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excitation of molecular vibrations sre reached, then considerable oscillatien can oceur it the
available streaming time, i.e., §¢ approaches 1.29. For & = 1.4 the pressure on a flat surface
is 1%;'—.2.46{?)90( . The corresponding pressure in the case of a cone with stream along its
axis 1s, according to Busemann and Guderley, /96» = 2.1 6in, If the wall surface is curved in
the direction of the streaming, the layer streaming off along the wall must follow this eurvature
And undergoes acceleration perpendicular to the plate, so that for convex curvature a negative
additional pressure & results. For# = 1, these were calculated by Busemann for general curva-
tures. For the important case of constant radius of curvature the equations can be integrated
and give for the lens profile - A/ 23:};’4}—5;};'& and for the ogive-shape,

A 35-57;7%*/{5%/“"5“3 c@sqj_%‘sfbe« wherecXg iz the angle of attack for the
first Zurface element,' Thus the air pressiive drops very rapidly as we move back from the end of
the object, and vanishes, in the case of the lens profile, at the point for which the angle of
attack is @/T; for the bullet shape it vanishes somewhat later, atgp§4§-: so that the average
pressure on the curved surfaces is far less than for plane surfaces. Fordt>/ the centrifugal
effects, according to Busemann and Guderley, are somewhat larper, so that the pressures for

N = 1.4 are 7% smaller than foré? = 1, in the case of the lens prefile.

As regards the frictionsl stresses parallel to the wall between the fixed surface and the
air, for dense air, momentum parallel te the wall is transferred to the wall only by a thir
boundary-layer of molecules near the wall, so that the usual friction laws are valid. One is
led, in the case of high supersonic velocities, to give main importance Lo laminar frictional
effects, so that the friction is determined by V. Karmans formula % = A%ﬁ'. In the valleys
of the fliﬁht path of the aircraft, which determine the energy consumption,”we may use a value
of Re = 103, which gives T/_ = 0.00013 for flat, untilted surfaces. At finite angles’of attack,
the density, friction and temperature change on the leeward side (negative angle of attack) be-
come zero, while for the windward side they are 6 times as great as for free air; at the same
time the viscosity of the air increases with the stagnation temperature V{%Ay%;éhmgoaCCording
to the relation

V= 175500 Sers+voin b sbooa)brz] °

The frictional forces on the surfaces tp windward are approximately

T4 = 6x /3 Jm fonieysin Yoo 273]" ”

With the aid of these eguations. we can calculate the aerodynamic forces on an arbitrary
body for}2?+ﬁﬁ Fig. 37 shows the polars first for the infinitely thin flat plate which is
known to be theoretically the best wing for flight above the velscity of sound, second for the
wedge profile with flat sides and a thickness 1/2 af the wing depth in the second third of the
profile (8, p. 170) and finally for the symmetric double-convex lens profile composed of two
equal circular arcs, also with thickhess 1/20 of the depth. In the region of V/, = 1 10 3, where
the linear dependence of the aerodynamic forces on the angle of attack is valid, and where the
excess pressures on the windward surfaces and the subnormal pressures on the leeward surfaces are
of the swme order of magnitude, the biconvex. lens profile gives the best glide-numbers; in the
Newtonian region, where the air pressure varies quadratically with the angle of attack, and where
the sir pressure vanishes in the shadow region, the flat-surfaced wedge profile is definitely
superior. In the region of angles of attack which are greater than the front bevel angle of the
wedge,- it is as good as the infinitely thin flat plawc. In addition it has the remarkable prop-
erty, in this velocity range, that the ordinarily strict requirement of minimum profile thickness
is weakenéd, in the sense that even the limiting profile can be so thick that the whole wing sur-
face is in the shadow. The inferiority of the lems profile to the wedge profile in this velocity
region arises from the fact that larger angles of attack give poorer glide-numbers; since the
pressure depends quadratically on the angle of attack, the large angles for the. fromt parts of
the surface outweigh the effect of the small angles at the back parts so that altogether a poorer
glide-number results than for the flat underside of the wedge profile. A further reason for the
inferiority of the lens profile is that the curved surface, because of the centrifugal action, is
acted upon by smeller normal pressures and about the same frictional stresses as for the wedge
profile; thus to obtain the same lift, larger surfaces must be used, which involves not only
greater weights but also greater frictional forces. Since the rocket bomber needs the best pos-
sible glide number at high velocities, it should be designed with wings having a wedge profile.

These considerations can in principle be extended to spatial flow. Fig. 38 shows the
polars for 3-dimensional flow around three surfaces with equzl projected area and the same height
which might be considered for the bow shape - 2 circular cone with height four times the diameter
of the base, s bullet with the same height and base diameter {(16.25 caliber radius), and finally
a half-bullet with the same height and a semicircular base of the same size as that of the two
gurfaces of revolution, i.e, with 8.25 caliber radins. The aerodynamic coefficients are all feor
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the same projected area. While the cone and bullet differ little in glide-number, f e half-
bullet with flat surface to the front, is far superior, having a glide-number wath /& = 4.12,
This is of decisive importance for the ahape of the fuselage of the rocket bomber: While in the
region V/a = 1 to 3, the bullet has the optimum glide-number, the laws determining the shape of
a body under 3-dimensional flow change for high Mach numbers in the same way as for the wing
aections; on the under side of the surface, which mainly determines the magnitude and direction
of the net aetodynamic. force, the air pressure should be as large, und the resistance components
as swall, as possible. The underside should consist sclely of surfaces tilted toward the course
wind. For a given average angle of attack of the undersurface, and for quadratic dependence of
pressure on angle of attack, one cbtains the best patic of drag to lift on the underside if it
is curved as little as possible in the direction ai fiow. On the upper side of the body, which
with proper shape is unimportant for determining the total aerodynamic force, the pressures
should be as small as possible. Therefore, the upper side should preferably consist only of
surfaces tilted to leeward. If this is not possible, the parts of the upper surface which are
to windward should have the smallest. possible angle of attack, and be curved convex to the
direction of flow, to keep the streaming pressure low by taking advantage of the centrifugal
effect of the airmass streaming off the curved surface. Summarizing, for large Mach numbers,
bodies should be so streamlined with a point or didedral at the front, that the lifting under-
surface is pot curved in the direction of stemming, and that the upper surface should consist

as far as possible of surfaces to leeward; the unayoidable windward sections of the uppef sur-
face should have a convex curvature in the direction of flow. {29)

The fuselage of the rocket bomber was shaped in accordance with this recipe; jts polars
for%-—)w are shown in Fig. 39. From the figure we see that the optimum angle.of attack for ™
wings and fuselage are x=4°20" andx=8°90" resp. Since the wing surface is smaller than the
fuselage surface, the more favorable glide-number for the wings has little effect compared to
that of the fuselage, and one finds a theoretically most favorable angle between wings and fu-
selage of -2° for which the optimum reciprocal glide number Z€ = 6.51 is obtained for angle of
attack ©C =5 "F0'for the wings and & =7 30’ for the fuselage. For constructional reasons, and
also to have simple streaming conditions at the wing roots, the angle of incidence was chosen as
0°; the polar for this case is shown in Fig. 36, which shows a best JE = 6.4 fora=7°. This
vilue of glide-number, which can be attained by proper shaping of the fuselage and wings, is
surprisingly favorable for high supersonic. speeds, and is scarcely different from that of present
aircraft below the velocity of sound. We may safely assume, for the velocity range %é = 30 to 10,
that the results derived for ¥%-» ®still apply, and that below this range the characteristies for
% 2 1 to 3 graidually appear.

