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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

33
C-R8 204



Upper heating value of mixture
¢ 2587kcal/kg

Catlre +72% 02 =8C0z +3H20

Lower heating value
of mixture

exgoneni:

S

]

S
=

S
&

8

\

o
S
S

&

8
§
)

El
praiy 7‘_."'“4
M0[x-f) smiercr “Kenebgioncs V'J
A " "pone o — .
i
|

8
8 .
¥

0 x~1) Mittetwers qus 7, /1
. il

m{‘ ") m Oton “ﬂ‘lﬂg asf D

§
S
/

3

g
Division of the reaction heat 2587 kcal/kg in % and adiabatic

Unavailable separa-
tion heat (for sxample
fheat of evaporation™)

Availsble
chemical heat

| of separation

EAvnilable heat

¢ content,

Exhaust veloclity in m/s and combustion temperature in °k

-]

25

I 2 2 4 5
Log of hose p, of fire pressure

Figure 18; Heat of evaporation, dissociation, enthalpy, firegas
temperature, theoretical and maximum exhamst velocity and adiabatic
gas exponent of the combustion products in the case of oxygen and

octans with static egquilibrium.
24



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

35
c-2a 246



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.
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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 same projected area. While the cone and bullet differ little in glide<number, f e half-
bellet with flat surface to the front, is far superior, having = glide-number with /£ - 4,12,
This is of decisive importance Por the shape of the fuselage of the rocket bomber: VWhite in the
region V/a = 1 to 3, the bullet has the optimum glide-number, the laws determining the shape of
a body under 3-dimensionel flew change for high Magh numbers in the same way as for the wing
sections; on the under side of the surface, which mainly determines the magnitude and directiom
of the net acrodynamic force, the air pressure should be 85 large, and the resistance components
as small, sz possible. The underside should ronsist sclely of surfaces tilted tovard the course
wind. For a given average angle of attack of the undersurface, and for quadratic dependence of
preasure on angle of attack, onc cbtains the best patic of drag to lift on the underside if it
is curved as little as possible in the direction of flew. On the upper side of the body, which
with proper shape iz unimportant for determining the total aerodynamic force, the pressures
should be as small as possible. Therefors, the upper side should preferably consist only of
surfaces tilted to leeward. If this is not pessible, the parts of the upper surface which ars
to windwerd should have the smallest. possible angle of attack, end be curved convex to the
direction of flow, to keep the streaming presgure low by taking advantage of the centrifugal
effect of the airmass streaming off the eurvad surface. Summarizing, for large Mach numbers,
bodies should be so streamlined with g point. or dihedrazl at the front, that the lifting under-
surface is not curved in the direction of steeming, and that the upper surface should consist

as far as possible of surfaces to leeward; the unaycidable windward sectioms of the uppcr‘ sur-
face should have a convex curvature in thc directien of flew. (29)

The fuselage of the rocket bomber was shaped in accordance with this recipe; its polars
for",{';-pw are shown in Fig. 39. From the figure we see that the optimum sangle of attack for »
wings and fuselage areX=4£°20' andat=8°30’ 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 betwaen wings and fu-
selage of -2° for which the optimum reciprocal glide number /& = §.51 is obtained for mngle of
attack & =470 for the wings and &€= 7 Jp’ {or the fuselage. For constructional reasons, and
alad 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 fora(-7°. This
vilue of glide-number, which can be attained by proper shaping of the fuselage and wings, is
surprisingly [averable for high supersonic speeds, and is scarcely different from that of present
aircraft below the velority of sound. ¥e may safely assume, for the vélocity range %—3 30 to 10,
that the results derived for #5-» ®still apply, and that below this range the characteristics for
% = 1 to 3 gradually appear,

On the bazis of the previous investigation the variation of glide number of the rocket
bomber for varions angles of attack can be represented as in Fig. 40 for the whole range of velog-
itier in dense air. The very favorable glide-number below sound-velocity, & = Fos BT e =5,
drops very rapidly as we approach the velecity of scund, then takes on the value &= g ala=-&
for velocaties =lightly abave the veloeity of sound. Above % = 3, the glide-number improves and
then rapidly approaches its favorable behavior for high Mach numbers, with

€=_'__6'-; a7 A = 7

In all the previous considerstions on the acrodynamic forces, the air was considered as n
continuous medium. As the later sections show, the path of the rocket bember reaches hejghts of
over 1000 km, There the density of the air becermes 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 alse the laws for calgulating the
aeradynamic forces are no longer those derived for a continuous medium. Fig, 4] is a plot of the
air density f as a function of the height-H for values up to 20,000 m from che well known for-
muila for a homogeneous is'o/’)-.hgmal atmosphere; for heights between 11 and 22 thousand m, the rela-
tion is f/f5 = 46838 € "¥%3%/ (see also “Dinvrm 5450" or (33)). This expression for density at
great heiBhts is used in the later (note: originzl has error; ‘uses* instead of Prya ) calcula-
tiona. It is frequently sssumed thet the composition of the atmosphere at high eltitudes is the
same as on the ground - i.e., mostly Ny and Hg, but that these materials are more or less dis- ~
socinted into atoms. Therefore two dotted curves in Fig. 4l -are used to show the density if all
molecules are dissociated into atoms {left curve), and if only a partial dissoristion occurrcd,
as assumed by Godfrey (middle curve}. The molecular free path for constant composition varie
with the density according to the relation / 7 xo"f;/ . This relation also bolds approx-
imately for the dotted curves for the dissocisted atimosphers, since the effect of dissociation
on the fres path isx of the same order as the error in determination of the free path. At heights
of 40 km, the free path is already greater then the thickness of the laminar boundary layers
(70 %~/075 ), reaches the size of the sircraft dimensions at a height of 120 km., and rises to
over 1000 km., et a height of 200 km, The stagnatien preassure corresponding to the “velocity of
escape” V 2 12000 m/sec is lesgs than 1 ﬁgfn2 at 100 km. altitude; i.e,, at 100 km, altitude the
aerodynamic forces have practically disappeared, and the motion of the rocket bomber is aleng
practically a pure inertial path. The expressions derived for the aerodynamic forces on the as-
sumption of a continuous medium are already iovalid at heights ever 40 km. since the distances
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between air molecules are already larger than the dimensions of the stresms assumed in the cal-
culation, e.g., the thickness of the boundary layer. For such rarefied air, no procedure for
calculaiang aercdymamic forces is ¥mown, Only when, zor eltivudes above I0) km, the Erce pauna
approach the dimenszions of the moving body, do the relations simplify sufficiently to enable a
fairly exact estimate of the aerodynamic forees. (28)

In this region of gaskinetic streaming the following equations are valid for the aerc-

dynemie forges on a body moving at arbitrary yveloc.ty V at altitudes shove 100 i, where the up-
per (lover) sign refers to negative (positive} angaes of attack:

G 5 (Gr+ Vg &5
. P e e, : Z -x7
Dofg = 7 Sina. 2 %—%——--f—(fsw%#—ez %}(f;«:’,}; / e a:g

: _ ¥ cind T AmO Sapal
L= +17.CR Ch .0 - /T Y- N AT
ﬂé Z ¥ 4 s 2l -~ T*%Sfﬂd’@fﬁix/‘.e a;’.j
' r/

- V‘ .2 ‘/{E g
W o Cod S . . 2 -xZ
z"’/? = 7 casq. %‘ %}‘.—-—— FSmacosa (s gt E "at’x)

where V is the speed of flight, Gy'= é A% iz the most probable velocity of the gas molecules
before collision with the wall,cCp- F— is the most probable diffuse recoil velocity of the
molecules after contect with a wall -ng Tw"l(. For wery large V, &/J’ : np‘proacheg.g.sj? (Einrce
St e"‘dxaﬁ-m _andt.;.e/ approaches zero, i e. we spproach the Newtonian ,fo,rnulaﬂé =2 s/ %
A’presentation of these érodynamicr forces in clossd form as a function of Mech number is not
poasible; though a simple relation between Cy and @ is known Cy = ar‘% , there iz no correspond-
ing relation between Cp and 3.

All the equations refer to diatomic gases or gas mixtures. Also they require the know-
ledge of the characteristic temperature @, wnd thud involve mote special sassumptions than do the
gas-dynamic equations which require only a knéwledge of the no. of atoms per molecule and the
sound-veloeity, since they invelve only A and a.

The equations for the mementan p4 of the molecules colliding with the wall, and for the
tangential momentum gy given to the wall on recoil are taken from (28). The recoil momentum muct.
be considered in more decail.

Before an expression for the receil womentym can be set up, one must ..uve a clear picture
of the recoil of the melecules, which have a randen thermal velocity c and a relative velocity ¥
making mn angle ©(with the plate. One nust decide whether a bundle of molecules, striking the
plate with a perpendicular velocity component V sin& +€, €080 leave the plate by specular
reflection or under some other definite or ragden angles; further, whether the collision veloc-
ities are conserved for each individual moleeuie or have a definite relation to the receil veloc-
ities, or whether they are completely random so that we can derive relations only for the average
or most probable speeds, on the basis of energy considerations. One should investigate whether,
during the collision, the -velocities C, as well as Y are conserved, or whether they interchange
their kinetic energy in whole or in part, eor whether the internal degrees of freedom of the air
molecyles or wall molecules take part in this exchange. These questions were answered on the
basis of a peper of Frenkel on “Theory of Adsorption and Related Phenomena™ (4), whose opinion
we give verbatim: "No matter how small the time of adherence, gas molécules celliding with 4
wall do not simply bounce off, but are emitted again with velocities which need nat have aay
definite relation to the original velocity, either in magnitude or direction. The usual picture
of elastic reflections of molecnles, from which the kinetic theory of gases starts in deriving
the pressure on the walle of the container, iz false in principle. Tf one arrives at correct
results in this case, it iz because the solid body 2nd the gas are considered to bé at the same
temperature and at rest relative to each other. Under these conditions, the velecity distributidn
of the emitted molecules is the same as if they were actually reflected from the wall surface.
Actually a quite different picture would result if une bombarded the surface in a definite direce
tion with a molecular beam.” Summarizing these considerations we find that, in setting up a for-
mula for the recoil momentum, we nmat eonsider & geas whoase pribable récoil velocivy CR is deriv-
able by purely energetic considerations from the probable velocity Cjy before collision, from the
systematic velocity V and the wall temperature Ty. The mass of gas striking the wall per second

is: .
: R Kema

= V% gl . -y .
PrLm /ety +E;-’—.sxmx/é’/e "‘a}:/ﬁ =L ik
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In the normal gas-kinetic case (V= o and Cﬁ‘ = Gy) the process of emission of the molecules can
be considersd as quasi-spscular, with recoil momentum Zedf= ﬁf%*ﬁfo_r a mass colliding per
second of S = - . For the moving plate (V¥ ¢), K times as many molecules collide each
second as for the plate at rest, and just as many must come off per second if nome sticks per-
manently to the wall. Since according to the resesrch cited, the proeess of recoil is com
pletaly independent of the process of ecollision, and is of the zame type as for recoil at V = o,
the only posgible difference can consist in a change of the factor K for the colliding molecules
La.8= Paitkis os png a5 (s Cw + For the same reasons, the difference between recoil amd col-
ﬁaion tefipcratures can produce no chenge in the structure of the formula for the roceoil momen-
tum; one gets for Cg# Gy, Lop= 4.0¢ . The probable translational recoil apeed Cp must be
considered further. According to the theorem of Conservation of Energy, for the assumed closed
system the sum of the energy Ep teken away by the recoiling molecules plus the energy Ey remain-
ing at the wall must egiial the energy of the impinging molecules: Epn Lny * Lo

2 2
= . - Ay 2
&l S Gl EF )
oy = meg"'[;.}q‘."*furhc — Af/-%cw,t'.’ ff C’frpf"‘é— f‘%ﬂ Cw 6.SEZ
Wape (2
LR Lty pF v A PR EOT S et v 5 Loy 03c],

e

where the valucs €rpfand € esc have only 2 computational significance ond arc therefore not
used in what follows.

Usually the ratio of the energy loss of the impinging molecules to the excess of their
initinl enargy ovier the temperature level of the wall after collision is called the sccqmmoda-
tion coefficient & ; e.g. the average accommodatien coefficient for the whole process has the
value X =(&y~Le)/fep-Ly/ The actomodation coefficients for the individual degrees of free-

dom can be written as:

X Eorurss = / &fm,; - é;’ M.#/&‘jm, - gr g'..w,_)-.: ﬁi} C—: —;@m ig;df—g_c :tm)
drgf.-:: @?ﬂz‘ _f‘é a‘m%f““““&';‘ Touc =/“;w¢—&¢w//f—'-qc - Zgya'cj

The average accommodation ceefficient “X is built wp from the coefficients for the separate
degrees of freedom as follows:

O = A rons(Eg trons Lo trons ) ig-Loy) # et Eprat ~Lov ot Yoy ~Fry J#Kose (g s Yo )
Considerations on accommodation coefficients in the physical literature state in essence that
the external degrees of freedom take part immediately and completely in the energy exchange
during molecular processes, whereas the exchange of internal melecular energy, especially that
of vibration, is slowed down considerably and is effective only after long relaxation times, so
that the accommodation coefficients For trenslation are 1 and also Cfrs? may be assumed to be
e/, while the deviations of the total accommtdation coefficient & from 1, observed in practice,
sré to be ascribed to the slowness of changes in vibration. FromoOfZ.a..=7 it follows that
CPérans = Couplrans =p@3£7;;. where Cp sy is thus the desired most probable récoil velocity of
the molecules leaving the wall diffusely; Ty, is the wall temperature in %K,

Before calculating the aerodynamic férees one must estimate the wall temp‘era}_urg T‘-. This
is done by equating the energy radiated by the wall per on? per sec, Lg =£q%(’7‘%}f‘ to the
energy Ey transferred by the air molecules to the same surface in the same tvime. If{ one intro-
duces. the gré‘\riousl established assumptions X g ,s =/, A rol =/, 0sc =0 , one obtains

=Aﬁ[5—f-¥£y’? 76'7-7'“,’_)/ where S s the mass of the melecules striking unit area of the
plate’per unif time. These expressions weré ssed in constructing Fig. 42, where the follawing
numerical values were assumed; temperature of still air T = 320 %K, density of still air
=10 %psectsy®, (corresponding to H=590 km, ) composition of the air 14% Oy + B6% N,. Ioniza-
tion and dissociation were not considered; aldo the atmosphere woc assumed to be at rest an the
earth’s surface. The optical absorption of the wal) was assumed to be € = 6.80. Radiation of
heat to the wall from the outside (sun), from thé air space or the earth’s surface was neglected,
aa well @5 from the interiar of the aircrafr to the wall, Fig. 42 shows that the cquilibrium
temperature of the plate at rest is 136° K and that this equilibrium temperature of the surface
of the aircraft increases with increasing velocity and angle of attack, as lomg as the latter is
positive so that the surface is tilted toward the course wind., For surfaces to leeward the
equilibrium temperature drops to absalute zero, since the heat supply vanishes with the number
of impinging molecules. Alvogether the temperatures remain .within ressonable limits for all
angles of attack and velocities occurring in practice. AU greater heights even lower temperatures
may be expccted; at lower heights & transition occurs to tempstatures calcilable by kinctic
theory.
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With the aru of the equations the aerodynamic forces were ca!cglated for an aszsumed at-
mosphere with temperature 32?)]‘: K, densaty /0 ,g?.sgef_;/;;# a_m_l conposation 142 02 +86% Ny. The
momentum Zs4 of the air impinging on the plate is plot?ed in Fig. 43 f?r various angles of .
attack aanvelocfties of flight; the corresponding recoil momentum Lo A" is shown in F%g: 44, and
the tangential momentum in Fig. 45. Since {rk=jr, Fig. 45 also represents the coefficient of
friction %?%-betﬁeen the air and the wall, for all angles of sttack and for the sime range of
flight velocities. In this figure, the extraordinarily large coefficient of friction in the
domain of gas-kinetic stresming is noteworthy. Vhile values Qf‘yﬁy 7 0.001 to 0,003 are custon-
ary in aerodynamicg, we have in this case values of the friction 300 to 1000 times as large, and
these are not accompanied by corresponding increases in the valge; of_rhg perpendicular companents
of the aercdynamic forces, The reason for this astonishingly high friction is the fact that in
the domain of gas-kinetic stresming the protectaive boundery layer at the surface of the moving
body no longer exists, so that all the uolecules which have the chance to transfer perpendicular
momentun to the wall, at the same time transfer their tangential momentum completely on the aver-
age, whereas this latter momentum transfer is limited to the few molecules inside the boundary
layer, in the case of aerodynamic streaming. This very unfavorable behavior of the ae;odynamic
forces in the rare upper atmosphere vould completely prevent flight at these heights, if the
stagnation pressures and consequently the forces did not decrease rapidly and firally vanish.
Obviously the shaping of the aireraft te fit the streaming conditions loses some of its signif:
icance of these heights. Nevertheless, the Newtonian character of the air pressures (i.e. their
quadratic dependence on flight velocity and angle of attack)}, and the rapid disappearance af
forces on leeward surfaces, is very apparent at higher velocities of flight. Thus in the gas-
kinatic domsin all the requirements are fulfilled for the use of streamlined bodies, whose under-
side is curved as little as possible in the direction of streaming, and whose upper side con-
-sists, ag far as possible, of leeward or convex surfaces, while the thickness of the body is of
no importence. Reciprocal stresmline-numbers and polars were derived for the flat plate, from
Figs. 43-45, and plotted in Figs. 46 and 47. These graphs of the behavior of the aercdynamic for-
ces on a flat, infinitely thin plate, have direct practical importance, because sny wing profile
of finive thickness, with a flat under-side and upper-side to leeward, undergoes exactly these
sanme aerodynamic forces at high flight velocities, regardless of the shape of the upper side and
the thickness of the profile.

Fige. 48 and 49, which show the aerodyi.amic.forces on the rocket bomber in the range of
gas-kinetic streaming, were also derived from Figs. 43-45. In the same way as for the gas-dynamic
calculations, the actually curved surface of the aircraft was split up into a number of small
ilat surfaces, and the air forces caleulated for each of these component surfaces.

Finally Fig. 50 shows a plot of the dependence of the air forces on height and velocity
of {light for the dumains of gas-dynamic and gas-kisrétic streaming. This plot of &/, against
height. far the flat plate, for various Mach numbers and with the fixed angle of attack of 7°
(which is the optimum for the pas-kinetic case}, shows that the air-force-coefficients decrease
with height in this region. This phenomenon is caused by the decrease of teémperature of the plate
with height, so that ceteris paribus the reccil velocity and recoil momentum alse decrease. The

forces in the range of heights from 40-30 km (which cannot be ealeulated exactly) were inter-
polated approxirately in the form of the dotted curve.

