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A Note by the Publisher 

Toward the end of the last century a. few farsighted individuals became 
t thoroughly convinced that man could f ly . Today their names are a l l but 

forgotten bat their technical achievements wil l endure for centuries. 

Today we are on the threshold of Banned flight between the planets* 
Drs. Eugen Sanger and Irene Bredt are prominent among the handful of pioneers 
whose dedicated efforts have made possible this vista. 

"Uber einen Baketenantrieb fur Fernbomber" i s based on more than a decade 
of effort by the authors* The material i s condensed. This report contains 

, only about one-third of ths Information which the authors had available at the 
tine of writing j a l l of the mathematical derivations and much of the support­
ing and supplementary information were omitted. 

In spite of this fact, the report i s , in effect, s definitive treatise. 
I t catalogs new problems and outlines solutions to the more important ones. 
For years to come i t wi l l serve as a storehouse of vital concepts for the 
serious student of rocket science. For these reasons, i t s publication at 
this time seems warranted. 

Since 19U5, Dr. Irene Bredt (now sSngsr-Bredt) and Dr. Eugen Sanger 
have ^ived in Paris, where they are employed by the Arsenal de l'Aeronautique. 
Dr. Sanger i s also president of the International Astronautieal Federation. 

« 

sidle the Technical Information Branch, BUAER, Navy Department, has very 
generously furnished copies of their translation of "Uber einen Raketenantrieb 

t fur Fernbomber" to many public libraries and research institutions, this i s 
the first time the report has been available for public sals . The publisher 
would like to thank the u\ S. Havy, without whose permission this publication 
would not have been possible. 

Robert Cornog 
Santa Barbara, California 
16 November 1952 



FOREWORD 

The application of pure rocket propulsion to aeronautics suffers a t present froa, l imita­
tions imposed on exhaust -speed and flight velocity by constructional d i f f i cu l t i e s . 

Because of the thermal s t resses on the engines, the exhaust speed is not raised to the 
physically possible l imits . 

Because of the mechanical stresses on the airframe, the velocity of f l ight has not yet 
gone beyond the velocity of sound. 

Cki the basis of extensive physical and physico-chemical s tudies , we shall discuss some 
poss ib i l i t i e s which are opened for the rocket propulsion of long-range mili tary a i rc raf t when 
these two limits are surpassed. 

In addition several suggestions as to construction are made, which should f ac i l i t a t e over­
coming the present l imitat ions. 

These investigations on thi> problem of long-range military rocket aircraf t originated as 
a jo in t work of the two authors during the years 1937-1941 and were intended, together with the 
material of report LM-3509, to be a second volume of "Hocket Flight Technique", by the senior 
author. 

As a resul t of circumstances caused by the war, publication was postponed and the resul ts 
of the work, issued in abstract form in the present report. 

Sanger 

Uig.) 
Bredt 

Ainring (Upper Bavaria), August 1944 
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I. Fundamentals 

The range of flight-speeds several times the velocity of sound is the exclusive province 
of the pure rocket, which develops the propulsive j e t entirely froir. the fuel carried on board 
the a i rcraf t . The pure rocket can also compete in cost at lower speeds, if propulsive forces of 
great magnitude or short duration are required, or if no surrounding air is available, e.g. under 
water or outside the perceptible atmosphere of the earth. These special character is t ics aive 
rocket propulsion a broad domain of application to military techniques, which can be outlined as 
follows: 

Propulsion of project i les or bombs, in which the re la t ive ly strong," short duration pro­
pulsive forces can be achieved in most cases by powder-rockets. 

Auxiliary drive for propeller- , or j e t - a i r c r a f t , 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 rocket motors having fuel pumps, but without high exhaust speed, aie required. 

Main drive of aer ia l torpedoes against land, sea, or air targets , with moderate to long 
times of operation, in which high exhaust speeds are important only for quite larse ranges, 

Main drive of fighter or bomber a i rcraf t , e.g. for fighter defense at very hieh a l t i tudes 
or for military a i rcraf t operating over very great distances. Both propulsion-time and exhaust 
speed set extreme requirements for the rocket motor. The last-mentioned application, the rocket 
bomber, i s treated in more de ta i l in the present report . 

Pure-rocket engines make only very incompleLi; 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, th is disadvantage can be counteracted by use of fuels with the maximum pos­
s ible energy content per unit weight. Thus rocket fuels represent, on the one hand, carr iers of 
energy with maximum concentration of energy per unit mass and per unit tank space; on the other 
hand, they are the carr iers nf those masses from which the j e t pi" the engine is developed. 

According to the method of feeding the fuel (which,- in the tank, i s liquid or solid) into 
the combustion chamber of the rocket, we can distinguish between various modes of operation of 
the rocket motor; e.gj- rockets with periodic propulsion, which are character! le i by moderate 
Values of the work for feeding the fuel, th» temperature s t resses in the walls in contact with 
the flame, the exhaust speed and the thrust; and rockets with continuous propulsion, with arbi­
t r a r i l y high constant flame-pressures, high constant exhaust speed, maximum thrust for given 
dimensions and maximum thermal stresses of the furnace walls. 

The type of construction of the walls in contact with the flame is determined by these 
s tresses, 

The type of construction using the heat capacity of the wall-material gives very simple 
solutions, which are however applicable only to periodic propulsion, or to continuous propulsion 
over short periods at moderate furnace temperatures. For example, the 20 mm. thick metal wall 
of the j e t - th roa t of a powder-rocket at 280$°K and having thermal conductivity 4000 k cal /m*h 0 , 
begins to melt on the side in contact with the flame after 2, 4, B, 10, 14 or 90 sec, if i t is 
made of Al, Ag, Cu, Fe or Pfi, Pt, or I r , reap; this can be shown by calculation and can be qual­
itatively checked by t e s t s on welding torches, 

Designs of combustion chamber walls using the best refractory materials giv e somewhat more 
complicated arrangements and longer propulsion times, which are in general limited mainly by 
cberaical changes in the wall material. The best heat res is tant materials, (melting points given 
in °C) which would be of in teres t in th i s connection are for example: beryllium oxide (2500), 
molybdenum (2600), zirconium oxide (2700), magnesium oxide (2800), thorium oxide (3050), titanium 
carbide (3140), rhenium (3170), tungsten (3380), zirconium carbide (3500), tantalum and hafnium 
carbide (3700) and graphite (4000). with these materials, using non-statiotiary thermal condi­
t ions, the driving times can be extended further than the Values givei1 previously. 

Design using condenser jackets around the combustion-chamber walls is similar to that 
used in internal combustion engines for controlling the hot, strongly superheated combustion 
gases; i t i s however limited to moderate combustio* temperatures and pressures for which the 
heat flow through the wall i s everywhere less than 1 h.p / tD |2 so that the velocity of the coolant 
need not be raised above about 10 m/sec. J 
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Fire-wall construction using forced cirpulation of the refrigerant in channels, of pref­
erably one-dimensional extent, which cover pract ical ly without gaps a l l the wall surfaces 
couched by the flame, gives the poss ib i l i ty of controlling also those high heat t ransfers through 
the chamber wall3 which occur unavoidably in using high-grade rocket fuels in uniform-pressure 
rockets, and which go far above 1 h.p/ c m2, and can be even 10 h . p / „ 2 or more in the j e t throat . 

* This type of firewall for rocket motor construction i s used in the designs of the present work. 

Aside from design of f irewalls , the supply of fuel to the combustion chamber i s , for 
uniform-pressure rockets, a special problem for the solution of which Tarioua methods have been 
used. 

Placing the whole fuel supply in the combustion chamber has proved suitable in short-
period powder rockets. Pressure tank feed of liquid fuel, because of the considerable weights 
of the tanks and compressed a i r , i s possible only for moderate driving periods and f i re gas 
pressures. Fuel supply through gas-pressure pumps limits the tank size and gives longer driving 
periods at moderate flame pressures. Fuel supply with ordinary pumps and turbine drive r e q u i r e 
special propel1ants or exhaust gas removal from the combustion chamber and resul ts in increased 
fuel requirement per unit momentum; nevertheless, i t does give high driving periods and flame 
pressures. Fuel supply with ordinary pumps using a turbine driven by steam from the refr igerant , 
where the steam for the turbine i s developed by vaporizing the coolant in the canals of the 

* chamber walls and f i r e - j e t , l imits neither driving period, driving pressure, or flame temperature, 
and permits the use of the greatest exhaust Bpeeds. This method is the basis of the rocket Rotors 
described here. 

Finally, one of th« most essential construction problems for uniform pressure rocket motors 
i s the choice of furnace pressure. The high-pressure rockets with furnace pressures above 50 atm, 
(which are necessary because of the high exhaust speeds required], are in pract ise driven up to 
iOO atm. They have small dimensions per unit thrust and are especially valuable combined with 
highest grade fuels, where the already high exhaust velocity can he increased by 2'2% through a 
furnace pressure increase from 10 to 100 atm., and by 6% through a change from 50 to 100 atm. 
I t s domain of application is therefore especially that of rocket f l ight , e.g. for rocket bombers, 
where the requirement of high exhaust speed i s most s t r ingent . The high requirements on the fuel 
feed system are no trouble when they are taken care of by the coolant-steam turbine mentioned 
above, which uses the heat from the forced cooling of the furnace. As a result of increased gas-
density,-velocity,-temperature, and - radiation, the specific heatflow from the flame through the 
furnace walls r ises proportionally with the furnace pressure. This has as consequence the decisive 

* di f f icul ty that the protection of the walls in contact with the flame becomes more c r i t i c a l as the 
furnace pressure increases, since the heat transfer from furnace wall to coolant only increases 
•a the 0.4 power of the coolant pressure, so that a prac t ica l l imit of furnace pressure is reached 

+ a t about 100 atm, 

Similar general considerations apply to the air-frame. To the fundamental question, 
whether explosive propulsion by rockets over large distances shall be used with wingless, un­
manned rocket-torpedos or with winged and man carrying rocket a i rc ra f t , i t may be said that for 
the "re turning" a i rc ra f t , the range of use and the t o t a l destructive energy brought to the 
target (weight of bomb % energy of explosive) i s as large as for the rocket torpedo for equal 
i n i t i a l f l ight speed, so that the conserving of the empty craft for repeated use and the probably 
greater bombing accuracy speak in favor of the a i rcraf t . Since the i n i t i a l cost of the empty 
craft is far greater than that for the bomb and fuel load, th i s is the basis for the choice. If 
the rocket bomber doesn' t return to i t s place of takeoff, i t s range for equal v0 will be much 
greater than that of the rocket torpedo, though, of course, the % weight of destructive energy 
brought to the target decreases. The extreme ranges possible with the rocket bomber are com­
pletely forbidden to the rocket torpedo. 

Hie rocket bomber will differ from the present-day propeller-driven bombing a i rcraf t in 
the following essential points : in place of the propeller propulsion from the fuselage front i t 
has the rocket propulsion in the fuselage stern; the fuselage i s in the shape of a bul le t with 

* tapered hind part , the wings have a thin wedge-shaped prof i le with sharp leading and t r a i l i n g 
edges and high wing loading at the s t a r t of the f l ight; the cabin i s constructed as an a i r t i g h t 
stratosphere chamber. 

• 
For s tar t ing , the use of i t s own fuel as in the usual propeller-driven a i rc raf t was con­

sidered, Because of the great difference i " s t a r t - and landing-weight this leads to large wing 
surfaces and too high fuel consumption in the range of speeds below the velocity of sound. Ver­
t i c a l s t a r t under i t s own power has only the last disadvantage, but even in a greater degree. 
Eling-start ing on a horizontal take-off path unt i l the sound velocity is reached appears most 
favorable arid i s assumed here. In th i s type of s t a r t by means of external forces, an especially 
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energy-consuming part of the a i rc raf t acceleration is not obtained at the expense of the fuel 
carried on board, so that the range of the aircraf t catapulted in this fashion r ises markedly, 
»Mle at 5 * same time t h e f l ight-character is t ics can be matched more easifry to the s teadi ly 
decreasing s ing loading during f l igh t . 

As methods of f l ight were considered; acceleration to the point where fl ight speed equals 
exhaust speed, and then f l ight a t constant speed; also acceleration to such a speed that the 
subsequent unpowered glide extends over the ent ire remaining f l ight path. For equal fuel cost , 
the las t method gives greater ranges and simpbv* power plant, and is therefore assumed from now 
on. 

The whole procedure for use takes place, somewhat as follows: the rocket bomber at the 
surface of- the earth is brought to a speed of about 500 m/sec. by a ground-fixed rocket drive in 
a period of 11 seconds over a 3 km. s ta r t ing path; then climbs a t full motor drive to a height 
of 50-150 km along a path which is inclined at 30° to the horizon at f i r s t , but la ter becomes 
f l a t t e r ; thus i t reaches final veloci t ies up tjo more" than twiqe the exhaust speed. The duration 
of the climb is 4-8 minutes; usually during this tine a l l the fuel supply on board will be con­
sumed. At the end of the climb the rocket motor is turned off, and the a i rc ra f t , because of i t s 
kinetic and potential energy, continues on i t s path in a sor t of osci l la t ing gliding flight with 
steadily decreasing amplitude of osc i l la t ion . This type of motion is similar to the path of a 
long-range projecti le which from similar heights follows a descending glide-path. Because of 
i t s wings the aircraf t descending i t s ba l l i s t i c curve bounces on the lower layers 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 consumed, 
so that the i n i t i a l l y big jumps s teadi ly become smaller and f inal ly go over into a steady gliding 
f l ight . At the same time the-f l ight speed, along the glide path of several thousand kilometers, 
decreases from i t s high i n i t i a l value to normal landing speed. If the descending path (which is 
within certain limits controllable by the p i lo t ) l ies in the direction of the target , the bombs 
are released at a predetermined moment, and the craft returns to i t s s t a r t ing place (or some other 
landing field) in a wide arc, while the bombs go toward the target along the original direction 
of f l ight . Even if the target i s very distant from the take off point, the bombs are only dropped 
near i t , so that the sca t te r of bombs can be compensated for by a large number of releases on the 
target , which will in this way be covered by a Gaussian dis t r ibut ion of h i t s . This military use 
is completely independent of weather and time of day at the target , and of enemy counteraction, 
because of the poss ib i l i ty of using astronomical navigation in the stratosphere and because of 
the height and speed of f l i gh t . 