On the basis of the previous investigation the variation of glide number of the rocket
bomber for various angles of attack can be represented as in Fig. 40 for the whole range of veleg-
jties in dense air. The very favorable glide-number below sound-velocity, E= 555 8t x=5
drops very rapidly as we approach the velocity of sound, then takes on the value & = ﬁrafc{=6"
for velocities slightly above the velocity of sound. Above ¥ - 3, the glide-number improves and
then rapidly approaches its favorable behavior for high Mach numbers, with

&= 6'-; o7 o= F”

In all the previcus considerations on the aerodynamic. forces, the air was considered as a
continuous medium. As the later sections show, the path of the rocket bomber reaches heights of
over 1000 km. There the density of the air becomea so very small that on the one hand the stag-
nation préssures for even extreme velocities no longer result in aerodynamic forces at all com-
parable with the other external forces om the aircraft, and also the laws for calculating the
gerodynamic forces are no longer those derived for a continuous medium. Fig. 41 is a plot of the
air density P as a function of the height*H for values wp ta 20,000 m from the well known for-
mula for a homogeneous ifg}hgrmal atmosphere; for heights between 11 and 22 thousand m, the rela-
tion is fVf = 46839 € V83 (see also “Dinorm 5450" or (33)). This expression for demsity at
great heights is used in the later (note: original has error; ‘uses 4" instead of Prra ) calcule-
tions. It is freguently assumed thst the composition of the atvmosphere at high altitudes is the
same as on the ground - 1.e., mostly No and Hg, but that these materials are more or less dis- )
sociated into atoms. Therefore two dotted curves an Fig. 4l are used to show the density if all
molecules are dissociated into atoms (left curve), and if only a partial dissociation occurred,
as assumed by Godfrey (middle curve}, The molecitlar free path for constant composition varie
with the density according to the relation ZE"]:-_-'- /&-?g/ . This relation also holds approx-
jmately for the dotted curves for the dissocisted atinosphere, since the effect of dissociation
on the free path is of the same order as the error in determination of the free path. At heights
of 40 km, ghe free path is already greater than the thickness of the laminar boundary layers
(Ao’*;ﬁajsj, reaches the size- of the aircraft dimensions at a height of 120 km., and rises to
over 1000 km. st a height of 200 km. The stagnatien pressure corresponding to the “velocity of
escape’ V I 12000 m/sec is Tess than 1 kgjmz at 100 km. altitude; i.e,, at 100 km, altitude the
aerodynamic forces have practically disappeared, and the motion of rhe rocket bomber is aleng
practically a pure inertial path. The expressions derived for the aerodynamic forces on the as-
sumption of a continuous medium are already invalid at heights over 40 km, since the distances
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between air molecules are already larger than the dimensions of the streams assumed in the cal-
culation, e.g., the thickness of the boundary layer. For such rarefied air, no procedure for
calculating aserodynamic forces is kmown. Only when, ror eltivudes above 100 km, the Iree pauna
approach the dimensions of the moving body, do the relations simplify sufficiently to enable a
fairly exact estimate of the aerodynamic forces. (28)

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

dynamic forges on a body moving at arbitrary veloc.ty V at altitudes above 100 im, where the up-
per (lower) sign refers to negative (positive) angies of attack:

DG = (Gon + Lo
;3///;—1?-5/»#.9— L};,"_iiﬁ-qu(éw‘hw—z Iz )(/—7—'/— / = "‘")

/—' & v sinde Ano *E.s'//m'
3}9%%;; ﬁ’ C:?' j::'jggz---,p f/-_ () Jﬂﬂ’t??lﬁ;:z:"'ibffflf’ ‘71}

mnc
z2/g #casq. S %‘.‘:Li_i”— .,:_.S'mcasa-//ﬁy-x o 'xa’,\j

where V is the speed of flight, Gy'= ﬁé? ;37- is the most probable velocity of the gas molecules
before collision with the wall,Cp- VE;?_ is the most probable diffuse recoil velocity of the
molgcules after contact with a wall”af T %K. For very large V, gp ' approachesi?SW? (3‘”“5

e"‘afxa )and /,e/ approaches zero. i e. we approach the Newtonian _fo_rmula(?’ =2 /7
A" presentnnon of theae érodynamc forces an closed form as a function of Mach number is not
possible; though & simple relation between Cy and g is known ( = ny‘% , there is no correspond-
ing relation between Cp and a.

All the equations refer to diatomic gases or ges mixtures. Also they require the know-
ledge of the characteristic temperature 8, and thus involve more special assumptions than do the
gas-dynamic equations which require only a knowledge of the no. of atoms per molecule and the
sound-velocity, since they involve only X and a.

The equations for the momentdm $6# of the molecules colliding with the wall, and for the
tangential momertum¢y- given to the wall on recoil are taken from (28). The recoil momentum murt.
be considered in more detail.

Before an expression for the recoil momentym can be set up, one must .uve a clear picture
of the recoil of the molecules, which have a random thermal velocity ¢ and a relative velocity ¥
making #n angle c{with the plate. One must decide whether a bundle of molecules, striking the
plite with a perpendicular velocity component V sin v, €05¢0 leave the plate by specular
reflection or under some other definite or rasdom angles, further, whether the collision veloc-
ities are conserved for each individual molecuie or have a definite relation to the recoil veloc-
ities, or whether they are completely random so that we can derive relations enly for the average
or most probable speeds, on the basis of energy considerations. One should investigate whether,
durlng the collision, the welocities C, as well as V are conserved, or whether they 1nterchnnge
their kinetic energy in whole or in part, or whether the internal degrees of freedom of the air
molecyles or wall molecules take part in this exchange. These questions were answered on the
basis of a paper of Frenkel on “Theory of Adsorption and Related Phenomena™ (4), whose opinion
we give verbatim: “No matter how small the time of adherence, gas molecules colliding with 4
wall do not simply bounce off, but are emitted agaln with velocities which need not have any
definite relation to the orlgxnal velocity, either in magnitude or direction. The usual picture
of elastic reflections of molecules, from which the kinetie theory of gases starts in deriving
the pressure on the walls of the container, is fslse in principle. Tf one arrives at correct
results in this case, it is becatse the solid body 2nd the gas are considered to be at the same
temperature and at rest relative to each other. Under these conditions, the velocity distribution
of the emitted molecules is the same as if they were actually reflected from the wall surface.
Actually a quite different picture would result if une bombarded the surface in a definite dirce-
tion with & molecular beam.” Summarizing these considerations we find that, in setting up a for-
mula for the recoil momentum, we must consider & gas whose pribable récoil velocity Cp is deriv-
able by purely energetic considerations from the probable velocity Cyp before collision, from the
systematic velocity V and the wall tedperaturc Ty. The miss of gas striking the wall per second
is:

' ,iﬂszbar
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In the normal gas-kinetic case (V = o and 2 Gy) the process of emission of the molecules can
be considersd as quasi-specular, with recoil momentum Z££== : PExgGiior & mass colliding per
second of S = -Cw - For the moving plate {(¥#¢ ), K times as many molecules collide each
second as for the plate at rest, and just as many must come off per second if nome sticks per-
manently to the wall. Since according to the resesrch cited, the process of recoil is com-
pletely independent of the process of collision, and iz of the same type as for recoil at V = a,
the only possible difference can consist in a change of the factor K for the colliding molecules
Lp o= Pulitskitiy oshag as (o= CH - For thé same reasons, the difference between receil and col-
f;sion tebperatures can produce no change in the structure of the formula for the receil memen-
tum; one gets for Cq# Gy cop= £.¢¢ . The probable translational recoil speed Cp must be
considered further. According to tHe theorem of Conservation of Energy, for the assumed closed
system the sum of the energy Ep taken away by the recoiling molecules plus the energy Ey remain-
ing at the wall must equal the e_ncrgytE“ sz the impinging molecules: £ 0= Ln L2

:_3 ag‘..nv‘-é}nf f&m=,§a[2-:21@f-2_ T ,))/ ,
W = gy ramy Ly rat Loy e = Aﬁ/%c, Lans fé C:,vaﬁé.f‘%_@ pr_ssz

= 2 V-4 [t

L=l it bt lomse= AR e F Corot 1 5 Tt 036,
where the values C-,7end Casc have only a computational significance and are therefore not
used in what follows.