~ Fig. 51 shows the final result of this whole section, i.e. the dependence of the rocket
bomber’s glide number {or its reciprocal) on the velogity and altitude of flight. With this we
close the investigations on glide-number of *the rocket bomber.
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M. LAUNCHING AND CLIMB
1. Acceleration of the Aircraft

The launching and clinb of the rocket bomber have the purpose ?f giving it, with a minimum
of fue] consumption, the high velocity necessary to carry it through its long glide path; they
are in the nature of an impulse which lasts enly for a few minutes. l?iesp:lt.e t._h:l:s, t.here'are vari-
ous possibilities for the variation of this external force during this short time; we wxgh to
find the most favorable, 1, e., the ome with the least possible fuel consumption for a given
fina] velocitcy.

In Fig. 52, the effective exhanst speed ¢ is agaih taken as & measure of t.l'le uso_ziul energy
content per unit mass of fuel and the attainable velocity increase V is measured in units of ¢;
the fuel consumption Gy - is measured in wvnits of the starting weight G.
or the weight of the accelerated mass G If one cquld cmrpl.et,';.-ly r.ra.ns_fel_' to the ai_:celcr-
ating body the energy available fram the combustion gases @,"‘ G‘) c/&'» which is theoretically
pessible in firing from a tube, then V’c=|t.6,é- This l‘?lition for 14‘?!:’;.! fire is shown
as curve 1 in Fig. 52, In the case of rotket drive, the acceleration process, if it was opposed
only by the inertial forees of the bomber and not by air resistance, gravity, etc., would after
integration of the equations expressing the.Conservation of‘zthe Center of Mass (comemde=0 ),
be represented by the fundamental rocket equation = /é . Curve 2 for ideal rocket accel-
eration thus gives much smaller final speeds for the same fuel consumption. The energy lest to
the scceleration process is that of the motion of the combustion gases relative to the place of
launching; this is cften called the external efficiency of the rocket drive. This fundamental
curve for ideal rocket drive gives ne indication of the actusl aceelerations, Actually the
acceleration of the bomber accurs agsifist air resistance and at least a component of the weight
and these resistances become more important for the smaller accelerations, For example, if one
assumes that the air resistance and the compoment of weight along the path together represent a
fixed fraction, say 1/5, of the instaneous weight and that the acceleration is constant during
the climb, then one can denste by k the ratio of the rocket thrust redeced by the resisting forces
to the effective thruct; from the equation #c ol el , one then derives a modified Lon
rocket equation Ye=# % 1f one tekes the rocket thrust to be equal to the -_'nst.an'e;?
weight, then A =/7 —~22)7 =28 and the curve for this type of drive has the equat.ion’%.:e Sc
or =284 . This curve for K= 0,8 is shown us number 2 in Fig. §2. In practice one does
wot obtain this carve if the aircraft starts with customary small speed at the ground, because
for the assumed acceleratioms the aerodynamic forces would increase much too quickly for subsonic
velovities, Carve 4 shows the clirbing process for a commercial rocket plane with high require-
ments of safety and convenience, i.e., small takecff and landing speeds, and small, practically
constant accelerations along the path of climb; these are taken from a previous detailed ealcu-
lation of the path. {1B) The long, tedious, uneconomical elimb until the valscity of sound is
reached is shown clearly; we sse how costly low velocities at the ground and the scrompanying
small accelerations are for rocket flight. Curve 5 shows a possible acceleration process under
the following assumptions: the rocket thrust is a times the initial weight G, and stays con-
stant over the whole path of climb; thus the acceleration increases with the decreasing mass of
the rotket up to a value determined by the weight of the crew and the aircraft, and the rocket
motor is used fully. Thus the weight loss per second is constant and equal to a (G, &4
so that the weight at time g is: G:G,(/— GS?%) . By equating the irergial epd friction forces
Séhezatter with the same assumptions as for curve 3) to the rocket thrust, it follews that

—azig—- Zé'jé This calculation is shown in Fig. 52 for three values of a 3 P/Go =
0.25, 1.0 and 10. In the curve for P/G= 0.25 the acceleration increases from 0.5 m/sec®, to
25 m/sect. Bacause of the small acceleration the curve deviates noticeably from that for ideal
rocket drive, For the caze P/G.= 1.0, in -wh%ch thrust and initial weight are equal, the acceler-
ationz vary between 10 m/sec® and 100 m/sec®, and the curve approaches most closely thar for
ideal rocket drive. Finally for P/G, = 10, the_thrust is ten times the jnitial weight, the accel-
erations lie between 100 m/sec and 1000 m/sec®, which is certainly way beyond humanly bearahle
limiks. Thus the very great effect of the acceleration process on the final velocity attainakle
with a given G/g, is clear,

The curves for P/Gs = 1 and 1 are based on such redsgnable assumptions that noticeably
more favorable vypes of launching could hardly be found; thus more detailed study of the pro-
ceases of takeoff and climb under these assumprions is advisahle. The two curves differ only in
the aceelerations during the climb. The usable accelerations are limited only by the strength of
the aireraft and by human vesiatance. From our present knowledge of the physiological behavigr
of the man under high accelerations one must admit that an unmanned rocket aircraft can be driven
at somewhat higher accelerations than a mamed craft; nevertheless, the inmanned craft aiso scon
reaches the point where greater accelerations are compensated for by the greater construction
weight necessary for craft capable of undergoing large accelerations, In addition the rocket
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bomber, becanse of its lomg range and the accurate navigation necessary for the bomb release,
cannot do without a pilet on board, Thus the nermissible accelerations are limited to values that
can be withstoad by trained flyars.

In Fig., 53 are shown the results of most recent studies (2, 12, 15, 3l)on the highest
aecelerstisns that are bearable by a man in differept body positions, as a function of the length
of the scceleration time. Whereas in the sitting position the limit is determined by disturbanc
af the circulatory system especially cansed by Joss of blood from the brain or heart due to
differences in 'hydrost.atic level inside the cicculatory system, thisz danger decreases in the
lying position, and the limit then seems to be set py difficulties in hfeatl.l:i.ng':as a result of
greatly increased weight of the thorax. This more favorable lying position is directly achieved
in the seating arrangement sketched in Fig. 33, since the accelerations due to the eagine are
takes up by the pilot in directions perpendicular tb the axis of his body. In the lying pesition
in caroussel tests accelerations of 20 g for mure than a minute have been withstood by drugged
apes, and accelerations of 17 g for more than 180 s»e. by men.

During the takeoff and climb of a rocket bowber there are two phases during which the
sccelerataans can reach critical values; the cataphlt takeolf and the end of the climbing path.
lha catapult process at takeoff lasts several meconds; the accelarations can be chosen fresly,
the acceleration starts rather suddenly, keeps its top value for about 1l sec. and then stops
again suddenly, Adjustment of the circulatory system 1s thus scarcely possible. Because of this
impulse and rather long action, one cannot go beyond an acceleration at takeoff of more than 5 g,
even for the favnrable perpendicular position. Alsc higher takeoff accelerations, though they
result in economizing on starting-rockets by decreasing the run on the ground, are unfavorable as
regards flight performance, since they necessitate stronger construction of the tank assembly.
Conditions arc equite different at theend of the climb. During the climb the accelerations
increase in the ratis G_/G as the result of decreazing mass of the sircraft for constant motor
thrust, Even if the aireraft flies without payload, this ratio will end up at 10. This climbing
process lasts several minutes, with the greatest acceleration occuring in the last azcond. The
body hae plenty of time to adjust itself to the high accelerations, snd the highest accelerations
last for only a short time. The conditions are thus very favorable, and the effect of the high
acceleration on flight performance is als¢ favorahle. One can, therefere, go closer to the limita
of resistanee and, in view of the perpendicular position of the pilot, permit accelerations of
10 g.

For the assumed G, = 1, this means that the factor g equals 1, i.e., the moter thrust
equals the initial weight, The limiting acceleration of 10 g is of course not reached if the
bomber varries cargo. E.g., if it has only 5 tons of bombs on board, then G/ =0.15 and,
the limiting acceleration is 6,67 g. For P = G, the scceleration at the stirt of the climb is
1 g, and inereases in say t = o/gX (1 = G/Go ) = 340 or 360 see, to 6.67 g or 10 g respactively
if we use the relation b = g/(l-gt/ ) which neglects frictiomal forces. The last increase from
6.67 g to 10 g thus occurs in the very shert time of 20 seconds, Only during these last 20 sec,
is the pilot subjected to the critical accelerations, after he has become accustomed to the high
acceleration gradually and uniformly during the previous 340 sec,; furthermore, this holds only
for the practically uhimportant case where be takes off without bombs, %ith this the assumptions
concerning permiseible accelerations during climb seem justified.

3. Catapult Takeoff

The rosket bomber is to be brought to a takesff speed of 500 m/zec by means of equipment on
the ground, in order fo increase as much as possible the final velseity attainable with the fuel
on board, to minimize the difficulties associsted with the imitial wing joading of 800 kg/mﬂ, and
to eliminate the uncertain flight characteristics of the airframe in passing the velocity of
sound. For this purpose a catapult-like, perfectly straight, horizontal starting-track several
kilometers in length is needed; on this sits 2 sled, which carries the aircraft, and which is
driven by rocket apparatus having a large thrust but moderate exhaust speed, Fig. $4 shows a
schematic of the sling arrangement, The downward forces acting along the takeoff path are the
weight of the bomber with sied and starting rockets, about 150 tons; in additionm there are large
forees acting vettically upwards or in the dirfection of the path due to drividg and retarding
actions respectively. These forces and the necessity for very precise installation of the slide-
rails suggest the construction of the rcadbed out of reinforced concrete, whose cross-seetion fpr
the single-track arrangement chosen has the isosceles triangle shape shewn in Fig. 54; the base of
the triangle serves to fix the structure in the ground, while the sled carrying the aireraft rides
on the apex of the triangle. The upper construction of the rail arrangement consists of the main
rail lying ot top. of the wall, which has to take up the perpendicular forces and also transmits
the very large horizomtal retarding forces, and of two lead-raile halfway up the wall, which
support only nccasional @mall forces, and which prevent rotations of the whole system of aircraft
plus sled around its longitudinal axis. Lubricants. of the proper viscesity are used on the majn-
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and lead- rails, so that the sliding faces of the sled cen glide on them with little frictionm,
The sled itself iz mounted on the sliding faces at A and B and also has a pair of fittings to
prevent overturning, The aircraft to be catapulted sits up front on the aain body of the sied,
the sled’s power plant is at the hack, behind the aircraft. The high takeoff thrusts are trans-
mitted to the airéraft through the main body of the sled. Very high thrusts of 610 tons for 1l
seconds and the utmost safety in opesation are required of the startihg rockets, while their
exhaust speed can be moderate zince they do not aftect the flight performance of the bomber, In
the use of 40 tons of fuel for starting, one will not, for repsoms of safety and cost, use the
selfacting fuels like powder or Hy0p, which are customary for moderate exhaust speeds, but

rather the fuels consisting of twe meterials, say Jiquid Oy and gasoil -water emulsion, are prei-
erable. For the talculation of the catapult process, we shall take, as exhaust speed of the
ground-based starting rockets, C= 1500 w/'zec. so Lhat the fuel consumptien per second is Pg/c =
1000 kg/sec. The weight of the whole apparatus, for comstant starting thrust /3 7s G5 =G~ F0E
at any instant. The air resistance of the whole catspult system is estimated to be 75,000 kg for
¥ = 1.5, and increases ouring the takeoff accordimg te the equation W= 0 3 ¥*. The sliding
.i;,‘ri-_:ti'on of the sled an the takeeff rail is completely megligible compared to the two for-es
mentioned, Using the ustcond law of motion we cun write for the acceleration at any moment during

. 2

takeoff: d%i‘z 5’/"‘“-"’“%5“4‘%’%)

If we require that the acceleration at the end of the takeoff shall not exceed 50 0/sec?, then

we obtain for the constant starting thruste P value of 610,000 kg if the final weight of the

take-off mass is 105,000 kg. By in:;%'rat.ing “nffé we pbtain g relaticn between time elapsed and

e ; e , - ; ~L

velocity attained r-G.,/ssm/f./m_%r / 2, = 237010 Gos
For ¥V = 500 m/sec we cbtain for the time of takeoffjthe law of consump-
tion of the takeaff rocket viglds a second relation: Gp=/oSoge=G -3, ;

from which t; = 10.96 =ec and G = 148700 kg. The total path length can be obtained most simply

by numerical integration. Summarizing, these relations concerning the takeoff process give the

results that: the takeoff rockets develop 2 throst P - 610 tons for 11 seéec, vse up 43.7 tons

of fucl with @ = 1500 m/sec 1§ the s¥ysten to be cnl’.‘a_pu.l'ted weighs 105 tons, the length of the

tov path 1s 2750 o and that the accelerations dyring towing increase from an initial value of

40.2 m/sec® to the permisgible limit of 50 m/sec* at the end of the takeoff; thus for approximate

gsrimates one may use an average acceleration b = '45 m/sec? and cuicuiate all the nther

quantities; e.g. 2 =yf = -%%gé Hsec ond 5:2"‘5;‘25: 750

Fig. 55 shows the dependence on length of path of the velocity V attained and the resid-
wal weight G; also given are some of the data concerning the sliding jaws of the takeoff.sled.
The two sliding jaws at A and B can be assumed to be of brenze or hard steel and have a square
jaw-surface of (.25 x 0.25 m; they are a sort of self-adjusting bearing-plate in Michell bearings,
and are moveble shout e hinged edge; the flat undersurface of the jaw is bent up at' the front end
to assure the flow of lubricant to the edge. From Gumbel - Everling (7, P. 15D/151) one obtains,
for a square sliding jaw of side lemgth t, if the point of appliecation of the force corresponds to
the safest thickness of lubricating layer 7 = 0:8}, some fundamental equations; e.g., the
caefficient of friction is a = 2.37/27¢4#, where p is the average pressure P/t? on the jaw; the
minimizn thickness of lubricating layer is 4 = a.fo-t/_.p&ﬂ, and the angle of tilt is--o(-=ﬁ37r%
From these, «=7474 i.e., the minimum gap h_ between the sliding jaw and the rail "~

surface, which make an angle’ & with each pther, should be kept as small aec possible to permit
large loads P to slide with little frictjona]l resistance. In the desired state of pure liquid
friction, h  is limited by the roughness of the sliding surfaces; for the long sliding surfaces of
the takepff track which is subject to rough hisndling and all kinds of weather, we may expect val.
ues of /07 "-/4ps. Thus the minimum gap-leight h_ te assure dynamical buoyancy of the jaws is
h, = 1074 m, with <« =0.00316. The largest section-loading ever experienced by the jaws is
P = 150007625 = 129 kg/em?; during takeoff this drops te 4 kg/cm®. From the previous equations
we see that minimom thickress ho {and the minimum 2£¢ )} can always bs maintainad, if the vizcosit,

of the lubricant, decreases in the same manner as V/p increases; i.e., if ?2‘5 is constant,
At the start of the motion of the sled, the sliding speeds are so small that there iz no ¥
sufficiently large to keep the product constant. In this case, the flat surface of the jaw will
lie flat on the surface of the rail and will rise to the angle o only as the velocity increases,
Fig. 55 shows the residual part G-A of the weight G which rests on the jaws at any moment; it is
assumed that the buoyance A varies quadratically with ¥ from A = 0 for V = 0 to A = 100 tuns for
V= 500 m/sec. Thus P = EEA and the required lubricant viscosity at any position on the tracsk
is ?{5 7r. /pé.z/w?."a. ?'-is- the viscosity of the hot oil in the film for minimum thick-
ness h,. The rise in temperature 47 of the oil film can be estimated by assuming that all the
work against friction goes to heat the oil. Because of the very brief duration of this heating
process, the heat conduction from the oil will be extrenely small. From /‘f}lajuufr_ LA v -csAT

it follows that the heating is independent of the velocity; taking values o

§ =900 K94, Cs = Qbhcall °, A7 /s G O0o83%~
Ky >
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20 that as P decreases it drops from 602 to about 2° C ar the end of the catapult process, as
shown in Fig. 55. If we assume an external temperature of 4 15° C, then at the end of the

tow path a lubricant is required which has & viscesity of%2 =10.00002 at +17° C; e.g., bensine,
water, petroleum; three meters from the beginning of the takeoff we rieed a lubricant with® = (.1
at 75° C; this requirement is satisfied by pitch. In between-there is a vhole range of

possible lubricants. In the first three meters of the glide, pure liguid lubricatior will not
be possible; sne will have to use graphite-pitch mixtures. The equations given are valid only
for moderate sliding speeds; actually the velorcity 6f motion reaches a final value of 500 m/sec
which is 1/3 the velocity of sound in the lubricant; because of this we may expect a great in-
ername in the coefficient of Iriction, but no physicaliy differant frietion phenomens, especially
since the high veloeitiés are accompanied by small pressure on the sliding jaws, The proper lu-
bricatian of the 3 lm long surface should be maintained and protected by a special lubricant
carriage which runs the full lepgth of the tragk, along the rails. The brake arrangement at
point B can be modelled on that of a railrosd; i.e., cast-iron jesws are préssed onto the braking
surfaces of the rai); after the aircraft rises the forces are released and the -empty sled is
brought back to rest as quichly as possible.

To test the basic feasibility of sliding at high speeds, R.Schmid has made tests on the
sliding of projectiles along curved metal walls lubricated with vaseline, The experimental
arrangement. consisted of a drawn-stee] tube of 10 mm inner dismeter, which was slit aleng ita
‘axis to produce a U-shaped groove. This chamnnel was bent into a closed circle 8 m. in radius,
so that the surface of the channel was toward the outside; then the projeéctile sliding in the
channel j& kapt there by centrifuga] fores. Through a branch tube whizh was tangent to this
circle, an sS projectile was fired from a German 98 K, and into the circular path. The bullet
ran through the circular path several times till it was bromght rest; after the test it was
found lying completely unharmed in the channel (Figs. 56, 57, 58)% The thin copper plating
of the stee]l was, in mest tests, rubbed off at the position of the maximum diareter; the steel
surface showed isaolated scratches apparently cansed by filings and burrs along the slide-path.
Immediately after finding it, the bullet was still warm to the touch. Also it was compressed in
cross-section; this is probably cansed by the fact that the spinning of the bullet atops after
a short time and then the cestrifugal force, which is initially 106G kg, causes the lead core to
flow. Afrer cessation of rotation and slight deformation, the initial point contact with the
wall is increazsed to a surface of about 1 cm?, se that the 100 kg/cm?® pressure between the zur.
faces, which is caused by the centrifuga] fprée, corresponds approximately to that of the
sliding jaws of the takeoff sled, Since the s5 -bullet is made of lead with a thin soft steel
cover, and in the course of its 150 m. sliding path goes through all velocities from BO{ m/sec
down to zero without being harmed, this experiment may be considered as a proof of the feasi-
bility of construction of sliding jaws for veloeities of 500 m/aec; provided the slide-rails are
properly constructed mnd lubricated,

If the accelerations of the aireraft during its launching are to Femain within permiss-
ible limits for both aircraft and pilot, a launchirg path of about 3 km. is required, so that
it is not possible to use a movable econstruction which would point the eraft toward its target
at takeoff. One will therefore install & takeoff trick, usable in both directiens, so that it
puints in the most probable directions for attack, say east-to-west; the more precise correcs
tion of the direction of flight can be left to the pilot during the very first part of the
climb path, where the velocity and acceleration are still sufficientiy small to permit such
changes of path.

