of atomic hydrogen would give even higher values. For calculations
of flight - and military performance of the recket bomber we shall use the values €= 3000 m/y ..,
and € = 4000 n/ .- To see the efiects of higher axhaust speeds we shall calculate with €=

5000 m/,,. for comparison.

3. Properties of the Air-Frame

The external appearance of the rocket homber is shown in Figs. 28-31 and discussed theo-
retically in the next section. The bow of the mircraft’s Fuselage cansists of an “ogival” with
9.6 caliber radius of curvature, which ia cut by a plane through its lomg axis so that a flat
underside results for the fuselage. Betveen the wings the semi-ogive goes over into a roomy
chember with perpendicular side walls, while the fusalage gradually tepers toward the stermuwith
a steady decrease in cross-section. The large biunt end surface at the stern of the fuselage is
necessitated by the gize of the mouth of the jet of the rocket motor. The relatively small wing
stumps serve mainly for stabilizetion in flight, and for landing; the wing cross-section is the
well-known triangular wedge profile with a paximum thickness of 1/20 of the depth at 2/3 of the
wing depth, (18, p. 170). To this peculiar aircraft shape thare correspond the laws of flow for
very high Mach numbers. An angle of incidence between fuselage and wings is umnecessary, so thau
for the low-wing arrangement chosen, the lifting flar surfaces of the fuselage a2nd wings go over
into each other without a break, ss can be seen most elearly in Fig. 31. For the tail surfaces,
a symnetrical quadrangular cross-section waz chosen, which also has a greatest thickness of 1/20
of its depth in the last third of ite depth. The whole arrangemeint of the tail surfaces is in-
dependent of the streaming from the rockst, jet, sinee use of the rocket motor and flight beloy
sound velocity never occur together.

The size of the rocket bomber was chosen as a compromise between a series of contradictory
requirenents. The ides of making the aircraft as large ss possible is suggested by the fact that
then the ratioc of additional load Lo weight when empty is generally more favorable, that the con-
struction of larger rocket motors is simpler, that with incressed eize of aircraft the oilitary
strength of a rocket bomber group increases while the number of capable pilots required per unit
of load transported decreases. If one computes & few comparison designs in the range of 10-100
tons starting-weight, ome finds that with increasing weight of the aircraft, the eerodynsmical
lifving power contributed by the fuselage represents {for géometrical reasons) ‘a smaller part of
the total weight, so that the wings have to be relatively larger; finally the weight of the wings
predominates, withcut giving any noticeable improvement in gliding angle in the region of high
Mach numbers. Such considerations lesd to an epparently faverable takeoff weight of 100 tons, to
which corresponds an empty-weight on landing of 1O tons. Thus a limit of 90 tons of fuel with
about 76 m3 tank space must be included, which leads to the fuselage dimensions shown in Fig. 28,

The wing dimensions are determined by the permissible wing loading of the bomber. The
starting procedure by rocket catapult, which has already been described briefly, permits practical-
1y high wing-leading; thus even though before landing the comswmption of all fuel and removal of
8]l ballast reduces the weight to 1/10 the rakeoff weight, the landing speed determines the wing
size. Though landing speeds of over 200 km/hr cin be used in special cases, a permissible limit
of 150 km/hr was first chosen because the landing of the rocket bomber is to be considered a
glide-landing, and because one camact count on the avmilability of experienced test pilots. The
corresponding stagnation pressure is ¢ = 110 kg/m®. From Fig, 34, the very thin and slightly
curved wing profile leads one to expect a maximum lift coefficient of onlv C, sax = 1.25 even
with landing 2ids, so that the wing-loeding before landing is limited to ¢ €, pax == 131.5 kg/m®.
Aside from this figure, the wing size 1n determined. by the fact that the fuselape plays an impor-
tant role in the lifting power of the whole aircraft. Accordimg to the investigations of the
next s:ction, for large Mach numbers 2/3 of the total weight is carried by the fuselage, and 1/3
by the wings. At lauding speed, the lift coefficient of the fuselage, at the angle of attack
for maximim lift, is C, = 0.45; with the already fixed fuselage supporting surface F, = 80.8 m2
the total lifting power is F‘. Ca- q = 4000 kg, while the residval landiag weight of 6000 kg goes
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29: Top view of rockst bomber of 10 ton empty weight.