Usually the ratio of the energy loss of the impinging molécules to the excess of their
initial energy over the temperature level of the wall after collision is called the accqmmoda-
tion coefficient ¢ ; e.g. the average accommodation coefficient for the whole process has the
value &= (&”EEAV(?J—E,/. The accommodation coefficients for the individual degrees of free-
dom can be written as:

Xtruns = (Z&’fnﬂ; - ‘é:é’ M%ﬁ‘m; Ry o Brrr s =ﬁ 5‘; (;_gcrﬁ’m M i‘ézd—z‘?—c zt’m )

K ro? =Byt =L trumsfotint~ Gty Tosc =(Gpoec— L fflore— Loy ore)

The average accommodation coefficient "X is built up from the coefficients for the separate
degrees of freedom as follows:

OE= K roms(Eq trans ~Lwrons )Ly ) rot Epret =L rolfy ~Loy )#Xose (G Etese Yz E,)
Considerations on accommodation coefficients in the physical literature state in essence that
the external degrees of freedom take part immediately and completely in the energy exchange
during molecular processes, whereas the exchange of internal molecular energy, especially that
of vibration, is slowed down considerably and is effective only after long relaxation times, so
that the sccommodation coefficients for translation are 1 and also Cfre¢ may be assumed to be
e/, while the deviations of the total accommedation coefficient o from 1, observed in practice,
aré to be ascribed te the slowness of changes in vibration. Fromo(g-ass =7 it follows that
CPerans = Controns =jlqRl, where Cp 7hwss is thus the desired most probable récoil velocity of
the moleculés leaving the wall diffusely; Ty is the wall temperature in %K,

Before calculating the aerodynamic forces one must estimate the wall temperature Ty. This
is done by equating the energy radiated by the wall per em? per sec. Ly =&%{’T{%—/# to the
energy Ey transferred by the air melecules to the same surface in the same time. I{ one intro-
duces. the gréviausl established assumptions X g ,,s =/, Crol =/, 0sc =0 ; one obtains
£Ey= Aﬁ/—%—f- L gA¢ % -7w)]  where /o is the mass of the molecules striking unit area of the
plate pér unif time, These expressions weré used in constructing Fig. 42, where the following
numerical values were assumed; temperature of still air Tg = 320 %K, density of still air
___p:/a"f#_ysec%y‘*. {corresponding to H=590 km.) composition of the air 14% Oy + 86% N,. Ioniza-
tion and dissociation were not considered; also the atmosphere was assumed to be at rest on the
earth's surface. The optical absorption of the wal) was assumed to be £, = 0.80. Radiatien of
heat to the wall from the outside (sun), from thé air space or the _e_a_rt.h?s surface was neglected,
as well as from the interior of the aircraft to the wall, Fig. 42 shows that the equilibrium
temperature of the plate at. rest is 136° K and that this equilibrium temperature of the surface
of the aircraft increases with increasing velocity and angle of attack, as long as the latter is
positive so that the surface is tilted toward the course wind, For surfaces to leeward the
equilibrium temperature drops to absolute zere, since the heat supply vanishes with the number
of impinging molecules. Altvogether the temperatures Fema2in.within reasonable limits for all
angles of attack and velocities occurring in practice. AL greater heights even lower temperatures
may be expe=cted; at lower heights a transition occurs to temperatures caleulable by kinetic
theory.
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With the awu of the equations the aerodynamic forces were calculated for an assumed at-
mosphere with temperature 320° K, densaty /0 ;ﬁp?g@jﬁ%f: and composition 14% Oy + 86% Ny. The
momentum 254 of the air impinging on the plate is plot?ed in Fig. 43 f?r various angles of .
attack and welecities of flight; the corresgonding recoil momentum Ze4 is shown in F%g: 44, and
the tangential momentum in Fig. 45. Since fp=7", Fig. 45 also represents the eoefficient of
friction T/ between the air and the wall, for all angles of attack_a?d for the;sa@e range of
flight velocities. In this figure, the extraordinarily large ¢oefficient of friction in the
domain of gas-kinetic streaming is noteworthy. While values of T4 = (.001 to 0.003 are custom-
ary in aerodynamics, we have in this case values of the friction 300 to 1000 times as large, and
these are not accompanied by corresponding increases in the values of the perpendicular components
of the aercdynsmic forces. The reason for this astonishingly high friction is the fact tha; in
the domain of gas-kiretic streaming the protectave boundary layer at the surface of the moving
body no longer exists, so that all the molecules which have the chance to transfer perpendicular
momentumm Lo the wall, at the same time transfer their tangential momentum completely on the aver-
age, whereas this latter momentum transfer is limited to the few molecules inside the boundary
layer, in the case of aerodynamic streaming. This very unfavorable behavior of the aerodynamic
forces in the rare upper atmosphere would completely prevent flight at these heights, if the
stagnation pressures and consequently the forces did not decrease rapidly and f1ﬁa11¥ vanfsh:
Obviously the shaping of the aircraft to fit the streaming conditions loses some of its sxgn1f:
icance of these heights. Nevertheless, the Newtonien character of the air pressures (i.e. their
quadratic dependence on flight veloeity and angle of attack), and the rapid disappearance of
forces on leeward surfaces, is very appatent at higher velocities of flaght. Thus in the gas-
kinetic domain all the requitements are fulfilled for the use of stresmlined hodies, whose under-
side is curved as little as possible in the direction of streaming, and whose upper side con-
sists, as far as possible, of leeward or convex surfaces, while the thickness of the body is of
ne importance. Reciprocal stresmline-numbers and polars were derived for the flat plate, from
Figs. 43-45, and plotted in Figs. 46 and 47. These graphs of the behavior of the sercdynamic for-
ces on a flat, infinitely thin plate, have direct practical importance, because any wing profile
of finite thickness, with a flat under-szide and upper-side to leeward, undergoes exactly these
same aerodynamic forces at high flight velocities, regardless of the shape of the upper side and
the thickness of the profile.

Figs. 48 and 49, which show the aerodyiamic.iorces on the rocket bomber in the range of
gas-kinetic streaming, were also derived from Figs. 43-45. In the same way as for the gas-dynamic
calculations, the asctually curved surface of the aircraft was split up into s number of small
flat surfaces, and the air forces calculated for each of these component surfaces.

Finally Fig. 50 shows a plot of the dependence of the air forces on height and velocity
of flight for the dumains of gas-dynamic and gas-kiretic streaming. This plot quﬁ/q against
height, fagr the flat plate, for various Mach numbers end with the fixed angle of attack of 7°
(which is the optimum for the gas-kinetic case)}, shows that the air-force-coefficients decrease
with height in this region. This phenomenon is caused by the decrease of temperature of the place
with height, so that ceteris paribus the receil velocity and recoil momentum alse decrease. The
forces in the range of heights from 40-90 km (which cannot be ecalculated exactly) were inter-
polated approximately in the form of the dotted curve.

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

The launching and climb of the rocket bomber have the purpose of giving it, with a minimm
of fuel consumption, the high velocity necessary to carry i-t_t.hrough i.t.s.long g_li’da- path; they ‘
are in the nature of an impulse which lasts only for a few minutes. l_lesp:tte t._hl:s-, t.here'are vari-~
ous possibilities for the variation of this external force during this short time; we wxgh to
find the most favorsble, 1, e., the one with the least possible fuel consumptiom for a given
final velocity.

In Fig. 52, the effective exhaust speed ¢ is again taken as 2 measure of the useful energy
content per unit mass of fuel and the attainable velocity increase V is measured in units of c;
the fuel consumption G, ~G is measured in units of the starting weight &G,
or the weight of the accelerated mass & If one could completsly transfer to the acceler-
ating body the energy available from the combustign gases (C:."‘ G)G/f-’sf. which 1s theoretically
Passible in firing from a tub'e' then y’c:: %.—- This rl-slat.'xon far 1t_le'a]_. fire is shovm
as curve 1 in Fig. 52. In the case of r-o&tet. drive, the acceleration process, if it was opposed
only by the inertial forces of the bomber and not by air resistance, gravity, etc., would after
integration of the equations expressing the. Conservation ofathe Center of Mass (com+mmay=C ),
be represented by the fundamental rocket equation Y= /é . Curve 2 for ideal rocket accel-
eration thus gives much smalier final speeds for the same fuel consumption. The energy lost to
the acceleration process is that of the motion of the combustion gases relative to the place of
launching; this is often called the external efficiency of the rocket drive. This fundamenta}l
curve for ideal rocket drive gives no indication of the actual aceelerations. Actually the
acceleration of the bomber occurs agaifist sir resistance and at least a component of the weight
and these resistances become more important for the smaller accelerations. For example, if one
assumes that the air resistance and the component of weight aleng the path together represent a
fixed fraction, say 1/5, of the instaneous weight and that the acceleration is constanty during
the climb, then ome can denoté by k the ratio of the rocket thrust reduced by the resisting forces
to the effective t.hrust-;zrom the equation A¢ @by rmdv=0 , one then derives a modified Lo
rocket equation ¥ = oo 1f one takes the rocket thrust to be equal to the ‘instango
weight, then A4 =7 ~G.2)7 =8 and the curve for this type of drive has the equatioﬁ%:e’z;p
or = agé . This curve for K = 0.8 is shown as number 3 in Fig. 52. In practice one does
hot obtain thi: curve if the aireraft starts with customary small speed at the ground, because
for the assumed acceleratioms the aerodynamic forces would increase much too quickly for subsenic
velocities, Carve 4 shows the climbing process for a commercial rocket plane with high require.
ments of safety and convenience, i.e., small takeoff and landing speeds, and small, practically
constant accelerations along the path of climb; these are taken from a previous detailed calcu-
lation of the path, (18) The long, tedious, uneconomical climb until the velocity of sound is
reached is shown clearly; we see how costly low velocities at the ground and the accompanying
small accelerations are for rocket flight, Curve 5 shows a possible acceleration process under
the following assumptions: the rocket thrust is a times the initial weight (G, and stays con-
stant over the whole path of climb; thus the acceleration increases with the decreasing mass of
the rocket up to a value determined by the weight of the crew and the aircraft, and the rocket
motor is used fully. Thus the weight loss per second is constant and equal to a G, &4
so that the weight at time t is: C:G.(/— "9‘%} . By equating the inertial and friction forces
{the Z&tter with the same assumptions as for curve 3) to the rocket thrust, it follows that
Y= —az(/—- S Va This calculatien is shown in Fig. 52 for three values of "z P/Gy =
0.25, 1.0 and 10. In the eurve for P/Ge= 0.25 the acceleration increases from 0.5 m/sec”. to
25 m/secc. Because of the small acceleration the curve deviates noticeably from that for ideal
rocket drive, For the case P/G.= 1.(, in -whEch thrust and initia) weight are equal, the acceler-
ations vary between 10 m/sec’ and 100 m/sec’, and the curve approaches most closely that for
ideal rocket drive. Finally for P/G, = 10, the _thrust is ten times the initial weight, the accel-
erations lie between 100 m/sec® and 1000 m/sec®, which is certainly way beyond humanly bearable
limits. Thus the very great effect of the acceleration process on the final velocity attainable
with a given G/g is clear,

