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NATIONAL ADVISORY COMMITTERE FOR ABRONAUTICS

TECHENICAL MEMNRANDUM HO. 1013

RECENT RESULTS IN ROCKET FLIGHT TEOENIQUL*

By Eugen Slnger
1. INTERIOR BALLISTICS OF THE BOCEET AIRGEATT

The concept of the effective sjection velecity of a
rocket engine is explained and the magnitude of the at-—
tainable ejectlion velocity theoretically and experimen—~
rally investigated. Velocities above 3000 meters per seco—
ond (6700 mph) are actually meagured and the possidbilities
of further lncreases shaown.

l. Notation

a velocity of sound in propuleion (m/e)
c ejection velocity (effective) of the propulsion
gas (m/s)

¢y huzzle velocity of the propulsien gas (m/s)

Cmax the?r7t§eal liniting value of the ejection veloclty
n/ e

Cmol Rean value of the translatory holecular velocity (m/8)

ey flow velocity of the propulsion gaes at any point of
of the nozzle (m/s)

v epecific heat at constant valume of the propulsion
gas (cal/kg)

Cp specific heat at constant pressure of the propulsian
gas (cal/kg)

a! diameter at throat of nozzle (um)

n diameter at mouth of nnzszle (m)

*"Neuere Ergebnisse der Raketenflugtechnik." PFlug, Sonder—
huft 1, Dee. 1934.
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number of degrees of freedom of a gas molecule
nozzle area at mouth (m®)

acceleration of gravity (m/e?)

mass (kg 823/m)

pressure of the propulsion gae (kg/m’)

pressure of the propuleion gas et mouth of nozzle
(kg/m2)

air pressure in vicinity of nozzle (kg/ma)
time (s)
flight velocity (m/s)

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

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

initial heat content of propulsion gas (cal/kg)

rocket thrust (effective) (kg)

free rocket thrust (kg)

gas constant (m/deg)

absolute propulsion gas temperature (deg)

absolute initlal temperature of the propuleion gas (deg)

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

absolute temperature of propulslon gas at meuth of
nozzle (deg)

internal energy of the propulelon gas (cal/kg)
specific volume of the propulsion gae (m"/kg)
air reesistance (kg)

ratio of specific heats at constant pressure aand con-—
stant volume
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Ng noszle efficiency (o/cmax)a
n, utility coefficient (e/cpuy)

Pm density of propulsion gas at mouth (xgs?/n*)

2. General

The required propulsive force of alrplanes is at
present obtained exclusively by the reactlion force of the
alr massees which are given a backward agceleratlon by the
propeller (fig. 1). At high flight velocitlies approach—
ing the velocity of sound this process encounters funda-
mental difficulties. These are aepsocated principelly witl
the lowered efficlency of the propeller rotating at high
epeed, the high mechanical stresses of the propeller, and
the greatly increased air forces and waighta of the power
rPlant associated with the high flight gpeed.

It has therefore been propoeed to obtain the propul-
give force as the reaction force of gas masses which, &s
in the case of rockets, are firet compressed in a chamber
and being ejected backwvard iseue from the latter with
high veloclty under the action of the excess pressure
(fig. 2). The excese pressure is generated by the com—
bustion of fuels as with the conventional combustion en-—
Eineg- (The burnt fuel gasee constitute the propuleion
gas.

The undesirably large air forcee which increase with
the velocity are decreased in part threugh shaping the
airecraft to suit the peculiar characteristics of super—
sonic flow but mainly threugh the use of gorrespondingly
high flight altitudes at which, because of the decreasing
alr density, the mir forces are kept within desired limits
in splte 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. 1In
this way the power plant ig at the same time Telleved of
the large work of compresslon required.

Comparison of figures 1 and 2 shows that the propul—
8lve propeller Jjet is in the case of the rocket aircraft
replaced by a propulslive fuel gas Jjet. Wheremss, however,
with propeller propulslon the process of the conversion
of the latent energy of the fuel into the kinetic energy
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of tho propeller slipstrocom involvos many lossoes leading
to a complicated, sonsitive, and hoavy mechanism, the same
transition from the heating value of the fuel to the ki-—
netic energy of the burnt gas in the mse of the rocket

is direct and effective. The fuel and liguid oxygen are
supplied by a pump directly into a high-presesure combustiozn
chamber hwere they combine and flow out with extremsely
high velocity through a norgle, The back pressure of this
steady exhaust gas Jet propels the aircraft without any
additional means. In thie manner the posslibillities of,
disturbances are very much reduced, the motor efficiency
becomes very high, and the structural welght per unit of
output is extremely esmall,

The rocket motor occupies approximately a midposition
between the conventlional airplene englne which can deliver
a few hundred horsepower for many daye and a projectils
vhich gives an output of many millions of horsepower over
a fraction of a socond, The rocket motor capable of flight
will thus give, for example, an output of 100,000 horsepower
over a period of 15 to 30 minutes and will welgh less than
1l gran per horsepower. As in the case of the gun projectile
it 1s provided with the required oxygen and 1s thus inde-—
pendent of the flight altitude.

The supply of the required quantities 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 avallable is a prod—
len quite unsolvable structurally. Hence the compression
to the highest posslible degree, namely, to the liquid form,
must be carried out on the ground and the liquid oxygen
taken along on the aircraft, The cerrying along of large
quantities on board the aircraft, together with the very
large fuel consumption, say, of a 100,000-horsepaowor motor
roquires that tho extremely large propulsion forces of the
rocket fuel supply is soon exhausted.

The structural difficulties in the marufacture of
rocket motors resomble to somoc oxtont thoso of the gas
turbinoc. Although no moving parts in tho fuoel Jet aroc en—
countered and the efficiency rolatlons are entirely dif-
ferent, the fact that theo cooling of the walls of tho com—
bustion chamber of the rocket motor can be much less ener-—
gotic than in the case of the airplane engine is a struc—
turally unfavorable circumstanco to bo taken into account.
At the higher flight speeds tho heating due to dynamic
pressure and frictlon of the air streaming past the air-—
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craft — at small eltitudes about AT = v2/2000° C)* —
makes return cooling imposeidles, so that only tho fuol
1tself can bo uwsed for cooling the walls of the combup—
tion chamber. Tho hoat capacity of the fuel pormits,
howover, a hoat conduction to tho coeling modium of at
most about 6 percent of the heating valuo as comparod
with 20 to 30 percent for the convontional airplanc en—
gine, Theroc is furthermore to be congidored the cxtreome—
ly high propulsion gas temperature in tho combustion,

for example, of fuel with pure oxygen without inert gases.
On the other hand, the rocket motor permits much greater
freesdom 1n the choice of structural materlal so that its
conpstructlion is fundamentally possible.

3. Consequences of the Principle of Conservation
of Momentum

Tho outside surface of the rocket alircraft is acted
upon by air pressures the dlstribution of which deponds
upon the estats of motilon of the airplane nrd in every case
they give a componont, namely, o drag W, dlrected oppo—
site to the lino of flight. The gre proassuros ovor the
entire surface of the rocket combustlon chember give a
total force in the direction of motlon of tho aircraft,
namely, a rocket thrust P. XNeglocting all othor forces,
if tho forces W and P areo eagual,the aircraft wlll be
be In a steady state of motion: if thoy aro unocgual the
alrcraft will be accoloratod or retarded.

Tho dotermination of tho air pressure distribution
ovor tho aircraft is a problom of theo norodynamies of tho
rocket alrplnno, Tho dotorminntion of tho combustion gns
pregssures in tho rocket combustion chambor is o problem
of tho interior ballistics of the rockot alrplano end tho
subject of our present conslidoratlons.

The resultant of the combustion gaes prossures in tho
dircction of the axis of the rocket can bo obitainod in
tho most simplo woy with tho erid of tho principle of mo—
montum, It 18 assumod that tho flow of tho Jot 13 stoady
so that the rocket 1ls propolled at constant prossure.
Furthermore, in tho investigation of tho ges flow 1ln the
nozzle tho accoloration of tho ailrplane 1s neglocted as
compared with that of tho gasos., Thoro is also neglectod
the momontum of the frosh fuel eonteoring the combustion
chamber and tho combustion gas masa is surrounded by a
"control surfaco" as customary in flow dynamics. This
surface 1s shown dottod in figure 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 combustlon gas mass,
This change with time occurs only through the part of
the control surface f,, the area of the mouth of the
nogzle

dT/at = cp am/at

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

P==/‘pdf

For reasons of symmetry its line of actlon coincides with
that of the rocket axis opposite to the flight direction.

Furthermore, the bounded gas mass 1s acted upon by
the external force p, fp. Hence

cp dn/dt = P — ppfp
and

P=cp dm/dt + ppf_ (1)
The effective thrust P of the rocket — that is, the re—
sultant of the gas pressures on the combustion chamber
walls — is therefore oequal t o the momentum of the accel-—
erated gas flow through the nozzle mouth lncreased by the
product of the mouth area by the pressure of the combus—
tion gases, The same rule cen alsc be derived by assuming
a definite flow through the nozzle (for example, liquid
flow, adiabatic gas flow, isothermal flow, otc.,) and in-—
tegrating tho prossures on the wall, as was done for
a%iabatic flow, for oxample, by Esnault—Poltorie (reference
2).

The pressures of the combustion gases on the walls
of tho combustion chambor are therefore tho equivalont of
an offoctivo momentum of the rapldly eecaplng mass n
of oxhaust gases which 1is greater than tho momentum at
tho nozzle mouth and corrosponds to the effective thrust:

P =c dn/fdt (2)
whore the "offectivo ejection velocity"® ¢ is greater
than tho muzzle veloclty of tho propulslon gases in tho

noszle

c =P dtfdm = oy + ppfy dt/dm (3)



NACA Tochniocal Memorandum No, 1012 7

The velocity ¢ 1e tho most important magnitudo of the
intorior ballistics of the rocket alrplene and fundsmen—
tal for all performance considerations of rockets and
rockoet airplane motors. In contrast to the internal ef—
ficiency 1t ropresents an absolute coefficlent eince it
does not refer to a definite fuel, It connscts the in—
terior and exterior balliastics of roeket flight in that
it 18 the end result and object of all irterier ballis—
tics processes and llies at the basils of the exterior bal-—
listics processaesn.