From the character is t ics given for the rocket bomber i t follows that this is not the de-
' , velopment of an improved military c raf t , which will gradually replace present types, but rather 

that a problem has been solved for which no solution existed up to now, namely, bombardment and 
•> bombing over distances of 1,000 to 20,000 km. toith a single rocket bomber point attacks can be 

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

ni th a proup of 100 rocket bombers, surfaces of the size of a large c i ty at arbi t rary 
places on the ear th 's surface can be completely destroyed in a few days. 
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II. The Aircraft 
1 . fhnwiPtMH.aHj.ff pf fop R o c k B t M o t o r 

The main parts of the basic construction of fche rocket motor considered here are shown in 
f ig . 1. The fuel goes from the fuel tank to the fuel pump, where i t ia compressed to ISO a tn . , 
then fed continuously through valve 5 to the injection head of the combustion chamber. The oxygei 
goes from the thin-walled uninsulated oxygen tank into the oxygen tank, i s compressed to 150 atm. 
there, then forced through valve 6 and the pipe system of the condensers into the injection head 
and the combustion chamber, af ter being warmed to 0" C. There the fuels come together for the 
f i r s t time, mix and burn producing flue gases at a constant pressure of lOO atm. and a t 4000° C. > 
In the head of the burner, the flue gas expands to a very low pressure and forma the driving masaj-
je t with exhaust velocity of 3-4000 m/sec, whose reaction for a fuel consumption of 245-327 kg/sale 
produces a thrust of 100 tons . With a 90 ton fuel supply, the a i rc raf t can be driven with the 
above thrust for 367-275 seconds-

Aside from th i s main process with energy conversion of about a million Kcal/sec the 
•econdary process shown schematically in Fig. 2 gives sn energy conversion of 20,000 Jfcftl/aec for 
driving the feed-pumps. I t s parts-* visible in Fig 1, can be followed from the water pump which 
puts about 28 kg/sec of water under 250 atm. press ute, drives t h i s water, at the j e t throat , intc 
the cooling pipes of the j e t walls , where i t flows toward the mouth of the j e t and ia heated to 
•bout 300° C. After coming out of there, while s t i l l above the c r i t i c a l pressure, i t i s (again a t 
the j e t throat) driven into the cooling pipes of the combustion chamber wall , where i t i s again 
heated and vaporizes in the neighborhood of the c r i t i c a l pressure; f inal ly i t is removed at the 
injection head in the form of highly-compress ad superheated steam, led t o the steam turbine; there 
i t expands to about 6 atm. and goes to the liquid-oxygen-cooled condensers where i t is reconverten 
to water and gives Up considerable energy to the oxygen; then i t repeats i t s cycle going through 
the water pump. The steam turbine drives a l l three pumps from the same shaft . During the process 
valves 3, 4, 5, and 6 are open, and 1, 2 are closed, while 7 serves as a safety valve against tec 
high rotat ion of the turbine. 

The process described can be begun with the aid of the s team-star ter , which produces the 
small amounts of steam required by chemical means! in th i s process the valves 3 and 4 are closed, 
L, 2, 5, 6, and 7 are opened. 

Aside from the deta i ls given in the l i t e r a tu re , (16-30) the following things are important 
for understanding the proposed construction: 

The relat ive value of different fife-*a11 materials is determined by the available heat 
flow <J*%(tf~tA4i through the walls for a given heat capacity of the walls . If the wall thick­
ness a i s proportional to the reciprocal of the breaking strength <T- ( tens i le s t r e s s ) , or to i t s 
square root (torsion s t r e s s ) , then the possible heat flow (and also therefore the worth of the 
material) is proportional to the product ^fCf-C/fJO", or &{tf—$fj0:r reap. Here \ , tf and <f 
are pure material constants, while the cool-surface temperature E/r (and so. the whole evaluation) 
depends on the part icular arrangement, coolant temperature, e t c . In the combustion chamber cooled 
by live steam, the cool-surface temperatures are 500-600° C. From Fig. 3 one sees that the usual 
heat-resistant metals chrome-nickel s t ee l , nickel, " ven t i l " - s t ee l , e t c . , are favorable (as con­
firmed by construction experience) while platinum is even more su i tab le . The theoret ical ly most 
favorable materials like tantalum, tungsten, and molybdenum are , because of their chemical ac t iv­
i ty and the di f f icul ty in working them, actually not a t a l l promising. In the hot-water-cooled 
f ire .jet the cool-surface temperatures are at 400*500° C, because of the high heat flow; Fig. 4 
shows (in accord with practical experience) that copper is unsurpassed as je t -wal l material . 

The cooling system for the walls in contact with the flame (21) i s required because of the 
high heat flow from the combustion gases to the f ire-walls; th is is presented in Fig. 5 for a 
gas-oil-oxygen charge a t 100 atm. combustion pressure, on the basis of calculations and pract ical 
experience. For example, in order to conduct 5 bp./c |p2 from the fire-surface to the cool surface 
through a 1 mm thick copper wall , a temperature gradient fjt--6 f f^ between the two surfaces of 
100° C is necessary. In order for such thin walls to withstand the mechanical s t resses due to 
flame-and coolant-pressures, they must be reinforced at very shor t - in te rva l s . At the same time the 
heat flow through the fire-walls must be assured by a precisely prescribed and carefully maintained 
high streaming velocity of the coolant behind the f i re-wal l . Both requirements can be met by the 
cooling-pipe system shown in Fig. 1, with forced circulat ion of the coolant in structures of one-
dimensional extent. The necessary compromise between the r is ing forced motion and increased 
pressures required to drive the coolant when the number of channels is decreased has been so made 
that the cooling system of the j e t consists of several hundred para l le l pipes each only a few 

7 

C-BU296 



« e-
r* e a> (r* 
T ,t~> 
rr » 
* * • t» 
3 
09 » • * 

O 
U "J 
c* 
» a QR X 
^ o a u (B 

Cxygftn 

S5S Fuel 

Fig. Is Systematic representat ion of the main pa r t s of the rocket mot' 
of tho rocket boaber. 



.."•* ••• W a t e r 

Firs 

Steam 

or, drawn in the i n t e r i o r 



Heat added to the fuels by 
pumpwork f>2£) 

Energy c o n t a i n e d i n t h e 
s team a f t e r t h e t u r b i n e 
and added t o t h e f u e l 
by condenser (~18?5) 

Energy contained in the steam 
before the turbine t~20£) 

/ 

I 
WAWM90 Keat conduction through walls 
^ ^ V r in contact with the flame 

(-2056)  

Fig, 2i Energy flow in the working process of the rockflt motor. 



sq. mm. in cross-section, which join together -partially a t the j e t throat and again branch off 
in the far parts of the j e t mouth so that the small individual cross-section of the pipes is 
retained; each pipe runs meridionally, and the whole surface of the j e t is-completely covereci 
with pipes, of which the side toward the flame consists of the smooth and torsion-stressed f i re ­
wall. The requirement of a plane surface does not apply to the furnace surface in contact with 
the flame, so that there the s t a t i ca l l y more favorable circular cross-section can be used. This 
circumstance and the smaller heat-flow through'the furnace walls require greater wall-strengths 
of the fire-wall and thus greater cross-section for the individual cooling pipes, so that the 
then necessarily, few pipes in para l le l can assure high circulat ion 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 co i l . 

We see, from the above discussion, the requirements on the coolant i t se l f : 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 
sui ts the requirements, is circulated around the f i re-wal ls , the actual coolant is rea l ly the 
fuel i t se l f , to which the intermediate coolant t ransfers i t s heat in the pumps and condenser. 
The heat-absorptivity of the fuel before i t is brought into the combustion chamber is limited, 
and is only a few percent of the heat wiiieh is liberated when i t i s burned in the combustion 
chamber. One must therefore take care, that the t o t a l heat transfer per sec, from the flue-gas 
to the coolant through the walls of the furnace and j e t , which is given as 20% in the example of 
Fig. 2, remains less than or equal ,to the aforementioned absorptivity of the fuel consumed per 
sac. This to ta l heat transfer which must be regulated is proportional to the to ta l inner surface 
of the furnace and j e t . I t can be decreased by diminishing th i s to ta l surface. Concerning the 
contribution of furnace and j e t to the t o t a l surface in contact with the flame, the following is 
true: a l l experience shows that over a wide range of values, combustion in a furnace is more com­
plete , and efficiency and exhaust speed are correspondingly larger, the greater the furnace 
volume Vo as compared t o the smallest cross-sectiofi r of the furnace j e t . Because the to ta l wall-
surface is limited by the heat absorptivity oi the fuel used as a coolant, the furnace surface 
can be increased provided that the je t surface is decreased keeping the sum of the two below the 
permissible l imit. From Figs. 2 and 5, the to ta l heat-flow through the 154,000 cm of f ire-wall 
surface represents 2% of the energy developed, which corresponds to the permissible heat absorp­
tion of the fuel, so that the heatflow per unit area of the furnace and j e t walls is about 0.8 
np/C[n2. If in place of the short 60° throat with 60,000 2 surface we used the customary Laval-
throat with a 1C° opening angle, i t s furface (345000 ,.,,,2) could not be completely cooled if the 
same heatflow and absorptivity of the coolant were maintained; for the furnace there would be no 
surface cooling available at a l l . At the same time the length of the Laval-throat could not be 
decreased below 9720 mm. By using large throat-angles we are enaDled to fu l f i l the requirements 
of the fuel-cooled rocket motor, and moreover the quantity Vo/f' which determines the completeness 
of combustion can be increased, so long as the increased efficiency of the furnace J£/£" is not 

overcome « by t j i e decrease of jet-eff iciency fAtf&gyfc with increasing opening angle. 

The pump system of the rocket motor consists of three pumps for fuel, oxygen and coolant 
and the driving turbine, for these pumps. The vaporiied coolant of the rocket motor is used for ' 
feeding the turbine, where the forced circulat ion used for the combustion chamber permits the 
chamoer to be used as a high-pressure-radiating-steam-boiler with forced circulation in the 
manner of the Itenson - , U h m t - , Vslox -, Sulzer - steam bo i l e r s . (27) The use of the vapor­
izes coolant for driving the auxiliary turbine has the advantage over the use of a separate energy 
source that the to ta l fuel consumption per impulse by the rocket motor is not increased by the 
auxiliary turbine drive; the advantages over feeding the auxil iary turbine from the flue-gas of 
the rocket motor are tha t : use of the cooling capacity of the fuel for cooling the combustion 
gases brings i t to temperatures permissible for the turbine drive-rod; the d i f f i cu l t i e s associ­
ated with condensation of, for example, metallic-oxide fumes in the flue gas disappear; the heat 
absorptivity of the fuel as a coolant is increased by the work done in pumping; the important 
decrease in momentum of the j e t in the emission of a part of the flue-gas and transfer of i t s heat 
content to the remaining flue-gas is avoided: f inal ly the construction of a hifch pressure steam 
turbine is incomparably simpler than that of a high pressure flue-gas turbine. Since according to 
Fig. 2, the efficiency of the 12,000 up, drive of the steam turbine, which uses waste energy, r 
unimportant, while we do demand very snail weights of the ins ta l la t ion , the simple Curtis-shaft 
gives a suitable solut ion. The 3 pumps can in view of the high to t a l fuel supply of over 1000 
rrr*/hr., be designed as cine-stage turbines (despite the high intake pressures), so that the whole 
pump assembly including the turbines consists of 4 running from the same shaft , at anout 12,0l>0 
PMi. Thus the outer dimensions and weight of the whole ins ta l la t ion can be kept below 600 x 1200 
mm and 500 kg. 
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Fig. 3: Relative evaluation nuEfc«»r of combustion chamber wall materials 
subject t o ta i s icn . 
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Fig. 4: Relative evaluation numbers of firewall construction materials 
under bending (exhaust wall materials). 
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Aside from the requirements of extremely light construction the turbine, fuel pump and 
water pump present no special constructional d i f f i cu l t i es , whereas in the construction of the 
oxygen pump the choice of the construction material, the arrangement of the moving parts and the 
feeding of the boiling liquid to the pump must be specially considered. As a construction ma­
t e r i a l (for the oxygen pump) which a t -180° C will he sufficiently strong, e las t ic and res i s tan t 
to impact, sufficiently resis tant to corrosion and non-inflammable in liquid oxygen, the nickel- , 
A1-, and Mn- bronzes, as well as Monel-type alloys and pure nickel have proven sat isfactory. In 
view of the inflammability of- a]] lubricants in liquid oxygen, the problem of arrangement of 
moving parts was solved by using a floating support for the pump shaft away from the oxygen. In 
order to drive the boiling liquid Oj from the tank steadily to the pump, an arrangement was used 
whereby the oxygen Hows toward the pump over a long route in the direction of an acceleration 
field; n .g . , in the t e s t ins ta l la t ion , from a higher level; or in the a i rc ra f t , from tanks lying 
far toward the front. Because of the gradual pressure increase in the feed l ines, accompanied by 
only a s l ight temperature increase, supercooling of the O2 occurs a t the pump intake, so that no 
more gas is l iberated. 

Fig. (J is a photo qf the experimental model .of a high-pressure liquid- O5 pump, which as 
a rotary 6-stage pump with external bearings supplies 5 kg/sec of liquid O9 al- 1*>0 a tin, pressure, 
when running at 15,000 RPM; i t has proven i t s su i tab i l i ty and r e l i a b i l i t y m hundreds of experi­
ments. 