The curves for P/Gy = 1 and If) are based on such reascnable assumptions that noticeably
more favorable types of launching could hardly be found; thus more detailed study of the pro-
ceases of takeoff and climb under these assumpiions is advisable, The two curves differ only in
the acecelerations during the climb. The usable accelerations are limited only by the strength of
the aircraft and by human vesistance. From our present knowledge of the physioloygical behavior
of the man under high accelerations one must admit that an unmanned rocket aircraft cen be driven
at somewhat higher accelerations than a mamned eraft; nevertheless, the unmanned craft also scon
reaches the point where greater accelerations sre compensated for by the greater comstruction
weight necessary for craft capable of undergoing large accelerations. In addition the rocket



(@ laeater Schan | :
v/e @Vdealer Raketenartriek P
135 Rge);?aﬂfnbb mi't mdssiger
’ eschicunigung gegen mdssige -
Bahnwza’er’g*dﬁde
|@Kakelenantrieb eines langsam
161 startenden VYertohrs- Raketenflugreuges
@Raketenanirich eines schrell
startenden Raweter- Bombenflugreuges
4 4\— mil verschiedenen Verhalimssen von
’ Schub zi Anjangs-fluggewicht, und

zver PGg= 0285 -~
PlGe=40
%2 ¥ Ga=70
10
48 ’#/,f
Vd
g6 ’/,1

3 : -
, azZdw

A/ //

/
/
/

e
0 99 9f 97 @6 g5 o9+ g3 42 g1 00
weight of bomber/initial weight G /Go

Fig. 52; [Reference curves for the Rocket take-off.
{1) Ideal trajectory *shot"
(2) Ideal rocket take-off
(3) Rocket take-off with moderate acceleration against

moderate path resistance
(4) Rocket take-off of a slowly starting cammarcial rocket plane
(5) Rocket take-off of a rapid starting rocket bomber with

various ratios of thrust to initial weight

83

88296



84

» 8 8

3

2

Limiting acceleration ~ "G's"
(-]
S
z

5 v lying on back

-_-—u—-—ﬂ—_ -_ﬁ.— — ]

|

A\ s sitting crouchad

b e — e e e e —

1

Ty v— t sitting upright —

iy e s —

e e f g L |

L

o N e

T
| [ ]

b

|
BEE

4

Fig. 53;

8 72 7% 20 X% 28 32 3 40 4 48 52 56 60
Duration in seconds

Limits of accelerations withstood by trained pilots in terms of

ngGgra® as

a function of time of duration

et ¥ 1)



bomber, because of its long range and the accurate navigation necessary for the bomb reiease,
cannot do without a pilet on board, Thus the nermissible accelerations are limited to values that
can be withstood by trained f]lyers.

In Fig. 53 are shown the results of most recent studies (2, 12, 15, 31)on the highest
accelerations that are bearable by a man in different body positions, as a fugctiun-of.thn length
of the acceleration time. Whereas in the sitting position the limit is determined by disturbanc
of the circulatory system especially cansed by loss of blood from the brain or heart due to
differences in hydrostatic jevel inside the circulatory svg:em,_thi§ danger gec:eases in the
lying position, and the limit then seems to be set by difficulties 1n_h?eat§1ng'as a result of
greatly increased weight of the thorax. This more favorable lying position is dxrec:ly‘achteved
in the seating arrangement sketched in Fig. 33, since the accelerations due to the engine are
taken up by the pilot in directions perpendicular to the axis of his body. In the lying position
in carcussel tests accelerations of 20 g for mure than a mintite have been withstoed by drugged
apes, and accelerations of 17 g for mere than 180 s=e. by men,

During the takeoff and climb of a rocket bowber there are two phases during which the
secelerations can reach critical values; the catapnlt takeoff and ‘the end of the climbing path.
Iha catapult process at takeoff lasts several seconds; the accelerations can be chosen freely,
the acceleration starts rather suddenly, keeps its top value for about 11 sec. and then stops
again suddenly, Adjustment of the circulatory system is thus scareely possible, Because of this
impulse and rather long action, one cannot go beyond an acceleration at takeoff of more than 5 g,
even for the favorable perpendicular position. Alsc higher takeoff accelerations, though they
result in economizing on starting-rockets by decreasing the run on the ground, are unfavorable as
regards flight performance, since they necessitate stronger constructicn of the tank assembly.
Conditions are quite different at the”end of the climb. During the climb the accelerations
increase in the ratio G /G as the result of decreasing mass of the aircraft for constant motar
thrust, Even if the aireraft flies withont payload, this ratio will end up at 10, This climbing
process lasts several minutes, with the greatest acceleration occuring in the last asecond. The
bedy has plenty of time to adjust itself to the high accelerations, and the highest accelerations
last for only a shert time., The conditions are thus very favorable, and the effect of the high
acceleration on flight performance is also favorshle. One can, therefore, go closer to the limita
of resistance and, in view of the perpendicular position of the pilot, permit accelerations of
10 g.

For the assumed G = 1, this means that the factor g egquals 1, i.e., the moter thrust
equals the initial weight. The limiting acceleration of 10 g is of course not reached if the
bomber varries carge. E.g., if it has only 3 tons of bombs on board, then G/g, =0.15 and,
the limiting acceleration is 6,67 g. For P = G, the acceleration at the start of the climk is
1 g, and increases in say t = ¢/gX (1 = G/Go ) = 340 or 360 sec, to 6.67 g or 10 g respectively
3f we use the relation b = g/(l—gtch which neglects frictional forces. The last increase from
6,67 g to 10 g thus oceurs in the very short time of 20 secends. Only during these last 20 see,
is the pilot subjected to the critical accelerations, after he has become accustomed to the high
acceleration gradually and uniformly during the previous 340 sec.; furthermore, thisz holds only
for the practically unimportant case where he takes off without bembs. With this the assumptions
concetning permissible accelerations during climb seem justified.