According to the investigations of the author the
reallzatlon of stratosphere communication with rocket
aircraft over the oceans 1s technieally feasidle on at—
taining an ejection veloclty of 3700 meters per second
(8250 mph).

According to the well-known German ballistiecs author-—
ity, Professor Crang, with an ejJection velocity of 4000
meters per second (8950 mph) the shooting of a crewless
rocket to the moon 1g within the range of technical pos-—
8ibility (reference 3)., The effective ejection velocity
thus lies st the basis of the interior bPallicstles inves—
tigatlions presented here,

According to the foregoing relation, the effectlive
ejection velocity e¢ depdends only on the relations in
the rocket but not on the conditions of the surrounding
atmosprhere or on the conditions of motlon of the rocket,
This fact aleo follows directly fror the fundamental prop—
erties of the supersonic flow — the only flow of signifi-
cance in the rocket noszle — according to which the pres-
sure distribution in the nogzle 1is entirely independent
of the downstream relations outeide the nozzle, The sf—
fectlve ejectlon velocity is equivalent to only this pres—
sure distridbution,

The question now arises whether the effective ejsc—
tion veloclty ¢, which is prectically alwvays groater
than any actually occurring flow veloclty in the mnozsle,
is to be corsldered as a true gas velocity or eimply ms a
purely computational magnitudse., Whlle the prncesses up
to the mouth of the noszsle, as previously mentloned, are
entiraly independent of the extermngel pressure, the flow
processes outgide of the nozzle depend very much on the
extornal pressure, If the externsl pressure p, 1is
equal to the pressure at the moutk p,, the flow velocity
of the combustion gases outside of the nozzle does not
increase beyond the muzzle veloclty oy, the effoctive
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velocity ¢ actually nowvhere occurs as a true velocity.
It Pa is gmaller than the muzgle pressure p,, the
escaping Jjet diverges under a certein angle and the flow
velocities of the gas masges become greater than cp,
these large velocities being no longer directed parallel,
Finally, 1f the external pressure is equal to sero the
flow velocity of the completely scattered Jet is equal to
the limiting value ¢p,y &lven by the complete conversion
of the heat content 12%0 the kinetic energy of directed
flow. The flow velocity Cpax 1g then greater than ¢.
From the above it is to be concluded that for a
quite deflinite external pressure a true gas flow veloclty
of the magnitude ¢ c¢an arise which generally has nothing
to do with the actual gas veloclty. Since the effective
ejectlion velocity o¢ does not depend on the relations
outside the nogzle,the true ges velocities outside the
nogzxle may, depending on the external pressure, be smaller,
egqual to, or greater than the effective velocity, The
cooling and expansion of the combustion gases outeide the
mouth of the nozgzle 1is therefore of no effect on the ef-
fective rocket thrust,

A certain exception to this law occures 1f the muzzle
Pressure pp 18 conslideradly higher than the external
pressure p, 80 that the escaping gases etrongly divergs,
ag in the case of firearms, and gather at the forward
slde of the nozzle. In this menner there aripes under
certalin conditions an appreciable additionsl thrust on
this forward area of the nozzle. This fact alsoc contribv-—-
utes to an explanation of the relatively favorable effi-
ciency of nozzles with small divergences.

In what follows in spaaking of the ejection velocity
the effective velocity ¢ explained above wlill be meant.

The effective thrust P = ¢ dm/dt of the rocket 1isg
elways partially counteracted by the pressures of the ex—
ternal ailr, 1In steady flight of the rocket airplane the
air resistance W 1is exactly egqual to the thrust P,

In accelerated flight or at standstill only a part
of the thrust 1s balanced by the silr pressures while the
remainder as "free thrust" is available for accelerating
the airplane or as a measurable force at standstill, The
thrust P' measured at standetlll of a rocket is there-
fore always smaller than its effective thrust P by the
product of the pressure of the air at rest and the ef-

fective mouth area fm of the nogsle:
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PlaP—pafy=c dn/dt —pafy= op dn/dt + £5(py— pa) (4)

The effective thrust thus obtained from the memasured free
thrust 1s therefore

P=P'+ p, fy (5)

and the effective velooity 1s similarly cobtained from the
free thrust as

c = P dt/dm = P' dt/dm + p,f, dt/dm (6)

If the gas in the mouth of the norszle expands up to the
external air pressure then the measured thruat is equal
to the change of momentum of the combustion gases in the
nozzle mounth

P' = o, dm/at

or
¢ = cp + pafy dt/dm (7)

If the divergence of the nozzle is Bo large that ex—
panslon can take place below the externsl ailr pressure,
the flow of the combustion gases separates from the nox—
zle wall approximately on attaining the external air
pressure, that 1e, in the effective nozzle mouth cross
section. Up to this point the nogzle behaves like one
with proper divergence. After the separation oscilla-

tion phenomene arise 1n the separated gas flow that lead
to losses.

If the expansion is not down to the external air
pressure, a part of the otherwlse useful heat content of
the combustion gas 1s lost without production of thrust
since with increasing expansion of the gases 1ln the noz-
zle the momentum increases more rapldly than the product
of the mouth pressure by the mouth area decreases.

If in the neighborhood of the rocket at rest or in
motion with subsonic speed the alr is carried along by
mixing with the escaping exhaust gases, thig accelera-—
tion of the surrounding air produces a decrease in the
pressure with which may be assoclated a change of the
free thrust P', dut not of the effective thrust:

P' = ¢ dmfdt — py £,
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For the rocket moving with supersonic velecity, this
affect on the thrust of the gases already eJjected is no
longer possible because of the preperties of the super-—
sonic flow.

If a given rocket is driven steadily in an outer
atmosphere of a density varying with time, the effective
thrust 1s naturally constant while the free thrust variles
with the denslty of the surrounding atmoephere, increas-
ing with the lowering of the outside pressure, as 1s geen
from the above equation.

The above examples show that the introductinn of the
concept of "effective thruest" 1s necessary for the clear
discuseion of the propulsive forcs and air resistance,

It 18 to be remarked, however, that with this method of
treatment an air resistance must be mscribed even to the
airplane at rest with engine running, the resistance be-—
ing equal to the product of the pressure of the external
alr at rest by the effective area o¢f the nozxzle mouth.

4. Limits of the Ejection Veloeilty

As has already been shown, the ejection velocity is
the factor of chief importance for the performance of a
rocket moter. The maximum poseible directed flow velocity
of a gas is obtained at complete cooling and exvansion of
the latter from the energy eguatisan for known inltial heat
content:

=« 2g JO-/-I (8)

Chax

Agsuming, for example, the heat content of the combustion
products of a gas o0il — oxygen fuel equal to about 1,05 X
108 kgn/kg, a limiting value of the ejection velocity

for thede gases of cpox = 4570 m/e (10,000 mph) would be

obtained. There are known to exist, however, technically
contrallable chemical reactions of energy concentrations
that cnrrespond to a value of cuay up to about 7000 m/s

(15,600 mph) irrespective of the reactions of atomlc hy-
drogen which are as yet not evaluated. These figures so
far execeed the usual valueps for the velocities of motion
and even the veloocity of heat motion of the gas molecules
that 1t is not out of place here to give an explanation
based an gas kinetics theory.
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According to Boltzmann there is associated with each
degree of freedom of the melecular motion of a kilogram
of 1d4eal gas kinetic energy in ecal of ameunt

B = 1/2 ART (9)

The total kinetlec energy of the three degrees of freedom
in translatory motion 1s thersfore

E =338 = 3/3 ART (10)

Gases of more than one atom poesess in addition to the
translatory aleso rotational degrees of freedom, for dia-
tomie gasea f = 5 and for gases with three or more
atoms f = 6,

The internal energy of the gas, which 1ncludes the
kinetic energies of all translations, retations, and other
degrees of freedom but not interatomic energy is

U =-/~cv dt = £/2 ART (11)

For a given state D,V every gas contelna, in addition
to the internal energy U the expaneion energy ApY =
ART +which, according to (9), ocorresponds to two further
degrees of freedom, eo that the heat content J = U+ApV
becomes

J =/’ cp 4T = (f + 2)/2 AR? (12)

The mean value of the tranaslatory molecular velocity
Cmel 18 obtained 1in the usual manner with the aild of

equation (10):
oam°1/2g = E/A; Cmol =+ 3gRT (13)

The limiting velue of the directed flow veloclity after
complete expansion and cooling, T —> O (the total heat
contant being converted into the energy of dilrected
motion) 1e according to (8) and (12):

e3,,./26 = J/A; opax = ¥ (£ + 2)gRT (14)

From the comparison of the factors 3 and (f + 2)
of the last two equations 1t 1s seen that for a flow 1n-
to a vacuum:

1. The energies of all deagrees of freedom above 3,
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that 18, the energies of rotation and other
degrees of freedom, if there are such are alsc
converted into the energy of directed velocilty
as may &leso be expected for the cooling of a
gas, according to the Boltzmann law of equal
partition of the energies.

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

Setting, as usual, k= c /e, = (£ + 2)/f for the
varticular case of gzero sxternil pressure, equation (14)
passes over into the famillar Zeuner formula:

Cprax = ng Jo/A = JBK/(K— 1) gRT (15)

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

This limiting value of the ejection wveloclity cpax =
J@KI(K- 1) gRT of a rocket motor thus consideradbly ex—

ceeds both the velocity of sound a =+KgRT &and the mean
value of the translatory molecular velocity opo1 =

~“3gRT. Thise fact 1e practically also confirmed by the
velocity measurements of gunpowder gases 1n escaping from
the muzzle of heavy guns of small elevation where values
of 2000 meters per second (4500 mph) were confirmed (ref-—
erence 4) in the expanded gas, that 1s, outside the muz—
£le, and also more recently in the sunersonic wind tun-—
nels of various countries where, for air at normal tem-—
perature, the value c¢p,, = 7656 meters per second (1700

mph) is approached.