If the bomber rises off the takeoff-sled at 500 m/sec, then its lift coefficient is c, =
0.05, whereas the best glide-number cecurs at much larger angles of attack and a lift coeffi-
cient ¢, = 0.173. If gne limits the norme! acceleration during the first driveloss part of the
climb-path £o 20 m/sec*, then the initial radius of the turning-path, which goes from the hori-
zontal takeoff direction to the direction of climb at $ = 30°, is 12500 m. This curved: path
of turn, which begins at the end of the takeoff is 9540 m. long and epds &t an alticude of
1700 m., with the required path inclination of 30" As a result of air resistence and gair in
altitude, the velocity at this point has dropped te 370 m/sec, the lift coefficient is ¢, =
0.093 - still mch smaller than thé one for optimuwm plide.numbgr. The bomber then climbs fur-
ther at an angle of 30%, at the expense of it: flying speed mtil, after a linear climb of
4000 m. to a height of 3675 n, and a vélocity V = 284 m/sec, the angle of attack for optimum
glide-number is reached; at this moment the rocket drive for the actual climb can begin, During
this 25-second-long, undriven motion after takeoff, the path of the aircraft can be turned in the
direction of the target. At the same tiwe, this procedure helps increase the range of the
bomber cver its value if one took off at V = 250 m/sec with optimum glide-number and started the
engine immediately -after takeoff, because we have gained a slight excess velocity and o few
kilometers for the clinb.

X These Fl'1-5- nm: “‘cd

C-85298



200 160 QOO G4
sy

hmﬁ 140 'hqoml‘:in
-ll

vi
- A

o -
300 o 40 qooos el
-3
m:ao 0po0s 12

mém Gooos & /
%

~

10 0p002

o © goooo

. - |
400 400 600 800 000 DOO OO0 4500 HJOD 20GD 2200 2400 300 W00

5 Starting path in mebters

b
i'n‘ :‘-l-c "
s °% 3

§ﬁ %D 0 -l ’0‘
. ot

¥ 25 3 & - 7 "
Bl ondx £ ®© =
82278 £ 3 i : §

L.
oL &S » o o E 8

Fig. 55; Gliding velocity v, moved load G, loading on the runnera G - A, heating of the
lubricating £ilm AT, viscosity % of the heated lubricating agent, znd practical
manner of lubricating for various points along the starting path,

89

C-Bu296



Abb, 56; Versuchanlage flr Gleitreibungsversuche bel sehr
hohen Gleltgeachwindigkeliten, bestehend aus einem
Nilitarkarabiner 98K und einer mit & m Radius ge-
krummten, geschmierten und geschlossen-kKrelsfor-
nmigen Gleitbahn f&r das sS-Geschoas,
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3. Climb Path

The climb path of the racket Lomber is determined by thié forces acting on its center
mass. I1f one momentarily neglects the rotation of the earth, these are;

2
The weight of the aircraft-megnitude 4=—‘/ G, — '95' %//;i:/((fﬁfﬂj

di rection toward the center of the earth.

The aerodynamic lift-magnitude A= Ccﬁ"”}é , direction perpendicular to
the tangent' to the path and in a plane through the center of the earth;

The air resistance-magmitude ¥ '=&A in the direction of the tangent to the path;

The thrust of the motor-magnitude P = 100 tons, tilted from the tangent to the path by
angle of attack, lying in the plane through the center of the earth and the tangent to the path-

The d’Alembertian inertial force T, equel and opposite to the resultant of the other
forces, having a tangential component m-3i snd a normal component m Va /f .

These five forces all lie in a plane, se that the path iz also in a plans,

The rotation of the earth makes the situation more complicated. If the earth’s atmosphere
were fixed in space, so that it did nat ratate afong with the earth, then the path reiative to the
earth’ s surfare could be calcilated as if a sixth force, the Coriolis force, having arbitrary
direction and magnitude =2 /W6u  [(Gojp %6/ acted on the center of wass of the aircraft.
Because of its arbitrary direction in space, tbis force makes the prbit, relative to an observer
ot the earth, appear to be no longer in a plane. The atmosphere, which actually rotates with the
earth, produces -gragging forces on the bomie_r which cause its absolute path also to be twisted,
so that the bomber is pulied like a weather vame by the epparent wind developed by the rotation
of the atmosphere, and will temd to turn except when it is flying in the west-east direction, as
can be seen by considering s flight starting from the pole, Thie interfering weathervane action
will have to be countered by the pilot’s steering; i.e., by a seventh force perpendicular to the
tangent, if the sbsolute path prescribed by cslestial navigation is to be maintained. In the cal-
culation, it is assumed that the tranaverse asrodymamie forces excited by the elimination of the
westher-vane action do not aoticeably alter the glide-number. Since these transverse forces are
always perpendicular to the plane of the orbit and nnly prevent a shift of the aircraft out of
the plane, they need zo lamger be considered in the calculation of the orbit, To illustrate the
the relation betweer the forces acting an the center of mess, Fig. 59 shows two views of lhe air-
eraft during the climb; the line of sight is aleng the herizon et the level of the aireraft, If
all the dependences were available in analytiz form, one could introduce suitable space coordi-
nates, resolve the forces along these directions, apply the dynamical equation to each direction
and thus obtzin three differential equations for the three cnordinates of the climb path; the
jntegraticn would almost certainly be impossible, since the far simpler equations of ordinary
extertor ballistics are not. The determination of the relative orbit is mmch simpler; sne proceeds
in two steps: first the absclute path is caleulatec negleeting the Coriolis force (i.e., using the
five forces previously )listed), Then one ealeulates separately the turning of the earth’s surface
below the aircraft., Finally, the two components are combined on the sphere to give the twisted
relative path in space. The plane absolate orhit is detemined by a step-by-step mgthod which is
familiar in Ballistics. (1, Vol. 1, p. 207) As in Fig. 60, the contimuosxly curved path is
broken up into a polygon, whose sides are sufficiently short that they can replace the are of
wvhich they are the chord. All the forces acting on the aircraft are combined at the vertices, A,
B, C, cte., and aldéng with the inclination & of-the orbit are assumed constant along
AS =48 5S¢ e%. By setting the resultant force in the tangential direction equal to zero, we

. v

obtain J = 9(Pcosex — £Ay — Gy 573 V6,

#p that the velority increases in first approximation frem % b % =/m

in the time Adg — i —K;ﬂ . By setting the resultant normal force equal to zero we
obtain £y, = Gy y.% Gy cos%—ﬂ;,};n(-lg)g . The absplute velocity Ya, at the point A
can be-determined wath sufficicnt accuracy from the velocity of flight ¥y and the angular velocity
of the point of takeoff, Thus the arc AB can be drewn, and B, is determined in first approxi-
mation. Now that the average value of the inclination and the average foree between A and B, are
known, cne can lecate B in second spproximatian in the same memner. One repeats the procedure at
8, often enough so that the orbit is given in analytical or graphical form. The calculations of
the prbit by this method were done numerically by A Woyczechowski; the imitial conditions were
beight 3675 n. above sea level, relative velocity of flight 284 m/sec, and inclization of orbit
309, and thp path was studied out to G/ o 0.1. The orbit was also caléulated for £ . 3000, 4000
end 5000 m/sec and finally neglecting the earth’s rotation, and then with maximum effect of the
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rotation - ;.e, takepff from the eyuator itw an easterly or westerly.direction. The followang

figures shov some examples of the results; Fig. 61263 show the shaps of the absolute orbit, Fig.
64 shows the velorities reached, Table II} zives & summary of the most important results for all
the orbits, neglecting the earth’s rotation. . :

A fairly accurate estimste of the final velocity, which is the most imﬁurtant datum for
the climb path, can be obtained without doing the exact calculation of the orbit, by using the
equation V/c- :j;_r 6,/_5- —-7('/- 5‘/&.) This is especially so if one fits the actual conditions by
secting q (ratio of total air resistance plus weight component along the path to instantaneous
weight} equal to 0.5 in the range G/, = 1.0 to 0.5, and g = 0 for G/;;; = 0.5 to 0.1. If cne
carries put this rough caleulation fér the bember with 100 ton t;akeof?-’weight.and 1D tons empt,
weight, foT various exhnust speeds C, assuming initial velocity 28B4 m/sec, one finds that for C
= 4000 ' sec the borlrr reaches the velacity of a long-range projectile even with a 50-ton bomb
lead, so that it cer rovprie with long-range -artillery; without payload it exceeds the velocity
¥V = 790 m 'sec, Beturcen thess tun extremes lie all sorts of velecities and bomb loads, An
interesting result which is easily obtained, is that in the range of bomb loads suitable for
military use, i.e. 340 tons, the exhaust speed has little effect on the final speed. This means
that the developrment of & rocket bomber does not have to wait for availability of rocket mptora
with C = 4000 m/sec; with C = 3000 m/se¢ ohe cen already constiuct a very dangerous weapon,

Figs. 85 and 66 compare this rough calculation to exact orbit calculation and to the curve
for ideal rocket propulsion: the initisl velocity ~fter takeoff is ineluded. One sees that the
rongh estimate pives the actual behavior with sufficient accuracy, especially for large values of
€: alse the final velocities actually attaived, especially with large bemb loads, are far below
those for ideal rucket propulsien, because tho weight component in the direction of propulsion is
comparable to the thrust for the initial steep climb, and because of the rather high air resist-
ance during the climb. The propulsion curve could thus be improved by lessening the resistance or
increasing the propulsive forces, A lowering of the initial angie of climb $# would decrease the
harmful weiglht compotient, but wguld result in great increase n air resistance in regions of
dense air - we can expett no success from this provedure. Another possibility might be a great
increase in the thrust during the initial part of the path, sco that, say, the tangential accel:ra.
tion is constant im the range of the permissible limit 10 g, dnd the resisting forces are half
the instantaneous weight initially and then drup to zero below G/g, = 0.5. The rocket motor would
have to start with a thrust of 1000 tons, and then be throttled gradually to 100 tons at the end
nf the ¢climb. Taking V= 284 » @ F5c #s Co/z for LOoD> G MO8 and V=28¢ 1 2 659w
c s Gy{-gg for &L5> %}a./ we get the results shown in Fig. 67. While the 100-ton
rocket motor weighs 2500 kg; one must assume a weight five times ds great {i.e. 12500 kg) for a
welleregulated motor with 10 times greater maximum thrust, If, despite the more powerful motor,
all other weights of the bomber remain the same, then the empty weight would be 20000 kg. instead
of 10000 kg; i.e., the most favorable G/g. would bg 0.2, and the bomb Ioad would already have
dropped te zero at Go/; = 5. The propulsion curve shewn in Fig. 67 for 10-ton empty weight would,
for the now necessary *20-tons, move considerably te the ripght; despite the increased difficulties
with the regulable 1000-ton motor one woyld achieve only a slight improvement for short distances
of attack, while the 100-von motor would still be superior for long range attacks. Thus the-see-
ond method for improvimg the propulsien curve also fails in practice, and the curves of climb
shown in Figs. 65 and 86 repregent the best solution of the problem,

The rocket bomber, at each moment of its flight,’ tends toward that part of the atmosphere
where the hioyant forces are equal to its weight, If this equilibrium position is such that the
altitede stays constant for a few seconds, it will he said to be staticnary, Such a stationary
equilibrium accurs, for example, if the aerpdynamic driving force A of the bomber, increased by
the centrifugal force F, which for flight at constant altitude is a consequence of the earth’s
curvature, is equal to the instantanepus weight G of the bomber.

Luring the climb the thrust component Dsssec ‘also acts =s a busyant foree, For example,
starting with a weight in flight, Go = 100 tons, at altitude H = 3500 m, and C,_ = 0.2, by
equating the weight to the propulsive {orce, we can obtain for the horizontal vefocity a value

b =ye 5./, §F = SO0 M5ec . At any other altitude, if we set the weight equal vo the
bupyant” force ‘¢, p2F/ 89+ Gv3/pCxGwe get i one-to-one relation between altitude and velocity,
This relatien is shown in Fig. 68, for C = 4000 m/sec, %e see that these stationary altitudes are
1ow, below 60 ko for velocities up to 7000 m/sec. If we include the vertical component, Aswzex
of the motor thrust of 13920 kg, we get the upper curve. It is interesting to note that for V =
4700 m/sec., the curve becomes vertical; 1.e., no stationary equilibrium is possible at finite
altitude as soon as V = 4700 w/sec. In the first curve the stationary equilibrium is no longer
attainable above V7900 m/see, These assumed stationary states probably do not exist in flight.
In particular, the center of curvature of the path is seldom at the center of the earth so that
the altitude would remain conztant - most of the time it 1s near the earth’s surface, and at
times it i1s even abave the airecraft; also the radius ef curvature is usually much less than the
radius of the earth. As a result strong transverse dynamical forces are developed, which permit
* dynamical” equilibrium of the bomber at heights far above the stationary ones.
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More exact determination of the relationship bstween btomb load, terminal

velocity of the Rocket Bomber attained for v = 3000 m/sec and v, = 284 m/sec

by means ¢f the graphieal determination of the course. PFor comparison are

plotted the approximate ezlculations and the curva for ideal Rocket accelera~
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Ideal rocket acceleration

Acceleration of Rocket Bomber with
variable thrust up to 1000 tons max.,
in case 10 tons empty welght and )
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Fig. 67:

Climb of a Rocket Bomber whose thrust is adjustable between 100 and

1000 tons, i.e, high almost constant acceleration with ¢ = 4000 m/sec
exhaust velocity.
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The actual heights oscillate about the stationary ones, with very large amplitude, while the ad-
‘ditional dynamical forces tend to . bring the aircraft back to the position of stationary equilib-
rium; i.e., they are restoring forces pointing toward the statiomary positien and increasing with
distance of the sircraft from it, like spring- forces. The number of oscillations; for the ex-
ample shown in Fig. 68, .is not quite 2 for the whole climb; this is shown by the following con-
sideration.

At first, the statiomary altitude is greatly exceeded. This results from the faet that
initially the air density decreases mare slowly than the increase in velocity, so that the
mireraft takes on a very steep position at angles ¢Z= 45° or more. Already at fairly high ve-
lotities, the aircraft must now be turned threugh wore than 45° from this position to that of
horizontal flight. Because of the small radias of curvature available, this results in powerful
centrifugal forces, which drive the aiferafy wp shove the stationary equilibrium heights of 40-60
km, to heights over }00 km. Une might now expect that the aircraft would immediately drap down
again from these extréme sltitudes, since the path is appreaching parallelism with the earth's
surface, and the radius of curvature is approaching the value of the earth’s radius. This drop
from the heights initially attained occors. only in slight degree, if at all, bacause im the mean-
time the velocity has increased very rapidly, and is alveady near the value Y = 4700 m/sec for
which the altitude of stationary equilibrium of the bomber becomes infinite. At thiz speed, the
bonber is in stationary &quilibrium at every altitode, se that it do#s not hive to fall, If it
exceeds V = 4700 m/see, then it suddenly finds itzel{ below the altitude of stationary equilib-
rium, so that it has an excess of buoyant force, and begins to climb again so leng as the
propulsior continues. This actmal curve of climb is pbtained frem the exact caleculation of the
orbit, and is shown in Fig. 68. The whole cliimb may be considered as dynamic flight only in a
limited senseé. For the most part it follows an imertial path, like that of a projectile or a
heavenly body, at heights which are practically in empty space, since one can no longer speak of
an atmosphere in the sense of aerodynamics when the molecular free paths are greater than several
hundred meters, Fig, 69, obtained frem exact orbit calculatiens, shows the actual dynamical
altitudes attained during the climb of the rocket bomber. '
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dynamic flight altltude when the Rocket Bomber is climbing with
¢ = 4000 m/sec.
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TV. CLIDING FLIGHT AND LANDING
1, Supersonic Path of Gliding Flight

The supersenic path of gliding flight of the rocket bomber is determined by the forcea
acting on its center of mass, in the same manner as for the climb path, These ext.ervt.ljl forces are:
the weight of the aircraft, G = mg, (_B/B + Z, the aerodynamic lift A= Celpve2 , the
air resistdnce W= A4 , and the d'ﬂlmhertian inertial force T. The same. results apply
to the rotation of the earth and the atmospliere as in Sec. IIT 3; in particular, the supersonie

liding path is to be considered as occurring in a plane, for an observer out in space; the
sevi-ating_ effect due to atmospheric rotation, which 1s especially effective in the lover layers
of the itmosphére, must be ¢liminated by steering. Only in apecial eases will the Coriolis forse
be eliminated by steering, so that the orbit relative te the earth is plane; this will occur if
the bBomber is to go all arcund the earth on one hop, and land at its starting point. To do this
in a perfectly plane absolute orhit in poasibie only if the takeoff field is av the pole, or if
it is at the eguator and the plane of the orbit coincides with the equatorial plane, Otherwise
the procedure of circumnavigation will go as follows: until the bomb release am absclute plane
orbit will be flown for purposes of precise celestial navigation; only the weather-vane action
will be eliminated, After the bomb relesse a suitable relatively plane orbit will be flown, 1.e.,
both weather-vane and Coriclis effects will be eliminated by steering. The arrangemeat of forces
used in calculating the path are shown in Fig. 70 for gliding flight in two aspects, both viewed
along the horizontal at the leve] of the aircraft. The procedure of calenlation corresponds
exactly to the stepwise method used in determining the clinb path; first the absolute orbit is
determined neglecting the Corialis force and then the separately computed rstation of the earth
is combined with-the absclute orbit to give the desired relative orbit, The initial conditions
far the decending path are given by the endpoint of the climb path. Since the climb path can be
broken off at any point, there is a singly infinite manifold of possible paths of descent for
each ascending path. Actually we started from the previously calculated ascending paths with ©
=3, 4 and 5000 m/sec. and each of these was hroken off at Vo =1,2,3 np to BOOD n/sec, provided
that all these velocities were actually reached. They represent the initial velocities for the
descending path, Each descendiag path is followed until the velocity hds dropped to 300 m/see.
In Figs. 71 and 72 two paths are shown; one for & = 3000 m/uec, V_ = 4000 I'IV‘BG'C; the other for
= 3000 »/sec, V,=6000 r/sec at 6.36 times the altitude. Jn the i%.gures, the strong oscillations
of the paths, especially in the fjrst portion, are notable. Because of the considerable tilt of
the orbit resulting from the climb, the bomber overshoots its stationary altitude of flight, then
spproaches it from above, passes throwgh it because of imertia, then is driven upward again by
t.ﬁ grestly increased aerodynamic forces, until after several such oscillations the amplitude.has
decreased so much that the aircraft levels off at the statisnary altiwude and continves its flight
at that altitude, This ricocheting generally has s favorable effect on the range of the bomber.
It has the advantage that thé thermal stresses of the external surfaces of the aircraft which
face the course wind vary in time at high velocities of flight. The oscillation of the path will
be hindered by steeriag, only if flight at chie stationary altitude is needed for some special
reason, =ay aiming before the bomb release.