2, Catapult Takeoff

The rosket bomber is to be brought to a takeoff speed of 500 m/sec by means of equipment en
the ground, in order to increase as much as possible the final velocity attainable with the fuel
on board, to minimize the difficulties associated with the initial wing loading of 80O kg/mz, and
to eliminate the uncertain flight characteristics of the airframe in passing the velocity of
sound. For this purpose a catapult-like, perfectly straight, horizental starting-track several
kilometers in length is needed; on this sits a sled, which carries the aircraft, and which is
driven by rocket apparatus having a large thrust but moderate exhaust speed. Fig. 54 shows a
scliematic of the sling arrangement, The downward forces acting aleng the takeoff path are the
weight of the bomber with sled and starting rockets, about 150 tons; in addition there are large
forees acting veftically upwards or in the direction of the path due to drivirg and retarding
actions respectively. These forces and the necessity for very precise installation of the slide-
rails suggest the construction of the roadbed out of reinforced concrete, whose cross-seetion fpr
the single-track arrangement chosen has the isosceles triangle shape shewn in Fig. 54; the base of
the triangle serves to fix the structure in the ground, while the sled carrying the aireraft rides
on the apex of the triangle. The upper constructicn of the rail arrangement consists of the main
rail lying ot top. of the wall, which has to take up the perpendicular forces and also trensmits
the very large horizonta)l retarding forces, and of two lead-rails halfway up the wall, which
support only occasional @mall forces, and which prevent rotations of the whole system of aircraft
plus sled around its longitudina] axis. Lubricanta. of the preper viscosity are used on the main-
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and lead- rails, so that the sliding faces of the sled can glide on them with little friction.
The: sled itself is mounted on the sliding faces at A and B and also has a pair of fittings to
prevent overturning, The aircraft to be ‘catapulted sits up front on the main body of the sied,
the sled’s power plant is at the back, behbind the aircraft. The high takeo{f thrusts are trans-
mitted to the aircraft through the main body of the sled. Very high thrusts of 610 tons:for 1l
seconds and the utmost safety in opesation are required of the starting rockets, while their
exhaust speed can be moderate since they do not aftect the flight performance of the bomber. In
the use of 40 tons of fuel for starting, one will not, for repsons of safety and cost, use the
selfacting fuels like powder or Hy0s, which are customary for moderate exhaust speeds, but
rather the fuels consisting of two materials, say liquid O, and gasoil -water emulsiom, are pref.
erable. For the calculation of the catapult process, we shall take, as exhaust speed of the
ground-based starting rockets, C= 1500 w/sec. so Lhat the fuel consumption per second is Pg/c =
1000 kg/sec. The weight of the whole apparatus, for constant starting thrust P s Ge=Coe— Bt
at any instant. The air resistance of the whole catapult system is estimated to be 75,000 kg for
;—= 1.5, and increases auring the takeoff according to the equation W= 0 3 V2. The sliding
friction of the sled on the takeoff rail is completely negligible compared to the two for-es
mentioned. Using the uetond law of got'ion we cin write for the acceleration at any moment during
takeoff: aé’éf - 6’//""0'3"2}’&5"‘%%)
If we require that the acceleration at the end of the takeoff shall not exceed 50 m/sec?, then
we obtain for the constant starting thruste P value of 610,000 kg if the final weight of the
take-off mass is 105,000 kg. By integrating urg:gé we obtain a relaticn between time elapsed and
velocity attained t—G,,/JSM/Z-/%% / 2, = Z370/0 ‘_%_;s
For ¥ = 500 m/sec we obtain for the time of r.akeoffj/the law of consump-
tion of the takeoff rocket vields a second relation: Gp=/0s0ce=G -4
from which ty = 10.96 sec and G, = 148700 kg- The total path length can be obtained most simply
by numerical integration. Summarizing, these relations concerning the takeoff process give the
results that: the takeoff rockets develop 2 thrust P — 610 tons for 11 sec, use up 43.7 tons
of fuel with € = 1500 m/sec if the system to be catapulted weighs 105 tons, the length of the
tow path is 2750 m; and that the accelerations during towing increase from an initial value of
40,2 m/sec® to the permissible limit of 50 m/séc% at the end of the takeoff; thus for approximate
estimates one may use an average acceleration b =45 n/sec? and celcuiate all the nther

quantities; e.g. Z=yf = S22 ffeur ppo S=£6t%=2750m

Fig. 55 shows the dependence on length of path of the velocity V attained and the resid-
wal weight G: also given are some of the data concerning the sliding jaws of the takeoff-.sled.
The two sliding jaws at A end B can be assumed to be of brenze or hard steel and have a square
jaw-surface of 0.25 x 0.25 m; they are a sort of self-adjusting bearing-plate in Michell bearings,
and are movable about a hinged edge; the flat undersurface of the jaw is bent up at the front end
to assure the flow of lubricant to the edge. From Gumbel - Everling ( 7, P. 150/151) one obtains,
for a square sliding jaw of side length t, if the point of application of the force corresponds to
the safest thickness of lubrieating layer ¢ = 0.8}, some fundamental equations; e.g., the
coefficient of friction is & = 2.37/27vkz, where p is the average pressure P/t? on the jaw; the
minimin thickness of lubricating layer is 4= dts'o-t"/_.?v;g, and the angle of tilt i.s--n(:&!?i‘ﬁ/
From these, #=7974 i.e., the minimum gap h_ between the sliding jaw and the rail AL

surface, which make an angle’ - o{ with each other, should be kept as small as possible to permit
large loads P to slide with little frictional resistance. In the desired state of pure liquid
friction, h_is limited by the roughness of the sliding surfaces; for the long sliding surfaces of
the takeoff track which is subject to rough haundling and all kinds of weather, we may expect val.
uves of /077 /0, Thus the minimum gap-height h to assure dynamical buoyancy of the jaws is
h, = 104 m, with 4 =0,00316. The largest sectior-loading ever experienced by the jaws is
p = 15000/625 = 120 kg/em?; during takeoff this drops te 4 kg/cm?. From the previous equations
we see that minimum thickness h0 {2nd the minimum ¢ )} can always be maintained, if the viscosit,

of the lubricant, decreases in the same manner as V/p increases; i.e., if ?':/o is constant,
At the start of the motion of the sled, the sliding speeds are sc small that there is no %
sufficiently large to keep the product comstant. In this case, the flat surface of the jaw will
lie flat on the surface of the rail and will rise to the angle &X only as the velocity increases.
Fig. 55 shows the residual part G-A of the weight G which rests on the jaws'at any moment; it is
assumed that the buoyanece A varies quadratically with V from A = 0 for V = 0 to A = 100 tons for
V= 500 m/sec. Thus P 3 GE‘A and the required lubricant viscosity at any position on the track
is #'= 74 /IDA,E/V?.‘ a ?'-is- the viscosity of the hot oil ir the film for minimum thick-
ness hn‘ The rise in temperature A7 of the oil film can be estimated by assuming that all the
work against friction goes to heat the oil., Because of the very brief duration of this heating
process, the heat conduction from the oil will be extremely small. From /‘{euv= ZAh v, '-csdr

1t follows that the heating is independent of the velocity; taking values o{

¥ = 900 Ag/m?, €5 = ashcaofy,, A7 /s G 000834~
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20 that as P decreases it drops from 60° to about 2° C ar the end of the catapult processz, as
shown in Fig. 55, If we assume an external temperature of + 15 C, then at the end of the

tow path a Jubricant is required which has a viscosity of%? = 0.00002 at +17° C; e.g., benzine,
water, petroleum; three meters from the beginning of the takeoff we need a lubricant with® = (.1
at 75° C; this requirement is satisfied by pitch, In between-there is a whole range of

possible lubricants. In the first three meters of the glide, pure liguid lubrication will not

be possible; one will have to use graphite-pitch mixtures. The equations given are valid only
for moderate sliding speeds; actually the velocity 6f motion reaches a final value of 500 m/sec
which iz 1/3 the velocity of sound in the lubgicant; because of this we may expect a great in-
crease in the coefficient of friction, but no physically different friction phencmena, especially
since the high velocitiés are accompanied by small pressure on the sliding jaws. The proper lu-
brication of the 3 km long surface should be maintained and protected by a special lubricant
carriage which runs the full lenpth of the track, aleng the rails. The brake arrangement at
point B can be modelled on that of a railrecad; i.e., cast-iron jaws are préssed onto the braking
surfaces of the rail; after the aircraft rises the forces are released ana the -empty sled is
brought back to rest as guickly as possible.

To test the basic feasibility of sliding at high speeds, H.Schmid has made tests on the
sliding of projectiles along curved metal walls lubricated with vaseline, The experimental
arrangement consisted of a drawn-steel tube of 10 mm inner dismeter, which was slit along ita
axis to produce a U-shaped groove. Thisz channe]l was bent inte a closed circle 8 m, in radius,
so that the surface of the channel was toward the outside; then the projectile sliding in the
channel js kept there by centrifugal force. Through a branch tube which was tangent to this
circle, an s§ projectile was fired from a German 98 K, and inte the circular path. The bullet
ran through the circular path several times till it was brought rest; after the test it was
found lying completely unharmed in the channel (Figs. 56, 57, 58)° The thin copper plating
of the stee] was, in most tests, rubbed off at the position of the maximum diameter; the steel
surface showed isolated scratches apparently cansed by filings and burra along the slide-path,
Immediately after finding it, the bullet was still warm te the touch. Also it was compressed in
cross-section; this is probably cansed by the fact that the spinning of the bullet stops after
a short time and then the centrifugal force, which is imitially 10G kg, causes the lead core to
flow. After cessation of rotation and alight deformation, the initial point contact with the
wall is increased to a surface of about 1 en?, so that the 100 kg/cm? pressurc between the sur-
faces, which iz caused by the centrifugal force, corresponds approximately to that of the
sliding jaws of the takeoff sled. Since the a5 -bullet is made of lead with a thin soft steel
cover, and in the course of its 150 m. sliding path goes through all velocities from 800 m/sec
down to zerc without being harmed, this experiment may be considered s a proof of the feasi-
bility of construction of sliding jaws for veloeities of 500 m/sec; provided the slide-rails are
properly constructed and lubricated.

