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RECENT RESULTS IN ROCKET FLIGHT TECHNIQUE*

By Bugen ﬁénger
1. INTERTGR BALLISTICS OF THE ROCKET AIRCRAFT

The concept of the effective ejection vYelocity of a
rocket engine ig explained afdd the magnitude of the gt—
tainable e jection veloeity theoretically and experimen—
relly investigated. Velocities above 3000 neters per seec-
ond (6700 mph) are actually measured angd the possibvilities
cf further increases shown.

1. Notatien

a velocity of sound in pPropulsion (m/s)

c @jection velocity (effective) of the pPropulsioen
gas (m/s)

Cy muzzle velocity of. the propulsion gas (m/s)

Cmax theoretical 1limit

(m/s)

ing value of the ejection velocity

Cmol Mean value of the translatcry molecular veloéity (m/s)

Cy flow velocity of the propulsion gas at any point of
of the nozzle (m/s)

" specific heat at constant

! volume of the Propulsion
gas (cal/kg) "

D specific heat at constant pressure ﬁfwfhe Propulsioen
gas (cal/kg) :
a! diameter at throat of nozzle (m)
i, diameter at mouth of nonzzle (m)
T rrobntane 1 I Tiiese
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f number of degrees of freedom 6f a gas molecule
f nozzle area at mouth (m®)

g acceleration of gravity (m/s?)

m mass (kg sz/m)v

p pressure of the propulsion gas (kg/m¥%)

P, bressure of the propulsion gas.at mouth.of nozzle
(kg/m?) L

Py al'r“priessure ig wvicinity of nozzle (kg/m®)

% tiﬁe (s)

v flight velocity (m/s)

A mechanical equivalent of heat (1/427 cal/kg)

J heat content of propulsion gas (cal/kg) or momentum (kgs)
J initial heat content of propulsion gas (cal/kg)

P rocket thrust (effective) (kg)

P! free rocket thrust (kg)

R gas constant (m/deg)

T .absolute propulsion gas temperature (deg}

o @bsolute initial temperature of the propulsion gas (deg)

Ty absolute propulsion gas temperature at any podnt of the
nozzle (deg)

T, absolute temperature of propulsion gas at meuth of
nozzle (deg)

U internal energy of the propulsion gas (cal/kg}
By
V specific volume of the propulsion gas (m"/kg)

W air resistance (kg)

K ratio of specifiec heats at constant pressure and con—
stant volume
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ng nozzle efficiency (c/cmax)2

n, utility coeff1c1ent (C/Cmax)

. ! 9%
pn density of propu1s1on gas at mouth (kgsz/m ¥ 1

2. General

The required propulsive force of airplanes . is at
present obtained exclusively by the reaction force of. the
air masses which are given a backward acceleration by the
propeller (fig. 1). At high flight velocities approach-—
ing the velocity of sound this process encounters funda—
mental difficulties. These are assocated principally wit!
-the lowered efficiency of the propeller rotating at high
speed, the high mechanical stresses of the propeller, and
the greatly increased air forces and weights of the power
plant associated with the high flight speed. R

It has therefore been proposed to obtain the propul-
sive force as the reaction force of gas masses which, as
in the case of rockets, are first compressed ‘in a chamber
and being ejected backward issue . from the latter with
high velocity under the actﬂon of the excess pressure

fdguu@d. The excess pressure is generated by the com—

bustion of fuels as with the conventional corbustion en—

glne§ (The burnt fuel gases constitute .the propulsion
. gas. o g

The undeslrole large g:1r T origes wach increase with
the velocity are decreased 1n part..through shaping the
aireraft. to suit the peculiar characteristics of super—
sonic flow but mainly tnrouﬂw the use of correspondingly
high flight altitudes at which, because of the decreasing
air density, the air forces sre kept within desired limits
in spite of the increased flight velocity.

The oxygen required for. the combustion cannot be
obtained practically from the rarified atmosphere at high
altitude, but must be carried aleng in the airplane. In
this way the power plant is at the same time relieved of
the large work of comp”e551on requwred

COmparison of figures 1 and 2 ‘shows that the propul—

'sive propelier  jet ‘is in the case of the rocket aircraft

replaced by a propulsive fuel gas jet. Whereas, however,
with propeller propulsion the process of the conversion
of the latent energy of the fuel into the kinetic energy
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of the propeller slipstrcam involves many losses ileading
to a complicated, sensitive, and hcavy mechanism, the same
transition from the heating value of the fuel to the ki
netic energy of the burnt gas in the case ef the rocked

is direct and effective. The fuel and ‘liguid oxygen are
supplied by a pump directly into a high—pressure combdbustioxn
chamber hwere they combine and flow out with extrenely
high velocity through a nozzle. The back pressure of this
steady exhaust gas jet propels the aircraft without any
additional means. . In this manner the possibilities of
disturbances are very much reduced, the motor efficiency
becomes very high, and the structural weight per unit of
output is extremely small.

mhe rocket motor occupies approximately a midposition
between the conventional airplane engine which can deliver
a few hundred horsepower for many days and 2 projectile
which gives an output of many millions of horsepower over
o fraction of a sccond. The rocket motor capable pf itz nt
will thus give, for example, an outputb of 100,000 horsepower
over a period of 15 to 30 minutes and will weigh less than
1 gran per horsepower, As in the case of the gun projectile
it is provided with the required oxygen and is thus inde—
pendent of the flight altitude.

The supply of the required gquantities of oxygen to
the combustion chamber from the free atmosphere at very
high altitudes against pressures of probably 100 atmos—
pheres and in the short time intervals available is a prob—
lem gquite unsolvable structurally. Hence the compression
to the highest possible degree, namely, to the liquid form,
must be carried out on the ground and the ligquid oxygen
taken along on the aircraft., The carrying along of large
quantitics on board the aircraft, together with the very
large fuel consumption, say, of a 100,000-horsepower motor
requires that the extremely large propulsion forces of the
rocket fuel supply is soon exhausted.

The structural difficulties in the manufacture of
rocket motors rescmble to some cxtent thosec of the gas
turbince.. Although no moving parts in the fuecl Jebt arie en-—
countered and the efficiency rclations are entirely dif—
ferent, the fact that the cooling of the walls of the com—
bustion chamber of the.rocket motor can be much less ener—
getic than in the case of the airplane engine is a struc—
turally unfavorable circumstance to be taken into account.
At the higher flight speeds the heating due to dynamic
pressurc and friction of the air streaming past the air—

V3
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craft — at small altitudes about ‘AT =:vZ/2000° C)* —
makes rcturn cooling 1mp0531b1,,'so that: only the fuel
itself can be used for cooling the walls of the combus—
tion chamber. The.hcat capacity of the fuel permits;
however, a hcat conduction to the cecoling mcdium of at
most about 6 percent of the heating value as comparecd
with 20 to 30 percent: for- -the conwventional airplane en—
ginc, Therc is furthermore to be considered the cxtreme—
ly high propulsion gas temperature in thc comdbustion,

for example, of fuel with pure“oxygen without ‘Imert gases.
On the other hand, the rocket motor permits much greater
freedom in the choice of struetiiral material.so that its
congstruction is fundamentally possible.

3. Consequences of the Principle of: Conservation
i g

of Momentum

The outside surface:of the' riocket aire t
upon by a ir pressures the distribution of which depends
apon the state of motion of the airplane "and in everjpjcase
they give a component, namely, a drag W, cdirected oppo—
gite to the line of Flight. . The zasprossures -overitie
entire surface of the rocket combustion chamber give a
tiotlal- force in the direction of motion of bthe airerafs,
ngilely, a rocket thrust P. '‘Negleecting all other fTorees,
FiitHe forces W' and P arc equal,the"aircralt willdvbe
e ¥in a steady state of motion: if tbcy are unequal the
g@ireraft will be accclerated or retarded, '

is acted

air preéessure distribution

1 “of the aocrodymamies fofd the

nation of the combustion gas
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The resultant of the combustion gas/pressures in the
directdlon of the axis’ of the rocketscan 'bo’ obtadnedrig
the most simple way with the aid of the principle of mo—
montum, It is assumcd:that -the flow of the jet is steady
so that the rocket is propelled at constant pressure.
Furthermore, in the investigation of -the gas flow in the
nogZzle the acceleration of tho airplane  iIs neglieoctedias
comparced with.that of the gascs.: Therc is also neglected
the momentum of- the fresh fuel entering the combustion
chamber and the combustion gas mass is surrounded by a

Weontrol surface' as customary in flow dynamicse. Thise

surface is shown dotbted in Ffigure 5,

*See pp. 139 and 142 of reference 1.
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The rate of change of the momentum must be equal to
the forces acting on the bounded combustion gas mass.
This change with time occurs only through the part of
the control surface £, the area of the mouth of the
nozzle

et = oy Amjat

The sum of all the pressures of the combustion gases
on the walls is denoted by

i

P =/ pdf

For reasons of symmebtry its line of action coincides with
that- of the rocket axis opposite to the flight direction.