It 1s to be noted finally that in the theoreticsrl
1imiting case of an expansion in the nozzle down to zero
external pressure the effective veloclity c agrees with
the actual velocity of motion ¢y g,y ©f the molecules

since the back pressure at the mouth hasgs become zero and
no further expansion takes place outside the mouth. These
limiting velocities cannot actually be utiliged completely
for the rocket thrust since they correespond to infinitely
large nozzle mouth areas. It 1s therefore very important
to know how closely, by means of practically constructable
nozzles mounted on the airgraft, the effectlive ejectlion
velocity ¢ c¢an be made to approach the limlting value

cmax.
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5. Adiabatic Tlow of Ejestod Gases

A numerical estimate of the relations under tha as—
sumption, for example, of perfectly adiabatic £law of
1deal gases is possible., In this case there is applicable
the known relation

Gx ® CpaxVl - Tz/To

The effective ejection velocity then becomas accord—
ing to egquation (3)

c= cm+ pm/pmcm= °ma:"6 - Tm/TO (1 + K =1 Tm/TO \ (15)

2k 1~ Jr )/

and the required ratio of the effective to maximunm e jec—
tion velocity, that 1e, the Yutility coeffioclent® of the
noxgle 1is

—_— K — 1] T /T N\
T (T S,

Mp = c/e
2k 1 -1/1 7/

max

The coefficient 18 at the same time the ratio of the
thrust obtained to the maximum ob%ainable thrugt for the
€lven fuel consumption. Its square is the "internal
efficiency" Ng of the rocket nozszle.

Plotting N, @againet the noszzle divergenes ratio
dp/d', there is obtained figure 6. It may be seen that
even with very small divergence ratlos the effective ejeo—
tion velocity already guite closely approachees the theo—
retical limiting value; for d_/4' = 3, for example, the
value is 91 percent so that vi%h such nozgles exhaust
velocities of 4000 meters per second (8950 mph)muet be
attainable with rockets using gas oll— oxygen fuel., There
1s also plotted the ratio of the muzrle veloclty o, to
the maximum velncity o ,, ehowing the galn due to the

back pressure of the escaping gases at the mouth, This
gain naturally decreases with increasing d,/d4' in spite

of the larger mouth area, so that strongly divergent noxz—
gles for this main reason are less adventageoup as com-
pared with nozzles of smaller divergence as night at firet
be expected. There is mleso to be added the fact, already
mentlioned, that with norzles of very small dlvergence or
ln operatilon with very small external pressures the escap-
ing gas Jet adheres to the forward part of the nozxzle so
that this ring area ie¢ included in the effective nozsgle
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space and giveg additional thrust. Yor this reason noz—
£les with very small divergences and ever purely cylin-—
drical noxzles give surpripingly high efficiencies, There
is also plotted in figure 6 the efficlienay mny = n= =

e?/c?pay-

6. Digsociation of the Combustion Gases

The actual processes in the combustion gme are not
quite 80 simple as was assumed 1n the adlabatic computa-—
tion, for agslde from the frictliaon losses, heat losses to
the surroundings, etc., very high gas temperaturee occur
with the high energy concentratlons mentlioned and hence
considerable deviatlion from the behavior of i1deal gases.

For the usual technical combustlion proceesses the
combustion at these temperatures becomes incomplete since
the gas molecules already formed, for example, HZ0 and
CO; again partly dissociate. The temperature does not
g0 beyond a certain value which, by computation and meas—
urement, for example, on welding flames, la found to bde
about 3000°to 36500° C depending on the gas pressure.

This dissoclation binds considerable portions of the heat—
ing value of the fuel.

From the theoretical investigation data availlable,
rarticularly Schule (reference 5) it is found that the
gas resulting from the combustion of gre 01l and oxygen
in the rocket combustion chamber at least 50 percent of
the heating value, that is, about 0.5 x 10° kgm/kg 1s
bound in the dissociated state and ies therefore not avall-
able as heat content, Assuming that durlng the expansion
In the nozzle there is not sufficient time for recombina-~
tion of the dissociated molecules sc that the gas has ex—
panded adiabatically from the heat content corresponding
to 1ts initlal temperature the energy bdound 1n the disso-—
ciation 1s completely loat for the ejection process, The
remainder of the combustion occurs outside the nozzle
without any useful effect. The attalnable ejectlion ve-—
locities would in this case lle &t consideradly lower val-
ues, Under the above—mentioned conditions there would be
obtained for the gas oll -~ oxygen propelled rocket a maxi-—
mum poesible ejectlion veloclty of about

c 2g X 0.5 X 10° = 3160 w/s (7000 mph)

=
max

ingtead of 4570 meters per gsecoend (10,000 mph) if the
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complete heating value of the fuel were utllized. With

a nozxzle utilization factor (n_) of 91 percent the ef-

fective veloclty would be ¢ = 2875 meters per second

(6400 mph), that is, the efficliency of the entire proc-

egs N, = c2fca a 42,3 percent and the °/°ma: = 656
max

percent.,

There are, however, a number of eircumstanoces which
tend to make the diasocciation in the rocket moter unfavor—
able to A less extent than indicated above, First, 1t
must be assumned that with the explosive or detonating
character of the combustion of gas il and oxygen there 1is
no sufficient time for the completes establishment of the
dissoclation equilidrium, In this oese the dissoclation
does not appear to occur to the extent indleated by theory.
The temperature of the combustion gases therefore rises
above the maximua value limited by the dlesecciatlon to
the order of magnitude of the sun's temperature and to
even considerably higher temperatures in the detonation
wavee themselves (reference 6). In thie way the 1nltlal
heat content of the comdustion gases more cloeely ap—
proaches the avallable energy of the fuel 2nd the burmnt
gases behave more like a chemically inaotive gme 8o that
the diseoclation losses, at least for the initial pres—
sureg of the recently burnt gases, are lowered. The i1ni-
tial pressures then 1lncrease to the order of magnltude
of the detonatlion pressures.

If the extremely rapid combustion is folloewed direct—
ly by & simllarly rapld expanelon then the latter process
may be consldered approximately as an adiadatlc expansion
of very high initial heat content,

The observed heat resdiation Alpo indicates the oo-—
currence of gas temperatures above the values llmlited by
the usual detonation., JFurthermore, the mean free path
of the gas molecules, particularly at the high combustlon
chamber pressures 18 so small compared to the path of the
gagses through the exhaust nozzle that any exlsting die—
soclation, at least as far as free atoms {(for example,

H, 0) are concerned, is compensated during the expan—
slon process. There then occurs during the expansion an
afterburning so that the gas tempermture remains approxi-—
mately constant and the expansion during the afterburning
is isothermal (reference 1, p. 24).
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7. Tests on Rocket Motors.

The very important question am tm the attainable
ejJection veleclty of a rocket motor thue cannot be com—
pletely answered through ocomputation slone. The author
therefore undertook numerous test stand experiments with
14 different rocket motor models of the type sketched
in figure 2, Xach run was up to a half hour's duration,
the measured thrust up to 30 kilogramsand the welght of
the motore always below 1/2 kilogram. Petroleum gas oll
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 teste because although the
combustion was as steady as with the gaseous oxygen the
cold atomized liquild oxygen gave considerable ignition
lag.

Figure 7 gives & view of the instrument room of the
test set—up. At the left 18 seen the Bosch injection
pump for injecting the fuel oil; whereas, on the instru—
ment board itself are mounted indicators for the oill
pressure, pressure of the dburnt gas, temperature of cool-
ing medium, fuel consumption, duratlon of test, oxygen
consumption, oxygen presesure, etc. All apparatus for
conducting the oxygen are for reasones of safety removed
from the instrument room, the regulation of the oxygen
supply belng effected by means of a handwheel over a re-—
mote control as shown at the right of the figure.

The test room iteelf communicates with the lnstru—
ment room only through a small obeservation window like-—
wise seen in the picture.

Figure 8 gives a view of the test room one eide of
vhich is completely open to the outside, and the test
stand. The motor was suspended on & swlinging frame
vhich was capable of moving practically only in the di-
rection of the horizontal motor axis. The braking and
transmigsion of the free thrust to the support fixed on
the ground was over & horizontal spring dynamometer which
at the same time measured the thrust. By this arrange—
pent and a fixed calibration system alt frictional forces,
elastic forces of the piping, etc., were excluded fronm
the thrust measurement. Both of the above photographs
apply to a phase of the test where for the accurate meas—
urement of the heat conduction threugh the combustion-—
chamber wall the cooling waes effected with water instead
of with the fuel itself,
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Figure 9 shows the ligquid oxygen high pressure tank
vhich was put under a pressure of 150 atmospheres with
the ald of the usual gassous oxygen, the liquid flowlng
from a contral valve in the tank inte the combuetion
chanber,

Figure 10 shows a rocket flight metor operating with
30 killograms effeotive thrust, As was to be expected
from the theoretical aonslderations, the attalnable effec—
tive ejection veloecity was found to De only vsry elightly
dependent on the shape and divergence ratlo of the ejec-
tion nozxle. This lack of sensitivity even extended to
noxzles with surfaces that were roughened on purpose, On
the other hand, the ejection veloclity depended to a very
large extent on the quality of the combustion in the com—
bustion chamber,

Ags factors influencing the combuetion the following
wvere separately studlied: the turbunlence of the fuel,
the preheating of the fuel, and the length of time the
fuel remained in the combustien chamber.