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

The practical work on the development of the rocket motor described in this section was 
taken up by the senior author in 1933-34 at the Teehnisehe Hochschule in Vienna and gave in the 
f i r s t experiments, on small models with 30 kg. thrusts , controllable flame-pressures of 50 atm. 
and high exhaust speeds; the fuel was tig (at up to 150 atm, injection pressure), and gas-oil (at 
up to 500 atm. injection pressure), and a Laval-throat of small opening angle was used, (19) 
After a delay of several years, which were spent in constructing larger experimental ins ta l la ­
t ions, the t.ests were recommenced at the Trau Aeronautical Testing Station in 1939. The con­
struction of the experimental ins ta l la t ions was under the direction of H. Zborowaki; the con­
struct ion of the components was directed by H. Ziebland; K. Hedfeld directed the experimental 
work. Fig. 7 shows the testing.shed during an experiment with 1 ton thrust and 5 minutes dura­
tion. Among the important.parts, one can see at the lef t on the embankment a cylindrical tank 
of capacity 2.5 ro^ for the liquid &>, and jus t to the right of i t the tap for the underground 
tank of liquid Oj (see a lso I I , 2). The drive tank, from which the apparatus i s di rect ly fed, is 
an open uninsulated thin-walled metal tank which (out in the open) vaporizes oxygen at the rate 
of 15 kg/hr. per sq. meter of tank wall, and whose varying weight during the tes t is shown by an. 
automatically-recording spring balance. From this tank the liquid O2 flows a t slow speed under 
i t s own weight to the high-pressure liquid oxygen pump 8 m. below (see f i g , ) . Beyond the feed 
pump the liquid oxygen, now at 150 atm, pressure, runs through a heat exchanger, in which i t i s 
heated by. the warm cooling-water coming from the furnace, then goes into the combustion chamber 
through a large number of injector nozzles. Following the corresponding path of the fuel, we see 
in the lef t foreground a lm* fuel tank, from which the fuel flows under i t s own weight to the 
high-pressure fuel pump. For this purpose a cog-wheel pump is used, which compresses the gas-oil 
to 150 atm. at 3000 RTAi. In the experiment shown here, the fuel and oxygen pumps were driven to­
gether by a D.C. Motor standing between the pumps; la te r the coolant-steam turbine was used in­
stead. Beyond the fuel pump the fuel also is forced into the combustion chamber through a large 
number of nozzles. The fuel - and 0^- streams are directed a t 90° to each other and have i n i t i a l 
entrance-velocities of about 100 m/sec BO that rapid spraying and mixing is forced. In the fur­
nace, the three fluids - oxygen, fuel and ignitor - meet and form the furnace gas. The furnace-
gas pressure during the ent i re run i s up to 100 atm, with Vo/|"B0Q and about 30° opening angle 
of the provisional expansion-Rozzle, The next photos 8 and 9 show a 1-ton t r i a l from the j e t 
s ide , 10 shows a small model using coolant vaporization; Fig, 11 shows a 1-ton t r i a l in which a 
high-percent Al-gas-oil suspension was used as fuel. The flame glows brighter in this case, and 
the result ing aluminium oxide begins to condense to white corundum dust a t a few meters from the 
j e t opening, and then thickens in to a heavy white cloud. Finally, Fig. 12 shows a short-exposure 
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Figure 6} Experimental high pressure l iquid O2 pump which 
has a 6 stage rotary pump. At 15»000 H.P.M. i t 
i s pumping 5 Ic^/sec of l iquid 02 a t 150 a-tooa-
pherea, 
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Fig. 7: Overall view of a 1-fcon, high pressure combustion 
chamber experiment using cooling by evaporation. 
Propellent tanks are above roof to the left. The 
fuel pumps directly underneath. Combustion chamber 
ia in operation in center* Note the cloud of con­
densed cooling agent. The observation stand is 
above on the right. 



Figure 8 j Overall view of a rocket motor t e a t atand. This 
motor produbed 1 ton of th rus t for a duration of 
5 minutes. 
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Figure 9l View of ins^ruwentB and propellent l i n e s . This 
t ea t was run on the 20th of Karon I9kl. The 
chaialser pressure 100 atmosphereaf the thrust 1.1 
tonsj the duration 3#5 minutes. 
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Figure 10; Small water cooled combustion chamber and teat 
instrument in duration teat, 'feter, heated at 
400° centigrade at 100 atmospheres pressure in 
the cooling system. 
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Figure 11; Rocket motor t e s t stand experiment using Aluminum 
i n o i l dispersion as fue l . Supersonic exhaust gases 
from the nozzle of 1-ton experimental rocket motor. 
Note compression l i n e s . 
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M Fig. 17: Supersonic exhaust gasns from the nozzle 
during an axperimantal run. Thrust was 
compression lines. 

« 
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photo of the j e t i t s e l f , i n which one can see with the naked eye the supersonic conpreaaion l ine f 
which give the ex^- i s t j e t the appearance of a large , blue c r y s t a l . 

The B i n part of the pract ica l work consisted in the construction of combustion chambers 
for developing and withstanding of combustion gases with the high energy concentration mentioned 
No time could as y e t be devoted to the conversion of the heat in to k i n e t i c energy of a j e t , that 
i s to construction of a j e t noxs le . Ordinary amount* of fuel consumption i n the course of long 
ind s t e a d i l y run t e a t s , gave e f f e c t i v e exhaust speeds of up t o 2400 m/sec at about 35 atn flame 
pressure, with gas-oi l -oxygen fue l and for k » ^ f - 1 . 4 3 ( i . e . , s t i l l i n s u f f i c i e n t performance of ?--̂  
the extended throat s e c t i o n ) . *> • *~-- e-..'.- ; •_,." - - ". - • ~ - V ' '- f 

With the r e l a t i v e l y low % - v a l u e s of t i e combustion gas {about 1.25) careful ly constructed ' 
f i r e - j e t s should, according t o F ig . 17, g ive at l e a s t P / p *«=1.6 in the t e s t se t -up , and about 
P/p j»= 1.75 in the a i r c r a f t , so that the comvustiato gas developed corresponds t o e f f e c t i v e ex­
haust speeds o f 2700 to/sec. on the ground, an* ness 3000 tu/aec. in the a i r c r a f t . 

F ina l ly , F ig . 12a shows a t r i a l construction of the carburetor of a 100-ton rocket high 
pressure combustion chamber, which was not hofever used in the experiments. 

2. Effective Exhaust-speed of the Rocset Motor 

Statements concerning the form and nature of the physico-chemical processes in the j e t of 
the rocket-furnace, which could give a determination of the e f f e c t i v e exhaust speed, assume a 
knowledge of the processes and of the f inal s t a t e of the combustion gas in the furnace. 

die may assume that most of the avai lable t*me i n the furnace apace (about 75 n d l l i s e e ) 
i s used up in processes of spraying, heating, vapoei iat ion, d i s s o c i a t i o n , turbulence and d i f ­
fusion of the injected streams of fuel and oxygen; and only a small part of the time i s used for 
the actual combustion and coming to equilibrinm. The f n l l y prepared and mixed f u e l - , and oxygen-
molecules (or - atoms) c o l l i d e , and react with eacu other, but w i l l immediately d i s s o c i a t e again 
i f there i s no means of transferring the l iberated heat of react ion to internal degrees o f free­
dom, to other bodies , or converting i t to trans lat ions1 energy. The l a s t p o s s i b i l i t y e x i s t s for 
atomic c o l l i s i o n s (according t o the pr inc ip le of the conservation of the center mass) only i f a 
third atom or molecule takes part in the c o l l i s i o n , so that the p a r t i c l e s present af ter the Tr­
act ion can repel each other . (Triple c o l l i s i o n , w a l l - c a t a l y s i s , exchange react ion) . A measur 
for the probabil i ty of occurrence of any react ion j s the e f f e c t i v e number of c o l l i s i o n s , which 
s t a t e s how many c o l l i s i o n s of other p a r t i c l e s with the molecule under consideration are required 
to produce the desired e f f e c t . According to en empirical formula of Gwb (5)2jjj i£ntriple c o l ­
l i s i o n s occur in every Z ordinary c o l l i s i o n s After each formation of a new molecule, l a t e r 
c o l l i s i o n s w i l l supply energy f i r s t to i t s ' rotat ional and then to i t s vibrational degrees of 
freedom at the expense of i t s t rans la t iona l energy, t i l l f i n a l l y in some cases d i s soc ia t ion oc­
curs. In the course of a s u f f i c i e n t l y long time, which i s dependent on the number of e f f e c t i v e 
co l l i s ions 'which a molecule must undergo for each 4f these changes, and on the time interval 
between two such c o l l i s i o n s , an equilibrium skate (dependent on the pressure, temperature and 
proposit ions of fuel and C^) develops in the furnace, which can be exact ly described in terms of 
the kind, number and energy content of the molecules or atoms present . This s t a t e i s assumed in 
the la ter ca lculat ions of the e f f e c t i v e exhaust speed. 

Since the greatest poss ib le energy content af the trans lat ional degrees of freedom of the 
combustion gas determines the maximum poss ib le valtle of the e f f e c t i v e exhaust speed, one Would 
prefer for the rocket motor a more favorable f inal s t a t e than that of s tat ionary equilibrium, 
this ,seems to be a t ta inab le , s ince trans lat ion , ro ta t ion , v ibrat ion , d i s s o c i a t i o n and recombina­
t ion take success ive ly longer times to a t ta in equilibrium, and the time during which the fuel 
remains in the furnace may l i e anywhere between these t imes. According to Jost ( 8 , page 141) i t 
i s conceivable that the newly formed molecules may, because of the ir process of formation, not 
have the ir vibrational degrees of freedom completely excited by the end of the combustion pronet>e, 
so that a greater fract ion of the energy remains for the K.E. of the center of mass than corre­
sponds t o equilibrium; thus temperature and pressure at the end may be higher than that corre­
sponding to equilibrium. <see K. Wohl and M. Magat, Z. Pbvs. Chem. Vol. 19, p . 117, 1932; a l s o 
(10 ) p. $05, f i g . 6, "The Approach to Thermal Equilibrium''). 

While, in the furnace of the rocket at say 100 atm. flame pressure and 3700° K, a molecule 
experiences an average of 10" c o l l i s i o n s per sec , the number of c o l l i s i o n s drops af ter expansion 
i n the j e t , with a corresponding decrease in the i s t e o f e x c i t a t i o n of the degrees of freedom, 
the rates of further chemical react ions , such as reburning, and of physical reactions such as 
condensation or s o l i d i f i c a t i o n of the combustion products (provided the temperature drops below 
the ir s t a t i c sublimation temperature during the expansion). 
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The processes in the j e t are then treated exactly as those in the furnace, neglecting a l l 
wall-effects; the expanding combustion gas is assumed to be an adiabatically closed system with 
a to ta l energy E kce l / ,^ corresponding to the beat content of the mixture; i . e . A f c o 

Accordingly as the time the streaming gas spends in the j e t i s long or short compared to 
the times of dcrclopment of the various internal energetic and chemical equi l ibr ia , three assump­
tions are possible concerning the expansion: 

1, The time spent, or the number of Collisions which a molecule undergoes, on i t s path 
through the j e t , i s so small that no eneTgy exchange or changes of vibrational and dissociation 
energy can occur. The character is t ic conditions for th i s case are dD = 0 andeyas^tJTmO'i when 
put into the generally valid energy relat ions between to ta l energy, E, heat supplied, (J, internal 
energy, U, heat of dissociat ion, D, heat of vaporization a t Q°K, R- , heat content, J , work done 
in expansion, ApV, and kinet ic energyAe^; to the equations: 

a "smaller" adiabat Exponent which resul ts from only translat ional and rotat ional specific 
heats; (X ordinarily would be (C^'"*+ARl^* „ / (note by Transl) . 

gives the variation of the flow-velocity as a function of the pressure drop in the j e t . 

2, If the time spent by the combustion gas in the j e t i s such that vibrational s t a tes are 
instantaneously in equilibrium, whereas no chemical processes can reach equi l ibr ia corresponding 
to the changed conditions, then the flow is characterized by dD = 0, C, osc. dT - f*(T). From 
this and the fundamental equations we get the relation; 

For a gas mixture with n vibration frequencies and Dj different gases, 

pa r t i a l pressure of the gas as compared to p and 6. the character is t ic temperature. The integral 
for this type of flow i s ; 

i^jfe+gfe-uh^* rJ~ fp °""f' -»** '*•• 

3. The third possible type of flow in the j e t occurs when the time Spent i s the j e t bv 
the combustion gas is so long that a l l energetic equi l ibr ia , including chemical equilibrium, can 
be attained for the instantaneous Values of pressure^and temperature. This type of flow in 
•awacter i ied by tb* conditions: c*etc JT"~f'o% <&m4p'faT) 
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Fro* t h i s and the fundamental equations, we obtain the d i f f e r e n t i a l equation: 

Tbe function c&*p'<kU which now contains Jjfc* canrijt be represented in e x p l i c i t form, so that na 
general analyt ic so lut ion of the d i f f e r e n t i a l equation can be given. (fee must therefore , uaing 
the dif ference equation 

aa c l o s e a c o l l e c t i o n of Tallies of J , D, and M as ftmctiona of p and T as p o s s i b l e , obtain the 
desired connections point for po int . Procedures far ca lcu la t ing such tables for various fuela 
have been suggested by M. V. S t e i n . 

The behavior of temperature T, heat coatent J , D i s soc ia t ion energy D, and the l iberated 
k i n e t i c e n e r g y w ^ f a long .* pressure drop frorn^A « / ( » • ! * to>4<r-»0far a l l three types ef flow i s 
shown for the combustion of octane in l iqu id oxygen in F i g . 13 . 

The decis ion as to which of the three p o s s i b i l i t i e s (or an in ternedi s te one) i s most 
probable for the flow of the combustion gaaes from the rocket furnace i s influenced by the f o l ­
lowing consideration: i f the expansion takes place in an experimental short j e t 1300 mm. long, 
then the mean time spent by the combustion gases can be computed to be about 2 x 10" sec-, 
corresponding to an average no. of c o l l i s i o n s of the molecule on i t s way through the j e t of about 
2 x 10° . If one considers that 96% of these c o l l i s i o n s already occur' in the apace between the 
furnace and the smallest c r o s a - s e c t i o n , then one sees by comparison with the e f f e c t i v e number of 
c o l l i s i o n s {/O —/£>) for the Various energy interchanges, that we may expect equilibrium of rota4 
t iona, vibrations and poss ib ly even d i s s o c i a t i o n s lor the processes occurring in the i n i t i a l part 
of the j e t , up to i t s smal les t c r o s s • s e c t i o n . Flow-type 1 becomes the more improbable the higher 
the furnace pressure and temperature for given v e l o c i t y , the longer the j e t , and the smaller the 
e f f e c t i v e number of c o l l i s i o n s of the combustion gas mixture. Therefore flow-type 2 i s generally 
assumed in ca lculat ions on rockets; i t g ives c losed integrablc formulae. The actual ly rapidly 
varying9c can, for rough es t imates , using the usual adiabatic flow formulae, be replaced in f i r s t 
approximation by a mean valuea/m -Z/X whiah for stoichiometric burning of octane at 100 atm. 
g ives ar*= 1.248 * ^ - > * e 

This mean value i s s t r i c t l y va l id only for an expansion to T « 0°K and b_ — 0 atm. If for ex­
ample the mouth values are to be calculated fur an expansion to J» — 1 atm, then two equations 
are required for a determination of/Jlf*/ s ince b o t h / % %* and T_ are unknown for a given 
mouth pressure p n ^ 0 For the example of octane oombustion given above, we obtain in t h i s man­
ner from the equations: 

for an expansion to / „ - 1 .atm, the v a l u e / j K ^ = 1.222 a t Tm - 1586° K. This method g ives 
f a i r l y accurate values of Tn and c_ whereas a l l intermediate values between T and T , as wel l 
aa the corresponding c^,, are more inaccurate. Flow-type" 3 , in case i t s consideration csn not 
be avoided, can be represented by the method of Moll ier with the aid of entropy charts , which 
show J + D + R as ordinate and enable Cg, and temperature values to be read off. Figure 14 shows 
such a Hoilier-diagram for a combustion gas of gas-oi l -oxygen and g a s - o i l ozone respect ive ly . 