Furthermore, the bounded gas mass is acted upon by
the external force p, f,. Hence

cp dm/dt = P — ppfy

and
= ¢
E@oe, dm/dt + p T 63 )
Thie-cffeet ive thrust P vof the rocket = that. is, the re-

sultant of the gas pressures on the combustion chamber
walls — is therefore equal t o the momentum of the accel—
erated gas flow through the nozzle mouth increased by the
product of the mouth area by the pressure of the combus—
tion gases. The same rule can also be derived by assuming
a definite flow through the nozzle (for example, ligquid
flow, adiabatic gas flow, isothermal flow, etc.,) and in—
tegrating the pressures on the wall, as was done for
a%iabatic flow, for cxample, by EZsnault—Pelterie (reference
21

The pressures of the combustion gases on the walls
of the combuwstion chamber are therefore the equivalent of
an effeetive momentum of the rapidly escaping mass n
of exhaust gascs which is greater than the momentum at
“the nozzle mouth and corresponds to the effective . thrustes

P = c dm/ds (&)
where the "effective ejection velocity" .e is greater

than the muzzle velocity of the propulsion gases in the
nozzle

e = P dffan = e, & Dufy 4t jdn (.3)
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Theovwediocity: o 498 tne nost 1mportant magnitude of the
interior ballistics of ‘the rocket airplane and fundamen—
~.tal for =all performance considerations of rockets and’
rocket a;rplane #motors,: In ‘contrast to the internal ef—
ficiency it represents ‘an absolute coefficient since; it
does not refer to a definite fuel, It connects the- dn-
terior and ‘exterior balllstlcs of rocket flight in that
‘it is" the end result’ and obJect of.- allt interior ballis—

" tdies” processes -whd 1des at- he bas1s of tne exte*lor bal—
listics - processes. ~

According ‘to the- 1nves+1gat;ons of the aut thor the
realization of stratosphere communlcat;on with rocket,
- aircraft over the oceans is terhnlcallv fea51b1e on at—
~taining an ejection- vplocity of 3700 meters per second
(8250 mph) '

, According to the we11~known Gcrman ballistics aathor~
ity, Professor Cranz, with an ejection velocity of 4000
meters” per second (8950 mph) the shooting of a crewless
rocket to the moon is within the range. of technical pos—
sibility (reference 3)., The effective ejection velocity
thus lies at the basis of the interior bal1 stics inves—
Vigations presented here, ol mgis

According‘to the foregoing relation, the effectiwve
ejection velocity ¢ depdends only on the relations in
the rocket but.not on the conditions of the surrounding
atmosphere or on the conditions of motion of the rocket,
This fact also follows directly from the fundamental prop—
erties of the supersonic flow — the only flow of signifi-—-
cance in the rocket nozzle — according to which the pres—
.sure distribution in the nogzle is eatirely independent
of the downstream relations outside the nozzle, The ef-—
fective ejection velocity is equivalent to only this pres—
sure distribution.

The‘qﬁestion now arises whether the effegtive €jec—
tion veloedty ¢, which is practically always greater
than any actually .occurring flow velocity in the noszzle,
is.to be considered as a true .gas velogcity -or simply ds a
purely. computational magnitude. While the processes up
to the mouth of the nozzle, as previously menticmed, are
entirely independent of theexternal pressure, the flow
processes outside of the .nozzle depend -very much on the
external preséure. If.the exteornal pressur pé i .
equal to the pressure at the mouth Ppo the flow ‘velodeity
of the combustion gases outside of th{e nozzle does not

increase beyond the muzzle velocity ¢, the effective
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velocity e actually nowhere occurs as a true velocity.
L P, 1is smaller than the muzzle pressure Dp,, the

escaping jet diverges under a certain angle and the flow
velocities of the gas masses become greater than cp,
these large velocities being no longer directed parallel,
Mins 1dys, Gfotheexternals presesufer s equal towzero the
flow velocity of the completely scattered jet is equal to
the limiting value <©Cp,x given by the complete conversion
of the heat content into the kinetic energy of directed
flows ©Lhe flow welotity . is then greater than c.
From ‘the above :it . is to be concluded that for a
quite definite external pressure a true gas flow velocity
of the magnitude ¢ can arise which generally has nothing
towdo with:the actual gas velocity, Since the effectiwve
ejection velocity ¢ does not depend on the relaticas
gutside the nozzle,the true gas velocitjes outside the
nozzle may, depending on the external pressure, be smaller,
equal to, or greater than the effective velocity. The
cooling and expansion of the combustion gases outside the
mouth of the nozzle is therefore of no effect on the ef~—
feective rocket thrust.

A certain exception to this law ocecurs if the muzzle
pressure Ppm is considerably higher than the external
pressune P, . so that the eseaping gases strongly diverge,
as 4n the sease . of fireamms, and gather at the forward
side of the nozzle. In this manner there arises wunder
certain conditions an appreciable additional thrust on
this forward area of the nozzle. Thig fact also contrib—
utes to an expiddnation of the relatively favorable effi-
ciency of noz%les with small divergences.

In what follows in speaking of the ejection veloecity
the effective velocity .¢ explained above will be meant,

The effective thrust P = ¢ dm/dt of the rocket is
always partially counteracted by the pressures of the ex—
ternal air. In steady flight of the rocket airplane the
air resistance W 1is exactly equal to the thrust P.

In-agecelerated flight 'or at standstill only a part
of the thrust is balanced by the air pressures while the
remgdnder 2s "free thrust" is availabdle flor accelerating
the airplane or as a measurable force at standstill, The
thrwat -PY  méasured at standstill of a Toeket is there—
fore always smaller than its effective thrust P by the
product of the pressure oFf the giprat " “rest "and “theF et~
fective mouth area fm of the nogzzle:

-
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- PY'=P-p,fy= c dm/dt — pyfy = cp dm/dt + Eaplliyy =g )00 {e)

. The effective thrust thus obtained from the measured free
thraugt is- therefore
P= Ploaipity (5)
and the effective velocity iévéimilarly'obtainéd from the
free thrust as ' j

¢ = Pdt/dn = P' dt/dm + p,f, at/dm IR

If the gas in the mouth of the nozzle expands up to the
external air pressure then the measured thrust is ecual
to. the change of momentum of the combustion gases in the
nozzle mouth

Flam By dm/dt

or
Bue Oy Fopf 0l /U (7)

- If the divergence of the nozzle is so large that ex—

: pansion can take place below the extermnal air pressure,
the flow of the combustion gases separates from the noz—
zle wall approximately on attaining the extermal air
pressure, that is, in the effective nozzle mouth cross
section. Up to this point the nozzle behaves like one
with proper divergence. After the separation oscilla-
tion phenomenz arise in the separated gas 'flow that lead
o losses.

If the expansion is not down to the external air
pressure, a part of the otherwise useful heat content of
the combustion gas is lost without production of thrust
since with increasing expansion of the gases in the noz—
zle the momentum increases mqore rapidly than the product
of the mouth pressure by the mouth area decreases.

’ If in the neighborhood of the rocket at rest or in
3 motion with subsonic speed the air is carried along by
mixing with the escaping exhaust gases, this accelera—
tion of the surrounding air produces a decrease in the
! pressure with which may be associated a change of the
free thrust P', ©but not of the effective thrust:

P' = ¢ dm/dt — P Ty
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For the rocket moving with supersonic velocity, this
effect on the thrnpst of the gases already ejected is no
longer possible because of the properties of the super-—
sonicvflow:

If a given rocket is driven steadily in an outer
atmosphere of a density varying with time, the effective
thrust is naturally constant while the free thrust varies
with the density of the surrounding atmosvhere, increas—
ing with the lowering of the outside pressure, as is seen
from the above equation.

The above examples show that the introduction of the
concept of "effective thrust" "is necessary for the clear
discussion of the provnulsive force and air resistance.

It is tovbe remarkedy vhowever, thatewith this method of
treatment an air resistance must be ascribed even to the
airplane at rest with engine running, the resistance be—
ing equal te bhe. vroduet. of the pressure. of the external
air at rest by the effective area of the nozzle mouth.

4, Limits of the Ejection Velocity

As has already been shown, the ejection velecity is
the factor of cHief importance for the performance of a
rocket motor.  The maximum possible directed flow velocity
of a gas is obtained at complete cooling and expansion of
the latter from the energy eouatlﬂn for known initial heat
content:

Chnax =V <& JO/A (8)

Assuming, for example, the heat content of the combustion
Droducts of a gas 0il — oxygen fuel egqual to about 1,05 X
108 kgm/kg, a limiting value of the ejection velocity

for these gases of cCpyx = 4570 m/s (10,000 mph) would be

obtained. There are known to exist, however, technically
controllable chemical reactions of energy concentrations
that correspond to a value of  cppx up to abdbout 7000 m/s

(15,600 mph) 1rrespect1ve of the reactions of atomic hy-—
drogen which are as yet not evaluated. These figures so
far exceed the usual values for the velocities of motion
and even the veloclty of hca* motion of the gas molecules
Edat it 1% Bobt oub of place here to glve an explanation
based on gas kinetics theory.
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According to Boltzmann tbere 1s assoc1ated with each
degree o)ig freedom of the mﬁlecular motlon of a kilogran
of 1aealvgas_klnetlc‘energy_;n cal of amount_

¥ oy e ses (5)

The total kinetic energy of: the three degrees of freedom

-in translatory motlon is. therefore

R e i (10)

Gases -of more than one atom possess in addition to the
tranglatory also rotational degrees . of freedon; for dia-—
tomie gases f = 5 .and. for gases with three or more
atogms £ = 6

The internal energy of the gas, which includes the
kinetic energies of all translations,_rotations,and>other
degrees of freedom but not intgratomic.energy,is

8
U= | oy dt= £fz ARG . : (11)

For a given state 'p,V every gas contains; in addition
to the internal energy U the expansion energy ApV =

ART ‘which, according to {9), corresponds-to two further
degrees of freedom, so that the'heat sontent . d = UtADE

becomes _
J-=/' B AR = (# + 'g P umE= e {ITW0 LeNE)

The mean value of the translatory‘molecular velocity

¢pol is obtained in the usual manner with the aid of

equation:(lo):
e®,0.1/22 = B/b; €p01 =«/EgRT ; (18)
The limiting value of the directed flow velocity after

complete expansion and cooling, 7 =" 0 (the tetal heat
content being converted -into the energy of “dirvectes

motion) is according to (8) and (12):
szax/gg = Jf&; cmai.= v (f + 2)gRT 2ool14)
From the comparison of the factors 3 and (f + 2)

of the last two: equatlons it is seen that for a flow 1n—
to a vacuum: : y :

1. The energies of all degrees of freedom above 3,
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that is, the energies of rotation and other
degrees of freedom, if there are such are alsc
converted into the energy of directed velocity
as may also be expected for the cooling of a
gas, according to the Boltzmann law of equal
partition of the energies.

2. The energy of expansion ApV = ART = 2B 1is also
converted into directed velocity as must like-
wise be expected in cooling the gas down to
absolute zero temperature.

Setting, a8 uevel, K & cp/cv = (f + 2)/f for the
particular case of zero external pressure, eguation (14)
passes over into the familiar Zeuner formula:

- Ja2g 3,/a = J2%/(k~ 1) gRT (15)

Cmax

where K = 5/3 for monatomic, 7/5 for diatomic, and.
8/6 for triatomic gases.

Thig limiting value of the ejection velocity Cnax =

JEK/(K = 1) gHT of a rocket motor thus considerably ex—

ceeds both the velocity of sound a =W&E§E_ and the mean
value of the tramslatory molecular velocity cp,1 =

JggRT. This fact is practically also confirmed by the
velocity measurements of gunpowder gases. in escaping from
the mugzzle of heavy guns of small elevation where values
of 2000 meters per second (4500 mph) were confirmed (ref-—
erence 4) in the expanded gas, thrat is, outside the muz—
zle, and also more recently in the supersonic wind tun-—
nels of wvarious countries where, for air at normal tem—

perature, the value ¢ ., = 765 meters per second (1700

mph) is approached.