Turbulence of the fuel after introduction into the
escherical—-shape combustion chamber was produced to a
large extent by atructural 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 o0ll and almest indispensable for
the ligquld oxygen. The effect of these faectors on the
the ejection velocity of both waas, however, very small
in comparlson with the effect of the length of etay of
the fuel in the combustion chamber, as had been surmised.
(reference 1, p. 69).

Denoting by V, (m®/kg) the specifiec volume of the
bnrnt gases in the chamber and by 8 (kg/s) the wei ht
of gas consumed per second thenite valume 1ls
The length of stay in the combustlion chamber 1a tﬁen
t = Vo an/8Vo (sec) or by making use of the gae equa—
tlion pgy Vo = RT,,

/B)v

t = V, op PofGRT, (18)

For a given motor the stay interval depernds only very
8lightly on the throttling, as may be seen from the fol-
lowing consideration. Setting

Palk;f'p,
P = Gc/g
Tocp = kacQ/Zg



18 NACA Technical Memorandum No. 1012

(vhere X, and kz; are norzle constants) into equation
(18) and combining all fixed veluss into a new constant
k gilves

vc ch

fte

t =k (19)

For a given motor t+t and ¢ are therefore inversely
proportional. Since, however, ¢ varles only within
very narrow limlits the stay interval 1e¢ determined mainly
by the choice of the ratio Vg on/f', but to a first ap-—

proximation is independent of the throttling of the en-—
gine.

In figure 11 the obtained effective velocity ¢ of
nine different motors 1s plotted agalnet the stay interval
t and a mean curve drawn through the points. Thls curve
is one of the most 1mportant obtalined from the entire
gseries of tests. The small scattering of the test results
is explained satisfactorily by the naturally varylng tur-—
bulence and preheating of the fuels. It may be seen that
for intervals of the order of 1/100 seconds jection veloci-
ties above 3500 meters per second (7800 mph)! are attained,
so that no appreciadle losses through dissociation oeccur.
Whether at considerably higher stay intervale sufficient
tlme remains for aporeciable dissoclatlon and hencs a
lowering of the ¢ +values could nct be determined with
the system used since the cooling losses through the com-
bustlion chamber walls then beceme considerable.

For the rocket flight engine there thue exists an
optimum size of combustion chamber for whiech the combus-—
tion 1s already sufficiently complete and no appreciabdle
loeses through cooling or dissociation occur, According
to the test results thms fer ohtalned this slze of com—
bustion chamber seems to be attained for about 1/100 sec—
ond of stay interval. (See also reference 1, pp. 69, 70.)

In the case where appreciablse dilssoclatlon 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., Thls value 1s obtained with
the ejection velocity found from the fundamental equation
of gas dynamics

cp T = kp c3/2g

where for the nozzles employed kg = l.2.
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Direct temperature measurements wers not poesidle,
The heat conductlion through the combustlen walls was,
however, carefully measured, FYor the maximum exhaust
velocities values up to about 1 hp/om? through the com-
bustion chamber wall wvere obiained; this 1s about 30
times the maximum values obtained with internal comdus-
tion engine., If 1t is mssunmed,wit: the combustion tech-—
nicians, that for the relatively amall somdustion gas
velocities in the combustion chamber the convection isas
small as compared with the radiation, similar valuas are
arrived at for the temperature of the radiating gae. The
e jection velocities obtalned are also indirsctly confirmed
by the temperature observations.

In the numerical test results the work done in in-
troducing the ligquid fuel is not speclally mccounted for
because even for high admission pressures the work re-—
malns in the reglion of 1 percent of the output,

Heat losses through the walls of the motor to the
surroundlings did not ariase 1n the results of the experl-
ments since the heat passing through was taken up mostly
by the fuels themselves, and hence was again utilized for
the combustlion in the chamber.

The experience gained from the very extonsive tests
cannot here be considared more in detmail. Xesentilally a
numnber of condltions were clarified which had been raiged
as objectioens agalingt the posaiblility of the construction
of rocket motors. The most important are as fellows:

1. The ejectlon velocity of the combustion gases,
with suitadble shapling of the motor, becomes
far greater than the mean value of the itranas-
latory velocity of the ejected gas molecules,.

2. The dissociation of the burat gas assoclated wlth
the usual combustlon at very high flame tenm—
perature leads in the case of the rocket motor
to no appreciable losses,

3, The explosive combustion of liguid hydrocarbons
with ligquid oxygen ls perfectly steady with
continunous admission,

4., The probvlem of struectural material for the com—
bustion chamber and the noxsle of rocket motors
is practically solvable.

That the ejection velocities attained and the safety
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of operation are even more readily attainadble in full
scale constructlion follows from a number of reasons, for
example, from the larger time interval wlthin which the
burnt gas remains in the large nozsxle for which the ve—
locity of flow is about the same as for the model noszle,
80 that recombination after disseclation, afterburning,
and so forth, are poeeible to a greater extent for the
larger nozzle, Furthermore, in large nozzles the bound-—
ary-layer losses are smaller becauese of the relatively
small nozzle surface area. Because of these geometric
relations other cnndiltliohs remalining the same, the com—
bination wall to be protected of the full-acale nogzle

is muck sgmaller, and eo forth., There 18 thus no question
of the vposslbllity of apvlyling the resulis on the model
to the full—-scale motor, The teste will be continued with
high-value fuels with the ohject of raieing the ejection
veloecity to above 5000 meters per second (11,000 mph).

2. EXTERIOR BALLISTICS OF THE ROCKET AIRGRAFT

Rocket aircraft are analytically investigated the
flight paths of whlch conslst only of cllmb to the de—
sired flilght altitudes followed directly by gliding de-—
scent. Both c¢limd and descent are so determined that
the alr forcee remain within definite limites which depend
egesentially on the welght in flight. The computation
carried out on the bagis of these assumptione with regard
to the flight path shows a conslderable advantage of the
rocket alreraft over the conventlonal propeller airplane
as regards flight spoed and celling while the range re-—
Baing about the same because of the neceselty of carrying
along the fuel oxygen.

1, Notation

a velocity of esound in air (m/a)

c jet velpeity of the motor (m/s)

e 1ift coeffictent (A/q¥)

g 11ft coefficient im neighborhood of ground
Cs friction coefficient

c drag coefficient (W/qF)
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pressure drag coeffliclient

drag coefficlent of wake

base of natural logarithms
acceleration of gravity (m/sB3)
altitude (m)

mean free path of air molecules (m)
Mach number (v/a)

pressure incmment above or below atmospheric
(kg/n?)

dynamic pressure ¥/2g v3(kg/m®)

path traversed (m)

depth of flight body in flow direction (m)
flight velocity (m/fa)

flight velocity in neighborhood of ground (m/s)
1ift (kg)

wving area (m®)

main bulkhead area {(m¥)

weight in flight (kg)

veight in neighborheod of ground (kg)
woelght at end of subsonic path (kg)
over-all surface area of alrcraft (m®3)
propulsive force of motor (kg)

radiue of the earth (m)

inertia force tangential to path (kg)

air resistance of mircraft (kg)

338%0 Of)attack. half of vertical angle of cone
deg.
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Y air density (specific welght of air) (kg/m®)
Y, air density in neighborhood of earth (kg/m°)
8 Yboundary layer thickness (m)

€ glide ratlo (c,/oc,)

K adliabatic exponent

v kinematic viscosity (m?/s)

P inclinaetion of path (deg.)

2. External FYorces on the Rocket Aircraft

Since for technical reasons the general construc-—
tional features may be assumed to fcllow those of the con~
ventlonal propeller alrcraft, that is, a propulsive force
in the direction of flight, fuselage wilth special 1lifting
surfaces, similar arrangement of controls, take—off from
the ground inte the wind, etc., the forces actling on the
rocket aircraft are of quite the same type as those acting
on the nropeller sircraft. The relative magnitudes of the
forces differ, however, econsiderably and on this circum-—
stance 1s based the special flight verformance of the rock-
et alrcraft.

The external forces acting on the atrcraft are essen—
tlally the aerodynamic 1lift 4 of the wings, the drag W
of the alrcraft, the propulsive force P of the rocket
engine, and the welght G of the alrcraft. In addition,
use 18 made in the computation of the flight path normal
and tangential components ¥ and T, respectively, of the
d'Alembert inertia force.

3. Air Forces on the Rocket Alrcraft

For the computation of the air forces, particularly
in the very important velocity range above the velocity of
sound, the actual shape of the aireraft (fige. 12 and 13)
(reference 1) is first replaced by the simple geometrical
scheme of figure 14, The fuselagse 1s to be conslidered as
a right circular cone Jjoined to a circular cylinder at the
base and the wings as thin flat plates at small angle of
attack, This scheme for the aircraft wae chosen because
it 18 very favorable from a flow dynamice vlewpoint at
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very high velocities and because definite formulas for the
alr forces are avaeilable for the simple geometrical bodles
at supersonic speeds.

The alr 1s first assumed as usual to be a continuous
medium with the following properties; sero heat conductiv-—
ity, free from vortices and external forceas, elastically
compresslible according to the gas laws and frictlonless
outside the region of the boundary layar.