Fig. 30: Outer form of Rocket Bomber of 10 tons empty weight,
perspective view from front-above,




Fig. 31: Perspective view from "backwards below" of 10 ton empty weight
Rocket bomber.




to the wings. Thus the reg_uirsd wing size i1s about 44 me; according to Fig. 28, the total sup-
porting surface is 125.5 w’; the mean wing-leading is 10,000/125.5 = 79.7 kg/w? and the lift co-
sfficient for landing is C, = A/QF = 0.74; in agreement with Fig. 34. '

At take off, the mean wing-loading is ten times as high, 1.e., 797 kgénz; for the aasumed
:linbiag speed of 500 m/ .. the stagnation pressure at takeoff is 15930 kg/w” and the total lift
coefficient is 0,05, corresponding to an engle of attack &= 3°, while the lift cosfficient

at optimum gliding angle is C, = 0.173 for v/, = 1.5. At a 3° angle of attack, 38% of the total
weight of 105 kg falls on the fuzelage, aud 62% on the wings; the wing loading is thus 1390 kg/'na
After the aircraft rises to the optimum angle of attack of 8°, C, becomes 0.173; thus the life

for hauling the eraft at V/, = 1.5 is 346000 kg, of which 48% rests on the wings with C_p = 0.088,
correaponding to a wing loading ef 3720 kg/md in this state of flight which determines the wing
stress,

Other cases of loading are izportant for varioms parts of the rocket bomber; e.g., for the
fuel tanke it is the acceleration at takeoff; for fuselage and pilot it is the aceeleration at
the end of the climb; for fuselage and landing gear it is the landing which is important.

In eatimoting the ratio of empty-weight G, dtter conaumption of all fuel and drepping of
the usefyl load, to the flight weight Gy immediatg}y after rising from the ground, we started
from the known weight distribution for overloaded long range mircraft: airframe 18%, pover plart
13%, auxiliaries 3%, additional load 66X, so G/Go = (,34. The main parts of the recket bomber
were_estimated as: cabin - 500 kg, rocket motor - 2500 kg, wings - 2500 kg, a tatal of 56
ke/m?; fuselage 3250 kg, tsil, landing gear, bowb-hay, etc., altogether 1250 kg; thus the total
weight of the aircraft is 7000 kg, vhereas flight weights for ordinary bombers of similar size
are about 3000 kg. The reasca that the rocket bomber with its 10 times greater vakeoff weight
is only 2.3 times as heavy sz an ordinary bomber or the same size is mainly because the zupport-
ing surfaces, especianlly the wings, earry not 10 times but only 3-4 times the weight, while the
remainder is directly supported by the air without any intermediary structure; moreover because
of the definite way of starting and climbing the factor of safety for the rocket bomber need be
only a small fraction of that for an ordinary bomber. Thus the total weight distribytion { the
rocket bomber is airframe 7%, power plant 2.5%, suxiliaries 0.5%, additional load 90%, &0
G/gy = 0-1. All these considerations are valid for scaled-up weights. Ouse thus obtains directly
the correct performance figures, if the bomb load is diminished by the excess weight, above 10
tona, of the aircraft.

Figs. 32 and 33 show an overall schematic of the rocket bomber.