If the accelerations of the aircraft dnring its launching are to remain within permiss-
ible limitys for both aircraft and pilot, a lamnchirg path of about 3 km, is required, so that
it is not possible Lo use a movable construction which would point the craft voward its target
at takeoff. One will therefore install & takeoff triack, usable in both directions, so that it
points in the most probable directions for attack, say east-to-west; the more precise correc.
tion of the direction of flight can be left to the pilot during the very first part of the
climb path, where the velocity and acceleration are still sufficiently small to permit such
changes of path.

If the bomber rises off the takcoff-sled at 500 m/sec, then its lift coefficient is ¢, =
0.05, whereas the best glide-number cecurs at much larger angles of attack and a lift coeffi-
cient ¢, = 0.173. If gne limits the normal acceleration during the first driveless part of the
climb-path to 20 m/aec2. then the initial radius of the turning-path, which goes from the hori-
tontal takeoff direction to the direction of climb at ¢ = 309, is 12500 m. This curved path
of turn, which begins at the end of the tekeoff is 5540 m. long and ends at an altitude of
1700 m., with the required path inclination of 30° As a result of air resistance and gain in
altitude, the velocity at this point has dropped to 370 m/sec, the lift coefficient is ¢, =
0.093 - still much smaller than the one for optimuw glide-number. ‘The bowber then climbs fur-
ther at an angle of 30®, at the expense of its flying speed until, after a linear climb of
4000 m. to a heiglit of 3675 m. and a velocity V= 284 m/sec, the angle of attack for optimum
glide-number is reached; at this moment the rocket drive for the actual climb can begin. During
this 25-second-long, undriven motion after takeoff, the path of the aircraft can be turned in the
direction of the target. At the same time, this procedure helps increase the range of the
bomber over its value if one took off at V = 250 m/sec with optimum glide-number and started the
engine immediately -after takeoff, because we have gained a slight excess velocity and a few
kilometers for the climb.
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Abb, 56; Versuchanlage rfr Gleitreibungsversuche bel sehr
hohen Gleltgeachwindigkeiten, bestehend aus einem
Milltarkarabiner 9%K und einer mit & m Radius ge-
krummten, geschmierten und geschlossen-kreisfor-
migen Gleitbahn ff%r das sS-Geschoss,
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3. Climb Path

The climb path of the rocket bomber is determined by the forces acting on its center
mass. 1f one momentarily negleets the rotation of the earth, these are:

2
The weight of the aircraft-magnitude & = (G- % %//:?/ﬁﬁ‘-ﬁj

direction toward the center of the earth.

The aerodynamic lift-magnitude A = Ce SR V72 , direction perpendicular to
the tangent' to the path and in a plane through the center of the earth;

The air resistance-magnitude MW =&A in the direction of the tangent to the path;

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

The d'Alembertian inertial force T, equel and opposite to the resnltant of the other
forces, having a tangential component m-Gi and 2 normal component m Vaz/ﬁ .

These five forces all lie in a plane, so that the path is also in a plane.

The rotation of the earth makes the situation more complicated. If the earth's atmosphere
were fixed in space, so that it did not rotate along with the earth, then the path relative to the
earth’s surfare could ke caletulated as if a sixth force, the Coriolis force, baving arbitrary
direction and magnitude C=2 /& (G4 -ﬁ%g acted on the center of mass of the aircraft.
Because of its arbitrary direction in space, this force makes the orbit, relative to an observer
on the earth, appear to be no longer in a plane. The atmosphere, which actually rotates with the
earth, produces dragging forces on the baomber which cause its absolute path alsc to be twisted,
so that the bomber is pulled like a weather vane by the apparent wind developed by the rotation
of the atmosphere, and will tend to turn except when it is flying in the west-east direction, as
can be seen by considering a flight starting from the pole, Thie interfering weathervane action
will have to be countered by the piloet’s steering; i.e., by a seventh force perpendicular to the
tangent, if the sbsolute path prescribed by celestial navigation is to be maintained. In the cal-
culation, it is assumed that the tranaverse aerodynamic forces excited by the elimination of the
westher-vane action do not noticeably alter the glide-number. Since these transverse forces are
always perpendicular to the plane of the orbit and nnly prevent a shift of the aircraft out of
the plane, they need no longer be considered in the calculation of the erbit. To illustrate the
the relation between the forces acting on the center of mass, Fig, 59 shows two views of he air-
craft during the climb; the line of sight is along the horizon at the level of the aircraft. If
all the dependences were available in analytic form, one could introduce suitable space coordi-
nates, resolve the forces along these directions, apply the dynamical equetion to each direction
and thus obtain three differential equations for the three crordinates of the climb path; the
integraticn would almost certainly be impossible, since the far simpler equationsz of ordinary
exterior ballistics are not. The determination of the relative orbit is much simpler; one proceeds
in two steps; first the absolute path is calculatea neglecting the Coriolis force (i.e., uwsing the
five forces previously listed)}. Then one caleulates separately the turning of the earth’s surface
below the aircraft., Finally, the two components are combined on the sphere to give the twisted
relative path in space. The plane absolute orbit is determined by a step-by-step method which is
familiar in Ballistics. (1, Vol. 1, p. 207) As in Fig. 60, the contimuously curved path is
broken up into a polygon, whose sides are sufficiently short that they can replace the arc of
which they are the chord. All the forces acting on the aircraft are combined at the vertices, A,
B, C, etc., and aléng with the inclination ¢ of-the orbit are assumed constant along
A5 =48, &C, e%. By setting the resultant force in the tangential direction equal to zero, we

obtain é = G Pcosex ~ EAYy ~ @s:bﬁ%
sp that the velority increases in first approximation from % % %/ Tiedas

in the time Adg£ = i -—/,/?/4 . By setting the resultant normal force equal to Zero we
obtain Lg, = Gy v/ Ca cOs 9% — Psimoc—Ap 8 . The absolute velocity Va, at the point A
can he determined with sufficient accuracy from the velocity of flight V, and the angular velocity
of the point of takeoff. Thus the arc AB cen be drawn, and B, is determined in first approxi-
mation. Now that the average value of the inclination and the average foree between A and B, are
known, one can lecate B in second approximation in the same manner. One repeats the procedure at
B8, often enough so that the orbit is given in analytical or graphical form. The calculatioas of
the orbit by this method were done numerically by A Woyczechowski; the initial conditions were
height 3675 m. above sea level, relative velocity of flight 284 m/sec, ard inclimation of orhit
30°, and thp path was studied out to G/ = 0.1. The orbit was alsc calculated for € « 3000,4000
end 5000 m/sec and finally neglecting the earth’s rotation, and then with maximum effect of the

93
88206



O%rane g,y a8y

~BUTQWTT2 UT Jequog 3e008 Py} U0 BE83JOF TERUISIXY £4¢ *3Td

%

quefmey Ued AWTLL o

c-au2

94



q3ed quITd

- amn =

ysed qUITO By 207 UOTYNTOs TedTydedd eyewyXoaddy

=,

¥

.