The alr forces are given by the usual formulas:
A = ¢, Y/2g ¥ v?
¥ = o, Y/2g T v3 (1)
€ = WA = ¢ /o,

FTor moderate velocities of the mirplane the air force
coafficients Ca and c, &are, as ie known, independent

of the veloeity. The very narrow wing proflle and the
glender fuselage shape lead to the expectation that the
coefficlents do not appreciadly change up to about the
velocity of sound; 80 for the entire subsonle region of
veloclitles may be set approximately:

Cg = const and Cy = const

The drag/1ift ratio of the aireraft shown in figures 12
and 13 are assumed in the gubsonic reglion to be € = 0.3,
In the supersonic veloclty range the alr force coefficlents
depend on the flight speed,

The coefficlents of the flat plate for emall angles
o§ attack o, according to Ackeret—Busemann (reference
7) are:

da ]
g T ——mmmmemm=—e and ¢ = 4o

Jv3fa® - 1 v _Jv”/aa -1

The drag coeffleclent of a cone of angle 2a in axlal flow
is, according to Busemann-Karman (reference 8),

+ 2 a3/va
a2{vafaz — 1) K

where the flrst member gives the pressure drag in front
and the second member the wake behind the moving bedy.
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For the free flow at a certain distance from the sur—
face of the body where the flow processes are mainly af—
fected by the inertia forces, the assumptlion of friction-—-
legs flow, as 18 known, applies with sufficlent accuracy.
In the neighborhood of the surface, however, the viescosity
forces are predominant, so that the energy—conpuming Prandtl
boundary layer 1is bullt up and frictlonael foreces parallel
to the surface arise. A4g is known from expsrience, these
frictional forces 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
dynaxic pressure. There would thus be obtained a fric—
tional coefficient referred to the rudbbing surface of cg =
0.003.

At the flight altitude of 40 to 60 kilometers (25 to
37 milee) required for practical rocket flight purposes,
the free path of the alr molecules l = v/a becomes com—

parable with the boundary layer thickness ¢ = ¢5t7v. for

example, 4/1 =q/at/vl & 10, There should therefore hardly
be any opportunity for the building up of the usuwal 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 thig altitude is there—
fore considerably smaller than for the flightes in the
nelghborhood of the ground and is therefore small in com—
parison with the other alr forces. This also 1s 1ndicated
by experlience with high altitude proJjectiles,

With regard to the actual magnitude of the air friction
under these conditions 1lifttle information 1ls avallable. We
therefore consider for the present the two limitng cases:

1, The frictlional forces of the alr on the rocket
airplane flying with supersonlic veloclty are
neglected, compared to the other air forces.
There are thus considered only the previously
given relations for ¢, &and cy.

2. The air friction 1s assumed 1in eddition to the
remalning air forces and consldered to be of
the same order of magnitude as for motion ia
the dense air region near the ground so that
Cf = 0.0030

For the scheme of our rocket aircraft shown in figure
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14, the air force relations plotted in figure 15 are then
obtalned, the air force coefficlents being referred to
the wing area ¥ alone,

A = caqF;: W = o0yuaal!' + 0, 0" + 0yq¥ + (+ or q O)

For O = 3,080 and F!'! = 0.038F, +there 1le obtained:

ca = AfqF = ca = da and

/v3[a?® ~ 1

T, = W/qF =

_ Oyg 9 0.035F + oyg q 0.035F + cyqf + (+ oy q 3,06F)
q F

4
a?(v®/a? - 1)

0.035 a® 1n

+ 0.035 % ad/v3 +

4 a®
+ + (+ 3.05 x 0,003)

vv3/ad — 1

With a = 0.1 (angle of attack of wing and half cone angle
equal)

- 0.4

Cq = —_—
Jv3a® -1
0.04
T = 0.00035 1n —2%% | 0.060 a%/v® + — +
v v3/a® _ 1 /va/aa _ 1
pressura on body body wake wing drag

+ (+ 0.00915)

total friction

It may be seen from figure 16 that a condtant coefficlent
of friction, particularly at the high superscnic veloci-
ties, would meéan a preponderance of the frisctional forces
compared to the ot her air resistances, In flgure 18

are also plotted t he lift/drag ratios with and without
friction corresponding to the above two limiting cases.
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The true 1ift/drag ratio, because of the sufficiently
laminar flov assumed, wlll probadly lie between the twe
curves although its precise nature is unknown. In order
to eimplify the computation as much as possible & value
ca/c' = const = 6 was therefore chosen. This value is

assumed to include also several other resistances of the
airplane due to flinite thickness of the wings, tail sur—
faces, etc.

The formulas given by Ackeret, Busemann, and Earman
for the air forces at supersonic speed depend entirely
on the assumption that the air may be coneidered as a
continuous medium and the angle of attack a at which
the air stream strlkes all the surfaces ip emall compared
to the Mach angle m, If the latter assumption 1s no
longer satlefied, compression shocks, subsonie velocities,
inereased air forces, etc,, will be encountered at the
surface as shown theoretically by Prandtl for the case
a = /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 smell angles of at—
tack, is sctually not well satisfied. Similarly with the
assumption of the air as & continuous medium for the con-—
slderadbly larger free path of the molecules at the flight
altlitudes of 40 to 60 kilometers.

For the computations below i1t 1s therefore a welcome
confirmatlon 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 fleld of exterior bal-
lietices., We thus consider the alr an elastic discontinuum
consigting of a large number of mass partieles of very
small magnitude without mutual effect on each other and
exerting perfectly elastlie forces on & flixed obastacle,
assumptlons which have been succesefully appllied also in
the kinetlec theory of gases. For the lift coefficient of
our wing the relation

¢, = 4 8in® o cos a + 2/ a3/va@ = 4 a3 + 1.43 a?/v3
1s then obtained. The firet term refers to the pressure
on the presgsure gide and the second term indlcates the
aseumption that there 1s a complete 2ir vacuum on the
suction slde. Since both terms represent an upper limit
of the air forces, the above relation will be dencted
briefly as the "limiting formula."
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The flow forces coneigt here only of the impact
forces produced by the alr molecules. Ths "waks," too,
econslsts of impact forces due te the heat motlon of the
molecules which, because of the motlen of the alrcraft,
act only against the pressure side.

For the conditions actually applylng in our case,
the above considerations can also be taken as & limiting
cage wvhich would be realized only if the free mean path
dspended on the magnitude of the alreraft dimeneions,
which is the case only at considerably higher altitudes.
In filgure 16 the ocg values of the flat plate according
to Busemann and to the limiting value formule 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 epeed — an assumptlion which from the other
point of view must be taken to hold enly with a2 certain
degree of arbitrariness and aleo frem the fact that
Newton's formula by ite very nature does not take into
account any speclial frictlonal forces.

In the air force formulas in equation (1} the coef—
flcients iIn the supersonic region referred to the wing
area are thus found to be

g = 0.04 + 1.43 a®/v?; ¢, = 0.3 cg; € = 0.2 (2)

An assumption must aleo be made with ragard to the
air denslity and its dependence on the flight altitude,
For simplification Hohmann's formula is choesen for this
purpose (reference 10)

49
Y = ‘Vo( 1l - B ) (3)
400000

wvhich gives the actual relations over the total altitude
range here considered. The wing 1ift in the gubsonic
range then becomes

A= o, ¥Y,/28 (1 — n/400000)%° 7 v3
and in the supersonic range

A = (0.04 + 1.43 a3/v3?) v /2g (1 — h/400000)*® T v®
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For the f1ight relations in the neighborhood of the
ground

Ay = Gy = €gp Volzg ?-vg
from which
Yo,/28 ¥ = Gy/eg, v3

Hence the 1lift per unit take—off weight of the aircraft is

4/6, = c, v3/ ey, vo2 (1 — b/400000)*°
or
L6y = v3[ec,, v,@ (0.04 + 1.43 a3/v3)
(1 — h/400000)*® (4)

and the drag

W/, = ec, v/ ey, v@ (1 — h/200000)*°

(o] a

or
W/Gy = e v3/cgov,® (0.04 + 1.43 a3/v2)

(1 — h/400000)49 (5)

4. Centrifugal Force on the Rocket Aircraft

The remaining external forces on the aircraft can
be given only after a more detalled descript 1on of the
path pronerties as a function of h, v, etc. Tor the
present, however, a few remarks will be hade 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 gurvature p and the flight velocity v. For
the velocities first attainadble v may with sufficient
accuracy be referred to the starting point. In the fllight
paths consldered later for those cases where N 1a an
important factor, it 1s permissible with sufficient accu-—
racy %o substitute for the flight path radiuws 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 = nv3/p = Gv3/g(R + h) = Gv3/gR

since even with a rocket aireraft the Fflight altitude may
be neglected in comparison with the esarth's radius.
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6. The Climb Path in the Subsonic Range

Simple consideratlion shows that f1light speeds above
about 500 meters per second (1100 mph) should first dbe
attainable for practically possible take—off velocltles
without ochange in the wing 1lift relatlions at adbout 36 to
40 kilometers altitude if constant 4ynamic pressure 1is
assumed during this climb, The shape of the climd path
between h = O 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 ocurve attainadle
with the usual means, physiologically unfavorable effeot
of too high airplane accelerations on the passengers and
by the 1ncreased structural difficulties of rocket motors
of very high power.

A numerical computation is presented of the particu-—
larly simple case of a rectilinear subasonie climb path
inclined to the horizontal by a constant angle ¢. TFor
such & ¢climb path the required propulsive force is com—-

Pletely defined at each instant and can therefore be com—
puted.