The .following table shows in summary form for the ease of stochiometric combustion of 
octane in On at 100 atm. pressure, how the important f inal charac ter i s t i c s of the streaming: 
mouth ve loc i ty C_, e f f e c t i v e exhaust speed C, j e t nouth temperature T„, and the r a t i o of k ine t i c 
energy to to ta l energy supplied (E), d i f f e r for the three types of flow and for d i f ferent j e t 
end-pressures. 
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Figure 1?; Temperature T, Heat content J, Dissociation loss Dpt, and 
gain in kinetic energy plotted against the logarithm of the pressure 
p according to the three possible streaming gradients in the nozzle, 
(See text p.24 & FF). The gasses entering the nozzle are assumed 
to be a completely burned stoichiometric mixture of the octane and 
02 at a pressure of 100 atmospheres* 
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Figure 1*; Entropy diagram after M* von Stein for the 
Hoxzle stream gradient and oil combustion. 



S t r e a m i n g P r O C B S f i Art ( 1.380) 2 . Ar t 3 . Art 

Test stand conditioner 
p m a 1 a t 1 a t 1 a t 

TB « 103D°K 1577°K 250a°K 

c m = 2518 m/sec 2759 m/sec 3O20 tn/sec 

c = 2654 m/sec 2949 m/sec 3260 a / > « : 

Gained energy in the 
mouth of the nozzle 
i h % O f £ • 29 .3 35 .1 42 

Flight conditions in d/dn =0.14: 
p ^ s 0.0729 a t 0.1305 a t 0,250 a t 

T,,, = 500°K 1041°K 2225°K 

c,,, = 2760 m/sfcc 3066 m/sec 3330 m/sec 

c = 2820 m/sec 3178 m/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* 
r i u > 0 a t 0 a t 0 a t 

! „ ,_# 0»K 0** 0°K 
cm n l 
c , ^ = [ 2970 m/sec 3496 m/sec 4438 m/sec 

Gained energy i n t h e 
mouth of t h e nozz le 
i n % of Be 40i7 56#5 9o.v 
Completely l o s s l e s s conversion of the t o t a l input ene-rgy E i n t o k i n e t i c energy would give ' 

a t h e o r e t i c a l exhaust speed _ • 

The concepts of mouth v e l o c i t y C^,, maximal v e l o c i t y c max, and e f f e c t i v e exhaust speed 
c ( 1 9 ) i r equ i r e so re d e t a i l e d exp lana t ion . In g e n e r a l , for rough c a l c u l a t i o n s , s t a n d a r d a d i a b a t i c -
flow formulas, us ing a f i c t i t i o u s a v e r a g e * ; , whose magnitude and eva lua t ion has been d i scussed 
a l r eady i n p r e s e n t i n g t h e th ree types, of flow. Thus for expansion to a mouth p re s su re * m , t h e 
mouth v e l o c i t y i s m = / ^ f f i - j V ra^mor expansion t o the t h e o r e t i c a l l y p o s s i b l e l i m i t i n g p r e s -
s u r e / A , « ^ , < ^ w v | j S j & and from iese two r e l a t i o n s : 

I f we mul t ip ly t h e v e l o c i t y tt^ b the mass bl-iwn out per second * % £ we ob ta in the mouth-
monentum J „, of the j e t . 

In experiments wi th rocke> s , i f the nobth pSessureyb— i n the j e t i s equal t o the p ressure 
of the surrounding s t i l l a i r i»a t h i s mouth momentum i s d i r e c t l y recorded by a dynamometer a s t h e 
force P*; i t depends on the e x t na l a i r p r e s s u r e , i . e . on the barometer read ing , a l t i t u d e of the 
t e s t i n g - p l a c e , e t c . and must no!, be confused with the t h r u s t P , a s can be seen from a cons idera ­
t ion, of F i g . 15. There the conv t i ons between r e s i s t a n c e and t h r u s t for a f ly ing appara tus and 
t h e i r values measured on he gr> ind are schematised. 

By r e s i s t a n c e to e dr iven appara tus In f l i g h t we mean the vec to r sum of a l l t he ae ro ­
dynamic forces on t h e a e a t e d s u r f a c e s . Let If be t h i s sum of a l l t he p r e s s u r e s and f r a c t i o n a l 
f o r ce s . In a wind tunne l or a taw t e s t on a non-driven device one always measures a smal le r 
r e s i s t a n c e W"*W-pxfni ' h e r e p ' i* the abso lu t e a i r p r e s s u r e beyond the month surface fm of the 
j e t . I t follows t h e r e f o r e t h a t N=W'-fp'fm- r*OT t n * moving body, the a i r p ressure p ' behind the 
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rear n r f«ce ia always m l l « i than the pressure ^ of the a i r a t t e a t ; for %>¥2/fyt-/)-klzjl'mo 
Tie value p' must always be included in resistance meatureikents on undriven devices, in order to 
obtain the t r u e resis tance W of *ke body. 

By throat on an apparatus in f l ight we mean the vector sum of a l l the flame pressures on 
the surface of the rocket in contact-with flame (inner wall?). In a t e s t one always measures a 
smaller thrust P'« P -frfi, where * a i s again the pressure of s t i l l a i r . The thrust measured in 
a t ea t depends on the pressure of the surrounding a i r , and for the effective thrust we obtain 
P'P' + pJw' 

The effect of these two unavoidable addition* 1 effects in a wind-tunnel or a t e s t can be 
seen most clearly by calculating the resultant force ( thrust-resistance) which accelerates 
a mass nfefy • 

&<*& =p-W= P- iVV fmfa-/>'J 
For measurements on the ground, an unavoidable additional force proportional to ;£ i s thus 

included, which i s different in measurements of resistance and thrust , and for which special 
correction must he made. The correction is small a t moderate veloci t ies (e .g . in the use of rock­
e ts for takeoff) and becomes largest for very high supersonic speeds (e .g . rocket p ro jec t i l e , 
long distance mil i tary rocket a i r c r a f t ) . 

In order to calculate the effective thrust P of a rocket motor, one must add to the mouth 
impulse J*G~ 4? the to ta l pressure of the combustion gas on the j e t mouth, ( / ^ /£ j ) ; or one must 
add to the free dynamometer thrust in the t e s t 

the to ta l thrust of the s t i l l a ir on a surfac* the size of the j e t mouth: 

In the i n i t i a l l y mentioned, most frequent c a s e ^ p * 3 ^ , mouth impulse Jm and dynamometer reading 
P' are ident ica l . 

Thus the effective velocity C, which is independent of external a i r pressure, and which 
when multiplied by da gives the effective throat i s : 

The determination of the effective exhaust sneed c has the following peculiar, technically 
interest ing consequence; in the usual engine construction the thermal efficiency is ¥fAmrm= c"feJL 
s: f—T^/fc In the rocket motor the quantity which corresponds to th i s is the j e t efficiency: * 

(see also (19) p. 6) . This expression implies that the higher temperatures and the quantit ies 
of heat a t those temperatures are more " effect ive" than lower temperatures and quantit ies of 
heat a t lower temperatures. This represents no contradiction to the energy theorem, since the 
effective exhaust speed is not identical with the actual velocity of flow of the combustion gas, 
but i s larger than i t . This relat ion has nevertheless a technical value, because the part of the 
i n i t i a l heat content at lower (temp.) ranges can be made available only by special technical 
procedures (for gases, which soon tend to develop degeneracies, l ike condensation, i t can ' t be 
done a t a l l ) and non-availabili ty therefore leads to relat ively smaller losses than one would 
expect according to the second law, for the non-available heat content. 

Aside from the relat ions already given, we can, from the well known equation for the rate 
of gas flow through the j e t throat _^^ . 

and the equation for the effective exhaust speed, obtain a frequently useful re la t ion between P, 
V andA0 in the form P = H A / " where ^ _ / 

By means of th i s factor k, by which the effective thrust i s greater than the product oi furnace 
pressure and je t - th roa t surface, one can reduce the otherwise tedious determination of effective 
thrust of a rocket motor, for sufficiently lengthened j e t , to a measurement of the furnace pres­
sure and the outside pressure, which can be easily done with ordinary manometers. This type of 
thrust measurement is very convenient in t r ia l setups as well as in measurements on a i rcraf t in 
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Figure 17; Analysis of effective thrust of rocket motor with, x-1, 



f l i g h t . Conversely, in a t e s t , i f furnace pressore and e f f e c t i v e thrust (or dynamometer thrust) 
are measured, the a c t u a l l y e f f e c t i v e X can be determined. 

Al l these r e l a t i o n s : the factor k, the ra t io s c/Camx., Gn/Smox, c/Cm, Tm/To and d'/djn •** 
shown i n Fig . 16 as functions of the ra t io of furnace pressure to mouth pressure, for a frequently 
used value of * * 1 . 2 S . 

As i s shown in F i g . 17 for the spec ia l ease 3 f*1 .25 , the indiv idual factors in the expres-, 
s ion for k ctn be interpreted very i n t u i t i v e l y ; the to ta l thrust P of the rocket motor i s made Hp 
of the par t ia l thrusts : ft^/i,fi , a r i s i n g from the pressure A of the combustion gas on that 
spot , f , of the rear wall of the' furnace which one sees when looking down the ax i s of the j e t , 
throat. A cylindrical tube, closed at one end', would show this sane effect;/^ =' /J . / r -^^ ? J^7 h 
the increase r e l a t i v e t o Pj , a r i s e s from the lion-uniformity o f the pressure d i s t r i b u t i o n on the 
remaining furnace-wall surfaces due to the pressure gradient in the d irec t ion of the J e t opening?-

This increase r e l a t i v e t o °2 i s caused by the pressure of the combustion gases against the ex ­
tended j e t . 

The free thrust P* of the rocket motor i s 

and i s shown for comparison in Fig . i t by the dotted curve. 

Before these physical considerations as chemico-energetic problems are treated in re la t ion 
to the e f f e c t i v e exhaust speed, we want t o discuss b r i e f l y the ir s ign i f i cance in terms of the 
long-range rocket-bomber project . The familiar r e l a t i o n , that j e t and rocket motors produce 
their energy conversion most e f f e c t i v e l y when the v e l o c i t y of f l i g h t i s (as c l o s e l y as pos s ib l e ) 
equal and opposite to the ve loc i ty of the j e t , might lead us to the f a l s e conclusion that the 
exhaust speed should be adjusted to .the instantaneous v e l o c i t y of f l i g h t . Since i n the a i r c r a f t 
what matters i s not ideal energy conversion per sea but rather the smallest Consumption of fuel 
in termi of weight, fue l s with higher energy Content, which give larger C-values, are to be 
preferred, even when t h i s greater energy content per uni t weight i s not used so e f f e c t i v e l y . Fot 
a given consumption (of fuel ) by weight, the energy given y> ^tts. a i rcra f t becomes greater , the 
greater the value of c , because the useful part f%* *? Mfi^^tK/ °* t n e driving energy c2/2 

from a unit mass of fuel (*.#. * 5 > ^ c J ) i increases rapidly with exhaust speed. Despite t h i s , , the 
great importance o f the exhaust speed may be l imited i f the fuel having .higher exhaust speed has 
other disadvantage*. For example, a 50% aluminium-gasoil suspension and oxygen, having a tank 
volume per kg. fuel requirement of 0.64 dm, i s preferable despite the somewhat lower exhaust 
speed, to l iquid H- and 0 , , which requires 2.4dm3 tank space per kg. of fue l , and for which more. 
over spec ia l heavy devices are needed in the tank space because of the low temperature of the 
l iquid H,. The fol lowing general statement can be made concerning the e f f e c t of density on the 
choice of fue l : - i f t h e - f l i g h t path s i s approximately proportional to the cube of the maximum 
f l i g h t v e l o c i t y V, and V i s related to the exhaust speed O and weight r a t i o G/GQ by the equation 
of page 207, V - 0.443c + ft In Ge/2Gt then s - c o n s t . x C3X(In -ffe - 0 . 2 5 ) 3 . One can therefore 
obtain equal ranges for d i f f erent values o f c» i f 0/Go var ies properly. By d i f f e r e n t i a t i n g 
(keeping i , V, and G0 constant) we obtain A%.m$^8 A dependence of the expression ^9/G on the 
small change ^ ^ . i n the energy density E^ can be estimated as , for example, ^ ^ a - A f & f " 
Thus 4 c ^ = -aS-S- -Ag* . "o that in the region of intereat , % « a 5 j i g £ « - ^ - " % £ • var ia ­
t ions in exhaust v e l o c i t y are four times as e f f e c t i v e as improvements in density . Furthermore 
these considerations permit a comparative evaluation of d i f ferent fue l s , by s tar t ing from a 
standard fue l , say a hydrocarbon with l iquid oxygen, having values C and Ey. From these and the 
corresponding C, and Eyj of the comparison fue l , an evaluation number K can be given in the form; 

« G S.€S0 C * 

A typ ica l hydrocarbon react ion i s the burning of octan in oxygen: 

<i4» + /*#<%= aCOe +9#M0+2S8r**tf^i <****&<»£. &S/ 
The value for the upper l imit of the heat of mixing i s referred to 0°K. From F ig . 18 , i t 

i s c l ear that we must subtract from th i s value the 9-1% loss due t o heat required for physical 
separation (melt ing, vaporization) and that the pressure dependent losses due t o chemical aepara* 
t ion (d i s soc ia t ion) amount t o 34.4% at 100 atm. furnace pressure, s o that under these driving 
conditions the furnace e f f i c i e n c y i s ^ = *&£=.&**? This graph of octane combustion at 
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Upper heating value of mixture 
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C8Hie+f2%0z=8C02 +9HzO 
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of mixture 
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t i o n heat (for example 

"heat of evaporation") 

Available 
chemical heat 
of separation 

Available heat 
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Figure 18; Heat of evaporation, dissociation, enthalpy, firegas 
temperature, theoretical and maximum exhaust velocity and adiabatic 
gas exponent of the combustion products in the case of oxygen and 
octane with static equilibrium. 
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varying furnace p r e s s u r e s , as we l l as the l a t e r graphs and t ab l e s for other f u e l s , were c a l c u l a t e d 
by M. V. S t e i n , t a k i n g account of a l l the d i s s o c i a t i o n p roduc t s , and assuming t h a t phys ica l and 
chemical e q u i l i b r i u m a re r r a^ . ^d in the furnace, and t h a t expansion can be followed, as a flow of 
the second kind, t o an e x t e r n a l pressure z e r o . In a d d i t i o n the lower l i m i t of the beat developed 
by the mixture (E-Hi 0 ) , t he r^* t conten t J 0 , furnace temperature TQI t h e o r e t i c a l and maximum ex­
haust speeds are p l o t t e d , as a funct ion of the log of the furnace p r e s s u r e , for the proper a v e r ­
age X corresponding t o t h i s expansion; a l s o to give some idea of the range of v a r i a t i o n of Vt 
for o ther types of expansion and other j e t -mouth p r e s s u r e s , the a d i a b a t exponent corresponding t o 
the instantaneous ' f u r n a c e - s t a t e i s shown as a a upper va lue , and the value of 9C for the c a l c u l a ­
t i ons of flow-type 1 i s shown as an upper l i m i t . In t h i s and the l a t e r g raphs , which enable only 
a r e l a t i v e comparison of d i f f e r e n t f u e l s , t he e f f e c t i v e exhaust speed C, which i s the de termining 
fac to r for f l i g h t , and whose value for octane combustion has been p rev ious ly g iven, is not e s p e ­
c i a l l y noted . I t can be determined from the maximal v e l o c i t y using the value of j e t e f f i c i e n c y : 

The express ion for the t o t a l loss of the rocket motor is 

numerical ly , for octane combustion a t 100 atm. furnace pressure* T * — 
The f l i g h t i s fixed in t h i s and a l l the l a t e r c a l c u l a t i o n s by d / J « b .14 , on the ba s i s of the 
following c o n s i d e r a t i o n : in f l i g h t , the pressure behind the s t e r n of the roc"ket bomber drops 
below 1 atm, so t h a t the pressure g r a d i e n t p,Jvm

 a t s * y 1*^ B t m furnace p ressure must go far above 
100. The combustion gas w i l l a c t u a l l y spread over the whole 2 .50 m* sur face of the s t e r n of the 
a i r c r a f t ; i . e . , the r a t i o of j e t mouth sur face fm t o the j e t t h r o a t sur face f w i l l be about 50; 
throughout the working period of the rocket motor, corresponding t o d / J = i / i r r = 0 . 1 4 . 