ccccc
-----

‘09 *3d

95
c-84 296



96

A FRE 8 1.2 257 | o
IR AR R
5 ?% & = g © a5 |°23 o r o B
THEIHRER TR LI
IR ILEEE RN R R
Bsle | 2 3 g8 |SBEE RS | =4
1000 60| s00| 370 s5{ +155| 28| -68| 124
oo00| o42| 18| 465 | 135| +0p| 220| -67| 178
‘% so00] 030| 200\ 415 | 230} -41| 04| -48] 21
S lwooo| o022 75| 36 30| -37| 40| 37| 240
Clowol o5 | 48| 45 | 405 | +42| 8| | 260
gooo| a0 o3| 40 485 +73| ms| w1 2w
000 o069 | 587 335 60| +82) 124 -71| 4124
20000 o053| 43| ¥ 0\ -81| 194] -55| 180
E soo0] ogw | 05| ws5| 2s| +76| 183 +268| 243
S laoso| gao] 2001 w ws| +95| 283| -24| 283
§. goool o023| 1331 685 | 60| +81| 317| -40| 313
~ |6ooo} 048 80| 84 675 | +74| 475 -30| 333
7000] om| 38| es2| 78| 13| 63| -08| 350
gool o1 | 10| 109 goo| +76| 816| +16| 362
1000 o75| o650 3 go| +31| 5| -73| 128
20000 asz| s17| 15| 185| -106| 63| +s0| 198
ool oss| 315 435 am| sme| 167 -39 267
g |woo| o3| 281 ™ 505 +73| 223| -63| 315
g‘ so00] o030 | 20¢4| e75| o65| +44| 288| -58| 351
S [eoo0] azs| 150| ocas| 8| 29| 8| 81| 380
& lwoo| o020 15| 106 975 | 26| 410 41| 404
looo| arm | 65| raa| 135 18| 495| -z9| 424
goo0| om| 85| 17 | 12715 +20| 63| -13| 4
woooo| o1 o | 1215 | rew| +23| 733| 04| 4s2

Numerical characteristics for three varicus climbing paths of the

Rocket Eomber.




i
i
7600

7200 100 1400 1565

o— o — —_— e A

from the Earth's equator

t
700 800 900 000 M0

Hordzontal projection in Km of the absolute climb path

7
I

/
500 600

P
—
400

Starting from a pole of the Earth

_ Starting to the Wast from the Earth's squator

\\ T Starting to the East
300

\

\
\

100 200

I/
4

o S 8 D R £ D B SR o
3 2IYRI & RRIBRRRE

MW UT § qUITY 3O YUITeH Fig. 61;

Absclute climbing path of the Rocket Bomber with ¢ = 3000 m/sec, without
consideration of the Earth's rotation, but with consideration of rotation
velocity of a point on Earth's equator, launch to East and launch to West. 97

C-&%2%4



98

| R
P [«]
8l 3
8 g 8
gl &
[ /] " §ﬁ
LRe 2
s|% 3 3
£'§§ %3
. s
e H ral
U %
A :
s o £ 9
£ s s ¥
[ 1]
A A
F 3 %
IT/ 5
"
| °;
T
$e
3

w200 30 w0

i)

R

Fig. 62:

2

T3P RT3 yRE
Wy UT { qEIT® J° YIHBTeH

Absolute climbing path of the Rocket Bomber with ¢ = 4000 m/sec, with-
out conaideration of the Barth's rotation, but with consideration of
rotation velocity, of a point on Earth's equator, launch to East and
launch to Wast,



757 1EY

<

_—
_\\\\
N

5 3
\ 3 :
\ s by 33

LA 3

2 88w 2

2l ;9

© gEA S

8 58 .8 > 8

E om 35 “

-3 - &

w 537 §°

4 .ggmﬁ §ﬂ

5 % ﬁ'w 5

ot 3859 §

he 38 §
2
0,
k.
g
%
-

500 o0 e 8w 2 /4

AN I 3
AR )1 s
§

N

S 3 ST T3 Y SR
Wi UT § QUITO Jo g ey

Fig., 63: Absolute climbing path of the Rockst Bomber with ¢ = 5000 m/sec, with—
out consideration of the Earth's rotation, but with consideration of
rotation velocity, of a point on Earth's equator, launch to East and
launch to West, 99

C-84294



/
o1

h)
4
dqr
/P |
g3
Remaining f1ight weight G/G

T

J
. /
02

o
L
/
//
a5

//

/

/'z
g6

/
=
a7

—

38

49

EEEEEREREREERE
208w Ut Aqyoores qUBTT SJUTOEqR TEUTWISL
Fig. 63: The abaclute flight velocity of the Rocket Bomber attained during climb

with ¢ = 3000, 4000, and 5000 m/sec as a function of G/Go, and without
consideration of ®arth's rotation.

100



rotation - 3.e., takeoff from the eqnator i an easterly or westerly .direction. The following

figures show some examples of the results; Fig. 61-63 show the shape of the absolute orbit, Fig.
64 shows the velocities reached., Table IIl zives & summarv of the mosat important results for al)
the orbits, neglecting the earth’s rotation. . .

A fairly accurate estimate of the final velocity, which is the most important datum for
the climb path, can be obtained without doing the exac¢t calculation of the orbit, by using the
equation Ve =L 6./ —9(7~ $/g,) This is especially so if one fits the actual conditicns by
setting q (ratio of total air resistance plus weight component along the path to instantaneous
weight) equal to 0.5 in the range_G;Ga = 1.0 to 0.5, and q = 0 for G/, = 0.5 to 0.1. If one
carries out this rough calculation for the bomber with 100 ton takeofl-weight and 1D tons empt,
weight, for various exhaust speeds C, assmming initial velocity 284 m/sec, one finds that for C
= 4000 m/sec the borlrr reuches the velocity of a long-range projectile even with a 50-ton bomb
lead, so that it caer romprie with long-range artillery; without payload it exceeds the velocity
V = 7900 m'sec. Between thess twn extremes lie all sorts of velocities and bomb loads. An
interesting result which is easily obtained, is that in the range of bomb loads suitable for
military use, i.e. 5-40 tons, the exhaust speed has little effect on the final speed. This means
that the development of a recket bomber does not have to wait for availability of rocket motors
with C = 4000 mssec; with C = 3000 m/se¢ one can already constiuct a very dangerous weapon,

Figs. 65 and 66 compare this rough calculation to exact orbit calculation and to the curve
for ideal rocket propulsion; the initisl velocity rfter takeoff is included. One sees that the
rongh estimate pives the actual behavior with sufficient accuracy, especially for large values of
€; also the final velocities actually attained, especially with large bomb loads, are far below
those for idea) rocket propulsion, because the weight component in the direction of propulsion is
comparable to the thrust for the initial steep climb, and because of the rather high air resist-
ance during the climb. The propulsion curve could thus be improved by lessening the resistance or
increasing the propulsive forces, A lowering of the initial angle of climb § would decrease the
harmfu] weight component, but would result in great inerecase in air resistance in regions of
dense air - we cam expec¢t no success from this procedure. Another poasibility might be a great
increase in the thrust during the initial part of the path, sco that, say, the tangential accel:ra-
tion is constant im the range of the permissible limit 10 g, dnd the resisting forces are half
the instantanecus weight initially and then drup to zero below G/Go =0.5. The rocket motor would
have to start with a thrust of 1000 toms, and then be throttled gradually to 100 tons at the end
nf the climb. Taking v = 28¢ » @ F5c & S for Lo > G, 208 and Vv=28¢+ Q659+
cdn Guag  for Q5> Cg >0./we get the results sbown in Fig. 67. While the 100-ton
rocket moter weighs 2500 kg, one must assume a weight five times as great {i.e, 12500 kg) for a
well-regulated motor with 10 times greater maximum thrust, If, despite the more powerful motor,
all other weights of the bomber remain the same, then the empty weight would be 20000 kg. instead
of 10000 kg; i.e., the most favorable GfGo_wonld bg 0.2, and the bomb load would already have
dropped to zero at Go/; = 5. The propulsion curve shown in Fig. 67 for 10-ton empty weight would,
for the now necessary *Zf-tons, move considerably to the right; despite the increased difficulties
with the regulable 1000-ton motor one woyld achieve only a slight improvement for short diztances
of attack, while the 100-von motor would still be superior for long range attacks. Thus the-see-
-ond method for improving the propulsien curve also fails in practice, and the curves of climb
shown in Figs. 65 and 66 represent the best solution of the problem.

The rocket bomber, at each moment of its flight,” tends toward that part of the atmosphere
shere the bioyant fortes are equal to its weight. If this equilibrium position is such that the
altitude stays constant for a few seconds, it will he said to be statienary, Such a stationary
equilibrium occurs, for example, if the aerodynamic driving force A of the bomber, incressed by
the centrifugal force F, which for flight at constant altitude is a consequence of the earth’s
curvature, is equal to the instantaneous weight G of the bomber.