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

P=20osainop+ W+ 7T
A =0 cos ¢
from which
P=G(sin ¢ + ¢ cos ¢) + T
or
P/6 = (eln ¢ + ¢ cos p + 1/g dv/at)

From the second equilibrium eguation snd relation (4)
there follows

(v/v5)?(1 — & 8in ¢/4ooooo)‘° = G/Gy coB @

Setting to a first appr oximation G6/G, & constant equal
to k, the mean value of the weight over the subsonic

climb path, where G, 1s the weight of the airplane at
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the end of the subsonic and the beginning of the super—~
sonic climb path, there 1s obtained for v

v = de/at = v,/ Kk, cos ¢ {1 — s sin ¢/400000y2% 5

Integrating once and noting the boundary conditions,
there 1ig obtained

t = 16700 { 1~ (1 -8 sin ¢/4ooooof°'°]

ve/ky cos @ sin @

-l

and

8= 400000/ein ¢ [1 - (1-v,

t k,; cos ¢ sin ¢/15700)1/85'°]
(6)

The required value of d4v/dt with the ald of the funda-
mental relation dv/dt = v dv/ds 1is cbtained as

dv/dt = v k; ein 2 ¢/326400 (1 - s ein ¢/400000)""°°
The thrust to weight ratio is then

P/G = ¥c/g = s1n 9 + ¢ cos ¢ + v _? k; sin 2 ¢/32640¢

(L - & sin @/400000Y5° (7)

vhere k gives the fraction of welght G given off by
the rocket per second and 6 the ejectlon veloclty of the
gases (hence only the combustion gases are considered here
as the accelerated gae massee¢ in the sense of the propul-
sion). Furthermore, the total decrease in weight on the
subsonic ¢limbd path up to each ingtant of t ime is

46 = — @K a ¢
¢/e, =

,—st/c (sing+ °°'¢)"o/°753337$[(1—7001nm/EIUFF¢'t/15700)‘°-99.43
(8)

The angle of inclination ¢ of the subsonic path is to
be so chogsen that the fuel consumption 1le a mininpun.
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Taking v, = 80 m/e (180 mph), + = 530 m/s (1200
mph), e = 3708 a/s (8350 mph), and € = 0.2 , =& flat
minimum of the fuel consumption is obtalned for ¢ = 309,
With this value a few of the charactaristic magnitudes
for the climb path like flight velocity v, digtance
covered s, effective rocket thrust P/G, =and actual
airplane acceleration dv/dt are plotied as functilons
of time in filgure 18, It is noted first of all that the
applicable take—off acocelerations must remaln throughout
within moderate limits to prevent the airforces during
climb from increasing beyond a desired degree and hinder
rather than assist the climb.

The subsonic olimb with favoradle climd angles dis—
cuseed above is only one branch of the long flight path
further described below of a rocket alreraft.

6. The Climb Path in the Bupereonic Range

The nature of the suversonic branch of the climd
path 18 influenced to a very large extent by the circum—
stance that the air forces in the supersonic range 1n-
crease much more slowly with the veloclty than 1s the
case for the subsonic range. Practically this means that
very conslderable flight veloclty incrementes can be bal-
anced with respect to the air forces dy only small alti-
tude displacementes 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 kilemeters. 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—eonsuming lifting force of the wing
80 that to a certain extent the flight becomss a gravi-
tational motion about the earth!s center.

In ocontrast to the subsonic climb path the gupersonic
branch extends over very large horizontal stretches in
comparison with which, according to what was said above,
the vertical oclimdb paths are small, It 1s along this
branch that great kinetic energy is attained. Correspond—
lng to the very small path inclination and becaunse of the
great difflculties of an exact mathematical computation
1t i1s assumed that, for the supersonic branch of the climd
reth, the airplane axis is approximately always horizontal;
80 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 valune
attained at the end of the subsoniec climd path. In this
way the modification of the power plant for higher thruste
than those necessary in the subsonic range is avoided.

The rocket thruet decreases continuously during the super~
sonic ¢limb as the weight of the airsraft deoreages so
that P/G = ko/g 1s constant; where k 1s the constant
per second change 1n unit weight of the sirecraft., Hence
the change in weight per second of the entire airplana is
equal to ¢k and thus decreases with G. The weight
decrement dG in time dt 1s thsrefore

dG = — G k dt
whence
é/G, = okt
which relation could naturally also have been obtained
directly from the so—called fundamental rocket egquation.
For the rocket thrust
P/G, = ke/¢g o kY
the centrlifugeal force
F/e, = v3[g R okt
the axial inertia force

/6, = 1/ge™" av/at

By equating to zero the force componante of the resultant
in the vertical and horisontal directions, there 1s obtained

¥ = 0. . . v3/gReXt & l/ca° v 2
X v2(165300/v2 + 0.C4)(1 — h/400000)4® = 1/ekt
IH = 0 . . . kef/gekt =
=€ [eg v v3(165300/v3 + 0.04) (1-h/400000)*® + 1/ge*t av/at
(9)

Eliminating h from both aquations, the dlfferential
equation between v and ¢ 1s obtained
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dv/dt = kxc —eg + €v2/R

which by one integration gives

Va Jgi(kc —~ €g) + R(ke — eg)tan ¢ Jé/ﬂ(kc - €g)
v = (10)

J e (ke — €g) — ev_ tan tJE/R (ke - €¢g)

vhere Ve 18 the limiting flight velocity between the

subsonic and purely supersonic ranges and ¢ the time
from the start of the supersonic path. The flight veloo-
i1ty at each instant is thue known. The corresponding
flight altitude ag a function of t and v 18 dlrectly
obtained from the above equation LV = 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 s, which glves
an unjustified appearance of very great sccuracy,but ip-—
stead estimate the horizontal path by &ssuming & meen
conatant airplane acceleration of magnitude

b = dv/dt = const = ke ~ec g + €/BR (v + 73)3/4

23
P y (11)

2b 2xe -3¢ + €/R (v + v,)%/2

In figure 20 the velocities, horiszontal distancee of the
supersonic path, and the fuel consumption are plotted as
functions of the time, taking ¢ = 0.2 and k ¢ = 15 m/s2.

Because of the negleoted thrust work during the
supersonlic climb path the velccities will actually come
out a few percent legs than the values given by the fig—
ure.

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

7. The Descent Path in the Supereonic Range

The climb path ends after reguired flight velocity ie
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 sultable distance from the de—
sired goal the power of the motor should be shut off and
the rocket airplane then begina 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 1s very small,
the force relations shown in figure 21 may be ueed to dis—
cusse the descent relations. The forward propulsive force
is the inertia forece T which arises from the retardation
of the aircraft by the air resistance, that 1s, which must
be supplied from the kinetlec energy of the airplane mass.
The descent path extends over very great distances corre-
sponding to the available energiles; hence 1t 18 economical
not to fly with the power on over the entire flight at
high altitude but to start the descent path directly after
the supersoniec climb.

Because of the smallness of the potential in compari-
son with the kinetic energy at the inlitlal flight alti-
tudes under consideration, the potential energy need not
at first be considered, account belng taken of its effect
in lengthening the path by a eubsequent estimate. In view
of the uncertainty of our formulas on the air densilties
and air resigstances a more accurate computationel method
hag little practial value.

With the vertical and horizoantel components of the
resultant force set equal to zero, there 1s agaln obtained
from the fundamental dynamic¢ equation:

Ev=0. .. v3/gh+1l/c, ovo? v23(165300/v2+0.C 4) (1-h/400000)*° = 1

2 va(165300/v2+0.04) (1-h/400000)*°=1/¢ dv/dt

LE=0. . . ¢fe, v
(13)

(]

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

g e—v3¢/R = av/dt = a?s/dt?®
One integration gives

= Ja& e — (JeR + VQ)/(JEE - %) (13)
v eaetvg7§-+ (JEE'+ Vo) {(/eR — Vo)
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vheres v, 1is the flight velocity at the inltial flight
altitude. The flight velosity at sach instant 1is thue
known,

The relation between v and h 1y obtained from the
first of equations (12) and the results are plotted in
figure 22, The figure also gives the relation between the
two variadles under the assumption of constant dynanmic
Pressure, an assunption which sorresponds approximately to
the actual conditions for flight velocities below the ve-—
locity of sound. Integration of the differential equation
& second time gives the horixontal distance traversed at
each instant: 2

8 = t/&8H + R/2¢ 1n( 1+ (&R + va)/ WER — vo) )
0*€tVe/ o (B 4 v}/ (JEE - v

With the relations thus obtained the descent path can be
computed from each initilal flight altitude as long as the
flight velocity remains in the superesonic range, that 1is,
the assumed air resistance law with variable eg remains
sufficlently 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 1s od-—
tained with the aid of the preceding relations and the
values in figures 22 and 23, etill assuming ¢ = 0.2,
The descent paths starting from high altitudes are very
long. &ince the longest passage over the earth cannot be
greater than about 20,000 kilometere, the maximum alti-
tudes to be considered in traveling between different
points of the earth camnnot exceed adbout 60 kilometers
(37 miles) since the descent path from this altitude al-
ready extends over the entire length of the regulred
flight distance, The time for this descent aver 20,000
kilometers is about 865 minutes.

8. The Deaecent Path in the §Subsonie Range

Since in the range descent path with subsonic veloc—
ity the effect of the centrifugal force is practically no
longer existent and the air force coefficients may de con—
Bldered as constant, the air resistance 1s sinmilarly con—
stant over the entire remaining des cent path and the leagth
of the latter can be computed in tre simplest manner from
the avallable energy and the air registance,
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At 40 kilometers (25 miles) altitude, for example,
the total available energy is adbout 60,000 kgm per kilo-—
gram welght of the aircraft. Agaln assuming for the
subsonic range a drag/lift ratio € = 0.2, there is ob—
tained 0.2 kllograms for the constant air resistance per
kilogram welght of aircraft and the length of the subsonic
descent path becomes

8y = 60000/0.2 = 300,000 m = 300 km

The flight velocity on this subsonlec descent path drops
from the approximate initial wvalue of about 1900 km/h

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

in splte of the variable air density, the entire subsonic
branch being traversed in about three—fourths of am hour.
These values are quite 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 FPlight Performance

The outstanding flight performance factors of the
rocket airplane are its flight velocity and flight alti-
tude. A third very lmportant performance factor 1s 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,
thie factor will be considered first. As 1n the case of
the conventional airplane 1t is determined by the quantity
of fuel that can be carried along and thus clearly by the
ratio G/G, of the airplane weight at any time to the
initlal weight G,.