It 15 %o-be noted finglly that in the thesretical
limiting case of an expansion in the nozzle down to zero
external pressure the effective velocity ¢ agrees with

the attual velocity of motion ¢ ,, o0f the molecules

since the back pressure at the mouth has become zero and
no further expansion takes place outside the mouth. These
limiting velocities cannot actually be utilized completely
for the rocket thrust since they correspond to infinitely
large nozzle mouth areas. It is therefore very important
to know how closely, by means of practically ‘constructable
nozzles mounted on the aircraft, the effective ejection
velocity ¢ can be made to apprcach the limiting ‘value

c
max.
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5. Adiabvatic Flow of Egected Gases.

A numerlcal estlmate of the relatlons unaer the as—
sumption, for example,’ of perfectly adlabatlc flow of
ideal gases is possible. In this case there is appllcable

the known relation
ME.—ETX/TO

Cx T Cpaxh

The ‘effective ejection- veloc1ty then oecomes accord—
ing to equation (3) EERCL R R b 4. :
C:cm+ pm/‘omcm='cr~bax’\/l' —:Trﬁ/T'o‘:<l # 'ZK ,-1 & T / /(16)

and the reou1red ratlo of the effectlve to maximum egec—
tion velocdity:, that:is, the - "utility coefficient"-of the
nozzle is i i . e . ; T

g R L TR A T T T
= c/cmai'=V'1 — T /'T.o /£'+ o Y. ‘ < (i)
i : PPN pone@ B Gesg B B R 3

“he ceefficient is at thezsame Time “thesratibviofs the

thrust obtained to the maximum obtainable thrust for ‘the
given fuel consumption. Its square is the Wintesndl
efficiency" My~ of the rocket nOZzle;. ,

Plotting ' ny against the nozzle divergence ratio
dm/d', there is obtained figure 6. It may be seen that
even with very small divergernce ratios the effective ejec—
tion velocity already quite closely approaches the  theo-—
retlical 1imiting value; for d /d’ F R, LoD example, the
value is 91 percent so that W1tn such nozzles exhaust
velpcities of 4000 meters per second (8530 mph) must be
attainable with rockets using gas 0il - oxyzen fuel. There
is.also plotted the ratio of the' muzzle veloecity cp to
the maximum velocity ¢,y  showing the gain due to the
back pressure of the escaping gases &t the mouth. This

- gain naturally decreases with increasing dm/d' in spite

‘of the larger mouth area, so that strongly divergent noz-—
‘zles for this main reason are less advantageous as comf—

pared with nozzles- of smaller divergzence“as- might at first
be expected. There is also ‘to be added the fact, already
mentioned, that with nozzles: of very small divergence oOT
in operation with very small external pressures the escap—
ing gas jet adheres to the forward part of. the nozzle so
that this ring area is included in the effective nozzle
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space and gives additional thrust, For this reason noz—
zles with very small divergences and even purely cylin—
drical nozzles give surprisingly high efficiencies. There
is also plotted in figure 6 the efficienecy N4 = hE w8

SEPeET AL,

6. Dissociation of the Combustion Gases

The actual processes in the combustion gas are not
quite so simple as was assumed in the adiabatic computa-—
tion, for aside from the friction losses, heat losses to
the surroundings, etc., very high gas temperatures ocegur
with the high energy concentrations mentioned and hence
considerable deviation from the behavior of ideal gases.

For the usual technical combustion processes the
combustion at these temperatures becomes incomplete since
the gas molecules already formed, for example, H;0 and
CO, again partly dissociate. .The temperature does not
go beyond a certain value which, by computation and meas—
urement, for example, on welding flames, is found to be
about 3000°%t0 3500° C depending on the gas pressure,

This dissociation binds considerable portions of the heat—
ing walue: of the fuel.

From the theoretical investigation data available,
particularly Schule (reference 5) it is found that the
gas resulting from the combustion of gas o0il and oxygen
in the rocket combustion chamber at least 50 percent of
the heating value, that is, about 0.5 X 10" kgm/kg is
bound in the dissociated state and is therefore not avail-
able as heat content. Assuming that during the expansion
in the nozzle there is not sufficient time for recombina-—
tion of the dissociated molecules so that the gas has ex—
panded adiabatically from the heat content corresponding
to its initial temperature the energy bound in the disso=~
ciation is completely lost for the ejection process. The
remainder of the combustion occurs outside the nozzle
without any useful effect. The attainable ejection ve-
locities would in this case lie at consideradly lower val-
ues. Under the above—mentioned conditicons there would be
obtained for the gas o0il-— oxygen propelled rocket a maxi-—
mum possible ejection velocity of about

e =./Sg x 0.5 X 10° = 3160 m/s (7000 mph)

instead of 4570 meters per second (10,000 mph) if the
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complete heating’value of the fuel were utilized. With
a nozzle utilization factor (n ) of 91 percent the ef-—
fective velocity would be ¢ = 3875 meters per second

(6400 mph), that 'is, the efficienéy of "the éntire proc-
ess My =‘c'2/c2ax = 42,3’ percent and the ‘cfepgx = 65

percent

There are, however, a number of clrcumstanées whlch

-tend to make the dissoclatlon in the rocket motor unfavor-—
~able to.a less. extent ‘than . indlcated ebove.; Flrst £

must be assumed.that W1th the explosive or detonatlng

character of the combustion of gas o0il .and oxygen there is

no Sufficient: time for the cnmplete establlshment of the
dissociation- -equilibrium, In this case.the dissociation

does not appear to occur to the extent indicated by theory.

The temperature of the combustion gases therefore rises

.above the-maximua value limited: by the. dissociatien to

the order of magnitude.of the sun's temperature and to

even’ conslderably higher, temperatures in . the. detonation

waves themselves - (reference 6) ; Wi thls way the initial
heat :content- of the combustlnn geses more closely 8P i
proaches . the available energy. of. the fuel. an€ the burnt
gases behave more like. a chemlcally inactlve zas SO that
the dissoeciation- losses,. at least for the. 1n1t1al pres—
sures of .the reecently burnt gases, are lowered The ini-

-~tial pressures. then increase. to.the order of magnltude

of the detonsation pressures.. . g v g e

If the extremely rapid combustion. is followed direct—
ly. by a similarly rapid expansion then.the latter process
may be considered approx1mately as an adlabatlc expanslon
of ®mery high initial heat contendt.

The observed heat radiatlnn also indicates the oc-—
currence of gas. temperatures above the values- limited by
the usual detonation. JFurthermore, the mean free path
of the gas molecules, particularly .at the high combustion
chamber pressures is so small compared to the path of the

- gases through .the :exhaust. nozzle that any existing dls—
seciation, at least as far as free atoms (for example,

H, "0) ;are -concerned, is .compensated during the expan-—
gloen proeess. -There then occurs durlng the expansion an
afterburning so ‘that. the gas temperature remains approxi-

.. mately corstant and the expansion during the afterburning

is isothermal (reference s W - 5
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7. Tests o6n Rocket Motors -

iThe very important question as ts the attainable
ejection welocity of a rocket motor thus cannot be com—
pletely answered through ecomputation alone. The author
therefore undertook numerous test stand experiments with
14 different rocket motor models of the type sketched
in figure 2. Each run was up to.a half hour's duration,
the measured thrust up to 30 kllogramsand the weight of
the motors always below 1/2 kilogram. Petrioleum gas o0il
and pure oxygen were at first used as fuels The oxygen
was for the most part gaseous welding oxygen, the liquid
form being used only in a few tests because although the
combustion .was as steady as with the gaseous oxygen the

. eold atomlzed liquld oxygen gave considerable ignition .

lag._

Figufe 7 gives a view of the instrument room of the
test set—up. At‘ﬁhe left is seen the Bosch injection
pump for injecting the fuel o0il; whereas, on the instru—
ment board itself are mounted indicators for the oil
pressure, pressure of the burnt gas, temperature of cool-
ing medium, fuel consumption, duration of test, oxygen
consumption, oxygen pressure, etc. All apparatus for
conducting the oxygen are for reasons of safety removed
from the instrument room, the regulatlon of the oxygen
supply being effected by means of a handwheel over a re—
mote control as shown at the right of the figure.

. tesﬁ room itself communicates with the instru—
ment room.only through a small observation window like—
wise seen in the picture.

Figure 8 gives a view of the test room one side of
which is completely open to the outside, and the test
sitand . The motor was suspended on a swinging frame
which was capable of moving practiéally only in the di-
rection of the horizontal motor axis, The braking and
transmission of the free thrust to the support fixed on
the ground was over a horizontal spring dynamometer which
at the same time measured the thrust, By this arrange-
ment and a fixed calibration system all frictional forces,
elastic forces of the piping, etc., were excluded from
the thrust measurement. Both of the above photographs
apply to a phase of the test where for the accurate meas—
urement of the heat conductién through the combustion—
chamber wall the cooling was effected with water instead

. of mith the fuel itsgself,
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Figure 9 shaws. the llquid oxvgen hlgh pressure tank
which was put under a pressure »f 150 atmospheres with
the aid of the usual gaseous oxygen, the liquid flowing
frmonm @ control valve in. the tank into the combustion
chamber, : :

Figure 10 shows a rocket flight mmetor operating with
20 kilngrams effective thrust, As was to be -‘expected
from the theoretical considerations, the attainable effec—
tive ejection velocity was found to be only very slightly
dependent on the shape and divergence ratio of the ejec—
tion nozzle., -This lack of sensitivity even extended to
nozzles with surfaces that were roughened on purpose. On
the other hand, the ejection velocity depended to a very
large. extent on the cualltv of the combustion in the com—
bustlon chamber. :

As factors influencing the combustion the following
were separately studied: the turbulence of the fuel,
the preheating of the fuel, and the length of time the
fuel remained in the combustion chamber.