The front view of the craft dees not show the retractable front wheel, which operates in
conjunction with a retractable tail skid and the landing gear which is retractdble into the
fuselage betwsen the wings, The front wheel serves to prevent dangerous contaet with the ground
of the bow end during the bouncing metion of the aircraft during landing, and to slow down (with
the aid of the landing gear) as quickly as possible the aircrafc which comes on to the ground at
150 km/hr and has practically no wisd resistauce then because of the small wings. Behind the bow
is the pressure-vight cabin, in which the single pilot sits, It is tight for inside pressures
of 0.4-0.5 atm. with vacyum outside, and should perwit rapid exit of tlie pilot in case of danger
(e.g. after takeoff). Because of the smooth external shape, visibility from the cabin is very
poer. In free flight at high velocity, side view slits and optical aids sre sufficient, For
landing a kind of detachable windshield can he used, since than the pressurization of the cabin
and maintenance of the bullet-shspe are unimportant. A further easenmtial arrangement for the
eabin is that the pilot's seat be so arranged ‘that the pilot can take up the high accelerations
along the aircraft axis in the best possible positien, so that not only bedy and head, but alseo
feet and arms have good supportinmg surfaces, and at the same positien can be shifced. The re-
maining equipment of the pilot's cabin - instruments, D/F and radio equipment, ventilation, etc.
is not considered further. At the back of the pressurized cabin are the tank inatallations, which
consist of two large tubes 20,5 m. long and with maximum diameter 1.8 m; these gonstitute the
amain part of the fuselage, The upper fourth of the tubes’ circumferance forme the skin of the
aircraft, while the lower half and the space hetween the tubes is covered so that the reguired
shape is obtained. For constructional reascns the tank tubes are subdivided into the actual con-
tainera by meaps of cross-walls. The purpose of the cross-wells ia first to have acparate con-
taiders of correct capacity one behind the other for fuel end liquid Oy and that each fuel shal)
lie symmetrically with respect to the axis of the aireraft, so that thermal stresses and tuwists
are not developed due to asymwetries; second, as a result of the subdivision, te lower the liquid
pressure on the rear end of the tank during acceleration and to prevent the aircraft from becaning
tail-heavy as the tanks are emptied; finally the cross walls give the thin-walled fuselage the
stiffness necessary for taking up the torques at the roots of the wingespars. It is advisable
to put the oxygen tanks in the front end of the fuselage soc that the force driving the 02 to the
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pumps will be as large as possible. Between the wings and the tanks is the bomb bay, suitabie
for projectiles up to 30 tons in weight. When the bombs mre released, the floor of the homb bay
must be opened completely for a short time so that the ixis of the bomb is parallel to that of
the aircraft, since in the perpendieular position premature detonation may occur. Just before
the main spar meets the fuselage there are chambers for the extendable landing wheels; these
chambers are partly on the vertical sidewalls of the fuselage and partly recessed into the tank
eylinders.

Finally, Fig. 33 shows the rocket motor at the end of the fuselage.

4. The Gilde-Number of the Air-Frame

During its flight the rocket bomber goes through veloeity ranges with entirely different
flow characteristics, e.g., the ordinary subsonic range, the supersonic range up to three times
the telocity of sound, the domain of large Mach numbers ¥/a, in which Newton's law of air resist
ance is valid - i.e., the aerodynamic forces vary with the square of the velocity and the angle
of attack: and finally the range of gas+kinetic streaming with very long free paths of the air
maleculas aiid thus special laws of air resistance which are still similar to Newton’s.

In all these regions the aircraft must have sufficient stabiljity characteristics, whereasz
the glide-angle is important chiefly in the Newtonian region for both density types, for if the
rocket homber at the beginning of its glide had Mach number 30, then 99% of its kinetic energy,
would be consumed in the Newtoniran region,, and only 1% below a Mach number of 3.

In the regios of higher densities the glide angle can be estimated at only a few special
points on the Mach scale, say V/;, 20.1; 1.5; 3 and oo, vhereas for rarefied sir clozed gas-
kinetic formulae can bé given.

For a landing speed of 150 km/hr, i.e., V/, = 0.12, polars of the bomber and the wings
were determined by wind tumnel tests on a 1:20 scale model; the results are shown in Fig. 34.
The best reciprocal glide number is /% = 7,79 for angle of attack™<=5%; the best lift coef-
ficient iz C, max = 0.575 fore=16.59,

For V/, between 1 and 3 the differente in pressure compared to the pressure of still air
is, for two-dimensienal flow at small angles of attack,

484 = 24/ 175/,

according to Ackeret and Busemann: for spatial flow around the rotation-symmetric end of a cone