From figure 20 there is obtained the relation between
G/Go and v shown 1in figure 24, account being taken of
the fuel consumption according to equation (8). The rela—
tion between v and & of figure 24 is ocbtalned with the
aid of the relations in sections 7 and 8. Finally, from
the two curves there 1s obtained the relation between
¢/G, and 8, which ig of main interest here. It may be
seen that the sacuring of sufficient rangee through corre-
sponding values of the ratios G/G° of the rocket airplane
makes unusual demands on the designer amd that this ratio
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aslde from the praetical construction of a reliadble rockest
motor of high jet velocity, is at the core of the entire
rocket flight problen,

The small weight of the rocket propulsive system and
the very high wing loading permitted by the high starting
thrust open up newv unforeseen possibilities. With the
loading ratlos G/Gy = 0.30 at present attainable on con—
ventional airplanes the range according to figure 24 would
be little more than 1000 kilometers (620 miles) horizontal
distance, In order that the proepeller—driven airplane at—
tain the maximum non-stop ranges ratios of G/G—o = 0,15
to 0.10 would be necessary which probably lie beyond the
structurally attainable limit. The attainment of a de—
sired range through extreme reduction in the weight when
empty, maximum poseible streamlining of the aircraft, and
maximum Jet velocity of the moter will thus have to become
the most important task of the designer. But even with
the not too favorable assumptions thue far made with regard
to the rocket aireraft characteristice, 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, particularly
the high—speed airplane.

The outstanding advantage of the rocket airplane
compared with the propeller—driven airplane lles in the
flight velocity. The maximum veloclties themeselves are
limited by the weight ratio G/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 adout 13,300 kilometers
per hour (8250 mph). This velocity is maintalned, however,
only for a short time at the end of the climb path. The
mean crulsing veloeity of the 5000~kilometer flight 1is
computed from the time required for each branch of the
path and 1s found to be about 1000 meters per second or
3600 kilometere per hour (2240 mph). TFor shorter flights
the average mean velocity, because of the fixed, relatively
large subsonic flight times is somewhat amaller and increases
considerably for longer flight ranges. The rocket flight
paths here descrided serve mainly to soclve the transport
problem between various points of the earth and are suit-
able for maximum poasible ranges and thus have nothing to
do with the ceiling altitude attainahle by rocket airplane
flight. Only those altitudes are flown which ars required
for a given flight range. This altitude range 1s rather
narrow according to figures 23 and 24 and for all flight
distances that enter into consideration variles between 40
and 60 kilometers.
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The flight performance was discussed here preferably
in terms of the load ratio G/G, of the aireraft, The
dependence on the Jet velocity, drag/lift ratio, etec.,
can be determined readlly with the aid of the data given
and similarly the very strong dependence of the reguired
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 advantmnges of
about 20 times the maximum ard cruising velocity, 5 times
the celling altitude, and predominantly non-stop flights
between points.

3. ROCKET AIRCRAFT IN ACTIVE LIR DEFENSE

1. The Limits of Performance of Propeller—Driven Aircraft

For offense and defense the fighting quality of an
airoraft depends to the greatest extent on 1ts velocity
and its rate of olimb. ZEvery effort has been made toward
developing these two performance factors; although no
sweeping progress has been achieved slnce the last war.
The explanation for this lies in certain mechanical rela—
tions inherent in the conventidnal propeller—driven sir-
craft. The maximum speeds have been attalned on airplanes
bullt specially for high speeds, valuee of 700 kilometers
per hour (435 mph) having already been obtained.

The gradual rise in maximum epeed in the last decads
to the above value has been made posslble 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 mlways lagged
notably behind the speed records.

The slow, laborious manner dy which higher speeds are
attalned indicates the approach toward & limlit of the at—
taeinable flight speed, which will hardly be above 1000
kilometers per hour (620 mph) with our preeent tyve engine-
Propeller drive. This is first of all due to the fact that
the required engine power, and hence also the engine weight,
rapldly increases with the speed of flight; therefore the
veight of the engine Bsoon constitutes the largest part of
the over—ell weight of the airplane. In the hardly



EACA Technical Memorandum No. 10123 as

attainable c¢ase where the entire power plant weighs only
1/2 kilograms 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 moet 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 Dbe
dragged along by 1 hp is more than 1/2 kilogram — with the
Present—day spesdiest racing airplanes over 1 kilogram —
and hence the speed smaller than the indicated value, in
the given case amaller than half of 1600 kilometers per
hour. That i1t will etill be possible, however, to build
considerably lighter airplane engines on present principles
is improbable after 14 yeara of intensive development.

It is not only the engine, bdbut glso the propeller,
vhich prevents the sirplane 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
axample, 1000 kilometers per hour (630 mph), the propeller
tip velocities approach those of projectilea. For such high
tip velocities the propellers for aerodynamical reaeons
operate at very low efficiency, thue dissipating the
useful engine power (also the stresses, particularly those
due to the centrifugal forees) increase so rapldly that
the structural material can no longer withstand them. In
addition to thesareasons, there are atill others like the
excessively high take—off and landing speeds, the engine
cooling difficulties that increase with speed, etec., all
of vhigh operate to limit the attainadle flight speeds.

The second important requirement of & military air-
Plane is ite ability to climb rapidly. Of greatest in-—
terest here 1s obviouely the time required by the alrplane
to climb to a given altitude, for example, to 5000 or
10,000 meters. The above-mentioned power plarnt welghing
1/2 xilogram per horsepower output at the propeller
could, according to elementary mechanical principles,
¢limb to 5000 meters in about 1/2 minute in extreme cases
and agaln without airplane body or pilot or armament.
Since these things must be taken mlong and the given out-—
put le by far not so i1deally converted, the actual time
to climb is always consideradbly greater than this theo-
retical limiting value. The smallest actual times of
fighter ailrplanes to climd to 5000 meters are from B to
7 minutes. In thig field, too, therefere remarkable further
rrogrees along the usual path isg hardly attainabdle.

¥ith this atate of affairs increased interest bhas
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 alreraft.

2. The Rocket Power Flant

The thrust—producing propeller slipstream ie replaced
in the rocket plane by a propulsive gas jet. Conslderable
progress has in recent times been made 1n the construction
of rocket propulsion systems for airplanes. Although this
vork should serve primarily for the psaceful conquest 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 coanversion in the rocket motor
makes possible naturally an aircraft with extremely high
flight performance while suffisient time 18 avallable for
conducting a combat of a fighter plane or to 1i1ft a high-
altitude plane to the upper 1limit of the stratosphere and
accelerate to a velocity several times that of a projectile
8o that 1t can continue its flight from the momentum ac-—
quired with the engine power off.

The upper stratosphere is the element within which
the rocket alrplane most sultably operates, where dbecause
of the low air density the flight velocitlee are of the
order of magnitude of the exhaust velocities of the engine
8o that also for the rocket plane efficlency considera—
tions acquire reasonable importance, Moreover, 1n this
range of altitudes the non-dependence of the rocket motor
on the density of the external air can be fully utillised.

If, however, the requirements of economy may yleld
to the attainment of a certain maximum performance — and
this is particularly the case with military weapons -
then the application of rocket airplanes im the tropo-
sphere and the lower stratosphere may also be considered.
This latter poseibility of application leads to the rocket
fighter airplane.
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3. The Rocket Fighter Airplane

It may be e2ssumed that the general design 1as appreéx-—
inately the same as the one sketched in figure 28, which
shows a single—seat, light, very fast pursuit (or fighter)
airplane for the destructian of enemy air forces, particu—
larly for defense against bombs, with flight speeds up to
1000 kilometers per hour (620 mph) and a climd performance
of 4 minutes to 20 kilometers altitude, combat activity
being restricted to about 1/3 hour. 4t the end of this
time computed from the instant of starting, & landing 1s
necessary for refueling.,

The fuselage i1s adapted to the asrodynamic relations
for velocities that approach the velaclity of sound. The
nose ies very slender and sharp—edge for the reductlon of
the form pressure drag. The taill i1g simillarly slender to
reduce the posesibility of flow separation which is par-—
ticularly threatening at these velocities. The wing pro-
file, too, is suited to the high sudsonic veloclties., The
wing area 1s obtained from the unusually high wing loading,
especially in take—off. The resulting very high take—off
veloclity 1s not dangerous since the roocket motor (pimilar
to the turbine) is very capadble of taking an excess load
and permits take—off thrusts of the magnitude of the take~
off weight., Through the high initiel acceleration the
take—off run becomes very short and take—off can be effect—
ed from a concrete atrip 160 to 200 miles long, that 1ls,
practically from the take—off area of any alrport. The
wind direction plays quite a small part; hence even speclal
take—off runways of concrete or similar material should
not be too expensive, Landing after consumption of the
fuel supply is possidle in the usual manner on every flyling
fleld since then the wing loading acquires normal values.

The pilot's cadbin must be airtight and contain the
small number of required instruments. Since the rocket
flghter airplane is abdle to rise tn altitudes of 20 kilo-
meters and mare and in the case of a surprise attaock on
an enemy airplane helow must fly through an altitude dif-
ference of many kilometers in a matter of seconds, the
elr pressure fluctuations that arise must be kept down by
the pillot.

A machine gun mount i1s provided in the nose ahead of
the pilot's cabin., It 1 best to mount a multiple-dbarrsl
machine gun with maximum firing rate, the individual bar-
rels not running parallsl, as 1is usually the case, dut
somewhat divergent and immovadbly attached to the airplane.
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The dispersion eone during fthe few seconds of fighting
covers a large area ahead of the nose with a thick hail
of effective projectiles so that the probadbility of suc-—
cess of an energetic attack at small distance 1is very
large. A4s 18 ebivous, the probability of successful de—
fense by the surprised slower opponent 1e considerably
smaller,

The very large tanke for acccmodating the great
quantlties of fuel are arranged behind the pllet's cabin.
The fact that the fuel consiste very largely of liguid
oxygen offers no special difficulty since such lerge
quantities of liquid can be kept without any appreciable
losses for the recuired short time intervals in quite or-
dinary thin—-wall sheet metal tanks, The tanke muast be
of sufficient capaclty to recelve a welght of fuel up to
80 percent of the total take-off welght of the mairplans.