During the climb the thrust compenent Pss»e¢ also acts =s a bugyant force, For example,
starting with a weight in flight, Go = 100 tons, at altitude H = 3360 m, and €, = 0.2, by
equating the weight to the propulsive force, we can .obtain for the horizontal vefocity a value

o =/29 6./, §F =300 myGec . At any other altitude, if we set the weight equal to the
buoyant” force ‘¢, gy 2SB89+ Gv/p€=Gue get 4 one-to-one relation between altitude and velocity.
This relation is shown in Fig. 68, for C = 4000 m/sec. %e see that these stationary altitudes are
low, below 60 km for velocities up to 7000 m/sec. If we include the vertical component, &“suvex
of the motor thrust of 13920 kg, we get the upper cwrve. It is interesting to note that for V =
4700 m/sec., the curve becomes vertical; i.e., no statienary equilibrium is possible at finite
altitude as soon as V = 4700 m/sec. In the first curve the stationary equilibrium is no longer
attajnable above V1900 m/sec. These assumed statienary -states probably do not exist in flight.
In particular, the center of curvature of the path is seldom at the center of the earth so that
the altitude woild remain constant - meost of the time it is near the earth's surface, and at
times it 1s even above the aircraft; also the radius eof curvature is usually much less than the
radius of the earth. As a result strong transverse dynamical forces are developed, which permit
* dynamical” equilibrium of the bomber at heights far above the stationary ones.
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The actual heights oscillate about the stationary ones, with very lerge amplitude, while the ad-
ditional dynamical forces tend to bring the aircraft back to the position of stationary equilib-
rium; i.e., they are restoring forces pointing toward the stationary position and increasing with
distance of the sircraft from it, like spring-forces. The number of oscillations; for the ex-
ample shown in Fig. 68, .is not quite 2 for the whole climb; this is shown by the following con-
sideration,

At first, the stationary altitude is greatly exceeded. This results from the faet that
initially the air density decreases more slowly than the increase in velocity, so that the
gircraft takes on a very steep position at angles @ = 45° or more. Already at fairly high ve-
locities, the aircraft must now be turned through more than 45° from this position to that of
horizontal flight. Because of the small radias of curvature available, this results in powerful
centri fugal forces, which drive the aifcraft up above the stationary equilibrium heights of 40-60
km, to helghts over J00 ka. (ne might now expect that the aircraft would immediately drop down
again from these extrémeé =zltitudes, since the path is approaching parallelism with the earth's
surface, and the radius of curvature is approaching the value of the earth’s radiue. This drop
from the heights initially attained occurs only in slight degree, if at all, because ir the mean-
time the velocity has increased very rapidiy, and is already near the valwee V = 4700 w/sec for
which the altitude of stationary equilibrium of the bomber becomes infinite. At thiz speed, the
bomber is in statiomary equ111hr1um at every alticode, se that it does not have to fall. If it
exceeds V = 4700 m/aec, then it suddenly finds 1tself below the altitude of stationary eguilib-
rium, so that it has an excess of bucyant forece, and begins to climb again so long as the
propulsion continues. This actual curve of climb is obtained from the exact calculation of the
orbit, and is shown in Fig. 68. The whole climb may be considered as dynamic flight only in a
limited senseé. For the most part it follows an inertial path, like that of a projectile or a
heavenly budy, at heights which are practically in empty space, since one can no longer speak of
an atmosgphere in the sense of aerodynamics when the molecular free paths are greater than several
hundred meters. Fig., 69, obtained frem exact erbit calculations, shows the actual dynamical
altitudes attained during the climb of the rocket bomber.
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TIV. GLIDING FLIGHT AND LANDING
1. Supersonic Path of Gliding Flight

The supersonic path of gliding flight of the rocket bomber is determined by the forces
acting on its center of mass, in the same manner as for the climb path, These external forces are:
the weight of the aircraft, G = mg, (B/g, 4} %, the serodynamic life A= A 74 , the
air resistdnce W= g4 , and the d'Alembertian inertial force T. The same results apply
te the rotation of the earth and the atmosphere as in Sec, III 3; in particular, the supersonic
gliding path is to be considered as ocecurring in a plane, for an observer out in space; the
deviating effect due to atmospheric rotation, which is especially effective in the lower layers
of the atmosphere, must be eliminated by steering. Only in special cases will the Coriolis force
be eliminated by steering, so that the orbit relative to the earth is plane; this will occur if
the bomber is to go all around the earth on one hop, and land at its starting point., Teo do this
in a perfectly plane absclute orbit is possible only if the takeoff field is -at the poie, or if
it is at the equator and the plane of the orbit coincides with the equatorial plane. Otherwise
the procedure of circumnavigation will go as follows: wuntil the bomb release an absclute plane
orbit will be flown for purposes of precise celéstial navigation; only the weather-vane action
will be eliminated, After the bomb relesse .a suitable relatively plane orbit will be flown, i.e.,
both weather-vane and Corielis effects will be eliminated by steering, The arrangement of forces
used in calculating the path are shown in Fig. 70 for gliding flight in two aspects, both viewed
slong the horizontal at the level of the aircraft. The procedure of calculation corresponds
exactly to the stepwise method used in determining the climb path; first the absclute orbit is
determined neglecting the Coriolis force and then the separately computed rotatien of the earth
is combined with-the absclute orbit to give the desired relative orbit. The initial conditions
for the decending path are given by the endpoint of the climb path. Since the climb path can be
broken off at any point, there is a singly infinite manifold of possible paths of descent fox
each ascending path. Actualiy we started from the previously calculated ascending paths with ¢
= 3, 4 and 5000 m/sec. and each of these was broken off at V = 1,2,3 up to 8000 o/sec, provided
that all these velocities were actually reached. They represent the initial velocities for the
descending path. Each descending path is followed until the velocity has dropped to 300 m/sec.
In Figs. 71 and 72 two paths are shown; one for € = 3000 m/sec, V = 4000 m/sec; the other for ¢
= 3000 m/sec, V,=6000 m/sec at 6.36 times the altitude. JIn the i%.gures, the strong oscillations
of the paths, especially in the first portion, are notable. Because of the considerable talt of
the orbit resulting from the climb, the bomwber overshoots its stationary altitude of flight, thea
approaches it from above, passes through it because of inertia, then is driven upward again by
tﬂ greatly increased aerodynamic forces, until after several such oscillations the amplitude.has
decreased so much that the aircraft levels off at the stationary altitudé and continues its flight
at that altitude, This ricocheting generally has s favorable effect on the range of the bomber,
It has the advantage that the thermal stresses of the external surfaces of the aircraft which
face the course wind vary in time at high velocities of flight. The oscillation of the path will
be hindered by steering, only if flight at the stationary altitude is needed for some special
reason, say siming before the bomb release.

Figs. 73 and 74 show the main elements of the two orbits in greater detail. In Fig. 74,
one can easily see the following connectiona: the orbit shown in Fig, 72 is now represented by
plotting the altitude H against the log of the distance 8. Une can easily locate the peaks and
valleys of the orbit for both curves. The climb path ends after t = 300 sec. 2t an altitude
H =41.% km, with inclination ¥ = 6.2°. At this moment the velocity V_ reaches 6000 m/sec. When
the rocket motor is turned off the tangential acceleration drops from b, =2 75.6mGec?
to -5.5 m/sec?, so the aircraft is greatly retarded, considering the flat ascending path. At the
sage time the normal acceleration acting at the cockpit drops from b» = +»F¢ @Lrec™® after
the normal component of the engine thrust has ceased, to &, = »/8 #/5ec® . This positive
residue results from the instantanecus center of curvature being above the aircraft. In the
firat part of its motorless supersonic glide path, the b.omber climbs to H = 143.8 km, while the
inclination of the path goes through a maximum @#=+&Jalso the tangential acceleration gradnally
increases to Sy=0-at the crest of the wave, while the normal acceleration increases up to _

=~ s0//3ec? so that over a long period of time objects in the aircraft will appear to be
weightless. At the same time the velocity drops to a minimum of ¥ = 3800 m/sec at the crest of
the wave. At the position, S = 1700 km, of the first crest in the orbit, the curves for ¢2 and
also practically for 4z (because of the low sir-density) must. go to zero, while &, and V pass
through a minimes. Then follows the first flight into a valley, with a height loss of 108.8 km.
in 250 sec. During this the velocity again rises to 6000 m/sec, the largest inclinition is -8°,
the largest tangential acceleration is b = +/m;é¢¢‘.z In the trough the height is H = 35 km,
and the largeat normal acceleration acting at the cockpit is by = # Jﬁmﬁxa
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