Figs. 73 and 74 show the main elementa pf the two orbits in greater detail. In Fig. 74,
one can easily see the following connactions: the orbit shown in Fig. 72 is now represented by
plotting the altitude H against the log of the distance &. [(ine can easily locate the peaks and
valleys of the orbit for hoth curves. The climb path ends after t = 300 sec. at an altitude
He 41.% km, with inclination $® = §_20 At this moment the velocity ¥V reaches 6000 m/sec. When
the rocket motor is turned off the tangential acceleration drops from 4, = 2 75852402
to -5.5 m/sec?, so the aircraft js greatly retarded, considering the fiat ascending path. At the
same time the normal acceleration acting at the cockpit drops from &w» = - ¢ ~Arec® after
the normal component of the engine thrust has ceased, to &, = » /8 7/5ec®. This positive
residye resglts from the instantansous center of curvature being above the aircraft, In the
first part of its motorless supersonic glide path, the bomber climbs to H = 143.8 km, while the
izclination of the path goes through o maxipum F=v&5dlso the tangential scceleration gradually
increases to jg=0-at the crest of the wave, while the normal acceleration increases up to _

= — s07/5ec? so that over a long period of time objects in the aircraft will appear to be
weightliess. At the same time the velocity drops to a minimum of Vw 5800 n/sec at the crest of
the wave. At the position, S = 1700 km,of the farst crest in the orbit, the curves for ¢2 and
also practicelly for 6 (becanse of the low air-density) must go to zero, while 4, and V pass
through a minimm. Then follpws the firsc flight into a valley, with a height loss of 108.8 km.
in 250 sec, During this the velocity again rises to 6000 m/sec, the largsst inclindtien ie -8°,
the largest tangential acceleration is 44 = +/m‘/s¢¢‘.z In the trough the height is H = 35 km,
and the largest hormal acceleration acting at the cockpit is Sp = # IEBLec®
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in m/sec in tone | length | in height @eceleration

in Km seconds in Kr  fn n/sec,

1000 500 303 490 40 38,5

o 2000 318 1528 1300 46 21,7
L 3000 200 3639 2180 45 174
S| <000 115 | Gese | asee 41 105
1 5000 48 | 12171 | 4330 76 34,9
6000 03 | 2037 5800 143 465
1000 587 295 530 3% 28,7
2000 433 1367 1160 37 152

§ [ 3000 305 3477 2100 49 26,0
5| 4o00 200 06959 3040 80 356
S| 5000 133 | 72502 4400 104 453
6000 80 | 21139 5820 160 488
7000 38 | 39363 8840 283 503
8000 10 | 91870 | 16015 1296 507
1000 650 291 455 30 228
2006 517 1254 1120 3 192
3000 375 3847 2225 68 373
-35_ 4000 281 7454 3200 87 370
‘5, 5000 201 | 12180 4290 102 46,5
S [ 000 150 | 21531 5990 144 354
7000 105 | 42091 9120 128 363
8000 65 | 293720 | 41600 778 25

Numerdcal characteristics of 22 various descent paths of the Rocket Boamber,
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This provedure is repeated at sach juinp which the rocketv pgmpe. ..mxes voward its target, wshile
the extreme values gradually die down and the flight becomés more and more smooth in the neigh-
borhood of the svationary altitude. The total length of cthe projection of the glide path on the
earth’s surface is 20371 km. the duratioh of the flight is 5830 sec. In this manner various
orbits were calculated; Table II gives the most important data - length of the orbit, glide.
number, maximum altitude attained, and meximum positive normal acceleration.

All these orbit investigations were carried put neglecting the earth’s rotation., Far
this reason Fige. 75 and 76 show the relative and sbsolut= orbits for supersonic flight of the
rocket bomber for € = 3000 m/eec and with the velacity at the end of the climb path V = 6000
n/sec, if the aircraft tdkes off in an exact easterly or westerly direction from a pomt. on the
squator. In the case of an eastward takeoff, the velocity of rotation of the takeoff point
relative to the earth’s center adds to the veluclty of the aircraft relative to the takeoff
point, so the centnfugal force incresses. Becduse of this influence of the earth’'s rotation,
the range S = 20370 km. in Fig. 72 is increased to 5 = 23470 kn, more than 13%. This supersonic
path relative to tihe earth’s surface is shown in Fig. 75. The most interesting features are the
much greater heights af the arbit peaks and the longer distance between pesks, compared 1o Fig.
72. The absolute path of the aircraft, as seen by an observer out in space, 15 shown dotred in
Fig. 75; naturally the absolute path length- is nueh greater (S = 26410 km:). In the case of
takecff to westward, the rotatienal velocity of the tokeoff paint is subtracted from the velocity

of flight, the :cnhrlfugal Torce decreases and the range drops from 20370 km to 18200 ‘km, i.e.
more than 10%. At the same time the hexght.s of, and intervals between, the first waves of t.lu:
orbit decreast These results are shown in Fig. 76; the absglute orbit is shown dotted for
comparison. T1he effect. of the earth's rotation oi the range and height of the supersonic orbit
becomes even greater if the maximum velocity of flight approaches the velocity due to the earth’s
rotation; on the other hand it decreases rapidly if the start is made “from the egquator in an
1nl:ermed1ahe rather than in an easterly or westerly direction, or if the taksaff ppint moves
from the equator toward the poles. For example, the ranges for ©=4000 m/sec and Y_= 7000
m/sec are 32430 km. for westward takeof[ from the equator, 50440 km for eastward taﬁeoff from
the equator, and 39363 km for takeoff frea the pole; the corresponding ranges for & = 5000
m/sec, ¥V = 7000 m/sec are 32660 km, 58880 km and 42091 km,

%hen the bomb loed ia dropped during the supersonic gliding fllght. the weight suddenly
decreases by 10 tons from the value G, and the statiemary altitude increases by
d A= 63416 ﬁﬂ This decrease and the diminished ballistic loading of the aireraft produce an
effect on the oscillating orbit, as showr in Fig. 77 for a definite case. It was assumed that,
along the orbit for ¢ = 4000 m/sec, V = 7000 m/sec, a 3.8 ton bomb was ' released hori zant.ally nt
40 km altitude and 6060 m/sec veloclty, so that it struck the point on the earth opposite to the
takeoff point., For a bomb throw of 850 km, the release must occur after 19150 km. At this
point the plot of the arhit splits into three curves; the path of the falling bomb, che dotted
path which the bomber would have foliowed if no boubs were teleased, and the solid line showing
the orbit after the bomb rejease. In thé last case the waves in the orbit are higher and broadez,
so that after several oscillations a definite phase shift 'is obmervable, the statienary part of
the path lies 1670 m. higher, and the final velocity of 300 m/sec 1s reached a few dozen kile-
meters sooner. The difference in range is se slight that one need mot make a special investi-
gation of the orbit afrer the bonb release, but can use the appronmat.e orbit calculated for ful:
bomb load. Fig. 78 shows the elements of t.lus orbit; it is interesting to note that at_the point
of release the normal. acceleration jumps. dxsconumwusly from + 7 m/sec® to+19.5 m,(’sec2 because
the aircraft was in a trough and before the bomb release (when it weighed 13.8 tons) it was in
dynamical equilibrium with the buoysnt forces of the air.

The range of the rocket bomber is largely determined by the length of the supersonie
glide path. Thic important quantity can be estimated to a first approximaktion, without dmi
the exact orbit calcglatmn by setting the imertial force equal to the air resistance, Gf o=
-_— firom whic
GE ik gt and s=(d-vY2Eg
This simple calculation is satisfactory wp to V. = 2000 w/sec, Above this, the centri-
fugal force due to the curvature of the bomber s orbit around the earth can no longer be

negtected. In second approximation we may set Cg Ay = —-(@—-GV @}f from whick {(18) :
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These eguations give good results for the atationary flight patks until we approach the velocity
of points on the earth's surface. Wwith the aid of these equations we can also include the cffect
of the earth's rotation, znd obtain values of V_, t, and S. for the absolute arbit, if in place
of the relative velocity V_ we usé the absslute velocity V o of the takeoff paint, which is
calculated from its velocity V, and the compass angle § ol the initial velocity V_ by the
equation [ = ¥ p}é‘-}-‘?l{ﬂ. s g The effect of the earth's retition en the path length is
greater than 1% in the most unfavorable case for V_ = 2500 m/sec, but decreases considerably when
we change from absolute to relative path length, The path lengths calculated in this way can be
compared to the ranges of fire for the same muzzle velocity V ; up to V = 6000 m/sec and for the
glide number 7€ = 6.4 used here, they are better by s factor g.k, and as we approach the velocity
of points on the earth’s surface the factor increases rapidly; i.e,, for the same initial velocity
one can fly much farther than onc can shoot,

Fig. 79 shows s comparison of the results of this second approximation with the stepwise
calculation of the oscillating dypamical path; The reason why the dynamical paths are consider-
sbly longer than the stationmaryqfor the same initial speed is mainly that whereas in the station-
ary gliding flight the energy consumption is distributed uniformly over the whole path, it is
concantrated -in the troughe of the dynamieal path; the first (and also the longest) jump, which
constitutes 15-30% of the tetal range, has a trough only at its end, and enly.loses there half
of the energy which would be lost at the stationary altitude (this energy represénts 15-30% of
the total energy store)., Other reasons for the greater range of the dynamical paths are that the
regiona of greatest emergy consumption occur at low altitudés where favorable gas-dynamiec glide-
nunkers at high Reynolds numbers exist, while the higher parts of the path, in which unfavorable
gas-kinetic glide-numbers aad low Reynolds nurbers exist, occur in regions of rarefied air or
practically empty space; finally, the process of turning out of the climb path, in the case of the
stationary orbit, has to oceur under unfavorable angles of attack, resulting in increased energy
consumption for the same length of path. Even more clear is the plotting of the supersonic range
of flight against bomb load gr weight ratio, as in Fig. BD. The last two figures do not include
the effect of tha sarth's rotation.

Also 1mportant for the use of the rocket bomber is the sitvation where, after release of
bombs, the aircraft starts toward its home base., If the antipodes of the home base or other parts
of the opposite hemisphere are being attacked, the bomber will return simply by continuing aleng
its glide path after the bemb release and flying all around thé earth. For nearer targets, there
is the possibilicy of return by shifting course after the bamb release. Threc possibilities are
considered. Firat, instead of having the path be a great circle, after the initial propulsion,
let it be a circle, lying on the earth’s surfice, with diameter £» equal to the distance.
between takeoff point and target. For ;l/i_ght along this circular cep, the air resistance for a

given veloeity increases. in the vatio casi/,',/lﬂ/,___,r%yf*y V’Pf?%"s//k/;“’/f@f
because of the oblique centrifugal forces, while the circular cap is shorter than rhe great
circle only in the ratio 4  Flight along the circular cap will be more favorable than flight
along the great circle only for velocities below 5600 m/sec, so this method of turning seems suit-
able for shorter distances of attack, However, in this range there is im most cases another
faverable turning proecedure - to reach the target along a great circle, te turn the aircraft at
the target as sharply as possible, and return home aleng another great circle. 1f the bomber
turns through & small angle @, then the ratio of the work done, on the element of turs path of
length /¥ty the kinetic energy of the bomber at the beginning of this element is 26’:(1!??-47’}3‘:.
which can drop to 4= V%4 because of large centrifugal acceleration which can approach
the permissible limit, The turning path then becomes a spiral along which the tangential and
radial accelerations are comstant. It is not integrable and must be computed step by step. From
the equation, the relative loss of weight during the turn 1s independent nf the velsarcity at the
atart of the turn, 8o it can be computed once and for all for-al% the spirals. It is shown in
Fig. 81 for turn-spirals with tangential deceleration .75 m/sec® and centripetal acceleration
50 m/secd, After a 900 turn only 0% of the initial energy is left, after a 180° turn only 3%

iz left; i.e., the sharp turn still costs a great deal of energy. There are intermediate pre-

cedures for turning, which are a combination of narrow turn with non-great cireles. these are
characterized by less energy consumption thon the last limiting case which only permits Lhe use
of oscillating flight paths.

A third turning method consists in the aircraft using only enough energy in the climb, to
enable it to reach the target; there it turns at its omall residual speed, and with the aid of a
fuel store on board, gets another push to give it the energy for the return heme. This method of
using two driving periods has the feature that the aircraft travels slowly over the target at low
sltitude. So on the one hand the bomb= can be dropped with great accuracy on the ather hand,
the fire power is: less than for long range attack, and finally the bomber gets into the enemy
zone of defense at the target. Fig. B2 shows the ranges of the rocket bomber when it is turned
by the last two methods., .
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_ The same considerations apply to the altitudes of supersemc gliding flight as to the
climb, especially as regards * stationary ” and * dynamic altitudes. The stationary altitude.,
determined by the equilibrium between the constant [light-weight and the propulsive plus centrif-
ugal forces (just as they were psed for Lhe second approximation to the length nf the supersonmic
path), are shown in Fig. 83, where the curves are drawn solid out to the point actually sttainsble
with the given bomb load and € = 4000 m/sec. The dynamical altitudes of flight, which resnlt
from the varying initial conditions for the dynamical orbit of supersonic glide flight, tend to
approach the stationary altitudes of flight, as shown in Fig. 84 which shows the dynamieal and
stationary paths for © = 4000 ni/sec and V_ = 7000 m/sec.

2. Path of Subsonic Gliding Flight and Landing

_ The subsenic gliding flight, by its definition, begins at V =300 n/sec vith G = 10 tons.
The 1ift cosificient for a favorible glide positicn iz then shout €, = 0.2 and the carresponding
height is H = 20 km. ‘The supply of potential and kinetic energy is still 24580 kg m/, s with
which a distance of 245B0/& = 98200 m. can be travelled for an average subsemic glide.number
& =4 One can follow the desecent in emall velocity'-st.ep's ¥y, V2_, Vs . . . by using the result
that the decrease in kinetic _ene.rgy(%a—- Ve’%)/gj plus that o]I the potential energy {Hl-ﬁzj
must always gqual the work against air resistance As.£ ; in If.;le stratosphére we get
a8= (;':-ﬂlé}l/‘_afy reuyilpyin” or AN = 63480dw 2,8 in t.h;
tToposphere aLT, ' .«

e R g2 e, Y — 4 25ONer -y ) T o A= (- #4259)f7~ b1 ) 7
The subsonic glide path obtained from these equations is shown in Fig. 8% We see that the sub-
sonic descent lasts 1L minutes, and ends nesr .he surface of the earth av a velocity of 288 kw'hr,
whereupon the landing can occur. The actual variability of the subsonic glide-number can affect

kis path of descent.

The landing process begins st ¥ = 288 km/h with C = 0,2. The behavior ol the aerodynemt
forces is given by the upper polar of Fig. 34, so that the velocity of the bomber can be leweres,
by using landing-aids, to 2'83%: 158 keiyhr which is required for milivary glide-landings.
With these polars we can determine the air resistance and the required angle of attack &C for
all velocities Between 288 and 150 km/hir, for G = L0 tons, so the landing procedure can be
followed by using the dynamical equatioms. It is shown in Fig. 86.
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¥. PMOJECTION OF THE BOMBS
1. Types of Projection

The rocket bomber has two different methods of attack: point attack and areal attack.
The two procedures differ mainly in the manner and accuracy of the bomb release,

In the procedure of attack on a point, the boob will be aimed precisely toward a point'-
shaped individual target, and released at moderate altitude and velocity under the same condi-
tions as for ordimary bombers. In practice the same sub-types of bomb release are available to
the rocket bombar as far other bombing aircraft, e g. bomb release during horizontal flight,
dive bomb attack, bomb release during climb, low-altitude bombing, etc. The well-known condi-
tions and difficulties of these types of releese apply practically unaltered to the rocket bom-
ber, especislly as regerds the sccuricy attwinable and the need for udequate visibility at the
target, so nothing new can be said about these typ.s.

Things are quite different for attack on ar areca. Here the bomb is thrown from great
altitudes (50-150 km) and at very high velocities of flight {up to 8000 m/sec), i.e. under con
ditions far beyond those of lomg-range artillery fire. Since the target, for the distances in-
volved, will not be visible, the release on an area will be aimed indirectly, e.g. by celestial
navigation. Thus it is independent of weather and visibility at the target. Becanse of this,
it does not reach tke accuracy of release on & point, and we must expect spreads of several
kilometers. So with areal bombing one cannot hit particular points, but rather a correspondingly
large area, with sufficient probability. To achieve an anticipated effect on this whole sur-
face, a single drop will not suffice, rather we wiil have to project several bombs toward the
same target; these will distribute themselves over the surrounding surfaee acecording to the laws
of chance, The distributjon of kits inside the arsa will not be uniform; the bombs will strike
more Irequently in the neighborhood of the targer than far away; there will also be unavoidible
bomb-hits far outside the area being attacked. However, on the basis of laws of probability, the
bonb distribution can be predicted well enough so thet the goal of the attack ¢an be achieved
with the same or even greater accuracy than for point attack.

2. Flight Path of the Bomb

In order té make calculations concerning the bombs thrown from rotket aircraft, we must
make someé assumptions about the external shape of the projectile. Bést suited to the existing
corditions is a bellet-shape, with flat base, with 1 cylindrieal tapered portion at the rear,
with largest possible ratio of héight h to calibas 1. With say-%k: 8 we get, from the well-
known gas-dynamic laws for very high Mach numbers, i resistance coefficient of C, = 0.014+ 1.43
A2/v2; where in the friction coutribution (.~ 0.004 we neglect the stabilizing surfaces, since
they probably can only manage to set the projectile spinning ebout its axis in the initial pert
of the flight, before their thin walls are destroyed due to the temperatures developed by Frie-
tion.