Turbulence of the fuel after intreduction into the
svherical-shape combustion chamber was produced to a
large extent by structural means. Preheating was obtained
by using the fuel to cool the combustion space walls be-—
foreadmission. This preheating was found to be of great
advantage for the fuel o0il and almost indispensable for
the liquid oxygen. The effect of these factors on the
the ejection velocity of both was, however, very small
in comparison with the effect of the length of stay of
the fuel in the combustion chamber, as-had been surmised.
(reference 1, p. 69). :

Denoting-by V., (m°/kg) the specific volume of the
burnt gases in-the chamber and by G {kg/s) the weight
of gas.consumed :per second thenits velume is G V, (n°/s),
The length of stay in the combustion chamber is then
by ch/GVo (see) or; by making use of the gas equa-
figns "9, Vg =-R%% E 3 : :

¢ 817, cueBlGREE “oRds (18)
For a given motor the stay interval deneﬁds only very
slightly on the throttling, as.may be seen from the fol—
lowing consideration. Setting .

£ ey
P = Gec/g
TocD = kyce/2¢g
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(where k,  and kg are nozzle constants) into equation
(18) and combining a2ll fixed values into a new constant
k gives ' :

§ o6 Sl : (19)

For agivyen:-motor. . t ‘and ¢ are ‘therefore inversely
‘proportional. Since, however, ¢ varies only within
very narrow limits the stay interval is determined mainly
by the choice of ‘the ratio .V, Ch/f', but  to @ First ap—

proximation is independent of the throttling'of D RESen —
gine. ' b PN !

In figure 11 the obtained effective velocity "¢ of
nine different motors is plotted against the sfay interval
t and a mean curve drawn through the points. This curve
is one of the most-important obtained from the entire
series of tests.  MThe small scattering of the test results
is explained satisfactorily by the naturally varying tur-
bulence and preheating of the fuels. It may be seen that
oy interyals of thée prder of 1/100 second ¢ jection veloci-
ties above 3500 metérs per second (7800 mph) are attained,
so that no appreciable losses through dissociation occur.
Whether at considerably higher stay intervals sufficient
time remains for aporeciable dissociation and hence a
lowering of the ¢ values could not be determined with
the svstem used since the cooling losses through the com-
bustion chamber walls then became considerable. :

For the rocket flight engine there thus exists an
optimum size of combustion chamber for which the combus-—
tion is already sufficiently complete and no appreciable
losses through cooling or dissociation occur. According
to thie “telst” resmilts thus flar obbtained this ' size of ecom—
bustion chamber seems to be attained for about 1/100 sec—
ongl of" SLay anterval., (Seé also reference 1, pp. 69, 20 )

In the case where appreciable dissociation. does not
appear for the explosion-type combustion in the rocket
chamber the wall temperature must rise to an order of
magnitude of 6000° absolute., This value is obtained with
the ejection velocity found from the fundamental equation
of gas dynamics.

65 T = kg cz/?g

where for the nozzles employed  ky = l.2.
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Dlrect temperature measurements were not pos51b1e.
The heat -conduction through the. combustlon walls was,
however, carefully “measured.,: - Fer .the maximum exhaust
velocities wvalues up ton.abeut 1 hp/cm2 through the com-—
bustion chamber wall were obtained;.this is about 30
times the maximum values: obtalned w1th lnternal combus—
tion engine, .If it ig’ assumed, w1th the combustion tech—
nicidns, that for the relatively. small combustlrn Zas
velocit1es in the"combustiaon chamber the convection is
small as compared. with:the radlatlon, similar values are
arrived at for the temperature.of-the. radlatlng gas. -The
e jection velocities ‘obtained-are also 1nd1rectly confirmed
by the temperature observations. . ‘

In the numerical test results the work done in in-—
troducing the liguid fuel is . not specially accounted for
because even for high admission pressures the work re—
mains in the region of 1 percent of the output,

Heat losses through the walls of the motor to the
surroundings did not arise in the results of the experi-
ments since the heat. passing through was taken up mostly
by:-the fuels themselves and hence: was. agaln utilized:for
tne combustion in- . the chamber

Thewexperlence galned from the very extensive tests
cannot here be congidered more .in detail. . mssentlally a
number ‘of ‘conditions were clarlfled which had been raised
as objections against the possibhility of the . construction

of rocket .motors.. The most important are as fecllows:

‘1, The ejection velocity of the comBustlon gases,
with suitable shaping of the moter, becomes
far greater than the mean value of the trans—
latory velocity of the ejected gas molecules.

2. The dissociation of the burnt gas associated with
the usual combustion at very high flame tem-—
verature leads. in the case of the rocket motor
to no appreciable losses.

3. The explosive combustion cf liguid hydrocarbons
with liquid oxygen is perfactly steady with
- continuoius. admission, e

4. The problem of structural material for the com—
bustion chamber and the nnzzle of rocket motors
is practically solvable.

That the ejection velocities attained and the safety
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of operation are even more readily attainable in full
scale construction follows from a number of reasons, for
example, from the larger time interval within which the
burnt gas remains in‘*the large nozzle for which the ve-—
locity of flow is about the same as for the model nozzle,
so that recombination after dissociation, afterburaning,
and so forth, are possible to a greater extent for the
larger nozzle. Furthermore, in large nozzles the bound-—
ary—layer losses are smaller because of the relatively
small nozzle surface area, Because of these geometric
relations other conditions remaining the same, the com—
bination wall to be protected of the full-scale nozzle

s mueh smaller, and so “Hortyhs “*lhere is Thus no question
of the possibility of apvlying the results on the model
to the full—-scale motor. The tests will be continued with
high-value fuels with the object of raising the ejection
velocity to above 5000 meters per second (11,000 mph).

2. EXTERIOR BALLISTICS OF THE ROCKET AIRCEAFT

Rocket aircraft are analyticazlly investigated the
flight paths of which consist only of climb to the de—
sired flight altitudes followed directly by gliding de—
scent. Both climb and descent are so determined that
the air forces remain within definite limits which depend
essentially on the weight in flight. The computation
carried out on the basis ‘of these assumptions with regard
to the flight path shows a considerable advantage of the
rocket aireraft over the conventional propeller airplane
as regards flight speed and celling while the range re—
maing about the same because of the necessity of carrying
along the fuel oxygen. ‘

1. Notation

a velocity of sound in air (m/s)

c jet velocity of the motor (m/s)

c, 1lift coefficient (A/qF)

Lo o  AALE pogfficient in'neighborhpod of ground
ce fricfion coefficient

c drag coefficient (W/qF).
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pressure drag coefficient

drag coefficient of wake

base of natural logarithms
acceleration of gravity (m/s2)
altitude (m)

mean free péth_of air molecules (m) .
Mach number (v/a)

Pressure increment above or below atmospheric

L0 L g -

dynamic pressure Y/2g v®(kg/m?)
path traversed (m)
depth of flight body in flow direction (m)

flight velocity (m/s)

"flight velocity in neighborhood of ground (m/s)

1ift Akeg)
s 2
wing area (m“)

main bulkhead area (m®)

- weight in flight (kg).

weight in neighborhood of ground (kg)
weight at end of subsonic path (kg)
over—all surface area of aircraft (m?®)

propulsive force of motor (kg)

radius of the earth (m)

inertia-force tan gential to path (kg)-
air resistance of mircraft (kg)

ang%e of attack, half of vertical angle of cone
deg., )
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Y air density (specific weight of air) (xg/m®)
Y air density in neighborhood of earth (kg/m®)
8 boundary layer thickness(m)

€ glide ratio (c,/cy)

K adiabatic exponent

v kinematic viscosity (m®/s)

¢ inclination of path (deg:)

2. External Forces on the Rocket Aircréft

Since for technical reasons the general construc-—
tional features may be assumed to follow those of the con—
ventional propeller aircraft, that is, a propulsive force
in the direction of flight, fuselage with special 1ifting
surfaces, similar arrangement of controls, take—off from
the ground into the wind&, e%c., the foreces~acting on the
rocket aircraft are of gquite the same type as those acting
on the oropeller aircraft. The relative magnitudes of the
forces differ, however, considerably and on this circum-
stance is based the special flight verformance of the rock-~
et aircraft.

The external forces acting on the aircraft are essen-—
tially the aerodynamic lift 4 of the wings, the drag W
of the aircraft, the propulsive force P of the rocket
engine, and the weight G of the aireraf t. In addition,
use is made in the computation of the flight path normal
and tangential components N and T, respectively, of the
d'Alembert inertia force. '

3., Air Forces on the Rocket Aircraft

For the computation of the air forces, particularly
in the very important velocity range above the velocity of
sound, the actual shape of the aircraft (figs. 12 and 13)
(reference 1) is first replaced by the simple geometrical
scheme of figure 14. The fuselage is to be congsidered as
a right circular cone joined.to a. ecircular cylinder at the
base and the wings as thin flat plates at small angle of
attack. This schemé for. the:aireraft was chosen because
it is very favorable from a flow dynamics viewpoint at
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very high velocities and because definite formulas for the
air forces are available for the simple geometrical bodies
at supersonic speeds.

The air ‘is first assumed as usual to be a continuous

"medium with the following: propertles, zero heat conductiv-—

ity, free from vortices and external forces, elastically

.compressible according te the gas laws and frlctlonless

outside the region of the boundary layer.

The air»forces are given by the usual formulas:

A =g, Y/2¢g F v?
W= el Ve P ¥t . (1)
€ = W/A = Cw/ca

For moderate velocities of the airplane the air -force

coefficients cg, and c, are, as is known, independent

of the velocity. The very narrow wing profile and the
slender fuselage shape lead to the expectation that the
coefficients do mnot appreciably change up to about the
velocity of sound; so for the' entire subsoniec reglon of

«veloc1t1es may be set approx1mate1y

Cq = const ~and_ By = const

The drag/llft ratio of the alrcraft shown in figures 12
and* 13 are assumed in the subsonic region to be € = 0.2.
In the supersonic velocity range the air force coefficients
depend on the flight speed.

The coefficieﬁﬁs of the flat plate for small angles
of attack a, according to Ackeret—Busemann (reference
7) are:

The drag coefficient of a cone of angle 2o in axial flow
is, according to Busemann—Karman (reference 8),

: g 2 5
A=l Bk =88 lparer ? b3 a2/v?
: : T ac(vc/az e 1) b

where the first member gives the pressure drag in front
and the second member the wake behind the moving body.
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face of the body where the flow processes are mdinly af—
fected by the inertia forces, the assumption of friction—
less flow, as is known, applies with sufficient accuracy.
In the neighborhood of the surface, however, the viscosity
forces are predominant, s¢ that the energy—consuming Prandtl
boundary layer is built up and frictional forces parallel
to the surface arise. As is known from experience, these
frictional forees do not increase linearly with the veloc—
ity near the earth according to the Newton law, but be-
cause of the turbulent processes in the boundary layer in-—
crease practically with the square of the velocity, the
frictional stresses amounting to about 0,3 percent of the
dynamic pressure. There would thus be obtained a fric-—
tional coefficient referred to the rubdbing surface of cg =
@ J003 ..