In a d d i t i o n t o the important and c a r e f u l l y s t u d i ed hydrocarbon-oxygen mixture , t h e r e i s a 
second group of rocket f u e l s , having the common p rope r ty t h a t they are elements in the f i r s t 
columns of the pe r iod ic t a b l e , and which when burn t in Qj give much higher energy c o n c e n t r a t i o n 
per un i t mass, and a l s o g e n e r a l l y per u n i t volume, than the hydrocarbons. 

The following r e a c t i o n s were cons idered: 

Untersucht wurden folgende Beaktionen: 

Be + 0.5 Oj - BeO + 5930 kca l /kg 

2 B + 1,5 Ô  = B2O3 

2 Li + 0 .5 O2 = Li 2 0 

2 Al + 1.5 Oj = A1203 

^ + 0.5 Oj = HgO 
M; + 0.5 0j> = MgO 

b e i 0°K 

+ 4930 kca l /kg 

+ 4750 kca l /kg 

+ 3920 kca l /kg 

+ 3900 kcal /kg 

+ 3330 'kcs l /kg 

( 6 , 1 3 . 1 4 ) 

Combustion of At and IU are shown i n F ig . IV and 20 in the same form as for octane com­
bus t ion . The fol lowing t ab l e gives the most important c h a r a c t e r i s t i c s for these l i g h t - m e t a l -
fuels wi th s toch iomet r i c l iqu id Oj a t 1 , 10, and 100 atm. furnace p r e s s u r e : 

V . £T£ACa//*l,7 , , BeO &A Li20 Al2% %o MBO 

\ \* ^ ^ 5930 4930 4750 3920 3900 3330 

5040 2300 2780 1290 750 3750 

0/ /a/in 13,8 

18,0 

23.2 

- 4 - -

-

43.0 

48.0 

54.5 

af /da/** 
20,6 

23,8 

28,4 

40,5 . 

46,7 

51.4 

21.9 

24.1 

27.0 

21.5 

24.4 

28.1 

45.8 

51.7 

59,7 

28,7 

35,0 

44.1 

&oifaf n*rf«?fc£* 3400 1990 1100 3250 373 3120 
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BeO %<* u2o A l 2 ^ 11)0 UtO-

at /00#r? 
af /00 a fin 

3400 

3920 

4550 

621 0 

7010 

7680 

2350 

2730 

3200 

3700 

4070 

4700 

2950 

3200 

3560 

3350 

3970 

•IPSO 

#"? /0O*»B 

1.24 

1.22 

1,20 

1,125 

1,110 

1,100 

1.320 

1.315 

1,310 

1,2 M> 

1,260 

1,240 

1.300 

1,250 

1,220 

1,11 

L.10 

I , OR 

C& £*»Ae<:J 7050 6420 6310 5730 5720 5280 

^ / /tali* 

* / /00erfn 

3200 

3440 

3760 

4090 

4390 

4610 

2950 

3100 

32 GO 

2660 

2830 

3030 

3B70 

4110 

4420 

2fi30 

3130 

3510 

In this calculation a l l heats of fusion were netciected re la t ive to heats of vaporisation; a l l 
possible dissociations of the end products of combustion were taken into acccunt. 

B> 1-i, Al and Hg do not differ essent ial ly from hydrocarbons in their behavior during com­
bustion, but differ only in the numerical resu l t s ; for example, Li and Al, despite their higher 
heat production, reach lower maximal exhaust speeds than for hydrocarbons, because of the vapor­
ization and dissociation losses. Be and Mg are basically different . In the case of Be, the 
large heat of vaporisation of BeO permits only a part of the burning mass to vaporize, while a 
large part remains in the liquid s ta te {fog} or solid s ta te (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, and High heat content of the t o t a l mass occur, with consequent 
large values of C_ x - These liquid and solid masses in the combustion gas have a great effect on 
the expansion of trie to ta l mass, which expresses i t se l f in the form of a very small adiabat-
exponent: This $C of the to ta l mass is calculated from the weight fraction k_ of the gas phase, 
the weight fraction kj and specific heat c j of the l iquid-solid phase by the equation: 

are obtaxnta \T!^M uYual way for a flow-type 2, to mouth pressure pma: o. The T2 curve at the 
same time represents the boiling point of BeO, since the combustion temperature is determined by 
the boiling point of the Bed. For Mg, whose lower heat value is actually negative, the large 
fraction of l iquid-solid phase resul ts in very high temperatures and heat content of the to ta l 
DBSS and especially low A? values, so that the burning imss rapidly loses the character is t ics of 
• gas or vapor and approaches, the behavior of a hot lava. 

F.om the given values of maximum exhaust speed, the resultant effective exhaust speeds for 
the individtial light-metal fuels at LOO atm. furnace pressure can be computed, if we take account 
of the j e t efficiency corresponding to the & values for d/j =0.14, using the re la t ion 

, 3 & 

'€ / c, i»ag 
wrr#tF/±rft-{*) **/ 

X 

[n f i r s t approximation,** was obtained from the somewhat too large mean value between To and o, 
instead of between To and T^; this leads to less favorable values. 

/ £ " - e / c - « - 0 . 8 4 4 ; 
0.690; 
0,925; 

BeO * - 1.20 

fe^> 1.10 
1.31 

Al2°J 1.24 
1^0 1.22 
MgO 1,08 

'max 

o.eso 
0,865 
0,630 

3170 m/sec; 
31 SO ; 
3030 ; 
2670 ; 
3P20 ; 

2210 

(The approximate mean va lue for 9t is -1.255 for octane and gives C « 3120 m/sec. For purposes of 
uniformity, these numbers were used in l a t e r comparison c a l c u l a t i o n s ) . 

For a p p l i c a t i o n t o r o c k e t s , in add i t ion t o the e f f e c t i v e energy c o n c e n t r a t i o n in the mass, 
the e f f e c t i v e c o n c e n t r a t i o n Ev in the tank volume is impor tan t , s i nce i t determines the s i z e of 
the fuel t anks , r a t e of feed of the i n j e c t i o n pumps and the e v a l u a t i o n number n of the f u e l , 
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•fOOOO fff-UPpeg heating value of mixture 5920 kcal/kg 

Unuseable phys­
ical heat of separa­
tion (heat of fusion 
and vaporization). 

Conditionally 
usable chem­
ical heat of 
separation. 
(Dissociation) 
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*«ut 

Available 
Enthalpy 

Common logarithm of fire pressure 

Figure 19; Heat of vaporization, dissociation, heat content, 
firegas temperature, theoretical and maximum exhaust 
velocity and adiabatic exponent of flregases for the 
burning of aluminum in oxygen with static equilibrium* 
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100QL 
K Upper heating value of mixture 3900 fccal/kg 
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physical heat 
of separation 
(heats of fusion ) 
and vaporization) 

Conditionally 
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ical heat of 
separation 
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Common logarithm of"fire pressure* 

Pigure 20; Heat of condensation, dissociation, enthalpy, fire-
gas temperature, theoretical and maximum exhaust 
velocity and adiabatic exponent of firegasea in the 
burning of H 2 in 0? with static equilibrium. 
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Bery l l i i i a a i t F lues igaaue r s to f f E , = 1S80 kcal /dm 3 ; K - 1 ,23; 

Bor n i t F l u s s i g s a u e r s t o f f 1640 ; 1,27; 

Lithium n i t F l u s s i g s a u e r a t o f f 820 ; 9 .64; 
Aluminium mit F l u s s i g s a u e r s t o f f 1390 ; 0 ,68 ; 

F lusa igwassers to f£ n i t F l i i s s ig ­
s a u e r s t o f f 780 ; 1,22; 

Magnesium mit F l i i s s igsaue r s to f f 6*0 ; 0 ,25 . 

Die Standardwerte fur Oktan (Gas51) 
mit F l i i s s igsaue r s to f f bet rugen £ , = 1240 kcal /dm 3 : K * 1,00. 

Thus we Arrive a t the r e s u l t t h a t , among the fue l s in the second group only Be, B and 
l i q u i d Ho are supe r io r t o hydrocarbons. Be and B a re immediately e l imina ted s i n c e , under the 
condi t ions pos s ib l e i n the tank, they a re in the s o l i d s t a t e , s o t h a t feeding them i n t o the high 
p ressure furnace of the r o c k e t motor i s imposs ib le . If one should t r y t o overcome t h i s d i f f i c u l t y 
by using the m a t e r i a l in the form of wire or powder, then the concentra t iOh in the tank would be 
decreased so much t h a t the c a l c u l a t e d smal l s u p e r i o r i t y would be l o s t . Use of fue l i n the l i q ­
uid s t a t e i s e l imina ted because of the high m l t i n g p o i n t . So appa ren t ly l i q u i d hj. i s t he only 
mate r ia l i n the second group of fuels which can compete w i th hydrocarbons. I t s 22% s u p e r i o r i t y 
i s endangered by the fact* t h a t a t the temperature of l i q u i d Hg, condensat ion of the sur rounding 
a i r w i l l s t a r t on the metal tanks in the a i r c l a f t , so t h a t the r a t e of evapora t ion of the Hj 
w i l l be increased and the aerodynamic forces w i l l be a f f e c t e d , unless s p e c i a l p recau t ions a r e 
taken . Never the less , l i q u i d Hi, because of i t s easy procurement and a l s o for reasons t o be d i s ­
cussed l a t e r , may be considered ss a most promising rocket f u e l . 

S ince , -with t h i s excep t ion , the l i g h t metals are only s l i g h t l y ( i f a t a l l ) s u p e r i o r t o 
hydrocarbons as fue l , a second p o s s i b i l i t y should be t e s t e d , - a combination of two e . g . i n the 
form of m e t a l l i c suspensions i n mineral o i ' a . Suspensions not only combine good feed c h a r a c t e r ­
i s t i c s ( they a re e a s i l y pumped) wi th high energy d e n s i t y (with consequent low requirements on 
tank volume and feeding speed) ; in many cases they have the amazing proper ty t h a t t h e i r hea t 
conten t i s g r e a t e r than t h a t of t h e i r i nd iv idua l components such as hydrocarbons and l i g h t m e t a l s . 
(30) F i g . 21 shows c y c l e s fo r A l - Og and octane - ftj a t 100 atm. flame p r e s s u r e , A comparison of 
these shows the i n t e r e s t i n g fac t t h a t the end temperature in the combustion of octane (3700° K) 
i s about 830° lower than the b o i l i n g p o i n t of AI2Q3. I f one assumes t h a t equal s t och iome t r i c 
mixtures of octane -Og and Al -Oj a r e burned t oge the r , t h a t r e l a x i o n - f r e e heat exchange t akes 
p lace between a l l the molecules of both burning g a s e s , and t h a t f i n a l l y the two burning masses 
do not i n t e r a c t app rec i ab ly chemical ly , then one sees from the two cycles t h a t energy w i l l flow 
from the h igher temperature l eve l of the Al^Orj t o the co lde r oc tane . This w i l l be heated a t the 
expense of t h e hea t s of d i s s o c i a t i o n and v a p o r i z a t i o n of the aluminium combustion gas u n t i l t h e 
b o i l i n g p o i n t of AI9O3 (4530° K) i s reached. After t h i s p rocess of temperature e q u a l i z a t i o n has 
occurred, the useful hea t conten t of the octane w i l l have r i s e n cons iderably , while the hea t con­
t e n t of the Al gas w i l l not have changed apprec iab ly ; i . e . , the heat conten t and maximum exhaus t 
speed of t h i s 70% Al-oc tane suspension are l a r g e r than for Al or octane a lone . The advantages of 
the combination a re the fol lowing: 

1 . The tempera ture of t h e burning gases for the suspension has not taken on a value mid­
way between those of the i n d i v i d u a l components, but r a t h e r the whole combusting mass has reached 
the b o i l i n g po in t of ALnOa. The r e q u i s i t e energy has been obta ined a t the expense of the o t h e r ­
wise unava i lab le energy of d i s s o c i a t i o n and vapor i za t ion of the AI9O3 

2 . As a r e s u l t of the temperature e q u a l i s a t i o n between the two fuels in the suspens ion , 
the r e l a t i v e l y s l i g h t d i s s o c i a t i o n of AI9O3 has been decreased , while t h a t of the octane has i n ­
creased markedly. Thus the average s p e c i f i c hea t c^ ™ J ° / T 0 of the gas has increased , a s one can 
see from the smal le r s lope of the expansion curve for the oc t ane . Both these c i rcumstances r e ­
s u l t in increased hea t con ten t J « cJT, 

One r e a l i z e s , moreover, t h a t t he random example of a 70% suspension chosen he re , which has 
equal p a r t s by weight of Al - and octane - combustion gases , may not give the b e s t r e s u l t s for 
C^gv- The b e s t Al - oc tane suspension .will be one having enough Al to hea t the e n t i r e mass to the 
b o i l i n g p o i n t of AI2O3. The upper hea t va lues of the Al w i l l be f u l l y used in t h i s c a s e , s i n c e 
no m e t a l l i c oxide vapo r i ze s . The e x t r a heat of v a p o r i z a t i o n and d i s s o c i a t i o n of AI1JO3 are used 
to inc rease the heat con ten t and d i s s o c i a t i o n of the oc tane . The bes t r e s u l t s are obta ined for 
a 60.SS Al - octane suspension. 