I{ one assumes that the explosive constitute:s 50% of the bomb’s weight, then bombs weigh-
ing 30 {or 5 or 1) tons have 1en§ths of 11.20 {or 6,16 or 3.60) m,, and cross-section leadings
of 19.5 tor 10.7, or 6.2) tons/m*. In & practical situation any bomb lead ceuld be made up out
of these three sizes. The considerabls space required for the prejectiles will require an ad-
justment of the bomb-load-and tank-apace to the purpese at hand, in the sense that larger fuel
loids will be accompanied by decreased bomb loads and vice versa; i.e., the sirersft described
earlier is best suited to the first case,

In estimaling the path of flight of the bomb #& can proceed in the sane way as in deter-
mination of the ascending or descending path of the aireraft itself, The force picture differs
frem that for the climbing aircraft, since we have assumed that no aerodynamic lift forces act
on the bomb and that the bomb can no longer be kept in a definite orbit plane by a pilet, so
that it follows the tendencies to sideways motion due to atmospheric rotation (weather-vane
action) -and earth rotation {Corieliz-force), and describes a twisted orbit in space. As shown
previously, the weather-vane action is caused by the fact that the bomb, as it flies over places
of different latitude, continually moves through layers of air of different absolute speed
(depending on latitude), and thus is acted on by a cross-wind, which produces horizontal trans-
verse forces; these do not act at the cenLer of mass of the projectile, but behaind it, at least
if the projectile has fins. This force ss well as the Corinlis force was assumed, in the case
of the aircraft, to be eliminated by transverse steering which develops forces equal and opposite
to them. In the case of the bomb there are no conmtrels; as a result of the weather-vane action
it will not only drift te the side, but also as a consequence of the resultant torque, it will
start te rotate about a vertical -axis through the center of mass. The flight path of the bomb
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is thus determined by five external forces, of which four act at the center of mass and the
fifth acts behind it: weight of the bomb, air resistance, transverse air force, Coriglas force,
and d'Alembertien inertial force.

The transverse force is perpendicular to the tangent to the path, points the way the
transverse wind iz blowing, is proportional to the air resistance and the square of the angle
under which the unperturbed air stream meets Lhe symmetry plane of the aircraft. This angle in
turn is determined by the strength of the cross-wind, i.e. by the course of the bond and its
velocity relative to the ground, by the magnitude of the moment of the crosswind about Lhe cen-
ter of mags of the homb, and firnally by the slowness with which the bomb responds to the eross-
wind and its torque, in turning 1is apex toward the crosswind. This inertia should be as large
as possible, since the tendency Lo turn always exists except when the bomb is in the plane of a
latitude cirele, We can get an idea of the magnitude of this effect by considering the 300 km.
long path of fall for a point of release over a pole of the earth, The difference in cross-wind
between the point of release and the point of impact is, in this case, the absolute velocity of
‘rutation 22 m/sec of the point of impact. Thus the sungle of the cross-wind blowing against uhe
projectile is 1/2 degree for a mean forward speed of 3060 m/sec. For such angles of incidence,
in the Newtonian velecity region, the transverse force would be equal in magnitude to Lhe resist.
ance of the projectile; the projectile will thus carry cut the deflection rapidly despite its
large moment of inertia, so that the transverse farce cannot increase to =uch magnitude.

The remaining forces, the Coriolis foree and the d'Alembertian inertial force, can be
given from our previcus analysis. In doing this we should notée that the system of forces acting

on the bomb is generally a spatial system, i.e. it camnot be balanced by a single inertial force,
but rather by a "screw”. ’

If Finally the bomb starts to rotate about its axis of symmetry, thes gyroscepic, Magnus-,
and Poisson- effects start, which affect the course of the bomb.

In erder to obtain the path of the bomb, the force components along the principal direc-
tions of the compass and along the vertical must be determined.and the equations of motion for
the three directions in space must be written down. Tntegration of these would give an exact
description of the twisted path in space. This extensive generalization of the well-known
*Fundamental Problem of Exterior Balliztics’ is not directly soluble,

To get a preliminary picture of the path of projection, the range, final velocity of the
bombk, time of fall, angle of impact, etc., we can use the well-known simple procedure of Poncelel
and Didion for stepwise graphical construction of the path of fall. This procedure takes ac-
count of the earth curvature, convergence of verticals, and variation of air density and ‘gravity
with altitude, and is therefore the best suited of the usual ballistic procedures for the rocket
bomb. In the actual calciilation of the bomb path by this procedure, it furns out that the effect
of air resistance on the path is extremely small, first because of the low air density along most
of the path, second because of the small coefficiemt of air resistance for the slender bullet-
shaped body. The paths ¢an therefore be very accurately described as Kepler ellipses, and then
the range and angle of impact can be determined from these. The actual velocity of impact of the
bombs with the earth will be decreased by a few percent because of the .air resistance.

The range of the bomb thrown horiz_ontallz ahd falling aleng a Kepler ellipse is given by
W=Rore cos [1.(7-lerrdlle-Ll] where & =/—i [;ﬁ){é/?g is the eccentricity of the ellipse.
From these equations, the relation between the hei at release H, the veloeity at release V,
and the range W, is plotted in Fig. 87. The duration of fall can be determined by integrating
the path lengths or by a step-by-step calculation of the orbit, and gives values corresponding to
those shown in Fig. 88. For large velocities of releasé, Lhe &arth rotalion lias s noticeable
effect on the range. Since the release paint is cutside the earth's surface, one can insert for
the velocity of release the absolute velocity of the bomb at the point of releise, and then ob-

tain the absolute length of the range from Fig. 88; the relative range on the earth can then be
calculated in the wsual manner.

One thing to be checkéd is how warm the bomb becomes in falling through the lower layers
of air. In the case of the bonber, which has its high speeds in regions of rarefied air, so that
it flies at moderate stagnation pressures, it was assumed that equilibrium bgt.\ygen heat intake
#nd radiation can be mazintained by having & strongly radiating skin for sufficiently low wall
temperatures, or that crivical thermal stresses can be withstood in the troughs of the path by
having a skin with sufficient heat capacitv. During the fall of the l').omb through more demse lay-
ers of air, the heat transfer per unit ares of the bomb surface will increase greatly, but the
bomb's fzil lasts a much sherter time, so that one may compute using the heat capacity of the
shell of the bomb. _The stagnation- and alco approximaiely. the friction+, temperature can be
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estimated from the gas-dynamic energy equation Lo be A7 V2/2600 if one assumes that for high
temperatures of the boundary laver; the vibrational degrees of [reedom of the air molecules are
completely execited, but that no dissociatien occurs in the boundary laver. The laws governing
the transfer of heat from the heated regions of the boundary layer to the rigid wall are unknown,
but one can set up & rough enérpy balance by using the estimated coefficient of laminar frictiom
of the boundary layer C = 0,0003 to calculate the woerk of frietion per unit surfacve per seec. as
TV =Cr vz afcppyl for V T 6000 m/sec at the earth's surface, this gives 5.4 hp/eme. If
one a¥sumes that a third of this heat goes to the wall, then one obtains the conditions of che
Jet throat of a powder rocket mentioned on page 8; i;e. an 1iron jacket ouly 2 er. thick would
only begin to melt after 10 sec. as a result of this heating. From mnre recent measurements of
heat trapsfer at high Mach numbe.rsé it appears to increase more slowly than the rate of friction:
al work, i.e. it goes like "¢ *= this indicates that the bomb can go through the critical
lower atmosphere even without the use of strongly radiating refractory prétective layers for the
outer covering.

Finally some general considerations are necessary concerning the accuracy of hitting for
bomb release from great altitudes at high speed. 1In gunnery one assumes a diameter of the 50%
circle equal to the range of fire. For the rocket homber, the range of fire in this sense is
the length of the path of fall of the bomb. Far a mean length of say G000 km, the praobahle
scatter would be 6 km, if one could reléase from the bomber with the same accuracy as one can
fire from a cannon, The actual error will be the resultant ¢f errors in release, which are
determined by position-, velocity-, and direction- errors at the point of release, and of davia-
tions during the fall, which are caused mainly by fluctuations in the density and flow of the
air. The navigation of the rocket bomber to the release point is divided into three aiming
procedures. The first phase consists in having the catapult apparatus lie in the direction of
the target, if possible: becduse of its fixed installation deviations up to 90° may oceur. The
correction of this error occurs in the second phase right after takeoff, during the motorless
flight or right at the start of the propulsion period, when the direction to the target can be
tat by meane of the compass ts within a few minutes af are. During the glids, the airrcraft must
be steered very adcurately, uince syslemstic effects - rotatien of the earth and atmogphere, and
accidental influences, such as small asymmetries, errors in steering, fluctuatioms of air demsity,
and movements of the air, cortinually temd to bring the aircraft eut ol its aorbit., During the .
glide above the tropesphere, the third phase, on which the accuracy of the bomb hits depends, is
eompleted. JIn this one can think of using astronomical methods for pointing; this will be in-
dependent of the influence of the weather or the cnemy; in the interference~free stationary glide
path before release, it permits determination of position to an accuracy of a few seconds of arc,
corresponding to position errors of little over 100 m. To determine the apparent horizon wunder
the excellent visibility conditions available, one can sight on three points of the natural hori-
zan; from the depth of the horizan the altitude can be determined. When the apparent horizon has
been fixed, the maintenance of the prescribed orbit in space can be assured by choosing one or
several stars in the plane perpendicular to the horizen through the position of the target, and
following .their apparent motion with 2 theodolite. 1f the guiding star, during the dynamie
flight, stays in the plane of the orbit (i.e. on the vertical cross=hair) the pilet knows that
he is in the prescribed orbit-plane. On the stationary flight path he can determine his absolute
velocity from the apparent motion of the star aleng the vertigal croess-hair, and his position and
that of the bomb release from the altitude of the star. Whether the target is visible at the
instant of bosb release is unimportant. The determination of the point of release involves only
the small error in angle measurement, which corresponds to a few hundred meters. Fig., 89 is a
pictorial presentation of the conditions during this third aiming phase. The errors nrising
during the fall of the bomb are more significant. If among the factors affecting the spread of
projectiles: differences in propulsive charge, vibrations of the barrel, meteorological fluc-
tuations, differences in the projecti]'es. and srrors in direction, on].y the last two are considered
and each is given equal weight, then the spread would be about 2/5 of 1%, i.e. 6% (77}, which
for a range of projection of 600 km, gives a diameter of 3.6 km for the 50% cirele. To this is
added the error in navigation of the aircraft itself, se that one obtains for the probable devia-
tion from the target of a single release, W, = 3 km, with which we can make approximste calecula-
tions.

3. Ballistics of Impacts

The process of impact- for point release and area release differ fundamentally in having
very different velocities and angles of impact. The processes in point bombing are similar te
those for ordinary bombing or heavy mortar fire, so that the necessary results can be written
down; e.g. in dive bomb attack by the rocket bomber with 30, 5, or 1 ton bombs, for 2 final
dlvxng apeed of 500, 300, or 260 m/sec, the penetrating power of bombs through the earth’s crust
is 100, 30, gr 12 m., 1or reinforced concrete the values are 10% of the above; the corresponding
penetrations through armor plate are 200 em. (1.43 caliber), 60 cm (0.86 cahber) or 25 cm.
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9.5 caliber), in otlier words sveater than the strength of all known shap's armor.

Entirely new conditions ercur for the area bomb, which has 8 velocity .of impact 10 times
as preat, Tne energy ol 1anacl is moch wreater than the energy content of the explogives in the
bowb. The strenisth of the rateécial of the bomb itself will permit it to penetrate a strecture,
or even to g through a city with numerous buildings, because of the small angle of impact; it
will not permit penetvation ints the parth. ‘lhe eifect will thus be zimilar to that of a mine.
The range of the explosion of a definite amount G |kg] of explosive can be estimated ag P=/kg
under the assumption that the surface destroyed is proportional to the explosive charge; here r
is the radius of destruction in meters, and k is a constant which gives the degree of destruction;
for sir pressures of aboul 2000V kg/m? which produce the worst effects or buildings and smash anv
excepl stecially reinforced one, k 1s 3; for pressures of 5000 kg/m*, k is 12, for which value
siight damaz: to structures scgurs, walls are overturned, and gables are destreyed; for k = 25
the safe distance of ardinary buildings from explesive storehouses is reached, and k = 200 gives
the circle at which window panes and, partly, window frames are brokeu.

These effects are distributed uniformly in all directions from the point of impmct eof a
sty thin-valled bomb, and the result of impact of the rigid body of the shock wave moving with
greater than sound velscity threugh the still air. The development of such sheck waves in frunt
of blunt projectiles flying at supersenic speeds is well known. The phenomenon of an explosion
wave 1= quite similar, execept that herr the excitation comes only to a small exteat from the
bemb fregments thrown out of the bomb cover, aml mostly from the combustion pases of the exple-
sive, which for sdiabatic expansien from the pressure and temperature of the exploasion te a
nermal pressure reach radial velocities of [figk.y = 3400 m/ . for E = 1400 kecal/}, while indi.
vidual portions of the gas can reach even greater velocities at the expense of other portiens.

If the explosive ehergy is also shared with the cover of the bomh (representing say 50% the total
mass), then the veiveity nf the radial explosion wave drops te 2400 m/sec, & figure whlch checks
well with actually measuced velocities of frapmmnts. The exploding material of the bomb collides
with the surrounding stzll air at this velogity, a»d starts the powerful and far-reaching ex-
plosion wave in it.

From the mechanies of the explosion process we can get a clear picture of the effect of
high impact velocity of an areal bomb en the explosive effect. In the follewing comsideratinn
we shall assume an ippact teloeity of 8000 m/eec, vhich we waild get if the aireraft descended
to the earth’s surface at 8000 m'sec and release! the projectile at short range. After detona-
tion of vhe -areal bomh on or aliove the earth’s surface the mass of the resultant ball of fire has
E+l enlv a radial velocity ‘of 2400 m'sec, but alse the convected forward speed of BOOD m/sec,
Tee 1wn velwvities superpase as shown in Fig, 90 to produce 4 velocity relative te the surround-
rar ~talt ayr. The front Jace eof the expledipon sphere enllides with the air at a velocity of
T+ BUDD T TUIOL m sec, apd excites a shock wave as il the explosive had (]0400{2400}2 I8 7
tines s» much energy content. The sutensity of the explosion wave there is 18 times as great as
for a bomb exploding at rest. The julensity drops rapidly fer Lhe sidewerd directions, and dis-
appesrs completely at the rear.

Sinee the area of destriction by an explesive clarre 15 properticial to the weight of e
vilenive, or more preciselv Lo Lhe energy availuble for the explosion wave, the area of destrue-
*iir ool an areal bomb is increased in the ratin af the sum of inpact energy and explosive rarrev
L lie latler alr._lli'e,_ v.e. tn the ratis (2-1002'4- B'UUUI":._] no- = lgl At the same time the uek.
treven area Joses 1ts rirveulsr shape, amd becomes a drep-like arew aleng the direction of release
wir- petlime can be  xleulated from the square of the resultant of impact+ and explosive shock-
veloeities, The ratio of destroved areas for the seme bomb for point release and aren release
1n shown 1r Fig, 90 for an impact velocity of 8000 nisec. The destructive action of a bomk lapd-
ing after areal release 15 much zreater than that of an equal-sized normédlly-dropped bomb, is
fan-shaped and peints in the direction of release. Thus the effect of the bomb no longer depends
onlv on the ererey content of Ui exrlosive; the kinetic enerey of the homb also produces its
fill eflect. The effect of the {rapmentatien of the bursting bomb-shell inereases and distributes
itself in the same manner as the intensity of the rxplosicn wave. We pet the instructive con-
elusion for the rocket bonber that, becaise of t). addivionsl cnerry of impact, the desired
dezree of destruction of a given suriace can be acromplished by area bombing with wuch smaller
bomb loads than for point bowl ma.

135
(-84296



-y

V1. Types of Attack
1. Bascie Types of Attack

The type of attack procedure to be used by the rocket bomber in any sperific case is
determined by the sature nf the target and its distance from vhe home baee.

The =xtvaordinary varicty of targets is discissed in Section VI-9. There we discuss in
greater actail the basic difference between point and area targets, accerding to which the types.
of atts.. ~an be subdivided inle paint-atiack and area-attaék procedures.

The ind1.i7ual types of point attack fellow from the réquirement that the bomber fly as
siowly as possible cver the target, so tlut it may have rather sma]l residual energy there If
in spite of this, the bember is to return to its takeoff field without a step-over, then after
dropping its bombs, aver the target it mist be propelled by its own rocket motor until it hasg
acquired a suffitient speed to get loee on the corresponding energy. Thus we arrive at a pro-
cedure for point attaek invelving two propulsions and return home, which consists essentially in
having the homber, after Leing catapeit:d at the home base, accelerated enly till it acquives
enough energy to bring it over the target, There it releases and turns at the lowest possible
speed, then starts its moter with the residual store of fuel, te get up enough energy for the
home trip, and lands back st its home base. Very large guantities of fuel are required for this
double propulsion, so that this procedure can be used only for lLimited ranges of attack (up to
6008 km) and limited bomb loods. DPoint attacks over preater distances or with larger bomb loads
than in this first proeedure are possible if the bomier can land not too far from the target,
and take on new fuel,

For the point-attack procedure with two driving periods, partial turning and auxiliarcy
point, the bomber is again accelerated after catapult from the home base, until the acquired
energy carries it just to the target. Then it releases, turns through the required angle at
least possible Flight speed, starts its mptor with a small residue of fuel on board, to get the
smal]l amount of energy which carries it to the auxaliary field not far from the target; it lands
there and. takes on new fuel. With this, it takes off again in normal fashion and returns to the
home base; it has the possibility of making furcther bombing attacks on the way home.

1f a point attack is teo be carried cut over a larger distance or with very great bomb
load and there is no possible anxiliary landing place fairly near the target, then rocket-
technique, as seen at the present time, gives no passibility of retrieving the bomber and bring-
ing it back to its home field. 1f attack on Lhe target seems more important than the bomber
stself {vhich bas only & relatively small material walue)}, then there is the possibility of
saerificing the bember after the avtack. Thia procedure of point attack with a single nropulsian
neriod and sacrifice of the bomber is, in principle, applicable to all points on the earth’'s sur-
ivre. [L is, naturully, to be applied to attacks and targets of very special significance, as
far exumple the surprise destructian af s government building and the governing greoup assembled
there, to the killing of a single, specially important ehemy person, to sinking large enemy
trausports or warships, blacking of inpertant avenues of commerce (say canals or straits), and
to similar special cases; this is less betause of the loss of the aircraft than for the more
valuahlé pilot,

For procedures of attack on an area the need to fly slowly sver the target disappears, so
that one hae more freedem in earrying out the procedure, The miost ohvious procedure for ares
attaek, with single prepulsive peried and return home, consists in the bomber being catapuited
Trom its home buse, and then driven until it gews sufficient energy to get to the vicinity of
the varget, turn and get baek home. The turn path uses up very large amounts of emergy, so that
this attack procedure remains limited to small distunces and bomb léads.