For the free flow at a certain distance from the sur— K
|

At the flight altitude of 40 to 60 kilometers (25 %o
27 miles) required for practical rocket flight purposes,
the free patbh of the air molecules I = v/a becomes com—

parable with the boundary layer thickness =2 = vt/v, for
example, ﬁ/l =v,at/vl ~# 10, There should therefore hardly
be any opporturity for the duilding up of the usual turbu-
lent boundary layer processes; a fact alsc indicated ac-—
cording to Busemann by the small value of the Reynolds
number R = vt/al. The friction at this altitude is there-
fore considerably smaller than for the flights in the
neighborhood of the ground and is therefore small in com—
parison with the other air forces. This also is indicated
by experience with high altitude projectiles.

With regard to the actual magnitude of the air frictien
under these conditions little information is available. We
therefore consider for the present the two limitng cases:

1. The oS onal ferces of theyggiir on the Tockes
airplane flying with supersonic velocity are
neglected, compared to the other air forces.
There are thus considered only the previously

given relatioms for ¢4 and cy.

2. The air friction is assumed in addition to the
remaining air forces and considered to be of
the same order of magnitude as for motion in
the dense air region near the ground so that
Cp = 0., 008

" For the scheme of our rocket aircraft shown in figure
|
|
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N

14 ,3helhair florce.relatdons: plotteds invif ipure - dbuare then
obtained, the air force coefficients being referred to

the wing area F dlone.
4

BraiEaqF; W = ggaa® ' +eudf "V + e q¥ + (+ ef q/O)

For ?f= 3080 ang P! = 0.0858., Shevel 18 obitlaineds

Ca

]

A/qF = Ca = —————— and

/vefa® — 1

]

T, = W/aF =
€eg a 0,085F + cug q 0.035F #+ c.qP + (+" er g E.06F)
q F

D,088 . ega.+ 0.035, cyue * ey + (+,3.05 ep) =

A 2
= 0.035 a2 1n + 0.035 = a?/v? +
a-fve/a® — 1)
> 4 aa
+ + + 8,05 % 0.003)

- 0.4
Cy = =
V'Vz/az -1
P 400 0.04
c = 0.00035 lp ——————-—— + 0.050 a?/v® + ——coee—— +
: e L e
pressure on body body wake wing drag

+ L+ 0.00915)

tofalr frietilon

‘It may be seen from figure 15 that a constant coefficient

of friection, particularly at the high supersonic veloci-
ties, would mean a preponderance of the frictional forces
compared to the other air resistances. In figure 19

are also plotted the 1lift/drag ratios with and without
friction corresponding to the above two limiting cases.

\
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The true lift/drag ratio, because of the sufficiently
laminar flow assumed, will probably lie between the two
curves although its precise nature is unknown. In order
to simplify the computation as much as possible a value
cy/cy = const = 5 was therefore chosen. This value is
assumed to include also several other resistances of the
airplane due to finite thickness of the wings, tail sur-—
faces , etc.

The formulas given by Ackeret, Busemann, and Karman
for the air forces at supersonic speed depend entirely
on the assumption that the air may be considered as a
continuous medium and the angle of attack o at which
the air stream strikes all the surfaces is small compared
to the Mach angle nm, If the latter assumption is no
longer satisfied, compression shocks, subsonic velocities,
increased air forces: ‘ete., will be encountered at the
surface as shown theoretically by Prandtl for the case
a = n/2 (reference 9).

At the flight speeds considered here of from five to
ten times the sound velocity, this assumption, even for
very slender fuselage shapes and very small angles of at—
vack, .18 actually not well gatisfied. Similarly with the
assumption of the air as a continuous medium for the con-—
siderably larger free path of the molecules at the flight
altitudes of 40 to 60 kilometers.

For the computations below it is therefore a welcome
confirmation of their underlying assumptions that also
according to the elementary Newton theory the air forces
would come out similar to the laws that have shown them—
selves applicable in the related field of exterior bal-—
listics. We thus consider the ‘air an elastiec discontinuum
consisting of a large number of mass particles of very
small magnitude without mutual effect on each other and
exerting perfectly elastic forces on a fixed obstacle,
assumptions which have been successfully applied also in
e’ kinetic, theory of gasess For the lift ecoefficient of
our wing the relation

B =dlsdn® @ cos a * 2k a2/v2 = 4 a2 + 1.43 a2/v=2
is then obtained. The first term refers to the pressure
on the pressure side and the second term indicates the
assumption that there is a complete air vacuum on the
suction side. Since both ‘terms represent an upper limit
of the air forces, the above relation will be denoted
belilefily G the ¥ linitingr feornuda., !
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The flow forces consist here only of the impact
forces produced by the air moleculesi The "wake," too,

‘consists of impact forces due to the heat motion of. the

molecules which, because of the motion of the aircraft,
act only against :the pressure.side.

For the conditions actually applying in our case,
the above considerations can also be taken as a limiting
case which would be realized only. if the free mean path
depended on the magnitude of the airecraft dimensions,
which is the case only at considerably higher altitudes.
In figure 16 the cé values of the flat plate according
to Busemann and to the limiting value formula are plot—
ted and both curves are found to be in such good agree—
ment that in what follows use will be made of the latter
formula, This is also justified by the consideration
that Newton's theory gives a drag/lift ratio independent
of the flight speed — an assumption which from the other
point of view must be taken to hold only with a certain
degree of arbitrariness and also from the fact that
Newton's formula by its very nature does not take into
account any special frictional forces.

In the air force fiormulas in equation (1) the coef-
ficients in the supersonic region referred to the wing
area are thus found to De
wi B = Uuit .(2)

6. = 0,08 + 1.43 a%/v®; ey = Q3R e

An assumption must also be made with regard to the
air density and:its dependence on the flight-altitude.
For simplification Hohmann's formula is chosen.for this
purpose (reference 10)

40
¥ Yo< . 8~ -—3l-~\ (3)
400000/

which gives the actual relationg over the total altitude
range here considered. The wing 1ift in the gubsonic

: range then becomes-

L o= a.. Y. /2e (1. - nj4copoe)t & #F
and in the supersonic range

A = (0.04 + 1.43 a?/v?) v _/2g (1 - h/400000)*° F v?
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For the flight relations in the neighborhood of the
ground : . ‘

2

Age=ilg =-egi ¥ifee T Vg

from which
YO/Zg T Go/cao V3
Hence the 1ift per unit take—off weight of the aircraft is
hldgis oy PP, W, P L pldbodeo)

or .
8/Go = v3/c,, v,® (0.04 + 1.43 a2/v=)

€ = niddoeon)** (4)
and the drag
WGy = €e, ¥3[e, , v2 (1 - 1n/400000)*7
i WG, = ¢ ve/caovoz (0.04 + 1.43 a®/v?)

(1 - n/400000)4° (5)

4, Centrifugal Force onlthe Rocket Aircraft

The remaining external forces on the aircraft can
be given only after a more detailed descript ion of the
path provmerties as a function of h, v, etc. For the
present, however, a few remarks will be made regarding
the centrifugal force.

The inertia force N normal to the flight path is
due to the path curvature and is thus determined by the
radius of curvature p and the flight weloecity . Fov
the velocities first attainable ¥ may with sufficient .
accuracy be referred to the starting point. In the flight
paths considered later for those cases where N 1is an
important factor, it is permissible with sufficient accu—
racy to substitute for the flight path radius the distance
of the airplane from the earth's center (R + h) where
the earth's mean radius is R = 6,378 x 10 meters. Then
for N

N = mv?/p = 6v3/g(R + h) = Gv3/gR

since even with a rocket aircraft the flight altitude may
be neglected in comparison with the earth's radius.
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5. The Climb Path in the Subsonic Range

Simple consideration shows ‘that flight speeds above
about 500 meters per second (1100 mph) should first be
attainable for practically possible take—off velocities
without change in the wing 1ift relations at about 35 to
40 kilometers altitude if constant dynamic pressure is
assumed during this c¢limb. The shape of the climb path
between h = 0O and, for example, h = 35,000 meters for
fixed shape of aircraft (particularly for wing size, wing
angle of attack) is a function only of the magnitude and
the time variation of the propulsive force. Several prac-—
tical limits are imposed by the climb curve attainable
with the usual means, physiologically unfavorable effect
of too high airplane accelerations on the passengers and
by the increased structural difficulties of rocket motors
of very high power,

A numerical computation is presented of the particu-—
larly simple case of a rectilinear subsonic climb path
inclined to the horizontal by a constant angle ¢. For
such a climb path the reguired propulsive force is com—
pletely defined at each instant and can therefore be com—
puted.

Setting the force components parallel and normal to
the axis equal to zero gives for the required rocket pro-—
pulsive force according to figure 17:

15

il

G sin ¢ + W+ T

i

1}

G cos ¢
from which
P =CG(esin ¢ + ¢ cos p) + T
or
P/G = (sin ¢ + ¢ cos ¢ + 1/g dv/dt)

From the second equilibrium equation and relation (4)
there follows

49
(v/v,)2(1 ~ s sin ¢/400000) = G/Go cos ¢
Setting to a first approximation G/G, a constant equal

to k, the mean value of the weight over the subsonic
climb path, where G, is the welight of the airplane at
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the end of the subsonic and the beginning of the super-
sonic climb path, there is obtained for v:

v ="qdgfdt = Vo“;K1 cos ¢ (1 - s sin (1])/4:00000)”24.5

Integrating once and noting the boundary conditions,
there is obtained

=

e oy IR G @/ 4000005’ |
vy/ky cos ¢ sin @ o
and
r . \1/25-8
s'= 400000/sin o Ll - (L —-v, t k; cos ¢ sin ®/15700) ]
(6)
The required value of dv/dt with the aid of the funda-—
mental relation dv/dt = v dv/ds is obtained as
dv/at = v2 k, sin 2 ¢/326400 (1 — s sin ¢/400000)7"°
The thrust to weight ratio is then
P/G = kc/g = sin © + ¢ cos ¢ + voa k, sin 2 ¢/32640¢g
(1 - s sin ¢/400000)"°° (7)

where k gives the fraction of weight G given off by
the rocket per second and ¢ the ejection velocity gf the
gases (hence only the combustion gases are considered here
as the accelerated gas masses in the sense of the propul-
sion). Furthermore, the total decrease in weight on the
subsonic climb path up to each instant of time 1is

dG = — GK 4t
¢/G, =
(8)

The angle of ‘inclination ¢ of %he subsonic path is to
be so -chosen that the fuel consumpt ion is‘a minimum.