A,o/?, = gq"z.é/./:?'?’y' Qrc s t}d)é'/

according to Busemann ‘and V, K&rméin, and the tangential friction stresses are 7., = 0.072 (:’1—]0'2
accerding to Y. Karmin. With the aid of thestrelations the values given in Fig. 35 and 23, for
polars of the wings, fuselage and complete frame of the rocket bomber at V/, = 1.5 aad 3, can be
computed. From the Figs. we read of{ the best reciprocal glide number I{'&' = 3.94 for ¥/ = 1.5
and @€ 89 and l/c = 3.83 for V/, = 3 and K= 79, Wind tunnel measurements of the polars, which
are feasible in this domaim, 'couid not be carried out. In the caiculatien a total vacuum was
assuned behind the stubby stern-surfaces. Actually. these surfaces, in this velocity range where
the motor is off and they are not in contact with the flame, can be acted on by oticeable pres-
sures which make the wind resistance appear to be less than when the motor is zoing; this must
also be noted for wind-tumnel measurements.

For ¥/?0% the thermal velocities of the air molecules and the pressurs of the undisturbed
air are respectively negligible compared to the flight speed and the dynamic pressure on the sur.
faces struck by the air stream. The part of this wormal pressure 7 which arises from molec-
ules bouncing inte the wall can be taken directly from Newton's law for inelastic collisions:
/0,// =25 %hether there is @ further contribution to the pressure depends on how
these molecules leave the surface. For dense air this must take place along the surface of the
plate, If the wall were Flar snd the density of the gas layer which streams away were infinita,
then the air molecules coming off would receive no acceleration Perpendicular to the plate and
there would be no further pressure contribution. Actording to V. Karman the rati¢ of density
increase 4 Pto denaity P before collisien is 4,%-.%-;ywhen. the correspending air pressure
ratio is 484702 so this case can occur only for # = 1. For ™= 1.4,4p4 = 5, the air den-
sity at the plate is 6 tines as large as for still air, the layer has.a finite thicknress, the
argle of impact of the air is greater than the angle of attack, and the air pressure is
greater than #'; according to Busewani % /% #/lsma. As far as the value of & is eoncerned,
the melecular collisioms in the flow of the condensations are sufficient in number to fully excite
all moleeular rotations; i.e.,@ = 1.4, If the high stagnation temperatures necessary for
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excitation of molecular vibrations are reached, then econsiderable oscillation can occur ru the
available streaming time, i.e., @¢approaches 1.29. For & = 1.4 the pressure on a flat surface
is ﬁ,’/'?-.-_'-. 2.48i°¢ . The corresponding pressure in the case of a coie with stream along its
axis 1s, sccording te Busemann and Guderley, A4¢ = 2.1§ina¢. If the wall surface is curved in
the direction of the stresming, the layer streaming off along the wall must follow this eurvature
dnd undergoes accelerstion perpendiceular to the plate, so that for convex curvature a negative
additignal pressure resules. For = 1, these were calculated by Busemann for general curva-
tures. For the important case of constant radius of curvature the equations can be integrated
and give for the lens profile — A/ = 3m¥y —s5/in' and for the ogive-shape,

..,«a,,g, =;§.syﬁ%z;.¢-§(f—cas;r, ca.sqj-%sf:o“x wherecls is the angle of attack for the
first %“urface alement. Thus the air pressiive drops very rapidly as we move baek from the end of
the object, and vanishes, in the case of the lems profile, at the paint for which the angle of
attack is GYT; for the bullet shape it vanishes somewhat later, at@/y/#F , so that the average
pressure on the curved surfaces is far less than far plane surfaces. Ford¢>/ the centrifugal
effects, according to Busemann and Guderley, are somewhat larper, se that the pressures for

o s 1.4 are 7% smaller than foréf = I, in the case of the lems prefile.

As regards the frictional stresses parallel to the wall between the fixed surface and the
air, for dense air, momentum parallel to the wall is transferred to the wall only by a thin
boundary-layer of molecules nesr the wall, so that the usual friction laws are valid. Ome is
led, in the ease ol high supersonic velocities, to give main importance to laminar {frictional
effects, so that the friction is determined by V., Karmans formula '27 = Af}ﬁ'. In the valleys
of the fliﬁht path of the aircraft, which determine the energy consumption,”we miy use a value
of Be = 108, which gives T/ = 0.00013 for flat, untilted eurfaces. At finite angles’ sf attack,
the density, frietion and temperature change on the leewsrd side (negacive angle of attack} be-
came zerd, while for the windward side they are § times as great as for free air; at the same
time the viscosity of the air increases with the stagnation temptrature V%%Aki?@&aaolGCOfdins
to the relation

v=r 753:/0‘%273‘+y§5,;7 Sy bova)lrs] @z

The frictional forces on the surfaces tp windward are approximately

T = bxt3 e frrarr i Spbose) 273] "