Area attack over great distumces is very much simplified, if an auxiliary field existsa not
trw far fron the target, so that the bonber can Jane and take on new fuel for the return trip.
in this ruse the area attack goes as follows: after release the bomber makes a partial turn
threwsh an ungle lesé than 188° {this requires smaller energy consumption than for a complete

twin) thin flies to the auxiliary field on its residual energy. This area attack with single
procvisven, partial tuen and awxiliary field 1s spplicuble Lo all distances on the earth: it
az% re=, lowever, that within at most a few theusand km. from the target there iz a switable

auxitinri {icld, for landing, and which has u tukeoff apparatus. In view of the farge number of
ressible targets for area attack, this requirement cap be fulfilled only in exceptional cases.
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The value of the auxiliary point can vary considerably, not only according to its distance
from the target, but aleo becauseé of the size of the required angle of turn. Sinee large angles
of turn are much more harmful than great distances, an cbtioes idea ix to provide auxiliary
points beyond all forseeahle targets; e.g. beyond the two popnlation concéntrations ocutside of
Europe (North America and 8. E. Asia), say on the Marianaz in the Pacific Qcean or on the
islands of that ocean off the Mexican coast; gr to secure a single auxiliary point at the anti-
podes of the home base, say in New Zealand or on the islands east of it. This auxiliary point
at the antipodes can always be reached by straight flight without turning, mo matter what point
on the earth is attacked. Its disvance from the target can be very large. On this discussion
iz besed the method of area attack with single propulsion and auxiliary point at the antipodes.
Such a single auwxiliary point also has the advantage that it can easily be fully equipped to
enable aireraft also to make bombing attacks on their journey back to the home base, and that its
inlané leocation ean be easily protected against enemy attacks; against the moet dangerous attacka
by enemy fleet units, this could be done by the rocket bombers.

If such an auxiliary peint at the antipodes is not aveileble, arew attacks over large
distances can be carried gut by having the bomker, after release, fly a straight course all the
sway around the earth till it reaches the home base. This is the procedure for area attack with
single propulsion and Circumnavigition of the globe.

Summarizing: all possible procedures for area attack coineide in what happens up to the
bomb release; they differ only in the marner of bringing the bomber home after it releases its
bomb load.

2. Point Attack with Two Propulsion Periods and Reversal of Path

1f we denote the weight of the bomber in the separate phases of this attsck procedure by
G, for the fully loaded bomber weighing 100 tons, G, after consumption of fue) for the putward
trip, G, after bomb release, and G; the empty weight of 18 tons after comsumptien ef the fuel for
the homeward flight, then the identical distances of wutward fliphL and return ure derermined
by identiral ratiocs Gy/G_ and Gg/G, according to Fip. 80, while the hoanh load B = Gy-Gy.  Thus we
cbtain for each bomb load G;g/;;*: A *?M#ﬂdfd}nd the relation between homb lead and range
shown in Fig. 82, which also gives thé range ol this attack procedure, Figs. 91, 9%, 93 show
these ranges of attach, for three exhaust speeds C = 3, 4, and 5000 w/sec ‘and with approximate
inclusion of the earth’s rotation, as contours of equal permissibie bomb load, on a map of the
earth’s surface. The pictures show the effectiveness nf the focket bomber in a very persuasive
fashion. Despite the unfaveralile double propulsionthe howber, for the intermediste exhaust
speed, is abille to carry sut point attacks within & radius of 2000 km., which includes all the
strong points in turope between Moscow and Madrid, Northern bdweden and Tripoli, Ireland and
Ankara; these attacks can be carried out with evtrene aecuracy on any no matter how small object
on land or s8a, with a Lomh lgad of'Su Lons, whigh bomb lnad @3l stove 1n all rxcept speciglly
reinforeed structures within 300 m; penetrate ecarth worl« Ot m. thick, and steel arnor | meter
thick; and then the bamher can return heme withaut & stopsver! With o smaller homb load the same
bomber can carry its attacks to over $000 km; from lierrany to (rotral Africa, Hindustan, Fastern

Siberia, the North pelar regions, to the east coadt ol North Arerica and over the whale North
Atlantic,

For € = 3000 mrsac, this range shrinks to Burepr and vhe jrnediately adjacent reginns; far

G.= 5000 m/sec it expands beyond Lhe henisphere with Furope as center.  The precrdure of point
attack with two prapulsian weriods tins appears Lo have rstraonlivary praciice] bnportance, and
is applicab]a ta all actians inside knropp ar in neiwghbar;ng regions.  In irs favor 15 the facL
that, though the bonber during o point atlack Fomes inte the enemy defense zone ut the tareet ot
low velacity and altitude, the atteaek will general v v osuel o surprise that even a warship

on the alert will scarcely lave sufficisnt Lime Lo Lalher the bewber, mueh lesa to ward off the
attack.

3. Point Attack with Two Propulsion Periods, Partial Turn and
Auxiliary Point

This nethod of point attack differs from that of the preceding section enly because the
feturn flight can be shorter then the gutwerd trip From the hone base Lo the target since the
Janding is to be made at a suitable auxiliary Jocdtinn other than the howe buse. Because of the
small kinetic energy over the target, the angle of turn is uninportant; the only important
quantity is the distance from the target vo the auxiliary point, neasured as a fraction k of the
distance 2 from takeoff 'p'oint. to target. Hith the notatien of the prct:ading snction, one has
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Bomb load in tons (i.e. percentage of the initial flight weight) of the
Rocket Bomber in the case of point attack - double propulsionm with inter-
mediate turn around - and with exhaust velocity c = 3000 m/sec.
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Bomb load in tons {i.e. percent of the initial flight weight) of the
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intermediate turn around - and with exhaust velocity ¢ = 5000 m/sec.
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that is load ratioc, in case of a point attack and a second propulsion at
the k.n;e of a dog leg path to a secondary base, ¢ = LOOO nm/sec. (see p. 138,
8acC, 3



Joacny—y

et

Largest cirele equidistant from
home base and secondary base.,

AD 70 A00M. 430 460 170

.,.

Clties of more than

%ne million
=Home bese
,Secondary base in the

Marianas Islands.pyy 95: Bomb load of a Rocket Bomber in tons (percent of the take-—off weight)
in the case of a point attack, dog leg path, second propulsion at
the knee, and a secondary base in the Marianas Islands. Exhaust velocity
¢ = JO00 m/sec,



124!

90

§8s
580

[+ +]
75
bR |

-]
~ 70

a0

55

50
45
40

k]

30|

25
20
75

10

Fig. 96:

60

. A=/l

g

3
]

o
]

{jl

load ratio

n'-"“

"

a3s

.uu“.h_ 55". _ c 450 aMI

a3

925

Qa0

3 - [T
y
*u

e

30p0 mf

e

o
120

™ .“.b ‘\N ;
. " .
2] ] /Ac 2 Y
o
=]
=

R SRS S 5588888 § § 58 BEEESE g

Attack range a in

000
12000
SGOU

b

-

& 30000}

Relationship between attack range a and bomb load B, i.e. load
ratio , in the case of point attack with double propulsion
and landing at the antipodal point for ¢ = 3000, 4000 and 5000
‘m/seac.

3

a1

50000
80000
70000
30000

gee00
100000



twg characteristic weight-raties G /100 and 10/02- for the outward-bound flight and the flight to
the auxiliary point, respectively. i’ﬂﬂﬂ to each distence of attack a end to the correaponding
return distance ka, the required weight-ratios and the possible bomb load B = G;-G, can be gotten
from Fig. 80. For k = o, we get the curves of Fig. 80; for k = 1, those of Fig, BE, and for all
other valves of k we get intermediate values, which for the case of c = 4000 w/ ., are shown in
Fig. 94. Compared to the previous maximum possible range of attack of 5000 km, we now have
enlimited ranges of attack up fo 20000 km. if an auxiliary point is available sufficiently near
near the target. Fig. 95 shows the contours of constant bomb-load in using an auxiliary poiat

in the Marianas - i.e¢. when a landing is made at the auxiliary point after the atrack. Sinece a
point attack with twe prepulsisns and use of en auxiliary point is sensible only for those parts
of the earth's surface which are nearer to the auxiliary point than to the home base, the largest
circle whose peints are cquidistant from home base and auxiliary point has been marked on Fig.
95, The bomb lines are limited to the region of the earth's surface beyond this. The possible
range of attack in this case includes all of East Asia and a large part of the Western Pacific:
For ¢ = 3000 m/sec, the bomb-load cerves shrink to small circles around the auxiliary point; for
€ = 5000 m/sec.they spread out over practically the whole hemisphere opposite Lurope. When using
an antipodal auxiliary point, a 4+ ka = 20000 km, and the possible bomb loads have the values
shown in Fig. 96. In this case bomb loads are possible only for quite large ranges of attack -
for ¢ = 4000 m/sec, only beyond 17,800 km, i.e. in a small circle around the antipodal point with
a 2200 km. radius, Whereas an antipodai auxiliary point can be important for area attacks, it is
of value for point attacks only when the point itself is to be protected (say against attacks by
a fleet) by rocket bombers from the home field.

As an example of point attack with twg propulsions and duxiliary point, an attack on the
locks of the Panama Canal and landing at an auxiliary field on the American West coant will be
described briefly. For € = 4800 m/sac, the bomb load is 2 tons; the characteristic numbers for
the attacking flight are: Takeoff: time ¢ sec, weight 100 tons, velocity Om/sec, altitude 0 km,
distance travelled © km; Climb from takeoff track to northwest; 11 sec. after takeoff; weight
100 tons, velocity 500 m/sec, altitude 0 km,, distance 3 km. End of the motorless flight: time
36 sec, weight 100 tons, velocity 284 m/sec, altitude 3.7 km, distance travelled 12 km; End of
Climb Period: time 332 3eC, weight 26: tons, velotity 4560 m/aec, altitude 60 lm, distance travelled
512 km; End of Supersonie deecent: 3882 see., weight 26 tong, velacity 300 m/sec., altitude
14 km., distance 9390 km. End of Subsonic Descent: the subsonic descént ends with the start of
the diving attack; the final altitude is thus determined by the succeding dive. Sinece for an
attack on the (anal-locka maximum accuracy of hitz is morc important than high impact velocity,
of the bomb, the end of the subsonic descent is chosen as 2 km. altitude. From this we get the
other nupbers: time 4162 sec, weight 26. tons, velocity 142 m/sec, distance travellied 9450 km;
kEnd of Dive-attack: the dive-attack goes from 2 km. to about 0.5 km. altitude; the final vel-
ocity of the dive is abont 200 m/zec; then the bombs are released and the aircraft goes off with
small loss in velocity, approaching to within negligible distances from the earth's surface.
Fram this we get the values: Time 4172 sec, weight 24 tons, velocity 200 m/sec, altitude 0 km,
distance travelled 9450 km;

End of the Second Climb Period: time 4405 =ac, weight 10 tons, veloeity 2800 m/sac, altitude 22

km., distance travelled 9710 km:

End of the Second Supersonic Glide-Flight: time 6125 sec, weight 10 tons, velocity 300 w/sec,

altitude 20 km., distance travelled 125350 km;

End of the Second Subsonic Glide-Flight; time 5783 sec, weight 10 touns, velocity B m/sec,

altitude 0 km., distance travelled L2648 km; :

%;nding: time 6810 sec, weight L0 tons, velovity D m/sec, altitude 0 km., distance travelled
650 k.

4. Point Attack with Sacrifice of the Bomber

According to the previous considerations the rocket bomber with moderate exhaust speed ern
carry out ettacks against small individual targets up to 6000 km. distance fram the home base; if
there is an antipodal auxiliary point, the range extends te 2000 km. from this point: for
arhitirary auxiliary peints distributed over the earth's surface, the range is the same distince
from each of the points. If however the point sttack is to be directed at a target in whose
ricinity there is no suxiliary point, there is the possibility that the bomber proceeds exactly as
deseribed in tha pravions ssctisn, and lande st a eorrasponding point near the target evan thougs
the technical installations of an aoxillary peint dp not exist there. In this ease it will mo
longer be able to take oti from this peini under itk own power but will not in general be lost it
the landing does not oceur in enemy territory If there ia no other possibility than landing in
eneny territory, then we are Jeft with a last, not to be neglected, way out-point attack with
single propulsion and sacrifice of the homber,
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Sinee the sircraft gains altitude rapidly after bonb releaae in a point attack, the pilot
can, at the end of this brief climb, parachute from the plmne and ‘destroy the empty aircraft to
keep it from getting into the hands of the enemy. He will land a few km. away frem the point
of the iimpact of his bombs, and be captured. From the point of view of performance this pro-
cedure representa the limiting case of the point attack procedure deqeriE:d in the previcus
section, for which k = o, i.e. the retorn flight distance ia zern. Figs. 97 and 98 show the
possible bomb-lsads for this method of sttack. In ull cases, the attacking range covers the
entire surface of the earth; at ¢ <= 3000 w/s=c. 0.5 tona of bombs can still be carried to points
most distant from the home base; for ¢ = 4000 m/sec. this figure increases to 8 tons, and for
¢ = 5000 m/sec. to 17 tons, This procedure is matirally alsg suited to unpileted use of the
rocket bomber,

5. Area Attack with Full Turn

This first procedure for area attack correspends to the first point attack procedure
described, with the difference that the energy supplied at the start of the flight must suffice
for the outward flight and the entire return trip to the home base; thus large kinetic energy is
present over the target, and considerable fractions of this energy are lost in turning, An out-
line of the entire flight path including the path of the bomb is included as a sketch in Fig. 99.
In order to caleulate the relation shown between bomb-load B and ringe of attack a, one can
proceed as follows: -from IV 3, 3;, the length of the subsonic glide is known. From Fig. 79,
we get the value of V o for (a - 5; - W}; fron Fig. 99 we get V_,. Now the length of the climb,

3 4 Wust be estimated %y reading oi’:f_ from Fig. 64 a first valws of G/ for an assumed V,, and
then getting from this a first estimate of S4. Thea (8 = 54 = ¥) is gaven from S5+ (a - 55 - W
- 8,. The initial velocity V; on the superscnic. descending path, in order to have velocity Y,
after a length of glide of (@'~ Sy — W), cen be obtained as described from Fig. 79. 'This value
is to be compared with the estimated value and improved, if necessary. From Fig. 64 we now get
the desired G and B== G - 1¢. From Fig. 83, the stationdry altitude H2 for given V}l and G, is
known, and finally the range of projection of the bomb, W, corresponding to V. and H, is reed
from Fig. B87. The range of attack, a, is thus a= Sc 4 (a - 5. - W) + W, This calculation con-
tains a few assumptions vhich should be considered briefly. First, the assumption is made that
relatinns between velocity and distance caleulated for particular flight paths can be transferred,
unaltered, to similar flight paths. More important is the assumptian that the svpersanic descend-
ing path, during the flight before bomb releaxe and during the turn, is earried out at the sta-
tiomary altitude, rather than in the stromgly oscillating dynamical flight path. This is necess-
ary tor the decisive third phase of aiming, in order to attain the necessary siming accurscy for
the bomb relsase and in order to release the Hombs during horizontal flight. Stationary altitudes
of flight are alsc necessary for the period of turn in order to set up the aerodynamic turning-
forces,

This last circumstance is tonnected with the fact that turning is possible only up to
definite velocities of flight below the velocity of points on the earth's surface: for higher
velocities, other methods of attack must be .used. For this reascon the procedure of area attack
with single propulsion and full turn is limted to the ranges (up to 12000 km.) marked in Fig. 99,
Inside this space it proves to be éxtremely sffective despite the very costly tuming process.

Figs. 100. amd 0l shew the lines of equal bomb-weight drepped at Lhe target by this area
attack proceédure, for €= 3000 and 4000 n/sec. For the former value of exhaust speed, the domain
of attack is bounded by a closed curve which deviates from e circle because of the carth’s rotation,
and whose periphery touches the North Pple, Newfoundiand, Central Africa, and Central Asia, For
€ = 4000 m/sec, the ring expands so that now only Australia, the South polar regioms, the South
Pacific and the sputhern tip of Soiith Anerica do not lie within it, For €= 5000 m/sec. jt would
cover the whole surface of the earth,

As an example of area attack with single propulsion and full turn, we use the attuack on New
York at a range of 6500 kw. For € o 4000 m/sec, the bamh load is 6 tonz, and the detailed attael
rune as follows: the motor start: to work 36 seconds after the take-off at 1% kn. distance from
the take-off point, and consumes the total fuerl supply of 84 tons in the next 336 sec. At the end
of the climb process, the aircraft reaches a velocity of 6370 m/sen, an altitude of 91 km, a
distance of 736 km. from the pornt of tuke-off, and a weight of 16 tons. Using only its store of
potential and kimetic emergy, the bomber flies on to thé point of bomb release, 5550 km: from the
take-off poiat, and 950 km. in front of the target. At this point, which is reached 1150 sec,
afver take-off, the velocity has decreased to 6000 m/sec, asud the stationary altitude to 50 km.
After the bonb release the weight is 10 tons. Then the aircraft goes inte a worn und jn 330 sec.
goes through a turn-spiral 1000 kn. in diameter until it has rerached the direction for the retumn
flight ta the home base. buring turning, the altitude is greatly decrewsed an crder to develop
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[ 5.8

the aerodynamic forces necessary for the turn. Av the end of the turn path, the velocity is
atill 3700 m/scc. and the corresponding stationary altitude is 38 km. The supersonic glide-path
in the direction of the heme bage goes over 5450 km. in 2600 sec. and ends 100 km. before the
home base at an altitude of 20 km. and velocity 300 m/sec. Subsonic glide and landing are com-
pleted in customary fashion. The whole flight lasts 4755 sec.

6. Area Attack with Partial Turn and Auxiliary Point

This type of attack corresponds to the point attack with two propulsien periods, partial
turn and auxiliary point, Like the latter, the ares attack discussed here represests the most
general case in its class, and includes all other procedures for area attack as special cases,

The ¢ourse of an area attack with single propulsion, partial turn and auxiliary point
consists essentially of first giving the bomber, during a single propulsien period, all the
power which it requires until landing at the prederermined awxiliary point, having the bomber
release its bombs in {ront of the target, at high altitude and flight velocity, as for area
bombing, then carry omt a turn at the existing high speed immediately after the bomb release,
which takes it into the direction of the auxiliary point at which a landing is contemplated, and
finally glides with its residual energy to this auxiliary point and lands there.