= 1]
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Taking v. = 80 m/s (180 mph), v .= 530 m/s (1200
mph), e = 3700 mfs (8250 mph), .and € -= 0.2 ,8.flat

minimum of the fuel consumption is obtained for . ¢ = BO°.

- With this value a few of the characteristic magnltudes
for the climb path like flight velocity v, distance

-~ dovered s, effective .rocket thrust P/G and actual
airplane acceleration dv/dt are plotted as functions

of time in figure 18, It is noted first of all that the
applicable take—off accelerations must remain throughout
within moderate limits to prevent the airfforces during
climb from increasing beyond a desired degree and hinder
rather than assist the climb. :

The subsonic climb with favorable climb angles dis-—
cussed above is only one branch of the long flight path
further described below of a rocket aircraft.

6. The Climb Path in the Supersonic Range

The nature of the .suversonic branch of the ¢limb
path is influenced to a very large extent by the circum—
stance that the air forces in the supersonic range in-
crease much more slowly with the velocity than 1is the
case for the subsonic range. Practically this means that
very considerable flight velocity inerements can be bal-
anced with respect to the air forces by only small alti-
tude displacements of the flight path so that all practi-—
cal rocket flight velocities are possible within the fly-
ing altitude range of about 40 to 60 kilometers. From an
economical point of view it is of great importance within
this velocity range that the centrifugal force on the
flight path due to the curvature of the earth's surface

.increases to a .considerable magnitude and replaces more

and more the power—consuming lifting force of the wing
so that to a certain extent the flight becomes a gravi-
tational motion about the earth's center,

In contrast to the subsonic climb path t he supersonic
branch extends over. very large horizontal stretches in
comparison with which, according to what was said above,
the vertical climb paths are small., It is along this
branch that great kinetic energy is attained. Correspond-—
ing to the very small path inclination and because of the
great difficulties of an exact mathematical computation
it is assumed that, for the supersonic branch of the climb
path, the airplane axis is approximately always horizontal;
so the diagram of forces is that shown in figure .19. The
action of the power plant, and not the shape of the flight
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path, is here in advance so chosen that the effective
airplane acceleration is constant and equal to the value
attained at the end of the subsonic e¢limb path. In this
way the modification of the power plant for higher thrusts
than those necessary in the subsonic range is avoided. '
The rocket thrust decreases continuously during the super—
sonic climb as the weight of the aircraft decreases sbo
that P/G = ke/g 1is constant; where k 1is the constant
per  second change in unit weight of the aircraft. Hence
the change in weight per second of the entire airplane is
equal to G k and thus decreases with G. The weight
deicrement d& in time ,dt s therefore

dG = - G k- dt
whence
_ .—kt
e = g™
which relation could naturally also have been obtained

directly from the so—called fundamental rocket eguation.
Hlor the' rocket thrust |

26 i
the centrifugal force
Ffg, = v2jg R g o

the axial inertia force
T/i.}o = ]_'/gek't dv/dt

By equating to zero the force components of the resultant

in the vertical and horizontal directions, there is obtained

IV £ 0 . . . v2/szReEt 4 2
v2/gRe l/cao Lo
X v2(165300/v2 + 0.04)(1 — h/400000)*2 = 1/¢kt

P00 Ve gekt =

e P vé(IGSSQQ/vz + 0,04)(1_h/4ooooo)494-1/gekt‘dv/dt

(9)

Eliminating h from both equations, the differential

equation between v and t is obtained
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dv/dt = ke — cg + ¢v?/R

which by .one integration gives .

" véR(ﬁd —€g)Y + Rke - ég)tan % JQ/R(kC‘—,ﬁg)r o )
| _ (10

v =

v[c fee L EE) - eva_ﬁan'tJZ/R (lee. w= i o)

where v, is the limiting flight velocity between the

subsonic and purely supersonic ranges and t the time
from the start of the supersonic path. The flight veloc—
ity at each instant is thus known. The corresponding
fiteht altitude as a function of ¢t and v 18 directly
obtained from the abbve equation £V = 0. ;

By integrating a second time the above differential
equation there is obtained the horizontal path traversed
at each instant of time. ¥We shall not try, however, to
obtain the very inconvenient formula for £, which citwos
an unjustified appearance ¢f very great accuracy,but in—
stead estimate the horizontal path by assuming a mean
constant airplane-acceleration of magnitude

b = dv/dt = const = kc <¢ g + ¢/B (v + Va)2/4
. " . ,
2 v
§ = 4. = (11)
2b 2kc — 2¢g + ¢/R (v + va)?/Z_

In figure 20 the velocities, horizontal distances of the
supersonic path, and the fuel consumption are plotted as

functions of the time, taking ¢ = C.2 and Xk ¢ = 15 m/sz;

Because of the neglected thrust work during the
supersonic climb path the velocities will actually come
out a few percent less than the values given by the fig-
ure.

The relation between the flight altitude h, the
remaining path variables, and the variable weight is ob—
tained by combining equations (9) and (10).

7. The Descent Path in the Supersonic Range

The climb path ends afterrequired flight velocity is
attained and the rocket airplane flight is now continued
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with this velocity at constant altitude and with the motor
performing the work reguired to overcome the remaining air
resistance. The very favorable mode of action of rocket
propulsion at high velocities likewise show up for this
part of the flight. At a suitable distance from the de—
sired goal the power of the motor sheuld be shut off and
the rocket airplane then begins to describe the descent
vath under the action of the retarding air resistance.
Since the angle between the path tangent and the horizon—

tal at the upper portions of the descent path is very small,

the force relations shown in figure 21 may be used to dis—
cuss the descent relations. The forward propulsive force
is the inertia force T which arises from the. retardation
of the aircraft by the air resistance, that is, which must
be supplied from the kinetic energy of the airplane mass.
The descent path extends over very great distances corre—
sponding to the available energies; hence it is economical
not to fly with the power on over the entire flight at
high altitude but to start the descent path directly after
the supersonic climb.

Because of the smallness of the potential in compari-—
son with the kinetic energy at the initial flight alti-
tudes under consideration, the potential energy need not
at first be considered, account being taken of its effect
in lengthening the path by a subsequent estimate. In view
of the uncertainty of our formulas on the air densities
and air resistances a more accurate computational method
has little practial value. :

With the vertical and horizontal components of the
resultant force set equal to zero, there is again obtained

from the fundamental dynamic equation:

=0. ..v23/gR+1/c, ovo® v2(165300/v2+0.04) (I-h/400000)° = 1

ZE=0 . . . efe, v 2 v2(165300/v=+0.04) (1-h/400000)*%=1/¢ dv/at

(12)

Eliminating h there is obtained as the differential equa—
tion between v and t:

g €= v2¢/R dwjdd = £% /4%

One integration gives

2et/g/R e LE :
i %
s b b = (JoR + 7. )] (/B ~ V) (13)

ezet-v-/g/R + (n/gR + vo) (w/gR — vo)
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where Vs 1is the flight velocity at the initial flight
altitude. . The flight velocity at each dnsitant is thus

known.,

The relation between v and A is obtained from the
first of equations (12) and the results are plotted in
figure 22. The figure also gives the relation between the
two variables under the assumption of constant dynamic
pressure, an assumption which corresponds approximately to
the actual conditions for flight velocities below the ve—
locity of sound. Integration of the differential equation
a second time gives the horizontal distance traversed at

each instant: ’
Bt 852+ B 2 1 [ it TSRS e R .

\ezetvg7§-+'(VE§'+-VO)/(JEi f_vo)

With the relations thus obtained the descent path can be
computed from each initial flight altitude as long as the
flight velocity remains in the supersonic range, that is,
the assumed air resistance law with variable ¢, remains
sufficiently valid, This generally is the case down to
altitudes of about 40 kilometers.

The dependence, of the length of path traversed and
the time it takes on the initial flight altitude is ob—
tained with the aid of the preceding relations and the
values in figures 22 and 23, still aasmmine i€ = 082

.The descent paths starting from high altitudes are very
Aome, . Since the longest passage over the earth cannot be

greater than about 20,000 kilometers, the maximum alti-—
tudes to be considered in traveling between different
points of the earth cannot exceed about 60 kilometers
(37 miles) since the descent path from this altitude al-—
ready extends over the entire length of the required

flight distance. The time for this descent over 20,000

kilometers is about 85 minutes.

8. The Descent Path in the S-ubsonic Range

Since in the range descent path with subsonic veloc—
ity the effect of the centrifugal fowce is practically no
longer existent’ and the a1» fonce coefflclents may be con-—
sidered as constant, the air resistance is similarly con—
stant over the entire remaining des cent path and the length
of the latter can be computed.in tre simplest manner from
the available energy and the air resistance.
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At 40 kilometers (25 piles) altitude, for example,
the total available energy is about 60,000 kgm per kilo—
gram weight of the aircraft. Again assuming for the
subsonic range a drag/lift ratio € = 0.2, *there is ob=
tained 0.2 kilograms for the constant air resistance per
kilogram weight. of aircraft and the length of the subsonic

. descent path becomes

v

sy = 60000/0.2 = 300,000 m = 300 knm

The flight veloecity on this subsonic descent vath drops
from the approximate initial value of about 1900 km/h

(1180 mph) to about 150 km/h (93 mph) near the earth in
such a manner that the dynamic pressure remains constant

in spite of the variable air density, the entire subsonic
branch being traversed in zbout three-fourths of an hour.
These values are gquite independent of the initial alti-
tude at which the descent began provided the altitude under
the assumptions made was only slightly greater than 40
kilometers (25 miles).