With the aid of these eguations we can calculate the aercdynamic forces on an arbitrary
body for A—-wﬂ. Fig. 37 shows the polars first for the infinitely thin flat plate which is
known to be theoretically the best wing for flight above the velocity of sound, second for the
wedge prafile with flat sides and a thickness 1/2 of the wing depth in the second third of the
profile (B, p. 170) and finally for the symmetric double-convex lens profile composed of two
equal circular ares, also with thickiess 1/20 of the depth. In the region of ¥/, = 1 to 3, where
the linear dependence of the aerodynamie forces on the angle of attack is valid, and where the
excess pressures on the windward surfacts and the subnormal pressures on the lesward surfaces are
of the ssme order of magnitude, the biconvex lens profile gives the best glide-numbers; in the
Newtonian region, where the air pressure varies guadratically with the angle of atuack, and whers
the air pressure vanishes in the shadew region, the flat.surfaced wedge profile is definitely
superior. In the region of angles of attack which are greater than the front bevel angle of the
wedge, it is as good Bs the infinitely thin flat plavc. In addition it has the remarkable prop-
erty, in this velocity range, that the ordinarily strict requirement of minimum profile thickness
is weakenéd, in the sense that even the limiting profile can be se thick that the whole wing sur-
face is in the shadow. The inferiority of the lems profile te the wedge profile in this velocity
region arises from the fact that larger angles of attack give poorer glide-nunhers; since the
pressure depends quadraticelly on the angle of attack, the large angles for the fromt parts of
the surface outweigh the effect of the small angles at the back parts so that altogether a poorer
glide<number results than for the flat underside of the wedge profile. A further reason for the
inferiority of the lens profile is that the curved surface, because of the centrifugal action, is
acted upon by smeller normal pressures and about the same frictional stresses.as for the wedge
profile; thus to obtain the same lift, larger surfaces must be used, which involves not only
greater weiphts but dlso greater frictional forces. Sinece the rocket bomber needs the best pos-
sible glide number at high velocities, it should be designed with wings having a wedge profile.

These comsiderations can ia principle be extended to spatial flow. Fig. 38 shows the
polars for 3-dimensional flow around three surfaces with equal projected area and the same height
which might be considered for the bow shape - a2 circular cone with height four times the diameter
of the base, s bullet with the ssme height and base diameter (16.25 caliber radius), and finally
p half-bullet with the same height and a semicircular base of the same vize as that of the two
gurfaces of revolution, i1.e, with 8,25 caliber radius., The asrodynamic coefficients are all fer
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the sane projected area. While the cone and bullet differ little in glide-number, the half-
bullet with flat surface to the front, is far superior, having a glidesnumber with /£-  4.12.
litis is of decisive importance far the shape of the fuselage of the rocket bombe-* WhH* in *he
region V/a = 1to 3, the bullet has the optimum glide-number, the laws determining the shape of
a body under 3-dimensional flow change for high Math numbers in the same lay as for the wing
sections; on the under side of the surface, which mainly determines the magnitude and direction
of the net aerodynamic force, the air pressure should be as large, and the resistance components
as small, as possible. The underside should consist solely of surfaces tilted toward the course
wind. For a given average angle of attack of the undersurface, and for quadratic dependence of
pressure on angle of attack, one obtains the best ratio of drag to lift on the underside if it
is curved as little as possible in the direction of flow. On the upper side of the body, which
with proper shape is unimportant for determining the total aerodynamic force, the pressures
should be as small as possible. Therefore, the upper side should preferably consist only of
surfaces tilted to leeward. |If this is not possible, the parts of the upper surface which are
to windward should have the smallest possible angle of attack, and be curved convex to the
direction of flow, to keep the streaming pressure low by taking advantage of the centrifugal
effect of the airmass streaming off the curved surface. Summarizing, for large Macth numbers,
bodies should be so streamlined with a point or dihedral at the front, that the lifting under-
surface is nol curved in the direction of steaming, and that the upper surface should consist
as far as possible of surfaces to leeward; the unavoidable windward sections of the upper sur-
face should have a convex curvature in the direction of flow. (29)