The c o n s i d e r a t i o n s concerning the Al - octane suspension can be extended t o the o the r l i g h t 
me t a l s . F ig . 22 shows for Be, B, L i , Al and Mg suspens ions with varying metal con t en t , t h e ch ie f 
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character is t ics of the combustion nt 100 a ta furnace pressure; aaxiimn exhaust speed, average 
adiabat exponent, effective exhaust speed in f l igh t , and evaluation number K. From the graph we 
see that those faelr , l ike B and Li, th* -boiling point vt whose oxide i s below the end temperature 
of combustion of octane, do not show the charac ter i s t ic effect of the dispersion. For them the 
curves of c , , , , * ! , and c, show no maximum; i . e . , the suspension i s no more favorable than the 
better-of i t s two components. For the remaining materials , Be, Al, and Mg, the character is t ics 
s t optimum composition s r e : 

for Be - hydrocarbon fool with 39% by weight of metal c ^ „ - 4100 n / . . e 
X - 1.20; C « 3400 m/ s e c ; K - 1.51; E = 1557 kfi |i ^ ^ 

for Al - hydrocarbon fuel with 60.5% by weight of ne ta l C^x
m 3760 m / „ c . 

W= 1.189; C = 3140 m / s e c ; K = 1.14; E = 1453 i c a l 

for Mg - hydrocarbon fuel with 60S by weight of mehal C_„ * 3725 */act't 
tf-l.l?l; C = 3080 m/ s e c ; K = 1.00; E •= 1330 k ja l 

dm3 

Summarizing we can say: Mg dispersed in hydrocarbon has no advantages over pure hydro­
carbon. Al and Be show a wide range of suspensions in which they are superior to the pure hydro* 
carbon by up to 14% and 51% resp. Because they are easi ly obtained, Al - suspensions have special 
importance for mi l i tary rocket-f l ight technique, while Be - suspensions come in to consideration 
for special uses. All the studies were limited to stochiometric proportions, so the poss ib i l i ty 
s t i l l exis ts that other mixture proportions may reach be t te r values of K ox O-

The preparation of 60% Al - gas o i l suspensions, which are s t i l l usable after many weeks 
if le f t untouched, and which are easi ly fed through centrifugal pumps, was done in two ways on 
the basis of suggestions by H. Troitzsch and E. Russer: 

1. Increasing the Viscosity of the gasoil by dissolving various materials such as metall ic 
sa l t s of fat ty acids, wax^s, fa ts , rubber or various synthet ics . Good resu l t s were obtained in 
t e s t s with natural and synthetic rubber, and similar high-polymer hydrocarbons, the oppsnols. 
The oppsnols have the further advantage that , being pure .hydrocarbons, they require no bal las t 
materials , but burn completely with large heat output. 

2. Decrease of pa r t i c l e s ize of the Al dust while hindering surface oxidation as much as 
possible, since with decreasing pa r t i c l e s ize , the sedimentation speed and, in most cases, the 
viscosity decreases. (?) For these large quanti t ies of metal, pulverizing by using supersonic* 
seemed impractical. So the powder was ground in ba l l -mi l l s in a nitrogen atmosphere. 

In connection with the use of liquid On as i component of a l l the rocket fuels discussed 
•to far, the problem of storing very large quant i t ies of th i s material i s important. Because i t s 
boiling point i s - 163° C, i t wil l be continuously boiling as a resul t of the steady flow of heat 
from i t s warmer surroundings, and wi l l l ibera te the energy absorbed by vaporizing with a heat of 
vaporisation of 51 kcal/kg, so that the residual material can maintain i t s e l f at th i s low temper­
ature. This undesirable vaporization can be decreased by lowering the heat transfer from the 
surroundings, which occurs mainly through the tank walls which are wet by the l iquid. A f i r s t 
method i s the decrease of the wetted surface by put t ing a l l the material to be stored in to a 
single tank of spherical shape. The heat flow through th i s smallest surface can be further de­
creased by the use of various standard heat-insulation procedures, of which heat-stopping ma­
t e r i a l s like loose powder of magnesium carbonate, with a heat conductivity of A = 0-027 kcal/mh°, 
have shown themselves effect ive, in the form ol thick layers. In the exist ing temperature range 
of + 20°C to -183°C, 131 kcal per square meter of tank surface will go through a 1 meter thick 
insulating layer during a 24-hour period; th i s corresponds to Ojg-vaporization at the rate of 2.57 
kg per day per sq. meter of surface. With these figures, the daily loss by vaporization is shown 
in Fig. 23, for various containers up to a million ton capacity, for three thicknesses of the in­
sulating layer lm, 5m, and 10m, and taking account of the spa t i a l heat flow through the thick 
walls. 

The resul ts of t h i s calculation were confirmed in a t r i a l ins ta l la t ion of a liquid On tank 
with 56 ton capacity and a magnesium carbonate insulat ing layer of average thickness 2.6m. This 
tank has been running a t the a i rc ra f t - t es t ing s ta t ion a t Trau since 1938; the manufacturer i s the 
" Aktiengesellschaft fiir Industriegasverwertung Berlin - Bri tz" . Although even th i s tank, (though 
small as measured by rocket-technical requirements) represents a brand-new development as compared 
to a l l previously constructed liquid Oj containers, and no experience with tanks of such size 
existed, the tank worked sa t i s fac tor i ly from the f i r s t day i t was used. I t s vaporization is 140 
kg/day, which i s exactly the theoret ical ly expected value, as can be seen by subst i tut ing the 
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tank-volume, insulation thickness, daily vaporization in Fig. 23. In the photograph. Fig. 24, 
can be seen the 8 m. high, 8m. diameter outside cover of the tank. Inside th is , s tee l cover hangs 
the actual container for the fluid; i t i s made of brass and has a capacity of 50 m or 56 tons. 
The space between the two metal shel ls averages 2.6 m in width, and is loosely f i l led with finely 
powdered magnesium carbonate. The whole tank stands freely in a subterranean space, where i t can 
be approached and examined from a l l s ides . This room has a completely normal ce l la r climate; no 
noticeable drop in temperature can be observed. The outer s teel cover of the tank is also at 
normal temperature; moisture in the a i r does not condense on i t . The 140 kg. of Og vaporized 
each day are collected in flasks and are used for operation of the tes t ing s tat ion and for welding. 

Fig. 25 shows a schematic diagram of a large container for a million tons of l iquid, which 
has a daily evaporation of 13,000 kg. for a 10 m. insulation thickness. This container, when 
once f i l led and l e f t alone, will become empty only after 200 years. The amount evaporated daily 
can be used by simply f i l l i ng s teel flasks and transferring them to the consumer. The cyl indrical 
inner container of Cu-alloy has a diameter of 103.S meters, and, including the arched base, a 
height of 119 m. The bottom end i s conceived of as a hanging floor which res ts on a ring running 
along the boundary of the outer cylinder. This ring i s supported on the ground by poorly con­
ducting p i l l a r s placed at in tervals . The top cover is hung on the outer s t ee l cover a t various 
points. The insulating layer of Loose magnesium carbonate powder i s around the inner container, 
and is 10 ra. thick on the sides and cover, IS m. thick below the floor. This insulating layer 
is bounded and supported hy the s tee l cover which i s r igid and strong. The whole thick-walled 
container stands on a cylindrical subterranean bunker of reinforced concrete. 

The liquid Og comes in through the intake at the le f t and is led through the intake pipe 
to the floor of the container, in order to excite as l i t t l e motion of the oxygen during f i l l ing 
as possible. At the top of the tank i s the drain pipe for the vaporized gaseous CJ2, by means of 
which normal atmospheric pressure i s maintained above the l iquid surface. The liquid i s removed 
at the lowest point of the container. At the same level aa this point, a pump system stands on 
the r ight a t the edge of the bunker, and feeds the l iquid to the out le t at the top edge of the 
bunker. 

Further de ta i l s and auxiliary equipment of the tank will not be mentioned here, hut the 
behavior of the liquid 0>j in the large tank requires further consideration. In the liquid pool, 
which has a depth up to 117 meters, the hydrostatic pressure, as shown in Fig. 25, increases with 
the depth up to 13.1 atm. The boiling point of O2 depends on the pressure, and increases with 
depth in the liquid from -183° C at 1 atm to -144° C at 14.1 atm. In spi te of t h i s , the ent i re 
contents of the tank will stay at -183° C, the temperature of the surface of the l iquid. For if 
the masses of l iquid down below should warm to higher temperatures than the upper layers, the i r 
density would decrease and a convection would occur which brings the warmer masses upward to the 
region of lower hydrostatic pressures, where as a resu l t of the decreased pressure they will 
begin to boi l , give off the beat of vaporization of the l iberated gas, and cool to the temperature 
of their surroundings. Since th i s process holds for layers at any depth, the lowest temperature 
a t the liquid surface will bring a l l the lower layers to the same temperature. Thus in practice 
one will actually find the liquid a t the bottom of the tank to be at -183° C. Since the heating 
occurs mainly through the side walls, the movement of the fluid wi l l be such that the heated boi l ­
ing masses of liquid r i s e along the walls, while the cold masses sink in the middle of the tank 
so that the toroidal streaming shown in Fig. 25 develops. 

Liquid On, whose combustion properties and storage have been discussed in detai l here, need 
not give, in combination with the previously described fuels, the greatest exhaust speed. There­
fore, two further notable candidates wi l l be discussed briefly - fluorine and ozone (or ozone-
enriched liquid &>). 

Fluorine would be used only for metall ic fuels. The corresponding metal fluorides in some 
cases have higher heats of formation and lower heats of vaporization than the oxides, give the 
prospect of higher exhaust speeds, but are not considered further because of the technical d i f f i ­
cul t ies in using liquid fluorine in place of liquid On. The use of pure ozone can be easi ly 
checked for the case of octane. Since ozone has available a disintegrat ion energy of 710 " H i 
the heat-output of the mixture increases from 2587 ^M* for O2 to 3140 «j»|l- for ozone, and the 
theoretical exhaust speed e t n = 4655 «n/8ec increases By 10K to 5120 m/ s e c > The use of pure ozone 
increases the effective exhaust speed by this same order of magnitude. 

To tes t the applicabil i ty of ozone to rockets, H. Schumacher in Frankfurt made t,ests on a 
small scale , with the following main resu l t s ; 

Both gaseous and liquid pure ozone are explosive under the working conditions in f l ight , 
and are thus not sui table . Gaseous ozone - Qj mixtures a t N.T.P. will react, in pipes or spheri­
cal chambers, s ta r t ing a t a 10% weight fraction of ozone, if the reaction i s in i t ia ted by an 
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Figure 24; External view of l i q . 0^ tank of 56 ton 
capacity) 2.6 m insulat ion thickness and 
HO leg daily evaporation. 
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u Figure 25; 
4̂ 3 Sketch of an enormous tank for 1 million tons of liq. 
<J 3, with a diagram of the pressure and boiling point ratio 
a-riin the liquid content. 



incandescent body, but the reaction will not spread to a l l of the mass un t i l the ozone concentra­
tion reaches 17% by weight. Even then the pressures developed in the reaction are sc moderate 
that they might be expected to require motors and armatures.(?) The pressure increases are 
of the order of 2 atm. A luminosity s t a r t s only at ozone concentrations of 40-50% by weight, and 
the pressure increases reach 6-10 atm. 

Liquid ozone-oxygen mixtures at atmospheric pressure and the corresponding boiling point 
seem to have, for weight % of ozone above 25%, a tendency to explode with great destructive ef­
fect, if gaseous ozone above them explodes with emission of l igh t . The miseibil i ty of l iquid 
ozone with liquid On and the boiling point of the mixture are sufficiently understood from the 
solubi l i ty diagram and vaporization curve a t atmospheric pressure, that we assume the following 
regarding the storage of large quanti t ies of the mixture in open containers: 

Mixtures up to 25% by weight of ozone are stable, do not separate, and have a temperature 
of -183 s C. Since such mixtures seem to he safe from explosion, they are of importance for tech­
nical use. Mixtures between 25 and 55 weight % of ozone are not s table; they s p l i t into a heav­
ie r , deep violet , ozone-enriched, phase (>55% °3) , which sinks to the bottom, and a l ighter , l ight 
blue, Og -enriched phase 075% "2) , which floats above. The phase which sinks i s probably ex­
plosive. Mixtures with more than 55% ozone by weight are again stable but in danger of exploding, 
so they are without immediate technical value. 

For increased pressures the c r i t i c a l solubi l i ty temperature of -179.5 is quickly passed, 
and a miscibi l i ty gap no longer occurs. Liquid ozone-liquid oxygen mixtures which are stored 
for long periods become ozone-enriched because of the more rapid boiling off of On, so that the 
resul tant explosive tendency of the tank contents must be counteracted by adding On. The gas 
phase above the l iquid surface reaches the c r i t i c a l ozone concentration of 40-50 weight -% only 
for ozone concentrat ions^ 90%in the liquid phase, so> that the products of vaporization of liquid 
ozone - On mixtures of up to 25% ozone content are scarcely dangerous even for rapid vaporization 
on uncooled machine pa r t s . Fig. 26 shows the behavior of liquid ozone-liquid Og solutions. 

A few other oxidizing agent's are mentioned in the f i r s t part of this book; two of them, 
HgOg and HNO3 have attained some practical value for certain rocket uses. 

Aside from the three groups of non-self-acting rocket fuels : combustion of hydrocarbons 
with Oj or ozone, burning of l ight metals in Ck) or fluorine, and the combination of the two 
groups in the form of l ight metal-hydrocarbon suspensions, a fourth group of self-act ing fuels 
i s possible, which use the heat l iberated in formation of molecules from the substance in atomic 
form: atomic nitrogen (9) ( 1 1 ) 

2N =. N2 + 6050 A-s'/kt . Gth - 7120 m/ s e c 

and atomic hydrogen 
2H= H2+ 5l4O0*"7kg ( l l , 3 2 ) , c^ , =• 20,800 m/ s e c 

Since the l i fe times of these unstable materials i s very short {the l i fe time of active hydrogen 
is given as at most 10 sec [?, page 253j, research in this branch of rocket fuel development 
must f i r s t take the following l ines : 1. Finding a basic method for prolonging the l i f e of active 
nitrogen or hydrogen. 2. Determination of the dependence of lifetime on temperature and pressure, 
especially in the direct ion of very low temperature. 3. If necessary, development of a method 
for enriching liquid or solid material with the mOnatomic modification. 