9. Summary of Flight Performance

The outstanding flight performance factors of the
rocket airplane are its flight velocity and flight alti-
tude. A third very important performance factor is the
range, Under the assumed rocket flight process described
above all these three factors are necessarily connected;
hence the description of the dependence of any one of them
on any desired parameter will enable complete performance .
data to be obtained. Since the range .is the main factor
that determines the practical utility of a rocket airplane,
this factor will be considered first. As in the case of
the conventional airplane it is determined by the guantity
of fuel that can be carried along and thus clearly by the
ratio G/Go of the airplane weight at any time to the
initial weight Gg.

From figure 20 there is obtained the relation between
G/GO and v shown in figure 24, account being taken of
the fuel consumption according to equation (B). The rela-
tion between v and s of figure 24 is obtained with the
aid of the relations in sections 7 and 8., JFinally, from
the two curves there is obtained the relation between
6/G, and s, which is of main interest here. It may be
seen that the securing of sufficient ranges. through corre-—
sponding values of the ratios G/G, of the rocket airplane
makes unusual demands on the designer and that this ratio
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aside from the practical construction of a reliable rocket
motor of high jet velocity, is at the core of the entire

-rocket flight problem.

The small weight of the rocket propulsive system and
the very high wing loading permitted by the high starting
thrust open up new unforeseen possibilities. With the
loading ratios G/Go = 0.30 at present attainable on con—
ventional airplanes the range according to figure 24 would
Ye little more than 1000 kilometers (620 miles) horizontal
distance. In order that the propeller—driven.airplane at-
tain the maximum non-stop ranges ratios of Gv/(},3 =40l
to 0.10 would be necessary which probadbly lie beyond the
structurally attainable limit. The attainment of a de—
sired range through extreme reduction in the weight when
empty, maximum possible streamlining of the aircraft, and
maximum jet velocity of the motor will thus have to become
the most important task of the designer. But even with
the not too favorable assumptions thus far made with regard
to the rocket aircraft characteristics, 2 non—stop range
of about 4000 to 5000 kilometers (2500 to 3100 miles) may
be confidently expected, which thus exceeds the flight
range of the majority of our known airplanes, particnlarly
the high—speed airplane. - :

The outstanding advantage of the rocket airplane
compared with the propeller—driven airplane lies in the
flight velocity. The maximum velocities themselves are
limited by the weight ratio G6/G, and they in turn limit
the distance ranges according to figure 24. The maximum
flight velocity on a 5000-kilometer flight is, for example,
about 3700 meters per second or about 13,300 kilometers
per hour (8250 mph). This velocity is maintained, however,
only for a short time at the end of the climb path. The
mean cruising velocity of the 5000-kilometer flight 1s
computed from the time required for each branch of' tihe
path and is found to be a2bout 1000 meters per second or
3600 kilometers per hour (2240 mph). For shorter flights
the average mean velocity, because of the fixed, relatively
large subsonic flight times is somewhat smaller and increases
considerably for longer flight ranges. The rocket flight
paths here described serve mainly to solve the transport
problem between various points of the earth and are suit—
able for maximum possible ranges and thus have nothing.tO
do with the ceiling altitude attainable by rocket airplane
flight.  Only those altitudes are flown which are required
for a given flight range. “This' altitude range 'is rather
narrow according to'figures 23 and 24 and for all flight
distances that enter into consideratiom varies between 40
and 60 kilometers.
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The flight performance was discussed here preferably
fn ‘terms ‘of “the load ratio G/Gs -of the aircraft., The
dependence on the jet velocity, drag/lift BaisEe ¥ elictas
can be .determined readily with the aid of the data given
and similarly the very strong dependernce of the required
flight altitudes on the initial wing loading -can be com-—
puted.

In summarizing, it may be said that the rocket air-—
craft producible with the given technical means, under the
assumptions made, as compared with the conventional pro—
peller—driven airplane will possess the advantages of
about 20 times the maximum and cruising velocity, 5 times
the ceiling altitude, and predominantly non—stop flights
between points.

3. ROCKET AIRCRAFPT IN ACTIVE AIR DEFENSE

1. The Limits of Performance of Propeller—Driven Aircraft

For offense and defense the fighting quality of an
aircraft depends to the greatest extent on its velocity
and its rate of climb, Every effort has been made toward
developing these two performance factors; although no

. sweeping progress has been achieved since the last war.
The explanation for this lies in certain mechanical rela-
tions inherent in the conventional propeller—driven air-—
craft. The maximum speeds have been attained on airplanes
built specially for high speeds, values of 700 kilometers
per hour (435 mph) having already been obtained.

The gradual rise in maximum speed in the last decade
to the above value has been made possible through very
great increase in the engine performance and to some ex—
tent through aerodynamic refinement, The maximum speeds
of civil, sport, and military planes have always lagged
notably behind the speed records.

The slow, laborious manner by which higher speeds are
attained indicates the approach toward a limit of the at-— _
tainable flight speed, which will hardly be above 1000 -
kilometers per hour (620 mph) with our present tyve engine-

Prope XiePrdrdve. .- This ig first of all dug: to the fact that

the required engine power, and hence also the engine weight, e
rapidly increases with the speed of flight; therefore the

weight of the engine soon constitutes the largest parte of

the over—all weight of the airplane. En the® hardly
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attainable case where the entire power plant weighs only
1/2 kilogram per horsepower output at the propeller and

the air resistance is 1/3 the gross weight of the airplane
there follows from the fundamental mechanical relations a
flight speed of at most 1600 kilometers per hour (1000 mph)
for the power plant itself. Since the airplane body itself
cannot, of course, be dispensed with, the weight to be
dragged along by 1 hp is more than 1/2 kilogram — with the
pPresent—day speediest racing airplanes over 1 kilogram —
and hence the speed smaller than the indicated value, in
the given case smaller than half of 1600 kilometers per
hotir. - "Phat 1% will €till bve possible, however, to ‘build
considerably lighter airplane engines on present principles
is improbable after 14_yéars of intefisive development..

It is not only the engine, but also the propeller,
which prevents the airplane speed from soaring to very
high values. Since the rotational speed of the propeller
tip must always be a multiple of the flight speed, for
example, 1000 kilometers per hour (620 mph), the propeller
tip velocities approach those of projectiles. For such high
tip wvelocities the propellers for aerodynamical reasons
operate at very low efficiency, thus dissipating the
useful engine power (also the stresses; particularly those
due to the centrifugal forces) increase so rapidly that
the structural material can no longer withstand them. In
addition to thesereasons, there are still others like the
excessively high take—off and landing sveeds, the engine
cooling difficulties that increase with speed; ete., all
of*which operate to limit the attaingble £light speedis.

The second important regquirement of a military air-
pligpne™ LS itg ability to climb rapidly. - 0f greatest In—
terest here is obviously the time required by the airplane
to climb to a given altitude, for example, to 5000 or
10,000 meters. The above-—-mentioned power plant weighing
1/2 kilogram per horsepower output at the propeller
could, according to elementary mechanical principles,
climb to 5000 meters in about 1/2 minute in extreme cases
and again without airplane body or pilot or armament.
Since these things must be taken along and the given out—
PUWEHSRS* by  far not so ideally converted, the actual time
to elimb is always considerably greater than this theo—
retical limiting value. The smallest actual times of
fighter airplanes to climb to 5000 meters are from 5 to
7 minutes. In this field, too, therefore remarkable further
progress along the usual path .is hardly attainable.

With this state of affairs increased interest has
been developed in the rocket airplane, which does not
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suffer from any of the performance limitations mentioned
and should take over the further development ~of aircraft.

2. The Rocket Power Plant \

The thrust—producing propeller slipstream is replaced
in the rocket plane by a propulsive gas jet. "Considerable
progress has in recent times been made in the construction
of rocket propulsion systems for airplanes.  Although this
work should serve primarily for the peaceful conguest of
the stratosphere the possible military application should
not be overlooked.

‘ * The problem of rocket flight at the present time is at
about the same stage of development as propeller flight

‘ 30 years ago and a similar military incentive for its devel-—-
opment is probable., The reasons for this will be indicated
in. the following.

The high rate of energy conversion in the rocket motor
makes possiblée naturally an aircraft with extremely high =
flight performance while sufficient time is available for ‘
conducting a combat of a fighter plane or to 1lift a high-—
altitude plane to the upper limit of the stratosphere and
accelerate to a velocity several times that of a prdjeetile
so that it can continue its flight from the momentum ac—
quired with the engine power off.

The upper stratosphere is the element within which
the rocket airplane most suitably operates, where because
of the low air density the flight velocities are of the
order of magnitude of the exhaust velocities of the engine
so that also for the rocket plane efficiency considera—
tions '‘acquire reasonable importance. Moreover, in this
range of altitudes the non-dependence of the rocket motor
on the density of the external air can be fully utilized.

If, however, the reguirements of economy may yield
to the attainment of a certain maximum performance — and
this is particularly the case-with military weapons -
then the application of rocket airplanes in the tropo— .
sphere and the lower stratosphere may also be considered. L
Lhis. latiter possibility of apnllcatlon leads to the rocket
fighter alrplane.
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3. The Rocket Fighter Airplane

It:may be assumed that the general design is aporeox—
imately the same as the one sketched in figure 25, which
shows a single—seat, light, very fast pursuit (or fighter)
airplane for the destructien of enemy air forces, particu-
larly for defense against bombs, with flight speeds up to
1000 kilmnmeters per hour (620 mph) and a climbh performance
of 4 minutes to 20 kilometers altitude, combat activity
being restricted to adout 1/2 hour. At the end of this
time computed from the instant of starting, a landing is
necessary far refueling.

The fuselage is adapted to the aerodynamic relations
for velocities that approach the velecity of sound. The
nose is very slender and sharp-edge for the reduction of
the form pressure drag. The tail is similarly slender to
reduce the possibility of flow separation which is par-—
ticularly threatening at these velocities. The wing pro-
file, too, is suited to the high subsonic velccities. The
wing area is obtained from the unusually high wing loading,
especially in take-off., The resulting very high take—off
velocity is not dangerous since the rocket motor (similar
to the turbine)is very capable of “taking an excess load
and permits take—off thrusts of the magnitude of the take—
off weight, Through the high initial acceleration the
take—of f run becomes very short and takg—off can be effect—
ed from a concrete strip 150 to 200 milées “long, that is,
practically from the take—off area of any airport. The
wind direction plays quite a small part; henceeven special
take—off runways of concrete or similar material should
not be too exvensive., Landing after consumption of the
fuel supply is possible in the usual manner on every flying
field since then the wing loading acquires normal values.