The first thing to determine is the relation hetween bomb load B and attack.-range a. This
relation is affected by the distance ka hetween target, and auxiliary peint, the angle of turag”
through which the bomber goes aiter release, and the exhaust speed &, Because of the large num-
ber of indepandent variables, the relations are many-sided. For sxample, Fig. 102 shows the
relation hetween z and B for a large number of distances of return flight, ka, and for a definite
angle of turn, O~ = 609, The procedure of computation which gave these curves was the following:
Assuminq a definite €, 3 bomb-load B was chosen. To this there corcesponds & mass-ratib G/G =
{10 4+ BJ;100, a jength 83 of climb path, and from Fig. 5% a final velocity V;. For this maxipun
veloeity Vi, one can now choose various ranges of attack a = 5, 4. 5; + W in such a way that before
the homb release, (i e, at the end of the ocutward flight over gl + éz + 53 + 84), a sufficient

supersonic speed still exists. For this velocity and variocus turn-angles &  we ean, with the

aid of Fig. 8], calculate the loss of speed and the distante § travelled during the turn, and
from the residual velocity finally caleulate the  distance of return " from release point to

tanding-point. By szeveral repetitions of this procedure, and interpolation between the rough Sy
- values found, the ka -curves of Fig. 10Z were obtained, .

Fig. 103 again ahows the lines of constant, bomb locad for e rocket bomber using this pro-
cedure of attack, if aw awxiliary point on the west toast of America is used. It should be
pointed gut that for turn-angle ¢~ = o, there is a definite bomb-load with which the bhiomber
reaches the auxiliary poiat and cas release its load at any poiut enroute without altering the
range, provided the release occurs after the motor is turned off. Thus for &= o the range of
is anywhere between take-off point and amxiliery point. According tu Fig., 103, this bomb lgad
iz § tons for € = 3000 m/sec. Wwith swaller bomb ioads the possible arza of attack stretches
over al] of North America and cansiderable portions of Ssuth America and the Dacific Ocean.

7. Area Aftack with Antipodal Auxiliary Point’

A special case of the area attack described in the previous section occurs if the aux-
ilia¥y point iz at the antipodes of the home base, I[n thiz case the turn.angle is zero for
all targets. Thus there are no emergy losses due Lo turning at speeds above that of sound,
The relstion between bomb-load B and attack-range a can be obtained from the equations of the
preceding section for @Y oo and a + ke akm.  For a rectilimear flight with tota] distance
a (L 4 k) = 20000 i, wich the present approximations it does not matter at what place on the
glide-flight the bombs are released. Thus, within the 20000 km. range of flight, the range of
attack is arbitrery and indcpendent of bemb lead. From Fig, 80, the possible borb load is.0.7
tons for & = 3000 m/sec, B =8 tons for ¢ =4000 n/'sec, and B= 17 tons for € = 5000 m/sec, "

8. Area Attack with Circumnavigation

Another special case of the gemeral method of areca attack discusaed in Scotion V16 - the
area attack with single propulsion periocd and circumpavigation - results for 6 =0 and a 4 ka
= 40000 kn. The relation between bomb-joad B.and attack-range a can be read off from Fig. 80,

152
T T



09/ = ¢ °Fi%I proT

153

*08B/@ OQ0E — A3To0TeA 4smeXy °*qedxe] Syj 0} ‘w
QOUESETP P43 JO ‘¥ ‘SUOTI0RAJ snofIea ‘e x N feduex JYBTTS wangey
i *JUeysUCI=q09 = eydue Futuang - esInod FeT Fop — Nowqqe wely 10T *TTd

N sduel HOUIY
9y 2~y
HE S¥ % P SBs3ys e s 8% §oss
oo 0
5.0 ¢
0Z0 o1
5¢0 RN _ €
0 | _ 02
e . NI o
2 /
0%0 |-+ : NS _ of
SH / N o
NONN, /Ir
osL N RS 0%
550 .,rJ../ : l/r P
4, ,
90 TN - os
59 NN PN
oL’n / \} o9 .
| \Y &
§40 _ / PN m.
oo ) #’ ot
P) “§5 - mM=0 YL o.ts_h. J | m
060 AuFTIF 93 JO MOTA WOTd Al op
$60 sp
oL 66




i

pal

170 b N 0 -] 0 ol N 430 43 1%
r o R
- ¥ Py \
0 s
0
. 2 ”11
" y o) \
.-ﬂl- 3
t b o .
T
Ij ... o ‘T‘
. & . “Pe
-+ Secondary base on American Wast Coast
P Civaes of more than
one million Fig. 103: Bomb load of a Rocket Bomber in tons (i.e. percent of the initial
weight) in the case of area attack using a sscondary basa on the
X Home base Anerican west coast and an exhasust welocity ¢ = 3000 m/sec,



where the rule again holds that the place of bomb release has no effect on the range, so that
the range of attack, a, is completely arbitrary and independent of the bomb losd. From this
figure, the largest bomb lead with vhich circumnavigation is still possible is B a 3 tens for
C = 4000 m/aec, B= 12 tons for & = 5000 mfgec, while for € = 3000 m/sec, circumnavigation
cannot be achisved even without a bomb load: This method of attack shows most clearly the
extreme technical superiarity of the rocket bombér which with a size and empty weight eaqual
to that of a medium military craft can, at moderate exhaust speeds, reach every point on the
earth's surface with a bomb load of 3 tons, and flies 40000 km. all around rlie earth without
an interuediate landing:

As an example of an arem sttack with single propulsion period and circumnavigation, we
shzll use the attack on the city with a millyon population most distant from Gexmany - Sidney
in Anssralia. In this case the range of attack 1s 16500 km., the possible bomb load iz 3§ tons.
The flight goes as follows: Take-off and motion after take-off do not differ from the same
phases of previous examples. 36 sec. after take-off the motor begins tp operate and consumes
the 87 tons of foel on hoard in the next 348 ses. At the end of this climbing process the vel-
ocity is T200 mfsec., the altitudé 101 km., distance from takeoff-point 815 km. and weight 13
tons. This very high initial speed drops to 300 m/se¢. in the course of the supersonic descent
which is 390185 km. long. After a 10000 ko. journey, the etrongly oscillating descent must be
damped sufficiently'sc that at the release point, 15400 km. from take-off, it runs smeothly snough
at the staticnary altitude to enable accurate miming for the bomb release. At the release point
the altitude is 49 km., the velocity is 6400 m/sec., and the range of projection of the bomhs is
1100 km. After release the bomber starts its supersonic glide with only 10 tons weight, during
which the course vhich was previously in a plane has to he altered slightly in order to lead
back %o the home base, There vhe bomber lands 13060 secouds after fake-off, having travelled
40,000 k.

9. Evaluation of Procedures for Attack

Procedures. of point attack are directed sgainst individual houses railroad stations and
tracks, tunne] entrances, streets, bridges, dams, single ships. canals, dikes, breakwaters, gas-
water-and oil-tanks, munitions depots, wagazines, power stations, transformer stations, air-
dromes, harbors, factories, troop concentratiecns, etc; they are limited to a radius of several
thousand km. arcund the home hase, except for special cases where the bomber is sacrificed or
flies on to an auxiliary field, when the range of attack can extend over the whole of the earthk’s
surface,

Procedures of area attack can be directed against the entire earth’s surface. The prob-
able scatter of bombs over several kilometers limits them to target areas of this magnitude, e.g.
cities with over 2 millien population, large industries, fleets, ete. If in an area attack, the
total energy Z in keal is released against a single target with a probable seatter W_ = 2 jm._,
then half the hits lie in & circle of 2 km, radius; the average density of hits on this unit
surface iz % -Z'/éw:-'l_r . the actwal density follows a Gauss error curve
z,.:,{;ﬁefe-a‘”r}# has the vajlue 1.4 ¥ at the center, and is ¥ of this at
the houndary_ of .t]l_e_ area 4 km_, in diameter. Fig. 104 ah‘:wg sn'_ch e distribution curve of bonb
hits over a map of New York. If larger connected surfaces than the unit surface described are
to be attacked, several points of the target can be aimed at, se that the individual Gauss error
curves partially overlap somewhat like those of Fig. 105, where the distance between aiming-points

was chos.en.a'a_s Wy 27 so that the average density over the whole surface is ¥, while the
local densities are shown as contour lines.

From the appropriate literature the follawing relations can he gotten between average
density of destructive energy Z in kcal/y 2 and the resultant destructive effect; T = X108 %
puts industrial installations conpletély put of nperation for several days,

(Degree of destruction I)

2= 1.4x108 %ﬁz]s destroys cities so that all except specially reinforced buildings collapse,
and only cellars and foundations are usable ('Deg_'ree. of destruction II)

T = 1,4x10° lﬁﬂ} destroys cities so that cellars are also smashed in, all people inside the
area sre killed asd only foundation walls remain standing (Degree of destruction 11I)

Z= 73107 %“& mekes cities so flat that their location is no longer discemible against the
background. (Degree of destruction [V).

If the energy content of the bomb at rest is assumed to he Eg= 700 kﬁ-gl, then with £ =
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700 .4+ Av2/2g, the density of bomb hits in toms/( 2, independent of the inmpact velocity V of the
bomb is obtained frem Fig. 106

In order to destroy, to the 27! degree, the surface of a city having an area equal to
the previous unit surface, one must releagse against the target Z = 2K12, 56 X 1_43108 = 3-5?3109
keal of destructive energy, corresponding to 5000-420 tons of bombs depending on the velocity of
impact. Then the concentration, as shown in Fig. 104, rises to 1. 96x108 kﬁ-ﬂ% near the -aiming-
points, is 0. 98¢ 108 kﬁﬁi at the edge of the unit circle, and 1,14X108 ﬁﬁﬁ} at 4 km, distance
from the aiming point.

The number of flights necessary for draopping this amount, Z, of destructive energy on the
unit surface is 84 if the bomb load is 60 tons and the impact velocity is lew, or 420 if we
assnme the smallest bomb load - 1 ton -, and an impact veloecity &f 8000 m/sec. Fig. 107 shows
plot of the number of attacks necessary against the unit surface, for various procedures of
attack, against range of attack, for € = 4000 m/sec. If the unit surface is to be attacked with
the minimum number of Flights, then the procedure of point attack with double propulsion aad
full turn is best. If a sinmgle unit surface is to be bombed, this superiority is doubled,
because then all the energy lies inside the unit circle, and only half as many bombs need to be
dropped. For greater ranges of attack up to 8000 km., the procedure of area attack with single
propulsion and full turn is far superior to all other procedures, especially since it dees not
depend on the use of an auxiliary point. A remarkable thing about the curve for this procedure
iz that the required number of flights does not incredsé mona onically with the range of attack,
but rather that the decreasing bomb load is completely compensated by the increasing impact
energy. Corresponding to the full curve, the number of flights actually required when using
area attack witﬁ full turn or circumnavigation fluctuates between 64 at 1000 km. and 322 at
‘20000 kn. range of attack. The evalvation of attack procedures shown in Eig. 107 assumes that
the total consumption of take-off fuel, fuel for the aircrafi, and of bombs, which together
represent a constant amount of 133.7 tons per flight, shall be & minimum, Since the bombs are
much more valuable per unit weight than vhe fuel, one can also set a requirement of mininum
cﬁnsugr ion of bombs. In Fig. l08 several procedures of attack agre plotted frem this viewpgint;
we sedphere the point attack procedures are very inferior whilejattack procedures, which operate
wath high impact velocities of the bombs, are most favorable, especially, area attack with cir-
cumnavigation and - at long ranges-, with full turn, which requires in this reginn the least
total consumptien as well as least consumption of bembs,

Fig. 109 shows an idenlized distributien of hits, according to the laws of probability,
over a city map of Berlin, where it is wssumed that 84 bombs of 60 rons weight are drepped on
‘the aiming point with low impact velocity; the half shown lies in the 50% circle; about each
print of impact a circle of destruction of diameter 618 w results im which the energy density
1. 4xo8 kcal/km2 required for degree II exists,

Fig. 110 shows the corresponding distribution of hits for 140 releases with 8000 m/sec.
impact velocity and 3 tons weight per release; again the average energy in the wnit circle is
1, 4x108 keal/| 2 but the area of destruction for the same energy per release is new drop-
shaped and includes 180000 m, as previcusly derived.
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VI. THE LINE OF DEVELOPMENT OF THE ROCKET BOMBER

The development of the rocket bomber project will follow roughly the sequence of .12 stages
outlined below:

1. Development of the Combustion Chamber and Jet of the Motor

The moin problems in this stage concern the introduction of the solid, liquid, or slready
vaporised fuel and the combustion-meintaining material, inte a combustion chamber through in-
jection nozzles; then the repid distribution, mixing, heating and ignition of the fuel, its most
complete combustion at more or less constant high pressure to 2 combustion gas at very high tem-
perature; then the expansion of these geses in a jet ro convert them to s beam of eas with as high
stresming velocity and as low temperature es possible. The very bigh preasures and temperatures
in the combustion space have the consegquence thet not only the tubes for the streaming process in
the motor, but also the construction of sll walls in comtsct with the flame, becomes a very seri-
ous. problem, whoae solution as regards choice of msterials, methods of cocling, and construetion-
al arrangement, should be a mein point of study. Also important are questions of shape end rel-
ative size of combustian chamber and jet, choice of most suitable flame preasures, messurement
of stream temperature and velocity, arrangements for rapid heating and mixing of the fuel, optical
and acoustic phenomena, mixing of the jet with the surrounding air behind the motor, dizsocietion-
and detonetion-problems, and numberless otliers.

2. Development of Specizl Fuels for Rocket Motors

In meny respects qdite different requirements mre to be set for rocket motor fuels then
for the fuels of ordinary sircraft moters. In the first plece, what counts is the available
energy content per unit mass of the combustion mixture of fuel snd, say, oxygen, and not the
heating value of the fuel alone Thus a combustible materiel which hes a lower heat of combustion
than the ususl hydrocarbons., but ronsumes much less oxygen in burning, can develop a far superior
heat output of the mixture. In additivn to the hest cutput of the mixture, other combustion
characteristics such as ease of ignition, rate of combustion, tendency to detonate, degree of
dissogistion, state of aggregstion of the sombustien products, rapction tamperstures, ete., are
important. One must also consider properties not so directly connected with the combustion, such
as procurement and cost, ‘ease o storage in tanks on the sircraft, density, denger, ease of feed-
ing of the fuel, etc, 1f onc enumerstes the problems of etemic hydrogen ond nitrogen, of nuclesr
reactions and of takeoff fuels, then oné hias cutlined in broad strokes the scope of fuel research
which should lead to the development of new end more suitable rocket fuels.

3. Development of the Auxiliary Engines of the Rocket Bombey

Just as with ordinary eireraft motors, the rocket motor requires for its operation a few
suxiliary engines, of which the most importent are these for feeding fuel snd coclant and the
associated driving mssemblies. These additional iastallstisns present some not-too-simple prob-
lemt, since the feeding rates are very high, of order of megnitude 50-100 H.P. per ton of thrust,
and the material to be conveyed cen be in eltogether unusua! ststes, ssy & liguefied gas, a me-
tallic suspension or even selid or liguid metal - and must be very accurately proportioned as
well as being fed sgainst very high pressures. A 'complication srises because the feeding installa-
tions must bec designed under extreme limitations oa weight of construction. In addition to these
arrangements for feeding of fuel ond coolant, ignition systems and in scme cases intske and reég-
ulator systems require considerstion.

4. Development of Test Model of Complete Rocket Motor

Even if the development of the previously enumersteéd most important perts of the. motor had
been achieved taking account ef their interactiens, putting them together ints s ready-to-fly
rocket motor and examining their interplsy is still & separste snd important step. Oaly now, on
the apperetus ready for flight cen a bench study be mede of the mutus]l interactions of the com-
bustion chsmber, jet, fuel and awxaliary engines, s thst by suitsble sdjustments the best results
are obtained fer exhaust speed, reliability of performance snd construction weight. These bench
tests of the complete rocket notor sre. especislly important and thercugh beczuse they reproduce
the condivions during flight very closely; this is in contrast to the ordinary aircraft motor
where these conditions can be imitated only with difficulty and not aven completely by sltitude
tests. This is mainly connectad with the fact that the rocket motor accomplishes the jet forma-
tion, combustion and cocling only with its own fuels, snd without use of the surrounding atmos-
phare, o that the differences of velocity, temperature 2nd pressure of surrounding air between
the bench test gnd setusl flight ean scarcely alter the conclusions. One of the few places where
the rocket motor comes in contact with the sorrounding eir is the mouth of the jet, ere the
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tonbustion gas expands to the pressure of the air behind the aircraft; in flight this pressure
is practically zero wherees in the open bench test the jet can expend only to the preasure of
the still air arcund it. Still the differencesz are not very grest, are largely amensble to cal
culation, and are morecver such that the bench test considers the more unfavorable case. A re-
action of the slip-stresm and the jet on the aircraft (in psrticular on the contrel surfaces)
need not be contidersd for the rocket bomber, because operation of the motor and subsonic veloc-
ities of flight mever occur together, Aside {rom the purely developmental and test studies on
the model, a whole series of physicel researches cn the rocket mevor can be cerried oot most
sdvantagecusly during this phase of the develapment: more careful. investigation of atomiring of
the fuel, the pctual behavior of the pressure in the combustion chamber, the temperature dis-
tribution in the combustion gas, the actual streaming speeds, the conditions of heat transfer
from the combustion ges to the walls and from them to the coolant, the jet formation snd sound
emission in the furnace-jet, as well as numerous other questions, (nly when in the course of
these studies the motor has proven its compiece relishility of performance, can one consider in-
atalling it in an mircraft. The development of this eircreft will have to be done slongside thar
of the motor, so that both mey be ready for flight at the seme time,

5, Wind-Tunnel and Tow-Tests on Models of the Alr-}rame

The external shape of the rocket bomber 1z determined by the requirements that existing
sxperience on screw-propelled airtreft shall be used as much ss possible, that the special con-
ditions of suparsonic flight and rear installstion of the motor must be considered, that the
glide-number of the aircraft shall be as good s possible at very high Mach numbers, where the
aerodynamic forces are proportional to.the squere of the velocity and -angle of attack. Under
these gencral requirements models of the rocket bomber cen be designed; these cannot be tested
in the most interesting region of very high Mach nnmbets, in the gpper part of which actuals chem-
ical chenges of the streaming medium sre possible becanse as yer such srtificisl air-blasts are
not available; one can perform wind-tunnel tests in the range of Mach numbers from 0.08 to 4.

In the range of velocities below that of sound, which is important for the lending precess, using
models of reasonable size one can carry out measurements on the serodynemic forces, end especially
on the meximum 1ift of the eaircrait, and its ‘wprovement by the use of aerodynamic =ids suited to
the perticular profile. In this range tennel-tests on stebility, vibretisn condirions sad manseu-
vrsbility of the vehicle are important. In the supersonic domain, sersdynamic forces, distribu-
tion of ~ir »ressure, stability and mancveuvrability, vibration conditioms, eir temperstures at

the atagnation points, and heat trensfer to the aircraft are of interest. A whoele acries of these
tests on very =mall models can be carried out in » supersonic wind tunnel.