Though the d i f f i cu l t i e s of .such research may be great, and the prospects of technically 
valuable resul ts are small, i t should be noted that , because of the 10-20 times greater energy 
Concentration of H as compared to presently available fuels, the more favorable specific heat, 
the higher St values - i . e . , greater j e t efficiency, the higher reaction velocity - i . e . , greater 
furnace efficiency for smaller furnace volume, and the highly diathermic behavior - i . e . , s l igh t 
thermal s t ress on the furnace walls; even par t ia l successes, say a 10% enrichment of H in Ho by 
perhaps dissolving gaseous H in liquid H9, would be of extraordinary technical importance. For 
the limiting case of 100% N or H concentration as s ta r t ing fuel for combustion, the following 
character is t ic quanti t ies were calculated for a furnace pressure of 100 atm: 

No: T» = 8260° ;9fe 1.49; {% = 0.97; C= 4690 m/8 e c 

H2: T. - 5500° ;9U 1.49; ^ - 0.97; c = 14100 m/ s e c 

For atomic hydrogen these values are plotted in Fig. 27 for various flame pressures. This 
diagram shows clearly the extraordinary properties of active hydrogen; i . e . , that the probability 
of regaining large portions of the dissociation energy by after-burning in tha j e t i s very lar«e. 
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Finally another group of fuels i s worthy of note: These fuels baaed on nuclear reactions 
can resu l t in exhaust speeds of 106-108 «/B e e i snd have recently, because of the reactions in 
«*a*iuA fission, aeved iirte the deaw» «# technical i«te>eefc. ( 3 ) . 

Summarizing the numerical resul ts of th i s section concerning the problem of exhaust speed*, 
we nay s>y that by means of stochiometric combustion of hydrocarbons in 0 , in rocket motors a t 
100 atm. furnace pressure, exhaust speeds aboye C » 3100 » / s e c are possible. For excess fuel, 
5% higher values are obtained. By enriching (he 0g with ozone, a further increase of exhaust 
speed to C= 3400 m / „ c may be possible with stochiometric mixtures. The use of Al • hydrocarbot 
suspensions with liquid Oj gives similar exhaust Bpeeds, but more favorable proportions by weight 
on the a i rc ra f t , because of the higher fuel density. We nay expect exhaust speeds, of rocket 
motors in f l igh t , over 3S00 W.^c * o r ^ l " ^ % witlh l iquid Gg, and over 4000 m/gee * ' ozone i s 
included, while the addition of atomic hydrogen would give even higher values. For calculations 
of f l ight • and mil i tary performance of the. rocket bomber we shal l use the values c = 3000 m/ s e c t 
and C = 4000 n / s e c - To see the effects of higher exhaust speeds we shall calculate with c = 
5000 m/ s e c for comparison. 

3. Properties of the Mr-Vraine 
The external appearance of the rocket l^oiiber i s shown in Figs. 28-31 and discussed theo­

re t ica l ly in the next section. The bow of the a i r c r a f t ' s fuselage consists of an "ogival" with 
9.6 cal iber radius of curvature, which i s cut by a plane through i t s long axis so that a f l a t 
underside resu l t s for the fuselage. Between the wings the semi-ogive goes over into a roomy 
chamber with perpendicular side walls, while the fuselage gradually tapers toward the stern\with 
a steady decrease in cross-section. The large blunt end surface at the stern of the fuselage i s 
necessitated by the s ize of the mouth of the j e t of the rocket motor. The re la t ive ly small wing 
stumps serve mainly for s tabi l iza t ion in f l ight , and for landing; the wing cross-section i s the 
well-known triangular wedge profile with a maximum thickness of 1/20 of the depth at 2/3 of the 
wing depth. (16, p . 170). To th i s peculiar a i rcraf t shape there correspond the laws of flow for 
very high Mach numbers. An angle of incidence between fuselage and wings is unnecessary, so tha t 
for the low-wing arrangement chosen, the l i f t i ng f la t surfaces of the fuselage and wings go over 
into each other without a break, as can be seen most clearly in Fig. 31. For the t a i l surfaces, 
a symmetrical quadrangular cross-section was chosen, which also has a greatest thickness of 1/20 
of i t s depth in the l a s t third of i t s depth. The whole arrangement of the t a i l surfaces i s in­
dependent of the streaming from the rocket, j e t , since use of the rocket motor and fl ight below 
sound velocity never occur together. 

The s i t e of the rocket bomber was chosen as a compromise between a ser ies of contradictory 
requirements. The idea of making the a i rcraf t as large as possible is suggested by the fact that 
then the r a t i o of additional load to weight when empty is generally more favorable, that the con­
struction of larger rocket motors i s simpler, tha t with increased size of a i rc ra f t the mil i tary 
strength of a rocket bomber group increases while the number of capable p i lo t s required per uni t 
of load transported decreases. If one computes a few comparison designs in the range of 10-100 
tons starting-weight, one finds that with increasing weight of the a i rc ra f t , the aerodynamical 
l i f t ing power contributed by the fuselage represents (for geometrical reasons) a smaller part of 
the to ta l weight, so that the wings have to be re la t ive ly larger; f inal ly the weight of the wings 
predominates, without giving any noticeable improvement in gliding angle in the region of high 
Mach numbers. Such considerations lead to an apparently favorable take&ff weight of 100 tons, to 
which corresponds an empty-weight on landing of 10 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 
s ta r t ing procedure by rocket catapult, which has already been described brief ly, permits p rac t ica l ­
ly high wing-loading; thus even though before landing the consumption of a l l fuel and removal of 
a l l ba l las t reduces the weight to 1/10 the takeoff weight, the landing speed determines the wing 
s i*e. Though landing speeds of over 200 km/hr can be used in special cases, a permissible limit 
of 150 km/hr was f i r s t chosen because the landing of the rocket bomber is to be considered a 
glide-landing, and because one cannot count on the avai labi l i ty of experienced tes t p i l o t s . The 
corresponding stagnation pressure i s q = 110 kg/m^, From Fig. 34, the very thin and s l igh t ly 
curved wing profile leads one to expect a maximum l i f t coefficient of onlv Ca m a x = 1.25 even 
with landing aids, so that the wing-loading before landing i s limited to <( Ca m a s =- 137.5 kg/m^. 
Aside from th i s figure, the wing size i s determined by the fact that the fuselage ~plays an impor­
tant role in the l i f t i ng power of the whole a i rc ra f t . According to the investigations of the 
next auction, for large Mach numbers 2/3 of the to ta l weight i s carried by the fuselage, and 1/3 
by the wings. At landing speed, the l i f t coefficient of the fuselage, a t the angle of attack 
for maximum l i f t , i s CB = 0.45; with the already fixed fuselage supporting surface F t = 80.8 nr 
the to ta l l i f t i ng power is F_. Ca . q = 4000 kg, while the residual landing weight of 6000 kg goes 
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Fig. 30: Outer fotm of Socket Boniber of 10 tons empty 
perspective view from front-above. 



Fig. 31s Perspective view from "backwards below" of 10 ton emp 
Rocket bomber. 



t o the wings. Thus the required wing s i z e i s about 44 m*; according to F i g . 28 , t he t o t a l sup­
p o r t i n g su r f ace i s 125 .5 m2; the mean wing-loading i s 10,000/125.5 a 79.7 kg/m2 and the l i f t co ­
e f f i c i e n t fo r landing i s C j S A/J.F = 0.74-i in agreement with Fig . 34. 

At take off, the mean wing-loading i s t en t imes as high, i . e . , 797 kg /o r ; for the assumed 
climbing speed of 500 m / B e c the s t a g n a t i o n p re s su re a t takeoff i s 15930 kg/m2 and the t o t a l l i f t 
c o e f f i c i e n t C_ i s 0 .05 , corresponding t o an angle of a t t a c k °^= 3 ° , while the l i f t c o e f f i c i e n t 
a t optimum g l i d i n g angle i s C_ = 0.173 for v / . = 1.5. At a 3° angle of a t t a c k , 38% of the t o t a l 
weight of 1 0 s kg f a l l s on the fuse lage , and 62% on the wings; the wing load ing i s thus 1390 kg/m 
After the a i r c r a f t r i s e s to the optimum angle of a t t a c k of 8 ° , C^ becomes 0.173; thus the l i f t 
for hau l ing the c r a f t a t V/_ = 1.5 i s 346000 kg, o l which 48% r e s t s on the wings wi th C ap = 0.08S, 
corresponding t o a wing loading of 3720 kg/nr* i n t h i s s t a t e of f l i g h t which determines the wing 
s t r e s s . 

Other cases of loading a re important for var ious p a r t s of the r o c k e t bomber; e . g . , for t h e 
fuel tanks i t i s the a c c e l e r a t i o n a t takeoff; for fuselage and p i l o t i t i s the a c c e l e r a t i o n a t 
the end of the climb; for fuselage and landing gear i t i s the landing which i s impor tan t . 

In e s t ima t ing the r a t i o of empty-weight G, a l t e r consumption of a l l fuel and dropping of 
the useful load , t o the f l i g h t weight G, immediately a f t e r r i s i n g from the ground, we s t a r t e d 
from the known weight d i s t r i b u t i o n for overloaded long range a i r c r a f t : a i r f rame 18%, power plar-t 
13%, a u x i l i a r i e s 3%, a d d i t i o n a l load 66%, so G/QQ « 0 .34 . The main p a r t s of the r o c k e t bomber 
were es t imated BB: cab in - 500 kg, rocke t motor - 2500 kg, wings - 2500 kg, a t o t a l of 56 
kg/m2; fuselage 3250 kg, t a i l , landing gear , bomb-hay, e t c . , a l t o g e t h e r 1250 kg; thus the t o t a l 
weight of the a i r c r a f t i s 7000 kg, whereas f l i g h t weights for o r d i n a r y bombers of s i m i l a r s i z e 
are about 3000 kg. The reason t h a t the rocke t bomber wi th i t s 10 t imes g r e a t e r takeoff weight 
i s only 2 .3 t imes as heavy as an ord inary bomber Oi the same s i z e i s mainly because the suppor t ­
ing s u r f a c e s , e s p e c i a l l y the wings, c a r r y not 10 tunes but only 3-4 t i n e s the weight , whi le the 
remainder i s d i r e c t l y supported by the a i r wi thout any in termediary s t r u c t u r e ; moreover because 
of the d e f i n i t e way of s t a r t i n g and c l imbing t h e fac to r of s a f e t y for the rocket bomber need be 
only a small f r a c t i o n of t h a t for an ord inary bomber. Thus the t o t a l weight d i s t r i b u t i o n f t he 
rocke t bomber i s a i r f rame 7%, power p l a n t 2.5%, a u x i l i a r i e s 0.5%, a d d i t i o n a l load 90%, so 
<VGo S 0 4 , All t he se c o n s i d e r a t i o n s a re v a l i d fo r sca led-up we igh t s . One thus o b t a i n s d i r e c t l y 
the c o r r e c t performance f i g u r e s , i f the bomb load i s diminished by the excess weight , above 10 
tons , of the a i r c r a f t . 

F i g s . 32 and 33 show an ove ra l l schematic of the rocke t bomber. 

The f ron t view of the c r a f t does not show the r e t r a c t a b l e f ron t wheel, which ope ra t e s i n 
conjunct ion with a r e t r a c t a b l e t a i l sk id and fche landing gear which i s r e t r a c t a b l e i n to the 
fuselage betweeh the wings . The front wheel s e rves t o prevent dangerous con tac t with the ground 
of the bow end dur ing the bouncing motion of the a i r c r a f t dur ing land ing , and t o slow down (with 
the a id of the land ing gea r ) as qu ick ly as p o s s i b l e the a i r c r a f t which comes on t o the ground a t 
150 km/hr and has p r a c t i c a l l y no wind r e s i s t a n c e then because of the small wings. Behind the bow 
i s the p r e s s u r e - t i g h t cab in , in which the s i n g l e p i l o t s i t s . I t i s t i g h t for i n s i d e p r e s s u r e s 
of 0 . 4 - 0 , 5 atm. with vacuum o u t s i d e , and should permi t r ap id e x i t of the p i l o t i n case of danger 
( e . g . a f t e r t a k e o f f ) . Because of the smooth e x t e r n a l shape, v i s i b i l i t y from the cab in i s very 
poor . In f ree f l i g h t a t high v e l o c i t y , s i d e view s l i t s and o p t i c a l a id s a re s u f f i c i e n t . For 
landing a kind of de tachab le windshield can be used, s ince than the p r e s s u r i i a t i o n of the cabin 
«nd maintenance of the b u l l e t - s h a p e are unimportant . A fu r the r e s s e n t i a l arrangement for the 
cabin i s t h a t the p i l o t ' s sea t be so arranged t h a t the p i l o t can take up the high a c c e l e r a t i o n s 
along the a i r c r a f t ax is in the b e s t p o s s i b l e p o s i t i o n , so t h a t not only body and head, but a l s o 
f ee t and arms have good suppor t ing s u r f a c e s , and a t the same p o s i t i o n can be s h i f t e d . The r e ­
maining equipment of the p i l o t ' s cab in - i n s t rumen t s , D/F and r a d i o equipment, v e n t i l a t i o n , e t c . 
i s not considered f u r t h e r . At the back of the p r e s s u r i z e d cabin are the tank i n s t a l l a t i o n s , which 
c o n s i s t of two l a rge tubes 20 ,5 m. long and wi th maximum diameter 1,9 m; t h e s e c o n s t i t u t e the 
main p a r t of the fuse lage . The upper four th of the t u b e s ' c ircumference forms the sk in of the 
a i r c r a f t , while the lower ha l f and the space between the tubes i s covered so t h a t the r equ i red 
shape i s ob ta ined . For c o n s t r u c t i o n a l reasons the tank tubes a re subdivided i n t o the a c t u a l con­
t a i n e r s by means of c r o s s - w a l l s . The purpose of the c r o s s - w a l l s i s f i r s t t o have s epa ra t e con­
t a i n e r s of c o r r e c t c a p a c i t y one behind the o ther for fuel and l i q u i d O2 and t h a t each fue l s h a l l 
l i e symmetr ica l ly wi th r e spec t t o the ax i s of the a i r c r a f t , so t h a t thermal s t r e s s e s and t w i s t s 
a r e not developed due t o asymmetries; second, as a r e s u l t of the s u b d i v i s i o n , t o lower the l i q u i d 
p re s su re on the r e a r end of the tank dur ing a c c e l e r a t i o n and to prevent the a i r c r a f t from becoming 
t a i l - h e a v y as the tanks a re emptied; f i n a l l y the c ros s wa l l s g ive the th in -wal led fuselage the 
s t i f f n e s s necessary fo r t ak ing up the torques a t t he r o o t s of the wing*-spars. I t i s adv i sab le 
t o put the oxygen tanks i n the f ront end of the fuselage so t h a t the force d r i v i n g the On t o the 
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Figure 32; Scheme of Space Distribu­
tion of rocket 'bomber of 
10T empty weight 
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pumps will be as large as possible. Between the wings and the tanks i s the bomb bay, sui table 
for project i les up to 30 tons in weight. When the bombs are released, the floor of the bomb bay 
must be opened completely for a short time so that the axis of the bomb is para l le l to that of 
the a i rcraf t , since in the perpendicular position premature detonation may occur. Just before 
the main spar meets the fuselage there are chambers for the extendable landing wheels; these 
chambers are par t ly on the ver t ica l sidewalls of the fuselage and par t ly recessed into the tank 
cylinders. 