The fuselege of the rocket bomber was shaped in accordance with this recipe; its polars
forj&-#0° are shown in Fig. 39. Fom the figure we see that the optimum angle.of attack for #
wings and fuselage areot=fVO* andOE-5*5W' resp. Since the wing surface is smaller than the
fuselage surface, the more favorable glide-number for the wings has little effect compared to
that of the fuselage, and one finds a theoretically most favorable angle between wings and fu-
selage of -2° for which the optimum reciprocal glide number/£ - 6.51 is obtained for angle of
attacks —SS0'iot  the wings and ct =*2%0' *f< the fuselage. For constructional reasons, and
also to have simple streaming conditions at the wing roots, the angle of incidence was chosen as
0°; the polar for this case is shown in Fig. 36, which shows a best * =6.4 for*?"- This
value of glide-number, which can be attained by proper shaping of the fuselage and wings, is
surprisingly favorable for high supersonic speeds, and is scarcely different from that of present
aircraft below the velocity of sound. Wemay safely assume, for the velocity range £ 30 to 10,
that the results derived for j&-*«*till apply, and that below this range the characteristics for
i~ 1to 3 gradually appear.

On the basis of the previous investigation the variation of glide number of the rocket
bomber for various angles of attack can be represented as in Fig. 40 for the whole range of veloc-
ities in dense air. The very favorable glide-number below sound-velocity, € = a*,.. at &C= 3
drops very rapidly as we approach the velocity of sound, then takes on the value £ s -"“ghatoc=8"
for velocities slightly above the velocity of sound. Above-i.: 3, the glides-number improves and
then rapidly approaches its favorable behavior for high Mach numbers, with

€ =<&- * o7

In all the previous considerations on the aerodynamic forces, the air was considered as a
continuous medium. As the later sections show, the path of the rocket bomber reaches heights of
over 1000 km. There the density of the air becomes so very small that on the one hand the stag-
nation pressures for even extreme velocities no longer result in aerodynamic forces at all com-
parable with the other external forces on the aircraft, and also the laws for calculating the
aerodynamic forces are no longer those derived for a continuous medium. Fig. 41 is a plot of the
air density / is a function of the heighfH for values up to 20,000 mfrom the well known for-
mula for a homogeneous isothermal atmosphere; for heights between 11 and 22 thousand m, the rela-
tion is <flfa~ 46832g***** (see also "Dinorm 5450" or (33)). This expression for density at
great heights is used in the later (note: original has error; usesJ* instead of »cT:M ) calcula-
tions. It is frequently assumed that the composition of the atmosphere at high altitudes is the
same as on the ground - i.e., mostly N2 and |, but that these materials are more or less dis-
sociated into atoms. Therefore two dotted curves in Fig. 41 are used to show the density if all
molecules are dissociated into atoms (left curve), and if only a partial dissociation occurred,
as assumed by Godfrey (middle curve). The molecular free path for constant composition varies,
with the density according to the relation » —*°~ /¥§ « Ah*® relation also holds approx-
imately for the dotted curves for the dissociated atmosphere, since the effect of dissociation
on the free path is of the same order as the error in determination of the free path. At heights
of 40 km, the free path is already greater than the thickness of the laminar boundary layers
(ZO~ —0r» ), reaches the size of the aircraft dimensions at a height of 120 km,, and rises to
over 1000 km. Bt a height of 200 km. The stagnation pressure corresponding to the "velocity of
escape” V : 12000 m/sec is fess than 1 ~/,2 at 100 km. altitude; i.e., at 100 km altitude the
aerodynamic forces have practically disappeared, and the motion of the rocket bomber is along
practically a pure inertial path. The expressions derived for the aerodynamic forces on the as-
sumption of a continuous medium are already invalid at heights over 40 km, since the distances