For tests on larger wodels the takeofi track of the rocket bomber is itself a very conven.
ient towing-track; on it sven very large models ean be towed up to any desired high speed with the
aid of rocket propulsion, and then studied. Such tow tests can be carried ont at reasonsble cost
on a 15-30 km. long track, with models scaled 1:10 ufp to 1:1 at the originsl speeds of BBD up to
5000 km/hr, so that the Mach number is duplicated exsctly snmd the Reynolds number spproximetely,
Such tests would especinlly consider the genersl behavier of the aircreft in the neighborhood of
the velocity of acund, 1.e. between 800 and 1800 km/hr, for verious shepes, angles of sttack,
arcangements and tilts of control surfaces, etec.; alse the distribntion of air pressure wnd tem-
perature on the surisce of the aireraft by means of taps, thermcelements, etc., for all velocities;
messurenent of the lacation and magnitude of the forces acting un une aireraft, direct tests of
stability by meens of & Cardan suspension of the moving model at its center of grevity, studies of
the reaction of the jet on these conditions - especially on the serodynamic forces and the stabiliey
investigetion of the elestic properties om elastically-similer models; e.g. ss regards vibration
of the wings and control surfaces, etc.; tskeoff end free-flight characteristics of self-stable or
remotely controlled models especially during the passsge of the velocity from vslues below the
sound velocity to values shove, and others. A special problem in such tow-tests, aside from the
track itself, is the relative sliding behsvior of lubricated surfaces at sliding speeds up to
5000 km/hr. For flight st arbitrary speeds in regions of very rere atmosphere, in which the so-
eolled gas-kinetic laws are valid, snd where neither tow tests or ordinary wind-tunnel tests sre
fessible, an extension of the theory is desirable, ss well as its experimental justification, say
by extension of the well:known moleculsr-besm methods to the present problem,

8. Constructional Development of the Vehicle

Once o preliminary decision as to the whole srrangement and shsps of the rocket bombar has
been made on the basis of wind-tunnel- snd tow-tests, ome can commence the coustruction of the
fuselage, wings, contrcl surisces, and importent instalistions such as the pilot’s cabin, the
tank installations and suxiliary equipment. In view of the fixcd externsl shepe, the decisive
factor for the construction of the fuselage, wings md control surfsces is the fect the air pres-
sures which occur are for greater then those on crdinnry'aircﬁaft, The air pressures on the roch-
et bomber will certsinly be in the neighborhood of 3000 ka/w”, #nd will therefore leed te types
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of wing construction like those used in buildings or ships. The problem of the pressurized eabin
has already been treated in other connections. The results assembled there cen be made use of.
There ere no prototypes on which to base tank instellations: for lsrge quantities of fuels like
liqueficd gases, metellic suspensions, ecc., and these must be suited to the specisl conditions.
An especially extenfive group of apperatus requiring developmert iz the auxiliary equipment of
the rocket bomber, including velocity-,altitude-, and acceleration-metérs, instruments for stesr-
ing, navigation and siming of bombs, optical instruments znd meny other apparatuses and instruments
comnected with the speeial characteristies of rocket Ilighs. '

7. Bench Tests on Interaction of Motor and Alr-Frame

_ These tests represent the last stage before the first flight tests, and should check the
satisfectory operstion of the motor (which hss 20 for only been bench-tested} under the condi-
tions. where 211 the perts have becn ossembled into ® vehicle. The exact velatiop between the
dri#in; force and the centers of mess and air pressure of the asircraft showld be checked to
svoid instebilities ceused by incerrect placement of the engine; snd finally during these tests
the pilot cen become accustomed to some of the peculisrities of the new sircraft.

8. Development and Test of the Takeoff Arrangement

) The several kilometers long takeoff psth with its arrengement of rails reprezents s rel-
atively simple engineering comstruction which presents ne special problems. 'On the other ‘hand,
the takeoff sled. which under a loed of severel hundred tons must be accelerated in a very short
time to 1 1/2 times the veleocity of sound end then slowed down even more rapidly, reguires specinl
developmient. This will be concerned éspecielly with the extrasrdinarily powerful takeoff rocket,
the sliding contacts of the sled and the method of braking. Completely reliable operstion of the
takeoff track will have to be carefully tesced by cetspult trials on desd weights comparable to
the weight of the aircraft.

9. Takeoff and Landing Tests on the Bomber

The takeoff tests bepin with small fuel losd on 8 vaxi-strip which is 25 long as passible
the practically empty bomber, afrer very brief operation of its own rocket motor obtaing the velo-
city required to flost, after which it rolls en its own landing geer. After 2 short hop it drops
dows again end carries out its first landing, which does not differ from the lster landings after
long flights. These taukeoff tests should be carried out in such a large space that the landing
esn occur immedistely sfter the takeoff withcut turnirg the airersft, in order not to endanger
the aircraft by menoeuvers nesr the ground when its flight characteristics are still uncertain.
If after many such tests, the takeoff and landing characteristics sre undérstood, then by using
more fuel the aireraft cen be brought to somewhet higher altitudes, ssy » few hundred meters, sndg
then glided back to earth. Thus the essential flight characteristics at low speed will be de-
termined, the srrangement of the control surfasces will be undertaken, the tramming, stebility and
manoeoveability will be checked, snd thus the sirworthiness of the craft in all [light attitudes
at not too high sltitudes will he determined and eventuelly improved. If during these tests the
airerafc acts reliably for the pilot, then the takeof{ tests on the track can be repeated, by
placing the empty aircraft on the takeoff sled, catepulting it -and landing it, [f theae tests are
satisfactory the trials cem be extended to hagher flight spéeds. This phase of the trials will
best begin by tow tests on a very leng tow peth, so that the aircraft doesn'tT%et to fly but 1is
only sccelersted on the towing path snd then ismediately slowed down sgrin. ese tow tests on
the actual aireraft st gliding speeds of 800 to 1800 km/h 2re to be devoted especielly to the
following individusl problems: rechecking snd refinement of the results of the tow tests on mod-
els concerning pressures, temperstures, aercdynsmic forces, stebility, vibrations, effects of the
driving jet, ete.; studies of the behavior of imstruments, spperatus snd jet engines under the
influence of high scceleratibne snd velocities, develepment of suitable cafety devices, e.g. spes
cisl sests, getting the pilot sccustomed to the nev phenomena of high accelerations, high veloci-
ties, specisl engines and new arreéngements of the sircraft,

10. Flight Tests of thie Bomber

Finally one can go over to flight tests in which one catapults the aircrafy with en initi-
ally small but gradually increasing supply of fuel, end lets the motor operate for longer and
longer periods. ‘Thus longer end longer climb paths will be traversed; one will soon surpess the
velocities attained up tb mow by the fastest aircraft, snd ge up to eltitudes never previously
resched. The takeoff speeds also incresse at the seme time. Now begins the most difficult part
of the flight studies, sinde the flight conditions depart farther and farther from any kbown at
prescit and checked by experience; completely new seronautical territory must be conquered. As
far as can be visualized ai present, the flight tests will extend to maintenance of refquirements
of life in the pilot's space teking account of the high sltitudes, sccelerations, and tempere~
tures, the effect of the aerodynamic ferces on the wings end controls of the aircraft, testing of
the heating of the walls a% many points of the sircrait, nieintensnce of stability and mepceuvrabil-
ity beyond the velocity of sound, etc. Thiz part of the flight tests will heve to be done very
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circumspectly and with stepwise increase in velocity, since at very high altitudes,. low 2ir dens-
ities snd high speeds, sny slight sccident con leod to @ catastrophe since it is prastically im-
possible to leeve the aireraft by parschute. These tests of flight cheracteristics will be con-
tinued up to speeds not yet reached by projectiles, 1.e. about & times the velocity of sound.
Finally the asctual trial flights will be completed with performenee testa. They will serve first
to determine simple performance data such as takeoff speeds, takeoff distances, lending distances,
landing speeds, climbing performence, consumption of fuel, etc., and later to determine the maxi-
mam speed, ceiling and range of the rocket bomber. GSince these :hree limiving performanct figures
are interdependent, they can be determined during the same flight. As the veIocaty iz increased
from the values attained during the tests of flight characteristica up to the maximum value, the
temperature distribution on all windward surfaces will have to be carefully checked by means of

# remote-reading thermometer systen, in order to estch in time smy dangercus heating ss a result
of air friction snd stagnation, Too grest heating, »5pec1311y of projecting perts, such es the
sharp end of the fuselege, the sherp wing edge, etc., is most dengercus becsuse the slightest
meltlng or other deformation of thase carefully shaped critical points and their conseguent blunt.
ing leads to instsntsneous enormous increase of the stagnation tempereture at those places snd
then in stéadily spresading molten reygions, snd woild result in immediste burning up of *he whole
gireraft. If the performance flights are cerried cut until these expected limiting values of

7000 m/sec velocity, 15031 titude and 40000 km. length of flight ara reached, then the flight
studies can be considered completed. '

Il. Navigation Tests on the Rocket Bomber

The next important task of development concerns arrangements for navigation, whieh, after
propulsion hes ceesed, give the rocker craft exsct knowledge of its path, enable corrections of
its course, and permit an exasct calculation of the moment of bomb release. This precision naviga-
tion will Kave to be checked in a very large pumber of flight tests, since the success of any
-attack depends on its sccurste and repid performance.

12, Bomb Release Trials

These constitute the lest phese of the research ond development work on the rocket bomb. r
and should give a precticel verificstion of the preliminary theoreticsl work on the processes
orcurring during the fall of the bombs snd their contect with the earth. Do far as the relastion
between point of impact snd point of releese from the eircreft for various heights and speeds of
flight is concerned, the oceans of the whole earch-provide 2 suitebly large testing sress. The
study of impact of the bomb. on land will be somewhet more troublesome, since very large uninhabiced
areas are required. However o few tests in the Arctic regions untrodden deserts or in cur own
possessions will soffice for this purpose.
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IABLe OF :'0ST ILPORTANT SIHBOLS:

Beeevsrsresessattacking distance (m, lam), sound velocity (m/sec)
Recsscsevarsescritical sound velocity (for example, in nozzle throat)
Duvsosseeeasasacceleration (m/seca)

Byesesrevesssonomal acceleration (n/sec?)

Dyesersreressstangential acceleration (m/ seca)

Coossssesnsaneeffoctive exhaust velocity (m/sec)

Cpaysssessevemaxime flow velocity of fire gases (m/sec)
Cypessssssssertheoretical maximum flow velocity of fire gases (m/sec)
Cperersevenseslire gas{exhaust) velocity at the mouth (of nozzle) (m/sec)

a vall (m/sec)

CRessssesssssaprobable diffuse rebound velocities of the air nolecules
from a wall (m/sec)

Caerasesonnnedlift coefficient (Cp)
Caoeeevev---o-initial 1ift coefficient (CLO)
Camaxesssseeamaxisum 1t coefficient
CaFesesvrosvesLift coefficient of wings
Cyresscvessasssdrag coefficient (Cp)

wr
Cpasecassaan «.surface drag coefficient

C. L EREE RN XN N ] omct'iona-l cmﬂponmt Of CD, drag Goeff.

CyesseesreeserSpecific heat at constant volume (keal/kgP®)

esssesssTiceific heat at congtant volure, portion due to molecular

[+
virans translation (keal/kg

cvrot.........specific hcat at constant wvolume; portion due to molecular
rotation (keal/ikgP)

Coomct®® -+ +-Specific heat at constant volume, portion due to molecular
vibration (keal/kg®)

d_- saseseranene@ll s‘breng_th, _cﬁliber, diameter (M)



'dm.. seeercesosCiameter of nozzle mouth (m)
Qevacceesoeessnozzle throat diameter {(m)
fueeeerennsossscross=soctional areas (n?)
faveeersrennarcross=sectionzl areas of throat of fire noszle (m‘2)
£ vrvvesseaasearea of surface bounding mouth of nozzle (m'q)
Beereenssosscsacceleration due to gravity (m/s'eca)
Hesvversnneeaslength of projectile (m)

R ecescesosssesmallest thickness of lubricating layer (m)

ilenonoocro aVertical shock i":pulse which in wnit tire is tranELitted to
surface of plate by impinging air molecules (kg/m“}

ipRlclla.nacn --'V'BI‘tical I'ebound iI'Ipulse vhich in unit time is giVE by
2 surface of plate to rebounding alr molecules (kg/m*)

Iessinnnssacaimulise narallel to wally, of the air molecules vhich
imzinze in unit time on 2 unit area of the wall (kg/m2)

leesesessessesfree path length of molecules (m)
Meevooeessasrsiass (kgsecl/m)

Peeesosnnneeesdir prossure, gas rressure, pressure (kg/m2)
Paevormnr- ve.o8¥ternal pressure of static alr (kg/me)

po..._..........initig'l pressure, gas pressure in furnace, stationary gas pressure
g/m

DBpessesssaeesomouth pressure (kg/m?)

Qessevesearsoedynamic pressure, heat flow (kcal/mesec)
Tesseueeseensotrajectory radius of horizontal turning curves (m)
Seersessereeceflight distance (m,km} (pathlength)

8] s+ nessessecaStarting distance (m,km)

Sperereeereevelenath of partial distance after starting (mykm)
Sgerseesessssslength of accelerated clind (rm,Yxm)

S seesancans .slength of unaceelerated supersomic glide path {m,m)

S;u.-....uuS‘ﬂ.b.SDnic glide 'pa.th 1ength (I:'I.,km)
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sw............length of turning distance (m,kM)
Larssenssrnas bime (seconds), wing depth, sliding slipper depth (m)'
bpeesessesesshiob aide temperature of fire wall(°c)
byereveaacassacool aide temperature of fire wall (°c)
Veeeesseossessflight velocity (m/sec)

H seavesrsensevelocity vector {(m/sec)

Vgeeereoeressiabsolute velocity (m/zec)

V eeesessisnccinitial flight veloeity (nm/sec)

Ve...‘........velocity of a point on the sarth's surface (m/sec)
vﬁl...........flight velocity at beginning of turning arc (m/sec)
Vype+e+eer.r.flight veloeity at end of turning are (m/=ec)
Waeseeoaaressobomd range (m,dm) (literally "throwing distance")
nr............probable scattering of bomd trajectories (km)
Teovresseresepaverage density of bomb hits for surface abtack (kcal/km?)
Avvervesasssassmechanical equivalent of heat (1/427 keal/kg), 1ift (kz)
Buvereneenssrobonb load (kg)

Cossrorersessscoriolls force (kg)

Decersneser-.adisacciation energy (keal/kg)

Becsseeresesssreastion heat of fuels, upper mixture coefficient, total
energy content (keal/kg)

Ev............spaCial energy concentration (kcal/liter)

ER............rnhaund enargy Sf air molecules per unit time and unit wall
surface (kcal/m“sec)

F . evsesecessssetnergy 9f air molecules remaining in walls after impact
W (keal/m sec)

E seevsenseascenergy carried By air molecules per unit time and unit surface
A to wall (keal/n“sec)

Fesosanasssny » .aﬁmmmc supporting surface (m2 )
FF. srsanEenne -cal‘r?ing Wing surface (mz)

Fpeassesessss Carrying fuselage surface [m?)



G.-ccooncocnntﬂaight (kEJ
Go..-..........init.i.al weight (kg)

Gl............waig'lt of bombar aftsr uszing up fuel required in approach of
target (kg)

G?............Isight. of bomber after release of bombs (kg)
G-B..-.........enipty weight of bomber (kg)

G eevresereanostarting weight (kg)

GOS...........initial starting welght (kg)
Heensosenseoseflight altitude {m,km)

Jesanseesssssohsat content (kcal/kg), impulse (kgsec)

J esssecesscconeat content in state of rest, stats of furnace, initial stats
e (kcal/kg)

Jm._. eereeenesssmouth immlise {kgsec)

Keeeosesveorsoevalustion nuober of rocket fuels

Misaarsnrnesssmolecular welght

Pirecscsecsscseffactive thrust, load on one of & sliding slipper (kg)
Precoscaenssesfras thrust measurable by dynazozetar (kg)
Qecavreraresssquantity of heat (keal/kg)

Ressesossersesindividual gas constant (m/®), radiuz of sarth (m)
Re..............Heynold's nunber

Rygeesseessorointernal height of evaporation at 0% (keal/kg)
Tevsesscenrersstemperature (OK), d'Alembert's inertial force (kg)
To............init.ial temperature, furnace temperature, static temperature (%K)
T eeeesereccsomotth temperature (°K)

'!‘G--...........tamperat.ure of air molecules before impact with wall (°K)
Tyge+evvee-oosotemperature of 2 wall surface struck by air molscules (%)
TR............temperataJre of air molacules after rebounding from wall ('°K)
Uecornssveeessintarnal energy (keal/kg)

Vesoasnonnens oﬂpﬂdﬁc gas volume (mB/kg)
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Vo............i‘umace volume (mB-)
Wessevosesesoraresistance (kg)

M eesrsessanerasistance measursd in wind tunnel (kg)
Zeeesvesssnsastotal energy thrown at a targst (kecal)

X

wsesssnesssssangle of attack (°), coafficisnt of accommodation
w‘,...........mglo of attack of leadlng edge of a curved surface

............spscifie weight (kg/
sessssnsreesBpacific gas weight at the eritical velocity (kg/mB)
or
............apecigic gas weight at rest, in the neighborhood of Earth's surface
(kg/m”)

L g %

™~

....... sevnreglide number, mumerical eccentricity of a Keppler ellipse

m

d.........u.optieal ab!or'ption coafficient
sssasessesse .COMPASS PFO8& al'lglﬂ (i e, “heading") (0)

vversereenereviscosity (kgsec/m”)

in

'ab’“

essanasvessmaximm erficiﬁ.ﬂcy, extearnal effir:iency

sesEsesnma QHOZZIH Officiﬂncy

®

Jiesansesssassinternal efficlency

N

forse-aesesssofurnace efficiency
theryees+ v eeobhermal efficiency
Meeeionssose.ndiabatic axponents
MHee ecessesvescaverage adiabatic exponents
e B +thermal conductivity (kecal/mh®)
[ eerisseaissootoefficiont of friction
/5. seenerseeseedonsity, radius of path, _(kgssczfm") (m)

—

fPeevareccicciomans of gas atriking unit surface arsa of a plate each second
(kgaec/

ﬁ;:gq. siasssasasefgll danSity at the mouth (kgsecz/mh)
Possssesesssssgas deneity in furnace, Initial state, rest state (kgsacz/m&')
U:aaa-.-.:...-ﬂtrength, tﬂrn:[ng mﬂﬂ (kg/anz) (o)

V4



Tesesasesesssstangential stress due to alr or gas drag (xg/n?)
Peseseseverssopath inclination (©)

%..I..l..l.'. :51]?.:.113? WIOGity (1/880)
ao-oo-o-ooo--.‘-‘h&ﬂgﬁ--iﬂ a ml&ﬂtity

€, veeenssnser.Characteristic temperature of vibrational excitation of a gaa
molecule (9K)
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