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

4. The Glide-Number of the Air-Frame 

During i t s f l ight the rocket bomber goes through velocity ranges with ent i re ly different 
flow character is t ics , e .g . , the ordinary Subsonic range, the supersonic range up to three times 
the velocity of sound, the domain of large Mach numbers V/a, in which Newton's law of a i r r e s i s t 
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 a i r 
molecules and thus special laws of a i r resistance which are s t i l l similar to Newton's. 

In a l l these regions the a i rc raf t n.ust have suff icient s t a b i l i t y character is t ics , whereas 
the glide-angle is important chiefly in the Newtonian region for both density types, for if the 
rocket bomber at the beginning of i t s glide had Mach number 30, then 99% of i t s kinet ic energy, 
would be consumed in the Newtonian region,, and only \% below a Mach number of 3. 

In the region of higher densi t ies the glide angle can be estimated a t only a few special 
points on the Mach scale , say V/a

 = 0 .1 ; 1.5; 3 and o»» , whereas for rarefied a i r closed gas-
kinetic formulae can be given. 

For a landing speed of 150 km/hr, i . e . , V/a =0 .12 , polars of the bomber and the wings 
were determined by wind tunnel t e s t s on a 1:20 scale model; the resu l t s are shown in Fig. 34. 
The best reciprocal glide number is / ? •= 7.75 for angle of a t t a c k - ^ 5°; the best l i f t coef­
ficient is Ca m a x - 0.575 for«=16.5 0 , 

For V/- between 1 and 3 the difference in pressure compared to the pressure of s t i l l a i r 
i s , for two-dimensional flow at small angles of attack, 

according to Ackeret and Busemann; for spat ia l flow around the rotation-symmetric end of a cone 

according to Busemann and V, Ka~rman, and the tangential fr ict ion s t resses are T/ = 0.072 (QT) 
according to V. KarmSn- With the aid of these relat ions the values given in Fig, 35 and 35, for 
polars of the wings, fuselage and complete frame of the rocket bomber a t V/a •* 1.5 and 3, can be 
computed. From the Figs, we read off the best reciprocal glide number Vf = 3.94 for V/fl = 1.5 
and«*-*8° and Vf : 3.83 for V/ = 3 andoC-*?0. Kind tunnel measurements of the polars, which 
are feasible in th i s domain, could not be carried out. In the calculation a to ta l vacuum was 
assumed behind the stubby stern-surfaces. Actually- these surfaces,' in this Velocity range where 
the motor i s 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 i s #oing; this must 
also be noted for wind-tunnel measurements. 

For V/^o^ the thermal veloci t ies of the a i r molecules and the pressure of the undisturbed 
a i r are respectively negligible compared to the f l ight speed and the dynamic pressure on the sur­
faces struck by the a i r stream* The part of th i s uormal pressure ^>j which arises from molec­
ules bouncing into the wall can be taken direct ly from Newton's law for inelas t ic col l i s ions : 
/tff/er~gs//7a*< Whether there is a further contribution to the pressure depends on how 
these molecules leave t h e surface. For dense air th i s must take place along the surface of the 
plate. If the wall were f l a t and the density of the gas layer which streams away were in f in i t e , 
then the a i r molecules coming off would receive no acceleration perpendicular to the plate and 
there would be no further pressure contribution. According to V. Karman the ra t io of density 
increase^JHo d e n s i t y ^ before col l is ion is 4 ^ - - ? ^ - £ / w h e n the corresponding a i r pressure 
ra t io is AfAf00, so this case can occur only for 9t - \. For 9i - lA,*pfr z 5, the a i r den­
s i t y a t the plate is 6 times as large as for s t i l l a i r , the layer has.a f ini te thickness, the 
angle of impact of the air i s greater than the angle of attack, and the a i r pressure yd i s 
greater t h a n ^ ' ; according to Busemann/^ : (^- •rJJSMeC. As far as the value of X i s concerned, 
the molecular co l l i s ions in the flow of the condensations are sufficient in number to fully excite 
a l l molecular rotat ions; i.e.,3t - 1.4. If the high stagnation temperatures necessary for 
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Figure 35; Calculated polars of wings, fuselage, and of the entire 
f rafts of the-Rocket Bomber in the gas dynamic region and 
U s 1.5. These aerodynamic values are based on the area 
of the supporting surfaces. 
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Figure 36; Computed polars of the wing, the fuselage, and of the 
entire frame of the Rocket Bomber at M • 3» (The aero­
dynamic coefficients are based on the area of the lift­
ing surfaces*) 
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excitat ion of molecular vibrations are reached, then considerable osci l la t ion can occur in tKi 
available streaming time, i . e . , 9C approaches 1.29. For?* = 1.4 the pressure on a f la t surface 

sd in 
curvature 

Ind undergoes acceleration perpendicular to the plate , so that for convex curvature a negative 
additional pressure p9 resu l t s . F o r * ; 1, these were calculated by Busemann for general curva-

of 
the object, and vanishes, in the case of the lens prof i le , at the paint for which the angle of 
attack isCts//3\ for the bullet shape i t vanishes somewhat la te r , isXfy/g, so that the average 
pressure on the curved surfaces is far less than for plane surfaces, For3*?/ the centrifugal 
effects , according to Busemann and Guderley, are somewhat larger, so that the pressures for 

<K ' 1.4 are 1% smaller than forrff : 1, in the case of the lens p r r f j l e . 

As regards the fractional stresses paral lel to the wall between the fixed surface and the 
a i r , for dense a i r , momentum parallel to the wall is transferred to the wall only by a thin 
boundary-layer of molecules near the wall, so that the usual fr ict ion laws are valid. One is 
led, in the case of high supersonic veloci t ies , to give main importance to laminar fr iet ional 
effects , so that the frict ion is determined by V. Karmans formula *2/W = /•fyflfr In fcbe Valleys 
of the flight path of the a i rcraf t , which determine the energy consumption, we may use a value 
of Re = 10^, which gives "?/ = 0.00013 for f lat , unfilled surfaces. At f in i te angles'of attack, 
the density, fr ict ion and temperature change on the leeward side (negative angle of attack) be* 
come zero, while for the windward side they are 6 times as great as for free a i r ; at the same 
time the viscosity of the a i r increases with the stagnation temperature Vesift%a£?gQaaccording 
to the relat ion 

The frietional forces on the surfaces to windward are approximately 

lyfy - ef x /.3/fc*ejfe?7J*r&J?4ffee<M^fe73}* 
76 

With the aid of these equations we can calculate the aerodynamic forces on an arbi trary 
body iarfy-*00. Fig. 37 shows the polars f i r s t for the infini tely thin f la t plate which is 
known to be theoret ical ly the best wing for f l ight above the velocity of sound, second for the 
wedge profile with f la t sides and a thickness 1/2 of the wing depth in the second third of the 
profile (8, p. 170) and finally for the symmetric double-convex lens profi le composed of two 
equal circular arcs, also with thickness 1/20 of the depth. In the region of V/a - 1 to 3, where 
the linear dependence of the aerodynamic forces on the angle of attack is valid, and where the 
excess pressures on the windward surfaces and the subnormal pressures on the leeward surfaces are 
of the same order of magnitude, the biconvex lens profi le gives the best glide-numbers; in the 
Newtonian region, where the air pressure varies quadratically with the angle of at tack, and where 
the a i r pressure vanishes in the shadow region, the flat-surfaced wedge profile is defini tely 
superior. In the region of angles of attack'which are greater than the front bevel angle of the 
wedge,- i t i s as good as the infini tely thin flat p l a w . In addition i t has the remarkable prop­
erty, in this velocity range, that the ordinarily s t r i c t requirement of minimum profile thickness 
is weakened, in the sense that even the limiting profile can be so thick that the whole wing sur­
face i s in the shadow. The infer ior i ty of the lens profile to the wedge profile in this velocity 
region ar ises from the fact that larger angles of attack give poorer glide-numbers; since the 
pressure depends quadratically on the angle of attack, the large angles for the front parts of 
the surface outweigh the effect of the small angles at the back parts so that altogether a poorer 
glide-number resu l t s than for the f la t underside of the wedge profi le . A further reason for the 
infer ior i ty of the lens profile i s that the curved surface, because of the centrifugal action, i s 
acted upon by smaller normal pressures and about the same frietional s t resses as for the wedge 
prof i le ; thus to obtain the same l i f t , larger surfaces must be used, which involves .not only 
greater weights but also greater frietional forces. Since the rocket bomber needs the best pos­
s ib le glide number at high veloci t ies , i t should be designed with wings having a wedge prof i le . 

These considerations can in 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 - a c i rcular cone with height four times the diameter 
of the base, a bu l l e t with the same height and base diameter (16.25 caliber radius) , and f inal ly 
• half-bullet with the same height and a semicircular base of the same size as that of the two 
surfaces of revolution, i . e , with 8.25 cal iber radius. The aerodynamic coefficients are a l l for 
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the sane projected area. While the cone and bullet differ l i t t l e in glide-number, the half-
bul le t with f l a t surface to the front, i s far superior, having a glide•number with /£'- 4.12. 
l i t is i s of decisive importance far the shape of the fuselage of the rocket bomber-* WhH* in *he 
region V/a = 1 to 3, the bul le t has the optimum glide-number, the laws determining the shape of 
a body under 3-dimensional flow change for high Mach numbers in the same lay as for the wing 
sections; on the under side of the surface, which mainly determines the magnitude and direction 
of the net aerodynamic force, the a i r pressure should be as large, and the resistance components 
as small, as possible. The underside should consist solely of surfaces t i l t e d toward the course 
wind. For a given average angle of attack of the undersurface, and for quadratic dependence of 
pressure on angle of attack, one obtains the best ra t io of drag to l i f t on the underside if i t 
i s curved as l i t t l e as possible in the direction of flow. On the upper side of the body, which 
with proper shape i s unimportant for determining the to ta l aerodynamic force, the pressures 
should be as small as possible. Therefore, the upper side should preferably consist only of 
surfaces t i l t e d to leeward. If th i s is not possible, the parts of the upper surface which are 
to windward should have the smallest possible angle of attack, and be curved convex to the 
direction of flow, to keep the streaming pressure low by taking advantage of the centrifugal 
effect of the airmass streaming off the curved surface. Summarizing, for large Mach numbers, 
bodies should be so streamlined with a point or dihedral a t the front, that the l i f t i ng under­
surface is nol curved in the direction of steaming, and that the upper surface should consist 
as far as possible of surfaces to leeward; the unavoidable windward sections of the upper sur­
face should have a convex curvature in the direction of flow. (29) 

The fuselege of the rocket bomber was shaped in accordance with th i s recipe; i t s polars 
forj&-#o° are shown in Fig. 39. From the figure we see that the optimum angle.of attack for ^ 
wings and fuselage a r e o t = f V O * andO£-5*.5W' resp. Since the wing surface is smaller than the 
fuselage surface, the more favorable glide-number for the wings has l i t t l e effect compared to 
that of the fuselage, and one finds a theoret ical ly most favorable angle between wings and fu­
selage of -2° for which the optimum reciprocal glide number/£ - 6.51 i s obtained for angle of 
a t t a c k s —S'SO'iot the wings and ct =*Z$o' *f<'r the fuselage. For constructional reasons, and 
also to have simple streaming conditions at the wing roots, the angle of incidence was chosen as 
0°; the polar for th i s case is shown in Fig. 36, which shows a best ^ = 6.4 f o r ^ ? " - This 
value of glide-number, which can be attained by proper shaping of the fuselage and wings, i s 
surprisingly favorable for high supersonic speeds, and i s scarcely different from that of present 
a i rcraf t below the velocity of sound. We may safely assume, for the velocity range -£- : 30 to 10, 
that the resul ts derived for j&-*«* s t i l l apply, and that below th i s range the character is t ics for 
i : 1 to 3 gradually appear. 

On the basis of the previous investigation the variation of glide number of the rocket 
bomber for various angles of attack can be represented as in Fig. 40 for the whole range of veloc­
i t i e s in dense a i r . The very favorable glide-number below sound-velocity, € = a^,.. a t &C = 3' 
drops very rapidly as we approach the velocity of sound, then takes on the value £ s -^g^atoc=8" 
for veloci t ies s l igh t ly above the velocity of sound. Above -i. : 3, the glides-number improves and 
then rapidly approaches i t s favorable behavior for high Mach numbers, with 

€ = <&- *f«-7m 

In a l l the previous considerations on the aerodynamic forces, the a i r was considered as a 
continuous medium. As the later sections show, the path of the rocket bomber reaches heights of 
over 1000 km. There the density of the a i r becomes so very small that on the one hand the s tag­
nation pressures for even extreme velocit ies no longer resul t in aerodynamic forces at a l l com­
parable with the other external forces on the a i rc ra f t , and also the laws for calculating the 
aerodynamic forces are no longer those derived for a continuous medium. Fig. 41 is a plot of the 
air density / i s a function of the heighfH for values up to 20,000 m from the well known for­
mula for a homogeneous isothermal atmosphere; for heights between 11 and 22 thousand m, the re la­
tion is <f/fa~ 4683?e'****4' (see also "Dinorm 5450" or (33)). This expression for density a t 
great heights i s used in the la ter (note: original has error; uses J* instead of J^CT:M ) calcula­
t ions . I t i s frequently assumed that the composition of the atmosphere at high a l t i tudes i s the 
same as on the ground - i . e . , mostly N2 and l^, but that these materials are more or less d i s ­
sociated into atoms. Therefore two dotted curves in Fig. 41 are used to show the density if a l l 
molecules are dissociated into atoms ( lef t curve), and i f only a pa r t i a l dissociation occurred, 
as assumed by Godfrey (middle curve). The molecular free path for constant composition varies, 
with the density according to the relation ^ — *0~ /¥$' • ^h*5 relat ion also holds approx­
imately for the dotted curves for the dissociated atmosphere, since the effect of dissociation 
on the free path i s of the same order as the error in determination of the free path. At heights 
of 40 km, the free path i s already greater than the thickness of the laminar boundary layers 
(ZO~ —/0r» ) , reaches the size of the a i rcraf t dimensions at a height of 120 km,, and r ises to 
over 1000 km. Bt a height of 200 km. The stagnation pressure corresponding to the "veloci ty of 
escape" V : 12000 m/sec i s fess than 1 ^E/m2 at 100 km. a l t i tude; i . e . , at 100 km. a l t i tude the 
aerodynamic forces have pract ical ly disappeared, and the motion of the rocket bomber i s along 
pract ical ly a pure iner t i a l path. The expressions derived for the aerodynamic forces on the as­
sumption of a continuous medium are already invalid a t heights over 40 km, since the distances 