The pilot's cabdin must be airtight and contain the
small number of required instruments. Since the rocket
fighter airplane is able to rise to altitudes of 20 kilo-
meters and more and in the case of a surprise attack on
an enemy airplane below must fly through an altitude dif-
ference of many kilometers in a matter of seconds, -the
air pressure fluctuations that arise must be kept down by
the~pilot. i 4 -

A machine gun mount is provided in the nose ahead of
the pilot's cabin. It is best to mount a multiple-barrel
nachine gun with maximum firing rate, the individual bar-
rels not running parallel, as is usually the case, but
somewhat divergent and immovably attached to the airplane.

\
e
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The dispersion cone during the few seconds of fighting
covers a large area ahead of the nose with a thick hail
of- effective projectiles s3 that the probability of suc—
cess of an energetic attack at small distance is very
large. ‘As is obivous., the probabilitytof successful. de~
fense by the surprised slower opponent is considerably
smaller. : '

The very large tanks for accomodating the great
guantities of fuel are arranged behind the pilot's cabin.
The fact that the fuel consists very largely of liguid
oxygen offers no special difficulty since such large
gquantities of liquid can be kept witheut any appreciable
losses for the recuired short time intervals in quite or-—
dinary thin-wall sheet metal tanks. The tanks must be
of sufficient capacity to receive a weight of fuel up to
80 percent of the total take—off weight of the airplane.

The rocket prownulsion system is mounted at the tail.
A peculiarity of the fighter sairplane is the applicability
of a Jjet apvaratus about which a few words remain to be
said. Every reaction drive — including airvlane as well
as ship drive — operates most effectively at minimum slip,
that is, when the e jection velocity of the driving masses
and the velocity of motion of the driven body are opnosite
and as nearly equal as possible.. ‘For pure rocket propul—
sion systems the slip should theoretically even be zero,
that is, both velocities of exactly equal magnitude in
order that the efficiency be a maximum.

Now the exhaust velocities of ‘a rocket motor are
about 10 times the magnitude of. the velocities that are
desired of the.fighter airplane. There can thus be no
question of equality or even of similarity of the two
velocities and hence of an efficient propulsion of the
airplane. This unfavorable relation between the weloci-—
tiles affects the flight icharacteristice of: the fighter
airplane as far as the-usuzl rocket motor consumes the
entire fuelisupply: of the airplane within' one=hailf hour,
for example, so that -the airplane can be in active com-
bat .for this time only; whereas a more ec¢onomical engine
which for egual propulsive power has a smaller ejection
velocity will be able to fight over a longer period with
the same fuel supply, for example, & whole hour, thus
doubdbing Hts fightinglcapaeity., p :

A simple means for dmproving the external efficiency
of the rocket motor ‘in the airplane consists in sucking
air . Trom-the ‘surroundings withthe aid of ‘the propulsion
gases by injector action and ejecting it backward. In




-applicability. : T L

~climb to v i klloneters altitude taking about 2 minutes and
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figure 25 the jet apparatus required for this purpose is
indicated at the tail end of the fighter airplane. Ex-
tensive tests on the mode of operation of ‘such jet ap—
paratus has been conducted in France and the United
States (reference 1908 Although the initial high expec—
tations were not realized, it appears that with its aid
the. 1ndicated douhling of the flying: :time of “the flghter
rocket alrplane is ent1rely attainable.=- : . :

A feature to-be noted is the‘small over—all dimensions
of 10 meters span and 10 meters'fuselage length for which
such airplanes may be designed.- The size of the single-
seat fighter thus cnrrebponds tn ‘that 'of a small sport
airplane. hira condltlnn together “with the offensive
method of fighting, is of great importance for»practical

The unusually simple over—all cnns*ructlon involves
endly Wery 'sogall ‘costs, . This .and the'erew of only:one
man make it possible for pursuit-airplanes of this type
to be easily produced in large numbers and for the loss
of a single machine not to count very heavily.

The mode of operation of the single—seat rocket
fighter may be assumed to be the following:

The airwnlane is fueled or refueléd from a movable
ground reservoir shortly before the: intended flight to
avoid rather large losses of liquid oxygen. Take—off is
effected from a very short but very good ‘runway .of..at
most 200 meters leagth, for example, =z concrete strip, or
a good oven street. The airplane ‘takes woff as if shot |
from a bow and rises after z very short run. hfter take—
off the al”nlane can easily Tise ‘along a ‘straight-line
path 1nc11ned 30%to0 ‘45 to thée hdirizontal, the time to

-0t 20 kllometers altltude about 4 minutes.

The maximum velocities are attained at the very high
flight altitudes where the air 1is at - low densityl Ia this
respect there is a'*undamen+al dlfferehce as compared with
the propeller< drlven airviane, in which case the. low—den31ty
air dharply reduces ‘the engine power. -

By npérating it din 1t ihrio% ilke the maximum veloocities
can be obtained also at the lower altitudes and particu-—
larly after full climb, so that  the attack can occur at
a 45° angle. This circumstance makes it possible for. the
fighter airplane to await the approach, of: the; enemy. on
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the'ground and after sighting te make a surprise attack
from below. - e '

With its small over—all dimensions and its flight
velocity of the order of medium projectile velocities the
fighter plane as it flies past is no longer visible to
the human eye. Recognition of an approaching airplane at
distances greater than about 1 kilometer will only acci-
dentally be possible since the speed of the airplane is
équal to-that of its nolse, The distance of 1 kilometer
within which it may with probability be observed is passed
over in three seconds during an attack. A successful de-
fense from the object attacked within the three seconds
available is possible only in isolated cases, especially
since the attack can be made from almost any direction in
gpace. A defense from points which do not lie in the di-
#Hection of the flight path ie fmpossible since the air-—
plane is not clearly recognizable from these points and has
almost the velocity of the projectile fired omn it. For
this reason , tno, the side firing against the vulnerable
tanks is not possible.

This mode of combat undoubtedly makes unusuzl demands
upon thé skill of the pilot especially as at maximum ve-—
Toe ity only aosmall deviation from the given flighteidirec—
tion 'Is Pesisible.s For a rvadius of curvature of 1 killome-—
ter , tfor example, acceleration forces 10 times the force
of gravity arise.  On the other hand, the flight speed,
partictilarly afterpartial utilization ef the fuelcan dbe
reduced to 'a FTractlion of the mazximum veleeity. A serious
combat between rocket airplanes in the air is herdly pos-—
sible. According to the regquirements of the engine the
fighter airplane provided with ajet apparatus can maintain
itsielf-in tThis way in the air - from 1/2 to 1 hour and must
then land for refueling. 'The action radius correspondingly
amounts to several hundreds of kilometers.

after a period of development rocket air plane for
defense against bombers, observation, combat airplanes,
and airships, and se forth, will undoubtedly be of supe-
rior advantage to all weapons at present employed, They
will also become the only weapon for defense against
propeller—driven bombers which, flying the lower strato-
sphere, attain considerable velocities and extremely large
ranges and will be proof against every defense from the

ground or against similar aircraft as a result of their

flight altitude.
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4. The Rocket Bomber

The rocket airplane finds its natural application to
the upper stratosphere. It takes off from the ground in
the manner described above, climbs at full power to a 40-
to 50-kilometer altitude at first .along 2 30° inclindd
path which later flattens out, reaching final velocities
of the order of magnitude of the exhaust velocity. Tors
this case therefore the jet apvaratus is ‘not applied. 'The
time required for this climb is 15 to 20 minutes, in which
time the total fuel supplies on board are consumed., ' After

" the peak of its path is reached, the rocket motor is stopped

and the aireraft continues its flight as a kind of glide,
utilizing its reserve of kinetic :and potential emnergy.
This type of motion is not unlike ‘that of a long-range
vrojectile which equally describes a gliding path from a
similar altitude. In the case of the rocket airplane this
possibility of gliding is considerably increased by the
wings so that the downward path extends over many thou-—
sands of kilometers, the velocity steadily decreasing from
the extremely high initisl values down to the normal land-—-
ing velocity as the density dncreases in the lower air
layers. During this time the erntire descent path is up

to a certain degree controllable by the pilot. Such
flights as these should serve to establish rapid communi-
caftion over the oceans.

: Figure 12 shows the external shape assumed by rocket
airplanes of this kind to suit the extraordinarily large
flight velocities and the corresponding aerodynamic rela-—
tionss The use or rather the abuse of this type of rocket
airplane for bombing purposes is evident. The bombing
flight may be considered to be carried out as follows:

The rocket airplane takes off and climbs as for long—range
flight to altitudes over 40 kilometers and velocities
several times that of sound in the direction of the ground
object to be attacked. At a precomputed instant the
suitably shaped torpedo bombs are released from the air-
craft and the latter returms over a very wide arc to the
starting point while the torpedoes maintain the original
flight direction and approach the object in the shape of

a downward—sloping branch of a ballistics curve. The
distance between the starting place and the target may
ameunt to several thousand kilometers; the bombs are re—
leased shortly ahead of the target so that the chances of
a direct hit through suitable precautions may be far
greater than those of a long-range gun. This mode of com-—
bat is completely independent of weather conditions and
time of day at the target because of the possibility of
astronomical crientation in the stratosphere.

e omati N e
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The costs of one bombing flight can in no way be com-—
pared with those of a long range projectile. There is no
risk at all for the aircraft- since by. its height and spsed
it is completely outside the range of any: human counter
measures. - : - ' i

Again, the rocket airplane through this transition
phase between the purely aeronautical and ballisticsfields
appears to be preeminently suitable to continue from where
the usual long range projectile has reached the 1limit of
its performance in gquite the same manner as it serves to
further the develoopment of the conventional sirnlane. In
gengral, rocket flight in very many respects may be con—
sidered as intermediate between pure flight technique and
ballistics since both fields of knowledge are drawn from
equally and by combining them a stimulus is provided for
greatly increased performance.

It is not intéended with the above remarks to imply
that the object of rocket flight technigue is the creation
of new and terrible war weapons. The actual danger of
such should not, however, be dismissed, With rocket air-
planes the fastest possible communication between nations
will be established. If the rocket airplane- provides a
people with a means for defense of its territory against
attacks of its neighbors it will similarly be welcome,

But it will also servé " its purpose if in its mest fright-—
ful application it helvs to establish the downright con-—-
viection that a2 war with new technical means knows only of
conguered veoples,

Traasiliatdon sby 'S, Reissg,*
National Advisory Committee
for Aeronautics.
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