The rocket prooulsion system 1s mounted at the tail.
A peculiarity of the fighter airplane 18 the apovlicabllity
of a Jet av»aratus about which a few words remain to be
eaid. Every reaction drive — including alrplane as well
as shilp drive — operates most effectively at minizum slip,
that 1e, when the e jection velocity of the driving masses
and the velocity cf mation of the driven body are opnosite
and as nearly equal as possible. TYor pure rocket propul-
silon systems the slip should theoretically even be zero,
that le, both velocities of exactly equal magnitude in
order that the efficiency be a maximum.

Now the exhaust velocitlies of a rocket motor are
about 10 times the magnitude of the velocities that are
desired of the fighter ailrplane, There can thus bde no
question of equality or even of similarity of the two
velocitiees and hence of an efficient propulsion of the
ailrplane. Thie unfavorable relation between the veloci~
tlies affects the flight characteristics of the fighter
alrplane as far as the usual rocket motor consumes the
entire fuel supoly of the airplane within one-half hour,
for example, so that the airplane cen be in active com—
bat for this time only; whereas a more economical engine
which for equal propulsive power has a smaller ejeoction
veloclty will be able to fight over a longer period with
the same fuel supply, for example, & whole hour, thus
doubling 1ts fighting capacity.

A simple means for improving the externel efficliency
of the rocket motor in the alrplane consists 1n sucklng
ailr from the surroundings with the aid of the propuleion
gases by injector actlion and ejecting it backward. In
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figure 25 the jJet apparatus regquired for this purpose 1is
indicated at the tall end of the fighter airplane, ZXEx-
tensive tests on the mode of operation of such Jet ap—
paratus ha® been conducted in France and the United
States (reference 11). Although the initial high expec-—
tations were not realized, it appears that with its aid
the indicated doudling of the flying time of the fighter
rocket airplane is entirely attalnable.

A feature to be noted 1is the small over—-all dimensions
of 10 meters span and 10 meters fuselage length for which
such airplanee may be deaigned. The sisze of the single—
seat fighter thus corresponds te that of a small sport
airplane. This condition, together with the offensive
method of fighting, 1s of great importance for practical
aprlicability.

The unusually simple over—all censtruction involves
only very small costs. This and the crew of only one
man make 1t possidle for pursuit slrvplenes of this type
to be easily produced in large numbers and for the loss
of a2 slngle machine not to count very heavily.

The mode of operation of the siangle—seat rocket
fighter may be assumed to be the feallowing:

The airvnlane is fueled or refueled from a movable
g&round reservolr shortly before the intendsd flight to
avold rather large losses of liquid oxygen. Take—off 1e
effected from a very short but very good runway of at
most 200 meters length, for example, a concrete strip, or
a good open street. The ailrplane takes off as if eshot
from a bow and riseg after a very short run. After take—
off the airplane can easily rigse along a straight—line
rath inclined 30°to 45° to the horiszontal, the time to
clind to 10 kilometers altitude taking adout 2 minutes and
to 20 kilometers altitude about 4 minutes.

The maximum velocities are attained at the very high
flight altitudes where the air 1s at low density. In this
respect there is a fundamental difference as compared with
the vropeller—driven airplane, iz which case the low—density
alr eharply reduces the engine power.

By operating at full throttle the maximum velooities
can be obtained also at the lower altitudes and particu-—
lerly after full climb, so that the attack can occur at
& 45° angle. This circumstance makes 1t possible for the
fighter airplane to await the epproach of the snemy on
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the ground and after sighting te make a surprise attack
from below.

With 1ts small over—-all dimensions and its flight
velocity of the order of medium projectile velocitlee the
fighter plane ag 1t flies past is no longer wisidle to
the human eye. ZRecognition of an approaching airplane at
distences greater than about 1 kllometer will only acci-
dentally be possible slnce the speed of the airplane is
equal to that of 1ts noise. The distance of 1 kilometer
within which 1t may with probability be observed is passed
over in three seconds during an atteck., A succesesful de—
fense from the object attacked within the three seconds
available 1s possidble only in isoleted cases, especially
geince the attack can be made frem almost any directien in
space. A defense from polnte which do not lie in the di-
rection of the flight path 1s 1imposelble since the air-
plane 1s not clearly recognigable from these pointe and has
almost the velocity of the projectile fired on it. For
this reason , tno, the side firlng against the vulnerable
tenks 1s not possidble.

This mode of combat uyndoubtedly makes mrusual demands
upon the skill of the pilot especially as at maximum ve—
locity only a small deviation from the glven flight direc-
tion is possibdle. For a radius of curvature of 1 kilome—
ter, for example, acceleration forces 10 times the force
of gravity arise. On the other hand, the flight speed,
varticularly after partial utiliszation of the fuel can be
reduced to a fraction of the maximum veloclty. A serious
combat between rocket airplanes in the eir 1s hardly pos-—
sible. According to the requirements of the engine the
fighter airplane provided with ajet apparatus can maintailn
itself in this way in the air from 1/2 to 1 heur and must
then land for refusling. The action radius correspondingly
amounts to several hundreds of kilemeters.

sfter a period of development rocket air plane for
defense agalnst bombers, observation, combat alrplanes,
and airships, and so 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, flylng the lower strato—
sphere, attalin consideradle 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 adove, climbe at full power to a 40—
to 50-kilometer altitude at first along a 30° inclined
path which later flattens out, reaching final velocltles
of the order of magnitude of the exhaust velocity. In
thie case therefore the Jet apparatus 1s not applied. The
time required for this climb 1as 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 1ts reserve of kinetic and potential energy.
Thie type of motion is not unlike that of a long-range
vrojectile which equally describes a gliding path Trom a
similar altitude. In the case of the rocket airplane this
posslibility of gliding 18 considerably increased by the
wings so that the downward path extends over many thou—
sands of kilometers, the veloclty steadlly decreasing from
the extremely high initial values down to the normal land-
ing velocity as the density dncreases in the lower air
layers. During this time the entire descent path is up
to a certaln degree controllable by the pilot. Such
flighte as these should serve to sstablish rapid communi-
cation over the oceans.

FPigure 12 shows the external shape assumed dy rocket
airplanes of this kind to sult the extraordinarily large
flight velocities and the corresponding aerodynmnamic rela-—
tions. The use or rather the abuse of this type of rocket
airplane for bombing purposes is evident. The bombing
flight may be consldered to bes carried out as follows:

The rocket airplane takes off and climbs me for long-—range
flight to altitudes over 40 kilometers and velocities
several tlmes that of sound in the directlon of the gromnd
obJject to be attacked., At a precomputed inetart the
sultably shaped torpedo bomdbs are released from the alr-—
craft and the latter returns over a very wlde arc to the
starting point while the torpedoes maintsin the original
flight direction and approach the ebject in the shape of

a downwvard—-sloping branch of a balllistics curve. The
distance between the sterting 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
& direct hit through suitable precautlionse may be far
greater than those of a long-range gun, This mode of acom—
bat 1s completely independent of weather conditions and
time of day at the target because of the possihllity of
astronomical orientation in the stratospheres,
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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 1s no
risk at all for the aircraft gsince by its hefght and spesed
it 4s completely outside the range of any human counter
measures,

Again, the rocket airplane through this transitipon
phase between the purely aeronautical and bdallisticsfields
aprears to be preeminently suitable to contlrue from where
the usuel long range projectile has reached the limit of
its performance in quite the same manner as 1t serves to
further the development of the conventional airplane. In
general, rocket flight in very many respects may be con-
sidered ag intermediate between pure flight technique and
ballistics since both fielde of knowledge are drawn from
equally and by combining them a stimulus 1es proevided for
greatly increased performance.

It 48 not intended with the above remarkes to imply
that the object of rocket flight technigue 1s the creation
of new and terrible war weapons., The actual danger of
such should not, however, be diemissed. With rocket ailr-
planes the fastest possible communication between nations
willl be established. If the rocket airplane provides a
people with a means for defense of its territory against
attacks of its neighbors 1t will similarly be welcome,

But 1t will aleo serve 1its purpose if in its mest fright—
ful application 1t helps to establish the dowaright con-
viction that a war with new technical means knows only of
conguered peoples,.

Translation by S. RBeiss,
National Advisory Committee
for Aeronautics,
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Figure 35.- Arrangement of a rocket single-seat fighter.
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Figure 3.- Rocket propulsion systenm.
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Figure 3.~ Alr pressures at the alrplane.

Figure 4.- Propulsion gas presaure at the airplans.
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Figure 5.- The rate of change of the momentum is equal to
the pressure acting on the bounded mass of the

propulsion gases.
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Figure 15.~ The air forcea on the rocket alrplane.
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Figure 16.- Lift coefficlents according to Ackeret-Busemann
and according to the limiting value formula,
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Figure 17.- The
external forces
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alrplane
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veloolty.

Figure 19.- The
external forcea
on the rocket
alrplane
during a
practically
suitable
supersonlo
climb path.
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Figure 18.- Degpendence of the flight velocity wv, o?cthe rocket thrust
P/G and of the ailrplene acceleration dv/ dt on the time for
¢limb with suhsisac velocities.
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Tigure 23.- Lengths of path and time of descent from the supersonic
velocity range to the attainment of gubsonic velocity.
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Figure 20.- Dependence of the flight velocity ¥, suporsonic flight dle-
tance 8 and fuel consumption G-/ Ga on the tine for superson-

ic climdb,
.50 ) : ; l : : : i
1 1 1
] i s s
30 {\ '
\

Act®l climb with con~ 201 [~ +—
e pbbet ety LY L A —
10 .8 6 4 iz [ P I P B & Z

oo 20 W{\%ﬁ:-\\Tm:}@?; :
B, [T RUE:AN v -
4000 @ \ig ) -
6000, ) A > -~
(R
8000, \Y i i I Dty

Figure 24.- Relations between load ratio G/Go. distance s and maximum
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